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KEYWORDS Abstract Background: Dietary glycotoxins and androgen excess have been independently associ-
Glycotoxins; ated with a negative influence on the kidney. There are no data concerning the additive effects of
AGEs; these two factors on the kidney function and structure, in females. The present study aims to inves-
Kidney; tigate the effect of dietary glycotoxins and androgen excess on the kidneys of an androgenized
Androgens; female rat model.

PCOS Methods: The study involved 80 female Wistar rats divided into 3 groups. The animals from group

A were androgenized at 4 weeks of age (n = 30), rats of group B were androgenized at 12-20 weeks
of age (n = 20) and group C consisted of non-androgenized animals (» = 30). All groups were fur-
ther randomly assigned, either to a high-Advanced Glycation End product diet (HA diet) or low-
AGE diet (LA diet), for 3 months.

Results: The rats fed with HA diet had significantly higher serum creatinine levels (p < 0.0002),
when compared with those fed with LA diet. The androgenized group fed with HA diet exhibited
higher levels of serum AGE (p = 0.0005), creatinine levels (p < 0.0001) and C-reactive protein
(CRP) levels (p <0.002), when compared with the non-androgenized group fed with HA diet.
AGE immunoreactivity was higher on the renal tubules of the androgenized animals fed with
HA diet, when compared with the animals fed with LA diet, but did not significantly differ among
the two groups.
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Conclusions: The above mentioned data suggest that dietary glycotoxins, in combination with
increased androgen exposure, exert a more profound negative impact on the kidney of an androg-
enized female rat model that mimics the metabolic characteristics of polycystic ovary syndrome.

© 2015 The Authors. Alexandria University Faculty of Medicine. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

Advanced glycation end products (AGEs) are a heterogeneous
group of compounds, formed from nonenzymatic reaction of
reducing sugars with proteins, lipids and nucleic acids.' They
may induce many structural and vascular changes in several
tissues because of insoluble cross-link formation, induction
of oxidative stress (OS) and subsequent cell activation.”

Systemic AGEs are derived via either endogenous forma-
tion or exogenous food ingestion. Endogenous AGEs are
spontaneously produced in human tissues and in circulation
as part of normal metabolism and accumulate during normal
ageing. The process is accelerated in conditions of hypergly-
caemia and enhanced OS and has been implicated in the pro-
gression of age-related diseases such as diabetes mellitus,
atherosclerosis, chronic renal failure and Alzheimer’s disease.’

Exogenous derived AGEs are absorbed from sources such
as tobacco’ and Westernized diets, since thermally processed
common foods have high glycotoxin content.” Evidence of
the last decade, generated from data in humans and experi-
mental animals, supports the contribution of exogenous
food-ingested AGEs to elevated serum levels and increased tis-
sue deposition.®’

Excessive AGEs deposition may contribute to tissue injury
by at least two mechanisms. The first is the receptor-
independent modification of the protein structure, leading to
the cross-linking of matrix proteins®, the decreased catalytic
activity of enzymes’, the occurrence of epitopes with new
immunological properties'’, or the decreased clearance of
lipoproteins.'' DNA damage may be caused via induction of
strand breaks, punctual mutations, the occurrence of a basic
sites, or depurination.'? Secondly, AGEs interact directly with
their specific receptors, of which the receptor for AGEs
(RAGE) is of pathogenic importance.'”

Expression of RAGE is rapidly enhanced in tissues where
AGEs accumulate.'* The AGE-RAGE interaction mediates
pro-atherogenic, inflammatory and immune responses via acti-
vation of nuclear factor-kB (NF-xB). This activation leads to
increased expression/synthesis of cytokines, chemokines,
growth factors, adhesion molecules and reactive oxygen spe-
cies (ROS) production.'>!?

