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Abstract Shenkang injection (SKI) is a classic prescription composed of Radix Astragali, rhubarb, Astragalus,
Safflower, and Salvia. This treatment was approved by the State Food and Drug Administration of China in 1999
for treatment of chronic kidney diseases based on good efficacy and safety. This study aimed to investigate the
protective effect of SKI against high glucose (HG)-induced renal tubular cell senescence and its underlying
mechanism. Primary renal proximal tubule epithelial cells were cultured in (1) control medium (control group),
medium containing 5 mmol/Li glucose; (2) mannitol medium (mannitol group), medium containing 5 mmol/L
glucose, and 25 mmol/L mannitol; (3) HG medium (HG group) containing 30 mmol/L glucose; (4) SKI treatment at
high (200 mg/L), medium (100 mg/L), or low (50 mg/L) concentration in HG medium (HG + SKI group); or (5) 200
mg/L SKI treatment in control medium (control + SKI group) for 72 h. HG-induced senescent cells showed the
emergence of senescence associated heterochromatin foci, up-regulation of P16™%* and cyclin D1, increased
senescence-associated P-galactosidase activity, and elevated expression of membrane decoy receptor 2. SKI
treatment potently prevented these changes in a dose-independent manner. SKI treatment prevented HG-induced
up-regulation of pro-senescence molecule mammalian target of rapamycin and p66Shc and down-regulation of
anti-senescence molecules klotho, sirtl, and peroxisome proliferator-activated receptor-y in renal tubular
epithelial cells. SKI may be a novel strategy for protecting against HG-induced renal tubular cell senescence in
treatment of diabetic nephropathy.
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Introduction tubular epithelial cells, indicating renal tubular cell
senescence as an important biological event in tubulointer-

Diabetic nephropathy (DN) is one of the most common stitial injury during DN progression [5]. Renal tubular cell

complications of diabetes and is also the most frequent
cause of end-stage renal disease. Renal proximal epithelial
tubular cells are fragile parenchyma cells that are
susceptible to hypoxia- and oxidative stress-induced injury
in a high-glucose (HG) metabolic environment. Injured
epithelial tubular cells initially exhibit hyperplasia and
hypertrophy and finally experience stress-induced prema-
ture senescence [1]. Recent studies have shown that renal
tubular epithelial cell senescence occurs in renal tissues of
both DN patients and a diabetic rat model even at an early
stage [2—4]. In vitro experiments also confirmed that HG
accelerates stress-induced premature senescence of renal
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senescence has also been found to be closely associated
with tubular atrophy, interstitial inflammation, interstitial
fibrosis, and renal function failure. Accelerated senescence
of renal tubular epithelial cells confers high susceptibility
to renal injury and impedes renal repair through inhibition
of tubular cell proliferation [6,7]. As stress-induced
premature senescence in renal tubular cells plays an
important role in DN progression, prevention and treat-
ment of renal tubular cell senescence may offer a novel
therapeutic approach to prevention and retardation of DN.

Shenkang injection (SKI) with certification No.
720040110 was approved by the State Food and Drug
Administration of China in 1999 for treatment of chronic
kidney diseases (CKD) (Permission No. YBZ08522004).
This treatment is a classic prescription comprising four
medicinal crude drugs, including Radix et Rhizoma Rhei
(Dahuang in Chinese, RRR, Rheum palmatum L.), Radix
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et Rhizoma Salviae Miltiorrhizae (Danshen in Chinese,
SMRR, Salvia miltiorrhiza Bge.), Radix Astragali
(Huangqi in Chinese, AR, Astragalus membranaceus
(Fisch.) Bunge), and Flos Carthami (Honghua in Chinese,
CF, Carthamus tinctorius L.). SKI is manufactured by
Xi’an Shiji Shengkang Pharmaceutical Industry Co., Ltd.
The injection includes a yellow-brown, clear liquid, 20 ml

