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Jrsolic acid inhibits early lesions of diabetic nephropathy
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Abstract. The present study sought to investigate the effects
of ursolic acid (UA) on the development of glomerular
hypertrophy and type IV collagen accumulation, two early
lesions associated with diabetic nephropathy (DN). By treating
streptozotocin (STZ)-induced diabetic mice with low-dose
UA (0.01% in food) for three months, the diabetes-induced
glomerular hypertrophy and type IV collagen accumulation in
the kidneys were found to be markedly ameliorated. Further
studies identified that UA treatment suppressed diabetes-
induced activations of STAT-3, ERK1/2 and JNK pathways,
but not the diabetes-induced activation of the p38 pathway.
Furthermore, diabetes-induced overexpression of iNOS in the
renal cortex was also significantly suppressed by the treatment.
UA may thus be considered as a potential therapeutic agent
in treating DN.

Introduction

Diabetic nephropathy (DN), a diabetic microvascular
complication, is the leading cause of chronic kidney failure
and end stage renal disease in diabetic patients. Glomerular
hypertrophy and excellular matrix protein accumulation are
key early diabetic nephropathy lesions contributing to the
development of final renal failure (1,2). Pathways that include
elevated reactive oxygen species, altered MAPK (mitogen-
activated protein kinase) pathways and the JAK-STAT
(Janus kinase-signal transducer and activator of transcription)
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pathway (3-5) have been suggested to play important roles in
the development of DN. Accumulating evidence suggests
that pharmacological compounds capable of normalizing these
pathways may be used to inhibit the development of the
disease (3-5).

Ursolic acid (UA) is a triterpene compound derived from
the berries, fruits, leaves and flowers of many medicinal plants.
It has been used in Asia for centuries as an antitumor, anti-
inflammatory, anti-hyperglycemia and immunomodulatory
drug (6,7), however, the exact molecular mechanism
underlying its beneficial effects remain unclear. A recent
study reported that administering high doses of UA and its
isomer oleanolic acid (0.1% and 0.2% w/w in food) resulted
in anti-glycative effects in the kidneys of diabetic mice (8),
possibly due to the hypoglycemic effects associated with the
administration of high doses of UA. To study the molecular
mechanisms underlying UA's beneficial effects on DN, in the
present study, UA was administered to insulin-deficient
diabetic mice at a much lower dose (0.01% w/w in food).
Experiments were carried out to study 3 aspects of the effects
of UA on DN: a) early DN lesions including glomerular
hypertrophy and excellular matrix protein accumulation; b)
signaling pathways involved in the development of DN,
including STAT and MAPK pathways; and c) the expression
level of inducibe nitric oxide synthase (iNOS), an inflammatory
enzyme.

Materials and methods

Streptozotocin (STZ)-induced diabetes model. Male C57BL
mice were obtained from the ABSL-III laboratory of Wuhan
University and housed in a temperature-controlled and light-
controlled environment with free access to water and food.
Insulin-deficient diabetes was induced as we previously
reported (9,10). The diabetic mice were randomly divided
into two groups: diabetics (n=10) and diabetics with UA
treatment (0.01% w/w in food; n=10). Mice (n=10) of similar
age injected with citrate buffer were used as nondiabetic
controls. Animals were handled according to the guidelines
approved by the Committee on Ethics in the Care and Use of
Laboratory Animals of Wuhan University. Three months after
onset of diabetes, blood glucose levels of experimental mice
were measured again to confirm the diabetic conditions before
they were sacrificed.

Histology. The kidneys from experimental animals were
rapidly dissected and fixed in 10% buffered formalin at 4°C
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Table I. Characteristics of experimental mice.

Body weight NFBG Kidney weight Kidney weight/
Group (n) (2) (mmol/dl) (mg) body weight (%)
SD (10) 22.9+1.6 27.2+5.6° 178.6+19.6 0.78+0.102
SD+UA (10) 24.2+1.20 23.0+4 42 177.6+14 4 0.74+0.072
N (10) 27.5+2.3 11.2+1.4 163.8+20.3 0.60+0.07

NFBG, non-fasting blood glucose; SD, diabetes; SD+UA, diabetes treated with ursolic acid; N, nondiabetes. *p<0.05 vs. nondiabetic group.

