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Abstract

Glycosaminoglycans (GAGs) participate in a variety of processes in the kidney, and evidence suggests that gender-related
hormones participate in renal function. The aim of this study was to analyze the relationship of GAGs, gender, and proteinuria
in male and female rats with chronic renal failure (CRF). GAGs were analyzed in total kidney tissue and 24-h urine of castrated
(c), male (M), and female (F) Wistar control (C) rats (CM, CMc, CF, CFc) and after 30 days of CRF induced by 5/6 nephrectomy
(CRFM, CRFMc, CRFF, CRFFc). Total GAG quantification and composition were determined using agarose and
polyacrylamide gel electrophoresis, respectively. Renal GAGs were higher in CF compared to CM. CRFM presented an
increase in renal GAGs, heparan sulfate (HS), and proteinuria, while castration reduced these parameters. However, CRFF
and CRFFc groups showed a decrease in renal GAGs concomitant with an increase in proteinuria. Our results suggest that, in
CRFM, sex hormones quantitatively alter GAGs, mainly HS, and possibly the glomerular filtration barrier, leading to proteinuria.
The lack of this response in CRFMc, where HS did not increase, corroborates this theory. This pattern was not observed in

females. Further studies of CRF are needed to clarify gender-dependent differences in HS synthesis.
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Introduction

Glycosaminoglycans (GAGs) are anionic polysaccha-
rides composed of repeating disaccharide units of amino
sugar and hexuronic acid. Six types of GAGs are described
in mammalian tissues: chondroitin sulfate (CS), dermatan
sulfate (DS), keratan sulfate, heparan sulfate (HS), heparin,
and hyaluronic acid. Their characteristics include the
presence of anionic charges due to the sulfate and carboxyl
groups of the hexuronic acid. Exceptions are hyaluronic
acid, which is not sulfated, and keratan sulfate, which
contains D-galactose instead of hexuronic acid. In tissues,
besides hyaluronic acid, all occurring GAGs are covalently
attached to proteins, forming the proteoglycans; they are
widely distributed on the cell surface and in intracellular
granules, and are essential components of the extracellular
matrix (ECM) (1).

GAGs have been implicated in several pathophysio-
logical processes: tissue organization, cell growth and
maturation, and modulation of the action of growth factors
and collagen fibrillogenesis, among others. In the kidney,

HS is the most abundant GAG, mainly present in the
glomerular ECM, which is formed by the mesangium and
basement membrane of the glomerular capillary. Besides
its ability to bind to other components of the glomerular
ECM, especially laminin and collagen, and so helping to
maintain the molecular architecture of this matrix, HS is
also suggested to play an important role in glomerular
permselectivity (2). Changes in this selectivity may be
responsible for proteinuria (PTN), which has been
considered the main marker of glomerular injury and is
directly correlated to loss of renal function (3-5).
Moreover, glomerular ECM fluidity is a consequence
of the negative charge of HS, which retains sodium ions
and water molecules, thus allowing the anchoring of
growth factors and cytokines, which ultimately modulates
mesangial expansion. These mechanisms indicate early
steps in the progression of chronic renal failure (CRF)
that, together with PTN, precede glomerulosclerosis (4,6).
GAGs excreted in the urine (UGAGSs) have been used as a
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marker of the severity of glomerular diseases because
they may reflect biochemical changes in the glomerular
ECM (7,8). However, the precise role of GAGs in the
mechanisms that compromise the glomerular filtration
barrier is not totally clear.

Additionally, some studies point to sex hormones as
being responsible for a faster progression of CRF in
males (9-13). However, studies focusing on GAG compo-
sition and content in the kidney and urine, when there is
deprivation of sex hormones, are lacking. The aim of the
present study was to evaluate the composition of GAGs in
the kidney and urine of male and female rats with CRF
undergoing castration, in order to analyze possible
gender-dependent changes between GAGs and renal
function. We found quantitative differences in HS and
PTN related to sex hormones in the CRF model.

