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A B S T R A C T

Triptolide(T9) is a predominant bioactive component extracted from Chinese herb Tripterygium wilfordii Hook F.
(TwHF), and has multiple pharmacological activities, such as immunosuppressive and anti-inflammatory ac-
tivities, et al. However, severe adverse effects and toxicity, particularly nephrotoxicity, limit its clinical appli-
cation. It has been demonstrated that the activation of nuclear factor erythroid 2-related factor 2 (Nrf2) signaling
pathway could alleviate T9-induced nephrocyte damage. The aim of this study was to investigate the potential
protective role of triptriolide (T11) against T9-induced nephrocyte apoptosis in vitro and in vivo. Renal injury
models were established in human kidney 2 (HK2) cells and BALB/c mice using T9, and the protective effects of
T11 were probed in vitro and in vivo, respectively. T9 induced nephrocyte damage in HK2 cells and BALB/c mice
by induction of reactive oxygen species (ROS), lactate dehydrogenase (LDH), malondialdehyde (MDA) and
glutathione (GSH) and reduction of superoxide dismutase (SOD), which resulted in the apoptosis of nephrocyte
and injury of renal function. While, pretreatment of T11 effectively reversed these changes, resulting in the
obvious decrease of oxidative stress and renal function parameters, ameliorated nephrocyte apoptosis, improved
cell morphology, and higher increase of Nrf2, NAD(P)H: quinine oxidoreductase 1 (NQO1) and heme oxygenase
1 (HO-1) protein levels in vitro and in vivo. Altogether, T11 protected against T9-induced nephrocyte apoptosis
possibly via suppressing oxidative stress.

1. Introduction

Tripterygium wilfordii Hook F. (TwHF) is a well-known traditional
Chinese herbal medicine that has been widely used for the therapy of
autoimmune diseases, including nephritic syndrome, systemic lupus
erythematosus, and rheumatoid arthritis [1]. Triptolide (T9), the major
bioactive component of TwHF, possesses various promising pharma-
cological effects of TwHF [2]. However, the clinical development of T9
has been hindered greatly due to its severe side effects to digestive,
blood circulatory, urinary, reproductive, immune systems as well as
bone marrow [3], and particularly, its severe toxicity to the kidney [4].

Oxidative stress, induced by harmful stimulus, can damage all cel-
lular macromolecules, including proteins, lipids, and DNA [5].

Uncontrolled production of oxidants results in oxidative stress that
impairs cellular functions and contributes to the development of cel-
lular injury [6]. Moreover, oxidative stress caused by the dysfunction of
mitochondrial, the inhibition of lysosomal hydrolase, phospholipid in-
jury, and increased intracellular calcium concentration could directly
lead to drug-induced nephrocyte injury [7]. Accumulated studies have
shown that oxidative stress products and lipid peroxidation were de-
tected in T9-treated rats, indicating that oxidative stress played a vital
role in T9-induced cytotoxicity to kidney [8]. Oxidative stress is closely
related to cell apoptosis in some diseases [9–11]. What’s more, pub-
lished study has demonstrated that reactive oxygen species (ROS) plays
an important role in T9-induced apoptosis of renal tubular cells and
renal injury [12].
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The cellular defense system governs a series of cytoprotective genes
to counteract oxidative stress. Nuclear factor erythroid 2-related factor
2 (Nrf2) is one of most famous family members for its primary cyto-
protective role in response to oxidative and electrophilic stress [13].
Nrf2 regulates specifically genes embodying anti-oxidative elements
(ARE), including xenobiotic-metabolizing, and cytoprotective enzymes
[14]. Under normal conditions, Nrf2 is inhibited retaining in the cytosol
by Kelch-like ECH-associated protein 1 (Keap1), which functions as a
negative regulator of Nrf2 by binding to Nrf2 to promote ubiquitination
and enhancing its proteasomal degradation [15]. However, under the
condition of exposing to ROS and electrophiles, Nrf2 disaggregates from
Keap1 and accumulates into the nucleus where it dimerizes with
members of small Maf proteins [16], binds to ARE, and ultimately ac-
tivates ARE-dependent gene expression, including NAD(P)H: quinine
oxidoreductase 1 (NQO1) and heme oxygenase 1 (HO-1) [17]. The Nrf2
pathway forms a pivotal node in cellular protective system against
oxidative and electrophilic stresses from both exogenous and en-
dogenous origins, resulting in reversing cell apoptosis.

Triptriolide (T11), an active diterpene component which is similar
to T9, was obtained from Chinese herb medicine TwHF and has had a
great impact on attenuation synergia of TwHF. Our previous studies
have shown that T11 could be a potent agent to relieve hepatocyte
injury induced by lipopolysaccharide (LPS) in vivo and in vitro [18]. In
addition, the prominent protective effect of T11 on puromycin amino-
nucleoside (PAN)-induced podocyte injury has been elucidated [19].
However, there is no indication on the impact of T11 on T9-induced
oxidative stress-mediated renal apoptosis in vitro and in vivo to date.

