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The hepatotoxicity of Polygonum multiflorum: The emerging
role of the immune-mediated liver injury
Tai Rao1,2,3,4, Ya-ting Liu1,2,3,4, Xiang-chang Zeng1,2,3,4, Chao-peng Li5 and Dong-sheng Ou-Yang1,2,3,4,5

Herbal and dietary supplements (HDS)-induced liver injury has been a great concern all over the world. Polygonum multiflorum
Thunb., a well-known Chinese herbal medicine, is recently drawn increasing attention because of its hepatotoxicity. According to
the clinical and experimental studies, P. multiflorum-induced liver injury (PM-DILI) is considered to be immune-mediated
idiosyncratic liver injury, but the role of immune response and the underlying mechanisms are not completely elucidated. Previous
studies focused on the direct toxicity of PM-DILI by using animal models with intrinsic drug-induced liver injury (DILI). However,
most epidemiological and clinical evidence demonstrate that PM-DILI is immune-mediated idiosyncratic liver injury. The aim of this
review is to assess current epidemiological, clinical and experimental evidence about the possible role of innate and adaptive
immunity in the idiosyncratic hepatotoxicity of P. multiflorum. The potential effects of factors associated with immune tolerance,
including immune checkpoint molecules and regulatory immune cells on the individual’s susceptibility to PM-DILI are also
discussed. We conclude by giving our hypothesis of possible immune mechanisms of PM-DILI and providing suggestions for future
studies on valuable biomarkers identification and proper immune models establishment.
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INTRODUCTION
Traditional herbal medicine has been extensively applied in many
regions worldwide for thousands of years. With the popularity of
herbal medicines as effective and affordable therapeutics for
disease treatment, their adverse reactions have been drawn
growing attention worldwide. Hepatotoxicity is one of the most
common adverse reactions induced by herbal and dietary
supplements (HDSs), and it can result in liver failure and even
death. Data show that HDS‐induced liver injury accounts for 20%
of cases of hepatotoxicity in the United States and 26.81% of that
in mainland China [1, 2]. HDS-induced liver injury has increasingly
become the most challenging drug safety problem worldwide.
Polygonum multiflorum Thunb. and its processed products are

well-known herbal medicines that have been used for more than a
thousand years in China and many other East Asian countries.
Traditionally, raw P. multiflorum products are applied for
detoxification, moistening the intestines and freeing the stools,
while processed P. multiflorum products are used as tonic and
antiaging agents. Previously, pharmacological studies and clinical
practice have indicated its beneficial effects on treating hyperli-
pidemia, inflammation, learning and memory dysfunction, athero-
sclerosis and immune dysfunction [3, 4]. In recent years, however,
liver injury induced by P. multiflorum and its preparations has been
an increasing concern worldwide. Since the first case of

P. multiflorum-induced liver injury (PM-DILI) was reported in Hong
Kong in 1996, cases have successively emerged in many other
countries and regions [5–7]. As a result, cautionary statements
have been issued in China, Australia, Britain, Japan and Canada [8].
Great efforts have been made to investigate PM-DILI over the
decades, but the underlying mechanisms remain poorly under-
stood. In addition, the lack of reliable biomarkers makes it difficult
to diagnose and predict the hepatotoxicity induced by
P. multiflorum preparations.
In the past, studies on PM-DILI focused on the drug-related

mechanism that the PM-DILI is the result of the direct toxicity from
the ingredients or reactive metabolites of P. multiflorum [9, 10].
However, analyses of the mechanisms and clinical features
associated with PM-DILI have revealed that there are still
nonnegligible gaps in our understanding of its pathogenesis.
Recent progress in clinical and basic studies has implied that PM-
DILI is more likely to be immune-mediated idiosyncratic drug-
induced liver injury (IDILI). Host-dependent mechanisms asso-
ciated with immune factors, including individual immune stress
status and immunogenetic variations, contribute to the risk of PM-
DILI. With the great advancements in the understanding of the
mechanisms of DILI in recent years, largely due to improvements
in genetic studies and animal models, the crucial role of immune
homeostasis in the pathogenesis of DILI has come into view [11]

Received: 20 October 2019 Accepted: 2 January 2020
Published online: 2 March 2020

