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Silybin regulates P450s activity by attenuating endoplasmic
reticulum stress in mouse nonalcoholic fatty liver disease
Jing Wu1, Yun-ge Lou1, Xu-le Yang1, Rui Wang1, Ran Zhang1, Ji-ye Aa1, Guang-ji Wang1 and Yuan Xie1

Cytochrome P450s are important phase I metabolic enzymes located on endoplasmic reticulum (ER) involved in the metabolism of
endogenous and exogenous substances. Our previous study showed that a hepatoprotective agent silybin restored CYP3A
expression in mouse nonalcoholic fatty liver disease (NAFLD). In this study we investigated how silybin regulated P450s activity
during NAFLD. C57BL/6 mice were fed a high-fat-diet (HFD) for 8 weeks to induce NAFLD, and were administered silybin (50,
100mg ·kg−1 ·d−1, i.g.) in the last 4 weeks. We showed that HFD intake induced hepatic steatosis and ER stress, leading to
significant inhibition on the activity of five primary P450s including CYP1A2, CYP2B6, CYP2C19, CYP2D6, and CYP3A in liver
microsomes. These changes were dose-dependently reversed by silybin administration. The beneficial effects of silybin were also
observed in TG-stimulated HepG2 cells in vitro. To clarify the underlying mechanism, we examined the components involved in the
P450 catalytic system, membrane phospholipids and ER membrane fluidity, and found that cytochrome b5 (cyt b5) was significantly
downregulated during ER stress, and ER membrane fluidity was also reduced evidenced by DPH polarization and lower
polyunsaturated phospholipids levels. The increased ratios of NADP+/NADPH and PC/PE implied Ca2+ release and disruption of
cellular Ca2+ homeostasis resulted from mitochondria dysfunction and cytochrome c (cyt c) release. The interaction between cyt c
and cyt b5 under ER stress was an important reason for P450s activity inhibition. The effect of silybin throughout the whole course
suggested that it regulated P450s activity through its anti-ER stress effect in NAFLD. Our results suggest that ER stress may be
crucial for the inhibition of P450s activity in mouse NAFLD and silybin regulates P450s activity by attenuating ER stress.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) has gradually become a
global health problem due to increases in high fat and sugar diets.
In some industrialized countries, this disease incidence among
adults is as high as 30% [1] and has the potential to further
develop into liver fibrosis or even hepatocarcinoma. In addition,
NAFLD typically causes metabolic alterations in vivo and is closely
associated with metabolic syndromes. The hepatic accumulation
of lipids subsequently is the hallmark of NAFLD and leads to
cellular stress and hepatic injury, which eventually results in
chronic liver disease. Abnormal lipid accumulation is associated
with perturbed endoplasmic reticulum (ER) proteostasis in
hepatocytes and affects the metabolic function as well. One of
the most important metabolic enzyme systems is the cytochrome
P450s superfamily, members of which participate in both the
metabolism of xenobiotics and the biosynthesis of crucial
signaling molecules. However, the activity of P450s varies a great
deal during liver injury, including NAFLD and NASH [2, 3].
Cytochrome P450 (P450) enzymes are a component of themixed-

function oxidase (MFO) system located in the membrane of the ER
and catalyze the oxidative metabolism of 75% of drugs and foreign
lipophilic compounds [4]. For example, NADPH-cytochrome P450
reductase (CPR) and cytochrome b5 (cyt b5) are important

components that provide electrons required for the monooxygena-
tion reaction [5]. CPR is the redox partner for most human
cytochrome P450 enzymes and can bind NADPH to reduce the
enzyme by transferring electrons to both the FAD and FMN
domains within the protein [6]. Cyt b5 is a small hemoprotein that
takes part in many biochemical reactions, including fatty acid
desaturation process, fatty acid elongation and cholesterol bio-
synthesis [7]. This protein is also involved in many microsomal
oxidation reactions and monohydroxylation processes by interact-
ing with a variety of cytochrome P450 (CYPs or P450s) and
cytochrome c (cyt c) in the mitochondrial outer membrane. The ER
membrane is another key factor, since P450s are membrane
proteins. The heterogeneity of the membrane affects P450s
function by either concentrating or segregating proteins within
membrane regions [8]. How ER stress influences P450s activity
directly in fatty liver disease is still not clear and this study can
provide a better understanding of the underlying mechanisms
during ERs in NAFLD.
Silybin is used worldwide as a hepatoprotective agent due to its

strong anti-inflammation, anti-lipid peroxidation and anti-hepatic
fibrosis effects [9–11]. Previous studies suggested that silybin is a
potential inhibitor of multiple drug-metabolizing enzymes (DMEs)
in vitro. For example, silybin significantly inhibits UGT activity in a
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dose-dependent manner in vitro [12–14]. However, little is known
regarding its effects on P450s in the in vivo system and the
underlying mechanisms. Our previous study revealed that silybin
restored CYP3A expression through the SIRT2/NF-κB pathway at
the transcriptional level in mouse NAFLD [15]. We also demon-
strated that the mechanism associated with the anti-inflammatory
effect of silybin is based on inhibiting NLRP3 inflammasome
assembly to reduce the release of IL-1β [16], while cytokines are
well-defined factors in the transcriptional regulation of P450s [17–
19]. However, the underlying mechanisms associated with the
direct regulation of P450s activity by silybin under liver disease
states have been rarely studied. Considering that silybin is quite
effective in preventing ER stress [16], we raise a hypothesis that
silybin may regulate liver P450s activity directly through
attenuating ER stress during NAFLD.
In the present study, we evaluated how ER stress influences