The present study aims to explore the potential protective effects of
T11 against T9-induced renal oxidative stress-mediated apoptosis in
human kidney 2 (HK2) cells and BALB/c mice. The current results
provide empirical evidence for the anti-oxidative activity of T11 via
Nrf2 signaling pathway and the antagonistic effect of T11 on T9-in-
duced oxidative stress-associated renal apoptosis, and allow further
insight into the therapeutic schedules against T9-induced side effect to
kidney.

2. Materials and methods

2.1. Chemicals and reagents

T11, purity> 98%, was obtained from Liubo laboratory
(Guangzhou, China). T9 purity> 98%, was obtained from Nanjing
Dilger Medical Technology Co., Ltd (Nanjing, China). Dimethyl sulf-
oxide (DMSO) was purchased from Sigma-Aldrich (St. Louis, MO,
United States). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) was purchased from MP Biomedicals (Santa Ana, CA,
USA). Phosphate buffer saline (PBS), Hanks’ Balanced Salt Solution
(HBSS), Dulbecco’s modified Eagle’s medium (DMEM/F12), Fetal bo-
vine serum (FBS) and 0.25% Trypsin-EDTA were purchased from
GIBCO Laboratories (Grand Island, NY, United States). Annexin V-
FITC/PI apoptosis kit was obtained from MultiSciences (Hangzhou,
China). TUNEL apoptosis assay kit was purchased from Beyotime
Biotechnology Institution (Jiangsu, Nanjing). 4′,6-Diamidino-2-pheny-
lindole (DAPI) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Primary antibodies against Nrf2 (#12721), Keap1 (#8407) and GAPDH
(#5174) were purchased from Cell Signaling Technology Inc. (Beverly,
MA, United States). Primary antibodies against HO-1 (ab13248), NQO1
(ab28947) were purchased from ABCAM (Abcam, Cambridge, MS,
United States). SuperSignal West Femto Maximum Sensitivity Substrate
was obtained from Thermo Fisher Scientific Inc. (Rockford, IL, United
States). ROS test kit was purchased from Beyotime Biotechnology
(Shanghai, China). Other reagents were of analytical grade from com-
mercial suppliers.

2.2. Cell culture and MTT assay

The human renal proximal tubular cell line HK2 cells, obtained from
Chinese Academy of Sciences Cell Bank (Shanghai, China), were cul-
tured in DMEM/F12 supplemented with 10% (v/v) FBS. The cells were
grown in a humidified 37 ℃ incubator with 5% CO2. T9 and T11 were
dissolved in DMSO and stock solutions were stored at -20℃. Reagents
were freshly diluted to the marked concentrations with culture medium
before use. DMSO concentration in experimental conditions never ex-
ceeded 0.1%(v/v).

Cell viability was detected using MTT assay kit. HK2 cells were
seeded in a 96-well cell plate (9×103 cells/well). The HK2 cells were
treated with T9 (0, 5, 10, 20, 40, 80, 160, 320, 640 nM) or T11 (0,
0.0625, 0.125, 0.25, 0.5, 1, 2, 4 mM) for 24 h. MTT (5mg/mL, 20 μL/
well) were added 24 h later and the cells were incubated for another
4 h. The violet formazan precipitate in cells was dissolved with DMSO
(150 μL/well). Following shaking for 5min, the absorbance of solubi-
lized formazan grains in HK2 cells was measured at 490 nm. Next, HK2
cells were seeded in a 96-well cell culture plate (9× 103 cells/well) and
then treated with the selected concentration of T9 (50 nM) with T11 (0,
0.25, 0.5, 0.75, 1mM) for 24 h. The MTT assay was removed, DMSO
was added and the absorbance was measured. Finally, HK2 cells
(2.7× 105cells/well) were seeded into a 6-well cell culture plate and
treated with T9 (50 nM) for 24 h with or without selected concentration
of T11 (0.5 mM), and morphological changes of cells were observed and
captured by microscope (Olympus BX53, Japan).

2.3. Annexin V-FITC/PI staining by flow cytometric analysis

HK2 cell apoptosis from each group was detected by flow cytometry
using the Annexin V-FITC/PI Apoptosis Detection Kit according to the
manufacturer’s instructions. As shown in Fig. S1, HK2 cells (2.7× 105

cells/well) were seeded in a 6-well culture plate and treated with T9
(50 nM) with or without T11 (0.5 mM) for 24 h. Then the cells were
collected by centrifugation at 1500 rpm for 5min and washed twice
with pro-cooling PBS. Following resuspending with 500 μL Binding
Buffer, the cells were stained by Annexin V-FITC solution (5 μL) and PI
solution (10 μL). The cells were vortexed softly and incubated at room
temperature for 5min in dark. The Annexin V-FITC/PI positive cells
were analyzed by flow cytometry (BD). Approximately 1×104 cells
from each group were gated and counted, and the distribution ratios of
early apoptotic cells (Q3: lower right quadrant) and late apoptotic cells
(Q2: upper right quadrant) were calculated for comparison between
groups.

