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P-SH groups in comparison with subjects from non-BEN 
areas (p = 0.085; p = 0.014, respectively).
Conclusions  Based on our results on increased oxida-
tive protein damage in both pre-dialysis BEN patients and 
healthy BEN family members, it can be speculated that 
individuals from BEN areas, in general, are chronically 
exposed to some prooxidant environmental compounds. 
Moreover, decrease in plasma GPX activity, as a conse-
quence of impaired kidney function, could further affect 
oxidative status in BEN patients.

Keywords  Balkan endemic nephropathy · Oxidative 
stress · Antioxidant enzyme activities

Introduction

About 60 years ago, Balkan endemic nephropathy (BEN) 
was recognized as a familial chronic tubulointerstitial dis-
ease in certain Balkan rural areas [1, 2]. Previous studies 
clearly implied that the etiology of BEN is multifactorial, 
involving combined effects of genetic factors and exposure 
to environmental toxic and carcinogenic compounds [3–5]. 
So far, among various environmental factors examined, 
molecular epidemiological investigations have provided 
evidence for a causative association between chronic aris-
tolochic acid intoxication and development of upper uri-
nary tract tumors in BEN patients [6]. Nevertheless, two 
other hypotheses on BEN etiology are still attracting atten-
tion and have neither been proved nor denied: the possible 
etiologic role of the mycotoxin, ochratoxin A (OTA) and 
Pliocene lignite [4, 7, 8].

Oxidative stress represents one of the underlying mecha-
nisms in the pathogenesis and progression of chronic kid-
ney disease (CKD), due to both increased production of 
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thy (BEN), biomarkers of oxidative stress and antioxidant 
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Methods  Protein thiol groups (P-SH), antioxidant enzyme 
activities [superoxide dismutase (SOD) and glutathione 
peroxidase (GPX)], were determined in plasma spectropho-
tometrically, while malondialdehyde adducts (MDA) by 
enzyme immunoassay.
Results  BEN patients had significantly lower plasma 
GPX activity in comparison with values for both control 
groups (p = 0.016), gradually decreasing with kidney func-
tion impairment estimated by glomerular filtration rate 
(r  =  0.53, p  =  0.002). GPX activity was inversely cor-
related with serum urea (r = −0.627, p  <  0.001), creati-
nine (r = −0.53, p  <  0.05), urinary excretion of protein 
and α1-microglobulin (r = −0.44, p = 0.012; r = −0.50, 
p  <  0.007). Significant upregulation of SOD activity was 
observed in healthy BEN family members (p  <  0.05). 
While the concentration of MDA adducts was similar in all 
three groups, BEN patients and healthy BEN family mem-
bers exhibited increased protein damage, based on fewer 
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reactive oxygen species (ROS) and downregulation of anti-
oxidant enzymes [9–11]. Moreover, hemodialysis per se 
further worsens the disturbed redox balance in end-stage 
renal disease, by inducing inflammation and ROS produc-
tion [12, 13]. Although the role of oxidative stress in CKD 
has been widely investigated [9–15], data on oxidative 
stress parameters in BEN are still scarce [16–18]. Namely, 
only one study showed decreased activity of erythrocyte 
glutathione peroxidase (GPX1) in BEN patients [16]. Inter-
estingly, recent findings suggested that oxidative stress 
parameters were significantly higher in healthy residents of 
BEN villages than in controls from non-BEN regions [18]. 
However, there are no data on oxidative stress parameters 
in pre-dialyzed BEN patients. Since it has been shown that 
all potential BEN environmental risk factors might cause 
increased ROS production, it is important to evaluate bio-
markers of oxidative stress in the course of BEN progres-
sion. Thus, among OTA metabolites, OTA hydroquinone 
exerts strong pro-oxidant activity and after oxidation gen-
erates superoxide and the quinone electrophile. Increased 
ROS production and consequently, greater oxidative DNA 
damage were observed after OTA treatment of a human 
renal proximal tubular epithelial cell line (HK-2) [19]. A 
recent study in vitro also showed that aristolochic acid can 
cause oxidative stress-related DNA damage and apoptosis 
through GSH depletion [20], while ROS-mediated toxicity 
of some organophosphate insecticides and metals [21, 22] 
has also been suggested.

