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by Downregulation of Klotho
in Tubular Epithelial Cells
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Renal fibrosis is the main pathological characteristic of
chronic kidney disease (CKD), whereas the underlying mech-
anisms of renal fibrosis are not clear yet. Herein, we found an
increased expression of microRNA-34a (miR-34a) in renal
tubular epithelial cells of patients with renal fibrosis and
mice undergoing unilateral ureteral obstruction (UUO). In
miR-34a�/� mice, miR-34a deficiency attenuated the progres-
sion of renal fibrosis following UUO surgery. The miR-34a
overexpression promoted epithelial-to-mesenchymal transi-
tion (EMT) in cultured human renal tubular epithelial
HK-2 cells, which was accompanied by sharp downregulation
of Klotho, an endogenous inhibitor of renal fibrosis. Lucif-
erase reporter assay revealed that miR-34a downregulated
Klotho expression though direct binding with the 30 UTR of
Klotho. Conversely, overexpression of Klotho prevented
miR-34a-induced EMT in HK-2 cells. Furthermore, results
showed that miR-34a was induced by transforming growth
factor b1 (TGF-b1) through p53 activation, whereas dihydro-
myricetin could inhibit TGF-b1-induced miR-34a overexpres-
sion. Accordingly, dihydromyricetin administration dramati-
cally restored the aberrant upregulation of miR-34a and
Klotho reduction in obstructed kidney, and markedly amelio-
rated renal fibrosis in the Adriamycin nephropathy and
UUO model mice. These findings suggested that miR-34a
plays an important role in the progression of renal fibrosis,
which provides new insights into the pathogenesis and treat-
ment of CKD.
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INTRODUCTION
The incidence of chronic kidney disease (CKD) is a worldwide prob-
lem that seriously threatens human health and has increased
annually.1–3 In CKD patients, regardless of the initial etiology, renal
fibrosis is the predominant cause of renal function loss and is consid-
ered as a critical pathological characteristic leading to end-stage renal
disease (ESRD).4–6 Renal fibrosis is characterized by increased pro-
duction of a-smooth muscle actin (a-SMA) and extracellular matrix
(ECM) in the interstitium.7,8 Although it has been demonstrated that
tubular epithelial cells plasticity and interstitial fibroblast prolifera-
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tion are two major contributors to renal fibrosis,9 the molecular
mechanisms of renal fibrosis have not been fully elucidated yet.

MicroRNAs (miRs) are small, noncoding RNAs that directly bind to
the 30 UTR of target mRNAs and negatively regulate the gene
expression.10,11 The miRs plays crucial roles in diverse biological pro-
cesses, including cell development, differentiation, and survival.12–14

Aberrant miR expressions were found to be correlated with inflam-
matory diseases, metabolic diseases, cancers, and many more.15–17

Several miRs are involved in the progression of a variety of kidney dis-
eases, including renal cell carcinomas,18 diabetic nephropathy,19 and
acute kidney injury (AKI).20 miR-34a is a transcriptional target of
p53, which regulates the cell cycle and apoptosis, but the deficiency
of the miR-34a may contribute to cancer cell proliferation and resis-
tance to various therapies.21 Notably, recent studies showed that
expression of miR-34a was upregulated in renal tubular cells in
mice with cisplatin-induced nephrotoxicity.22 However, the distinct
roles of miR-34a in renal fibrosis are still not well clarified.

Dihydromyricetin (DHM), a 2,3-dihydroflavonol compound, is a
kind of natural flavonoid extracted from the Chinese herb Ampelopsis
grossedentata, which is a popular and multipurpose traditional Chi-
nese medicinal herb and has been used as herbal medicine or health
tea (Tengcha).23 It has been reported that DHM displays a broad
range of biological and pharmacological activities, including strong
anti-inflammatory, antibacterial, and antitumor properties, anti-
oxidant properties, and neuroprotective and hepatoprotective effects,
making it beneficial for the amelioration of atherosclerosis, attenua-
tion of diabetic cardiomyopathy, and induction of cancer cells
apoptosis.24–26 As known, tubular interstitial fibrosis is a hallmark
of kidney aging, and inflammation and oxidative stress play impor-
tant roles in the development of renal fibrosis.27,28 All of these
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Figure 1. miR-34a Expression Was Significantly Upregulated in the Kidney of Patients with Renal Fibrosis and UUO Mice

(A) Representative micrographs of Masson trichrome and fluorescence in situ hybridization of miR-34a in kidney tissue biopsy samples from patients with renal fibrosis (n = 8)

and control patients (n = 5). Paraffin sections were used for Masson trichrome staining and in situ hybridization. (B) Graphical presentation of kidney fibrotic lesions in different

groups after quantitative determination. The fibrotic lesions were indicated by blue areas in the center. (C) Quantification of miR-34a in kidney tissue biopsy samples in

patients with renal fibrosis. (D) The expression of miR-34a was determined by qRT-PCR in the mouse obstructed kidney at 3, 7, and 14 days after UUO surgery. U6 was used

for normalization. (E) Representative images showing the expression and localization of miR-34a at 14 days after UUO surgery by in situ hybridization. Quantification of miR-

34a in the mouse obstructed kidney at 14 days after UUO surgery. The scale bar corresponds to 50 mm. Data are means ± SD. n = 6 mice per group. ***p < 0.001.
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findings prompt us to hypothesize that DHM may also have thera-
peutic potential against renal fibrosis.

Herein, our study showed that miR-34a expression was upregulated
in tubular epithelial cells in patients with renal fibrosis and in ob-
structed kidney in unilateral ureteral obstruction (UUO) mice. More-
over, it is also revealed that miR-34a promoted tubular interstitial
fibrosis at least in part due to its downregulation of Klotho, an endog-
enous inhibitor of pro-fibrotic signaling pathways. We further found
that DHMwas able to increase Klotho expression and executed inhib-
itory effect on renal fibrosis through suppressing miR-34a upregula-
tion. These findings will provide new insights into the pathogenesis
and therapeutic target of renal fibrosis, and pioneer to demonstrate
that DHM may be a potential natural medicine to treat CKD.

