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ABSTRACT

Context: Bupleuri Radix, the dried root of Bupleurum chinense DC and Bupleurum scorzonerifolium Willd
(Apiaceae), is an important medicinal herb widely used to treat cancers for hundreds of years in Asian
countries. As the most antitumour component but also the main toxic component in Bupleuri Radix, sai-
kosaponin D (SSD) has attracted extensive attention. However, no summary studies have been reported
on the antitumour effects, toxicity and pharmacokinetics of this potential natural anticancer substance.
Objective: To analyse and summarise the existing findings regarding to the antitumour effects, toxicity
and pharmacokinetics of SSD.

Materials and methods: We collected relevant information published before April 2021 by conducting a
search of literature available in various online databases including PubMed, Science Direct, CNKI,
Wanfang database and the Chinese Biological Medicine Database. Bupleurum, Bupleuri Radix, saikosaponin,
saikosaponin D, tumour, toxicity, and pharmacokinetics were used as the keywords.

Results: The antitumour effects of SSD were multi-targeted and can be realised through various mecha-
nisms, including inhibition of proliferation, invasion, metastasis and angiogenesis, as well as induction of
cell apoptosis, autophagy, and differentiation. The toxicological effects of SSD mainly included hepatotox-
icity, neurotoxicity, haemolysis and cardiotoxicity. Pharmacokinetic studies demonstrated that SSD had
the potential to alter the pharmacokinetics of some drugs for its influence on CYPs and P-gp, and the
oral bioavailability and actual pharmacodynamic substances in vivo of SSD are still controversial.
Conclusions: SSD is a potentially effective and relatively safe natural antitumour substance, but more
research is needed, especially in vivo antitumour effects and pharmacokinetics of the compound.
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Introduction possess the strongest antitumour activity among SSs, and exert
antitumour effects on various cancer cells through multiple
mechanisms (Li et al. 2015; Yuan et al. 2017; Hu et al. 2019).
Many triterpenoid saponins have been found to be more sensi-
tive to cancer cells than normal histiocytic cells, indicating their
potential safety as anticarcinogens (Du et al. 2014). SSD may be
of great significance for the research and development of new
anticarcinogen, but unfortunately, information on the efficacy
and safety of SSD as an anticarcinogen is scattered. Hence, in
this paper, the relevant studies on the antitumour effects, toxicity
and pharmacokinetics of SSD will be reviewed.

The genus of Bupleurum (Apiaceae) has about 200 species,
mainly distributed in the north temperate zone (Meng et al.
2012). The roots of some species of Bupleurum are famous for
being used as Bupleuri Radix, an important plant medicine
widely used to treat febrile, digestive, endocrine, mental, onco-
logical and other diseases in Asian countries, such as China,
South Korea and Japan, for more than 2000 years (Ashour and
Wink 2011; Jiang et al. 2020). Saikosaponins (SSs) are triterpene
saponins extracted from only Bupleurum plants and have more
than 100 kinds including SSA, SSB, SSC, SSD, etc. (He et al.
2019). SSs are also the main secondary metabolites of
Bupleurum, accounting for 7% of the total root dry weight
(Ashour and Wink 2011). Many pharmacological effects of
Bupleuri Radix are directly related to SSs (Li et al. 2018; Jiang
et al. 2020). According to the theory of TCM, Bupleuri Radix
can dissipate tumour by promoting gqi and blood circulation, so
it is widely used clinically in the prescriptions for treating
tumours (Lin et al. 2015; Xiao et al. 2020). As the key bioactive
components of Bupleuri Radix, SSs have been extensively studied
to reveal the potential antitumour mechanism of Bupleuri Radix
(Li et al. 2018). SSD (Figure 1), whose molecular formula is
C42HegsO13 and molecular weight is 780.98, has been proved to

Antitumour effects

The antitumour effects of SSD in different types of tumours will
be discussed below, and it was mainly tested with cellular models
in vitro, while less in vivo research has been done. The relevant
information is summarised in Tables 1 and 2.

Liver cancer

Bupleuri Radix is mainly used to treat liver disease, as it is
believed to affect Liver Meridian most strongly in TCM. The
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Figure 1. Chemical structure of SSD.

effect of SSD on liver cancer cells has also become a hotspot in
the research of its antitumour effects. Cyclooxygenase-2 (COX-2)
is considered to be involved in the occurrence and development
of malignant tumours through different ways, including promot-
ing cancer cell proliferation, angiogenesis, metastasis and apop-
tosis inhibition (Mobius et al. 2005; Cheng and Fan 2013; Zhu
et al. 2020). Anti-COX-2 is an important direction of cancer
treatment (Hashemi Goradel et al. 2019; Mahboubi Rabbani and
Zarghi 2019; Zhu et al. 2020). The proliferation of SMMC-7721
cells in vitro was found to be suppressed by SSD (2.5-15 pg/mlL;
3.2-19.2puM) in a concentration and time-dependent manner,
and the potential mechanism was connected with the suppres-
sion of COX-2 expression through inhibiting the phospho-signal
transducer and activator of transcription 3 (p-STAT3)/hypoxia-
inducible factor-lo. (HIF-1a) pathway (He et al. 2014). Another
in vitro study revealed that SSD (2.5-15pg/mL; 3.2-19.2 uM)
restrained proliferation and promoted apoptosis in SMMC-7721
cells and HepG2 cells in a concentration and time-dependent
manner through COX-2 inhibition mediated by blocking p-
STAT3/CCAAT/enhancer binding protein B (C/EBPP) pathway
(Ren et al. 2019). Besides COX-2 expression inhibition, the treat-
ment of SSD (1-10 uM) has been reported to exert concentra-
tion-dependent antiproliferative effect on HepG2 cells in vitro
through induction of apoptosis and G1-cell cycle arrest by stimu-
lating p53 and further up-regulating the expression of p21/
WAF1, Fas/APO-1 and its two ligands, as well as Bcl-2 associ-
ated X protein (Bax).