P450s activity in NAFLD. We investigated the variation in P450
components, including CPR, cyt b5, NADPH and NADH, and
elucidated how these components influence enzyme activity
under ER stress. Furthermore, we provide a model of the
underlying mechanism based on ER membrane fluidity and the
role of mitochondria-ER interaction in P450s activity regulation.

MATERIALS AND METHODS
Materials
Silybin was purchased from Zeland (Nanjing, China), while
tauroursodeoxycholic acid (TUDCA), thapsigargin (TG) and DPH
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Primary
antibodies targeting the following proteins were used in the
present study: inositol-requiring transmembrane kinase/endoribo-
nuclease (IRE)-1α (ab37073; RRID: AB_775780), phosphorylated p-
IRE-1α (ab48187; RRID: AB_873899) and anti-cytochrome c
[7H8.2C12] (ab13575; RRID: AB_300470) (Abcam, Cambridge, MA,
USA); and eukaryotic initiation factor 2A (eIF2α) (I45) polyclonal
antibody (BS3651; RRID: AB_1663143), eIF2α (phospho-S51)
polyclonal antibody (BS4787; RRID: AB_1663144), GAPDH mono-
clonal antibody (AP0063; RRID: AB_2651132) and cytochrome b5
(G82) polyclonal antibody (BS2410; RRID: AB_1663560). In addi-
tion, goat anti-mouse IgG (H+ L) DyLight 488 (BS10015; RRID:
AB_2819202), donkey anti-rabbit IgG (H+ L) DyLight 594
(BS10030; RRID: AB_2819203), and goat anti-rabbit IgG (H+ L)-
HRP (BS13278; RRID: AB_2773728) (Bioworld Biotechnology,
Shanghai, China) were used as secondary antibodies.

Animals and treatment
Male C57BL/6 mice aged 4–6 weeks old were acquired from
Changzhou Cavans Experimental Animal Co. Ltd (Changzhou,
China). Mice were randomly divided into four groups and housed
in a temperature-controlled environment with a 12 h light-dark
cycle. All animal protocols were approved by the Animal Ethics
Committee of China Pharmaceutical University. Mice were fed a
standard chow diet or a high-fat-diet (10% lard, 10% yolk, 1%
cholesterol, 0.2% cholate, and 78.8% standard diet) for 8 weeks.
Silybin (50 or 100mg/kg per day) was administered intragastrically
for the last 4 weeks of the experiment. All experiments were
performed in compliance with the guidelines of the Animal
Experimentation Board of China Pharmaceutical University on
animal usage.

Cell culture of HepG2 cells
HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Thermo Fisher Scientific, Madrid, Spain) supplemented
with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific,
Madrid, Spain), 1% antibiotics (Gibco, Thermo Fisher Scientific,
Madrid, Spain) and 1% MEM NEAA (Gibco, Thermo Fisher
Scientific, Madrid, Spain) at 37 °C and under a humidified
atmosphere with 5% CO2.

Preparation of microsomes from mouse liver and HepG2
Mouse liver microsomes were isolated as follows. Liver tissues
were homogenized after the addition of ice-cold PBS (pH 7.4) at a
1:4 ratio (w/v). Then, after the homogenate was centrifuged at
9000 × g for 20 min at 4 °C, the supernatant was carefully
transferred to new tubes and centrifuged at 100,000 × g and for
1 h at 4 °C. Subsequently, the supernatant was discarded, and the
pelleted liver microsomes were resuspended in a 30% (v/v)
glycerol phosphate buffer solution and stored at −80 °C.
ER-enriched HepG2 subcellular fractions were isolated by serial

centrifugation at 4 °C. Cell pellets were collected and homo-
genized in phosphate buffered saline (PBS, pH 7.4) on ice.
Subsequently, S9 fractions were obtained after the homogenates
being centrifuged at 4 °C at 10,000 × g for 30 min, the super-
natants (S9 fractions) were then transferred to a Beckman
ultracentrifuge tube and centrifuged at 100,000 × g for 60 min,
after which the microsomes at the bottom of the tubes were
resuspended in PBS [20]. The protein concentration of the
microsomes was determined using a BCA protein assay kit
(Beyotime Technology, Shanghai, China), and the microsomes
samples were stored at −80 °C until use.

