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Skullcapflavone II, a novel NQOI inhibitor, alleviates
aristolochic acid I-induced liver and kidney injury in mice
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Aristolochic acid | (AAl) is a well established nephrotoxin and human carcinogen. Cytosolic NAD(P)H quinone oxidoreductase 1
(NQO1) plays an important role in the nitro reduction of aristolochic acids, leading to production of aristoloactam and AA-DNA
adduct. Application of a potent NQO1 inhibitor dicoumarol is limited by its life-threatening side effect as an anticoagulant and the
subsequent hemorrhagic complications. As traditional medicines containing AAl remain available in the market, novel NQO1
inhibitors are urgently needed to attenuate the toxicity of AAl exposure. In this study, we employed comprehensive 2D NQO1
biochromatography to screen candidate compounds that could bind with NQO1 protein. Four compounds, i.e., skullcapflavone II
(SFI), oroxylin A, wogonin and tectochrysin were screened out from Scutellaria baicalensis. Among them, SFIl was the most
promising NQOT1 inhibitor with a binding affinity (Kp = 4.198 umol/L) and inhibitory activity (ICso = 2.87 umol/L). In human normal
liver cell line (L02) and human renal proximal tubular epithelial cell line (HK-2), SFIl significantly alleviated AAl-induced DNA damage
and apoptosis. In adult mice, oral administration of SFIl dose-dependently ameliorated AAl-induced renal fibrosis and dysfunction.
In infant mice, oral administration of SFIl suppressed AAl-induced hepatocellular carcinoma initiation. Moreover, administration of
SFIl did not affect the coagulation function in short term in adult mice. In conclusion, SFIl has been identified as a novel NQO1
inhibitor that might impede the risk of AAl to kidney and liver without obvious side effect.
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INTRODUCTION

Aristolochic acids (AAs) are a class of naturally produced
nitrophenanthrene carboxylic acids, which are widely found in
medicinal herbs of the Aristolochiaceae family, such as Aristolo-
chiae fructus and Asarum [1]. The extracts from Aristolochiaceae
herbs were previously investigated, resulting in the discovery of 4
main components, including aristolochic acid |, Il, 1ll, and IV [2],
with aristolochic acid | (AAl) being the predominant toxic
compound [3]. AAs have been shown to cause renal damage
[4, 5], recognized as aristolochic acid nephropathy (AAN). More-
over, our previous study found that AAI could also induce the
development of spontaneous liver cancer when given to infant
mice [6]. Since considerable attention has been drawn to the safe
use of AAs in China, the use of some herbs of the genus
Aristolochia and Asarum has been prohibited. However, in 2017,
the China Food and Drug Administration announced that there
were still 43 kinds of Chinese patent medicine containing
Aristolochia available in the market.

Aristoloactam (AL), the product of aristolochic acid metabolism,
can react with DNA to form DNA adduct (AA-DNA adduct),
subsequently induces A to T transversion mutation, and finally
DNA damage [7]. The metabolism of AAs is a complicated process
involving a series of catalyzed chemical reactions and a variety of
key enzymes. NAD(P)H quinone oxidoreductase 1 (NQO1) plays an
important role in the nitro reduction of AAs, resulting in the
production of AL and AA-DNA adduct [8]. NQO1 can catalyze the
reduction of quinones, nitroaromatic compounds, and azoxy
compounds, reducing a wide range of quinones to hydroquinone
[9, 10]. Currently, dicoumarol is the most widely used and effective
NQO?1 inhibitor. However, it is also a long-acting anticoagulant
[11]. The anticoagulant effects and the subsequent hemorrhagic
complications greatly limited the clinical use of dicoumarol [12].
Consequently, a novel NQO1 inhibitor is urgently needed to
alleviate AAs-related toxicity without severe side effects.

A well-known Chinese herb, Scutellaria baicalensis, has been
utilized extensively in traditional Chinese medicine and has
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demonstrated a wide spectrum of pharmacological activities,
including bacteriostatic, anti-inflammatory, anti-oxidant, and
anti-tumor effects [13, 14]. Scutellaria baicalensis is rich in
various active flavonoids [15], which has a similar structure to
dicoumarol. Pharmacological researchers have found that
the active ingredients of Scutellaria baicalensis could attenuate
the liver and kidney injury induced by a variety of toxic
substance [16-19]. Due to the complex ingredients of traditional
Chinese medicine, it is a great challenge to further identify the
effective components. Biochromatography is a biological affinity
chromatography technique that uses a protein as a stationary
phase for chromatographic separation and characterization of
sample components [20, 21]. Therefore, a comprehensive two-
dimensional (2D) NQO1 biochromatography system was
employed to screen bioactive components from Scutellaria
baicalensis to analyze the interaction between its components
and NQO1 protein.

Hence, four active candidate components were screened from
the extract of Scutellaria baicalensis by the above system.
Subsequently, using the surface plasmon resonance (SPR) analysis
and NQOT1 inhibitory activity assay, we identified a novel NQO1
inhibitor with desirable affinity and inhibitory activity, skullcap-
flavone Il (SFlI). In this study, we aimed to explore the potentiality
and the underlying mechanisms of SFll in alleviating AAl-induced
hepatorenal toxicity as a novel NQO1 inhibitor. Generally, this
study may provide a new clue for the application of SFIl in the
detoxification of AAs-induced damage.

MATERIALS AND METHODS

Chemical and reagent

Human NQO1 recombinant protein was obtained from Synpep-
tide Co., Ltd. (Nanjing, China). Aristolochic acid | (AAl, A5512),
mercaptopropyltrimethoxysilane (MPTS), N,N-Dimethylformamide
(DMF), and N-(4-maleimide butyryloxide) succinimide (GMBS)
were obtained from Sigma (St. Louis, MO, USA). Silica gel was
obtained from Qingdao Meigao Chemical Co., Ltd. (Qingdao,
China). Skullcapflavone Il (SFll) was bought from Shanghai
Huizhou Bio-Technology Co., Ltd. (HZ-HQXI98-50, Shanghai,
China). Dicoumarol was obtained from Selleck Chemicals (54299,
Houston, TX, USA). Oroxylin A (B20958), wogonin (B20489), and
tectochrysin (B21459) were purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO)
was purchased from WAK-Chemie (WAK-DMSO-70, Berlin, Ger-
many). CCly, olive oil, and NaHCO; were bought from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

