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Pyrrolizidine alkaloids (PAs) are among the most hepatotoxic natural compounds that are widely
distributed throughout the world. Most PAs are metabolically activated to trigger toxicity. Exposure to
herbal medicine containing PAs and food supplements contaminated by PAs is considered to be one of
the two main causes of hepatic sinusoidal obstruction syndrome (HSOS), which is a rare hepatic vascular
disease with a high mortality rate. PAs-induced HSOS cases have been reported worldwide. However,
there is no clinically effective therapy for PAs-induced HSOS, which is partially because the toxic
mechanism is not fully understood. This review focuses on updating the information on the metabolism
and the molecular mechanisms of PAs hepatotoxicity, including oxidative stress, apoptosis, and
dysfunction of bile acid metabolism, and their interactions.
© 2019 The Third Affiliated Hospital of Sun Yat-sen University. Publishing Services by Elsevier B. V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pyrrolizidine alkaloids (PAs) are alkaloids that typically contain
either a saturated or a 1,2-unsaturated necine base unit. PAs are
generally classified into four types based on the necine bases that
are present, i.e., platynecine, retronecine, heliotridine, and otone-
cine (Fig. 1). Except for the otonecine-type alkaloids, the other al-
kaloids can form the N-oxides, which are also commonly found in
PAs-containing plants. In nature, about 660 PAs and PA N-oxides
have been identified to date from over 6000 floriferous plants,
which are mainly plants from the following four families: Com-
positae, Leguminosae, Orchidaceae, and Boraginaceae.!
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PAs and their N-oxides are toxic to both humans and livestock
through consumption of PAs-containing plants or food contami-
nated with PAs such as meat, milk, and honey.! Exposure to PAs has
been regarded as one of the two major causes of hepatic sinusoidal
obstruction syndrome (HSOS, previously called hepatic veno-
occlusive disease), which is a rare hepatic vascular disease with a
high mortality rate. The earliest case of PAs-induced HSOS was
reported in 1920, and it was associated with ingestion of bread
made from wheat that was contaminated with Senecio seeds in
South Africa.” Because of the concern for human health and safety,
numerous studies have been performed to illustrate the toxicity of
PAs. Health and safety guidelines have been set by countries, such
as Germany, Austria, and China, and international organizations,
such as the World Health Organization. However, the number of
PAs-induced poisoning reports is increasing. To date, over
8000 PAs-induced poisoning cases have been reported in many
countries, including Russia, Indian, Afghanistan, Jamaican, South
African, Australia, and the United States.! There is no clinically
effective therapy for PAs-induced HSOS,> which is partially caused
by the incomplete understanding of the toxic mechanism.

This review focuses on updating the information on the meta-
bolism and the molecular mechanisms of PAs hepatotoxicity,
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Fig. 1. Common necine bases in PAs. PAs are generally classified into four types based on the representative necine bases (platynecine, retronecine, heliotridine, and otonecine).
The platynecine type of PAs contain a saturated necine base unit and are less toxic, while the other three types of PAs contain a 1,2-unsaturated necine base unit and are highly toxic.

Abbreviation: PAs, pyrrolizidine alkaloids.

including oxidative stress, apoptosis, and dysfunction of bile acid
metabolism, and their interactions.

2. PAs-induced HSOS

PAs can induce both chronic and acute liver injury. HSOS is
characterized by edema, necrosis, detachment of endothelial cells
in small sinusoidal hepatic and interlobular veins, intrahepatic
congestion, portal hypertension, and liver dysfunction.*~’ Without
medical intervention and discontinuation of the toxicant exposure,
HSOS can lead to more severe complications such as liver fibrosis,
cirrhosis, necrosis, and ultimately death.” The etiologies of HSOS
include cytoreductive therapy before hematopoietic stem cell
transplantation  (HSCT),®~'°  oxaliplatin-containing  adjuvant
chemotherapy,'"'? consuming PAs-containing plants,*'> and using
tacrolimus after liver transplantation.” In developed countries,
HSOS usually occurs in patients who have received cytoreductive
therapy before HSCT or oxaliplatin-containing chemotherapy for
colorectal carcinoma.”'® In developing countries such as China, the
primary cause of HSOS is the ingestion of PAs-containing herbs or
dietary supplements.*'®

