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Early antioxidant supplementation in the prevention

of diabetic nephropathy: alterations in NOS
expression precede renal functional decline

Abstract

Rat and human studies have shown that good glycemic control alone is not sufficient
to prevent the complications associated with diabetes, such as nephropathy. A proposed
culprit is excessive oxidative stress in the cells and vasculature of the kidney resulting in
endothelial cell dysfunction, which is one of the earliest and most pivotal consequences
seen in early diabetes. We hypothesized that an antioxidant (AO) diet would alleviate the
oxidative stress and prevent and/or delay the progression of diabetic nephropathy, even
with poor glycemic control. Early nephropathy in diabetes is associated with increased
intra renal nitric oxide (NO) production. Nitric oxide synthases (NOS) are a family of
enzymes that catalyze the production of NO. We report significantly lower endothelial nitric
oxide synthase (eNOS) with AO supplementation compared to the other 2 groups, which
means the AO diet led to the decrease in eNOS in the early phase of the onset of diabetic
nephropathy. Also, we noted a significant decrease in neuronal nitric oxide synthase (nNOS)
with AO supplementation, which is consistent with renal protection in the later phase of
diabetic nephropathy. Our results reveal evidence of molecular damage to the endothelium
and specialized structures of the kidney that precedes the onset of diabetes. These results
suggest early AO supplementation safeguards the kidneys from some of the forces that
induce hyperfiltration in early-stage diabetic nephropathy.
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Introduction

Diabetes imposes an enormous public and economic burden
on our population and nation. In adults, type 2 diabetes mellitus
(T2DM) accounts for approximately 90% of all diagnosed cases of
diabetes.! Diabetic nephropathy is the leading cause of end-stage renal
disease (ESRD) in the United States, accounting for more than 50%
of new cases of renal failure.? It was previously believed that good
glycemic control could prevent the complications associated with
diabetes: retinopathy, neuropathy, and nephropathy. However, it has
been shown that some animal models and patients with T2DM still
eventually develop diabetic complications, including nephropathy,
despite good glycemic control.?

One of the proposed mechanisms thought to cause these
complications is oxidative stress. Excessive oxidative stress in the cells
and vasculature of the kidney results in endothelial cell dysfunction,
which is one of the earliest and most pivotal metabolic consequences
leading to vasodilation seen in early diabetes.* Nitric oxide synthases
(NOS) are a family of enzymes that catalyze the production of nitric
oxide (NO) from L-arginine. In mammals, two constitutive isoforms
of NO synthase (NOS) are expressed in the kidney. The endothelial
isoform (eNOS) is the primary signal generator in the control of

vascular tone in the endothelium of the afferent and efferent arterioles
and the glomerular capillaries. The neuronal isoform (nNOS) is
expressed in great proportion in some of the specialized structures
of the kidney, such as the macula densa cells. When induced under
conditions of stress, such as oxidative damage, NOS enzymes undergo
extensive post-translational modification that yields a number of
different dimers and monomers.’

The net effect on renal NO production depends on the mechanisms
that prevail in a given stage of the disease. Based on the current
evidence, early nephropathy in diabetes is associated with increased
intra renal NO production mediated primarily by constitutively
released eNOS and nNOS. The enhanced NO production may
contribute to hyper filtration and micro albuminuria that characterizes
early diabetic nephropathy.®’” On the other hand, a majority of
the studies indicate that advanced nephropathy leading to severe
proteinuria, declining renal function, and hypertension is associated
with a state of progressive NO deficiency. In summary, early oxidative
stress causes increased production and secretion of NOS, and its
multimers tend to break down into active monomers. After prolonged
periods of stress, however, the monomers of NOS are depleted.®

Antioxidants (AOs) can prevent pathological changes in kidney
disease models, including animal and human diabetic models. Animal
studies have shown that AOs prevent glucose-induced activation
of many factors that are instrumental in endothelial cell injury.’
However, oxidative imbalance may start well before there is evidence
of overt nephropathy, and studies have shown a benefit of AOs on
preventing or delaying the development of diabetic microvascular
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complications.'*!" For example, when AOs are started on the day of
streptozotocin induction of TIDM in rats, renal function is preserved.'?
And early treatment with vitamins C and E plus insulin has shown to
significantly lower fasting blood glucose (FBG) in this rat model."