Preparation of NQO1 biochromatographic stationary phase

The synthesis of the NQO1 biochromatographic stationary phase
was done according to the published research method [21] and
was shown in the second step of Fig. 1. Synthesis process: 1g
silica gel (5um, 200A) and 1 mL MPTS were added in 100 mL
DMF, and the solution system was stirred under the conditions
of nitrogen protection and 60 °C for 5h. Then, the suspension
obtained from the reaction was centrifuged at 5000x g and
washed with DMF 3 times. Subsequently, the obtained
precipitate was stirred in 5% GMBS (dissolved in 500 mL DMSO)
at room temperature for 2 h. DMSO was used to wash the MPTS/
GMBS-modified silica gel for 3 times and the gel was dried in a
vacuum for 48 h. Under the condition of 4°C, 20 ug of human
NQO1 recombinant protein and 40 mg MPTS/GMBS-modified
silica gel were stirred in phosphate buffer solution (PBS) for 12 h,
and the NQO1 recombinant protein could be immobilized in the
stationary phase. The NQO1 Activity Assay Kit (ab184867,
Abcam, Cambridge, MA, USA) was used to determine the
biological activity of the chromatographic stationary phase, and
the color development and rate (mOD/min) per sample well
were recorded.
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Comprehensive 2D NQO1 biochromatography system

The comprehensive 2D NQO1 biochromatography system was
aboard on an Agilent 1200 series high-performance liquid
chromatography system combined with time-of-flight mass
spectrometer (TOFMS), controlled by Agilent MassHunter Work-
station (Agilent Technologies, Palo Alto, CA, USA). With ammonia
acetate as the mobile phase, the NQO1 column was used as the
first-dimensional column. Besides, an Agilent Poroshell 120 EC-C18
column was used as the second dimension, with acetonitrile and
0.1% formic acid as the mobile phase. The relevant operating
details of the comprehensive 2D NQO1 column/C18 column/
TOFMS system could be referred to in the literature [22, 23]. The
system was equilibrated for 30 min, and 3 pL of the Scutellaria
baicalensis extract was injected into the system. In order to obtain
the comprehensive 2D NQO1 biochromatographic analysis results,
system collects at least two fractions across a retention peak.
Therefore, the collection period of each round was set to 2.5 min.
Subsequently, the machine collected the information on the
stable retention behavior and molecular structure of components
in extract of Scutellaria baicalensis. Relevant data were analyzed for
baseline correction and 2D mapping of retention behavior.

NQOT1 enzyme activity test

The inhibition activities of candidate compounds on human NQO1
recombinant protein, cell and mouse samples were detected by
the NQOT1 Activity Assay Kit (ab184867, Abcam, Cambridge, MA,
USA). The sample and reaction buffer were added to 96 well
plates, and the absorbance at 440nm was recorded by a
microplate reader. GraphPad Prism 8.0.1 (LaJolla, CA, USA) was
used to calculate the 50% inhibiting concentration (ICso) and fit
the inhibition curve.

Surface plasmon resonance (SPR) analysis

The Biacore T200 system (GE Healthcare Life Sciences, Marlbor-
ough, MA, USA) was used for SPR assays. The acetic acid buffer (pH
= 4.0) was used to dilute NQO1 recombinant protein (His tag), and
the protein was covalently immobilized in Series S Sensor Chip
CM5 (BR100530, GE Healthcare Life Sciences, Marlborough, MA,
USA). The candidate compounds were subjected to gradient
dilution with PBS buffer containing 5% DMSO and then injected
into the NQO1 recombinant protein channel and the control
channel, and the flow rate of the running buffer was set to 30 mL/
min. The coupling time was 60s and the dissociation time was
300s. The Biacore T200 was used to analyze the experimental
data, calculate the equilibrium dissociation constant (Kp), and fit
the affinity curve.

Molecular docking

The structure of NQO1 protein was obtained from the Protein Data
Bank (PDB ID: 1D4A). The molecular structures of candidate
compounds were downloaded from PubChem. Schré-dinger
v2019. 03 (Schrodinger Inc., Plainview, NY, USA) software was
used to simulate the candidate molecular docking to NQO1
protein, and to predict the binding sites of the candidate molecule
and NQO1 protein.

Animal experiment
C57BL/6 mice were purchased from the Model Animal Resource
Information Platform (Nanjing, China). All animal experiments
were performed following the NIH guidelines and approved by
the Ethics Committee of the Shanghai Cancer Center, Fudan
University. Ethical Approval Number: FUSCC-IACUC-52022-0114.
For the C57BL/6 adult mice (male) acute renal injury model,
animals were given indicated doses of AAl or SFIl at the age of
8 weeks. Mice were divided into four groups: NaHCO; group, AAl
(5 mg/kg) group, and SFII (30 or 60 mg/kg) + AAI (5 mg/kg) group.
Mice were sacrificed 3 days after the first dose of AAl
administration.
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For the adult mice (male) renal fibrosis model, animals were
divided into four groups: NaHCO; group, AAl (10 mg/kg) group, and
SFIl (30 or 60 mg/kg) + AAI (10 mg/kg) group. The AAl group was
pretreated with olive oil 12 h by gavage in advance, followed by a
single intraperitoneally (i.p.) injection of AAl and subsequent (olive oil)
for 3 days. SFIl and AAl combined treatment groups were pretreated
with SFIl (30 or 60 mg/kg) by gavage 12 h in advance, followed by a
single ip. injection of AAl and subsequent SFIl by gavage for 3 days.
Mice were sacrificed 14 days after the first dose of AAL

For the infant mice acute injury model, male mice were given
indicated doses of AAIl or SFIl at the age of 14 days. Infant mice
were divided into the following groups: NaHCOs group, AAl group,
and SFIl (10 mg/kg) + AAI group. Mice were sacrificed 24 h after
AAl administration. For the AAl-induced liver cancer model, a
single injection of AAl or NaHCO3; was given to male infant mice
on the 14th day after birth. Mice (6 mice/group) were divided into
five groups: NaHCOs3 group, AAI (20 mg/kg) group, and the SFII (10,
30, or 60 mg/kg) + AAI (20 mg/kg) group. For each group, mice
were sacrificed 16 weeks after a single dose of NaHCO; or AAl.