Fold changes

0.8

Figure 1. UA inhibits diabetes-induced glomerular hypertrophy. (A)
Representative PASH stained kidney sections. (B) Quantification
measurement results of glomerular volume. The data are reported as fold
changes that normalized to nondiabetic group, which was set up as 100%.
(SD, diabetes, n=10; SD+UA, diabetes treated with UA, n=10; N, nondiabetes,
n=10; "p<0.05 vs. nondiabetic group; “p<0.05 vs. diabetic group).

overnight. The kidneys were embedded in paraffin followed
by sectioning at 5-ym thickness on positively charged slides.
Sections were stained with periodic acid-schiff and hema-
toxylin (PASH) as we previously described (11). High
resolution pictures of 25-35 glomeruli per animal were taken
under an Olympus BX60 microscope equipped with a digital
CCD (x400 power), and the glomerular histology was
examined in a masked manner. The glomerular cross-sectional
areas (Ag) were measured using the ImagePlus 6.0 software
(Media Cybernetics, Bethesda, MD). The glomerular volume
(Vg) was calculated as described (12) using the relation that
Veg=B/k[Ag]¥?, and was further normalized to the mean
volume (set as 1) of the nondiabetic group.

Immunohistochemical detection of type IV collagen. Paraffin-
embedded sections were deparaffinized in xylene and
rehydrated in decreasing concentrations of ethanol. Sections
were incubated with 3% H,0O, for 5 min to quench endogenous
peroxidase activity followed by blocking with 2% goat serum
in PBS and immunostained with anti-type IV collagen
antibody (Rockland, Gilbertsville, PA) at 4°C overnight. After
extensive washing with PBST, sections were incubated with
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Figure 2. UA inhibits diabetes-induced increase in type IV collagen
accumulation in glomeruli. Semi-quantification analysis of type IV collagen
staining in the kidneys. The data are reported as fold changes that
normalized to nondiabetic group, which was set up as one-fold. (SD, diabetes,
n=10; SD+UA, diabetes treated with UA, n=10; N, nondiabetes, n=10;
“p<0.05 vs. nondiabetic group; “p<0.05 vs. diabetic group).

biotinylated anti-rabbit antibody (Vector Laboratories,
Burlingame, CA) for 1 h at room temperature. Positive staining
was visualized by DAB substrate (Vector laboratories) reaction
following the ABC kit (Vector laboratories). High resolution
pictures of 25-35 glomeruli per animal were taken under an
Olympus BX60 microscope equipped with a digital CCD
(x400 power). Semi-quantitative analysis of type IV collagen
(scale: 0-4) was performed by two investigators blinded to
the samples. The data are reported as fold changes with the
nondiabetic group set as 1.

Western blot analysis. The renal cortex was dissected under a
microscope and frozen at -80°C until use. Cortex tissue (20 mg)
was sonicated in RIPA buffer (Beyotime Biotech, China).
The amount of total protein was determined using the BCA
protein assay (Beyotime Biotech). Samples (20-50 pg protein/
sample) were separated by SDS-PAGE and electroblotted
onto nitrocellulose membrane (Bio-Rad, Hercules, CA).
Membranes were stained with washable Ponceau S solution
to visualize the equal protein loading. After a brief wash, the
membranes were blocked in 2% nonfat milk (Bio-Rad).
Primary antibodies against total STAT-3, phosphorylated
STAT-3, total ERK1/2, phosphorylated ERK1/2, total p38
MAPK, phosphorylated p38 MAPK, total JNK, phos-
phorylated JNK (1:1000 dilution; Cell Signaling Technology,
Danvers, MA), and iNOS (1:1000 dilution; BD Biosciences,
San Jose, CA) were applied overnight at 4°C. After extensive
washing, all blots were further incubated with appropriate
HRP-coupled secondary antibody (1:2000; Cell Signaling
Technology) and visualized by ECL reagent (Thermo
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Figure 3. UA inhibits the activation of STAT3 and suppresses the overexpression of iNOS in the kidneys of diabetic mice. (A) Representative Western blot of
pho-STAT3%7% in renal cortex (top panel) with densitometric quantification results (bottom panel). (B) Representative Western blot of iNOS in renal cortex
(top panel), with densitometric quantification results (bottom panel). Expression levels were reported relative to Ponceau S staining in the same samples, and
normalized to nondiabetic group, which was set up as one-fold (SD, diabetes, n=5; SD+UA, diabetes treated with UA, n=5; N, nondiabetes, n=4; "p<0.05 vs.

