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Abstract
Objectives: To investigate the impact of advanced glyca-
tion end products (AGEs) and inducible nitric oxide syn-
thase (iNOS) in chronic renal failure (CRF)-associated
testicular dysfunction in an experimental model. In addi-
tionally, we examined whether different peritoneal dialy-
sis (PD) fluids could contribute to the elevation in AGE
level and iNOS expression in the testes. Methods: Adult
male Wistar rats, 10 and 12 weeks of age and weighing
200–330 g, were divided into 5 groups. Group 1 served as
the control group. In group 2, CRF was induced and a
peritoneal catheter was implanted, but the dialysis pro-
cedure was not performed until the end of the study. In
group 3, CRF was induced and PD was performed with
dialysis fluids containing 1.36% glucose and icodextrin.
In group 4, CRF rats received dialysis fluids containing
3.86% glucose and icodextrin. Finally, an indwelling
catheter was implanted and the dialysis procedure was

performed using dialysis fluids containing 3.86% glu-
cose and icodextrin (group 5). Chronic PD began 4 weeks
after insertion of the catheter. Each morning, this fluid
was drained and 20 ml dialysis fluid, containing either
1.36 or 3.86% glucose, was given intraperitoneally for 4 h
in unanesthetized animals. Each evening, 20 ml icodex-
trin was given for 10 h. The dialysis procedure was per-
formed for 8 weeks. The AGE level was determined from
the 5-hydroxymethyl-2-furaldehyde (5-HMF) content of
penis samples and iNOS expression was assessed by
immunohistochemistry. Results: The elevation of 5-HMF
was significant in the testes from groups 2, 3, 4, and 5
when compared with group 1. Furthermore, the differ-
ences between groups 2 and 4, 3 and 4, and 4 and 5 were
also significant (p ! 0.05). Immunohistochemical analy-
sis revealed the presence of iNOS predominantly in the
Leydig cells. While iNOS staining was significantly lower
in group 1 than in other groups, there were also signifi-
cant differences between groups 2 and 3, 2 and 4, 2 and
5, 3 and 5, and 4 and 5 (p ! 0.05). Finally, a significant
statistical correlation was found between the 5-HMF and
iNOS levels (r = 0.698, p = 0.001). Conclusions: The
present study identifies, for the first time, a potential role
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of AGE and iNOS in experimental CRF-associated testic-
ular dysfunction. In addition, we found that PD fluids
containing glucose contribute to this effect. These results
may lead to a better understanding of the pathophysio-
logical pathway in CRF-related testicular dysfunction.

Copyright © 2003 S. Karger AG, Basel

Introduction

Chronic renal failure (CRF) is commonly associated
with alterations in the reproductive system, manifested by
delayed or arrested puberty in childhood and by hypogon-
adism and infertility in adult life [1–5]. In most cases,
these complications rarely normalize with initiation of
hemodialysis or peritoneal dialysis (PD) and, in fact,
often progress. By comparison a well-functioning renal
transplant is much more likely to restore normal sexual
activity, although some features of reproduction may
remain impaired [6, 7]. The factors responsible for testic-
ular damage are still under investigation and there is not
enough information concerning the underlying patho-
physiological mechanism by which CRF can lead to tes-
ticular dysfunction.

It has recently been demonstrated that renal failure is
associated with a dramatic elevation in kidney tissue and
serum advanced glycation end products (AGEs) [8, 9].
These products are the result of the non-enzymatic Mail-
lard reaction linking a protein amino group with glucose-
derived aldoses or ketoses [10, 11]. A striking rise in
AGEs was observed in diabetic patients as a result of sus-
tained hyperglycemia [12, 13]. A greater variety of pro-
teins were thus modified leading to tissue damage through
alterations in tissue protein structure and function, stimu-
lation of several cellular responses, or generation of reac-
tive oxygen species [14–16]. In uremia, the rise in AGEs is
markedly increased in diabetics and is associated with a
variety of tissue disorders, including vascular damage,
dyslipidemia, and ß2-microglobulin amyloidosis [8, 9, 17,
18].