2.4. Release of LDH leakage in HK2 cells

The leakage of Lactate dehydrogenase (LDH) from the cells was
assessed by CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega,
Madison, USA) as the manufacturer described. Briefly, HK2 cells were
seeded in a 96-well culture plate at a density of 9×103 cells/well and
treated by T9 (50 nM) with or without T11 (0.5 mM) for 24 h. And
50 μL supernatant of the cells were removed in a new 96-well culture
plate. 50 μL CytoTox were added and incubated at room temperature in
dark for 30min. After adding with 50 μL Stop Solution, the cells were
measured at 490 nm using microplate reader (Biotek Gen5, USA).

2.5. Oxidative stress indicators in HK2 cells

The cells were treated with T9 (50 nM) for 24 h with or without T11
(0.5 mM) when plated in 96-well culture plates at a suitable density
(9×103 cells/well). After treatment, the HK2 cell supernatant was
used to detect oxidative stress indicators including malondialdehyde
(MDA), superoxide dismutase (SOD), glutathione (GSH), and cell ex-
tracts prepared in RIPA buffer (CWBIO, Beijing, China) containing
Proteinase inhibitor Tablets (Roche, Mannheim, Germany) were used to
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detect relative protein levels.

2.6. Animals and experimental protocol

The specific-pathogen-free (SPF) healthy male BALB/c mice, 6–8
weeks old, weighing 18–22 g, were purchased from Laboratory Animal
Services Center, Guangzhou University of Chinese Medicine
(Guangzhou, China). The mice were housed in an animal room, and
under environment condition with controlled temperature (20 ± 2℃),
humidity (50 ± 10%), a 12 h light/dark cycle (lights on: 07:00-19:00),
ventilation, more than 10 air exchanges per hour (all-fresh-air system)
and had free access to a standard diet and water ad libitum.
Experimental protocols were inspected and permitted by Animal Care
and Use Committee (Guangzhou university of Chinese medicine,
Guangzhou).

As shown in Fig. S2, 18 mice were randomly assigned to 3 groups
(n=6 per group): 1) control; 2) T9 (1mg/kg); 3) T11 (28mg/kg) +
T9. The dosage of T11 was selected according to our previous study
[18]. And the dosage of T9 was selected refer to the published article
[8]. T11 was administered via oral gavage, while T9 was injected by
intraperitoneally (i.p.). The mice were received T11 once daily by ga-
vage for 7 days consecutively. T9 was given to establish acute kidney
injury animal model after the final treatment of T11. After 24 h, all
animals were anesthetized and required samples were collected. Serum
samples were collected for biochemical analysis. And kidney tissues
were removed and weighed. The sections of the kidney were collected
for analysis of biochemistry and protein expression and staining of
immunohistochemical and TUNEL.

2.7. Evaluation of kidney coefficient in mice

All BALB/c mice were weighed before anesthetized. Kidney tissues
were collected and weighed immediately after sacrificed, the kidney
coefficient was measured by the formula [20] (1):

= ×
Wk
Wb

The kidney coefficient(%) 100%
(1)

where Wk and Wb represent the kidney weight and body weight, re-
spectively.

2.8. Serum Cr and BUN activities

The serum creatinine (Cr) and blood urea nitrogen (BUN) levels
were used as sensitive indicators of kidney injury. The measurement of
Cr and BUN was performed as previously described [21]. Briefly, blood
samples in each group were collected and let stand for 1 h. Serum
samples were obtained by centrifuging blood samples at 3000 rpm for
15min. The concentrations of Cr and BUN in serum were detected by
assay kits (Siemens, India) and analyzed with auto analyzer (Siemens,
Dimension Xpandplus, USA).

2.9. Oxidative stress indicators in renal tissues

Renal tissues of 50mg were homogenized in 800 μL PBS and cen-
trifuged at 12,000 rpm for 15min at 4 ℃. Then the supernatants were
removed for oxidative stress indicators assay. The levels of MDA, SOD,
GSH and LDH were measured to assess oxidative stress in each group.
All the above indicators were conducted using corresponding assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) refer to
the protocol’s instructions.

2.10. Determination of ROS production

The production of ROS in kidney sections was measured by a
fluorescent probe 2′,7′-Dichlorodi-hydrofluorescein diacetate (DCFH-
DA, Beyotime Biotechnology, China) according to the procedure

previous reported with a few modifications [22]. The kidney portions
were collected and washed gently with PBS, and then diverted into a
culture dish containing 5mL PBS. Put the kidney tissues on 200 mesh
filter and gently crush the kidney tissues with syringe core to obtain cell
suspensions. Then the cell suspensions were collected in centrifugal
tube and centrifuged at 500×g for 5min. After discarding supernatant,
adding1×erythrocyte lysate to resuspend precipitation, reaction in
dark at room temperature for 10min, neutralized with equal volume
PBS, centrifuged at 500×g for 5min. After discarding the supernatant,
then resuspended nephrocytes with 3ml PBS and counted. The ne-
phrocytes (9× 103 cells/well) were plated in a 96-well culture plate
and stained with DCFH-DA (10 μM) for 30min at 37 ℃. The fluorescent
intensity was determined at an excitation wavelength of 488 nm and
emission wavelength of 525 nm.

