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Abstract
Background. Obesity has been shown to play a key role in the development of  insulin resistance (IR). 
Abundant data implicate obesity in DNA hypermethylation at global and site-specific levels, including genes 
regulating insulin sensitivity. Deregulation of epigenetic marks implicates gene expression and changes 
in cell metabolism.

Objectives. Our previous reports demonstrated that the strongest risk factor in the development of IR 
is BMI; accordingly, the objective of this study was to investigate the effect of obesity on DNA methylation 
and insulin sensitivity.

Material and methods. A study was carried out on lymphocytes (N-34) and visceral adipose tissue (VAT; 
N-35) of  insulin-resistant subjects and healthy controls. Genetic material (DNA and RNA) was extracted 
from cells. Global and site-specific DNA methylation was analyzed with the use of restriction enzymes fol-
lowed by real-time polymerase chain reaction (PCR). Gene expression was analyzed as relative mRNA level 
normalized to a housekeeping gene.

Results. Global DNA methylation increased in both types of tissue in obese and insulin-resistant individu-
als and correlated positively with IR. Two of the 3 investigated promoters of insulin pathway genes were 
hypermethylated, which correlated negatively with gene expression and positively with IR. The DNMT3a 
gene was upregulated in obese insulin-resistant individuals in both types of tissues and correlated positively 
with global DNA methylation.

Conclusions. DNA methylation profile changed depending on body mass index (BMI) and influenced glucose 
metabolism and insulin sensitivity in VAT.

Key words: obesity, insulin resistance, DNA methylation, insulin signaling pathway
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Introduction

Overweight and obesity are among the leading problems 
of modern civilization. Obesity plays a key role in the de-
velopment of insulin resistance (IR), leading to other meta-
bolic disorders along with the consequent development 
of type 2 diabetes (T2D).1 Insulin resistance is defined 
as a state in which a standard amount of insulin is insuf-
ficient to develop the physiological response of the cell, i.e., 
increasing glucose uptake, storage and oxidation.2

Population and family studies confirmed the genetic 
background of both obesity and IR, suggesting suscep-
tible loci as one of the causes of both conditions. However, 
the impact of the genetic background on the induction 
of obesity and obesity-related disorders turned out to be 
relatively modest. In both conditions (obesity and IR), 
the key role is played by gene–environment interaction; 
accordingly, epigenetic changes in chromatin structures 
and gene function may be responsible for genetic suscepti-
bility.3 Epigenetic markers are believed to explain the link 
between gene–lifestyle interactions and the pathogenesis 
of numerous metabolic disorders and have even been pro-
posed as specific biomarkers of metabolic disorders and 
possible therapeutic targets.4

Epigenetic modification is defined as the heritable and 
reversible modification of gene expression without changes 
in the DNA sequence, maintained over generations.5 Epi-
genetic modifications include DNA methylation, the po-
sitioning of nucleosomes, and modifications in histones. 
All of these modifications are involved in establishing and 
maintaining the 2 major forms of chromosomal structure: 
the inactive heterochromatin and the transcriptionally 
active euchromatin.6‒10

Indeed, abundant data implicate obesity in DNA hyper-
methylation at both global and site-specific levels, includ-
ing genes regulating insulin sensitivity, such as ADIPOQ, 
LPL, or PPARγ.11‒13 Zheng et al. reported a link between 
obesity and methylation of mtDNA (mitochondrial DNA).14 
Analysis of DNA methylation carried out before and af-
ter weight loss revealed a differentially methylated region 
of the genome correlated with numerous genes, including 
21 genes regulating insulin sensitivity.15 A genome-wide 
DNA methylation study showed the differentially meth-
ylated profiles of numerous CpG sites in visceral adipose 
tissue (VAT) of insulin-resistant vs insulin-sensitive obese 
individuals.16 On the other hand, caloric restriction was 
demonstrated to modulate chromatin function and in-
crease genome stability mainly by reversing DNA methyla-
tion, which correlated with improving insulin sensitivity 
and whole-body weight reduction.17,18

The exact mechanism by means of which obesity influ-
ences insulin sensitivity via DNA methylation remains 
unclear. Some reports indicate the role of inflammatory 
cytokines.19 Our report, along with others, demonstrat-
ed that the greatest risk factor in the development of IR 
is body mass index (BMI).20,21 Accordingly, the effect 

of obesity on DNA methylation and its influence on in-
sulin sensitivity was investigated in the present study.

Material and methods

The research protocols were approved by the ethical 
review board of Wroclaw Medical University, Poland (ap-
proval No. KB-556/2008).

Population characterization

All participants were informed about the purposes of 
the study and all subjects gave written consent for their 
participation in the study. The T2D patients were selected 
based on a diagnosis of T2D. Additionally, fasting glucose 
and insulin level, BMI, IR ratios (homeostatic model as-
sessment of insulin resistance (HOMA-IR) or quantita-
tive insulin sensitivity check index (QUICKI)), and lipid 
metabolism were assessed. Type 2 diabetic patients being 
treated with insulin were excluded. Lymphocytes (L) were 
collected from whole blood obtained from 13 types 2 dia-
betic patients (8 men and 5 women). The type 2 diabetic 
patients were inpatients of the Department of Angiology, 
Hypertension, and Diabetology, Wroclaw Medical Uni-
versity. Control lymphocytes were obtained from healthy 
subjects (11 men and 10 women) of similar age based 
on a fasting glucose level below 100 mg/dL, the absence 
of diabetes in family history, and, for women, no history 
of gestational diabetes.

Visceral adipose tissue biopsies were collected during 
abdominal surgeries from 9 patients with T2D (3 men and 
6 women) and from 26 controls (17 men and 9 women) 
of  similar age. Adipose tissue donors were inpatients 
of the First Department and Clinic of General, Gastroenter-
ological, and Endocrinological Surgery, Wroclaw Medical 
University, and of the 1st Department and Clinic of Gynae-
cology and Obstetrics, Wroclaw Medical University. Con-
trols were selected from patients without T2D undergoing 
abdominal surgery, based on a fasting glucose level below 
100 mg/dL, the absence of diabetes in family history, and, 
for women, no history of gestational diabetes. The aims 
of abdominal surgeries were mainly cholecystectomy, surgi-
cal repair of an abdominal hernia, or gastric surgery.

Additional excluding criteria for all subjects were as fol-
lows: other systemic diseases such as sclerosis, thyroid 
dysfunction, hepatitis, chronic inflammatory or infective 
diseases, neurological diseases, and tumors. Heavy drink-
ers or those with a positive history were also excluded.

Body mass index and insulin  
resistance ratios

Body mass index was calculated as the patient’s weight 
in kilograms divided by the square of their height in me-
ters [kg/m2]. Overweight was defined as BMI > 25 kg/m2, 
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obesity as BMI > 30 kg/m2. Insulin resistance rate was as-
sessed using IR ratios calculated as follows22:
1) HOMA-IR [(glucose [mmol/L] * insulin [µU/mL])/22.5],
2) QUICKI [1/(log glucose [mg/dL] + log insulin [µU/mL])].

Insulin resistance was diagnosed on the basis of HOMA-
IR > 2.5 and QUICKI < 0.321.

Lymphocyte preparation and visceral 
adipose tissue biopsy collection

Lymphocytes were isolated from whole blood collected 
on anticoagulant using centrifugation on Grandison L 
(AquaLab, Warszawa, Poland). Five milliliters of the whole 
blood was placed on 2 mL of Grandison L and centrifuged 
at 2,000 rpm for 20 min at 4°C. The lymphocytes ring 
was collected and washed twice with phosphate-buffered 
saline (PBS); the red blood cells were removed using a lysis 
buffer (HH4Cl, KHCO3, EDTA-Na2). Lymphocytes were 
suspended in PBS and centrifuged at maximum speed for 
2 min at 4°C; PBS was discarded and the pellet was frozen 
at –80°C pending analysis.

Visceral adipose tissue biopsies taken from patients 
undergoing abdominal surgery were immediately placed 
in  RNALater (Ambion), incubated at  4°C for 24  h. 
The RNALater was discarded and the adipose tissue bi-
opsies froze at –80°C pending analysis.

RNA extraction and gene  
expression study

RNA was isolated from peripheral lymphocytes us-
ing a mirVana miRNA Isolation Kit (Ambion, Carlsbad, 
USA) according to the manufacturers’ protocol for to-
tal RNA. RNA from VAT biopsies was isolated using 
TriPure Isolation Reagent (Roche, Basel, Switzerland) 

according to the manufacturers’ protocol. The tissues 
were homogenized using 2.0 mm zirconia beads (BioSpec 
Products, Inc., Bartlesville, USA). Following homogeniza-
tion, the tissues were centrifuged at maximum speed for 
2 min at 4°C in order to collect the fatty deposit at the top 
of the tube, which was then discarded. The homogenate 
was extracted with 200 μL of chloroform and centri-
fuged for 15 min at maximum speed at 4°C. The aque-
ous phase was collected and the RNA precipitated with 
500 μL of isopropanol, centrifuged for 10 min at maxi-
mum speed, and washed with 1  mL of  70% ethanol. 
The RNA pellet was dissolved in RNase-Free Water and 
stored at ‒80°C.

Reverse transcription was performed with the  use 
of a High-Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, USA). INSR, PIK3R1, and 
SLC2A4 gene expression levels were analyzed with real-
time polymerase chain reaction (RT-PCR) with the use 
of TaqMan Gene Expression Assays (Applied Biosystems) 
and Real-Time PCR Universal Master Mix (Applied Biosys-
tems). The following TaqMan Gene Expression Assays were 
used: INSR, Hs00961557_m1; PIK3R1, Hs00381459_m1; 
SLC2A4, Hs00168966_m1; β-actin, Hs00181698_m1.

The DNA methyltransferase (DNMT1, DNMT3a, and 
DNMT3b) expression rate was assessed via Real-Time PCR 
using a SensiFast SYBR Hi-ROX Kit (Bioline, London, UK). 
Primers were designed manually to span the exon-exon 
junction; specificity was checked using Primer-BLAST 
(NCBI); the  secondary structures were analyzed using 
OligoAnalyzer 3.1 (IDT, Coralville, USA). Prior to Real-
Time PCR, the efficiency of primers was analyzed using 
the standard curve method; specificity was checked based 
on the denaturation curve. The primer sequences used 
for measurements of  DNMT expression are presented 
in Table 1.

Table 1. Primers sequences used for gene expression analysis (DNMTs) and promoters methylation analysis (insulin pathway genes)

Gene Primer Sequence (5’→3’) Size (bp1) Location in gene R2

DNMT1
forward AGGCGGCTCAAAGATTTG

57 1-2 exon 97.5%
reverse CTCCTTCACACATTCCTT

DNMT3a
forward CAGGATAGCCAAGTTCAGC

120 17-18 exon 97.0%
reverse GTGCACCATAAGATGTCCTC

DNMT3b
forward ATGCTCTGGAGAAAGCTAG

94 8-9 exon 95.8%
reverse CACTCCAACATGGGCTTCA

β-actin
forward GAGAAGATGACCCAGATCA

72 2-3 exon 99.9%
reverse TAGCACAGCCTGGATAGCAA

PIK3R1
forward AGACACTCGGATTAGAGACG

135
295-299

upstream TSS2 97.6%
reverse AGTGCTCTGGCTCTACACG

INSR
forward GGTAGAGAAAGGATCTGTG

73
628-632

upstream TSS
99.2%

reverse GAGTCTCCTCCAGTTTCAG

SLC2A4
forward TGAAAGACAGGACCAAGCAG

57
646-650

upstream TSS
97.4%

reverse CAGGAAATTCCGTTCCCAC

1base pairs; 2transcription start site; 3efficiency assessed based on standard curve method.
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DNA extraction and global  
and site-specific DNA methylation

The VAT was dissected and digested with Collagenase A 
(Roche) overnight at 37°C. DNA was then extracted with the 
use of a High Pure PCR Template Preparation Kit (Roche). 
DNA from lymphocytes was extracted using the same kit. 
The DNA concentration was assessed using NanoDrop 
ND1000 (Thermo Fisher Scientific, Waltham, USA).

Global DNA methylation in VAT and lymphocytes was 
measured using an EpiJET DNA Methylation Analysis Kit 
(Thermo Fisher Scientific) according to the manufactur-
ers’ protocol. Briefly, genomic DNA (500 ng from VAT and 
200 ng from lymphocytes) was digested with 2 restric-
tion enzymes: HpaII and MspI. Both enzymes recognized 
the same DNA sequence (5′-CCGG-3′); however, when 
the internal C within the recognized sequence was methyl-
ated, cleavage with HpaII was blocked, although unaffected 
with MspI. After digestion, the DNA treated with HpaII, 
MspI, and non-digested DNA was separated using 1.2% 
agarose gel stained with ethidium bromide. The bands 
of DNA digested with HpaII and non-digested DNA were 
analyzed using ImageJ (National Institutes of  Health, 
Bethesda, USA). Global methylation was calculated 
as a percentage of non-digested DNA. Site-specific DNA 
methylation was analyzed using an EpiJET DNA Meth-
ylation Analysis Kit (Thermo Scientific). Real-time PCR 
was run following the digestion of enzymes using a Sensi-
Fast SYBR Hi-ROX Kit (Bioline). Primers were designed 
manually to hybridize within promoters of investigated 
genes flanking the  recognition sequence (5′-CCGG-3′). 
Designed primers were analyzed according to specificity 
(Primer-BLAST, NCBI) and secondary structure forma-
tion (OligoAnalyzer 3.1; IDT). A CpG islands prediction 
was done using MethPrimer with CG content > 60% and 
an Obs/Exp ratio > 0.6. Ct values were used to calculate 
the promoter methylation rate using the formula

% of 5 – mC = 100/(1+E)Cq2‒Cq1

[E – PCR efficiency; Cq1 – threshold cycle of undigested 
DNA; Cq2 – threshold cycle of HpaII-digested DNA]

The sequences of primers used for promoters methyla-
tion analysis are presented in Table 1.

Cytokine levels measurements

Two inflammatory cytokine levels were measured 
in the plasma of the investigated subjects using commer-
cial enzyme-linked immunosorbent assay (ELISA) kits: 
the PeliKine human IL-6 ELISA and PeliKine human TNF-
alpha ELISA Kits (Sanquin, Amsterdam, the Netherlands).

Statistical analyses

Statistical analyses were performed with the use of STA-
TISTICA (StatSoft, Inc., Tulsa, USA). Statistical significance 

was set at p < 0.05. Differences between the clinical fea-
tures of tested groups were assessed using Student’s t-test. 
Correlation between gene expression level and biochemical 
parameters was done using Pearson’s coefficient of correla-
tion. The power of the study was assessed using STATIS-
TICA. The gene expression level was analyzed as relative 
gene expression normalized to β-actin using the ∆∆Ct 
quantification model.23

Results

Characterization of study groups

The characterization of enrolled patients was carried 
out according to the type of biological material (patients 
from whom lymphocytes or adipose tissues samples were 
collected). Type 2 diabetic patients in both analyses were 
characterized by increased BMI and glucose and insu-
lin levels, as well as by IR resistance ratios (HOMA-IR 
and QUICKI). Moreover, an increase in adiponectin and 
HDL levels were observed in control patients. However, 
when dividing enrolled patients according to BMI as lean 
(<25 kg/m2) or obese (≥25 kg/m2), in addition to the above 
changes, increased TG and IL-6 levels were observed, while 
HDL and adiponectin levels were decreased in obese sub-
jects. A detailed characterization of the study cohort is pre-
sented in Table 2.

Global DNA methylation

Global DNA methylation was measured in the L and 
VAT of healthy subjects and T2D patients over a wide 
range of BMI. Global DNA methylation was increased 
in both types of tissue in T2D patients (VAT, p = 0.1940; L, 
p = 0.0297; Fig. 1A and 1F, respectively). The increase in VAT 
was not statistically significant. However, when categoriz-
ing enrolled subjects according to BMI (lean <25 kg/m2, 
or overweight and obese ≥25 kg/m2), a greater difference 
in global DNA methylation was observed (VAT, p = 0.0026; 
L, p = 0.0001; Fig. 1B and 1G, respectively), with higher 
global DNA methylation in overweight and obese subjects. 
What is more, a strong positive correlation was observed 
between global DNA methylation values measured in both 
types of tissue and BMI (VAT, R = 0.53, p = 0.0143; L, 
R = 0.54, p = 0.0122; Fig. 1C and 1H, respectively). These 
results suggest the strong influence of BMI on global DNA 
methylation.

Next, we were interested if global DNA methylation 
is  changed between insulin-resistant vs insulin sensi-
tive patients, Indeed, the global DNA methylation rate 
correlated positively with IR measured based on 2 IR ra-
tios, HOMA-IR and QUICKI. A strong positive correla-
tion was observed between global DNA methylation and 
HOMA-IR measured in VAT (R = 0.61, p = 0.0048, Fig. 1D) 
and in L (R = 0.51, p = 0.0183, Fig. 1I). On the other hand, 
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a negative correlation was observed between global DNA 
methylation and QUICKI measured in VAT (R = ‒0.41, 
p = 0.0475, Fig. 1E) and in L (R = ‒0.51, p = 0.0191, Fig. 1J).

DNA methyltransferase expression

Faced with differentially methylated DNA within the in-
vestigated groups, the expression rate of 3 main DNA 
methyltransferases was analyzed in both types of tissue 

in order to determine which DNA methyltransferase is re-
sponsible for various profiles of global DNA methylation. 
In both types of tissue, DNMT3a was upregulated in obese 
T2D patients compared to controls, with no differences 
in the expression rate of the other 2 methyltransferases, 
DNMT1 and DNMT3b. In VAT the expression rate of 
DMNT3a was 1.92 times higher (p = 0.0204) in T2D pa-
tients compared to controls (Fig. 2A). In L the expres-
sion rate of DNMT3a was 1.59 times higher (p = 0.0052) 

Table 2. Characterization of clinical and biochemical features enrolled between (A – visceral adipose tissue; B – lymphocytes)

A

Biochemical feature Control group
(mean ±SD)

T2DM
(mean ±SD)

p-value
(t-test)

Lean (<25 kg/m2) 
(mean ±SD)

Obese
(≥25 kg/m2) 
(mean ±SD)

p-value
(t-test)

Sex [F/M]1 9/17 6/3 – 6/8 9/12 –

Age [years] 47 ±15 52 ±10 NS 47 ±17 51 ±10 NS

BMI [kg/m2] 24.4 ±5.1 31.8 ±6.2 0.0012 22.5 ±2.4 30.2 ±3.4 <0.0000

Glucose [mg/dL] 95 ±14 146 ±33 <0.0001 105 ±31 122 ±64 NS

Insulin [uU/mL] 7.2 ±8 25.7 ±22 0.0295 10 ±19 42.5 ±27 0.0368

CHOL [mg/dL] 173 ±38 169 ±81 NS 209 ±22 222 ±32 NS

TG [mg/dL] 160 ±48 174 ±59 NS 104 ±50 228 ±103 0.0126

LDL [mg/dL] 120 ±33 81 ±40 NS 122 ±14 146 ±30 NS

HDL [mg/dL] 46 ±11 41 ±11 NS 62.5 ±26 43.3 ±12 0.0382

HOMA-IR 1.6 ±1.8 8.9 ±11.7 0.0236 1.03 ±1 5.05 ±7 0.0500

QIUCKI 0.382 ±0.04 0.318 ±0.03 0.0019 0.399 ±0.04 0.336 ±0.05 0.0029

IL-6 [pg/uL] 18.18 ±10.5 22.23 ±16 NS 19.9 ±6.7 29.5 ±27 0.0426

TNF-α [pg/uL] 2.5 ±0.67 1.7 ±1.15 NS 2.4 ±0.8 2.11 ±0.99 NS

Adiponectin [pg/uL] 16.5 ±7.3 11.5 ±6.9 0.0299 16.2 ±5.3 10.5 ±3.6 0.0276

B

Biochemical feature Control group
(mean ±SD)

T2DM
(mean ±SD)

p-value
(t-test)

Lean (<25 kg/m2) 
(mean ±SD)

Obese
(≥25 kg/m2) 
(mean ±SD)

p-value
(t-test)

Sex [F/M] 10/11 5/8 – 6/5 11/12 –

Age [years] 50 ±7 50 ±6 NS 46 ±3.7 51 ±6.8 NS

BMI [kg/m2] 27.6 ±3.8 31.7 ±3.4 0.0261 23 ±1.1 31 ±3.2 0.0008

Glucose [mg/dL] 89 ±7.9 182 ±70 0.0019 92 ±6.8 151 ±72 NS

Insulin [uU/mL] 4.0 ±0.8 8.2 ±2.3 0.0009 5.3 ±2.8 6,22 ±3.15 NS

CHOL [mg/dL] 200 ±38 190 ±49 NS 214 ±62 222 ±112 NS

TG [mg/dL] 111 ±45 202 ±130 NS 65 ±35 175 ±112 NS

LDL [mg/dL] 143 ±42 120 ±54 NS 114 ±57 135 ±48 NS

HDL [mg/dL] 68 ±18 43 ±7 0.0009 86 ±12 49 ±13 0.0003

HOMA-IR 1.3 ±1.4 3.6 ±1.3 0.0012 1.9 ±1.99 2.5 ±1.82 NS

QIUCKI 0.395 ±0.04 0.318 ±0.01 <0.0000 0.372 ±0.04 0.346 ±0.05 NS

IL-6 [pg/uL] 16.2 ±5.6 22.2 ±3.1 NS 8.0 ±1.6 16.1 ±3.1 NS

TNF-α [pg/uL] 2.8 ±0.35 3.6 ±0.6 NS 2.7 ±0.3 2.7 ±0.6 NS

Adiponectin [pg/uL] 11.4 ±5 11.5 ±4.9 NS 13.9 ±9.4 12.8 ±3.8 NS

F – female; M – male; BMI – body mass index; CHOL – cholesterol; TG – triglicerydes; LDL – low-density lipoprotein; HDL – high-density lipoprotein; 
HOMA-IR – homeostatic insulin resistance; QIUCKI – quantitative insulin sensitivity check index; IL-6 – interleukin 6; TNF-α – tumor necrosis factor α; 
NS – statistically not important; bold text – statistically significant.
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in T2D patients compared to controls (Fig. 2B), again with 
no changes detected in the gene expression of the other 
2 DNA methyltransferases. Moreover, DNMT3a showed 
a positive correlation with BMI within investigated indi-
viduals in both types of tissue (VAT, R = 0.62, p = 0.0041, 
Fig. 2A; L, R = 0.47, p = 0.0406, Fig. 2B). Furthermore, 
the DNMT3a expression rate correlated positively with 
global DNA methylation in VAT (R = 0.65, p = 0.0022, 
Fig. 2C); however, a relatively weak positive correlation 
was observed in L.

In order to evaluate the influence of increased DNMT3a 
on insulin sensitivity, we  investigated the  correlation 
the mRNA level of DNMT3a measured in both VAT and 
L with IR ratios. The mRNA level of DNMT3a correlated 
positively with HOMA-IR (VAT, R = 0.59; L, R = 0.52) and 
negatively with QUICKI (VAT, R = ‒0.48; L, R = ‒0.46); 
however, correlations were close to being significant with 
the  p-value slightly exceeding the  limit value of  0.05. 
No correlation between IR ratios and other DNMTs were 
observed.

These results link obesity with overexpression of DNMT3a 
as a possible reason for global DNA hypermethylation in 
obesity and a possible reason for IR development.

Insulin pathway gene expression 
and promoter methylation

Global DNA methylation was shown to strongly corre-
late with IR in both types of tissues; accordingly, the gene 
expression rate and promoter methylation status of 3 
main genes belonging to the insulin signaling pathway 
were investigated, namely the INSR (insulin receptor), 

Fig. 2. The expression rate of DNMT3a methyltransferase

The expression of DNMT3a gene in VAT (A) and in L (B) of enrolled patients 
and its correlation with BMI. Correlation between expression of DNMT3a 
gene and global DNA methylation observed in VAT (C).

Fig. 1. Effect of global DNA methylation on insulin sensitivity

Comparison of global DNA methylation in VAT (A and B) and in L (F and G) between T2D and controls and between lean and obese patients. Correlation 
between global DNA methylation in VAT and BMI (C), HOMA-IR (D) and QUICKI (E); global DNA methylation in L and BMI (H), HOMA-IR (I) and QUICKI (J).
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PIK3R1 (phosphoinositide-3-kinase regulatory subunit 
1), and SLC2A4 genes (solute carrier family 2, facilitated 
glucose transporter, member 4). First, the gene expres-
sion rate was analyzed in both the L and VAT of the en-
rolled individuals. There was no difference in  the ex-
pression rate of analyzed genes in L between the studied 
groups. SLC2A4 gene expression was slightly reduced 
and PIK3R1 gene expression slightly increased in T2D 
patients, though without statistical significance. Nor were 
there any statistically significant differences in promoter 
methylation between study groups of analyzed genes in L, 
although the global DNA methylation rate in L was in-
creased in T2D patients.

All 3 examined genes displayed a reduced expression 
rate in the VAT of T2D patients when compared to control 
subjects.

The INSR gene was downregulated in the VAT of T2D 
patients (p = 0.0355, Fig. 3A); on the other hand, the pro-
moter methylation rate of  this gene was increased 
(p = 0.0206). What is more, the promoter methylation 
rate negatively correlated with INSR gene expression 
(R = ‒0.39, p = 0.0591, Fig. 3A); however without sta-
tistical significance. An interesting positive correlation 
was observed between INSR promoter methylation and 
the BMI of the investigated subjects (R = 0.45, p = 0.05, 
Fig. 3A). Subjects with BMIs under 30 kg/m2 were char-
acterized by a relatively low INSR promoter methylation 
rate, as opposed to subjects with BMIs over 30 kg/m2, 
characterized by a significantly increased INSR promoter 
methylation rate. Furthermore, INSR promoter methyla-
tion correlated with IR in investigated individuals. A posi-
tive correlation between the methylation of  INSR pro-
moter and HOMA-IR (R = 0.48, p = 0.0386, Fig. 3A) and 
a negative correlation between the methylation of INSR 

promoter and QUICKI (R = –0.46, p = 0.0483, Fig. 3A) 
were observed.

The PIK3R1 gene also showed decreased expression rate 
in T2D patients when compared to healthy individuals 
(p = 0.0199), along with a slightly increased rate of PIK3R1 
promoter methylation measured in this group (p = 0.0581). 
However, no correlation was observed between PIK3R1 
promoter methylation and gene expression, BMI or IR.

The SLC2A4 gene encoding glucose transporter type 4 
(GLUT4) was downregulated (p = 0.0569, Fig. 3B) and 
SLC2A4 promoter methylation upregulated (p = 0.0158) 
in the VAT of T2D patients compared to controls. Fur-
thermore, the expression rate was negatively correlated 
with promoter methylation (R = ‒0.46, p = 0.0460, Fig. 3B). 
Interestingly, the promoter methylation of the SLC2A4 
gene positively correlated with BMI within investigated 
individuals (R = 0.55, p = 0.012, Fig. 3B). What is more, 
SLC2A4 promoter methylation displayed a positive cor-
relation with HOMA-IR (R = 0.58, p = 0.0082, Fig. 3B) and 
a negative correlation with QUICKI (R = ‒0.67, p = 0.0012, 
Fig. 3B) in investigated subjects.

Discussion

In  the  present study, we  investigated the  influence 
of obesity on IR development through epigenetic mecha-
nisms. We have shown that global DNA methylation in-
creased in cases of obesity and correlated positively with 
IR. It was found that in obese individuals the expression 
of DNMT3a was increased, which could be the reason for 
the subsequent increase in global and site-specific DNA 
methylation, including promoters of main genes belonging 
to the insulin pathway (INSR, SLC2A4).

Fig. 3. Promoter methylation of insulin pathway genes

The differences in expression and methylation profile of promoters of 2 genes belonging to insulin signaling pathway: INSR gene (A) ad SLC2A4 gene (B) 
in VAT along with correlation of promoter methylation with gene expression, BMI and IR.

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

7
6
5
4
3
2
1
0

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

14

12

10

8

6

4

2

0

3.5
3

2.5
2

1.5
1

0.5
0

2.5

2

1.5

1

0.5

0

45
40
35
30
25
20
15
10

45
40
35
30
25
20
15
10

30

25

20

15

10

5

0

30

25

20

15

10

5

0

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.5
0.45

0.4
0.35

0.3
0.25

0.2
0.15

C T2DM

C T2DM C T2DM

C T2DM 0

0 0.2 0.4
SLC2A4 promoter methylation

INSR promoter methylation

IN
SR

 p
ro

m
ot

er
 m

et
hy

la
tio

n
SL
C2
A4

 p
ro

m
ot

er
 m

et
hy

la
tio

n

SL
C2
A4

 g
en

e 
ex

pr
es

si
on

(n
or

m
al

iz
ed

 to
 β

-a
ct

in
)

IN
SR

 g
en

e 
ex

pr
es

si
on

(n
or

m
al

iz
ed

 to
 β

-a
ct

in
)

Q
U

IC
KI

H
O

M
A-

IR

BM
I [

kg
/m

2 ]

Q
U

IC
KI

H
O

M
A-

IR

BM
I [

kg
/m

2 ]

SL
C2
A4

 e
xp

re
ss

io
n

(n
or

m
al

iz
ed

 to
 β

-a
ct

in
)

IN
SR

 g
en

e 
ex

pr
es

si
on

(n
or

m
al

iz
ed

 to
 β

-a
ct

in
)

INSR promoter methylation INSR promoter methylation INSR promoter methylation

SLC2A4 promoter methylation SLC2A4 promoter methylation SLC2A4 promoter methylation
0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1

0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 10.5

R = –0.39
p = 0.0591

A

B

R = –0.46
p = 0.0460

R = 0.55
p = 0.0120

R = 0.58
p = 0.0082

R = –0.67
p = 0.0012

R = 0.45
p = 0.0501

R = 0.48
p = 0.0386

R = –0.46
p = 0.0483

1



M. Małodobra-Mazur, et al. Obesity, methylation and insulin resistance1606

The  global DNA methylation rate is  tissue-specific; 
therefore, 2 different types of  tissue were investigated 
in the present study in order to better assess their asso-
ciation with obesity and IR. Peripheral lymphocytes have 
been widely studied by many researchers, with various 
outcomes. In some studies, there was no association be-
tween BMI and global DNA methylation24‒26, while others 
showed results contradictory to ours, in which global DNA 
methylation negatively correlated with BMI.27 In the pres-
ent study, we showed increased global DNA methylation 
in  the  lymphocytes of obese individuals, which corre-
sponds to other studies.28,29 What is more, global DNA 
methylation measured in lymphocytes showed associations 
with IR (assessed based on HOMA-IR and QUICKI). Simi-
lar results were obtained by others who showed a positive 
association between global DNA methylation and fasting 
glucose levels30,31 or HOMA-IR32 in those cells. Although 
a positive correlation between global DNA methylation 
and IR has been shown in the present study, no signifi-
cant changes, either in gene expression or in the promoter 
methylation profile of  insulin pathway genes, were ob-
served. Further research needs to be done in order to draw 
specific conclusions, especially on a larger number of in-
vestigated subjects. It is also possible that different pat-
terns of DNA methylation in insulin-resistant subjects 
influence other pathways or genes important for proper 
lymphocytes metabolisms, like cytokine or inflammatory 
markers secretion, which might as well influence insulin 
sensitivity. Indeed, an inverse relationship between meth-
ylation of leptin and adiponectin promoters in peripheral 
blood samples and IR was observed by García-Cardona 
et al.33 Similarly, a GWAS study performed by Su et al.34 
also showed a correlation between the methylation status 
of the lymphocyte antigen 86 (LY86) gene and obesity, 
IR, and inflammatory markers, which provides further 
evidence of the influence of epigenetic regulation on IR 
and obesity-related disorders.

Peripheral blood lymphocytes constitute relatively good 
study material with respect to their easy collection and 
isolation methods; however, the proper cells for the evalua-
tion of IR are adipocytes or skeletal muscles, because these 
tissues utilize the greatest amount of glucose provided 
along with food in an insulin-dependent manner. There-
fore, global DNA methylation and associations with IR 
were investigated in VAT samples collected from patients 
undergoing abdominal surgery. Similarly to lymphocytes, 
positive associations between DNA methylation, BMI and 
IR were shown. We have shown that, in both types of inves-
tigated tissue, global DNA methylation differed between 
lean and obese subjects, despite a relatively low number 
of investigated subjects. Furthermore, we observed a posi-
tive association between global DNA methylation and IR 
among enrolled subjects. The implication of epigenetic 
regulation in IR pathogenesis was also confirmed when 
analyzing the DNMT3a expression rate within enrolled 
individuals. DNMT3a correlated positively with BMI and 

IR ratios. The correlation with IR ratios (HOMA-IR and 
QUICKI) did not reach significance; however, the overall 
relationship was noticed. For sure, by increasing the num-
ber of  investigated subjects we would obtain statistical 
significance.

Taking everything together, obesity influences glob-
al DNA methylation level in VAT and in  lymphocytes 
by stimulating the expression rate of DNA methyltrans-
ferases, mainly DNMT3a. We have concluded that if there 
is a positive correlation between DNA methylation and IR, 
some insulin pathway genes must be epigenetically regu-
lated by promoter methylation. Indeed, 2 of the 3 inves-
tigated genes were shown to be differentially methylated 
at the promoter sites; moreover, the methylation status 
correlated positively with BMI and IR ratios and negatively 
with gene expression. Other researchers, such as Barajas-
Olmos et al.,35 provided further evidence that an altered 
DNA methylation rate of numerous genes (mainly glucose 
metabolism, lipid metabolism and cell-cycle regulation 
genes) is a mechanism that may be involved in the patho-
genesis of obesity-related disorders, including T2D.

To the best of the author’s knowledge, there are only 
a few reports concerning the epigenetic regulation of insu-
lin pathway genes. Jones et al.36 demonstrated a decreased 
INSR expression rate in  the subcutaneous adipose tis-
sue of women with the influence of obesity, not of PCOS, 
on the expression of the INSR gene. The IRS1 and SLC2A4 
genes exhibited a decreased expression rate, which corre-
lated with an increase in promoter methylation in the skel-
etal muscle of adult rats which had been undernourished 
during the fetal stage.37 The greatest difference in gene 
expression and promoter methylation of both genes was 
seen in the 20th week of postnatal life, which correlated 
with increased body weight and IR in those rats.

The relationship between DNA methylation and IR has 
been shown by other researchers, who described promoter 
methylation of other genes regulating IR, such as the adi-
ponectin19, leptin and PPARγ genes, etc.11‒13 The potential 
mechanism regulating the methylation status of the adipo-
nectin gene was related to increased expression of DNMT1, 
stimulated by TNF-α.19 In our study, we have shown altered 
expression of DNMT3a in both types of tissues, as the po-
tential reason for differently methylated global and site-
specific DNA methylation, especially insulin signaling 
pathway genes. DNMT3a was previously implicated with 
obesity-induced IR development, as Dnmt3a knock-out 
mice are protected from diet-induced IR.38 Our results 
confirm the implication of DNMT3a with epigenetic regu-
lation of IR in humans. There was no association between 
2 other DNA methyltransferases (DNMT1 and DNMT3b) 
and insulin resistance; therefore, DNMT3a was selectively 
shown to play a key role in obesity-related IR pathogenesis.

Summarizing all of the data described above (ours and 
others19,11‒13,33‒35), we suggest that IR is epigenetically regu-
lated and thus potentially could be reversed. However, this 
statement has not been confirmed to date.
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Abstract
Background. During cerebral ischemia, energy restoration through the regulation of glucose transporters 
and antioxidant defense mechanisms is essential to maintain cell viability. Antioxidant therapy has been 
considered effective to attenuate brain damage; moreover, the regulation of transcription factors that positively 
regulate the expression of glucose transporters is associated with this therapy. Recently, it has been reported 
that the use of antioxidants such as S-allylcysteine (SAC), a component of aged garlic extract (AGE), improves 
survival in experimental models of cerebral ischemia.

Objectives. The aim of this study was to determine the effect of AGE and SAC on the level of mRNA expres-
sion of the main neuronal glucose transporter (GLUT3) and the glutamate cysteine ligase catalytic subunit 
(GCLC) in rats with transient focal cerebral ischemia.

Material and methods. Cerebral ischemia was induced in male Wistar rats by middle cerebral artery 
occlusion (MCAO) for 2 h. The animals were sacrificed after different reperfusion times (0–48 h). Animals 
injected with AGE (360 mg/kg, intraperitoneally (i.p.)) and SAC (300 mg/kg, i.p.) at the beginning of reperfu-
sion were sacrificed after 2 h. The mRNA expression level was analyzed in the fronto-parietal cortex using 
quantitative polymerase chain reaction (qPCR).

Results. Two major increases in GLUT3 expression at 1 h and 24 h of reperfusion were found. Both treat-
ments increased GLUT3 and GCLC mRNA levels in control and under ischemic/reperfusion injury animals.

Conclusions. This data suggests that SAC and AGE might induce neuroprotection, while controlling reac-
tive oxygen species (ROS) levels, as indicated by the increase in GCLC expression, and regulating the energy 
content of the cell by increasing glucose transport mediated by GLUT3.

Key words: antioxidants, cerebral ischemia, glucose transporters
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Damage induced by cerebral ischemia and restoration 
of blood flow (reperfusion) has been linked to mitochondrial 
dysfunction and the concomitant production of noxious lev-
els of reactive oxygen species (ROS).1 Reactive oxygen species 
are released during mitochondrial respiration, causing tissue 
injury and cellular dysfunction.2,3 Therefore, the reduction 
of ROS by antioxidants has been considered as a potential 
therapeutic method that, through the regulation of the cel-
lular redox state, might ameliorate ischemic injury.4–6

Interestingly, antioxidant agents activate the hypoxia 
inducible factor-1α (HIF-1α) in cultured brain endothe-
lial cells, astrocytes and neurons subjected to normoxia, 
hypoxia or ischemia.7–9 This factor increases anaerobic 
glycolysis through the upregulation of glucose transport-
ers (GLUTs), which possess hypoxia response elements 
(HRE) in their promoters,10,11 and this upregulation facili-
tates cell survival by maintaining adenosine triphosphate 
(ATP) production.9,12 Glucose transporters are essential for 
an adequate supply of energy in neurons, principally under 
conditions where the energy demand is high as occurs 
in hypoxia and brain ischemia.13 The glucose transporter 3 
(GLUT3) is the main transporter in neurons with the high-
est affinity for glucose (Km 1.4 mmol/L),10,11 its expression 
increases at the onset of cerebral ischemia, and its subse-
quent decline is followed by neuronal death.14 On the other 
hand, treatment with antioxidant agents also increases ex-
pression levels of proteins involved in cellular redox regu-
lation.9,15 The glutamate cysteine ligase catalytic subunit 
(GCLC) is an enzyme that participates in the production 
of glutathione, an important endogenous antioxidant pep-
tide.16 The glutamate cysteine ligase catalytic subunit is in-
creased in brain slices subjected to oxygen-glucose depri-
vation,17 and in vitro models of chemical hypoxia-induced 
neurotoxicity.18 Therefore, regulation of GLUT and GCLC 
are 2 potential mechanisms by which antioxidants might 
prevent the deleterious effects of ROS in cerebral ischemia.

In line, some antioxidant agents, such as aged garlic ex-
tract (AGE), and its main active component, S-allylcysteine 
(SAC), have been shown to prevent brain cell death and 
to  improve neurologic deficit induced in experimental 
models of cerebral ischemia/reperfusion.5,6,19,20 The effects 
of AGE and SAC in brain ischemia have been associated 
with their high antioxidant potential; nevertheless, their 
complete mechanism of action is not well understood. 
We assume that these antioxidants act in association with 
the regulation of GLUT3 expression to increase the en-
trance of glucose to the cell to augment ATP concentration, 
but are also associated with the regulation of GCLC mRNA 
to achieve a reduced cellular redox state, which is charac-
terized by a high glutathione concentration. Therefore, 
we have determined the  temporal expression patterns 
of GLUT3 induced by cerebral ischemia/reperfusion and 
the possible changes following reperfusion in the presence 
of AGE and SAC. We also have evaluated the effect of these 
antioxidants on GCLC expression in our model of cere-
bral ischemia/reperfusion. Our purpose was to identify 

a possible mechanism by which antioxidants participate 
in neuroprotection in the middle cerebral artery occlusion 
(MCAO) model of ischemia/reperfusion.

Material and methods

Reagents

Aged garlic extract Kyolic® was obtained from Waku-
naga of America Co., Ltd. (Mission Viejo, USA), and SAC 
was synthesized by the reaction of L-cysteine with allyl-
bromide and purified by recrystallization from ethanol-
water, according to a previous report.21 TRIzol Reagent, 
SuperScript® III First Strand Synthesis SuperMix and 
ramdom hexamer primers were obtained from Invitrogen 
Life Technologies (Carlsbad, USA); commercial prede-
signed TaqMan Probes system was performed in a 7500 
Real-time PCR System (Applied Biosystems, Foster City, 
USA) using specific assay GLUT3 (Rn00567331_M1) and 
GCLC (Rn00563101_M1) (Applied Biosystem). 18S ribo-
somal RNA (18S rRNA, assay ID: Hs99999901_s1, Applied 
Biosystems). All other reagents were obtained from known 
commercial sources.

Experimental animals

Adult male Wistar rats weighing 280–320 g were in-
cluded in this study. The mRNA expression encoding for 
GLUT3 and GCLC was studied in 3–8 animals per group. 
Nine animal groups were subjected to transient focal ce-
rebral ischemia induced by MCAO during 2 h,22 and then 
were sacrificed by decapitation after different times (0, 1, 
2, 3, 4, 6, 10, 24, and 48 h) of reperfusion (n = 4). Briefly, 
animals were anaesthetized with isoflurane (2.5–3.0%). 
The left common carotid artery was exposed at the level 
of  the external and internal carotid artery bifurcation. 
A 3-0 nylon monofilament was inserted into the exter-
nal carotid artery and advanced into the internal carot-
id artery at a depth of about 17 mm to block the origin 
of the middle cerebral artery (MCA). Body temperature 
was kept at 37 ±0.5°C during the procedure. Two hours 
after the induction of ischemia, the filament was removed 
to allow reperfusion. The animals were returned to their 
cages and monitored until they recovered from anesthe-
sia. Neurological deficit was determined 30 min before 
reperfusion and was scored on  a  2-point scale: failure 
to extend right paw fully = 1; circling to right (more than 
5 turns over a period of 30 s) = 1. Animals that presented 
neurological deficits <2 were exclude from the study.5,22 
An animal control group was subjected to surgery without 
MCAO. Another 3 control groups were injected intraperi-
toneally (i.p.) with a single dose of the antioxidant agents, 
AGE (360 mg/kg), SAC (300 mg/kg) or with their vehicles 
consisting in 20% ethanol in sterile water (control group). 
Finally, the last 3 animal groups were subjected to MCAO, 
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and then received a single i.p. injection of one of the above 
antioxidant agents at the beginning of reperfusion. All ani-
mal groups administered with the antioxidant agents were 
sacrificed by decapitation 2 h after the treatment injection. 
Experimental procedures were carried out in accordance 
with the National Institutes of Health (NIH) Guidelines 
for the Care and Use of Laboratory Animals, and with 
the ethical guidelines established by the National Institute 
of Neurology and Neurosurgery “Manuel Velasco Suárez” 
in Mexico City, Mexico (approved project No. 20/11 (624)).

Quantitative polymerase chain reaction

Total RNA extraction was performed on  the  whole 
fronto-parietal cortex, using TRIzol Reagent (Invitrogen 
Life Technologies) according to the manufacturer’s in-
structions, and the amount and purity were determined 
using a spectrophotometer. cDNA was synthesized from 
5 µg total RNA, using the kit SuperScript® III First Strand 
Synthesis SuperMix (Invitrogen Life Technologies). Quan-
titative polymerase chain reaction (qPCR) was performed 
in a 7500 Real-time PCR System (Applied Biosystems), 
using specific assay GLUT3 (Rn00567331_M1) and GCLC 
(Rn00563101_M1) (Applied Biosystem). 18S ribosomal 
RNA (18S rRNA, assay ID: Hs99999901_s1, Applied Bio-
systems) was used as a control to normalize the relative 
mRNA amount of the amplified genes. Reactions were 
done in triplicate and consisted of a denaturation cycle 
at 95°C for 10 min, followed by 40 cycles of denaturation 
at 92°C for 15 s and of annealing/extension at 60°C for 
1 min. Values of cycle threshold (Ct) were determined 
through automated threshold analysis using SDS v. 1.3.1. 
software (Applied Biosystems, Waltham, USA). This soft-
ware uses the comparative Ct method of relative quantifi-
cation to determine relative gene expression levels.

Statistical analysis

Data analysis was performed using SPSS v. 13.0 (SPSS 
Inc., Chicago, USA) statistical software package. The re-
sults are presented as  mean and standard deviation 
(mean ±SD). The statistical significance of differences 
between groups was analyzed using analysis of variance 
(ANOVA) and post hoc Tukey analysis was used for sta-
tistical evaluations. A value of p < 0.05 was considered 
significant.

Results

Effects of cerebral ischemia/reperfusion 
on GLUT3 mRNA expression levels 
in fronto-parietal cortex

Considering that major alterations in  cerebral glu-
cose concentration during ischemic injury have been 

reported,23–25 temporal expression of glucose transporters 
induced by cerebral ischemia/reperfusion in the fronto-
parietal cortex was evaluated. Figure 1 shows that focal 
cerebral ischemia (MCAO group) increased the GLUT3 
mRNA expression level by 224% compared with control 
rats (1.41 ±0.24-fold; p < 0.0001). In the case of animals 
subjected to 2 h of MCAO followed by different times 
of reperfusion, 2 major increases in the GLUT3 mRNA 
expression were observed. After 1  h  of  reperfusion, 
the GLUT3 mRNA expression level remained elevated 
and reached 31% (0.8 ±0.08-fold) more than in the MCAO 
group (p  <  0.0001). After 2, 3 and 4  h  of  reperfusion, 
the GLUT3 expression level was reduced to 52.4%, 67.7%, 
and 50%, respectively (2  h  reperfusion  =  –1.21  ±0.08-
fold; 3 h of reperfusion = –0.82 ±0.17-fold; 4 h of reper-
fusion = –1.27 ±0.17-fold; reperfusion group vs MCAO, 
p  <  0.0001) reaching the  baseline levels of  expression 
(control group). After 6 and 10 h of reperfusion, the levels 
of GLUT3 were even lower that baseline reaching 22.1% 
and 14.6% (6 h of reperfusion = –1.98 ±0.01-fold; 10 h of re-
perfusion = –2.17 ±0.05-fold; reperfusion group vs MCAO, 
p < 0.0001). A more pronounced increase was found after 
24 h of reperfusion, when the GLUT3 mRNA expression 
level was increased to 163% (1.62 ±0.26, 24 h of reperfu-
sion vs MCAO p < 0.0001). Finally, after 48 h of reper-
fusion, GLUT3 mRNA decreased again 33% compared 
to the MCAO group (–1.68 ±0.14, p < 0.0001).

Effects of AGE and SAC on GLUT3 
mRNA expression levels in cerebral 
ischemia/reperfusion

Recent evidence suggests a key role of GLUT3 as a po-
tential therapeutic target in  the  treatment of  cerebral 
ischemia/reperfusion.26,27 Therefore, a  possible effect 
of the AGE and its principal component SAC on GLUT3 

Fig. 1. Effect of cerebral ischemia/reperfusion on GLUT3 mRNA 
expression level in fronto-parietal cortex. Rats were subjected to middle 
cerebral artery occlusion (MCAO) for 2 h, and were, thereafter, sacrificed 
at different times of reperfusion: 0, 1, 2, 3, 4, 6, 10, 24, and 48 h. cDNA 
was synthesized using 5 µg of total RNA. The qPCR was performed 
to determine the expression level of GLUT3 mRNA, and ΔCt method was 
used to quantify the relative expression level. The changes in GLUT3 
mRNA expression level (dark bars) are expressed as relative GLUT3 
expression normalized to 18S ribosomal RNA. Results are the mean ±SD 
values of 4 animals included in each group. Statistical differences were 
calculated using ANOVA and post hoc Tukey analysis. Differences are 
indicated above each bar. *p < 0.0001 vs CT; θp < 0.0001 vs MCAO
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mRNA expression level in cerebral ischemia/reperfusion 
was tested here. Table 1 shows that both treatments in-
creased the baseline expression of the mRNA encoding 
for GLUT3 (AGE and SAC groups). In the control rats, 
AGE increased GLUT3 mRNA expression level by 564.6% 
over basal conditions (p < 0.0001), while SAC increased 
the GLUT3 mRNA expression level by 426.5% (p = 0.002) 
(Table 1, row c and e vs a). On the other hand, AGE and SAC 
administration to the animals subjected to 2 h of ischemia 
and 2 h of reperfusion increased the GLUT3 mRNA ex-
pression level by 333% (p = 0.0002) in the MCAO/2R+AGE 
group and 263.9% in the MCAO/2R+SAC group (Table 1, 
row d and f vs b; p = 0.008).

Effects of AGE and SAC on GCLC 
mRNA expression levels in cerebral 
ischemia/reperfusion

Considering that oxidative stress generated during 
the  ischemia/reperfusion process aggravates the dam-
age, we evaluated the effect of AGE and SAC on GCLC 
mRNA expression level to determine a possible mechanism 
by which antioxidant molecules function as regulators 
in neuroprotection. Table 2 shows that both AGE and SAC 
administration induced a significant increase in the ex-
pression level of GCLC mRNA over control values in physi-
ological conditions. The AGE treatment increased GCLC 
mRNA expression level by 306% (p = 0.006) in the control 
group + AGE, and by 292% (p = 0.001) in the control group 
+ SAC (Table 2, row c and e vs a). In another observation, 
the increase induced by AGE and SAC on GCLC expression 

level was still present in animals subjected to brain isch-
emia, in the MCAO/2R+AGE group, the GLUT3 mRNA 
increased expression level 268% (p  =  0.02), and 206% 
(p = 0.02) in the MCAO/2R+SAC group vs the MCAO/2R 
group (Table 2, row d and f vs b)

Discussion

The present study shows that in the fronto-parietal cor-
tex dissected from animals exposed to transitory focal 
cerebral ischemia, the expression level of GLUT3 mRNA 
is increased after 2 h of injury and continued until 1 h 
of reperfusion period. We found that early transient in-
crease in GLUT3 mRNA expression is presumably an acute 
response to brain ischemia, which could be explained 
by the activation of the HIF-1α, a potent inducer of GLUTs 
expression under hypoxia/ischemia situations. The HIF-1α 
mediates transcriptional regulation of glycolytic genes that 
possess hypoxia-response elements (HRE) in their promot-
ers, including GLUT3.11 During ischemia, deficiency of en-
ergy substrates induces the activation of cAMP response 
element-binding protein (CREB), which is also an impor-
tant transcriptional factor of the GLUT3 gene.10,27,28 Cou-
pled to this, CREB is activated by the PI3K/Akt pathway,29 
a mechanism of neuroprotection in cerebral ischemia/
reperfusion injury.30

In addition to neurons, it is possible that astrocytes con-
tribute to the increase in GLUT3 expression. It has been 
demonstrated that in cultured astrocytes, under ischemic/
reperfusion conditions, the  ischemic stress increased 

Table 1. Single and combined effects of cerebral ischemia/reperfusion 
and antioxidant agents on GLUT-3 mRNA levels in brain cortex

Experimental 
condition

§ GLUT-3 
levels

p-value between the indicated 
experimental conditions

Control (a) 1.13 ±0.10

MCAO/2R (b) 1.33 ±0.08
(b) vs (a)

NS

Aged garlic  
extract (c)

6.38 ±0.36
(c) vs (a)
0.00002

Aged garlic extract 
+ MCAO/2R (d)

4.43 ±0.38
(d) vs (a)
0.0002

(d) vs (b)
0.0002

SAC (e) 4.82 ±0.85
(e) vs (a)

0.002

SAC + MCAO/2R (f) 3.51 ±0.59
(f) vs (a)

0.005
(f) vs (b)

0.008

§ main neuronal glucose transporter (GLUT3) levels are expressed 
in arbitrary units of GLUT-3 mRNA/18S rRNA
Results are the mean ±SD (n = 3–8).
Middle cerebral artery occlusion (MCAO)/2R – animals subjected 
to middle cerebral artery occlusion were sacrificed after 2 h of reperfusion.
NS – not statistically significant difference between the indicated 
experimental conditions.
Aged garlic extract (AGE) and S-allylcysteine (SAC) doses were 360 mg/kg 
and 300 mg/kg body wt, respectively.
AGE and SAC were administered at the beginning of reperfusion and 
animals were sacrificed after 2 h of reperfusion.