Material and Methods

Experimental model

Male (M) and female (F) Wistar rats were randomly
divided into castrated (c) and noncastrated (control, C)
groups at 5 weeks of age (Figure 1). After castration,
animals were separated into 4 groups: castrated (CMc,
n=5 and CFc, n=5) and controls (CM, n=5 and
CF, n=4). At 7 weeks of age, animals randomly under-
went 5/6 nephrectomy (CRF) and were again separated in
CRF castrated (CRFMc, n=5 and CRFFc, n=6) and
CRF controls (CRFM, n=5 and CRFF, n=6). Eight
animals were given a sham nephrectomy (CM Sham,
n=4 and CF Sham, n=4).

Surgical procedures were performed with animals
anesthetized intraperitoneally with sodium thiopental
(50 mg/kg body weight). In male rats, castration was
performed by removal of the testicles; in female rats, the
ovaries were removed through a bilateral lumbar incision.
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Reduction of total renal mass was performed by making an
abdominal incision, isolating the left renal artery, ligating
two or three branches and performing a right nephrectomy
through a lumbar incision. This procedure was performed
on day 0, and the animals were maintained on a standard
rat chow (57% carbohydrate, 22% protein, and 4% fat;
Nuvilab™ CR1 Nuvital Nutrientes S/A, Brazil) and water ad
libitum until the end of the study (after 30 days). All
procedures were carried out in accordance with the
conventional guidelines for the Care and Use of
Laboratory Animals (US National Institutes of Health
85-23, revised 1996). Experimental protocols were
approved by the Committee for the Use and Care of
Experimental Animals of the Instituto de Biologia,
Universidade do Estado do Rio de Janeiro, Brazil.

PTN and glomerular filtration rate

At day 30, animals were placed in metabolic cages
(Nalgene, USA), where they had previously been trained,
and received only water ad libitum, prior to collecting 24-h
urine. Two samples were collected from each animal:
one for measurement of urinary creatinine and PTN, and
the other for extraction of uGAGs. Urine volumes were
measured and urine stored at -20°C for subsequent
evaluation. At the end of the collection, animals were
anesthetized and killed by exsanguination. A blood
sample was taken for creatinine determination. The
kidneys were removed, weighed, and preserved in
acetone. PTN was measured by the sulfosalicylic method
(14). Urinary and serum creatinine were determined by
the kinetic modified Jaffé method in the Central
Laboratory of the Pedro Ernesto Hospital. Renal func-
tion was determined by creatinine clearance (CreCl)
corrected to 100 g body weight (CreCl/100 g) as follows:
CreCl = [(Crey x Voly/Creg) x 100]/BW (mL-min™"-100 g™,
where Crey is urinary creatinine (mg/dL), Voly is urine
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Figure 1. Schematic representation of the study design combining castration and CRF. C: control; c¢: castration; CRF: chronic renal
failure; F: female rat; M: male rat; dashed line: no surgical procedure.
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volume in 24 h (mL/min), Creg is serum creatinine (mg/dL),
and BW is body weight (g).

Isolation and purification of total GAGs

These methods have been described previously (15).
The kidneys were rehydrated in ~5 mL 0.1 M sodium
acetate buffer, containing 5 mM cysteine and 5 mM
EDTA, pH 5.0, at 4°C for 24 h. Thereafter, total renal
GAGs (rGAGs) were isolated by proteolysis with papain
followed by subsequent cetylpiridinium and ethanol
precipitation. All pellets were previously treated with
2 mg/mL deoxyribonuclease (37°C/24 h). The final pellet
was dried under vacuum and dissolved in 2.0 mL distilled
water.

After a 1/2 dilution, urine was filtered and the pH
adjusted to 6.0. The precipitation of uUGAGs was performed
by adding 5% N-cethyl-N,N,N-trimethyl-ammonium bromide
(overnight; Sigma, USA) and absolute ethanol. After
centrifugation, the pellet was kept at room temperature
until completely dry. It was then eluted in 10% sodium
acetate, adjusted to pH 9.0, and mixed vigorously. After
centrifugation, the supernatant was collected and the pH
adjusted to 6.0. A second precipitation was performed by
adding 1.5 volumes of absolute ethanol at 0°C (overnight).
After centrifugation, the final pellet containing the uGAGs
was dried under vacuum.