2.11. Western Blot

Western Blot was performed as previously described with a few
adjustments [23]. Total proteins were extracted from kidney tissues or
HK2 cells using RIPA lysis buffer (CWBIO, Beijing, China) with Pro-
teinase inhibitor Cocktail Tablets (Roche, Mannheim, Germany) ac-
cording to the protocol. After centrifuging the collected solutions at
12,000 rpm for 15min, the supernatant was removed and added by
loading buffer, then the mixture was boiled for 10min. Equivalent
amounts of proteins were loaded and split by 10% SDS-polyacrylamide
gel electrophoresis and transferred to PVDF membranes (Millipore Co,
Billerica, MA, United States). The bands were blocked in 5% nonfat
milk in TBST for 2 h at room temperature and then incubated overnight
at 4 ℃ with corresponding primary antibodies. The bands were then
incubated with a secondary antibody conjugated with horseradish
peroxidase at 37 ℃ in moist chamber for 2 h. The membranes were
developed using SuperSignal West Femto Maximum Sensitivity Sub-
strate (Thermo Fisher Scientific, Rockford, IL, United States) according
to the manufacturer’s protocol. The immunoreactive density were de-
tected by a chemiluminescence detection system (Bio-Rad Laboratories,
Hercules, CA, United States). The bands were analyzed using Image Lab
software 5.2.1(Bio-Rad Laboratories, Hercules, CA, United States).

2.12. TUNEL staining

After apoptosis, the genomic DNA in the nucleus breaks. With the
catalysis of Terminal Deoxynucleotidyl Transferase (TdT), exposed 3′-
OH can bind with fluorescent probe Cy3 labeled dUTP, which can be
detected by fluorescence confocal microscopy. Apoptosis DNA frag-
mentation in kidney tissue was measured by TUNEL assay kit (C1089,
Biotime Institute) as previously described with a few adjustments [24].
Briefly, kidney sections (3 μm) from each group were dewaxed. Fol-
lowing incubation with protease K (without DNase, 20 μg/mL) for
30min at 37 ℃. After washing with PBS, the sections were incubated
with 50 μL TUNEL reaction mixture for 60min at 37 ℃ in dark. Sub-
sequently, stained sections were washed with PBS and observed by
fluorescence confocal microscope (Zeiss LSM710, Germany). The
number of the TUNEL positive cells was calculated in 10 randomly
selected fields of 6 sections by Image J (Bio-Rad Laboratories, Hercules,
CA, United States) for comparison.

2.13. Immunohistochemical staining

Immunohistochemical studies for mice kidney slices were per-
formed to detect the expression and location of Nrf2 as described pre-
viously with a few modifications [25]. 4% paraformaldehyde-fixed,
paraffin-embedded kidney tissues (3 μm) were dewaxed initially. 3%
hydrogen peroxide (H2O2) was added to block the activity of en-
dogenous peroxidase for 15min. Kidney sections from different groups
were washed twice using PBS. Following incubation in 1% Triton-X 100
solution for 30min at room temperature, and then antigen retrieval
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with citric acid buffer (pH 6.0) in microwave. And subsequently a
blocking solution containing 3% bovine serum albumin (BSA) was
added to block for 30min at room temperature. Kidney slices were
stained with anti-Nrf2 antibody (1:200 dilution) in a moist chamber for
2 h at 37 ℃. After washing three times with PBS buffer solution, the
secondary antibody was added. Then the kidney samples were in-
cubated in a moist chamber at 37 ℃for 1 h and washed with PBS buffer
solution before addition with 3, 3′-Diaminobenzidine (DAB) (Maxim
Biotechnology Development Co., Ltd., China) for 5 s. Nuclei were
counterstained by hematoxylin, dehydration in graded alcohols and
stepping in TO (substitute for xylene), mounted by neutral gum. Images
were captured by microscope (Olympus BX53, Japan), and six fields
were chosen randomly. In addition, the positive expression of IHC was
analyzed by Image Lab software 5.2.1.

2.14. Statistical analysis

SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical
analysis. Results from the experiments are expressed as mean ± SEM.
Two-group comparisons were analyzed using the Student’s t-test or one-
way analysis of variance (ANOVA) followed by Turkey’s test when
appropriate. Statistical significance was defined as P < 0.05. Special
Statistical significance was defined as P < 0.01.

3. Results

3.1. The structure, high resolution mass spectra, spectrum of T11

The structure of T11 and its high-resolution mass spectra, spectrum
of 1H and 13C-NMR were shown in published article [18].

