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Abstract

Diabetic nephropathy (DN) occurs in approximately one-third of all people with diabetes and is the
leading cause of renal failure in developed and developing countries. The aim of the current study was to
assess the possible protective effects of arginase and advanced glycation end (AGE) product inhibitors
against DN and the possible underlying mechanisms. The present study was conducted on 40 male albino
rats that were grouped into five groups of 8 rats each. Group I: control group that received single
intraperitoneal (I.P.) injection of citrate Buffer. Group Il: DN group that induced by administration of
streptozotocin (STZ). Group 11l and Group IV have DN treated with L-citrulline an arginase inhibitor, and
pyridoxamine (PM) an AGE inhibitor respectively. Group V: rats with DN treated with both L-citrulline and
PM daily for 6 weeks. At the end of the treatment period blood glucose, urea, serum creatinine and urinary
albumin excretion rate were measured. Renal tissue levels of AGEs, arginase activity, TGF-BI,
malondialdehyde (MDA), reduced glutathione (GSH) and nitrate were assessed. DN group showed
significant increase in albuminuria, blood glucose, urea, serum creatinine as well as renal AGEs, arginase
activity, MDA and TGF-B1 concentrations, together with a significant decrease in renal NO and GSH.
Administration of either L-citrulline or PM resulted in a significant amelioration of the above mentioned
parameters. And their combination leads to more protective effect. In conclusion, inhibition of both arginase
and AGEs could represent therapeutic options for patients with DN.

Keywords: Diabetic Nephropathy; advanced glycation end product; arginase activity; L-citrulline;
pyridoxamine.

1. Introduction and 2030 [1]. This global increase in the
prevalence of diabetes will lead to acceleration of

The number of people living with diabetes in micro- and macrovascular complications of

the world is expected to double between 2000 diabetes. The important causative factor in the
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development of complications in patients with
diabetes is hyperglycemia. DN is the most
common microvascular complication of diabetes
mellitus. It is a leading cause of end-stage renal
disease and a contributor to significant morbidity
and mortality in patients with diabetes [2].

Diabetic complications appear to be
multifactorial in origin as several factors are
incriminated in the genesis and progression of
DN: these include hemodynamic factors as
endothelial cell dysfunction and metabolic factors
as advanced glycation end products (AGEs),
protein kinase C, the renin-angiotensin system,
transforming growth factor-p1, etc. [3].

Arginase is a hydrolytic enzyme responsible
for converting L-arginine to urea and L-ornithine.
Mammalian arginases exist in two distinct
isoforms (type | and type Il) which are encoded
by separate genes, have specific subcellular
localization and tissue distribution. Arginase | is
a cytosolic enzyme located primarily in the liver,
whereas arginase Il is located within the
mitochondrion and is expressed at high levels in
the kidneys [4].

Endothelial cell dysfunction is a central
pathophysiological mechanism that contributes to
diabetes and DN. Dramatic alterations in arginine
metabolism occur in endothelial injury due to
changes in the activity and/or expression of nitric
oxide synthases (NOS) and arginases. Arginase-2
is constitutively expressed and also inducible in
endothelial cells as well as in kidney cells and,
when elevated, can inhibit NOS
activity/expression and induce endothelial NOS
uncoupling, thus reducing NO bioavailability and
inhibiting the NO/cGMP  pathway. We
hypothesize that arginases promote the
development and progression of diabetic kidney
damage [5].

L-citrulline is amino acid that naturally
produced by the body. It is found in some foods
like watermelons. It is the natural precursor of L-
arginine, substrate for NOS in the production of
NO. L-citrulline is not metabolized in the
intestine or liver and inhibits arginase activity. L-
citrulline  entering the kidney, vascular
endothelium and other tissues can be readily
converted to L-arginine, thus raising plasma and
tissue levels of L-arginine and enhancing NO

production.  Supplemental  L-citrulline has
promise as a therapeutic adjunct in disease states
associated with increased arginase activity [6].

Much attention has been paid in the recent
years to the non-enzymatic glycation involves the
reaction of the carbonyl group of sugar aldehydes
with the N-terminus of free amino groups of
proteins, resulting in the formation glycated
proteins , that may then react with other proteins,
lipids or DNA resulting in irreversible cross
linking and the formation of AGEs. Although
AGEs formation happens as a result of normal
aging, it occurs at an accelerated rate in diseases
as diabetes mellitus and DN as a result of chronic
hyperglycemia and increased oxidative stress [7].