P450s activity assays
To evaluate P450s activity in liver microsomes samples, 75 μL of
microsomes (the final concentration was 0.5 mg/mL), 5 μL of
substance at different concentrations and 20 μL of NADPH
Regeneration System (NRS, 2 mM NADPH, 10mM G-6-p, 1 U/mL
PDH, and 10mM MgCl2) was mixed and then incubated in a water
bath at 37 °C for 5 min. After incubating, the samples were quickly
placed on ice and the reaction was stopped by adding 300 μL of
methanol containing tamsulosin (100 ng/mL) as an internal
standard. Next, the mixtures were vigorously extracted for 5 min
and then centrifuged at 18,000 × g for 5 min twice before injection
for HPLC–MS/MS analysis. Data were fitted to the Michaelis-
Menten model defined by the following equation: V= Vmax × S/
(Km+ S), where V is the reaction rate, S is the substrate
concentration, Vmax is the maximum enzyme velocity and Km is
the Michaelis constant, which is equal to the concentration of
substrate for half-maximal velocity.

ELISA
Cytochrome b5 (Wuhan EIAab Science Co., Ltd., Wuhan, China),
cytochrome P450 reductase (Wuhan Fine Biotech Co., Ltd, Wuhan,
China), mitochondrial respiratory chain complex I (Dogesce,
Beijing, China) and complex III (Solarbio, Beijing, China) activities
were measured with ELISA kits according to the manufacturer’s
instructions.

NADPH measurement
Intracellular NADPH levels were detected using a liquid
chromatography–tandem mass spectrometry method that was
previously established by our laboratory [21].

Measurements of membrane phospholipids
ER lipids were extracted as follows. Briefly, 20 μL of mouse liver
microsomes or 40 μL of HepG2 cell microsomes was mixed with
10 μL of phosphatidylcholine (PC, 28:0) as an internal standard.
Then, methanol was added to a total volume of 200 μL and mixed,
after which 500 μL of methyl tert-butyl ether was added, and the
mixture was vigorously extracted for 30min at room temperature.
Then, 125 μL of ultrapure water was added, and the mixture was
incubated at room temperature for 10 min before being
centrifuged at 14,000 × g for 15min. Subsequently, a 400 μL
aliquot of the upper liquid was transferred to a new tube and
evaporated to dryness. Dried lipids were reconstituted in
acetonitrile/isopropanol/water (60:35:5, v/v/v) and then centri-
fuged at 18,000 × g for 5 min at 4 °C twice for mass spectrometry
analyses.
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Measurements of membrane fluidity
The ER membrane fluidity in mouse liver and HepG2 cells was
determined by diphenyl-1,3,5-hexatriene (DPH) according to
Gibbons [22]. ER microsomal fractions were resuspended in a
KCl-based buffer (150 mM KCl, 10 mM HEPES (pH 7.4) and 2mM
EGTA) to a final concentration of 0.5 mg/mL and then incubated
with 10 μM DPH at 45 °C for 30 min. Endpoint fluorescence
polarization measurements were performed using a POLARstar
Omega plate reader (BMG Labtech, Offenbug, Germany). The
temperature was ramped from 27 °C to 45 °C in 2 °C intervals.

Measurements of oxygen consumption
The rates of oxygen consumption in HepG2 cell lines were
measured with a Seahorse Bioscience XF96 extracellular flux
analyzer (Aglient, Santa Clara, CA, USA) according to the
manufacturer’s instructions.

Measurements of cyt c/cyt a
Mitochondria was isolated from cell lines with a mitochondrial
extraction kit (Beyotime Technology, Shanghai, China) according
to the manufacturer’s instructions. The cyt c/cyt a ratio was
measured according to literature [23].

Western blot analysis and immunoprecipitation
Tissue and cell protein lysates were prepared in RIPA buffer, and
protein expression was analyzed with 8% SDS-PAGE using the
following antibodies: GAPDH (1:10000), IRE1α (1:1000), phosphate-
IRE1α (1:1000), eIF2α (1:1000), phosphate-eIF2α (1:1000) and anti-
rabbit IgG (1:5000). For immunoprecipitation, the lysates were
further diluted with the lysis buffer and then incubated with cyt b5
overnight. Then, the lysates were incubated with 40 μL of protein
A/G-Sepharose for an additional 3 h, after which the immuno-
complexes were collected by centrifugation. The samples were
then washed five times with ice PBS and subsequently eluted in
40 μL of sample buffer. The samples were analyzed by 12% SDS-
PAGE using the anti-cytochrome c antibody.

Cytoplasmic and mitochondrial Ca2+

Cells were washed 3 times with PBS after treatment with drugs for
24 h. Before imaging, HepG2 cells were incubated at 37 °C and
under an atmosphere with 5% CO2 in 2 μM Fura-2 AM (Beyotime
Biotechnology, Shanghai, China) and 2.5 μM Rhod-2 AM (Invitro-
gen, Carlsbad, CA, USA) for 45 min, after which they were washed
with HBSS 3 times. Cytoplasmic and mitochondrial Ca2+

fluorescence was measured using both a Biotek Synergy H1
Hybrid Multi-Mode Microplate Reader (BioTek, Vermont, VT, USA)
and a fluorescence microscope (Opera phenix, PerkinElmer,
Fremont, CA, USA).

