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The current research was designed to study the role of hydrogen in renal ﬁbrosis and the renal epithelial
to mesenchymal transition (EMT) induced by transforming growth factor-β1 (TGF-β1). Hydrogen rich water
(HW) was used to treat animal and cell models. Unilateral ureteral obstruction (UUO) was performed on
Balb/c mice to create a model of renal ﬁbrosis. Human kidney proximal tubular epithelial cells (HK-2 cells)
were treated with TGF-β1 for 36 h to induce EMT. Serum creatinine (Scr) and blood urea nitrogen (BUN)
were measured to test renal function, in addition, kidney histology and immunohistochemical staining of
alpha-smooth muscle actin (α-SMA) positive cells was performed to examine the morphological changes. The
treatment with UUO induced a robust ﬁbrosis of renal interstitium, shrink of glomerulus and partial fracture of basement membrane. Renal function was also impaired in the experimental group with UUO, with
an increase of Scr and BUN in serum. After that, Western-blot was performed to examine the expression of
α-SMA, ﬁbronectin, E-cadherin, Smad2 and Sirtuin-1 (Sirt1). The treatment with HW attenuated the development of ﬁbrosis and deterioration of renal function in UUO model. In HK-2 cells, the pretreatment of HW
abolished EMT induced by TGF-β1. The down-regulation the expression of Sirt1 induced by TGF-β1 which
was dampened by the treatment with HW. Sirtinol, a Sirt1 inhibitor, reversed the effect of HW on EMT
induced by TGF-β1. HW can inhibit the development of ﬁbrosis in kidney and prevents HK-2 cells from undergoing EMT which is mediated through Sirt1, a downstream molecule of TGF-β1.
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We have witnessed the beneﬁts on the treatment of renal
disease from the new technology and therapy in modern
medicine in the last decades. However, renal transplantation
remains the ultimate choice for patients with end-stage renal
disease (ESRD).1,2) Vascular anastomosis and immunosuppressor improve short-term survival of the allografts signiﬁcantly
after renal transplantation, but long-term survival is not satisfying. Chronic allograft nephropathy (CAN) is still the leading cause of allograft failure.2) However, CAN could hardly be
detected in the early-stage of allograft failure as urine protein
and serum creatinine (Scr) are lacking of the speciﬁcity and
sensibility to diagnose CAN, whose major pathological characteristic is renal ﬁbrosis.
Up to now, hydrogen has been gaining attention for its protective effects in kidney. Protective effects with hydrogen rich
water (HW) on kidney have been shown in rats with spontaneous hypertension,3) metabolic syndrome in SHR.Cg-Leprcp/
NDmcr rat kidney,4) renal ischemia-reperfusion injury,5) nephrotoxicity induced by ferric nitrilotriacetate,6) gentamicin7) or
cisplatin,8) etc. It has also been documented that HW improve
metamorphosis and nephrotoxicity induced by reactive oxygen
species (ROS) triggered by cisplatin.9) However, it remains
unknown, how HW protect kidney from ﬁbrosis. Smad2 and
smad3 regulate the transcription of downstream ﬁbrosis-related target genes,10,11) which are considered to play a key role in
the process of CAN.
Recently, several studies from different groups have shown
the signiﬁcant effect of Sirt1 on anti-ﬁbrosis in Diabetic Ne#
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phropathy (DN) and Acute Kidney Injury (AKI).12–15) Silent
information regulator (Sir) is a family of genes which participates in the regulation of lifespan.16) Sirtuins (Sirt), mammalian homologs of Sir2, is a family of nicotinamide adenine
dinucleotide-dependent deacetylases.17) Up to date, seven sirtuins (Sirt1–7) have been found in mammals, localizing in different subcellular compartments such as the nucleus (Sirt1, 2,
6, 7), cytoplasm (Sirt1, Sirt2), mitochondria (Sirt3, 4, 5) which
have exert functions in many physiological and pathological processes such as cancer, diabetes, neurological diseases
and regulation of lifespan.18–20) As we all know, increasing
evidences have revealed the signiﬁcant effect of Sirt1 on antiﬁbrosis in DN and AKI.12–15)
Hydrogen exists virtually everywhere in nature which is
found in almost every chemical compound. In this study,
we hypothesized that HW is able to alleviate renal ﬁbrosis
induced by transforming growth factor-β1 (TGF-β1) by impacting Sirt1. And the aim of this study is to ﬁnd out a noninvasive method for treating CAN, which may also be a novel
target of the treatment for CAN.