SSD also suppressed the survival of HepG2 cells and Hep3B
cells in vitro by increasing the expression of inhibitor kappa B o
(IxBa) and inhibiting the expression and activity of nuclear fac-
tor kappa B (NF-kB), subsequently reducing the amount of B-
cell lymphoma-extra large (Bcl-XL) (Hsu, Kuo, Chiang, et al.
2004). Furthermore, several studies have shown that SSD can be
used as an ideal sensitiser for the radiotherapy and chemother-
apy of liver cancer. An in vitro study indicated that SSD (10 uM)
significantly enhanced apoptosis mediated by tumour necrosis
factor-o. (TNF-a) in HepG2 cells through inhibiting NF-kB acti-
vation and the expression of its target genes involving cancer
cells proliferation, angiogenesis, invasion and survival (Wong,
Zhang, et al. 2013). Besides, there is evidence to show that radi-
ation combined with SSD (1 and 3 pg/mL; 1.28 and 3.84 uM)
exerted concentration and time-dependent synergies on the
growth inhibition and apoptosis induction of SMMC-7721 cells
in vitro, and these actions may be related to the activation of
p53 pathway (Wang et al. 2013, 2014). SSD (3 pg/mL; 3.84 uM)
was proved to be quite effective to inhibit growth and promote
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radiosensitivity in SMMC-7721 cells and MHCCI7L cells in vitro
through inducing autophagy, and this effect can be partially
reversed by the addition of chloroquine, an autophagy inhibitor,
or the mammalian target of rapamycin mammalian target of
rapamycin (mTOR) agonist, indicating that the suppression of
mTOR pathway plays a role in SSD-mediated autophagy (Tian
et al. 2019). Hypoxia can increase the entrin/small ubiquitin-like
modifier (SUMO) modification of the glioma-associated onco-
gene (Gli) family proteins, which are the key molecules media-
ting the sonic hedgehog (SHh) pathway, leading to cell invasion,
metastasis and chemotherapeutic resistance (Giroux-Leprieur
et al. 2018).

For observing the antitumour activities of SSD in vivo, a her-
pes simplex virus thymidine kinase (HSVtk)/Hep3B xenograft
tumour mouse model was developed, and the intraperitoneal
injection of SSD (10mg/kg) every other day for 33 days was
found to inhibit proliferation and enhance the chemosensitivity
to HSVtk/GCV (ganciclovir) in Hep3B cells. Meanwhile, in vitro,
SSD (2-15uM) inhibited the viability, migration and invasion of
Hep3B cells in a concentration and time-dependent manner and
enhanced HSVtk/GCV-induced apoptosis through the upregula-
tion of SENP5 (SUMO-specific protease 5) expression and subse-
quent inhibition of Glil SUMOylation under hypoxia (Zhang
et al. 2019).

Pancreatic cancer

BxPC3 cell lines were tested in vitro and the results
demonstrated that SSD (1-8 uM) possessed concentration and
time-dependent antitumour effects in pancreatic cancer cells via
proliferation inhibition and the induction of apoptosis. The
underlying mechanisms was proved to be the activation of
the mitogen-activated protein kinase kinase 4 (MKK4)-c-Jun N-
terminal protein kinase (JNK) pathway (Lai et al. 2020).

Lung cancer

SSD (1-20 uM) was found to concentration and time depend-
ently induce the Gl-cell cycle arrest and apoptosis of A549 cells
in vitro, and the effect was associated with the activation of p53
and further stimulation of Fas/FasL apoptotic system (Hsu, Kuo,
et al. 2004). Besides, SSD (5-20 uM) exhibited concentration-
dependent decrease of proliferation and induction of apoptosis
in A549 cells and H1299 cells in vitro via inhibiting the activa-
tion of STAT3 pathway (Wu et al. 2020). Another study indi-
cated that SSD (5-40 uM) enhanced the in vitro inhibitory effect
of gefitinib on non-small cell lung cancer (NSCLC) cells by
inhibiting proliferation and inducing apoptosis in a concentra-
tion-dependent manner. Besides, a HCC827/GR cells xenograft
tumour mouse model was established to assess the in vivo effect
of SSD in combination with gefitinib in resistant cancer cells,
and SSD (5 and 10 mg/kg) was found to exert synergistic effects
on gefitinib-induced apoptosis and growth inhibition. Further
exploration suggested that the underlying mechanism were asso-
ciated with the suppression of STAT3/Bcl-2 pathway both
in vitro and in vivo (Tang et al. 2019). SSD (2uM) was also
reported to sensitise A549 cells to cisplatin (CDDP)-induced
apoptosis in vitro by promoting the accumulation of reactive
oxygen species (ROS) (Wang, Zheng, et al. 2010).
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Table 1. Antitumour effects of SSD in vitro.