3.2. Effects of T11 and T9 on HK2 cell viability

Treatment of T9 for 24 h impaired the HK2 cell viability in a dosage-
dependent manner. T9 50 nM was used in following experiments which
was close to the IC50 value (Fig. 1A). Treatment with T11 didn’t show
any cytotoxicity at 0–1mM, but a dosage-dependent decrease of cell
viability at 1–4mM (Fig. 1B). T11 treatment could significantly ame-
liorate T9-induced decline of cell viability at 0.25-0.75mM in a dosage-
dependent manner (Fig. 1C). Thus, the middle effective dose (0.5 mM)

was selected for subsequent experiments. Besides, T9 treatment could
cause HK2 cells to be slender, grow antennae and death, while T11
could counteract those changes (Fig. 1D).

3.3. Effects of T11 and T9 on HK2 cell apoptosis

Annexin V-FITC/PI double staining cell apoptosis detection assay
was used to further investigate the effects of T9 and T11 on HK2 cell
apoptosis. As shown in Fig. 2, T9 could significantly elevate the early
apoptosis of HK2 cells (P＜0.01) compared with the control group,
while T11 co-treatment could markedly decrease the early apoptosis of
HK2 cells (P＜0.01) when compared to the T9 treated group. The result
of the Annexin V-FITC/PI assay indicated that T11 could protect HK2
cells against T9-induced nephrocyte apoptosis in vitro.

3.4. Effects of T11 and T9 on oxidative stress indicators in HK2 cells

To investigate the potential anti-oxidative effect of T11 in T9-in-
duced HK2 nephrocytes, LDH, MDA, SOD and GSH levels were mea-
sured in the supernatant of HK2 nephrocytes. As shown in Fig. 3A–D,
there were a significant induction of LDH (P＜0.01) and MDA (P＜0.01)
and depletion of SOD (P＜0.01) together with GSH (P＜0.01) in cells
exposed to T9 (50 nM) compared to the control group. In contrast, T11
(0.5 mM) co-treatment markedly lower the concentration of LDH (P＜
0.01) and MDA (P＜0.01), and triggered the rise of SOD (P＜0.05) and
GSH (P＜0.01) compared with T9-treated group.

3.5. Effects of T11 and T9 on Nrf2 pathway activation in HK2 cells

To further determine the changes in the protein levels of Nrf2 sig-
naling pathway after T11 and/or T9 co-treatment, HK2 cells were
treated with T11 (0.5 mM) and T9 (50 nM), and the expressions of Nrf2,
NQO1, HO-1 and Keap1 were analyzed by Western Blot. As shown in
Fig. 4, Nrf2 (P＜0.01) protein levels of T9-injured group slightly in-
creased, as well as its downstream NQO1 (P＜0.01) and HO-1 (P＜0.01)
compared with the control group, and further enhanced with the co-
treatment of T11 (Fig. 4B–D). Furthermore, Western Blot depicted that
the treatment of T9 with or without T11 didn’t result in significant
change in expression of Keap1 in each group (Fig. 4E).

Fig. 1. Effects of T9, T11 and T9+T11 on the viability and morphological changes of HK2 cells. A. HK2 cells were treated with T9 at different concentrations for
24 h. B. HK2 cells were treated with T11 at different concentrations for 24 h. C. HK2 cells were treated with T9 (50 nM) for 24 h with or without T11 with indicated
concentrations. D. HK2 cells were treated with T9 (50 nM) for 24 h with or without T11 (0.5mM), and morphological changes of cells were observed and captured by
microscope (magnification × 200). The cell viability was detected by MTT assay kit. Data are represented as the mean ± SEM from independent groups. **P＜0.01
vs. control group. ##P＜0.01 vs. T9 group.
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Fig. 2. HK2 cell apoptosis in different groups
determined by Annexin V-FITC/PI uptake and
flow cytometry detection. HK2 cells were
treated with or without T9 (50 nM)/T11
(0.5mM) for 24 h. The distributions of apoptotic
and necrotic cells in the control group (A.), the
T9 group (50 nM) (B.) and the T9 (50 nM)
+T11 (0.5mM) group (C.) were detected by
Annexin V-FITC/PI double staining assay. And
the ratio of apoptotic cell in each group was
shown in (D.). Q1 (Annexin V-FITC-negative/PI-
positive) represents necrotic cells, Q2 (Annexin
V-FITC- positive /PI-positive) represents late
apoptotic cells, Q3 (Annexin V-FITC-positive/
PI-negative) represents early apoptotic cells,
and Q4 (Annexin V-FITC-negative/PI-negative)
represents living cells. Data are represented as
the mean ± SEM from independent groups. **P
＜0.01 vs. control group. ##P＜0.01 vs. T9
group.