Table 2. Single and combined effects of cerebral ischemia/reperfusion 
and antioxidant agents on GCLC mRNA levels in brain cortex

Experimental 
condition

§ GCLC 
levels

p-value between the indicated 
experimental conditions

Control (a) 1.00 ±0.03

MCAO/2R (b) 1.09 ±0.13
(b) vs (a)

NS

Aged garlic  
extract (c)

3.06 ±0.38
(c) vs (a)

0.006

Aged garlic extract 
+ MCAO/2R (d)

2.92 ±0.45
(d) vs (a)

0.01
(d) vs (b)

0.02

SAC (e) 2.92 ±0.16
(e) vs (a)

0.001

SAC + MCAO/2R (f) 2.25 ±0.22
(f) vs (a)

0.005
(f) vs (b)

0.02

§ glutamate cysteine ligase catalytic subunit (GCLC) levels are expressed 
in arbitrary units of GCLC mRNA/18S rRNA.
Results are the mean ±SD (n = 3–8).
Middle cerebral artery occlusion (MCAO)/2R – animals subjected 
to middle cerebral artery occlusion were sacrificed after 2 h of reperfusion.
NS – not statistically significant difference between the indicated 
experimental conditions.
Aged garlic extract (AGE) and S-allylcysteine (SAC) doses were 360 mg/kg 
and 300 mg/kg body wt, respectively.
AGE and SAC were administered at the beginning of reperfusion and 
animals were sacrificed after 2 h of reperfusion.
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the expression levels of GLUT3, in order to enhance in-
tracellular glucose storage during reperfusion, appar-
ently as a protective mechanism against lethal ischemic 
stress.27–31 Possibly, this transcriptional activation gener-
ates a prolonged protective effect. Interestingly, from 2 h 
to 10 h of reperfusion, the level GLUT3 decreased, and 
of 2 h to 4 h had normalized relative to the control, possibly 
through HIF inactivation, since HIF-1α under normoxic 
conditions is rapidly hydroxylated by prolyl hydroxylase 
and degraded.32 Furthermore, during early reperfusion, 
the sudden increase in glucose might induce a decrease 
in GLUT expression, as a compensatory mechanism due 
to the excess supply of glucose that occurs with blood flow 
recovery.27

The  second increase in  GLUT3 mRNA expression 
observed at 24 h of reperfusion may be associated with 
the need for glucose to maintain the energy demands for 
cell repair, since during reperfusion there is an increase 
of ROS that induces damage and neuronal necrosis.5 It has 
been shown that the increase in GLUT3 expression is re-
lated to increased glucose utilization.10,14,25,27

This data also shows that antioxidant agents such as SAC 
and possibly other components that have been identified 
in AGE are effective in enhancing GLUT3 and GCLC 
mRNA expression under ischemic and 2 h reperfusion. 
Previous studies have reported that AGE and SAC delays 
the appearance of neuronal damage and prevents cogni-
tive impairments in some models of cerebral ischemia/
reperfusion, possibly associated with their antioxidant po-
tential.4–6,19 Supporting this hypothesis in cultures of brain 
cells, some antioxidant agents increased the expression 
of GLUTs associated with a reduced redox state.7–9 The in-
crease of GLUT3 mRNA induced by AGE and SAC may 
be explained by the ability of some antioxidants to regu-
late signaling pathways. Antioxidants such as resveratrol 
induce Akt phosphorylation; this protein kinase is also 
involved in the activation of CREB.33 Thus, it is likely that 
GLUT3 plays a key neuroprotective role in brain ischemia 
as an endogenous mechanism and as antioxidant’s mecha-
nism of action.

Comparison of  the  effect exerted by  AGE and SAC 
on the mRNA baseline levels of GLUT3 shows that AGE 
is the most effective. The fact that AGE possesses a major 
effect suggests that components of the extract besides SAC 
are contributing to the outcome. Previously, we showed 
that AGE scavenges O2 ‾̇, ONOO‾, OH ,̇ and ROO .̇34 
Although several studies have suggested that SAC, the ma-
jor compound in AGE, is the principal compound respon-
sible for the inhibition of oxidative damage in the ischemic 
brain,35 a wide variety of other potential antioxidant com-
pounds present on AGE, such as sulfur compounds,36 may 
be responsible for the upregulation of GLUT3 observed 
in our study.

Brian ischemia is  known to  induce oxidative stress 
that ultimately may lead to brain cell death. One strat-
egy to slow the progression of brain damage is to prevent 

the formation and action of  free radicals. To this end, 
maintenance of  the  reduced glutathione pool, which 
is  the main intracellular antioxidant, is critical to cell 
survival during brain ischemic injury.37 Interestingly, 
we found that AGE and SAC showed a positive inductive 
effect on the expression of the GCLC in the fronto-parietal 
cortex during focal cerebral ischemia and 2 h of reper-
fusion. This result could be explained by the activation 
of Nrf2, since it has been shown that some antioxidants 
increase the activity of the Nrf2 pathway in animal models 
of stroke and induce protection against ischemia injury.2 
Nrf2 activates a number of Nrf2-dependent genes encode 
antioxidant proteins, as GCLC and GCLM (glutamate-
cysteine ligase), both enzymes involved in the synthesis 
of glutathione.2,16,38

Therefore, the present findings show the temporal course 
of GLUT3 mRNA expression in brain cortex during cere-
bral ischemia/reperfusion. This study also determined that 
the treatment with AGE and SAC increased the baseline 
expression of GLUT3, which may significantly account for 
their protective effect during brain ischemia. Furthermore, 
our results suggest that, in addition to the intrinsic antioxi-
dant capability of AGE and SAC, the mechanism by which 
these antioxidants exert their neuroprotective effect may 
be by enhancing cellular antioxidant systems expression 
and facilitating the GLUT3 activity after an  ischemic/
reperfusion.
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Abstract
Background. Non-alcoholic fatty liver disease (NAFLD) is becoming the most common cause of chronic liver 
disease worldwide, affecting up to 30% of population. Non-alcoholic fatty liver disease can lead to non-alco-
holic steatohepatitis (NASH), fibrosis, cirrhosis, and hepatocellular carcinoma. Age, obesity, insulin resistance, 
type 2 diabetes, and dyslipidemia are important risk factors for developing hepatic steatosis. Concomitant 
diseases, especially cardiovascular, are discussed as important causes of death in NAFLD patients.

Objectives. The objective of this study was to conduct a retrospective comparison of the frequency of con-
comitant diseases in NAFLD patients and controls, especially metabolic syndrome and cardiovascular disease 
(CVD).

Material and methods. A total of 1,058 (558 NAFLD patients and 500 controls). Diagnosis of NAFLD was 
established with ultrasound examination in the absence of other causes of fatty liver. The control group 
included patients with no history of liver disease, normal liver image in ultrasound examination and normal 
liver laboratory tests.

Results. Overweight and/or obesity were diagnosed in 80.8% of patients in the study group and 40.8% 
in the controls (p < 0.001). Metabolic syndrome was present in 48.7% patients in the study group compared 
with 14.4% controls, (p < 0.001). In the study group, we found higher prevalence of hypertension (56.1% 
vs 37%; p < 0.001), type 2 diabetes mellitus (24.4% vs 8.6%; p < 0.001), decreased concentration of serum 
HDL (35.1% vs 19.5%; p < 0.001), elevated serum triglycerides (36.5% vs 15.4%; p < 0.001). Cardiovascular 
disease was found in 13.6% of individuals in the study group and in 15% controls (NS, p = 0.32). The most 
frequent concomitant gastrointestinal disease present in the study group was gastroesophageal reflux 
disease (GERD) (31.9% vs 22.8%; p < 0.001) followed by colonic diverticulosis (23.7% vs 15.8%; p < 0.005).

Conclusions. Metabolic syndrome with its components is more common in NAFLD patients compared 
to matched controls. Additionally, NAFLD patients are more often affected by GERD and colonic diverticulosis 
but not by CVD.

Key words: metabolic syndrome, cardiovascular disease, concomitant diseases, non-alcoholic fatty liver 
disease
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Introduction

Non-alcoholic fatty liver disease (NAFLD) recently has 
become the predominant cause of chronic liver disease 
in many parts of the world.1 The spectrum of the disease 
ranges from simple liver steatosis through non-alcoholic 
steatohepatitis (NASH) with possible fibrosis leading to cir-
rhosis. Furthermore, hepatocellular carcinoma is the com-
plication of  liver cirrhosis in  patients with NAFLD. 
In the last decade, NAFLD was revealed to be multisystem 
disease, affecting also extra-hepatic organs.2 Non-alcoholic 
fatty liver disease is diagnosed in approx. 30–40% of men 
and 15–20% of women.3 In certain subgroups, like type 2 
diabetes mellitus (T2DM) individuals, it occurs even in up 
to 70% of this group of patients.4 Increasing incidence rates 
of NAFLD are related to the growing prevalence of obesity 
that is associated with a wide range of complications, in-
cluding metabolic syndrome (MetS). Non-alcoholic fatty 
liver disease is strongly connected with metabolic syn-
drome and its components. Many cross-sectional studies 
have demonstrated that NAFLD is significantly associated 
with MetS.5–8 Recent data showed that NAFLD increased 
the overall mortality by 57%, mainly from liver-related 
and cardiovascular disease (CVD) causes, and the risk 
of T2DM was increased approx. twofold.9 Cardiovascular 
disease is the most common cause of death globally, with 
an estimated 17.9 million people dying from CVD in 2016. 
Emerging evidence shows that NAFLD is also connected 
to other chronic diseases, such as endocrinopathies (e.g., 
hypothyroidism, polycystic ovary syndrome, hypogonad-
ism), colorectal cancer, sleep apnea, osteoporosis, and pso-
riasis.10 Recent meta-analysis reported that NAFLD was 
associated with a twofold increased risk of chronic kidney 
disease.11 As colonic diverticulosis shares the same path-
ways with NAFLD (obesity, hypertension, dyslipidemia)12 
and its risk is higher in patients with visceral fat accumu-
lation.13 The possible connection between NAFLD and 
colonic diverticulosis is additionally investigated.

Liver biopsy is still a gold standard for the diagnosis 
of NAFLD and its stage (simple steatosis, steatohepatitis, 
fibrosis, cirrhosis). It is an invasive procedure, requiring 
most often hospital admission. Therefore, non-invasive 
methods were recently implemented, especially to iden-
tify the patients with liver fibrosis. Abdominal ultra-
sound is a simple method to diagnose liver steatosis, but, 
unfortunately, like computed tomography or magnetic 
resonance techniques, it is not accurate in defining fi-
brosis in the liver. Transient elastography estimates liver 
tissue stiffness in ultrasound method and is a novel im-
aging technique to evaluate patients with liver fibrosis. 
Serum cytokeratin-18 is a promising and accurate non-
invasive marker of non-alcoholic steatohepatitis (NASH). 
The staging of liver fibrosis with simple serum marker 
panels is still a challenge, the most accurate are FIB-4 
test and NAFLD fibrosis score.14 A novel method of fibro-
sis detection in NAFLD is 13C-methacetin breath test.15

The objective of our study was a retrospective evalua-
tion of patients with NAFLD and a comparison of the fre-
quency of concomitant diseases in NAFLD patients and 
controls, especially metabolic syndrome with its compo-
nents and CVD.

Material and methods

Study group

A total of 2,309 consecutive hospital charts of patient 
hospitalized in the Department and Clinic of Gastroen-
terology and Hepatology of Wroclaw Medical University 
between 2017–2018 were meticulously searched. Four hun-
dred twenty-two individuals were excluded due to second-
ary causes of liver injury: viral hepatitis, autoimmune hepa-
titis, hemochromatosis, Wilson’s disease, α-1 antitrypsin 
deficiency, drug-induced hepatic injury, cholestatic liver 
disease, and alcohol consumption higher than 30 mg/day 
for men and 20 mg/day for women.

One thousand eighty-seven patients were left for analy-
sis. The study NAFLD group consisted of 558 consecutive 
patients with liver steatosis. Five hundred individuals with 
no history of liver disease, normal liver laboratory tests 
and normal image of liver on ultrasound examination were 
matched for age and sex with the study group and served 
as controls. Flowchart for patient inclusion was shown 
in Fig. 1.

Diagnosis of type 2 diabetes mellitus (T2DM) was de-
fined as a registered diagnosis in patient charts, a non-
fasting glucose value ≥180 mg/dL or a  fasting glucose 
value ≥126 mg/dL, or having treatment for diabetes. Hy-
pertension was diagnosed when there was a registered 
diagnosis in  the  patient’s chart, a  resting blood pres-
sure ≥140/90 mm Hg or if the patient had any anti-hy-
pertensive drug prescription. Dyslipidemia was defined 

Fig. 1. Flowchart for patient inclusion
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when the patient had a fasting triglyceride concentration 
value ≥150 mg/dL or HDL-cholesterol value <40 mg/dL 
(male), <50 mg/dL (female). Body mass index (BMI) was 
calculated as  (weight [kg]/height [m]2). The  diagnosis 
of metabolic syndrome was established according to Adult 
Treatment Panel III criteria.16 Cardiovascular disease 
was defined as one of the following: coronary heart dis-
ease, cerebrovascular disease, peripheral arterial disease, 
rheumatic heart disease, congenital heart disease, deep 
vein thrombosis, or pulmonary embolism. The diagnosis 
of colonic diverticulosis was based on an endoscopy and/
or radiological examination.

Laboratory parameters extracted from patients’ charts 
were blood morphology, AST, ALT, HDL-cholesterol, tri-
glycerides, and glucose. Other parameters were incomplete 
and not included in the study.

The diagnosis of  liver steatosis was defined in ultra-
sound examination. Patients were examined in the supine 
and left lateral decubitus position under fasting condi-
tions. A gastroenterologist with over 10 years of abdomi-
nal ultrasound experience evaluated the  echogenicity 
of the liver and the right kidney. Increased hepatorenal 
echogenicity, bright hepatic echoes, and vascular blur-
ring of portal or hepatic vein were classified as exclusive 
features of NAFLD.

Statistical analysis

Continuous, normally distributed variables were sum-
marized as mean ± standard deviation (SD). Student’s t-test 
was performed to compare the means in groups with nor-
mally distributed data. In groups with non-normal distri-
bution, the Mann–Whitney U-test was used. To compare 
mean prevalence differences between groups, the χ² test 
(categorical variables) was performed. Statistical analysis 
was performed using STATISTICA v. 13.3 software (Stat-
Soft Inc., Tulsa, USA).

Ethical considerations

The study protocol was approved by local ethics com-
mittee in accordance with the Helsinki Declaration.

Results

Five hundred fifty-eight consecutive patients with liver 
steatosis and 500 controls were enrolled into the study. 
According to  the  absence of  other causes of  liver ste-
atosis, all the patients in the study group were classified 
as NAFLD. Twenty-four patients (4.3%) in this group were 
diagnosed with liver cirrhosis. The mean age of the patients 
was 58.1 years in NAFLD group and 57.5 years in the con-
trols, respectively. Individuals in the 7th decade of life were 
most often represented. A total of 50.4% of the patients 
in the study group were male. The mean age and the sex 
distribution in both groups did not differ statistically sig-
nificantly. We tried to estimate the prevalence of NAFLD 
in all the patients admitted to the gastroenterology depart-
ment: 558 cases out of 2,309 overall admissions = 24.2%. 
Selected clinical data of patients in NAFLD patients and 
controls is shown in Table 1.

The mean BMI was significantly higher in the study 
group compared to controls (29.2 vs 24.4, p < 0.001). Pa-
tients with NAFLD had significantly higher serum TG and 
lower HDL concentration.

The prevalence of metabolic syndrome and its com-
ponents in NAFLD patients and controls were estimated 
(Table 2, number of patients in the brackets in cases where 
the missing data made it impossible to complete the calcu-
lation). Not surprisingly, MetS with components (hyper-
tension, T2DM, dyslipidemia) was strongly correlated with 
NAFLD. The concomitant diseases in NAFLD and con-
trols were evaluated. We managed to estimate the preva-
lence of consecutive diseases with odd ratios (Table 3). 
The concomitant diseases connected with NAFLD were: 
overweight/obesity, gastroesophageal ref lux disease 
(GERD), colonic diverticulosis and cholecystolithiasis. 
Functional gastrointestinal diseases were less common 
in NAFLD than in the controls. The prevalence of other 
diseases was not significantly different in the study group 
and controls.

We chose FIB-4 scoring system to estimate the pos-
sibility of coexisting fibrosis.17 In 348 patients (62.4%), 
the FIB-4 score was lower than 1.45, suggesting no ad-
vanced fibrosis present. These patients will not require 

Table 1. Selected clinical data of NAFLD patients and controls

Clinical data NAFLD Controls p-value

Age [years]a 58.1 ±14.1 57.5 ±16.2 0.73

Sex (female/male) 277/281 252/248 0.81

BMI [kg/m2]a 29.2 ±5.5 24.4 ±3.9 <0.001

ALT [U/L]a 33.5 ±32.5 26.2 ±16.5 <0.001

AST [U/L]a 31.8 ±24.0 22.5 ±16.8 <0.001

Glucose [mg/dL]a 108.5 ±30.6 103.6 ±32.2 0.35

TG [mg/dL]a 147.1 ±86.8 108.4 ±60.5 <0.001

HDL (male: >40 mg/dL, female: >50 mg/dL)a 50.1 ±14.4 56.6 ±16.7 <0.001

ALT – alanine transaminase; AST – aspartate transaminase; HDL – high-density lipoprotein; BMI – body mass index; TG – triglycerides; a mean, standard 
deviation (SD).
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further diagnostic procedure. Fifteen patients with FIB-4 
score above 3.25 are likely to have advanced liver fibrosis. 
One hundred ninety-one (34.2%) patients with interme-
diate score 1.45–3.25 require additional diagnostic pro-
cedures (Fig. 2). These patients were sent for ambulatory 
transient elastography.

Discussion

Non-alcoholic fatty liver disease, a  chronic condi-
tion of the liver related to hepatic steatosis, was recently 
recognized as the most common chronic liver disease. 
Increasing prevalence rates of the risk factors for NAFLD 
are the following: obesity, diabetes and metabolic syn-
drome will most probably result into further increasing 
incidence rates of NAFLD all over the world.

The mean age of the patients in the study group was 58.1. 
Non-alcoholic fatty liver disease was found slightly more 
often in men than in women (not statistically significant 
difference in our study group). This is consistent with the re-
sults of the epidemiological studies performed in the USA. 
The frequency of hepatic steatosis varies significantly with 
ethnicity (45% in Hispanics; 33% in Whites; 24% in Blacks).3 
Our study group was monoethnical – 100% individuals were 
White. We can only estimate the prevalence of hepatic ste-
atosis in all the patients admitted to the gastroenterology 
department as approx. 25% (558 out of 2,309).

Non-alcoholic fatty liver disease afflicts overweight 
and obese people and presents the  coexistence with Fig. 2. FIB-4 score in patients with NAFLD

Table 3. Concomitant diseases in NAFLD patients and controls

Concomitant diseases NAFLD
(n = 558) [%] Controls

(n = 500) [%] p-value Odds ratio

Overweight/obesity 451 80.8 204 40.8 <0.0001 6.12

GERD 178 31.9 114 22.8 0.0009 1.59

Colonic diverticulosis 132 23.7 79 15.8 0.0014 1.65

CVD 76 13.6 75 15 0.32 0.89

Cholecystolithiasis 74 13.3 36 7.2 0.0013 1.97

Hypothyroidism 60 10.8 50 10 0.69 1.08

Crohn’s disease 60 10.8 38 7.6 0.078 1.46

Ulcerative colitis 53 9.5 54 10.8 0.48 0.87

Cardiac dysrhythmia 43 7.7 30 6.0 0.27 1.31

Pancreatitis 43 7.7 32 6.6 0.41 1.22

Neoplasm 38 6.8 37 7.4 0.71 0.91

Functional GI diseases 20 3.6 47 9.4 0.0001 0.36

Asthma 17 3.0 14 2.8 0.81 1.09

Chronic kidney disease 12 2.1 12 2.4 0.79 0.89

COPD 11 2.0 10 2.0 0.97 0.99

COPD – chronic obstructive pulmonary disease; CVD – cardiovascular disease; GERD – gastroesophageal reflux disease; GI – gastrointestinal.
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Table 2. The prevalence of metabolic syndrome and its components in NAFLD patients and controls

Components of metabolic syndrome NAFLD [%] Controls [%] p-value

Metabolic syndrome 268 (n = 550) 48.7 72 (n = 487) 14.4 <0.001

Hypertension 313 56.1 185 37 <0.001

Type 2 diabetes mellitus 136 24.4 43 8.6 <0.001

Hyperlipidemia (hypertriglyceridemia) 195 (n = 534) 36.5 75 (n = 487) 15.4 <0.001

Hyperlipidemia (decreased HDL) 183 (n = 522) 35.1 91 (n = 467) 19.5 <0.001

NAFLD – non-alcoholic fatty liver disease; HDL – high-density lipoprotein
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the MetS-associated disorders, like T2DM, hypertension 
and dyslipidemia.18 These comorbidities have a negative 
impact on the natural course of NAFLD.19 In fact, progres-
sion to fibrosis in NAFLD is highly influenced by the pres-
ence of T2DM and obesity.20,21 In a very recent review, 
authors have mapped shared gene/protein interaction 
networks and performed gene-disease analysis.18 Shared 
mechanisms among NAFLD and the MetS diseases were 
revealed and provided evidence that NAFLD and espe-
cially NASH, requires taking multi-target approaches, 
rather than focusing on single mechanisms of disease. 
Indeed, in our study we have confirmed strong connec-
tions between either MetS itself or its components and 
NAFLD. The prevalence of MetS was 48.7%, overweight/
obesity was 80.8%, atrial hypertension 56.1%, T2DM 
24.4%, hypertriglyceridemia 36.5%, and decreased HDL 
35.1%, respectively. The difference in all the cases was 
significantly different from the  corresponding rates 
in the control group.

Unexpectedly, the  frequency of  CVD was almost 
the same in the study group compared to controls (13.6% 
vs 15%). As patients with NAFLD have features of MetS, 
they also have important clinical implications for the de-
velopment of future CVD. Many studies have addressed 
this issue before, finding the prevalence of CVD signifi-
cantly higher in NAFLD patients.22 Recently, a vast Eu-
ropean study has been performed in Sweden23 and its 
authors claim that it is the largest ever study of biopsy-
proven NAFLD. Over 600 patients were followed up during 
a mean of 20 years. The authors found that death rates 
due to cardiovascular reasons did not differ statistically 
in NAFLD group compared to controls. The most common 
gastrointestinal disease in NAFLD group was GERD. It was 
statistically more common compared to controls. Large co-
hort study (over 34,000 participants) showed that NAFLD 
is not independently associated with the risk of the devel-
opment of reflux esophagitis after adjusting for BMI and 
other metabolic factors.24 The authors suggest that reflux 
esophagitis is primarily the consequence of increased BMI 
commonly associated with NAFLD. Probably for the same 
reason, cholecystolithiasis appeared more often in NAFLD 
patients, as both diseases share the same main risk factor: 
overweight and obesity. Moreover, this association is more 
strongly seen in females than in males.25

In the literature there is lacking evidence on connection 
between NAFLD and colonic diverticulosis. Only 1 case-
control study claimed that diverticulosis in the elderly 
(>65 years) was a negative predictor of liver steatosis.26 Our 
findings in the younger group were different. In NAFLD 
patients, the prevalence of diverticulosis was much higher 
compared to controls.

We have evaluated the FIB-4 score that is simple and easy 
to calculate and to estimate the risk of fibrosis in the liver. 
In our study group, most cases were classified as not having 
fibrosis, whereas only 1/3 of patients required additional 
examinations (for instance transient elastography).

Conclusions

Overweight and obesity as well as metabolic syndrome 
with its components: hypertension, type 2 diabetes mel-
litus, and dyslipidemia are more common in NAFLD pa-
tients compared to matched controls. No significant dif-
ference between the study group and controls was found 
in the frequency of CVD. Additionally, NAFLD patients 
are more often affected by GERD, colonic diverticulosis 
and cholecystolithiasis.
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Abstract
Background. Dual antiplatelet therapy (DAPT) with aspirin and clopidogrel administered to treat patients 
with acute coronary syndrome (ACS) is still being used. However, despite the proven efficacy of this treat-
ment regimen, thromboembolic complications have been observed in some individuals. The reason for this 
phenomenon is linked to the so-called increased responsiveness of platelets despite high platelet resistance 
(HPR). A significant role in HPR is attributed to genetically determined differences in the absorption and 
activation of clopidogrel.

Objectives. The aim of the study was to assess the incidence of polymorphisms of the ABCB1 and CYPC19 
genes that encode proteins involved in the absorption and metabolism of clopidogrel.

Material and methods. The analysis was performed in 199 consecutive patients from Lower Silesian 
voivodeship (Poland) who underwent coronary angioplasty with stenting for ACS. The single nucleotide 
polymorphism of the CYP2C19 and ABCB1 genes was performed using a mini sequencing or restriction 
fragment length polymorphism method.

Results. The results of this study revealed the high incidence of patients who may be unresponsive to anti-
platelet treatment due to genetic causes. The CYPC19*2 allele in the form of homozygote or mutation hetero-
zygote appeared in 26.1% of the study population. ABCB1 (C3435C> T) polymorphism was associated with 
84% of patients. The total incidence of allelic disorders of low drug absorption and metabolism reached 14.6%.

Conclusions. The data obtained should prompt clinicians to use more recent antiplatelet agents (ticagrelor 
or prasugrel) first, instead of clopidogrel.

Key words: ABCB1, clopidogrel, Lower Silesia, polymorphism, CYP2C9
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Introduction

Dual antiplatel therapy (DAPT) with aspirin and clopido-
grel has until recently been the gold standard for the treat-
ment of acute coronary syndrome (ACS) patients. Nev-
ertheless, despite the proven efficacy of this treatment 
regimen, thromboembolic complications continue to be 
observed in some patients.1,2 The reason for this phenom-
enon is associated with a  so-called sustained increase 
in platelets activity, in spite of DAPT. This phenomenon 
may be due to an impaired aspirin response, but it is main-
ly associated with an ineffective treatment with clopidogrel.

A number of factors contribute to increased platelet reac-
tivity. The lack of expected effects of DAPT is most likely due 
to non-compliance to treatment recommendations. How-
ever, the complexity of genetically conditioned absorption 
and activation of clopidogrel is also important. The action 
of clopidogrel is conditioned by the efficacy of the pro-drug 
conversion into its active form. This process largely depends 
on intestinal absorption and complex hepatic metabolism. 
The first step of clopidogrel activation takes place in the gas-
trointestinal tract. The ABCB1 gene expression product, 
P-GP (glycoprotein), plays a key role here. It is a membrane 
protein of the gastrointestinal tract, which acts to regulate 
xenobiotics concentrations in  the  human body, includ-
ing clopidogrel. Spot mutations in the ABCB1 gene type 
C3435C> T, resulting in the emergence of mutation homozy-
gotes (TT) or mutation heterozygotes (CT) in place of proper 
homozygotes (CC), imply (TT) increased P-GP activity. This 
activity causes an excessive rejection of clopidogrel, hin-
dering its attainment of adequate plasma concentrations. 
The polymorphism of this gene has a negative influence 
on the clinical effects of clopidogrel treatment and may cause 
high platelet resistance (HPR). An even greater association 
with individual differences in response to clopidogrel treat-
ment is attributed to cytochrome P450. Its proper function-
ing allows for the final conversion of clopidogrel to its active 
metabolite.

Genetic studies are particularly difficult due to the nu-
merous polymorphisms in  the  genes encoding CYP. 
CYP2C19, CYP3A4/5 and CYP1A2 are the most well-stud-
ied genetic variants. CYP2C19 alleles of type *2–*8 are these 
that impair the metabolism of clopidogrel. It was observed 
that having even 1 allele of CYP2C19*2 was associated 
with worse prognosis in a long-term follow-up of myocar-
dial infarction with respect to the incidence of subsequent 
myocardial infarction, stroke and death. There have also 
been more cases of stent thrombosis in these patients.3,4 
The effect of the allele *17 in laboratory conditions is ex-
pressed by lower values for maximum platelet aggregation, 
better platelet inhibition and higher plasma concentrations 
of the active metabolite.5 The clinical effect of increased 
transcriptional activity of this polymorphism was associated 
with more bleeding. There have been no significant benefits 
noticed in terms of ischemic events and stent thrombosis.6

In  our research work, we  evaluated the  prevalence 

of polymorphism of major absorption genes (ABCB1) and 
clopidogrel metabolism (CYPC19 *2, *3, *17) in patients 
treated with coronary angioplasty with stent implantation 
due to ACS.

Material and method

A total of 199 patients (133 males and 63 females), mean 
age 65.2 ±11.9 years, randomized to the prospective study, 
were hospitalized for acute myocardial infarction, includ-
ing unstable angina, with non ST-elevation myocardial 
infarction (NSTEMI), and ST-elevation myocardial infarc-
tion (ST-elevation MI). All patients engaged in the research 
were treated according to European Society of Cardiology 
(ESC) recommendations using coronary angioplasty with 
stent implantation. The study was approved by the appro-
priate research ethics committee, and all patients included 
in the study gave written informed consent. The basic de-

mographic data of patients are presented in Table 1.

Genetic research

In order to identify genetic polymorphism identification, 
genetic material was extracted from 200 μL of whole blood 

Table 1. Demographics

Study group 199

Sex, n (%)
male
female

133 (66.8)
66 (33.2)

Age [years] 65.2 ±11.9

Caucasian race, n (%) 199 (100)

Residents of Lower Silesia, n (%) 183 (91.9)

STE-ACS, n (%) 110 (55.3)

NSTE-ACS/UA, n (%) 89 (44.7)

BMI [kg/m2] 27.7 ±4.0

Diabetes, n (%) 40 (20.1)

Hypertension, n (%)
1st grade
2nd grade
3rd grade 

33 (16.6)
68 (34.1)
37 (18.6)

Serum creatinine concentration [mg/dL] 1.09 ±0.26

eGFR [mL/min/m2] 70.69 ±18.81

Serum cholesterol [mg/dL] 203.74 ±48.76

LDL serum [mg/dL] 128.52 ±41.08

Smokers, n (%) 69 (34.6)

PLT [1,000/μL] 238.68 ±56.62

MPV [fL] 11.52 ±1.40

Hb [g/dL] 14.42 ±1.76

STE-ACS – ST-elevation acute coronary syndrome; NSTE-ACS – non 
ST-elevation acute coronary syndrome; UA – unstable angina; BMI 
– body mass index; eGFR – estimated glomerular filtration; LDL – low-
density lipoprotein; PLT – platelet count; MPV – mean platelet volume; 
Hb – hemoglobin level.
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samples of each patient using the High Pure PCR Template 
Preparation Kit (Roche Diagnostics, Warszawa, Poland). 
Using the ability of the DNA to bind under certain condi-
tions with silica, centrifugation of the lysate was carried 
out in a mini column containing the silica membrane, 
which was then rinsed twice with washing buffer. Finally, 
the membrane was given a mini column elution buffer to re-
cover the purified DNA. Amplified polymerase chain reac-
tion (PCR) was the next step with the use of 4 pairs of spe-
cific primers, respectively for: CYP2C19*17 (-3402C> T), 
CYP2C19*3, ABCB1 (C3435C> T) and CYP2C19 *2, as well 
as Multiplex PCR Kit (Qiagen, Hilden, Germany), accord-
ing to the manufacturer’s instructions. Single-nucleotide 
(DNA) polymorphism of the CYP2C19*2, *3 and ABCB1 
genes was performed using a mini-sequencing technique, 
a PCR modification. The SNaPshot Multiplex Kit (Applied 
Biosystems – Thermo Fisher Scientific, Gdańsk, Poland) 
was used for the analysis according to the manufacturer’s 
instructions. Purification of the duplicated genetic materi-
al was carried out with alkaline phosphatase digestion and 
exonuclease to eliminate primers and deoxynucleotides 
that were not consumed in PCR. The mini-sequencing 
reaction was performed with specific primers designed 
to  hybridize to  the  template, ending before the  desig-
nated polymorphic site. Dideoxynucleotide triphosphates 
(ddNTP), or fluorescent labeled terminators, were involved 
in the reaction. Product detection was performed with cap-
illary electrophoresis on a 3130 Genetic Analyzer (Applied 
Biosystems – Thermo Fisher Scientific). The results were 
analyzed with the use of the GeneMapper ID v. 3.2 program 
(Applied Biosystems, Foster City, USA) against the internal 
GeneScan™ LIZ 120 standard. To assess the polymorphism 
of CYP2C17*17 (locus -3402 C>T), a restriction fragment 
length polymorphism (RFLP) technique was used.

Division into absorption  
and metabolic phenotypes

The  study population was divided into the  group 
of “good absorbers” (GA), which included the wild-type 
homozygote (CC), which lacked the C3435C> T spot mu-
tation in the ABCB1 gene, and the “poor absorbers” group 
(PA), which included the mutation heterozygotes (CT) and 
mutation homozygotes (TT) of the ABCB1 gene.

Alleles that negatively affect clopidogrel metabolism 
(CYP2C *2, *3), and thus contribute to higher platelet re-
activity in laboratory tests, have been assigned to the so-
called loss-of-function (LoF) group. In contrast, alleles 
promoting the effects of clopidogrel (CYP2C *17), thus 
decreasing platelet aggregation, were given GoF (gain-of-
function) name. For the purposes of the present work, pa-
tients were eligible for 2 metabolic groups, due to the poly-
morphism and the onset of the LoF or GoF allele:

–  poor metabolizers (PM) – *2 or *3 carriers/non-*17 
carriers – individuals with at  least 1 LoF allele and no 
GoF allele;

–  not poor metabolizers (NPM) – without the presence 
of any LoF allele (i.e., *2 and *3) and simultaneously having 
at least 1 GoF allele (i.e., *17) or patients without LoF (i.e., *2 
and *3) and GoF (i.e., *17) or carriers simultaneously with 
both opposing alleles (*2 or *3 and simultaneously *17).

Patients with both PA and PM (PA + PM) phenotype 
were also isolated from the study group. The rest of the pa-
tients were referred to as not PA + PM.

Results

The basic demographic data of  the study population 
is presented in Table 1. The data is typical of the popula-
tion with ischemic heart disease.

Genetic research

The incidence of ABCB1 polymorphism in the study 
group is shown in Fig. 1. The largest percentage of subjects 
were heterozygous (57.9%). The minority of the patients 
were identified as wild-type homozygotes (CC). The in-
cidence of  CYP2C19 *2 gene polymorphism is  shown 
in Fig. 2. Most of the variants studied were patients with al-
leles coding for normal protein activity, but 26.1% of them 
had at least 1 mutation. No CYP2C19 *3 allele was observed 
in the study population to reduce the activity of clopidogrel 
metabolism. A relatively high percentage of heterozygotes 
and wild-type homozygotes in the CYP2C19*17 allele were 
found in the study group (Fig. 3).

Division into absorption  
and metabolic phenotypes

The  incidence of  clopidogrel GA and PA patients 
in  the  study population is  shown in  Fig.  4. The  major-
ity of the group were PA. Figure 5 shows the percentages 

Fig. 1. Frequency of polymorphism of the ABCB1 gene

CC – wild-type homozygote; CT – mutation heterozygote; TT – mutation 
homozygote.

CC
n = 32; 16.0%

CT
n = 115; 57.9%

TT
n = 52; 26.1%
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of individual metabolic phenotype in the study population. 
The relatively high proportion of patients (18%) was found 
to be PM patients. The simutaneous incidence of PA and 
PM phenotypes is shown in Fig. 6. As many as 29 patients 
in the study group were members of this group.

Discussion

In this work, genetic testing was performed in a ho-
mogeneous ethnic group of patients with ACS. An im-
portant element of the study was the high homogeneity 
of the study group. Each of the 199 categorized patients 
was Caucasian, and 92% of the study group were residents 
of Lower Silesia.

Fig. 6. Incidence of poor phenotype absorption and poor metabolism

PA + PM – reduced absorption plus poor metabolism.

Fig. 5. Division into metabolic phenotypes

PM – poor metabolizers; NPM – not poor metabolizers.

Fig. 4. Division into absorption phenotypes

PA – reduced absorption of clopidogrel; GA – good absorption 
of clopidogrel.

Fig. 3. Frequency of CYPC19 *17 polymorphism

*1 – allele of the normal function of the CYP2C19 protein, *17 – allele 
improving the function of the CYP2C19 protein, *1/*1 – wild-type 
homozygote, *17 – mutation heterozygote.

Fig. 2. Frequency of CYPC19*2 polymorphism

*1 – allele of normal CYP2C19 protein function; * 2 – CYP2C19 protein 
allelic dysfunction; *1/*1 – wild-type homozygote; *1/2 – mutation 
heterozygote; *2 – mutation homozygote.

CYPC19 *1/*1
n = 147; 73.8%

CYPC19 *1/*2
n = 49; 24.6%

CYPC19 *2/*2
n = 3; 1.5%

CYPC19 *1/*1
n = 110; 55.2%

CYPC19 *1/*17
n = 81; 40.8%

CYPC19 *17/*17
n = 8; 4.0%

GA
n = 32; 16.0%

PA
n = 167; 84.0%

PM
n = 36; 18.0%

NPM
n = 163; 82.0%

PA + PM
n = 29; 14.6%

not PA + PM
n = 170; 85.4%
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The occurrence of ABCB1 homozygous mutation polymor-
phism was demonstrated in 26.1% of the subjects (n = 52), 
which is comparable to the 27% of the carriers of the modi-
fied gene present within the large TRITON-TIMI 38 study, 
based on a population of nearly 3,000 patients.7 Analyses 
concerning the variability of polymorphisms in various eth-
nic groups have revealed the prevalence of mutation ho-
mozygotes in the indigenous population of South America 
(27%), among Caucasians (20%) and Africans (13%).8 The dis-
tribution of polymorphisms in ABCB1 genes in the present 
study (CC 16.0%, CT 57.9%, TT 26.1%) is almost identical 
to that observed in large, randomized, multicenter studies. 
The obtained data correlates well with the analysis of geno-
types of healthy volunteers in West Pomerania9 and are 
slightly different with regards to wild-type homozygotes 
and heterozygotes among ACS patients in the population 
of Warszawa (CC 28%, CT 51%, TT 21%). However, the ho-
mozygous mutations percentage is very alike in different 
groups, as demonstrated in the study by Śpiewak et al.10

The  incidence of  particular polymorphisms 
of the CYP2C19 variant depends on the ethnic group under 
consideration. The differences apply to each of the alleles 
being analyzed.

One of the dysfunctional alleles, CYP2C19*2, has been 
found in the East Asian population in the amount of up 
to 55%. Among Africans, this polymorphism was observed 
in 40% of the subjects, and in the Caucasian population 
in Europe, the prevalence of CYP2C19 *2 was reported 
in 30% of the subjects.11 In France, Collet et al. analyzed 
259 patients with ACS episode. In their work, the wild-type 
homozygotes group of CYP2C19*1/*1 variant embraced 
72% of the subjects, heterozygote *1/*2 25%, and mutation 
homozygote *2/*2 – only 2%.4 Almost identical results were 
obtained in German and Portuguese populations, and only 
slightly different results – in Hungarian population.12–14 
As far as we know, the research on the prevalence of this 
polymorphism in the Polish population was conducted only 
once in a study by Malek et al.15 The authors reported that 
wild-type homozygotes appear in 80% of the population, 
heterozygotes in 18% and mutation homozygotes in 2%. 
Our study has shown 73.9% of wild-type homozygotes, 
24,6% of heterozygotes and 1,5% of mutation homozygotes; 
therefore, the data confirms the predecessors’ observations.

The CYP2C19 *3 allele frequencies tend to vary across 
human populations. Most often this polymorphism is ob-
served in East Asia. The incidence of *1/*3 genotype was 
reported by Jeong et al. at  the  level of 11%.16 In Africa 
and Europe, this allele is much less frequent and sporadi-
cally exceeds 1%. In the Italian population, this percent-
age was reported at  1.6%17 and in  Russian population 
at 0.3%.18 In our group of 188 patients, there was no single 
CYP2C19*3 mutation. To the best of our knowledge, our 
study is the first work which investigates the incidence 
of the CYP2C19*3 allele in the Polish population. The re-
sults confirm poor inspection of the discussed allele in this 
part of Europe.

Recently, CYP2C19*17 allele has been the  most 
frequently reported polymorphism. In Europe, the het-
erozygous form of  CYP2C19*17 allelic variant can be 
found in 31.7% of the population on average and the mu-
tation homozygous – in 4.2%. Thus, the differences con-
cern populations all over Europe. In Germany, the inci-
dence of at least 1 allele *17 was reported at the frequency 
of 41%, in France 20% and in Sweden 18%.5,6,11 In Poland, 
Kurzawski et al. analyzed the distribution of these poly-
morphisms in a group of 125 patients and found allele 
*17 in  27.2% of  patients.20 Widespread dissemination 
of the allele polymorphism in Africa is rarely reported 
in literature, but some reports indicate a frequency simi-
lar to that of the Caucasian population.21 The incidence 
of the allele *17 in the Japanese population is estimated 
at 1.3%22 and Chinese at 4%.5 In our study on CYP2C19*17 
polymorphisms, a higher incidence of this allele (40.8% 
heterozygous individuals and 4% homozygotes) was found, 
compared to the study by Kurzawski et al.9 Nevertheless, 
when results obtained in this study are compared with 
those from a large group of over 1,500 German patients, 
one will find them to be very similar.6 They also corre-
spond to the results of studies conducted and published 
in Poland by Kubica et al.23

In the study, the prevalence of the phenotype absorp-
tion and metabolism was assessed for the  first time 
in the Polish population. As many as 14.6% of patients 
showed a cumulative occurrence of the polymorphism 
of the investigated genes which condition the malabsorp-
tion of clopidogrel and its impaired metabolism. The use 
of clopidogrel in this group of patients may pose a particu-
lar risk of achieving an inadequate effect of the drug and, 
hence, the risk of thromboembolic complications with all 
clinical implications.

The reported variability in polymorphism frequency, 
with confirmation of increased platelet reactivity despite 
clopidogrel administration, is a serious clinical problem. 
The presence of these polymorphisms is an independent 
and contributing factor to HPR and thromboembolic com-
plications following ACS. This data, confirming a relatively 
high level of penetration in the area of clopidogrel poly-
morphisms, should prompt Polish clinicians to recom-
mend firstly the most recent antiplatelet drugs (ticagrelor 
or prasugrel), in spite of significantly higher costs of such 
pharmacotherapy for their patients.
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Abstract
Background. In children, colonoscopy is a safe procedure, although it is more difficult to perform in patients 
whose body mass index (BMI) is under 25.

Objectives. The aim of the study was to establish the relationship between children’s age, body mass and 
height and incomplete colonoscopies due to colon anatomy.

Material and methods. A  retrospective evaluation of diagnostic endoscopies in 403 children aged 
3–18 years (192 girls and 211 boys) was performed. New ratios were introduced: the incomplete colonos-
copy anatomy-related ratio (ICAR) and the modified incomplete colonoscopy anatomy-related ratio (MICAR).

Results. The terminal ilium was not reached in 59 children: 27 girls and 32 boys (14.6% of patients). 
In 13 girls and 18 boys (comprising 7.69% of the study population) no pathological causes were found for 
the incomplete colonoscopy. There were statistically significant differences concerning colon anatomy-related 
incomplete colonoscopies in relation to the children’s weight. No significance was found in relation to height 
or age. Incomplete examinations were more frequent in patients weighing less than 30 kg (p = 0.0006), both 
in boys (p = 0.0090) and girls (p = 0.048). The risk of incomplete colonoscopy (odds ratio – OR) in boys and 
girls weighing less than 30 kg was 3.995 (95% CI = 1.489–10.720) and 3.373 (95% CI = 1.078–10.560), 
respectively. For this group of patients, the ICAR ranged between 0.0309 and 0.1889, while the MICAR range 
was 0.0–0.1889.

Conclusions. Body mass is a statistically significant factor for evaluating the risk of incomplete colonoscopies 
in children. The lower the ICAR and MICAR values, the lower the risk of non-completion of a colonoscopy due 
to anatomical (i.e., disease-unrelated) causes.

Key words: pediatric colonoscopy, incomplete colonoscopy, colon anatomy-related incomplete colonoscopy
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Introduction

The large intestine (LI) is evaluated using various di-
agnostic methods,1 and data defining the colon provided 
by different authors can differ to a great degree.2,3

The number of flexures in the LI is usually 9–10, but 
it may be as high as 19.2,4,5 The right colic flexures (RCF), 
left colic flexures (LCF) and the descending-sigmoid flex-
ure (DSF) constitute sections with significantly limited mo-
bility. Due to their attachment to the mesentery, the trans-
verse colon (TC) and the sigmoid colon (SC) are the most 
movable sections. We refer to such segments as critical 
points (CPs). Previously published papers have provided 
a detailed assessment of  the morphology of  the entire 
LI, the mesentery and an analysis of position alterations 
of selected CPs (e.g., the RCF, LCF and DSF) in relation 
to the abdominal cavity, secondary to changes in body 
position.6,7 The entire length of the LI is 56.5 ±2.7 cm in in-
fants, 107.8 ±4.5 cm in 2-year-olds, 122.4 ±5.7 cm in 5-year-
olds, and up to 180–190 cm in adults.3,5,7

Optical colonoscopy is the gold standard for the evalu-
ation of the colon.2,8 One of the quality parameters of en-
doscopy is intubation of the terminal ileum (TI) through 
the ileocecal valve.9–12 Inserting the endoscope into the ce-
cum is recommended in ≥90% of routine examinations 
and in ≥95% of screening examinations.13,14 Difficulties 
associated with the  insertion of  the endoscope can be 
overcome by maneuvers such as changing the patient’s 
position or pressing the patient’s abdominal wall. If these 
techniques fail, another colonoscope or a gastroscope may 
be used.15–17

One of the indirect parameters related to insertion dif-
ficulties and the anatomic complexity of the LI is the time 
needed to reach the cecum.18–20 Previous research has ana-
lyzed in particular the relationship between colonoscopic 
difficulties and the patients’ gender, age, body mass and 
height, body mass index (BMI), waist circumference, and 
intra-abdominal fat.6,15,18–21 Complications related to in-
strument insertion, including intestinal perforation, occur 
in only a minor percentage of patients.22,23

The aim of this study was to establish the relationships 
between the age, body mass and height of the children and 
incomplete colonoscopies due to colon anatomy-related 
difficulties.

Material and methods

The paper is based on a 5-year retrospective observa-
tional study (2012–2016), performed according to the Dec-
laration of Helsinki and approved by the Wroclaw Medical 
University Bioethics Committee (resolution No. 667/2017). 
The colonoscopies were performed under general anesthe-
sia at the 2nd Pediatrics, Gastroenterology and Nutrition De-
partment at Wroclaw Medical University, Poland. The colo-
noscopic examinations were performed in  the  same 

conditions (between 8 a.m. and 2 p.m., in the same lab 
with the same personnel and equipment). All the examina-
tions were performed by 2 specialists in gastroenterology 
with more than 10 years of experience in endoscopy, both 
holding the Polish Society of Gastroenterology Certificate 
of Advanced Skills in Colonoscopy.

The study included 403 children (192 girls and 211 boys) 
aged from 3 to 18 years. The body mass of the patients 
ranged between 12 kg and 92 kg, and the body height was 
between 92 cm and 188 cm. Every child’s weight and height 
were measured on the day of colonoscopy. The preparation 
of the LI was either very good or good (8–9 points accord-
ing to the Boston Bowel Preparation Scale).

Indications for the examination included inflammatory 
bowel disease (IBD) in 290 cases (199 follow-up examina-
tions to assess current disease activity and 91 cases of sus-
pected IBD), and gastrointestinal bleeding in the remain-
ing 113 cases.

Written informed consent of the parent or legal guardian 
was obtained before the examination. The colonoscopies 
were performed with Olympus CFQ 165 L and PCF 160 AL 
colonoscopes (Olympus Corp., Tokyo, Japan) and the Pen-
tax EC 3840MK2 colonoscope (Pentax Medical, Tokyo, 
Japan). The small number of examinations ensured that 
there was no wearing or tearing of scopes in the period 
analyzed. The patients’ medical history was obtained, in-
cluding past abdominal surgery. Typical pre-exam prepa-
rations involved purging with macrogol (Fortrans®; Ipsen 
Pharma, Paris, France), dosed according to body mass, 
orally or via a gastric tube; additionally, on the preced-
ing day and the examination day, enemas were performed 
with solutions of hydrogen phosphates (Enema®; Labora-
torium Galenowe Olsztyn, Olsztyn, Poland, or Rectanal®; 
Farmaceutyczno-Chemiczna Spółdzielnia Pracy Galenus, 
Warszawa, Poland). In the case of 24 children over the age 
of 15, an oral phosphate product was used (Fleet Phospho-
soda®; Labarotorios Casen-Fleet S. L., Zaragoza, Spain).

An  examination in  which the  colonoscope reached 
the  TI was considered a  complete colonoscopy (CC); 
if the colonoscope did not reach the TI, the examination 
was regarded as an incomplete colonoscopy (IC). The ICs 
were divided into 2 subgroups: incomplete pathological 
colonoscopies (IPCs) and incomplete anatomy-related 
colonoscopies (IACs). Incomplete pathological colonosco-
pies were primarily caused by major inflammatory changes 
in the LI, posing a risk of perforations; IACs were those 
involving unusual LI anatomy or unknown causes.

The data obtained were used to calculate 2 ratios that 
estimate the risk of performing an incomplete colonos-
copy for non-pathological causes (anatomic or unknown) 
in children with specific characteristics, e.g., age, body 
mass or height. We retrospectively calculated these indices 
(i.a., related to complex bowel anatomy and the given tech-
nical scope of the examiner) for our study cohort in order 
to apply them in subsequent examinations of children with 
similar demographic parameters.
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The incomplete colonoscopy  
anatomy-related ratio (ICAR) 

ICAR = IAC : CC
where IAC is  the number of  incomplete colonoscopies 
with anatomical or unknown causes and CC is the number 
of complete colonoscopies. The smaller the value of the in-
dex, the higher the chance of performing a complete colo-
noscopy. For example, if a single IAC occurred in a group 
of 100 examined children aged X, the calculated index 
value would be 0.01. This value means that in a given lab, 
it is to be expected that an examination will fail for ana-
tomical or unknown reasons in 1 future case out of 100.

The modified incomplete colonoscopy 
anatomy-related ratio (MICAR) 

The second ratio refers to the reducing possibility of not 
completing the examination due to anatomical reasons 
after reaching subsequent CPs.

MICAR(CP) = IACCP : CC

where IACCP is the number of incomplete colonoscopies 
(for anatomical or unknown reasons) that occurred before 
a particular analyzed CP, and CC is the number of com-
plete colonoscopies. The IACCP is calculated by subtract-
ing the number of examination interruptions at CPs al-
ready passed by the colonoscope from the total number 
of IACs. Assuming hypothetically that 100 examinations 
were performed in a cohort with certain demographic 
characteristics, of which 5 were ended at the splenic flexure 
and 4 at the hepatic flexure (a total of 9 incomplete exams), 
then as the scope approaches the splenic flexure the value 
of the index is 0.09; after it passes the LCF, the index drops 
to 0.04; after it passes the RCF, the index drops to 0.0. 
The index value indicates that in subsequent examina-
tions, the risk of discontinuation at the LCF is 9 in 100, 
while after passing the LCF, it falls to 5 in 100, and after 
passing the RCF, there is no risk that the examination will 
be discontinued.

The ICAR is a fixed value for a given patient group, while 
the MICAR reflects the risk of non-completion decreasing 
as the scope passes subsequent bowel segments and flex-
ures. We define difficult colon anatomy as a complicated 
3D structure that causes an incomplete colonoscopy be-
cause of its flexures and/or atypical mesenteries.

Statistical analysis

The statistical analysis was carried out using STATIS-
TICA v. 12 software (StatSoft Inc., Tulsa, USA). The χ2 test 
and Fisher’s exact test were used for qualitative data analy-
sis. Relevant confidence intervals were estimated (95% CI). 
Relative risk (RR), sensitivity and specificity of the param-
eters studied were determined. The significance level for 
the study was p < 0.05.

Results

In  290  cases the  examination confirmed IBD, while 
in  the  remaining 113  children the  causes were as  fol-
lows: 34 cases of gastrointestinal tract infections (among 
them Campylobacter, Yersinia or Clostridium); 10 cases 
of Meckel’s diverticulum (the patients had isotope scans; 
8 children underwent surgery, while the symptoms of the 
other 2 subsided with conservative management); 5 cases 
of isolated rectal ulcers; 8 cases of familial polyposis; 8 cas-
es of polyps unrelated to polyposis; and in the remaining 
48 cases, the cause of the presenting complaints remained 
unidentified. Some of  these 48 children suffered from 
chronic constipation and we presume that the bleeding 
was related to lesions in the sphincter area (the bleeding 
coincided with the passing of stool). Some of the patients 
underwent magnetic resonance (MR) enterography due 
to suspected small bowel hemorrhage, but the examina-
tions failed to provide a final diagnosis. The colonoscopy 
results are shown in Fig. 1.

In 15 of the IACs, the colonoscopy stopped at the RCF; 
in 13 at the LCF; and in 3 in the TC. None of the endoscopic 
examinations were interrupted in the SC or at the DSF. 
The detailed demographics of the children with IACs are 
shown in Table 1.

In the statistical analysis, the χ2 test showed that ICs 
were more frequent in children weighing less than 30 kg 
(p = 0.0006), both in boys (p = 0.009) and in girls (p = 0.048).

The risk of an IC (the odds ratio – OR) in patients weigh-
ing less than 30 kg was 3.995 (95% CI = 1.489–10.720) and 
3.373 (95% CI = 1.078–10.560) in boys and girls, respec-
tively. There were no statistically significant relationships 
between the completion of the examination and the gen-
der, height or age of the patients.

We used the ICAR and MICAR to explore the relation-
ships between incomplete colonoscopies due to anatomical 
or unknown causes and the total number of colonoscopies 
in the examined groups. The calculated values of the ICAR 

Fig. 1. Colonoscopy results

SC – sigmoid colon; LCF – left colic flexure; TC – transverse colon; 
RCF – right colic flexure.

colonoscopy
192 F (100%)
211 M (100%)

other reasons
14 F (7.3%)
14 M (6.6%)

“anatomical”
reasons

13 F (6.8%)
18 M (8.5%)

stopped on

SC 0 F / 0 M
LCF 5 F / 8 M
TC 1 F / 2 M

RCF 7 F / 8 M

incomplete
colonoscopy
27 F (14.1%)
32 M (15.1%)

complete
colonoscopy
165 F (85.9%)
179 M (84.8%)
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and MICAR in individual patient groups are presented 
in Table 2.

The ICAR and MICAR are shown in Fig. 2. We present 
only the data for children weighing no more than 30 kg, 
since the results for this group were statistically significant.

Discussion

The majority of the children examined suffered from 
IBD, which, paradoxically, may facilitate performing colo-
noscopies due to the rigidity of the gastrointestinal wall 
observed in such patients.