Therefore, we hypothesize that despite good glycemic control,
kidney damage will still occur and alleviating the oxidative stress in
a type 2 diabetic model using an antioxidant diet will prevent and/or
delay the progression of diabetic nephropathy even with poor glycemic
control. To test this hypothesis, we utilized the Wistar rat model of
T2DM, and evaluated the effects of dietary AO supplementation on
fasting blood glucose, body weight, markers of oxidative stress and
renal function. We report that an antioxidant diet appears to induce
a protective decrease in the level of NO and alleviates the oxidative
stress in T2DM.

Materials and methods

Type 2 diabetic rat model and groups

All animal work was conducted with approval from the Ohio
University Institutional Animal Care and Use Committee.

24 Male Wistar rats were purchased from Harlan Laboratories
(Indianapolis, IN) at 4-5weeks of age. After being acclimated to
laboratory conditions for 48 hours, they were randomly divided into
three groups (n=8 rats/group). Group 1 served as the non-diabetic
control and was fed a standard ad libitum diet (Purina Mills, Inc.,
St. Louis, MO, #5012). Group 2 served as the type 2 diabetic control
and was fed a 65% high-sucrose (HS) diet known to induce T2DM
(Purina Mills, Inc., St. Louis, MO, #57FB). Group 3 served as the
experimental group and was fed the same HS diet mixed 1:1 with an
antioxidant diet (Purina Mills, Inc., St. Louis, MO, #5TVN, Table 1).
Each group was maintained on their respective diets and had access to
water ad libitum for a total of 12weeks.

Table | Primary contents of the AO diet; Outline of contents in the
antioxidant diet

Antioxidant(AO) AO diet
Alpha-tocopherol (IU/kg) 100
Beta-carotene(ppm) 10.8
Selenium(ppm) 0.69
Zinc(ppm) 150
Manganese(ppm) 150
Copper(ppm) 12

Testing protocol

At weeks 0, 6, and 12, the animals were placed in metabolic cages
to collect 12hour urine specimens and FBG measurements using a
One Touch Glucometer (Johnson and Johnson). At these intervals,
their weights were also measured. During the 12hours of collection,
the rats had access to water only ad libitum. Measurements from
weeks 0, 6, and 12 were compared with corresponding measurements
of renal function. We evaluated renal function using multiple markers.
Glomerular filtration rate (GFR), based on creatinine clearance, was
determined using urine and plasma creatinine assay kits (Cayman
Chemical, Ann Arbor, MI #500701 and #700460), and urine output
levels. GFR per 100g of body weight was calculated by: urine
concentration multiplied by urine output and 100g, all divided by
plasma concentration multiplied by the weight of the rat.'* Protein
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concentration was determined using a rat urinary protein assay kit
(Chondrex, Inc., Redmond, WA #9040). These measurements were
collected at weeks 0, 6, and 12weeks.

Post-euthanasia analyses

At the end of the 12week period, the rats were euthanized and
one kidney was removed, the renal medulla and renal cortex were
separated, collected, and stored in liquid nitrogen for renal eNOS and
nNOS protein level analyses by Western blot.

Western blot analyses of eNOS and nNOS

Western blots of the collected kidney samples were performed to
detect the levels of eNOS and nNOS isoforms. Kidney cortex and
medulla were homogenized in HEPES/sucrose buffer containing
proteinase inhibitors and centrifuged at 8000g for 20 min at 4°C.
Electrophoresis was performed in unboiled conditions at 4°C on
5-15% Tris-HCI SDS-PAGE gradient gels. Total protein concentration
was detected using a Bicinchoninic Protein Assay Kit (Pierce,
Rockford, IL) and equal amounts of protein (30pg/lane) were loaded.
The proteins in the gels were then transferred overnight onto a PVDF
membrane. After transfer, each membrane was cut into two sections.
The upper part was developed with one of the NOS-specific antibodies
and the lower part with B-actin-specific-antibody that was used as
internal control. We applied polyclonal antibodies to nNOS (1:10,000
dilution, #7155, Sigma—Aldrich Corporation, St. Louis, MO) and
eNOS (1:1000 dilution, SC-654, Santa Cruz Biotech, Santa Cruz, CA)
with no cross reactivity among the different isoforms. The goat anti-
rabbit horseradish peroxidase conjugated secondary antibody (1:2000
dilution, #20320, Alpha Diagnostics International, San Antonio, TX)
was applied. The B-actin was measured as an internal control using
a monoclonal primary antibody (1:2000 dilution, A2228, Sigma-
Aldrich Corporation, St. Louis, MO) and horseradish peroxidase-
conjugated goat anti-mouse secondary antibody (1:30,000 dilution,
A9044, Sigma-Aldrich Corporation, St. Louis, MO). Membranes
were developed with ECL immunoblotting detection reagents with
quantification on a Chemi Doc chemi luminescent detection system
and Quantity One software (Bio-Rad, Richmond, CA). The results
were expressed as NOS/B-actin density ratio.