Additional details of the animal models are available in Supple-
mentary Materials.

Blood coagulation assay

Mice (4 mice/group) were administered with dicoumarol, oroxylin
A and SFIl orally at dose of 6 mg/kg respectively and then
sacrificed after 24 h. Blood samples of mice were taken to detect
the activated partial thromboplastin time (APTT), prothrombin
time (PT), and thrombin time (TT). The coagulation test reagents of
APTT, PT, and TT were purchased from Siemens (Berlin, Germany).
The Sysmex CS-5100 (Kobe, Japan) was used for coagulation
assays of blood samples.

Cell culture

Human normal liver cell line (L02) and human renal proximal tubular
epithelial cell line (HK-2) were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). L02 was cultured
with DMEM medium (Gibco, Grand Island, NY, USA), which was
supplemented with 1% antibiotic-antimycotic solution and 10%
fetal bovine serum (FBS, Biological Industries, Kibbutz Beit Haemek,
Israel). HK-2 was cultured with Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F-12 (DMEM/F12, Gibco, Grand lIsland,
NY, USA), which contained 1% antibiotic-antimycotic solution and
10% FBS (Gibco, Grand Island, NY, USA). All cells were cultured in a
humidified incubator containing 5% carbon dioxide at 37 °C.

Construction of NQO1 knockdown cell line

Recombinant lentivirus vectors containing the interference NQO1
plasmid (shNQO1) and negative control (shNC) were purchased
from Shanghai Genechem (Shanghai, China). L02 with 50% density
in a 6-well plate was infected by a concentrated virus (200 pL) with
polybrene for 10 h. Lentivirus infected L0O2 cells were treated with
puromycin (2 pg/mL) for 48 h. The knockdown effect of NQO1 in
infected cells was verified by quantitative real-time PCR (qRT-PCR)
and Western blot.

Cell proliferation assay

The cells were inoculated into 96 well plates and cultured
overnight in a 5% CO, incubator at 37 °C. AAI (dissolved in 1%
NaHCOs3) and SFII (dissolved in DMSO) were added to the culture
medium. At the time points of 0h, 24 h, and 48 h, the culture
medium in the well was replaced with a CCK-8 reagent (CK04,
Dojindo, Kumamoto, Japan), and the plates were placed in the
37 °C incubators for 2 h. Subsequently, the absorbance per well
was measured at 450 nm by a microplate reader.

Western blot

Cell lysis buffer for Western blot (P0013, Beyotime, Shanghai,
China) was added to the cells and tissues of mice to extract the
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whole protein. The protein concentration was determined by BCA
Protein Assay Kit (23227, Invitrogen, Carlsbad, CA, USA). The SDS-
PAGE gel (PG113, Epizyme, Shanghai, China) was used for
electrophoresis, and then the proteins were transferred to the
nitrocellulose (NC) blotting membrane. The NC membranes were
incubated with primary antibodies which included P53 (SC-126,
Santa Cruz, CA, USA), NQO1 (3187S, CST, Danvers, MA, USA), B-
Actin (AC004, Abclonal, Wuhan, China), GAPDH (AC033, Abclonal,
Wuhan, China), y-H2AX (ab11174, Abcam, Cambridge, MA, USA),
cleaved caspase-3 (9664T, CST, Danvers, MA, USA) and PARP-1
(9532T, CST, Danvers, MA, USA). The membranes were scanned by
an Odyssey CLx image scanner system (Li-COR, Lincoln, NE, USA).

Flow cytometry analysis

The cells were inoculated in a 6-well plate and cultured overnight
in @ 5% CO, incubator at 37 °C. AAl and SFIl were added to the
culture medium for 24 h. The cells were digested with trypsin,
centrifuged at 1000 rpm for 3 min, and washed with PBS. Then,
5 uL Annexin V-FITC reagent (C1062L, Beyotime, Shanghai, China)
or Annexin V-APC reagent (550474, BD Pharmingen, San Diego,
CA, USA), 10puL PI reagent, and 195 pL binding solution was
added to per sample tube. Cells and reagents were incubated at
room temperature in the dark for 20min, and then BD
FACSCelesta (BD, Franklin Lakes, NJ, USA) was used for flow
cytometry analysis.

The quantitative real-time PCR (gRT-PCR) assay

Total RNA was extracted from cells using Trizol (Invitrogen, Carlsbad,
CA, USA). The cDNA was synthesized using a reverse transcription
system which included M-MLV reverse transcriptase (M1701,
Promega, Madison, USA), Ribonuclease Inhibitor (N2515, Promega,
Madison, USA), dNTP, and N6 randomized primer. Subsequently,
SYBR® Green Master (4913914001, Roche, Basel, Switzerland) based,
the indicated gene was amplified with ¢cDNA as the template by
specific primers through LightCycler (Roche, Basel, Switzerland). The
primer sequences were listed in Supplementary Table S1.

Sirius red staining

The sections of tissues were dewaxed in xylene and rehydrated in
gradient alcohol. Sirius red dye (9046, Chondrex, Redmond, WA,
USA) was added to the sections and incubated in 37 °C incubator
for 30 min. The sections were washed in ddH,O, and then
dehydrated in 100% ethanol for 5 min. Subsequently, the sections
were soaked in xylene for 5min, and mounted in a resinous
medium.

TUNEL staining

We detected the apoptosis of mouse tissues with the Biotin TUNEL
Assay Apoptosis Detection Kit (T6068, US EVERBRIGHT INC,
Suzhou, China). The sections of tissues were dewaxed in xylene
and rehydrated in gradient alcohol. Protein K was added to the
sections and incubated at room temperature for 20 min. The
sections were exposed to 100 uL of 0.3% H,0O, solution and
incubated at room temperature for 30 min to inactivate the
endogenous peroxidases. The TUNEL reaction solution (50 uL) was
added to sections and incubated at 37 °C incubators in the dark
for 2h. Subsequently, the sections were exposed to 50puL
Streptavidin-HRP solution and incubated at 37 °C incubators in
the dark for 30 min. Finally, DAB (K3468, Dako, Glostrup, Denmark)
was used for the chromogenic reaction of sections.