Immunofluorescence
Cells were seeded in a confocal petri dish and treated with
drugs (1 μM TG, 50 μM SB, and 100 μM TUDCA) for 24 h.
Subsequently, the cells were washed 3 times with ice-cold PBS
(5 min each time), after which 4% paraformaldehyde was added to
each well and the cells were fixed for 20 min at room temperature.
The cells were 3 times before the addition of Triton X-100
(Beyotime Biotechnology, Shanghai, China) to permeate cells for
5–10min. After being washed with PBS, 5% BSA (prepared in PBS)
was added to each well for 2 h at room temperature. Then, after
being washed with ice-cold PBS, the cells were incubated with the
primary antibodies anti‐cyt b5 and anti-cyt c diluted 1:200 at 4 °C
overnight. At the end of the incubation, the cells were rinsed with
PBST three times to remove unbound antibody. Subsequently,
DyLight 488- or DyLight 594-conjugated secondary antibodies
diluted 1:500 were added to the cells at room temperature for 2 h,
after which the cells were incubated with DAPI for 10 min before
being observed by laser confocal microscopy (Olympuc, Tokyo,
Japan).

Statistical analysis
The data were presented as the means ± SEM (standard error of
the mean) of measurements obtained from five or eight batches
of cells or six mice in each group per experiment. The statistical
analysis among groups was performed using one-way ANOVA
followed by Tukey’s post hoc test. The significance of differences
between two groups was determined by Student’s t test
(unpaired, two tailed). Values of P < 0.05 were considered
statistically significant.

RESULTS
P450s activity varied in HFD-fed mouse liver microsomes
To investigate the P450s activity variation during NAFLD, mice
were fed HFD for 8 weeks (Fig. 1a). The morphology of livers from
mice subjected to HFD was assessed by H&E and Oil red O staining
(Fig. 1b). The hepatic steatosis induced by the HFD was
ameliorated by silybin treatment. Then, we evaluated the activity
of primary subfamilies of P450s, including CYP1A2, CYP2B6,
CYP2C19, CYP2D6, and CYP3A using their specific substrates
phenacetin, bupropion, omeprazole, dextromethorphan, midazo-
lam, and testosterone (Fig. 1c–h). The calculated Vmax and CLint
values were compared. The means and SD of five calculated
parameters were shown, and the values were listed in Table 1.
Kinetic analysis results indicated that the activity of all five P450
enzyme subfamilies decreased significantly. Silybin and TUDCA
reversed the activity of most enzyme subfamilies to varying
degrees.

ER stress was involved in P450s activity suppression in NAFLD
mice
Because P450s are membrane proteins that are primarily located
on the ER, and both silybin and TUDCA are effective at
ameliorating ER stress, we hypothesized that ER stress may be
an important reason leading to P450s activity decline. Thus, the
levels of proteins that sense ER stress were assessed. Consistent
with our previous results, HFD enhanced the protein levels of
phosphorylated IRE1α (p-IRE1α) and phosphorylated eukaryotic
IRF2α (p-eIF2α) along with unchanged total IRE1α and eIF2α
expression (Fig. 2a). As for the effect of TG on HepG2, silybin
inhibited the activation of IRE1α and IRF2α, lowering the
phosphorylation of these protein, similar with the action of
positive control TUDCA (Fig. 2b). Then, we studied the effect of TG
on P450s activity in HepG2 cells. The rate of metabolite generation
for each substrate indicated that most P450s activity was
suppressed by TG and ameliorated by medium and low
concentrations of silybin and TUDCA (Fig. 2c–h). The results also
showed that high concentration of silybin may inhibit the activity
of P450s, which was consistent with those of previous studies
in vitro [12, 24].

ER stress regulated P450s enzyme system components
To further elucidate how ER stress regulates P450s activity, we
studied the effect of ER stress on the primary components of the
P450s system. Among the P450s enzyme system components, Cyt
b5 was significantly downregulated in the livers of HFD-fed mice
and TG-treated HepG2 cells (Fig. 3a). However, the variation trend
of CPR was not that obviously (Fig. 3b). In addition, a sharp
increase of the ratio of NADP+/NADPH was observed in the livers
of HFD-fed mice and TG-treated HepG2 cells, and the ratio
decreased after silybin and TUDCA treatment (Fig. 3c). The
increased levels of NADP+ can be catalyzed into NAADP, which
can induce Ca2+ release from the ER [25–27].