MATERIALS AND METHODS
Reagents TGF-β1 was purchased from R&D Systems
(Minneapolis, MN, U.S.A.). Sirtinol from Sigma (Saint
Louis, MO, U.S.A.) was reconstituted with dimethyl sulfoxide
(DMSO) to make 10 m M of stock solution according to the
product instruction. Antibodies against alpha-smooth muscle
actin (α-SMA) and E-cadherin were bought from Epitomics
(Burlingame, CA, U.S.A.). Antibody against ﬁbronectin was
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obtained from Sigma. Antibodies against Sirt1 and Smad2
were brought from Cell Signaling Technology (Danvers,
MA, U.S.A.). Antibody against glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was bought from Santa Cruz Biotechnology (Dallas, Texas, U.S.A.). BCA Protein Assay Kit
was bought from Shanghai Biocolor BioScience & Technology
Company (Shanghai, China).
Preparation of HW HW was produced as that in previous studies.21) In short, puriﬁed hydrogen gas was dissolved
into water under the pressure of 0.6 MPa for 2 h and stored in
an aluminum bag without dead volume at 4°C.
Cell Culture and Hydrogen Treatment HK-2 cells were
purchased from American Type Culture Collection (Rockville,
MD, U.S.A.) and they were cultured in RPMI 1640 supplemented with 2000 mg/L NaHCO3, 10% fetal bovine serum
(FBS) (GIBCO BRL, Co., Ltd., U.S.A.), 100 U/mL penicillin
and 100 µg/mL streptomycin in an incubator with 5% CO2
at 37°C. When the cells reached a conﬂuence of 90%, they
were trypsinized and subcultured by a split ratio of one third
in new culture ﬂasks. For the treatment with hydrogen, HK-2
cells were seeded into culture dishes and cultured for 4 h.
Then, some dishes of medium were replaced to medium containing hydrogen medium. Before we stimulated with TGF-β1,
cells were incubated at 37°C for 12 h in culture medium containing molecular hydrogen or in normal culture medium. Cell
culture media were replaced three times in the morning, at
noon and in the evening every day.
Western Blot Analysis HK-2 cells were harvested in
RIPA lysis buffer after washing three times with ice-cold
phosphate buffered saline (PBS). The supernant was collected
after centrifugation at 10000×g for 15 min at 4°C and used
later for Western blot as cell lysates. The protein concentration of cell lysates was detected by BCA Protein Assay. After
being heated for 10 min at 95°C, 20 µg of cell lysates were
loaded separated by 10% sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) and transferred onto polyvinylidene
diﬂuoride (PVDF) membranes. The membranes were blocked
with 5% milk in Tris-buffered saline with 0.1% Tween-20
(TBST) for 2 h in the environment of room temperature, followed by an incubation with primary antibodies at 4°C overnight. The secondary antibody conjugated with horseradish
peroxidase (HRP) was incubated with the membranes for 2 h
in the environment of room temperature before the enhanced
chemiluminescent (ECL) substrate was applied to visualize
the target protein blots. GAPDH was used as the loading controls.
Animals and Unilateral Ureteral Obstruction (UUO)
Model Animal experiments were carried out under the
rules and regulations of the animal care and use committee at
Fudan University (Shanghai, China). Adult male Balb/c mice,
weighing 25±3 g, were used in this study. Mice were housed
under a light or dark cycle per 12 h and maintained with free
access to food and water.
A total of 24 mice were used and they were divided randomly into four groups (6 animals for each group): control
group, sham group, UUO group, and UUO+HW group. To
create the UUO model, animals were anesthetized with chloral hydrate and then UUO was performed under aseptic conditions. The left kidney and ureter were exposed through a midline incision in abdominal cavity, and the ureter was occluded
with two 5-0 sterile sutures at two points. The latter part was

