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Abstract The present study investigated the protective role
of growth hormone (GH) against hyperhomocystei-
nemia (hHcys)-induced activations of reactive oxygen
species/hypoxia-inducible factor (HIF)-1α, epithelial–
mesenchymal transition (EMT), and consequent glomeru-
lar injury. A hHcys model was induced by folate free diet in
mice. The urine protein excretion significantly increased while
plasma GH levels dramatically decreased in hHcys. Real-time
reverse transcription polymerase chain reaction showed that
GH receptor (GHR) level increased in the cortex of hHcys
mice, which mainly occurred in podocytes as shown by con-
focal microscopy. Recombinant mouse growth hormone
(rmGH) treatment (0.02 mg/kg, once a day for 6 weeks)
significantly restored the plasma GH, inhibited GHR
upregulation and attenuated proteinuria. Correspondingly,
rmGH treatment also blocked hHcys-induced decrease in the
expression of podocin, a podocyte slit diaphragm molecule,
and inhibited the increases in the expression of desmin, a
podocyte injury marker. It was also demonstrated that in
hHcys the expression of epithelial markers, p-cadherin and
ZO-1, decreased, while the expression of mesenchymal
markers, antifibroblast-specific protein 1 (FSP-1) and
α-SMA, increased in podocytes, which together suggest the
activation of EMT in podocytes. Nicotinamide adenine dinu-
cleotide phosphate oxidase (Nox)-dependent superoxide
anion (O2

.−) and hypoxia-inducible factor-1α (HIF-1α) level

in the hHcys mice cortex was markedly enhanced. These
hHcys-induced EMT enhancement and Nox-dependent
O2

.−/HIF-1α activation were significantly attenuated by
rmGH treatment. HIF-1α level increased in Hcys-treated
cultured podocytes, which were blocked by rmGH treat-
ment. Meanwhile, homocysteine (Hcys)-induced EMT
in cultured podocytes was significantly reversed by
HIF-1α siRNA. All these results support the view that GH
ameliorates hHcys-induced glomerular injury by reducing
Nox-dependent O2

.−/HIF-1α signal pathway and EMT.
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Introduction

Increased plasma homocysteine (Hcys) level is well known
to be associated with the progression of many degenerative
diseases such as cardiovascular diseases, Alzheimer disease,
and end-stage renal disease (ESRD) (Ravaglia et al. 2005;
Sato et al. 2005; Moshal et al. 2006; Triantafyllou et al.
2008). With respect to ESRD, recent clinical studies have
reported that plasma Hcys levels are associated with
microalbuminuria, a predictive parameter of ESRD, which
is independent of hypertension, diabetes mellitus, and car-
diovascular disease (Francis et al. 2004; Sabanayagam and
Shankar 2010). More recently, we and others have shown
that nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (Nox) activation and subsequent superoxide (O2

.−)
production in podocytes are important early mechanisms in
the development of hHcys-induced glomerular sclerosis
(Sen et al. 2009; Yi et al. 2009b; Zhang et al. 2010a).
Podocytes are an important structure of the glomerular fil-
tration barrier. Increasing evidence indicates that podocytes
may undergo epithelial-to-mesenchymal transition (EMT)
upon various pathological stimuli causing functional
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impairment, proteinuria, and glomerulosclerosis (Liu 2010;
Boini et al. 2011b; Zhang et al. 2011). Our previous study
showed that podocytes EMT enhancement could be regulated
by redox signaling, while inhibition of O2

.− production by
knocking out the gene of an essential catalytic subunit of
NADPH oxidase complex significantly blocked podocyte
EMT (Zhang et al. 2011), indicating that treatment against
Nox-derived oxidative stress would be a useful therapeutic
strategy for hHcys-induced glomerular sclerosis. Interestingly,
it has been shown that growth hormone exhibits anti-oxidative
actions and that deficiency of growth hormone is involved in
chronic kidney diseases (Wuhl and Schaefer 2002; Ungvari et
al. 2010). Our recent in vitro study demonstrated that growth
hormone (GH) reversed Hcys-induced podocytes EMT via
inhibition of Nox-dependent O2

.− production in cultured
podocytes (Li et al. 2011). We wondered whether GH treat-
ment would protect against the glomerular damage in vivo in
hyperhomocysteinemia.