The predominant removal of AGEs takes place in the kid-
ney. The important role of the kidneys in the metabolism and
excretion of endogenous and dietary AGEs has been demon-
strated in animals and humans with severe renal disease.'® '®
The filtered AGEs are partially degraded in the tubular system
of the kidney, while the rest are excreted with urine."” The
proximal tubule has been identified as the site of catabolism
of AGE proteins and peptides both in vivo and in vitro®,
but almost all renal structures (basement membranes, mesan-
gial and endothelial cells, podocytes and tubules) are suscepti-
ble to AGE accumulation.''”’ AGEs are independently

related to a decrease in the glomerular filtration rate
(GFR)*, making them a possible class of uremic toxins.*

Besides AGEs, it is already known that testosterone may
play a crucial role in the acceleration of the tubular apoptotic
process and the progression of chronic kidney disease in males.
Testosterone is known to be profibrotic, leading to mesangial
expansion and renal dysfunction.”*

Moreover, the positive correlation between AGE and
androgens has been demonstrated in young normoglycemic
women with polycystic ovary syndrome (PCOS), which pre-
sented with high AGE levels compared to a group of ovulatory
normoandrogenic women. Interestingly, in this study the corre-
lation between AGE proteins and testosterone levels remained
high controlling for body mass index (BMI), insulin levels and
area under curve of glucose (AUCGLU), implying an interac-
tion between AGE proteins and hyperandrogenemia.>

Considering the above mentioned data, the aim of the pre-
sent study was to analyse the effect of dietary glycotoxins and
androgen excess on the kidneys of an androgenized female rat
model, which simulates the reproductive and metabolic envi-
ronment of women with hyperandrogenemic syndromes, such
as PCOS.

2. Materials and methods

2.1. Study population

The study involved 80 female Wistar rats, which were divided
into 3 main groups: Group A consisted of 30 rats, aged
4 weeks, which at 4 weeks of age were androgenized by subcu-
taneous implantation of 90-d continuous release pellets con-
taining 7.5 mg dihydrotestosterone (DHT), leading to a daily
exposure of 83 pg DHT. The above mentioned process previ-
ously presented by Manneras et al.”® This experimental model
was selected to mimic both the reproductive and metabolic
characteristics of PCOS women, who have ~1.7-fold increase
in DHT levels, than those of normal women.””-* Group A
was subsequently randomly divided into two subgroups based
on food content; Subgroup Al (n = 15, baseline body
weight = 99.7 + 2.7 g) was fed commercial chow with low
AGE content, for 3 months, while subgroup A2 (n = 15, base-
line body weight = 94.7 + 2.6 g) was fed commercial chow
with high content in AGE, for 3 months.

Group B included 20 older rats, aged 12-20 weeks, which
were also androgenized with the same way as previously
described. Similarly, a further random division into two sub-
groups, based on the criteria of AGE content, followed andro-
genization. Subgroup Bl (n = 10, baseline body weight =
190.5 + 5.5 g) was fed commercial chow with low in AGE
content for 3 months, while subgroup B2 (n = 10, baseline
body weight = 184.0 &+ 8.2 g) was exposed to a HA diet, for
3 months.
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Finally, group C included 30 nonandrogenized animals,
which at 12-20 weeks of age, were equally subdivided into
two groups. Subgroup Cl1 (n =15, Dbaseline body
weight = 197.0 £ 4.3 g) followed a LA diet for 3 months,
while subgroup C2 (n = 15, baseline body weight = 199.7 +
4.2 g) was fed commercial chow with high in AGE content
for 3 months.’

The animals were housed four to five per cage under con-
trolled conditions (21-22°C, 55-65% humidity, 12-h
light/12-h dark cycle) and were given pelleted food and water
ad libitum at ELPEN (Experimental Research Centre,
Athens, Greece). Animal care and experimental procedures
conformed to the “Guide for the Care and Use of
Laboratory Animals” (Department of Health, Education and
Welfare, Athens, Greece). This study was approved by the
Institutional Animal Care and Use Committee.