Cancer type Cancer cells Concn. Suggested mechanism Ref.
Hepatoma SMMC-7721 3.2-19.2 uM Inhibition of p-STAT3/HIF-1o. pathway and further (He et al. 2014)
suppression of COX-2 expression. Inhibition of
proliferation
SMMC-7721, HepG2 3.2-19.2 uM Inhibition of p-STAT3 /C/EBPJ pathway and further (Ren et al. 2019)
suppression of COX-2 expression. Inhibition of
proliferation. Induction of apoptosis.
HepG2, Hep3B 1-10 uM Activation of p53 and further activation of Fas/FasL (Hsu, Kuo, Chiang,
pathway. Inhibition of NF-kB pathway. Induction of G1- et al. 2004)
cell cycle arrest. Inhibition of proliferation. Induction
of apoptosis.
HepG2 10 uM Suppression of NF-kB activation. Inhibition of proliferation, (Wong, Zhang,
angiogenesis and invasion. Induction of apoptosis. et al. 2013)
SMMC-7721 1.28, 3.84 uM Activation of the p53 pathway. Increase of GO/G1 arrest. (Wang et al.
Induction of G2/M-phase arrest under hypoxia. 2013, 2014)
Induction of apoptosis. Inhibition of growth.
Radiosensitization.
SMMC-7721, MHCC97L 3.84 uM Suppression of mTOR pathway. Inhibition of proliferation. (Tian et al. 2019)
Induction of autophagy formation. Radiosensitization.
Hep3B 2-15 uM Upregulation of SENP5 expression and subsequent (Zhang et al. 2019)
inhibition of Gli1 SUMOylation. Inhibition of SHh
pathway. Inhibition of viability, invasion and migration.
Induction of apoptosis. Chemosensitization (HSVtk/GCV).
Pancreatic cancer BxPC3 1-8 uM Activation of MKK4-JNK pathway. Inhibition of (Lai et al. 2020)
proliferation. Induction of apoptosis.
Lung cancer A549 1-20 uM Activation of p53 pathway and Fas/FasL apoptotic system. (Hsu, Kuo,
Induction of G1-phase arrest. Induction of apoptosis. et al. 2004)
Inhibition of proliferation.
A549, H1299 5-20 uM Inhibition of STAT3 pathway. Induction of the G0/G1- (Wu et al. 2020)
phase arrest. Inhibition of proliferation. Induction
of apoptosis.
HCC827, H1975, PC-9, 5-40 pM Inhibition of STAT3 pathway. Inhibition of proliferation. (Tang et al. 2019)
HCC827/GR Induction of apoptosis. Chemosensitization (gefitinib).
A549 2 uM Induction of ROS accumulation. Enhancement of ( Wang, Zheng,
apoptosis. Chemosensitization (CDDP) et al. 2010)
Breast cancer HCC1937 13-100 pM Inhibition of Wnt/fB-catenin pathway. Inhibition of (Wang et al. 2018)
proliferation. Induction of apoptosis.
MDA-MB-231 6-15 uM Activation of the p38 pathway. Inhibition of viability. (Fu et al. 2020)
Induction of apoptosis.
MCF-7 10 uM Inhibition of SERCA. Activation of the CaMKKB-AMPK- (Wong, Li,
mTOR signalling cascade, ER stress and UPR. Induction et al. 2013)
of apoptosis and autophagy.
MCF-7/ADR, MCF-7 0.13-0.6 uM Downregulation of MDR1/P-gp. Reversal of MDR without (Li, Guan,
toxic effect. Chemosensitization (ADR) et al. 2017)
MCF-7/ADR 0.13-0.6 uM Inhibition of P-gp expression. Reversal of MDR without (Li, Xue, et al. 2017)
toxic effect. Chemosensitization (doxorubicin)
Ovarian cancer SKOV3 2 uM Induction of intracellular ROS accumulation. Enhancement (Wang, Zheng,
of apoptosis. Chemosensitization (CDDP). et al. 2010)
A2780s, A2780cp, 1,2 uM Increase of Ca®concentration. Induction of MMP loss. (Tsuyoshi et al. 2017)
Hey, SKOV3 Activation of CaMKI. Inhibition of PPM1D. Promotion of
mitochondrial fission. Induction of G2/M arrest.
Chemosensitization (CDDP).
Cervical cancer Hela 10 uM Inhibition of SERCA. Activation of CaMKK-AMPK-mTOR (Wong, Li,
kinase signalling cascade, ER stress and UPR. Induction et al. 2013)
of apoptosis and autophagy.
Hela 10 uM Inhibition of NF-kB pathway and its target oncogenic (Wong, Zhang,
genes expression. Inhibition of proliferation, et al. 2013)
angiogenesis and invasion. Induction of apoptosis.
Chemosensitization (TNF-ot)
Hela, Siha 2 uM Induction of intracellular ROS accumulation. Enhancement (Wang, Zheng,
of apoptosis. Chemosensitization (CDDP). et al. 2010)
Renal cancer 769-P, 786-0 10-20 um Inhibition of EGFR/p38 pathway. Upregulation of p53. (Cai et al. 2017)
Induction of apoptosis. Induction of GO/G1-phase arrest.
Inhibition of proliferation.
Prostate cancer DU145 2.5-50 uM Upregulation of p53. Inhibition of proliferation. Induction (Yao et al. 2014)
of GO/G1-phase arrest. Induction of apoptosis.
DU145, CWR22Rv1 5,10 uM Inhibition of GSK3f/B-catenin pathway in CWR22Rv1. (Zhong et al. 2016)
Suppression of proliferation, metastasis and invasion.
Glioma us7 1-8 uM Downregulation of PI3K/Akt and ERK pathway. Activation (Li, Cai, et al. 2017)
of JNK. Inhibition of proliferation. Enhancement
of apoptosis.
6 2.8-128 uM Induction of differentiation. Inhibition of growth. (Tsai et al. 2002)
Osteosarcoma 143B, MG-63 80 uM Activation of the p53 pathway. Induction of apoptosis. (Gao et al. 2019)

Induction of GO/G1-phase arrest. Inhibition of
proliferation.

(continued)
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Cancer type Cancer cells Concn. Suggested mechanism Ref.
U2 5-20 uM Inhibition of Akt and ERK pathway. Inhibition of (Zhao et al. 2019)

proliferation, invasion, and migration. Induction
of apoptosis.