HSOS is characterized by toxic injury to the small hepatic ves-
sels, particularly the sinusoidal endothelium in zone 3 of the liver
acinus. Damaged sinusoids lead to sloughing and downstream oc-
clusion of terminal hepatic venules.!” A core pathogenic event of
HSOS is toxic destruction of hepatic sinusoidal endothelial cells
(HSECs)."® The particular susceptibility of the HSECs is thought to
be partially associated with increased activity of matrix metal-
loproteinases (MMPs), e.g., MMP-9, which degrade the extracellular
matrix and lead to the release of endothelial cells.'” 2! MMPs are
normally suppressed by glutathione (GSH). As sinusoidal GSH
levels rapidly decrease because of alkylation by dehy-
dropyrrolizidine alkaloids (DHPAs) metabolites and the redox state
of the sinusoid changes, MMP activity increases, and HSOS de-
velops.'??? In addition, PAs can selectively decrease the GSH con-
tent in HSECs. Depletion of sinusoidal endothelial cell GSH has been
a common mechanism that leads to HSOS (Fig. 2). Administration of
GSH or its precursor N-acetyl-1-cysteine (NAC) was shown to confer
protection against HSOS in monocrotaline (MCT)-treated rats. This
can occur because GSH may conjugate with dehydromonocrotaline
to form GSDHP, a compound of much lower toxicity that is released
in high concentration into bile.?>?> Biliary excretion of GSH and
cysteinyl-glycine conjugates of MCT pyrrole support the role of
thiol compounds in the detoxification of PAs.>* However, this
mechanism of PAs toxicity may not be universal because the
embryotoxic effects of MCT cannot be prevented by feeding
cysteine to pregnant rats.>>

DeLeve et al.?® found that a decrease in nitric oxide (NO) con-
tributes to HSOS. NG-nitro-L-arginine methyl ester, an inhibitor of
NO synthase, exacerbated MCT toxicity, whereas V-PYRRO/NO, a
liver-selective NO donor prodrug, restored NO levels. Kumar et al.>’

revealed that although HSOS is considered to be a non-thrombotic
vascular disease, sufficient evidence suggests that hemostatic
derangement may be relevant to the occurrence of HSOS. The
endothelial injury caused by PAs triggers the coagulation cascade
and induces a hypercoagulable state.”® 3% [n HSOS animal models,
monocytes are recruited to the lobule and venous endothelium at
an early stage.’! Von Willebrand factor, thrombomodulin, and
several cytokines, including tumor necrosis factor-alpha, inter-
leukin-1 beta, endothelin-1, P-selection, and E-selection, are
released by monocytes and/or endothelial cells in response to PAs
toxicity.>> 2> Blood pyrrole-protein adducts (PPAs) are highly sen-
sitive and specific for PAs-associated HSOS. The blood PPA con-
centration is related to the severity and clinical outcome of PAs-
associated HSOS.>® Damage to sinusoidal endothelial cells may
prevent vascular endothelial growth factor receptor (VEGFR)-1
activation in these cells and the paracrine induction of hepatocyte
growth through mitogenic mediators, such as hepatocyte growth
factor that is produced by sinusoidal endothelial cells.>’

In addition to upregulation of MMP expression, GSH depletion,
NO reduction, coagulation pathways, and VEGF are involved in PAs-
induced HSOS. Other evidence shows that bone marrow-derived
progenitor cells can replace HSECs and central venous endothelial
cells to repair complex damage, while MCT can inhibit endothelial
progenitor cells in the bone marrow and circulation.® Thus, there
are at least two key factors for PAs-induced HSOS, as follows: (i)
toxic injury to sinusoidal/central venous endothelial cells; and (ii)
toxic injury to bone marrow progenitors preventing the replace-
ment of the injured endothelial cells in sinusoids and central
veins.!”