RESULTS
Renal miR-34a Expression Increases Significantly in Both

Patients with Renal Fibrosis and UUO Mice

To investigate the role ofmiR-34a in the pathogenesis of CKD, we first
conducted immunostaining in kidney biopsy specimens from patients
with renal fibrosis (Table S1). A significant increase in the expression
of miR-34a was obviously observed in biopsy samples of fibrotic kid-
neys from patients with renal fibrosis. Notably, miR-34a expression
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was predominantly localized in the renal tubular epithelium of fibrotic
kidneys (Figures 1A–1C). We further examined the expression
changes of miR-34a during the progression of renal fibrosis in UUO
mice and found that the expression level of miR-34a increased pro-
gressively after obstructed injury and reached maximal point at
14 days (Figure 1D). The increased expression of miR-34a was also
mainly found in tubular cells in the obstructed kidney in UUO mice
(Figure 1E). Taken together, these findings suggest that miR-34a
expression was upregulated during the progression of renal fibrosis.

miR-34a Deficiency Ameliorates Renal Fibrosis in UUO Mice

Based on the finding that miR-34a was aberrantly upregulated in the
progression of renal fibrosis, we thought that miR-34 might
contribute to renal fibrosis. To confirm it, we used miR-34a knockout
(miR-34a�/�) mice for further investigation. As shown in Figure 2A,
miR-34a is deficient in miR-34a�/� mice. Masson staining revealed
that the expansion of interstitial area was dramatically attenuated in
miR-34a�/� UUO mice, compared with that in wild-type (WT)
UUO mice (Figure 2B). Meanwhile, a significant decrease in E-cad-
herin (tubular epithelial marker) expression and remarkable increases
in serum creatinine and blood urea nitrogen level, as well as a-SMA
and fibronectin expressions, were found in the obstructed kidney in
WT UUO mice at 14 days after surgery, whereas all of these changes



Figure 2. miR-34a Deficiency Ameliorated Renal Fibrosis in UUO Mice

(A) qRT-PCR analysis of miR-34a expression in the mouse obstructed kidney at 14 days after UUO surgery. (B) Representative micrographs of H&E and Masson trichrome-

stained kidney sections of mice at 14 days after UUO surgery. Paraffin sections were used for H&E andMasson trichrome staining. The fibrotic lesions were indicated by blue

areas in the center. Graphical presentation of kidney fibrotic lesions in different groups after quantitative determination. The top scale bar corresponds to 200 mm; the center

and bottom scale bars correspond to 50 mm. (C) Serum creatinine and blood urea nitrogen levels were assessed at 14 days after UUO surgery. (D) Representative

immunostaining of E-cadherin, a-SMA, and fibronectin in the mouse obstructed kidney at 14 days after UUO surgery. E-cadherin (green), fibronectin (red), and DAPI (blue).

The scale bar corresponds to 50 mm. (E) Western blotting analysis for E-cadherin, a-SMA, and fibronectin protein levels in UUO mice at 14 days after surgery. Data are

means ± SD. n = 6 mice per group. ***p < 0.001, **p < 0.01.
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were alleviated in miR-34a�/� UUO mice (Figures 2C–2E). These
data indicate that miR-34a upregulation contributes to renal fibrosis
in UUO mice.

miR-34a Upregulation Induces Tubular Epithelial Cells Plasticity

through Downregulation of Klotho

To further determine the effect of miR-34a upregulation on renal
fibrosis, human proximal tubule epithelial HK-2 cells were transfected
with a miR-34a mimic, and the tubular epithelial cells plasticity was
assessed. Our results showed that overexpression or knockdown of
miR-34a with mimic or inhibitor had no obvious effect on the cell
viability of HK-2 cells (Figure S1A). As shown in Figure 3A, miR-
34a expression was markedly elevated in HK-2 cells after transfection
with miR-34a mimic, but not miR-negative control. Consequently,
miR-34a mimic transfection significantly suppressed E-cadherin
expression and increased the expressions of a-SMA and fibronectin
(Figure 3B). Immunofluorescence staining revealed that the expres-
sion ofa-SMAwas increased inHK-2 cells aftermiR-34amimic trans-
fection (Figure 3C), suggesting that miR-34a overexpression can
induce tubular epithelial cells transition into a pro-fibrotic phenotype.

Next, we investigated the mechanisms underlying the effect of miR-
34a-induced tubular epithelial cells plasticity. By using bioinformatics
analysis, we found that there existed imperfect complementary se-
quences between miR-34a and the 30 UTR of mouse or human Klotho
mRNA (Figure 3D). Because Klotho was reported to be an important
endogenous inhibitor of tubular interstitial fibrosis,29 we wondered
whether Klotho might be a potential target of miR-34a. As expected,
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Figure 3. miR-34a Upregulation Induced Tubular Epithelial Cells Plasticity and Downregulation of Klotho

(A) qRT-PCR analysis of miR-34a expression in HK-2 cells transfected with miR-34a mimic (100 nM) or a miR-negative control for 48 h. (B) Representative immunostaining of

E-cadherin, a-SMA, and fibronectin in HK-2 cells transfected with an miR-34a mimic (100 nM) or an miR-negative control for 48 h. (C) Representative immunostaining of

a-SMA in HK-2 cells transfected with miR-34a mimic (100 nM) or a miR-negative control for 48 h. (D) Schematic of the Klotho 30 UTRwith theWT or mutated putative binding

site of miR-34a inserted into a luciferase (Luc) reporter. (E) qRT-PCR analysis of Klotho mRNA expression in HK-2 cells transfected with miR-34a mimic for 48 h. (F) Western

blot analysis of Klotho in HK-2 cells transfected with miR-34a mimic for 48 h. (G and H) Relative luciferase activity in HK2 cells that are cotransfected with plasmids containing

firefly luciferase and (G) wild-type (WT) or (H)mutant (Mut) human of Klotho 30 UTR andmiR-34amimic ormiR-negative control for 48 h. The values for luciferase activities were

normalized to Renilla reniformis luciferase (TK-RL) activities. (I) Western blot analysis of E-cadherin, a-SMA, and fibronectin in HK-2 cells cotransfected with miR-34a mimic

