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Original Article
Mycophenolate mofetil inhibits hypertrophy and
apoptosis of podocyte in vivo and in vitro
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Abstract: Objective: The present study aimed to examine the effect of mycophenolate mofetil (MMF), a new im-
munosuppressive agent, on hypertrophy and apoptosis of podocyte, and investigate the underlying mechanisms.
Methods: Cultured rat podocyte were exposed to 5.6 mmol/L normal glucose or 25 mmol/L high glucose with myco-
phenolic acid (MPA) or Valsartan for 72 h. For animal studies, streptozotocin-induced diabetic rats were untreated or
treated with MMF or Valsartan for 16 weeks. After 16 weeks of treatment, the weight of kidney and body, 24 hours
urinary protein excretion and serum glucose was detected. Histomorphology of renal tissue was observed by opti-
cal microscope and electron microscope. Apoptosis of podocytes were determined by transferase-mediated dUTP
nick-end labeling (TUNEL) test. The protein expressions of p21°L, p274rL bax and bcl-2 were examined by Western
blot. Results: p27<rt, p21°°t protein expression in podocytes exposed to high glucose for 72 h and in 16 weeks
diabetic glomeruli significantly increased (P<0.01). The expressions of bax, cleaved caspase-3 increased while the
expression of bcl-2 decreased in diabetic glomeruli as well as in high glucose. But they were all ameliorated in the
groups treated with either MMF or Valsartan. Conclusion: MMF can inhibit abnormal hypertrophy and apoptosis
of podocytes in the early stage of diabetes, partly by regulating the expression of cell cycle related protein p27+r?,
p21°rt and apoptosis related genes, such as bax, bcl-2 and cleaved caspase-3. These suggest that the protective
effects of MMF on renal function maybe partly through inhibiting abnormal renal cell growth by regulating cell cycle
or apoptosis related genes.
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Introduction Materials and methods

Renal hypertrophy in the early stage and glo- Podocyte culture
merulosclerosis in the end stage are the char-
acteristics of diabetic nephropathy (DN). Both
hypertrophy and apoptosis of renal cells are
thought to be involved in the pathogenesis of
renal enlargement. Our prior studies have sug-
gested that the apoptosis rate, the expressions
of bax, caspase-3 activity and cleavage inc-
reased while the expression of bcl-2 decreased
in DN group, but they were all ameliorated in
the groups treated with mycophenolate mofetil

Conditionally immortalized mouse podocytes
were provided by Institute of Basic Medical
Science, Chinese Academy of Medical Science
(No. 3111C0001CCCO00230) and were cul-
tured as previously described [2, 3]. Briefly, fro-
zen podocytes were first grown under permis-
sive conditions at 33°C in RPMI-1640 media
containing 10% fetal bovine serum (FBS, Hy-
clone company, America), 50 U/ml interferon-y
(INF-y) and 100 U/ml of penicillin/streptomycin

(MMF) [1]. Therefore, in this study we examined
the effect of MMF on the hypertrophy and
apoptosis of podocyte in vivo and in vitro, and
investigated the potential mechanism by exam-
ining the expression profile of the cell cycle and
apoptosis associated genes.

in collagen-coated flasks, and INF-y was tapered
down to 10 U/ml in successive passages. Then,
subcultivation under non-permissive conditions
without INF-y was started at 37°C with media
changed on alternate days. Differentiation of
podocytes grown for 10 days at 37°C was con-
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firmed by the podocyte marker synaptopodin
(polyclonal rabbit antibody, Abcam, England)
and validated by western blotting.

After confirming differentiation of podocytes
and serum restriction for 24 h, medium was
changed to RPMI medium containing normal
glucose (5.6 mmol/L glucose, NG), high glu-
cose (25 mmol/L glucose, HG), high glucose +
MPA 2.5x107 mol/L (Sigma, U.S.), (HG + M),
high glucose + Valsartan 107 mol/L (Novartis,
Beijing, China), (HG + V). After 72 h, podocytes
were harvested for either RNA or protein.