3. Metabolic activation of PAs

Metabolic activation is required for most PAs to exert toxicity.>”
It is well established that the PAs with an unsaturated necine base
tend to be toxic. Generally, there are three principal metabolic
pathways for PAs (Fig. 3). The most important of these pathways is
oxidation via two steps, including hydroxylation of the necine base
at the C3 or C8 position to form the corresponding 3- or 8-
hydroxynecine derivatives followed by spontaneous dehydration
to produce the corresponding dehydropyrrolizidine (pyrrolic ester)
derivatives."*0 The second pathway is hydrolysis of the ester
functional groups that are linked to the C7 and C9 positions to form
the necine bases and the necic acids. The third pathway is N-
oxidation of the necine bases to the corresponding PA N-oxides.
Possessing a different necine base, otonecine-type PAs have two
principal metabolic pathways: (i) formation of the corresponding
pyrrolic esters through oxidative N-demethylation of the necine
base followed by ring closure (via elimination of formaldehyde) and
dehydration; "*' and (ii) hydrolysis of the ester functional groups to
form the corresponding necine bases and acids. Recently, a new
metabolic pathway, i.e., N-glucuronidation of PAs via uridine



178

PAs

DHPAs/DHR IL

The release of

MMP-9
Blood cells penetrate
into the space of Disse

= — 35

Obstruction of
sinusoidal flow

Pyrrole-protein adducts ——>

—

J. Xu et al. / Liver Research 3 (2019) 176—184

PAs-GSH —> Detoxification

&
&

F-actin
degradation

£ = e—— ] =

HSECs
—> the space of Disse

Fig. 2. Pathogenesis of PAs-induced HSOS. PAs are metabolically activated to generate the intermediate DHPAs and/or DHR, which can further bind with GSH to result in
detoxification, or they can combine with protein to generate pyrrole—protein adducts to initiate HSOS. In HSECs, F-actin is depolymerized and MMP-9 is released to trigger
extracellular matrix degradation. This increases the HSEC concentration and widens the gaps between HSECs and hepatocytes. The blood cells can then penetrate into the space of
Disse, and the sinusoidal lining cells obstruct the sinusoidal flow, resulting in HSOS. Abbreviations: DHPAs, dehydropyrrolizidine alkaloids; DHR, dehydroretronecine; GSH,
glutathione; HSECs, hepatic sinusoidal endothelial cells; HSOS, hepatic sinusoidal obstruction syndrome; MMP-9, matrix metalloproteinase-9; PAs, pyrrolizidine alkaloids.
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Fig. 3. Principal metabolism pathways of PAs. There are four major metabolic pathways for PAs, as follows: (I) dehydrogenation, (II) hydrolysis, (III) N-oxidation, and (IV) N-
glucuronidation. Among them, dehydrogenation of PAs is recognized as the most important metabolic activation pathway because the DHPAs produced by dehydrogenation are
highly electrophilic and can combine with essential cellular macromolecules such as proteins and nucleic acids to initiate toxicity. Abbreviations: CYP450, cytochrome P450; DHPA,
dehydropyrrolizidine alkaloid; FMO, flavin-containing monooxygenase; GSH, glutathione; PA, pyrrolizidine alkaloid; UGT, uridine diphosphate glucuronosyltransferase.

diphosphate glucuronosyltransferase (UGT)1A4 (Fig. 3), was iden-
tified by He et al.*>*3