ER stress regulated hepatic ER membrane fluidity and
phospholipid composition
The ER membrane provides a scaffold for the P450 system
proteins that facilitate interactions with their redox partners as
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Fig. 1 HFD induced the suppression of P450s activity and endoplasmic reticulum stress in the mouse liver (n= 5). Mice were fed a control
diet, HFD or silybin for 8 weeks (a). Hematoxylin and eosin (H&E) staining (upper panel) and Oil red O staining (ORO) (lower panel) of mouse
livers (b). Analysis of p450s activity, including CYP1A, CYP2B, CYP2C, CYP2D, and CYP3A through microsomes (c–h).
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well as other P450s such that the composition and fluidity of the
ER membrane influences the membrane protein function. There-
fore, we assessed whether HFD or TG altered ER membrane
fluidity through DPH. We observed that ER membrane fluidity was
reduced in the livers of HFD-fed mice and TG-treated HepG2 cells
and that DPH polarization was eliminated by increasing tempera-
ture (Fig. 4a, b). Then, we determined the phospholipid
composition of the ER membrane. Total PC (Fig. 4c), PE (Fig. 4d),
PS (Fig. 4e), and PI (Fig. 4f) contents were significantly decreased
in the livers of HFD-fed mice and recovered after silybin treatment
to different degrees. Similar results were obtained for TG-treated
HepG2 cells. PC and PE are most abundant phospholipids on the
ER membrane, and a decrease in polyunsaturated phospholipids
was observed in the model group, which was closely associated
with the membrane fluidity (Fig. 4g, h) [28, 29]. Moreover,
alterations in ER fatty acid and lipid composition result in the
inhibition of sarco/endoplasmic reticulum calcium ATPase (SERCA)
activity and ER stress. The increased ratio of PC/PE (Fig. 4i)
suggested that Ca2+ was released through Serca2b under ER
stress in both the livers of HFD-fed mice and TG-treated HepG2
cells [30].

ER stress affected mitochondrial function and cyt c release
Since both the NADP+/NADPH and PC/PE ratios indicate that Ca2+

release and disruption of cellular Ca2+ homeostasis are associated
with liver pathological conditions, we quantified the Ca2+ level in
the ER and mitochondria in HepG2 cells using Fura-2 AM and
Rhod-2 AM, fluorescent indicators of cytoplasmic and mitochon-
drial Ca2+, respectively. After TG irritation, Ca2+ was released from
the ER to the cytoplasm and the mitochondria, while both silybin
and TUDCA restrained this process (Fig. 5a, b).
To evaluate the effect of ER stress on mitochondria, we

measured the oxygen consumption rate (OCR). As shown in
Fig. 5c, d, TG decreased the basal OCR while silybin and TUDCA
reversed this decrease. The average basal OCR, maximal OCR, ATP-
linked OCR, proton leak OCR, and nonmitochondrial OCR values in
the model group also significantly decreased compared to that
observed in the other groups. We further measured the activities
of mitochondrial respiratory chain complex I (MRCC I) and
mitochondrial respiratory chain complex III (MRCC III). As shown
in Fig. 5e, f, the activities of MRCC I and III decreased significantly
when HepG2 cells were treated with TG and recovered after
silybin or TUDCA treatment.
Interestingly, we also observed cyt c release from mitochondria

under ER stress (Fig. 5g, h), as evidenced by the decrease in the cyt
c/cyt a ratio, which could be prevented by silybin or TUDCA
treatment. The opening of the mitochondrial permeability

transition pore (mPTP) allows for the release of many substances
from mitochondria. The mPTP inhibitors α-linolenic acid (ALA) [31]
and cyclosporin A (CsA) [32] could reduce cyt c release (Fig. 5i). In
addition, we used digitonin (a detergent that makes the membrane
permeable by replacing cholesterol) [33] and BAPTA-AM (a chelator
of intracellular Ca2+) [34] to verify the key role of high cytoplasmic
Ca2+ levels in cyt c release. As expected, digitonin caused increased
levels of cytoplasmic and mitochondrial Ca2+, which could be
prevented by BAPTA-AM (Fig. 5j, k). A significant decrease in cyt
c release was observed as evidenced by the cyt c/cyt a ratio in
mitochondria when calcium overload occurred, as well as a lower
CYP3A activity levels after digitonin treatment. Furthermore, this
situation was also reversed by BAPTA-AM or ALA (Fig. 5l, m).

Cyt c regulated P450s activity by interacting with cyt b5 under ER
stress
We next investigated how mitochondrial dysfunction resulted in
feedback on the activity of P450s located on the ER, a process in
which the release of cyt c from mitochondria could have a key
role. Reducing cyt c release by both ALA and CsA treatment
reversed the suppression of CYP3A activity caused by TG (Fig. 6a).
Then, we treated cells with ALA and CsA after a high level of
calcium stimulation. As expected, ALA and CsA ameliorated the
decreased release of cyt c caused by high level of Ca2+ (Fig. 6b),
indicating that cyt c release may be caused by calcium overload.
After being released into the cytoplasm, cyt c may bind to cyt b5
(Fig. 6c) to disrupt the transfer of electrons, since cyt b5 is an
electron transporter participating in electron transfer between the
inner and outer mitochondrial membranes and to P450s [35]. The
increased interaction between cyt b5 and cyt c after TG and
digitonin treatment was also evidenced by the colocalization of
these two proteins (Fig. 6d, e).