GH, a peptide hormone produced by the anterior pituitary,
plays an important role in the regulation of renal function
through increasing renal hemodynamics and filtration rate
(Mak et al. 2008). It has been reported that GH resistance is
involved in the progression of chronic kidney disease (CKD)
and that treatment with recombinant GH can overcome GH
resistant and improve the progression of CKD (Wuhl and
Schaefer 2002). Moreover, recent studies have demonstrated
that GH decreases oxidative stress and recover antioxidant
defenses by reduction of reactive oxygen species (ROS)
through various enzymatic pathways (Csiszar et al. 2008;
Ungvari et al. 2010), which is consistent with our previous
in vitro study (Li et al. 2011). Therefore, it is possible that GH
may be involved in hHcys-induced glomerular injury.

It was reported recently that ROS induced epithelial cell
EMT was mediated by hypoxia-inducible factor-1α (HIF-
1α; Wu et al. 2012). HIF-1α has been demonstrated to be
associated with the progression of chronic renal injuries
(Nangaku 2006; Nangaku and Fujita 2008; Haase 2009).
Our previous study showed HIF-1α contributes to the
profibrotic action of angiotensin in renal medullary intersti-
tial cells (Wang et al. 2011). However, whether HIF-1 α is
involved in signaling associated with podocytes EMT is not
yet clear. The present study was to determine whether GH-
mediated beneficial action would protect glomeruli from
hHcys-induced injury through inhibition of ROS stimulated
HIF-1α activation in vivo using an hHcys animal model.

We observed the beneficial effects of GH on hHcys-
induced glomerular oxidative stress/HIF-1α activation,
podocytes EMT, as well as glomerular damage in a mouse
model, and also detected the effect of HIF-1α siRNA trans-
fection on Hcys-induced EMT in cultured podocytes. Our
results demonstrated that GH dramatically attenuated
hHcys-induced activations of Nox-derived ROS and
HIF-1α, and at the same time GH suppressed podocytes

EMT and glomerular sclerosis in hHcys, suggesting that GH
is an important protective factor against hHcys-induced
glomerular injury via the actions on ROS-induced HIF-1α
activation and EMT.

Methods

Animal procedures

Male C57BL/6 J mice (8 weeks of age) were used. All
protocols were approved by the Institutional Animal Care
and Use Committee of Virginia Commonwealth University.
To speed up the damaging effects of hHcys on glomeruli, all
mice were uninephrectomized as we described previously
(Yi et al. 2009b; Boini et al. 2011a) and others (Sen et al.
2009). This model has been demonstrated to induce glomer-
ular damage unrelated to the uninephrectomy and arterial
blood pressure, but specific to hHcys (Zhang et al. 2010b).
After a 1-week recovery period from uninephrectomy, mice
were fed a normal diet (ND) or a folate-free (FF) diet (Dyets
Inc, Bethlehem, PA, USA) for 6 weeks with or without subcu-
taneous injection of rmGH (National Hormone & Peptide
Program Harbor, UCLA Medical Center, Torrance,
California, USA) at a dosage of 0.02 mg/kg, once a
day. The dose of GH was chosen according to a recent
report (Zhang et al. 2010d). One day before these mice
were sacrificed, 24-h urine samples were collected using
mouse metabolic cages. After blood samples were col-
lected, these mice were sacrificed, and renal tissues
were harvested for biochemical and molecular analysis
as well as morphological examinations.

Cell culture

Conditionally immortalized mouse podocyte cell line,
kindly provided by Dr. Klotman PE (Division of
Nephrology, Department of Medicine, Mount Sinai School
of Medicine, New York, NY, USA), were cultured on col-
lagen I-coated flasks or plates in RPMI 1640 medium
supplemented with recombinant mouse interferon-γ at
33 °C. After being differentiated at 37 °C for 10–14 days
without interferon-γ, podocytes were used for the proposed
experiments. In the present study, preparation of L-Hcys (a
pathogenic form of Hcys) and rmGH, the concentration and
the incubation time of L-Hcys and rmGH treatment were
chosen based on our previous studies (Li et al. 2011).

ELISA analysis of GH level in plasma

The plasma GH levels were measured using a commercially
available ELISA kit (R&D Systems, Minneapolis, MN,
USA).
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High-performance liquid chromatography analysis
of plasma Hcys

Plasma total Hcys levels were measured by high-
performance liquid chromatography (HPLC) method as we
described previously (Chen et al. 2002).