The ICAR and MICAR may be easier to understand for 
a child’s parents than RR and OR. These ratios are easy 

to calculate and help evaluate the risk of IACs in the fu-
ture on the basis of retrospective data. It  is  important 
to use these ratios together, i.e., to assess the combined 
risk of IACs for the age, body mass and height of a child. 
In our group of patients, the MICAR is equal to the ICAR 
up to the LCF, because none of the examinations were 
interrupted in the SC, which is in contrast with other stud-
ies, which describe the SC as being more complex from 
an anatomical point of view.2,4

In this paper we are reporting the ICAR and MICAR for 
the first time. Therefore, we do not suggest reference rang-
es. No prior study has attempted to estimate correlations 
between the assessed demographic parameters of pediatric 
subjects and the causes of incomplete colonoscopy unrelat-
ed to disease. Madiba et al. found that the SC is significantly 

Table 1. Incomplete colonoscopies in relation to the demographics of the children

Demographics Number 
of patients

LCF TC RCF

F M F M F M

Age [years]

≤6 47 2 3 0 0 0 0

7–10 78 0 3 1 1 1 0

11–14 127 2 1 0 1 2 3

15–18 151 1 1 0 0 4 5

Body height [cm]

≤120 43 1 2 0 0 0 0

121–130 55 1 2 1 0 1 1

131–140 78 1 1 0 0 2 2

141–150 108 1 1 0 1 2 2

≥151 119 1 2 0 1 2 3

Body mass [kg]

≤30 109 4 6 1 2 2 2

31–50 104 1 1 0 0 2 2

51–70 108 0 1 0 0 1 1

≥71 82 0 0 0 0 2 3

LCF – left colic flexure; RCF – right colic flexure; TC – transverse colon; F – female; M – male.

Table 2. Values of ICAR and MICAR in relation to the demographics of the children examined (both genders)

Demographics Number of patients ICAR MICARDSF MICARLCF MICARTC MICARRCF

Age [years]

≤6 47 0.1250 0.1250 0.1250 0.0 0.0

7–10 78 0.0895 0.0895 0.0895 0.0448 0.0149

11–14 127 0.0818 0.0818 0.0818 0.0545 0.0454

15–18 151 0.0866 0.0866 0.0866 0.0709 0.0709

Body height [cm]

≤120 43 0.0857 0.0857 0.0857 0.0 0.0

121–130 55 0.1304 0.1304 0.1304 0.0652 0.0435

131–140 78 0.0882 0.0882 0.0882 0.0588 0.0588

141–150 108 0.0737 0.0737 0.0737 0.0526 0.0421

≥151 119 0.09 0.09 0.09 0.06 0.05

Body mass [kg]

≤30 109 0.1889 0.1889 0.1889 0.0778 0.044

31–50 104 0.0652 0.0652 0.0652 0.0435 0.435

51–70 108 0.0309 0.0309 0.0309 0.0206 0.0206

≥71 82 0.0769 0.0769 0.0769 0.0769 0.0769

ICAR – incomplete colonoscopy anatomy-related ratio; MICAR – modified incomplete colonoscopy anatomy-related ratio; LCF – left colic flexure; 
RCF – right colic flexure; DSF – descending-sigmoid flexure; TC – transverse colon; F – female; M – male.
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elongated in adults.24,25 In our opinion, the SC may adapt 
its structure (length in particular) to the digestive lifestyle 
of the patients (for example, different defecation frequen-
cies or stool volumes). The SC is longer in Africans, whereas 
their mesentery is comparatively narrower; older age is as-
sociated with an elongation of the entire colon, reduced 
elasticity of the colon wall and an increase in colon lax-
ity.26 However, in the present study, we cannot compare 
properties of the bowel (length and number of flexures) 
in the respective groups (defined by age, body mass and 
height) and their relationship with failed colonoscopies.

Elongation of the colon and/or complex colonic anatomy 
may be reflected in an increase in the time required to in-
sert the colonoscope into the cecum. Hsieh et al. reported 
that time to be longer in women.19 Sadahiro et al. dem-
onstrated that elongation of the LI occurred along with 
increases in body mass and height; however, this correla-
tion was not found in males.26 This hypothesis was not 
confirmed by the results of our study. Other authors have 
also found no differences between the genders.24,25,27

Other authors have demonstrated a relationship between 
BMI and the duration of a colonoscopy.28 There is more 
intra-abdominal fat in obese patients, which contributes 
to the rigidity of the mesentery; therefore, the possibility 
of the endoscope looping is reduced to a minimum. In ad-
dition, obese or overweight adults are reported to have 
shorter colons.5 Our findings confirm this observation: 
In the present study there were more complete colonos-
copies in heavier (>30 kg) patients than in lighter ones.

Our results may also confirm the observations of Hsieh 
et al., who indicated that waist circumference (larger waist 
circumference associated with a shorter insertion time) 
is the most important factor for a prognosis of difficul-
ties with endoscope insertion.19 Hanson et al. stated that 
ICs are more frequent in patients with BMIs <25.4 Other 

authors agree with the idea of the significance of body fat 
for the performance of endoscopies.2,18,20 In our group, 
a substantial proportion of patients demonstrated vary-
ing degrees of undernourishment due to their underlying 
disease, which also contributed to the incomplete exami-
nations. Others authors’ observations contradict these 
statements; Khashab et al. reported that a higher propor-
tion of ICs can be attributed to relatively longer colons 
in patients whose BMIs are ≤25, and in women.5

Struijs et al. estimated the length of the LI as 122.4 cm 
in children aged 5, or with a body mass of 20 kg, or a body 
height of  approx. 120  cm. The  LI gradually increases 
in length up to the age of 5; from then on, LI length does 
not increase significantly. According to  those authors, 
the  height of  a  child is  the  best factor for estimating 
the length of the LI.3

We  agree that a  colonoscopist’s experience is  one 
of  the  most significant factors affecting the  success 
of the examination.29,30 We also share the prevailing view 
that the entire endoscopic team should exclusively per-
form pediatric endoscopies.31 As far as complications are 
concerned, we observed only minor bleeding in individual 
cases. Other studies confirm that the examination is safe 
(a complication rate of less than 1%).12,22,23 Previous papers 
have described difficulties associated with the examina-
tion in patients who have undergone prior surgery, es-
pecially in the lesser pelvis. These difficulties primarily 
resulted from SC immobilization and a higher number 
of SC flexures.4 A small proportion of our patients had 
a history of surgery, usually involving partial resections 
of the ileocecal valve with end-to-end anastomosis, which 
had no significant effect on the examinations.

Thakkar et al. reported that up to 15% of colonoscopies 
do not reach the cecum.12 Our results are similar.

Our study had certain limitations. There were dif-
ficulties associated with the analysis of  ICs and IACs; 
we were unable to predict the course of a colonoscopy 
in  subsequent LI segments (whether the  examination 
would be complete or whether it would come to an end 
at the next CP). Also, the study was limited to a specific 
group of children; the majority of them suffered from IBD, 
but the examinations were not carried out during active 
phases of the disease.

Conclusions

Based on the results of our study, the following conclu-
sions may be drawn: 1. Patients weighing up to 30 kg are 
highly prone to incomplete colonoscopies due to the spe-
cific anatomy of the LI. 2. Anatomy-related colonoscopy 
incompletion did not significantly correlate with the height 
and/or age of the patients. 3. The ICAR and MICAR are 
useful in predicting LI anatomy-related non-completion 
of colonoscopies and in presenting the risk to the patients’ 
parents in an easily comprehensible way.

Fig. 2. ICAR/MICAR values at consecutive critical points

ICAR – incomplete colonoscopy anatomy-related ratio; MICAR – modified 
incomplete colonoscopy anatomy-related ratio; DSF – descending-
sigmoid flexure; LCF – left colic flexure; TC – transverse colon; RCF – right 
colic flexure.
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Abstract
Background. Predicting the cooperation of orthodontic patients seems to be of the utmost importance 
for successful results in treatment with removable appliances, especially if their cost is to be covered from 
public funding. Therefore, the issue of unbiased pre-treatment assessment of cooperation still calls for 
an investigation.

Objectives. The objective of this study was to check whether smile attractiveness and its importance, 
subjectively evaluated by the patients/their caregivers, are reliable predictors of a patient’s compliance during 
treatment with removable appliances.

Material and methods. The study group comprised 97 patients aged 9–12 years, treated with active plates 
or twin-blocks, equipped with the TheraMon® system. Before treatment, the caregivers and the patients filled 
out the questionnaires ranking both of the investigated variables. After 9 months of treatment, we analyzed 
the correlations of the daily wear time (DWT) and other variables.

Results. The analysis revealed the following: no relevance of the DWT to the type of removable appliances; 
negative correlation between the DWT and smile attractiveness assessed by the children and their caregivers; 
evidently elongated DWT (up to 9.68 h in children), who, together with the caregivers, evaluated their smile 
attractiveness as poor; coherence of children’s and their caregivers’ responses evaluating smile attractive-
ness and its importance, as well as the lack of consistency when comparing responses provided separately 
by the children and their caregivers.

Conclusions. Application of the TheraMon® sensors objectively proved that the patient’s smile attractive-
ness ranked subjectively as low predicts the orthodontic patient’s irreproachable cooperation. Therefore, our 
easy-to-use questionnaire calls for changing the protocol regarding the wearing time of removable appliances 
during treatment and introducing an evidence-based policy of reimbursement for such therapy from public 
funds. Further investigation of the effectiveness of removable appliances worn shorter than previously pre-
sumed and of the motivation to continue treatment, once smile attractiveness has been improved, is necessary.

Key words: self-perception of smile attractiveness, orthodontic appliances, cooperative behavior
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Introduction

Nowadays, the alarming prevalence of malocclusions, 
which affect more than 90% of  the population,1,2 calls 
for interceptive orthodontic treatment, which improves 
the future general health status. Such early intervention 
is mostly realized with removable appliances, whose suc-
cess is largely dependent on patient cooperation.3–5 Moni-
toring patient cooperation has just recently been revolu-
tionized due to microsensors, e.g., the TheraMon® system. 
These microsensors are almost imperceptible; they are 
imbedded in an acrylic plate, which does not affect comfort 
while wearing the orthodontic device. TheraMon® is also 
resistant to any interference from the patient, thus measur-
ing wearing time accurately and reliably.6,7

Regrettably, studies using the electronic chips efficiently 
demonstrated considerably weaker patient cooperation 
than previously thought.8 Therefore, many research-
ers focused on  establishing factors that would enable 
us to predict patient cooperation before manufacturing 
an appliance.9–12 Our previous studies,13 similarly to those 
by Amado et al.,14 have shown that the degree of compli-
ance depends on the patients’ and – more significantly 
– their caregivers’ personality traits.

Such findings automatically gave rise to a question: 
is it possible to omit a complex psychological question-
naire and still predict cooperation reliably, especially that 
early orthodontic treatment is a part of the dental pro-
phylaxis, which in many countries is reimbursed from 
public funds?

Bearing in mind that impaired smile attractiveness has 
been the main incentive to seek orthodontic treatment,15–18 
one might have presumed that the individuals who are 
dissatisfied with their smiles are likely to be the most 
compliant patients. However, since eager amenability 
to the regimen of treatment with removable appliances 
is an uncertain issue, and a strong relationship between 
poor smile esthetics and excellent patient cooperation has 
not yet been objectively verified, our hypothesis obviously 
remains a matter of controversy and debate.

Therefore, the purpose of our study was to provide evi-
dence whether objectively, electronically monitored daily 
wear time (DWT) of removable devices correlates with self-
perception of smile attractiveness assessed by patients and 
their caregivers. If so, we would have established an easy 
and reliable predictor of  compliance, thus decreasing 
the orthodontic treatment cost/effectiveness ratio.

Material and methods

Study group

Ninety-seven healthy children (51 girls, 46 boys) without 
cleft palate or any oral disease, and qualified for inter-
ceptive or early orthodontic treatment with removable 

appliances, were enrolled in the study that received ap-
proval from the Ethical Review Committee of Wroclaw 
Medical University (approval No. KB-322/2014).

All patients met the following inclusion criteria: age 
9–12 years, good health and no syndromes or clefts, mal-
occlusion likely to improve with an active plate or twin 
block, i.e., mild or moderate crowding of the anterior max-
illary teeth, Class II functional shift, or pseudo Class III 
or bilateral cross-bite due to narrowed maxillary dental 
arch.

Before treatment, the caregivers (79 females, 18 males), 
who declared future active supervision of the child’s co-
operation, signed the informed consent. Subsequently, all 
the caregivers and the patients responded to the question-
naires designed by a psychologist qualified in assessing 
pro-health behavior. The following factors were ranked:

–  A1: children’s self perception of smile attractiveness,
–  A2: children’s thoughts on the importance of smile 

attractiveness,
–  B1: caregivers’ perception of their children’s smile 

attractiveness,
–  B2: caregiver’s thoughts on the importance of smile 

attractiveness.
Regarding the  attractiveness of  the  patient’s smile, 

the score was given from 1 to 5 as very poor, poor, fair, 
great, and excellent, respectively. Regarding the impor-
tance of smile attractiveness itself, the score was given from 
1 to 5 as very indifferent, indifferent, barely important, 
important, and very important, respectively.

In each case, a psychologist participating in these stud-
ies explained to the patients are caregivers all the terms 
appearing in the form, which was completed only after 
the terminology of the questionnaire was understandable 
for the respondent.

Subsequently, 56 children (29 girls, 27 boys) received 
a twin block and 41 children (22 girls, 19 boys) received 
an active plate, all devices equipped with the TheraMon® 
electronic sensors of temperature fluctuation, measuring 
appliance wear time with an accuracy of 15 min. We asked 
the patients to wear their appliances at least 12–14 h per 
day and to report back every 6 weeks on the DWT mea-
surements with the TheraMon® software. At that time, all 
patients appeared on designated appointments and none 
of the patients were excluded from the study.

In order to assess the accuracy of the TheraMon® sen-
sors in vivo, prior to this study we applied the protocol de-
scribed by Pauls et al.19 To do so, we instructed 5 postgrad-
uate students from our Department to wear Schwarz plates 
equipped with the TheraMon® sensors for 1 week, reading 
records provided by the sensors every day and noting every 
hour the device insertion and removal. The data analysis 
revealed insignificant mean discrepancy of 9.6 min per day 
between the recorded and the actual DWTs.

After 9  months, we  subjected all the  gathered data 
to a statistical analysis to answer the following research 
questions:
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1. Is the DWT indifferent due to type of the removable 
device used in our study?

2. Does any of the 4 variables (A1–B2) affect the DWT 
and if yes, then how?

3. Is there any correlation between the 4 variables facili-
tating psychological evaluation process?

Statistical analysis

STATISTICA v. 12 software (StatSoft, Inc., Tulsa, USA) 
enabled us to answer our queries. The Shapiro–Wilk nor-
mality test results proved that the range of our data fell 
beyond the normal distribution pattern, so we applied 
a non-parametric analysis. All data was processed us-
ing the Mann–Whitney U test, Spearman’s and Kendall’s 
τ rank correlation coefficients and Dunn’s multiple com-
parison test.20–22 Power test analysis was performed with 
the Student’s t-test, evaluating the significance of Spear-
man’s R correlation coefficient. We established the signifi-
cance level at p < 0.05 and the threshold of the power test 
analysis at the level of 0.95.

Results

Measurements of  the  daily wear time did not vary 
in  the  patients wearing twin block or  an  active plate 
(Table 1).

Figure 1 demonstrates percentage distributions of the 
ranks obtained in the questionnaires. As for statistics, 
all 4  variables significantly (p  <  0.05) correlated with 
the DWT: A2 and B2 – positively, A1 and B1 – negatively. 

However, the negative correlation was twice stronger than 
the positive one (Table 2).

Table 3 demonstrates differentiation of the DWT de-
pending on low (1–2 points) or high (3–5 points) scores 
from the questionnaires. Apparently, smile attractiveness 
evaluated as poor by children (A1, low) and their caregivers 
(B1, low) undoubtedly elongates the DWT to 9.64 h and 
9.68  h  respectively. So do the  greater children’s and 
the caregiver’s concerns about importance of the smile at-
tractiveness (A2, high and B2, high) – however, to a lesser 
extent: 7.90 h and 7.85 h, respectively.

Table 4 presents comparison in pairs of the caregivers’ 
and children’s judgments. We found statistically significant 
correlation (r > 0.7) only when comparing the A1 and B1 

Fig. 1. Distribution of answers in each group
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Table 1. Statistical assessment of comparison of the daily wear time (DWT) 
in patients treated with twin blocks or active plates

 Variable
Type of appliance

p-value
twin block (M ±SD) active plate (M ±SD)

DWT [h] 7.37 ±2.76 7.88 ±3.49 0.41

M – median; SD – standard deviation.

Table 2. Statistical analysis of the relationship between the daily wear 
time (DWT) and evaluation of smile attractiveness/its importance

Variable R coefficient p-value Power test analysis 
for α = 0.05

A1 −0.7680 <0.0001 1.0000

A2 0.4753 <0.0001 0.9976

B1 −0.9561 <0.0001 1.0000

B2 0.4418 <0.0001 0.9925
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or A2 and B2 variables. Interestingly, responses provided 
separately by the children (A1 and A2) and their caregivers 
(B1 and B2) turned out to present no correlation (r > −0.5).

Discussion

From a clinical point of view, it is particularly important 
to find a criterion that already at the stage of diagnosis 
would allow us to assess the future cooperation of young 
patients with regard to wearing their devices. And despite 
the fact the TheraMon® system was introduced in ortho-
dontics a couple of years ago, such sensors have not been 
utilized to efficiently and reliably predict compliance 
instead of merely assessing it  in-treatment.19,23,24 That 
is why our entirely new and unique approach also has 
a scientific long-term goal. Namely, it opens the door for 
the objective verification of the efficiency and efficacy 
of removable appliances in complying patients selected 
prior to manufacturing the expensive orthodontic de-
vices. This goal, however, requires the selection of criteria 
that best predict the degree of cooperation among pa-
tients. The authors have already made an attempt to ob-
jectively assess the effectiveness of some of these criteria 
in the published studies.13,25 It  is clear that conducting 
such a study would in the future create evidence-based 
treatment protocols regarding the DWT.

Sergl and Zentner26 admittedly proved that the degree 
of  compliance depends on  the  orthodontic appliance 
type; however, in their study the DWT was not verified 

objectively. Our outcome (Table 1), which is in accordance 
with that obtained by Schafer al.,27 results from monitor-
ing patients’ cooperation with sensors, thus increasing 
reliability of the results. Therefore, we neglected the type 
of removable device in subsequent statistical analyses. 
Since we proved that the orthodontic patients do not prefer 
active plates to twin blocks, we assume that a therapeutic 
construction bite does not hamper the patients’ acceptance 
of the removable apparatus and – afterwards – does not 
impair the cooperation level. Nevertheless, the inquiry 
as to whether other bite jumping devices, e.g., bionators, 
are tolerated equally well as  the  twin blocks, remains 
unanswered.

Dissatisfaction with one’s facial appearance is commonly 
known as the main factor contributing to a patient seeking 
orthodontic treatment.2,18,25,28,29 Therefore, in the litera-
ture from different decades reports can be found stating 
that esthetic impairment caused by malocclusion, as well 
as the caregivers’ low rating of their child’s occlusion sup-
port better cooperation during orthodontic therapy.30–32 
According to Lin et  al.,29 even the visual presentation 
of post-treatment esthetics deterioration and the ensuing 
non-cooperation during retention phase seems to increase 
patients’ discipline with regard to wearing their Hawley’s 
retainers. However, assessment of the virtual compliance 
in the quoted papers remains in a sphere of speculation due 
to lack of evidence, contrary to our findings (Table 2) based 
on reliable, objective measurements. The strong negative 
correlations of the DWT and poor smile attractiveness 
seen by the patients (A1, r = −0.77) or more importantly 
by their caregivers (B1, r = −0.95) evidently proved the role 
that perception of smile attractiveness plays in predict-
ing adequate cooperation when wearing the removable 
appliances.

Positive, although not strong correlations of the DWT 
and declared children’s (A2) or caregivers’ (B2) attitude 
to  the  importance of  a  smile attractiveness (Table  2) 
demonstrated that the  importance of  smile esthetics 
is a more of an abstract issue than the smile esthetics it-
self, thus the prior cannon function as a reliable predic-
tor of the DWT. In this way again we proved – indirectly 
– that aptly selected, one-question ranking self-perception 
of smile attractiveness is scientifically reliable as for an as-
sessment of the young patient’s future cooperation during 
treatment.

Orthodontic literature recommends that the wear time 
of removable appliances range from 12 h to 14 h per day. 
Regrettably, our study has proven that the  discussed, 
objectively verified duration is less than 8 h on average. 
Furthermore, even if it reaches 10 h in the most coopera-
tive patients, namely in children with a low rating of their 
smiles, 3 h of standard deviation (SD) occur (Table 3). 
This leaves no doubts that previous assumptions relat-
ing to treatment efficiency are overestimated, as the mea-
sured and monitored DWT were based on bias.33 They are 
at odds with our highly reliable outcome, which evidently 

Table 3. Results of Mann–Whitney U test: intergroup comparisons 
between daily wear time (DWT) and subgroups

Variable Admitted
score

DWT [h]
p-value

M SD

A1
low 9.64 2.77

0.0000
high 5.92 2.28

A2
low 5.57 2.68

0.0048
high 7.90 3.09

B1
low 9.68 2.58

0.0000
high 5.22 1.63

B2
low 6.06 3.11

0.0231
high 7.85 3.07

M – mean; SD – standard deviation.

Table 4. Statistical analysis of the variables (responses provided 
in the questionnaires) coherence

Pair 
of variables R coefficient p-value Power test analysis 

for α = 0.05

A1 and B1 0.7971 0.0000 1.0000

A2 and B2 0.8754 0.0000 1.0000

A1 and A2 −0.3195 0.0000 1.0000

B1 and B2 −0.4827 0.0000 1.0000
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justifies the necessity to evaluate the effectiveness of re-
movable appliances, in order to modernize the apparently 
old fashioned recommendations regarding wearing time. 
Notwithstanding, such an assessment demands gathering 
only complying patients, whose simple selection is now 
possible, due to our presented study results.

Folger stated that parental acceptance is extremely im-
portant in orthodontic cooperation.34 Furthermore, Albi-
no32 and Gross et al.35 also proved that due to adolescents’ 
likely negative perceptions of orthodontic appliances, pa-
rental support and control are critical to treatment suc-
cess. Our results, obtained using an objective method 
of patients’ cooperation evaluation, fully support these 
findings. We demonstrated that, due to a high correlation 
of answers to the same question (A1 and B1: r = 0.7971; 
A2 and B2: r = 0.8754), interviewing only the caregivers 
as to smile attractiveness efficiently and effectively predicts 
the children’s cooperation (Table 4). This is how, based 
on our previous study results,25 we are able to state that 
parental personality features, rather than their children’s, 
mainly affect the future cooperation during orthodontic 
treatment with removable devices. Considering that nei-
ther children nor their caregivers separately are coherent 
in an assessment of smile attractiveness and its importance 
(Table 4), utilizing complex psychological questionnaires 
in order to predict the DWT seems to be fully justified, 
especially that self-perception of  smile attractiveness 
is a reliable predictor of a young patients’ compliance with 
an orthodontist.

As for the limitations of our study, the questionnaire 
we applied consisted of only 2 questions. However, such 
procedure of interviewing respondents is based on the data 
collected from the literature.42,45,46

Theoretically, the young age of the patients could also 
be a limiting factor. Nevertheless, numerous studies using 
questionnaires referencing similar issues among the peers 
of our patients35–45 have already proven their adequacy 
among patient of that age group. It has also been con-
firmed by a psychologist participating in related studies 
that the age of the respondents did not influence their 
understanding of the questionnaire questions and, thus, 
the credibility of the given answers.

The smile esthetics was subjectively assessed only prior 
to the initiation of orthodontic treatment. It was done 
on purpose, as it prevented any influence of the therapy 
on the discussed parameter and, therefore, its signifi-
cance for the patient cooperation prognosis. It should 
be remembered that, along with progress in treatment, 
even if  the motivation is  initially insufficient, a health 
habit related to wearing orthodontic device may be de-
veloped.8,25 On the other hand, along with the improve-
ment of smile esthetics – especially of the feature that 
was not initially accepted, regardless of whether it was 
defined or not – the commitment of the patient may de-
crease. Both phenomena could weaken the credibility 
of our result, if  it had not been for the short duration 

of the study that made it impossible to obtain long-term 
effects of the treatment.

The final aspect that constitutes a limitation of the study 
is the fact that we have only proven the occurrence of strong 
correlations between the DWT and the subjective assess-
ment of a child’s smile. We have not proven, however, that 
there is a cause and effect relationship between these phe-
nomena. Nonetheless, on the basis of the available litera-
ture on the subject,13–18,29–34 it is well-founded to advocate 
the existence of such a dependence.

Conclusions

Our study reliably proved that the patient’s smile at-
tractiveness ranked subjectively as low on a 5-point scale 
survey predicts the orthodontic patient’s irreproachable 
cooperation. What is important, we have achieved the re-
sults objectively, namely by  applying the  TheraMon® 
sensors. In other words, our easy-to-use questionnaire 
faciltates both: changing the protocol of removable ap-
pliances wearing time during treatment and introduction 
of an evidence-based policy of  reimbursement of  such 
therapy from the public funds.

In order to complete our findings, there is still a need 
to investigate the effectiveness of removable appliances 
worn shorter than previously presumed, in certain mal-
occlusions. It would also be interesting to study wheth-
er the  improved smile attractiveness negatively affects 
the motivation to continue treatment, thereby hindering 
the correction of severe malocclusions that are otherwise 
imperceptible to the patient.
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Abstract
Background. Eukaryotic translation initiation factor 3B (eIF3b) has been reported to be overexpressed 
in colon, bladder and prostate cancers as well as in glioblastoma. However, there is no report on any cor-
relation of eIF3b gene expression with cell proliferation and apoptosis in chronic myeloid leukemia (CML).

Objectives. In this study, we evaluated the role of eIF3b in cell proliferation and apoptosis in CML.

Material and methods. Samples from patients with CML and CML cell lines were used. Quantitative 
RT-PCR, siRNA transfection, flow cytometry, and western blot analysis were performed.

Results. Quantitative RT-PCR revealed that the expression of eIF3b mRNA in CML patients was higher than 
that in the non-malignant controls. The proliferation of CML cells decreased after transfection of the cells with 
siRNA. The proportion of cells in the G1 and S phases in the experimental group decreased after transfection, 
while the number of cells in the G2/M phase increased, as compared with the control group. The total cell 
apoptosis percentage in the sheIF3b group (transduction with lentivirus-anti-eIF3b in K562 cells) was higher 
than the shCtrl group (transduction with empty-vector lentivirus in K562 cells) after transfection. Caspase 
3/7 activity was higher and the expression of anti-apoptotic protein BCL-2 was lower in the sheIF3b group 
than in the shCtrl group after transfection.

Conclusions. Our results suggest that downregulation of eIF3b expression inhibits proliferation and induces 
apoptosis in CML cells.

Key words: cell proliferation, eukaryotic initiation factor 3b, chronic myeloid leukemia
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Introduction

Chronic myeloid leukemia (CML) is a hematopoietic 
stem cell (HSC) malignancy that results from the forma-
tion of the Philadelphia chromosome due to reciprocal 
chromosomal translocation t(9;22)(q34.12;q11.23), and 
it accounts for 15–20% of all leukemias.1 Patients with 
CML need to be treated for life; moreover, the progno-
sis of patients with blastic transformation of CML is ex-
tremely poor. Thus, there is an unmet need to find better 
treatments for CML.

Eukaryotic initiation factors (eIFs) are a  large family 
of proteins that regulate the rate-limiting step of protein 
synthesis in the initiation stage.2 To date, numerous eIFs 
have been identified and several of them consist of multiple 
subunits that determine their functions.3,4 A growing num-
ber of studies illustrate that various eIFs are aberrantly ex-
pressed or activated in different types of human cancers.5,6

There is a growing interest in understanding the mecha-
nisms of eIFs in modulating gene translation initiation and 
how they promote oncogenesis. Scientists have hypothesized 
that an increased rate of translation would affect the down-
stream mRNA synthesis and that a high level of eIFs could 
enhance the translation of these mRNAs. Preclinical studies 
have shown that overexpression of eIFs resulted in cells trans-
forming into those with cancerous characteristics, as dem-
onstrated by pervasive growth and increased proliferation.7

The largest group of these eIFs, eukaryotic translation 
initiation factor 3 (eIF3), consists of 13 subunits (eIF3a 
through eIF3m) with a total molecular mass of 700 kDa, 
and plays an essential role in the initiation of translation.8 
eIF3 mediates several steps of the translation initiation path-
way, which includes recruiting the eIF2–GTP–MET–tRNA 
(iMet) ternary complex and other eIFs to the 40S ribosomal 
subunit to form the 43S preinitiation complex, mRNA re-
cruitment and subsequent scanning of the 5’ untranslated 
region (UTR) and starting codon.9 eIF3b has been verified 
to be overexpressed in colon, bladder and prostate cancers 
as well as in glioblastoma due to its impact on the cellular 
activity of cancer cells.10–12

While several eIF proteins have been implicated 
in CML,6,7 there is no study in the literature exploring 
the correlation of eIF3b expression with cell proliferation 
and apoptosis in CML. Therefore, that is precisely the aim 
of the current study.

Material and methods

Sample collection  
and eIF3b mRNA expression

A total of 16 CML patients were enrolled in this study 
at the Department of Hematology of Yijishan Hospital, First 
Affiliated Hospital of Wannan Medical College, Wuhu, 
China, from January 2015 to March 2017. As controls, 

16 age- and gender-matched non-malignant patients who 
had undergone bone marrow biopsy (12 thrombocytopenic 
purpura, 3 infectious diseases and 1 healthy donor) were 
enrolled. During the bone marrow biopsy, 2 mL of bone 
marrow sample was obtained from each participant; mono-
nuclear cells were then isolated. This was followed by total 
RNA extraction and eIF3b mRNA was detected with quan-
titative real-time reverse transcription polymerase chain 
reaction (qRT-PCR). This study was approved by the Ethics 
Committee of Yijishan Hospital, First Affiliated Hospital 
of Wannan Medical College Hospital. The participants 
provided written informed consent.

eIF3b expression in different  
leukemia cell lines

TK-6, K562 and Jurkat cell lines were purchased from 
the Shanghai Institutes for Biological Science (Shanghai, 
China). After resuscitation, these cells were maintained 
in RPMI-1640 medium (Gibco, Carlsbad, USA) containing 
10% fetal bovine serum (Gibco) and 1% penicillin/strepto-
mycin (Corning, Lowell, USA) at 37°C with a humidified 
atmosphere of 5% CO2. Meanwhile, mononuclear cells 
were isolated from the bone marrow of 3 control sub-
jects (patients without malignancies) and were defined 
as the control group. The expression of eIF3b mRNA was 
detected with qRT-PCR.

Detection of K562 cell transduction, 
proliferation and apoptosis

K562 cells were transduced with the  lentivirus-an-
ti-eIF3b vector (LVpGCSIL-004PSC2749-1; Shanghai 
Gemma, Shanghai, China) and identified as  the  sheI-
F3b group (the  sequences of  anti-eIF3b: 5′-GCUACA-
AGCUUGACAAGCAdTdT-3′ (F) and 5′- UGCUUGU-
CAAGCUUGUAGCdTdT-3′ (R)); those transduced with 
an  empty vector (psc3741, Shanghai Gemma) served 
as the control group (shCtrl group, irrelevant sequence). 
The level of fluorescence was observed under a fluores-
cence microscope; all transduction rates were more than 
90%. Briefly, qRT-PCR, western blotting, CCK-8 and fluo-
rescence-activated cell sorting (FACS) were used to exam-
ine the eIF3b mRNA level, protein level, cell proliferation, 
cell cycles, and apoptosis in the K562 cells. For western blot 
analysis, the total protein was adjusted into equal amounts 
and subjected to sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). Specific antibodies were 
used to detect each corresponding protein. The antibod-
ies used for western blotting analysis are listed in Table 1.

RNA extraction and qRT-PCR analysis

Total RNA samples from cells were extracted with 
TRIzol reagent (Invitrogen, Carlsbad, USA) according 
to the manufacturer’s instructions. The extracted RNA 
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was pretreated with RNase-free DNase, and 1 μg of RNA 
from each sample was used for cDNA synthesis with ran-
dom hexamers (RNA to cDNA EcoDry™ Premix; TAKA-
RA, Kusatsu, Japan). The cDNA products were subjected 
to qRT-PCR with a SYBR FAST Mastermix kit (KAPA, 
Boston, USA). The following primer sequences were used:
–	eIF3b forward primer: 

5’-CGGTGCCTTAGCGTTTGTG-3’;
–	eIF3b reverse primer: 

5’-CGGTCCTTGTTGTTCTTCTGC-3’;
–	GAPDH forward primer: 

5’-TGACTTCAACAGCGACACCCA-3’;
–	GAPDH reverse primer: 

5’-CACCCTGTTGCTGTAGCCAAA-3’.
The PCR amplification was performed as follows: 95°C 

for 5 min, followed by 40 cycles of 95°C for 4 s and 61°C 
for 30 s. The PCR amplification was performed in tripli-
cate. The qRT-PCR results were calculated with the 2–ΔΔCt 

method.

Western blot analysis

Western blotting was performed for the detection of eI-
F3b and Bcl-2 expression. The total protein was extracted 
from cells lysed in RIPA buffer (Thermo Fisher Scientific, 
Waltham, USA) containing phosphatase and protease in-
hibitors. Then, 20 μg of protein samples were subjected 
to SDS-PAGE and transferred onto polyvinylidene fluo-
ride membranes (Merck Millipore, Bedford, USA). After 
blocking with 5% skim milk for 2 h, the membranes were 
incubated with the  corresponding primary antibodies 
overnight at 4°C. Then, the membranes were incubated 
with the appropriate HRP-conjugated secondary antibod-
ies for 1 h at room temperature. The bands were visu-
alized using an enhanced chemiluminescence (ECL) kit 
(Merck Millipore), followed by exposure to X-ray film. All 
of the antibodies used are listed in Table 1.

CCK-8 assay

After transduction, cells coupled with CCK-8 dye were 
incubated with 5% CO2 at 37°C. The proliferation was 
evaluated at timepoints of 4 h, 24 h, 48 h, 72 h, and 96 h. 
The plates were tested and the fluorescence value was read 

once a day with a microplate reader (Biotek, Winooski, 
USA). The fluorescence values of each of the 5 days were 
collected and analyzed to create a proliferation curve.

FACS analysis of cell cycle and apoptosis

For the analysis of the cell cycle, cells were collected 
48 h after transduction. The cells were washed 3 times 
with phosphate-buffered saline (PBS) and fixed in 70% pre-
chilled ethanol at 4°C for 1 h. The cells were then suspend-
ed in 500 μL of PBS combined with 50 μg/mL of propidium 
iodide (PI) and 100 μg/mL of ribonuclease, and incubated 
at 4°C for 30 min in the dark. A 300-mesh nylon net was 
used to filter and separate the aggregated cells. The cell 
cycle was analyzed with flow cytometry on a FACScan 
(BD Biosciences, East Rutheford, USA).

For the analysis of apoptosis, 48 h after transduction, 
the cells were collected and washed 3 times with PBS, 
then suspended in 100 μL of PBS; 1 μL of PI was added 
to the cell suspension, which was incubated at 4°C for 
5 min in the dark. The cells stained with PI were detected 
using flow cytometry on a FACScan. The analysis was 
performed with a BD FACSCanto II flow cytometer and 
BD FACSDiva software v. 6.1.3 (BD Biosciences).

Caspase-3/7 activity analysis

Three days after transduction, cells were harvested for 
caspase-3/7 activity analysis using an Amplite™ Colori-
metric Caspase 3/7 Assay Kit (AAT Bioquest, Sunnyvale, 
USA). Caspase-3/7 activity was measured using 30 μg of ly-
sate by detecting the chromophore p-nitroaniline, which 
was cleaved from the labeled substrate N-acetyl-Asp-Glu-
Val-Asp p-nitroanilide.

Statistical methods

The statistical analysis was performed using SPSS soft-
ware v. 22.0 (IBM Corp., Armonk, USA). Data was pre-
sented as mean ± standard deviation (SD). Comparisons 
between 2 groups were carried out with a t-test. A p-value 
<0.05 was considered statistically significant.

Results

Overexpression of eIF3b mRNA in CML

The results of qRT-PCR showed that the expression 
of eIF3b mRNA in the CML patients was higher than that 
of the control group (p < 0.01) (Fig. 1A). In addition, eIF3b 
was found to be overexpressed in the TK-6 (p < 0.001), 
K562 (p < 0.001) and Jurkat (p < 0.05) CML cells when 
compared with normal control cells (mononuclear cells 
isolated from the bone marrow of healthy individuals, 
Fig. 1B).

Table 1. Details of the antibodies used

Antibody name Company Country Dilution ratio

Primary antibody
Mouse Anti-Flag Sigma USA 1:2000

Mouse anti-GAPDH Santa-Cruz USA 1:2000

Anti-BCL2 Abcam USA 1:2000

Anti-GAPDH Santa-Cruz USA 1:2000

Secondary antibody
Goat Anti-Mouse IgG
Anti-Mouse IgG

Santa-Cruz
Santa-Cruz

USA
USA

1:2000
1:2000
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shRNA inhibits eIF3b mRNA  
and protein expression

After transduction with lentivirus-anti-eIF3b or empty-
vector lentivirus in the K562 cells for 3 days, the fluo-
rescence expression was observed under a fluorescence 
microscope, which showed that the transduction efficiency 
of both was over 90% (Fig. 2A). After 3 days, the expression 
of eIF3b mRNA and protein had both decreased mark-
edly in the sheIF3b group compared with the shCtrl group 
(Fig. 2B,C).

Downregulation of eIF3b mRNA-inhibited 
proliferation of K562 cells

The  CCK-8 assay showed no significant difference 
in  baseline optical density (OD) between the  sheIF3b 
and shCtrl groups. On days 3, 4 and 5 after transduction, 
the OD value of the sheIF3b group was lower than that 
of the shCtrl group (Fig. 3A,B), a finding which suggests 
that the inhibition of eIF3b mRNA suppresses the prolif-
eration of K562 cells.

Fig. 1. Expression of eIF3b mRNA in CML 
cells, normal control cells (mononuclear 
cells of bone marrow) and different cell 
lines; A – expression of eIF3b mRNA 
in CML and controls; B – expression 
of eIF3b mRNA in TK-6, K562 and Jurkat 
CML cells, and control cells

*p < 0.05; **p < 0.01.

Fig. 3. Effect of eIF3b mRNA downregulation on the proliferation of K562 
cells; A – OD450 value in the shCtrl and sheIF3b groups 5 days after 
transduction; B – OD450 value in the shCtrl and sheIF3b groups 5 days after 
transduction

*p < 0.05; **p < 0.01.

Fig. 2. Transduction of shRNA and the expression of eIF3b mRNA and protein; A – transduction efficiency of shRNA in K562 cells under fluorescence 
microscope; B – qRT-PCR of the relative mRNA level in the shCtrl and sheIF3b groups; C – western blotting of the level of eIF3b protein in the shCtrl and 
sheIF3b groups

**p < 0.01.
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Effect of eIF3b gene downregulation 
on K562 cell cycles

Following transduction with shRNA lentivirus – on day 
5 –  the  proportion of  cells in  the  G1 (p  <  0.01) and 
S phases (p < 0.05) of the sheIF3b group was lower than 
that of  the shCtrl group, while the proportion of cells 
in the G2/M phase (p < 0.01) was higher than in the shC-
trl group (Fig. 4A,B).

Effect of eIF3b mRNA downregulation 
on the apoptosis of K562 cells

On day 5 after transduction, the  total cell apoptosis 
percentage in the sheIF3b group was substantially higher 

than that of the shCtrl group (p < 0.01, Fig. 5A,B). Caspase 
3/7 activity in the sheIF3b group was remarkably high-
er (p < 0.01, Fig. 6A) than that of the control group, and 
the expression of anti-apoptotic protein Bcl-2 was mark-
edly lower in the sheIF3b group than in the shCrtl group 
(p < 0.01, Fig. 6B), suggesting that eIF3b downregulation 
promoted the apoptosis of K562 cells.

Discussion

Chronic myeloid leukemia is a clonal HSC disorder re-
sulting from a reciprocal translocation between the long 
arms of ch9 and ch22, t (9;22), which leads to the fusion 
of  the  ABL1 proto-oncogene from ch9 with the  BCR 

Fig. 5. Effect of eIF3b gene downregulation on the apoptosis of K562 cells; A – cell apoptosis of K562 cells in the shCtrl and sheIF3b groups; B – percentage 
of cell apoptosis in the shCtrl and sheIF3b groups

**p < 0.01.

Fig. 4. Effect of eIF3b gene downregulation on the cell cycles of K562 cells; A – proportion of K562 cells in different phases in the shCtrl and sheIF3b groups; 
B – proportion of K562 cells in G1, S, and G2/M phases in the shCtrl and sheIF3b groups

*p < 0.01; **p < 0.01.
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housekeeping gene on  ch22 to  produce the  BCR-ABL 
gene.13 This fusion gene is transcribed into BCR-ABL1 
mRNA and translated into the BCR-ABL protein, which 
initiates the progression of CML.14,15

Dysregulation of mRNA translation leads to the aberrant 
activation of cellular pathways that promote cell prolifera-
tion, invasion and progression of leukemia. The main func-
tion of eIFs is in the interaction between the ribosome and 
mRNA, which takes part in the initial process of protein 
synthesis, affecting cell cycle, growth and apoptosis.16,17

eIF3b, a member of the eIF3 complex, is reported to be 
overexpressed in various tumor cells and acts as an onco-
gene. A study indicated that eIF3b mRNA is abundantly 
expressed in colon cancer cells, and that the downregula-
tion of eIF3b inhibits cell proliferation, reduces the number 
of cells in the G1 phase and increases the number of cells 
in the S/G2 phases, as well as promotes cell apoptosis.8 
Another study investigating the role of eIF3b in esophageal 
squamous cell carcinoma (ESCC) also revealed that eIF3b 
expression is much higher in ESCC tissues and ESCC cell 
lines, while a reduction in eIF3b suppresses cell prolifera-
tion and stimulates cell apoptosis through the regulation 
of the β-catenin signaling pathway.18 In bladder and pros-
tate cancer cells, eIF3b deletion decreases cell growth and 
represses the G1/S cell cycle transition by regulating cyclin 
A, E, Rb, and p27Kip1 protein expression – but not mRNA 
expression – and it reduces migration as well as interrupt-
ing the actin cytoskeleton and focal adhesions.11 A recently 
published study showed that knockdown of eIF3b decreas-
es cell viability and promotes apoptosis in osteosarcoma 
cells due to the regulation of tumor necrosis factor recep-
tor superfamily member 21 (TNFRSF21).19 These findings 
indicate that eIF3b is involved in tumor development and 
progression by acting as a cancer-promoting gene.

In clinical research, Wang et al. examined the expres-
sion of eIF3b mRNA in patients with bladder cancer and 

prostate cancer, and reported that eIF3b mRNA expres-
sion is much higher in cancer patients than in controls. 
Interestingly, they also discovered that eIF3b mRNA 
is positively correlated with tumor grade and could predict 
unfavorable survival.9 However, the role of eIF3b in CML 
remains unclear. In this study, we found that eIF3b mRNA 
expression was higher in CML patients and CML cell lines 
than in the controls. Downregulation of eIF3b expres-
sion suppressed CML cell proliferation, decreased G1/S-
phase cells and induced cell apoptosis, which was in line 
with the oncogenic role of eIF3b in other studies. Reduced 
eIF3b mRNA expression inhibits proliferation and pro-
motes apoptosis in K562 cells. The possible explanations 
could be as follows: 1) eIF3b could activate the β-catenin 
signaling pathway, including the downstream target gene 
cyclin D1 and c-Myc, thus inducing cell proliferation and 
invasion, as well as inhibiting cell apoptosis and interfer-
ing with the cell cycle18 or; 2) eIF3b is involved in protein 
synthesis and eIF3b depletion can globally inhibit protein 
synthesis, which affects the proliferation and apoptosis 
of cancer cells.9

There were some limitations in  this study. Firstly, 
the prognostic role of eIF3b expression in CML patients 
was not investigated. Secondly, we discovered the role 
of eIF3b in regulating CML cell proliferation and apop-
tosis, but the mechanism of how eIF3b affects cancer cell 
progression was not explored. This will be the focus of fu-
ture research.

In conclusion, the downregulation of eIF3b inhibits pro-
liferation and induces apoptosis in CML cells.
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Abstract
Background. Accurate laser scanning of plaster casts using validated, low-cost hardware represents a key 
issue in 3D orthodontics.

Objectives. The aim of this study was to compare the accuracy of measurements taken from plaster casts 
(gold standard) with digital models of those casts created with a low-cost structural light DAVID laser scanner.

Material and methods. Five different measurements were taken on each of 14 plaster casts by 2 inde-
pendent observers with an electronic caliper. The measurements were repeated 10 times on all 14 plaster 
casts by each observer, with a 1-week interval between each set of measurements. All 14 plaster casts were 
digitized using a low-cost DAVID SLS 3 laser scanner. The same 5 measurements were performed on each 
of the 3D virtual surface models of the 14 plaster casts by 2 independent observers using MeshLab software 
in a manner similar to that used with the digital caliper. The measurements were repeated 10 times by the 2 
observers with 1 week between each set of measurements.

Results. The laser-scanned models were more accurate than the plaster cast models in defining measure-
ments based on simple tooth fissures. The accuracy of measurements based on complex tooth fissures were 
equivalent for the 2 types of model. For measurements based on interproximal dental contacts, the 2 methods 
of measurement were similar and both were notably poor in terms of accuracy.

Conclusions. Three-dimensional virtual models obtained from the low-cost DAVID laser scanner can be 
used clinically, but only for certain types of measurements and indications.

Key words: orthodontics, laser scanner, digital dental models, plaster cast
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Introduction

Digital dental models are used in orthodontics because 
they are easy to store, save time and space and facilitate 
the sharing of information with colleagues over the inter-
net.1 Digital models do not deteriorate over time.1 Laser 
scanners are accessible to clinicians through a digitiza-
tion service, such as OrtoCad (Align Technology Inc., 
San Jose, USA)2,3 or “emodels” (GeoDigm Corp., Falcon 
Heights, USA),2,3 through desktop laser scanners (i.e., 
3Shape R500, 3Shape R700, 3Shape R1000, 3Shape R2000, 
Medianetx grande, Medianetx colori, DentaCore CS UL-
TRA, Dentaurum OrthoX, Maestro 3D, Imetric IScan 
D104i and GC Aadva Lab Scan4), through cone-beam 
computed tomography (CT)5 and, recently, through in-
traoral laser scanners.6 All of these technologies are still 
very expensive and limit the spread of digital orthodontics 
to the wealthiest clinical practices and private hospitals. 
Moreover, desktop laser scanners present sufficient ac-
curacy, so further improvement would not provide ad-
ditional benefit for use in orthodontics.4 Nowak et al.4 
concluded that research on laser scanners in orthodontics 
and orthognathic surgery should focus primarily on re-
ducing time and cost.4

With the advent of the low-cost three-dimensional (3D) 
printing era, a number of companies have also attempted 
to develop low-cost laser scanners. Among the 3 types 
of low-cost laser scans currently available on the market, 
only the DAVID SLS 3 laser scanner provides a maxi-
mum resolution of 0.05% of the scanned object at a price 
of 3,275 USD (www.aniwaa.com/comparison/3d-scan-
ners). Therefore, our objective for this study was to com-
pare the accuracy of measurements taken from plaster 
casts (gold standard) with digital models obtained from 
the low-cost DAVID laser scanner. The null hypothesis 
is that the digital model is as accurate as a plaster-cast 
model, and that the low-cost DAVID laser scanner could 
be used clinically.

The DAVID SLS 3 laser scanner uses structural light and 
consists of a light projector, 2 detectors and a rotary table. 
A calibration kit for the device is also provided by the man-
ufacturer. The projector projects 48 light structures onto 
the object to be scanned and the detectors analyze the de-
formation of these light structures on the scanned object, 
which is rotated on the rotary table.

Material and methods

Initially, 31 plaster-cast models from patients treated 
with orthodontics and orthognathic surgery and present-
ing maxillomandibular Angle class III discrepancies were 
used. From the 31 plaster casts, we discarded 17 with miss-
ing teeth in the areas of further distance measurements 
and selected the remaining 14. The plaster casts were cre-
ated in the same laboratory, and a similar length of time 

separated the  alginate impression from casting.2 Two 
calibrated observers participated in this study. Observer 
#1 was an experienced orthodontist, while observer #2 
was a maxillofacial surgeon. The 2 examiners were cali-
brated by collaborating on 2 sample cases of plaster casts 
and 2 sample cases of laser-scanned casts.2 The measure-
ments were directly compared and discussed until final 
definition.2

Five measurements (A–E) (Table  1) were performed 
on each of the 14 plaster casts by the 2 independent observ-
ers using an electronic caliper (OTLT, Otelo, Saint-Ouen-
l’Aumône, France) with a measurement error of 0.02 mm. 
The measurements were repeated on all 14 of the plaster 
casts 10 times each by the 2 observers, with a 1-week in-
terval between each set of measurements.

All plaster casts (#1 to #14) were also digitized using 
a DAVID SLS 3 laser scanner v. 4.5.3 (DAVID; Antonius 
Köster, Meschede, Germany). The scanning angle was 
36°. Each digitalized model was created from 10 mea-
surements (a full rotation of the table is 360°). The cloud 
of points was then analyzed with DAVID SLS 3 software 
v. 4.5.3 (Antonius Köster). A 3D virtual surface model 
(.obj file) of each plaster cast was saved for further mea-
surements by the 2 observers. Five measurements (A–E) 
(Table 1) were performed on each of the 3D virtual surface 
models of the 14 plaster casts by 2 independent observers 
with MeshLab software (v. 1.3.2) (Consiglio Nazionale 
delle Ricerche – CNR, Rome, Italy) in a manner analo-
gous to that employed with the digital caliper. The mea-
surements were repeated on all of the 3D virtual surface 
models of the 14 plaster casts 10 times by 2 independent 
observers. A 1-week period of time elapsed between each 
set of measurements. Measurement A on model #4 was 
impossible to perform because one of the premolars was 
missing on the plaster-cast model. Palatal width defini-
tion was proposed according to the study by Howe et al.7 

Table 1. Definition of the measurements

Name Definition

Measurement A

Anterior width of the upper dental arch: 
distance between the most lower points 
of the transversal groove of the first upper 
premolar teeth.

Measurement B

Posterior width of the upper dental arch: 
distance between the points of intersection 
of the transversal groove with the buccal groove 
of the first upper permanent molar teeth.

Measurement C

Palatal width: distance between the intersection 
points of the palatal groove with the gingival 
margin of first upper permanent molar teeth 
(Howe et al.2).

Measurement D
Anterior width of the lower dental arch: distance 
between the vestibular contact points of the first 
and the second lower premolars.

Measurement E
Posterior width of the lower dental arch: distance 
between the distal and lingual cusp tips of right 
and left mandibular permanent first molars.
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Figure 1 shows the measurements performed on the plas-
ter casts, while Fig. 2 and 3 illustrate the measurements 
performed on  the  laser-scanned virtual 3D models 
of the plaster casts.

Results

For statistical analysis, we assumed that the popula-
tion presented a normal distribution. The populations 
represent 2 small groups of 14 elements, each consisting 
of measurements (Table 1) performed by observer #1 and 
observer #2. Table 2 (observer #1) and Table 3 (observer 
#2) show the pairs of measurements obtained from the 14 
plaster casts with the minimum and maximum values, 
the difference between these values, the mean values, and 
their standard deviation (SD). Table 4 shows a comparison 
of the measurements taken by observers #1 and #2 and 
the confidence interval (95% CI) with α = 0.05. Table 5 
shows the Cis for the differences between the measure-
ments observed by observer #1 and observer #2, according 
to the type of method (caliper vs 3D virtual model) and 
the type of measurement (A–E).

The CIs for the measurements performed by observer #1 
(orthodontist) on the plaster casts and on the digital models are 
0.069–0.196 mm and 0.057–0.329 mm, respectively. The CIs 
for the measurements performed by observer #2 (maxillofacial 
surgeon) on the plaster casts and on the digital models are 
0.054–0.408 mm and 0.136–0.429 mm, respectively.