Body weight was monitored weekly. The study was con-
cluded after 3 months, and rats were sacrificed, after a 12 h
fasting. Initially, the animals were subjected to anaesthesia
with ether, allowing blood sample collection after puncture
of the tail vein. The whole blood was collected in a covered test
tube and allowed to clot at room temperature for 30 min.
Then, the clot was removed by centrifugation at 2500 rpm
for 15 min, in a refrigerated centrifuge. Following centrifuga-
tion the serum was immediately transferred into 0.5 ml ali-
quots, transported and stored at —80 °C.%

The parameters measured from rat serum were: AGE
(U/mL) levels in order to study the effect of dietary glycotoxins
on the circulating AGE levels”'®!'®, creatinine (mg/dL) and
CRP (pg/mL) levels in order to study the effect of dietary gly-
cotoxins on the kidney function and the possible provocation
of inflammatory process.'***** In addition, testosterone
(ng/mL) levels were measured in order to study the effect of
dietary glycotoxins on the hormonal status and particularly
on testosterone levels, since testosterone has been implicated
in kidney damage.’**' Finally, insulin (nU/mL) and glucose
(mg/dL) levels were measured in order to investigate the effect
of dietary glycotoxins on the metabolism.’

Subsequently, the animals were sacrificed with administra-
tion of 20 mg/mL xylazine hydrochloride (dose 100 mg/kg)
and 100 mg/mL ketamine hydrochloride (dose 10 mg/kg), at
a dose rate 0.2 ml/100 g body weight, by intraperitoneal injec-
tion, allowing kidney tissue retrieval. The kidney was removed
immediately and placed in 10% formalin in phosphate-
buffered saline (PBS), pH 7.4, for 18 h before paraffin
embedding.*

2.2. Diets

The diets used were derived from a single standard rat chow
(AIN-93G) purchased from Bioserve (Frenchtown, NI,
USA), consisting of 18% protein, 58% carbohydrate, 7.5%
fat, and 3.73 kcal/g. Regular AIN-93G chow is normally pre-
pared by heating at 190 °C for 30 min. Analysis of this prepa-
ration was performed as previously described.’

The HA diet contained 76.0 = 15.3 mg CML/100 g sample
(or 436.9 £ 88.1 mg CML/100 g protein), 205.32 £+ 22.25 mg
fructoselysine/100 g sample (or 1.179.98 £ 127.90 mg fruc-
toselysine/100 g protein) and 52.68 + 5.71 mg furosine/100 g
sample (or 302.78 + 32.82 mg furosine/100 g protein) and
was considered as a HA diet.

The same rodent mix was also prepared without heating.
This preparation was of equivalent macro- and micronutrient
and energy content but contained 1.3 + 0.4 mg CML/100 g
sample (or 7.7 £ 22mg CML/100g protein), 104.58 +
3.08 mg fructoselysine/100 g sample (or 601.01 £ 17.7 mg
fructoselysine/100 g protein) and 26.83 £ 0.79 mg furosine/
100 g sample (or 154.22 + 4.54 mg furosine/100 g protein)
and was considered an LA diet.

2.3. Biochemical and hormonal assays

Testosterone was measured by enzyme-linked immunosorbent
assay (ELISA) using commercially available kits (Calbiotech,
CA, USA). Insulin was also quantified using ELISAs pur-
chased by Biovendor Laboratory Medicine (Brno, Czech
Republic) and Neogen Corporation (Lexington, KY, USA),
respectively. Serum AGE levels (U/mL) were measured by
CML-specific competitive ELISA, as described previously.
Biochemical assays (serum creatinine, glucose and CRP levels)
were performed in the chemical analysis system ADVIA 1200
(Siemens, Healthcare Diagnostics, NY, USA), using commer-
cially available kits (Bayer AG, Athens, Greece).

