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Salidroside Pre-Treatment Inhibits
Hypertensive Renal Injury and Fibrosis
Through Inhibiting Wnt/β-Catenin Pathway
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Abstract

Objectives: This study aimed to explore the protective effects and underlying mechanisms of salidroside (SAL) in angiotensin II
(Ang II)-induced hypertensive renal injury and fibrosis, using in vivo and in vitro models.

Methods: In this study, we generated Ang II-induced hypertensive renal injury and fibrosis in mice and the recombinant
interferon-gamma (IFN-γ)-stimulated murine podocyte clone 5 (MPC5) model in vitro. Histological and oxidative stress
analyses were performed to evaluate the renal injury.

Results: SAL pre-treatment reduced systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial blood
pressure (MAP), and attenuated serum creatinine (Scr), blood urea nitrogen (BUN), and serum cystatin C (Cys-C) levels in Ang
II-infused mice (all, P < 0.001). SAL reduced renal fibrosis and related molecules expression, including Collagen I, Collagen III,
and α-smooth muscle actin (α-SMA) (all, P < 0.001). SAL decreased the content of malondialdehyde (MDA) while increasing
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) in Ang II-treated mice (all, P < 0.001). In
addition, SAL pre-treatment inhibited AT1R, Wnt1, Wnt3a, and β-catenin expressions (all, P < 0.001), both in vivo and in vitro.

Conclusion: Our experimental data demonstrate that SAL pre-treatment protects against Ang II-induced hypertensive renal
injury and fibrosis by suppressing the Wnt/β-catenin pathway in vivo and in vitro.
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Introduction

Hypertensive renal injury is the leading cause of renal failure.1

The primary cause of progressive hypertensive nephropathy
(HN) is tubulointerstitial fibrosis.2 The renin-angiotensin-
aldosterone system (RAAS) regulates renal function and ar-
terial pressure.3 However, aldosterone and mineralocorticoid
receptor (MR) activation are independent of the renin-
angiotensin system (RAS) as the progression of chronic
kidney disease (CKD) development.4 Angiotensin II (Ang II),
which is the primary effector of RAAS, can accelerate the
progression of renal interstitial fibrosis by attenuating renal
hemodynamics, controls the growth of endothelial cells (ECs)
in the adult renal tubule, promotes the production of in-
flammatory and cellular cytokines, and increases the accu-
mulation and degradation of the extracellular matrix (ECM)
containing transforming growth factor beta 1 (TGFβ1),
α-smooth muscle actin (α-SMA), fibronectin (FN) and col-
lagen type I (Col-1).5-8

Currently, the primary treatment methods for HN focus on
regulating blood pressure (BP) and protecting kidney func-
tion. RAAS inhibitors, such as angiotensin-converting en-
zyme (ACE) inhibitors and angiotensin receptor blockers
(ARBs), are considered first-line treatments for hypertensive

individuals with kidney disease. Although existing treatment
methods can slow down the progression of hypertension, they
have limited effectiveness in controlling hypertensive renal
damage.9 Therefore, exploring and developing the significant
health effects of traditional Chinese medicine (TCM) is
beneficial.

SAL (p-hydroxyphenethyl-β-D-glucoside), a phenyl-
ethanoid derivative, is the essential component isolated from
Rhodiola rosea L. SAL is used in traditional medicine in
various world regions, including Northern Europe, India, and
China.10,11 The chemical structure of SAL is represented in
Figure 1(A). Rhodiola rosea L. has been found to have anti-
fatigue, anti-hypoxia, anti-aging, and immunostimulatory
effects, especially in extreme conditions such as high altitude
with low oxygen levels, low temperatures, and increased
atmospheric pressure.12,13 The active ingredients of Rhodiola
rosea L. primarily consist of phenyl alkyl glycosides, par-
ticularly salidroside (SAL).14 SAL has been demonstrated in
recent research to affect fibrosis in several organs
significantly.15-18 However, the molecular mechanisms by
which SAL protects or reverses hypertensive renal injury and
fibrosis are still unknown.