Electromagnetic spin resonance analysis of Nox-dependent
O2

.− production

For detection of Nox-dependent O2
.− production, proteins

from the mouse renal cortex tissue were extracted using su-
crose buffer and resuspended with modified Kreb’s-Hepes
buffer containing deferoximine (100 μmol/L, Sigma, St.
Louis, MO, USA) and diethyl-dithiocarbamate (5 μmol/L,
Sigma, St. Louis, MO, USA). The Nox-dependent O2

.− pro-
duction was examined by addition of 1 mM NADPH as a
substrate in 10μg protein and incubated for 10min at 37 °C in
the presence or absence of SOD (200U/ml), and then supplied
with 1 mM O2

.−-specific spin trap 1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH,
Noxygen, Elzach, Germany) as we described before (Yi et
al. 2009b). The mixture was loaded in glass capillaries and
immediately analyzed for O2

.− production kinetically for
10min in aMiniscopeMS200 electromagnetic spin resonance
(ESR) spectrometer (Magnettech Ltd, Berlin, Germany). The
ESR settings were as follows: biofield, 3350; field sweep,
60 G; microwave frequency, 9.78 GHz; microwave power,
20 mW; modulation amplitude, 3G; 4,096 points of resolu-
tion; and receiver gain, 20 for tissue and 50 for cells. The
results were expressed as the fold changes vs. control.

Urinary total protein and albumin excretion measurement

Total protein content in 24-h urine samples was detected by
Bradford method using a UV spectrophotometer. Urine
albumin was detected by using a commercially available
mouse albumin enzyme-linked immunoassay assay kit
(Bethyl Laboratories, Montgomery, TX, USA) as we
described previously (Zhang et al. 2010c).

Morphological examinations

For observation of renal morphology using light micro-
scope, the kidneys were fixed with 4 % formalin solution,
paraffin-embedded, and stained with periodic acid-Schiff.
Glomerular sclerosis was assessed by a standard semiquan-
titative analysis and expressed as glomerular damage index
(GDI; Iacobini et al. 2004). Fifty glomeruli per slide were
counted and graded as 0, 1, 2, 3, or 4, according to 0, <25,
25–50, 51–75, or >75 % sclerotic changes cross a longitudi-
nal kidney section, respectively. The GDI for each mouse was
calculated by the formula: (N1×1+N2×2+N3×3+N4×4)/n,

where N1, N2, N3, and N4 represent the numbers of glomeruli
exhibiting injury grades 1, 2, 3, and 4, respectively, and n is
the total number of glomeruli graded.

Immunofluorescent staining

Immunofluorescent staining was performed using frozen
slides of mouse kidneys. After fixation with acetone, the
slides were incubated with antibodies against podocin at
1:200 (Sigma, St. Louis, MO, USA) or desmin at 1:100
(BD Biosciences, San Jose, CA, USA) overnight at 4 °C.
Then, the slides were washed and incubated with corre-
sponding Texas Red or Green-labeled secondary antibodies.
Finally, the slides were washed, mounted, and subjected to
fluorescent microscopic examinations. The images were
captured with a spot charge-coupled device camera. All
exposure settings were kept constant for each group of
kidneys (Boini et al. 2010).

The cells slides were fixed in 4 % PFA for 15 min. After
rinsing with phosphate-buffered saline (PBS), cells were
incubated with goat anti-FSP-1 (1: 50, Santa Cruz
Biotechnology, Inc, Santa Cruz, CA, USA), goat anti-P-
cadherin (1: 50, R&D system, Minneapolis, MN, USA)
antibodies. After washing, the slides were incubated with
Alex-488-labeled secondary antibodies for 1 h at room
temperature. After mounting with DAPI-containing
mounting solution, the slides were observed under a
fluorescence microscope under which photos were taken
and analyzed.