X 5-piece set, and each contains 6 g crude drug extracts. A
prospective, phase IV multi-center clinical study of 2200
patients with CKD at stages 3—4 demonstrated significant
improvements in decreasing serum creatinine and creati-
nine clearance 1-3 months after treatment with SKI. A
total of 73.05% of patients exhibited improved renal
function, and 98.00% presented alleviated clinical symp-
toms, suggesting good efficacy and safety of SKI in
treatment of CKD [8—10]. Both in vitro and in vivo studies
have shown that SKI significantly inhibits oxidative stress-
induced renal injury and prevents interstitial fibrosis [11].
SKI also effectively attenuates HG-induced mesangial cell
hypertrophy through inhibition of P21 overexpression,
thus preventing HG-induced senescence in mesangial cells
[12]. Although SKI has been reported to play a beneficial
role in minimizing renal injury and expediting tissue repair,
little is known about its effects on renal proximal epithelial
tubular cells. In this study, we investigated potential
protective effects of SKI against HG-induced renal tubular
cell senescence and its underlying mechanism.

Materials and methods

Reagents and antibodies

SKI was purchased from Xi’an Shiji Shengkang Pharma-
ceutical Industry Co., Ltd. (Xi’an, China). Production
process of SKI was subjected to strict quality control, and

the main components were standardized [13]. Fig. 1 shows
high-performance liquid chromatography (HPLC) of SKI
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used in the study. SKI is not only manufactured as injection
after dynamic cycle extraction and concentration but also
monitored for the absence of contaminants (heavy metals,
pesticides, hormones, and mycotoxins) prior to formula-
tion. Table 1 summarizes the batch number and quality
control data of SKI. Anthraquinone content of Radix et
Rhizoma Rhei reached 2.5%, whereas that of astragaloside
IV in Radix Astragali totaled 0.119%. Glucosinolate
content of isoflavones was 0.111%, tanshinone content of
Radix et Rhizoma Salviae Miltiorrhizae was maintained at
0.45%, whereas salvianolic acid B content accounted for
7.5% of total compounds. Kaempferol content reached
0.116%, and content of hydroxysafflor yellow A remained
at 2.4%.

A total of 20% mannitol, 50% glucose, Dulbecco’s
modified Eagle’s medium, F12 medium, and fetal bovine
serum were purchased from Gibco (Grand Island, NY,
USA). Epidermal growth factor, insulin transferrin sele-
nium sodium pyruvate, and Trizol were obtained from
Invitrogen (Carlsbad, CA, USA). Bovine serum albumin
and essential amino acids were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Type II collagen enzyme
was purchased from Worthington (Lakewood, NJ, USA).
Reverse transcription polymerase chain reaction (RT-PCR)
kit and SYBR Green® were purchased form Takara
(Shiga, Japan). Senescence-associated B-galactosidase
(SA-B-Gal) staining kit came from Beyotime Biotechnol-
ogy (Jiangsu, China). Antibodies against P16™*4, klotho,
sirtl, peroxisome proliferator-activated receptor (PPAR-
v), cytokeratin 18 (CK18), B-actin, and mammalian target
of rapamycin (mTOR) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). An antibody
against P66shc and polyvinylidene difluoride (PVDF)
membrane were obtained from Millipore (Bedford, MA,
USA). An antibody against villin was obtained from
Abcam (Cambridge, MA, USA). A reactive oxygen
species (superoxide dismutase, SOD) detection assay kit
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Fig. 1 HPLC of SKI used in the study. The main compounds of SKI include gallic acid, salvianic acid, protocatechualdehyde, propanoid acid,

hydroxysafflor yellow A, emodin-O-glucoside, and salvianolic acid.
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and a lipid peroxidation (malondialdehyde, MDA) assay
kit were purchased from Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, China).