DISCUSSION
Activity of metabolic enzymes is the gold standard in enzyme
evaluation studies. The results of previous studies have elucidated
the transcriptional regulation of cytokines in downregulating the
expression of P450s during liver inflammation [17–19]. Our
previous study revealed that silybin can lower ER stress and
inhibit NLRP3 inflammasome assembly to reduce the release of IL-
1β [16] indicating a connection between ER stress and the activity
of enzymes located on the ER.
ER stress is involved in many types of liver diseases, including

NAFLD, NASH and hepatocellular carcinoma [36]. TG is consis-
tently used as an ER stress inducer which can promote the
depletion of Ca2+ in the ER lumen [37]. We assessed the activities

Table 1. Determination of P450s activity in liver microsomes by HPLC–MS/MS.

P450 subtype Control HFD Silybin (50mg/kg) Silybin (100mg/kg)

CYP1A2 (Acetaminophen) Vmax (μmol·min-1·g-1 protein) 0.244 ± 0.006 0.191 ± 0.014 0.213 ± 0.012 0.127 ± 0.007

CLint (mL·min-1·g-1 protein) 2.071 1.048 1.694 1.164

CYP2B6 (Hydroxybupropion) Vmax (μmol·min-1·g-1 protein) 0.024 ± 0.001 0.016 ± 0.001 0.032 ± 0.006 0.028 ± 0.002

CLint (mL·min-1·g-1 protein) 0.057 0.030 0.035 0.039

CYP2C19 (Hydroxyomeprazole) Vmax (μmol·min-1·g-1 protein) 0.243 ± 0.179 0.113 ± 0.030 0.102 ± 0.027 0.146 ± 0.012

CLint (mL·min-1·g-1 protein) 1.873 1.463 1.688 3.628

CYP2D6 (Dextropan) Vmax (μmol·min-1·g-1 protein) 0.111 ± 0.004 0.043 ± 0.002 0.056 ± 0.004 0.038 ± 0.004

CLint (mL·min-1·g-1 protein) 22.82 15.95 21.73 10.07

CYP3A (4-hydroxymidazolam) Vmax (μmol·min-1·g-1 protein) 0.290 ± 0.049 0.267 ± 0.042 0.267 ± 0.036 0.293 ± 0.077

CLint (mL·min-1·g-1 protein) 3.756 2.935 3.470 4.741

CYP3A (6β-hydroxytestosterone) Vmax (μmol·min-1·g-1 protein) 0.277 ± 0.077 0.147 ± 0.025 0.196 ± 0.022 0.187 ± 0.063

CLint (mL·min-1·g-1 protein) 1.271 0.569 1.146 0.820
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Fig. 2 Effects of endoplasmic reticulum stress on p450s activity. HepG2 were pretreated with silybin (2, 10, and 50 μM) or TUDCA (100 μM),
followed by stimulation with TG (1 μM) for 24 h, and mice were fed an HFD for 8 weeks with oral administration of silybin (50 or 100mg/kg).
IRE1a and eIF2a phosphorylation levels were measured by Western blot (n= 5) (a, b). Analysis of P450s activity, including CYP1A, CYP2B,
CYP2C, CYP2D, and CYP3A in HepG2 cells, which was determined by LC-MS/MS (n= 5) (c–h). Statistical significance was determined by two-
tailed paired t-test. *P < 0.05; **P < 0.01; ***P < 0.001 vs. model and #P < 0.05; ##P < 0.01; ###P < 0.001 vs. control.
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of five representative P450 enzymes, and unsurprisingly, their
activity was suppressed in HFD-fed mice and in TG-treated HepG2
cells. Therefore, we subsequently evaluated how ER stress affected
P450 enzymes activity.
We evaluated the alterations in cytochrome P450 components,

since the mechanism of P450 catalysis is a complex cascade of
steps involving the interaction with other electron transfer
proteins, such as CPR and cytochrome b5 [38]. Generally, NADPH

and CPR provide the first electron to P450s, and cyt b5 can
substitute NADPH-dependent CPR in this enzymatic reaction by
donating the first and second electron in some situations [39]. CPR
is the redox partner for most human cytochrome P450 enzymes
and binds NADPH, which can reduce the enzyme by transferring
electrons to both the FAD and FMN domains within the protein
[6]. In addition, cyt b5 is involved in many microsomal oxidation
reactions and monohydroxylation processes by interacting with a