The Wnt/β-catenin signaling pathway is a group of highly
conserved signal transduction pathways in multicellular

Figure 1. SAL reduces blood pressure and renal hypertrophy index in Ang II-infused mice. (A) Chemical Structure, molecular weight,
chemical formula and CAS number of SAL. (B) SAL was intraperitoneally injected (50 mg/kg/day) into mice 2 h before subcutaneous infusion
of Ang II for 28 d. The timeline of the interventional procedure for SAL and Ang II is shown. (C, D, E) SAL reduced the SBP, DBP and MAP of
Ang II-infused mice. SAL increased (F) body weight (BW) and decreased (G) kidney weight (KW) and (H) renal hypertrophy index (KW/BW)
in mice with Ang II infusion. Data are presented as mean ± SD (n = 8 in each group) and analyzed using ANOVA. ***P < 0.001 vs control
group; #P < 0.05, ###P < 0.001 vs Ang II group. SAL, salidroside; Ang II, angiotensin II; SBP, systolic blood pressure; DBP, diastolic blood
pressure; MAP, mean arterial pressure.
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organisms. It is critical in embryonic development and regulates
several physiological functions in most organs, including cell
survival, proliferation, inflammation, and fibrosis.19 The Wnt/
β-catenin signaling pathway is maintained in adult kidneys and
under standard physiological settings by enhanced GS3K-
dependent complex-caused β-catenin ubiquitination and
proteasome destruction.19-22 The Wnt/β-catenin signaling
pathway is active in different types of kidney diseases, including
acute kidney injury (AKI) (eg, ischemia and nephrotoxin) and
chronic kidney injury (CKI) (eg, diabetes, Adriamycin, Ang II-
induced nephropathy).21,22 However, how the Wnt/β-catenin
pathway affects Ang II-induced hypertensive renal injury and
fibrosis is unclear. Therefore, we investigated the protective role
of SAL on hypertensive renal injury and fibrosis and uncovered
the precise molecular mechanism.

Material and Methods

Animals

Male C57BL/6 mice (8-10 weeks old) weighing 22-24 g were
obtained from SLAC Laboratory Animal Co, Ltd (Beijing,
China). They were kept in cages with unlimited access to food
and water. All mice were kept in the SPF room at 20 °C–24 °C
and 35%–45% humidity with a 12 h light/dark cycle. The
animal study followed the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised
1996), and our Hospital’s Animal Care and Use Committee
approved (2021-7th-HIRB-029) the study.

Mouse Model of Hypertensive Nephropathy

C57BL/6 mice (n = 24) were used to construct a hypertensive
nephropathymodel. Allmicewere divided into theControl, Ang II,
and SAL groups. The mice were subcutaneously infused with Ang
II (2.0 mg/kg/day) (Ang II and SAL groups) or the same volume
saline (Control group) using osmotic mini-pumps for 28 consec-
utive days. Two hours before the start of Ang II infusion, the mice
were intraperitoneally pre-injected with SAL (50 mg/kg/day, HY-
N0109, MedChemExpress) (SAL group) or the same volume
saline (Control and Ang II groups) once a day for 28 days.
Figure 1(B) depicts the timeline of amice interventional procedure.

Measurement of Blood Pressure

Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were measured using the tail-cuff method (ALC-NIBP;
Shanghai Alcott Biotech Co, Shanghai, China). SBP and DBP
were measured in each group at a fixed time of 14:00 every
week, from the day before the experiment to the 28 d after Ang
II infusion. All measurements were performed by the same
person at the same time of day. Before the measurement, mice
were kept in the room quiet for 30 min, and the O-Cuff sensor
and VPR sensor were put on the tail of the mice. SBP and DBP
were measured three times for each mouse, and an average

was obtained. The mean arterial pressure (MAP) was calcu-
lated using the formula MAP = (SBP + DBP×2)/3.

Body Weight Measurement

On the 28th day of the experiment, after 12 h of fasting, themice
were weighed and then anesthesized with 1% pentobarbital
sodium by intraperitoneal injection and sacrificed. The kidney
was isolated and weighed to calculate the renal hypertrophy
index using the following formula: Renal hypertrophy index
(mg/g) = kidney weight (mg)/body weight (g).

Renal Function Analysis

Mice blood samples were collected via the tail vein on the 28th
day of the experiment. Then, the serum was separated by
centrifugation at 3000 g for 15 min. An automatic biochemical
analyzer determined the serum creatinine (SCr), urea nitrogen
(BUN), and cystatin C (Cys-C) levels.

Histology

Hematoxylin/eosin (HE) staining was applied to evaluate the
degrees of renal fibrosis. For paraffin sections, kidney tissue
was routinely prepared for embedding in paraffin and then
post-fixed overnight in 4% paraformaldehyde. Sections were cut
to a thickness of 4 μm and immediately placed on organosilane-
coated slides. 4% paraformaldehyde was used overnight to post-
fix the tissues. The following 24 hours were spent incubated in
PBS that had been adjusted with three different buffers to a pH of
7.4 and 10% sucrose. The slices were then stained with HE
following rehydration and deparaffinization in xylene. The fi-
brosis quantification was calculated by the ratio of fibrotic area to
total area (collagen volume fraction).