1Department of Clinical Pharmacology, Xiangya Hospital, Central South University, Changsha 410008, China; 2Hunan Key Laboratory of Pharmacogenetics, Institute of Clinical
Pharmacology, Central South University, Changsha 410008, China; 3Engineering Research Center of Applied Technology of Pharmacogenomics, Ministry of Education, Changsha
410008, China; 4National Clinical Research Center for Geriatric Disorders, Changsha 410008, China and 5Hunan Key Laboratory for Bioanalysis of Complex Matrix Samples,
Changsha 410205, China
Correspondence: Tai Rao (raotai9298@csu.edu.cn) or Dong-sheng Ou-Yang (ouyangyj@163.com)

www.nature.com/aps

© CPS and SIMM 2020

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0360-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0360-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0360-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0360-3&domain=pdf
mailto:raotai9298@csu.edu.cn
mailto:ouyangyj@163.com
www.nature.com/aps


and may provide new insight into the mechanisms of PM-DILI. The
aim of this review is to integrate the current knowledge on
the mechanisms of PM-DILI and give our viewpoint on the
possible immune mechanisms that determine the risk of PM-DILI.

CLINICAL CHARACTERISTICS OF PM-DILI
As a well-known Chinese herbal medicine, P. multiflorum or its
processed products are taken by many people to nourish the liver
and kidney. Although there are many cases of liver injury induced
by P. multiflorum, epidemiological studies have shown that the
overall incidence is relatively low. It has been reported that PM-
DILI is more common in females [12], which may be attributed to
the fact that the rate of use of P. multiflorum products for health
care is higher in the female population. The age distribution of
PM-DILI patients is wide, with a median age ranging from 36 to 49
[13]. In general, the occurrence and severity of liver injury are
not remarkably associated with the gender or age of the patients
[14–16]. The pharmacological effects and uses of raw and
processed P. multiflorum are different. According to traditional
Chinese medicine theory, processed P. multiflorum is used more
frequently in the clinic due to its tonic and antiaging effects,
whereas raw P. multiflorum is used for treating constipation [17].
Additionally, processed forms of P. multiflorum display lower
toxicity than raw P. multiflorum [16]. Clinical analyses have
demonstrated that the incidence of liver injury caused by raw
P. multiflorum and processed P. multiflorum products are 18.06%
and 49.35%, respectively; this difference may be the result of the
wider application and more frequent use of processed
P. multiflorum products in the population. However, this still
suggests that all forms of P. multiflorum products may lead to liver
damage regardless of herbal processing [16, 18]. Most patients
reported taking daily doses lower than the upper limit of the
standard Chinese Pharmacopoeia dose of 3–6 g/day for raw
P. multiflorum and 6–12 g/day for processed P. multiflorum
[14, 16, 18], which indicated that overdose of raw or processed
P. multiflorum may not be the main risk factor for PM-DILI. The
delay between the start of P. multiflorum administration and the
onset of liver injury ranges from 1 to 240 days. The median time of
latency of PM-DILI is ~30–45 days, suggesting delayed-onset
hepatotoxicity. It is interesting to note that some patients
recovering from previous PM-DILI are easily rechallenged with
P. multiflorum. The recurrence of PM-DILI always leads to a quick
onset of more severe symptoms, and the median time of latency
decreases from 39 days for the first onset to 18 days for the
recurrence [16, 18–20]. In addition, a few patients have reported a
family history of liver injury induced by P. multiflorum, and patients
with immune-related diseases, such as psoriasis and system lupus
erythematosus, have a relatively higher risk of liver damage after
taking P. multiflorum products [21]. This evidence implies that host
factors may modify an individual’s risk of PM-DILI.
Histological characterization of patients with PM-DILI show that

hepatocellular liver injury is the most common type of liver injury,
followed by cholestatic liver injury and mixed liver injury. The
histological presentation of the liver in hepatocellular liver injury
usually involves focal necrosis and infiltration and activation of
immunocytes, such as lymphocytes, eosinophils, neutrophils and
Kupffer cells (KCs), whereas cholestatic live injury includes lobular
necroinflammation and cholestasis [5, 7, 14, 18, 22–24]. One
common adverse reaction induced by P. multiflorum is skin rash
[25, 26], which is a type of immune-mediated idiosyncratic adverse
drug reaction. In a handful of patients, PM-DILI is also
accompanied by some immunoallergic signs of drug hypersensi-
tivity, such as rash, fever, and eosinophilia [12, 16]. Immune
mechanisms explain the idiosyncratic nature of IDILI, and it has
been widely accepted that most IDILI is immune-mediated. In
conclusion, based on this evidence, PM-DILI is likely to be

immune-mediated idiosyncratic drug-induced liver injury (IDILI)
[7, 14, 15, 23].