and Klotho for 48 h. The scale bar corresponds to 50 mm. Data are means ± SD. ***p < 0.001, **p < 0.01, *p < 0.05. NS, statistically nonsignificant.
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the expression of Klotho declined significantly both atmRNA and pro-
tein levels in HK-2 cells after transfection with miR-34a mimic (Fig-
ures 3E and 3F). To examine whether miR-34a could directly target
KlothomRNA, a luciferase reporter insertedwith aWT ormutated pu-
tative binding site of miR-34a in the 30 UTR of Klotho gene was con-
structed and transfected into HK-2 cells. Inspiringly, miR-34a mimic
could dose-dependently inhibit the luciferase activity of the WT-Klo-
tho reporter (Figure 3G), but it displayed no obvious effect on the
activity of Mutant-Klotho reporter (Figure 3H). Conversely, overex-
pression of Klotho significantly prevented the increased expressions
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of a-SMA and fibronectin, and decreased expression of E-cadherin
induced by miR-34a mimic in HK-2 cells (Figure 3I). These data sug-
gest that miR-34a-induced tubular epithelial cells plasticity is at least in
part due to its direct downregulation of Klotho.

miR-34a Upregulation Induces Klotho Reduction and Activates

Pro-fibrotic Signal Pathways in UUO Mice

Subsequently, we detected the in vivo effect of miR-34a on Klotho
expression during the progression of renal fibrosis in UUO mice.
For this purpose, we determined and compared the expression level



Figure 4. miR-34a Knockout Retained Klotho

Expression and Inhibited Pro-fibrotic Signal

Pathway Activation in UUO Mice

(A) Representative immunofluorescence of double-immu-

nofluorescence staining with in situ hybridization (probe

against miR-34a) and immunofluorescence (antibody

against Klotho) in the mouse obstructed kidneys at

14 days after UUO surgery. The scale bars correspond to

50 mm. (B) qRT-PCR analysis of Klotho mRNA expression

in the mouse obstructed kidney at 14 days after UUO

surgery. (C) Western blotting analysis for Klotho, TGF-b1,

phospho-smad3, active-b-catenin, FGF2, and phospho-

ERK1/2 protein levels in UUO mice at 14 days after

surgery. Data are means ± SD. n = 6 mice per group.

***p < 0.001, **p < 0.01.
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of Klotho in the obstructed kidney inWTUUOmice andmiR-34a�/�

UUOmice. As shown in Figure 4A, the expression of miR-34a (green)
was obviously increased in the obstructed kidney in UUO mice,
accompanied by a marked reduction of Klotho (red) as determined
by double-immunofluorescence staining. However, we observed
only a few co-stainings of miR-34a and Klotho in tubular epithelial
cells because of diametrically opposed levels of expression. Similarly,
higher mRNA level of Klotho was also detected in miR-34a�/� UUO
mice by qRT-PCR assay (Figure 4B). Meanwhile, the increased ex-
pressions of pro-fibrotic factors, such as phospho-Smad3, active-
b-catenin, and phospho-extracellular regulated protein kinase
(ERK)1/2, downstream of transforming growth factor b1 (TGF-b1),
Wnts, and fibroblast growth factor 2 (FGF2) were markedly attenu-
ated in miR-34a�/� UUO mice, as compared with those in WT
UUO mice (Figure 4C). These results demonstrate that miR-34a
elevation can induce Klotho reduction and activations of pro-fibrotic
signal pathways in the kidney after UUO injury.

TGF-b1 Induces the Upregulation of miR-34a in HK-2 Cells

As reported, TGF-b1 was recognized as a pivotal mediator of renal
fibrosis, and previous studies revealed that TGF-b1 promoted renal
M

fibrosis partly through regulation of
miRs.19,30–33 However, whether TGF-b1 is
also a regulator of miR-34a in tubular epithelial
cells is not clear. Interestingly, here we found
that TGF-b1 could upregulate miR-34a expres-
sion in HK-2 cells in a dose- and time-depen-
dent manner, and the effect was reversed by
miR-34a inhibitor (Figures 5A–5C). Mean-
while, the Klotho expression was significantly
suppressed by TGF-b1, and miR-34a inhibitor
was able to eliminate TGF-b1-induced Klotho
suppression (Figures 5D and 5E). In addition,
miR-34a inhibitor also significantly attenuated
TGF-b1-induced downregulation of E-cadherin
and upregulations of a-SMA and fibronectin
(Figure 5F). These findings indicate that
miR-34a may be an important mediator of
TGF-b1 in promoting pro-fibrotic phenotype transition in tubular
epithelial cells.

DHM Inhibits TGF-b1-Induced Upregulation of miR-34a in

HK-2 Cells

Because DHM was reported to be able to suppress miR-34a expres-
sion for the treatment of Alzheimer’s disease in rats,34 we then
wonder whether DHM has the potential to inhibit miR-34a upregu-
lation in tubular epithelial cells. To this end, HK-2 cells were stimu-
lated with TGF-b1 with or without DHM for 24 or 48 h. First, the
effect of DHM on cell viability was detected by Cell Counting Kit-8
(CCK-8) analysis. Our results showed that DHM has no obvious ef-
fect on HK-2 cell growth for 24 or 48 h at different concentrations
(Figure S1B). As shown in Figure 6A, DHM could markedly inhibit
TGF-b1-induced miR-34a upregulation in HK-2 cells. Moreover,
DHM significantly attenuated the decreases in the expressions of Klo-
tho and E-cadherin, and the increases in the expressions of a-SMA
and fibronectin in TGF-b1-treated HK-2 cells (Figures 6B–6D). Pre-
vious studies reveal that miR-34a is the downstream target of p53, and
TGF-b1 can regulate p53 activity in HK-2 cells.35 p53 Ser15 phosphor-
ylation is a form of p53 activation.36,37 In our study, RNAi approach
olecular Therapy Vol. 27 No 5 May 2019 1055
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Figure 5. TGF-b1 Induced the Elevation of miR-34a and Downregulation of Klotho in HK-2 Cells

(A) qRT-PCR analysis of miR-34a expression in the HK-2 cells treated with different concentrations of TGF-b1 for 24 h. (B) qRT-PCR analysis of miR-34a expression in the