nondiabetic group; “p<0.05 vs. diabetic group).

Scientific, Rockland). The developed films were subsequently
scanned, and band intensities were quantified with the Quantity
One Software (Bio-Rad). The quantified protein levels were
further normalized to the nondiabetic group (set as 1).

Statistical analysis. All results were expressed as the mean
+ SD. Statistical significance was evaluated by analyzing
data variance with the Kruskal-Wallis test, followed by the
Mann-Whitney test. Differences were considered statistically
significant at p<0.05.

Results

Body weight, blood glucose and kidney weight. The values of
average body weight, non-fasting blood glucose and kidney
weight of experimental animals are summarized in Table I.
Consistent with previous reports (10,13), STZ-induced type 1
diabetes not only associated with significant body weight
loss and elevated non-fasting blood glucose, but also induced
a significant increase in kidney weight in the diabetic group
as compared with age-matched nondiabetic controls after 3
months duration of diabetes. Oral administration of low-dose
UA (0.01% in food) to diabetic mice had no significant effect
on any of these characteristics of diabetic mice (Table I).

Glomerular hypertrophy in the kidneys. One of the early
morphological changes in the kidneys associated with
diabetes is glomerular hypertrophy, resulting from urine
filtration overload (14,15). To evaluate the effects of UA
treatment on glomerular volume, PASH staining was applied.
Our results demonstrated that the average glomerular volume
of the diabetic group (n=10) increased by 37% compared
with the nondiabetic controls (n=10, Fig. 1). Oral administration
of low-dose UA to diabetic mice (n=10) significantly
inhibited diabetes-induced glomerular hypertrophy (p<0.05;
Fig. 1).

Glomerular type IV collagen accumulation in the kidneys.
Accumulation of extracellular matrix proteins in the mesangial
space is regarded as the major cause of glomerulosclerosis

(16). Type IV collagen, a non-fibrillar collagen, is one of the
major matrix proteins produced by the mesangial cells (17).
In the present study, we observed a significant increase in
type IV collagen accumulation in glomeruli of the diabetic
group compared with the nondiabetic group (three-fold
increase vs. nondiabetes; Fig. 2) by semi-quantitative analysis
described in Materials and methods. Administration of UA to
diabetic mice significantly suppressed such diabetes-induced
increase in type IV collagen accumulation in the glomerular
area (75% reduction vs. diabetes; Fig. 2).

Phosphorylated STAT-3 in the kidneys. STAT-3 plays
crucial roles in cytokine signaling, energy regulation and
inflammation (18). The transcriptional activity of STAT-3 is
controlled by the phosphorylation at tyrosine705 of STAT-3,
whereas it has been suggested that phosphorylation at
serine727 regulates mitochondrial energy metabolism (19).
By Western blot analysis, we identified a 1.7-fold increase in
phosphorylated STAT-3 at tyrosine705 in the diabetic kidneys
compared with nondiabetes (Fig. 3), whereas no effect was
observed on the level of phosphorylation at serine727 (data
not shown). The administration of UA to diabetic mice not
only significantly inhibited a diabetes-induced increase in
phosphorylation at tyrosine705 (63% reduction vs. diabetes;
Fig. 3A), but also significantly suppressed phosphorylation
of STAT-3 at serine727 in the kidneys (data not shown).