Measurement A was based on the anatomical defini-
tion of a simple tooth fissure. The laser-scanned models 
were more accurate than the plaster-cast models in defin-
ing measurement A (Table 5). Measurement B was based 
on the anatomical definition of a complex tooth fissure. 
Measurement C was based on the intersection between 2 
different structures, such as a tooth fissure and the im-
pression of the palatal gingiva on the tooth. The accuracy 
of measurements B and C was equivalent for the laser-
scanned and the plaster models. Measurement D was based 
on  interproximal dental contacts. Measurement E was 
based on the tips of cusps (curvature areas). Measurements 
D and E were equivalent and provided notably poor accu-
racy. Our findings related to measurements D and E were 
in accordance with the literature.2

Fig. 1. Measurements A–C performed on the plaster cast of the upper 
maxilla. Measurements D and E performed on the plaster cast 
of the mandible

Fig. 2. Measurements A–C performed on the virtual 3D model 
of the laser-scanned upper maxilla plaster cast

Fig. 3. Measurements D and E performed on the virtual 3D model 
of the laser-scanned mandibular plaster cast
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Table 2. Measurements performed by observer #1

Measurement 
name

Caliper measurement 
plaster cast

3D virtual model measurement 
laser scanner

maximal 
value 
(max) 
[mm]

minimal 
value 
(min) 
[mm]

difference 
[max–min] 

[mm]

mean 
value 
[mm]

standard 
deviation 

[mm] 

maximal 
value 
(max) 
[mm]

minimal 
value 
(min) 
[mm]

difference 
[max–min] 

[mm]

mean 
value 
[mm]

standard 
deviation 

[mm] 

m01 A  33.02 32.44 0.58 32.81 0.17 33.35 32.58 0.77 32.92 0.30

m01 B 47.46 46.60 0.86 46.98 0.24 47.50 46.70 0.80 47.09 0.28

m01 C 34.76 33.50 0.26 34.43 0.37 35.60 34.77 0.83 35.27 0.23

m01 D 33.63 33.01 0.62 33.29 0.18 33.80 33.24 0.56 33.49 0.20

m01 E 43.62 42.39 1.23 42.93 0.37 43.63 42.76 0.87 43.20 0.26

m02 A 38.86 38.22 0.64 38.51 0.21 39.07 38.33 0.74 38.70 0.27

m02 B 51.97 51.19 0.78 51.78 0.22 53.11 52.11 1.00 52.46 0.28

m02 C 40.93 39.27 1.66 40.02 0.50 41.69 40.03 1.66 40.92 0.46

m02 D 37.59 36.39 1.20 37.00 0.34 38.77 37.97 0.80 38.44 0.26

m02 E 50.65 49.49 1.16 50.11 0.32 50.33 49.52 0.81 49.90 0.26

m03 A 36.28 35.62 0.66 36.05 0.22 37.05 35.73 1.32 36.52 0.36

m03 B 44.92 44.24 0.68 44.50 0.23 45.38 44.46 0.92 44.89 0.26

m03 C 32.53 31.02 1.51 32.09 0.42 33.94 33.22 0.72 33.50 0.24

m03 D 35.80 34.31 1.49 34.77 0.40 36.89 35.12 1.77 35.94 0.60

m03 E 45.88 44.91 0.97 45.36 0.31 46.52 45.05 1.47 45.53 0.43

m04 A – – – – – – – – – –

m04 B 46.88 45.51 1.37 46.26 0.40 47.00 45.99 1.01 46.43 0.29

m04 C 34.40 32.53 1.87 33.54 0.57 34.89 34.00 0.89 34.44 0.36

m04 D 35.66 34.11 1.55 34.88 0.44 36.89 36.14 0.75 36.41 0.19

m04 E 49.28 48.43 0.85 48.84 0.30 49.47 48.14 1.33 48.94 0.39

m05 A 29.90 29.04 0.86 29.48 0.29 29.75 29.01 0.74 29.54 0.22

m05 B 42.89 41.70 1.19 42.27 0.38 43.27 42.23 1.04 42.76 0.34

m05 C 32.90 31.74 1.16 32.29 0.36 33.87 32.83 1.04 33.36 0.32

m05 D 31.44 30.12 1.32 30.58 0.37 31.90 30.59 1.31 31.14 0.45

m05 E 41.84 40.64 1.20 41.24 0.41 42.26 41.36 0.90 41.70 0.32

m06 A 35.83 34.81 1.02 35.26 0.30 35.93 35.03 0.90 35.45 0.30

m06 B 51.75 51.11 0.64 51.41 0.20 52.07 51.32 0.75 51.68 0.27

m06 C 39.08 38.15 0.93 38.58 0.28 40.08 38.93 1.15 39.43 0.34

m06 D 37.58 36.36 1.22 37.07 0.33 38.92 37.72 1.20 38.22 0.40

m06 E 51.59 50.42 1.17 51.15 0.28 52.20 51.23 0.97 51.67 0.29

m07 A 30.04 29.68 0.36 29.93 0.10 31.47 30.08 1.39 30.56 0.45

m07 B 39.98 39.42 0.56 39.69 0.20 40.46 38.99 1.47 39.74 0.49

m07 C 30.32 28.84 1.48 29.49 0.44 31.68 30.54 1.14 31.06 0.33

m07 D 35.11 34.14 0.97 34.56 0.33 35.86 34.32 1.54 35.00 0.46

m07 E 46.66 45.98 0.68 46.33 0.26 48.29 47.07 1.22 47.58 0.43

m08 A 34.89 33.67 1.22 34.23 0.39 34.93 34.28 0.65 34.55 0.23

m08 B 44.75 43.86 0.89 44.39 0.29 45.01 44.09 0.92 44.52 0.22

m08 C 35.18 33.22 1.96 34.20 0.59 36.63 35.87 0.76 36.30 0.28

m08 D 32.45 31.26 1.19 32.13 0.32 33.83 32.08 1.75 32.84 0.55

m08 E 45.40 43.47 1.93 44.41 0.45 45.46 44.64 0.82 45.10 0.26

m09 A 37.05 36.09 0.96 36.42 0.26 37.20 35.63 1.57 36.47 0.38

m09 B 50.70 49.61 1.09 50.23 0.31 50.36 49.10 1.26 49.93 0.35
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Discussion

The measurements taken by the orthodontist were more 
accurate than those taken by the maxillofacial surgeon, 
possibly because of personal experience and the clinical 
use of plaster casts in daily orthodontic practice. However, 
the mean values differ between the observers and the meth-
ods. The difference in measurements observed between 
both observers and both methods may be related to the ob-
server’s aptitude of correctly selecting landmarks which cor-
respond to their theoretical definition. This selection may 
be influenced by 1) the subjective interpretation of the land-
mark’s definition, 2) the quality of the occlusal surfaces 
and the interproximal contact points of the patient’s teeth, 

3) the quality of the impression obtained, 4) the type of ma-
terial used for the plaster cast, 5) the color of the plaster 
cast, 6) the color of the 3D virtual rendering on the com-
puter screen, and 7) 3D manipulation of the digital cast 
in the software (zooming, rotating and selecting views).8 
Measurements A–C performed on  the  digital models 
(Table 5) were included below the  threshold difference 
of 1.5 mm which was suggested by Profitt as a limiting value 
for clinical significance.9 The majority of measurements 
D and E were above the threshold difference of 1.5 mm for 
both methods (Table 5). Therefore, measurements D and E 
should be discarded from further comparative studies re-
garding the accuracy of  laser-scanned and plaster-cast 
models.

Measurement 
name

Caliper measurement 
plaster cast

3D virtual model measurement 
laser scanner

maximal 
value 
(max) 
[mm]

minimal 
value 
(min) 
[mm]

difference 
[max–min] 

[mm]

mean 
value 
[mm]

standard 
deviation 

[mm] 

maximal 
value 
(max) 
[mm]

minimal 
value 
(min) 
[mm]

difference 
[max–min] 

[mm]

mean 
value 
[mm]

standard 
deviation 

[mm] 

m09 C 38.23 37.46 0.77 37.87 0.26 39.49 38.57 0.92 39.11 0.32

m09 D 31.66 30.50 1.16 31.03 0.37 32.57 31.82 0.75 32.16 0.22

m09 E 42.08 40.69 1.39 41.38 0.41 44.97 44.10 0.87 44.51 0.26

m10 A 39.92 39.35 0.57 39.59 0.18 41.21 40.34 0.87 40.82 0.25

m10 B 49.83 49.17 0.66 49.44 0.20 51.08 49.96 1.12 50.38 0.29

m10 C 38.73 37.11 1.62 37.84 0.47 38.66 37.79 0.87 38.32 0.28

m10 D 35.21 33.08 2.13 34.11 0.62 36.42 34.91 1.51 35.43 0.44

m10 E 45.88 45.18 0.70 45.55 0.21 46.24 45.26 0.98 45.82 0.33

m11 A 34.85 33.37 1.48 33.95 0.40 34.94 33.98 0.96 34.39 0.35

m11 B 45.49 44.49 1.00 45.08 0.34 46.61 45.37 1.24 45.71 0.36

m11 C 32.48 31.51 0.97 31.92 0.29 33.44 31.81 1.63 32.27 0.47

m11 D 31.42 30.17 1.25 30.81 0.42 32.82 31.38 1.44 32.01 0.45

m11 E 44.42 43.13 1.29 43.78 0.46 44.02 43.02 1.00 43.56 0.37

m12 A 45.73 45.18 0.55 45.47 0.14 46.44 45.72 0.72 46.06 0.23

m12 B 55.73 54.95 0.78 55.29 0.24 56.32 55.49 0.83 55.84 0.26

m12 C 43.27 41.71 1.56 42.65 0.50 44.23 43.05 1.18 43.42 0.42

m12 D 42.83 41.35 1.48 42.16 0.42 43.17 41.98 1.19 42.58 0.31

m12 E 57.37 56.19 1.18 56.69 0.32 57.51 56.22 1.29 56.78 0.40

m13 A 32.34 31.43 0.91 31.73 0.27 32.52 30.81 1.71 31.78 0.51

m13 B 45.50 44.57 0.93 45.08 0.29 45.24 44.57 0.67 44.81 0.25

m13 C 33.04 31.91 1.13 32.29 0.31 34.33 32.95 1.38 33.73 0.34

m13 D 36.63 35.39 1.24 35.77 0.33 37.24 35.71 1.53 36.63 0.44

m13 E 53.15 51.96 1.19 52.48 0.33 53.62 52.06 1.56 52.92 0.53

m14 A 33.93 32.30 1.63 32.99 0.39 34.43 33.65 0.78 34.08 0.24

m14 B 45.39 44.30 1.09 44.81 0.31 45.57 44.74 0.83 45.15 0.25

m14 C 32.66 31.03 1.63 31.83 0.52 34.10 32.66 1.44 33.29 0.47

m14 D 35.89 34.70 1.19 35.41 0.36 37.51 36.22 1.29 36.67 0.42

m14 E 48.78 46.99 1.79 48.05 0.52 48.78 46.11 2.67 47.16 0.87

Table 2. Measurements performed by observer #1 – cont.
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Table 3. Measurements performed by observer #2

Measurement 
name

Observer #2

caliper measurement 
plaster cast

3D virtual model measurement 
laser scanner

maximal 
value (max) 

[mm]

minimal 
value (min) 

[mm]

difference 
(max–

min) [mm]

mean 
value 
[mm]

standard 
deviation 

[mm]

maximal 
value (max) 

[mm]

minimal 
value 

(min) [mm]

difference 
[max–

min] [mm]

mean 
value 
[mm]

standard 
deviation 

[mm]

m01 A 33.84 33.18 0.66 33.39 0.22 33.12 32.51 0.61 32.85 0.16

m01 B 47.48 46.94 0.54 47.22 0.19 47.69 47.24 0.45 47.46 0.18

m01 C 34.50 33.57 0.93 34.03 0.31 35.82 35.07 0.75 35.45 0.21

m01 D 35.33 34.22 1.11 34.78 0.39 35.35 34.72 0.63 35.12 0.18

m01 E 45.93 45.35 0.58 45.66 0.21 46.17 45.48 0.69 45.84 0.20

m02 A 40.94 39.18 1.76 40.04 0.45 39.45 38.56 0.89 38.86 0.28

m02 B 52.23 51.85 0.38 52.11 0.11 52.56 51.65 0.91 52.27 0.24

m02 C 40.41 39.83 0.58 40.17 0.18 41.72 40.77 0.95 41.33 0.25

m02 D 39.36 38.60 0.76 39.00 0.26 39.88 38.87 1.01 39.56 0.30

m02 E 53.93 52.17 1.76 52.92 0.52 53.48 52.30 1.18 52.99 0.35

m03 A 37.48 36.55 0.93 36.87 0.31 36.51 35.99 0.52 36.26 0.18

m03 B 45.96 45.17 0.79 45.62 0.28 45.64 44.78 0.86 45.00 0.25

m03 C 35.14 33.08 2.06 33.85 0.63 34.97 33.24 1.73 34.33 0.46

m03 D 37.59 36.18 1.41 37.19 0.45 38.02 37.30 0.72 37.60 0.22

m03 E 48.34 47.35 0.99 47.78 0.28 48.43 47.45 0.98 47.90 0.31

m04 A – – – – – – – – – –

m04 B 47.26 46.64 0.62 46.90 0.20 46.88 46.17 0.71 46.48 0.21

m04 C 35.52 33.34 2.18 34.07 0.62 35.41 34.38 1.03 34.81 0.32

m04 D 36.68 35.88 0.80 36.36 0.28 37.36 37.05 0.31 37.18 0.12

m04 E 52.75 51.89 0.86 52.37 0.26 53.62 53.00 0.62 53.28 0.21

m05 A 31.70 29.43 2.27 30.92 0.60 30.74 29.67 1.07 30.25 0.31

m05 B 42.88 42.23 0.65 42.53 0.22 43.35 42.34 1.01 42.71 0.32

m05 C 32.89 31.19 1.70 32.41 0.46 34.26 33.84 0.42 34.09 0.14

m05 D 34.00 32.09 1.91 33.45 0.57 34.58 33.73 0.85 34.19 0.25

m05 E 43.69 42.77 0.92 43.15 0.29 44.08 43.43 0.65 43.79 0.21

m06 A 37.70 36.31 1.39 36.86 0.49 36.08 35.33 0.75 35.80 0.22

m06 B 52.00 51.40 0.60 51.61 0.17 52.83 51.92 0.91 52.33 0.30

m06 C 38.71 38.26 0.45 38.43 0.55 39.55 38.31 1.24 38.78 0.37

m06 D 40.09 39.20 0.89 39.64 0.28 40.64 39.70 0.94 40.24 0.29

m06 E 53.89 53.51 0.38 53.69 0.12 54.95 53.87 1.08 54.26 0.32

m07 A 30.60 30.30 0.30 30.44 0.09 30.97 30.50 0.47 30.75 0.16

m07 B 40.17 39.02 1.15 39.69 0.34 40.01 39.36 0.65 39.71 0.24

m07 C 30.17 29.84 0.33 30.06 0.10 31.45 30.95 0.50 31.20 0.15

m07 D 36.42 34.80 1.62 35.73 0.54 36.52 35.72 0.80 36.06 0.31

m07 E 49.45 48.45 1.00 49.10 0.29 49.83 48.38 1.45 48.96 0.41

m08 A 35.06 34.64 0.42 34.86 0.14 34.54 33.81 0.73 34.23 0.21

m08 B 45.54 44.12 1.42 44.75 0.42 44.63 43.72 0.91 44.22 0.25

m08 C 35.44 34.91 0.53 35.10 0.19 37.81 37.34 0.47 37.52 0.16

m08 D 34.07 33.23 0.84 33.65 0.29 34.37 33.49 0.88 33.99 0.27

m08 E 47.38 46.10 1.28 46.84 0.43 48.19 37.81 10.38 46.65 3.12

m09 A 38.37 37.67 0.70 38.02 0.28 37.45 36.31 1.14 37.05 0.31

m09 B 50.48 49.75 0.73 50.24 0.23 50.93 49.89 1.04 50.42 0.38

m09 C 38.72 37.41 1.31 38.22 0.37 39.78 39.54 0.24 39.65 0.08

m09 D 35.02 33.63 1.39 34.30 0.47 34.86 34.07 0.79 34.47 0.24
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Our results were difficult to  compare with reports 
in the literature because studies comparing plaster and 
digital dental models used considerably different method-
ologies, with variable numbers of observers, observations 
and repetitions of measurements, as well as using different 
types of digital calipers, laser scans, file formats, and soft-
ware for reconstruction and analysis.10 Better standardiza-
tion is required in order to compare studies and to find 
stronger evidence for the accuracy of digital models. More-
over, even though measurement with caliper on a plaster 
cast is recognized as the gold standard, we also found er-
rors in the measurements using this method, which follows 
the same pattern as those performed using digital models. 
A methodological alternative may be a comparison of mea-
surements of digital models using a validated industrial 
laser scanner (gold standard) and a low-cost laser scanner 
using the same software for measurements.

In conclusion, the null hypothesis was partially accept-
ed. Three-dimensional virtual models from the low-cost 
DAVID laser scanner can be used clinically, but only for 
certain types of measurements (types A, B and C). The low-
cost DAVID laser scanner cannot be used clinically for 
measurements related to interproximal contact points. 
Therefore, the DAVID laser scanner is not suitable for 
analyses of teeth width, such as Bolton analysis.11
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Measurement 
name

Observer #2

caliper measurement 
plaster cast

3D virtual model measurement 
laser scanner

maximal 
value (max) 

[mm]

minimal 
value (min) 

[mm]

difference 
(max–

min) [mm]

mean 
value 
[mm]

standard 
deviation 

[mm]

maximal 
value (max) 

[mm]

minimal 
value 

(min) [mm]

difference 
[max–

min] [mm]

mean 
value 
[mm]

standard 
deviation 

[mm]

m09 E 44.21 43.38 0.83 43.93 0.27 44.38 43.89 0.49 44.12 0.15

m10 A 40.67 39.95 0.72 40.35 0.24 41.22 40.82 0.40 41.01 0.13

m10 B 50.38 49.68 0.70 50.06 0.21 50.95 50.31 0.64 50.60 0.22

m10 C 38.83 37.91 0.92 38.35 0.34 39.85 39.48 0.37 39.67 0.14

m10 D 38.50 38.00 0.50 38.30 0.16 37.93 37.65 0.28 37.77 0.08

m10 E 48.41 47.78 0.63 48.17 0.17 48.23 47.26 0.97 47.58 0.29

m11 A 36.04 35.00 1.04 35.28 0.31 35.54 34.90 0.64 35.22 0.24

m11 B 46.00 45.41 0.59 45.79 0.18 46.07 45.51 0.56 45.78 0.15

m11 C 32.00 31.52 0.48 31.78 0.17 34.10 33.58 0.52 33.87 0.16

m11 D 36.26 34.07 2.19 34.46 0.66 34.52 33.36 1.16 33.98 0.45

m11 E 46.32 45.68 0.64 45.99 0.18 46.53 45.89 0.64 46.18 0.23

m12 A 47.62 46.23 1.39 46.79 0.43 46.33 45.70 0.63 45.92 0.20

m12 B 56.67 55.87 0.80 56.40 0.25 56.81 56.00 0.81 56.50 0.26

m12 C 43.61 42.56 1.05 43.00 0.31 44.89 43.35 1.54 44.18 0.42

m12 D 45.77 44.85 0.92 45.27 0.39 45.21 44.81 0.40 45.07 0.12

m12 E 59.52 58.96 0.56 59.24 0.19 59.77 59.35 0.42 59.57 0.14

m13 A 33.36 31.41 1.95 32.76 0.55 32.94 32.34 0.60 32.60 0.17

m13 B 46.41 45.58 0.83 46.01 0.27 46.56 45.50 1.06 45.99 0.31

m13 C 32.37 31.90 0.47 32.14 0.14 34.42 33.78 0.64 34.17 0.20

m13 D 38.25 36.93 1.32 37.52 0.37 38.46 37.92 0.54 38.11 0.18

m13 E 56.02 55.34 0.68 55.61 0.22 56.39 55.44 0.95 55.80 0.27

m14 A 34.60 34.11 0.49 34.34 0.15 34.62 33.99 0.63 34.29 0.21

m14 B 45.93 45.53 0.40 45.73 0.13 45.75 45.21 0.54 45.42 0.16

m14 C 32.35 31.63 0.72 32.11 0.25 34.36 33.90 0.46 34.13 0.13

m14 D 38.43 37.45 0.98 37.93 0.32 38.46 37.61 0.85 37.98 0.25

m14 E 51.52 50.98 0.54 51.28 0.17 51.60 51.02 0.58 51.24 0.20

Table 3. Measurements performed by observer #2 – cont.
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Table 4. Comparison of the measurements between observers #1 and #2 and the confidence interval with α = 0.05

Measurement 
name

Difference of mean values 
observer #1 – observer #2 

[mm]

Mean value [mm]

caliper measurement 3D virtual model measurement

caliper 
measurement

3D virtual model 
measurement observer #1 observer #2 observer #1 observer #2

m01 A  0.58 −0.08 32.81 ±0.054 33.39 ±0.06 32.92 ±0.21 32.85 ±0.11

m01 B 0.23 0.37 46.98 ±0.07 47.22 ±0.06 47.09 ±0.20 47.46 ±0.12

m01 C −0.40 0.18 34.43 ±0.11 34.03 ±0.09 35.27 ±0.16 35.45 ±0.15

m01 D 1.49 1.62 33.29 ±0.05 34.78 ±0.12 33.49 ±0.14 35.12 ±0.12

m01 E 2.73 2.64 42.93 ±0.11 45.66 ±0.06 43.20 ±0.18 45.84 ±0.14

m02 A 1.54 0.17 38.51 ±0.06 40.04 ±0.14 38.70 ±0.19 38.86 ±0.20

m02 B 0.33 −0.19 51.78 ±0.06 52.11 ±0.03 52.46 ±0.20 52.27 ±0.17

m02 C 0.15 0.41 40.02 ±0.15 40.17 ±0.05 40.92 ±0.32 41.33 ±0.17

m02 D 2.00 1.12 37.00 ±0.10 39.00 ±0.08 38.44 ±0.18 39.56 ±0.21

m02 E 2.81 3.09 50.11 ±0.10 52.92 ±0.16 49.90 ±0.18 52.99 ±0.25

m03 A 0.82 –0.27 36.05 ±0.10 36.87 ±0.09 36.52 ±0.25 36.26 ±0.12

m03 B 1.12 0.12 44.50 ±0.07 45.62 ±0.08 44.89 ±0.18 45.00 ±0.17

m03 C 1.76 0.83 32.09 ±0.30 33.85 ±0.19 33.50 ±0.17 34.33 ±0.32

m03 D 2.41 1.67 34.77 ±0.28 37.19 ±0.14 35.94 ±0.42 37.60 ±0.15

m03 E 2.43 2.36 45.36 ±0.22 47.78 ±0.08 45.53 ±0.30 47.90 ±0.22

m04 A – – – – – –

m04 B 0.64 0.05 46.26 ±0.28 46.90 ±0.06 46.43 ±0.20 46.48 ±0.15

m04 C 0.53 0.36 33.54 ±0.40 34.07 ±0.19 34.44 ±0.25 34.81 ±0.22

m04 D 1.48 0.77 34.88 ±0.31 36.36 ±0.08 36.41 ±0.13 37.18 ±0.08

m04 E 3.54 4.34 48.84 ±0.21 52.37 ±0.08 48.94 ±0.21 53.28 ±0.15

m05 A 1.45 0.71 29.48 ±9.20 30.92 ±0.18 29.54 ±0.15 30.25 ±0.22

m05 B 0.26 –0.06 42.27 ±0.27 42.53 ±0.01 42.76 ±0.24 42.71 ±0.22

m05 C 0.12 0.73 32.29 ±0.25 32.41 ±0.14 33.36 ±0.22 34.09 ±0.10

m05 D 2.87 3.06 30.58 ±0.26 33.45 ±0.18 31.14 ±0.32 34.19 ±0.17

m05 E 1.91 2.10 41.24 ±0.29 43.15 ±0.09 41.70 ±0.22 43.79 ±0.15

m06 A 1.60 0.35 35.26 ±0.21 36.86 ±0.15 35.45 ±0.21 35.80 ±0.15

m06 B 0.20 0.65 51.41 ±0.14 51.61 ±0.05 51.68 ±0.19 52.33 ±0.21

m06 C −0.15 −0.64 38.58 ±0.20 35.43 ±0.00 39.43 ±0.24 38.78 ±0.26

m06 D 2.57 2.02 37.07 ±0.23 39.64 ±0.08 38.22 ±0.28 40.24 ±0.20

m06 E 2.54 2.59 51.15 ±0.20 53.69 ±0.03 51.67 ±0.22 54.26 ±0.22

m07 A 0.51 0.18 29.93 ±0.07 30.44 ±0.02 30.56 ±0.32 30.75 ±0.11

m07 B −0.01 −0.03 39.69 ±0.14 39.69 ±0.10 39.74 ±0.28 39.71 ±0.17 

m07 C 0.57 0.14 29.49 ±0.31 30.06 ±0.03 31.06 ±0.23 31.20 ±0.10

m07 D 1.17 1.06 34.56 ±0.23 35.73 ±0.17 35.00 ±0.32 36.06 ±0.22

m07 E 2.77 1.39 46.33 ±0.18 49.10 ±0.09 47.58 ±0.30 48.96 ±0.29

m08 A 0.63 −0.32 34.23 ±0.27 34.86 ±0.04 34.55 ±0.16 34.23 ±0.15

m08 B 0.37 −0.30 44.39 ±0.20 44.75 ±0.13 44.52 ±0.15 44.22 ±0.17

m08 C 0.89 1.21 34.20 ±0.44 35.10 ±0.06 36.30 ±0.20 37.52 ±0.11

m08 D 1.52 1.15 32.13 ±0.22 33.65 ±0.09 32.84 ±0.39 33.99 ±0.19

m08 E 2.42 1.55 44.41 ±0.32 46.84 ±0.13 45.10 ±0.18 46.65 ±0.23

m09 A 1.61 0.59 36.42 ±0.18 38.02 ±0.08 36.47 ±0.27 37.05 ±0.22

m09 B 0.01 0.49 50.23 ±0.22 50.24 ±0.07 49.93 ±0.25 50.42 ±0.27

m09 C 0.35 0.54 37.87 ±0.18 38.22 ±0.11 39.11 ±0.22 39.65 ±0.05

m09 D 3.28 2.31 31.03 ±0.26 34.30 ±0.14 32.16 ±0.15 34.47 ±0.17
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Measurement 
name

Difference of mean values 
observer #1 – observer #2 

[mm]

Mean value [mm]

caliper measurement 3D virtual model measurement

caliper 
measurement

3D virtual model 
measurement observer #1 observer #2 observer #1 observer #2

m09 E 2.55 −0.40 41.38 ±0.29 43.93 ±0.08 44.51 ±0.18 44.12 ±0.10

m10 A 0.76 0.19 39.59 ±0.12 40.35 ±0.07 40.82 ±0.17 41.01 ±0.09

m10 B 0.63 0.22 49.44 ±0.14 50.06 ±0.06 50.38 ±0.22 50.60 ±0.15

m10 C 0.51 1.35 37.84 ±0.33 38.35 ±0.06 38.32 ±0.20 39.67 ±0.10

m10 D 4.19 2.34 34.11 ±0.44 38.30 ±0.05 35.43 ±0.31 37.77 ±0.05

m10 E 2.62 1.76 45.55 ±0.15 48.17 ±0.05 45.82 ±0.23 47.58 ±0.26

m11 A 1.33 0.82 33.95 ±0.28 35.28 ±0.09 34.39 ±0.25 35.22 ±0.17

m11 B 0.70 0.07 45.08 ±0.02 45.79 ±0.05 45.71 ±0.25 45.78 ±0.10

m11 C −0.14 1.59 31.92 ±0.20 31.78 ±0.05 32.27 ±0.33 33.87 ±0.11

m11 D 3.64 1.97 30.81 ±0.30 34.46 ±0.05 32.01 ±0.32 33.98 ±0.22

m11 E 2.20 2.63 43.78 ±0.32 45.99 ±0.20 43.56 ±0.26 46.18 ±0.16

m12 A 1.33 −0.13 45.47 ±0.10 46.79 ±0.13 46.06 ±0.16 45.92 ±0.14

m12 B 1.11 0.66 55.29 ±0.17 56.40 ±0.07 55.84 ±0.18 56.50 ±0.18

m12 C 0.35 0.76 42.65 ±0.35 43.00 ±0.09 43.42 ±0.30 44.18 ±0.30

m12 D 3.11 2.49 42.16 ±0.30 45.27 ±0.12 42.58 ±0.22 45.07 ±0.08

m12 E 2.55 2.79 56.69 ±0.22 59.24 ±0.06 56.78 ±0.28 59.57 ±0.10

m13 A 1.03 0.81 31.73 ±0.19 32.76 ±0.17 31.78 ±0.35 32.60 ±0.12

m13 B 0.93 1.18 45.08 ±0.20 46.01 ±0.08 44.81 ±0.17 45.99 ±0.22

m13 C −0.15 0.44 32.29 ±0.22 32.14 ±0.04 33.73 ±0.24 34.17 ±0.14

m13 D 1.76 1.48 35.77 ±0.23 37.52 ±0.11 36.63 ±0.31 38.11 ±0.12

m13 E 3.14 2.88 52.48 ±0.23 55.61 ±0.06 52.92 ±0.37 55.80 ±0.19

m14 A 1.35 0.21 32.99 ±0.21 34.34 ±0.04 34.08 ±0.17 34.29 ±0.15

m14 B 0.92 0.27 44.81 ±0.22 45.73 ±0.04 45.15 ±0.17 45.42 ±0.11

m14 C 0.28 0.85 31.83 ±0.37 32.11 ±0.07 33.29 ±0.33 34.13 ±0.09

m14 D 2.52 1.31 35.41 ±0.25 37.93 ±0.10 36.67 ±0.30 37.98 ±0.17

m14 E 3.24 4.09 48.05 ±0.37 51.28 ±0.05 47.16 ±0.62 51.24 ±0.14

Table 5. Threshold differences of the measurements between the 2 observers and the 2 methods

Threshold [mm] Method of measurement Measurement A Measurement B Measurement C Measurement D Measurement E

<0.5
plaster cast 0 7 9 0 0

laser scan 10 11 5 0 1

0.51–1.00
plaster cast 5 5 4 0 0

laser scan 4 2 6 1 0

1.01–1.50
plaster cast 6 2 0 3 0

laser scan 0 1 2 5 1

1.51–2.00
plaster cast 3 0 1 3 1

laser scan 0 0 1 3 2

>2
plaster cast 0 0 0 8 13

laser scan 0 0 0 5 10

Table 4. Comparison of the measurements between observers #1 and #2 and the confidence interval with α = 0.05– cont.
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Abstract
Background. Diagnosing acute kidney injury (AKI) in preterm newborns, who are particularly susceptible 
to renal damage, is a serious challenge as there is no definite consensus about the diagnostic criteria.

Objectives. The objective of this study was to measure the values for selected urinary biomarkers and 
estimated glomerular filtration rate (eGFR) among a population of preterm infants with uncomplicated 
clinical course as well as to determine whether these markers depend on birth weight (BW), gestational 
age (GA), postnatal age (PNA), or gender.

Material and methods. The prospective study was carried out in neonatal intensive care unit (NICU). 
The evaluation included 57 children that were divided into 3 categories according to BW: low birth weight 
(LBW) – 1501–2500 g (22 infants); very low birth weight (VLBW) – 1000–1500 g (25 infants); and extremely 
low birth weight (ELBW) – 750–999 g (10 infants). Urine samples were collected daily between the 4th 
and 28th day of life for measurements of creatinine (Cr), neutrophil gelatinase-associated lipocalin (NGAL), 
osteopontin (OPN), and human kidney injury molecule 1 (hKIM1).

Results. The values of the 3 urine tubular biomarkers, serum creatinine and eGFR were taken in substantially 
healthy preterm infants with normal kidney function at 4 time intervals during the neonatal period. Their 
correlations were determined and a multivariable regression analysis was carried out with respect to BW, 
GA, PNA, and gender. Trends of the studied markers in terms of PNA and BW were also assessed with 
the Jonckheere–Terpstra test.

Conclusions. Glomerular and tubular function in preterm neonates during the 1st month of life is significantly 
influenced by BW, GA, PNA, and gender.

Key words: renal function, renal urine biomarkers, premature neonate
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Introduction

Worldwide, approx. 6–10% of infants are born preterm. 
Preterm neonates are particularly susceptible to  renal 
damage, as they are born before week 36 of gestation, when 
the complex process of nephrogenesis is still incomplete.1,2

Diagnosing acute kidney injury (AKI) in preterm new-
borns is a serious challenge because there is no definite 
consensus about the diagnostic criteria. Its true incidence 
among this age group is actually unknown, but the risk for 
this complication is considerably higher in more immature 
neonates.3,4 Generally, AKI occurs in as many as 56% of ne-
onates treated in neonatal intensive care units (NICU),5 
while the mortality rate among this population with AKI 
ranges from 33% to 78%.6

The search for new AKI markers is based on the poor 
prognosis of AKI in newborns, which is partially caused 
by the delay in diagnosis and therapeutic intervention. 
Diagnosis made only on the basis of serum creatinine (SCr) 
level in this specific population is made more complicated 
by several factors, including birth weight (BW), gestational 
(GA) and postnatal age (PNA), functional tubular imma-
turity, low glomerular filtration rate (GFR), high renal vas-
cular resistance, high plasma renin activity, and decreased 
intercortical perfusion.7,8 Furthermore, SCr is a measure 
of glomerular function – not of kidney damage.9

Advances in the field of clinical proteomics have greatly 
accelerated the discovery of novel urinary proteins which 
promptly increase in response to renal tubular injury.10 
Urine AKI biomarkers include neutrophil gelatinase-as-
sociated lipocalin (NGAL),11 human kidney injury mol-
ecule 1 (hKIM1)12,13 and osteopontin (OPN),14 among many 
others. Plasma NGAL is freely filtered by the glomerulus 
and then largely reabsorbed by proximal tubular cells 
captured by megalin; thus, very little (0.1–0.2%) is found 
in  the urine.15 With renal tubular injury, NGAL reab-
sorption may be decreased, whereas its de novo synthesis 
in the epithelial cells of the loop of Henle and of distal 
tubule segments is  strongly upregulated, after which 
it is found in high concentrations in the urine.16 Neutrophil 
gelatinase-associated lipocalin has also been shown to play 
an important role in kidney development.17 Osteopontin 
in the kidney is mainly found in the loop of Henle and 
distal nephrons, can be upregulated in all tubular and glo-
merular segments following kidney damage and may play 
a role in renal repair.18 Human kidney injury molecule 1 
is expressed in low levels in healthy proximal tubule cells; 
in case of kidney ischemia or toxicity, it is highly upregu-
lated and shed into the extracellular space and the urine.19

According to the literature, these biomarkers are not 
only more sensitive than SCr for identifying AKI, but 
they can also indicate damage in a specific tubular re-
gion of the nephron.20 Additionally, the ability to assay 
the markers noninvasively in the urine represents a sig-
nificant advantage over current methods, especially for 
the neonatal population.21 Still, despite the promising role 

of these novel urinary biomarkers in the early detection 
of AKI, a reference range for the preterm neonatal popula-
tion has not yet been fully established. The inability of im-
mature tubules to fully reabsorb these proteins in preterm 
infants may also lead to varying values in this heterogenic 
population.8 Hence, the primary objective of this study 
was to determine the values for selected urinary tubular 
biomarkers in a population of preterm infants who have 
relatively uncomplicated clinical courses, and to determine 
whether these markers depend on BW, GA, PNA, or gen-
der. To evaluate and characterize the glomerular function 
of the studied group, the estimated GFR (eGFR) values 
were calculated with the equation developed by Schwartz 
et al.,22 which is easy to use bedside.

Material and methods

The prospective, observational study was carried out 
in the Neonatal Intensive Care Unit of the Department 
of Pediatrics at Jagiellonian University College of Medi-
cine in Kraków, Poland. Prospective observations spanned 
the  period from September 2010 to  September 2012. 
The investigation was approved by the local Bioethical 
Committee (approval No. KBET/64/B/2009).

The inclusion criteria were as follows: informed con-
sent of the parents (or legal guardians) and an age of up 
to 48 h upon the child’s admission to the NICU. Ultimately, 
in the final analysis of data, only NICU survivors were 
included. The exclusion criteria consisted of a lack of in-
formed consent, prenatal maternal angiotensin-converting 
enzyme (ACE) inhibitor or indomethacin therapy, congeni-
tal anomalies of the kidney and urinary tract (CAKUT), 
chromosomal aberrations, other severe, complex anoma-
lies affecting an unfavorable late prognosis and complica-
tions such as acute renal failure, sepsis, suspicion of sepsis, 
urinary tract infection, tension pneumothorax, necrotizing 
enterocolitis, grade 3 and 4 intracranial hemorrhage, pat-
ent ductus arteriosus (PDA) requiring treatment, therapy 
with nonsteroidal anti-inflammatory drugs or amphoteri-
cin, or any type of surgery during the entire observation 
period.

The presence of AKI in a given child was determined 
based on the neonatal/pediatric (n/p) RIFLE and AKIN 
scales.5,23 Serum creatinine was assessed at  least every 
48–72 h and whenever it seemed necessary. The normal 
ranges of SCr used for the studied population were taken 
from the study of Bateman et al.24, while the eGFR values 
were calculated according to the one-marker equation de-
veloped by Schwartz et al.22 The presence of sepsis in a given 
child was determined based on the gold standard, which 
continues to  be a  positive result of  blood bacteriology, 
while a suspicion of sepsis was based on such clinical and 
laboratory criteria as apnea or deterioration of mechanical 
ventilation parameters, abnormalities of peripheral perfu-
sion, abnormalities of arterial pressure, hepatomegaly and/
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or splenomegaly, signs of feeding intolerance, leucopenia 
(<4,000/mL) or elevated white blood cell count (>10,000/mL), 
thrombocytopenia (<100,000/mL), immature granulocyte 
count (immature neutrophils/total neutrophils) >0.2, and 
elevated C-reactive protein (CRP) (>10 mg/L).

In the calculation process of the final results for urinary 
markers, only data from days without aminoglicoside (AG) 
administration, injury or 2nd stage of AKI according to the 
n/pRIFLE and AKIN scale, respectively, or signs or symp-
toms of sepsis were taken into consideration. The only AG 
used in our NICU was amikacin. The antibiotic was dosed 
under close serum level monitoring. Respiratory failure (RF) 
was recognized when the implementation of synchronized 
intermittent mandatory ventilation (SIMV) or continuous 
positive airway pressure (CPAP) was warranted. Neverthe-
less, in view of the fact that very low birth weight (VLBW) 
and extremely low birth weight (ELBW) children very often 
require respiratory support, either SIMV or CPAP, it was 
not considered an exclusion criterion.

Clinical observations were performed over the  first 
28 days of life (DOL). Urinary concentrations of the mark-
ers being studied were measured on a daily basis between 
the 4th and 28th DOL (25 days). A urine sample for creati-
nine (uCr), NGAL (uNGAL), OPN (uOPN), and hKIM1 
assays was collected according to  the  schedule, once 
a day (at 7.00 a.m.) using a urine bag or a catheter. None 
of the children were specially catheterized to meet the pur-
pose of the investigation; the insertion of a urinary cath-
eter was dictated by the clinical status of the child. In or-
der to obtain an appropriate volume of urine, in the case 
of  catheterized children, the urine bags were emptied 
approx. 1 h prior to the planned urine collection, while 
in case of children without urinary catheters, a urine bag 
was fixed approx. 1 h before the planned urine collection. 
The values of the markers were analyzed in 4 time inter-
vals: 4–7, 8–14, 15–21, and 22–28 DOL.

Description of laboratory methods

The collected urine was centrifuged and frozen at −80°C. 
Laboratory measurements of SCr and uCr were performed 
using the enzymatic method with a VITROS FS system 
(Ortho Clinical Diagnostics, Raritan, USA). The reading 
and recording of the results were automatic. The meth-
ods of analysis remained unchanged throughout the study 
period. Measurements of NGAL were performed employ-
ing a Human Lipocalin – 2/NGAL ELISA RD 191102200R 
kit (BioVendor, Brno, Czech Republic) and the immuno-
enzymatic method (enzyme-linked immunosorbent assay 
(ELISA)). The kit had the following parameters: intra-kit 
precision CV – 7.7%; inter-kit precision CV – 9.8%; and 
sensitivity of the method – <0.02 ng/mL. Determination 
of OPN was carried out using the Human Osteopontin 
Elisa BBT0482R kit (BioVendor) and the immunoenzymatic 
method (ELISA). The kit had the following parameters: in-
tra-kit method precision CV – 3.7%; inter-kit precision CV 

– 5.8%; sensitivity of the method – <50 pg/mL; measure-
ment range – 156–10,000 pg/mL. Measurements of human 
Kidney Injury Molecule-1 (hKIM1) were performed with 
an Elisa Kit for Human Kidney Injury Molecule 1 (Kim1) 
E0785HU kit (USCN Life Science Inc., Wuhan, China) and 
the immunoenzymatic method (ELISA). The kit had the fol-
lowing parameters: intra-kit method precision CV – <10%; 
inter-kit precision CV – <12%; sensitivity of the method 
–  <0.038  ng/mL; and measurement range –  0.156–
10 ng/mL. Sample absorbance was measured by the sin-
gle-wave method using a 450-nm filter and the Universal 
Microplate Reader Elx800NB automatic microplate reader 
(BIO-TEK Instruments, Inc, Winooski, USA). Correction 
of urinary biomarker measurements with urine creatinine 
was performed to account for urine concentration.

Predefined comparisons

The children were divided into 3 categories according 
to their BW: low birth weight (LBW) infants with a BW 
of 1,501–2,500 g; VLBW infants with a BW of 1,000–
1,500 g; and ELBW infants with a BW of 750–999 g.

Statistical methods

The following tests were used, as deemed appropriate: Kol-
mogorov–Smirnov test (KS), Student’s t-test, rank sum Wil-
coxon test, and Fisher’s exact test. For normally distributed 
variables, the mean and standard deviation (SD) were calcu-
lated; otherwise, the median and interquartile range (IQR) 
range are presented. The significance level was 0.05 for all 
tests, apart from the KS test, where it was set to 0.1 in order 
to make it more restrictive for the null hypothesis. The val-
ues of the studied markers were preliminarily calculated 
by the common logarithm, as in the papers listed in Refer-
ences10,17,25; zero values – accounting for 10.8% of the results 
– were rejected. In this way, the log-norm distribution was 
achieved for all of the groups, as confirmed by the KS test. 
Having determined the parameters of the Gaussian model 
for the log-norm data, the authors defined 50% confidence 
intervals (CI50%), which – in the case of a Gaussian distribu-
tion – are equivalent to IQR. Subsequently, the mean values 
of the log-norm distributions and the CI50% range limits 
were converted to original values of the markers, thus arriv-
ing at respective geometric means and CI50% range limits. 
Statistical comparisons of data groups analyzed in this way 
were performed using Student’s t-test for the logarithmic 
values. For the above values of the markers, the authors 
analyzed possible correlations with BBW, GA and DOL, 
also grouping by gender, and carried out a multivariable 
regression analysis in order to determine their dependence 
on the abovementioned variables. The Jonckheere–Terps-
tra test, a rank-based nonparametric test, was used to de-
termine if there is a statistically significant trend between 
the ordinal independent variables (calendar-day intervals 
(4–7, 8–14, 15–21 and 22–28 DOL) and BW groups (ELBW, 
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VLBW and LBW)) and the continuous dependent variables: 
eGFR, SCr, uNGAL, uOPN, and hKIM1 concentrations. 
The STATISTICA v. 12.0 (StatSoft, Inc., Tulsa, USA) and 
MATLAB v. 2015a (Mathworks, Natick, USA) packages were 
used for all computations and to create the graphs.

Results

Fifty-seven infants were included in the study: 22 LBW, 25 
VLBW and 10 ELBW newborns. All of the infants were of Cau-
casian race. The main diagnoses at admission in the LBW 
group were respiratory disorders (of various severity and 
origin) (n = 14) and prematurity (n = 8); in the VLBW group, 
it was respiratory disorders (of various severity and origin) 
(n = 6) and prematurity and severe prematurity (n = 19); and 
in the ELBW group, the diagnosis was severe prematurity 
with respiratory disorders (n = 10). None of the children en-
rolled in the study died during their NICU stay.

As shown in Table 1, which presents a clinical summary 
of the investigated population, the analyzed groups of chil-
dren were comparable with respect to gender, delivery meth-
ods, fetal maturity, Apgar score, urine output (UO), and 
AG use. The infants from all study groups were generally 
in a good and stable condition throughout the entire ob-
servation period, as confirmed by their Score for Neonatal 

Acute Physiology II (SNAP II), which practically did not 
exceed the mean value of 5 points in any of the analyzed 
subgroups (a fact which predicts a good prognosis in a neo-
nate) and showed no significant differences among the sub-
groups.26 Similarly, the mean arterial pressure (MAP) values 
of the studied patient populations were within normal limits 
for their GA, at approx. the 50th percentile.27

Fig. 1. Serum creatinine distribution parameters: mean ±SD, calculated 
from data collected in 4 weekly intervals in the study population

Table 1. Clinical summary of the study population (n = 57)

Variable
LBW (n = 22) VLBW (n = 25) ELBW (n = 10) p-value 

(LBW vs VLBW)
p-value 

(LBW vs ELBW)
p-value 

(VLBW vs ELBW)

Number (%) Number (%) Number (%) p-value for Fisher’s exact test

Females/males 10 (45%)/12 (55%) 15 (60%)/10 (40%) 5 (50%)/5 (50%) NS NS NS

Cesarean delivery 20 (91%) 19 (76%) 10 (100%) NS NS NS

SGA/AGA 3 (14%) 1 (4%) 1 (10%) NS NS NS

PDA 7 (31.8%) 8 (32%) 4 (40%) NS NS NS

RF 11 (50%) 19 (76%) 9 (90%) NS 0.0469 NS

AG 2 (9.1%) 8 (32%) 2 (20%) NS NS NS

Mean (SD) Mean (SD) Mean (SD) p-value for Student t-test

GA [weeks] 32.4 (2.1) 29.2 (1.7) 28.0 (2.4) 0.000 0.000 NS

BW [g] 1710.2 (166.2) 1244.8 (161.0) 947.5 (53.8) 0.000 0.000 0.000

Birth body length [cm] 43.4 (1.9) 38.9 (2.5) 36.6 (1.6) 0.000 0.000 0.011

Median (IQR) Median (IQR) Median (IQR) p-value for Wilcoxon test

Apgar score 3/5 8 (2.0) 7 (4.0) 6.5 (2.0) NS NS NS

SNAP II 5.0 (0.0) 5.0 (0.0) 5.0 (5.0) NS NS NS

RF – number of days 2.0 (5.3) 4.0 (17.3) 24.0 (4.3) NS 0.000 0.015

MAP [mm Hg] 49.7 (13.0) 46.0 (12.3) 44.3 (12.3) 0.000 0.000 0.008

AG administration 
– number of days 

4.0 (2.0) 4.5 (4.00) NS NS NS

UO [mL/kg/h] 2.9 (0.9) 3.1 (1.0) 2.9 (1.3) NS NS NS

NICU hospitalization [days] 27.5 (16.0) 45.0 (24.8) 63.0 (21.0) 0.000 0.000 NS

RF – respiratory failure (number of days of CPAP and SIMV administration); AG – number of days of AG administration within the group that received 
an antibiotic; SL – spontaneous labor; CS – cesarean  section; MAP – mean arterial pressure; UO – urinary output; SGA – small for gestational age; 
AGA – appropriate for gestational age; BW – body weight; LBW – low body weight; VLBW – very low body weight; ELBW – extremely low body weight; 
NICU – neonatal intensive care unit; SD – standard deviation.
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The number of days when a urine sample could poten-
tially be collected was as follows: in the LBW group – 429; 
in the VLBW group – 623; and in the ELBW group – 251 
(in total: 1,303 days). The final number of days included 

in the analysis – once days affected by the above inter-
fering factors were excluded – was 1,126 (86.4%), with 
the following values for the selected population groups: 
LBW – 374 (87.2%), VLBW – 538 (86.4%) and ELBW – 214 
(85.3%).

Fig. 2. Estimated glomerular filtration rate (eGFR) distribution parameters: 
mean ±SD, calculated from data collected in 4 weekly intervals 
in the study population

Table 2. Serum creatinine (SCr) and estimated glomerular filtration rate 
(eGFR) distribution parameters calculated from data collected in 4 weekly 
intervals in the studied population; data is presented as mean (standard 
deviation (SD)); p-values were computed for the Jonckheere–Terpstra test 
for ordered alternatives

Variable 4–7 
DOL

8–14 
DOL

15–21 
DOL

22–28 
DOL p-value

SCr [µmol/L]

LBW 61.1 (13.3) 50.1 (10.7) 44.9 (6.8) 34.3 (5.4) 0.000

VLBW 61.0 (14.6) 54.0 (14.3) 42.9 (10.3) 39.3 (8.7) 0.01

ELBW 65.8 (15.0) 59.0 (13.5) 48.9 (11.6) 43.2 (9.1) 0.02

p-value 0.05 0.03 NS 0.01

eGFR [mL/min/1.73 m2]

LBW 27.4 (7.1) 33.9 (9.70) 36.8 (5.3) 48.2 (7.9) 0.000

VLBW 24.6 (5.5) 28.4 (7.1) 36.4 (9.6) 39.6 (9.2) 0.003

ELBW 21.3 (6.1) 24.7 (7.9) 29.8 (8.9) 33.9 (9.7) 0.03

p-value 0.01 0.02 0.05 0.005

DOL – days of life; LBW – low body weight; VLBW – very low body weight; 
ELBW – extremely low body weight.

Table 3. Geometric mean and CI50% of uNGAL values calculated from data collected in 4 weekly intervals in the study groups; p-values were computed for 
the Jonckheere–Terpstra test for ordered alternatives

Variable 4–7 DOL 8–14 DOL 15–21 DOL 22–28 DOL p-value

Females

NGAL [ng/mL]

LBW 11.1 (4.7–25.9) 6.7 (2.9–15.5) 4.7 (1.6–14.3) 15.8 (6.7–37.0) NS

VLBW 24.0 (10.2–56.6) 14.3 (5.1–40.2) 11.2 (4.2–29.8) 9.4 (4.1–21.7) <0.001

ELBW 19.3 (8.9–41.9) 15.2 (7.1–32.5) 12.4 (6.9–22.3) 18.5 912.5–27.3) NS

p-value 0.02 0.01 0.02 NS –

NGAL [ng/mgCr]

LBW 69.7 (33.0–147.2) 46.9 (20.4–107.8) 36.8 (11.1–122.4) 120.7 (52.6–276.8) NS

VLBW 217.1 (89.9–524.2) 120.0 (40.4–356.3) 89.4 (32.2–247.6) 78.7 (30.9–200.6) <0.001

ELBW 173.3 (62.9–477.4) 116.7 (44.3–307.6) 94.0 (46.8–188.8) 155.4 (83.9–287.8) NS

p-value 0.05 0.03 0.01 NS –

Males

NGAL [ng/mL]

LBW 5.5 (2.3–13.10) 3.1 (1.2–8.0) 3.3 (1.1–10.1) 1.8 (0.9–3.5) 0.01

VLBW 14.7 (6.3–34.3) 9.0 (2.5–32.0) 5.8 (1.7–19.2) 3.9 (1.1–14.2) <0.001

ELBW 23.0 (12.0–44.0) 23.6 (8.2–67.7) 8.7 (3.4–21.7) 7.5 (2.9–19.7) 0.03

p-value <0.001 <0.001 0.02 0.01 –

NGAL [ng/mgCr]

LBW 36.8 (15.4–87.8) 22.3 (8.3–59.9) 22.6 (7.7–66.8) 9.7 (4.6–20.4) 0.01

VLBW 110.7 (45.0–272.2) 81.2 (23.9–276.1) 51.0 (15.3–170.1) 33.1 (9.6–114.2) <0.001

ELBW 208.6 (113.3–384.0) 172.7 (60.3–494.1) 78.1 (33.5–182.3) 65.4 (25.6–166.9) 0.02

p-value <0.001 <0.001 0.01 0.003 –

DOL – days of life; LBW – low body weight; VLBW – very low body weight; ELBW – extremely low body weight; NGAL – neutrophil gelatinase-associated 
lipocalin; uNGAL – urine neutrophil gelatinase-associated lipocalin.
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Table 2 and Fig. 1 and 2 present the values of SCr and 
eGFR calculated for the study groups. As it follows from 
the data and the Jonckheere–Terpstra test results for or-
dered alternatives, there is a statistically significant trend 
of  lower SCr values and higher eGFR values in all BW 
groups with respect to PNA; simultaneously, there is a sig-
nificant trend of higher SCr values and lower eGFR values 
with respect to lower BW (except for SCr values in the 3rd 
time interval).

Table 3 presents the geometric means and CI50% for 
the values of uNGAL, separated by gender, that were found 
in the 4 time intervals in the groups of children. As it fol-
lows from the data and the Jonckheere–Terpstra test results 
for ordered alternatives, there is a statistically significant 
trend of lower uNGAL values with respect to PNA (except 
LBW and ELBW females); likewise, there is a significant 
trend of higher uNGAL values with respect to lower BW 
(except for females in the 4th time interval). The analy-
sis of logarithmic correlations of the uNGAL values per-
formed both in girls and in boys demonstrated negative, 
average and high coefficients (R: −0.4–−0.7; Table 6) for all 
of the uNGAL values, with respect to both BW and GA. 
Similarly, the analysis of the results of the multivariable lin-
ear regression for logarithmic uNGAL values with respect 
to BW, GA, PNA, and gender demonstrated a significant 

effect from all of these factors on the uNGAL values: they 
decreased by the percentage given in Table 7 with BW 
increasing by 100 g and GA increasing by 1 week and each 
subsequent DOL. Moreover, it was shown that the values 
of this marker were significantly (approx. by 40%) higher 
in girls than in boys (Table 7).

Table 4 presents the geometric means and CI50% for 
the values of uOPN, broken by gender, that were recorded 
in the study groups at the 4 time intervals. As it follows 
from the data and the Jonckheere–Terpstra test results for 
ordered alternatives, there is no trend of uOPN values with 
respect to PNA; however, there is a significant trend of high-
er uOPN values correlating with lower BW. The analysis 
of logarithmic correlations of the uOPN values showed neg-
ative, average and high coefficients (R: −0.4–−0.7; Table 6) 
for most of the values with respect to BW and GA. There 
were no such correlations for the absolute uOPN correlation 
in girls with respect to GA or uOPN/mgCr in boys with 
respect to BW and GA. In turn, the analysis of the results 
of the multivariable linear regression for logarithmic uOPN 
values performed solely with respect to BW and gender 
showed a significant effect of these factors (the marker val-
ues were significantly higher – by approx. 40% – in boys 
than in girls); no significant effect of GA or PNA was ob-
served on the uOPN values (Table 7).