2.4. Immunohistochemical analysis

Paraffin-embedded sections of formalin-fixed kidney tissue
were deparaffinized by xylene and dehydrated in graded etha-
nol. Sections were treated in 3% hydrogen peroxide in phos-
phate buffered saline (PBS) for 15 min and then rinsed in
PBS. To increase the immunoreactivity of AGEs, the sections
were placed in 500 mL of 0.01 mol/L citric acid-buffered solu-
tion (pH 7.0) and microwaved at 500 W for 5 min. After thor-
ough washing, the sections were incubated with normal rabbit
serum for 20 min at room temperature to avoid nonspecific
binding of the antibodies. The sections were then incubated
overnight at 4 °C with the anti-AGE monoclonal antibody
6D12  (0.25mg/MI1  stock, dilution 1:50; Research
Diagnostics, Concord, MA, USA) in PBS containing 1%
bovine serum albumin. Immunoreactivity was detected by
the streptavidin—biotin—peroxidase method according to the
manufacturer’s protocol. The final reaction product was visu-
alized with 3,3’-diaminobenzidine tetrahydrochloride (LSAB
detection kit; Dako, Carpentaria, CA, USA). Lung tissue sec-
tions from diabetic rats were used as positive controls for AGE
antibody. Negative controls (for example, kidney tissue in
which the primary antibody was substituted with nonimmune
mouse or goat serum) were also stained in each run. The per-
centage of positive cells was estimated using light microscopy.
The evaluation of the immunostained slides was performed
blindly and independently by two observers. AGE immunore-
activity was expressed in terms of H-score, i.e. the percentage
of positive cells multiplied by the intensity of staining.’’

2.5. Statistical methods

Descriptive statistics were calculated for the examined param-
eters (body weight at baseline, body weight at 3 months,
AGEs, serum testosterone, insulin, CRP, serum glucose, crea-
tinine, AGEs H-scores in the glomeruli, proximal and distal
convoluted tubules, collecting ducts); values are presented as
mean + standard error of the mean (SE).
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Serum parameters and AGEs IHC expression in the six studied groups. Values are presented as mean + S.E. Bold cells denote statistically significant differences. *Derived

from Mann—Whitney-Wilcoxon test for independent samples (level of statistical significance: 0.007, due to the Bonferroni correction); 'derived from Kruskal-Wallis test (level of

statistical significance: 0.05).

Table 1

p-value for overall
, between-groups

Group Cl Group C2  P-value
_ (mean + SE) (mean + SE) (C1 vs. C2

P-value

(mean + SE) (mean + SE) (Bl vs. B2

comparison)®

P-value Group Bl Group B2
(mean + SE) (mean + SE) (Al vs. A2

Group A2

Group Al

Parameters

comparison)® heterogeneity’

comparison)®

Body weight and serum parameters
Body weight at baseline (g)

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.177

0.0001

199.7 + 4.2 0.851

197.0 + 4.3
206.0 + 4.5

184.0 £ 8.2 0.470

190.5 + 5.5

0.200

94.7 + 2.6
190.7 + 7.9

99.7 + 2.7
253.7 + 8.8

0.050

1933 + 4.4

250.5 + 11.9 218.5 £ 5.8 0.025

0.0001
<0.0001

Body weight at 3 months (g)

AGEs (U/mL)

4.48 £ 0.24 6.72 = 0.26 <0.0001

529 £0.24 8.91 = 0.39 0.0002

7.19 £ 0.3

515+ 0.2

4.39 + 0.63 9.42 + 0.98 <0.0001

1.22 + 0.04

0.0002

1.16 £ 0.02 2.33 £ 0.36 0.069
444.1 £ 8.6 429.2 £ 15.5 0.597

127.1 &+ 8.3

6.73 £ 0.44 16.27 £ 2.21
0.62 = 0.02

0.0004
0.0001

541 £ 049 8.96 = 0.68
1.11 £ 0.08 2.33 £ 0.19

Testosterone (ng/mL)
Insulin (pU/mL)
CRP (pg/mL)

1.96 + 0.14 <0.0001

176.3 £ 10.9 356.3 £ 11.1 <0.0001

119.0 + 7.9

225.5 £ 10.3 437.4 + 16.3 <0.0001

112.0 + 7.4
0.60 + 0.02

0.548
0.480

112.2 + 6.6

122.7 £ 8.7 0.821

0.120

91.0 £ 9.5

Serum glucose (mg/dL)
Creatinine (mg/dL)

0.66 = 0.02 0.64 £ 0.03

1.96 + 0.18 0.0002

1.41 £ 0.13 <0.0001

Immunohistochemical results —

AGEs immunostaining

0.0744

0.0055

18 £ 21.7 914 £ 45.6

78 £+ 58.5 0.9395

75.5 £ 55.3

82 +£59.2  0.1578

40.8 + 37.5

Expression in epithelial cells of

proximal convoluted tubules (H-score)