Expression levels of iNOS in the kidneys. Chronic inflammation
has been proposed to contribute to the development of DN
(16). Western blotting was used to quantify the expression of
iNOS, an inflammatory enzyme, in the kidneys of experimental
mice. As shown in Fig. 3B, diabetes induced a 2.9-fold
increase in iNOS expression compared with the nondiabetic
group. The administration of UA to diabetic mice significantly
suppressed this diabetes-induced iNOS overexpression in the
kidneys (73% reduction vs. diabetes; Fig. 3B).

Levels of total and phosphorylated (activated) MAPKSs in the
kidneys. Increasing evidence suggests that MAPKs play
important roles in the pathogenesis of diabetic nephropathy
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Figure 4. UA inhibits the activations of ERK and JNK, but not the activation of p38 MAPK in the kidneys of diabetic mice. (A) Representative Western blots
of pho-JNK, pho-ERK1/2, pho-p38 and their respective total proteins in renal cortex; (B-D) densitometric quantifation results of pho-JNK, pho-ERK1/2 and
pho-p38. Expression levels were reported relative to Ponceau S staining in the same samples, and normalized to nondiabetic group, which was set up as
one-fold (SD, diabetes, n=5; SD+UA, diabetes treated with UA, n=5; N, nondiabetes, n=4; “p<0.05 vs. nondiabetic group; “"p<0.05 vs. diabetic group).

(20). MAPK consists of three independent signaling pathways,
namely p38 MAPK, ERK1/2 and JNK, which are phos-
phorylated (activated) by different upstream kinases. Western
blotting was used to quantify the total protein levels of INK,
ERK1/2, p38 MAPK and their respective phosphorylated
(pho-) forms. As shown in Fig. 4, diabetes induced significant
increase in pho-JNK (25-fold), pho-ERK1/2 (2.5-fold) and
pho-p38 MAPK (4.5-fold) compared with nondiabetic
controls, but showed no effect on the total proteins of JNK,
ERK1/2 and p38 MAPK. The administration of UA to diabetic
mice had no effect on total proteins of JNK, ERK1/2 and p38
MAPK (Fig. 4). However, UA dramatically suppressed
diabetes-induced increases of pho-JNK (73% reduction vs.
diabetes) and pho-ERK1/2 (60% reduction vs. diabetes), while
showed no effect on diabetes-induced increase of pho-p38
MAPK (Fig. 4).

Discussion

Diabetic nephropathy is one of the major microvascular
complications that contribute to the high mortality rate
associated with diabetes. In this study, we found that
administering UA (0.01% in food) to STZ-induced diabetic
animals significantly inhibited diabetes-induced early lesions
of glomerular hypertrophy and type IV collagen accumulation
in glomeruli (Figs. 1 and 2).

We showed that UA markedly inhibited diabetes-induced
activation (phosphorylation at tyrosine705) of STAT-3 in the
diabetic kidneys. UA has been shown to inhibit both the
constitutive and interleukin-6-inducible STAT-3 activation in
myeloma cells (21). Increasing evidence suggests that the

activation of the JAK-STAT pathway, especially the activation
of STAT-3, plays a critical role in the development of DN
(13). For example, the activation of the JAK-STAT pathway
has been suggested to contribute to the extracellular matrix
accumulation under high glucose condition (22,23); whereas
STAT-3 knockdown diabetic mice are markedly lower in
proteinuria, mesangial expansion, glomerular cell proliferation
and macrophage infiltration than the wild-type diabetic mice
via down-regulating the expression of inflammatory markers,
the NF-kB activity and type IV collagen accumulation in the
kidneys (13). Similarly, in human glomeruli and tubulo-
interstitium biopsy samples, the expression levels of STAT-3
are significantly increased in patients with DN than in control
subjects (24). Furthermore, medicines used for DN such as
captopril (an angiotensin-converting enzyme inhibitor) and
candesartan (an angiotensin II receptor antagonist) are believed
to exert their therapeutic functions by inhibiting the diabetes-
induced activation (phosphorylation) of JAK-2, STAT-1,
STAT-3 and STAT-5 in the glomeruli of diabetic rats (25).
Thus, inhibition of STAT-3 activation by UA may contribute
to the anti-hypertrophic and anti-extracellular matrix
accumulation effects of UA in the kidneys of diabetic mice.
Since the STAT family is also involved in the regulation
of the inflammation process, which plays an important role in
the pathogenesis of DN (26), we next examined the effects of
UA on the expression of iNOS, one of key inflammation
mediators. We and others have previously reported that iNOS
plays critical roles in multiple diabetic complications, including
retinopathy, vasculopathy and neuropathy (10, 27-29).
Previous studies on the role of iNOS in DN have shown
varied results: on the one hand, increasing iNOS expression
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diabetic iNOS knockout mice showed increased mesangial
hypercellularity and increased interstitial type I collagen
accumulation compared with the wild-type diabetic mice,
possibly due to the complementary overexpression of eNOS
in these iNOS knockout mice (32). However, iNOS trans-
genic mouse has a diabetic phenotype with mild abnor-
malities in renal morphology (15). Our observations that UA
dramatically suppressed the diabetes-induced iNOS
overexpression in the kidneys of diabetic mice (Fig. 3B)
suggest that UA may also exert its beneficial effects via the
inhibition of diabetes-induced iNOS overexpression.