Measurement of cellular hypertrophy

Hypertrophy was determined by measurement
of cellular protein/cell counts and by flow
cytometry. After treatment either with MMF or
Valsartan, cells were harvested and washed
twice with phosphate-buffered saline (PBS). A
small aliquot of cells was counted in a Neubauer
chamber after resuspension in PBS. The
remaining cells were lysed in Complete Lysis M
reagent (Roche Diagnostics) and total protein
content was measured by a modified Lowry
method. Total protein content was expressed
as ug protein per 10° cells and normalized to
the corresponding control. Each experiment
was independently performed five times.
Finally, cell size was measured by FACS analy-
sis (FACS Calibur, Becton Dickenson) as for-
ward cell scatter (FSC). All experiments were
performed at least in triplicates.

Animals

32 male healthy Wistar rats, aged 6-7 weeks
and weighed 180-240 g, were from the
Experimental Animal Center of Shandong
University Medical College, Shandong, China. 8
were injected with diluent (NC, n=8) and 24
with 55 mg/kg streptozotocin (Sigma, U.S.)
intraperitoneally. Serum glucose levels were
measured 72 hours after to confirm the devel-
opment of diabetes if the serum glucose was
higher than 16.7 mmol/L. Diabetic rats were
then randomly subdivided into third groups:
One group treated with dissolvent (DM), anoth-
er treated with 15 mg/kg/d of MMF (Roche,
Shanghai, China), (DM + M), the third treated
with Valsartan (Novartis, Beijing, China), (DM +
V), by intragastric administration each day and
lasted for 16 weeks. This study was carried out
in strict accordance with the recommendations
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in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.
The animal use protocol has been reviewed
and approved by the Institutional Animal Care
and Use Committee (IACUC) of Yuhuangding
Hospital.

After 16 weeks of treatment, the serum glu-
cose, blood pressure and body weight were
measured. Kidney weights were measured at
the time of sacrifice. The 24 hours urinary pro-
tein excretion was determined by enzyme
linked immunosorbent assay. One kidney of
each rat was collected for histopathologic
analysis.

Western blot analysis

Sieved glomeruli and podocytes harvested
from plates were homogenized with 500 ul tis-
sue lysate on ice. Then the homogenate was
centrifuged at 12000 rpm for 10 min at 4°C.
The supernatant was collected and quantified
with a bicinchoninic acid (BCA) protein quanti-
tative kit (Pierce, UK). 20 pg of each protein
sample was separated by sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride
membrane (PVDF) (Invitrgen, U.S.). After blo-
cked with defatted milk powder, the PVDF
membrane was incubated with P21, P27kr,
Bcl-2, Bax, B-actin (Santa Cruz, U.S.) or Cas-
pase-3 (R&D, U.S.) at 4°C overnight. After
washed, the PVDF membrane was then incu-
bated with a secondary goat anti-rabbit anti-
body. The expression of targeted protein was
detected with enhanced chemiluminescence
test and auto scanned by a chemiluminescence
detector.

Immunofluorescence study

Immunofluorescence staining for nephrin was
performed with frozen kidney sections. Four-
micrometer sections were fixed in acetone,
blocked with 10% goat serum, and incubated
overnight with polyclonal goat anti-rat nephrin
antibody (Santa Cruz). Then, sections were
stained with fluorescein isothiocyanate-conju-
gated anti-goat IgG for 30 minutes at room tem-
perature. After washing with PBS, sections
were observed through a confocal laser fluores-
cence microscope (LSM-510; Carl Zeiss, Jena,
Germany).
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Figure 1. Cellular hypertrophy. A. The ratio of pro-
terin/cell numbers revealed a significant increase
in podocytes exposed to high glucose for 24 hours,
and continued to increase with the prolongation of
time. NG: normal glucose; HG: high glucose; M: my-
cophenolic acid; V: Valsartan. “P<0.05 and “"P<0.01
vs with the NG group. B. The increment in the ratio of
protein/cell numbers by high glucose was inhibited
with MPA or Valsartan in podocytes for 72 h. #P<0.05
and #P<0.01 vs HG group. Date are mean + SEM.

Statistical analysis

Data were presented as mean + standard error
of the mean (SEM) and analyzed by SPSS13.0
software. Comparison between two groups was
carried out using t-test. Statistical significance
was defined as 0.05 or less.