H&E (hematoxylin-eosin) staining

The tissues were fixed in 10% formaldehyde solution for 24 h, and
dehydrated by Leica ASP300S (Leica, Wetzlar, Germany). The
tissues were embedded in paraffin, and cut into 3 pm section. H&E
staining was performed on sections using the Leica Autostainer XL
(Leica, Wetzlar, Germany Germany), according to the Leica
staining protocol.

SPRINGER NATURE
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Fig. 1 Synthetic route of NQO1 biochromatographic stationary phase and screen workflow of NQO1 binding candidate components from the

extract of Scutellaria baicalensis.

Immunohistochemistry (IHC)

For IHC, the sections of tissues were incubated with the primary
antibody at 4 °C overnight, such as the anti-alpha 1 fetoprotein
antibody (AFP, 1:500, 009P, Celplor, NC, USA) and anti-Ki-67
antibody (1:300, ab15580, Abcam, Cambridge, MA, USA). Subse-
quently, the sections were incubated with Supervision™ anti-
Rabbit-HRP (D-3002, Longislandbio, Shanghai, China) at 37 °C for
30 min. The DAB (K3468, Dako, Glostrup, Denmark) was used for
the chromogenic reaction of section.

Biochemical parameter

The culture medium of L02 was collected to detect the cell
damage by Alanine Aminotransferase Test Kit (ALT, Mindray
Biomedical, Shenzhen, China) and Aspartate Aminotransferase
Test Kit (AST, Mindray Biomedical, Shenzhen, China). The renal
function of mice was detected by Creatinine Test Kit (CRE, Mindray
Biomedical, Shenzhen, China) and Urea Test Kit (UREA, Mindray
Biomedical, Shenzhen, China). The mice were sacrificed at the
defined time point, and the serum was separated at the speed of
3000 rpm for 10 min. All biochemical tests were carried out with
the full-automatic biochemical analyzer (BS-200, Mindray Biome-
dical, Shenzhen, China).

Statistical analysis

The GraphPad Prism 8.0.1 (LaJolla, CA, USA) was used for data
analysis. Values were expressed as mean * Standard Deviation
(SD). When the data satisfied the normality and homogeneity of
variance, the data were statistically analyzed by T-test. The P-value
tests were two sides in which less than 0.05 were represented as
statistically significant.

RESULTS

Screening of NQO1 binding candidates from the extract of
Scutellaria baicalensis

To search for the pharmacological agents for attenuating AAs-
related toxicity, we employed a biochromatography system [21] to
screen and identify candidate compounds that can bind with
NQO1 protein (Fig. 1). The purified human NQOT recombinant
protein, with a molecular weight of approximately 35 kDa on SDS-

SPRINGER NATURE

PAGE, was purchased from biosynthesis company. Next, we
connected human NQO1 recombinant protein with MPTS/GMBS-
modified silica gel to construct a biochromatographic stationary
phase. NQO1 protein was covalently bound to the biochromato-
graphic stationary phase retaining good enzyme activity. The final
step was to screen potential NQO1 target components from the
extract of Scutellaria baicalensis by the comprehensive 2D NQO1
column/C18 column/TOFMS system. Dicoumarol, a commonly
used NQO1 inhibitor, showed obvious retention on NQO1
biochromatography (Supplementary Fig. S1a). As expected, the
negative control, dexamethasone, had no retention on NQO1
biochromatography (Supplementary Fig. S1b). These results
indicated that the screening model was highly specific. Four
candidate components with retention behaviors were initially
identified from this system, including oroxylin A (Fig. 2a), wogonin
(Fig. 2a), tectochrysin (Fig. 2b), and SFII (Fig. 2c).

High-efficiency NQO1 inhibitor was identified from active
candidates

We then used the NQO1 Activity Assay Kit to detect the inhibitory
effects of these four candidate compounds on the enzyme activity
of purified NQO1 recombinant proteins. The NQO1 inhibitory
activities of dicoumarol and the above four active candidate
compounds were expressed as ICsy values, which revealed that
dicoumarol had strong inhibitory activity, with ICso being
0.09 umol/L (Supplementary Fig. S1c). As shown in Fig. 2d and
Fig. 2e, oroxylin A and SFIl showed excellent inhibitory effects on
purified NQO1 recombinant proteins, with 1Cs5, being 0.93 pmol/L
and 2.87 umol/L, respectively. Wogonin displayed modest NQO1
inhibitory activity, with 1Cso being 10.15 pumol/L (Fig. 2f), while
tectochrysin exhibited the lowest inhibitory efficacy among the 4
compounds, with I1Csy being 231.50 umol/L (Fig. 29g). Based on the
results of the NQO1 activity inhibitory assay, oroxylin A and SFII
were further examined due to excellent inhibitory efficiency.

SPR technology is a gold standard for characterizing drug-target
interactions and can provide high-quality kinetic and affinity data
[24]. Dicoumarol exhibited a strong binding affinity to NQO1
recombinant protein on SPR (Kp [equilibrium dissociation con-
stant] = 0.162 umol/L; Supplementary Fig. S1d, e). The Kp values
and sensorgrams of oroxylin A and SFIl were displayed in Fig. 2h, i,
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in which the Kp values of oroxylin A and SFIl were 0.873 pmol/L
and 4.198 pmol/L, respectively. The detailed SPR assay results and
Kp fitting curves of all compounds were shown in Supplementary
Fig. S1f-h.

Human NQOT1 is a dimer of identical subunits. Each subunit
contains two domains: a catalytic domain and a C-terminal
domain [25]. Each catalytic domain binds a flavin adenine
dinucleotide (FAD) molecule, which forms a catalytic pocket with
Trp105, Phe106, Gly149, Gly150, Tyr155, and His161 from one
subunit and Tyr126, Tyr128, and Phe178 from the other subunit
[26, 27]. A previous study has shown that the Leu103 participated
in the stabilization of the FAD cofactor through the interaction
with flavin rings [28]. The corresponding chemical structures of
oroxylin A and SFIl were shown in Fig. 2j. The binding poses of
oroxylin A and SFIl in NQO1 (PDB ID: 1D4A) were investigated via
docking simulation studies. As shown in Fig. 2k, Trp105 formed m-
m stacking with the benzene ring of oroxylin A. While the hydroxyl
of SFIl bind to the Leu103 and Gly149 of the catalytic domain with
NQO1 via hydrogen bond (Fig. 2I).

