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Background: Deficiency of vitamin C (L-ascorbic acid; AA) may induce renal glomular dysfunction in diabetes.
Few data are available for the role of continuous supplementation of AA on glomerular dysfunction and pathology
induced during diabetes.
Objective: To investigate long-term effects of AA supplementation on glomerular changes in streptozotocin
(STZ)-induced diabetic rats.
Methods: Diabetes was induced in Sprague-Dawley rats (180-220 g) by injection of STZ (55 mg/kg bw, iv). The
rats were divided into controls (CON), AA-supplemented controls (CON-AA), diabetic (STZ) and AA-
supplemented diabetic rats (STZ-AA). AA (1 g/L) was continuously supplemented to the rats for 4, 8, 16 and
24 weeks. The glomerular filtration rate (GFR), effective renal plasma flow (ERPF), renal vascular resistance (RVR)
malondialdehyde (MDA) and transforming growth factor-β1 (TGF-β1) levels were measured in the renal cortex.
Glomerular morphology was examined histologically. Renal hypertrophic index was calculated using kidney-to-
body weight ratio (KW/BW).
Results: Decreases in GFR and ERPF were ameliorated at week 16 and deteriorated at week 24 after AA
supplementation in STZ-AA rats. High blood glucose concentration was attenuated only at week 16. MAD and
TGF-β1 levels in renal cortex decreased significantly in STZ-AA rats at week 16 but not at week 24. The number
of abnormal glomeruli and KW/BW decreased significantly at week 16 in STZ-AA rats.
Conclusion: Long-term supplementation of AA may ameliorate the glomerular changes induced by diabetes.
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Diabetic nephropathy is a major cause of end-
stage renal disease. Features include glomerular
and tubular sclerosis [1]. Glomerulosclerosis is a
conspicuous morphological change in diabetes
mellitus [2]. Decreases in the glomerular filtration rate
(GFR) and the effective renal plasma flow (ERPF),
glomerular expansion, and thickening of glomerular
basement membrane occur in chronic diabetes mellitus
[2, 3]. Hyperglycemia is a known cause of renal
pathophysiology [4, 5]. It enhances oxidative stress
and directly affects mesangial cells to develop
glomerulopathy [6, 7].

In diabetes mellitus, malondialdehyde (MDA) has
been detected [8]. A link of oxidative stress has been
noted together with overproduction of transforming
growth factor-β1 (TGF-β1) [9, 10]. High concentrated

glucose ambient can induce mesangial cells to increase
TGF-β1 production, resulting in synthesis of
extracellular matrix protein [11, 12].

It has been known that vitamin C (L-ascorbic
acid; AA) is deficient in diabetes mellitus [13, 14].
Recent studies using diabetic rats [3, 15, 16] have
shown that renal hemodynamics and function can be
improved by supplementation of AA. Furthermore,
immunohistochemistry has shown that AA
supplementation can prevent glomerular TGF-β1
production in streptozotocin (STZ)-induced diabetic
rats [17].

A number of studies have indicated that AA is an
antioxidant and thus of benefit for diabetes mellitus
[18, 19, 20, 21]. In particular, functional defects of
vital organs relating to renal function, have been
reported [3, 16, 17, 22]. However, few data are
available for the role of continuous supplementation
of AA on glomular pathophysiological changes
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induced during diabetes. The objective of this study
is to elucidate long-term effects of vitamin C
supplementation on glomerular dysfunction and
pathological changes using STZ-induced diabetic rats.
By examining changes in MDA and TGF-β1 levels,
we evaluated the damage of renal cortical glomeruli.

Materials and methods

Animal preparation
This study was conducted according to the

guideline for the use of experimental animals of the
National Research Council of Thailand (1999). The
research protocol has been approved by the ethical
committee, Faculty of Pharmacy, Chulalongkorn
University (Bangkok, Thailand).

Ninety-six Sprague-Dawley rats (male, 2 month
old, 180-220 g body weight) were used for this study.
Rats were divided into control and diabetic groups.
The diabetes was induced by intravenous injection of
STZ (Sigma Chemical Co., USA) (55 mg/kg body
wt). Control rats were injected with an equivalent
volume of citrate buffer as a placebo. Two days after
the injection, fasting blood samples were collected and
the hyperglycemic state (blood glucose concentration
>200 mg/dl) was measured using a glucometer
(Advance Glucometer, Boehringer Mannheim,
Germany).