Results
Celluar hypertrophy

The ratio of proterin/cell numbers as a well-
established hypertrophy index revealed a sig-
nificant increase in podocytes exposed to high
glucose (0.828+0.23 vs 0.678+0.16, P<0.05)
for 24 hours, and continued to increase with
the prolongation of time (Figure 1A). A 1.9-fold
increase in the ratio of proterin/cell numbers
was observed in podocytes exposed to high
glucose for 72 hours, and the increment in the
ratio of protein/cell numbers by high glucose
was inhibited with MPA or Valsartan in podo-
cytes (P<0.05, Figure 1B). Celluar hypertrophy
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Figure 2. Western blot of p27%r?, p21°** in podocytes.
A-C. The protein expressions of p27rt p21°et re-
vealed a significant increase in podocytes exposed to
high glucose for 24 hours, and continued to increase
with the prolongation of time. "P<0.05 vs with the NG
group. Date are mean + SEM.

was also confirmed by FACScan flow cyto-
meter.

Podocytes p274rl, p21°rt protein expression

The p27¥rl, p21°PL protein expression were sig-
nificantly higher in high glucose than in normal
glucose podocytes at 24 h. There were 1.8-fold
and 1.6-fold increase in p274r, p21°*! protein
expression in high glucose compared with nor-
mal glucose cells for 72 h assessed by densi-
tometry (Figure 2). Figure 3 shows that MPA or
Valsartan ameliorated this high glucose-
induced increase p27°t, p21°rt protein expres-
sion. Moreover, MPA had more significantly
inhibitory effect on the protein expressions of
p274rt  petter than valsartan after 72 h
(P<0.05).

Apoptosis of podocytes
Exposure to HG for 48 hours resulted in a

remarkable increase in apoptotic podocytes
(4.97+0.58 vs 2.77+0.31, P<0.05), and these
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Figure 3. Western blot of p274, p21°,t in podocytes.
Administration of MPA or valsartan significant ame-
liorated the increase in the protein expressions of
p27krt, p21°rt, #P<0.01 vs HG group for 72 h. More-
over, MPA had more significantly inhibitory effect on
the protein expressions of P27%r! better than valsar-
tan after 72 h, 4P<0.05. Date are mean + SEM.

increments in apoptosis were markedly amelio-
rated by the administration of MPA after 72
hours. Moreover, MPA had more significantly
inhibitory effect on apoptosis indexes of podo-
cytes better than valsartan after 72 h (P<0.05,
Figure 4).

Bax, bcl-2 and active fragments of caspase-3
protein expression in less and more podocyte

We secondly determined the changes of bax,
bcl-2 and active fragments of caspase-3 pro-
tein expression in hypertrophied podocyte.
Compared with incubation in NG, exposure to
high glucose for 48 h significantly induced bax
and cleaved caspase-3 protein expressions
and reduced bcl-2 protein expressions (bax/
bcl-2: 1.53+0.21 vs 1.07£0.12, P<0.01;
caspase-3/B-actin: 2.06+0.27 vs 1.11+0.14,
P<0.01) (Figure 5). These changes induced by
HG was significantly abrogated by MPA or
Valsartan. Moreover, MPA had more significant-
ly inhibitory effect than valsartan on the radio
of bax/bcl-2 and cleaved caspase-3 protein
expressions in HG after 72 h (P<0.05, Figure
6).

Animal data

After 16 weeks of treatment, systolic blood
pressure, glucose and 24 hour urinary protein
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Figure 4. Apoptosis indexes of podocytes in each
group. A. The apoptosis indexes of podocytes indi-
cates a significant increase exposed to high glucose
for 48 hours, and continued to increase with the
prolongation of time, "P<0.05 vs with the NG group.
B. Apoptosis indexes of podocytes indicate signifi-
cant difference as compared with HG and HG + M,
#P<0.01. 4P<0.05 vs HG + V and HG + M. Date are
mean + SEM.

excretion were measured. We found that the
ratio of kidney weight to body weight and 24
hour urinary protein excretion in DN group
increased sharply but they were significantly
reduced by MMF or Valsartan (P<0.01). The
serum glucose in DN group was also higher
than thatin NC group, but it couldn’t be reduced
by MMF or Valsartan (Table 1).