Quantification of total GAGs

The total GAG samples were dissolved in ~2.0 mL
distilled water and assayed by the metachromasia
produced by hexuronic acid using the carbazole reaction
(16). Under these conditions more than 90% of total
GAGs were recovered. Concentrations of rGAGs were
expressed in micrograms per milligram dry tissue and
uGAGs in milligrams per 24 h and milligrams per
milligram creatinine.

Qualitative analysis of GAGs

Agarose gel electrophoresis. Total rGAGs (~5 ug)
were applied to a 0.5% agarose gel in 0.05 M
1,3-diaminopropane/acetate buffer, pH 9.0. After
electrophoresis (120 V/h), the GAGs on the gel were
fixed with 0.1% N-cetyl-N,N,N-trimethylammonium
bromide in water, stained with 0.1% toluidine blue in
acetic acid:ethanol:water (0.1:5:5, v/v/v), and washed for
about 30 min in acetic acid:ethanol:water (0.1:5:5, v/v/v).
GAGs on the agarose gel were quantified by the
Molecular Analyst™ Software 1.4 (Bio-Rad Laboratories,
USA). One densitometry profile was obtained for each
sample. Quantification of material represented by the
peaks was made by estimating peak areas of these
typical profiles. The gel was then stained with Stains-All
(Sigma-Aldrich, USA), which intensifies the
metachromasia of sulfated GAGs and reveals the
presence of nonsulfated GAGs (17). Because of the low
concentration of GAGs in the urinary excretion, total
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uGAGs were pooled (~2 ng/sample) for electrophoretic
analysis.

Polyacrylamide gel electrophoresis. The molecular
weights of the GAG chains were estimated by
polyacrylamide gel electrophoresis as previously described
(18). Briefly, GAG samples (~5 ug) were applied to a 6%
1-mm thick polyacrylamide gel slab in Tris-HCI buffer,
pH 8.6. After electrophoresis (100 V/30 min), the gel
was stained with 0.1% toluidine blue in 1% acetic acid and
washed for about 4 h in 1% acetic acid. The gel was then
stained with Stains-All and bleached in distilled water.
Chondroitin 6-sulfate (60 kDa) from shark cartilage,
chondroitin 4-sulfate (40 kDa) from whale cartilage
(2 pg/mL), and dextran sulfate (8 kDa, 3 pug/mL) were
used as molecular weight markers.

Statistical analysis

Data are reported as means + SE. For comparison of
means, one-way analysis of variance (ANOVA) was used,
with significant differences indicated by the Duncan test.
Significance was set at P<<0.05 (SPSS version 13.0 for
windows, IBM, USA).

Results

Characteristics of the groups 30 days after 5/6
nephrectomy are presented in Table 1. The death rate
during surgical procedures was 5-8%, and survival after
recovery from anesthesia was 100%. Data from the sham
surgery group were similar to intact control groups (data
not shown). CRF animals showed reduced CreCl. uGAGs
were not different among the groups. However, rGAGs
were almost two times higher in control females than
control males (CF=2.27+0.18 vs CM=1.28+0.05;
P<0.05). CRFM showed increased total rGAGs com-
pared to all male groups and to the CRF females
(P<<0.05). After castration, rGAGs decreased in CRF
males and remained unchanged in females.

CRF animals had increased PTN compared to their
controls, and CRFM had higher PTN than CRFF in the
same period of time (Figure 2). Castration resulted in
different effects on PTN between genders, regardless of
CRF. In control groups, castrated males showed
decreased PTN compared to noncastrated males
(CM=33.3+£2.6 vs CMc=6.8+0.7 mg/24 h; P<0.0.5),
but in the castrated animals there was no significant
decrease in PTN in female rats (CF=7.1+1.8
vs CFc=4.8+0.6 mg/24 h). In castrated CRF males,
PTN was decreased (CRFM=105.8+17.3 vs
CRFMc=68.3+14.6 mg/24 h; P<0.05) but did not
change in female castrated rats (CRFF=53.0£17.5 vs
CRFFc=56.9+7.3 mg/24 h).

Agarose gel electrophoresis profiles of GAGs extracted
from kidney after 30 days are shown in Figure 3. After
staining the gels with Stains-All, there was no evidence of
the presence of nonsulfated GAGs in the kidney.
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Table 1. Study group data after 30 days.