Table 4. Geometric mean and CI50% of uOPN values calculated from data collected in 4 weekly intervals in the study groups; p-values were computed for 
the Jonckheere–Terpstra test for ordered alternatives

Variable 4–7 DOL 8–14 DOL 15–21 DOL 22–28 DOL p-value

Females

OPN [ng/mL]

LBW 79.1 (36.8–170.2) 74.4 (32.2–172.0) 56.3 (19.4–163.3) 76.8 (31.6–186.4) NS

VLBW 166.6 (77.9–356.20) 145.6 (57.8–366.3) 109.2 (34.1–349.80 164.6 (71.1–380.8) NS

ELBW 180.5 (99.4–327.8) 139.8 (62.8–311.5) 149.6 (73.5–304.5) 173.1 (56.0–534.8) NS

p-value 0.02 0.04 0.02 0.05 –

OPN [ng/mgCr]

LBW 493.4 (234.4–1038.4) 527.3 (231.2–1202.6) 478.8 (174.2–1316.3) 665.4 (259.9–1703.7) NS

VLBW 1478.9 (699.5–3126.8) 1158.3 (469.6–2857.1) 860.3 (297.4–2488.4) 1377.4 (610.4–3108.4) NS

ELBW 1620.4 (662.7–3962.2) 1137.3 (489.2–2644.2) 1326.6 (720.7–2441.7) 1604.6 (752.3–3422.7) NS

p-value 0.05 0.03 0.01 0.03 –

Males

OPN [ng/mL]

LBW 126.4 (73.8–216.5) 99.1 (44.8–219.3) 103.9 (36.0–299.6) 79.3 (19.5–323.3) NS

VLBW 227.1 (99.5–518.3) 134.8 (58.1–312.5) 127.6 (65.4–248.8) 183.9 (100.4–336.7) NS

ELBW 244.4 (104.2–573.1) 250.4 (114.3–548.6) 290.9 (130.5–648.3) 244.5 (107.0–558.5) NS

p-value 0.05 0.01 0.02 0.01 –

OPN [ng/mgCr]

LBW 897.7 (518.9–1553.1) 764.8 (366.9–1593.8) 614.2 (212.3–1776.7) 581.7 (167.6–2018.6) NS

VLBW 1754.8 (787.8–3908.8) 1223.6 (524.1–2856.5) 1159.0 (621.5–2161.5) 1641.9 (976.0–2762.2) NS

ELBW 2274.4 (1115.5–4637.4) 1815.2 (956.4–3445.1) 2611.5 (1087.5–6271.6) 2260.8 (983.9–5194.7) NS

p-value 0.01 0.01 0.01 0.003 –

DOL – days of life; LBW – low body weight; VLBW – very low body weight; ELBW – extremely low body weight; OPN – osteopontin; uOPN – urine osteopontin.
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Table 5. Geometric mean and CI50% of hKIM1 values calculated from data collected in 4 weekly intervals in the study groups; p-values were computed for 
the Jonckheere–Terpstra test for ordered alternatives

Variable 4–7 DOL 8–14 DOL 15–21 DOL 22–28 DOL p-value

Females

hKIM1 [pg/mL]

LBW 74.6 (41.9–132.6) 130.4 (73.1–232.7) 88.8 (43.8–180.0) 69.6 (33.3–145.4) NS

VLBW 73.6 (39.1–138.6) 84.3 (41.6–170.7) 112.4 (59.8–211.1) 115.3 (58.0–229.0) 0.05

ELBW 74.9 (23.9–234.5) 90.3 (41.3–197.6) 173.6 (92.8–324.5) 160.0 (71.6–357.5) NS

p-value NS NS 0.02 0.05 –

hKIM1 [pg/mgCr]

LBW 471.0 (279.0–795.1) 882.5 (489.8–1590.3) 658.7 (367.5–1180.7) 613.8 (337.1–1117.7) NS

VLBW 679.0 (358.8–1285.0) 692.8 (325.2–1476.1) 912.9 (489.7–1701.7) 964.0 (466.6–1991.6) 0.05

ELBW 776.9 (186.9–3230.1) 774.5 (311.0–1928.7) 1347.5 (704.1–2578.8) 1124.2 (562.6–2246.4) NS

p-value NS NS 0.01 0.03 –

Males

hKIM1 [pg/mL]

LBW 75.5 (32.9–173.3) 126.7 (60.7–264.4) 113.6 (59.1–218.6) 89.7 (49.3–163.4) NS

VLBW 88.6 (42.7–183.5) 91.4 (46.3–180.3) 167.8 (92.2–305.3) 115.6 (59.0–226.7) NS

ELBW 82.5 (41.1–165.8) 254.6 (166.0–390.4) 252.0 (151.3–419.8) 161.1 (80.5–322.4) NS

p-value NS NS 0.02 0.01 –

hKIM1 [pg/mgCr]

LBW 513.0 (230.7–1141.0) 995.7 (481.4–2059.1) 815.8 (402.8–1652.6) 619.1 (342.9–1117.9) NS

VLBW 710.4 (321.6–1569.1) 802.6 (403.4–1596.7) 1536.3 (852.8–2767.7) 1031.0 (572.3–1857.4) NS

ELBW 719.7 (354.6–1460.9) 1862.4 (1215.6–2853.2) 2369.4 (1338.3–4194.9) 1390.4 (743.3–2600.5) NS

p-value NS NS 0.01 0.03 –

DOL – days of life; LBW – low body weight; VLBW – very low body weight; ELBW – extremely low body weight; hKIM1 – human kidney injury molecule 1.

Table 6. Pearson correlation coefficients (p-value) for the mean values of the investigated urine tubular biomarkers 
calculated for each patient from 4 to 28 DOL with reference to BW and GA and between the log-norm and PNA values

Biomarker BW vs mean (log10(marker)) GA vs mean (log10(marker)) DOL vs log10(marker)

Female

NGAL [ng/mL] −0.453 (0.012) −0.403 (0.027) −0.103 (0.011)

NGAL [ng/mgCr] −0.484 (0.007) −0.398 (0.029) −0.086 (0.033)

Male

NGAL [ng/mL] −0.609 (0.000) −0.619 (0.000) −0.198 (0.000)

NGAL [ng/mgCr] −0.437 (0.016) −0.472 (0.008) −0.181 (0.000)

Female

OPN [ng/mL] −0.385 (0.036) −0.327 (NS) −0.021 (NS)

OPN [ng/mgCr] −0.477 (0.008) −0.391 (0.032) 0.002 (NS)

Male

OPN [ng/mL] −0.514 (0.004) −0.414 (0.023) −0.005 (NS)

OPN [ng/mgCr] −0.130 (NS) −0.100 (NS) 0.030 (NS)

Female

hKIM1 [pg/mL] −0.152 (NS) −0.171 (NS) 0.131 (0.002)

hKIM1 [pg/mgCr] −0.270 (NS) −0.238 (NS) 0.130 (0.002)

Male

hKIM1 [pg/mL] −0.084 (NS) −0.045 (NS) 0.118 (0.009)

hKIM1 [pg/mgCr] 0.150 (NS) 0.128 (NS) 0.151 (0.001)

BW – body weight; GA – gestational age; PNA – postnatal age; NGAL – neutrophil gelatinase-associated lipocalin; 
OPN – osteopontin; hKIM1 – human kidney injury molecule 1.
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Table 5 presents the geometric means and CI50% for 
the values of hKIM1 by gender for the 4 time intervals 
in  the  groups of  children studied. As  it  follows from 
the data and the Jonckheere–Terpstra test results for or-
dered alternatives, there is no trend of hKIM1 values with 
respect to PNA (except VLBW females); there is, however, 
a significant trend of higher hKIM1 values and lower BW, 
but only at the 3rd and 4th time intervals. The analysis 
of correlation coefficients of the logarithmic hKIM1 values 
did not demonstrate any correlations with BW, GA or PNA 
(Table 6); similarly, the multivariable linear regression per-
formed for logarithmic marker values did not show BW 
or GA to exert a significant effect on the hKIM1 values; 
only in terms of PNA and gender did the regression dem-
onstrate a significant effect of these factors on the marker 
values, as hKIM1 values were significantly (25–30%) higher 
in boys than in girls (Table 7).

Discussion

There are many urinary markers which are detectable 
in neonates, but in this heterogeneous population no clear 
neonatal reference ranges have been developed. Therefore, 
one of the main objectives of this study was to define ap-
propriate values of uNGAL, uOPN and hKIM1 recorded 
in LBW, VLBW and ELBW infants with uncomplicated 
clinical course and with normal kidney function. More-
over, the majority of studies of modern AKI markers only 
include special neonatal populations, such as newborns 
presenting with post-neonatal asphyxia28 or  requiring 
cardiac surgery.29

Studies dedicated to AKI biomarkers in healthy preterm 
and term neonates are not only very scarce, but the re-
sults of such studies are also highly diverse and sometimes 
quite conflicting.30 To illustrate this fact, it should be men-
tioned that there are reports where the uNGAL values are 

quite comparable with the results obtained in the current 
study,17,25,30,31 while in other studies,2,10,23,32–34 the values 
of  uNGAL (and uNGAL/mgCr10,20,33) are higher than 
in this study. In turn, in the study by Askenazi et al.,34 
the values of uOPN are comparable, yet in a report pub-
lished 5 years later by the same author, the values of uOPN 
and uOPN/mgCr are higher than in the current study.33 
Finally, in the studies by Askenazi et al.10,34 and Genc et al.35 
addressing the hKIM1 and hKIM1/mgCr levels in preterm 
neonates, the values of these biomarkers are comparable 
to those found in this study, but there are also reports 
which published higher values.36,37 Only in 1 study con-
cerning term infants were the hKIM1 and hKIM1/mgCr 
values lower than the values found in the present study.31 
The  causes of  such disparities can mainly be found 
in the days of life in which the urine samples were collected 
from the newborns for measuring particular biomarkers. 
Only in some studies (by La Manna et al.,2 Huynh et al.,17 
Parravicini et al.,25 and Chi-Nien et al).23 were the days 
of urine collection similar to the timespan used in the pres-
ent study, and they included practically the entire neonatal 
period. In the remaining studies, the concentration values 
of the given biomarkers were determined within a much 
shorter timeframe – most often in the very first 7 days 
of life.10,31–33,35–37

Analyzing the  importance and effect of  gender 
on the values of the markers under discussion, one realizes 
that data from the subject literature are fairly scarce and 
ambiguous. There are reports stating that there is a higher 
level and increased variability of uNGAL in girls,17 as well 
as other papers claiming that there is no significant asso-
ciation with gender.23,25,30 The available literature is quite 
unambiguous in stating that there is no correlation and no 
effect of gender on the values of hKIM1.35–37 In the present 
study, gender exerts a highly significant effect of several 
score percent on the values of the 3 investigated tubular 
markers.

Table 7. Multivariable linear regression for the log-norm data in reference to BW, GA, PNA, and gender. The table presents the change (increase/decrease) 
by a given percent of the marker expressed in the original values when the given parameter is changed by a set point value (negative values denote 
a decrease in the marker value at an increase of the given parameter)

Variable BW [100g] GA [week] DOL [day] G (from female to male)

NGAL [ng/mL]
p-value

−11.2 (95 %CI = −14.4–−7.9)
<0.001

−10.7 (95% CI = −14.7–−6.6)
<0.001

−4.5 (95% CI = −5.6–−3.3)
<0.001

−38.4 (95% CI = −47.9–−27.2)
<0.001

NGAL [ng/mgCr]
p-value

−13.4 (95% CI = −16.6–−10.1)
<0.001

−11.3 (95% CI = −15.3–−7.1)
<0.001

−4.4 (95% CI = −5.6–−3.2)
<0.001

−37.8 (95% CI = −47.7–−26.2)
<0.001

OPN [ng/mL]
p-value

−8.6 (95% CI = −11.9–−5.1)
<0.001

−1.5 (95% CI = −5.9–3.1)
 NS

−0.8 (95% CI = −1.9–0.4)
NS

39.2 (95% CI = 17.7–64.8)
<0.001

OPN [ng/mgCr]
p-value

−10.4 (95% CI = −13.5–−7.2)
<0.001

−2.2 (95% CI = −6.4–2.2)
NS

−0.4 (95% CI = −1.5–0.8)
NS

43.2 (95% CI = 22.0–68.1)
<0.001

hKIM1 [ng/mL]
p-value

−1.2 (95% CI = −4.0–1.7)
0.415 (NS)

−0.6 (95% CI = −4.2–3.0)
NS

1.8 (95% CI = 0.9–2.7)
<0.001

24.6 (95% CI = 9.5–41.7)
<0.001

hKIM1 [ng/mgCr]
p-value

−2.8 (95% CI = −5.6–0.1)
0.056 (NS)

−1.7 (95% CI = −5.2–2.0)
NS

1.9 (95% CI = 1.0–2.8)
<0.001

29.9 (95% CI = 14.1–48.0)
<0.001

BW – body weight; GA – gestational age; PNA – postnatal age; NGAL – neutrophil gelatinase-associated lipocalin; OPN – osteopontin; hKIM1 – human 
kidney injury molecule 1; G – gender. 
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Moreover, in the current literature there are various 
– sometimes discrepant – reports concerning the effect 
of GA, BW and PNA on the concentations of the urinary 
renal markers in question. According to a number of stud-
ies, uNGAL is  inversely correlated with GA1,10,17,38; ad-
ditionally, inverse correlations with BW38 and PNA have 
been demonstrated.17 Furthermore, according to Aske-
nazi et al.,10 uNGAL/mgCr also decreases with increas-
ing GA, and there are detailed reports where uNGAL levels 
declined by 23.1%10 or by 17.8%17 for each week of increas-
ing GA. However, there are also researchers who found no 
association between uNGAL and GA23,25,30,39 and those 
who report no correlation with BW,23,30,39 or PNA.23,27,38 
However, Huynh et al.17 demonstrated that uNGAL levels 
declined by 1.33% for each day of PNA. In the present study, 
all of the uNGAL values in both genders were highly in-
versely correlated with BW and GA. Furthermore, statisti-
cally significant decreasing trends of uNGAL with respect 
to PNA and increasing trends with respect to lower BW 
were found. Moreover, in the linear regression, the above 
factors exerted a significant effect on uNGAL values, as did 
PNA. Gender also plays a significant role, since the values 
of uNGAL in girls were significantly higher.

Reports concerning correlations with uOPN are quite 
scarce, as only Askenazi et al.10 showed that uOPN/mgCr 
decreased with increasing GA and that uOPN declined 
by 34.8% for each week of increasing GA. In the present 
study, most of the uOPN values were inversely correlated 
with BW and GA (which was also confirmed by a statisti-
cally significant increasing trend of uOPN values with 
respect to lower BW); nevertheless, an increase of GA by 
1 week (similarly as is the case with PNA) did not exert 
a significant effect on the values of the marker when it was 
analyzed using linear regression. On the other hand, gen-
der played a significant role, since the uOPN values in boys 
were significantly higher.

In the study by Askenazi et al.,10 hKIM1 and hKIM1/mgCr 
were shown to decrease with increasing GA. The same 
correlation concerning only hKIM1 was found by Sarafi-
dis et al.,31 but this study was performed in term infants. 
Nevertheless, there are studies which proved no correlation 
between hKIM1 and GA35,36; likewise, BW has been re-
ported not to correlate with this marker.35,37 On the other 
hand, in a study that was performed in a population of term 
infants, GA correlated positively with hKIM1.37 The pres-
ent study did not demonstrate any correlation between 
hKIM1 and BW or GA (only in the 3rd and 4th time inter-
vals is there a statistically significant inverse correlation 
between hKIM1 and BW). Postnatal age exerted a weak ef-
fect and gender had a significant effect on the marker value 
in the linear regression, since the hKIM1 values in boys 
were significantly higher.

Glomerular filtration rate in  term (and particularly 
in preterm) infants is very low, and there is a wide distri-
bution of normal SCr values, which vary greatly depend-
ing on  the  level of  prematurity and PNA.40 Depending 

on the degree of the neonate’s prematurity, GFR steadily 
improves during the first months of life. Keeping this obser-
vation in mind, we additionally measured the ranges of SCr 
values and calculated eGFR values in the 3 BW groups of ne-
onates with normal kidney function between 4 and 28 DOL.

We are aware of some limitations of this study, includ-
ing the fact that the number of neonates – particularly 
in the ELBW group – is relatively small, but this issue stems 
from the considerable difficulty in forming a study group 
consisting of numerous, homogeneous and unquestion-
ably healthy neonates without comorbidities. Neverthe-
less, a high number of days (214) in the analyzed ELBW 
children made the authors inclined to treat this group 
as a separate entity. Furthermore, analyzing the diagno-
ses (mostly prematurity and respiratory disorders), MAP 
values and SNAP scale, it may be concluded that the entire 
study population was in generally good clinical condition. 
Additionally, the confounding factors (AG) were also ac-
knowledged in the statistical calculations.

The main advantage of the current study was its scru-
pulous collection of serum samples (every 48–72 h) for 
SCr, as well as urine samples (every 24 h) for urinary re-
nal markers throughout the neonatal period in the LBW, 
VLBW and ELBW infants with normal kidney function, 
which allowed for a detailed background to define ref-
erence weekly ranges for SCr, eGFR and 3 AKI urinary 
tubular markers. Also, to minimize the variability related 
to urinary concentration, the correction with urine cre-
atinine was adopted. However, due to the limited number 
of patients included in the study, there is a future need for 
validation and evaluation of the above data in larger groups 
of neonates to provide the most reliable reference values, 
ideally in multicenter studies.

In summary, the findings of this study demonstrate that 
tubular and glomerular function in preterm neonates dur-
ing the 1st month of life is significantly affected by BW, GA 
and PNA. Furthermore, gender also exerts a significant 
effect on the values of the markers studied: the uNGAL 
values are significantly higher in girls, while uOPN and 
hKIM1 are higher in boys. Secondly, we determined the 
values of 3 urine tubular biomarkers (uNGAL, uOPN and 
hKIM1) recorded in a substantially healthy, preterm popu-
lation of neonates with normal kidney function, along with 
any trends of these values with respect to PNA and BW, 
which should form a solid groundwork for rational in-
terpretation of the results of future clinical trials using 
the same AKI biomarkers in very young children.
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Abstract
Background. Anticancer therapies can be accompanied by cardiovascular complications, including acute 
coronary syndrome (ACS). In turn, the presence of cancer can influence therapeutic decisions if ACS occurs.

Objectives. The aim of the study was to analyze ACS treatment in patients with cancer.

Material and methods. The study consisted of a retrospective analysis based on the medical records 
of patients who were admitted due to ACS, with cancer diagnoses. Patients currently undergoing cancer 
treatment or having treatment which ended up to 6 months before the ACS were included. They were 
compared to a control group consisting of consecutive patients admitted for ACS during the same period, 
but who did not have a diagnosis of cancer; they were matched with the experimental group in terms of age, 
gender and clinical type of ACS.

Results. Thirty-two consecutive cancer patients (70 ±9 years; 53% men) met the inclusion criteria. In 22 
of them (69%), ACS occurred during their cancer treatment, and in 10 (31%), it presented within 6 months 
of completing cancer treatment. Upon hospital admission, 19 (59%) cancer patients complained of dys-
pnea and 7 of typical angina, while in the control group 28, (87%) and 4 (13%) reported such symptoms, 
respectively.The clinical manifestation of ACS was NSTEMI in 16 patients (50%), UA in 10 (31%) and STEMI  
in 5 (15.6%). Coronary angiography was done in 25 (78%) of  the cancer patients and in all members 
of the control group. Percutaneous coronary angioplasty (PCA) was performed in 17 (53%) and 23 (72%) 
of the patients from the respective groups. The median time to percutaneous coronary intervention (PCI) 
was 10 h (30 min–10 days) among the cancer patients and 7.5 h among the control group (30 min–6 days). 
There were no PCI-related complications or severe bleeding in both groups. In-hospital mortality was 6.25% 
in the cancer group and there were no reported hospital deaths in the control group.

Conclusions. Dyspnea is the most common symptom of ACS in cancer patients who are treated invasively 
too rarely: the presence of cancer and active anticancer treatment should not limit the management of ACS 
in accordance with current guidelines.
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Introduction

Anticancer therapies can be accompanied by cardiovas-
cular complications, including acute coronary syndrome 
(ACS). A recently published registry has shown that cancer 
survivors, compared to the general population, are at a high-
er risk of cardiovascular morbidity and mortality and that 
they represent a large group of patients undergoing percu-
taneous coronary intervention (PCI): 1 in every 13 patients.1 
Cancer at various stages and treated with various anticancer 
therapies is reported in about 15% of patients with ACS.2

The association between cancer and ACS is complex and 
multifactorial. Many cancers have risk factors in common 
with coronary artery disease: older age, male sex, smoking 
and obesity.3 Cancer itself leads to a prothrombotic state, 
oxidative stress and the progression of atherosclerosis.4 Addi
tionally, anticancer treatment may increase thrombotic risk 
and lead to cardiotoxic effects, since chemotherapy and ra-
diotherapy exert pro-inflammatory and vasospastic effects.5,6

Optimal ACS treatment in cancer patients can be dif-
ficult, as these patients are at risk of both stent thrombosis 
and the bleeding that is often increased due to thrombo-
cytopenia. In clinical practice, cancer reported in anam-
nesis can change the treatment plan due to the unknown 
prognosis of life length and the higher risk of bleeding, 
as well as to thrombotic events which may accompany 
the treatment.

The aim of our study was to analyze the treatment of ACS 
administered to patients with cancer during or soon after 
the end of their anticancer therapy.

Methods

Based on the hospital database, 3 investigators indepen-
dently reviewed the discharge cards, medical history re-
ports and all available medical documents of patients hos-
pitalized in our Cardiology Departments because of ACS 
from January 2012 to December 2017. The keywords for 
the search were ACS, ST-elevation myocardial infarction 
(STEMI), non-ST-segment elevation myocardial infarction 
(NSTEMI), unstable angina (UA), cancer, and neoplasm, 
using ICD codes C0-C97, D37-D48 and I20-I22.

Next, we searched for patients in whom ACS presented 
during or soon after (up to 6 months after the end of anti-
cancer therapy or treatment). The medical records of these 
patients were carefully screened to analyze the ACS treat-
ment. The control group consisted of consecutive patients 
admitted for ACS during the same period, but without 
a diagnosis of cancer. They were matched with the study 
group in terms of age, gender and clinical type of ACS. 
The statistical analyses of continuous data were performed 
using a  t-test in  the case of normal distributions, and 
non-parametric tests (Mann–Whitney U test) in the case 
of non-normally distributed or ordinal data. P-values <0.05 
were considered statistically significant.

Results

Overall, 8,327 records with ACS reported were retrieved 
from the hospital database, of which 441 records were 
of patients with a diagnosis of cancer. Finally, 32 records 
based on the inclusion criteria and deemed adequate for 
the purpose of our study were screened in detail. The con-
trol group consisted of 32 patients with a similar age and 
sex distribution and the same frequency of ACS types.

We analyzed the data obtained from 32 consecutive 
cancer patients at a mean age of 70 ±9 years (58–88 years)  
17 of whom (53.1%) were men admitted from the emergen-
cy department due to ACS occurring a median of 7 months 
after their cancer diagnosis. In the cancer group, the most 
common disease was lung cancer, diagnosed in 9 patients 
(28.1%). From the remaining patients, breast cancer was 
in 6 (18.8%), prostate cancer in 4 (12.5%), colon cancer in 4 
(12.5%), gastric cancer in 2, ovarian cancer in 2, head and 
neck cancer in 2, endometrial cancer in 1, non-Hodgkin 
lymphoma in 1, and chronic myeloid leukemia in 1. For 
29 of the patients, it was a newly diagnosed tumor, while 
in the remaining 3 it was a recurrence of cancer. In 22 pa-
tients (69%), ACS occurred during anticancer treatment: 
chemotherapy in 15 patients, hormonotherapy in 4, com-
bined radiation and chemotherapy in 2, and during immu-
notherapy in 1. In 10 patients (31%), ACS developed within 
6 months of the end of anticancer treatment: in 5 patients 
who had previously undergone chemotherapy and after 
thorax radiation in the other 3 patients. Twenty-two pa-
tients (68.7%) had received chemotherapy, and the most 
commonly used anticancer drugs which could poten-
tially affect coronary arteries or lead to arterial throm-
bosis were platinum compounds and fluoropyrimidines, 
administered in 31.2% and 18.6% of patients, respectively. 
Data on the chemotherapy agents which were adminis-
tered is shown in Table 1. Thirteen patients (40.6%) had 
recently undergone radiotherapy. Of the 13, 7 (21.9%) had 
undergone thorax irradiation and in 2 patients the can-
cer recurred more than 10 years after radiotherapy. Seven 
patients (21.9%) received combined chemotherapy and 
radiotherapy.

Almost all cancer patients (30 (94%)) presented with 
at least 1 cardiovascular risk factor or comorbidity. Coro-
nary artery disease was reported in 13 (40%) patients, and 
previous myocardial infarction in 3 patients. In the control 
group, all patients had at least 1 cardiovascular risk factor 
or comorbidity, and coronary artery disease was diagnosed 
in 14 (44%) patients, while previous myocardial infarc-
tion was found in 11 patients. The clinical characteristics 
of both groups are shown in Table 2.

Upon admission to the hospital, 19 patients (59%) from 
the control group presented with dyspnea, and 7 (22%) 
with typical angina. In the control group, the main ACS 
symptom was typical angina in 28 patients (87%), while 
dyspnea was reported by 4 patients (13%). The most com-
mon clinical ACS manifestation was NSTEMI, diagnosed 
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in 16 cancer patients (50%). Unstable angina (UA) had 
occurred in 10 patients (31.3%) and STEMI in 5 (15.6%). 
In 1 patient with severe anemia, a type 2 myocardial in-
farction (MI) had occurred. The incidence of the various 
clinical ACS types was the same as in the control group.

In the cancer group, coronary angiography was done 
in  25  patients (78%). Seventeen patients (53%) under-
went percutaneous coronary angioplasty (PCA), with 

the implantation of a drug-eluting stent (DES) in 12 pa-
tients and a  bare metal stent (BMS) in  the  remaining 
5 patients. None of the patients were treated with balloon 
angioplasty (POBA) or referred for coronary artery bypass 
grafting (CABG). In 6 patients, a third-generation DES was 
implanted. In the control group, all patients were referred 
for coronary angiography. Twenty-three (72%) were treated 
with PCA: DES implantation in 21 patients and BMS im-
plantation in 1, while 1 patient was treated with POBA. 
In  4  patients, a  third-generation DES was implanted. 
As in the cancer group, none of the patients were referred 
for CABG. In the cancer group, PCA with stent implanta-
tion was performed in 3 patients (60%) with STEMI, 9 with 
NSTEMI and 5 with UA, while in the control group it was 
in 5 (100%), 12 and 6 patients, respectively.

The  median time from hospital admission to  PCA 
among the  cancer patients was 10  h; it  was 105  min 
in the patients with STEMI (ranging from 30 min to 10 h), 
14.5 h in patients with NSTEMI (from 30 min to 10 days) 
and 13.5 h  in  those with UA (from 30 min to 4 days). 
In the control group, the median time between admis-
sion and PCA was 7.5 h (p = 0.6 vs the cancer group); it was 
35 min in the patients with STEMI (ranging from 30 min 
to 8 h; p = 0.6), 11.5 h in the patients with NSTEMI (from 
30 min to 6 days; p = 0.8) and 5 h in those with UA (from 
60 min to 42 h; p = 0.1).

Coronary catheterization was performed using the ra-
dial approach in all but 1 cancer patient, in whom femoral 
access was used. There were no PCA-related complica-
tions or serious bleeding. In 2 patients, bleeding in the ar-
terial puncture area was noted (1 patient with femoral ac-
cess), which was self-limiting and did not require medical 
intervention. In the control group, coronary angiography 
was performed using the radial approach in 26 patients 
(81%), via a brachial artery in 2 and via a femoral artery 
in 4 (12%). No PCA-related complications or bleeding 
were reported in  the control group. Data on  the ACS 
treatment administered to individual patients are shown 
in Table 3.

Among the cancer patients, aspirin was administered 
to 29 (94%), clopidogrel to 23 (74%) and 22 (71%) patients 
obtained double antiplatelet therapy (DAPT). Nine pa-
tients did not receive antiplatelet treatment because they 
reported anemia or severe bleeding in anamnesis, and 
1 was allergic to aspirin. Enoxaparine was administered 
to 16 patients (51.6%). A loading dose of 300 mg of aspirin 
was administered to 20 patients and 600 mg of clopido-
grel to 23. Ticagrelor and prasugrel were not used in our 
patients. Triple antithrombotic therapy, involving aspirin, 
clopidogrel and enoxaparine, was used in 13 patients. None 
of  the patients received a vitamin K antagonist (VKA) 
or a novel oral anticoagulant (NOAC). In 1 patient, data 
about antiplatelet and antithrombotic treatment was not 
obtained. Gastrointestinal bleeding occurred in 1 patient 
and nasal bleeding in another 1, but medical intervention 
or prolongation of hospitalization were not required. Statin 

Table 1. Anticancer therapy in the study group of cancer patients

Chemotherapy agents Number of patients

Platinum compounds
cisplatin
carboplatin
oxaliplatin

5
4
1

Fluoropyrimidines
5-fluorouracil
capecitabine
gemcitabine

2
3
1

Anthracyclines
doxorubicin 3

Alkylating agents
cyclophosphamide 2

Antimicrotubulale agents
docetaxel
paclitaxel

2
1

VEGF inhibitors
bevacizumab 1

Vinca alkaloids
vincristine
vinorelbine

1
2

Hydroxycarbamide 1

VEGF – vascular endothelial growth factor.

Table 2. Clinical characteristics of patients with acute coronary syndrome 
and cancer (study group) and those without cancer (control group)

Parameter Cancer group
(n = 32)

Control group
(n = 32) p-value 

Males, n (%) 17 (53) 17 (53) p = 1.0

Age [years] 70 ±9 70 ±9 p = 1.0

Previous coronary  
artery disease, n (%)

13 (40) 14 (44) p = 1.0

Arterial hypertension, 
n (%)

23 (72) 30 (94) p = 0.1

Dyslipidemia, n (%) 12 (37.5) 30 (94) p < 0.001

Diabetes, n (%) 10 (32) 18 (56) p = 0.08

Smoking history, n (%) 15 (54) 10 (31) p = 0.14

Obesity  
(BMI > 30 kg/m2), n (%)

6 (19) 9 (28) p = 0.7

STEMI, n (%) 5 (15.6) 5 (15.6) p = 1.0

NSTEMI, n (%) 10 (31.3) 10 (31.3) p = 1.0

Unstable angina, n (%) 16 (50) 16 (50) p = 1.0

Type 2 myocardial 
infarction, n (%)

1 (3.1) 1 (3.1) p = 1.0

BMI – body mass index; STEMI – ST-elevation myocardial infarction; 
NSTEMI – non-ST-segment-elevation myocardial infarction.
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was administered to 25 patients (80.6%), β-blockers in 28 
(87.1%) and an angiotensin converting enzyme inhibitor 
(ACEI) or angiotensin receptor blocker (ARB) was admin-
istered to 23 (74.2%).

In the control group, 31 (97%) patients received aspirin, 
25 (78%) clopidogrel, 1 (3%) received ticagrelor, and 26 (81%) 
were given DAPT. A loading dose of 300 mg of aspirin was 
administered to 18 patients, and 600 mg of clopidogrel 

Table 3. Hematological data and treatment strategy in patients with acute coronary syndrome (ACS) and cancer (study group) and in those without cancer 
(control group)

Patient

Cancer group 
(n = 32)

Control group 
(n = 32)
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  1 13.0 217 PCA+DES 75* 75* 1 0 12.4 256 non-invasive 75* 0 0 0

  2 10.3 313 PCA+DES 75* 75* 1 0 15.2 265 PCA+DES 75* 75* 0 0

  3 11.8 244 PCA+DES 75* 75* 1 0 12.2 305 PCA+DES 75 75 0 0

  4 12.8 230 PCA+DES 75* 75* 0 0 15.8 203 PCA+DES 75 0 0 0

  5 13.5 159 PCA+DES 75 75* 0 1 12.8 219 PCA+DES 75* 75* 0 0

  6 9.1 351 non-invasive 75 0 1 0 12.8 215 non-invasive 0 0 1 0

  7 14.7 74 non-invasive 0 0 1 0 8.2 217 POBA 75 75 0 0

  8 10.4 235 non-invasive nd nd nd 0 11.3 179 non-invasive 75 75 0 0

  9 11.7 207 PCA+DES 75* 75* 1 0 11.6 216 non-invasive 75 0 0 0

10 12.8 172 non-invasive 75* 75* 1 0 15.0 134 PCA+DES 75* 75* 0 0

11 12.8 121 non-invasive 75* 75* 1 0 13.3 211 non-invasive 75* 75* 0 0

12 11.0 277 PCA+DES 75* 75* 1 0 14.3 162 PCA+DES 75 75 0 0

13 13.9 228 non-invasive 75* 75* 0 0 9.9 255 PCA+DES 75* 75* 0 0

14 13.5 250 non-invasive 0# 75* 0 1 8.9 653 PCA+DES 75* 75* 1 0

15 13.7 273 non-invasive 75* 75* 1 0 14.4 194 PCA+DES 75* 75* 0 0

16 12.3 182 PCA+DES 75* 75* 0 0 13.7 269 PCA+DES 75* 75* 1 0

17 11.0 217 PCA+BMS 75* 75* 0 0 13.1 225 PCA+DES 75* 75* 0 0

18 10.6 139 non-invasive 75 0 0 0 15.1 229 PCA+DES 75* 75* 0 0

19 11.9 296 PCA+BMS 75* 75* 1 0 14.1 229 PCA+DES 75 75* 0 0

20 13.3 206 non-invasive 75 0 0 0 15.1 238 non-invasive 75 75* 0 0

21 13.8 202 non-invasive 75* 0 0 0 11.9 218 non-invasive 75 0 0 0

22 11.7 212 non-invasive 75 0 0 0 12.3 162 PCA+DES 75 75 1 0

23 10.6 394 non-invasive 75 75* 0 0 12.3 363 PCA+DES 75* 75* 0 0

24 11.7 119 PCA+BMS 75* 75* 1 1 16.0 298 non-invasive 75* 0 0 0

25 9.6 280 PCA+BMS 75* 75* 0 0 9.2 400 PCA+DES 75 75 0 1

26 10.5 421 PCA+DES 75* 75* 0 0 12.7 243 PCA+DES 75 75 0 0

27 11.4 145 PCA+DES 75 75* 1 0 15.5 180 PCA+DES 75* 75* 0 0

28 12.8 301 non-invasive 75 0 0 0 13.8 272 PCA+BMS 75* 75* 0 700

29 12.3 423 PCA+DES 75 75* 0 0 11.8 247 PCA+DES 75* 75* 0 0

30 12.2 313 PCA+BMS 75* 75* 1 0 15.1 253 PCA+DES 75 75* 0 0

31 8.7 189 non-invasive 75* 0 1 1 15.2 252 PCA+DES 75* 75* 0 0

32 14.0 147 PCA+DES 75* 75* 1 0 14.3 175 non-invasive 75* 0 0 0

Hb – hemoglobin concentration; PLT – platelet count; PCA – percutaneous coronary angioplasty; DES – drug-eluting stent; BMS – bare metal stent;  
nd – no data; 1 – ‘Yes’; 0 –‘No’; *application of a loading dose of 300 mg of aspirin and/or 600 mg of clopidogrel; # – aspirin allergy.
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to another 18 patients. One patient with type 2 myocardial 
infarction due to tachyarrhythmia was treated conserva-
tively and received only anticoagulant therapy (enoxapa-
rine). In 3 other patients, antithrombotic therapy was ad-
ministered: warfarine in 2 patients and dabigatran in 1. One 
patient had nasal bleeding which was treated conservati
vely, with no significant drop in hemoglobin concentration. 
Thirty patients (94%) received statin, 25 (78%) β-blockers 
and 29 (91%) patients were administered ACEI or ARB.

None of the patients from either study group suffered 
from severe thrombocytopenia, and hemoglobin concen-
tration in the 2 groups varied from 8.7 mg/dL to 14 mg/dL 
and from 8.2 mg/dL to 16.0 mg/dL, respectively. In echo-
cardiographic examination performed before hospital 
discharge, the  mean left ventricular ejection fraction 
was 55 ±12% (33–66%) in the cancer group and 50 ±10% 
(25–74%) in the control group (p = 0.16).

In-hospital mortality among all patients admitted to our 
cardiology departments due to ACS in the study period 
was 6.16%. In the cancer group, during a median of 5 days 
(3–31 days) of hospitalization 2 patients died (6.25%) due 
to sudden cardiac arrest and pulseless electrical activity. 
There were no more deaths from ACS during the following 
30 days, though data regarding outcome were not collected 
on 2 patients. In the control group, the median duration 
of hospitalization was 6 days (2–22 days) and there were 
no hospital deaths or deaths from ACS during the follow-
ing 30 days.

Discussion

The results of the study indicate that the majority of pa-
tients with ACS presenting during or soon after anticancer 
treatment can be treated according to the current ACS 
guidelines, without adversely affecting in-hospital prog-
nosis or the duration of hospitalization. The vast majority 
of cancer patients received antiplatelet therapy, and even 
if DAPT or enoxaparine was used, it was not accompanied 
by an increased risk of bleeding during hospitalization. 
Most patients were given a β-blocker, ACEI or ARB and 
statin. However, coronary angiography was performed too 
rarely (in only 78% of the cancer patients) and only 53% 
underwent PCA with stent implantation.

The pathogenesis of ACS among cancer patients in-
cludes the impact of classic cardiovascular risk factors, 
as well as the influence of a prothrombotic state, oxida-
tive stress and tumor-induced atherosclerosis.4 The effects 
of anticancer treatment (i.e., chemotherapy, radiotherapy 
or surgery) must also be considered. The majority of our 
cancer patients presented with cardiovascular risk factors 
or comorbidities, with no significant differences in com-
parison with the controls (apart from dyslipidemia) which 
was more frequent among the control group. In addition, 
the median time from cancer diagnosis was 7 months, 
which may affect the  occurrence of  ACS. It  has been 

reported that the incidence of ACS in patients with newly 
diagnosed cancer increases in the first 6 months from di-
agnosis and then decreases after a year to increase again 
in more advanced cancer stages.6,7 In our patients, we must 
also consider the influence of recent anticancer therapy 
on the development of their ACS, as chemotherapy and 
radiotherapy can exert prothrombotic, pro-inflammatory 
and vasospastic effects.5,6,8 We focused on an early car-
diac manifestation of anticancer therapy complication, 
although 2 patients from our group presented with tumor 
recurrence years after thorax radiotherapy. In this case, 
the mechanism of ACS may differ, and it could be a result 
of fibrosis or calcification within the coronary arteries.

Many chemotherapeutic agents predispose one to ACS, 
as  they may provoke coronary vasospasm, endothelial 
damage or arterial thrombosis and they may aggravate 
atherosclerosis.9 A number of chemotherapeutic agents 
may lead to acute coronary events, mainly cisplatin, 5-fluo-
rouracil, vincristine, rituximab, and BCR-ABL-directed ty-
rosine kinase inhibitors. Likewise, paclitaxel, capecitabine, 
VEGF inhibitors, erlotinib, nilotinib, and ponatinib have 
been reported to exert vascular toxicity, especially in coro-
nary arteries. The time of ischemia onset varies widely. 
It may occur within hours of infusion or several days af-
terwards.10 Cisplatin-related risk can persist even after 
the end of chemotherapy.11

Modern radiotherapy aims to focus the radiation beam 
on the invaded tissue; complications of such treatment are 
rarer than with the previously used methods. The mecha-
nism of radiation-related damage to the coronary arter-
ies is similar to chemotherapy, and it could be an effect 
of endothelial injury, coronary vasospasm, atherosclerotic 
plaque rupture or thrombosis.9,12 Such injuries are usually 
located in the ostia and proximal segments of the coronary 
arteries.13 The risk of radiation-related coronary artery 
disease depends on the radiation dosage and the volume 
of  the  irradiated heart.9 It  can manifest early, during 
or soon after the end of radiation, or with a delay, even 
after 10–15 years.

As opposed to patients from the control group, who re-
ported angina as the main ACS symptom, many of the can-
cer patients presented with dyspnea at hospital admis-
sion, which is consistent with the observations of other 
authors.14–16 Radio- and chemotherapy-related neurotoxic-
ity can affect the ability to feel pain, so in effect patients 
after anticancer treatment complain of angina less often. 
The occurrence of ACS manifests as dyspnea in 44.3% 
of cancer patients, chest pain in 30.3% and hypotension 
in 22.7%.16 As a result of either the higher prevalence of si-
lent ischemia or the altered perception of angina after 
anticancer treatment, cancer patients seek emergency care 
after some delay. Emphasis should be placed on cardiac 
check-up before anticancer treatment with any cardio-
toxicity potential and regularly after the end of the treat-
ment in order to reveal complications of anticancer therapy 
at an early stage.
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The most common clinical manifestation of ACS in our 
patients was NSTEMI. This finding is  in  accordance 
with other studies, which reported that in 85% of can-
cer patients the ACS manifested as NSTEMI and in 15% 
as STEMI.17 Conservative treatment of ACS in cancer 
patients leads to poor survival rate.18 An analysis of treat-
ment in patients with metastatic cancer who developed 
STEMI or NSTEMI revealed that invasive treatment with 
PCI resulted in a 2- to 3-fold reduction in in-hospital mor-
tality.19 However, the results of one study indicated that 
cancer patients undergoing PCI due to STEMI had poorer 
survival after 1 year (10.7% vs 5.4%) and higher cardiac 
mortality, which especially pertained to those diagnosed 
up to 6 months before the onset of ACS.20 The optimal 
treatment in this group remains indefinite, because there 
is no data available on cancer patients in the PCI regis-
tries. Formerly, cancer patients were excluded from most 
major randomized, controlled ACS trials. According 
to the available data, PCI offers a better prognosis in this 
group of patients, but the need for antiplatelet therapy 
after stenting should be taken into account in treatment 
planning. Double antiplatelet therapy can cause hemor-
rhagic complications and anemia, especially gastrointes-
tinal and urinary bleeding.

It has been proven that early PCI improves outcomes 
in ACS independently from the patients’ group.21 In the 
general population, the frequency of PCI has increased 
during the last 2 decades, from 11.9% to 60.8% of patients 
admitted with STEMI. This corresponds with significantly 
lower 30-day mortality and overall mortality.22 In Poland, 
according to a recent registry, PCI was performed in 96.2% 
of patients with STEMI, and in 76.3% of patients with 
NSTEMI or UA.23 In our groups, 78% of cancer patients 
were referred for coronary angiography, and 53% were 
treated with PCA and stent implantation, while in the con-
trol group it was 100% and 72% of patients, respectively. 
Our data indicates that invasive treatment of ACS is less 
common in patients with cancer, despite current guide-
lines. Moreover, in STEMI patients with cancer, the me-
dian time from admission to PCI was 105 min, while it was 
35 min in the control group. Guidelines recommend that 
the interval between arrival at the hospital and intracoro-
nary balloon inflation (door-to-balloon time) during pri-
mary PCI should be 90 min or less. In the STEMI registry, 
the median door-to-balloon time was 83 min24; thus, it was 
too late in our patients.

A study comparing PCI outcomes in patients with and 
without cancer history proved that those reporting cancer 
in anamnesis received stents less often. Moreover, a delay 
in invasive treatment, assessed by the time between di-
agnosis and balloon inflation, was evident in the cancer 
group. In this study, higher early cardiac mortality was 
linked to anemia and cardiogenic shock during PCA, which 
occurred more frequently in cancer patients.20

In the majority of study patients, PCI was performed 
by the radial approach. One of 2 bleeding events at the 

puncture site in our group occurred in a cancer patient 
on whom PCI was performed via the femoral artery. Ac-
cording to the literature, femoral artery access is associated 
with a higher risk of bleeding, even with the use of vascular 
closure devices after coronary angiography.25 The femoral 
approach should be used in patients with abnormal Allen’s 
test results in both hands, with arterial lines, those who 
have had bilateral mastectomy or multiple radial proce-
dures and in those on hemodialysis. Radial artery access 
is preferred for others.26

The small number of bleeding events in our patients, 
which were self-terminated and clinically insignificant, 
may be due to the fact that none of the patients had severe 
thrombocytopenia during the treatment of ACS. This fact 
allowed aspirin to be safely administered in 94% of cancer 
patients and DAPT to be used in 71%, similarly to the con-
trol group (97% and 78% of patients, respectively). There 
is no platelet count which limits coronary catheteriza-
tion,26 and the use of aspirin in ACS treatment among 
cancer patients with a platelet count below 100,000/µL 
was associated with a higher 7-day survival rate compared 
to those who did not receive aspirin (90% vs 6%).27 Double 
antiplatelet therapy with clopidogrel can be used in pa-
tients with a platelet count of 30,000–50,000/µL. Ticagre-
lor and prasugrel should not be used in cancer patients due 
to the high risk of bleeding in this group.17

In 70% of cancer patients who underwent PCA, a drug-
eluting stent was implanted, which is contrary to other 
studies reporting that BMSs are used more often in cancer 
patients.13,20 The antiproliferative effects of chemotherapy 
may delay the normal endothelization process observed 
among non-cancer patients after stent implantation,26 
which may favor the use of DES in cancer patients with 
sufficient prognosis. Drug-eluting stent has lower rates 
of  stent thrombosis18 and with third-generation DES 
the duration of DAPT can be shortened to 3–6 months 
in ACS patients. However, in cancer patients with a plate-
let count from 10,000/µL to 30,000/µL or if DAPT cannot 
be used or in those demanding surgery or chemotherapy 
within the next 4 weeks, balloon angioplasty should be 
considered.26 With balloon angioplasty, DAPT is required 
for at least 2 weeks.26

The  vast majority of  our patients were treated with 
a β-blocker, ACEI or ARB and statin. It was reported that 
not only aspirin use, but also β-blocker use, in cancer pa-
tients as in the general population, improves survival rates 
in ACS.16 For unknown reasons, β-blockers are less likely 
to be administered to cancer patients.20 Each cancer pa-
tient with ACS should be considered for optimal therapy 
with an antiplatelet drug or drugs, statin, ACEI or ARB 
and a β-blocker.

The most important limitation of our study is the small 
size of the cancer group and the lack of long-term obser-
vation after hospital discharge. Our data does not include 
the stage of cancer or planned further anticancer treat-
ment, though this was not the focus of our study. The short 
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observation period may have resulted in the low frequency 
of bleeding complications in the time of recommended 
DAPT therapy after PCI. The data was collected from 
our hospital database based on the medical recognition 
on the information cards at hospital discharge. If a diag-
nosis of cancer was missing on this card, the patient may 
not have been included in the analysis. This may to some 
extent explain the small number of patients from our hos-
pital database who met the inclusion criteria for the study. 
As our sample is small, conclusions regarding the popula-
tion of cancer patients with ACS should only be drawn with 
special caution. We included data on in-hospital mortal-
ity among ACS patients without cancer who were treated 
in our cardiology departments, but no direct comparison 
was made with the cancer group.

Conclusions

Our data suggests that cancer patients with ACS should 
be treated according to the current guidelines for ACS 
in the general population, taking into consideration ad-
ditional factors related to cancer. Data regarding ACS 
management in cancer patients is still lacking, as the cur-
rent information is most often based on small population 
studies and expert consensus. According to our results, 
patients with ACS onset during or shortly after anticancer 
therapy are too rarely treated invasively. Moreover, those 
with STEMI are referred for coronary angiography too 
late after hospital admission. The presence of cancer and 
active anticancer treatment should not limit the effective 
and safe treatment of ACS.
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Abstract
Background. Renal cysts, according to their etiology, can be divided into genetic and acquired cysts. 
This is of great importance in patients with cystic kidney disease with a possible poor prognosis to identify 
markers of early kidney damage.

Objectives. The objective of this study was to evaluate the concentration of serum and urine liver-type fatty 
acid binding protein (L-FABP) and interleukin 6 (IL-6) in children with kidney cysts.

Material and methods. The study was conducted on a group of 39 children with kidney cysts including 
20 subjects with autosomal dominant polycystic kidney disease (ADPKD).

Results. Serum and urine L-FABP concentration in children with renal cysts was significantly higher compared 
to the controls, regardless of the underlying type of cystic degeneration, number of cysts and gender. Also, 
serum and urinary IL-6 concentration was significantly higher than in the control group. There was a significant 
negative correlation between serum L-FABP concentration and standard deviation score (SDS) for diastolic 
blood pressure (DBP). A significant negative correlation was found between serum IL-6 concentration and 
systolic blood pressure (SBP), DBP and mean arterial pressure (MAP) values as well as SDS for SBP and DBP. 
In addition, a significant positive correlation was found between urinary IL-6 concentration and estimated 
glomerular filtration rate (eGFR).

Conclusions. Higher concentration of L-FABP in serum and urine in children with kidney cysts indicates 
the early damage to the renal parenchyma, detectable before the onset of hypertension and other organ 
damage. Significantly higher serum and urinary IL-6 levels in children with cystic kidney disease compared 
to healthy children may suggest the role of this cytokine in chronic kidney disease development.

Key words: children, interleukin 6, autosomal dominant polycystic kidney disease, liver-type fatty acid 
binding protein, kidney cysts
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Introduction

The kidney cyst is defined as a space filled with fluid 
of non-uniform size, which arises in various locations 
as a result of widening and changing of the structure of re-
nal tubules. The most common are simple kidney cysts 
that can appear in kidneys not affected with any defined 
disease, and their number often increases with age. They 
usually do not cause clinical symptoms and, therefore, 
are detected accidentally during an ultrasound examina-
tion. In 1964, Osathanondh et al. classified renal cysts into 
4 categories. Type I was identified with autosomal recessive 
polycystic kidney disease (ARPKD), type II was described 
as polycystic renal dysplasia, type III referred to autosomal 
dominant polycystic kidney disease (ADPKD), while type 
IV included pathologies associated with impaired urine 
outflow and the presence of hydronephrosis.1

Currently, the  classification of  diseases related 
to the presence of cysts in the kidneys is of an etiologi-
cal basis and includes, apart from the  family history, 
also the clinical picture, the  location and morphology 
of the cysts as well as the presence of extrarenal symp-
toms.2 Genetically caused cystic kidney diseases were 
systematized according to a new classification developed 
by Kim et al.2 Of these, ADPKD is the most common.3–6 
Diagnosis of ADPKD due to the typical symptoms, initially 
before confirmation by genetic testing, is based on fam-
ily history and imaging.6–8 For the diagnosis of ADPKD, 
the ultrasound criteria according to Ravine are currently 
used.6 The ADPKD is the most common genetically de-
termined cause of end-stage renal failure in adults.3,5,9 
The reason for the development of ADPKD in 80–85% 
of cases is the mutation of the PKD1 gene, which encodes 
the polycystine-1 protein, while in the remaining 15–20% 
of patients it  is the PKD2 gene encoding polycystin-2.10 

Incorrectly encoded proteins that arise as a result of muta-
tions lead to the growth and proliferation of kidney tubules 
cells with the formation of cysts, then to their enlargement 
and secretion and collection of fluid inside them.11 In pa-
tients with ADPKD, hypertension occurs much earlier 
than in the general population and often in childhood, 
which leads to  left ventricular hypertrophy, followed 
by diastolic and later on systolic heart dysfunction.12,15,16 
In about 30–50% of patients with ADPKD, hematuria 
may occur. In children proteinuria or albuminuria may 
be present as well. In the course of ADPKD, concomitant 
cysts in the liver and other organs could be present as well 
as intracerebral aneurysms, which carry the risk of sub-
arachnoid hemorrhage.13,17

Fatty acid binding proteins (FABPs) are low molecular 
weight cytoplasmic proteins of 14–15 kDa. The physiologi-
cal role of these proteins is to bind free long chain fatty 
acids and transfer them to intracellular sites of utilization 
or storage in the cytoplasmic reticulum and cytoplasm.18,19

We currently know 9 types of these proteins with their 
names derived from the organ or  tissue in which they 

were identified for the first time. Liver fatty acid binding 
protein (L-FABP) was first detected in hepatocytes, but 
it is also synthesized in the small and large intestine, lungs 
and kidneys.19–21 It binds fatty acids and transports them 
to mitochondria and peroxisomes, where they are metabo-
lized by beta-oxidation and in that manner provide energy 
to the epithelial cells.19,21,22 It has a high affinity to fatty 
acid peroxidation products, participating in the urinary 
excretion process, which makes L-FABP an endogenous 
antioxidant.19 In  recent years, attention has been paid 
to the prognostic value of L-FABP in kidney disease. Liver 
fatty acid binding proteins circulating in the blood are fil-
tered in the glomeruli and then reabsorbed at the proximal 
renal tubules, which explains the increase in their concen-
tration in the urine in the case of damage to the proximal 
tubules.19,22,23

Interleukin 6 (IL-6) is one of the main factors regulating 
defense mechanisms of the body. Formerly, IL-6 was deter-
mined as factor 2 stimulating B lymphocytes, β2 interferon 
or the growth and differentiation factor of T cytotoxic 
lymphocytes. It is secreted primarily by macrophages and 
monocytes, but also by endothelial cells, fibroblasts, chon-
drocytes, and T and B lymphocytes.24 The most important 
role of IL-6 is its participation in the immune response and 
inflammatory processes by stimulating the differentiation 
of B lymphocytes into plasma cells, production of acute 
phase proteins and activation of T lymphocytes.24–26 In-
terleukin 6 also participates in hematopoiesis by stimulat-
ing hematopoietic stem cells and inducing differentiation 
of megakaryocytes into platelets. Interleukin 6 produced 
in excess leads to the development of chronic inflamma-
tory reaction, conducive to the development of autoreactive 
immune response, leading to the destruction of tissues and 
organs. Elevated levels of IL-6 have been confirmed in mul-
tiple myeloma, chronic lymphocytic leukemia, Alzheimer’s 
disease, systemic lupus erythematosus, rheumatoid arthri-
tis, Castelman’s disease, connective tissue diseases, as well 
as hypertension.25–27 Chronic inflammatory process, me-
diated by IL-6 among others, contributes to the increase 
in blood pressure (BP). Interleukin 6 also affects the growth 
and development of hypertension by stimulating the sym-
pathetic nervous system and controlling the expression 
of angiotensinogen, resulting in an increase in angioten-
sin II. In addition to the direct effect on BP, the increase 
in IL-6 concentration is associated with obesity, coronary 
heart disease and diabetes, the last of which also contrib-
utes to the development of hypertension and enhances 
the progression of chronic kidney disease (CKD).28

Recently, new markers have been proposed for the diag-
nosis of early kidney damage in the course of cystic kidney 
disease. This could help to identify children whose disease 
progresses faster, with a higher risk of developing organ 
complications and end-stage renal failure in adolescence 
or young adulthood.