Reactive Oxygen Species (ROS) Level Evaluation

Dihydroethidium (DHE, S0063; Beyotime) was employed as
directed by the manufacturer to evaluate ROS generation in
kidney tissues. Kidney tissues were incubated in 2.5 μMDHE
for 30 minutes at 37°C in a dark place and then washed three
times with PBS solution. A fluorescence microscope
(Olympus Corporation) was used to detect the fluorescence.

Oxidative Stress Measurement

To obtain cell lysate, the kidney tissues were homogenized.
The cell lysate was then stored at �80°C in the refrigerator. A
commercial kit was used to measure the MDA (S0131S,
Beyotime, Shanghai, China), SOD (S0109, Beyotime), CAT
(S0051, Beyotime), and GSH-Px (S0056, Beyotime) activi-
ties, and a previously published protocol was followed to
estimate the amount of oxidative stress.23
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Enzyme-Linked Immunosorbent Assay (ELISA)

Serum and kidney tissue were collected from mice on day
28 after Ang II infusion. ELISA measured the concentrations
of Ang II (E-EL-M2612c, Elabscience Biotechnology Co,
Ltd) in serum and kidney lysate.

Cell Culture

Conditionally immortalized mouse podocytes (MPC5) were
acquired from the Peking Union Medical College Cell Re-
source Center (PUMC) and were treated with recombinant
IFN-γ containing 10% fetal bovine serum (FBS) and 10 U/mL.
All cells in DMEM media were kept at 37°C, 5% CO2 in-
cubator. After passage, the cells were treated with 10% FBS
but no IFN- γ. The cultured cells were induced to differentiate
for two weeks in a 37°C, 5% CO2 incubator.

Experimental Grouping

MPC5 were cultured in vitro and divided into four groups: (1)
Control group: Low glucose DMEMmedium; (2) SAL group:
cells were treated with salidroside (10 μM); (3) Ang II group:
cells were treated with Ang II (1 μM); (4) Ang II + SAL group:
cells were treated with Ang II and SAL. Cells were incubated
at 37°C for 24 h. Cells were incubated for the pathway in-
hibition experiment with Wnt/β-catenin pathway inhibitor
ICG-001 (10 μM; HY-14428, MedChemExpress).

MTT Assay

In 96 well plates (1 × 103 cells/well), cells were seeded and in-
cubated with or without inhibitor. After 48 hours, the cells were
incubated for 4 hours at 37°C with 20 μL of MTT (M1020,
Solarbio, Beijing, China). The absorbance at 570 nmwasmeasured
after adding 200 μL DMSO to determine the number of cells.

Cell Apoptosis Assay

Cell apoptosis was identified according to earlier study
methods.24 The Annexin V-FITC Apoptosis Detection Kit
(CA1020, Beijing Solarbio Science & Technology Co, Ltd,
China) was used to determine cell apoptosis. The cells were
separated with trypsin-EDTA and collected by centrifugation.

The cells were washed with PBS saline before being sus-
pended in a binding buffer and centrifuged at 300 g for
10 minutes. After exhausting the supernatant, the cells were
arrested in a binding buffer containing 1 × 106 cells/mL. PI
(5 μL) was added to the cells for 5 minutes under identical
circumstances. A flow cytometer (Beckman Coulter, Inc,
Brea, CA, USA) was used to assess apoptosis.

Quantitative Reverse Transcription Polymerase Chain
Reaction (RT-qPCR)

TRizol (Invitrogen, USA) isolated total RNA from kidney tissues.
Reverse transcription created complementaryDNA (cDNA) from
total RNA. To amplify the mRNA by Real-Time Quantitative
PCR (RT-qPCR), SYBR Green reagent (TaKaRa, Japan) was
used in an ABI Prism 7700 Real-Time PCR apparatus (Applied
Biosystems, USA). Using the 2�ΔΔCt formula, the relative gene
expressionwas normalised to the internal control, GADPH.25 The
primers for Mouse Collagen I, Mouse Collagen III, Mouse
α-SMA, Mouse AT1R, and Mouse GAPDH were designed by
the NCBI Primer-Blast Tool (https://www.ncbi.nlm.nih. gov/
tools/primer-blast/), which is listed in Table 1.