HK-2 cells treated with 10 ng/mL TGF-b1 at different time. (C) qRT-PCR analysis of miR-34a expression in the HK-2 cells transfected with miR-34a inhibitor or control

inhibitor. (D and E) qRT-PCR (D) and western blotting (E) analysis of Klotho in HK-2 cells after transfectionwithmiR-34a inhibitor or control inhibitor followed by incubation with

10 ng/mL TGF-b1 for 48 h. (F) Western blotting analysis of E-cadherin, a-SMA, and fibronectin in HK-2 cells after transfection with miR-34a inhibitor or control inhibitor

followed by incubation with 10 ng/mL TGF-b1 for 48 h. Data are means ± SD. ***p < 0.001, **p < 0.01, *p < 0.05.
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was employed by p53 short hairpin RNA (shRNA) according to pre-
vious reports,38,39 and the protein levels of p53 and phosphorylated
p53 were simultaneously reduced by p53 shRNA in HK-2 cells.
Notably, our results showed that TGF-b1-induced miR-34a upregu-
lation in HK-2 cells was markedly relieved by transfection with p53
shRNA (Figures 6E and 6F). Furthermore, DHM could significantly
inhibit p53 Ser15 phosphorylation induced by TGF-b1 (Figure 6G),
whereas transfection with miR-34a mimic could evidently reverse
the effects of DHM (Figures 6H–6J). These results demonstrate that
DHM indeed has the ability to inhibit miR-34a upregulation in
tubular epithelial cells, through suppressing TGF-b1-induced p53
phosphorylation.

DHM Inhibits the Progression of Renal Fibrosis in UUOMice and

ADR Nephropathy

Finally, to investigate the beneficial effect of DHM on renal fibrosis,
UUO mice were intragastrically administered with DHM
(500 mg/kg/day), starting from 7 days before surgery. As expected,
DHM treatment significantly inhibited miR-34a elevation and
rescued Klotho reduction in the obstructed kidney of UUOmice (Fig-
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ures 7A–7E), accompanied by evident attenuation of the activations
of pro-fibrotic signaling pathways (Figure 7F). Correspondingly,
DHM administration resulted in an obvious attenuation of renal
fibrosis in the obstructed kidney, as evaluated by H&E and Masson
staining (Figures 8A and 8B). Meanwhile, the aberrant expressions
of E-cadherin, a-SMA, and fibronectin and the increase of serum
creatinine and blood urea nitrogen level were significantly reversed
by DHM (Figures 8C–8E). We further investigated the therapeutic ef-
fects of DHM on Adriamycin (ADR) nephropathy, a model charac-
terized by initial podocyte injury and albuminuria, and subsequent
renal fibrosis. DHM and ADR (a single intravenous injection of
ADR at 10 mg/kg body weight) were administered simultaneously
and continued for 6 weeks in BALB/c mice. The different DHM
administration time in UUO and ADR models attributed to their
acute and chronic injury characteristics, and reference to previous
studies.40,41 Consistently, DHM attenuated renal fibrosis and kidney
injury in ADR nephropathy, as evaluated by H&E and Masson stain-
ing (Figures 8F and 8G). In addition, DHM administration signifi-
cantly attenuated ADR-induced albuminuria and the elevation of
serum creatinine (Figure 8H). All of these findings suggest that



Figure 6. DHM Inhibited TGF-b1-Induced Upregulation of miR-34a and Retained Klotho Expression in HK-2 Cells

(A) qRT-PCRanalysis ofmiR-34a expression in theHK-2 cells pretreatedwith different concentrations of DHM for 24 h followed by incubationwith 10 ng/mLTGF-b1 for 24 or 48

h. (B) qRT-PCR analysis of Klotho in HK-2 cells pretreated with different concentrations of DHM for 24 h followed by incubation with 10 ng/mL TGF-b1 for 48 h. (C) Western

blotting analysis of Klotho in HK-2 cells pretreatedwith DHM (100 mM) for 24 h followed by incubationwith 10 ng/mLTGF-b1 for 48 h. (D)Western blotting analysis of E-cadherin,

a-SMA, and fibronectin in HK-2 cells pretreated with of DHM (100 mM) for 24 h followed by incubation with 10 ng/mL TGF-b1 for 48 h. (E) Western blotting analysis for p-p53

Ser15 and p53 protein levels in HK-2 cells transfected with p53 shRNA or control-vector followed by incubationwith 10 ng/mL TGF-b1 for 48 h. (F) qRT-PCR analysis ofmiR-34a

expression in the HK-2 cells transfected with p53 shRNA or control-vector followed by incubation with 10 ng/mL TGF-b1 for 48 h. p53 shRNA significantly attenuated

(legend continued on next page)
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DHM can protect against renal fibrosis through inhibiting miR-34a
aberrant upregulation.

DISCUSSION
Huge studies have focused on the pathogenesis of renal fibrosis in
recent years, but the molecular mechanisms underlying the progres-
sion of renal fibrosis are not fully understood, and there is still a lack
of effective avenues for the clinical treatment of renal fibrosis. This is
the pioneer study, in which we report that miR-34a contributes to
renal fibrosis at least in part by downregulation of Klotho. Moreover,
it is also shown that DHM, a natural flavonoid derived from the Chi-
nese herb Ampelopsis grossedentata, can rescue miR-34a-mediated
Klotho reduction in tubular epithelial cells and inhibit the progression
of renal fibrosis in the ADR nephropathy and UUO model mice.
Thus, current findings not only provide new insights into the molec-
ular mechanism of renal fibrosis, but also find a new avenue for the
treatment of renal fibrosis.