Having all that in mind, we conducted a study involv-
ing pre-dialysis BEN patients in different stages of the dis-
ease, healthy members of BEN families and control sub-
jects living in non-endemic areas. In order to compare the 
antioxidant capacity and oxidative status of these groups, 
we determined plasma activities of two key antioxidant 
enzymes, glutathione peroxidase (GPX) and superoxide 
dismutase (SOD), together with two biomarkers of oxida-
tive damage, malondialdehyde adducts (MDA) and protein 
thiol groups (P-SH).

Methods

Study subjects

The study included 38 patients with BEN, 21 healthy 
members of BEN families and 36 healthy persons living 
in non-endemic areas. BEN was diagnosed using the fol-
lowing criteria: (1) residents of endemic foci; (2) positive 
family history of BEN; (3) increased urinary excretion of 
low molecular weight (LMW) proteins; (4) mild proteinu-
ria; (5) impaired renal function; (6) anemia; and (7) sym-
metrically reduced kidneys [23, 24]. Diagnosis of BEN was 
made in patients who, in addition to the first two criteria, 

had either LMW proteinuria or proteinuria and at least one 
of the remaining criteria but after exclusion of other kidney 
diseases. Increased low molecular weight proteinuria was 
defined as urinary excretion of α1-microglobulin (α1-MG) 
above 1.5 mg/mmol creatinine [23]. Mild proteinuria was 
defined as proteinuria between 20 and 50 mg/mmol creati-
nine. Impaired renal function was considered as a glomer-
ular filtration rate (eGFR), estimated by the MDRD for-
mula [25], less than 60 mL/min/1.73 m2 [26]. Anemia was 
defined as a hemoglobin concentration less than 130  g/L 
in men and postmenopausal women and less than 120 g/L 
in women before menopause [27]. Reduced kidney length 
was considered if the craniocaudal length of each kidney 
measured by sonography was less than 10 cm.

Healthy members from BEN families were persons 
selected during previous screening studies. All healthy per-
sons had a negative medical history for kidney disease and 
hypertension and took no drug, and no pathological finding 
was detected by objective, laboratory and ultrasound exam-
ination at the time of entering the study. Healthy controls 
living in non-endemic areas had previously been treated for 
kidney stone in the Department of Urology and Nephrology, 
Clinical Center of Serbia. At the control outpatient examina-
tion, performed at the time of inclusion in the study, no sign 
of kidney and urinary tract disease was found.

The study was approved by the Ethical Committee of the 
Faculty of Medicine, Foča. Informed consent was obtained 
from all examined persons.

Biochemical analysis

Serum levels of creatinine, urea, glucose, cholesterol and 
triglycerides were measured using routine laboratory tech-
niques. Urine protein was determined colorimetrically with 
pyrogallol red and urine α1-MG by an immunonephelomet-
ric assay (BN II nephelometer, Dade Behring). Superoxide 
dismutase (SOD) activity in plasma was measured by the 
method of Misra and Fridovich [28], based on the ability 
of SOD to inhibit auto-oxidation of epinephrine at an alka-
line pH (pH 10.2). Plasma glutathione peroxidase (GPX) 
activity was assayed according to Gunzler et al. [29] with 
organic hydroperoxide as the substrate. Plasma protein 
thiol groups (P-SH) were determined using the method of 
Jocelyn [30] and expressed as mmol/g of protein. Plasma 
MDA adducts were measured by ELISA using the Oxise-
lect MDA adduct ELISA kit (Cell Biolabs, San Diego, CA, 
USA) according to the manufacturer’s protocol. MDA was 
expressed as pmol/mg of protein.

Statistical analysis

All analyses were performed using the SPSS statistical 
software package (version 10; SPSS. IBM Corp. Released 
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2012. IBM SPSS Statistics for Windows, version 21.0. 
Armonk, NY: IBM Corp). Data are presented as fre-
quency and as mean and standard deviation, as appropri-
ate. Comparison of the variables among the three groups 
was made with one-way analysis of variance (ANOVA) 
and the Kruskal–Wallis test, as appropriate. Differences 
between individual groups were evaluated by Fisher’s least 
significant difference (LSD) post hoc tests. The statistical 
significance of differences between group frequencies was 
determined using the Chi-square test. Correlation between 
variables was examined using Pearson’s correlation coef-
ficient. A probability value of p  <  0.05 was considered 
significant.