Cell culture

Renal cortex tissues were obtained form 3-week-old male
C57/BL6 mice under sterile conditions. All experiments
were approved by the Army Medical University experi-
ment animal administrative committee. All efforts were
exerted to minimize suffering and reduce the number of
animals used. Tissues were digested with type II
collagenase and passed through a screen filter to isolate
primary renal proximal tubule epithelial cells [14-16].
Expressions of specific renal tubular epithelial cell markers
CK18 and villin were examined by immunofluorescence
analysis. Cells from the second passage were cultured in
serum-free medium for 24 h and then subjected to
(1) control medium (control group), medium containing
5 mmol/L glucose; (2) mannitol medium (mannitol group),
medium containing 5 mmol/L glucose, and 25 mmol/L
mannitol; (3) HG medium (HG group) containing 30
mmol/L glucose; (4) SKI treatment at high (200 mg/L),
medium (100 mg/L), or low (50 mg/L) concentrations of
HG medium (HG 4 SKI group); or (5) 200 mg/L SKI
treatment in control medium (control + SKI group). Cells
were cultured for 72 h, and morphology was examined
under an inverted microscope.

Immunofluorescence assay
Cells were collected and fixed on glass slides. After
blocking with goat serum, the slides were incubated with

primary antibodies against CK18 (1:200), villin (1:100),
P16™%* (1:100), cyclin D1 (1:100), and decoy receptor 2

Table 1 Batch number and quality control data of SKI

(DcR2) (1:100) at 4 °C overnight. After rinsing with
phosphate-buffered saline, the slides were incubated with
secondary antibodies at room temperature for 1 h. Cells
were counterstained with Hoechst to visualize nuclei.
Images were captured by a laser confocal microscope
(Leica, Wetzlar, Germany).

SA-B-Gal staining and measurement of reactive oxygen
species

Cells were collected and fixed in a six-well plate. Then,
cells were stained using a SA-B-Gal staining kit according
to manufacturer’s instructions and were observed under an
optical microscope. MDA content and SOD activity were
determined according to manufacturer’s instructions.

Western blot analysis

Cells were collected and lysed on ice. The supernatant was
collected, and total proteins were quantified by bicinchonic
acid method. Protein samples were loaded onto poly-
acrylamide gels and subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Proteins were then
electroblotted onto a PVDF membrane. The membrane
was blocked with 5% fat-free milk at room temperature for
2 h, followed by incubation with primary antibody
(mTOR, P66shc, klotho, sirtl, or PPAR-y (diluted at
1:1000; B-actin as control, diluted at 1:1000)) at 4 °C
overnight. After washing, membranes were incubated at
room temperature for 1 h with secondary antibodies. The
membranes were washed with Tris-buffered saline-Tween
20. Then, density of corresponding bands was measured
quantitatively using image analysis software (Quantity
One, Bio-Rad Laboratories, Hercules, CA, USA) and
corrected by reference to the value for B-actin.

Resid Total solid Total Total Polysacch- Emodin
Name Batch number Dose pH value wesicue 0?7 ota /SOLI s anthraquinone ota /suLg ar aride chrysophanol
ignition (%)  (mg/mL) (ng/mL) (mg/mL) (mg/mL) (ng/mL)
Shenkang 201405041 20 mL 6.7 0.1 18.9 60 11.3 7.2 21
injection
Shenkang 201405042 20 mL 6.7 0.2 17.8 60 10.9 6.7 21
injection
Standard 5.0-7.0 <0.5% >14.0 mg >50 pg >8.0 mg >4.0 mg >8 ug
regulation
) ) Heavy metals and toxic elements residue (ug)
Name Batch number Pyrogenic Sterile Lead Cadmium Arsenic Mercury Copper
Shenkang 201405041 Compliance ~ Compliance  Not detected  0.22 1.83 Not detected Not detected
injection
Shenkang 201405042 Compliance ~ Compliance  Not detected 0.14 0.11 Not detected Not detected
injection
Standard <12 pg <3 pug <6 ug <2pug <150 pg

regulation
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Real-time PCR

Total RNA was extracted using Trizol reagent, and samples
were reverse-transcribed into cDNA using a RT-PCR kit.
Table 2 summarizes the primer sequences used for PCR
analyses. Real-time PCR was performed with a Biorad
CFX96 real-time PCR system (Applied Biosystems, Foster
City, CA, USA). Thermal cycling conditions were as
follows: 40 cycles of 95 °C for 30 s, 95 °C for 5 s, and
56 °C—63 °C for 40 s. A standard curve was constructed by
using serial dilutions of a known template. Relative
amount of mRNA of each sample was calculated using
the 22" method.