Statistical analysis

As the main analytic framework multilevel modeling was applied
to all dependent variables. Each model contained one between-
subjects factor treatment (TX: Control, Diabetic Control, AO diet) and
one within subjects factor time. In each model the baseline level was
included as a covariate to increase power to detect group differences.
At each time point pair wise comparisons between all possible pairs of
groups were performed. The significance level was set to 0.05. In the
figures data are presented as means+standard errors.

Results
Mean body weight

The three groups of rats gained weight at different rates throughout
the experimental timeline. Weeks 6 and 12 show proportional
increases in mean body weight between the 3 groups Figure 1.
Significant differences between the groups after week 0 were not
observed (Figure 1).

Fasting blood glucose

Significant differences in blood glucose were seen at week 12
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between the control and the two sucrose-fed groups. No significant ~ Mean urine protein concentration
difference in mean fasting blood glucose was seen between the sucrose-
fed group and the sucrose+AO group (Figure 2). AO supplementation
did not improve fasting blood glucose levels at the termination of the
experimental timeline (Figure 2).

The urine collected at weeks 0, 6, and 12 was used to calculate the
protein concentration of the urine at those intervals. No significant
differences in protein concentration were observed between the three
groups at any time point (Figure 4).
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Figure | Mean body weight, effect of antioxidant supplementation on weight standard deviations.

gain over |2weeks. Data are represented as means * standard deviations. eNOS and nNOS protein levels
p>002 In the samples of the renal cortex of the control group, bands of
120 74 and 130kDa (monomers) and 320 kDa (dimer) of eNOS were

1= Control P00 detected; medullary samples from the same group exhibited the same
100 + ® Sucrose two monomers, but no dimer. Groups 2 and 3 fed the HS diet reveal
B Sucose + AO significantly less of the 130-kDa monomer in the cortex and less of
the 74- and 130kDa monomers in the medulla as compared to the
controls. Both cortical and medullary tissue from the experimental
group exhibited significantly less of the 74-kDa monomer and total
amount of eNOS content than both the control and the sucrose-fed
group. No significant differences in total eNOS levels were noticed
between the control and the sucrose only-fed group (Table 2). nNOS
was expressed as 73 and 136 kDa splice forms in both cortex and
medulla. Cortical and medullary tissue from the experimental group
O Woeks 6 Weeks 12 Weeks exhibited significantly less nNOS content than renal tissues of the
Figure 2 Fasting blood glucose, effect of antioxidant supplementation on  control group. Also, medullary tissue from the sucrose-fed groups
fasting blood glucose levels over |2weeks. Data are represented as means =  had significantly lower nNOS content than controls. Significant
standard deviations. differences between the sucrose and sucrose + AO group were not
GFR observed (Table 3).
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Table 2 eNOS; Effect of antioxidant supplementation on eNOS/B-actin ratio

Urine and plasma collected at weeks 0, 6, and 12 were used i, the kidney cortex and medulla

to calculate the creatinine clearance (CC) at those intervals. No
significant differences in CC were observed between the three groups Control Sucrose Sucrose+AO
at any time (Figure 3).
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Figure 3 GFR; effect of antioxidant supplementation on GFR over |2weeks. » p<0.05 compared with Control; #: p<0.05 compared with
Data are represented as means * standard deviations. Sucrose
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Table 3 nNOS, Effect of antioxidant supplementation on nNOS/B-actin ratio
in the kidney cortex and medulla

Control Sucrose SucrosetAO
Cortex
73kDa 1.237£0.228 0.847+0.048 0.540+ 0.058*
136kDa 0.823+ 0.215 0.729+0.045 0.473+ 0.043*
Total 2.060+ 0.436 1.576+0.084 1.014+0.101*
Medulla
73kDa 1.321£0.129 0.729+0.092* 0.454+0.026*
136kDa 0.794+0.143 0.424+0.020* 0.276+0.042*
Total 2.115+0.268 1.153+0.111* 0.731+0.060*

*,p<0.05 compared with cortex

Discussion

The antioxidant (AO) diet given to type 2 diabetic (T2DM) rats
prevented and/or delayed the progression of diabetic nephropathy,
even with poor glycemic control. These results reveal evidence of
molecular damage to the endothelium and specialized structures
of the kidney that precedes the onset of diabetes, and early AO
supplementation appears to safeguard the kidneys from some of
the sheer forces that induce hyperfiltration in early-stage diabetic
nephropathy. This suggests that early supplementation of AO’s to
the diet would be an inexpensive way to preserve renal function and
prevent diabetic complications, even in the absence of good glycemic
control.