The hypothesis of our work is the statement that such 
markers may include the following: protein binding fatty 
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acids of liver origin (L-FABP) and IL-6. The aim of the study 
was to assess the usefulness of determining protein-FABP 
and IL-6 concentrations in serum and urine in children 
with kidney cysts of various etiologies and their relation-
ship to the underlying cystic kidney disease, the number 
of cysts found, gender, and hypertension.

Material and methods

The study group consisted of 39 children and adoles-
cents (23 girls and 16 boys) between 1.9 and 20 years 
of age (mean age 10.9 ±5.0 years) with renal cysts. In all 
children, we confirmed the presence of cysts in the renal 
parenchyma on the basis of an ultrasound examination. 
After conducting family history and evaluation of ul-
trasounds according to Ravine’s criteria,7 we identified 
in the study group the following subgroups of children: 
with ADPKD (20 children – 51%) and without diagno-
sis of  this disease – non-ADPKD (19 children – 49%). 
Analyzing the number of cysts found on the basis of ul-
trasound, we identified children with single cysts – less 
than 10 cysts (29  children –  74%) and multiple cysts 
(10 children – 26%) in the study group. Most of the chil-
dren in the study group did not take any medications. 
Only 4  children with hypertension were successfully 
treated with antihypertensive drugs. In 15 children from 
the study group, we showed a positive family history 
of ADPKD. Body mass, height, BP measurement and rou-
tine biochemical tests were performed in the study group 
– assessment of sodium, potassium, creatinine, urea, and 
uric acid serum concentration. Blood pressure measure-
ments were made using an oscillometric pressure device, 
with a cuff placed on the arm. The tests were performed 
3 times, in the sitting position, after 5–10 min rest, ac-
cording to the recommended standards, and the aver-
age value of the measurements was calculated. The size 
of the cuff of the oscillometric pressure device was ap-
propriately matched to  the circumference and length 
of the child’s arm in accordance with the recommended 
measurement principles. Hypertension was diagnosed 
if  the mean of measured systolic blood pressure (SBP) 
or diastolic blood pressure (DBP) was equal to or exceed-
ing 95.cc for age, sex and height according to the Polish 
pediatric population.29–31 Estimated glomerular filtration 
rate (eGFR) was calculated using the Schwartz formula 
[mL/min/1.73 m²].14

The control group included 20 healthy children (10 girls 
and 10 boys). These were ambulatory patients diagnosed 
due to bedwetting or qualified for “one-day” surgical proce-
dures, who additionally agreed to participate in the study. 
All subjects were in good clinical condition and had no 
symptoms of acute infection.

We  obtained the  consent of  the  Bioethics Commit-
tee of the Silesian Medical University in Katowice, Po-
land (resolution No. KNW/0022/KB1/21/15). Prior 

to the examination, written consent was obtained for par-
ticipation in the project from parents or legal guardians 
and from children over 16 years of age.

Laboratory tests

Blood samples (3–5 mL) for laboratory tests were collect-
ed in the morning (8.00–9.00 am) into Eppendorf tubes, 
during routine tests related to periodic outpatient supervi-
sion. After centrifugation at 1,000 × g for 15 min at 4°C, 
the serum was stored at −20°C until laboratory tests were 
performed. Urine samples (50–100 mL) were also collected 
in the morning and stored at −20°C until testing. The stan-
dard BioVendor kit (BioVendor, Brno, Czech Republic) was 
used to determine the concentration of L-FABP in serum 
and urine according to the manufacturer’s protocol (sen-
sitivity 0.08 ng/mL). The concentration of IL-6 in serum 
and urine was tested with enzyme-linked immunosorbent 
assay (ELISA) using a standard kit from Diaclone (Besan-
çon, France) according to  the manufacturer’s protocol 
(sensitivity 0.81 pg/mL).

Statistical analysis

The Excel spreadsheet from Microsoft Office package 
v. 16.0 (Microsoft Corp., Armonk, USA) was used to pre-
pare the database. The calculations were performed using 
STATISTICA v. 12.0 software (StatSoft Inc., Tulsa, USA). 
In statistical calculations, the level of significance was 
p < 0.05. As parameters of descriptive statistics, the fol-
lowing were assumed: arithmetic mean, median, mini-
mum and maximum value, lower and upper quartiles, 
and standard deviation (SD). For all parameters, their 
distribution was checked for compatibility with the nor-
mal distribution using the Shapiro–Wilk test. We tested 
the homogeneity of variance using Levene’s test. For com-
parison of variables with a normal distribution, paramet-
ric tests with a separate variance assessment were used. 
For comparative analysis of variables with distribution 
deviated from the normal distribution, nonparametric 
Mann–Whitney U test was used. We performed the corre-
lation analysis using the Pearson’s test or Spearman’s rank 
correlation test – according to the distribution of the vari-
ables studied.

Results

Table 1 presents the characteristics of the entire study 
group of children with renal cysts and the derived sub-
groups (ADPKD and non-ADPKD, number of cysts and 
gender) and the control group. The average age of children 
and anthropometric parameters did not differ in com-
parison with the group with renal cysts and control group. 
We showed significantly higher values of SBP, DBP and 
mean arterial pressure (MAP), as well as SBP and DBP 
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SDS in a subgroup of children with multiple cysts com-
pared to subgroups of subjects with single cysts. The re-
sults of laboratory tests in the study group and in separate 
subgroups are presented in Table 2.

The mean values ​​of basic laboratory tests in the group 
of ADPKD and non-ADPKD children as well as single and 
multiple cysts did not differ significantly. The mean value of 
eGFR in the study group was 119.8 ±32.7 mL/min/1.73 m2; 
in  5  children in  the  group with cystic kidney disease 

the value of eGFR was reduced. Moreover, in 4 children 
in the study group, we diagnosed hypertension (all of them 
belonged to the ADPKD subgroup).

The concentrations of the tested markers (L-FABP, IL-6) 
in serum and urine in children from the study and con-
trol groups are presented in Table 3. The concentration 
of L-FABP and IL-6 in serum and urine was significantly 
higher in children with cystic kidney disease compared 
to the healthy children. In contrast, serum and urinary 

Table 1. Characteristics of examined children with renal cysts and controls

Parameter
Children with kidney cysts Control 

group 
(n = 20)

whole group 
(n = 39)

ADPKD 
(n = 20 

non-ADPKD 
(n = 19)

single cysts 
(n = 29)

multiple 
cysts (n = 10)

girls 
(n = 23)

boys 
(n = 16)

Age [years]
10.9 ±4.9 
(1.9–19.8)

10.9 ±5.1 
(3.4–19.8)

11.0 ±5.0 
(1.9–18.7)

10.5 ±4.9 
(1.9–19.8)

12.3 ±5.2 
(5.6–18.9)

10.8 ±4.6 
(3.4–18.7)

11.1 ±5.6 
(1.9–19.8)

8.8 ±3.9 
(1.8–17.2)

Height [cm]
142.3 ±24.9 
(80.0–184.5)

141.7 ±26.0 
(97.0–184.5)

142.9 ±24.3 
(80–176)

140.0 ±25.7 
(80.0–184.5)

148.8 ±22.2 
(115–176)

142.1 ±22.5 
(97–173)

142.5 ±28.7 
(80.0–184.5)

130.8 ±22.7 
(82–172)

SDS for height
−0.03 ±1.12 
(−2.97–2.24)

−0.05 ±1.00 
(−2.97–1.80)

–0.02 ±1.2 
(−1.9–2.2)

−0.16 ±1.20 
(−2.97–1.80)

0.3 ±1.0 
(−1.0–2.2)

0.2 ±1.2 
(−2.97–1.81)

−0.3 ±1.0 
(−1.9–2.2)

−0.4 ±0.9 
(−1.9–2.0)

Body weight [kg]
40.7 ±17.8 

(11–78)
41.7 ±19.8 

(13–78)
39.6 ±16.0 

(11–69)
38.5 ±17.3 

(11–70)
47.2 ±18.7 

(21–78)
40.5 ±17.6 

(13–78)
41.0 ±18.8 

(11–70)
33.0 ±16.1 
(9.7–63.0)

SDS for BW 
0.13 ±1.09 

(−3.20–2.07)
0.2 ±1.2 

(−3.2–1.9)
0.05 ±1.0 
(−1.3–2.1)

−0.04 ±1.00 
(−3.2–1.7)

0.6 ±1.1 
(−1.4–2.1)

0.2 ±1.2 
(−3.20–1.91)

−0.06 ±1.0 
(−1.30–2.07)

−0.003 ±1.000 
(−1.6–1.8)

BMI [kg/m²]
18.90 ±3.29 
(13.5–28.7)

19.3 ±4.0 
(13.5–28.7)

18.4 ±2.4 
(14.4–22.3)

18.3 ±2.9 
(13.5–25.0)

20.4 ±4.0 
(13.9–28.7)

18.9 ±3.7 
(13.5–28.7)

18.9 ±2.7 
(14.8–23.4)

18.0 ±3.4 
(14.2–26.6)

SDS for BMI 
0.23 ±0.93 

(−1.38–2.02)
0.3 ±1.1 

(−1.40–2.02)
0.2 ±0.8 

(−1.3–1.7)
0.1 ±0.8 

(−1.4–1.8)
0.6 ±1.2 

(−1.2–2.0)
0.3 ±1.0 

(−1.38–2.02)
0.2 ±0.9 

(−1.3–1.7)
0.7 ±2.1 

(−1.5–8.8)

SBP
109.8 ±13.3 

(90–137)
111.6 ±14.0 
(90–137)

107.9 ±12.6 
(90–130)

106.4 ±12.0a 
(90–130)

119.5 ±12.7 
(90–137)

111.4 ±13.3 
(90–137)

107.4 ±13.4 
(90–130)

DBP
64.9 ±8.9 
(45–84)

66.7 ±10.5 
(45–84)

63.1 ±6.8 
(55–75)

62.3 ±7.1a 
(45–75)

72.7 ±9.6 
(55–84)

66.5 ±9.2 
(50–84)

62.8 ±8.3 
(45–77)

MAP
79.9 ±9.8 

(61.7–98.3)
81.7 ±11.1 
(61.7–98.3)

78.0 ±8.2 
(66.7–93.3)

77.0 ±8.1a 
(61.7–93.3)

88.3 ±9.8 
(73.3–98.3)

81.5 ±10.0 
(63.3–98.3)

77.7 ±9.3 
(61.7–93.3)

SDS for SBP
0.58 ±1.00 

(−1.22–2.63)
0.8 ±1.1 

(−0.8–2.6)
0.4 ±0.9 

(−1.2–1.6)
0.34 ±0.9a 
(−1.2–2.6)

1.2 ±09 
(−0.6–2.2)

0.8 ±1.0 
(−0.84–2.63)

0.3 ±0.9 
(−1.2–1.8)

SDS for DBP
0.39 ±0.70 

(−0.95–2.07)
0.5 ±0.8 

(−0.9–2.07)
0.2 ±0.7 

(−0.8–2.0)
0.2 ±0.7a 

(−0.9–2.0)
0.9 ±0.6 

(−0.2–2.1)
0.5 ±0.7 

(−0.6–2.07)
0.2 ±0.8 

(−0.9–2.0)

Data is presented as: mean ± standard deviation (SD) (minimum–maximum); a p < 0.05 children with single cysts vs children with multiple cysts; 
BW SDS – SDS body weight, BMI – body mass index; SBP – systolic blood pressure, DBP – diastolic blood pressure, MAP – mean arterial pressure; 
ADPKD – autosomal dominant polycystic kidney disease.

Table 2. Laboratory tests and eGFR value in children with renal cysts

Parameter Whole group 
(n = 39)

ADPKD
(n = 20)

Non–ADPKD
(n = 19)

Single cysts 
(n = 29)

Multiple cysts 
(n = 10)

Girls
(n = 23)

Boys
(n = 16)

Na 
[mmol/L]

140.1 ±2.2 
(134–143)

140.0 ±2.5 
(134–143)

140.2 ±1.7 
(136–143)

140.2 ±1.8 
(136–143)

139.9 ±3.1 
(134–143)

140.3 ±1.7 
(136–143)

139.8 ±2.8 
(134–143)

Creatinine 
[umol/L]

48.0 ±15.6 
(22–77)

48.3 ±17.5 
(22–77)

47.8 ±13.7 
(29–73)

47.6 ±14.9 
(22–77)

49.4 ±18.1 
(24–76)

45.8 ±13.7 
(22–69)

51.25 ±17.90 
(27–77)

Uric acid  
[umol/L]

266.2 ±67.8 
(134–370)

267.4 ±66.5 
(150–368)

264.9 ±71.0 
(134–370)

276.6 ±69.0 
(134–370)

235.7 ±56.7 
(150–347)

253.4 ±65.0 
(134–351)

284.4 ±69.7 
(151–370)

Urea 
[mmol/L]

4.3 ±1.3 
(2.4–6.8)

4.4 ±1.4 
(2.4–6.8)

4.2 ±1.2 
(2.5–6.1)

4.4 ±1.2 
(2.4–6.8)

4.0 ±1.4 
(2.5–6.6)

4.16 ±1.25 
(2.4–6.6)

4.4 ±1.3 
(2.5–6.8)

eGFR 
[mL/min/1.73 m2]

119.8 ±32.7 
(38.2–179.3)

121.5 ±35.0 
(38.2–176.0)

117.9 ±30.8 
(47.8–179.3)

115.1 ±35.2 
(38.2–179.3)

133.3 ±19.9 
(103–162)

115.90 ±28.25 
(38.2–156.2)

125.3 ±38.5 
(47.8–179.3)

Data is presented as: mean ± standard deviation (SD) (minimum–maximum). For all comparisons p > 0.05. eGFR – estimated glomerular filtration rate; 
ADPKD – autosomal dominant polycystic kidney disease.
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concentrations of L-FABP and IL-6 in individual subgroups 
of children with renal cysts were comparable.

When analyzing the correlation of L-FABP and IL-6 con-
centrations in both serum and urine, and anthropometric 
measurements, we did not show any significant relation-
ships in the whole group of children with renal cysts.

We showed a significant negative correlation between se-
rum L-FABP concentration and SDS for DBP in the whole 
study group (Table 4). In children with cystic kidney dis-
ease, we observed a significant negative correlation be-
tween IL-6 serum concentration and absolute values ​​and 
SDS for SBP, DBP and MAP. There was also a significant 
negative correlation between urinary IL-6 concentration 
and SDS for SBP and DBP. In addition, a significant positive 
correlation was found between urinary IL-6 concentration 
and eGFR. Similar correlations were observed in the study 

group by analyzing the correlation of IL-6 with body mass 
index (BMI) (data not shown). However, in the whole group 
with cystic renal changes, we found a negative correlation 
between L-FABP/BMI ratio and SBP (r = −0.460, p < 0.01), 
DBP (r = −0.378, p < 0.05), MAP (r = −437, p < 0.01), SDS for 
SBP (r = −0.373, p < 0.05), and eGFR (r = −0.398, p < 0.05), 
and positive correlation between L-FABP/BMI ratio and 
serum urea concentration (r = 0.343, p < 0.05). We also 
analyzed correlations occurring in  subgroups, divided 
into ADPKD and non-ADPKD (Table 5). We have dem-
onstrated in children with ADPKD a positive correlation 
between serum L-FABP concentration and serum creati-
nine concentration and serum uric acid concentration. 
In addition, in children with ADPKD, we found a positive 
correlation between the excretion of L-FABP in the urine 
and the concentration of serum uric acid. In children from 
the non-ADPKD subgroup, we found a negative correla-
tion between serum L-FABP concentration, SDS for BMI 
and SDS for DBP and DBP absolute values. In the whole 
study group with renal cysts, we found a negative cor-
relation between L-FABP/BMI ratio and SBP (r = −0.460, 
p < 0.005), DBP (r = −0.378, p < 0.02), MAP (r = −0.437, 
p < 0.005), SDS for SBP (r = −0.377, p < 0.02), and eGFR 
(r = −0.398, p < 0.02), and a positive correlation between 
L-FABP/BMI ratio and serum urea (r = 0.343, p < 0.05). 
However, after normalizing the concentration of L-FABP 
in urine to the concentration of creatinine, we did not 
observe the above relationships.

When analyzing the correlation of  serum and urine 
IL-6 concentrations with the results of anthropometric 
measurements and the IL-6/BMI ratio with BP values, 
we demonstrated a similar relationship in ADPKD chil-
dren as in the whole study group, and a significant positive 

Table 3. Concentration of the examined parameters in serum and in urine in children with kidney cysts (divided into subgroups) and in controls

Parameter
Children with kidney cysts

Control group 
(n = 20)whole group 

(n = 39)
ADPKD 
(n = 20)

non-ADPKD 
(n = 19)

girls 
(n = 23)

boys 
(n = 16)

single cysts 
(n = 29)

multiple 
cysts (n = 10)

L-FABP (S) 
[ng/mL]

70.2 ±17.1*
(44.3–100.1)

68.5 ±17.3 
(44.3–96.5)

71.9 ±17.3 
(46.8–100.0)

69,0 ±15.8
(45.8–95.7)

71.9 ±19.3 
(44.3–100.0)

72.9 ±17.3 
(44.3–100.0)

62.1 ±14.7 
(45.8–96.5)

2.6 ±0.77
(1.1–3.7)

L-FABP (U) 
[ng/mL]

12.2 ±4.1*
(4.7–19.6)

11.0 ±3.3
(4.7–16.4)

13.5 ±4.5 
(5.8–19.5)

11.9 ±4.1 
(5.8–19.6)

12.6 ±4.2 
(4.7–18.8)

13.3 ±4.0 
(4.7–19.6)

9.1 ±2.5 
(5.9–14.6)

2.76 ±0.6 
(1.86–4.10)

L-FABP (S)/BMI 
3.8 ±1.1*
(2.1–6.7)

3.63 ±0.90
(2.1–5.8)

4.0 ±1.3
(2.5–6.7)

3.8 ±1.1
(2.1–6.5)

3.9 ±1.2
(2.6–6.7)

4.0 ±1.2
(2.5–6.7)

3.1 ±0.8
(2.1–4.8)

0.15 ±0.06
(0.06–0.26)

L-FABP/creat (U)
64.7 ±24.7
(14.6–123.1)

59.8 ±22.4
(14.6–92.1)

69.8 ±26.5
(23.9–123.0)

64.3 ±23.3
(16.8–108.7)

65.2 ±27.3
(14.6–123.0)

68.3 ±24.2
(14.6–123)

54.1 ±24.1
(16.8–92.1)

IL-6 (S) 
[ng/mL]

23.4 ±4.6*
(11.3–33.7)

23.3 ±5.3 
(11.3–31.8)

23.5 ±3.9 
(18.8–33.7)

22.0 ±4.0
(11.3–30.2)

25.4 ±4.8 
(17.3–33.7)

23.9 ±4.3 
(17.9–33.7)

22.1 ±5.5 
(11.3–30.2)

7.4 ±1.4
(4.8–9.6)

IL-6 (U) 
[ng/mL]

90.3 ±15.7*
(63.8–135.7)

93.5 ±18.4 
(63.8–135.7)

86.9 ±11.8 
(69.9–114.8)

85.6 ±12.4
(63.8–116.1)

97.0 ±17.9 
(69.9–135.7)

90.0 ±15.4 
(63.8–135.7)

91.0 ±17.2 
(69.8–123.0)

36.9 ±12.3 
(18.6–55.7)

IL-6 (S)/BMI 
1.3 ±0.4*
(0.7–2.2)

1.3 ±0.4
(0.7–2.2)

1.3 ±0.3
(0.8–2.0)

1.2 ±0.4
(0.7–2.2)

1.4 ±0.4
(0.8–2.0)

1.3 ±0.3
(0.8–2.0)

1.1 ±0.4
(0.7–2.2)

0.42 ±0.1
(0.3–0.6)

IL-6/creat (U)
477.9 ±157.6

(246.0–997.7)
504.5 ±186.1
(246.0–997.7)

450 ±119.4
(325–774)

460.7 ±112.6 
(246.6–773.9)

502.7 ±207.8
(300.0–997.7)

460.6 ±142.1
(300–932)

528.1 ±195.5
(246.6–997.7)

Data is presented as: mean ± standard deviation (SD) (minimum–maximum); p *, p < 0.05 the whole group of children with kidney cystic disease vs 
control group; L-FABP – liver fatty acid binding protein; IL-6 – interleukin 6; S – serum; U – urine; ADPKD – autosomal dominant polycystic kidney disease; 
BMI – body mass index.

Table 4. Analysis of correlation between blood pressure, eGFR values and 
the tested markers concentration

Parameter Children with kidney cysts – whole group

SBP [mm Hg] serum IL-6 r = –0.485, p < 0.01

DBP [mm Hg] serum IL-6 r = –0.425, p < 0.01

MAP [mm Hg] serum IL-6 r = –0.477, p < 0.01

SBP SDS
serum IL-6 r = –0.565, p < 0.0001

urine IL-6 r = –0.452, p < 0.01

DBP SDS
serum L-FABP r = –0.356, p < 0.05

serum IL-6 r = –0.417, p < 0.01
urine IL-6 r = –0.379, p < 0.05

eGFR [mL/min/1.73 m²] urine IL-6 r = 0.400, p < 0.05

SBP – systolic blood pressure; DBP – diastolic blood pressure; 
MAP – mean arterial pressure; L-FABP – liver fatty acid binding protein; 
IL-6 – interleukin 6; eGFR – estimated glomerular filtration rate.
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correlation between serum IL-6 concentration and serum 
potassium concentration. Also in children with ADPKD, 
we found a negative correlation between urinary IL-6 ex-
cretion and SDS for SBP and SDS for DBP and DBP ab-
solute values. In the subgroup with non-ADPKD, we ob-
served only a negative correlation between serum IL-6 
concentration and SBP values and SDS for SBP.

In the subgroup of children with single cysts, we ob-
served a significant negative correlation between IL-6 se-
rum concentration and SBP (r = −0.404, p < 0.05), MAP 
(r = −0.368, p < 0.05), and SDS for SBP and SDS for DBP 
(r = −0.633, p < 0.0001, r = −0.381, p < 0.05, respectively). 
Also, in children with single cysts, we showed a negative 
correlation between urinary IL-6 excretion and SDS for 
SBP and SDS for DBP (r = −0.528, p < 0.01, r = −0.523, 
p < 0.01), and a positive correlation between IL-6 excretion 
in the urine and eGFR (r = 0.451, p < 0.05). Similar correla-
tions were observed by analyzing the correlation between 
IL-6 and BMI (data not shown). However, we observed a sig-
nificant positive correlation between IL-6/creatinine ratio 
and the age of the examined children (r = 0.388, p < 0.05), 
height (r = 0.391, p < 0.05) and body weight (r = 0.387, 
p < 0.05). In a subgroup with multiple cysts, we observed 
a significant negative correlation between L-FABP/BMI ra-
tio and SDS for SBP (r = −0.769, p < 0.01). However, we did 
not observe similar correlations in the subgroup of chil-
dren with single cysts. In the subgroup of children with 

multiple cysts, we observed a negative correlation between 
serum IL-6 concentration and MAP (r = −0.642, p < 0.05). 
We also recorded a significant negative correlation be-
tween IL-6 and BMI and SBP (r = −0.873, p < 0.01), MAP 
(r = −0.758, p < 0.05), and serum creatinine (r = −0.708, 
p < 0.05).

Discussion

Numerous clinical studies have confirmed the increased 
urinary excretion of L-FABP in kidney diseases in both 
children and adults. Many studies indicate the usefulness 
of the L-FABP assay as a biomarker for kidney disease, 
and L-FABP has also been shown to be able to relieve 
the occurrence of kidney damage.19,22,32 Oxidative stress 
and damage to the proximal renal tubules due to ischemia 
lead to increased urinary excretion of L-FABP, as shown 
by Małyszko et al.21 This was also confirmed by a meta-
analysis carried out by Susantitaphong et al., which con-
cluded that L-FABP provides adequate data to diagnose 
AKI and predict the necessity of renal replacement therapy 
and acute mortality.23

Khatir et  al. evaluated the concentration of L-FABP 
in the group of adult patients with CKD stage 3–4, from 
which, however, patients with polycystic kidney disease 
were excluded. These authors showed that elevated L-FABP 

Table 5. Evaluation of the correlation between the tested markers and biochemical parameters and blood pressure values

Parameter

Children with kidney cysts

L-FABP (S) L-FABP (U) IL-6 (S) IL-6 (U)

ADPKD non-ADPKD ADPKD non-ADPKD ADPKD non-ADPKD ADPKD non-ADPKD

SBP
r = −0.038 
p = 0.874

r = −0.254
p = 0.294

r = −0.293 
p = 0.210

r = −0.092
p = 0.709

r = −0.485 
p < 0.05

r = −0.497
p < 0.05

r = −0.245 
p = 0.297

r = −0.298
p = 0.216

DBP
r = 0.021 
p = 0.930

r = −0.493
p < 0.05

r = −0.186 
p = 0.433

r = −0.300
p = 0.212

r = −0.469 
p < 0.05

r = −0.350
p = 0.142

r = −0.228 
p = 0.333

r = −0.392
p = 0.097

MAP
r = −0.003 
p = 0.991

r = −0.404
p = 0.086

r = −0.240 
p = 0.307

r = −0.213
p = 0.381

r = −0.500 
p < 0.05

r = −0.450 
p = 0.053

r = −0.247 
p = 0.293

r = −0.370
p = 0.119

SDS for SBP 
r = −0.206 
p = 0.384

r = −0.393
p = 0.096

r = −0.221 
p = 0.349

r = −0.128
p = 0.600

r = −0.556 
p < 0.05

r = −0.603
p < 0.01

r = −0.572 
p < 0.01

r = −0.417
p = 0.076

SDS for DBP 
r = −0.167 
p = 0.481

r = −0.570
p < 0.05

r = −0.158 
p = 0.505

r = −0.316
p = 0.187

r = −0.505 
p < 0.05

r = −0.286
p = 0.235

r = −0.453 
p < 0.05

r = −0.445 
p = 0.056

Creatinine  
[umol/L]

r = 0.497 
p < 0.05

r = −0.131
p = 0.592

r = 0.237 
p = 0.314

r = 0.019
p = 0.939

r = −0.053 
p = 0.824

r = −0.324
p = 0.176

r = 0.047 
p = 0.844

r = −0.367
p = 0.122

Urea  
[umol/L]

r = −0.088 
p = 0.712

r = 0.340
p = 0.154

r = 0.022 
p = 0.925

r = 0.377
p = 0.112

r = 0.259 
p = 0.270

r = 0.300
p = 0.212

r = −0.222 
p = 0.346

r = 0.132
p = 0.589

Uric acid  
[mmol/L]

r = 0.572 
p < 0.01

r = −0.120
p = 0.624

r = 0.586 
p < 0.01

r = 0.086
p = 0.727

r = 0.028 
p = 0.907

r = 0.203
p = 0.403

r = 0.084 
p = 0.725

r = 0.152
p = 0.535

Na  
[mmol/L]

r = −0.163 
p = 0.493

r = 0.147
p = 0.548

r = −0.331 
p = 0.154

r = 0.376
p = 0.112

r = 0.124 
p = 0.602

r = −0.020
p = 0.934

r = −0.041 
p = 0.865

r = −0.243
p = 0.315

K  
[mmol/L]

r = −0.100 
p = 0.676

r = 0.431
p = 0.065

r = −0.004 
p = 0.986

r = 0.435
p = 0.063

r = 0.457 
p < 0.05

r = 0.025
p = 0.920

r = 0.078 
p = 0.744

r = 0.024
p = 0.923

eGFR  
[mL/min/1.73 m²]

r = −0.060 
p = 0.802

r = 0.047
p = 0.846

r = −0.284 
p = 0.224

r = −0.177
p = 0.469

r = 0.174 
p = 0.463

r = 0.240
p = 0.321

r = 0.404 
p = 0.077

r = 0.398
p = 0.091

SBP – systolic blood pressure; DBP – diastolic blood pressure; MAP – mean arterial pressure; L-FABP – liver fatty acid binding protein; IL-6 – interleukin 6; 
S – serum; U – urine; eGFR – estimated glomerular filtration rate; ADPKD – autosomal dominant polycystic kidney disease.
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concentration in the urine correlates with the loss of renal 
function only in the absence of significant albuminuria.33

Matsui et al. followed 244 adult CKD patients for 3 years 
and confirmed that elevated urinary L-FABP concentration 
was associated with progression to ESRD and the incidence 
of severe cardiovascular events in these patients.34 In lit-
erature, no one before conducted research on the evalua-
tion of L-FABP in a selected group of children with cystic 
kidney disease, nor did anyone make comparisons between 
groups of children with single and multiple renal cysts.

In our study, we showed a higher L-FABP concentration 
both in serum and in urine in children with cystic kidney 
disease, regardless of the underlying cysts etiology, which 
may indicate early damage of the proximal tubules even 
before the occurrence of renal impairment. McMahon 
et al. reviewed the usefulness of biomarkers in the diagno-
sis of kidney disease and indicated that increased urinary 
L-FABP excretion in patients with CKD correlated with 
the severity of proteinuria.22 When analyzing the correla-
tion of serum and urine L-FABP concentrations by sub-
group division, we showed a positive correlation between 
serum L-FABP concentration and serum creatinine and 
uric acid concentration in ADPKD children, which may 
indicate that L-FABP may be an early marker of CKD 
development. 

Ichikawa et  al. performed a  study on  experimental 
animals of  the  RAS-activated mouse model to  evalu-
ate the renoprotective effect of renal hL-FABP (human 
L-FABP). This study suggested that the increased expres-
sion of renal hL-FABP, known an antioxidant, together 
with the suppression of angiotensin II type 1 receptor ap-
pearance, blocked the production of pro-inflammatory 
cytokines and diminished the tubulointerstitial damage.35 
In our previous work in the same group of children with 
renal cysts, we also demonstrated the activation of intra-
renal RAAS.36 Ichikawa et al. concluded that agents that 
amplify the expression of renal L-FABP in the proximal 
tubules might be useful as therapeutic agents in future.37 
In our study, a group of children with cystic kidney dis-
ease showed a significant negative correlation between 
serum L-FABP concentration and SDS for DBP. The above 
results may indicate the beneficial effect of L-FABP and 
the contribution of this antioxidant in inhibiting the de-
velopment of hypertension in children with renal cystic 
changes. The pilot studies conducted by us also indicate 
the need for further research in a larger group of children 
with kidney cysts.

Many clinical trials in adults and children have con-
firmed the association of elevated IL-6 levels with kidney 
disease, especially CKD progression. It  is believed that 
the cause of this phenomenon is chronic inflammation 
in the kidney parenchyma, which is a common feature, 
characteristic for kidney damage due to various reasons. 
Determination of serum IL-6 concentration may be use-
ful in  predicting the  risk of  end-stage renal disease.38 
Nakamura et al., similarly to our results, found elevated 

IL-6 concentration in ADPKD adults, where the mean age 
of the study group was 57 years. In addition, these authors 
confirmed that IL-6 levels decreased as a result of the reno-
protective treatment with angiotensin converting enzyme 
inhibitor and/or angiotensin receptor blockade.39 In our 
study, we found in children with cystic renal changes sig-
nificantly higher IL-6 concentration in serum and urine, 
both in subgroups with ADPKD and non-ADPKD as well 
as with the division due to the number of cysts and gender, 
in comparison with healthy children, with no difference 
between individual subgroups. In addition, we have dem-
onstrated a significant positive correlation between urinary 
IL-6 concentration and eGFR, which indicates IL-6 contri-
bution in the deterioration of renal function. Menon et al. 
also showed increased levels of IL-6 in the serum of adoles-
cents and adult patients with ADPKD. In this study, they 
divided the group of patients into 3 subgroups: ADPKD 
with normal BP and normal eGFR, ADPKD with hyperten-
sion but with normal eGFR and ADPKD with hyperten-
sion and reduced eGFR. The highest IL-6 concentrations 
occurred in the subgroup with ADPKD with hypertension 
and depressed eGFR.40 In contrast, Soleimani et al. showed 
higher levels of L-FABP in urine in patients with ADPKD, 
but not in serum, compared to the healthy group, which 
would suggest only the local presence of  inflammation 
in the renal parenchyma.41 Ma et al. confirmed the associa-
tion of 572C> GG IL-6 polymorphism with the develop-
ment of hypertension in the Asian population.28 However, 
in our study, we showed a significant negative correlation 
between the serum IL-6 concentration and absolute values 
and SDS for SBP and DBP, and the value of MAP. There 
was also a significant negative correlation between urinary 
IL-6 concentration and SDS for SBP and DBP. Perhaps 
this is due to the other polymorphisms of the IL-6 gene 
in the Polish population. Also, the mechanism of activation 
via binding of IL-6 to its membrane-bound receptor IL-6R, 
which is named classic signaling (anti-inflammatory ac-
tion) or binding via the trans-signaling with pro-inflam-
matory features, could play a role.17 These results indicate 
the need for further studies on a larger group of children 
with renal cysts to more accurately assess the role of this 
cytokine in the course of cystic changes in children and its 
contribution to the pathogenesis of hypertension.

In summary, we can conclude that higher concentrations 
of L-FABP and IL-6 in both serum and urine in children 
with various types of kidney cysts indicate the develop-
ment of  chronic inflammatory processes and damage 
to  the  renal parenchyma even before the  occurrence 
of other organ damage and hypertension. The L-FABP 
concentration seems to be a good biomarker for an in-
creased risk of hypertension and kidney damage. A nega-
tive correlation of serum IL-6 concentration with BP values ​​
requires further studies on a larger number of patients with 
renal cysts, with the determination of the type of IL-6 gene 
polymorphism. Both L-FABP and IL-6 appear to be useful 
biomarkers of CKD.
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Abstract
Background. Anastomotic leakage is a devastating complication of colorectal surgery. Neoadjuvant radio-
therapy for colorectal cancer can affect the mechanical and biochemical parameters of anastomotic healing. 
It has been reported that ozone increases antioxidant enzyme activity and stimulates adaptive processes 
to oppose the pathophysiologic conditions mediated by reactive oxygen species (ROS).

Objectives. The objective of this study was to investigate the effect of controlled administration of ozone 
on the healing of anastomosis and the activation of antioxidant enzymes in the colon after radiotherapy.

Material and methods. Rats (n = 48) were randomly assigned to the following groups: control groups 
(1 and 2), saline-treated and irradiated (IR) groups (3 and 4) and ozone oxidative preconditioning (OOP) and 
IR groups (5 and 6). Rats were exposed to whole-body IR (6 Gy) after pretreatment with either saline or ozone. 
Rats in groups 1, 3 and 5 were euthanized on postoperative day 3, whereas those in groups 2, 4 and 6 were 
euthanized on postoperative day 7. The anastomoses were performed on day 7 post-IR. The anastomotic 
segment was resected to measure hydroxyproline (HPO) content, myeloperoxidase (MPO) activity and 
malondialdehyde (MDA) concentration and for histopathological evaluation.

Results. The mean bursting pressure of the groups that underwent radiotherapy was lower than that 
of the control groups (p < 0.001). In groups 5 and 6, the tissue HPO concentrations were higher than those 
in groups 3 and 4. Although mean values for MPO activity in groups 5 and 6 were higher than those in groups 3 
and 4, the differences were not significant. Regarding oxidative damage markers, MDA concentrations were 
significantly lower in group 5 than those in group 3.

Conclusions. In this experimental model, OOP exerted favorable effects on colon anastomotic healing 
after radiation exposure.

Key words: colon anastomosis, ozone oxidative preconditioning, radiotherapy, anastomotic leakage
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Introduction

Anastomotic leakage after colorectal surgery is a dread-
ed complication, as  it greatly increases morbidity and 
mortality and has been associated with high local recur-
rence and diminished survival after colorectal cancer 
surgery.1 Preoperative radiotherapy is  being success-
fully used as an adjuvant in rectal cancer therapy, but 
the ionized beams used in radiotherapy can potentially 
damage organs by increasing the cellular oxidative stress 
as a result of molecular ionization, leading to the overpro-
duction of reactive oxygen species (ROS).2,3 Ozone (O3) 
therapy is widely used in medicine for its antioxidant, 
anti-inflammatory and antimicrobial effects.4 The thera-
peutic effect of O3 particularly targets reactive oxygen 
products, hydrogen peroxide and lipid oxidation products 
(LOPs).5 Thus, it has been hypothesized that O3 is effec-
tive in preventing ischemia–reperfusion damage and has 
been used as a therapeutic option in ischemia–reperfu-
sion studies.6,7 The term ‘O3 oxidative preconditioning’ 
(OOP) implies the triggering of an adaptation to oxidative 
stress through the application of O3 at repeated non-toxic 
doses. The claimed efficacy of OOP therapy in prevent-
ing ischemia–reperfusion damage in  various organs, 
such as the  liver, heart and kidneys, has been demon-
strated in experimental studies.6–8 We aimed to deter-
mine whether the antioxidant capacity of the O3 applied 
would ameliorate any damage after radiotherapy as well 
as suppress the anti-inflammatory process at the anas-
tomotic site and to obtain histopathological evidence 
of this effect.

Material and methods

This experimental study was conducted after receiving 
approval from the Animal Research Committee in the Bül-
ent Ecevit University (Zonguldak, Turkey). All animals 
were handled in accordance with the recommendations 
of the National Institute of Health Guidelines for the Care 
and Use of Laboratory Animals (Ankara, Turkey).

Animals and groups

Forty-eight female Wistar albino rats aged 10–12 weeks 
and weighing 200–250 g were fed with standard rat feed 
and fresh potable water ad libitum throughout the study 
period. They were kept under constant environmental con-
ditions at an average temperature of 21 ±1°C and humidity 
of 50–60% in transparent plastic cages lined with wood 
shavings. The rats were randomized in a blinded manner 
to 6 groups comprising 8 rats each.

In control groups (groups 1 and 2), rats were adminis-
tered 0.5 mL of intraperitoneal saline for 5 consecutive 
days. After the administration of the final dose, left colon 
anastomosis was performed on the rats. On days 3 and 7 

following the anastomosis procedure, the rats in group 1 
and 2 were euthanized.

In saline-treated and irradiated (IR) groups (groups 3 
and 4), rats were administered 0.5 mL of intraperitoneal 
saline for 5 consecutive days. A single-dose pelvic IR with 
500 cGy was performed 1 h after the final dose was ad-
ministered. On day 7 post-IR, left colon anastomosis was 
performed. After the procedure, the rats were euthanized 
on day 3 (group 3) and day 7 (group 4).

OOP and IR groups (groups 5 and 6) 

An  intraperitoneal injection containing a  mixture 
of 0.7 mg/kg of O2/O3 gas was administered each day for 
5 consecutive days. A single-dose pelvic IR with 500 cGy 
was performed 1 h after the final dose was administered. 
On day 7 post-IR, left colon anastomosis was performed. 
The rats were euthanized on day 3 (group 5) and day 7 
(group 6) after the procedure. The presence/absence of any 
complications related to the wounded area in rats and any 
intra-abdominal abscess, anastomotic leakage or stenosis 
was also noted. Evaluations of the bursting (blast) pressure 
and hydroxyproline (HPO) concentration during the anas-
tomosis as well as those of the histopathological and bio-
chemical aspects were performed. During the biochemical 
examination, malondialdehyde (MDA), myeloperoxidase 
(MPO) and superoxide dismutase (SOD) concentrations 
were examined as the oxidative markers in the tissue.

Surgical procedure

No bowel preparation was preoperatively applied to the 
rats. To induce dissociative anesthesia, 80 mg/kg of ket-
amine HCl (Ketalar® vial; Eczacıbaşı Pharmaceutical In-
dustry and Trade Inc., Lüleburgaz, Turkey) and 10 mg/kg of 
xylazine HCl (Rompun® 2%; Bayer, Leverkusen, Germany) 
were intramuscularly injected into each rat. The laparot-
omy procedure was performed through a 4-centimeter 
standard mid-line incision. Left colon is transected with 
a scalpel to perform an anastomosis. Vascular supply of co-
lonic edges is preserved. Colonic contents were cleaned up 
2 cm proximally and distally using the stripping method. 
To minimize the effect of the suturing material on anas-
tomotic healing, 6/0 non-absorbable monofilament round-
needle polypropylene sutures were used. An edge-to-edge 
anastomosis procedure was performed, with approx. 6–8 
pieces of primary interrupted sutures.

O3 production

Ozone was generated by  an  O3 generator (Bozon  N; 
Econica, Odessa, Ukraine), allowing control of the gas flow 
rate and O3 concentration in real time, using a built-in ul-
traviolet spectrometer; it was immediately administered 
at a dose of 1.2 mg/kg daily via an intraperitoneal route. 
The volume of the injected mixture was approx. 1 mL. 
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The OOP was performed with 5 applications (once daily) 
of the O3/O2 mixture. The O3 flow rate was kept constant 
at 3 L/min, representing a concentration of 60 mg/mL and 
a gas mixture of 97% O2 + 3% O3. Tygon polymer tubes and 
single-use silicon-treated polypropylene syringes (O3 re-
sistant) were used throughout the experiment to ensure 
containment of O3 and consistency of concentration.9

Euthanasia

Groups 1, 3 and 5 were euthanized on postoperative day 
3, while groups 2, 4 and 6 were euthanized on postopera-
tive day 7 using the intra-cardiac blood collection method. 
After the bursting (blast) pressure was measured, the co-
lon segment was resected, including 2 cm of the proximal 
and 2 cm of the distal part of the anastomotic line. Then, 
it was divided into 2 equal parts vertically passing through 
the middle of the anastomosis. For the histopathological 
examination, a section of tissue, including the anastomo-
sis, was placed in 10% formaldehyde solution. Another 
section was frozen at −80°C for measuring HPO, MPO, 
SOD, and MDA concentrations.

Measurement of the bursting (blast) 
pressure

To measure the bursting pressure, an infusion pump 
(Infusion pump Hospira Plum A+; Abbott, Irving, USA), 
a pressure transducer (Transpac IV, Abbott) and a monitor 
(Petas KMA 460-R; Petas, Ankara, Turkey) were provid-
ed. The proximal end of the anastomosis was transected, 
and the fecal content within (if any) was removed. A 6-Fr 
catheter that was connected to the monitor along with 
the pressure transducer was placed within the anasto-
mosis. To avoid any air or fluid leakage, the catheter was 
fixed with a 2/0 silk suture, and a closed system was es-
tablished. Fluid was transferred from the catheter placed 
in the proximal part of the colon by means of a perfu-
sion pump at a speed of 50 mL/h, and the pressure was 
tracked on the monitor. Fluid leakage or a sudden decline 
in pressure in the course of the blast at the anastomosis 
site was determined, and the monitor indicator at that 
moment was recorded as the bursting (blast) pressure 
of anastomosis.

Radiation procedure

A single pelvic IR with 500 cGy was applied to the rats 
while they were in the prone position by a masked inves-
tigator. A computed tomography (CT) simulation of a rat 
anatomy was performed in 1-millimeter slices, and a dose 
calculation was performed with the help of Eclipse Treat-
ment Planning System v. 8.9 (Varian Medical Systems, Palo 
Alto, USA). The animals were brought back to their cages 
in the post-IR period. The animals in the group 1 and 2. 
were anesthetized but not exposed to radiation.

Biochemical examinations

Biochemical analyses were performed in the Research 
Laboratory of Nutrition and Dietetics in Muğla Health 
College, Muğla Sıtkı Koçman University, Turkey. Hydroxy-
proline concentrations in the tissue were measured ac-
cording to a modification of the method of Jamall et al.10 
After being weighed, the samples were hydrolyzed with 
6 N HCl in an autoclave (Nüve OT4060; Nüve Sanayi Mal-
zemeleri, Izmir, Turkey) at 121°C for 15 min. Twenty-five 
microliter of hydrolysate were taken and lyophilized and 
then were dissolved in 1 mL 50% (v/v) isopropyl alcohol. 
Chloramine-T was added to these samples 10 min later. 
Then, 1 mL of Ehrlich solution was added, and the samples 
were incubated at 50°C for 90 min.

Under the  same circumstances, 0.4-, 0.8-, 1.2-, and 
1.6-microgram L-HPO standards were studied. The color 
change that occurred during the reaction was spectropho-
tometrically measured at a 560-nanometer wavelength 
(PG Instruments T80+; PG Instruments Limited, Leices-
tershire, UK). Hydroxyproline levels were calculated from 
a standard curve prepared from L-HPO and expressed 
as microgram per gram tissue (μg/g tissue).10,11

Tissue MDA concentrations was measured in a 96-well 
microliter plate using an enzyme-linked immunosorbent 
assay (ELISA) kit (Cusabio Biotech Co., LTD., Newark, USA) 
according to the manufacturer’s guidelines. Tissues were 
homogenized (Pro-Scientific 200; Pro-Scientific, Oxford, 
USA) in phosphate-buffered saline (PBS). The homogenates 
were centrifuged for 5 min at 5,000 × g (Eppendorf 5804R; 
Eppendorf, Hamburg, Germany). The supernatants were 
used for the determination of MDA levels. Optical density 
of each well was measured with a microplate plate reader 
at 450 nm absorbance (Biorad Model 680 microplate reader; 
Biorad, Hercules, USA). The sensitivity of the assay was 
7.81 pmol/mL and the linear range of the standard was 
31.25–2,000 pmol/mL. The  intra-assay and inter-assay 
coefficients of variation were <8% and <10%, respectively. 
The concentrations of MDA were represented as nano-
moles per milligram protein (nmol/mg protein).

Tissue MPO concentrations were measured in a 96-well 
microliter plate, using an ELISA kit (USCN Life Science, 
Wuhan, China) according to the manufacturer’s guide-
lines. Tissues were homogenized (Pro-Scientific 200; Pro-
Scientific Oxford, USA) in ice-cold PBS. The homogenates 
were centrifuged for 5 min at 5,000 × g (Eppendorf 5804R). 
The supernatants were used to determine MPO concentra-
tions. Optical density of each well was measured with a mi-
croplate plate reader at 450 nm absorbance (Biorad Model 
680 microplate reader). The concentrations of MPO were 
represented as nanogram per milligram protein (ng/mg 
protein).

Tissue SOD activity was measured using the spectro-
photometric method developed by Sun et al.12 Tissues were 
homogenized (Pro-Scientific 200) in PBS were centrifuged 
for 5 min at 5,000 × g (Eppendorf 5804R). Supernatant were 
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mixed to equal volume chloroform/ethanol (3:5 ratio) and 
centrifuged (Eppendorf 5804R) at 5000 × g for 2 h at 4°C. 
Then, SOD activity and protein levels were measured in su-
pernatants. One unit of SOD was defined as the amount 
of enzyme causing 50% inhibition of the reduction rate 
of nitroblue tetrazolium. Superoxide dismutase activity 
was given as units (U)/mg protein.

Total protein content of  tissues was measured using 
the method of Lowry et al.13 with BSA as a standard.

Histopathological evaluation

From the tissue samples in 10% formaldehyde solution, 
paraffin-embedded blocks were prepared and sections 
of 4–5-micron thickness were stained with hematoxy-
lin and eosin (H&E). The sections were then evaluated 
under light microscopy (Leica DMLS; Leica Camera AG, 
Wetzlar, Germany) by a single pathologist in a blinded 
manner. Mucosal wound recovery was scored according 
to the scale proposed by Houdart et al.14 Granulocyte in-
filtration, mononuclear cell infiltration, fibroblastic pro-
liferation, focal necrosis, and exudate formation pertain-
ing to the anastomotic wound recovery were evaluated 
and scored according to the modified parameters14,15 as: 
0 – none, 1 – mild, 2 – moderate, and 3 – severe.

Statistical analysis

Statistical analyses were performed using SPSS v. 13.0 
(SPSS, Inc., Chicago, USA) statistical software. For contin-
uous variables with the normal distribution, the Shapiro–
Wilk test was used, whereas in 3 or more group compari-
sons of the variables showing non-normal distribution, 
the Kruskal–Wallis test was used. For group comparisons, 
the Mann–Whitney U test was used. P-values ≤0.05 were 
considered statistically significant.

Results

When the groups were evaluated in terms of the burst-
ing pressure, the bursting pressure of  the groups that 
underwent radiotherapy (groups  3–6) was lower than 
that of the control groups (groups 1 and 2) (p < 0.001). 
The bursting pressures in the group that received OOP pri-
or to IR were significantly higher than those in the groups 
treated with saline prior to IR (p < 0.001). The distribution 
of the bursting pressure values of anastomosis according 
to the groups is shown in Fig. 1 and Table 1.

The tissue HPO concentrations in the groups that were 
treated with saline prior to irradiation were lower than 
those in the control groups (p < 0.05). Conversely, the HPO 
values of groups 5 and 6 were statistically higher than those 
of groups 3 and 4 (Fig. 2).

The  MDA concentrations of  the  groups that under-
went radiotherapy (groups 3–6) were higher than those 

of the control groups (groups 1 and 2); however, the dif-
ference was statistically significant only in the compari-
son between group 3 and the control groups (p = 0.014). 
Similarly, although a decrease in the MDA concentrations 
of groups 5 and 6 was maintained, a statistically signifi-
cant decline was observed in the MDA concentrations 
of group 5 (p = 0.014) in comparison with those of groups 3 
and 4 (Fig. 3).

The  MPO concentrations in  the  groups that under-
went radiotherapy (groups 3–6) were lower than those 
in  the  control groups (groups  1 and 2). The  increase 
in the MPO concentrations in the group that underwent 

Fig. 1. Distribution of the bursting (blast) pressure values of anastomosis 
by group

Fig. 2. Hydroxyproline (HPO) concentrations in the anastomotic tissue 
by group [μg/g tissue]

bu
rs

tin
g 

(b
la

st
) 

pr
es

su
re

 [
m

m
 H

g]

group 6group 5group 4group 3group 2group 1

200

150

100

50

0

hy
dr

ox
yp

ro
lin

e 
[μ

g/
g 

tis
su

e]

group 6group 5group 4group 3group 2group 1

2.0

1.5

1.0

0.5

0.0

Table 1. Distribution of the bursting (blast) pressure and standard 
deviation (SD). Values of anastomosis by group

Groups Average bursting (blast) 
pressure (mm Hg) ±SD Median Mini-

mum
Maxi-
mum

Group 1 145.38 ±12.716 144.5 123 162

Group 2 149.63 ±37.489 157.5 90 192

Group 3 50.75 ±18.722 52.5 15 75

Group 4 74.13 ±25.737 84.0 40 104

Group 5 86.00 ±19.479 82.5 60 118

Group 6 140.88 ±31.832 142.5 90 185
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OOP (groups 5 and 6) compared with those in the groups 
treated with saline was only clinically significant. There 
were no statistically significant differences between 
the groups (Fig. 4).

The tissue SOD concentrations of groups 3 and 4 were 
lower than those of groups 1 and 2 (p < 0.05). Conversely, 

the SOD concentrations of groups 5 and 6 were statisti-
cally higher than those of groups 3 and 4 (p < 0.05) (Fig. 5). 
Table 2 shows the HPO, MDA, MPO, and SOD concen-
trations in  the  anastomotic tissues in  control and sa-
line- or O3-treated irradiated groups euthanized on day 3 
or day 7 after IR.

Upon examining the anastomotic wound healing, granu-
lation tissue development and histological changes corre-
sponding to the local inflammatory response of the study 
groups (scored from 0 to 4), we observed that the inflam-
matory cell infiltration in all groups was more intense 
than in the control groups. The fibroblastic proliferation 
between the groups was similar; however, it was not sta-
tistically significant (Table 3).

Discussion

Anastomotic leakage is one of the major and devastat-
ing complication of colorectal surgery. The occurrence 
of postoperative anastomotic leakage can vary between 
10% and 20%.16 Ischemia is regarded as one of the causes 
of anastomotic leakage. Wound recovery is negatively af-
fected by hypoxia.17

Cronin et al. reported that during the measurements 
of bursting pressure of the anastomosis, the force to be 

Fig. 3. Malondialdehyde (MDA) levels in the anastomotic tissue by group 
[nmol/mg protein]

M
D

A 
[n

m
ol

/m
g 

pr
ot

ei
n]

group 6group 5group 4group 3group 2group 1

0.05

0.04

0.03

0.02

0.01

0.00

Fig. 4. Myeloperoxidase (MPO) concentrations in the anastomotic tissue 
by group [ng/mg protein]
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Table 2. HPO [μg/g], MDA [nmol/g], MPO [nmol/mg], and SOD [U/g] concentrations in the anastomotic tissue by group in control, and saline- or ozone-
treated irradiated groups euthanized on day 3 or day 7 after IR. Each group consisted of 6 rats

Oxidative stress 
markers

Control IR

day 3 day 7 day 3 day 7

group 1 group 2 saline-treated 
group 3

ozone-treated 
group 5

saline-treated 
group 4

ozone-treated 
group 6

HPO [μg/g] 1.071 ±0.241 0.912 ±0.100 0.786 ±0.129 0.942 ±0.165 0.896 ±0.158 1.025 ±0.098

MDA [nmol/mg] 0.021 ±0.111 0.296 ±0.092 0.396 ±0.093 0.442 ±0.076 0.422 ±0.135 0.496 ±0.090

MPO [nmol/mg] 0.357 ±0.111 0.296 ±0.092 0.396 ±0.093 0.442 ±0.076 0.422 ±0.135 0.496 ±0.090

SOD [U/g] 34.66 ±6.86 36.86 ±4.83 23.22 ±3.07 59.36 ±4.75 24.16 ±2.18 53.24 ±3.84

HPO – hydroxyproline; MDA – malondialdehyde; MPO – myeloperoxidase; SOD –superoxide dismutase; IR – irradiation.