Statistical analysis

Statistical analysis was performed using the SPSS software
package (version 18.0; SPSS Inc, Chicago, IL, USA).
Quantitative data are presented as mean =+ standard
deviation (SD). Data were analyzed using one-way
analysis of variance to evaluate inter-group differences.
P < 0.05 was considered statistically significant.

Results

SKI inhibits HG-induced senescence among renal
tubular epithelial cells

Exposure to HG for 72 h but not to mannitol resulted in a
flatter and larger cell morphology compared with control
culture conditions. Interestingly, SKI treatment restored
cells to nearly a normal shape, especially at a high
concentration of 200 mg/L, suggesting that SKI improved
HG-induced hypertrophy of renal tubular epithelial cells in
a dose-dependent manner (Fig. 2A).

We determined the effect of SKI on expressions of

senescence markers, including senescence-associated het-
erochromatin foci (SAHF), SA-B-Gal, P16™%, cyclin D1,
and DcR2 in renal tubular epithelial cells. Compared with
control cells, emergence of SAHF was observed in the HG
group after culture for 72 h but not in the mannitol group.
SKI effectively inhibited SAHF formation in a dose-
dependent manner (Fig. 2B).

Upon SA-B-Gal staining, a significantly higher percen-
tage of SA-B-Gal-positive cells was observed among HG-
induced renal tubular epithelial cells, with an almost 4.6-
fold increase compared with control cells (P < 0.05).
However, SKI treatment resulted in a remarkably lower
percentage of SA-B-Gal-positive cells in comparison with
the HG group, especially in the 200 mg/L SKI group in
which percentage of SA-B-Gal-positive cells was 86% less
than that in the HG group (P < 0.05) (Fig. 2C and 2D).

Culture with HG resulted in an approximate 2.1-fold
increase in percentage of P16™*“-positive cells and 1.9-
fold increase in the percentage of cyclin D1-positive cells
compared with those in the control group (P < 0.05). SKI
treatment significantly reduced the percentage of P16™-
positive cells and cyclin D1-positive cells, especially in the
200 mg/L SKI group in which the percentage of P16™%4-
positive cells was 58% lower than that in the HG group;
cyclin D1-positive cells was 63% lower than that of the HG
group (P < 0.05). By contrast, mannitol exerted no effect
on the expression of P16™** (Fig. 2E and 2F). Similarly,
SKI can reverse HG-induced upregulation of cyclin D1
and DcR2 in a dose-dependent manner (P < 0.05 vs. HG
group) (Fig. 2G, 2H, and 2I).

Anti-oxidative stress effect of SKI during HG-induced
senescence

After exposure to HG for 72 h, renal tubular epithelial cells
exhibited increased MDA content and decreased SOD
activity compared with control cells (P < 0.05). SKI

Table 2 Primer sequences used for RT-PCR analysis

Genes Primer sequences Annealing temperature (°C)

Actin 5" CATGGATGACGATATCGCTGC 3' 60
5" GTACGACCAGAGGCATACAGG 3’

Sirtl 5" GCTGACGACTTCGACGACG 3’ 63
5" TCGGTCAACAGGAGGTTGTCT3'

Klotho 5" CAAAGTCTTCGGCCTTGTTC 3' 56
5" CTCCCCAAGCAAAGTCACA 3’