Previously, important roles of elevated miRs in certain kidney dis-
eases were extensively reported and indicated that inhibition of these
miRs might be a potential therapeutic target to cure these diseases.
For example, miR-92a was reported to be upregulated in podocytes
of both patients andmice with rapidly progressive glomerulonephritis
(RPGN), whereas anti-miR-92a treatment could prevent albuminuria
and the decline of kidney function.42 Another study showed that up-
regulation of miR-184 in renal tubular was associated with decreased
expression of lipid phosphate phosphatase 3 (LPP3) and collagen
accumulation in Zucker diabetic fatty (ZDF) rats, and angiotensin-
converting enzyme (ACE) inhibitor treatment could preserve LPP3
and ameliorate tubule interstitial fibrosis through suppressing
miR-184.43 Furthermore, our study also showed that miR-34a was
significantly upregulated in kidney tubules in UUO mice. The
in vitro experiments demonstrated that transfection of cultured prox-
imal tubular cells with miR-34a mimic could increase a-SMA and
fibronectin expression, while decreasing the E-cadherin expression.
On the contrary, by using miR-34a�/� mice, we found miR-34 defi-
ciency could alleviate renal fibrosis after obstructive injury. These
results simply demonstrated that elevated miR-34a may play an
important role in the progression of renal fibrosis. Previous studies
have revealed that miR-34a contributed to renal fibrosis under dia-
betic conditions by suppressing SIRT144,45 and induced tubular cell
apoptosis in the obstructed kidney.46 Thus, our results were consis-
tent with these previous studies, but our study, by using miR-34a
knockout mice, was more convincing in proving the role of
miR-34a in promoting renal fibrosis.

Next the results showed that miR-34a promoted the progression of
renal fibrosis at least in part through downregulation of the Klotho
gene. Klotho, which is predominately expressed in renal tubular
TGF-b1-induced elevated miR-34a expression. (G) Western blotting analysis for p-p53 S

incubationwith 10 ng/mLTGF-b1 for 48 h. (H and I) qRT-PCR (H) andwestern blotting (I) a

10 ng/mL TGF-b1 for 48 h or transfected with miR-34a mimic. (J) Western blotting analy

followed by incubation with 10 ng/mL TGF-b1 for 48 h or transfected with miR-34a mim
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epithelial cells and initially known as an anti-aging gene,47 has
been reported to play a crucial role in protecting the kidneys against
acute and chronic injury.29,48,49 Previous studies, including the re-
sults of the current study, revealed that renal Klotho is markedly
downregulated in tubular epithelial cells in patients or experimental
animal models with kidney diseases.50–52 As demonstrated, Klotho
reduction may accelerate pro-fibrotic phenotype transition in
tubular epithelial cells and enhances the proliferation of fibroblasts,
whereas Klotho overexpression or exogenous supplement can alle-
viate renal fibrosis by suppressing pro-fibrotic signaling pathways,
including TGF-b1, Wnt, and FGF2 pathways.29,48,49 In this study,
we found that miR-34a mimic significantly reduced Klotho expres-
sion in cultured proximal tubular cells and then revealed that
miR-34a downregulated Klotho by directly binding to the 30 UTR
of Klotho mRNA. On the other hand, it was disclosed that
miR-34a�/� UUO mice displayed an attenuated Klotho reduction
and renal fibrosis. All these findings suggest that Klotho is a down-
stream target of miR-34a, and the upregulated miR-34a in ob-
structed kidney may cause Klotho reduction, which leads to
enhanced activation of pro-fibrotic signaling pathways and promo-
tion of the progression of renal fibrosis. Of note, although the Klo-
tho expression level in miR-34a�/� mice was four to five times
higher than that of the WT UUO mice, the expression level of Klo-
tho was still much lower than that in control mice. This indicates
that the aberrant elevation of miR-34a is not the sole regulatory fac-
tor for reduction of Klotho. Therefore, further research is required
to illustrate other regulatory mechanisms. Nevertheless, because
Klotho is a strong inhibitor of several classical pro-fibrogenic
signaling pathways, upregulation of Klotho through suppressing
miR-34a level in tubular epithelial cells could still be considered
as an important therapeutic target for renal fibrosis.

It is well-known that TGF-b1 is a pivotal mediator in the pathogenesis
of renal fibrosis. A number of studies reported that TGF-b1 exerted its
functions partly through the regulation of certain miRs, including up-
regulation of miR-192, miR-377, andmiR-491, but downregulation of
miR-29 and miR-30, in mesangial cells and podocytes.16,17,30–32

Herein, it was also found that TGF-b1 induced a significant upregu-
lation of miR-34a in cultured proximal tubular cells in a dose- and
time-dependant manner, and miR-34a inhibitor could markedly
reverse TGF-b1-induced tubular epithelial cells plasticity. Therefore,
our study also demonstrates that TGF-b1 has the ability to increase
miR-34a expression. Moreover, a significant reduction of Klotho
was observed in TGF-b1-treated tubular cells, possibly because of
the upregulation of miR-34a. Because the reduction of Klotho in
tubular epithelial cells can enhance TGF-b1 signaling activation,48

the findings of the present study indicate that miR-34a upregulation
may mediate a feedback loop between TGF-b1 activation and Klotho
reduction in the progression of renal fibrosis (Figure 8H).
er15 and p53 protein levels in HK-2 cells pretreated with DHM for 24 h followed by

nalysis of Klotho inHK-2 cells pretreatedwithDHM for 24 h followed by incubationwith

sis of E-cadherin, a-SMA, and fibronectin in HK-2 cells pretreated with DHM for 24 h

ic. Data are means ± SD. ***p < 0.001, **p < 0.01, *p < 0.05.



Figure 7. DHM Inhibited the Elevation of miR-34a and Klotho Deficiency in UUO Mice

(A) qRT-PCR analysis of the expression level of miR-34a in the mouse obstructed kidney at 3, 7, and 14 days after UUO surgery. U6 was used for normalization. (B)

Representative images showing the expression and localization of miR-34a at 14 days after UUO by in situ hybridization. Quantification of miR-34a in the mouse obstructed

kidney at 14 days after UUO surgery. miR-34a (green) and DAPI (blue). The scale bar corresponds to 50 mm. (C) qRT-PCR analysis of Klotho mRNA expression in the mouse

obstructed kidney at 14 days after UUO surgery. (D) Representative immunofluorescence of Klotho in the mouse obstructed kidneys at 14 days after UUO surgery. Klotho

(red) and DAPI (blue). The scale bar corresponds to 50 mm. (E) Western blotting analysis for Klotho in the mouse obstructed kidney at 3, 7, and 14 days after UUO surgery. (F)