MECHANISMS OF PM-DILI
Direct hepatotoxicity of P. multiflorum
Intrinsic hepatotoxicity, which usually refers to direct toxic stress
leading to hepatic cell death, is commonly thought to be a form of
predictable liver injury that can be reproduced in animal models
and occurs in a dose-dependent manner [27]. PM-DILI was once
considered intrinsic hepatotoxicity based on numerous animal
and in vitro studies. Both water and ethanol extracts of
P. multiflorum have shown hepatotoxicity in L02 human liver cells
in some studies [28–31] but have shown no toxicity in hepatocytes
in other studies [26]. Although ethanol extracts and raw
P. multiflorum have been reported to exert higher hepatotoxicity
than aqueous extracts and processed products, respectively, in
many animal experiments [32], several studies have demonstrated
that P. multiflorum does not induce obvious liver injury in rats
[33–35] and that water extracts even elicit beneficial effects on the
liver [36]. Liver injury only occurs in animals when P. multiflorum is
administered at much higher doses than the clinical dose
regardless of extraction and processing methods [32]. Chemical
analyses have demonstrated that stilbenes and anthraquinones
are the major characteristic constituents. 2,3,5,4′-Tetrahydroxys-
tilbene-2-O-β-glucoside (TSG) and combined anthraquinones such
as emodin-8-O-β-D-glucoside and physcion-8-O-β-D-glucoside are
dominant in raw products, while TSG, emodin and physcion are
the main components of processed products. It has been reported
that the content of TSG is decreased by ~60%, whereas the
content of emodin is increased by >30% [4]. However, another
study demonstrated that the content of both TSG and emodin is
remarkably decreased after processing [37]. Several studies have
shown that the toxicity of ethanol extract is higher than that of
water extract and that the content of anthraquinones is
significantly higher in ethanol extract than in water extract
[38, 39]. Many efforts have been made to explore the hepatotoxic
components of P. multiflorum. It is widely accepted that
anthraquinones, such as emodin and physcion, and their
derivatives may be responsible for PM-DILI through direct
cytotoxicity [40–43]. Emodin has been reported to inhibit
mitochondrial complex function [44], induce apoptosis of hepatic
cells through S phase arrest [28] and activate the NF-κB
inflammatory pathway and the P53 apoptosis pathway [45].
Glucuronidation through UGT2B7 and elimination through MRP2
might result in the detoxification of emodin, and decreased
UGT2B7 activity due to long-term use of emodin and the
inhibition of UGTs and MRP2 by probenecid can cause emodin
accumulation, thus leading to hepatotoxicity [46, 47]. Electrophilic
physcion and emodin and their oxidative metabolites might
display high reactivity with macromolecules and glutathione in
hepatic cells, contributing to anthraquinone-induced direct
hepatocyte toxicity [48–50].
Because the toxic effects of P. multiflorum in the liver are

controversial, the mechanisms of the intrinsic hepatotoxicity of
P. multiflorum remain elusive. In vitro studies have demonstrated
the possible mechanisms, including the induction of apoptosis
and the inhibition of liver cell proliferation [29, 38]. In vivo
metabolomics analyses have indicated that the disruption of
amino acid metabolism, lipid metabolism, bile acid metabolism
and energy metabolism is involved in PM-DILI and that vitamin B6,
tryptophan and citrate might be metabolic biomarkers [51–53]. A
proteomics study revealed that PM-DILI is related to oxidative
phosphorylation pathways and that NADH dehydrogenase family
proteins and slc16a2 may be potential biomarkers [54]. However,
these omics studies did not further explore the functions of these
pathways and biomarkers in PM-DILI.
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Although these studies suggest, to some extent, that drug-
related factors of P. multiflorum may induce direct liver injury, it is
still limited to explain the pathogenesis of PM-DILI based on
the animal and hepatocyte models of intrinsic toxicity because the
characteristics of these models are very different from the
characteristics of human disease, such as low incidence, dose-
independence and lymphocyte infiltration and activation. Clinical
analyses have also suggested that PM-DILI appears to be dose-
independent immune-mediated idiosyncratic drug-induced liver
injury, which means intrinsic hepatotoxicity may only partly
explain the liver injury induced by P. multiflorum. Given that most
people taking P. multiflorum products at the recommended
therapeutic dose do not develop liver injury, it is possible
that the intake of direct toxic components is not enough to
damage the liver but instead only initiates very mild hepatic cell
stress, which can be resisted by the tissue regeneration, repair or
antistress systems that maintain the normal structure and
functions of hepatocytes exposed to low concentrations of toxic
components and that idiosyncratic mechanisms may be the key to
the pathogenesis of PM-DILI.