Thyroid carcinoma ARO, 8305C, SW1736 5-20 uM Activation of p53 pathway. Inhibition of proliferation. (Liu and Li 2014)
Induction of G1-phase arrest. Induction of apoptosis.

Leukaemia HL60 12.8-19.2 uM Upregulation of GR mRNA expression. Induction of G0/G1- (Bu et al. 2000)
phase arrest. Inhibition of proliferation.

Melanoma A375.52 5-20 pM Activation of JNK, p38 and p53. Inhibition of proliferation. (Hu et al. 2016)

Induction of apoptosis.

Table 2. Antitumour effects of SSD in vivo.

Cancer type Animal models Concn. Administration Duration Suggested mechanism Ref.
Hepatoma HSVtk/Hep3B cells 10mg/kg Intraperitoneal Every other day Inhibition of growth. (Zhang et al. 2019)
xenograft tumour injection for 33 days Promotion of apoptosis.
in nude mice Chemosensitization
(HSVtk/GCV)
Lung cancer HCC827/GR cells 5, 10mg/kg Not mentioned Every day for 14 days Inhibition of growth. (Tang et al. 2019)
xenograft tumour Promotion of apoptosis.
in nude mice Chemosensitization
(gefitinib)
Breast cancer MCF-7/ADR cells 5mg/kg Intraperitoneal Every other day Inhibition of growth. (Li, Xue
xenograft tumour injection for 20 days Inhibition of P-gp et al. 2017)
in nude mice expression. Reversal of
MDR without
toxic effect.
Thyroid ARO cells xenograft 5-20 mg/kg Oral gavage Every day for 4 weeks Inhibition of growth. (Liu and Li
carcinoma tumour in 2014)
nude mice

Breast cancer

SSD was identified as the most effective component against tri-
ple-negative breast cancer from Bupleuri Radix in vitro. SSD
(13-100 pM) concentration and time dependently inhibited pro-
liferation and induced apoptosis in HCC1937 cells by the sup-
pression of Wnt/B-catenin pathway, and compared to taxol, a
clinically used anticancer drug, SSD showed a much higher
potency (Wang et al. 2018). Another in vitro study suggested
that SSD (6-15 uM) inhibited the viability of MDA-MB-231 cells
in a concentration-dependent manner via inducing apoptosis,
and a significant increase of phospho-p38 (p-p38) expression lev-
els was observed, furthermore, the addition of inhibitor, signifi-
cantly attenuated the induced apoptotic rate, indicating that the
antitumour effect was involved with the activation of p38 path-
way (Fu et al. 2020). Additionally, SSD (10 uM) induced both
apoptosis and autophagy of MCF-7 cells in vitro through direct
inhibition of sarcoplasmic/endoplasmic reticulum Ca®* ATPase
(SERCA), causing increased intracellular Ca®" levels and activat-
ing the Ca®*/calmodulin-dependent kinase kinase-p (CaMKKR)-
AMP-activated  protein  kinase (AMPK)-mTOR  pathway,
endoplasmic reticulum (ER) stress and unfolded protein
responses (UPR) (Wong, Li, et al. 2013).

Tumour cells often gain multidrug resistance (MDR) through
the overexpression of P-glycoprotein (P-gp) encoded by the
MDRI1 gene, while SSD (<0.6 uM) can be used as a reversal
agent for P-gp-mediated MDR with low toxicity. SSD
(0.1-0.5 pg/mL; 0.13-0.6 uM) has been proved to be non-toxic
and effectively reverse P-gp-mediated MDR and enhanced the
sensitivity of MCF-7/adriamycin (ADR) cells to ADR or doxo-
rubicin in vitro by inhibiting P-gp expression in a concentration-
dependent manner. Furthermore, studies in MCF-7/ADR xeno-
graft mice confirmed that the intraperitoneal injection of SSD

(5mg/kg) reversed MDR without increasing toxic effects (Li,
Guan, et al. 2017; Li, Xue, et al., 2017).

Ovarian cancer

SSD (2 uM) was reported to make SKOV3 cells more sensitive to
CDDP-induced apoptosis through induction of intracellular ROS
accumulation in vitro (Wang, Zheng, et al. 2010). Another
in vitro study suggested that SSD (2 pM) alone induced apoptosis
potently in all ovarian cancer cells including A2780s, A2780cp,
Hey and SKOV3. Although SSD (1 uM) alone was ineffective, it
can sensitise chemoresistant ovarian cancer cells to CDDP
through promoting mitochondrial fission and inhibiting G2/M
transition in a p53-independent status. The mitochondrial fission
was associated with the increase of cytosolic Ca*" concentration,
and subsequent mitochondrial membrane potential (MMP) loss
and phosphorylation of Ca**/calmodulin-dependent protein kin-
ase I (CaMKI). G2/M arrest induction was mediated by inhib-
ition of protein phosphatase magnesium-dependent 1D
(PPM1D), whose overexpression can inhibit the action of p53
and checkpoint kinase 1 (Chkl) (Tsuyoshi et al. 2017).

Cervical cancer

In HeLa cells, SSD (10 uM) was demonstrated to promote apop-
tosis and autophagy in vitro. Further studies confirmed that SSD
inhibited SERCA directly, and then inducing disruption of cal-
cium homeostasis, causing activation of CaMKKB-AMPK-mTOR
pathway, ER stress and UPR (Wong, Li, et al. 2013). Treatment
with SSD (10 uM) in vitro effectively potentiated the antitumour
activities of TNF-o. in Hela cells. In this case the synergistic
effect were attributed to suppression of NF-kB activation and its
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target oncogenic genes expression involving proliferation, angio-
genesis and invasion (Wong, Zhang, et al. 2013). Additionally,
SSD (2uM) was proved to potently enhance CDDP-induced
apoptosis in HeLa and Siha cells in vitro through inducing ROS
accumulation (Wang, Zheng, et al. 2010).