C.C.S. Lemos et al.

Males Females
CM CMc CRFM CRFMc CF CFc CRFF CRFFc
BW (g) 338 + 11 316 £ 10 254 + 20* 263 + 20* 238 £ 10 285 + 87 188 + 9° 202 + 7°
KW (mg/100 g BW) 029 + 0.01 0.29 + 0.02 0.41 + 0.10* 0.40 + 0.04* 0.45 + 0.01 0.36 + 0.02 0.51 + 0.03% 0.48 + 0.03%
CreCl (mL-min™-100 g BW") 051 + 0.04 041 + 0.05 0.30 + 0.06* 0.30 + 0.03* 0.55 + 0.01 0.41 + 0.05 0.34 + 0.05% 0.27 + 0.07*
rGAGs (ng/mg dry tissue) 128 + 0.05 155 + 0.12 246 + 0.13* 1.87 + 0.19% 227 + 0.18 228 + 0.26 1.63 + 0.18%* 1.45 + 0.19%*
UGAGSs (mg/mg Cre) 0.10 + 0.03 0.12 + 0.01 0.15 + 0.02 0.13 + 0.01 0.19 + 0.03 0.14 + 0.02 0.18 + 0.02 0.18 £ 0.05

Data are reported as means+SE. BW: body weight; KW: kidney weight; CreCl: creatinine clearance; rGAGs: total renal
glycosaminoglycans; uGAGs: total excreted GAGs in 24-h urine; C: control; c: castration; CRF: chronic renal failure; M: male rat;
F: female rat. P<0.05: *vs control male groups; *vs CRFM; #vs CF; #vs CFc; Svs all female groups (Duncan test).

Densitometry following agarose gel electrophoresis
showed one predominant band, corresponding to HS, in
the kidneys of all study groups.

The quantification of rGAGs and hexuronic acid
(ug/mg dry tissue) and the estimated content (ug/mg dry
tissue) of HS and CS + DS from male and female rats are
reported in Figure 4. Control females had higher
concentrations of HS than control males. These data
further emphasize the gender differences when compar-
ing CRF groups: HS was reduced in females and
increased in males. Castration reduced HS in males to
levels similar to those found in females (Figure 4B).
CS+DS (Figure 4C) were more homogeneous in
females. CRFM presented significantly higher values of
CS+DS compared to females and their respective
controls (P<0.05).

Molecular weight analysis of total rGAGs showed no
difference between male and female rats (~40 kDa),
while uGAGs did not show a defined pattern for molecular
weight (Figure 5). Data for uGAGs showed a similar
pattern among the groups, with predominance of CS + DS
(Figure 6), except for CRF male groups that presented a
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Figure 2. Proteinuria (mg/24 h) after 30 days. C: control; c:
castration; CRF: chronic renal failure; F: female rat; M: male rat.
P<0.05: *vs all; *vs CM; fvs CMc; #vs CF; &vs CFc.
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decrease of CS+DS and HS. After staining the agarose
gels by Stains-All, the presence of another clearer blue
band was observed, suggesting the presence of hyaluro-
nic acid or nonsulfated GAGs.

Discussion

In the present study, we analyzed the GAG profile in
the kidneys of castrated and noncastrated male and
female rats at an early stage of CRF. Reports relating sex
hormones to GAGs and PTN in the CRF model are
lacking. Animals in the study recovered well after surgery,
and renal changes such as reduction of CreCl and renal
hypertrophy were observed. Castration did not influence
these parameters in either gender. Hormonal dosage was
not performed after castration because hormonal reposi-
tion was not done. Animals with CRF developed PTN that
was higher in males than in females and was reduced by
castration. These data agree with our previous observa-
tions (19), suggesting that sex hormones may interfere
with the appearance of PTN.
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Figure 3. Agarose gel electrophoresis of total renal glycosami-
noglycans (rGAGs) after toluidine blue staining. CS: chondroitin
sulfate; DS: dermatan sulfate; HS: heparan sulfate; C: control; c:
castration; CRF: chronic renal failure; GAG std: mixture of

standard glycosaminoglycans.
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Figure 4. Total glycosaminoglycans (A), heparan (B), and
chondroitin+dermatan sulfate (C) in kidneys from male and
female rats. C: control; c: castration; CRF: chronic renal failure.
P<0.05: *vs respective control groups; *vs males; #vs male
CRF.