Total of ninety-six rats were divided into four
subgroups as follows. The control (CON) or diabetic
rats (STZ) were given tap water. Another control
(CON-AA) or diabetic rats (STZ-AA) was
supplemented with AA solution. AA (L-ascorbic acid
99%, Sigma, USA) was supplemented with drinking
water at a concentration of 1g/L [14], which was
prepared daily. The supplementation was started after
examining the blood glucose concentration. The fresh
AA solution was prepared by dissolving 1 g/l AA
in tap water every day [19] and supplemented to
CON-AA and STZ-AA. All animals were fed with a
standard rat chow diet and given either tap water or
AA solution ad libitum throughout the experimental
periods of 4, 8, 16 and 24 weeks.

Experimental procedure
We measured the fasting blood glucose

concentrations at week 4, 8, 16 and 24 of the
experimental periods, and renal clearances of inulin
(Cin) and para-aminohippuric acid (CPAH) at the end
of the experimental periods.

On the day of the experiment, the animal was
anesthesized with pentobarbitone sodium (60 mg/kg
bw, i.p.). After tracheostomy, the carotid artery was
catheterized for blood pressure measurement and for
blood collection. The femoral vein was catheterized
for infusion of normal saline or the solution of inulin
and para-aminohippuric acid. Both ureters were
canulated for urine collection approaching via midline
incision at linea alba. Normal saline solution was
infused at the rate of 10 ml/kg/hr. to replace the body
fluid loss during surgery. The solution of inulin (1 g/dl)
and para-aminohippuric acid (0.2 g/dl) in normal saline
was infused throughout the experiments. At the mid-
point of each urine collection, a blood sample from
the carotid artery was obtained for renal clearance
measurement. After each blood collection, the
total 0.8 ml of the replacing blood was transferred
immediately to the rat. The replacing blood was
prepared by using red blood cells from another rat
which were washed 3 times with normal saline solution
before mixing with 6 % bovine serum albumin in
normal saline to access the same total volume [23].
The mean arterial blood pressure (MAP) was recorded
continuously throughout the experiments. The blood
hematocrit (Hct) was measured. The concentrations
of inulin and PAH in the plasma and urine samples
were determined for renal clearances.

Renal hemodynamics
The GFR, ERPF and RVR were calculated using

the equations:

GFR = Cin= Uin V/Pin,                                 (1)

ERPF= CPAH = UPAH V/PPAH,                       (2)

ERBF = ERPF/{1-(Hct/100)},                     (3)

RVR = MAP/ ERBF.                                  (4)

In the above, GFR= Cin = glomerular filtration rate
(ml/min/g kidney wt), clearance of inulin (ml/min),
Uin=urinary inulin concentration (mg/ml), V=urine flow
rate (ml/min), Pin= plasma inulin concentration (mg/
ml), ERPF=effective renal plasma flow (ml/min/g
kidney wt), CPAH=clearance of PAH (ml/min), UPAH=
urinary PAH concentration (mg/ml), PPAH=plasma
PAH concentration (mg/ml), ERBF=effective renal
blood flow (ml/min/g kidney wt), Hct=hematocrit (%),
RVR=renal vascular resistance (mmHg/ml/min/g
kidney wt), MAP=mean arterial pressure (mmHg).
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The urine and plasma samples were analyzed using
the anthrone and Smith modified methods [24]. The
Cin and CPAH levels were calculated for determination
of GFR and ERPF, respectively. At the end of the
renal clearance study, both kidneys were immediately
excised. The adhering fat was removed and the
kidney was weighed. The renal cortex was isolated
using a stereomicroscope (20x), and homogenized in
phosphate buffer (0.1 M, pH 7.4). The renal cortex
homogenate was determined for MDA concentration
by reaction with 2-thiobarbituric acid (TBA) [25] and
TGF-β1 protein by enzyme-linked immunosorbent
assay (ELISA) kit (DRG Instruments GmbH,
Germany). The concentration of total protein in the
renal cortex homogenate was determined by Lowry’s
method [26] and the concentrations of MDA and
TGF-β1 was corrected

Glomerular pathology
Kidney-to-body weight ratio (KW/BW) was used

as an index of renal hypertrophy. A cross-section of
the kidney was isolated, and 2 mm-thickness pieces
were preserved in 10 % formalin. The sections were
embedded in paraffin and stained using the periodic
acid-Schiff staining method (PAS). The sections were
observed under light microscope to examine the
glomerulosclerosis.