In order to investigate the effect of oroxylin A and SFIl on
coagulation, the coagulation indexes (i.e., PT, APTT, and TT) were
evaluated after C57BL/6 adult mice were orally administered with
oroxylin A or SFII (6 mg/kg) for 24h respectively (Fig. 2m).
Dicoumarol was employed as a positive control and solvent olive
oil as a negative control. It was found that PT, APTT, and TT were not
significantly altered after the administration of oroxylin A or SFIl to
mice, while the same dose of dicoumarol could significantly elevate
these indices (Fig. 2m). These results showed that SFIl and oroxylin A
would not affect the coagulation function in short term in vivo.

The inhibitory effect and affinity of oroxylin A and SFIl with NQO1
recombinant protein have been explored previously, thus, we
proceeded to test their inhibitory efficacy in L02 and HK-2. L02 cell
line, originated from human normal hepatocytes, is an in vitro model
of liver tissue to study pathological changes [29]. HK-2 cell line
derived from primary human renal proximal tubular epithelial cells
was used to estimate renal toxicity of AAl. Cells were treated with
oroxylin A or SFll at 5 uM for 8 h before extracting protein. According
to the activity assay, the inhibitory capability of SFIl to NQO1 was
significantly higher than oroxylin A in L0O2 (Fig. 2n). In HK-2, oroxylin A
did not notably inhibit NQO1 activity compared with the control
group. However, SFII still displayed a more efficient NQO1 inhibitory
effect (Fig. 2n). As kidney is the well-known target organ for AAs-
induced damage, SFIl was selected as the most promising NQO1
inhibitor of the four candidates for the subsequent study.

SFIl could alleviate cell damage caused by AAl in L02 and HK-2

To explore the AAl-related damage in L02, we assessed cell
proliferation and DNA damage under AAI treatment. First, we
treated LO2 with gradient doses of AAI (0, 5, 10, 20, 50, or 100 uM)
for 48h, and found that the anti-proliferative effects of AAl
were gradually intensified (Fig. 3a). Additionally, DNA damage was
examined by y-H2AX expression, showing a considerable increase
at the dose of 20 uM (Supplementary Fig. S3a). To observe the
protective effect of SFll, cell proliferation was detected after L02
were treated with AAI (20 uM) or combined with SFIl (5 or 10 uM)
for 48 h. The inhibitory effect of AAl on cell proliferation was
significantly relieved in AAl combined with SFIl (5 or 10 uM)
groups compared with cells treated with AAl alone (Fig. 3b). The
protective effect of SFIl on cells treated with a higher dose of AAI
(50 uM) was similar (Supplementary Fig. S3b). In addition, SFlI
alone barely affected cell proliferation (Fig. 3b). In general, alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) are
elevated when hepatocytes are damaged. Compared with the
cells treated with AAI alone, the levels of ALT (Fig. 3c) and AST
(Fig. 3d) in culture supernatant decreased when L02 was treated
with SFIl, showing a desirable protective effect. The effect of SFlI
was further confirmed in LO2 with lentivirus containing the
interfering sequence of NQO1 or negative control (shNQO1 or
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shNC) (Supplementary Fig. S2a). We examined NQO1 activity of
shNQO1-L02 with or without SFIl treatment (5 uM) for 8 h before
extracting protein (Supplementary Fig. S2b). The result showed
that NQO1 activity of shNQO1-L02 was lower than shNC-L02
probably due to NQO1 knockdown. Moreover, SFIl treatment
further reduced NQOT1 activity of shNQO1-L02. As expected, SFIl
could further alleviate proliferation inhibition of AAl in L02-
shNQO1 cells (Supplementary Fig. S2c). Additionally, cell damage
was further reduced by SFIl treatment in L02-shNQO1 cells
(Supplementary Fig. S2d, e).

L02 was treated with AAI (20 uM, 50 uM) with or without SFII
(5 or 10 uM) for 24 h. The percentage of apoptotic cells in SFIl-
treated groups was significantly decreased compared with the
group treated with AAI alone (Fig. 3e). Similar to previous
results, SFIl could effectively reduce AAl-induced cell apoptosis
in situ (Supplementary Fig. S3c). Whereas, SFIl treatment alone
did not affect the apoptosis of L02. To interrogate the
mechanisms of how SFIl treatment relieved AAl-induced
apoptosis, our data suggested that SFIl treatment could
efficaciously decrease the expression of P53, cleaved caspase-
3, and cleaved-PARP-1 as well as y-H2AX (Fig. 3f). Besides, SFll
could significantly downregulate mRNA levels of apoptotic-
related genes, including BAX, NOXA, PUMA, and BAK (Fig. 3g).
Furthermore, knockdown of NQOT1 significantly decreased cell
apoptosis (Supplementary Fig. S2f) and repressed apoptosis-
related signaling (Supplementary Fig. S2g), while SFIl could
further reduce the damage caused by AAl in NQO1 knockdown
cells. The above results indicated that SFIl might exert a
protective role against AAl-induced DNA damage.

Next, our study confirmed that HK-2 expressed a lower level of
NQO1 compared with LO2 (Supplementary Fig. S3d). The
protective effect of SFIl on AAl-induced damage in HK-2 was
further explored. When treated with different doses of AAIl, HK-2
cells exhibited better tolerance to AAl-induced proliferation
inhibition (Fig. 4a). Thus, we selected the dose of 100 uM for AAI
treatment in HK-2. AAl-induced inhibition of cell proliferation
could be partially alleviated by SFII (Fig. 4b). Similarly, AAl could
increase the expression of y-H2AX in HK-2, particularly at the
highest dose (100 uM) (Fig. 4c). While SFIl could significantly
decrease the expression of y-H2AX and the expression of the
downstream pro-apoptotic signaling (Fig. 4d). Furthermore, SFlI
also reduced the percentage of apoptotic cells in HK-2 in a dose-
dependent manner (Fig. 4e). As shown in Supplementary
Fig. S3e, the apoptotic cells in SFll-treated groups were
significantly less than the group treated with AAI alone.
Additionally, the expression of apoptosis-related genes such as
BAX, NOXA, PUMA, and BAK was downregulated when HK-2 was
treated with SFIl (Fig. 4f). The above results indicated that SFII
could effectively decrease AAl-induced DNA damage and cell
apoptosis in LO2 and HK-2.