CRFc

Evaluation of rGAGs showed higher values in CRF
males, which were decreased after castration. Some
authors have shown gender differences in GAG concen-
tration, independent of castration, with adult females
having higher total GAG content in the bladder compared
to young females (4 weeks old) and male rats. This
suggests that GAGs can vary with age and sex (20) and
also with tissue type (21). However, studies evaluating
rGAG profiles in female rats are lacking. The present data
suggest that, in early stages of CRF (after 30 days), male
sex hormones may interfere with the synthesis and/or
degradation of rGAGs.

Regardless of gender, predominance of HS was found
in the kidney. Furthermore, CRF males presented
increased CS+DS. Females did not present differences
in CS+DS among the study groups (Figure 4B and C). It
is known that several growth factors and cytokines stored
in the glomerular basement membrane interact with HS,
and ultimately this interaction contributes to the tissue
remodeling process (6). We observed an increase in
kidney HS as well as PTN, and a decrease in HS in CRFM
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Figure 5. Polyacrylamide gel electrophoresis of total renal
glycosaminoglycans (rGAGs) and total excreted GAGs in 24-h
urine (UGAGs) from male and female rats. MW std: molecular
weight standard; C: control; c: castration; CRF: chronic renal
failure.

after castration, maintaining the same pattern observed
with rGAGs.

Available data suggest that androgens may exacer-
bate, while estrogens may protect against, the develop-
ment of mechanisms that ultimately lead to
glomerulosclerosis. It has been suggested that the impact
of gender on renal disease progression may reflect direct
receptor-mediated effects of sex hormones (12,13).
Estradiol and testosterone receptors are expressed on
the surface of mesangial cells (22). Endogenous estro-
gens have in general been considered to have anti-fibrotic
and anti-apoptotic effects on the kidney (23). On the other
hand, androgens present proapoptotic and profibrotic
properties (24). Estrogen reduces proliferation of mesan-
gial cells, collagen synthesis, renin-angiotensin system
activity, and superoxide production, whereas testosterone
potentiates these effects (10,12,25). These data also
suggest that sex hormones could directly interfere with
GAG synthesis.

uGAGs are considered mainly to result from glomer-
ular metabolism, with some contribution of tubular and
urinary tract cells, accounting for the higher concentration
in urine compared to blood (26). Pooled urine samples
from study groups were used to analyze uGAGs on
agarose gels. No gender-related differences in uGAGs
were observed in accordance with data reported by Lee et
al. (26) and Michelacci et al. (27). Molecular weights of
uGAGs were similar for all groups. In females, however,
regions of metachromasia were observed near the origin,
which suggest the presence of higher molecular weight
molecules (Figure 5), such as hyaluronic acid from the
urogenital system (28).

Although uGAGs were similar in all groups, CRF
males showed a reduction in sulfated GAGs and the
presence of nonsulfated GAGs, reflecting a qualitative
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Figure 6. Agarose gel electrophoresis of pooled total excreted
glycosaminoglycans (GAGs) in 24-h urine after toluidine blue and
Stains-All stainings. CS: chondroitin sulfate; DS: dermatan
sulfate; HS: heparan sulfate; C: control; c: castration; CRF:
chronic renal failure; F: female rat; M: male rat; GAGs std:
mixture of standard GAGs.

change of GAGs in this group (Figure 6). Conversely, the
UGAG profile did not change in the female groups. A
reduction in uGAGs has been found in diabetic rats and in
experimental glomerulonephritis, suggesting that uGAG
excretion can vary with renal baseline pathology
(1,29,30).

There is evidence that alterations in the glomerular
basal membrane are the main cause of PTN (2,3). Charge
selectivity of the glomerular basal membrane has been
widely associated with the electrostatic property of HS,
and an inverse correlation between HS and PTN has been
suggested (2,31,32). The mechanisms that link changes
in GAGs and especially HS, compromising glomerular
permeability and leading to PTN, are still unclear
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