PAs are metabolized predominantly by hepatocytes through
cytochrome P450 (CYP450)-mediated transformation to N-oxides
and conjugated dienic pyrroles.>® These highly reactive, electro-
philic pyrroles react with many biomolecules, such as GSH, which
facilitate excretion. The pyrroles can also combine with essential
cellular proteins and nucleic acids, forming adducts that may

damage cell function and homeostasis. Hepatocytes and endothe-
lial cells are most often affected.** For example, ATP synthase
subunit beta (ATP5B) covalently bonds to the reactive pyrrolic
metabolites of PAs to form the pyrrole-ATP5B adduct, which im-
pairs mitochondrial function and significantly contributes to PAs-
induced hepatotoxicity.*> PA N-oxides may also be transformed to
epoxides and toxic necines.*® " It has been found that the PA N-
oxide metabolites, which are formed from metabolism of the
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parent PAs in vivo, can be enzymatically reduced to the parent PAs
in the gut and liver."*64%°0 Consequently, the metabolism of PAs to
PA N-oxides should be considered to be a potential, but minor,
activation pathway, #6491

Metabolism of PAs to dehydropyrrolizidines is mainly catalyzed
by CYP450, specifically both the CYP3A and CYP2B sub-
families.>> >’ CYP3A4 is the major enzyme that catalyzes the bio-
activation and detoxication of senecionine in human liver.”® CYP3A
subfamilies are identified as the key enzymes in lasiocarpine
metabolism.”® CYP3A1 and CYP3A2 might play a significant role in
the metabolic activation of clivorine in the rat.%° Thus, these results
support that the CYP3A subfamilies are the major metabolizing
enzymes that are responsible for metabolic activation of toxic PAs.

Metabolism of PAs to the corresponding N-oxides is catalyzed by
both CYP450 and flavin-containing monooxygenase (FM0).>38:61
For example, metabolism of senecionine to its N-oxide by micro-
somes of pig liver, lung, and kidney is mainly catalyzed by
FMOs.526% However, metabolism of senecionine by rat liver mi-
crosomes to its N-oxide is mainly catalyzed by CYP450 but not by
the purified rabbit lung FMOs.%?

In hepatocytes, CYP3A metabolizes about 50% of all common
medications as well as estrogen, testosterone, and bile acids.®*
Thus, CYP3A inducers could increase the susceptibility of PAs-
induced toxicity, while CYP3A inhibitors could prevent toxic out-
comes because inhibitors yield fewer DHPAs."° Single-nucleotide
polymorphisms (SNPs) in CYP3A5*3 and CYP3A5*6 were shown
to result in the absence of CYP3A5 from tissues in some people,
which contributes to the interindividual and interracial difference
in CYP3A-dependent drug clearance.®® Hepatic CYP3A4 expression
varies 50-fold and the in vivo CYP3A4 enzymatic function (drug
clearance) varies at least 20-fold among individuals.®® Further
research on SNPs in CYP3A4 may improve our understanding of
variable individual susceptibility to PAs.

As the most important phase II drug-metabolizing enzymes,
UGTs play an important role in the metabolism, excretion, and
detoxification of many xenobiotics. However, the glucuronidation
of intact PAs had not been investigated until Dr. He’s work.*? The
major isozyme involved in N-glucuronidation of senecionine is
UGT1A4, based on direct evidence that recombinant UGT1A4 ex-
hibits predominant and exclusive activity on senecionine N-glu-
curonidation.*> Additionally, N-glucuronidation of senecionine
shows significant species differences. Rabbits, cattle, sheep, pigs,
and humans show the significantly higher glucuronidation activity
on senecionine compared with mice, rats, dogs, and guinea pigs.
Other hepatotoxic PAs including MCT, adonifoline, and isoline also
undergo N-glucuronidation in humans, rabbits, cattle, sheep, and
pigs.*® The species differences in N-glucuronidation of senecionine
are consistent with the known toxicity reports. For example, rabbits
show high activity on N-glucuronidation and are considered to be a
resistant species to PAs toxicity.! Rats, mice, and dogs, which show
nearly no N-glucuronidation activity, are susceptible to PA
toxicity.?” It has also been reported that the high non-CYP450
enzyme activity can significantly consume the intact PAs and pre-
vent PAs from activating CYP450.5%