SFIl effectively attenuated acute renal injury and fibrosis caused by
AAl in vivo

The NQOT1 activity was evaluated in kidney and liver tissues of
mice, we found that SFIl (30, 60 mg/kg) had a good inhibitory
effect on NQO1 enzyme activity in vivo (Supplementary Fig. S4a).
To assess the therapeutic potential of SFIl in renal injury, we
conducted AAl-induced renal injury model in adult mice. As in
Fig. 5a, AAl (5 mg/kg) was injected to induce the acute renal injury
model. In combined treatment group, mice were pretreated with
SFIl 12 h before AAl and SFIl co-administration for 3 consecutive
days. According to the previous study, when rats were adminis-
tered with dicumarol at a dose of 20 mg/kg orally, it caused 60%
of death within days [30]. Thus, in this study, dicumarol was not
used as a positive intervention in vivo. Creatinine (CRE) is a
common indicator to monitor acute renal injury. Our data
suggested that AAl alone caused an elevation of blood CRE with
a fold change of over 1.5, while it significantly declined in SFII
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Fig. 3 SFIl inhibits AAl-induced DNA damage and apoptosis in L02. a

The CCK-8 analysis of cell proliferation in LO2 treated with different

concentrations of AAl b SFII alleviated the inhibition of cell proliferation in L02 caused by AAI at the time of 24 h and 48 h. The ¢ ALT and
d AST levels in the culture medium of L02 after treatment with AAI (20 or 50 uM) with or without SFII (5 or 10 pM) for 24 h. e Flow cytometric
analysis to detect the percentage of apoptosis in L02 treated with AAI (20 or 50 M) with or without SFII (5 or 10 pM) for 24 h. Cell populations
in Q2 (Annexin V', PI") and Q3 (Annexin V', PI") were considered as apoptotic cells. f Western blot analysis of L02 treated with either AAI (20
or 50 pM) or SFIl or both for 24 h. g The qRT-PCR analysis of L02 was treated with either AAI (20 or 50 uM) or SFIl or both for 24 h. C-caspase-3,

cleaved caspase-3; C-PARP-1, cleaved-PARP-1; *P < 0.05, **P < 0.01, ***P <

intervened groups (Fig. 5b). Although H&E showed no obvious
histomorphological damage in kidney (Fig. 5¢), the fibrosis area of
SFll-treated groups was significantly limited than AAI alone group
in a dose-dependent manner as indicated by Sirius red staining
(Fig. 5d). TUNEL staining of kidney sections showed that SFlI
alleviated cell apoptosis, with no notable difference between
groups of SFIl treatment (Fig. 5€). Additionally, we found that the
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0.001.

expressions of y-H2AX, P53, cleaved-caspase-3, and cleaved-PARP-
1 protein were downregulated in the groups with SFIl treatment
(Fig. 5f). These data indicated a protective role of SFIl in AAI-
induced acute renal injury via regulating apoptosis.

We further evaluated the role of SFIl in AAl-induced renal
fibrosis model. As in Fig. 5g, different from the acute kidney injury
model, mice were sacrificed 14 days after the first dose of AAL In
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Fig. 4 SFIl inhibits AAl-induced DNA damage and apoptosis in HK-2. a The CCK-8 analysis of cell proliferation in HK-2 treated with different
concentrations of AAl. b The different concentrations of SFIl alleviated the inhibition of cell proliferation in HK-2 caused by AAl for 48 h. ¢ The
DNA damage of HK-2 caused by a dose gradient of AAl was detected via Western blot. d Western blot analysis of HK-2 treated with either AAI
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20 pM) for 24 h. f The qRT-PCR analysis of HK-2 treated with either AAI or SFIl or both for 24 h. Asterisks indicate the significant difference
between AAI group and the SFIl and AAI combined treatment group. *P < 0.05, **P < 0.01, ***P < 0.001.

this model, blood urea (UREA) was also examined to monitor the
biological function of kidney. Compared with the AAI group, the
levels of blood CRE and UREA were significantly decreased in mice
receiving SFIl treatment in a dose-dependent manner (Fig. 5h). As
expected, the H&E and Sirius red staining showed that AAl
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induced significant renal interstitial fibrosis, whereas SFIl effec-
tively relieved renal tubular atrophy and interstitial fibrosis (Fig. 5i
and Supplementary Fig. S4b). In conclusion, these models
demonstrated that SFIl could effectively alleviate renal injury
caused by AAl in adult mice.

Acta Pharmacologica Sinica (2023) 44:1429 - 1441



Skullcapflavone Il alleviates AAl-induced hepatorenal injury
YP Dong et al.

a Olive oil NaHCO4+Olive oil Sacrifice b
v ¥ Y Y ¥ -
NaHCO, group + + t t + 30 et
12h  1day 2day 3day 4day *
Olive oil  AAI+Olive oil Sacrifice 5’
o
v ¥ ¥ ¥ ¥ £ 20— ns
AAI (5 mg/kg) group + + t $ + I3
12h  1day 2day 3day 4day w
o
SFIl AAI+SFII sacrifice g 10
3 -
AAI (5 mglkg) ‘ ? ? ? ? 3
SFil (30 mg/kg) group 12h 1 day 2 day 3 day 4 day
SFIl AASFII Sacrifice 0-
A (8 mglko) vd ¥ ¥ i AAl(mgkg) - 5 5 5
SFll (60 mg/kg) group 12h 1day 2day 3day 4day SFIl (mg/kg) - s 30 60
c C57BL/6 Kidney 3 days
AAI (mglkg) - 5 5 5 d e -
SFII (mg/kg) - - 30 60 s 9 KKK
£
s —
2 H g
€ £ z
: : :
w s 23
o3 8 <
Iy ©
(]
F 0
AAI (mglkg) - 5 5 5 AAI (mgkg) - 5 5 5
- SFIl (mg/kg) - c 30 60 SFIl (mg/kg) - - 30 60
=
K
o f
E C57BL/6 Kidney 3 days
2 AAI (5 mglkg) - - - + + + + + + + + +
Ll SFli(mghkg) - - - - - - 30 30 30 60 60 60
ST T R
o |
c —
£ 3 = =
§ o P e
s v-h2ax [ B8 S - e A = |-sue
°
] PARP-1 P— —" G G W— S— == —116 kDa
@ C-PARP-1 SSEerss e s ___|-89kpa
E 7 i m—
7] ™ e
C-caspase-3 - - —17 kDa
9 Olive oil NaHCO,+Olive oil Sacrifice B-Actin
e =
' ' ' ' —42 kDa
NaHCO; group + + + + +
12h 1day 2day 3day 15 day
Olive oil AAWOlive oil Sacrifice i
v ¥ + ¥ ¥ C57BL/6 Kidney 14 days
AAI (10 mg/kg) group + ; } } }
12h 1day 2day 3day 15 day AAI (mgkg) -
SFIl AAI+SFII sacrifice SFIl (ms) =
AAI (10 mako) M A ¥
SFil (30 mglkg) group 12h  1day  2day 3day 15 day o
c
SFIl AAI+SFIl Sacrifice e :
AAI (10 mglkg) Yy ¥ v M 27
SFI (00 malkg) group 12h  1day 2day 3day 15 day Eg
T
% *kk
150 * 120 *k
~ g
= Hokk -] 2
5100' EBO- * =
2 <
w ﬁ .
4 4
S S5 bt
3 50+ 2 40 =N
8 8 @
2 @ 3
=
B
0- 0-
AAl (mglkg) - 10 10 10 AAl (mglkg) - 10 10 10
SFIl (mg/kg) - = 30 60 SFll (mg/kg) - - 30 60