Western Blotting

The protein samples were collected after the cells were lysed
using RIPA lysis buffer (Beyotime Biotechnology, Shanghai,
China). A BCA kit (Beyotime) was used to determine protein
concentration, and the equivalent volume of protein (40 μg for
each well) was added and mixed with loading buffer (Be-
yotime) in a boiling-water bath for 3 minutes of denaturation.
Once bromphenol blue reached the separation gel, electro-
phoresis was started for 30 minutes at 80 V and subsequently
for 1∼2 hours at 120 V. The proteins were later placed onto
membranes in an ice bath at 300 mA for 60 minutes. After
rinsing the membranes for 1∼2 minutes with washing solu-
tion, they were inactivated for 1 hour at room temperature or
sealed overnight at 4°C. The membranes received treatment
with the primary antibodies against AT1R (1:500, ab124734,
rabbit monoclonal, Abcam), Wnt1 (1:500, ab15251, rabbit
polyclonal, Abcam), Wnt3a (1:500, ab219412, rabbit
monoclonal, Abcam), β-Catenin (1:500, ab3257, rabbit
monoclonal, Abcam), Beclin1 (1:500, sc-48341, mouse

Table 1. The Nucleotide Primer Sequences Used in This Study.

Genes
GenBank

Accession No. Forward Primer (50-30) Reverse Primer (50-30)

Annealing
Temperature

(°C)
Amplicon
Size (bp)

Mouse collagen I NM_007742.4 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 55 103bp
Mouse collagen III NM_009930.2 TCCCCTGGAATCTGTGAATC TGAGTCGAATTGGGGAGAAT 52 63bp
Mouse α-SMA NM_007392.3 TCCTGACGCTGAAGTATCCGATA GGCCACACGAAGCTCGTTAT 55 101bp
Mouse AT1R NM_177322.3 TTGTCCACCCGATGAAGTCTC AAAAGCGCAAACAGTGATATTGG 54 158bp
Mouse GAPDH NM_001411843.1 ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA 52 171bp
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monoclonal, Santa Cruz), p62 ( 1:500, ab56416, mouse
monoclonal, Abcam), and GAPDH (1:2000, ab9485, rabbit
polyclonal, Abcam) on a shaking table for 1 hour at room
temperature. The membranes were washed with washing
solution three times in 10 minutes before and after 1 hour of
incubation with the secondary antibody at room temperature.
After adding membranes to the developing liquid, chem-
iluminescence imaging analysis equipment (Gel Doc XR, Bio-
rad) was used for observation.

Statistical Analysis

The mean ± standard deviation (SD) of at least three distinct
experiments was used to express all data. Statistical analyses
have been performed using SPSS 20.0 (SPSS, Chicago, IL,
USA) or GraphPad Prism 9.0 software. The differences be-
tween several groups were examined using one-way ANOVA
and the post hoc Tukey test. AF incidence between various
groups was analyzed using Fisher’s exact test. Statistical
significance has been deemed as a P-value of <0.05.

Results

SAL Decreases Blood Pressure and Renal Hypertrophy
Index in Ang II-Infused Mice

This experiment aimed to investigate the effects of SAL on
blood pressure and renal hypertrophy index. Mice were used
and infused with Ang II (2.0 mg/kg/day) or the same volume
of saline using osmotic mini-pumps for 28 consecutive days.
For 28 days, mice were given SAL (50mg/kg/day, HY-N0109,
MedChemExpress) or the same volume of saline before the
start of Ang II infusion.

After 28 days of SAL administration, the in vivo systemic
toxicity of SAL was evaluated. The mice’s blood pressure and
renal hypertrophy index were investigated. The results indi-
cated that Ang II infusion led to an elevation in systolic blood
pressure (SBP), diastolic blood pressure (DBP), and mean
arterial blood pressure (MAP) in mice. However, treatment
with SAL showed a reduction in these values (all, P < 0.001)
(Figure 1(C)-(E)). Additionally, SAL pre-treatment increased
body weight (BW) while decreasing kidney weight (KW) and
renal hypertrophy index (KW/BW) in Ang II-infused mice
(all, P < 0.001) (Figure 1(F)-(H)).

SAL Improves the Renal Function of Ang
II-Infused Mice

To evaluate the effect of SAL on renal function, mice were
subcutaneously infusedwith Ang II (2.0mg/kg/day) or the same
volume saline using osmotic mini-pumps for 28 days and in-
traperitoneally injected with salidroside (50 mg/kg/day) or the
same volume saline two hours before the start of Ang II in-
fusion. After 28 days of SAL administration, the renal function
of mice was investigated. The histological analysis of renal

tissues showed that SAL pre-treatment improved the renal
function of mice (Figure 2A). Moreover, SAL pre-treatment
significantly inhibited the serum creatinine (Scr), blood urea
nitrogen (BUN), and serum cystatin C (Cys-C) levels (all, P <
0.001), which were increased by Ang II-induced (Figure 2(B)-
(D)). The findings suggest that SAL pre-treatment improved the
renal function of mice infused with Ang II.