4. Mechanism of PAs-induced hepatotoxicity
4.1. Oxidative stress and PAs-induced hepatotoxicity

Oxidative stress is an imbalance between reactive oxygen spe-
cies (ROS) and the ability of the biological system to detoxify the
reactive intermediates or to repair the damage caused by oxidative
radicals.%? Cellular redox balance is maintained by various enzy-
matic and nonenzymatic antioxidant systems. The disruption of
this balance by exogenous substances will cause the

overproduction of ROS, which cross-link cellular macromolecules
such as DNA, RNA, proteins, or lipids and this leads to cellular
damage.’® ROSs are produced as a result of normal cellular meta-
bolism within the mitochondria, CYP450 system, peroxisomes, and
inflammatory cells.”' 7> PAs are reported to induce oxidative stress
damage in various important organs, among which liver is the most
sensitive organ.”* ’® Moreover, intracellular GSH and the nuclear
factor erythroid 2-related factor 2 (Nrf2) signaling pathway play
important roles in regulating PAs-induced hepatotoxicity.”*”%’8

Cellular GSH, a ubiquitously distributed redox-active reducing
sulfhydryl (—SH) tripeptide, is important for the maintenance of
cellular redox state via directly scavenging radical species or
participating in the reactions that are catalyzed by antioxidant
enzymes such as glutathione peroxidase (GPx) and glutathione-S-
transferase (GST).”? 8! Glutamate-cysteine ligase (GCL) and gluta-
thione reductase (GR) are two critical enzymes for the regulation of
cellular GSH amounts,®? which can protect cells against oxidative
damage.'>’# Senecionine and other PAs, such as adonifoline, MCT,
and isoline, dose- and time-dependently deplete cellular GSH
levels in L-02 cells and increase the level of oxidized GSH.'”> NAC,
the precursor to GSH, lowered the susceptibility of PAs-induced
hepatotoxicity,'>”* while a GSH synthesis inhibitor increases the
susceptibility to PAs-induced hepatotoxicity.”* In addition, PA cli-
vorine decreases the activity of superoxide dismutase in rat hepa-
tocytes, which is consistent with the effects of clivorine on GSH-
related antioxidant enzymes such as GPx, GST, and GR.** Another
study showed that the cellular total antioxidant capacity and the
GST activity increased in clivorine-treated L-02 cells, while clivor-
ine decreased GR activity in cells.®> Similar results are also found in
rodents that were treated with PAs.®%%” Therefore, intracellular
GSH and its related enzymes such as GPx, GST, GCL, and GR
constitute the crucial antioxidant system for counteracting ROS
production during PAs-induced oxidative stress.2%® The imbalance
of the antioxidant system leads to PAs-induced hepatotoxicity.

The Kelch-like ECH-associated protein1 (Keap1)-Nrf2 pathway
is key for cellular stressors such as ROS and reactive electrophilic
metabolites. Cellular stressors ultimately result in the dissociation
of the Keap1-Nrf2 complex and activation of Nrf2 as a transcription
factor.®? Nrf2 is a transcription factor with a high sensitivity to
oxidative stress that regulates the expression of many antioxidants
and detoxification genes by binding to antioxidant response ele-
ments (AREs).”°~%? Liquiritigenin and liquiritin are reported to
potentially interact with the Nrf2 binding site in the Keap1 pro-
tein.”® They alleviated MCT-induced HSOS by dissociation of Nrf2
with Keap1, which led to Nrf2 nuclear translocation.”® Another
study showed that (—)-epicatechin increased Nrf2 nuclear trans-
location in rats that were treated with MCT and enhanced the
expression of Nrf2 downstream antioxidant genes including
glutamate cysteine ligase catalytic and modifier subunits (GCLC and
GCLM) and NAD(P)H: quinine oxidoreductase 1 (NQO1), which
protect against MCT-induced injury.”® Similarly, several other nat-
ural compounds, including (+)-catechin hydrate, chlorogenic acid,
quercetin, and baicalein, also attenuated MCT-induced HSOS by via
inducing Nrf2-mediated transcriptional activation or nuclear
translocation (Fig. 4).94-%