Western blotting analysis for Klotho, TGF-b1, phospho-smad3, active-b-catenin, FGF2, and phospho-ERK1/2 protein levels in UUO mice at 14 days after surgery. Data are

means ± SD. n = 6 mice per group. ***p < 0.001, **p < 0.01, *p < 0.05.
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DHM enriched in Ampelopsis grossedentata is being used as a tradi-
tional Chinese herb throughout China due to its hepatoprotective ef-
fects.23 Recently, DHM was found to have protective effects against
AKI, because it could markedly attenuate cisplatin-induced apoptosis
of renal tubular epithelial cells and ameliorate the impairment of renal
function induced by lipopolysaccharides.53,54 As reported, miR-34a
upregulation was involved in certain diseases that are associated
with oxidative stress, inflammation, and aging, by downregulating sir-
tuin-1, sirtuin-6, SOD2, and Txnrd2.55,56 Notably, it has been demon-
strated that DHM not only has significant anti-oxidation activities,
Molecular Therapy Vol. 27 No 5 May 2019 1059
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Figure 8. DHM Attenuated Renal Fibrosis and Kidney Injury in UUO Mice and Adriamycin Nephropathy

(A) Representative micrographs of H&E and Masson trichrome staining of mouse kidney sections at 14 days after UUO surgery. The fibrotic lesions were indicated by blue

color areas in the center. The top scale bar corresponds to 200 mm; the center and bottom scale bars correspond to 50 mm. (B) Graphical presentation of kidney fibrotic

lesions in different groups after quantitative determination. (C) Serum creatinine and blood urea nitrogen were assessed at 14 days after UUO surgery. (D) Representative

immunostaining of E-cadherin, a-SMA, and fibronectin in the obstructed kidneys at 14 days after UUO surgery. E-cadherin (green), fibronectin (red), and DAPI (blue) are

shown. The scale bars correspond to 50 mm. (E) Western blotting analysis for E-cadherin, a-SMA, and fibronectin protein levels in UUO mice at 14 days after surgery. (F)

Representativemicrographs of H&E andMasson trichrome staining of mouse kidney sections at 5weeks days after ADR injection in different groups of mice as indicated. The

fibrotic lesions were indicated by blue color areas in the center. The top scale bar corresponds to 200 mm; the center and bottom scale bars correspond to 50 mm. (G)

Graphical presentation of kidney fibrotic lesions in different groups after quantitative determination. (H) Serum creatinine and urinary albumin were assessed at 5 weeks after

ADR injection. Urinary albumin levels expressed as milligram per milligram (mg/mg) creatinine in different groups of mice. DHM reduced serum creatinine levels and urinary

albumin in Adriamycin nephropathy. (I) Schematic illustration of the role of miR-34a in regulating renal fibrosis. TGF-b1 induces an aberrant miR-34a expression in renal

tubular epithelial cells through p53 activation. miR-34a promotes renal fibrosis by downregulation of Klotho, which alleviates renal fibrosis by suppressing pro-fibrotic

signaling pathways, including TGF-b1, Wnt, and FGF2 pathways. DHM may reverse the upregulation of miR-34a and Klotho reduction by inhibition of TGF-b1-induced p53

activation. In addition, the elevated expression of miR-34a may mediate a vicious cycle of sustained progression of renal fibrosis. Data are means ± SD. n = 6mice per group.

***p < 0.001, **p < 0.01, *p < 0.05. ADR, Adriamycin; CTL, control; DHM, dihydromyricetin.
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but also possesses an inhibitory effect against the action of miR-34a.34

The current study found that DHM could significantly repress the up-
regulation of miR-34a induced by TGF-b1 and restore Klotho expres-
sion, thereby inhibiting the progression of renal fibrosis. As known,
miR-34a is the downstream target of p53.57 p53 could significantly
induce the transcription of miR-34a because p53 occupies a highly
1060 Molecular Therapy Vol. 27 No 5 May 2019
conserved consensus binding site that is located in close proximity
to the transcription start site of miR-34a.57–59 Recent studies show
that TGF-b1-stimulated activation of p53 is required for expression
of the fibrotic genes and renal fibrosis.35 Pharmacological and genetic
blockade of p53 prevented tubular cell-cycle arrest, fibrotic factor
secretion, apoptosis, and renal interstitial fibrosis in UUO mice.60,61
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It was further confirmed in the present study that DHM inhibits the
expression of miR-34a in tubular epithelial cells because of its inhibi-
tion of TGF-b1-stimulated p53 activation. Moreover, DHM also ame-
liorates renal fibrosis and kidney injury in ADR nephropathy, sug-
gesting that DHM attenuated renal fibrosis is a common finding in
diseased kidneys after various injuries. Furthermore, we think that
DHM has a potential and good advantage to be used for the treatment
of human diseases. First, medicinal tea (vine tea), a natural product,
and DHM are the most prominent flavonoids in vine tea. Second,
DHM exerts many biologic effects and has no side effects and cytotox-
icity. Third, a randomized controlled trial has reported that DHM im-
proves glucose and lipid metabolism, and exerts anti-inflammatory
effects in patients with nonalcoholic fatty liver disease.62 In our study,
DHM administration dramatically ameliorated renal fibrosis and
restored renal function in an ADR nephropathy and UUO model
mice. Collectively, our findings provide evidence that DHM has the
potential to be used for the treatment of renal fibrosis in clinic.

In summary, the results herein demonstrate that aberrant upregula-
tion of miR-34a plays an important role in the progression of renal
fibrosis, and DHM has the potential to treat renal fibrosis by the in-
hibition of miR-34a. These findings may shed new light on the path-
ogenesis and treatment of renal fibrosis.

MATERIALS AND METHODS
Animal Experiments

The mice were randomly assigned to either UUO (n = 6) or sham
(n = 6) groups. Eight-week-old male C57BL/6 mice and miR-34a
knockout (miR-34a�/�) mice (obtained from The Jackson Labora-
tory) weighing 20–23 g were anaesthetized with an intraperitoneal in-
jection of pentobarbital. The UUOmice were subjected to a left lateral
incision, and the left ureter was double-ligated with 4–0 silk. Sham
groups underwent only the surgical procedure of kidney exposure,
but not ligation. miR-34a�/� mice and WT (miR-34a+/+) mice were
sacrificed 14 days after surgery (for each group, n = 5). In another
set of experiments with DHM, the mice were divided into four
groups: Sham+Vehicle (injection with 0.9% saline), Sham+DHM,
UUO+Vehicle, and UUO+DHM. DHM (500 mg/kg/day) (MCE,
USA) was suspended in 0.9% saline and intragastrically administered
to C57BL/6J mice 7 days ago before UUO surgery and continued to
the end of the experiment. The mice were sacrificed at 3, 7, and
14 days (for each group, n = 6), and the obstructed kidneys were
collected for various analyses. All animal studies were performed
according to the guiding principles established by the Institutional
Animal Care and Use Committee (IACUC) of the Third Military
Medical University.