Pyridoxamine (PM) is one form of vitamin
B6 that prevents irreversible protein glycation,
thereby reduces the formation of advanced
glycation end products (AGES), so it may reduce
various diabetic complications [8].

The potential interactive effects of L-
citrulline as an arginase inhibitor and PM as an
AGEs inhibitor in the treatment of DN have not
been investigated. Therefore, this study was
designed to determine the effects of combined L-
citrulline and PM treatments on DN and the
possible underlying mechanisms.

2. Material and Method

2.1 Animals

All of the animals were approved by the
Ethical Committee of the Faculty of Medicine,
Benha University, Egypt. This study was
conducted on 40, 6-8 weeks old, adult albino
male rats each weighing between 180 and 200
gm. Animals was housed in the animal laboratory
at the medical research center at Benha faculty of
medicine. They were allowed free access to water
and standard diet.

2.2 Experimental protocol

The animals were randomly divided into five
groups, each of 8 animals as follow:

Group | (Normal control group): Control
group injected with a single dose of 1ml citrate
buffer, IP and injected with 1ml saline daily for 6
weeks.
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Group Il (DN group): Diabetes was induced
by a single intraperitoneal injection of 55mg/kg
STZ (Sigma-Aldrich Chemical Co.) dissolved in
citrate buffer (0.1mol/l, pH: 4.6)[9].

Group Il (DN-L-citrulline group): received
L-citrulline (50 mg/kg) dissolved in distilled
water by orogastric gavage. It was administrated
once the rats became diabetic for 6 weeks [10,
11].

Group IV (DN-PM group): received PM (60
mg/kg) dissolved in distilled water by IP
injection. It was administrated once the rats
became diabetic for 6 weeks [12].

Group V (DN- L-citrulline-PM group):
received combination of L-citrulline and PM
once the rats became diabetic for 6 weeks.

2.3 Induction and diagnosis of diabetes
mellitus

Diabetes was induced by intraperitoneal (IP)
injection of a single dose of STZ (100 mg/kg in
freshly prepared citrate buffer pH 4.5). Diabetes
was verified 72 hours later by measuring blood
glucose levels (after an overnight fasting) by tail
blood glucose measurement with the use of
glucose oxidase reagent strips. Rats having blood
glucose level of > 250 mg/dl were considered to
be diabetic [9].

To maintain body weight and limit
hyperglycemia, all diabetic animals were treated
with 3IU of ultralente insulin, three times per
week to maintain glycemic control as the rats
gained weight. At the end of the experiment, the
fasted rats were anaesthetized by injection of
sodium thiopental and blood samples were
collected from abdominal aorta and processed for
determination of blood glucose that estimated by
the glucose oxidase—peroxidase method (GOD-
POD Kkit), urea and serum creatinine were
assessed using the Jaffe” picric acid procedure
with Sigma kit #555-A (Sigma-Aldrich Chemical
Co.).

Urinary albumin was measured by means of
quantitative reaction using a sigma diagnostic Kit.
Then rats were sacrificed and their kidneys were
rapidly collected and divided into 2 parts. One
part was put in 10% formalin  for
histopathological examination. The second part
was homogenized and the homogenate was kept

at -80°C and used for the measurement of:

Arginase  activity, that was  measured
spectrophotometrically by arginase activity
colorimetric kit from (Sigma-St. Louis, MO) [9].
AGE concentration in renal homogenate was
determined with AGE ELISA kit, Roche
Diagnostics (Mannheim, Germany) [13]. Renal
level of TGF-B was determined using an enzyme-
linked immunosorbent assay (ELISA technique)
[14]. Nitrate the metabolic end-product of NO,
measured in renal tissue according to the method
described by Bories and Bories (1995) [15]. Lipid
peroxidation in renal tissues was estimated by the
determination of thiobarbituric acid reactive
substances content that was evaluated as MDA in
renal homogenate using a standard kit purchased
from Biodiagnostic (Egypt) [16]. Renal GSH
content was determined using a commercial kit
(Biodiagnostic, Egypt) [17].

2.4 Statistical analysis

The results were expressed as mean values +
S.D. The data were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey-
Kramer multiple comparisons test as post hoc test.
P<0 .05 was considered statistically significant.