4.2. Apoptosis and PAs-induced hepatotoxicity

Apoptosis, which is one of the main forms of cell death, is a
mode of regulated cell death that is required for morphogenesis,
development, and homeostasis of multicellular organisms.”” The
two most important groups of proteins involved in apoptosis, i.e.,
cysteine-dependent aspartate-specific proteases (caspases) and the
B-cell lymphoma 2 (Bcl-2) family of proteins, participate in all
apoptotic cell death pathways.”®%° Caspases function as both the
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ROS, reactive oxygen species.

initiators (e.g., caspase-2, -8, -9, -10) and executors (e.g., caspase-3,
-6, -7) of apoptotic cell death.”” Bcl-2 family members function as
regulators of almost all known forms of apoptosis and comprise the
following three subfamilies: the anti-apoptotic subfamily (e.g., Bcl-
xl, Bcl-2), the multi-domain pro-apoptotic subfamily (e.g., Bax, Bak),
and the pro-apoptotic BH3-only subfamily (e.g., Bim, Bad).!°° Pre-
vious studies on both of in vivo and in vitro models demonstrated
that PAs can induce hepatotoxicity via activation of
apoptosis.'’’ 193 Both the intrinsic pathway (mitochondrial
pathway) and the extrinsic pathway (death receptor pathway) are
implicated in PAs-induced apoptosis.

Clivorine induces apoptosis by degradation of anti-apoptotic
Bcl-x1 and increases the release of cytochrome ¢ from mitochon-
dria to cytosol, leading to the activation of caspase-9/caspase-3
signaling cascade.!* Moreover, senecionine induces dynamin-
related protein 1 (Drp1)-mediated mitochondrial fragmentation
both in vivo and in vitro, suggesting a key role for mitochondria
fission and fusion in PAs-induced toxicity. Mitochondrial division
inhibitor-1 (Mdivi), a selective Drpl inhibitor, attenuates
senecionine-induced mitochondrial fragmentation/depolarization,
mitochondrial release of cytochrome ¢, and apoptosis.'®> All these
studies illustrate the possible involvement of the mitochondrial
intrinsic pathway in PAs-induced apoptosis in hepatocytes.

Another study demonstrated that metabolically activated
lasiocarpine induces Fas-mediated apoptosis in human liver HepG2
cells, indicating a possible involvement of the extrinsic apoptotic
pathway.!?® Overexpression of Bcl-x or the related protein Bcl-2 in
transgenic mice confers a survival advantage against Fas-induced
hepatic apoptosis and hepatic ischemia reperfusion, respec-
tively.'°”1°% Moreover, PAs-induced apoptosis in the human liver

HepaRG cells was related to the participation of the caspase-8 and
caspase-9, which is likely occurs through a mechanism involving
both the death receptor pathway (extrinsic) and the mitochondrial
pathway (intrinsic) (Fig. 5).'%°

4.3. Dysfunction of bile acid metabolism and PAs-induced
hepatotoxicity

Bile acids are the major endogenous metabolites of choles-
terol.''° They can interact with the farnesoid X receptor (FXR) and
G-protein-coupled bile acid receptor (TGR5) and stimulate several
other nuclear hormone and G-protein-coupled receptors.'"!'? Bile
acids have, therefore, emerged as versatile signaling molecules,
regulating their own homoeostasis as well as adjusting cholesterol
and lipid homoeostasis.""* In the entire bile acid circulation process,
numerous enzymes mediate the rate-limiting steps in the biosyn-
thesis pathway, including cholesterol 7a-hydroxylase (CYP7AT1).
When bile acid levels are high, the CYP7A1 enzyme activity will be
repressed by a nuclear receptor cascade involving FXR, which
suppresses the synthesis of bile acids and maintains the balance in
the bile acid pool.'" The maintenance of bile acid concentrations
below certain levels is important to avoid liver toxicity because bile
acids are also detergents that may damage cellular membranes and
trigger hepatocellular death.'"” In the liver, this is achieved partially
through the effect of bile acids on their intracellular receptor FXR, a
bile acid-activated transcriptional regulator that controls the
expression of genes that are involved in the synthesis, conjugation,
uptake, and secretion of these molecules, among other metabolic
regulatory pathways.!"5~"® Bile acids have been evaluated as bio-
markers in various liver diseases such as nonalcoholic
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steatohepatitis, hepatocellular carcinoma, and cirrhosis."'®~'?! In