It is well established that activation of inducible nitric
oxide species (iNOS) occurs through an AGE-dependent
mechanism. Under pathological conditions (e.g. varico-
cele), the testis is characterized by an upregulation of
iNOS in Leydig cells that leads to the increased secretion
of nitric oxide (NO) [19]. Moreover, O’Bryan et al. [20]
concluded that iNOS could play a novel role in modulat-
ing different pathophysiological testicular mechanisms.
To our knowledge, the relationship between CRF and
iNOS via increased AGE production in testicular tissue

has not yet been reported. Therefore, the aim of this study
was to assess the relationship between AGE levels in tes-
ticular tissue and CRF using an experimental model. We
also investigated the iNOS expression in rat testicular tis-
sue to determine the possible mechanisms by which AGEs
may produce its detrimental effect. Finally, we also exam-
ined whether the different PD fluids would affect the ele-
vation in AGE and iNOS expression in testicular tissue.

Material and Methods

Animals, Surgical Technique and PD
The study was carried out on 42 adult male Wistar rats, aged

between 10 and 12 weeks and weighing 200–330 g. Figure 1 summa-
rizes the surgery and PD protocol performed in this study. CRF was
induced by partial nephrectomy under general anesthesia with pento-
barbital 50 mg/kg (i.p.). The left kidney was exposed through a flank
incision, and both the upper and lower poles and approximately one
third of the remaining cortical tissue of that kidney were excised with
the help of bipolar cauterization. During the same session, after
mobilizing the adrenal gland, the right kidney was removed after liga-
tion of the renal artery, vein, and ureter. This procedure resulted in a
resection of more than 85% of the renal tissue [21].

Four weeks later, a silicon catheter (Kawasumi venous fistula set,
16-gauge, 35-mm, Lot No. 9718A7) was introduced into the abdomi-
nal cavity modifying the protocol described by Miller et al. [22]. The
catheter length was determined for each animal, and wedge-shaped
smooth holes were made using a sterile surgical blade 3–4 cm from
the distal end of the catheter. The catheter was pushed over a trocar,
creating a subcutaneous track ending at the back of the animal’s neck.
The catheter was closed by a Luer-Lok adaptor. Each morning, under
sterile conditions, a catheter was passed through the permanent
indwelling catheter, and the peritoneal cavity was rinsed with 20 ml
pre-warmed saline. Afterwards, 125 mg/l ceftazidime and 8 mg/l gen-
tamicin were given intraperitoneally. This procedure was continued
until the beginning of chronic PD [21].

Chronic PD began 4 weeks after insertion of the catheter. Each
morning, the Luer-Lok adaptor was removed and a sterile catheter
was passed through the permanent indwelling catheter and rinsed
with 20 ml pre-warmed saline. Five minutes later, this fluid was
drained and 20 ml dialysis fluid, containing either 1.36 or 3.86%
glucose, was given intraperitoneally for 4 h in the unanasthetized ani-
mal. After the first dwell time of 4 h, the dialysis fluid was drained as
much as possible, the peritoneum was rinsed with 20 ml pre-warmed
saline, and the Luer-Lok adaptor was closed.

Each evening, after removing the adaptor and rinsing with 20 ml
pre-warmed saline, 20 ml icodextrin was given for 10 h, and then it
was drained as completely as possible, and the peritoneum was
rinsed with pre-warmed saline. Ceftazidime 125 mg/l and gentami-
cin 8 mg/l were added to every dialysate exchange. The dialysis pro-
cedure was performed for 8 weeks.