Renal morphological changes of rats

Under the optical microscope and electron
microscope, we found that in DN group, the foot
process of podocytes fused and flattened, glo-
merular basement membrane exposed and
some podocytes ablated, the glomerular base-
ment membrane thickened and the mesangial
matrix increased. However, these changes were
alleviated after 16 w of treatment, which was in
accord with our previous studies [1].

Glomerular p27ri, p21°P protein expression

Figure 7 shows a representative Western blot
of equal amounts of protein from the lysates of

Int J Clin Exp Med 2015;8(10):19781-19790
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Figure 5. The expressions of Bax/Bcl-2 and cas-
pase-3 detected by Western blot. A-C. The protein
expressions of Bax/Bcl-2 and caspase-3 revealed
a significant increase in podocytes exposed to high
glucose for 48 hours, and continued to increase with
the prolongation of time. *"P<0.01 vs with the NG
group. Date are mean + SEM.

sieved control, diabetes mellitus, diabetes mel-
litus + MMF, and diabetes mellitus + Valsartan.
Glomerular p27¢rt, p21°** protein expression
were also increased in diabetes rats at 4 weeks
(P<0.05). Administration of Valsartan or MMF
in diabetic inhibited the increase in p27%ri,
p21°*t protein expression (Figure 8).

Nephrin expression

Immunofluorescence staining also revealed the
fact that untreated diabetic rats had a
decreased nephrin expression as well as
altered the expression pattern which mainly
locates in the central area of glomeruli rather
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Figure 6. The expressions of Bax/Bcl-2 and cas-
pase-3 detected by Western blot in cultural podo-
cytes, “P<0.01 indicate significant difference as
compared with the NG group; #P<0.01 indicate sig-
nificant difference as compared with the HG group
and HG + M or HG +V, 4P<0.05 vs HG + V and HG +
M. Date are mean + SEM.

than in peripheral area. MMF or valsartan treat-
ment can stop nephrin expression decrease
along the glomerular capillary area. These
results suggest that MMF or valsartan have a
supportive role in maintaining nephrin and thus
may be the glomerular filtration barriers (Figure
9).

Apoptosis of podocytes

Then number of apoptotic podocytes was sig-
nificantly increased in DM (2.63+0.31) com-
pared to NC (0.84+0.26) (P<0.01) at 8 weeks,
and continued to decrease with the prolonga-
tion of time, (3.72+0.54) compared to NC
(1.17+0.54) (P<0.01) at 16 weeks. It could be
inhibited by MMF and Valsartan [1] (P<0.05).

Protein expressions of of bax, bcl-2 and
cleaved caspase-3

Bax and cleaved caspase-3 protein expres-
sions were significantly increased, while bcl-2

Int J Clin Exp Med 2015;8(10):19781-19790
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Table 1. Clinical parameters measured at 16 weeks after treatment with MMF or Valsartan

Groups (n=8) NC DN+ M DN +V
Kw/Bw (%o) 4.57+0.24 8.49+0.43" 5.86+0.25"" 6.25+0.37""#
Blood glucose (mg/dl) 108.1+2.3 328.7+4.54" 323.4+3.36" 335.9+4.78™
Serum creatinine (mg/dL) 0.96+0.02 0.97+0.05 0.93+0.04 0.99+0.03
urinary protein (mg/24 h) 16.52+0.66 55.37+2.33" 23.84+1.83"# 29.10+1.27""#

MMF: mycophenolate mofetil; NC: normal control; DN: dissolvent (DM); DM + M: 15 mg/kg/d of MMF; DM + V: Valsartan. Data
are shown as mean + SEM. "P<0.05 and “"P<0.01 vs NC group. “P<0.01 indicates the significant difference as compared with

DN group.
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Figure 7. Western blot of p27%rt p21°rt in DM. A-C.
The protein expressions of p27't, p21°r! revealed a
significant increase in rats exposed to high glucose
for 4 weeks, and continued to increase. *"P<0.01 vs
with the NC group. Date are mean + SEM.

protein expressions were markedly decreased
in the DM compared to NC from 8 weeks (bax/
bcl-2: 2.27+0.20 vs 1.02+0.07, P<0.05;
caspase-3/B-actin: 1.69+0.28 vs 1.04+0.15,
P<0.05) (Figure 10). Administration of MMF or
valsartan significantly ameliorated the increas-
es in the radio of bax/bcl-2 (P<0.05) and
cleaved caspase-3 protein expressions in DM
glomeruli (P<0.05), which was in accord with
our previous studie [1].
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Figure 8. The protein expressions of p274rt, p21crt
in rats. Administration of MMF or valsartan signifi-
cant ameliorated the increase in the protein expres-
sions of p27%rt, p21°rL, #pP<(0.01 vs DM group for 16
weeks. Date are mean + SEM.