ligated permanently to the uretero-pelvic junction. Animals
in sham group underwent similar surgical procedures with
no ligation of the left ureter. The control group, sham group
and UUO group were supplied with normal water, while the
HW+UUO group was supplied with HW. We supplied enough
normal water or HW to the mice twice per day according to
their groups for 3 d before surgery and thereafter for 10 d. The
average volume of consumption of normal water or HW was
4 mL per day for each mouse. After 10 d, the blood and left
kidneys of animals were collected for the biochemical analysis
and immunohistologic examinations.
Immunohistochemical Staining The tissues were ﬁxed
in 4% paraformaldehyde, embedded in parafﬁn, and transversely sliced at a thickness of 4 µm. Then, the general histology was determined by hematoxylin and eosin staining (H&E
staining) and Masson staining respectively.
Renal sections were deparafﬁnized in xylene, rehydrated in
graded ethanol and then they were treated with 0.3% hydrogen
peroxide for 30 min to quench endogenous peroxidase activity for immunohistological staining. Antigen was retrieved by
heating the sections in citrate buffer in a microwave oven for
5 min. After blocking non-speciﬁc binding in 1% of bovine
serum albumin (BSA) for 10 min, sections were incubated
with primary antibodies of α-SMA for 2 h. Afterward, the sections were incubated with secondary antibodies for 1 h after
washing away primary antibodies and being conjugated with
HRP-streptavidin for 30 min. Finally, α-SMA positive cells
were visualized with chromogen diaminobenzidine (DAB). At
last, the slides were counterstained with hematoxylin.
Statistical Analysis All data were expressed as
mean±strandard error of the mean (S.E.M.). Statistical differences were performed by one-way ANOVA followed by
Tukey’s multiple comparison tests. A p<0.05 was considered
statistically signiﬁcant.

RESULTS
The Treatment with HW Rescued Renal Function in
UUO Model UUO is a model used to investigate mechanisms of renal ﬁbrosis.22,23) With ureter ligation in the left
kidney, BUN and Scr increased signiﬁcantly in UUO group
compared with normal group and sham group (Table 1,
p<0.05), indicating renal dysfunction appeared. After the
treatment with HW, the increase in BUN and Scr was dampened (UUO+HW vs. UUO, p>0.05) and rescued renal function partially.
The Treatment with HW Inhibited the Development of
Interstitial Fibrosis in the Kidney Histologic examination
of kidney showed UUO caused severe interstitial ﬁbrosis, with
Table 1.
Model

The Treatment with HW Rescued Renal Function in UUO

Group
Normal
Sham
UUO
UUO+HW

x̄±S.D.
BUN (mmol/L)

Scr (µmol/L)

7.747±1.379
8.3176±1.340
11.231±2.504a
9.022±1.611

28.261±5.741
30.822±6.423
40.015±7.445b
32.063±7.577

BUN: a p<0.05 vs. Sham group, Scr: b p<0.05 vs. Sham group.
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The Treatment with HW Inhibited the Development of Interstitial Fibrosis in the Kidney

(A) Control group and Sham group, little change could be found (hematoxylin & eosin ×200). In UUO group, glomerular injury, base-membrane thickness and interstitial ﬁbrosis could be observed along with protein cast (hematoxylin & eosin ×200). HW+UUO group, glomerular injury and interstitial ﬁbrosis become slighter, more
normal glomerulus appeared (hematoxylin & eosin ×200). (B) Control group and Sham group, α-SMA was mainly marked in capillary wall (Immunohistochemical staining ×200). UUO group, α-SMA distributed in renal interstitium (Immunohistochemical staining ×200). HW+UUO group, α-SMA was observed in glomerular basement
membrane (Immunohistochemical staining ×200). (C) Blue stain could rarely be found in renal interstitium in control group and Sham group (Masson ×400). In UUO
group, renal interstitium was patently stained in blue (Masson ×400). In HW+UUO group, blue stain alleviated remarkably in renal interstitium compared with UUO
group in breadth and depth (Masson ×400). Con, UUO, Sham and UUO+H represent control group, UUO group, Sham group and UUO+HW group respectively.

mild or severe glomerular injury along with protein cast (Fig.
1A) and increased the number of α-SMA positive cells in renal
interstitium (Fig. 1B) markedly in UUO group. After the treatment with HW, glomerular injury and tubular degeneration
were observed mildly, and protein cast was rarely found (Fig.
1A, UUO+HW). In addition, α-SMA positive myoﬁbroblasts
which produce collagen and participate in ﬁbrotic diseased
cells actively were signiﬁcantly reduced to controllable levels after the treatment of HW in renal interstitium (Fig. 1B).
Furthermore, in Masson staining, blue stain could rarely be
found in renal interstitium in control group and sham group.
In UUO group, renal interstitium was patently stained in blue.
In HW+UUO group, blue stain alleviated remarkably in renal
interstitium compared with UUO group in breadth and depth.
The histologic examination has shown that the treatment with
HW abolishes ﬁbrosis induced by ureter ligation in kidney.
Moreover, we discovered that UUO model induced up-regula-