Before chronic PD was begun, the rats were divided into 5 groups.
The first group consisted of 6 normal rats and served as the control
group (group 1). In 8 rats, CRF was induced and the catheter was
implanted, but the dialysis procedure was not performed until the
end of the study (group 2). In 10 rats with CRF, chronic PD was
performed by dialysis fluids containing 1.36% glucose and icodextrin
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Fig. 1. Surgery and PD protocol performed in animals with chronic renal failure.

(group 3). In group 4, 10 rats with CRF received dialysis fluids con-
taining 3.86% glucose and icodextrin. Finally, an indwelling catheter
was implanted and the dialysis procedure performed using dialysis
fluids containing 3.86% glucose and icodextrin in 8 normal rats
(group 5). Each animal was housed in a metabolic cage and the daily
fluid and food intake, 24-hour urine volume, and body weight were
followed for the entire duration of the experiment. On Tuesdays of
each week, blood samples were taken by puncture of the tail vein.
The blood samples were assayed for creatinine and urea. Creatinine
clearance was monitored every 2 weeks throughout the study period.
Animals that did not have a low creatinine clearance before PD were
considered as failures.

We chose to evaluate the animals at 16 weeks postoperatively
because this point permitted the evaluation of a cohort of animals in
which uremia had been produced in a stable homeostatic state.

Tissue Procurement
At the end of the PD procedure, both testes were delivered into

the abdomen and bilateral orchiectomy was performed. The animals
were then sacrificed using a lethal overdose of anesthesia. The testic-
ular tissue was stored at –80°C until AGE levels were determined.
The testicular samples for iNOS expression were fixed by immersion
in Bouin’s fixative and routinely processed for paraffin embedding.

Determination of Glycation 
Glycation was determined from the 5-hydroxymethyl-2-furalde-

hyde (5-HMF) content of the samples using the thiobarbituric acid
assay, as described previously [23]. The extracted testis tissues were
rinsed with 9% saline and stored at –80 °C until used. Tissues were
homogenized with sodium phosphate buffer (pH 7.4), and the
homogenate was used for the determination of glycation. In brief,
1 ml of the HCl tissue homogenate was boiled in 0.33 M oxalic acid
at 100°C in a water bath. After 5 h, the hydrolysate was cooled on
ice, and cold trichloroacetic acid was added. The resulting precipi-
tates were removed by centrifugation. Aliquots of the supernatants
were incubated with thiobarbituric acid at 37°C. Released 5-HMF
was estimated from the absorbances of the samples at 443 nm. Glyca-
tion levels are given as nanomoles of 5-HMF per milligram collagen.
The collagen level was determined from its hydroxyproline content,
as previously described [24]. A 5-HMF standard was used in 6 stan-
dard solutions of 5–100 nmol 5-HMF/ml concentrations.

Histopathological and Immunohistochemical Analysis 
For immunohistochemical analysis, 5- to 6-Ìm-thick tissue sec-

tions were mounted on poly-L-lysine-coated slides. After deparaffi-

nation in xylene, sections were rehydrated through a decreasing gra-
dient of ethanol. The sections were then washed for 10 min in phos-
phate-buffered saline (PBS, pH 7.2). The endogenous peroxidase
activity was inhibited by incubation in methanol containing 3%
H2O2 for 10 min. After several washes in PBS, the sections were
blocked with a universal blocking reagent (BioGenex, San Ramon,
Calif., USA) for 10 min at room temperature. Rabbit polyclonal anti-
iNOS primary antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
Calif., USA) was applied as 2 Ìg/ml for 1 h at room temperature. A
primary antibody was omitted as negative control. After several
washes in PBS, the antibody was detected with an avidin-biotin,
horse-radish peroxidase complex using a Universal LSAB+ kit
(Dako, Glostrup, Denmark). The sections were rinsed with PBS, and
antibody complexes were visualized by incubation with diaminoben-
zidine tetrahydrochloride (DAB) chromogen (BioGenex). Sections
were counterstained with Mayer’s hematoxylin (Dako), dehydrated,
mounted, and visualized by light microscopy. Tissues from control
and experimental groups were processed at the same time. Negative
control tests were run without a primary antibody. Immunohisto-
chemical staining was evaluated in 100 Leydig cells in a blinded fash-
ion by 2 examiners and expressed as a positively stained percentage
of the cells.