Double-immunofluorescent staining and confocal
microscopy

Double-immunofluorescent staining was performed using
frozen slides from mouse kidneys. After fixation with ace-
tone, the slides were incubated with rabbit antipodocin or
antidesmin antibody at 1:50 (Sigma), which was followed
by the incubation with Alex-555-labeled goat antirabbit
secondary antibody. Then, goat FSP-1 antibody at 1:50, goat
anti-zona occludens 1 (ZO-1) antibody at 1: 25 (Santa Cruz
Biotechnology Inc), goat anti-P-cadherin antibody at 1:25,
mouse anti-α smooth muscle actin (α-SMA) antibody at
1:200 (R&D system, Minneapolis, MN, USA), or goat
antigrowth hormone receptor 1:50 (Sigma, St. Louis, MO,
USA) was used to incubate the slides for overnight at 4 °C.
In addition, colocalization of P-cadherin vs. ZO-1
(Invitrogen) and FSP-1 vs. α-SMA was observed in the
slides of same groups. After washing, the slides were
incubated with corresponding Alex-488-labeled second-
ary antibodies. Finally, the slides were mounted and
subjected to examinations using a confocal laser scan-
ning microscope (Fluoview FV1000, Olympus, Japan;
Boini et al. 2011a)
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Real-time reverse transcription polymerase chain reaction

Total RNA from renal cortex tissue was extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according
to the protocol as described by the manufacturer. Aliquots of
total RNA (1 μg) from each sample were reverse-
transcribed into cDNA according to the instructions of the
first strand cDNA synthesis kit manufacturer (Bio-Rad,
Hercules, CA, USA). Equal amounts of the reverse tran-
scriptional products were subjected to polymerase chain
reaction (PCR) amplification using SYBR Green as the
fluorescence indicator on a Bio-Rad iCycler system (Bio-
Rad). The mRNA levels of target genes were normalized to
the β-actin mRNA levels. The primers used in this study
were synthesized by Operon (Huntsville, AL, USA) and the
sequences were: P-cadherin sense GTAAGGGCTACCGCT
CACTC, antisense TGTGAGGCCAAGTGAAAGAC; ZO-
1 sense GAGCTACGCTTGCCACACTGT, antisense
TCGGATCTCCAGGAAGACACTT; FSP-1 sense
GTTACCATGGCAAGACCCTT, antisense AACTTGTCA
CCCTCTTTGCC; α-SMA sense CAGGATGCAGAAGGA
GATCA, antisense TCCACATCTGCTGGAAGGTA;
growth hormone receptor: sense CCUCCAUUUGGAUAC
CCUATT, antisense UAGGGUAUCCAAAUGGAGGTA;
podocin sense TGGCACATCGATCCCTCACTGAAA, an-
tisense AGGTCACTGCAT CTAAGGCAACCT; desmin
sense CAGTCCTACACCTGCGAGATT, antisense
GGCCAT CTTCACATTGAGC; β-actin sense TCGCTGC
GCTGGTCGTC, antisense GGCCTC GTCACCCACATA
GGA (Li et al., 2011).

Western blot analysis

Nuclear protein or homogenates preparation and the com-
plete protocol for Western blot analysis have been described
previously (Li et al. 2007). The primary antibodies used in
this study are antipodocin (1:1,000, Sigma), antidesmin
(1:1,000, BD Biosciences), anti-ZO-1 (1:500, Invitrogen),
anti-P-cadherin (1:500, R&D System), anti-α-SMA
(1:5,000, R&D System), anti-FSP-1 (1:1,000, Abcam),
anti-HIF-1α (1:500, Novus Biologicals, Littleton, CO,
USA) or anti-β-actin (1:10,000, Santa Cruz Biotechnology).

Transfection of HIF-1α siRNA

Transfection of siRNA was performed using the siLentFect
lipid reagent (Bio-Rad) according to the manufacturer’s in-
structions. For a 10-cm dish, 200 pmol of siRNA was used.
After 6-h incubation in transfection reagent, the cells were
then switched to normal medium for overnight recovery and
ready for experiment. The target sequence of HIF-1α
siRNA was: CCGCTCAATTTATGAATATTA (QIAGEN,
Valencia, CA, USA). A scrambled siRNA (QIAGEN),

which was confirmed as nonsilencing double-stranded
RNA, was used as control for siRNA experiments.

Statistical analysis

All of the values were expressed as mean±SEM. Significant
differences among multiple groups were examined using
ANOVA followed by a Student–Newman–Keuls test. χ2

test was used to assess the significance of ratio and percent-
age data. p<0.05 was considered statistically significant.