tion in α-SMA, a myoﬁbroblast marker, and down-regulation
in epithelial marker E-cadherin (Figs. 2A, B).
HW Prevented EMT Induced by TGF-β1 in HK-2 Cells
HK-2 cells underwent a morphological change from epithelial to spindle mesenchymal-like phenotype (Fig. 3A) with
TGF-β1 (2.5 ng/mL) for 36 h, which simultaneously induced an
up-regulation in α-SMA and down-regulation in E-cadherin
(Figs. 3B, C). The results are paralleled to the animal model.
The HK-2 with EMT cells also express abundant ﬁbronectin,
an extracellular matrix component (Fig. 3D). The pretreatment
with HW of HK-2 cells for 12 h abolished EMT induced by
TGF-β1 completely and the changes in α-SMA, E-cadherin
and ﬁbronectin expression (Fig. 3).
HW Suppressed EMT Induced by TGF-β1 in HK-2 Cells
via the Regulation of Sirt1 Smad2, one of the downstream
molecules of TGF-β1, was up-regulated in HK-2 cells during
EMT induced by TGF-β1 (Fig. 4). The pretreatment with HW,
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which abolished EMT, did not alter the expression of Smad2,
implying that HW did not regulate TGF-β1-Smad pathway to
prevent ﬁbrosis.
On the other side, Sirt1, anti-ﬁbrotic molecule, was downregulated by TGF-β1 in HK-2 cells during EMT, which was
salvaged by the pretreatment with HW for 12 h (Fig. 5A). To
further conﬁrm the contribution of Sirt1 to the effect of HW
against EMT, Sirtinol, a pharmacological inhibitor of Sirt1,
was employed to block the function of Sirt1. With treatment of
HK-2 cells by Sirtinol at 20 µM for 36 h to inhibit the activity
of Sirt1, the effect of HW on E-cadherin in HK-2 cells was
completely reversed (Fig. 5B), indicating Sirt1 was the molecule to exert anti-ﬁbrotic function of HW.

DISCUSSION

Fig. 2. The Treatment with HW Inhibited the Development of Interstitial Fibrosis in the Kidney
Western blot assay for α-SMA and E-cadherin expressions in kidney tissue and
graphical representation of the relative quantiﬁcation for α-SMA and E-cadherin.
The values of mean±S.E.M. (n=3) were gained from relative abundance quantiﬁed
by densitometry and normalized to GAPDH. (α-SMA: * p<0.05 vs. Control group);
(E-cadherin: * p<0.05 vs. TGF-β1 group). One-way ANOVA followed by Tukey’s
multiple comparison test. Con, UUO, UUO+H and Sham represent control group,
UUO group, UUO+HW group and Sham group respectively.

Fig. 3.

In the current study, we investigated the protective effect
of hydrogen against renal ﬁbrosis in UUO model and EMT
induced by TGF-β1 in HK-2 cells, then we found that the
treatment with HW inhibited EMT and the development of
renal ﬁbrosis, which was attributed to the expression of Sirt1
regulated by hydrogen.
EMT is a signiﬁcant step towards ﬁbrogenesis and it also
presents the morphological changes associated with upregulation of ﬁbronectin, α-SMA and down-regulation of
E-cadherin.10) We ﬁnd out that under the treatment with HW,

HW Prevented EMT Induced by TGF-β1 in HK-2 Cells

Pretreatment HW was given to HK-2 cells for 12 h and then TGF-β1 was given to the cells for the following 36 h. (A) The morphology of HK-2 cell was changed from
normal shape to spindle-shape with TGF-β1 stimulated compared with that of the control group, and the group with pretreatment of HW could reduce this change. (B–D)
Western blot assay for ﬁbronectin, E-cadherin and α-SMA expressions in HK-2 cells and graphical representation of the relative quantiﬁcation for ﬁbronectin, E-cadherin
and α-SMA. (E) The relative values were calculated by the density of ﬁbronectin, E-cadherin and α-SMA vs. GAPDH (%). The values of mean±S.E.M. (n=3) were gained
from relative abundance quantiﬁed by densitometry and normalized to GAPDH. (α-SMA:* p<0.05 vs. Control group, # p<0.05 vs. TGF-β1 group, ** p<0.05 vs. Control
group, *** p>0.05 vs. Control group); (ﬁbronectin : * p<0.05 vs. Control group, # p<0.05 vs. TGF-β1 group, ** p>0.05 vs. Control group, *** p>0.05 vs. Control group);
(E-cadherin : # p<0.05 vs. TGF-β1 group, ** p>0.05 vs. Control group, *** p>0.05 vs. Control group). One-way ANOVA followed by Tukey’s multiple comparison test.
Con(C), TGF-β (T), TGF-β+H (T+H) and H represent control group, TGF-β1 group, TGF-β1 + HW group and HW group respectively.
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Fig. 4. HW Attenuated the Effect of EMT Which Had No Effect on
Smad2
Western blot assay for the expressions of sirt1 in HK-2 cells and graphical representation of the relative quantiﬁcation for Smad2. The values of mean±S.E.M.
(n=3) were gained from relative abundance quantiﬁed by densitometry and normalized to GAPDH. (* p<0.01 vs. Control group, # p>0.05 vs. TGF-β1 group, ** p<0.01
vs. Control group, *** p>0.05 vs. Control group). One-way ANOVA followed
by Tukey’s multiple comparison test. C, T, T+H and H represent control group,
TGF-β1 group, TGF-β1+HW group and HW group respectively.