Fig. 5. Superoxide dismutase (SOD) activities in the anastomotic tissue 
by group [U/mg protein]
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exerted postoperative day 3 onwards tended to increase 
until it reached its maximum pressure on days 7–10.18

It was shown that there was an increase in the re-infu-
sion of the blood mixed with O3 and in the nitric oxide 
(NO) levels, which caused vasodilatation in the ischemic 
areas, and that oxidative stress was minimized along 
with decreased hypoxia, SOD activation and decreased 
glutathione levels.19,20 It has currently been reported that 
antioxidant enzymes, NO pathways and other cellular 
activities could be regulated by low doses of O3.21 Con-
trolled administration of O3 can minimize the damage 
induced by ROS by maintaining the adaptation to OOP 
or stress.20,22 It was reported that O3 would enhance heal-
ing in ischemic and ulcerous wounds by promoting ex-
pression, secretion and activation of growth factors from 
the activated thrombocytes.23

Stevens et al. compared the cases of anterior resection 
performed after radiotherapy with 5,000 rad and a group 
that did not undergo radiotherapy.24 They found a sig-
nificantly higher anastomotic leakage in the radiotherapy 
group than in the control group; this was consistent with 
the findings of some other experimental studies report-
ing negative effect of radiation on anastomotic healing 
depending on the applied dose and duration.25–27

We performed a colon anastomosis on rats on day 7 
following the administration of 6 Gy total body IR. Dur-
ing the measurements performed on postoperative days 
3 and 7, it was observed that the bursting pressure was 
lower in  the  radiotherapy groups than in  the  control 
groups (p  <  0.001). It  was also determined that OOP 
caused an increase in the bursting pressure, which was 
significantly higher than that in the saline-treated and IR 
groups (p < 0.001). It was observed that the tissue HPO 
concentration in the saline-treated and IR groups (groups 3 
and 4) was low compared with that in the control groups 
(p < 0.05). The HPO concentrations of groups 5 and 6 
were significantly higher than those of groups 3 and 4. 
Along with these findings, we ascertained that a single, 
low-dose irradiation performed on preoperative day 7 af-
fected the anastomosis recovery in our rat model.

Our findings regarding the low bursting pressure and 
HPO concentrations in an experimental rodent model sug-
gest that O3 exposure prior to radiotherapy contributes 
to a decrease in the incidence of anastomotic leakage after 
colorectal surgery during the early stage. Although radio-
therapy-based damage occurred as the result of oxidative 
stress, the MDA concentration of group 3 was a signifi-
cant indicator of oxidative stress among the study groups. 

Table 3. Histological changes in the anastomotic tissue by group in control, and saline- or ozone-treated irradiated groups euthanized on day 3 or day 7 
after irradiation (IR). Each group consisted of 6 rats

Granulocyte 
infiltration

Score Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

0 0 0 1 (12.5%) 2 (25.0%) 4 (50.0%) 3 (37.5%)

1 3 (37.5%) 4 (50.0%) 4 (50.0%) 5 (62.5%) 4 (50.0%) 5 (62.5%)

2 1 (12.5%) 3 (37.5%) 2 (25.0%) 1 (12.5%) 0 0

3 4 (50.0%) 1 (12.5%) 1 (12.5%) 0 0 0

Mononuclear 
cell infiltration

Score Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

0 0 0 2 (25.0%) 1 (12.5%) 0 0

1 6 (75.0%) 2 (25.0%) 4 (50.0%) 5 (62.5%) 7 (87.5%) 7 (87.5%)

2 2 (25.0%) 3 (37.5%) 1 (12.5%) 2 (25.0%) 1 (12.5%) 1 (12.5%)

3 0 3 (37.5%) 1 (12.5%) 0 0 0

Fibroblastic 
proliferation

Score Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

0 0 0 2 (25.0%) 1 (12.5%) 0 0

1 7 (87.5%) 1 (12.5%) 4 (50.0%) 4 (50.0%) 6 (75.0%) 4 (50.0%)

2 1 (12.5%) 3 (37.5%) 2 (25.0%) 3 (37.5%) 2 (25.0%) 3 (37.5%)

3 0 4 (50.0%) 0 0 0 1 (12.5%)

Focal necrosis

Score Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

0 8 (100%) 6 (75.0%) 7 (87.5%) 8 (100%) 7 (87.5%) 8 (100%)

1 0 2 (25.0%) 0 0 1 (12.5%) 0

2 0 0 1 (12.5%) 0 0 0

3 0 0 0 0 0 0

Exudate 
formation

Score Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

0 1 (12.5%) 3 (37.5%) 7 (87.5%) 5 (62.5%) 6 (75.0%) 5 (62.5%)

1 3 (37.5%) 4 (50.0%) 1 (12.5%) 3 (37.5%) 0 2 (25.0%)

2 1 (12.5%) 0 0 0 2 (25.0%) 1 (12.5%)

3 3 (37.5%) 1 (12.5%) 0 0 0 0
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In other groups, the differences in MDA and MPO values 
were not significant.

Here, OOP caused the  bursting pressure and HPO 
values to increase in rats during the colon anastomosis 
procedure. The effect of O3 exposure on the oxidative in-
dicators/markers in the anastomotic tissue was evidenced 
by a significant decline in MDA concentrations in group 5. 
In other groups, the differences in MDA and MPO values 
were not significant.

Our findings reveal that radiation negatively affected 
recovery after colonic anastomosis surgery and this is con-
cordant with the results of previous reports. Conversely, 
based on HPO, SOD and MDA measurements and histo-
pathological examinations, we found that OOP had a posi-
tive effect on the recovery of anastomoses performed after 
radiotherapy. These findings in an experimental rodent 
model suggest that O3 exposure prior to  radiotherapy 
contributes to a decrease in the incidence of anastomotic 
leakage after colorectal surgery. However, there is need 
for further studies to assess the effects and antioxidant 
capacity of O3.
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Abstract
Background. For many years standards of medical care for newborns have been created and perfected 
with the goal of improving care, including early detection of congenital defects.

Objectives. The objective of the study was to assess the circulatory system in newborns born at basic level 
of perinatal care centers and the comparison of specific parameters of cardiac function and structure according 
to the method of birth, body mass, sex, Apgar score, pulse oximetry results, and presence of other pathologies.

Material and methods. The study was carried out in 255 newborns aged 3–14 days. The children were 
assessed according to Apgar score, were weighed and pulse oximetry testing was carried out, and symptoms 
of neonatal jaundice or infection were taken into account. Each child was subjected to a physical examination 
and echocardiographic examination.

Results. Among the group studied, 3.5% of children had defects of the circulatory system and functional 
disorders.

Conclusions. Pulse oximetry testing, due to its low level of invasiveness, high sensitivity and specificity, low 
cost and repeatability, should be used as the primary screening test, allowing for early detection of critical 
congenital heart defects (CHDs). It should be stressed that the test should be repeated before discharge 
of newborns from the neonatology department so as to avoid missing CHDs which are asymptomatic or mute 
at birth. Morphological and functional assessment of specific structures of the heart in delivered newborns 
showed correlation of the size of the left ventricle (LV) with body mass. The remaining factors, such as method 
of delivery, sex, neonatal jaundice, and audible murmur, were irrelevant. Routine cardiological assessment 
of healthy newborns is therefore not necessary.

Key words: congenital heart defect, echocardiography, newborn
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For many years standards of medical care for newborns 
have been created and perfected with the goal of improving 
such care, including early detection of congenital defects. 
Currently, according to the newest guidelines of care, each 
newborn is to be assessed along a schedule of screening 
tests carried out in the neonatology department. Screening 
tests are a form of prophylaxis, allowing for early diagnosis 
of congenital diseases before they become symptomatic. 
Currently, the number of prophylactic screening tests in Po-
land stands at 27 in addition to auditory assessment and 
pulse oximetry.1 The social and economic benefits of screen-
ing tests are unquestionable. Between the year 2009 and 
2013 in Poland, according to data presented by the Ministry 
of Health, on the basis of screening tests, 1,394 congenital 
diseases were diagnosed.1 The frequency of congenital heart 
defects (CHDs) in the population is around 0.8–1%, of which 
25% can be considered critical defects requiring urgent sur-
gical or hemodynamic intervention.2,3 Newborns with seri-
ous complex heart defects may at first present atypically, 
without any obvious symptoms of cardiac insufficiency. 
Typically, the stay for neonates in the neonatology depart-
ment is short and as a result newborns with undiagnosed 
cardiac defects are at high risk of death after discharge from 
the hospital.4 The advances in ultrasonography, including 
fetal echocardiography, have resulted in increased early de-
tection of many fetal defects and the referral of pregnant 
women to deliver in the 3rd highest level of perinatal care 
units, assuring optimal medical care for such newborns.5

It is assumed that newborns delivered in basic level peri-
natal care units lack prenatal diagnoses indicating potential 
complications. From the source data it can be concluded that, 
despite intense improvements and advances in ultrasonog-
raphy techniques, many heart defects are still not diagnosed 
until after delivery.6,7 Pulse oximetry in neonatal units, which 
currently is regarded as a valuable tool in the early diagnosis 
of CHD, has been recommended and implemented for sev-
eral years.8 According to Thangaratinam et al., the sensitivity 
of the test is estimated at 76.5% with a specificity of 99.9%.9 
The percentage of false positive results is only 0.14%.

Objectives

The objective of the study was an assessment of the cir-
culatory system in newborns born at basic level of regional 
perinatal care centers through physical as well as echocar-
diographic testing, and determination of the number and 
types of heart defects as well as other circulatory system 
abnormalities detected in the population studied.

Additionally, another goal of  the  study was to com-
pare specific parameters of cardiac function and struc-
ture taking into account the method of birth, body mass 
of the newborn, sex, Apgar score, pulse oximetry results, 
and presence of other pathologies associated with the neo-
natal phase, such as congenital infection, heart murmur 
or neonatal jaundice.

Material and methods

The  study was carried out on  255 newborns aged 
3–14  days, born in  a  basic level of  perinatal care unit 
during a 12-month period in 2014–2015. Children born 
in  a  regional hospital in Środa Śląska were assessed 
in the neonatology department according to Apgar score 
at 1 min, 3 min, 5 min, and 10 min of life. The newborns 
were weighed and pulse oximetry testing was carried out 
2–24 h after birth as well as on the day of discharge. When 
symptoms of neonatal jaundice presented, levels of bili-
rubin were monitored and with symptoms of infection, 
the appropriate therapeutic treatment was administered.

The examination assessing the circulatory system was 
carried out in an ambulatory setting in the cardiology 
clinic 3–14  days after birth. Each child was subjected 
to a physical examination which assessed the heart tones, 
rhythm and rate of the heart as well as the peripheral pulse. 
Each subject also received an echocardiographic examina-
tion which assessed the specific parameters of heart func-
tion and structure as well as the morphology of the heart 
and the presence of structures from prenatal life – patent 
foramen ovale (PFO) and patent ductus arteriosus (PDA). 
In the M-Mode, measurements of the right ventricle in di-
astole (RVED) as well as the left ventricle in diastole (LVED) 
and systole (LVES) were carried out. The shortening frac-
tion (FS) and ejection fraction for the left ventricle (LVEF) 
were measured, and the contractile function of the right 
ventricle (RV) was assessed through tricuspid annular 
plane systolic excursion (TAPSE); the  velocity of  flow 
on the aortic (AoV) and pulmonary valve (PV) as well 
as flow acceleration time (pulmAT – pulmonary accel-
eration time) were measured to assess the characteristics 
of diastolic flow on the mitral valve (MVE – mitral valve 
velocity flow in early diastole and MVA – mitral valve 
velocity flow in late diastole).

The statistical analysis was carried out utilizing quantity 
as well as quality parameters of statistical description. 
In our work, we used quantitative variables such as mean 
and standard deviation (SD) and quality variables such 
as populations of chosen subgroups and percentages show-
ing prevalence of specific characters in subgroups. Correla-
tions between cardiological parameters and quantitative 
parameters were specified using Spearman’s correlation 
coefficient, while quality parameters were examined with 
Wilcoxon’s test or Fisher’s exact test.

Results

Characteristics of the population studied

Briefly, 47.4% of  children studied were male while 
52.6% were female. Those born naturally comprised 
51.4% while those born through caesarean section were 
48.6% of the population. The birth weight varied from 
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2,110 g to 6,000 g with the average being 3,578 g. Broken 
down by sex, the average mass of females was 3,678 g while 
for males it was 3,482 g. The registered Apgar scores after 
1 min and 5 min showed a great deal of uniformity. Aver-
age Apgar score after 1 min was 9 (min. 2 points, max. 
10 points). Assessed at 5 min, the Apgar score for nearly 
all newborns was 10.

Pulse oximetry was carried out twice, with a  score 
of equal to or below 95% considered abnormal. Only in 4 
(1.6%) of children was an abnormal result recorded. Neo-
natal jaundice (above 12 mg%), requiring phototherapy, 
was detected in 40 (15.7%) patients examined. Congenital 
infection was diagnosed and treated in 10% of newborns 
examined (in 25 patients). Various heart murmurs were 
auscultated in 15% of children (38 newborns). In 1 case, ar-
rhythmia was detected and diagnosed as supraventricular 
extrasystoles. This data is presented in Table 1.

Results of cardiological testing

Among the group studied, there were 3.5% (9 patients) 
with defects of the circulatory system diagnosed, such 
as  intra-atrial septal defect (ASD) in 1 newborn (<1%), 
intraventricular septal defect (VSD) in 4 patients (1.6%), 
patent ductus arteriosus (PDA) in 3 newborns (1.1%), and 
complex defect consisting of coarctation of the aorta with 
bicuspid aortic valve and mitral valve insufficiency in 1 pa-
tient (<1%).

In 38 newborns with loud systolic murmur detected over 
the heart, only 5 were diagnosed with heart defects – VSD 
and complex defect consisting of coarctation of the aorta 
with bicuspid aortic valve and mitral valve insufficiency. 
The complex heart defect was hemodynamically significant 
and the child was referred for cardiosurgical intervention.

Moreover, among the group studied, mild hypokinesis 
of the heart muscle was found in 2 newborns (<1%), tri-
cuspid valve insufficiency in 8 newborns (3.1%), decreased 
acceleration time of pulmonary flow in 7 newborns (2.7%), 
mild hypertrophy of  the  intraventricular septum in  3 
newborns (1.1%), and single supraventricular arrhyth-
mia in 1 newborn (<1%). Patent foramen ovale was found 
in 140 newborns (55.0%) of which in 50% of the PFO cases 

the PFO was 4.0 mm and in 25% of cases the PFO was 
larger than 5 mm. In 14 additional newborns, other small 
irregularities of the cardiovascular system were detected 
and assessed as transient in nature.

The assessment of the selected echocardiographic pa-
rameters is presented in Table 2.

In the group studied, the correlation between the mea-
sured echocardiographic parameters and body mass, sex, 
Apgar score, and delivery method and coexistence of neo-
natal jaundice was analyzed. Infants born naturally and 
those born through caesarean section presented no differ-
ence in measured echocardiographic parameters.

The correlation between Apgar scores at 1 min and 
5 min and dimensions of RV and LV were likewise irrele
vant; similarly, functional parameters of the circulatory 
system did not show relevant correlation with Apgar 
score in newborns. It may be that this is due to the uni-
formity of the group assessed (overwhelmingly assessed 
at 8–10 points). A relevant weak negative correlation was 
observed between pulmonary acceleration time and Apgar 
score after the 1st min of life (lower level of pulmonary ac-
celeration results in an insignificantly lower Apgar score) 
while after 5 min of life this correlation disappears, which 
may be linked to therapeutic efforts (i.e., oxygen therapy) 
in patients with lower Apgar scores.

Statistical analysis of the size of cavities of RV and LV 
in dependence on the overall mass of the newborn and sex 
expressed a weak relevant correlation between the mass 
of the infant and the dimensions of LV; newborns with 
a greater body mass had larger dimensions of LV. Little 
correlation was found between the body mass and the di-
mensions of RV. The sex of the child has no influence 
on the size of the LV or RV. A relevant correlation was 
found between body mass and TAPSE in that its increased 
value was linked with higher body mass. No effect of neo-
natal jaundice or the use of phototherapy to treat it was 
found on the parameters studied on echocardiographic 
assessment of heart size and function.

The characteristics of mitral influx in the first 2 weeks 
of life was the same as during fetal life. Mitral valve ve-
locity flow in early diastole was lower than mitral valve 
velocity flow in late diastole (MVE < A). In almost half 

Table 1. Schedule of abnormalities in infant group examined

Physical examination Echocardiographic examination

type quantity morphological functional

Jaundice > 12 mg% 15.7% (40 patients) PDA < 1% (1 patient) hypokinesis LV <1% (2 patients)

Pulse oximetry ≤95 1.6% (4 patients) multiASD 1.1% (3 patient) hypokinesis RV <1% (1 patient)

Congenital infection 10% (25 patients) mVSD 1.6% (4 patient) ITV 3.1% (8 patients)

Heart murmur 15% (38 patients) CoAo < 1% (1 patient) supraventricle arrhythmia <1% (1 patient)

Arrhythmia <1% (1 patient) IVS hypertrophy 1.1% (3 patients) PulmAT 2.7% (7 patients)

Apgar score 10 points at 5 min 99.2% (253 patients) PFO 55.0% (140 patients) MVE < A 41.6% (106 patients)

PDA – patent ductus arteriosus; multiASD – multi atrial septal defect; mVSD – muscular ventricle septal defect; CoAo – coarctation of aorta; 
IVS – hypertrophy intraventricle septum hypertrophy; PFO – patent foramen ovale; LV – left ventricle; RV – right ventricle; ITV – tricuspid valve insufficiency; 
pulmAT – pulmonar acceleration time; MVE – mitral valve velocity flow in early diastole; MVA – mitral valve velocity flow in late diastole.
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of the subjects examined but also in a large portion of cases 
in which mitral valve velocity flow in early diastole was 
the  same as  mitral valve velocity flow in  late diastole 
(MVE = A) or was higher (MVE > A). No correlation was 
found between the presence of PFO and Apgar score as-
sessed after 1 min of life. Additionally, the presence of PFO 
and incidence of neonatal jaundice and body mass showed 
no relevant correlation.

Due to the small sample size of neonates with congenital 
infections, correlation with the functional parameters as-
sessed was not analyzed.

Discussion

The  literature puts an  emphasis on  the  relevance 
of screening tests in newborns, which help to diagnose 
diseases which do not present symptomatically directly 
after birth or  whose symptoms are masked. Recently, 
the test used to screen for CHDs has been pulse oximetry. 
From the available data gathered through the POLKARD 
program in the years 2006–2008, assessing the useful-
ness of pulse oximetry in the diagnosis of CHD in new-
borns, we can conclude that the sensitivity of this method 
is 78% while specificity is 99.9% and negative predictive 
value is almost 100%.10 These findings are very similar 
to the data published by Thangaratinam et al. in 2012 
which estimated the sensitivity of the test at 76.5% and 
specificity at 99.9% with the fraction of false positive results 
being only 0.14%.9

In 1.6% of patients (4 patients), pulse oximetry testing 
gave false positive results because irregularities in the cir-
culatory system were not confirmed upon further test-
ing. In the population studied, 1 case of hemodynamically 
relevant CHD was diagnosed, consisting of a coarctation 
of  the  aorta with a  bicuspid aortic valve necessitating 
surgical intervention while the  test gave a  normal re-
sult in the child. Pulse oximetry may not reveal coarcta-
tion of the aorta unless the defect is of critical intensity, 
as in the mentioned case.11

In  the  group of  newborns examined, 7 cases (2.7%) 
of simple heart defects were diagnosed with correct pulse 
oximetry results: 4 cases of muscular ventricle septal de-
fect (mVSD) and 3 cases of patent ductus arteriosus (PDA)  
which did not require further intervention and in most 
cases resolved spontaneously. Two children (0.7%) had de-
fects which required surgical intervention despite proper 
pulse oximetry test results.

In the group analyzed, the most common finding was 
patent foramen ovale (PFO); such defect with a diameter 
of less than 4 mm was found in 54.9% of newborns (140 pa-
tients), while in only 5% of patients the size of the PFO was 
above 5 mm in diameter and in 1 newborn – of 8 mm.

Fukazawa et al. in their study of the spontaneous closure 
of defects in the intra-atrial septum, qualified PFO with 
a diameter greater than 5–6 mm as an atrial septal defect 
type II (ASD II).12 Newborns with a borderline-sized PFO 
(5 mm) were not qualified as having a congenital heart 
defect (CHD). Diagnosis of ASD II in newborns seems to be 
controversial due to the fact that this is a physiological 
structure in the first days of newborn life.13 From cardio-
logical observation we know that PFO and the method 
of its closure varies from patient to patient and may occur 
gradually or quickly through the PFO valve closure.

Intraventricular septal defect is the most common CHD 
diagnosed in children and, according to many authors, 
it makes up from 5% to even 20% of all CHDs.14 In the ana-
lyzed group, 4 incidents of VSD with typical, auscultatable 
murmurs over the heart with a 3/6 in the Levine scale and 
proper pulse oximetry test results. Muscular type VSD 
is a mild form of this heart defect which in most cases 
does not require intervention, may close spontaneously 
as the child grows and generally does not produce signifi-
cant hemodynamic dysfunction.15

According to various source data, PDA is recognized 
as a CHD if its patency is maintained beyond the 4th day 
of life or, more commonly, beyond the 7th day of life.13,15,16 
In this study, PDA was diagnosed in only 1.1% (3) of pa-
tients and in all of those the duct closed spontaneously. 
Other functional dysfunctions visible in echocardiographic 

Table 2. Schedule of results of morphological and functional parameters examined

Echocardiographic parameters Medium Min n < 25 n = 50% n > 25% Max

RVED [mm] 8.5 5 7 8 9 19

LVED [mm] 18.3 13 17 18 19 27

LVES [mm] 12.2 8 11 12 13 18

PV [m/s] 0.9 0.5 0.8 0.9 1 1.68

PulmAT [ms] 76.8 37 67 74 89 133

AoV [m/s] 0.98 0.16 0.8 1 1 1.90

FS > 28% 33.7 22 31 33 36 70

EF > 55% 65 47 61 65 68 80

TAPSE 10.1 5 9 10 11 22

RVED – right ventricle in diastole; LVED – left ventricle in diastole; LVES – left ventricle in systole; PV – pulmonary valve; PulmAT – pulmonar acceleration 
time; AoV – velocity of flow on the aortic; FS – fractional shortening; EF – ejection fraction; TAPSE – tricuspid annular plane systolic excursion.



Adv Clin Exp Med. 2019;28(12):1691–1695 1695

assessment such as shortened pulmonary flow time, mild 
tricuspid valve insufficiency and decreased contrac-
tility of the cardiac muscle were all transient in nature 
and may be attributed to the acclimation of newborns to 
postnatal life.

In the available literature, the data concerning echocar-
diographic norms of selected structures of the heart and 
functional parameters come from the 1980s.17 Currently, 
analysis of echocardiographic parameters is carried out 
based on foreign literature17–23 as well as, more often, cal-
culation of the Z-score.20,24,25

On the basis of the group studied, we can create norms 
of  selected parameters of  the  structure and function 
of the circulatory system in healthy delivered newborns, 
which may be useful for physicians conducting heart echo-
cardiography in clinics with limited access to cardiological 
consult.

Conclusions

Pulse oximetry testing, due to its low level of invasiveness, 
high sensitivity and specificity, low cost, and repeatability, 
should be used as the primary screening test allowing for 
early detection of critical CHDs. It should be stressed that 
the test should be repeated before discharge of newborns 
from the neonatology department so as to avoid missing 
CHDs which are asymptomatic or mute at birth.

Morphological and functional assessment of specific 
structures of the heart in delivered newborns born in ba-
sic level perinatal care centers showed correlation of the 
size of LV with body mass. The remaining factors, such 
as method of delivery, sex, neonatal jaundice, and audible 
murmur, were irrelevant.

Routine cardiological assessment of healthy newborns 
is not necessary. Cardiological testing as a screening meth-
od for newborns should not be recommended.
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Abstract
Background. Spinal cord injury (SCI) may cause dysfunction in the bladder and many distal organs due 
to systemic inflammatory response and oxidative stress-related injury.

Objectives. We investigated the preventive effects of dantrolene (DNT) and methylprednisolone (MP) 
on stress-induced tissue damage in rabbit bladder with SCI.

Material and methods. A total of 35 rabbits were included in this study and they were divided into 
5 groups: group 1 – control, group 2 – SCI only, group 3 – SCI and DNT, group 4 – SCI and MP, and group 5 
– SCI and DNT+MP. Twenty-four hours after SCI, the bladders of these rabbits were removed and the histo-
pathologic changes in the bladder were examined under a light microscope. Additionally, malondialdehyde 
(MDA), glutathione (GSH), and nitric oxide (NO) levels were evaluated as antioxidant agents both in bladder 
tissue and in blood.

Results. Compared to the control group, there was an increase in edema and congestion in all groups. The least 
amount of edema was observed in the group receiving DNT and the least amount of congestion was observed 
in the group receiving combined treatment (group 5). No superiority was found between the drug-receiving 
groups in terms of reducing MDA level in blood and tissue after SCI. The most successful group was the group 
receiving combined drug therapy in terms of increasing the blood GSH level, which was significantly decreased 
after SCI. After SCI, blood NO level increased significantly in all groups. Nitric oxide levels in the bladder tissue 
significantly decreased in the groups receiving DNT and combination therapy and fell in the control group.

Conclusions. Dantrolene and MP may have potential benefits against oxidative damage in the bladder after 
SCIs because of their anti-inflammatory and antioxidant effects. In particular, the combined use of DNT and 
MP at different doses can be considered a treatment strategy.
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Introduction

Based on several regional studies, the annual incidence 
of spinal cord injury (SCI) in the USA is estimated to be 
roughly 12,000 new cases per year.1 Spinal cord injuries 
are mostly caused by traumatic incidents such as traffic ac-
cidents, firearm injuries, falls and sports injuries, but non-
traumatic causes such as intraspinal infection, vascular 
ischemia and tumor may also cause SCIs.2 Traumatic SCI 
can cause serious neurological damage and multiple or-
gan dysfunction in patients.2,3 Traumatic SCI is a 2-phase 
pathological process defined as primary injury and sec-
ondary injury.2,4 Physical compression and mechanical 
injury of the spinal cord after trauma is defined as primary 
injury.4,5 Primary injury causes spinal deformation and 
narrowing of the spinal canal, resulting in intraspinal hem-
orrhage and decreased blood circulation due to mechanical 
damage of nerve tissue and blood vessels.2 Primary injury 
occurs in a short period of time and in a restricted area. 
Hemorrhage is a process characterized by ischemia and 
edema.2 Primary injury triggers secondary injury that may 
occur within hours or days.6

Major pathophysiological changes observed in the sec-
ondary injury phase include: reduction in  glutathione 
levels, ischemia, oxidative damage, Ca2+-dependent nitric 
oxide (NO) production, excitotoxicity, free radical damage, 
lipid peroxidation in cell membranes, increased malondi-
aldehyde level, which is the end product of membrane lipid 
peroxidation, neurodegeneration, gliosis, and inflamma-
tion.2,7–9 The purpose of medical treatment of traumatic 
SCIs is to prevent the effects of these secondary mecha-
nisms.10 In addition to intraspinal inflammation, SCI can 
trigger systemic inflammatory response syndrome (SIRS), 
which can lead to failure and dysfunction in multiple or-
gans.2 After SCI, in the urinary system, complications such 
as neurogenic bladder, kidney damage and urinary tract 
infection can be observed.2 Loss of neuronal stimulation 
and inflammation play a role in the pathogenesis of urinary 
system dysfunction.2

The inhibition of inflammatory responses can contrib-
ute to the recovery from neurogenic depression.2 Anti-
oxidant and anti-inflammatory agents such as dantrolene 
(DNT) and methylprednisolone (MP) are used for this 
purpose.11 Dantrolene is a ryanodine receptor antagonist 
that blocks the intracellular release of Ca2+, and is used 
as  an  anti-inflammatory and neuroprotective agent.11 
Methylprednisolone acts as a steroidal anti-inflammatory 
agent, reducing the number of  inflammatory cells and 
oligodentrocytic apoptosis.11

The purpose of our work is to comparatively demon-
strate the protective effect of DNT and MP, individually 
or in combination, on stress tissue damage in rabbit blad-
der in experimental SCI.

Material and methods

The study was conducted in accordance with the Guide for 
the Care and Use of Laboratory Animals published by the US 
National Institutes of Health (NIH Publication No. 85-23, 
revised 1996) and was approved by the Afyon Kocatepe Uni-
versity Animal Experiment Ethics Committee, Afyonkara-
hisar, Turkey (approval No. AKUHADYEK-49533702/59).

Animals

A total of 35 New Zealand male rabbits weighing 2.5–3 kg 
were included in the study. The animals were kept in in-
dividual cages, under a circadian cycle and temperature 
control in addition to standard feeding, at the laboratory 
animals center.

Drugs and chemicals

The drugs and chemicals used were the following: DNT 
sodium (Ryanodex vial 250 mg/20 mL, Eagle Pharmaceu-
ticals, Woodcliff Lake, USA), MP sodium succinate (Pred-
nol-L amp. 250 mg/4 mL, Mustafa Nevzat Pharmaceuti-
cals, Istanbul, Turkey), ketamine hydrochloride (Ketalar 
50 mg/mL; Pfizer, New York, USA) 25 mg/kg, and xylazine 
(Rompun 100 mg/mL, Bayer AG, Leverkusen, Germany) 
5 mg/kg injection. All drugs were diluted in 0.9% sterile 
saline.

Experimental design  
and administration of drugs

The animals were randomly divided into 5 groups con-
sisting of 7 rabbits each, as follows: group 1 (control group) 
rabbits did not receive any drugs and no operation was 
applied; in group 2 rabbits (SCI+no drug treatment group) 
a single dose of 2 mL saline was given intraperitoneally 
(i.p.) 1 h after SCI; group 3 rabbits (SCI+DNT group) were 
administered 10 mg/kg DNT i.p. 1 h after SCI; group 4 rab-
bits (SCI+MP group) were given 30 mg/kg MP i.p. 1 h after 
SCI; and group 5 rabbits (SCI+DNT+MP group) were ad-
ministered 10 mg/kg DNT+30 mg/kg MP 1 h after SCI.

Surgical procedures for the SCI model

An appropriate disinfection and sterilization environ-
ment was established. All rabbits were anesthetized with 
intramuscular (i.m.) ketamine hydrochloride 25 mg/kg 
and xylazine 5 mg/kg injection. If necessary, the dose was 
repeated at 25 mg/kg ketamine and 5 mg/kg xylazine. Dur-
ing ketamine anesthesia, spontaneous breathing of the ani-
mals was observed. After back-shaving and field treatment, 
the rabbits were placed in prone position on the operation 
table. A midline dorsal incision was performed. The lam-
inae and transverse processes of T6–L2 were exposed 
with gentle blunt dissection of the paravertebral muscles. 
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A self-retaining retractor was placed in the operation area, 
and then laminectomy was performed at T10; then a bal-
loon angioplasty catheter (Medtronic-146.671, 2.0×20 mm; 
Medtronic plc, Dublin, Ireland) placed extradurally and 
sublaminary on thorasic spinal cord, upwards below T9 
and inflated under 2 atm pressure for 5 min with standby. 
Following the careful removal of  the balloon catheter, 
the paravertebral fascia and skin were sutured with non-
absorbable sutures. Paraparesia developed in all groups, 
constituting traumatic injury. Twenty-four hours after 
SCI, the  rabbits in  all groups were anesthetized with 
25 mg/kg ketamine and 5 mg/kg xylazine. The bladder 
was removed after an abdominal incision. Blood samples 
from each group were collected with cardiac puncture into 
heparinized and non-heparinized tubes under anesthesia 
at the end of the study protocol. At the end of these pro-
cedures, all rabbits were sacrificed under deep anesthesia.

Biochemical analysis

Malondialdehyde (MDA), glutathione (GSH) and NO 
levels were assessed as antioxidant agents in both bladder 
tissue and blood in all experimental groups.

Blood sample collection

Two milliliters of blood were immediately pipetted into 
a separate tube to measure MDA and GSH. The remain-
ing blood was centrifuged at 3,000 rpm for 10 min for 
plasma separation. Plasma samples were stored at −30°C 
for the analysis of NO.

Tissue homogenate

At the end of the study protocol, the urinary bladder tis-
sues were washed immediately with ice-cold 0.9% NaCl. 
The urinary bladder was trimmed free of extraneous tissue 
and rinsed in chilled 0.15 M Tris–HCl buffer (pH 7.4). These 
tissues were blotted dry and homogenized in 0.15 M Tris–
HCl buffer (pH 7.4) to yield a 10% (w/v) homogenate. Then, 
they were centrifuged at 2,100 g for 10 min at 4°C. The pel-
lets represented the nuclear fraction and the supernatants 
were subjected to centrifugation at 18,600 g for 20 min 
at 4°C. Reactive oxygen species (ROS) generation was ob-
served in all the fractions as well as the whole homogenate.

Measurement of malondialdehyde, 
reduced glutathione and nitric oxide 
in blood and tissue homogenates

Malondialdehyde levels, as an index of lipid peroxidation, 
were assayed using the thiobarbituric acid test as described 
by Ohkawa et al.12 The principle of the method is based 
on spectrophotometric measurement of the color produced 
during the reaction of thiobarbituric acid with MDA and 
its absorbance was measured spectrophotometrically 

at 532 nm. Reduced GSH concentration was measured using 
the method described by Beutler et al. in whole blood and 
tissue homogenates.13 The optical density was measured 
at 412 nm in the spectrophotometer. Results were expressed 
as nmol/mL in blood and nmol/g in tissue. Plasma NO lev-
els were analyzed with the vanadium (III) chloride Griess 
reaction method of Miranda et al. that can simultaneously 
determine the nitrite and nitrate levels in the sample.14,15

Histologic analysis

The histopathological changes were assessed with light 
microscopy by the same pathologist in the bladders re-
moved 24 h after SCI. Urinary bladders were collected and 
divided into 2 equal parts. One of them was stored at −20°C 
until biochemical examination. The other part was fixed 
in buffered 10% formalin solution for pathological exami-
nations. After routine processing, the tissues were embed-
ded in paraffin, sectioned and stained with hematoxylin 
& eosin (H&E). Stained sections were blindly analyzed 
under a light microscope (Olympus CX41 attached with 
Kameram® Digital Image Analyze System; Olympus, 
Tokyo, Japan) for inflammation, edema and congestion, 
and scored from 0 to 6. The absence of these findings was 
evaluated as 0, and the presence as mild to severe (1–6).

Statistical analysis

Statistical tests were performed using SPSS for Win-
dows v. 20.0 software package (SPSS IBM, Armonk, USA). 
Variables were investigated using visual (histogram and 
probability plots) and analytical methods (Kolmogorov–
Smirnov test) to determine whether or not they were nor-
mally distributed. The results are reported as mean ± stan-
dard deviation (SD) or as median (min–max). Data with 
normal distribution was analyzed using one-way analysis 
of variance (ANOVA) and Tukey’s post hoc test. We used 
statistical evaluation with a nonparametric Kruskal–Wal-
lis test for data with abnormal distribution. The Mann–
Whitney U test was performed to analyze the 2 groups. 
P-value < 0.05 was assessed as statistically significant.

Results

Histological observations

Within the first 24 h in terms of inflammation, no dif-
ference was observed between all groups (p = 0.3). This 
may be because inflammation is  not fully developed 
in the first 24 h (Table 1). When edema was assessed, there 
was a significant increase in edema in all groups compared 
to the control group (p < 0.001). There was no difference be-
tween groups 4 and 5, whereas edema was less pronounced 
in the group receiving DNT 10 mg alone. The edema-
dissolving property is higher in the DNT-treated group. 
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However, compared to  the control group (comparison 
of groups 1 and 3), edema was still significantly higher 
(p < 0.01) (Table 1, Fig. 1). There was a statistically sig-
nificant increase in congestion in groups 3, 4 and 5 com-
pared to the control group (p < 0.001). When compared 
to the other groups with SCI, in group 5, the congestion 
was less pronounced, but there was not statistically sig-
nificant difference (p = 0.02) (Table 1, Fig. 1).

As a result, combined treatment were found to be slightly 
more effective than MP alone in reducing edema while no 
significant effect was observed in preventing early inflam-
mation in the early (early 24 h) period after SCI. Congestion 
was slightly less observed in the DNT+MP group (Fig. 2C).

Biochemical findings

Biochemical findings in blood

The blood MDA level after SCI was significantly in-
creased compared to the control group (p < 0.01). All 3 
drugs showed similar efficacy for lowering the elevated 
MDA levels after SCI and made blood MDA levels similar 
to the control group (Table 1, Fig. 3A).

When the blood GSH level after SCI was compared 
with the control group, it fell significantly in all groups 
(p < 0.01 and p < 0.05). Dantrolene and MP alone did 
not have a significant effect on increasing the lowered 

Table 1. Histopathological and biochemical values of blood and tissue for MDA, GSH and NO in experimental groups (mean ±SD)

Examination Parameter Control SCI SCI+DNT SCI+MP SCI+DNT+MP

Pathology

inflammation 0.14 ±0.37 0.14 ±0.37 0.29 ±0.75 0.29 ±0.48 0.71 ±0.75

edema 0.0 ±0.0 3.29 ±0.75c 1.71 ±0.75b 2.43 ±1.13c 2.43 ±0.53c

congestion 0.71 ±0.95 4.0 ±0.0c 4.14 ±0.37c 4.0 ±1.15c 3.43 ±0.53c

Blood
biochemistry

MDA [nmol/mL] 3.88 ±0.29 8.86 ±1.81b 4.08 ±0.49 4.59 ±0.84 4.32 ±0.58

GSH [mg/dL] 15.11 ±1.56 10.7 ±0.75b 11.15 ±0.42b 11.33 ±0.62b 12.92 ±0.91a

NO [µmol/L] 10.01 ±1.79 13.03 ±0.87a 25.11 ±4.01b 28.68 ±2.49b 25.26 ±2.84b

Tissue
biochemistry 
(urinary bladder)

MDA [nmol/mg] 1.97 ±0.43 3.98 ±1.82a 1.63 ±0.45 1.67 ±0.58 1.57 ±0.26

GSH [nmol/mg] 7.58 ±0.39 7.12 ±0.34 7.54 ±0.42 7.25 ±0.58 6.56 ±2.04

NO [µmol/mg] 4.55 ±0.29 3.53 ±1.42 1.62 ±0.31a 3.71 ±0.83 2.94 ±0.41a

a p < 0.05 with respect to control; b p < 0.01 with respect to control, c p ≤ 0.001 with respect to control. SD – standard deviation; SCI – spinal cord injury; 
DNT – dantrolene; MP – methylprednisolone; MDA – malondialdehyde; GSH – glutathione; NO – nitric oxide.

Fig. 1. Histopathological view of group in terms of edema and congestion. A. Control group with no edema (group 1). B. Mild–moderate edema (group 3). 
C, D, E. Severe edema (groups 2, 4 and 5). F. Control group no congestion (group 1). G. Mild congestion (group 5). H, I, J. Moderate congestion (groups 2, 3 
and 4) (arrows). Hematoxylin & eosin (H&E) staining, magnification ×40



Adv Clin Exp Med. 2019;28(12):1697–1704 1701

blood GSH level (p = 0.22 and p = 0.13, respectively). 
When the groups treated with DNT and MP alone were 
compared to the control group, the blood GSH level was 
significantly lower (p  <  0.01). After SCI, the  increase 
in  blood GSH levels was observed most prominently 
in  the  DNT+MP group, but nevertheless it  could not 
reach the blood GSH level in the control group (p < 0.05) 
(Table 1, Fig. 3B).

After SCI, the blood NO level was significantly higher 
in comparison to the control group (p < 0.005), and all 
3 groups which received drug therapy had significantly 
raised levels of NO in comparison to the control group 
as well as the SCI group. When compared to the control 
group, blood NO levels were highest in the group which 
received only MP among the 3 groups which received drugs 
(p < 0.01) (Table 1, Fig. 3C).

As a result, use of DNT and MP alone or in combina-
tion was successful in  lowering blood MDA levels and 
the most successful group for increasing GSH level after 
SCI was the DNT+MP group. Blood NO levels were highest 
in the group which received only MP.

Biochemical findings in bladder tissue

When MDA levels in the bladder were examined, the lev-
el of MDA after SCI was significantly increased in the blad-
der tissue. Similar efficacy was observed in all 3 treated 
groups in decreasing MDA levels which were increased 
after SCI. Malondialdehyde levels in the bladder tissue 
decreased to the level of the control group in each of the 3 
drug-administered groups (Table 1, Fig. 4A). For the level 
of GSH in the bladder tissue, no significant change was 
observed between the experiment groups (Table 1, Fig. 4B). 
The NO level in bladder tissue was significantly decreased 
in the DNT and DNT+MP groups and fell below the values 
of the control group (p < 0.05) (Table 1, Fig. 4C).

Discussion

The aim of this study was to compare the protective 
efficacy of DNT and MP alone and in combination in pre-
venting early sequelae associated with oxidative stress 

Fig. 2. Comparison of inflammation, edema and congestion in experimental groups. A. There was no difference among all the groups in terms 
of inflammation. B. Compared to the control group, there was a significant increase in edema in all other groups (p = 0.000). There was no difference 
between groups 4 and 5. Edema was less observed in the group in which DNT was administered alone. C. There was a significant increase in congestion 
in the SCI and drug-administered groups (p < 0.001), congestion was less observed in the DNT+MP group

ST – spinal trauma; DNT – dantrolene; MP – methylprednisolone.
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Fig. 3. Comparison of blood MDA, GSH and NO levels in experimental groups. A. Blood MDA levels fell in all 3 drug-treated groups, reaching the same 
level as in the control group. B. Blood GSH values were decreased after SCI, and neither DNT nor MP did not have a statistically significant effect; GSH levels 
were highest in DNT+MP group. C. Blood NO values were significantly increased in all 3 drug-administered groups, but the increase was most observed 
in the MP-administered group

ST – spinal trauma; DNT – dantrolene; MP – methylprednisolone; GSH – glutathione.

control

95
%

 Cl
 bl

oo
d_

M
DA

95
%

 Cl
 bl

oo
d_

GS
H

95
%

 Cl
 bl

oo
d_

NO

16

14

12

10

10

8

6

4

35

30

25

20

15

10

5

ST

A B C

ST+DNT

group
ST+MP ST+DNT+MP control ST ST+DNT

group
ST+MP ST+DNT+MP control ST ST+DNT

group
ST+MP ST+DNT+MP



I. Keles, et al. Dantrolene and steroids in spinal cord injury1702

secondary to traumatic SCI. For this reason, their effects 
in the first 24 h after trauma were investigated.

Spinal cord injury remains an important clinical prob-
lem that can still lead to persistent neurological deficits and 
secondary complications.5 In patients with SCI, multiple 
organ dysfunction and failure may develop.2 These disor-
ders include neurogenic pain and depression in the nervous 
system, orthostatic hypotension and autonomic dysreflexia 
in the cardiovascular system, spleen atrophy and leukopenia, 
pulmonary edema in the lungs, muscle spasticity and atrophy 
in the skeletal system, osteoporosis in the bone, neurogenic 
bowel dysfunction in the gastrointestinal system, renal dam-
age in the urinary system, neurogenic bladder and urinary 
tract infection, and sexual dysfunction.2 In addition, SCI 
can trigger a systemic inflammatory response syndrome, 
which can be life-threatening by affecting the distal organs.2 
Significant structural, molecular and physiological changes 
have been reported to develop in SCI animal model stud-
ies. In these animal models, hemorrhage due to cellular in-
flammatory response, rupture of the bladder uroepithelium 
and inflammation were observed.16–20 Primary injury in SCI 
is unavoidable. However, measures against the development 
of secondary injury can be taken while the treatments are 
applied. Research and treatments performed for this reason 
are aimed to prevent secondary injury.5 Reduction of oxida-
tive stress leading to membrane and cellular damage can 
provide a potential treatment to prevent secondary injury.21 
A number of studies have been conducted for the treatment 
of secondary injuries and some therapeutic agents have been 
used in SCI. Some of the therapeutic agents used for this 
purpose are DNT and MP. However, there is still no effec-
tive treatment to prevent the effects of secondary injury.4

After SCI, changes in antioxidant enzyme activities such 
as superoxide dismutase (SOD), catalase (CAT) and glutathi-
one peroxidase (GPx) can be observed. Decreased SOD and 
GPx activities in rats after SCI have been reported in the lit-
erature.22,23 In contrast, Nishibe et al., reported no change 
in total SOD activity in SCI-induced dogs, but a significant 

reduction in CAT activity was reported.24 In an experi-
mental study by Cavus et al., in which SCI was induced 
in rats, it was found that SOD levels were significantly higher 
in the trauma group and no significant difference was found 
in GPx and CAT levels between the groups.10 In our experi-
mental study, GSH, MDA and NO levels were investigated 
through a biochemical analysis of blood and bladder tissue.

After SCI, systemic inflammation may be triggered and 
inflammation may develop in distal organs.2 Irregularities 
in the neuroendocrine system and changes in neuroimmune 
regulation are the determining factors in the onset and pro-
gression of systemic inflammation after SCI.2 Spinal cord 
injury activates the hypothalamic–pituitary–adrenal axis, 
leading to an increase in the macrophage migration inhibi-
tory factor produced by the pituitary gland. Macrophage 
migration inhibitory factor is thought to play an important 
role in the progression of systemic inflammation.2 Acute 
treatment after SCI may contribute to healing by suppress-
ing neuroinflammation.25,26 Studies of SCI in animal models 
have reported that hemorrhage and inflammatory changes 
occur in the post-SCI period. Torres et al. found in their 
study about bladder morphology in SCI rabbits that there 
was a significant increase in hemorrhage and inflammation 
in the bladder after 32 h of SCI, and inflammatory infiltra-
tion in the bladder was reported to be significantly less pro-
nounced in the DNT group on day 8.16 Anti-inflammatory 
treatment may be beneficial in the treatment of neurogenic 
bladder by inhibiting the inflammatory response.2,27 Stud-
ies have reported that antioxidants such as DNT after SCI 
contribute to healing of mesenteric lesions by reducing hem-
orrhage and immunocyte infiltration in the bladder.2,16,20 
In our current study, unlike the literature, there was no 
difference between the  experimental groups in  terms 
of inflammation in the bladder. This may be due to the in-
adequate development of inflammation in the first 24 h. 
If more than 24 h of changes had been investigated, per-
haps different results could be obtained in terms of edema 
and inflammation. When compared to the control group, 

Fig. 4. Comparison of bladder tissue MDA, GSH and NO levels in experimental groups. A. After SCI, bladder MDA levels were significantly increased, 
and tissue MDA levels decreased in each of the 3 drug-administered groups when compared to the control group. B. There was no significant change 
in bladder tissue GSH levels among the experimental groups. C. In the group receiving DNT and DNT+MP, bladder tissue NO levels were significantly 
decreased after SCI and fell below the values of the control group (p < 0.05)

ST – spinal trauma; DNT – dantrolene; MP – methylprednisolone; GSH – glutathione.
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it was observed that all groups had increased bladder tis-
sue edema. Edema in the DNT group was less pronounced 
than in other groups which received other drugs. When 
compared to the control group, it was observed that all 
groups had increased bladder congestion. Among the drug-
administered groups, the DNT+MP combination group was 
found to be the group with the least congestion.

In traumatic SCI, lipid peroxidation is one of the impor-
tant trigger components of neuronal degeneration. The in-
crease in lipid peroxidation may be due to an insufficiency 
of enzymatic and non-enzymatic defense mechanisms. For 
this reason, the prevention of lipid peroxidation may be im-
portant for neurological recovery. Malondialdehyde results 
from the effect of reactive oxygen radicals on membrane 
lipids. It is one of the most important indicators of lipid 
peroxidation and its blood and tissue levels increases after 
oxidative stress.4,20,28 In studies conducted, it has been re-
ported that MDA levels in the blood and tissues are increased 
in animal models with traumatic SCI. In the study of Aslan 
et al., it was reported that blood MDA levels were signifi-
cantly increased, and after using DNT blood MDA levels 
significantly decreased in animal models of SCI. In the same 
study, it was reported that the MDA level in cerebrospinal 
fluid significantly increased after DNT treatment but there 
was no significant change of MDA level in spinal cord tis-
sue.5 In another study of animal models of SCI, increased 
MDA levels were reported to be significantly reduced in MP-
treated groups.28 In our study, an increase in MDA levels was 
also detected in the bladder tissue along with the increase 
in the levels of the corresponding MDA levels in blood. Re-
ducing the level of MDA, an oxidative stress indicator, may be 
effective in reducing oxidative stress-related damage. Single 
or combined use of DNT, which has anti-lipid peroxidative 
and neuroprotective properties, or MP, which is a gluco-
corticoid agent with anti-inflammatory properties, reduced 
MDA levels both in blood and bladder tissue. These findings 
are evidence supporting the clinical utility of DNT and MP 
in preventing oxidative damage in post-traumatic SCI.

Glutathione, an important cellular antioxidant, is a thiol-
containing tripeptide. It has important biological functions 
in the defense against the potential damage of oxidative 
stress. Glutathione protects the cells from possible dam-
age by reacting with free radicals.5,28,29 Decreased levels 
of GSH during increased oxidative stress have been re-
ported. A significant increase in GSH levels was observed 
after MP treatment in experimental animal models of SCI 
designed by Ates et al.28 In another study, GSH levels de-
creased significantly after DNT therapy in animal mod-
els of SCI. However, spinal fluid and spinal cord tissue 
GSH levels were not reported to  increase significantly 
in response to DNT therapy.5 Cevik et al. investigated 
the effect of quercetin on rat bladder after SCI and found 
a significant decrease in GSH levels after SCI in the blad-
der tissue.20 In our present work, there was a significant 
decrease in blood GSH levels after SCI, but there was no 
significant change in GSH levels in bladder tissue after 

SCI. The  decrease in  blood GSH levels in  SCI animal 
models is consistent with the results reported in the lit-
erature. No significant change in GSH levels in the blad-
der tissue of the experimental groups was a similar result 
as in the literature in which no change in GSH levels was 
reported in cerebrospinal fluid and the spinal cord. How-
ever, the decrease in GSH level in the bladder tissue was not 
found to be significant compared to the literature. These 
results suggest that the evaluation of post-SCI levels of GSH 
in blood is more valuable than evaluating tissue samples. 
In our study, it was found that DNT and MP had no ef-
fect on increasing blood GSH levels when used as single 
therapy, but showed a significant effect when combined, 
increasing blood GSH levels. Therefore, combined treat-
ment of DNT and MP at different doses should be investi-
gated as a new therapeutic alternative to increase the level 
of GSH, which is an important antioxidant.

Nitric oxide is an inorganic free radical gas molecule pro-
duced from L-arginine under the influence of NO synthase 
isoenzymes (iNOS, nNOS and eNOS).28,30 Nitric oxide 
is a molecule with both antioxidant and pro-oxidant prop-
erties. It is a chain-breaking antioxidant in free radical-me-
diated lipid peroxidation.4,31,32 It is involved in some physi-
ological processes, such as regulation of blood vessel walls 
and neurotransmission, when within physiological limits. 
However, in situations such as oxidative stress, excessive 
elevations in NO levels may be detrimental to tissues.28,33 
In  non-pathological situations, the  NO concentration 
is in the nanomolar range, but in oxidative damage situations 
– in the micromolar range.31,32 In SCI animal models, there 
was a significant increase in NO levels in the spinal cord 
after trauma, and there was a significant decrease in tissue 
NO levels in the MP group.28 In another study, NO levels 
were assessed in experimental rabbits with SCI which were 
given DNT, and there was no difference between the experi-
mental groups in terms of blood and cerebrospinal fluid NO 
levels.5 Similar to studies that reported an increase in NO 
levels after oxidative stress, we also observed a significant 
increase in blood NO levels in all rabbits after SCI compared 
to the control group. In experimental groups receiving DNT 
and DNT+MP, NO levels in bladder tissue also decreased sig-
nificantly. In our study, DNT and MP were observed to cause 
a decrease in NO levels in the bladder tissue. This result sup-
ports studies that reported a decrease in NO levels in spinal 
cord and bladder tissue in response to anti-inflammatory 
treatment in SCI animal models.

In summary, there was no significant increase of inflam-
mation in the bladder tissue at the early stage after trau-
matic SCI, but there was a significant increase in edema 
and congestion. There was a significant increase in MDA 
levels in both blood and bladder tissue. On the other hand, 
for GSH levels, there was a significant decline in blood, but 
there was no significant change in bladder tissue. A signifi-
cant increase was observed in NO levels after traumatic 
SCI. For reducing edema, use of DNT only was signifi-
cantly effective, and for reducing congestion, combined 
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use of DNT and MP was found to be effective. The blood 
NO level was highest in the MP group. In bladder tissue, 
the DNT and DNT+MP groups showed a significant de-
crease in NO level. While single or combined use of DNT 
and MP was successful in reducing blood MDA levels and 
no superiority was observed between them, it was observed 
that DNT+MP was more effective in increasing the level 
of GSH after oxidative stress.

Such experimental studies are very important in the de-
velopment of treatment strategies aimed at  improving 
human health after post-traumatic SCI. Potential thera-
peutic benefits of single or combined use of DNT and MP, 
along with other treatment approaches, may be seen in re-
ducing the effects of oxidative stress and secondary dam-
age in the bladder following traumatic SCI. The results 
obtained in our experimental study suggest that com-
bined use of DNT and MP after SCI can be more effective 
and beneficial in preventing the formation of damage due 
to oxidative stress in the bladder, providing additional 
protection. For this reason, the combined use of DNT 
and MP can be considered as a promising therapeutic 
strategy. Human clinical trials with an extensive series 
of treatment strategies in different doses and combined 
use of DNT and MP are needed in preventing post-SCI 
damage in the bladder after SCI. In the future, with well-
designed experimental studies, it will be a more realistic 
approach to apply the results of DNT and MP in different 
doses and combined administration in clinical practice.
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Abstract
Background. The relationship between different risk factors and the cognitive impairment of white matter 
lesions (WML) remains poorly understood.

Objectives. To investigate the features of cognitive impairment of patients diagnosed with WML accom-
panied by different risk factors of cerebrovascular diseases.

Material and methods. A total of 157 cases of WML patients were divided into no risk factor group 
(n = 26), hypertension group (n = 35), diabetes mellitus group (n = 27), dyslipidemia group (n = 30), and 
mixed factors group (n = 39).