0.3397

0.0891

10 £ 173 214 £ 16.7

25 + 28.7 0.3118

14 £ 255

30 +£ 384 0.1483

12.5 + 24

Expression in epithelial cells of collecting

ducts and distal convoluted tubules (H-score)

Given the deviation from normality, verified by the
Shapiro—Wilk test, non-parametric statistical tests were per-
formed. Specifically, the overall heterogeneity between the six
study groups was evaluated by the Kruskal-Wallis test.
Seven meaningful pairwise comparisons were a priori con-
structed in the study design, namely: Al vs. A2, Bl vs. B2,
Cl1 vs. C2 (to assess the high vs. low AGEs comparison), as
well as Al vs. B1, A2 vs. B2 (aiming to evaluate the effect of
age at androgenization), Bl vs. Cl, B2 vs. C2 groups (to
examine the effects of androgenization per se); all pairwise
comparisons were assessed by the Mann—Whitney—Wilcoxon
test for independent samples. The level of statistical
significance regarding the seven pairwise comparisons was set
at 0.05/7 = 0.007 (Bonferroni correction for multiple
comparisons) as appropriate, whereas the level of statistical
significance regarding the overall heterogeneity remained at
the 0.05 level, given that multiple comparisons did not pertain
to the latter overall notion. Finally, the intercorrelations
between study variables were examined by means of the
Spearman’s rank correlation coefficient. Statistical analysis
was performed with STATA/SE version 13 (Stata Corp.,
College Station, TX, USA).

3. Results

3.1. Comparisons evaluating the effect of AGEs

The descriptive statistics regarding body weight, measured
serum parameters and AGEs immunostaining are presented
in Table 1. Significant between-groups heterogeneity was noted
concerning the majority of examined parameters, except for
serum glucose.

Overall, AGE immunoreactivity was mainly confined to the
tubules, the glomerular tufts being positive on only 11 cases.
Since the expression of AGEs in the epithelial cells was similar
in the distal tubules and collecting ducts, this was analysed as a
single parameter.

Compared with group Al, group A2 exhibited higher
AGEs levels (as expected, p < 0.0001), lower body weight at
3months (p = 0.0001), higher serum testosterone
(p = 0.0004), higher serum insulin (p = 0.0001), CRP
(p < 0.0001) and creatinine (p < 0.0001) (Figs. 1 and 2).
AGE immunoreactivity on the proximal and distal convoluted
tubules was increased in A2 animals (Fig. 3) but did not reach
statistical significance among the two groups (p = 0.1578,
p = 0.1483 respectively).

Compared with group B1, group B2 presented with higher
AGEs levels (p = 0.0002), higher serum testosterone levels
(p = 0.0002) and creatinine (p = 0.0002) (Figs. 1 and 2). B2
animals exhibited higher but not statistically significant AGE
immunoexpression in the glomerular tuft and collecting ducts
or distal convoluted tubules (Fig. 3) (p = 0.9395 and
p = 0.3118 respectively).

Regarding the group C2 vs. C1 comparison, higher AGEs
levels were observed in the serum (p < 0.0001) as well as in
the proximal convoluted tubules (p = 0.055, Figs. 3 and 4) fol-
lowed by elevated serum testosterone (p < 0.0001), insulin
(p < 0.0001) and CRP (p < 0.0001) in C2 group compared
to Cl1 (Figs. 1 and 2).
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Figure 1  Effect of HA-diet and androgen exposure on creatinine

levels. The prepubertal androgenized rats (A2) and adult andro-
genized rats (B2) on a HA-diet, exhibit higher serum creatinine
levels, than the respective groups of rats on a LA-diet (A1l and B1).
The non-androgenized group does not present any statistically
significant difference (C1 and C2).
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Figure 2 Effect of androgen exposure on CRP levels. The adult

androgenized animals (Bl and B2) exhibited higher CRP levels
when they were compared with the age-matched adult non-
androgenized animals (C1 and C2), either fed with HA- or LA-
diet.