3. Results

3.1 Mortality rate
Only one rat died in the DN group with a
mortality rate of 12.5%.

3.2 Biochemical results

STZ administration resulted in a significant
(p<0.001)increase in blood glucose, urea and
serum creatinine as well as significant (p<0.001)
increase in renal arginase activity, AGEs, MDA
and TGF-B1 concentrations with significant
reduction in nitrate and GSH concentration in DN
group when compared with control group.
Treatment with L-citrulline resulted in a
significant (p<0.001)decrease in blood urea and
serum creatinine as well as renal arginase activity,
AGEs and MDA concentrations together with a
significant (p<0.001)increase in nitrate and GSH
concentration in (DN- L-citrulline group) as
compared to (DN group). Treatment with PM
resulted in a significant (p<0.001) decrease in
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blood glucose, urea and serum creatinine as well
as renal AGEs, MDA and TGF-B1 concentrations
with a significant (p<0.001) increase in GSH
concentration in (DN- PM Group) as compared to
(DN group). There was significant decrease in all
parameters in (DN- L-citrulline-PM group) when
compared with (DN- L-citrulline group) and
(DN- PM Group) indicating that combination of
treatment leads to more protective effect than
each one alone. By comparing between (DN- L-

citrulline group) and (DN- PM Group) there was
significant improvement of blood urea(p<0.001),
serum  creatinine(p<0.05), renal arginase
(p<0.001) and renal nitrate(p<0.001) in (DN- L-
citrulline group) and significant improvement in
blood glucose(p<0.001), renal AGE (p<0.001)
and renal TGF-B1(p<0.001) in (DN- PM Group)
indicating that their nephroprotective effects
occurs by different mechanisms (table 1).

Table 1. Comparison between meanz SD of all parameters in all groups

group Group | Group Il Group 1l Group IV Group V
parameters n=8 n=7 n=8 n=8 n=8
?:g‘;cc'"g)'”wse 100+2.2 373.7+412.5% | 356.9+20.6 | 279.8+6.5" | 118.4+6.5™
?:g‘;‘c'"‘)"ea 1224053 | 21.7+41.5° |159+1.2° |18+0.83" | 13+0.76°
f;':;':l)‘:reat'"'"e 0.4+0.01 2.5+0.17° | 1.5+0.08° | 1.8+0.34°* | 0.83+0.1
Urinary albumin 0.4+0.03 3340.2° | 1.0640.2° | 1.140.19° | 0.5+0.1%
excretion rate (mg/24h)

Renal arginase 4.05+045 | 10.3+1.1° |6.6+0.84” |82+0.36° | 5.3+0.4°

(nmol/min/mg)

Renal AGE 0.09+0.02 | 0.47+40.06° | 0.2+0.02° |0.1240.01® | 0.09+0.04°%

(U/ug protein)

Renal TGF-B1

(:g"/:”G B 398.8+7.7 | 997+9.3" | 985.8+34.8 | 545+8.9% | 427+7.4>

Renal nitrate 31.3+1.8 1641.4° 30.8+43.1™ | 159412 | 30.3+1.7™

(mM /mg protein)

Reduced GSH 6.340.87 2.0740.2° | 4.7+08° | 4.8+0.52° | 6.240.2

(mg protein)

MDA a b b bcd
, 7.08+0.2 13.96+0.2° | 10.6+0.5° | 10.3+0.45° | 7.6+0.9

(nmol/g tissue)

a: Statistically significant compared to the corresponding value in group (1) (p<0.001).
b: Statistically significant compared to the corresponding value in group (I1) (p<0.001).
c: Statistically significant compared to the corresponding value in group (111) (p<0.001).
d: Statistically significant compared to the corresponding value in group (1V) (p<0.001).
*: Statistically significant compared to the corresponding value in group (111) (p<0.05).
&: Statistically significant compared to the corresponding value in group (1V) (p<0.05).

3.3 Histopathological finding

Group I: Showed normal appearance of the
glomeruli & tubules fig. 1 (A). Group II: Showed
severe diffuse glomerulosclerosis, cellular
infiltration, interstitial fibrosis, tubular dilatation
and mesangial expansion fig. 1 (B). Group IlI:
Showed improvement of both tubular dilatation
and mesangial expansion and decrease of

interstitial cellular infiltration fig. 1 (C). Group
IV: Showed improvement of glomerulosclerosis
but there is tubular atrophy & dilatation fig. 1 (D).
Group V: Showed marked improvement of both
tubular dilatation and mesangial expansion and
decrease of interstitial cellular infiltration fig. 1

(E).
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4. Discussion

Although pathogenesis of DN is not entirely
elucidated, it is evident from numerous studies
that hemodynamic as well as metabolic factors
play an important role in its development. DN is
thus a result of, interplay between those
pathophysiologic factors although the basal
pathogenic factor is of course hyperglycaemia
[18].