Fig. 3. HK2 cells were treated with T9 (50 nM)
for 24 h with or without T11 (0.5mM), in-
dicators of oxidative stress in cell supernatants
were measured. Effects of T9 or T9+T11 on
the levels of LDH (A), MDA (B), SOD (C) and
GSH (D) in HK2 cell supernatants were de-
tected. Cell supernatants were analyzed by
assay kit. Data are represented as the
mean ± SEM from independent groups. **P＜
0.01 vs. control group. #P＜0.05, ##P＜0.01 vs.
T9 group.
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3.6. Effects of T11 and T9 on kidney coefficient in mice

During our experiment, body weight was recorded every day and
kidney tissue was weighed immediately after sacrifice. As shown in
Fig. 5A–B, there was no obvious change in body weight and the abso-
lute size of the mice kidney in each group. There was not obvious dif-
ference in the kidney coefficient of each group.

3.7. Effects of T11 and T9 on kidney function indicators in mice

Nephrotoxicity was monitored by quantitative analysis of Cr and
BUN levels that were used as the biochemical markers of renal injury.
The parameter of nephrotoxicity from different groups was shown in
Fig. 5E–F. Giving acute single dose of T9 (1mg/kg), the Cr (P＜0.01)
and BUN (P＜0.01) were significantly elevated compared to the control

Fig. 4. T11 pretreatment induced the expression levels of Nrf2 pathway in HK2 cells to protect against T9-induced nephrotoxicity. HK2 cells were treated with T9
(50 nM) for 24 h with or without T11 (0.5mM) pretreatment. A. The protein levels of Nrf2, NQO1, HO-1 and Keap1 in each group were measured by Western Blot. B.
Nrf2 protein expression. C. NQO1 protein expression. D. HO-1 protein expression. E. Keap1 protein expression. Data are represented as the mean ± SEM from
independent groups. **P＜0.01 vs. control group. ##P＜0.01 vs. T9 group.

Fig. 5. Effects of T9 and T11 on body weight, kidney coefficient changes and indicators of kidney function and oxidative stress in kidney of BALB/c mice. The mice
were received T11 (28mg/kg) once daily by gavage for 7 days consecutively. T9 (1mg/kg) was given to establish acute injury animal model after the final treatment
of T11. Body weight was measured every day (A) and kidney tissues (wet) were weighed after sacrifice and the kidney coefficient (B) was calculated. Cr (E) and BUN
(F) in the blood serum of mice were measured after treatment of T11 with or without T9 for 7 days. And oxidative biochemical parameters of ROS (C), LDH (D), MDA
(G), SOD (H) and GSH (I) were detected in kidney tissues. Data are represented as the mean ± SEM from independent groups. **P＜0.01 vs. control group. #P＜0.05,
##P＜0.01 vs. T9 group.
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group. Pretreatment of T11 once daily for 7 days, the Cr (P＜0.05) and
BUN (P＜0.01) levels of the T9+T11 group in the serum were sig-
nificantly reduced compared to the T9 group, respectively, indicating
that T11 significantly reduced Cr and BUN levels in the serum of BALB/
c mice.

3.8. Effects of T11 on T9 on oxidative stress in mice

An animal model of acute kidney injury induced by T9 was estab-
lished. As shown in Fig. 5C, D, GeI, activities of ROS (P＜0.01), LDH (P
＜0.01) and MDA (P＜0.01) in the T9 group were elevated, respec-
tively, when compared with those in the control group. While the levels
of SOD (P＜0.01) and GSH (P＜0.01) were significantly reduced.
However, Pretreatment of T11 reduced the increase of ROS (P＜0.01),
LDH (P＜0.01) and MDA (P＜0.01), respectively, when compared with
the T9 group. While the activities of SOD (P＜0.01) and GSH (P＜0.01)
were increased, when compared to the T9 group.

3.9. Effects of T11 and T9 on nephrocyte apoptosis in mice

During apoptosis, DNA endonucleases are activated, which cut off
genomic DNA in the nucleus. Exposed 3′-OH can be dyed red by TUNEL
staining reagent. As shown in Fig. 6, the TUNEL positive cell number in
T9-treated group was significantly increased (P＜0.01), when compared
to the control group. While pretreatment of T11 could dramatically
reduce the level of TUNEL positive cell, when compared with the T9
treated group. The results of TUNEL assay confirmed that T11 could
reverse the apoptosis of renal cells triggered by T9.

3.10. Effects of T11 and T9 on the protein levels of Nrf2 pathway in mice

The total Nrf2 expression was detected in the mouse kidneys by
Western Blot. As shown in Fig. 7B, T9 administration triggered the
increase of total level of Nrf2 (compared to the control group, P＜0.01),
moreover, T11 pretreatment elevated much higher expression of total
Nrf2 compared with the T9 group (P＜0.01).

To confirm the effect of T11 on Nrf2-related downstream targets, we
analyzed relative protein levels of kidney tissues by Western Blot.
Fig. 7C–E showed that T9 stimulated higher expression of NQO1 (P＜
0.01) and HO-1 (P＜0.01) compared to the control group, and T11
pretreatment caused dramatic increase in NQO1 (P＜0.01) and HO-1 (P
＜0.01) proteins compared to the T9 group. The expression of

Keap1 has not been changed much. The result indicated that Nrf2 ac-
tivation is involved in the protective effect of T11 on T9-induced kidney
injury.