Renal cancer

A concentration and time-dependent antiproliferative effect on
renal cell carcinoma cells was observed upon treatment with SSD
(10-20 pM) in vitro, which is very likely to be mediated by apop-
tosis induction and GO/GI1 cell cycle arrest through the inhibi-
tory activation of epidermal growth factor receptor (EGFR)/p38
pathway and subsequent upregulation of p53 protein expression
(Cai et al. 2017).

Prostate cancer

SSD (2.5-50 uM) exhibited concentration-dependent inhibitory
action on the proliferation of DU145 cells in vitro by triggering
the mitochondrial pathway of cell apoptosis and GO/G1-phase
cell cycle arrest via upregulation of p53 (Yao et al. 2014).
Furthermore, SSD (5 and 10 uM) suppressed the proliferation,
metastasis, invasion and cancer stem cell phenotypes of prostate
cancer cells in a concentration and time-dependent manner.
These in vitro effects were attributed to the inhibition of glyco-
gen synthase kinase-3p  (GSK3P)/B-catenin pathway in
CWR22Rv1 cells, while this mechanism was not confirmed in
DU145 cells (Zhong et al. 2016).

Glioma

SSD (1-8 uM) was found to concentration-dependently suppress
the proliferation of human malignant glioma U87 cells and
enhance apoptosis in vitro. The underlying mechanisms of these
effects were demonstrated to be associated with the downregula-
tion of phosphatidylinositol 3-kinase (PI3K)/Akt and extracellu-
lar signal-regulated kinases (ERK) pathway, and activation of
JNK (Li, Cai, et al. 2017). Another in vitro study indicated that
SSD (10-100 pg/mL; 12.8-128 pM) could not only inhibit cell
growth but also induce C6 glioma cells to differentiate into
astrocytes, suggesting that SSD may be used as a differentiation
inducer in cancer therapy. However, the mechanism of SSD-
mediated differentiation induction remains unclear (Tsai
et al. 2002).

Osteosarcoma

An in vitro study report suggested that SSD (5-20 pM) concen-
tration dependently inhibited cell proliferation, invasion, migra-
tion and induced apoptosis in osteosarcoma U2 cells, and these
effects were stronger than those of JNK inhibitor SP600125 at
the same concentration. Further detection showed that the
expression of p-Akt, p-ERK, myeloid cell leukaemia-1 (Mcl-1),
Bcl-2, procaspase-3, -9, and -8 were downregulated, while cyto-
chrome C release and the expression of Bax and cleaved caspase-
3 were upregulated, indicating that the antitumour effects of SSD
are involved in the inhibition of Akt pathway and ERK pathway
(Gao et al. 2019). However, human osteosarcoma 143B cells and
MG-63 cells were not as sensitive to the cytotoxicity of SSD as
U2 cells, only when the concentration is as high as 80puM
in vitro did SSD significantly induced proliferative inhibition,

GO0/G1-phase arrest and apoptosis via activating p53 and then
regulating its downstream targets (Zhao et al. 2019).

Thyroid carcinoma

SSD (5-20 uM) treatment showed a concentration and time-
dependent antiproliferative effect on anaplastic thyroid cancer
cells in vitro, which was attributed to Gl-phase cell cycle arrest
and apoptosis enhancement induced by the activation of p53
pathway. Additionally, data from ARO cells xenograft tumori-
genesis in nude mouse model indicated that daily oral gavage of
SSD (5-20mg/kg) for 4 weeks significantly decreased the volume
and weight of tumour in a concentration-dependent manner
(Liu and Li 2014).

Leukaemia

The activity of SSD against human acute promyelocytic leukae-
mia cells has been studied in vitro, and SSD (10-15 pg/mL;
12.8-19.2uM) was found to have a concentration and time-
dependent antiproliferative effect on HL60 cells via the cell cycle
arrest at GO/G1 phase caused by the upregulation of glucocortic-
oid receptor (GR) mRNA (Bu et al. 2000).

Melanoma

A study evaluated the anti-melanoma activity of different SSs,
including SSA, SSC and SSD. SSD was identified as the most
potent anti-melanoma component, and showed cytotoxicity to
A375.52 cells at a dose of 5uM. Further investigation of the
molecular mechanism revealed that the antiproliferative effect
was related to the activation of JNK, p38 and p53 (Hu
et al. 2016).