Results

Baseline characteristics of the BEN patients and controls 
from BEN and non-BEN areas are presented in Table  1. 
Patients with BEN were significantly older and had signifi-
cantly lower eGFR in comparison with the control groups. 

As expected, all biochemical parameters of renal function 
in BEN patients differed significantly from those for the 
controls, including increased urinary excretion of α1-MG 
and proteins.

Table  2 presents activities of the key antioxidant 
enzymes, glutathione peroxidase (GPX) and superoxide 
dismutase (SOD), together with two biomarkers of oxida-
tive damage in the three groups examined. Patients with 
BEN had significantly lower plasma GPX activity than 
healthy persons from both BEN (p = 0.008) and non-BEN 
(p = 0.031) areas. On the other hand, no significant differ-
ence was found for SOD activity between BEN patients 
and control subjects. However, members of BEN families 
had significantly higher plasma SOD activity than individu-
als living in non-BEN areas (p = 0.012).

It is important to note that MDA, a commonly used 
biomarker of lipid oxidative damage, exists both free and 
bound to proteins, nucleic acids and lipoproteins, which 
are designated as MDA adducts. Decreased P-SH content 
is a useful biomarker of oxidative damage of proteins, since 
sulfhydryl groups of plasma proteins have been suggested 

Table 1   Clinical characteristics of patients with Balkan endemic nephropathy (BEN) and controls from BEN and non-BEN areas

eGFR—glomerular filtration rate estimated by MDRD equation; α1-MG—α1-microglobulin

* p < 0.05 (post hoc) in comparison with the two other groups; ** p < 0.05 (post hoc) in comparison with controls from non-BEN areas

Characteristic Controls BEN patients (n = 38) p

non-BEN area (n = 36) BEN area (n = 21)

Gender (M/F) 18/18 10/11 23/15 >0.05

Age 51.82 ± 13.12 44.49 ± 12.78* 61.03 ± 14.03* <0.001

Glucose (mmol/L) 4.60 ± 0.61 4.95 ± 1.15 5.81 ± 1.75* <0.05

Proteins (g/L) 70.88 ± 4.63 72.56 ± 5.21 72.82 ± 9.95 >0.05

Cholesterol (mmol/L) 4.62 ± 0.54 5.46 ± 0.90** 5.07 ± 1.16 <0.001

Triglyceride (mmol/L) 1.46 ± 0.64 1.55 ± 1.13 1.77 ± 0.97 >0.05

Urea (mmol/L) 5.55 ± 1.47 4.92 ± 1.49 9.94 ± 6.58* <0.001

Creatinine (µmol/L) 68.22 ± 8.79 67.12 ± 15.86 141.27 ± 130.02* <0.001

eGFR (mL/min/1.73 m2) 92.49 ± 6.72 110.73 ± 33.89 65.17 ± 28.76* <0.001

U-protein (mg/mmol creatinine) – 12.13 ± 7.87 58.03 ± 75.56 <0.001

U-α1-MG (mg/mmol creatinine) – 0.22 ± 0.23 8.47 ± 12.37 0.004

Table 2   Activity of antioxidant enzymes and oxidative damage biomarkers in plasma of Balkan endemic nephropathy (BEN) patients and con-
trols from BEN and non-BEN areas

* p < 0.05 in comparison with both control groups; ** p < 0.05 in comparison with the controls from non-BEN area

Controls BEN patients (n = 38) p (ANOVA)

non-BEN area (n = 36) BEN area (n = 21)

GPX activity (U/L) 425.71 ± 82.50 450.87 ± 109.21 363.41 ± 138.70* 0.016

SOD activity (U × 103/L) 44.24 ± 10.90 53.67 ± 16.32** 48.13 ± 12.12 0.042

MDA adducts (pmol/mg protein) 39.24 ± 5.69 43.79 ± 5.41 40.82 ± 7.88 0.434

P-SH (µmol/g protein) 8.57 ± 0.78 7.75 ± 0.71** 8.06 ± 1.09 0.046
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to be a ‘‘sacrificial’’ antioxidant in plasma and extravascu-
lar spaces. Our results showed that the mean plasma level 
of MDA adducts was similar in all three groups examined. 
However, the lower level of P-SH groups in BEN patients 
and controls from BEN areas in comparison with that for 
controls from non-BEN areas (p =  0.085 and p =  0.014, 
respectively) indicated increased protein oxidative damage.