The role of immune stress in PM-DILI
With a few exceptions (e.g., acetaminophen-induced DILI), most
cases of DILI in humans are considered idiosyncratic. However, the
immune response may influence the dose-response curve towards
sensitization to toxicity at therapeutic doses, blurring the
boundary between these two types of DILI [55]; in some cases
of acetaminophen (APAP)-induced hepatotoxicity, the immune
response even contributes to individual susceptibility to liver
injury [56, 57]. According to the clinical characteristics, PM-DILI is
considered idiosyncratic drug-induced liver injury, and host
immune factors play a key role in PM-DILI. Recent progress in
animal models of immune stress and clinical pharmacogenomics
studies has suggested that immunological stress and human
leukocyte antigens mediate the idiosyncratic liver injury induced
by P. multiflorum.
The association between hepatotoxicity and immunological

stress, especially lipopolysaccharide (LPS)-mediated inflammatory
stress, has drawn increasing attention in recent years. LPS
activates a variety of cells in the liver, such as KCs, endothelial
cells, stellate cells, and bile duct epithelial cells, by binding to Toll-
like receptors (TLRs) and initiates inflammatory responses by
producing and releasing numerous immune mediators [58].
Increasing evidence has shown the indispensable role of LPS
and pre-existing inflammation in liver injury induced by xenobiotic
agents [59]. Mice pretreated with a modest inflammatory dose of
LPS became susceptible to intrinsic liver injury induced by
nontoxic doses of APAP [60]. Several drugs that cause IDILI in
humans, such as diclofenac, sulindac, ranitidine, amiodarone,
halothane, and trovafloxacin, also induce idiosyncrasy-like liver
injury in animals when coadministered with a nontoxic dose of
LPS [61–67]. Therefore, it is widely acknowledged that inflamma-
tory stress can sensitize the liver to injury from both intrinsic and
idiosyncratic hepatotoxic agents.
A PM-DILI model based on LPS-mediated immunological stress

was recently established. In this model, even a dose of
P. multiflorum 70-fold higher than the clinical equivalent dose
does not induce liver injury in normal animals, whereas
cotreatment with LPS at a nontoxic dose and P. multiflorum at
the clinically equivalent dose causes obvious liver injury in a dose-
dependent manner [68, 69]. Based on this model, recent studies
have demonstrated the mechanisms of PM-DILI. A nontoxic dose
of endotoxin induces mild inflammation without causing liver
injury. Coexposure to LPS and P. multiflorum can induce the
activation of the TLR4-NF-κB pathway, which leads to the
activation and differentiation of inflammatory cells (Kupffer cells,
monocytes, neutrophils, etc.) and the release of proinflammatory
cytokines and chemokines (TNF-α, IL-1β, IL-6, MIP-2, MCP-1, etc.),

disturb the immune balance and increase the susceptibility of the
liver to toxins [21]. It has been shown that cis-2, 3, 5, 4′-
tetrahydroxystilbene-2-O-β-D-glucoside (cis-TSG) displays idiosyn-
cratic hepatotoxicity in LPS-treated rats by inhibiting the
activation of the PPAR-γ pathway in liver tissues and that the
immunopotentiation effect of trans-TSG might aggravate LPS/cis-
TSG-induced liver injury [70–72]. In addition, a nontoxic dose of
LPS can also potentiate the hepatotoxicity of emodin and its
derivatives at safe doses [43, 73]. These results are inconsistent
with the observations that only an excessive dose of anthraqui-
nones can induce PM-DILI in intrinsic models. Metabolomics
studies on the LPS-mediated mild immune stress model of PM-
DILI have suggested that the TCA cycle, the urea cycle,
sphingolipid metabolism, vitamin B6 metabolism and pyrimidine
metabolism are disturbed [70, 74]. Significantly increased plasma
levels of L-phenylalanine and L-glutamine might be related to
acute phase protein synthesis under inflammatory stress. Elevated
expression of inflammatory cytokines in the plasma, massive
immunocyte infiltration and an obvious inflammatory response in
liver tissues are observed [75]. According to these results, a
hypothesis for the mechanism of the immune stress-mediated
idiosyncratic hepatotoxicity of P. multiflorum was proposed
recently (Fig. 1). When the body is in a state of immunological
activation, components (e.g., trans-TSG) with immunoenhancing
activity might increase an individual’s susceptibility to potential
toxic components (e.g., cis-TSG and emodin), leading to extensive
injury of hepatic cells and overexpression of inflammatory
cytokines [76].
Evidence, including stimulation of the TLR-NF-κB pathway,