Toxicity

There is a saying in TCM, “Bupleuri Radix consumes liver Yin,”
which means that Bupleuri Radix can harm the liver Yin if used
too much or for a long time. However, because the toxicity of
Bupleuri Radix was not clearly recorded in the ancient Chinese
medical literature, it did not arouse people’s attention. Bupleuri
Radix has long been regarded as an effective and non-toxic herb,
and its toxicity is even not recorded in the Chinese pharmaco-
poeia. It was not until the clinical reports of drug toxicity dam-
age caused by Bupleuri Radix and its compound preparations
appeared successively in modern clinical application, especially
the Sho-saiko-to poisoning incident in Japan that extensive
attention and research on the toxicity of Bupleuri Radix was
aroused. In Japan, Bupleuri Radix and its compound prepara-
tions are the hottest aspect in toxicity research of Kampo medi-
cines (Ikegami et al. 2003). Modern studies have shown that SSs
are not only the main effective components, but also the main
toxic components of Bupleuri Radix (Lv et al. 2009; Huang and
Sun 2010), therefore, it is necessary to rationally apply SSD in
the context of in-depth understanding of its toxic effects. The
toxicological effects of SSD reported presently were mainly hep-
atotoxicity, neurotoxicity, haemolysis and cardiotoxicity, and the
mechanisms of these toxicities are summarised in Table 3.
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Toxicity Study type Models Dose/Concn.  Administration Duration Suggested mechanism Ref.
Hepatotoxicity In vitro LO2 cells 0.4-2 uM Incubation 24h Suppression of PDGF-BR/P38 pathway. (Chen et al. 2013)
Induction of mitochondrial apoptosis.
In vitro LO2 cells 0.8-2uM Incubation 24h Activation of both the death receptor (Zhang et al. 2016)
apoptosis pathway and mitochondrial
apoptosis pathway.
In vivo ICR mice 300mg/kg  Oral gavage  Every day for Induction of apoptosis and liver injury. (Zhang et al. 2016)
7 days
Neurotoxicity In vivo ICR mice 4,8mg/kg  Oral gavage  Every day for Suppression of Akt/FoxG1 pathway. Inhibition  (Xu et al. 2018).
7 days of hippocampal neurogenesis. Impairment
of cognitive ability.
In vitro Primary neuronal 2, 4 uM Incubation 24h Suppression of GSK3p/B-catenin pathway. (Qin et al. 2019)
progenitor Inhibition of proliferation and survival.
cells
In vivo C57BL/6J mice 16 mg/kg Oral gavage  Every day for Suppression of GSK3p/B-catenin pathway. (Qin et al. 2019)
14 days Inhibition of cell proliferation and adult
neurogenesis. Impairment of
cognitive ability.
In vivo C57BL/6J mice 16 mg/kg Oral gavage  Every day for Induction of cellular Ca®>* overload and further (Qin et al. 2020)
14 days disorder of BDNF pathway. Activation of
p75NTR cell death signalling. Suppression
of TrkB signalling. Inhibition of survival and
hippocampal neurogenesis. Induction of
cognitive dysfunction.
In vitro Cultured murine  1.28-19.2 uM Incubation 24h Enhancement of cell membrane permeability.  (Zheng et al. 2019)
neocortical Induction of extracellular Ca*" influx and
neurons cellular Ca®" overload. Induction
of apoptosis.
Haemolysis In vitro Human 0.64-1.92 uM Incubation 3 min Decrease of ATP level in erythrocytes. Change (Abe et al. 1978)
erythrocytes of membrane transport.
In vitro Sheep >1.28uM Incubation 30 min / (Nose et al. 1989)
erythrocytes
Cardiotoxicity In vitro Neonatal rat 10 uM Incubation 30 min Inhibition of SERCA. Blockage of myocardial (Wang et al. 2017)
cardiomyocytes beating activities
Hepatotoxicity primary neuronal stem/progenitor cells in vitro. Besides, daily

SSs are considered as the main material basis of hepatic toxicity
of Bupleuri Radix (Lv et al. 2009). Human LO2 hepatocyte cell is
an in vitro model widely used in hepatotoxicity studies. In the
in vitro studies about SSD-induced liver injury, SSD (0.4-2 uM)
treatment showed a significant concentration-dependent inhibi-
tory effect on LO2 cell activity at the ICsy value of 2.14 pM. The
effect was associated with the induction of mitochondrial apop-
tosis mediated by platelet-derived growth factor-f receptor
(PDGEF-BR)/P38 pathway disruption (Chen et al. 2013). In the
later studies about SSD-induced liver injury by the same team,
the results of experiments in vitro suggested that SSD (0.8-2 pM)
concentration-dependently promoted the activation of both the
death receptor apoptosis pathway and mitochondrial apoptosis
pathway in LO2 cells. Meanwhile, animal experiments showed
that oral administration of SSD (300 mg/kg) for one week caused
liver injury and hepatocyte apoptosis in mice, and Bax was sig-
nificantly upregulated concomitant with the significant downre-
gulation of Bcl-2 (Zhang et al. 2016).

Neurotoxicity

Accumulating evidence in recent years suggests that SSD possess
neurotoxicity. A cognitive decline in mice was observed after
intragastric administration of SSD (4 and 8 mg/kg) for 7 days,
and this neurotoxicity was in connection with the inhibition of
hippocampal neurogenesis mediated by Akt/forkhead box Gl
(FoxG1) pathway suppression (Xu et al. 2018). SSD (2 and
4 M) was reported to inhibit the proliferation and survival of

intragastric administration of SSD (16 mg/kg) for 14 days caused
cognitive deficits in mice, and an inhibitory effect on cell prolif-
eration and adult neurogenesis was observed. Further studies
indicated that the cytotoxic effects in vitro and in vivo were both
involved with the GSK3[/B-catenin pathway (Qin et al. 2019). In
another study conducted by the same team, the neural cytotox-
icity was demonstrated to be associated with the activation of
p75 neurotrophin receptor (p75~'%) cell death signalling and
suppression of tyrosine receptor kinase B (TrkB) signalling,
engaged by disordered brain-derived neurotrophic factor (BDNF)
pathway dependent on the cytosolic Ca®" dysfunction (Qin et al.
2020). Moreover, SSD was considered to have the strongest
neurotoxicity among SSs, and SSD (1-15ug/mL; 1.28-19.2 pM)
caused apoptosis of murine neocortical neurons in vitro through
enhancing the permeability of cell membrane and further
improving the intracellular Ca®" concentration. The ECs, value
of SSD-induced neuronal death was calculated to be 2.92 uM
(Zheng et al. 2019).

Haemolysis

Many plant saponins are known for their haemolytic activity
(Lorent et al. 2014). SSs can also induce strong haemolysis
through its influence on erythrocyte membrane. In an in vitro
study, SSD (0.5-1.5pg/mL; 0.64-1.92 uM) was demonstrated to
cause concentration-dependent haemolysis in human erythro-
cytes (Abe et al. 1978). Another in vitro research indicated that
SSD and its intestinal metabolites, prosaikogenin G (PSG),
showed significant haemolytic activity for their possession of an
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a-hydroxyl function at C16, and SSD began to exhibit haemoly-
sis activity in sheep erythrocytes at 1pg/mL (1.28 pM) (Nose
et al. 1989).