3.2. Comparisons pertaining to the effect of age at
androgenization and androgenization per se

Table 2 presents the results of the a priori designed compar-
isons between the study groups pertaining to the effects of
age at androgenization (left panels) and to the effect of andro-
genization per se (right panels).

With respect to the effects of age at androgenization,
Groups Al and A2 presented with significantly lower body
weight at baseline than groups Bl and B2, respectively

(» < 0.0001 for both comparisons), but no differences in body
weight were noted at three months. Lower CRP (p < 0.0001)
levels were noted in group Al vs. group B, but this pattern
was not reproducible upon the A2 vs. B2 comparison.

With respect to the effect of androgenization per se, groups
C1 and C2 presented with significantly lower weight at three
months than groups Bl and B2 (p = 0.0008 and p = 0.005,
respectively), although the respective differences were not sig-
nificant at baseline. Group B2 exhibited higher levels of serum
AGEs (p = 0.0005), testosterone (p = 0.002), and creatinine
(p < 0.0001) than group C2, whereas these differences were
not observed in the C1 vs. Bl comparison. CRP levels in
groups B1/B2 were consistently higher than the respective
levels in groups C1/C2 (p < 0.0001 and p = 0.002). No consis-
tent differences were noted regarding AGEs immunohisto-
chemical indices.

3.3. Intercorrelations between study parameters

Table 3 presents the results pertaining to the intercorrelations
between study parameters. A network of strong associations
was noted, implicating higher serum testosterone, creatinine,
CRP, AGEs in the serum, as well as AGEs immunostaining
in tubules, which were all closely associated with each other
in the study population. Nevertheless, this table should be
deemed explorative in view of the numerous correlations tested
simultaneously and cross-sectionally, a fact that per se does
not allow the establishment of causality.

4. Discussion

It has been previously demonstrated that AGEs are metabo-
lized and removed by the kidney,'”***, but the kidney is also
a site for accumulation of AGEs and AGE-related damage.™
Therefore, the kidney is affected by AGEs, and declining renal
function entails an increase in serum AGE levels, amplifying
the damage from them.'? Furthermore, dietary intake of glyco-
toxins contributes to a substantial portion of circulating AGE
level'®, and dietary restriction of glycotoxins has been shown
to reduce serum AGE levels in patients with renal failure.*

In agreement with the above mentioned data, the present
study demonstrated that a diet high in AGE content may neg-
atively affect the renal biochemistry and morphology. In more
details, the animal groups fed with a HA diet had significantly
higher serum creatinine levels, when they were compared with
those fed with a LA diet. The effect of HA diet on the kidney
was also shown through AGE immunohistochemistry. Higher
AGE expression was observed in the epithelial cells of
proximal and distal convoluted tubules of androgenized ani-
mals without however reaching statistical significance, while
in the nonandrogenized group significant AGE immunoreac-
tivity was observed in the proximal tubules of high AGE fed
animals.

The kidney is known to play an important role in the meta-
bolism of AGEs. The present data are in agreement with pre-
vious studies suggesting that almost all renal structures are
susceptible to the accumulation of AGEs including basement
membranes, mesangial and endothelial cells, podocytes and
tubules.**® Vlassara et al., demonstrated that chronic admin-
istration of in vitro-prepared protein-AGEs to otherwise
healthy rats could lead to advanced pathological changes in
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Figure 3  Expression of AGEs in epithelial cells of proximal convoluted tubules. The group of rats fed with HA-diet [(A2) represents the
prepubertal androgenized rats, (B2) the androgenized rats and (C2) the adult non-androgenized rats, fed with HA-diet] [exhibit higher
AGE immunoreactivity than the respective animals fed with LA-diet [(A1) represents the prepubertal androgenized rats, (B1) the adult
androgenized rats and (C1) the adult non-androgenized rats, fed with LA-diet]. Magnification x100.