Discussion

Glomerular hypertrophy is a hallmark of diabet-
ic nephropathy. Beyond the paradigm of extra-
cellular matrix expansion resulting in complex
renal structural and functional changes, podo-
cyte injury has emerged to play a pivotal role in
diabetic nephropathy [4]. Podocyte depletion
could be a major mechanism driving glomerulo-
sclerosis and progressive deterioration of renal
function [5, 6]. Podocytes are terminally differ-
entiated cells and die rather than proliferate in
diabetic nephropathy [7]. Therefore, there is a
baseline expression of p27%*! in normal podo-
cytes; however, under diabetic conditions
p27%*t is upregulated and leads to further cell
cycle arrest which drives the cells towards
hypertrophy. This is of particular importance in
diabetes since the p27%* mice are partially
protected from diabetic nephropathy [8].

Int J Clin Exp Med 2015;8(10):19781-19790
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20um

Figure 9. Immunofluorescent staining of nephrin in kidneys (original magnification x300). A. Non-diabetic control
rat; B. Untreated diabetic control rat; C. MMF treated diabetic rat; D. Valsartan treated diabetic rat.

In this study, we demonstrated that p27+** and
p21°Pt  protein expression increased, as
assessed by Western blot in diabetic glomeruli
and in podocytes under high glucose condi-
tions, in accordance with previous studies [9,
10]. The immunohistochemical staining also
revealed that glomerular p274f* and p21°** pro-
tein expression was increased in diabetic rats,
which was in accord with the results of the
Western blot. Taken together, it seems that glo-
merular hypertrophy in diabetes is a conse-
quence of the hypertrophy of podocytes as well
as mesangial cells.

Recent evidence underscores the role of the
cyclin-dependent kinase inhibitors (CKI) p27¥irt
and p21°*! as important mediators of early
structural and functional renal abnormalities in
diabetic nephropathy, including podocyte injury
with subsequent proteinuria and renal hyper-
trophy [8, 11]. The diabetic milieu per se, hemo-
dynamic changes, and local growth factor such
as transforming growth factor-p (TGF-B) and
angiotensin Il are considered mediators in the
pathogenesis of cellular hypertrophy in diabe-
tes [12, 13].

One of the important upstream factors induc-
ing p27¢* is angiotensin Il. Angiotensin exerts
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a hypertrophic effect on mesangial cells and
renal tubular cells [14, 15]. In podocytes, angio-
tensin Il is known to mediate rearrangement of
the actin cytoskeleton [16], depolarization and
increase in cytosolic calcium activity [17], and
apoptosis [18]. To understand the underlying
molecular mechanism of angiotensin Il induced
hypertrophy, a number of investigation have
been performed upon the effect of angiotensin
Il on cell cycle regulatory proteins and CKls. Xu
et al. studied podocytes in glucose-stimulated
podocytes and in diabetic glomeruli and found
anincrease in p274** mRNA and protein expres-
sion in podocytes exposed to high glucose [19].
This increase in p27%? expression was associ-
ated with podocyte hypertrophy. Interestingly,
high glucose-induced p27¥P! expression and
hypertrophy of podocytes were attenuated by
an angiotensin Il receptor blocker indicating
that some of the effects may be mediated by
high glucose-induced angiotensin Il [19].
Angiotensin-converting enzyme inhibitors or
angiotensin Il receptor blocker treatment,
which became the standard therapy for diabet-
ic nephropathy, may prevent or even reverse
renal hypertrophy in diabetes [20-22]. In this
study, we also demonstrate that Valsartan
inhibits increased p27¥r* and p21°P* expres-
sion both in vivo and in vitro. Taken together,

Int J Clin Exp Med 2015;8(10):19781-19790
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Figure 10. The expressions of Bax/Bcl-2 and cas-
pase-3 in rats. A-C. The protein expressions of Bax/
Bcl-2 and caspase-3 revealed a significant increase
exposed to high glucose for 4 weeks and continued
to increase. “P<0.01 vs with the NG group. Date are
mean + SEM.

the observation that either ACE inhibitor or ARB
inhibits p27%Pt and p21°*! expression suggests
that the mechanism is related to an angioten-
sin Il blockade rather than direct antioxidant
effects.