For studying the effects of DHM on ADR nephropathy, male BALB/C
mice weighing 20–25 g were randomly divided into three groups: (1)
control (CTL) group (n = 5); (2) ADR group (n = 9), and (3) ADR/
DHM group (n = 9). ADR (doxorubicin hydrochloride; MCE,
USA) was injected once via the tail vein at 10 mg/kg body weight.
Control mice were injected with the same volume of saline. For the
ADR/DHM group, DHMwas given by daily intragastrically adminis-
tration at 500 mg/kg body weight, starting at the time when ADR was
administered. All mice were sacrificed at 5 weeks after ADR injection.

Selection of CKD Patients

Eight primary CKD patients with renal fibrosis (glomerular filtration
rate [eGFR]: 10.92–58.52 mL/min/1.73 m2) verified by renal biopsy
were enrolled from Department of Nephrology of Xinqiao Hospital
(Chongqing, China). Five patients with eGFR >110 mL/min/1.73
m2 and almost nonlesions verified by renal biopsy were enrolled as
control. The following exclusion criteria were applied: polycystic kid-
ney disease, pregnancy, HIV, renal cancer, and recent immunosup-
pressive therapy. Kidney biopsies were obtained from these patients
for subsequent Masson trichrome staining and in situ hybridization.
The study protocol was approved by the Ethics Committee of Xinqiao
Hospital and carried out in accordance with the Declaration of
Helsinki.

Cell Culture and Treatment

Human proximal tubular cells (HK-2 cells) were purchased from the
American Tissue Culture Collection (ATCC, Manassas, VA, USA)
and cultured in DMEM/F12 medium supplemented with 10% fetal
bovine serum (GIBCO BRL, Rockville, MD, USA) at 37�C in a hu-
midified atmosphere with 5% CO2. After being seeded into six-well
plates for 24 h, HK-2 cells were replaced with normal media in the
absence or presence of DHM (50, 100, or 200 mm) for 24 or 48 h.
To further determine the effects of DHM on HK-2 cells, we pre-incu-
bated cells with DHM for 24 h and subsequently exposed them to
TGF-b1 (10 ng/mL) for 24 or 48 h.

qRT-PCR

Total RNA was extracted from the mouse kidney and HK-2 cells
using TRIzol Reagent Kit (Invitrogen, Carlsbad, CA, USA). For
miR-34a, total RNA (2 mg) was reverse transcribed into cDNA using
a microRNA First-Strand cDNA Synthesis Kit (Sangong Biotech,
Shanghai, China) according to the manufacturer’s protocol. The spe-
cific forward primer for mmu-miR-34a was 50-TGGCAGTGTCT
TAGCTGGTT-30. The specific forward primer for has-miR-34a is
50-CGAATCAGCAAGTATACTGCCCT-30. To relatively quantify
the miR-34a expression levels, we used small nuclear U6 as the inter-
nal control. For mRNA expression analysis, cDNAs were obtained by
the GoScript Reverse Transcription System Kit (Promega, Madison,
WI, USA). The specific primer for mmu-Klotho was 50-AAAGTAG
ACGGGGTTGTAGCC-30, 50-CGGTAGAAGTGCAGAACCGT-30.
The specific primer for has-Klotho was 50-TAGCCAGCGACAGC
TACAAC-30, 50-GAAGCGGTAGTGAGTGACCC-30. miRNA and
mRNA expression were examined using a Bio-Rad IQ5 Detection
System with SYBR Green PCR Master mix (Promega, USA) as previ-
ously described.

Fluorescence In Situ Hybridization

In situ hybridization was performed with probes for human or mouse
miR-34a (38487-15; ExiQon, Denmark) and control sequences ac-
cording to the manufacturer’s protocol. In brief, sections of
paraffin-embedded specimens from CKD patients with renal fibrosis
Molecular Therapy Vol. 27 No 5 May 2019 1061
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and mouse kidney tissue were deparaffinized and rehydrated. After
being washed with PBS, sections were incubated with 20 mg/mL Pro-
teinase K for 10 min at 25�C, followed by incubation with 1-(3-dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) fixation
solution for 30 min. Then slides were hybridized with a 50-digoxige-
nin (DIG)-labeled oligonucleotide probe complementary (50 nM) to
miR-34a or a control probe (Perkin Elmer) at 60�C for 2 h. Sections
were washed in washing buffer I (5� saline sodium citrate [SSC],
60�C), washing buffer II (1� SSC), and washing buffer III (0.2�
SSC), and then were incubated with blocking reagent at room temper-
ature for 30 min. Sections were then stained with anti-digoxigenin-
peroxidase (POD) (11207-733910; Roche, USA) for 1.5 h. After being
washed with Tris and Nacl (TNT) buffer, sections were incubated
with TSA Plus Fluorescein kit (NEL744001-KT; Perkin Elmer)
away from light. Sections were then mounted with antifade mounting
medium by using DAPI to visualize the nuclei (Invitrogen Molecular
Probes, Eugene, OR, USA). For double-immunofluorescence staining
with in situ hybridization and immunofluorescence, slides were then
incubated with Klotho (ab203576; Abcam) overnight at 4�C after in
situ hybridization. Slides were visualized on a ZEISS confocal micro-
scope. Fluorescence quantitation of miR-34a was analyzed by Image-
Pro Plus software.