We evaluated the maturation of the seminiferous tubules using
Johnsen’s score. This scoring system was advocated by Johnsen [25]
in 1970 to evaluate the maturation of human seminiferous tubules. It
is based on the histologic findings in the testis and especially focuses
on the maturity of germ cells in the seminiferous tubules. Johnsen’s
score for the rat was devised by Lewis-Jones and Kerrigan [26]. The
detail of the scoring system is shown in the Appendix. We scored at
least 30 tubules per rat in hematoxylin and eosin-stained specimens.
For each rat, a mean Johnsen score was calculated.

Statistical Analysis
Comparisons of 5-HMF levels, iNOS scores and Johnsen’s scores

among the groups were made by the Kruskal-Wallis and Mann-Whit-
ney U tests, respectively (Statistical Package for Social Sciences, ver-
sion 10.0.1). The Student’s t test was used to compare the body
weights, blood creatinine, urea values, and creatinine clearances in
the CRF groups (groups 2, 3, and 4; n = 18) and in the groups without
CRF (groups 1 and 5; n = 12). A p value of !0.05 was considered
statistically significant. Finally, Spearman’s rho test was used to
detect the correlation between the 5-HMF levels and iNOS staining
scores. Results are expressed as mean B standard deviation.
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Fig. 2. Box plot graphics of the 5-HMF levels (A) and Leydig cell iNOS staining (B) in th 5 groups. The lines extend
between minimum and maximum. The boxes extend between 25 and 75%, and the horizontal lines in the boxes
represent the median. x = Outliers. * Statistically different from other groups. † Different from groups 2, 3 and 4.
+
+ Different from groups 2, 3 and 4 (p ! 0.05). Group 1 = Control; group 2 = CRF, implanted catheter, no dialysis;
group 3 = CRF, chronic PD was performed by dialysis fluids containing 1.36% glucose and icodextrin; group 4 =
CRF, received dialysis fluids containing 3.86% glucose and icodextrin; group 5 = an indwelling catheter was
implanted and the dialysis procedure performed using dialysis fluids containing 3.86% glucose and icodextrin.

Results

Of the 42 rats in this study, 12 died because of perito-
neal trauma, peritonitis attacks, and other problems. Of
the rats that died, 4, 4, 2, and 2 were in groups 3, 4, 5, and
2, respectively. A significant decrease in the creatinine
clearance value was measured in the CRF groups (groups
2, 3, and 4; n = 18) compared with control and non-oper-
ated groups (groups 1 and 5; n = 12; mean 0.43 B 0.11
versus 2.88 ml/min, p ! 0.05). The mean creatinine clear-
ance value in the CRF group represented 14.8% of nor-
mal, thus we could easily conclude that end-stage renal
failure was successfully induced in these rats. All CRF
animals had low creatinine clearance values. Although the
body weight initially increased (10%) in the CRF group
the first week after surgery, before PD began, there was a
body weight loss (15%) in the same group. However,
before PD, no statistically significant difference was
found in the body weight of the CRF (groups 2, 3, and 4)
and non-CRF (groups 1 and 5) animals (p 1 0.05).

Spectrophotometric Analysis for 5-HMF 
The testicular 5-HMF level was 12.57 B 0.81, 10.97 B

2.43, 19.86 B 3.13, 7.48 B 0.72, and 5.56 B 1.79 nmol/
mg collagen in groups 2, 3, 4, 5, and 1, respectively (fig. 2).
While the elevation in 5-HMF was significant in the testes
from groups 2, 3, 4, and 5 compared to group 1, there was
also a significant difference for 5-HMF levels between
groups 2 and 4, 3 and 4, and 4 and 5 (p ! 0.05). In addi-
tion, no statistically significant difference was observed
between groups 2 and 3, and 3 and 5 (p 1 0.05).