Fig. 3 HFD and endoplasmic reticulum stress induced a decrease in the composition of the P450 catalytic system. Analysis of cytochrome
b5 and CPR levels through ELISA kits (a, b). NADP+ and NADPH levels were determined by LC-QTOF/MS. The values of NADP+/NADPH of
other groups were normalized to the control, which was set as 1 (c). n= 6 for animals and n= 5 for cells per group. Data were presented
as the means ± SEM. Statistical analysis was performed by two-tailed paired t test. *P < 0.05; **P < 0.01; ***P < 0.001 vs. model and #P < 0.05;
###P < 0.001 vs. control.
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Fig. 4 HFD altered the composition of the endoplasmic reticulum membrane through ER stress. ER membrane fluidity in liver tissues and
cells was measured by the inverse correlation of DPH polarization anisotropy, whereby decreased DPH polarization indicates increased
membrane fluidity (a, b). Analysis of total phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidy-
linositol (PI), polyunsaturated phosphatidylcholine (PUFA PC), and polyunsaturated phosphatidylethanolamine (PUFA PE) in ER fractions from
both mouse livers and HepG2 cells treated with TG, with increasing concentrations of silybin and TUDCA (c–h). Ratio of PC and PE in ER
fractions from both mouse livers and HepG2 cells (i). Data were presented as the means ± SEM and were analyzed by two-tailed paired t test
(n= 5). *P < 0.05; **P < 0.01; ***P < 0.001 vs. model and #P < 0.05; ##P < 0.01; ###P < 0.001 vs. control.

Silybin regulates P450s activity by attenuating ER stress
J Wu et al.

140

Acta Pharmacologica Sinica (2023) 44:133 – 144



variety of cytochrome P450 enzymes (CYPs or P450s) as well as
cytochrome c (cyt c) in the outer mitochondrial membrane. Our
results verified that the interaction between cyt b5 and cyt c under
ER stress was involved in the regulation of P450s activity.
Growing evidence has shown that the ratio of NADP+/NADPH is

important in physiology and disease. Cells have an endogenously

preferred NADP+/NADPH ratio to balance cell growth and
biosynthesis of target products [40]. Elevated NADP+ level leads
to high levels of NAADP, which is generated from NADP+,
inducing Ca2+ release [25–27]. In addition, the heterogeneity of
the ER membrane affects P450s function by either concentrating
or segregating proteins within membrane regions [8] as well as
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Fig. 5 Effects on the communication between the endoplasmic reticulum and mitochondria induced by ER stress. Ca2+ in the cytoplasm
(Fura-2 AM fluorescence, 20×) and mitochondria (Rhod-2 AM fluorescence, 20×) in cells treated for 24 h with thapsigargin (TG) and silybin or
TUDCA (a). Fluorescence intensity of Ca2+ in both cytoplasmic and mitochondria was measured (b). Data were presented as the means ± SEM
(n= 8). Analysis of O2 consumption in cells treated as previously described (c). The O2 consumption rates (OCRs) were first measured for 4 ×
104 cells of each cell line under basal conditions, after which oligomycin (1 μM), carbonyl cyanide-p-(trifluoromethoxy)-phenylhydrazone
(FCCP; 1 μM), rotenone/antimycin A (0.5 μM) were sequentially added at the indicated times to determine different parameters of
mitochondrial functions. Graphs present the basal OCR, ATP-linked OCR, proton leak OCR, maximal OCR, and nonmitochondrial OCR for
different groups (d). Nonmitochondrial OCR was determined as the OCR after rotenone/antimycin A treatment. Basal OCR was determined as
OCR before oligomycin minus OCR after rotenone/antimycin A. ATP-linked OCR was determined as OCR before oligomycin minus OCR after
oligomycin. Proton leak was determined as basal OCR minus ATP-linked OCR. Maximal OCR was determined as the OCR after FCCP minus
nonmitochondrial OCR. Data were presented as the means ± SEM (n= 7). The activities of MRCC I and III were measured using kits. Data were
presented as means ± SEM (n = 5) (e, f). Ratios of cyt c/cyt a of mitochondria from mice (n= 6) and cells (n= 5) treated as previously
described were measured, and the data were presented as means ± SEM (g, h). The ratios of cyt c/cyt a of mitochondria in cells treated with
TG, ALA and CsA were measured (i). Ca2+ levels in the cytoplasm (Fura-2 AM fluorescence, 20×) and mitochondria (Rhod-2 AM fluorescence,
20×) in cells treated for 24 h with digitonin (Dig) and BAPTA-AM (j). Fluorescence intensity of Ca2+ in both cytoplasmic and mitochondria was
measured (k). Data are presented as means ± SEM (n= 8). The ratios of cyt c/cyt a of mitochondria in cells treated with digitonin, BAPTA-AM
and ALA were measured (l). The activity of CYP3A in cells was measured using midazolam after treatment with Dig and BAPTA-AM (m). The
data were presented as the means ± SEM (n= 5). Statistical analysis was performed by two-tailed paired t test. *P < 0.05; **P < 0.01; ***P < 0.001
vs. model, #P < 0.05; ##P < 0.01; ###P < 0.001, ####P < 0.0001 vs. control.