200

150

100

AGE H-score
(proximal convoluted tubules epithelial cells)
50

C1 Cc2

Figure 4 Box plot illustrating the higher AGEs immunoreactiv-
ity in C2 group when compared to Cl group (p = 0.0055) in
epithelial cells of proximal convoluted tubules.

renal glomerular structure and function.”” Moreover, the prox-
imal tubule has been identified as the site of catabolism of
AGE proteins and peptides both in vivo and in vitro.” In
addition, as described by Gu et al., AGE-modified bovine
serum albumin (BSA) induced upregulation of monocyte
chemoattractant protein-1 (MCP-1) expression in podocytes
through activation of RAGE and generation of intracellular
ROS.* In human renal biopsies, AGE-accumulation is pri-
marily found in renal basement membranes in diabetic and
non-diabetic nephropathy, and its accumulation involves
upregulation of RAGE in podocytes.” All the above
information, offers confirmatory evidence for a cause and
effect relationship between long-term AGE accumulation
and renal pathology.

Interestingly, the only group that did not present any statis-
tically significant difference in the serum creatinine levels was
the one that was not subjected to the androgenization process
(Fig. 1). This finding may suggest that the interplay of the high
dietary intake of AGEs with the high androgen exposure may
contribute to a more profound kidney injury. Trying to clarify
this hypothesis, we extended our data analysis in order to eval-
uate the effect of androgenization on renal biochemistry and
structure. Therefore, the adult androgenized group fed with
HA diet exhibited higher levels of serum AGE and creatinine
levels, when compared with the non-androgenized group fed
with HA diet, while in the respective groups fed with LA diet
there were no statistically significant differences. These data
imply the cumulative aggravating effect of exogenously derived
AGEs and androgen excess on kidney function.

Indeed, it has been shown that the sexual dimorphism is
deeply reflected on renal morphology and physiology, most
likely due to the actions of gonadal steroids and to the
endocrine/paracrine pathways of the kidney. Testosterone is
known to be profibrotic since it stimulates extracellular
matrix proteins (EMP) deposition in glomerular mesangial
cells (GMCs), leading to mesangial expansion and renal
dysfunction.*

Moreover, Pawluczyk et al. have shown that male rat
mesangial cells express higher baseline fibronectin mRNA,
tumor necrosis factor-o. (TNF-a) and interleukin-1f levels than
female rat mesangial cells, indicating the potential proinflam-
matory and profibrotic actions of testosterone in the kidney.”*
Additionally, androgens have been shown to increase
proapoptotic signalling.*' Furthermore, glomerular sclerosis
is known to occur faster and more intensely in males than in
females.*” Taken together, these data indicate that testosterone
may play a crucial role in the acceleration of the tubular apop-
totic process and the progression of chronic kidney disease in
males.
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Table 2 Detailed list of the a priori designed comparisons between the study groups pertaining to the effects of age at androgenization
or androgenization per se. Bold cells denote statistically significant differences. *Derived from Mann—Whitney—Wilcoxon test for
independent samples (Level of statistical significance: <0.007 due to the Bonferroni correction).

Comparisons pertaining to the
Comparisons pertaining to the effect of androgenization per
effect of age at androgenization se
P -value P -value P -value P -value
(A1 vs. B1 (A2 vs. B2 (C1 vs. B1 (C2 vs. B2
comparison)§ | comparison)§ | comparison)§ | comparison)§
Body weight and serum parameters
Body weight at baseline (g) <0.0001 <0.0001 0.344 0.051
Body weight at 3 months (g) 0.635 0.021 0.0008 0.005
AGEs (U/mL) 0.956 0.003 0.053 0.0005
Insulin(uU/mL) 0.673 0.831 0.577 0.503
CRP (pg/mL) <0.0001 0.437 <0.0001 0.002
Serum glucose (mg/dL) 0.291 0.076 0.579 0.346
Creatinine (mg/dL) 0.344 0.011 0.255 <0.0001
Immunohistochemical results — AGEs immunostaining
Expression in epithelial cells of the
proximal convoluted tubules (H-score) 0.2102 0.7807 0.0427 0.4911
Expression in epithelial cells of the
collecting ducts and distal convoluted
tubules (H-score) 0.8032 0.7988 0.9449 0.7270