Results

Changes in plasma GH level and glomerular growth
hormone receptor expression in hHcys mice

We detected the plasma GH levels in control and hHcys
mice with or without rmGH treatment. It was found that GH
level were significantly reduced in hHcys mice and the
reduced GH was restored by rmGH treatment (Fig. 1a).
Real-time PCR data showed that glomerular growth hor-
mone receptor (GHR) mRNA level was significantly in-
creased by 1.57-fold in hHcys mice compared with control
mice. However, these increased renal GHR mRNA expres-
sion in hHcys mice was substantially attenuated by rmGH
treatment (Fig. 1b). Immunofluorescent analysis showed
that GHR staining was more pronounced in the glomeruli
of hHcys mice compared with control mice and that rmGH
treatment decreased the elevation of GHR expression in
hHcys mice (Fig. 1c). There was no significant difference
in GHR expression in the glomeruli from control mice with
or without rmGH treatment. The summarized data are
shown in Fig. 1d.

Improvement of glomerular injury by rmGH treatment
in hHcys mice

HPLC analysis revealed that FF diet treatment significantly
increased the plasma total Hcys levels in uninephrectomized
C57BL/6 J mice compared with ND mice. The treatment of
rmGH did not change the Hcys levels (Table 1). In parallel
to the elevation of the plasma total Hcys level, urinary
volume, total protein, and albumin excretion were signifi-
cantly increased in hHcys mice compared with control mice
(Fig. 2a, b; Table 1). However, rmGH treatment significant-
ly attenuated the increases in urinary total protein and albu-
min excretion (Fig. 2a, b) in hHcys mice. Morphological
analysis showed a typical pathological change in glomerular
sclerotic damage, such as hypercelluarity, capillary collapse,
and extracellular matrix deposition in hHcys mice. The
average glomerular damage index was significantly higher
in hHcys mice. Treatment with rmGH attenuated this
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hHcys-induced glomerular injury in mice (Fig. 2c, d). The
growth hormone treatment did not alter the body weight in
control or FF diet fed mice with or without growth hormone
treatment. We also found that growth hormone treatment did
not cause mortality in ND or FF diet fed mice (Table 1).

Protective role of rmGH on the podocyte injury in hHcys
mice

We tested the effect of rmGH on the levels of podocin and
desmin, which were used as indications of podocyte dam-
age. It was found that the mRNA and protein levels of

podocin, a podocyte marker, were significantly decreased
in hHcys mice. Treatment with rmGH significantly attenu-
ated the hHcys-induced such podocin decrease (Fig. 3a–c).
In contrast, mRNA and protein levels of desmin, a podocyte
injury marker, were significantly increased in hHcys mice,
which were significantly inhibited by rmGH treatment (Fig.
3e–g). Immunofluorescent analysis showed that podocin
staining was expressed as a fine linear-like pattern along
the glomerular capillary loop. The podocin staining dramat-
ically decreased in the glomeruli from hHcys mice com-
pared with control mice. RmGH treatment restored this
hHcys-induced podocin decrease in the glomeruli (Fig.
3d). Desmin was less stained in the glomerular capillary
loop on the control mice, which was markedly increased in
hHcys mice. RmGH treatment almost abolished the increase
of desmin staining in glomeruli (Fig. 3h).

Immunofluorescent analysis of EMTmarkers in the glomeruli

Figure 4a showed the podocyte phenotypic changes upon
hHcys with or without rmGH treatment by immunofluores-
cent staining, where red color represented podocyte marker
podocin expression and green represented EMT markers
expression in glomeruli. Colocalization of epithelial
markers (P-cadherin and ZO-1) with podocin were signifi-
cantly decreased in the glomeruli from hHcys mice com-
pared with control mice. RmGH injection substantially
recovered this hHcys-induced decrease in the expression
of epithelial markers and podocin. However, Fig. 4b
showed mesenchymal markers, FSP-1 and α-SMA were
very weak in the glomeruli from control mice, while
mesenchymal markers expression significantly increased
in the glomeruli from hHcys mice. This hHcys-induced
increase of mesenchymal markers was markedly
inhibited by rmGH treatment.