We examined correlations of the activity of antioxidant 
enzymes and biomarkers of oxidative damage of proteins 
and lipids with the demographic and laboratory variables 
registered in BEN patients (Table 3). Only variables signifi-
cantly (p < 0.05) associated with at least one of the oxidative 
stress parameter are presented. We found that the decreased 
activity of GPX observed in BEN patients was inversely 
correlated with serum urea (r = −0.63, p < 0.001) and cre-
atinine (r = −0.53, p < 0.05), as well as urinary excretion 
of protein and α1-MG, as biochemical parameters of kidney 
damage (r = −0.44, p = 0.012; r = −0.50, p < 0.007). A 
similar association was also observed for P-SH content and 
serum urea. Significant positive correlations were obtained 
between GPX and eGFR and cholesterol. No significant 
correlations were found between SOD, MDA and the other 
examined variables.

Plasma GPX activity in BEN patients at different 
stages of chronic kidney disease defined according to the 
KDOQI guidelines [26], together with values for both con-
trol groups, is presented in Fig. 1. Plasma GPX activity in 
BEN patients in the first stage of CKD, with normal eGFR, 
was similar (456.89  ±  150.56  U/L) to that for controls 
from BEN (450.87 ±  109.21  U/L) and non-BEN regions 
(425.71 ±  82.50  U/L). All other BEN patients had lower 
GPX activity than healthy controls, and the difference 

was significant for BEN patients with eGFR 30–60  mL/
min/1.73 m2 (291.02 ±  84.08 U/L) and those with eGFR 
<30  mL/min/1.73  m2 (220.89  ±  143.24  U/L; p  <  0.01). 
At the time of the study, eGFR calculated by MDRD 
equation and classification of chronic kidney disease pro-
posed by KDOQI guideline was mostly used in our insti-
tutions and therefore presented here. With respect to the 
range of serum creatinine levels in BEN group, the differ-
ence in eGFR calculated by MDRD Eq.  (65.17 ±  28.76) 

Table 3   Correlation between parameters of oxidative stress and demographic and laboratory parameters of Balkan endemic nephropathy (BEN) 
patients

Bold values are statistically significant  (p < 0.05)

α1-MG—α1-microglobulin
*  Data are presented as correlation coefficients

GPX activity,  
U/L

SOD activity,  
Ux103/L

MDA adducts,  
pmol/mg protein

P-SH group, 
µmol/g protein

Age, years −0.18* −0.36 0.20 −0.41

p 0.355 0.059 0.364 0.027

Urea, mmol/L −0.63 −0.14 0.16 −0.37

p <0.001 0.471 0.417 0.046

eGFR, ml/min/1.73 m2 0.53 0.14 −0.10 0.27

p 0.002 0.455 0.636 0.132

Cholesterol, mmol/L 0.38 −0.18 −0.26 −0.019

p 0.037 0.346 0.219 0.322

Urinary proteins, mg/mmol creatinine −0.44 0.050 0.24 −0.20

p 0.012 0.790 0.253 0.275

Urinary α1-MG, mg/mmol creatinine −0.50 0.10 0.28 −0.29

p 0.007 0.614 0.185 0.134

Fig. 1   Plasma GPX activity in Balkan endemic nephropathy (BEN) 
patients at different stages of chronic kidney disease defined accord-
ing to the KDOQI guidelines, together with values for subjects from 
non-BEN regions (Controls 1) and healthy members from BEN fami-
lies (Controls 2)
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differed insignificantly from eGFR calculated by CKD-
EPI Eq. (66.01 ± 29.31; p = 0.887) [31] recommended for 
eGFR calculation by recent KDIGO guideline [32]. Also, 
due to the small number of patients in certain stages of the 
disease, we considered the chronic kidney disease classifi-
cation according KDOQI guideline convenient.