Total of one hundred glomeruli per rat were
examined for number of normal and abnormal
glomeruli. Abnormal glomeruli were examined in terms
of vascular injury (loop collapse), regional adhesion
of glomerular tuft to Bowman’s capsule, and expansion
of mesangial matrix. These were classified into 5
grades [27, 28] as follows:
Grade 0: normal;
Grade 1: 1-25 % of the capillary damage,

proliferation of mesangial cells and/or
mesangial expansion;

Grade 2: 26-50 % of the capillary damage with
mesangial expansion and/or proliferation
of mesangial cells;

Grade 3: 51-75 % of the damage and mesangial
expansion;

Grade 4: more than 75 % of the sclerosed
capillaries.

Statistics
Results were expressed as means � standard

deviation (SD). Statistical analysis was made by
analysis of variance (ANOVA) using the least

significance test (LSD). A probability (P) less than
0.05 was considered to be significantly different.

Results

Changes in renal hemodynamics
Table 1 shows levels of renal hemodynamics

measured on different weeks in control and diabetic
rats with or without AA supplementation. Apparently,
the GFR and ERPF level decreased significantly in
STZ and STZ-AA rats, compared to CON or CON-
AA. No significant change of GFR and ERPF was
seen between STZ and STZ-AA at week 4 and 8.
GFR and ERPF in STZ-AA were around 50 % and
40 %, which were significantly higher compared to
STZ at week 16. At week 24, GFR and ERPF in STZ-
AA decreased significantly down to approximately
50 % and 70 % of those in STZ rats. RVR in STZ
and STZ-AA increased, compared to CON and CON-
AA. At week 8 and 16, RVR of STZ-AA decreased
significantly obout 50 % compared to STZ.

Changes in KW/BW, MDA and TGF-βββββ1
Table 2 shows kidney to body weight ratio (KW/

BW), MDA and TGF-β1 levels measured on different
weeks in diabetic and control rats with or without AA
supplementation. The KW/BW in STZ and STZ-AA
increased significantly, compared to those in CON and
CON-AA. Significant decrease appeared in KW/BW
in STZ-AA, compared to STZ at week 16 and 24.

The MDA level in the renal cortex did not increase
significantly in STZ and STZ-AA, compared to CON
and CON-AA at week 4. At week 8, the MDA level
in STZ was approximately 39 % which was higher
than that of CON. The MDA level in STZ-AA
increased slightly up to 28 %, which was higher
than that in CON. AA supplementation decreased
significantly the MDA at weeks16, but this effect
disappeared 24 weeks after AA supplementation.

The TGF-β1 levels in renal cortex did not show
a significant difference among groups at week 4 of
the experimental periods. At week 8, the TGF-β1
concentration of STZ was about 46 %, and higher
than that in CON and CON-AA. The TGF-β1 levels
in STZ-AA did not increase significantly. At week 16,
the TGF-β1 level in STZ was about 30 %. After AA
supplementation for 16 weeks, the TGF-β1 level in
STZ-AA decreased significantly by 27 % from the
value of STZ. This effect was not seen 24 weeks
after AA supplementation.



 282 M. Yusuksawad, et al.

Glomerular pathological changes
Figure 1 shows glomerular morphological

changes in STZ-induced diabetic rats. Normal
glomeruli seen in CON and CON-AA presented clear
images of capillary lumens, normal mesangial cells
without hyperproliferation and no mesangial material
matrix expansion (A). Glomerulosclerosis was
frequently observed in diabetic rats, showing
glomerular mesangial expansion, proliferation of
mesangial cells (B) and obliteration of the capillary
lumens with either diffuse or nodular lesions (C).

Table 3 shows changes of abnormal glomeruli at
different stages in which grade 0 corresponds to normal

glomeruli seen in CON and CON-AA. There was no
significant difference in the percentages of abnormal
glomeruli among groups at the specified period of week
4 and 8. At week 16 and 24, normal glomeruli in STZ
and STZ-AA decreased significantly in percentage,
but the percentage increased in grade 2, grade 3 or
grade 4-abnormal glomeruli, compared to CON or
CON-AA. After AA supplementation for 16 and 24
weeks, STZ-AA decreased significantly in grade 2-
abnormal glomeruli, compared to STZ. The
percentages of grade 3 and grade 4-abnormal glomeruli
of STZ-AA appeared to decrease, compared to STZ
at these periods.