Protective effect of rmGH on EMT markers expression
in renal cortex of hHcys mice

To further determine the role of rmGH against EMT in the
glomeruli, we detected the effect of rmGH on the mRNA
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Fig. 1 Plasma GH level, mRNA and protein level of GHRs in glo-
meruli of mice on normal diet or FF diet with or without GH treatment.
a ELISA data of GH level in mice plasma (n=6/group). b Real-time
PCR analysis of GHR mRNA expression. The data are presented as the
fold changes compared with mice on the normal diet (n=7/group).
c Representative confocal fluorescent images for GHR and desmin in
glomeruli from different mice. d Summarized co-localization coeffi-
cient data showing co-localization levels of desmin and GHR in
different groups of mice (n=4/group). *p<0.05 vs. mice on the normal
group, #p<0.05 vs. vehicle-treated mice on hHcys group

Table 1 Body weight, plasma Hcys concentration, and urine volume in C57BL/6J WT mice fed a ND or FF diet with or without growth hormone
treatment (n=5–11)

Parameters Ctrl ND GH ND Ctrl FF GH FF

Body weight (g) 22.8±1.0 22.5±0.8 23.9±1.5 23.5±1.2

Hcys conc (μM) 4.5±0.5 4.3±0.5 58.1±8.4* 54.7±8.8*

Urine volume (ml) 0.5±0.1 0.7±0.1 1.2±0.1* 1.2±0.2*

The data was expressed as mean±SEM

ND normal diet, FF folate-free diet, GH growth hormone, Hcys homocysteine
* p<0.05 as compared with Vehi ND
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and protein levels of epithelial markers, P-cadherin and ZO-
1. As shown in Fig. 5a, the mRNA levels of P-cadherin and
ZO-1 were significantly decreased to 77 and 70 % in the
cortex of hHcys mice, which were recovered by rmGH
injection. Figure 5b showed the protein expression of these
two epithelial markers presented a similar tendency like
mRNA levels. However, rmGH had no significant effects
in the protein and mRNA levels of p-cadherin and ZO-1 in
normal diet-fed mice. The summarized data of protein ex-
pression are presented in Fig. 5c.

We also determined the effect of rmGH on the expression
of mesenchymal markers, α-SMA and FSP-1 in the renal
cortex. As depicted in Fig. 5d and e, the α-SMA and FSP-1
protein levels and α-SMA mRNA level significantly in-
creased in hHcys mice compared with control mice. The
mRNA level of FSP-1 was also found to be increased in
hHcys mice, which also had a tendency to decrease although
it did not reach statistical significance (Fig. 5d, p=0.07).
RmGH treatment significantly inhibited the increases in
these hHcys-induced mesenchymal markers. Similar to its
actions on epithelial markers, rmGH had no evident effects
in protein and mRNA expression of α-SMA and FSP-1 in
normal diet-fed mice. The summarized data of protein ex-
pression are presented in Fig. 5f.

Treatment of rmGH decreased O2
.− and HIF-1α level

in the renal cortex of hHcys mice

To explore the potential mechanism underlying rmGH re-
covery of glomerular injury, we determined NADPH-
oxidase-dependent O2

.− production in the renal cortex. As
shown in Fig. 6a and b, ESR analysis demonstrated that
Nox-derived O2

.− production was significantly increased in
hHcys mice compared with control mice. RmGH treatment
markedly attenuated this hHcys-induced increase in O2

.−
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staining in glomeruli (n=4/group). *p<0.05 vs. mice on the normal
group, #p<0.05 vs. vehicle-treated mice on hHcys group
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production. However, rmGH treatment had no significant
effect on glomerular O2

.− production in control mice.
HIF-1α, one of the major factors mediating EMT, has

been implicated in chronic renal injury and that HIF-1α can
be increased by ROS, we detected whether rmGH treatment
also reduced hHcys-induced HIF-1α increases. Our results
demonstrated that hHcys alone significantly increases
HIF-1α protein levels in vivo (Fig. 6c, d). However,
rmGH treatment blocked hHcys-induced HIF-1α increases.
RmGH treatments alone did not show any effect on the
HIF-1α protein levels in vivo.