Cardiotoxicity

The decrease of SERCA activity contributes to Ca®" overload,
reduced contractility and arrhythmias (Kiess and Kockskdmper
2019). As a reported SERCA inhibitor, the cardiotoxicity of SSD
has been noted (Wong, Li, et al. 2013). SSD was found to possess
higher affinity with SERCA by molecular docking, and the
exposure of SSD (10 uM) was verified to block the whole period
of myocardial beating activities of neonatal rat cardiomyocytes
in vitro (Wang et al. 2017).

Pharmacokinetics

The bioavailability of drugs is an important aspect that affects
their efficacy, and the structural characteristics of molecules are
closely related to their bioavailability. As a triterpenoid saponin
compound, SSD is characterised by poor water solubility, which
leads to the fact that SSD is generally considered to be difficult
to use as an effective oral preparation for its low absorption rate
in human gastrointestinal tract. However, the claim is controver-
sial as in one study, a sensitive method was performed to detect
the plasma concentration of SSD in rats after oral administration
of Bupleurum chinense DC extract, and the result showed that
SSD was absorbed rapidly with a T,,, less than 30 min (Xu et al.
2012). In addition, some studies suggested that the pharmaco-
logical effects of SSD oral administration may be closely related
to the secondary metabolic derivatives transformed by SSD in
the gastrointestinal tract.

Under the influence of transformation factors in vivo, includ-
ing intestinal flora, gastric acids and enzymes, SSD can be hydro-
lysed to prosaikogenins (PSGs) and saikogenins (SGs) with
smaller relative molecular weight, stronger membrane permeabil-
ity and easier intestinal absorption. SSD was completely trans-
formed into saikosaponin B, (SSB,) after incubation in gastric
juice of rats for 30 min, and after incubation in intestinal juice of
rats, SSD was transformed into PSG and saikogenin G (SGG),
while SSB, was transformed into prosaikogenin D (PSD) and sai-
kogenin D (SGD) (Shimizu et al. 1985). Studies exploring the
effects of human gut microbiota on the hydrolysis of SSD also
found the same transformation relationship (Meselhy 1999; Tang
et al. 2020). Although the membrane permeability of SGs is
improved compared with that of SSD, the bioavailability of SGs
was found to be still low, and the efficacy of SSD might depend
on the further transformation of secondary metabolites (Liu
et al. 2019). The in vitro metabolism of SSD, as well as its two
derivatives (PSG and SGG) in the gastrointestinal tract, was
studied respectively in the liver microsomes of rats to explore
their further metabolism after entering the circulatory system.
Experimental results indicated that the predominant observed
metabolic routes were kinds of oxidation, including hydroxyl-
ation, carboxylation and so on, and SSD, PSG, SGG were all
transformed into Phase-I metabolites mediated by liver micro-
somal cytochrome P450 (CYPs) enzymes (Yu et al. 2017).

The evaluation of interaction potential with other drugs of
new drug candidates is an important step in the drug develop-
ment (Prueksaritanont et al. 2013). CYPs family mediates the
metabolism of most important drugs, and many drug-drug inter-
actions are related to it (Guengerich et al. 2016). SSD (5-10 uM)
was found to significantly increase the expression of CYP1A2

and CYP2D6 mRNA and protein as well as the relative enzyme
activity in a concentration-dependent manner, while inhibit the
expression of CYP3A4 mRNA and protein as well as the enzyme
activity (Li et al. 2020, 2021). Therefore, when SSD is co-admin-
istered with drugs metabolised by CYP1A2, CYP2D6 and
CYP3A4, especially drugs with a narrow therapeutic range, it is
necessary to pay attention to the safety and efficacy due to drug-
drug interactions. Additionally, P-gp is an efflux transporter that
affects the absorption, distribution and elimination of various
compounds (Elmeliegy et al. 2020). It has been previously dis-
cussed that SSD can inhibit P-gp expression and reverse P-gp-
mediated MDR both in vitro and in vivo. Thus, SSD may also
alter the pharmacokinetics of some drugs due to its influence on
P-gp. Nevertheless, research showed that the combination of SSD
(5 mg/kg) reversed MDR without any effect on the pharmacokin-
etics of doxorubicin in MCF-7/ADR cell xenograft mouse model
(Li, Xue, et al., 2017).

Discussion and conclusions

The development of new anticarcinogens has become a hotspot
in pharmaceutical research area due to the excessive serious
adverse reactions of traditional anticarcinogens and the drug
resistance problem that seriously affects the efficacy of anticarci-
nogens (Kirtane et al. 2013; Katz and Shaked 2015; Bar-Zeev
et al. 2017). Traditional medication experience is accumulated on
the basis of long-term human drug use. The increasing level of
molecular research and the in-depth understanding of the genesis
and development of tumours as well as drug action mechanisms
enable us to explore the mechanisms behind these traditional
therapeutic experience at a deeper level, and provide us with
inspirations and breakthroughs for drug development (Cragg
and Newman 2005; Efferth et al. 2007). As the most antitumour
substance in Bupleuri Radix, SSD has attracted extensive atten-
tion and been proved to play an antitumour role in multiple
cancers. Meanwhile, the antitumour effects of SSD are multi-tar-
geted and can be realised through various mechanisms, including
inhibition of proliferation, invasion, metastasis and angiogenesis,
as well as induction of cell apoptosis, autophagy and differenti-
ation, which can largely avoid the problem that tumour cells are
prone to develop drug resistance to single-targeted drugs.
Furthermore, studies data indicated that SSD even showed a
higher antitumour potency than some known antitumour drugs
in vitro, such as taxol and SP600125. Therefore, the researchers
identified SSD as a promising natural substance for the treatment
of these cancers due to its definite antitumour activities.
However, current reports mainly focus on in vitro experiments,
and the antitumour activities and mechanisms of SSD in vivo
still need more research and verification.