activation of inflammatory cells and increased expression of
cytokines and chemokines, has indicated that the innate immune
response may be involved in PM-DILI [77]. Although the fact that
LPS-mediated mild inflammatory stress can lead to hepatotoxicity
of a nontoxic dose of P. multiflorum has referable value, it is still
questionable whether the pathogenesis of this model can
accurately reflect that of hepatotoxicity in patients with PM-DILI.
Is this model just an example of how inflammatory stress induced
by a nonhepatotoxic dose of LPS causes a shift in the dose-
response curve towards sensitization to the intrinsic hepatotoxi-
city of P. multiflorum within the therapeutic dose range? No
epidemiological evidence has shown that bacteria-infected
patients more easily develop PM-DILI. This “inflammagen model”
developed using LPS cotreatment does not truly reflect idiosyn-
cratic liver injury induced by P. multiflorum in the clinic, including

Fig. 1 The possible mechanism of immune stress model of PM-DILI.
Treatment with a standard dose of P. multiflorum does not cause liver
injury, and nontoxic LPS only causes mild immune stress without
immune cell infiltration. However, cotreatment can lead to
significant immune stress by activating the TLR-NF-κB pathway
and inhibiting the PPARγ pathway, which results in increased
susceptibility of hepatic cells to components with toxic potential,
such as cis-TSG and anthraquinones. In addition, trans-TSG can
aggravate liver injury via its immune-enhancing function
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its delayed onset, but it aims to simulate the clinical phenomenon
of patients with immune activation, such as patients with immune
diseases, being more susceptible to developing liver injury after
taking P. multiflorum. Other host factors, such as adaptive
immunity, are likely to better explain the difference in an
individual’s susceptibility to immune-mediated idiosyncratic
hepatotoxicity induced by P. multiflorum.

Human leukocyte antigen and PM-DILI
The adaptive immune response has been reported to play a key
role in inducing inflammation and modulating an individual’s
susceptibility to DILI [55]. Multiple clinical phenomena, including
delayed-onset liver injury, rapid onset on rechallenge, lymphocyte
activation and infiltration, suggest that adaptive immunity may be
involved in IDILI induced by P. multiflorum. The idiosyncratic
nature has long been regarded as evidence of a genetic
predisposition to hepatotoxicity. Major histocompatibility complex
(MHC) molecules, which play a central role in activating T cells, are
responsible for initiating the inappropriate immune response that
causes IDILI. Growing evidence has revealed that human leukocyte
antigen (HLA) polymorphisms are associated with susceptibility to
several idiosyncratic adverse reactions, especially IDILI [78]. The
possible mechanisms underlying T cell-mediated drug hypersen-
sitivity regulated by HLA have evolved into three hypotheses: the
hapten/prohapten model, the pharmacological interaction (P-I)
model and the altered peptide repertoire model [79–81]. Recently,
a polymorphism in an HLA gene, HLA-B*35:01, was identified as a
specific biomarker associated with PM-DILI [24]. Despite the small
sample size, the case-control study showed that the HLA-B*35:01
allele had high specificity and sensitivity for diagnosing PM-DILI. In
a prospective cohort study, HLA-B*35:01 carriers had an 8-fold
higher risk of developing a 2-fold elevation of liver enzymes
compared with noncarriers, indicating that it might have high
value for both diagnosing and predicting PM-DILI. Similar to that
of other HLA-associated forms of DILI and drug hypersensitivity,
the mechanism of PM-DILI is related to the interaction between
antigen-presenting cells (APCs) and T cells. Toxic components,
such as emodin, physcion [48–50], and their reactive metabolites
in the liver may be taken up by APCs, including dendritic cells
(DCs); and act as haptens covalently binding to self-proteins to
form adducts that are then proteolytically processed in the
endoplasmic reticulum to trigger DC maturation. The adducts are
presented at the cell surface by HLA-B*35:01 molecules to activate
CD8+ T cells by interacting with T cell receptors (TCRs) [82, 83].
Other pathways through which toxic components/metabolites
lead to the presentation of an altered peptide repertoire by
binding HLA-B*35:01 molecules or through which toxic compo-
nents/metabolites bind to TCRs to induce T cell activation via
interactions with MHC I may be alternative mechanisms. Interac-
tions between APCs and T cells lead to a cytotoxic immune
response that damages liver cells and causes the release of toxic
components, reactive metabolites, adducts, cytokines and
damage-associated molecular patterns (DAMPs) [84], which
aggravates the initial injury, forms a vicious cycle, and eventually
results in liver injury or even liver failure.
Despite the strong association, the positive predictive value