SFIl could suppress AAl-induced liver injury and

hepatocarcinogenesis in vivo

Previous study found that the adult mouse liver was not the
principal target of AAl-related toxicity. ALT and AST levels were
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barely elevated after 4 months of consecutive AAl treatment [6]. In
this study, when adult and infant mice (at the age of 14 days) were
injected with PBS (as a negative control), diethylnitrosamine (DEN,
as a positive control) or AAl (20 mg/kg) and sacrificed after 24 h.
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Fig. 5 SFIl showed an inhibitory effect on AAl induced acute injury and fibrosis in the kidney of adult mice. a Schematic representation of
the three-days treatment in different groups of adult mice. Mice were intraperitoneally (i.p.) injection with NaHCO; (gray arrow) or AAl (red
arrow, 5 mg/kg) for three consecutive days as the NaHCO3 group or AAI group. The SFIl treatment group was administered (oral) with SFII
(orange arrow) 12 h before injecting AAl and at the time of injection. b The levels of blood CRE in different groups after three-day treatment.
c Representative images of H&E staining (scale bars, 500 or 100 pm), TUNEL staining (scale bars, 500 or 100 pm), and Sirius red staining (scale
bars, 500 or 100 pm) of kidney samples in different treatment groups. The black arrows point to apoptosis cells in the kidney. d The staining
area of kidney fibrosis was calculated. e The percentage of renal cell apoptosis was calculated. f Western blot analysis to evaluate the AAI-
induced kidney injury in adult mice treated with or without SFIl. g Design of SFIl administration in renal fibrosis model of adult mice. Mice
were injected (ip.) with a single dose of NaHCOs (gray arrow) or AAI (red arrow, 10 mg/kg) as the NaHCO3; group or AAI group. The SFII
treatment group received SFll (orange arrow) 12 h before AAl administration and three consecutive days after a single dose of AAI. Mice were
sacrificed 14 days after a single dose of NaHCO; or AAL h The level of blood CRE and UREA in different treatment groups. i Representative
images of H&E staining (scale bars, 500 or 100 pm) and Sirius red staining (scale bars, 500 or 100 um) of kidney samples in different treatment

groups. *P < 0.05, **P < 0.01, ***P < 0.001.
<

AAl scarcely caused DNA damage in the liver of adult mice, while it
induced an upregulation of y-H2AX in the liver of infant mice
(Supplementary Fig. S4c). Therefore, we focused on whether SFll
could alleviate the injury induced by AAl in infant mice.

As shown in Fig. 6a, in SFll intervention group, infant mice were
pretreated with SFIl 12 h before a single injection of AAI. Our
results showed that AAI did induce DNA damage and apoptosis in
the liver and kidney of infant mice. The expression of DNA
damage and apoptosis-related proteins were significantly
decreased when mice were pretreated with SFIl (Fig. 6b and
Supplementary Fig. S4d). Similarly, we found that the proportion
of apoptotic cells in SFIl pre-treated group was also decreased in
the liver, compared with the AAI treatment alone group (Fig. 6c,
d). No obvious liver fibrosis was observed in each group (Fig. 6e).
Whereas, SFIl reduced cell apoptosis as well as interstitial fibrosis
caused by AAl in kidney (Supplementary Fig. S4e).

Our preceding study demonstrated that AAl could induce liver
tumors when objected to infant mice [6]. To further explore
whether SFIl could directly suppress genotoxic of AAl, infant mice
were pretreated with SFIl in AAl-induced liver cancer model and
then sacrificed 16 weeks after AAI administration (Fig. 6f). Liver
tumors were formed in each group except for the NaHCO; group
as demonstrated by Ki-67 and alpha-fetoprotein (AFP) staining
(Fig. 6g). Mice administered with SFIl exhibited a significant
decrease in the number of tumors per liver dose-independently
(Fig. 6h). Furthermore, kidney fibrosis was notably relieved in mice
treated with SFIl (Supplementary Fig. S4f). Taken together, these
data indicated that SFIl could effectively alleviate AAl-induced
hepatorenal injury and hepatocarcinogenesis in infant mice.

DISCUSSION

Aristolochic acids (AAs) are a class of natural compounds that widely
exist in medicinal herbs of Aristolochiaceae [31]. The safe use of AAs
has been seriously hindered due to AAs-induced organ damage
[32]. Screening and identifying compounds that can alleviate the
toxicity of AAs is an effective strategy to reduce the adverse reaction
of the involved Chinese herbal medicine. Therefore, we aimed to
find natural compounds to alleviate the toxicity of AAs.