Cell Transfection

miR-34a mimic, inhibitor, and their negative controls were purchased
from RiboBio (RiboBio, Guangzhou, China). For overexpression of
Klotho, pReceiver-Lv105 Klotho open reading frame (ORF) lentiviral
expression clone and vector were purchased from Genecopoeia
(Rockville, MD, USA). p53 shRNA construct and control vector
were obtained from Genechem (Shanghai, China). HK-2 cells were
cultured in a 12- or 6-well plate 24 h before transfection. Prior to
miRNA transfection, the cell culture medium of the HK-2 cells was
replaced with serum-reduced medium (Opti-MEM I; Invitrogen,
Carlsbad, CA, USA). The transfection was performed with Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. For Klotho and miR-34a mimic cotransfection, the plasmid
(4 mg) and miR-34a mimic that was prepared with lipid carrier (1:2,
v/v) was used for the transfection in Opti-MEM Imedium. HK-2 cells
were incubated with the mimic or inhibitor (100 nM)/Lipofectamine
mixture for 6 h. Then the Opti-MEM I medium was switched to a
growth medium. To determine the optimal transfection conditions,
we confirmed the transfection efficiency by real-time PCR.

Western Blotting

Proteins isolated from kidney tissue samples and cultured HK-2 cells
were separated by SDS-PAGE and transferred to polyvinylidene fluo-
ride (PVDF) membranes (Millipore, Billerica, MA, USA), blocked
with 5% non-fat dried milk, and incubated at 4�C overnight with pri-
mary antibodies: anti-E-cadherin antibody (20874-1-AP; Protein-
tech, USA), anti-a-SMA antibody (ab5694; Abcam, Cambridge,
MA, USA), anti-fibronectin antibody (15613-1-AP; Proteintech,
USA), anti-Klotho antibody (ab203576; Abcam), anti-p53 antibody
(9282; Cell Signaling Technology, Beverly, MA, USA), anti-phos-
phorylation-p53 Ser15 antibody (ab1431; Abcam), anti-phospho-
1062 Molecular Therapy Vol. 27 No 5 May 2019
p44/42 mitogen-activated protein kinase (MAPK) (ERK1/2)
(Thr202/Tyr204) (4370; CST), anti-total ERK1/2 (4696; CST), anti-
phospho-Smad3 (Ser423/425) (9520; CST), anti-total Smad3 (9513;
CST), and anti-b-actin antibody (4970; CST). Then the secondary an-
tibodies were applied and the signals were detected by enhanced
chemiluminescence (Amersham Corporation, Arlington Heights,
IL, USA). The density of the bands was quantified using ImageJ soft-
ware and normalized against that of b-actin.

Luciferase Reporter Assay

The human Klotho fragments containing putative binding sites
located in the 30 UTR were amplified by PCR by using human
genomic DNA as a template. The PCR products were inserted into
the p-MIR-REPORT plasmid (Invitrogen) and confirmed by
sequencing. The specific primer for human 30 UTR-Klotho is
50-GCC GAGCTCATGGGCATAGGTGATCGTAA-30, 50-CGCAA
GCTT TCCACAGAAGTAGCAGCAAA-30. To test the binding
specificity, the putative binding sites of miR-34a in the human Klotho
30 UTR were mutated by PCR (human, from 50-CUGCCA-30 to
50-AUGACA-30). For the luciferase reporter assay, HK-2 cells were
cultured in 24-well plates and transfected each well with 500 ng of
firefly luciferase reporter plasmid cotransfected with miR-34a mimic
at different concentration or negative control RNA by using Lipofect-
amine 2000. An internal control reporter plasmid (10 ng) Renilla
reniformis luciferase (Promega, Madison, WI, USA) was also co-
transfected for normalizing the transfection efficiency. Luciferase ac-
tivities were measured at 24 h after transfection using dual-luciferase
assay kits according to the manufacturer’s protocols (Promega). Rela-
tive luciferase activity (arbitrary units) was reported as fold induction
over the controls after normalizing for transfection efficiency.

Histology and Immunohistochemical Staining

Paraffin-embedded mouse kidney sections were prepared by a
routine procedure. Sections were stained with H&E and Masson
trichrome staining to detect interstitial volume expansion (blue
staining). Quantification of the fibrotic area was carried out by
using Image Pro-Plus v. 6.0 software (Bethesda, MD, USA). Immu-
nostaining for a-SMA was performed as described previously.29 The
kidney sections were incubated with the primary antibodies (1:100,
ab5694; Abcam, Cambridge, MA, USA) overnight at 4�C, followed
by incubation with the biotinylated-linked secondary antibodies for
1 h at 37�C and developed with 3,30-diaminobenzidine (DAB). The
tissue sections were counterstained with hematoxylin and perma-
nently mounted. As a negative control, PBS was used instead of a
primary antibody.

Immunofluorescence Assay

The paraffin-embedded mouse kidney sections were prepared by a
routine procedure and then incubated with anti-E-cadherin antibody
(1:200, 20874-1-AP; Proteintech, USA), anti-fibronectin antibody
(1:200, 15613-1-AP; Proteintech, USA), or Klotho (ab203576; Ab-
cam) overnight at 4�C. The slides were then stained by Cy3- or fluo-
rescein isothiocyanate (FITC)-conjugated secondary antibody for 1 h
at 37�C and mounted with antifade mounting medium by using
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DAPI to visualize the nuclei. Slides were visualized on a ZEISS
confocal microscope.

Urinary Albumin and Creatinine Assay

Urine albumin was measured by using a mouse albumin ELISA quan-
titation kit, according to the manufacturer’s protocol (Bethyl Labora-
tories, Montgomery, TX, USA). Serum creatinine level and urine
creatinine were determined by use of a Quantichrom creatinine assay
kit (C011-2; njjcbio, China), according to the protocols specified by
the manufacturer. Urinary albumin was standardized to urine creat-
inine and expressed as milligram per milligram (mg/mg) urinary
creatinine. Serum creatinine level was determined by use of a Quan-
tichrom creatinine assay kit (DICT-500; Bioassay Systems, Hayward,
CA, USA), according to the protocols specified by the manufacturer.

Statistical Analysis

All results were expressed as the mean ± SD. Statistical analysis was
performed with GraphPad Prism 6.0 (San Diego, CA, USA). A
t test was used to test the differences between two groups, and com-
parisons among multiple groups were performed with a one-way
ANOVA followed by Tukey’s post hoc test. A p value <0.05 was
considered to be statistically significant. All data were obtained
from at least three independent experiments.
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