Histopathological and Immunohistochemical Analysis 
In order to determine whether or not testicular histolo-

gy was similar in our experimental groups the Johnsen
scores were investigated. The scores in groups 2, 3, 4, 5,
and 1 were 9.03 B 1.16, 8.80 B 1.07, 8.87 B 1.20, 9.38 B
0.98 and 9.48 B 0.81, respectively. No statistical differ-
ences between the groups were observed (p 1 0.05).

Immunohistochemical analysis revealed the presence
of iNOS predominantly in the Leydig cells (fig. 3). Immu-
nohistochemical iNOS staining in Leydig cells was 27.5 B
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Fig. 3. A The control group (group 1) testis showed a normal archi-
tecture of the seminiferous epithelia and interstitial area with a spe-
cific iNOS immunoreactivity in Leydig cell cytoplasms. B The most
intense iNOS immunoreactivity was observed in the cytoplasm of
Leydig cells, in group 4 with CRF and received dialysis fluids con-
taining 3.86% glucose and icodextrin. C Normal spermatogenic mat-
uration, void of any immunoreactivity was observed in the negative
control section. All figures are original magnifications: !20.

2.73, 48.16 B 5.34, 53.33 B 8.11, 22.5 B 2.73 and 16.66
B 5.16 in groups 2, 3, 4, 5, and 1, respectively (fig. 2).
iNOS staining was significantly lower in group 1 than in
groups 2, 3, and 4 (p ! 0.05). In addition, the differences
between groups 2 and 3, 2 and 4, 2 and 5, 3 and 5, and 4
and 5 were statistically significant (p ! 0.05). No statisti-
cally significant difference was observed between groups
3 and 4, and 1 and 5 (p 1 0.05).

Finally, a significant statistical correlation was found
between the iNOS and 5-HMF levels (r = 0.698, p =
0.001).

Discussion

Renal failure is associated with the retention of a vari-
ety of toxic compounds responsible for the uremic syn-
drome. The development of renal replacement therapy,
and especially dialysis, has led to the identification of a
series of complications associated with long-term CRF.
One of the most encountered complications is CRF-asso-
ciated testicular dysfunction, which often causes infertili-
ty [1–5]. The exact pathophysiological mechanism in-
volved in CRF-induced testicular damage is not fully
understood. Histological changes in the testis, including
evidence of decreased spermatogenic activity with the
greatest changes in the hormonally dependent later stages
of spermatogenesis has been reported [6]. However, Ada-
chi et al. [27] recently demonstrated that testicular histol-
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ogy is not influenced by CRF in rats. In the present study,
there was no statistically significant correlation in John-
sen’s scores, which represent the testicular histology be-
tween the CRF-induced and control rats (p 1 0.05).

The accumulation of AGEs in the human body has
been implicated in the complications of diabetes, aging,
and renal failure [8–12, 28]. Reduced sugars, such as
aldoses and ketoses, react non-enzymatically with prima-
ry amino groups on proteins to form a glycated residue
called Amadori products. Amadori products undergo a
series of dehydration and fragmentation reactions to form
the stable covalent adducts, namely AGEs [10, 11]. Al-
though the effect of CRF on testicular function has been
reported, the relationship between CRF and AGEs with
regard to testicular CRF-induced pathology has not yet
been investigated. Therefore, we studied the possible rela-
tionship between AGE levels in testicular tissue and CRF
using an experimental model and found that AGE levels
were significantly higher in the groups with uremia than
in the control group.