It has been reported that MAPK pathways may co-activate
with the JAK-STAT pathway under certain conditions such
as angiotensin II stimulation, and affect the development of
DN (33). Our results suggest that diabetes induced significant
activations of all three MAPK pathways in the renal cortex,
as demonstrated by a dramatic increase in the phosphrylated
(activated) proteins of p38 MAPK, ERK1/2 and JNK (Fig. 4).
The administration of UA inhibited the diabetes-induced
activations of ERK1/2 and JNK pathways (Fig. 4), but had
no effect on the diabetes-induced increase in the level of
phosphorylated p38 MAPK, indicating different MAPK
pathway may be responsible for different renal injuries caused
by diabetes.

The role p38 MAPK pathway involved in the development
of DN has been studied. Lim et al reported that in diabetic
MKK3¢db/db mice (MKK3 is an immediate upstream
kinase of p38 MAPK), decreased p38 MAPK signaling in the
diabetic kidneys was associated with nephroprotective effects
against diabetes-induced renal hypertrophy, podocyte loss,
mesangial cell activation, tubular injury and interstitial
fibrosis, suggesting MKK3 and perhaps also its downstream
p38 MAPK play an important part in the pathogenesis of DN
(34). However, our result that UA had no effect on diabetes-
induced increase in phosphorylated p38 MAPK suggesting
UA does not exert its nephroprotective effects via
normalizing the p38 MAPK pathway.

On the other hand, the administration of UA dramatically
down-regulated the diabetes-induced activations of ERK1/2
and JNK pathways (Fig. 4). ERK1/2 activation has been
suggested to associate with high glucose induced mesangial
and tubular cell hypertrophy, TGF-8 production and fibro-
nectin overexpression (35,36). It was also found in human
glomeruli biopsy samples that the mRNA levels of MAPK/
ERK kinase (MEK) 1/2, ERK1/2 and TGF- as well as the
protein levels of pho-ERK1/2 were significantly increased at
an early stage of DN, as compared with the control subjects
(37). The importance of the JNK pathway in renal injury has
also been documented: in unilateral ureteral obstruction
induced renal fibrosis model, renal fibrosis, collagen IV
accumulation and tubular cell death were inhibited in JNK1/2
deficient mice (38).

Overall, our results suggested that UA selectively
suppressed diabetes-induced upregulation of ERK1/2 and
JNK pathways, but not the p38 MAPK pathway. This
observation agrees with the previous study that mesangial
cell hypertrophy requires the activations of ERK and JNK
pathways, but not the p38 MAPK pathway (39), how UA

selectively suppresses the activations of two MAPK pathways
still requires further investigation.

In conclusion, oral administration of low-dose of UA to
diabetic mice significantly suppressed diabetes-induced
lesions of glomerular hypertrophy and excellular matrix
accumulation via inhibiting the activation of STAT-3, ERK1/2
and JNK pathways, as well as through inhibiting iNOS over-
expression in the diabetic kidneys. Therefore, UA may be
further considered as a potential therapeutic agent in inhibiting
the progression of DN.
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