So in this study we examined the inhibition
of arginase activity as a hemodynamic factor and
the inhibition of AGE as a metabolic factor in
ameliorating DN and the possible underlying
mechanisms.

In this study Single injection of STZ
successfully induced diabetic nephropathy as
evidenced biochemically by significant increase

SN

Figure 1. (A): Cut section of rat kidney of control group showing normal glomeruli and tubules. Figurel (B): Cut
section of renal tissues of diabetic non treated rats showing marked lobulation of glomeruli with dense interstitial
fibrosis. Figure 1 (C): Cut section of renal tissues of L-citrruline treated rats showing mild affection of glomeruli and
mild tubular dilatation. Figure 1 (D): Cut section of renal tissues of PM treated rats showing mild affection of

glomeruli and mild tubular dilatation. Figure 1 (E): Cut section of rat kidney of combined L-citrruline and PM
treated group showing restoration of the tubular and glomerular structure to a very large extent (H & E x 40).

of blood glucose, urea, serum creatinine and urine
protein. This confirmed histopathologically by
inflammatory cell infiltration, fibrosis and diffuse
glomerular sclerotic lesion, these results were in
agreement with [19].

Diabetic urinary albumin leakage involves
several mechanisms, including proximal tubular
injury and disruption of the glomerular barrier.
The relevance of the glomerular endothelium in
the maintenance of barrier function has only been
recently recognized. While endothelial NO
generation contributes to endothelial glycocalyx
and barrier preservation, an increase in the
ROS/NO ratio causes disruption of the
glycocalyx, resulting in enhanced albumin
permeability [20]. This can be explained in this
study by increasing oxidative stress evidenced by
increase in MDA and reduction of GSH. With
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decreasing in NO level in renal tissue of DN
group when compared with the control group.

Also DN group showed significant increase
in arginase activity supporting the notion that it
might play a role in the pathogenesis of DN.
These results were in agreement with Previous
studies, which have shown that vascular
dysfunction in rodent models of diabetes [21,24]
or diabetic patients [22] is associated with
increased arginase-1 [22,24] or arginase-2 [21]
expression and that vascular function is
normalized by inhibition of arginase activity or
genetic ablation of arginase-2 expression [21,23].

Alteration in endothelial function is a
common underlying event for hemodynamic
abnormalities observed in patients with diabetes
and DN. Endothelial dysfunction, characterized
by reduced bioavailability of NO and increased
oxidative stress, is a hallmark of diabetes and DN
[25]. NO is produced from arginine by NOS.
Under conditions of low arginine level or
hyperglycemia, endothelial NOS can become
uncoupled, producing reactive oxygen species
instead of NO. When, arginase-2 elevated it can
inhibits NOS activity and expression and thus
induces endothelial NOS uncoupling, thereby
reducing NO bioavailability and inhibiting the
NO/cGMP pathway as well as increasing
oxidative stress [26].

L-citrulline was chosen as arginase inhibitor
based upon its reported arginase inhibiting
activity by other studies [27,28] and confirmed in
this study by decreasing arginase activity in
group 111 when compared with DN group.

Treatment with  L-citrulline leads to
significant improvement in renal function in spite
of havening no effect on blood glucose level.
This can be explained by improving the
hemodynamic factors of DN by decreasing
arginase activity and increasing NO level in renal
tissue in addition to its antioxidant effect. These
results were in agreement with that of other
studies [29,30].

Induction of DN in this study leads to
significant increase in TGF-B in renal tissue of
DN group when compared with control group
indicating that it may be a signalling factor for
progression of DN. This finding is the same of
Many studies reported that high glucose

stimulated collagen production by TGF-B, a
profibrotic cytokines [31]. TGF-f expression is
mainly increased in mesangial cells of diabetic
human glomeruli, but increased TGF-$
expression in glomerular endothelial cells has
also been reported [32].

Treatment with L-citrulline leads to non-
significant effect on TGF-B level in renal tissue
indicating that its nephroprotective effect is not
mediated by change in this factor.

Induction of DN in this study leads to
significant increase in AGEs in renal tissue of
DN group when compared with control group and
this finding is the same of other studies [33, 34]
which, explain that increased protein glycation
and AGEs formation as a consequence of
hyperglycemia are mostly implicated and are
responsible for diabetic complications due to
their ability to alter enzymatic activity, decrease
ligand binding, modify protein half-life and alter
immunogenicity.