Fig. 5. The Anti-EMT Effect of HW on HK-2 Cells Was Blocked by the
Inhibitors of Sirt1
(A) Western blot assay for the expressions of Sirt1 in HK-2 cells and graphical
representation of the relative quantiﬁcation for Sirt1. (B) Western blot assay for the
expressions of E-cadherin in HK-2 cells and graphical representation of the relative
quantiﬁcation for E-cadherin. The relative values were calculated by the density
of Sirt1 and E-cadherin vs. GAPDH (%). The values of mean±S.E.M. (n=3) were
gained from relative abundance quantiﬁed by densitometry and normalized to
GAPDH. (A: * p<0.05 vs. Control group, # p<0.05 vs. TGF-β1 group, ** p>0.05
vs. Control group, *** p>0.05 vs. Control group) (B: # p<0.01 vs. HW+TGF-β1,
*** p>0.05 vs. HW+TGF-β1). One-way ANOVA followed by Tukey’s multiple
comparison test. C, T, T+H, H and T+H+I represent control group, TGF-β1 group,
TGF-β1+HW group, HW group and TGF-β1+HW+inhibitor group respectively.

the change of protein expression of α-SMA, ﬁbronectin and
E-cadherin stimulated by TGF-β1 was attenuated (Fig. 3).
Besides, recent studies exhibited that HW could also attenuate
the damage on retina and lung via up-regulating the expression of Sirt1.24) Nevertheless, lack of attention was paid on
the mechanism by which HW mediated the protection of renal
ﬁbrosis induced by TGF-β1 or UUO. Thus we establish the
anti-ﬁbrotic role of HW in UUO model and renal tubular cell
line.
In our study, we found out that HW exhibited the ability of
improving renal function in UUO model as measured by BUN
and Scr, and the ability of restoring renal injury and ﬁbrosis
as examined by histology and Western blot, which indicating
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that HW is able to inhibit the development of renal ﬁbrosis
and restore renal function (Figs. 1, 2).
TGF-β1 is considered as a critical regulator of ﬁbrosis,
especially in the mechanism of ﬁbrosis in vitro.25) HK-2 cells
were treated with TGF-β1 to undergo EMT with signiﬁcant
up-regulation of α-SMA, ﬁbronectin and down-regulation of
E-cadherin, indicating HK-2 cells lost the epithelial phenotype
and transformed towards ﬁbrotic morphology, while we found
that HW could take a protective role of HK-2 cells (Fig. 3),
which suggests that the preventive effect of HW on ﬁbrosis
could be mediated by depression of EMT. All of these data
from our study indicate that HW prevents cell transformation
towards ﬁbroblast-like phenotype.
Smad proteins are downstream molecules of TGF-β1 cell
signaling pathway. To investigate the mechanism of renal ﬁbrosis inhibited by HW, we tested Smad2 in EMT induced by
TGF-β1 in HK-2 cells and found that HW showed no effect on
TGF-β1-induced increase in Smad2 expression (Fig. 4), which
prompted us to seek new regulatory mechanism of HW.
In recent years, some studies have showed that the inhibition or inactivation of Sirt1 can enhance the ﬁbrosis following
renal injury.26,27) In our study, HW itself did not regulate the
expression of Sirt1, however, HW abolished down-regulation
of Sirt1 induced by TGF-β1 (Fig. 5A). Moreover, when Sirt1
was inhibited by sirtinol, a Sirt1 inhibitor, HW failed intervention with EMT induced by TGF-β1 (Fig. 5B). Further studies on how HW regulates TGF-β1 and Sirt1 pathway are under
investigation.
In conclusion, our study reveals that HW is able to alleviate
the renal ﬁbrosis induced by UUO in animals, and prevent the
HK-2 cells from transforming to EMT induced by TGF-β1, in
which Sirt1 other than TGF-β1/Smad2 pathway is involved.
The ﬁnding from our study implies a therapeutic potential of
hydrogen against ﬁbrosis, and Sirt1 may be a latent target of
the treatment and diagnosis of ﬁbrosis.
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