(PPV) of HLA-B*35:01 for PM-DILI is limited (37.5%). Similar PPVs
have been observed in other drug-induced adverse reactions,
such as the PPV of HLA-B*15:02 for carbamazepine-induced
Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN)
and the PPV of HLA-B*57:01 for abacavir hypersensitivity syndrome
and flucloxacillin-induced liver injury. For example, only a very low
proportion of HLA-B*15:02 carriers (1%–5%) were shown to
develop SJS/TEN [85], and 55% of HIV-infected HLA-B*57:01
individuals exposed to abacavir were shown to be tolerant to
hypersensitivity reactions [86]. Additionally, 4.7% (3/64) of
noncarriers of HLA-B*35:01 showed elevated levels of liver
enzymes even after P. multiflorum treatment. These results

suggest that there are factors other than MHC molecules that
contribute to the pathogenesis of PM-IDILI, although HLA risk
alleles may play a critical role in this pathogenesis.

The role of immune tolerance
Our recent prospective cohort study showed that 5 out of 8 HLA-
B*35:01 carriers did not experience liver enzyme elevation after
taking P. multiflorum, indicating that immune tolerance may be
involved in this phenomenon. The liver is an immune-privileged
organ with a strong capacity for immune tolerance [87]. Clinical
adaptation and tolerance have been observed in many cases of
idiosyncratic drug reactions, including IDILI [86, 88, 89]. Although
many HLA alleles show strong associations with DILI, MHC
molecules are not the only determinants of T cell-mediated
adaptive immune response activation. Immune checkpoint
molecules, regulatory immune cells and some other factors may
also participate in the process of immune activation and tolerance,
which contributes to the pathogenesis of DILI (Fig. 2). Despite the
somewhat speculative nature of this evidence and the lack of
more clinical proof, this mechanism has been demonstrated in
some animal models and probably exists in humans.
The fact that most individuals with genetic HLA predisposition

do not develop overt DILI indicates the subtle balance between
immune activation and tolerance. The recognition of the peptide-
MHC complexes of antigen-presenting cells (APCs) and hepato-
cytes by T cells refers to signal 1, and the interaction between
immune checkpoint molecules refers to signal 2. Both signals are
required for the immune response, and a weak immune response
and low immune tolerance are likely induced without signal 2
[11, 90, 91]. Coinhibitory molecules, such as programmed cell
death protein 1 (PD-1) and cytotoxic T lymphocyte associate
protein 4 (CTLA-4), also negatively regulate the immune response
via their immunosuppressive effects. Several studies have
successfully produced animal models with impaired immune
tolerance that are very similar to humans with IDILI by using
PD-1−/− mice and anti-CTLA-4 antibodies. These models of
impaired immune tolerance have been applied in a number of
drug-induced hepatotoxicity reactions in mice and have not only
unmasked the role of various immune cells in the immune process
of IDILI but also determined the potential ability of drugs to cause
IDILI [92–95]. Notably, immune checkpoint inhibitors (ICIs)
can cause an imbalance in the immune system, leading to

Fig. 2 Possible mechanisms of immune tolerance in DILI. Immune
checkpoint molecules (PD-1, CTLA-4, etc.) negatively regulate the
immune response mediated by antigen presentation (e.g., reactive
drugs and metabolite hapten), resulting in immune tolerance.
Immune tolerance can also be mediated by the inhibitory effects of
immune cells, such as Kupffer cells, Tregs and MDSCs, on the
maturation, differentiation, proliferation and cytokine production of
APCs and T cells
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immune-related hepatitis, which mimics autoimmune conditions
[96]. Several ICIs have recently been reported to induce DILI
triggered by disrupted immune tolerance in cancer patients
receiving immunotherapies [97–99], which supports the observa-
tions made in animal models of impaired tolerance. In addition to
signal 2 molecules, some innate immune factors also contribute to
immune homeostasis in DILI. HLA-B*57:01 transgenic mice
administered abacavir do not show elevated levels of liver
enzymes unless they are cotreated with CpG oligodeoxynucleo-
tide, a TLR9 agonist, to overcome immune tolerance. This finding
provides an explanation for why other infections may render most
HIV patients carrying the HLA-B*57:01 allele more susceptible to
abacavir-induced liver injury.
The functional status that depends on the balance between the