PPAR-y 5' TGTCGGTTTCAGAAGTGCCTTG 3' 60
5" TTCAGCTGGTCGATATCACTGGAG 3’

mTOR 5" GCCACCTGGTATGAGAAGC 3' 63
5" CCAACACTGCCCTGTAAAA 3’

P66shc 5" CCGACTACCTGTGTTCCTTCTT 3' 60

5" CCCATCTTCAGCAGCCTTTCC 3’
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Fig. 2 Dose-dependent effect of SKI on expression of senescence markers in primary proximal tubular cells cultured under different conditions.
(A) Cell morphology was examined under inverted microscopy after culturing for 72 h (magnification, 200x); (B) emergence of SAHF
(magnification, 1200 x); (C, D) SA-B-Gal stalnmg and percentage of SA-B-Gal-positive cells (magnification, 100 x); (E, F) expression of P16™K4 in
cell nuclei and quantitative analysis of P16™ -posmve cells (magnification, 400 x); (G, H) expression of cyclin D1 in cell nuclei and quantitative
analysis of cyclin D1-positive cells (magnification, 400 x ); and (I) emergence of DcR2 in cytoplasm (magnification, 1200 x ). Values are mean + SD
of independent experiments with triplicate dishes. *P < 0.05 vs. control; **P < 0.01 vs. control; ***P < 0.001 vs. control; *P < 0.05 vs. HG
group; #p <001 vs. HG group; ##p < 0.001 vs. HG group; °P < 0.05 vs. HG + SKI (50 mg/L); °® P < 0.01 vs. HG + SKI (50 mg/L).



Biqiong Fu et al.

273

treatment effectively reduced HG-induced MDA produc-
tion and increased SOD activity at all three concentrations
tested in a dose-dependent manner (all P < 0.05 vs. HG
group), suggesting that SKI plays a role in reducing
oxidative stress in HG-exposed renal tubular epithelial
cells (Fig. 3).

SKI inhibits expression of mTOR and P66shc

To investigate potential targets through which SKI inhibits
HG-induced senescence, we detected expression of mTOR
and P66shc at mRNA and protein levels. Results showed
that mRNA levels of mTOR and P66shc in the HG group
were elevated by 2.7- and 3.8-fold, respectively, compared
with those in the control group (both P < 0.05). Also,
protein levels of mTOR and P66shc were 2.2- and 2.9-fold
higher in the HG group, respectively, than those in the
control group (both P < 0.05). SKI treatment significantly
reduced expressions of mTOR and P66shc at both mRNA
and protein levels (all P < 0.05). These data revealed that
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SKI possibly inhibited HG-induced senescence by inhibit-
ing mTOR and P66shc expressions (Fig. 4).

SKI promotes expressions of klotho, sirtl, and PPAR-y

We also detected expressions of klotho, sirtl, and PPAR-y
at mRNA and protein levels in renal tubular epithelial cells.
mRNA levels of klotho, sirtl, and PPAR-y in the HG
group accounted for 37%, 18.97%, and 50.6% of those in
the control group, respectively (all P < 0.05). Similarly,
protein levels of klotho, sirtl, and PPAR-y in the HG
group were reduced to 28%, 36%, and 45% of the levels
observed in the control group, respectively (all P < 0.05).
Interestingly, SKI treatment remarkably upregulated
klotho, sirtl and PPAR-y expression at both the mRNA
and protein levels (all P < 0.05), with mRNA expression
reaching 1.78-, 9.17-, and 1.24-fold higher than corre-
sponding levels in the control group, respectively. Protein
expressions were 1.78-, 3.44-, and 1.53-fold higher than
the levels in the control group, respectively (all P < 0.05).
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Fig. 3 Dose-dependent effect of SKI on SOD and MDA in renal tubular epithelial cells.
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Fig. 4 Expression of mTOR and P66shc in renal tubular epithelial cells cultured under different conditions.
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Thus, SKI inhibited HG-induced senescence possibly by
upregulating klotho, sirtl, and PPAR-y (Fig. 5).