Table 1. Renal hemodynamic parameters measured at weeks 4, 8, 16 and 24 in diabetic and control rats with or without
AA supplementation (n=6).

             Groups CON CON-AA STZ STZ-AA
Periods

             GFR week 4 0.70 + 0.14
 a

0.82 + 0.23
 a

0.49 + 0.16
b

0.39 + 0.06 
b

(ml/min/ g kidney wt)
week 8 0.98 + 0.16

 a

0.95 + 0.11
 a

0.29 + 0.16
 b

0.39 + 0.14
 b

week 16 0.82 + 0.13
 a

0.95 + 0.18
 a

0.36 + 0.12
 b

0.59 + 0.16
 c

week 24 0.97 + 0.18
 a

0.95 + 0.24
 ab

0.58 + 0.08
 b

0.32 + 0.07 
c

            ERPF week 4 2.02 + 0.76
 a

2.60 + 0.73 
a

0.66 + 0.31 
b

0.57 + 0.21
 b

(ml/min/ g kidney wt)
week 8 3.14 + 0.24

 a

3.55 + 0.37
b

0.47 + 0.19
 c

0.56 + 0.14
 c

week 16 2.82 + 0.54
 a

3.05 + 0.50
 a

0.49 + 0.20
 b

0.70 + 0.12
c

week 24 3.59 + 0.83
 a

3.37 + 1.01
 a

0.67 + 0.09
 b

0.23 + 0.17
 c

MAP (mmHg) week 4 117.8 + 10.5
 a

117.7 + 13.7
 a

86.7 + 8.8
 b

92.5 + 21.1
 b

week 8 114.7 + 12.4
 a

107.4 + 12.2
 ab

92.9 + 15.8 
bc

94.1 + 12.1 
bc

week 16 109.7 + 10.7
 a

102.2 + 8.5
 a

102.2 + 3.5
 ab

107.3 + 8.8
 ac

week 24 116.5 + 14.5
 a

119.2 + 18.0
 a

105.9 + 5.3
 a

116.5 + 4.2
 a

              RVR week 4 38.3 + 12.5
 a

28.6 + 13.9
 a

92.0 + 47.1
b

101.4 + 41.1
b

(mmHg ml/g kidney wt)
week 8 20.5 + 2.0

 a

16.3 + 2.0
 a

145.3 + 61.3
 b

97.1 + 33.6
 c

week 16 21.7 + 5.4
 a

18.7 + 3.8
 a

130.5 + 73.2
 b

79.5 + 9.9 
c

week 24 19.2 + 5.2
 a

21.3 + 8.5
 a

83.1 + 10.3
 b

339.6 + 131.1
 c

Values are expressed in terms of means + SD. Different or same letters in the rows indicate significant difference
(p<0.05) or non-significant difference, respectively.
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Discussion
Our results show that GFR, ERPF and RVR

changed significantly in STZ-diabetic rats with
and without supplementation of AA, compared to
control rats with and without supplementation of AA
(Table 1). In general, any alterations of ERPF and
GFR might be caused by unknown intrarenal changes
occuring in diabetic animals. In the present experiment,
the mean arterial blood pressure (MAP) remained
within the normal range (90-180 mmHg) as shown in
Table 1. This indicates that kidney autoregulation was
maintained throughout the period of our clearance
study.

In the present experiment, GFR level decreased
singficantly in diabetic rats, compared to control rats.
Hosteller et al. [29] reported a significant incresae in
the GFR level per body weight in diabetes mellitus.
Our result indicates that the GFR level was reduced
markedly per gram of kidney weight. RVR also
increased singnificantly in diabetic rats, compared to

control rats (Table 1). This increase coincided with
an appearance of glomerulosclerosis in diabetes
(Table 3). The increase in RVR may be due to matrix
materials accumualted in glomeruli, mesangia and
endothelium. GFR and ERPF increased significantly
at week 16 after supplementation of AA, compared
to the control levels of STZ-diabetic rats. These
increases correlated well with the decrease in RVR.
A number of reports have indicated that AA
administration can improve the vascular elasticity
through nitric oxide (NO)-dependent reactivity in
diabetic animals [30]. The present ERPF and GFR
increases might come from nitric oxide increasing in
renal blood vessels by supplementation of AA.