activation and tolerance of immunocytes in the liver plays a vital
role in regulating the immune response in the liver [69]. Some
immune cells also regulate the process of immune tolerance. The
effect of Tregs on tolerance in idiosyncratic drug adverse reactions
has drawn growing attention in recent years. A recent study
created a novel transgenic HLA-B*57:01mouse model to overcome
tolerance to abacavir hypersensitivity reactions induced by CD4+ T
cell (probably CD4+ Treg) depletion, which results in the
maturation of dendritic cells (DCs) and the induction of drug-
hypersensitive effector CD8+ T cells [100]. Although HLA-B*57:01
was identified as a risk factor for flucloxacillin-induced liver injury,
CD8+ T cells from both carrier and noncarrier donors can be
primed with the drug [101]. Flucloxacillin-induced liver injury has
been successfully induced in CD4+-deficient mice [102], which is
an interesting model that shows the possible immunosuppressive
effect of CD4+ T cells on flucloxacillin-induced immune-mediated
liver injury in humans. The immunosuppressive cytokine IL-10,
which is secreted by Tregs and Kupffer cells, as well as the
interaction between Tregs and Kupffer cells, is very important for
tolerance induction in toxin-induced liver injury in mice [103, 104].
The increase in Tregs in mice treated with amodiaquine prevents
animals from progressing from mild to severe drug-induced liver
injury [94]. The findings observed in mouse models were
consistent with the observations made in humans with
isoniazid-induced mild liver injury [105, 106]. The components of
P. multiflorum show immunomodulatory effects, upregulating IL-
10 levels in many in vivo models, including PM-DILI [43, 107–109],
which provides hints on the possible mechanisms associated with
P. multiflorum tolerance in humans. Myeloid-derived suppressor
cells (MDSCs) act as immunosuppressive regulators involved in
immune tolerance [110]. Halothane is an anesthetic drug that can
induce self-limiting ALT elevations or severe liver injury. MDSCs
show a significant immunosuppressive effect on T cells in
halothane-treated mice. The depletion of MDSCs by anti-Gr1
antibodies prior to initial halothane treatment impairs immune
tolerance, resulting in the development of halothane-induced
allergic hepatitis via the CD4+ T cell-mediated immune response
in mice [111]. Interfering with the functions of immune checkpoint
molecules as well as regulatory immune cells seems to be a
general model of IDILI; thus, its application in the study of the
immune mechanisms of PM-DILI is worth considering.
Recently, the rs2476601 polymorphism in the protein tyrosine

phosphatase nonreceptor type 22 (PTPN22) gene, which reduces the
immune tolerance of T cells to promote autoimmunity, was
identified to be associated with liver injury induced by multiple
drugs. In European populations, rs2476601 doubles the risk of
amoxicillin/clavulanic acid-induced liver injury among individuals
with HLA-A*02:01 and HLA-DRB1*15:01 [112]. Although this allele
may not be related to HLA-B*35:01-linked P. multiflorum tolerance
due to its absence in Asian people, it may be valuable in Western
countries. Polymorphisms in the PD-1 gene and CTLA- 4 gene, such
as rs2227981, rs2227982 and rs231775, which do not suppress the
immune response, can be considered potential targets, although no
report has investigated susceptibility to PM-DILI. In addition, these

animal models provide a framework for future studies on the effect
of alterations in immune activation and tolerance on PM-DILI.

CONCLUSION AND FUTURE PERSPECTIVE
Idiosyncratic drug-induced liver injury is a result of complex
interactions between drugs/reactive metabolites and the host
immune response. P. multiflorum-induced hepatotoxicity is
considered immune-mediated idiosyncratic liver injury. Although
in vitro and in vivo studies have indicated that the features of
typical intrinsic liver injury only appear when an overdose of
P. multiflorum is administered, most patients that develop DILI
take standard doses of P. multiflorum. Therefore, it is reasonable to
suppose that the intrinsic process only induces mild cellular stress
and occurs at the early stage in the pathogenesis of PM-DILI. Both
innate immunity and adaptive immunity are involved in the
development and severity of PM-DILI, and an individual’s adaptive
immune homeostasis is likely to play a more crucial part in
the individual’s susceptibility to PM-DILI.
The mechanisms of PM-DILI are multifactorial. Interactions