Another interesting finding of the present study is that the
adult androgenized animals exhibited higher CRP levels, when
they were compared with the age matched adult nonandroge-
nized animals. Moreover, the CRP levels were positively corre-
lated with serum creatinine and AGE levels and with AGE
deposition in the kidney. These data imply, that either andro-
gen excess per se, or via its deteriorating effect on renal func-
tion and structure, creates an inflammatory environment for
the kidney. Consistent with this view are older studies that
have described chronic kidney disease as a ‘“‘micro-
inflammatory state”’, with a high prevalence of acute phase
inflammation and OS, both of which are associated with a high
rate of cardiovascular morbidity and mortality.* * On the
other hand, the proinflammatory and profibrotic actions of
testosterone on the kidney have been indicated by in vitro
studies, which have demonstrated that basal tumor necrosis
factor-o. (TNF-a)) and interleukin-1p levels are higher in male
mesangial cells compared to female mesangial cells. This sexual

dimorphism in mesangial cells may play a role in the faster
progression of glomerulosclerosis leading to end-stage renal
disease in males.”'

This study has several limitations. Although, the sample
size of the analysed groups was satisfactory, some differences
did not reach statistical significance. Additionally, determina-
tion of serum creatinine level consists of a simple and reliable
method for the control of renal function. Nevertheless, more
accurate methods, such as creatinine clearance or glomerular
filtration ratio, should be estimated. Finally, the androgenized
animals exhibited higher body weights when compared with
the non-androgenized age matched animals. It would be useful
to analyse the body composition by dual-emission X-ray
absorptiometry (DEXA), in order to determine the body fat
and lean body mass.

In conclusion, while the studies upon male subjects, con-
cerning the androgen effect on the kidney, vary, females with
hyperandrogenemic syndromes (such as PCOS), lack evidence
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Table 3 Intercorrelations between study parameters. Spearman’s rho values with respective p-values in brackets are presented.

Correlations with p-values < 0.05 have been highlighted in bold.

AGEs IHC in
epithelial cells
AGEs IHC in of collecting
Body epithelial ducts and
Body weight cells of distal
weightat  at3 proximal convoluted
AGEs  Testosterone Creatinine baseline  months CRP convoluted tubules
(U/mL) (ng/mL) (mg/dL) 9) (9) (ug/mL)  (H-score) (H-score)
AGEs (U/mL)
Testosterone +0.687
(ng/mL) (<0.0001)
Creatinine +0.554 +0.431
(mg/dL) (<0.0001) (0.0001)
Body weight at -0.158 -0.152
baseline (g) (0.164) +0.030 (0.789) (0.179)
Body weight at 3 0.346 -0.188 +0.099
months (g) (0.002) -0.289 (0.009) (0.095) (0.382)
CRP (ug/mL) +0.631 +0.520 +0.505 -0.122 -0.057
(<0.0001) (<0.0001) (<0.0001) (0.279) (0.618)
AGEs IHC in
epithelial cells of
proximal
convoluted ( H- +0.608 +0.585 +0.255 +0.074 0256  +0.342
score) (<0.0001) (<0.0001) (0.044) (0.567) (0.043) (0.006)
AGEs [HC in
epithelial cells of
collecting ducts
and distal
convoluted
tubules ( H- +0.468 +0.603 +0.267 +0.092 0130 +0.240 +0.6239
score) (0.0001) (<0.0001) (0.034) (0.474) (0.310) (0.058) (<0.0001)

on the effect of hyperandrogenemia on the female kidney. This
is the first study to our knowledge, which analysed the possible
synergistic effects of exogenously derived glycotoxins and
androgen excess on renal biochemistry and morphology. The
study included a female rat model that exerts the metabolic
and hormonal characteristics of women with hyperandrogene-
mia. In summary, the present study suggests that dietary glyco-
toxins, in combination with increased androgen exposure,
exert a more profound negative impact on the kidney of an
androgenized female rat model that mimics female hyperan-
drogenemic syndromes, such as PCOS. Moreover, dietary

glycotoxins and androgen excess induce an inflammatory envi-
ronment for the kidney, which could further aggravate its
structure and function. However, further studies are necessary
to elucidate the mechanisms via which androgens augment the
detrimental effect of exogenously derived AGEs on the female
kidney.
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