Drug resistance of cancer cells is a major obstacle in the cur-
rent treatment of malignancy (Hussain et al. 2019). SSD has
been found to play a synergistic role with some chemotherapeu-
tics, and ease drug resistance via improving the sensitivity of
cancer cells to some chemotherapeutic drugs. At concentrations
below 0.6 M, SSD not only reversed drug resistance, but also
did not produce toxic effects. This suggests that lower concentra-
tions of SSD have the potential to be developed as a safe chemo-
therapeutic sensitiser.

From the literature above, SSD was reported to induce apop-
tosis in breast cancer cells through activating p38 pathway, while
in renal cell carcinoma cells, it was found to restrain prolifer-
ation and enhance apoptosis by inhibiting p38 pathway. The spe-
cific role of p38 in SSD-mediated apoptosis of cancer cells is



puzzling, but perhaps it can be explained by the particularity of
p38 pathway. P38 is one of the MAPK pathways that different
from others, it exhibits distinct or even opposite effects in differ-
ent cancers, and also exerts different activities in different stages
of the same tumour (Maik-Rachline et al. 2020; Martinez-Limoén
et al. 2020). Current data show that there are more than 100
downstream substrates of p38, which regulate C/EBPP, p53,
STAT and other pathways (Sanchez-Prieto et al. 2000; Platanias
2003; Zhang et al. 2011; Trempolec et al. 2013). The p38 MAPK
sub-family is composed of four main isoforms, including p38a,
p38P, p38y and p383. Different isoforms selectively act on differ-
ent particular substrates, and they are also tissue-specific in their
distribution: P38o and p38P are widely found in various tissue
cells, p38y is found in only skeletal muscle cells and nervous sys-
tem, while p386 is mainly found in glands (Yokota and Wang
2016). The selectivity of different isomers to substrates and the
specificity of their tissue distribution result in different or even
completely opposite effects of p38 activation in different tumour
cells. Up to now, the regulation mechanisms of p38 in the occur-
rence, proliferation, differentiation, metastasis and apoptosis of
different tumours are still too complex to be clearly understood
(Martinez-Limon et al. 2020). Therefore, it may be meaningful to
explore the antitumour mechanisms of SSD in different cancer
cells by using more specific antibody of corresponding isoform
of p38.

Although studies have demonstrated that SSD played an anti-
tumour role in female reproductive system tumours, it should be
noted that SSD was found to be structurally similar to oestrogens
and exert oestrogen-like action through the stimulation of oes-
trogen receptors o (ERo) -mediated pathway, further exerting
proliferative promotion on MCF-7 cells (Wang, Ren, et al. 2010).
This finding means that we should pay attention to the potential
health risk of SSD in patients with ERa-positive cancers and fur-
ther studies on the effects of SSD in these tumours are also need
to be conducted.

Although SSD is a natural substance with great antitumour
potential, we should use it on the premise of certain understand-
ing of its toxicity to ensure the safety of medication. Currently,
the toxicological effects of SSD found in studies include hepato-
toxicity, neurotoxicity, haemolysis and cardiotoxicity, and
according to the related research results, these toxic effects are
mainly mediated by cytotoxic mechanisms. It is not difficult to
see that the mechanisms of the toxic and adverse effects of SSD
discovered are basically the same as those of its antitumour
activities. As is known to all, the use of anticarcinogen to kill
cancer cells will inevitably cause damage to some normal cells.
Moreover, natural chemicals derived from plants are thought to
be less toxic to normal cells in organisms than chemosynthetic
drugs and have greater potential safety as anticarcinogens (Li
et al. 2015; Gezici and Sekeroglu 2019).

Numerous studies have shown that cholesterol is the key fac-
tor in saponin-induced cytotoxicity. Saponins aggregate with
membrane cholesterol, resulting in the change of cell membrane
permeability, destruction of the lipid raft and mitochondrial
membrane, and further activation of programmed cell death
related signalling pathways (Lorent et al. 2014). Tumour cells
tend to be more sensitive to the cytotoxicity of saponins because
they contain higher levels of intracellular cholesterol and lipid
rafts than normal cells (King et al. 2009; Waheed et al. 2012;
Shaheen et al. 2018; Mollinedo and Gajate 2020). An in vitro test
showed that the cytotoxicity of SSD to breast cancer H1299 cells
(ICsp = 30.2uM) was three times that of human normal lung
fibroblast CCD19Lu (IC5, = 10.8pM) (Wong, Zhang, et al.
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2013). The selective cytotoxicity of SSD between normal and
cancer cells makes it relatively safe as an anticancer agent. Thus,
these toxic and adverse effects do not affect our judgement of
SSD as an ideal new antitumour compound.

SSD may have a higher bioavailability than our expectation,
despite belonging to the triterpenoid saponins with poor water
solubility. Meanwhile, studies on the metabolism of SSD have
shown that it can be converted into certain metabolites under
the action of various transformation factors in vivo. Currently,
there is still a lack of adequate understanding of the actual phar-
macodynamic substances after SSD enters the body. Whether
SSD enters the systemic circulation to play a role in the form of
prototype or metabolites such as PSGs and SGs, and the differen-
ces in antitumour activity and toxicity between SSD and these
metabolites in vivo need to be confirmed by many studies.
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