HIF-1α siRNA blocked Hcys-induced EMT in cultured
podocytes

To determine the role of HIF-1α in Hcys-induced podocyte
EMT, we examined whether inhibition of HIF-1αwould block
the Hcys-induced EMT. As shown in Fig. 7a and b, Hcys
induced HIF-1α in cultured podocytes. However, in the cells

transfected with HIF-1α siRNA, hHcys-induced decreases in
epithelial marker, p-cadherin was significantly reversed
(Fig. 7c). The fold changes of the P-cadherin in different
cultured cells were summarized in Fig. 7d. Using immunoflu-
orescent staining, Fig. 7e further confirmed that inhibition of
HIF-1α expression with HIF-1α siRNA reversed the Hcys-
induced changes in P-cadherin and FSP-1 expression.

Discussion

The present study demonstrated that plasma GH level was
significantly decreased in hHcys mice. RmGH treatment
recovered the GH levels and attenuated the hHcys-induced
activation of ROS/HIF-1α signal pathway and improved the
kidney damage. A novel finding of our study is that GH
treatment reduced the upregulation of mesenchymal markers
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and rescued the decrease of epithelial markers. Our results
demonstrate for the first time that GH treatment attenuated
kidney injury by blocking EMT through inhibiting the acti-
vations of Nox-dependent O2

.− /HIF-1α pathway in hHcys.
To our knowledge, the present study for the first time report
that GH treatment in mice prevents glomerular injury in-
duced by hHcys in vivo study.

The GH system is present in the kidney and is important
to kidney structure and function. GH-induced biological
responses are mainly associated with its binding to GHRs.
It has been reported that GH level may be decreased, nor-
mal, or even increased in CKD (Feneberg et al. 2003). Our
data shows that GH level in plasma were significantly
decreased and GHR expression in glomeruli was signifi-
cantly increased in the hHcys mice compared with control
mice, while GH treatment recovered the plasma GH level
and inhibited this hHcys-associated GHR upregulation. The
upregulation of GHR may be due to the feedback effect of
reduced GH levels. This is consistent with a recently report
that showed GH induced GHR downregulation (Deng et al.
2012). Colocalization of GHR with desmin in the present
study indicates that GHR is also located in podocytes, which
is consistent with our previous in vitro study showing that
GH protected podocyte from Hcys-induced damage (Li et
al. 2011). These results suggest that hHcys-induced glomer-
ular injury is associated with a reduced GH level in the

plasma and abnormal GHR expression in the glomeruli,
and that normalization of the GH system may exhibit ben-
eficial effects in chronic renal injury in hHcys.

RmGH treatment significantly attenuated hHcys-induced
increase of the urinary protein, albumin excretion, and glo-
merular pathological injuries. These results suggest that ad-
ministration of GH may prevent hHcys-induced glomerular
injury and therefore the maintenance of normal GH level may
be important for the protection of kidneys from hHcys-
induced injury or sclerosis. There are some evidences that
GH treatment reverses early atherosclerotic changes in growth
hormone deficient adults (Pfeifer et al. 1999) or possess
significant cardiac protective effect in uremia rats (Krieg et
al. 2008; Rabkin et al. 2008). In addition, GH-releasing pep-
tide ghrelin has recently been reported to protect the endothe-
lium from Hcys-induced injury, which is associated with
increases in endothelial nitric oxide synthase expression and
reduction of oxidative stress (Hedayati et al. 2009). These
reports in combination with the results from the present study
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suggest that GH treatment may protect multiple organs against
hHcys-induced damages including the kidneys. Because re-
duced GH levels or insensitive to GH occurs in other types of
chronic kidney diseases, the GH treatment may also produce
beneficial effects in chronic renal injury other than hHcys,
which requires further investigation. Given the anabolic prop-
erties of GH and its effects on increasing protein synthesis and
muscle mass, the earlier studies have investigated the relation-
ship of growth hormone and plasma homocysteine concentra-
tion in patients. In a randomized-controlled trial by Sesmilo et
al. (2001), it is reported that GH treatment for 18 months
declined plasma Hcys levels by 0.6 μM compared to
placebo-treated patients. In contrast, another two studies failed
to confirm the correlation of growth hormone and plasma
Hcys levels (Lewandowski et al. 2003; Randeva 2003).
Indeed, our results did not find difference in plasma Hcys
levels in animals treated with or without rmGH, indicating that
the beneficial effect of GH is not due to its involvement in the
metabolism of Hcys.