between drug and host factors determine the pathogenesis of
PM-DILI. An overall hypothesis of the possible mechanisms of PM-
DILI is proposed in this section (Fig. 3). P. multiflorum-derived
anthraquinones, such as emodin and physcion, and their reactive
metabolites can directly induce apoptosis of hepatic cells, cause
cellular dysfunction and stress by chemically reacting with macro-
molecules and glutathione and damage mitochondria by inhibiting
canalicular bile acid efflux transporters [113, 114], leading to
hepatocyte stress. In most cases, when a normal clinical dose is
consumed, the liver regeneration and repair systems maintain the
normal structure and functions of liver cells that are exposed to low
concentrations of toxic components, protecting the liver from injury
induced by P. multiflorum. However, in some cases of overdose,
hepatocyte stress progresses to massive hepatic cell death in a dose-
dependent manner due to excessive exposure to toxic components,
which reflects the intrinsic characteristics of PM-DILI observed in
in vitro and in vivo models. On the other hand, the release of danger
signals, such as damage-associated molecular patterns molecules
(DAMPs) (e.g., HMGB1 [115] and HSP [116]) from injured hepato-
cytes, are recognized by TLRs located on immune cells in the liver,
such as Kupffer cells, inducing the innate immune response through
the activation and recruitment of inflammatory cells and the
production of chemokines and cytokines. The inflammatory
response promotes cell death and aggravates initial injury. This
innate immune pathway of PM-DILI is supported by the endotoxin-
mediated inflammatory stress model. Recently, HLA-restricted T cell
responses indicated that adaptive immunity may dictate the risk of
liver injury induced by P. multiflorum. P. multiflorum activates the
immune response in susceptible individuals with the HLA-B*35:01
allele through the hapten pathway, the P-I pathway or altered
peptide repertoire. The interaction between APCs/hepatocytes and
drug-specific T cells via signal 1 and signal 2, the danger signals from
injured cells, and the effects of regulatory immune cells and their
cytokines are involved in the regulation of adaptive immune
activation and tolerance, which provides a possible explanation for
the interindividual differences in the immune response to PM-DILI
among HLA-B*35:01 carriers. In addition, it is worth determining
whether B cells also play a role in the immune pathogenesis of PM-
DILI. B cells can also act as antigen-presenting cells to activate
specific T cells. The cytotoxic immune process can trigger
inflammation or the production and release of danger signals from
injured hepatocytes and activate CD4+ helper T cells, leading to the
stimulation of B cells, which can generate antibodies and form
memory cells [84, 117]. A range of B cell-derived antidrug antibodies
and autoantibodies has been detected in patients with liver injury
induced by drugs, such as halothane and isoniazid [118, 119]. Thus,
it would be helpful to determine the possible effects of B cells PM-
DILI by detecting whether specific antibodies exist in patients with
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liver injury induced by P. multiflorum. Other HLA alleles, such as
DRB5*01:01 and DRB5*01:02, which have been reported to be
associated with DILI induced by amoxicillin/clavulanate [120], are
also likely to be risk alleles for PM-DILI in larger sample sizes, which
means that CD4+ T cells may also participate in the immune
mechanism of PM-DILI if these MHC II alleles are proven to be
associated with PM-DILI. In addition, polymorphisms in genes
related to immunity and tolerance, including PD-1 and CTLA-4, are
worth considering for increasing the predictive value of HLA-B*35:01.
Pharmacogenomics is still a promising tool for studying interindi-
vidual differences in the drug response to P. multiflorum-induced
hepatotoxicity.
The mechanisms of innate and adaptive immunity in PM-DILI

and the components that cause the immune response are still
unclear. Moreover, other host factors that may participate in the
immune response to PM-DILI need to be discovered and
elucidated. For example, the gut microbiome may have an
important influence. On one hand, the microbiome may
metabolize the ingredients of P. multiflorum into toxic forms,
resulting in increased exposure of the liver to toxins [121]. On the
other hand, the microbiome shapes immunity and tolerance by
engaging in crosstalk with the immune system [122]. For instance,
repeated exposure to low concentrations of pathogen-associated
molecular patterns (PAMPs) results in immune tolerance [123].
Current knowledge of drug–host interactions in PM-DILI is still

limited. More valuable biomarkers need to be discovered and
validated for accurate PM-DILI diagnosis and prediction.

Appropriate immune-mediated models, particularly transgenic
mouse models, must be established to investigate the mechanisms
of the idiosyncratic hepatotoxicity of P. multiflorum and the toxic
components of P. multiflorum [124]. All of these efforts will enable
the development of personalized medicine for the prediction,
diagnosis and treatment of P. multiflorum-induced liver injury.
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