Our experimental results have shown that the
renal cortical MDA level decreased significantly
16 weeks after supplementation of AA. This
decrease corresponds to the decrease in TGF-β1, a
nephropathic biomarker. This finding suggests that
AA supplementation might reduce damage in the

Table 2. Kidney-to-body weight ratio (KW/BW), concentrations of MDA and TGF-β1 among groups of diabetic and
control rats with or without AA supplementation at weeks 4, 8, 16 and 24 (n=6).

      Groups CON CON-AA STZ STZ-AA
Periods

KW/BW (%) week 4 0.8 + 0.1
 a

0.8 + 0.1
 a

1.4 + 0.2
 b

1.4 + 0.1
 b

week 8 0.7 + 0.1
 a

0.7 + 0.1
 a

1.8 + 0.9 
b

1.7 + 0.3 
b

week 16 0.6 + 0.0
 a

0.7 + 0.1
 a

1.6 + 0.2 
b

1.3 + 0.1 
c

week 24 0.7 + 0.0
 a

0.7 + 0.0
 a

1.4 + 0.2
 b

1.2 + 0.1
 c

          MDA week 4 1.2 + 0.6
 a

1.6 + 0.8
 a

2.1 + 1.2
 a

2.2 + 1.1
 a

(nmol/mg protein)
week 8 1.8 + 0.5

 a
2.3 + 0.2

 b
2.5 + 0.4

 b
2.3 + 0.2

 b

week 16 2.3 + 0.5
 a

2.4 + 0.3
 a

2.7 + 0.5
 a

1.9 + 0.4
 b

week 24 1.6 + 0.2
 a

1.6 + 0.1
 a

  1.9 + 0.1
 b

  1.8 + 0.3
 b

      TGF-βββββ1 week 4 351.3 + 106.7
 a

379.2 + 113.6
 a

  319.7 + 88.1
 a

340.0 + 111.83
 a

(pg/mg protein)
week 8 411.4 + 71.2

 a
482.7 + 60.1

 ab
601.5 + 140.7

 c
521.1 + 70.9

 bc

week 16 497.4 + 85.8
 a

489.6 + 39.2
 a

645.0 + 128.7
 b

468.3 + 85.4
 a

week 24 395.3 + 60.4
 ab

373.8 + 50.6
 a

473.4 + 48.6
 c

455.1 + 83.3
 bc

Values are expressed in terms of means + SD. Different or same letters in the rows indicate significant difference
(p<0.05) or non-significant difference, respectively.
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renal cortex, relating with the occurrence of the
glomerulopathy as shown in Table 3. Interestingly,
our obtained TGF-β1 level in the renal cortex was not
significantly different among groups at week 4. In fact,
the TGF-β1 level increased markedly in both diabetic
groups of STZ and STZ-AA since week 8 to 24. Its
level was significantly different at week 16 and 24
(Fig. 2). According to Makino et al. [31], TGF-β1

mRNA expression appeared in the first month of
diabetes mellitus. Thus, it is reasonable to suppose that
TGF-β1 might contribute to diabetic nephropathy. It
took about 8 weeks to develop the nephropathy.

In our experiment, the level of TGF-β1 increased
markedly in diabetic rats at week 8, 16 and 24 of
diabetes. These results are in agreement with
the appearance of glomerular expansion and

Fig. 1 Histological images showing glomerular morphological changes in STZ-induced diabetic rats. A: a normal glomerulus,
characterized by the well-visualized capillary lumen, no mesangial proliferation and expansion. B, C: abnormal
glomeruli (glomerulosclerosis), characterized by mesangial proliferation, expansion of matrix material and glomerular
tuft adhering to Bowman’s capsule.
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thickening of glomerular basement membrane. These
morphological changes occurred at week 8 after
diabetic induction [2]. The TGF-β1 level in STZ rats
significantly increased from week 8, compared to
CON and CON-AA (Table 2). These results are in
accordance with the significant increase in KW/BW
(Table 2). We note that though the KW/BW
significantly increased in STZ and STZ-AA, the TGF-
β1 level was not singnificantly different among groups
at week 4. The increases in the TGF-β1 levels at
week 8, 16 and 24 correspond to the increases in the
KW/BW. In STZ-AA groups, the TGF-β1 level

declined significantly at week 16 after AA
supplementation, compared to STZ group. This may
be a reflection of decrease in the KW/BW in STZ-
AA group. It indicates that AA supplementation might
decrease TGF-β1, is associated with decreases in the
renal cortical MDA level and renal hypertrophy.