addition, bile acids are also important biomarkers for the evalua-
tion of hepatotoxicity that is caused by exposure to PAs-containing
herbs, 122123

Decreased release of bile acids in PAs-perfused livers and an
increased serum level of bile acids were observed in PAs-treated
animals.'**~?7 Previous studies have suggested that increased
serum bile acids could be a sensitive index of hepatic function
caused by PAs.!?>126 Recent studies by Xiong et al.'?® 13C indicate
that compromised bile acids homeostasis plays an important role in
PAs-induced hepatotoxicity. Through a combination of metab-
olomics and genomics studies, a significantly altered bile acids
profile is revealed in rats that were exposed to senecionine, which
is related to the changes in ATP-binding cassette transporters,
primary bile acid biosynthesis, and bile excretion.'?® Further study
showed that the detoxification process by conjugation of free bile
acids to glycine and taurine via bile acid-CoA amino acid N-ace-
tyltransferase is hindered, which enhances hepatic bile acid accu-
mulation and results in liver injury.'?®

A similar phenomenon is observed in herbal medicines con-
taining PAs, such as Senecio vulgaris and Gynura japonica,'**'>° both
of which have caused severe HSOS. The serum profile of bile acids,
along with hepatic transcriptional factors, is significantly changed
after PAs-containing herb treatment. The free and conjugated bile
acids increase, and the organism shows adaptive modulation of bile
acids to prevent bile acid overload by suppressing bile acid syn-
thesis, limiting bile acid reabsorption, and reducing bile acid
accumulation in hepatocytes by increasing basolateral excretion.'?
Exposure to G. japonica causes liver injury through direct injury to
hepatocytes and cholestasis, and through impaired bile acid ho-
meostasis.>° However, the bile acid profile that is impaired by PAs

is different from that caused by other chemicals such as a-naph-
thylisothiocyanate, carbon tetrachloride, acetaminophen, and allyl
alcohol.®® Bile acid homeostasis may, therefore, serve as a powerful
key point for classifying different phenotypes of liver injury. Bile
acids, especially those that are hydrophobic, are known to be
cytotoxic to liver cells. Dysfunction of bile acid receptors such as
EXR can increase bile acid synthesis and hinder bile acid secretion
from the liver, and thus, result in hepatic bile acid overload that
induces liver injury. Senecionine reduces the hepatic expression of
FXR and its small heterodimer partner,'?® suggesting that it may
inhibit FXR activation. However, CYP7A1, which should be activated
under conditions of FXR dysfunction, also decreases at the same
time.'?® Therefore, it is difficult to clarify whether PAs-induced bile
acid dysregulation is a direct reason for the hepatotoxicity or if it is
a secondary effect that is caused by PAs-induced hepatotoxicity.
Further research, especially the time- and dose-relationship be-
tween PA toxicity and bile acid signaling pathway, should be per-
formed to clarify the underlying mechanism of PAs-induced liver
injury.

5. Conclusion

PAs may be the most common poison that affects livestock,
wildlife, and humans around the world. Although several health
and safety guidelines have been set for the use of PAs-containing
herbs and preparations, PAs-induced toxin cases are still reported
worldwide and there are no effective clinical therapies. Thus, more
effort should be continuously exerted to provide a better under-
standing of these biotransformations and the toxic mechanism. It is
also important to determine the sources of human exposure, as
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well as the human health risk that is posed by these compounds,
and to reduce exposure to these compounds.
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