In addition to hypertrophy, apoptosis has also
been implicated in the pathogenesis of diabetic
nephropathy [23-25]. The number of podocytes
is decreased in the glomeruli of patients with
type 1 and type 2 diabetes [26, 27], and a good
deal of evidence has shown that apoptosis is
also implicated in the process of podocyte loss
under diabetic conditions [28]. Changes in the
interaction of podocytes with the underlying
glomerular basement membrane and apopto-
sis of podocytes contribute to this depletion.
Our previous study found hyperglycaemia
induced podocytes apoptosis accompanied
with increased expression of cleaved cas-
pase-3, bax protein and decreased bcl-2 pro-
tein expression [1]. In this study, we found

19788

podocyte numbers were significantly decreased
for 48 h in high glucose or in 8-week diabetic
glomeruli compared to normal control; further-
more, podocyte numbers were significantly
lower in 16-week DN relative to 8-week DN.
Double immunofluorescence staining for neph-
rin revealed that apoptosis within 16-week DN
was significantly increased mainly in podo-
cytes. However, the hypertrophy of podocyte
was found in 24 h high glucose or 4-week dia-
betic glomeruli, with a concomitant increase in
p27%Pt and p21°Pt expression. Taken together,
we assume that apoptosis occurs principally
after 8 weeks of DN induction especially in
more hypertrophied diabetic glomeruli, result-
ing in fewer podocytes in DN. A recent study by
Menini et al. [29] also suggested that glomeru-
lar cell apoptosis was not an early feature in the
course of experimental diabetic glomerulopa-
thy, since it is preceded by glomerular hypertro-
phy, supporting our assumption. It has been
previously shown that hyperglycaemia directly
induces hypertrophy and later apoptosis in cul-
tured podocytes [19, 24, 30]. These findings
suggest that apoptosis is more operative in
more hypertrophied diabetic glomeruli.

Podocyte loss is closely correlated with the
onset and magnitude of glomerular sclerosis
[4] and a better understanding of podocyte
pathophysiology in diabetic nephropathy is nec-
essary to develop innovative therapeutic strat-
egies. MMF is an immunosuppressant and pro-
drug of mycophenolic acid, known for its anti-
inflammatory and antiproliferative properties
and used extensively in allograft rejection in
recent years [31]. MMF prevent renal disease
progression by suppressing lymphocytes, mac-
rophages infiltration and adhesion molecules
expression [32]. MMF can reduce renal injury in
anti-Thyl. 1-nephritis rats, and has the anti-
oxidant effect by blocking fibrosis in strepto-
zotocin (STZ)-induced diabetic rats [33, 34].
The present study demonstrated that MMF
could significantly inhibit hypertrophy and
apoptosis of podocyte. To further elucidate the
underlying mechanism of reduced viability of
podocyte induced by MMF, we investigated the
cell cycle arrest and apoptosis of podocyte
treated by MMF and found that treatment of
podocyte with MMF for 72 h caused a signifi-
cant increase of p27%*t and p21°rt expression.
These results demonstrate that the inhibitory
effect of MMF on podocyte hypertrophy is

Int J Clin Exp Med 2015;8(10):19781-19790
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mediated by significantly up-regulated p27%rt
and p21°°t expression. Moreover, we found
that MMF was able to inhibit podocyte apopto-
sis via increasing cleaved caspase-3 and bax
expression, decreasing bcl-2 expression. Taken
together, the coordinate inhibition of cell cycle
arrest and apoptosis contributes to the effect
of MMF on podocyte, consistent with the
results observed in other cell lines.

In summary, the present study revealed that
MMF could inhibit the hypertrophy and apopto-
sis of podocytes, probably via the regulation of
the expression of cell cycle-related genes and
bax/bcl-2. These data provide the support for
the potential application of MMF in the treat-
ment of diabetic nephropathy.
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