Discussion

In diabetic state, renal tubular cells are directly exposed to
a pathological microenvironment complicated by glucose
and lipid metabolism disorders, persistent oxygen stress,
and chronic inflammation at the very early stage,
accelerating the occurrence of stress-induced senescence
[17-21]. Morphologically, senescent cells appear flat and
hypertrophic, with abnormal deposition of lipofuscin in the
cytoplasm and heterochromatin aggregation in the nucleus,
indicating formation of SAHF. Senescent cells show
permanent stagnation of the cell cycle, upregulation of
P16™ and cyclin D1, increased SA-B-Gal activity, and
elevated expression of membrane DcR2 [22]. Studies
reported that DN is associated with acceleration of
senescence among tubule cells in renal biopsy, and a
similar senescent pattern was also observed for proximal
tubule cells incubated in HG media in vitro [2]. Our study
demonstrated that HG caused a flatter and larger cell
morphology and emergence of SAHF. Also, senescence
markers of SA-B-Gal activity, P16™** cyclin DI, and
DcR2 were upregulated in HG-exposed renal tubular
epithelial cells. Interestingly, SKI significantly improved
HG-induced renal tubular cell hypertrophy and reduced
expression of P16™*4, cyclin D1, and DcR2 and SA-B-Gal
activity in a dose-dependent manner. Notably, SKI did not
cause any abnormality in control cells, suggesting that SKI
is non-toxic to normal cells.

In HG environment, mitochondrial energy metabolism
disorder produces high amounts of reactive oxygen
species, which in turn damage DNA and mitochondria,
causing stress-induced senescence independent of age. In
vivo studies have shown that SKI can significantly reduce
the level of oxidative stress in kidneys and inhibit renal
fibrosis [11,23]. HPLC analysis (HPLC fingerprints) has

confirmed that SKI contains high amounts of potential
antioxidant compounds [13]. Astragalus membranaceus, a
main component of SKI, features an anti-senescence effect
probably due to its properties as an antioxidant and
regulator of telomerase activity [24]. Another important
component of SKI is Radix et Rhizoma Rhei, which
presents a potent antioxidant effect and can prolong
survival of mice by reducing severity of renal lesions
[25]. Notably, dosage of SKI used in clinical settings for
treatment of chronic renal diseases reaches 6 g/L, whereas
SKI concentration used in the present study was
significantly lower than that in the plasma of patients.
SKI inhibited HG-induced oxidative stress in renal tubular
cells in a dose-dependent manner, and coincidentally, SKI
was found to exert similar effects on HG-induced
senescence. Thus, the effect of SKI on HG-induced tubular
cell senescence can be attributed to its antioxidant capacity,
indicating the mechanism of protective effects of SKI in
early DN.

Renal cell senescence in DN is closely associated with
activation of pro-senescence molecules, such as mTOR
and P66Shc, and downregulation of anti-senescence
molecules, including klotho, sirtl, and PPAR-y [26-39].
Consistent with these findings, HG triggered upregulation
of mTOR and P66Shc and downregulation of klotho, sirt1,
and PPAR-vy in renal tubular epithelial cells. However, SKI
potently reversed these changes by preserving balanced
expression of pro-senescence and anti-senescence mole-
cules, revealing synergistic effects of individual compo-
nents of SKI for treatment of DN.

In conclusion, SKI may protect against HG-induced
senescence among renal tubular epithelial cells by
increasing expressions of anti-senescence molecules
klotho, sirtl, and PPAR-y and inhibiting levels of pro-
senescence molecules mTOR and p66Shc. This study
provides in vitro experimental evidence that SKI, as a
classical traditional Chinese medicine prescription, may be
a novel strategy for protecting against HG-induced renal
tubular cell senescence in treatment of DN. However, the
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Fig. 5 Expression of klotho, sirtl, and PPAR-y in renal tubular epithelial cells cultured under different conditions.
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effect of SKI on HG-induced renal tubular cell senescence
needs further in vivo exploration.
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