PM was chosen in this study as AGEs
inhibitor as it is the most potent natural substance
for inhibiting AGEs formation [35]. As well as
another clinical study has demonstrated increased
degradation of vitamin B6 in diabetic patients
[36].

Treatment with PM in (DN+ PM group)
leads to significant improvement of renal
function with significant decrease in blood
glucose, renal AGEs, MDA, TGF-$ and increase
in GSH levels when compared with DN group.
This can be explained by other studies that PM
can inhibit three processes critical in
development of diabetic complications. Firstly,
PM can sequester glucose and reactive products
of glucose and lipid degradation, thus inhibiting
formation of advanced glycation and advanced
lipoxidation end products” Secondly, PM can
scavenge catalytic metal ions, thus inhibiting
toxic oxidative reactions; and thirdly, PM can
react with free oxygen radicals, thus preventing
them from damaging biologically important
macromolecules such as proteins and DNA
[33,37]. PM can scavenge toxic free radicals
being produced in excess by high glucose and
ketone levels in diabetic patients, and
pyridoxamine can increase the utilization of
glucose. pyridoxamine utilizes a two-pronged
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approach: it causes glucose to be metabolized
more quickly, effectively reducing high glucose
levels, while it consumes toxic free radicals
produced by high levels of glucose and ketones
(chemicals produced when fat is burned for
energy) accompanying diabetes [37].

Regarding TGF-B, it is an important
mediator for the pathogenesis of DN and may
inhibit matrix degradation, upregulate adhesion
molecules and enhance chemoattraction. The
increase observed in the TGF-f in renal tissue is
mostly attributed to hyperglycemia and AGEs
effects. TGF-B is a powerful stimulator for the
synthesis, deposition of collagen and other extra
cellular matrix (ECM) proteins. It may account
even partially for the thickening of the basement
membrane in DN [38].

TGF-p is considered the pivotal cytokine in
mediating collagen deposition in the kidney. Not
only does it stimulate gene expression of various
matrix proteins but it influences the matrix
degrading enzyme pathways by inhibiting the
synthesis of matrix metalloproteinases and
stimulating the production of metalloproteinase
inhibitors. In vitro studies have shown that a
range of stimuli increase TGF-f expression.
These include hyperglycemia, AGEs, stretch,
lipids and various products of oxidative stress, all
factors relevant to the progression of DN [39].

In DN group all biochemical abnormalities
have been linked to various structural aspects of
DN, including glomerular basement membrane
thickening, mesangial expansion,
glomerulosclerosis, and tubulointerstitial fibrosis.
Both L-citrulline and PM shows improvement of
renal histology and their combination shows the
most improvement.These results were in
agreement with Vivian Soetikno et al.[40], who
explained that AGEs accumulate in glomerular
basement membrane, mesangial cells, endothelial
cells, and podocytes of the patients with DN.
Their receptors (RAGE) are expressed by
mesangial cells, tubular cells, podocytes and
endothelial cells. Furthermore, the AGES-RAGE
interaction is considered as a causative factor for
DN through activating a series of intracellular
signal-cascade pathways which might induce the
generation of further signalling factors, such as
(TGF-B). This signalling factor might cause

mesangial ~ expansion,  glomerulosclerosis,
glomerular hyper permeability, and tubular
inflammation, etc. AGEs have, therefore, been
regarded as a focal target to inhibit the
irreversible deterioration of DN.

Treatment with PM leads to non-significant
effect on arginase activity and NO level in renal
tissue indicating that its nephroprotective effect is
not mediated by change in these factors.

In the current study the results show that
arginase inhibition has significant protective
effect on blood urea and serum creatinine more
than AGE inhibitors indicating that the
improvement in the hemodynamic factors leads
to more protective effect than the improvement in
the metabolic factors leading to DN.

To the best of my knowledge, this is the first
report that analyzes the effect of combination of
L-citrulline with PM on a DN model. The current
study revealed that their combination leads to
more significant protective effect on DN than
each one alone. This may be due inhibition of
both the metabolic and hemodynamic factors
leading to DN. And so synergistic interactions
among the various pathogenic pathways leading
to diabetic complications is critical in order to
develop interventions that confer optimal end-
organ protection.

5. Conclusion

This study opens new areas of therapy and
provides new modalities for the management of
DN. Targeting arginase activity and AGEs could
represent therapeutic options for patients at risk
of developing DN.
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