Discussion

To our knowledge, this is the first study that evaluated the 
activities of key antioxidant enzymes and parameters of 
oxidative damage in pre-dialysis BEN patients in different 
stages of the disease, in comparison with healthy members 
of BEN families and healthy controls from non-endemic 
areas. In BEN patients, the gradual decrease in plasma 
GPX activity, as a consequence of kidney function impair-
ment, was accompanied by a moderate increase in oxida-
tive protein damage. Interestingly, we observed preserved 
GPX activity in healthy BEN family members, but signifi-
cant upregulation of SOD activity, which was accompanied 
with increased protein oxidative damage in comparison 
with healthy controls living in non-endemic areas.

Oxidative stress in CKD has a multifactorial origin, 
including effects of low molecular weight uremic tox-
ins, nutritional inadequacy, elevated homocysteine level, 
chronic inflammation, anemia and decreased expression of 
glutathione peroxidase [9–14, 33–36]. Findings concerning 
oxidative stress in CKD have not always been consistent 
but usually documented declining antioxidant GPX activity 
[10, 11, 35, 36] and plasma levels of the sacrificial antioxi-
dants, thiol (P-SH) groups [10, 14], with a rise in plasma 
MDA, as a biomarker of lipid oxidative damage [10, 12, 
35]. It is important to note that, in contrast to erythrocyte 
GPX1 activity, the gradual decrease in plasma GPX activity 
in CKD patients is due to the fact that kidney is the main 
source of GPX3 isoenzyme in plasma. Thus, functional 
impairment of this organ leads to lower circulating enzyme 
activity [11, 33]. Indeed, our results showed that BEN 
patients had significantly lower plasma GPX activity than 
healthy persons from both control groups and this corre-
lated with parameters of kidney function disorders, such as 
eGFR, urinary protein excretion. Moreover, our detection 
of a significant correlation between GPX activity and uri-
nary excretion of α1-MG, a biomarker of proximal tubule 
damage, supports the finding that renal proximal tubule 
cells are the main source of plasma GPX [11, 33, 37].

On the contrary, plasma SOD activity in BEN patients 
did not differ from that in healthy controls and did not 
change significantly with deterioration of kidney func-
tion (no significant correlation with eGFR). This confirms 
the results of Atamer et  al. [35] in CKD patients of non-
BEN etiology. Similarly, Mimic-Oka et  al. [10] found 

no significant difference in plasma SOD activity in CKD 
patients with creatinine clearance above 20 ml/min and that 
for healthy controls, but patients with creatinine clearance 
below 20  ml/min and those on hemodialysis had signifi-
cantly higher plasma SOD activity than controls. However, 
several other groups found markedly lower plasma SOD 
activity in CKD patients when compared to values for con-
trols [12, 15]. It can be hypothesized that, in the case of 
preserved SOD activity determined in our group of BEN 
patients, defective neutralization of reactive superoxide 
anions, as a consequence of decreased GPX activity, might 
contribute to increased ROS production.

Interestingly, healthy members of BEN families had 
significantly higher plasma SOD activity than healthy con-
trols living in a non-endemic region. Considering the lower 
thiol-group levels with slightly increased MDA adducts, 
as biomarkers of oxidative damage, it seems that these 
healthy persons from BEN regions are chronically exposed 
to some prooxidant environmental compounds, with con-
sequent upregulation of SOD activity, as a compensatory 
mechanism. As mentioned previously, experiments in vitro 
and in vivo have shown that ochratoxin A, a putative cause 
of BEN, induces increased ROS production followed by 
depletion of glutathione [38, 39]. Since kidney proximal 
tubular cells are the main target of ochratoxin A accumula-
tion in the organism and considering the finding that these 
cells are also the dominant source of plasma GPX, the 
question that arises is why GPX is not upregulated in these 
subjects. One possible explanation lies in transcriptional 
regulation of GPX. Namely, nuclear factor-erythroid-2-re-
lated factor 2 (Nrf2) is a key regulator of transcription of a 
battery of stress response genes critical in mounting cellu-
lar defense against electrophiles or ROS, including antioxi-
dant enzymes, the key enzymes responsible for glutathione 
synthesis and the major detoxifying enzymes. Until now, 
several studies have demonstrated that OTA can inhibit the 
Nrf2 oxidative stress response pathway, rendering cells and 
tissue more vulnerable to oxidative stress [39]. Finally, the 
importance of this transcription factor was confirmed in 
animal models of CKD, in which a continuous decline of 
Nrf2 activity during disease progression was observed [40].