3.11. Immunohistochemistry

To determine the location and expression change of Nrf2 protein in
kidney tissues of BALB/c mice, immunohistochemistry was im-
plemented on kidney sections from different groups. Photomicrographs
of typical fractions were shown in Fig. 8A–D. Treatment of T9 could
slightly promote the transfer of Nrf2 to the nucleus compared to the
control group. However, pretreatment with T11 stimulated more Nrf2
to transfer to the nucleus. Besides, Nrf2 expression was enhanced
higher in T9-treated group than that of the control group, but strong
positively expressed in T9+T11 co-treated BALB/c mice.

4. Discussion

T9 is one of the primary bioactive chemical components of tradi-
tional Chinese herbal medicine (TCHM)-Tripterygium wilfordii Hook F.
(TwHF), which exhibits numerous pharmacological activities, including
immunosuppressive, anti-cancer, anti-inflammatory, anti-rheumatoid,
anti-osteoporosis, anti-fertility and anti-cystogenesis [26]. Besides, T9
has an obvious protective effect on nephrocytes and could significantly
ameliorate kidney pathological damage [27,28]. However, multiple
organ toxicity of T9, especially potential nephrotoxicity, challenges its
advance for reaching clinic [29]. In the study of attenuation of TwHF,
we confirmed T11, a diterpene diepoxide, to exert a considerable im-
pact on amelioration synergia of TwHF. Our previous studies indicated
that T11 had a potential protective effect on LPS-induced hepatocyte
injury and PAN-induced podocyte injury. In our present study, we
employed the human renal proximal tubular HK2 cells and BALB/c
mice as experimental models both in vitro and in vivo to probe the effect
of T11 in the resistance to T9-induced oxidative stress-mediated
apoptosis of nephrocytes. Our studies showed that T9 was found to
trigger apoptosis induced by oxidative stress in vitro and in vivo, and
pre-treatment of T11 exerted attenuation effect in which Nrf2 pathway
is concerned.

Oxidative stress has got much attention, in our present study, for its
vital role of involving in T9-induced renal injury as verified previously
[30]. Oxidative stress induced by T9 in HK2 cells was determined by
elevating levels of LDH and MDA and declining levels of SOD and GSH,

Fig. 6. Kidney paraffin sections were stained by TUNEL assay (red) to detect renal tissue damage and counterstained with DAPI (blue) (magnification × 100, white
arrows). A. The kidney sections were stained with DAPI dye and labeled with dUTP. B. TUNEL positive cell numbers in kidneys of each group.
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however, T11 could reverse this condition in vitro. Additionally, an
animal drug-induced injury model set up in BALB/c mice was used to
assess the effect of T9 and T11 on oxidative stress in vivo. Consistent
with the results of cell experiment, T9 exposure induced oxidative stress
in kidneys of BALB/c mice determined by increasing concentrations of
ROS, LDH and MDA, as well as decreasing levels of SOD and GSH as
previous reported [8,12]. But pretreatment of T11 could counteract the
oxidative stress damage caused by T9 in BALB/c mice.

The excess of ROS can trigger damage to intracellular constituents,
including proteins and DNA of the functional systems of organelle, re-
sulting in irreversible cell injury and even apoptosis, which can lead to
various of diseases [31]. In this study, we further investigate the

nephrocyte injury in HK2 cells and BALB/c mice using flow cytometry
and TUNEL staining assay. In order to ascertain HK2 cell apoptosis
induced by T9, the Annexin-V-FITC/PI was applied using flow cyto-
metry method. And the results revealed that unlike T9-induced obvious
HK2 cell apoptosis, T11 could significantly inhibit the increase of
apoptosis cells. The TUNEL assay results also showed that T11 could
protect BALB/c kidney against T9-induced apoptosis injury.

Cr is the end product of nitrogen metabolism, which is transported
from blood to urine through the kidney [32]. The level of serum Cr is
relatively steady, and there is no more than 10–15% of its average
during 124 h. Thus, Cr is a more sensitive index of renal function
compared to BUN [33]. BUN is measured by the amount of urea

Fig. 7. T11 pretreatment induced the expression levels of Nrf2 pathway in BALB/c mice to protect against T9-induced nephrotoxicity. BALB/c mice were treated with
T9 (1mg/kg) for 24 h with or without T11 (28mg/kg) pretreatment. A. The protein levels of Nrf2, NQO1, HO-1 and Keap1 from each group in kidney of mice were
measured by Western Blot. B. Nrf2 protein expression. C. NQO1 protein expression. D. HO-1 protein expression. E. Keap1 protein expression. Data are represented as
the mean ± SEM from independent groups. **P＜0.01 vs. control group. ##P＜0.01 vs. T9 group.