In this study, we constructed NQO1 biochromatography
stationary phase to screen the potential components from the
extract of Scutellaria baicalensis, which could bind to NQOI1
protein. Based on the data obtained from the comprehensive 2D
NQO1 biochromatography system, four candidates derived from
the extract of Scutellaria baicalensis were further evaluated for SPR
and NQOT1 activity inhibition test. The results showed that SFIl had
a good affinity with NQO1 protein and an excellent effect on
NQOT1 inhibition. Notably, SFIl did not directly repress the
expression of NQOT, but reduce DNA damage by inhibiting the
activity of NQO1. Subsequently, the biological effect of SFIl was
further identified by inhibiting NQO1 activity in cells. Our data
showed that SFIl could effectively alleviate the inhibitory effect of
AAl on cell proliferation and reduce cell apoptosis.
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Although oroxylin A displayed good affinity and inhibition
effect on the human NQO1 recombinant protein, the inhibition of
NQO1 activity by oroxylin A was not as desirable as SFll in cells
(Fig. 2n). The actual inhibitory effect of an agent to the target in
cells can not be simulated completely by pure protein affinity
experiment since the microenvironment is much more compli-
cated in cells. In addition, oroxylin A, as a multi target inhibitor,
has many binding targets, such as L-plastin (LPL) [33], transketo-
lase (TKT) [34], angiotensin converting enzyme Il (ACE2) [35],
cyclooxygenase 2 (Cox-2), inducible nitric oxide synthase (iNOS),
glycogen synthase kinase-33 (GSK-3B) [36], etc. These targets
might competitively bind oroxylin A with NQO1, which may impair
the binding of oroxylin A to NQO1.

According to the literature, the kidney is the principal target
organ of AAl, with the damage manifested as cell apoptosis and
renal fibrosis [37-39]. Renal fibrosis is a pathological change of the
kidney caused by various factors, including injury and inflammation
[40]. The early event of renal injury is tubular apoptosis, which
releases cytokines and chemokines, leading to inflammatory
response and interstitial fibrosis [41]. In the adult mouse model,
the fibrosis and cell apoptosis of renal in the SFIl treatment group
was significantly reduced compared with the AAI alone group
(Fig. 5¢, i). Therefore, we speculated that SFIl could inhibit interstitial
fibrosis by repressing the apoptosis of renal cells caused by AAI.

The liver is the major detoxifying organ, and the enzyme system
of the liver plays a key role in the biotransformation of drugs and
carcinogens [42]. Adult mice have a full enzyme system in the
liver; however, the xenobiotic-metabolizing enzymes, such as
cytochrome P450, are rarely expressed in infant mice [43, 44]. In
the infant mouse model, SFIl could effectively relieve AAl-induced
DNA damage and apoptosis of the liver and kidney (Fig. 6b-e and
Supplementary Fig. S4d, e) and suppress the tumorigenicity of AAl
(Fig. 69, h). The hepatocytes of infant mice are at the rapid
proliferative phase, which is conducive to the fixation of gene
mutation caused by DNA damage, laying the seeds for liver cancer
[45, 46]. We hypothesized that DNA damage caused by AAl was
reduced by SFll, which then prevented the accumulation of DNA
mutations, and in turn repressed tumorigenesis.

The level of biological activation of AAl was associated with
NQOT1 activity [8, 47]. NQO1 functions through the ping-pong
mechanism, in which NAD(P)H first enters the active site and then
transfers hydride into FAD. Then, the oxidized NAD(P)" leaves the
active site, and the substrate is reduced via entering the site [48].
Dicoumarol, the typical NQO1 inhibitor competes with NAD(P)H
for binding to NQO1, thereby represses the function of FAD [49].
However, the structure of dicoumarol is similar to vitamin K, which
competitively combines with vitamin K epoxide reductase,
inhibiting the vitamin K-dependent y-carboxylation of glutamate
residues [11, 50, 51]. It has been demonstrated that dicoumarol
could prolong PT and APTT in various mammal species [30, 52]. In
our study, when adult mice were administered with SFll for 24 h, it
barely prolonged PT, APTT, or TT compared with the control group
(Fig. 2m). The proliferation and apoptosis of cells were not
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affected by SFIl alone at the therapeutic dose of 5uM in vitro. pretreated with SFIl. With a similar inhibitory effect on NQO1 and
Furthermore, in adult mice renal fibrosis model, AAI caused fewer side effects than dicoumarol, SFIl might serve as a potential
intensive weight loss of mice as previous report indicated [6]. candidate drug for clinical practice. Admittedly, more compre-
There was no significant change of the body weight in mice hensive study is needed to evaluate the safety of SFll in vivo.
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Fig. 6 The protective and anticancer effect of SFll in the liver of infant mice. a Schematic representation of the short-term observation of
AAIl and SFII administration in infant mice. At 14 days of birth, mice were injected with NaHCOs (gray arrow) or AAI (red arrow). The NaHCO3
group or AAl group were also pretreated with olive oil (black arrow, i,p.) 12 h before NaHCO3 or AAIl administration. In the SFIl treatment
group, the mice were injected with SFIl (orange arrow) 12 h before injection of AAI. b Western blot to detect the AAl-induced liver injury in
infant mice treated with or without SFIl. ¢ Representative images of H&E staining (scale bars, 500 or 100 pm), TUNEL staining (scale bars, 500 or
100 pm), and Sirius red staining (scale bars, 500 or 100 pm) of the liver samples in infant mice treated with or without SFIl. The black arrows
point to apoptosis cells in the liver. d The percentage of hepatocyte apoptosis was calculated. e The staining area of liver fibrosis was
calculated. f Schematic representation of the regimens of AAl and SFIl administration in liver cancer model. At 14 days of birth, mice were
injected with a single dose of NaHCO; (gray arrow) or AAI (red arrow). The NaHCO; group or AAI group were pretreated with oral olive oil
(black arrow) 12 h before NaHCOs or AAl administration. The mice were pretreated with oral SFIl (orange arrow) 12 h before a single injection
of AAI (red arrow) in the SFII treatment group. CCl, was administered (i.p.) 2 weeks after the first shot of AAI for 14 weeks (once per week).
g The representative pictures of gross (scale bars, 1 cm), H&E staining (scale bars, 500 or 100 pm), Ki-67 staining (scale bars, 500 or 100 pm), and
AFP staining (scale bars, 500 or 100 pm) of the liver samples of mice after 16 weeks of AAl administration were presented. The black arrows
point to the tumor in the liver. h The tumor number per liver in different treatment groups was calculated. *P < 0.05, **P < 0.01, ***P < 0.001.
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