SAL Attenuates Renal Fibrosis and Related Molecule
Expression in Ang II-Infused Mice

To study the effect of SAL on Ang II-induced renal fibrosis
and molecule expression, mice were subcutaneously infused
with Ang II (2.0 mg/kg/day) and intraperitoneally injected
with SAL (50 mg/kg/day) or the same volume saline 2 h
before the start of Ang II infusion. Ang II significantly in-
creased the renal fibrotic area, while SAL remarkably atten-
uated this effect (Figure 3(A) and (B)). RT-qPCR was
performed to measure the mRNA expression of several fi-
brotic markers, including Collagen I, Collagen III, and
α-smooth muscle actin (α-SMA). The results demonstrated
that SAL inhibited the expression of Collagen I, Collagen III,
and α-SMA (all, P < 0.001) (Figure 3(C)).

SAL Attenuates Ang II-Induced Oxidative Stress in
Renal Tissue of Mice

The key biomarkers of oxidative stress, including ma-
londialdehyde (MDA), superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GSH-Px) were determined in
the lysate of renal tissue. The formation of reactive oxygen
species (ROS) in the renal tissue was significantly enhanced
following Ang II therapy, as seen byDHE staining (Figure 4(A)).
Additionally, compared to the Ang II group, the DHE-positive
cells were considerably reduced after pre-treatment with SAL
(P < 0.001) (Figure 4(B)). Ang II infusion increased levels of
MDA content and decreased SOD, CAT, and GSH-Px activities.
At the same time, these changes were all reversed by SAL pre-
treatment (all, P < 0.001) (Figure 4(C)-(F)).

SAL Inhibits the Expression of AT1R and Key Factors of
the Wnt/β-Catenin Pathway in Ang II-Treated Mice

We measured the serum Ang II protein levels and Ang II levels
in kidney tissues of Ang II-infused mice by ELISA and mRNA
expression of AT1R in renal tissues via RT-qPCR. The results
showed that Ang II infusion stimulated the expression of serum
Ang II protein levels, Ang II levels in kidney tissues, and
expression of AT1R in renal tissues. At the same time, SAL pre-
treatment did not affect the expression of serum Ang II protein
and Ang II in kidney tissue levels but significantly inhibited
AT1R expression in renal tissues (P < 0.001) (Figure 5(A)-(C)).
In addition, the Western blot was used to measure the protein
level of critical factors of the Wnt/β-catenin pathway. The
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Figure 3. SAL suppresses renal fibrosis and the expression of related molecules in Ang II-infused mice. (A) Paraffin-embedded kidney
sections (4-μm thickness) were stained with Masson trichrome (Magnification ×200). (B) The fibrosis area was calculated to assess the
extent of kidney fibrosis. (C) RT-qPCR was performed to determine the mRNA expression of three fibrosis-related genes: Collagen I
(COL1A1), Collagen III (COL3A1) and α-SMA. Data are presented as mean ± SD (n = 8 in each group). ***P < 0.001 vs control group;
###P < 0.001 vs Ang II group. α-SMA; α-smooth muscle actin.

Figure 2. SAL improves the renal function of Ang II-infused mice. (A) The histological changes of the renal tissues by HE staining (400×). (B)
Serum creatinine (Scr), (C) Blood urea nitrogen (BUN), and (D) serum cystatin C (Cys-C) were determined in mice of each group. Data are
presented as mean ± SD (n = 8 in each group). ***P < 0.001 vs control group; ###P < 0.001 vs Ang II group.
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results demonstrated that SAL pre-treatment inhibited AT1R,
Wnt1, Wnt3a, and β-catenin expressions (all, P < 0.001)
(Figure 5(D) and (E), Fig. S1). Protein expression was nor-
malized to the expression of GAPDH.

SAL Suppresses Ang II-Induced Podocyte Injury and
Regulates AT1R and β-Catenin Protein Expression

MPC5 were pretreated with SAL (10 μM) for 2 hours, then
incubated with Ang II (1 μM) for an additional 24 hours, and
cell viability was determined using an MTT examination. The
results showed that Ang II incubation reduced the cell viability
rate. At the same time, Ang II + SAL pre-treatment improved
the cell viability rate (Figure 6(A)). Ang II + SAL pre-treatment
also suppressed Ang II-induced podocyte apoptosis rate
(Figure 6(B) and (C)). To investigate the expression of AT1R
and β-catenin proteins, we performed the western blot analysis
and quantified the proteins’ band intensity. The results showed

that Ang II decreased the expression of AT1R protein and
increased the expression ofWnt1,Wnt3, and β-catenin proteins.
However, treatment withAng II + SAL increased the expression
of AT1R protein while reducing the expression of Wnt1, Wnt3,
and β-catenin proteins (all, P < 0.001) (Figure 6(D) and (E), Fig.
S2). Thus, the results showed SAL protects podocyte cells
against Ang II-induced injury and regulates the AT1R and
β-catenin protein expression.