Fig. 8. The immunohistochemical analysis of Nrf2 expression and location in the kidney tissues of BALB/c mice was exerted (magnification × 400, black arrows). A.
Control. B. T9 (1mg/kg), C. T9 (1mg/kg) +T11 (28mg/kg). D. The expression of Nrf2 in kidney.
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nitrogen in the blood, which is the waste of protein metabolism. De-
tection of BUN residues in blood can be used to evaluate renal function
[34]. The changes of Cr and BUN can be used as key indicators of renal
function [35]. In our present study, T9-induced kidney injury in BALB/c
mice, characterized by increased concentrations of Cr and BUN, was
eliminated by pretreatment of T11. In brief, the above results indicated
that T11 could alleviate T9-induced nephrocyte apoptosis in which
oxidative stress involved in vitro and in vivo.

We further determined the protein levels of Nrf2 and downstream
target proteins including exogenous metabolic enzyme NQO1 and de-
toxifying enzyme HO-1 by Western Blot. Results from cellular and an-
imal experiments revealed that T11 pretreatment markedly activated
the protein expressions of Nrf2 and target proteins, including NQO1
and HO-1, compared to T9 treated group both in vitro and in vivo to
alleviate oxidative stress damage induced by T9. In addition, the levels
of Nrf2 in immunohistochemical analysis is consistent with that of
protein expression.

We have attempted to interpret the mechanisms within it. As one of
the most important cell protection pathways to maintain homeostasis at
the cellular, tissue and organism levels, Nrf2 pathway plays an im-
portant part in protection against acute renal injury [36]. Nrf2 is a
transcription factor sensing oxidative stress and restoring homeostasis
[37]. In the absence of oxidative stress, Nrf2 is isolated in the cytoplasm
by bond to the zinc finger protein Keap1, which acts as a substrate
receptor for the ubiquitin E3 ligase complex of Cul3-Rbx1. Nrf2 has a
high affinity for Keap1 owe to its special functional Neh domains [38].
In the condition of cell damage caused by oxidative stress or electro-
philic stress, Nrf2 escapes the inhibition of Keap1 and accumulates in
the nucleus, where it dimerizes with small Maf proteins and then ARE,
up-regulates downstream target genes including xenobiotic-metabo-
lizing enzyme NQO1 and cytoprotective enzyme HO-1 [39]. NQO1 is
widely distributed in organs, but it is highest in liver, kidney and gas-
trointestinal tract [40]. NQO1 belongs to phase II metabolic enzymes,
which together with other phase I and II metabolic enzymes constitute
the metabolic network of exogenous toxic substances in vivo and play an
important role in detoxification metabolism of organisms [41]. In ad-
dition, NQO1 participates in antioxidant biological processes and is
found to concern stabilization of key regulatory proteins under stress
[42]. HO-1 is a cytoprotective enzyme which catalyze the rate-limiting
step of heme degradation, thus producing equal molar amounts of iron
ions, biliverdin and CO. Biliverdin and bilirubin are formed under the
action of biliverdin reductase (BVR). They are effective antioxidants
and other products of HO-1 activity regulating biological processes
[43]. HO-1 has dual functions of receiving and transmitting by sensing
cellular apoptosis and damage and effectively trying to recover in-
tracellular vitality and function [44]. Taken together, the above results
indicated that T11 could ameliorate T9-induced renal apoptosis via
inhibiting oxidative stress.

Remarkedly, the relative protein expressions of Nrf2, NQO1 and
HO-1 in T9-treated group were higher than that of the control group. As
a main mediator of cellular defense for oxidative/electrophilic signals,
the expression of Nrf2 could be elevated as soon as T9 is exposed to the
subjects [30]. When T9 causes oxidative stress damage to the kidney
tissue, Nrf2 pathway is triggered. Nevertheless, deleterious effects
cannot be completely overcome, although adaptively stimulated Nrf2
can alleviate or relieve the toxicity of T9 to nephrocytes. The possible
theory is consistent with previous reports [45,46]. Similarly, Activated
Nrf2 signaling pathway could protect kidney tissue to some extent, but
it was unable to completely counteract the damage of T9 to kidney, so
changes were found in serological and biochemical indicators.

Collectively, the present study was to clarify for the first time that
the nephroprotective effect of T11 against T9-induced apoptosis asso-
ciated with oxidative stress may be related to the activation of Nrf2
signaling pathway by T11 in vitro and in vivo. And these results sug-
gested that T11 might be a choice to prevent T9-induced renal injury
and a potent Nrf2 agonist. In the follow-up works, we will further

explore the antagonistic effect of T11 on chronic kidney injury induced
by T9 and relative mechanisms involved.

5. Conclusions

T11 could protect against T9-induced nephrocyte apoptosis by
conquering oxidative stress through activating Nrf2 pathway in vitro
and in vivo, indicating the protecting effect of T11 in treatment of T9-
induced renal injuries and the agonizing effect of T11 in Nrf2 signaling
pathway. Additionally, it provides novel remedy to counteract the
toxicity of T9.
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