Typically, weight gain and obesity precede the increase in fasting
blood glucose and the subsequent development of T2DM. The
65% sucrose diet is able to induce significant increases in fasting
blood glucose (FBG) by 12weeks, yet they are below parameters
for diabetes. The experimental AO diet was unable to significantly
reduce FBG. Creatinine clearance is a marker for kidney function
and possible damage. Early kidney damage may manifest with an
increased creatinine clearance and subsequent decreases in creatinine
clearance once the glomeruli and capillaries of the kidneys have
been irreparably damaged. Proteinuria is another measure of kidney
function and potential kidney damage. Abundant amounts of protein
are dumped into the urine in individuals with diabetic nephropathy.
These conventional measures of kidney function did not reveal
significant differences in renal function. However, the NOS studies
reveal significant differences in oxidative damage at the level of the
endothelium. In order to understand the significance of the NOS
study results, one must understand the two phases of renal functional
decline in the progression of diabetic nephropathy. The early stage
is characterized by renal microvascular vasodilation and thus
hyperfiltration which begins to destroy the integrity of the glomerular
membranes. In the later stages of the disease, renal function declines,
structural damage appears, and the disease is unlikely to be reversible.

In mammals, the endothelial isoform of nitric oxide synthase
(eNOS) is involved in signal generation and in the generalized control
of vascular tone in the kidney. Increased expression of glomerular and
cortical eNOS correlates with more severe vascular complications and
degree of proteinuria.'’ Therefore, the findings can be interpreted to
mean that the AO diet led to the decrease in eNOS in the early phase
of the onset of diabetic nephropathy, compared to the other 2 groups.
This is beneficial because in the early phase of diabetic nephropathy,
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there is pre- and post-glomerular vasodilation that leads to increased
renal blood flow and hyperfiltration. Consequently, lower levels of
the vasodilator eNOS are protective in the early stages, given that less
stress is exerted on the glomerular capillary membranes, ultimately
attenuating the damage to the kidneys. Therefore, the AO diet appears
to induce a protective decrease in the level of NO, even before the
onset of a disruption in the eNOS system by damage incurred from
the hyperglycemic diet.

The neuronal isoform (nNOS) has been isolated in specialized cells
of the kidney, such as the macula densa cells and the juxtaglomerular
apparatus. In our model, cortical and medullary tissue from the
experimental group exhibited significantly less nNOS content than
renal tissues of the control group. Also, medullary tissue from the
sucrose-fed groups had significantly lower nNOS than controls.
Yamaleyeva et al.' demonstrated that chronic treatment with the nNOS
inhibitor L-VNIO conveys renal protection-that is, less inflammation
throughout the kidneys and reduced decline in GFR-independent of
changes in blood pressure in the salt-sensitive female strain described
in their study. The findings of this study reflect our findings where
nNOS levels were lowest in the diabetic rats administered the AO
diet in the later stage of the progression of diabetic nephropathy.
Again, the second phase of the progression of diabetic nephropathy is
characterized by lower GFRs and irreversible kidney damage. We feel
that if the study would have gone on longer, the creatinine clearance
would have been found to be higher in our treated diabetic animals
with corresponding depletion in the levels of nNOS.

Together, these findings imply that an AO diet has beneficial effects
in preventing diabetic complications such as diabetic nephropathy in
T2DM subjects when implemented at the earliest time of diagnosis.
In future studies, it would be beneficial to consider other components
of the NO pathway to solidify the claims made in this study. For
example, observing the AO diet in vivo effects to investigate further
into the renal microvascular vasodilatory effects to NO-mediated
vasodilators. Future studies may observe fasting blood glucose, body
weight gain, and more for a longer experimental period to prove
claims made in this study. An antioxidant diet may be an inexpensive
way to preserve renal function and delay the progression of diabetic
complications, even without good glycemic control.

Conclusion

An antioxidant diet may be an inexpensive treatment for type 2
diabetics. In this study, exchanging a regular diet for a diet rich in
antioxidants in the early stages of type 2diabetes was beneficial by
preventing or delaying the progression of diabetic nephropathy, a
common complication in diabetes, presumably by an initial decrease
of endothelial nitric oxide synthase and a later decrease of neuronal
nitric oxide synthase. Additional studies are needed to prove these
findings and extend the claims made.
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