SAL Attenuates Intracellular ROS Generation and
Oxidative Stress in Ang II-Treated Podocytes

MPC5 were pretreated with SAL (10 μM) or Wnt/β-catenin
pathway inhibitor ICG-001 (10 μM) for 2 h, followed by
incubation with Ang II (1 μM) for a further 24 h. Podocyte
cells were stained with DHE to assess the intracellular ROS
level, and the intracellular ROS was quantified by calculating
the percentage of DHE + cells. The results showed that

Figure 4. SAL suppresses oxidative stress in renal tissue of mice with Ang II infusion. (A) Paraffin-embedded kidney sections were stained
with DHE (200×). (B) Quantification of relative DHE intensity. The kidney tissue lysate was analyzed for (C) MDA, (D) SOD, (E) CAT and
(F) GSH-Px. Data are presented as mean ± SD (n = 8 in each group). ***P < 0.001 vs control group; ###P < 0.001 vs Ang II group. DHE,
dihydroethidium; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione peroxidase.
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podocyte incubation with Ang II stimulated the ROS level,
which was inhibited by Ang II + SAL and Ang II + ICG-001
(P < 0.001) (Figure 7(A) and (B)). Moreover, the oxidative
stress marker genes were detected in the cell culture super-
natant of podocytes. The results indicated that incubation with
Ang II increased the MDA level while decreasing the SOD
and CAT levels. However, Ang II + SAL and Ang II + ICG-
001 treatments observed the reverse expression patterns (all,
P < 0.001) (Figure 7(C) and (D)). Therefore, the results
demonstrated that SAL inhibits intracellular ROS levels and
oxidative stress in Ang II-treated podocytes.

SAL Inhibits Autophagy in Ang II-Treated Podocytes

Podocytes were stained with LC3-II and DAPI fluorescence.
The nuclei of surviving cells were stained with DAPI and
showed blue fluorescence. The cytoplasm of autophagy cells
is stained with LC3-II and shows green fluorescence. We also
quantitatively analyzed the proportion of autophagy cells in
each group. We observed a high proportion of autophagy cells
in the Ang II group compared with the control group. Mean-
while, SAL and ICG-001 treatments decreased the proportion of
autophagy cells in the Ang II + SAL and Ang II + ICG-001

groups (all, P < 0.001) (Figure 8(A) and (B)). We performed the
western blot analysis to investigate the expression of autophagy-
related proteins such as Beclin1 and p62 and quantified the
proteins’ band intensity. The results showed that the Ang II +
SAL and Ang II + ICG-001 treatments reduced the Beclin1
protein expression, whereas they enhanced the p62 protein
expression (all, P < 0.001) (Figure 8(C) and (D), Fig. S3).
Therefore, the results demonstrated that SAL pre-treatment
attenuates the autophagy in Ang II-treated podocyte cells.

Discussion

The current study demonstrated how SAL affected hyper-
tensive renal injury and fibrosis. Our data showed that SAL
significantly attenuated the blood pressure and renal hyper-
trophy index in Ang II-infused mice. SAL pre-treatment
improved the renal function of Ang II-treated mice. SAL
significantly inhibited renal fibrosis and the expression of
Collagen I, Collagen III, and α-SMA. In addition, SAL re-
duced the Ang II-induced oxidative stress in the renal tissue of
mice. Further, SAL inhibited the expression of AT1R and
critical factors of theWnt/β-catenin pathway in vivo. Thus, the

Figure 5. SAL suppressed the expression of AT1R and key factors of theWnt/β-catenin pathway in Ang II-treated mice. (A) ELISA measured
serum Ang II protein levels in mice infused with Ang II. (B) ELISA measured Ang II levels in kidney tissues of Ang II-infused mice (data are
normalized to total proteins). (C) RT-qPCR measured the mRNA expression of AT1R in mouse kidney tissues. (D) The protein expression
was measured by Western blot, and the representative bands are shown. (E) Quantification of protein bands of AT1R, Wnt1, Wnt3a, and
β-catenin. Protein expression was normalized to the expression of GAPDH. Data are presented as mean ± SD (n = 8 in each group). ***P <
0.001 vs control group; ###P < 0.001 vs Ang II group. AT1R, Ang II type 1 receptor.
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results showed that SAL could have a significant therapeutic
impact on hypertensive renal injury and fibrosis.