To determine AGE, several methods were considered,
including binding and chemical methods. Measurement
of 5-HMF is one of the chemical methods [29, 30]. We
recently studied a glycation end product, 5-HMF, in rat
penile tissue in which uremia had been produced [21]. In
this study, we found a significant increase in the 5-HMF
levels in the uremic penile tissue of the rat. Taking this
into account, in the present study we investigated the tes-
ticular 5-HMF levels in rats with CRF.

Commercially available PD solutions contain supra-
physiological concentrations of glucose. The chronic con-
tact of glucose containing dialysate and proteins results in
the deposition of AGEs on peritoneal tissues in patients
treated by PD [31, 32]. Furthermore, heat sterilization of
PD fluids degrades glucose into a variety of glucose degra-
dation products that may induce AGEs in several tissues,
and may lead to detrimental effects in the peripheral vas-
culature [33]. According to these findings, we investigated
whether different PD fluids with varying glucose concen-
trations could affect the elevation in AGEs in testicular
tissue. We found that the 5-HMF testicular levels in group
4 with CRF, treated with 3.86% glucose PD fluid, were
significantly higher than in group 3 with CRF, treated
with 1.36% glucose PD fluid (p ! 0.05). Those data sug-
gest that a high glucose concentration in PD lead to
increased 5-HMF levels in testicular tissue.

The interaction between AGEs and iNOS has widely
been accepted [34]. In addition, it is well defined that NO
has a crucial impact on testicular dysfunction. In vitro
data have indicated that NO inhibits Leydig cell testoster-

one production, suggesting that NO may play a role in the
suppression of steroidogenesis and spermatogenic func-
tion [35–38]. Leydig cells and testicular vasculature are
physiological sites of NO production [39]. Therefore, we
also investigated the iNOS expression in the same rat
groups and found that the iNOS expression is significant-
ly higher in the groups with uremia than in the control
group. Moreover, we also analyzed the impact of different
PD fluids on testicular iNOS activity. The iNOS expres-
sion in group 4 with CRF, treated with 3.86% glucose,
and group 3 with CRF, treated with 1.36% glucose fluid,
was significantly higher than in groups 1, 2, and 5. Our
results also indicate that immunolocalization of iNOS is
predominantly in the Leydig cells. These data suggest that
CRF leads to increased Leydig cell iNOS expression and
elevated AGE levels.

Moreover, we found that there was a significant statis-
tical correlation between the 5-HMF levels and iNOS
expression in our study.

Conclusions

We investigated the potential role of AGEs and iNOS
in CRF-associated testicular dysfunction, using an experi-
mental model. Our results show that AGE and iNOS tes-
ticular levels are significantly increased in CRF-induced
rats. In addition, we found that different PD fluids con-
taining high glucose contribute to the elevation in AGE
and iNOS levels in the same animal groups. These results
better our understanding of the underlying pathological
consequences of CRF-related testicular pathology.
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Appendix

Johnsen’s Score for the Rat
10 Fully mature spermatogenesis is observed (mature hooked sper-

matozoa with dense nuclear chromatin lying within tubular
lumen). Pyknotic bodies are present.

9 Same criteria as for 10, but the germinal epithelium shows
marked sloughing or obliteration of the lumen.

8 More than 10 immature spermatozoa, with dense nuclear stain-
ing and hooked heads are observed; the majority is peripherally
placed within the tubule. Pyknotic bodies are sometimes
present.

7 Less than 10 spermatozoa are observed. The majority of cells are
mature spermatids and are peripherally placed with less dense
nuclear staining. No pyknotic bodies present.

6 Mid-phase spermatids, with pale chromatin and narrow oval
heads are observed; they are radially arranged. No pyknotic bod-
ies present.

5 Immature spermatids, randomly arranged throughout the tubule
are observed; each has a round nucleus with pale chromatin. No
pyknotic bodies present.

4 Only a few spermatocytes (less than 5) are observed and no sper-
matids or spermatozoa.

3 Spermatogonia are the only germ cells present.
2 No germ cells are present, but Sertoli cells are.
1 No cells are present in the tubular section.
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