There was a decrease in total numbers of
abnormal glomeruli (Grade: 1-4) at week16 after AA
supplementation, compared to STZ group. This
indicates a beneficial effect of AA on pathological
changes of glomeruli. In addition, in the STZ-AA
group, normal glomeruli increased in number, but

Table 3. Percentages of normal and abnormal glomeruli of STZ-induced diabetic and control rats with or without AA
supplementation for 4, 8, 16 and 24 weeks (n=5).

                                                          Percentages of glomeruli
Periods Groups Normal                                                          Abnormal glomeruli

glomeruli grade 1 grade 2 grade 3 grade 4

week 4 CON 68.6 � 7.6
 a

28.2 � 6.8
 a

3.2 � 2.2
 a

0 + 0
 a

0 + 0
 a

CON-AA 67.4 � 9.5
 a

29.2 � 7.3
 a

3.4 � 2.7
 a

0 + 0
 a

0 + 0
 a

STZ 64.2 � 3.8
 a

28.2 � 2.3
 a

7.6 � 2.7
 a

0 + 0
 a

0 + 0
 a

STZ-AA 66.2 � 7.1
 a

26.6 � 2.7
 a

7.2 � 4.9
 a

0 + 0
 a

0 + 0
 a

week 8 CON 61.3  15.7
 a

29.8 � 5.7
 a

1.0 � 1.2
 a

0 + 0
 a

0 + 0
 a

CON-AA 68.0 � 7.7
 a

26.4 � 6.2
 a

5.8 � 3.1
 a

0 + 0
 a

0 + 0
 a

STZ 65.6 � 6.3
 a

29.4 � 8.4
 a

2.8 � 3.0
 a

0 + 0
 a

0 + 0
 a

STZ-AA 64.3 � 14.0
 a

29.0 � 8.2
 a

6.7 � 6.4
 a

0 + 0
 a

0 + 0
 a

week 16 CON 68.6 � 12.0
 a

28.4 � 10.1
 a

3.0 � 3.0
 a

0 + 0
 a

0 + 0
 a

CON-AA 66.0 � 13.7
 a

27.8 � 10.2
 a

6.5 � 4.5
 b

0 + 0
 a

0 + 0
 a

STZ 33.0 � 15.6
 b

40.3 � 10.0
 a

21.3 � 7.2
 c

0.5 � 1.0
 a

0 + 0
 a

STZ-AA 53.3  3.9
 a

35.8 � 2.9
 a

10.8 � 2.6
 bd

0.3 + 0.5
 a

0 + 0
 a

week 24 CON 69.8  8.1
 a

20.5 � 2.6
 a

7.8 � 6.8
 a

1.8 � 2.1
 a

0.3 � 0.5
 a

CON-AA 63.0� 3.8
 a

26.8 � 2.4
 b

9.8 � 3.4
 a

0.8 � 1.5 
a

0 + 0
 a

STZ 45.8  7.1
 b

33.0 � 4.5
 c

18.3 � 8.6
 b

2.5 � 2.6
 a

0.5 � 0.6
 a

STZ-AA 63.2 � 6.4
 a

27.8 � 5.1
 bc

7.8 � 3.9
 a

1.0 � 0.9
 a

0.2 � 0.4
 a

Values are expressed in terms of means + SD. Different or same letters in the rows indicate significant difference
(p<0.05) or non-significant difference, respectively.
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abnormal glomeruli (grade 2) decreased. These
coincided with decreases in the MDA, TGF-β1 level
and renal hypertrophy index (KW/BW) at week 16.

In conclusion, long-term supplementation of AA
to STZ-induced diabetic rats for 16 weeks can
ameliorate glomerular pathophysiological changes,
including increase in the GFR and ERPF, decrease
in the RVR, renal hypertrophy and severity of
glomerulosclerosis.
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