In conclusions, healthy BEN family members exhibit 
increased protein damage, based on the decreased levels of 
protein thiol groups, as important “sacrificial’’ antioxidants 
in plasma. Oxidative modifications of proteins are accom-
panied by significant upregulation of SOD activity. In this 
line are the results of Domijan et al. [18], who recently sug-
gested that urinary concentrations of MDA and 8-oxo-7,8-
dihydro-2′-deoxyguanosine (8-oxodG), as biomarkers of 
oxidative stress were increased in healthy residents of BEN 
villages.

Determination of byproducts of lipid and protein oxida-
tive damage showed no differences in plasma MDA adducts 
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among the three groups examined. Unfortunately, MDA 
adducts could not be measured in the plasma of all subjects 
involved in the study and the number of examined samples 
was small. Although the distribution of values obtained for 
MDA adducts had low-variance in all three groups (coeffi-
cient of variation less than 0.2) indicating the validity of the 
results, it is difficult to compare our results with those of 
other authors, who reported increased plasma MDA levels 
but most often measured in patients in end-stage renal dis-
ease on dialysis [10, 12, 35]. Nevertheless, our finding of a 
moderate increase of MDA adducts in both BEN patients 
and healthy BEN family members is in accordance with the 
results of Domijan et  al. [18], who recorded significantly 
higher MDA urinary excretion in residents from BEN vil-
lages than in those from non-BEN villages.

Healthy controls from non-BEN area were selected from 
persons regularly controlled in our outpatient unit for meta-
bolic stone evaluation and recurrence prevention. All these 
persons were subjected to urologic treatment of kidney 
stone one to 3 years before enrolment in the study and none 
of them had recurrent stone after treatment. At the time of 
enrolment their objective status was normal, laboratory 
findings, including kidney functions (eGFR, tubular func-
tions, urinary proteins and sediment), were in the normal 
range, urine culture was negative, and ultrasound images 
of the kidneys were normal. All these tests are being car-
ried out regularly in these patients once a year, which has 
enabled us to rule out kidney disease in these otherwise 
healthy individuals.

BEN patients included in the study were significantly 
older than healthy persons from both control groups. This 
could be expected because it has been known that the 
age of patients with manifested BEN has shifted to the 
older ages [41, 42]. Moreover, the effect of age on oxida-
tive stress biomarkers must be taken into consideration. 
Namely, numerous evidence support the hypothesis that 
with age a rise of oxidative damage may be accompa-
nied with affected ability to increase antioxidant defense 
enzymes under stress [43]. Based on the preserved SOD 
activity, accompanied with moderate increase in oxidative 
protein damage determined in our cohort of pre-dialysis 
BEN patients in comparison with much younger controls, 
we proposed that the this difference did not have significant 
impact on oxidative stress markers.

The main limitation of our study is the small sample 
size. However, this is the first evaluation of antioxidant 
enzymes and lipid and protein oxidation products in pre-
dialysis BEN patients at different stages of the disease. 
In previous studies, parameters of oxidative stress were 
examined either in BEN patients with end-stage renal dis-
ease [16] or in residents of BEN settlements regardless of 
whether they were from BEN-affected or non-BEN fami-
lies and whether they had BEN or were healthy [18]. The 

low dispersion of the obtained results indicates that the 
observed differences between the groups are worth further 
investigation.

In conclusion, based on our results it can be speculated 
that individuals from BEN areas, in general, are chronically 
exposed to some prooxidant environmental compounds. 
Data on increased protein oxidative damage, accompanied 
by significant upregulation of SOD activity in healthy BEN 
family members, confirm the existence of oxidative stress 
in these individuals. As a consequence of impaired kidney 
function, decrease of GPX activity in plasma could further 
affect oxidative status in pre-dialysis BEN patients.
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