Fig. 6 Effect of cytochrome c on the P450s activity. Analysis of CYP3A activity in cells through HPLC–MS/MS after treatment with
thapsigargin (TG), digitonin (Dig), ALA, and CsA (a, b). Interaction between cyt b5 and cyt c was determined by immunoprecipitation with an
anti-cytochrome c antibody and immunoblotted with antibodies against cyt b5 and GAPDH (c). Representative confocal microscopy images
(60×) of nuclei (Blue), cytochrome b5 (cyt b5) (Red) and cytochrome c (cyt c) (Green) in HepG2 cells treated with 1 μM thapsigargin (TG), 50 μM
silybin and 100 μM TUDCA (d) as well as 1 μg/mL digitonin, 10 μM BAPTA-AM and 10 μM ALA (e). The data were presented as the means ± SEM
(n= 5). Statistical analysis was performed by two-tailed paired t test. **P < 0.01 vs. model, #P < 0.05 ###P < 0.001 vs. control.
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the activity of calcium channels [41]. Anionic phospholipids have
been shown to exert a stimulatory effect on the catalytic activity of
CYP1A2 and CYP3A during the course of optimization of
reconstituted enzyme activity [42, 43], and some P450s exist in
regions where the lipids are more ordered, while others exist in
the disordered regions [44].
Moreover, ER membrane phospholipids promote the proper

orientation of P450s with their redox partners and generally
facilitate substrate binding. Our data suggested that total PC, PE,
PI and PS levels were downregulated in the livers of HFD-fed mice
and TG-treated HepG2 cells under ER stress. PC is reported to be
the major phospholipid constituent of the ER and is also the major
component that facilitates P450 interactions with their redox
partners [45]. Furthermore, anionic phospholipids, such as PS and
PI, can increase the P450s insertion ratio into membranes, which
can increase P450s activity [42]. PS is also associated with the
expansion of the ER membrane and ER functions [46]. Thus, the
decrease of PC, PS and PI in the ER membrane was one of the
reasons to reduce enzyme function. The PC/PE ratios in the ER
membrane were also upregulated both in vivo and in vitro, which
have been associated with increased ER stress due to impaired
Serca2b function [47]. SERCA participates in the reuptake of Ca2+

so that the increased level of PC/PE suppresses the uptake of
cytoplasmic Ca2+ back to the ER, which can influence the
subsequent development.
Further, we studied the interplay between ER and mitochondria.

Based on the relationship between ER stress and Ca2+ release, we
assessed what occurred in mitochondria after ER stress. When Ca2
+ is released from the ER to the cytoplasm, part of the Ca2+ is
taken up by mitochondria [48]. If too much Ca2+ is released from
the ER, it will cause Ca2+ overload in the mitochondria,
contributing to mitochondrial dysfunction [49]. Our results
showed that ER stress led to increased Ca2+ levels in both the
cytoplasm and mitochondria, which could be suppressed by
silybin and TUDCA. As expected, we observed a decrease in the
oxygen consumption rate after ER stress, which was alleviated by
silybin and TUDCA. Mitochondrial respiratory chain complexes I
and III are important elements for electrons to enter the
mitochondrial electron transfer chain and for mitochondrial
oxidative phosphorylation. Furthermore, the deficient activities
of respiratory chain complexes often alter mitochondrial mem-
brane potentials, which is a key indicator of cellular viability [50].
The interaction between the ER and mitochondria has

been extensively studied. By checking the variation of mitochon-
dria, we found that TG induced mitochondrial fragmentation

(Supplementary Fig. S1), which is consistent with literatures
[51, 52]. Silybin and TUDCA could partially restore the morphology
of mitochondria and these morphological changes are closely
related to ER stress. The interaction may be involved in the
regulation of P450s activity in cellular networks. Cyt c, which
accepts electrons from cyt b5 [53, 54], was released from
mitochondria in HFD-fed mice, while silybin and TUDCA
prevented this release. Furthermore, this release of cyt c was also
decreased by treatment with the mPTP inhibitors ALA and CsA,
indicating that the opening of mPTP participates in cyt c release.
Subsequently, we verified high levels of Ca2+ in the cytoplasm
caused the release of cyt c through digitonin and BAPTA-AM
treatment and observed that it further influenced CYP3A activity.
This effect was probably based on the interaction between cyt b5
and cyt c during ER stress, resulting in the disruption of electron
transport from cyt b5 to P450s.
In summary, hepatocyte ER stress induced by HFD resulted in

the inhibition of P450s activity due to alterations in membrane
phospholipids, ER membrane fluidity and components involved in
P450 catalytic system. The interaction between cyt c released from
mitochondria and cyt b5 under ER stress indicated that commu-
nication between organelles, especially the ER and mitochondria,
has an important role in affecting the metabolism of cells and may
be a potential target for disease treatment. Silybin restored the
P450s activity in NAFLD mice liver based on its regulation of this
crosstalk between mitochondria and ER (Fig. 7).
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