To explore the mechanism mediating the protective ac-
tion of GH on glomerular injury in hHcys, we observed the
changes in podocyte damage during hHcys, given that
podocyte dysfunction or effacement is considered the initia-
ting mechanism to produce glomerular injury or sclerosis,
leading to proteinuria with possible progression to ESRD
(Dressler 2006; Leeuwis et al. 2010). The present study
showed that podocin expression was reduced in the glomer-
uli of hHcys mice at both protein and mRNA level, while
another podocyte injury marker, desmin was significantly
increased in hHcys mice, which was abolished by rmGH
treatment. These results were consistent with our previous
reports in cultured podocytes that GH recovered Hcy-
induced podocyte injury through inhibited cell EMT pheno-
type (Li et al. 2011). The current study also showed that GH
inhibited glomerular EMT process in hHcys animal model.
These changed EMT markers were colocalized with
podocyte marker such as podocin, indicating that EMT
changes in glomeruli of hHcys mice indeed occurred in
podocytes. Since EMT is critically involved in the initiation
and development of glomerular sclerosis (Kang et al. 2010),
the blocking action of GH on glomerular EMT may be an
important mechanism to protect glomeruli from hHcys-
induced injury.

We also determined the possible inhibitory effect on local
oxidative stress by GH on glomerular injury in mice with
hHcys. These studies were focused on GH possible inhibi-
tory effect on local oxidative stress, because previous stud-
ies demonstrated that GH had beneficial effect on oxidative
stress-associated injury in other tissues or organs such as
heart, vessels, and lymphocytes (Arnold and Weigent 2003;
Seiva et al. 2008; Ungvari et al. 2010). At the same time,
our previous studies demonstrated that Hcys-induced
Nox-derived O2

.− production and subsequent injury of

different types of renal glomerular cells including podocytes
(Yi et al. 2009a; Zhang et al. 2010a). The present study
showed that hHcys significantly increased Nox-dependent
O2

.− production in glomeruli and such O2
.− production was

substantially inhibited by rmGH treatment. It is suggested
that GH may exerts its protective action via suppression of
O2

.− production in glomeruli.
Although increased ROS production in response to

hHcys has been demonstrated to be involved in hHcys-
induced podocytes EMT (Li et al. 2011; Zhang et al.
2011), the downstream pathway of ROS has not been deter-
mined in hHcys. HIF-1α, a key mediator of cellular adap-
tation to hypoxia, has been reported to induce EMT through
direct regulation of Twist, which inhibits epithelial marker
transcription (Yang and Wu 2008; Yang et al. 2008; Sun et
al. 2009; Zhu et al. 2011). It has also been demonstrated that
ROS production contributed to HIF1-α activation (Griguer
et al. 2006; Wu et al. 2012). Our data in the present study
showed that hHcys significantly increased the HIF-1α levels
in vitro and in vivo, while knocking down of HIF-1α totally
abolished this hHcys-induced EMT phenotype in podocytes,
providing further evidence that HIF-1α, as an important
positive regulator of EMT, critically involved in the
hHcys-induced podocyte EMT.

One interesting finding in this study is that GH level in
hHcys mice is significantly decreased while GHR expres-
sion was increased compared with control mice. The reason
for a low level of GH in hHcys mice is probably that
activated HIF-1α inhibited GH expression, which increased
GHR expression by the negative feedback loop. HIF-1α
regulates many target genes and thereby has an important
role in many physiological processes (Wang et al. 2011).
Recent study has shown that HIF-1 α may directly bind to
GH promoter region and decreased GH mRNA level (Vakili
et al. 2012). It has also been reported that overexpression of
HIF-1α or exposure to the hypoxia mimetic CoCl2 signifi-
cantly increase GHR mRNA levels and its promoter activ-
ities (Erman et al. 2011). These reports are consistent with
our present study, which showed that rmGH treatment re-
duced the HIF-1α levels and the GHR expression in hHcys
mice. Taken together, our data suggest that rmGH treatment
inhibited the hHcys-induced EMT phenotype through
ROS/HIF-1α signaling pathway.

In summary, the present study demonstrated a beneficial
action of GH on hHcys-induced glomerular injury, which
was attributed to its inhibition of glomeruli EMT via sup-
pressing ROS/HIF-1α signal pathway. It is concluded that
GH may be a novel therapeutic reagent for the prevention
and treatment of hHcys-induced glomerular injury or
sclerosis.
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