A Previous study reported that Rhodiola’s important
metabolites include phenylethanol derivatives, monoter-
penes, triterpenes, flavonoids, and phenolic acids.26 The
U.S. Food and Drug Administration (FDA) has issued
warning letters to rhodiola supplement producers regarding
purity, health claims and branding as drugs.27 However,
SAL has been shown to have a significant hypoglycemic
impact on diabetes28 as well as a positive effect on diabetic
vascular disorders.29 Also, SAL has been shown to affect
lipid metabolism in type 2 diabetic mice by down-
regulating miR-370 in primary hepatocytes.30 In this
study, intraperitoneally injection of 50 mg/kg/day SAL
significantly reduced blood pressure, consistent with the
earlier study.31 Furthermore, our data indicated that pre-
treatment with SAL increased body weight (BW) while

decreasing kidney weight (KW) and the renal hypertrophy
index (KW/BW) in Ang II-infused mice.

Acute kidney injury (AKI) is a well-known clinical
condition characterized by an immediate decrease in renal
function that leads to multiorgan failure in critically sick
individuals. AKI is associated with several renal disor-
ders.32 A recent study reported that LPS-treated mice
developed severe renal pathology, including tubular cell
vacuolation, glomerular atrophy, tubular cell necrosis,
tubular dilatation and distortion, and nuclear loss. An in-
crease in Scr and BUN levels accompanied these changes,
and SAL pre-treatment reduced the Scr and BUN levels in
mice with AKI.33 However, the renal functions of all
groups were evaluated by assessing the levels of serum
creatinine (Scr), blood urea nitrogen (BUN), and serum
cystatin C (Cys-C) and observing renal histopathological
sections stained in Ang II-infused mice. The data showed

Figure 6. SAL suppresses Ang II-induced podocyte injury and modulates AT1R and β-catenin protein expression. MPC5 mouse renal
podocytes were pretreated with SAL (10 μM) for 2 h, followed by incubation with Ang II (1 μM) for a further 24 h, and an MTT assay was
used to measure cell viability. (B) SAL attenuated Ang II-induced podocyte apoptosis rate. (C) Representative image of apoptosis that was
determined by flow cytometry. (D) The protein expression was measured by Western blot, and the representative bands are shown. (E)
Quantification of protein bands of AT1R,Wnt1,Wnt3a, and β-catenin. GAPDH expression was used to normalize protein expression. Data
are presented as mean ± SD (n = 6 in each group). ***P < 0.001 vs control group; ###P < 0.001 vs Ang II group.
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that pre-treatment with SAL significantly decreased the
Scr, BUN, and Cys-C levels, which had increased due to
Ang II infusion. The results suggest that SAL pre-treatment
improved the renal function of Ang II-infused mice.

Considering most renal illnesses lead to renal fibrosis,
there is a significant interest in finding the underlying
causes of this disorder to avert or reverse renal fibrosis.
Excess extracellular matrix deposition and renal fibrosis result
from the proliferation of interstitial fibroblasts with myofibroblast
transformation.34 An excess of ECM, such as collagen I, collagen
III, and fibronectin, characterizes most chronic kidney diseases
(CKDs).35 Many cells in the tubulointerstitium of the kidneys can
produce ECM, and fibroblasts are the primary matrix-producing
cells that generate many interstitial matrix components. Kidney
fibroblasts are distinct, including SMA-positive myofibroblasts.36

In the present study, we investigated the impact of SAL on renal
fibrosis by examining its effects on Ang II-infused mice. Our
findings showed that SAL significantly inhibited the expression of

Collagen I, Collagen III, and α-SMA. Therefore, our research
demonstrates that SAL can potentially decreased renal fibrosis and
related molecule expression in the presence of Ang II treatment.

Most aerobic organisms generate reactive oxygen species
(ROS), and the concentration of ROS regulates their biological
activity. Under standard settings, low ROS concentrations are
unavoidable in physiological activities. During pathological
conditions, however, substantial quantities of ROS are gener-
ated.37 High amounts of ROS can degrade cellular macro-
molecules such as proteins, lipids, and nucleic acids, resulting
in cellular damage.37 Aerobic organisms have evolved an
adequate antioxidant defence system to defend themselves from
ROS-induced cellular damage.38 The current study showed that
the Ang II group had higher MDA concentration and lower
SOD protein expression in renal tissue compared with the
control group. These data suggest that high ROS levels during
renal damage depleted antioxidant enzymes. Additionally, SOD
expression was enhanced by SAL cotreatment, leading to a