Results. The severity of WML (Fazekas score) in the hypertension and mixed factors groups was higher 
than in the non-risk factors group. The Montreal Cognitive Assessment (MoCA) scores in the hypertension 
and mixed factors groups were lower than in the non-risk factors group. The scores of MoCA, immediate 
memory and delayed recall in the hypertension and mixed factors groups with Fazekas score ≥3 were lower 
than in the peer group with Fazekas score <3. The scores of MoCA and immediate memory in the hyperten-
sion and mixed factors groups with Fazekas score ≥3 were lower than in the non-risk factors group with 
Fazekas score ≥3.

Conclusions. Hypertension aggravates the severity of WML and cognitive impairment. The severity of WML 
is positively correlated with the severity of cognitive impairment accompanied by these risk factors.

Key words: cerebrovascular disease, cognitive impairment, atherosclerosis risk factors, white matter lesions
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Introduction

White matter lesions (WML), also known as leukoara-
iosis (LA), are common imaging results and are correlated 
with the incidence of stroke, cognitive impairment, gait 
disorder, falls, depression, and death.1,2 They are associ-
ated with multiple pathologies, which include apoptosis, 
edema, widening of perivascular space, demyelination, 
axonal damage, gliocyte proliferation, and infarction. 
They are also accompanied by changes of the small blood 
vessels, such as fibrohyalinosis and venous collagenosis. 
The primary cause of WML is thought to be chronic isch-
emia.2 Hypertension, diabetes mellitus and hyperlipid-
emia, as well as WML itself, are risk factors for vascular 
cognitive impairment (VCI).3,4 Different risk factors can 
cause the formation of cognitive impairment with differ-
ent mechanisms5–7 and may also exert different effects 
on cognitive function. However, the relationship between 
different risk factors and cognitive impairment of WML re-
mains poorly understood. Therefore, this research focuses 
on WML patients presenting different risk factors of cere-
brovascular diseases. Cranial imaging scale of cognitive 
function was used to analyze the features of cognitive func-
tional impairment and determine the factors relevant for 
identifying and preventing cognitive impairment caused 
by WML during the early stage of cognitive impairment.

Material and methods

Patients

The general clinical characteristics of the patients and 
the related data of each group are presented in Table 1. 
There were no statistical differences in terms of sex ratio, 
age, years of education, activities of daily living (ADL) scale, 
or Hamilton Depression (HAMD) scale among the differ-
ent risk factor groups.

A total of 157 patients were enrolled, including 57 males 
and 100 females, aged 70.4 ±9.1 years on average (range: 
41–87 years), with a mean education level of 9.8 ±4.2 years 
(range: 0–16 years), from the Department of Neurology 
in  the First People’s Hospital of Guiyang, China, from 

January 2014 to December 2015. This study was approved 
by the Ethics Committee of the First People’s Hospital 
of Guiyang. Written informed consents were obtained 
from all participants.

Inclusion criteria were as follows: older than 40 years; 
magnetic resonance imaging (MRI) of brains indicating 
WML (varying degrees); no history of cerebrovascular 
diseases (including hemorrhagic and ischemic cerebro-
vascular diseases); and no specific diseases causing central 
nervous injury and related medical history, such as tu-
mor, infection, carbon monoxide poisoning, demyelinating 
disease of the central nervous system, and degenerative 
diseases.

Exclusion criteria were the following: previously con-
firmed cognitive impairment; factors that affect the results 
of measuring cognitive function (patients with related neu-
ropsychiatric history or depression, taking antidepressant 
drugs, with hypothyroidism, visual and hearing disorder, 
and with hemiplegia, hemidysesthesia, aphasia, and other 
physical signs of focal central nervous system disorders 
and/or cerebral hemorrhage or cerebral infarction verified 
with related imaging evidence); other diseases or medical 
history causing central nervous injuries; excessive drink-
ing; heart, liver and kidney failure.

Grouping

All WML patients included were grouped according 
to different risk factors and divided into 5 groups: a no 
risk factor group, a hypertension group, a diabetes mellitus 
group, a dyslipidemia group, and a mixed factor group 
(including 2 or more types of the above risk factors). Hyper-
tension referred to the patients who currently took orally 
antihypertensive drugs or whose multiple blood pressure 
values were higher than 140/90 mm Hg, but they were not 
taking medication; diabetes mellitus referred to the pa-
tients who had been diagnosed previously and/or who were 
currently taking insulin or oral hypoglycemic drugs for 
treatment; dyslipidemia referred to the patients whose total 
cholesterol was higher than 5.7 mmol/L, low-density lipo-
protein (LDL) was higher than 3.12 mmol/L, high-density 
lipoprotein was lower than 1.20 mmol/L, and triglyceride 
was higher than 1.88 mmol/L.

Table 1. Clinical qualitative characteristics of different risk factor groups

Variables No risk factor group Hypertension group Diabetes group Dyslipidemia group Mixed factors group

Cases, n  26 35 27 30 39

Male/female 10/16 13/22 10/17 10/20 14/25

Age [years] 69.73 (12.58) 72.03 (6.95) 63.55 (6.15) 70.33 (8.88) 71.36 (8.337)

Education [years] 9.31 (4.35) 10.86 (3.66) 11.82 (3.25) 9.53 (4.23) 8.85 (4.68)

ADL [points] 21.12 (3.39) 21.83 (3.27) 20.63 (1.03) 20.70 (1.32) 21.41 (3.24)

HAMD [points] 4.09 (1.64) 4.94 (1.19) 5.09 (1.38) 5.30 (1.47) 5.15 (1.25)

ADL – activities of daily living scale; HAMD – Hamilton Depression scale.
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Imaging evaluation

The degree of WML could be quantified and evaluated 
using MRI adopting the Fazekas scale (the lowest total 
score is 0, the highest – 6).8 The changes of periventricular 
and deep cerebral white matter were evaluated and the to-
tal scores was obtained through generalizing the scores 
of the 2 parts. The respective scores meant for periventric-
ular white matter hyperintense signals: 0 – absence; 1 – cap 
shape or pencil-thin lining; 2 – smooth halo; 3 – irregular 
periventricular hyperintense signals spreading into deep 
white matter. For deep white matter hyperintense signals 
the scores meant: 0 – absence; 1 – point-like foci; 2 – start-
ing confluence of point-like foci; 3 – large confluent areas. 
Cranial MRI was jointly judged by clinical neurologists 
and radiologists.

Neuropsychological assessment

The Montreal Cognitive Assessment (MoCA) scale and 
auditory verbal memory test (including immediate word 
recall, delayed word recall and word recognition) were used 
to evaluate the cognitive function. Blind operation and 
judgment of results were carried out by well-trained neu-
rologists. The ADL scale was used to evaluate the general 
conditions of patients, while the HAMD scale was used 
for exclusion of patients with depression.

Blood biochemical test

Fasting venous blood was collected from the patients 
(fast for 8 h) for analysis of liver function, renal function, 
blood lipids, blood glucose, uric acid, and thyroid function 
to monitor the general conditions of the patients.

Statistical analysis

Data analysis was performed using SPSS v. 18.0 soft-
ware (SPSS Inc., Chicago, USA). The data was presented 
as mean ± standard deviation (SD). Enumeration data was 
compared with a χ2 test. The comparison for quantitative 
data among multiple groups was assessed with one-way 
analysis of variance (ANOVA) followed by the post-hoc 
Bonferroni test. A p-value of less than 0.05 was considered 
as statistical significance.

Results

Comparison of WML and cognition 
in different risk factor groups

White matter lesions severity (Fazekas score) in the hy-
pertension and mixed factors groups was higher than that 
in the no risk factor group (p = 0.022; Fig. 1A); there was no 
statistical difference among other groups. The MoCA scores 

of the hypertension group and mixed factors group were 
lower than in the no risk factor group (p = 0.018; Fig. 1B) 
without statistical difference among the  other groups. 
In addition, there were no statistical differences regarding 
the comparisons of immediate word recall, delayed word 
recall and word recognition among all groups (Fig. 1C–E).

The effect of WML degree on cognition

According to Fazekas scoring, WML severity can be 
divided into a  Fazekas score  <3  group and the  stud-
ied population. Comparing the association of different 
WML severities with cognitive impairment in all groups, 
we found that the MoCA score, immediate word recall 
score and delayed word recall score of  patients with 
a Fazekas score ≥3 in the hypertension group and mixed 
factor group were lower than of  those with a  Fazekas 
score <3 in the same groups (p = 0.031; Table 2). In addi-
tion, we found that the MoCA score and immediate word 
recall score of patients with a Fazekas score ≥3 in the hy-
pertension group and mixed factor group were lower than 
of those with a Fazekas score ≥3 in the no risk factor group 
(p = 0.022; Table 2). There were no statistical significances 
for the comparison of the MoCA score, immediate word 

Fig. 1. Comparison of WML and cognitive scores among different risk 
factor groups. A. Fazekas score indicated that the WML severity of the 
hypertension group and mixed factors group was higher than that 
of the no risk factor group, and there was no statistical difference among 
other groups. B. MoCA scores of the hypertension group and mixed factor 
group were lower than that of the no risk factor group, without statistical 
difference among other groups. C–E. There were no statistical differences 
in terms of the comparisons of immediate word recall, delayed word recall 
and word recognition among these groups

* p < 0.05 – statistical significance.
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recall score, delayed word recall score, and word recogni-
tion score among all risk factor groups when patients with 
Fazekas score <3 were concerned (Table 2).

Discussion

With the  continuous development of  neuroimaging 
technology, the detection rate of WML is significantly 
improved. The imaging description of WML is manifest-
ed with symmetricly speckled or patchy changes of peri-
ventricular and centrum ovale white matter. Magnetic 
resonance T2-weighted image shows high signal intensity, 
whereas T1-weighted image reveals equal or low signal 
intensity. In clinical practice, WML is a prevalent disease 
associated with multiple neurologic disorders,1 especially 
with cognitive impairment.9,10 Some risk factors of cere-
brovascular diseases, such as hypertension and diabetes 
mellitus, can lead to the development of WML.5–7 How-
ever, the relationship between the different risk factors and 
cognitive impairment in consequence of WML remains 
unclear. This study aimed to investigate the cognitive im-
pairment features of WML accompanied with different 
risk factors of cerebrovascular diseases.

The influence of severity of WML 
on cognition

Scott et al.3 found that in aged people with normal cog-
nition, WML is widely thought to be the sign of cerebral 
small vessel disease, which is associated with vascular injury 
caused by vascular risk factors, including hypertension, high 
cholesterol and diabetes mellitus. Medical history of hyper-
tension is independently associated with WML capacity. Our 
study has also found that the WML (measured with Fazekas 
scoring) in the hypertension and mixed factor groups is more 

severe than in the no risk factor group. Some scholars have 
found that MoCA is more sensitive than Mini-Mental State 
Examination (MMSE) in detecting the cognitive impair-
ment in WML patients.11 Therefore, we evaluated the pa-
tients’ congnition by using MoCA scale and auditory verbal 
memory, and found that MoCA scores in the hypertension 
and mixed factor groups were lower than in the no risk factor 
group, and there was no statistical significance in immediate 
word recall, delayed word recall and word recognition among 
all groups. Sierra12 found that hypertensive patients are more 
prone to WML than normotensive people, and that arterio-
sclerosis of the cerebral perforator vessel is the primary cause 
of ischemic WML. In patients with declining cognition and 
dementia, chronic ischemia of white matter is associated 
with arteriosclerosis and/or the lipohyalinosis of small per-
forating artery hypertension, and antihypertensive treatment 
can reduce the risk of dementia.13 In the elderly populations, 
excessive variation of self-measured systolic blood pressure 
aggravates the progress of cognitive functional impairment 
and WML.14 The study of Peng et al.15 found that systol-
ic blood pressure controlled within 140–160 mm Hg and 
systolic blood pressure reduced by 15–35 mm Hg are ben-
eficial in delaying the progression of cognitive impairment 
and WML. Our study found that the severity of WML and 
MoCA score in the hypertension and mixed factor groups 
were statistically different from those in the no risk factor 
group, and there were no statistical differences between 
the diabetes mellitus group/dyslipidemia group and no risk 
factor group. However, some scholars have found that diabe-
tes mellitus and dyslipidemia were associated with WML,4,16 
leading to declined cognition17 and increased risk of vascu-
lar dementia.6 Considering the effect of diabetes mellitus 
and dyslipidemia in the mixed factor group, the sample size 
should be increased to further investigate the independent 
effect of diabetes mellitus and dyslipidemia on WML and 
cognition in subsequent research.

Table 2. Quantitative comparisons of different WML severities on cognition in each risk factor group

Group Fazekas 
score Cases (%) MoCA Immediate word 

recall
Delayed word 

recall Word recognition

No risk factor group
<3 20 (76.9) 24.05 (4.26) 19.64 (7.09) 10.88 (6.96) 10.77 (2.37)

≥3 6 (23.1) 22.30 (7.53) 18.10 (4.00) 5.50 (1.73) 8.25 (3.59)

Hypertension group
<3 15 (42.9) 23.26 (4.38) 19.48 (6.62) 12.94 (8.06) 10.74 (3.32)

≥3 20 (57.1) 18.50 (3.48)*# 14.67 (5.10)*# 5.17 (2.69)* 8.42 (3.32)

Diabetes group
<3 13 (48.1) 22.63 (4.75) 18.50 (5.32) 11.56 (6.42) 10.25 (2.31)

≥3 14 (51.9) 22.67 (4.04) 18.67 (5.67) 7.00 (2.00) 10.67 (5.13)

Dyslipidemia group
<3 18 (60.0) 22.05 (3.64) 19.42 (6.25) 11.67 (7.68) 9.42 (3.39)

≥3 12 (40.0) 19.64 (6.39) 17.18 (4.54) 6.00 (2.00) 9.91 (3.21)

Mixed factor group
<3 18 (46.1) 23.05 (4.26) 18.55 (5.59) 10.68 (5.83) 10.09 (2.86)

≥3 21 (53.9) 17.00 (7.00)*# 14.59 (3.08)*# 5.00 (2.34)* 9.18 (1.81)

* MoCA score, immediate word recall score and delayed word recall score in the hypertension group and mixed factor group with Fazekas ≥3 are lower 
than those in the same groups with Fazekas score <3, p < 0.05.
# MoCA score and immediate word recall score of the hypertension group and mixed factor group with Fazekas score ≥3 are lower than those of the no risk 
factor group with Fazekas score ≥3, p < 0.05. There was no statistical significance on the comparisons of MoCA, immediate word recall, delayed word recall, 
and word recognition among all risk factor groups with Fazekas score <3. 
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Fazekas score and severe WML

The MoCA score, immediate word recall score and de-
layed word recall score of patients from the hypertension 
group and mixed factor group with Fazekas score ≥3 were 
lower than of those from the same groups with Fazekas 
score <3. The MoCA score and immediate word recall score 
of patients from the hypertension group and mixed factor 
group with Fazekas score ≥3 were lower than of those from 
the no risk factor group with Fazekas score ≥3, but there 
were no statistical differences in the comparisons of those 
from all risk factor groups with Fazekas score <3. There-
fore, we speculate that the severity of WML in the hy-
pertension group and mixed factors group is positively 
correlated with cognitive functional impairment, and that 
the cognitive impairment in WML with risk factors is more 
severe than that in WML with no risk factors. Defrancesco 
et al.18 have found that patients with mild cognitive im-
pairment (MCI) converting to Alzheimer’s disease (AD) 
obtain higher periventricular Fazekas scores and pres-
ent more severe WML. Periventricular WML is associ-
ated with low cognitive function of MCI patients, which 
is consistent with the findings of our study. The severity 
of WML accelerates the progression of MCI.19 Maillard 
et al.20 found that increased WML is obviously related 
to the decline of episodic memory and executive func-
tion, and the progression of WML is related to cognition. 
Some studies have shown that the more severe the damage 
to periventricular white matter is, the higher the risk of de-
mentia,21 and cognitive impairment of WML is associated 
with the severity of WML.22 The white matter is mainly 
supplied by the vertical short branch of the terminal artery 
with less anastomotic branches and poor collateral cir-
culation.16 Therefore, the blood flow volume in the white 
matter is lower than in the grey matter. In addition, the risk 
factors of cerebrovascular diseases cause damage in small 
cerebral blood vessels, so less cerebral blood flow and in-
sufficient cerebral perfusion will lead to ischemic injury 
in the white matter. Therefore, the cognitive impairment 
of WML accompanied with the risk factors of cerebro-
vascular diseases may be more severe than in WML with 
no risk factors.

Effect of risk factors on severity of WML

The MoCA scale includes the detection of multiple as-
pects of cognitive impairment such as memory, execution, 
language, attention, and orientation. Auditory verbal mem-
ory is an extension of the memory test. Our study found 
that MoCA, immediate word recall and delayed word recall 
were influenced by the WML severity in the hypertension 
group and mixed factor group, and MoCA and immediate 
word recall in the hypertension group and mixed factor 
group were statistically different than in no risk factor 
group, suggesting that WML had comprehensive effects 
on cognition. Te et al.23 believed that WML patients with 

MCI obviously presented the declining of memory and 
attention, damage of executive function and close con-
nection with dementia in the early days. Zi et al.24 found 
out that a cognitive test for patients with periventricular 
high signal lesion shows obvious declining of word fluency 
and executive function. In addition, Vasquez et al.25 found 
that the processing speed and executive function in VCI 
are poorer. White matter lesions are an early predictive 
index of dementia risk, but this association is dependent 
on cognitive reserve, age and spatial distribution of the le-
sions.26 Some studies have shown that the brain white 
matter of the elderly was obviously less smaller in volume 
than that of a middle-aged group, and the brain white mat-
ter of the middle-aged was obviously less smaller in vol-
ume than that of a youth group.7 A low education level 
group (≤8 years of education) presented increased risk 
of severe WML developing into MCI and dementia, but 
there were no such risks in a high education level group 
(>8 years of education).27 In our study, there were no sig-
nificant differences in age and years of education among all 
the groups, and the effect of these factors upon the study 
results was not considered.

Effect of WML on automatic activity

Severe WML results in a more than twofold increase 
of the risk of transition from automatic activities to activ-
ity dependence. White matter lesions are associated with 
a decline of cognitive and athletic ability, depressive symp-
toms related to aging and vascular diseases, dysfunction 
of the urinary system, and various abnormities of the ner-
vous system.28 Such lesions are the primary cause of falls.29,30 
Al-Mashhadi et al.31 found that the dysfunction of WML 
is not confined to lesions, and that the normal white matter 
is also damaged. In view of the perniciousness of WML, 
we need to identify and impede the risk factors, aiming 
to prevent the progression and improve cognitive progno-
sis. A study found that L-carnitine can improve WML and 
prevent cognitive impairment of a chronic hypo-perfusion 
model,32 and another study found that supplementation 
of 6-g L-arginine in diet is beneficial to improving the cog-
nition and preventing gait disorders of WML patients.33

Study limitation

In this study, the interaction between variables was not 
considered and analyzed, which might affect the statistical 
results. We will consider and analyze this point in further 
investigation.

Conclusions

Hypertension and multiple risk factors of cerebrovascu-
lar diseases will aggravate the severity of WML and cogni-
tive impairment, and the severity of WML accompanied 
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with these risk factors is positively correlated with the de-
gree of cognitive impairment. However, the damage of cog-
nitive domains of WML affected with WML accompanied 
by different risk factors of cerebrovascular diseases may 
be different. Therefore, we plan to expand the sample size 
to compare execution, attention, language, orientation, and 
other cognitive domains in the future. We need to further 
investigate the cognitive features of WML accompanied 
by diabetes mellitus and dyslipidemia, aiming to compre-
hensively understand the features of cognitive impairment 
in WML accompanied by different risk factors of cerebro-
vascular diseases.
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Abstract
Diabetic nephropathy (DN) is the most common cause of end-stage renal disease (ESRD), both in the USA 
and in Europe; moreover, its incidence is rising worldwide. The main laboratory markers of DN progression 
are albuminuria and a reduction in glomerular filtration rates, although progression of the disease has been 
observed even in the absence of these biomarkers. Renal impairment, associated with diabetes, results from 
damage to the glomerular filtration barrier, at the level of highly differentiated glomerular epithelial cells: 
podocytes. These cells regulate glomerular filtration and many immunological processes occurring at this 
level. The earliest possible diagnosis of diabetic kidney disease (DKD) and implementation of intensive treat-
ment offers the possibility of preventing or substantially delaying the onset of ESRD. In this article, we review 
various urinary biomarkers linked with glomerular podocyte cytophysiology as potentially sensitive diagnostic 
tools for the early detection of DKD. These biomarkers have predictive potential for assessing the progression 
toward end-stage nephropathy.

Key words: pathogenesis, diabetic kidney disease, podocytes

Reviews

Glomerular podocytes in diabetic renal disease

Paweł Podgórski1,A–E, Andrzej Konieczny3,A,D–F, Łukasz Lis1,A,C,E, Wojciech Witkiewicz1,E,F, Zbigniew Hruby1,2,A–F

1	 Voivodeship Specialty Hospital, Center for Research and Development, Wrocław, Poland
2	 Faculty of Health Sciences, Wroclaw Medical University, Poland 
3	 Department of Nephrology and Transplantation Medicine, Wroclaw Medical University, Poland

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation; 
D – writing the article; E – critical revision of the article; F – final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899–5276 (print), ISSN 2451–2680 (online)� Adv Clin Exp Med. 2019;28(12):1711–1715



P. Podgórski, et al. Urinary podocytes in diabetic kidney disease1712

Diabetic kidney disease (DKD) or diabetic nephropathy 
(DN) is a clinical entity developing in patients suffering 
from diabetes mellitus type 1 or 2, defined as albuminuria 
(30–300 mg/1 g creatinine in the morning urine sample), 
worsening of glomerular filtration and arterial hyperten-
sion. The prevalence of DN has grown steadily in recent 
years due to a massive increase of the incidence of diabetes 
type 2. The International Diabetes Federation forecasts 
an increase in the number of patients with diabetes mel-
litus from 285 million worldwide in 2010 to 385 million 
in 2030.1 Diabetic kidney disease is the most frequent cause 
of end-stage renal disease (ESRD), both in Europe2 and 
in the USA.3 In the next decade, the increase is expect-
ed to continue. In 2025 the prevalence of diabetic ESRD 
is predicted to amount to 3.2% per year.4

Early diagnosis of  DN enables the  implementation 
of strategies preventing progression of chronic renal dis-
ease and reducing the risk of potentially lethal cardiovas-
cular injury. Moreover, Fioretto et al. have demonstrated 
that even established histopathological changes are re-
versible by normoglycemia following successful pancreatic 
transplantation in DKD patients.5

Currently, the main laboratory markers of DKD progres-
sion are albuminuria and glomerular filtration rate (GFR). 
Nevertheless, at the early stages of DN albuminuria is ab-
sent and GFR is elevated. Perkins et al. reported that dur-
ing a 6-year follow-up of 386 patients with diabetes type 1, 
regression to normal albumin excretion levels was observed 
in the majority of patients (58%).6 The classical model of DN 
proposed by Mogensen has been modified: In the new DN 
phenotype, deterioration of GFR is not related to rise of al-
buminuria, and can even be seen in its absence.7

The weakness of albuminuria as a biomarker of DN 
progression is underscored by observations of significant 
histopathological alterations in DN with a virtual absence 
of albuminuria. Therefore, it is not advisable to rely solely 
on albuminuria and GFR in monitoring disease activity 
or establishing a prognosis in DKD. At present, no alter-
native biomarkers of the disease are available. Alternative 
biomarkers should be sufficiently specific and sensitive 
for DN without being invasive and expensive. Establishing 
such markers would permit a significant cohort of patients 
to be identified at a very early stage of the disease, when 
albuminuria and GFR are normal, yet the probability of de-
veloping full-blown DN is imminent.

This manuscript presents alternative biomarkers of DKD 
linked with glomerular visceral epithelial cells: podocytes.

The role of podocytes in diabetic 
kidney disease

Podocytes are differentiated cells lining the external surface 
of the glomerular basement membrane (GBM). They consist 
of 3 distinct parts: the cell body, major processes and foot pro-
cesses (FPs). The FPs of neighboring podocytes interdigitate, 

forming a meshwork called a slit diaphragm (SD), an ultimate 
barrier to prevent urinary protein loss.8–10 The main func-
tion of podocytes is therefore to participate in the formation 
of the filtration barrier and to regulate glomerular filtration, 
along with the GBM and the endothelium. Podocytes also 
mechanically support the glomerular vascular bud, partici-
pate in the metabolic turnover of the GBM and take part 
in the immunological processes at the glomerular level.

The development of DN is highlighted by the accumu-
lation of extracellular matrix, the proliferation of mesan-
gial cells and damage to the GBM. These changes are fol-
lowed by alterations in the renal tubules, interstitium and 
arterioles. The ultimate changes include sclerotization 
of the glomerular tufts and fibrosis of the interstitium.11

Damage to the podocytes leads to a loss of their adhesive 
properties and is a principal cause of DN progression.12,13 
It has been demonstrated that the number of glomeru-
lar visceral epithelial cells is reduced in diabetes type 1, 
even after a short disease duration.14 Moreover, an analysis 
of the histopathological results of renal biopsies in Pima 
Indians with diabetes type 2 revealed widening of the FPs, 
coupled with reductions in the number of podocytes.15 
A morphometric study performed by Dalla Vestra et al. 
among type 2 diabetes patients determined that diminish-
ment of podocyte density is a more adequate correlate of al-
buminuria than reduction in the total podocyte number.16

Mature podocytes have limited proliferative capacities 
in situ.17 Losses of up to 20% of podocytes result in prolif-
eration of the mesangial cells, whereas more substantial 
losses cause denudation of the GBM with subsequent glo-
merular fibrosis and increased proteinuria.18

Another compensatory mechanism of podocyte injury 
is their ability to regenerate from progenitor cells, namely 
glomerular parietal epithelial cells (PEC) and renin-secret-
ing arteriolar wall cells.19

It has been demonstrated that podocytes are being ex-
creted in the urine of patients with glomerulopathies, and 
that the magnitude of podocyturia correlates with the dis-
ease activity.20,21

Podocyte-dependent pathogenic 
pathways leading to glomerular 
injury in DN

Podocyte loss initiating glomerular hypertrophy and 
subsequent sclerosis may result from hyperglycemia-in-
duced generation of reactive oxygen species (ROS) caus-
ing podocyte apoptosis.22 Changes in glomerular cells 
are interrelated: endothelial nitric oxide (NO) synthase 
deficiency may be responsible for podocyte loss resulting 
in glomerulosclerosis.23

Autophagy in  podocytes is  a  homeostatic process 
enabling lysosomal degradation of  obsolete proteins 
and cell organelles. Chronic exposure to high glucose 
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concentrations leads to  impairment in autophagy with 
subsequent lysosome insufficiency and podocyte apopto-
sis, causing development of DN.24 Thus, activation of au-
tophagy in podocytes may serve as a therapeutic interven-
tion to prevent the progression of DKD.

Poor control of diabetes results in a constant elevation 
of circulating growth hormone (GH) concentrations, and 
functional GH receptors are expressed on podocyte cell 
membranes. As  a  result, podocyte hypertrophy ensues, 
accounting for progressive podocyte aberrations leading 
to the detachment of the GBM25 with consequent glomeru-
losclerosis. High levels of GH are equally implicated in kidney 
hypertrophy and proteinuria during early DN.26 Growth hor-
mone contributes to renal sclerosis by promoting the synthe-
sis and accumulation of extracellular matrix components.27 
Yet another mechanism of podocyte depletion due to GH ac-
tivity in early DN is programmed cell death, or apoptosis. Its 
pathogenesis is linked to 2 possible mechanisms: GH-induced 
generation of ROS,28 or exposure to transforming growth 
factor beta (TGF-β), also resulting from high GH levels.29

Epithelial-to-mesenchymal transition (EMT) consists 
of the acquisition of mesenchymal characteristics by ep-
ithelial cells, specifically by proximal tubular cells and 
podocytes. As a result, these cells undergo transformation 
to extracellular matrix protein-generating myofibroblasts 
that initiate and perpetuate fibrosis of renal tissue. Epithe-
lial-to-mesenchymal transition in podocytes results in ab-
normalities of their functioning, leading to impairment 
of glomerular filtration.30 Studies in experimental dia-
betes have demonstrated phenotypical changes in podo-
cytes: the replacement of an epithelial marker (nephrin) 
by a mesenchymal marker (desmin).31 In human studies 
of podocytes secreted in the urine and renal biopsy speci-
mens of type 2 diabetes patients, it has been demonstrated 
that a rise in podocyte EMT markers is directly correlated 
with the clinical and pathological severity of the disease.32

Sphingolipid accumulation occurs in glomerular diseases, 
including DN. Sphingomyelin phosphodiesterase acid-like 
C3b (SMPDL3b) is expressed in podocytes, where it modu-
lates danger signaling33 and is linked with the pathogen-
esis of DN. The intracellular composition of sphingolipids 
in podocytes impacts the progression of the disease. It has 
been determined that there is a link between sphingolipid 
accumulation and glomerular proliferation and hypertro-
phy in DKD.34 The accumulation of ceramide seen in apop-
totic cells is related to the podocytopenia observed in DKD.

Methods of quantitative 
and qualitative assessment 
of podocyturia

Methods for evaluating podocyte injury include histo-
pathological examination of renal biopsy specimens or cyto-
logical assessment of podocytes excreted in the urine, taking 

into account the number, membrane protein expression, 
mRNA, exosomes, and microRNA.22 Kidney biopsy is still 
regarded as the “gold standard” in diagnosing renal paren-
chymal diseases. Although percutaneous biopsy is widely 
utilized and relatively safe, certain complications may ensue, 
such as bleeding from the puncture site or fistula formation. 
Therefore, attempts have been made to employ the evalua-
tion of urinary podocytes as a diagnostic tool in DKD, since 
it is a method that is safe, widely available and fully repro-
ducible. The initial approach to the evaluation of urinary 
podocytes was to establish a culture of podocytes recovered 
from urinary sediment, with the aim of assessing the expres-
sion of their membrane proteins using immunofluorescent 
visualization.35,36 It was soon demonstrated that assessment 
of podocyte antigen expression immediately after the recov-
ery of the cells from urinary sediment by adhesion to a plastic 
surface provides a useful tool to investigate the importance 
of podocytes in the progression of glomerular diseases.37

The concentration of proteins secreted to the urinary 
space by  damaged podocytes can be measured using 
the  western blot technique. In  patients with diabetes, 
the  urinary podocalyxin concentration is  higher than 
the cut-off value in patients at the normoalbuminuric, 
microalbuminuric and macroalbuminuric stage.38

Another way of identifying biomarkers specific to podo-
cytes is to assess mRNA for proteins derived from podocytes 
in the urine with the real-time polymerase chain reaction 
(RT-PCR) method.39 Wang et al. in a study based on 21 biopsy-
proven cases of DN, showed a correlation between glomeru-
lar podocyte number and intra-renal expression of neph-
rin, podocin and synaptopodin. The number of glomerular 
podocytes was also significantly correlated with the urinary 
expression of synaptopodin, but not with other targets.39

In another study, expressions of nephrin, podocin, synap-
topodin, WT-1, and alpha actinin-4 were higher in patients 
with DN than in the normal controls. Urinary nephrin and 
synaptopodin expressions were correlated with baseline 
proteinuria or renal function, while WT-1 expression was 
related to the degree of histological damage.40

In recent years, new diagnostic methods like proteomics 
and peptidomics have gained importance. Rossing et al. 
used a panel of biomarkers that allowed them to distin-
guish diabetes subjects with nephropathy with 97% sensi-
tivity and specificity.41 This panel of biomarkers also iden-
tified patients who had microalbuminuria and diabetes and 
progressed toward overt DN over 3 years. In another study, 
collagen fragments were shown to be prominent biomark-
ers 3–5 years before the onset of macroalbuminuria.42

Summary

Despite notable improvements in  treatment efficacy 
in recent years and constant broadening of knowledge 
on  the  pathogenesis of  DKD, end-stage renal failure 
in the course of DN still remains a challenging problem.
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As described in this article, the widely employed, nonin-
vasive biomarkers of DKD such as albuminuria and impair-
ment of glomerular filtration may be insufficient for early 
diagnosis of diabetic renal injury. More adequate infor-
mation can be provided by the histopathological features 
of percutaneous renal biopsies, although the indications 
for this procedure in the early phase of DN are disputable; 
moreover, biopsies are invasive and impose the risk of poten-
tial complications. As result, alternative diagnostic methods 
are being evaluated. Growing evidence of the pivotal role 
of podocytes in the pathogenesis of DN has attracted at-
tention to markers of injury to these cells. The biomark-
ers of podocytopathy can be quite easily assessed in urine 
sediment. The expression of proteins linked with podocyte 
injury or mRNA can be determined using currently avail-
able methods such as western blot or RT-PCR.

Future clinical research should focus on validating and 
confirming the  importance of  urinary DKD biomark-
ers with particular emphasis on the early clinical stages 
of the disease. Up-to-date therapeutic strategies do not 
bring about complete remission of DN and concentrate 
on stopping or slowing down the progression of the dis-
ease. The earliest possible diagnosis of  this entity and 
implementation of intensive treatment has the potential 
to prevent or substantially delay the onset of ESRD.
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Abstract
Structural and functional synapse reorganization is one of the key issues of learning and memory mechanisms. 
Specific proteases, called matrix metalloproteinases (MMPs), play a pivotal role during learning-related 
modification of neural circuits. Different types of MMPs modify the extracellular perisynaptic environment, 
leading to the plastic changes in the synapses. In recent years, there has been an increasing interest in the role 
played by matrix metalloproteinase-3 (MMP-3) in various processes occurring in the mammalian brain, both 
in physiological and pathological conditions. In this review, we discuss a crucial function of MMP-3 in synaptic 
plasticity, learning, neuronal development, as well as in neuroregeneration. We discuss the involvement 
of MMP-3 in synaptic long-term potentiation, which is likely to have a profound impact on experience-
dependent learning. On the other hand, we also provide examples of deleterious actions of uncontrolled 
MMP-3 activity on the central nervous system (CNS) and its contribution to Alzheimer’s and Parkinson’s 
diseases (AD and PD). Since the molecular mechanisms controlled by MMP-3 have a profound and diverse 
impact on physiological and pathological brain functioning, their deep understanding may be crucial for 
the development of more specific methods for the treatment of neuropsychiatric diseases.

Key words: neuroplasticity, MMP-3, neurodegenerative diseases, learning and memory, long-term po-
tentiation
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Introduction

Learning and memory are contingent on  a  continu-
ous modification of  neural connectivity and circuitry 
by means of mechanisms that depend on network activ-
ity. This ability to change the synaptic strength in an ex-
perience-dependent manner is called synaptic plasticity 
and is considered as a substrate of learning, memory and 
behavior.1 As a result of synaptic plasticity, the strength 
of synaptic transmission can be either enhanced or de-
pressed. The plasticity that leads to the stable amplification 
of synaptic transmission is called long-term potentiation 
(LTP). Conversely, in  the process of  long-term depres-
sion (LTD) synaptic strength is reduced. Upon learning, 
both inhibitory and excitatory synapses undergo synaptic 
plasticity.1 Furthermore, the balance between excitation 
and inhibition is a key feature in the proper functioning 
of the brain and the disruption in this dynamic “equilib-
rium” may underlie different neurological diseases such 
as autism2,3; schizophrenia3 or epilepsy.4

Both structural and functional reorganization of the 
synapse starts to occur at early stages of central nervous 
system (CNS) development and continue to take place 
in the adult learning brain in the form of complex process-
es of neuroplasticity. It is well established that synapses 
are surrounded by a complex network of extracellular ma-
trix (ECM) constituents,5,6 including structural proteins, 
proteoglycans, glycosaminoglycans, adhesion molecules 
as well as growth factors. A growing body of experimental 
evidence suggests that diverse molecules in the ECM play 
crucial physiological roles in synaptogenesis,7,8 synaptic 
plasticity9,10 and regeneration of CNS after injury.11 More-
over, the structure of brain ECM is not static as it is con-
tinuously remodeled, e.g., by proteolysis of ECM proteins 
that leads to the modifications in the synapse proteome 
and its interaction with the extracellular environment. 
Degradation of ECM proteins and peptides is catalyzed, 
in particular, by serine proteases (such as tPA or neu-
ropsin) and matrix metalloproteinases (MMPs). In re-
cent years, numerous studies described the crucial role 
played by MMPs-dependent ECM proteolysis in physi-
ological processes such as synaptic plasticity, learning 
and memory.12,13 Nonetheless, abnormal expression, lo-
calization and activity of MMPs could have a detrimental 
impact on brain functioning,6,14,15 and, in physiological 
conditions, MMPs activity is kept under strict control 
at both the  transcriptional and cellular levels by con-
trolling the synthesis, release, activation, inhibition, and 
degradation.

The main purpose of this review is to discuss recent 
research into the matrix metalloproteinase-3 (MMP-3), 
one of the crucial brain proteases engaged both in physi-
ological brain functions and in pathogenesis of neuro-
logical diseases. In the first section, we present a brief 
description of the MMP family. Then, we discuss the ben-
eficial involvement of MMP-3 in key physiological and 

regenerative processes in CNS. We highlight the specific 
MMP-3-dependent proteolysis of ECM components and 
its role in development, synaptic plasticity, learning and 
memory, as well as in neuroregeneration after CNS in-
jury. In the final chapter, we focus on the role of MMP-3 
in pathophysiological conditions.

Matrix metalloproteinases 
and MMP-3

Matrix metalloproteinase-3 and, in  general, MMPs 
have been identified as the major brain proteases affect-
ing numerous processes. Because of the broad substrate 
spectrum, MMP-3 initially was considered primarily 
in relation to its role in pathophysiology. More recently, 
however, several physiological functions of this MMP have 
been revealed. Indeed, as we outline in the present review, 
MMP-3 plays a crucial role in the mammalian brain devel-
opment, synaptic plasticity, learning, and memory.

Matrix metalloproteinases constitute a part of the larger 
family of proteases called metzincin clan. These multido-
main, proteolytic enzymes, with a zinc ion (Zn2+) in their 
catalytic site, can degrade ECM components, growth fac-
tors and adhesion molecules. Therefore, they are charac-
terized by the ability to modify the extracellular environ-
ment and to modulate cell-to-cell signaling. In humans, 
MMP family consists of 24 distinct members, which are 
expressed either as soluble or transmembrane proteins.16 
Based on ECM substrate specificity and domain compo-
sition, MMPs are organized into 6 groups: collagenases, 
gelatinases, stromelysins, matrilysins, transmembrane 
MMPs, and “others”.16 Numerous studies have shown 
that the proteolytic activity of MMPs is extracellular, but 
their intracellular action was also suggested (MMP-3,17 
MMP-1218).

A number of studies have found that MMPs in CNS 
play a  fundamental role in  synaptic plasticity19,20 and 
dendritic spine morphology.21 Furthermore, MMPs are 
able to regulate cell proliferation and differentiation,22 
migration,23 inflammation,24 and apoptosis.25,26 Thus, not 
surprisingly, MMPs are precisely controlled. In the CNS, 
MMPs are expressed and secreted both by neurons and 
glial cells13 but their activity in normal conditions is low. 
The level of MMP activity significantly increases only 
in specific time windows, for example, during the induc-
tion of synaptic plasticity or repairing processes. Because 
MMPs are secreted mainly in their inactive form called 
zymogen, proMMPs in the extracellular space are inac-
tive until the interaction between catalytic zinc ion and 
the cysteine residue at pro-peptide domain is disturbed. 
Matrix metalloproteinases can be activated by other pro-
teases or, e.g., by reactive oxygen species (ROS). To block 
MMP activity, proteases are degraded or inhibited. Tis-
sue inhibitors of metalloproteinases (TIMPs) bind non-
covalently to MMP (in 1:1 ratio), which blocks its activity. 
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It has been shown that a precisely balanced level of TIMP 
activity is essential, as its alterations may lead to various 
pathologies, including different types of cancer.27

Matrix metalloproteinase-3 belongs to  stromely-
sin group of  MMPs. Numerous studies have shown 
that MMP-3 can function both extra- and intracel-
lularly. Extracellularly, proMMP-3 may be activated 
by the serine proteinases like plasmin or other MMPs.28 
Matrix metalloproteinase-3 cleaves ECM components 
such as aggrecan, tenascins, fibronectin, laminin29; tu-
mor necrosis factor α (TNF-α) precursor; interleukin 1b 
(IL-1b) and pro-forms of other MMPs like proMMP-1, 
proMMP-3 and proMMP-9.29 As  already mentioned, 
MMP-3 proteolytic activity was also reported inside 
the cells. Choi et al. described proMMP-3 activation inside 
the dopaminergic neurons that undergo cellular stress, 
in which pro-MMP-3 zymogen was activated by serine 
proteases.25 Furthermore, there are several studies show-
ing that exogenous MMP-3 can enter the cytoplasm, prob-
ably through clathrin-dependent endocytosis,30 and may 
even translocate into the nucleus.17,31 The proper balance 
of MMP-3 activity is regulated by TIMP-1 and altered 
MMP-3 activity connected with lower level of TIMP-1 
plays an important role, e.g., in neuronal apoptosis during 
oxidative stress.32

Matrix metalloproteinase-3 
in the developing CNS

Among others, Vaillant et al. described increased ex-
pression of MMP-3 and MMP-9 in dividing granular 
precursor cells in the developing cerebellum.33 During 
this period MMP-3 and other MMPs are crucial for cell 
migration and neurite outgrowth through the degrada-
tion or activation of cell surface proteins and ECM com-
ponents.33 Moreover, MMP-3 has also been shown to play 
a crucial role in dendritogenesis. Reduction in dendritic 
tree size of Purkinje cells in the cerebellum was described 
both in postnatal, juvenile and adult mmp-3-deficient 
mice (MMP-3–/–).34 These findings can be explained 
by the  interaction of MMP-3 with repellent or attrac-
tive signaling molecules in  the extracellular environ-
ment. Likewise, studies conducted on MMP-3-deficient 
mice shed light on the effects of MMP-3 on the mor-
phology of  pyramidal neurons in  cortex and hippo-
campus. The Golgi-stained MMP-3–/– pyramidal cells 
from layer V of  the visual cortex exhibit significantly 
shorter apical dendrites compared to the wild-type con-
trols.35 On the contrary, Nowak et al. have shown that 
there are no significant differences between morphology 
of MMP-3–/– pyramidal neurons in the CA1 hippocampal 
field in comparison to the wild-type group.36 Collectively, 
these studies suggest that the functioning of the MMP-3 
in developing CNS is more complex and may depend 
on the region of the brain.

Matrix metalloproteinase-3 
in synaptic plasticity, learning 
and memory

The architecture of the synapse is determined by both 
cell–cell and cell–ECM interactions. The coordinated, 
activity-dependent remodeling of the perisynaptic extra-
cellular environment regulates synaptic transmission and 
synaptic plasticity.14 Over the past decade or so, the grow-
ing body of evidence has indicated that MMP-9 is a key 
player in neuroplasticity mechanisms. Although the func-
tioning of MMP-9 in neural circuits has been extensively 
described,19,37 more recent works also highlighted the im-
pact of MMP-3 on CNS plasticity. In the hippocampal 
Schaffer collaterals-CA1 pathway, one can distinguish 
2 different LTP components: 1) dependent on NMDA 
receptors (nmdaLTP); 2) dependent on L-type voltage-
dependent Ca2+ channels (VDCCs, vdccLTP). In 2002, 
Evers et al. have described an  impairment of vdccLTP 
in the hippocampus of tenascin-C deficient mice.10 Be-
cause tenascin-C is a well-known MMP-3 substrate,38 
it may suggest the involvement of MMP-3 in vdccLTP. 
Additionally, Kochlamazashvili et al. demonstrated that 
vdccLTP is dependent on the presence of hyaluronic acid 
in ECM in the vicinity of synapses, because enzymatic 
digestion of hyaluronan impaired specifically vdccLTP.39 
These results reveal a new “dimension” of the synaptic 
plasticity, namely that enzymatic modification (such 
as proteolysis) of ECM constituents plays a pivotal role 
in regulating plastic phenomena at a variety of synapses. 
Moreover, recent studies have confirmed that MMP-3 
activity is  indeed crucial in regulating vdcc-dependent 
form of LTP in hippocampus, but not for nmdaLTP (that 
is regulated, e.g., by MMP-9).13 Nevertheless, there is also 
some evidence that MMP-3 can affect NMDA receptors. 
In cultured spinal cord neurons, chronic NMDAR over-
stimulation leads to an increase in MMP-3 activity which, 
in turn, cleaves GluN1 subunit of NMDA receptor to con-
strain calcium influx and prevent neuron apoptosis.40 
The activity of MMP-3 is also crucial for the plasticity 
of neuronal excitability. Brzdak et al.41 have suggested 
that potentiation of neuronal spiking requires short-term 
activation of MMP-3, which, in turn, increases calcium 
influx into neurons through NMDA receptors. Addi-
tionally, Brzdak et al. clearly demonstrated that MMP-3 
activity differs between basal and apical dendrites of py-
ramidal neurons from the CA1 region of the hippocam-
pus and the plasticity of synapses located in apical den-
drites are MMP-3-dependent in contrast to those in basal 
dendrites.42 Finally, contrary to LTP, the role of MMP-3 
on LTD is still unknown.

The impact of MMP-3 on learning and memory has not 
been studied in detail. There is limited evidence that dur-
ing hippocampus-dependent learning (e.g., in Morris water 
maze), the level of MMP-3 activity and mRNA are increased 



A. Lech, G. Wiera, J. Mozrzymas. MMP-3 in brain physiology and pathologies1720

within the first days after experiment.43 This could indicate 
that a higher level of MMP-3 as well as MMP-9 is important 
over a relatively short period, in which plasticity phenom-
ena are induced. So far, however, the exact role of MMP-3 
in learning remains unknown. To understand the broader 
aspect of MMP-3 functioning in behavior, experiments 
using MMP-3–/– mice are necessary. Although the physi-
ological role of MMP-3 still awaits a thorough and extensive 
investigation, the available evidence points to its key role 
in neural plasticity and development.

Matrix metalloproteinase-3  
in CNS after injury

Several studies have reported the involvement of MMP-3 
in neurite outgrowth and remyelinisation. Gonthier et al. 
have noted that MMP-3 can be engaged in the elongation 
of axons in response to specific attractor molecules.44 More 
recent studies have reported that MMP-3 as well as others 
MMPs can overcome chondroitin sulphate proteoglycans 
(CSPGs)-dependent inhibition of neurite regeneration.45 
Chondroitin sulphate proteoglycans are produced and 
secreted during glial scar formation to effectively slow 
down or even block the axonal regeneration. Important-
ly, almost all CSPGs constituents are putative substrates 
of MMP-3. Cua et al. have observed that local expression 
of MMP-3 in the vicinity of glial scar is  increased and 
MMP-3 activity promotes axonal outgrowth.45 Further-
more, a few years earlier Pizzi and Crowe have reported 
that the application of fibroblasts overexpressing MMP-3 
into the injured spinal cord augments axon regrowth.46 
They have additionally observed transient progression 
in motor functions recovery, what could have been re-
lated to axonal regeneration. Another aspect of beneficial 
functions of MMP-3 is related to remyelination. Cupri-
zone-induced demyelination is the most often examined 
model in which remyelination process can be assessed. 
Immunohistochemical investigation showed a significant 
increase in the expression level of MMP-3 during remy-
elination in the corpus callosum induced by cuprizone.47 
Altogether, these studies provide important insights into 
the protective roles played by the MMP-3 activity after 
injury and are likely to  indicate promising avenues for 
future therapeutic developments.

The role of MMP-3  
in neuronal pathologies

Besides crucial role played by MMP-3 in brain physiol-
ogy, its excessive uncontrolled activity often correlates 
with numerous neurodegenerative disorders. In several 
pathologies, MMP-3 appears to have a causative role, which 
may be related to the disruption of the blood–brain barrier 
(BBB), role in demyelination, cell apoptosis or initiation 

of the  inflammatory response. In subsequent sections, 
we describe the role played by MMP-3 in the pathophysiol-
ogy of Alzheimer’s and Parkinson’s diseases (AD and PD).

MMP-3 in Parkinson’s disease

Numerous reports indicate the involvement of MMP-3 
in the pathophysiology of PD, which is characterized by 
a progressive loss of dopaminergic neurons in the substan-
tia nigra of the midbrain, leading to cognitive and mo-
tor disorders. The increase in the level of MMP-3 protein 
and activity has been observed in various experimental 
models of PD such as in animals injected with 6-hydroxy-
dopamine or lipopolysaccharide.48 In the case of MPTP 
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-induced 
PD, a significant reduction in the degeneration of the sub-
stantia nigra neurons has been observed in mice deficient 
in MMP-3 compared to wild-type controls.49 Similarly, 
studies on tissue cultures also have shown that cell death 
of dopaminergic neurons may be limited by inhibition 
of MMP-3 or by MMP-3 knock-out.50 Substantia nigra 
is particularly rich in microglial cells; therefore, the role 
of MMP-3 in the pathophysiology of PD may be related 
to the activation of microglia and inflammatory process-
es in response to cellular stress.51 Additionally, changes 
in the permeability of the blood–brain barrier were ob-
served both in PD patients and in animal PD models.52 
Tight junction proteins are among MMP-3 putative sub-
strates, thus the MMP-3-dependent increase in BBB per-
meability is considered as one of PD pathomechanisms.

Additionally, it  is  also worth noting that cellular 
proteins whose mutations correlates with PD are also 
MMP-3 substrates. The  dysfunction of  α-synuclein, 
which is a component of Lewy bodies, is a well-known 
player in PD pathogenesis. Matrix metalloproteinase-3 
cleaves the C-terminal part of α-synuclein, exposing a hy-
drophobic patch on the protein surface, which contrib-
utes to the increased formation of protein aggregates.51 
It has also been shown that mutations in the α-synuclein, 
which are associated with early onset of PD, lead to an in-
creased occurrence of α-synuclein in Lewy bodies. This, 
in turn, suggests that the mutant protein may be more 
prone to proteolysis mediated by MMP-3. Another as-
pect of MMP-3 engagement in PD pathogenesis is related 
to protein DJ-1 that protects from oxidative proteasomal 
and mitochondrial stress. Mutations in DJ-1 protein and 
its loss of activity have been observed in PD patients. 
Therefore, because DJ-1 is a substrate for MMP-3, the de-
creased activity of DJ-1 in PD may be a result of increased 
uncontrolled MMP-3 proteolytic activity.53 In conclusion, 
the role of MMP-3 in the pathophysiology of PD is mani-
fested through the contribution of protease to the forma-
tion of α-synuclein aggregates and by the  interference 
of  the  MMP-3 protease with the  protective functions 
of DJ-1 protein against oxidative stress.
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MMP-3 in Alzheimer’s disease

Matrix metalloproteinase-3 contributes also to the de-
velopment of AD, which is one of the most common neu-
rodegenerative disorders and the main cause of dementia. 
The main characteristic features of AD are a widespread 
degeneration of  neurons, the  formation of  so-called 
plaques that contain amyloid-β (Aβ) peptide and deposi-
tion of neurofibrillary tangles abnormally rich in hyper-
phosphorylated tau protein.14 Amyloid-β is the product 
of proteolytic cleavage of amyloid precursor protein (APP). 
The involvement of MMP-3 in AD pathogenesis is com-
plex. Firstly, it was shown that patients suffering from AD 
have an elevated level of MMP-3 in the brain, especially 
in the white matter and senile plaques.54 It is suggested 
that the expression of MMP-3 in microglial cells and as-
trocytes can be induced by the Aβ peptide.55 Secondly, 
the analysis of mmp-3 gene polymorphisms has linked 
the 6A allele of the mmp-3 gene promoter (-1612 5A/6A) 
to the higher susceptibility to AD.56 This result was; how-
ever, contested by others.57 Finally, it was reported that 
in the human cerebrospinal fluid the reduction of MMP-3 
level goes hand in hand with a lower level of Aβ.58 Ad-
ditionally, in patients with risk markers for AD, a higher 
MMP-3 levels and a higher MMP-3/TIMP-1 ratio were 
reported in comparison to those without risk markers.59 
Moreover, it was proposed that MMP-3 plasma levels could 
be a biomarker for early diagnosis of AD.60

Conclusions

The examples discussed above underscore many roles 
played by  MMP-3 in  the  developing and adult CNS. 
Although, over the years, more attention has been directed 
to the function of MMP-3 in pathophysiological processes, 
recent research suggests that, in the hippocampus and 
cortex, MMP-3 regulates also synaptic plasticity and takes 
part in the processes of CNS recovery after injury. In par-
ticular, the activation of MMP-3 is essential for the in-
duction of long-term potentiation dependent on voltage-
gated calcium channels.10,13,41 Additionally, plastic changes 
at synapses correlate with short-term window of MMP-3 
activity in  hippocampus.43 Consistently, the  activity 
of MMP-3 is also important in the developing brain,33 
and has been shown to play a pivotal role in the dendrito-
genesis of pyramidal neurons in the cortex and Purkinje 
cells in the cerebellum.34

On the other hand, uncontrolled MMP-3 activity is of-
ten associated with neurodegenerative disorders. As was 
mentioned before, numerous authors described the in-
volvement of MMP-3 in PD and AD. Matrix metallopro-
teinase-3 has been found to be engaged in the pathological 
process of dopaminergic neurons loss in the substantia 
nigra.49 In addition, MMP-3 contributes to the increased 
formation of  α-synuclein aggregates in  PD patients.52 

In  the same way, recent research reported an elevated 
level of MMP-3 in brains of AD patients,55,56,60 and pro-
posed the use of MMP-3 as a promising biomarker for 
AD diagnosis.60 Taking into consideration the involve-
ment of excessive MMP-3 activity in CNS pathophysi-
ology, the MMP-3 inhibitors may have potential clinical 
applications. Overall, it should be noted that increasing 
our knowledge about precise brain molecular mechanisms 
dependent on MMP-3 and its specific substrates can con-
sequently lead to the development of new methods for 
the treatment of PD and AD.
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