Figure 7. SAL inhibits Ang II-induced intracellular ROS generation and oxidative stress via the Wnt/β-catenin pathway. MPC5 podocytes
were pretreated with SAL (10 μM) orWnt/β-catenin pathway inhibitor ICG-001 (10 μM) for 2 h, followed by incubation with Ang II (1 μM)
for a further 24 h. (A) Podocytes were stained with DHE to assess the intracellular ROS level and photographed in the fluorescence
microscope (200×). (B) Quantification of intracellular ROS by calculating the percentage of DHE + cells. The oxidative stress indicators were
detected in cell culture supernatant of podocytes: (C) MDA, (D) SOD and (E) CAT. Data are shown as mean ± SD (n = 6 per group). DHE,
dihydroethidium. ***P < 0.001 vs control group; ###P < 0.001 vs Ang II group.
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significant reduction in MDA levels in the Ang II group. These
findings indicate that SAL cotreatment decreased ROS levels
by increasing SOD protein expression.

SAL is a potent antioxidant found to reduce oxidative stress
in diabetic mice.27 A study by Zhang et al39 showed that
salidroside, a compound found in SAL, protected neuronal
cells from hydrogen peroxide toxicity by up-regulating an-
tioxidant genes such as HO-1 and peroxiredoxin 1 and anti-
apoptotic genes. In another study, Langer et al40 found that
metformin, a drug used to treat diabetes, had an antioxidant
effect that reduced cell apoptosis. Our research supports these
findings, as SAL pre-treatment protected podocyte cells from
apoptosis caused by Ang II treatment.

One of the critical signaling mechanisms leading to kidney
disease is the Wnt/β-catenin pathway. A growing number of
studies have shown that stimulation of the Wnt/β-catenin
signaling pathway plays a vital role in developing renal fi-
brosis by modulating the expression of several downstream
mediators involved in renal fibrosis.41-43 Transient activation
of different signaling pathways promotes the regeneration of
damaged tissues. However, their persistent stimulation causes
fibrosis.44 It has been demonstrated that severe ischemia/
reperfusion damage causes prolonged and excessive

production of Wnt/β-catenin, which is followed by interstitial
myofibroblast activation and ECM deposition, which are
hallmarks of the development of renal fibrotic lesions.45 Our
study found that pre-treatment with SAL played a crucial role
in reducing the expression of AT1R, Wnt1, Wnt3a, and
β-catenin proteins in mice with hypertensive renal injury and
fibrosis caused by Ang II infusion and IFN-γ-stimulated
podocytes. These results highlight the potential of SAL in
decreasing hypertensive renal injury and fibrosis induced by
Ang II by inhibiting the Wnt/β-catenin pathway.

Limitations

Our study has several limitations that need to be men-
tioned. Firstly, a power calculation was not conducted to
determine the requisite sample size for the study. In future
research, we will perform a power calculation to identify
the suitable sample size. Secondly, we did not examine the
effectiveness of the SAL in a dose-dependent manner.
Thirdly, female mice were not included in the in vivo tests
to investigate the underlying mechanism of SAL’s pro-
tective effect against Ang II-induced hypertensive renal
damage and fibrosis. Fourthly, the underlying findings of

Figure 8. SAL inhibits Ang II-induced autophagy via the Wnt/β-catenin pathway. (A) Podocytes were stained with LC3-II and DAPI
fluorescence. The nuclei of surviving cells were stained with DAPI and showed blue fluorescence; The cytoplasm of autophagic cells was
stained with LC3-II and showed green fluorescence (200×). (B) Quantitative analysis of the proportion of autophagic cells in each group. (C)
The autophagy-related protein expression was measured by Western blot, and the representative bands are shown. (D) Quantification of
protein bands of Beclin1 and p62. Protein expression was normalized to the expression of GAPDH. Data are shown as mean ± SD (n = 6 per
group). ***P < 0.001 vs control group; ###P < 0.001 vs Ang II group.
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the study have not been independently confirmed in pre-
clinical or clinical settings. Fifthly, more investigation is
needed to determine the underlying mechanism of SAL’s
preventive impact against Ang II-induced hypertensive
renal injury and fibrosis. Despite these limitations, our
study provides significant evidence of SAL’s protective
effects against hypertensive renal injury and fibrosis, both
in vivo and in vitro.

Conclusion

In the present research, we investigated the possible protective
impact of SAL on Ang II-induced hypertensive renal injury
and fibrosis in vivo and in vitro. Our results indicate that SAL
pre-treatment inhibited Ang II-induced hypertensive renal
injury and fibrosis by downregulating the Wnt/β-catenin
pathway. Future research could validate these results in pre-
clinical and clinical contexts.
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