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a b s t r a c t

Specnuezhenide (SNZ) is among the main components of Fructus Ligustri Lucidi, which has anti-
inflammation, anti-oxidation, and anti-tumor effect. The low bioavailability makes it difficult to
explain the mechanism of pharmacological effect of SNZ. In this study, the role of the gut microbiota in
the metabolism and pharmacokinetics characteristics of SNZ as well as the pharmacological meaning
were explored. SNZ can be rapidly metabolized by the gut microbiome, and two intestinal bacterial
metabolites of SNZ, salidroside and tyrosol, were discovered. In addition, carboxylesterase may be the
main intestinal bacterial enzyme that mediates its metabolism. At the same time, no metabolism was
found in the incubation system of SNZ with liver microsomes or liver homogenate, indicating that the gut
microbiota is the main part involved in the metabolism of SNZ. In addition, pharmacokinetic studies
showed that salidroside and tyrosol can be detected in plasma in the presence of gut microbiota.
Interestingly, tumor development was inhibited in a colorectal tumor mice model administered orally
with SNZ, which indicated that SNZ exhibited potential to inhibit tumor growth, and tissue distribution
studies showed that salidroside and tyrosol could be distributed in tumor tissues. At the same time, SNZ
modulated the structure of gut microbiota and fungal group, which may be the mechanism governing
the antitumoral activity of SNZ. Furthermore, SNZ stimulates the secretion of short-chain fatty acids by
intestinal flora in vitro and in vivo. In the future, targeting gut microbes and the interaction between
natural products and gut microbes could lead to the discovery and development of new drugs.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction the waist and knees. FLL is also used for addressing internal heat
Fructus Ligustri Lucidi (FLL) is a traditional Chinese medicine,
derived from the dry ripe fruit of Ligustrum lucidum Ait. According
to the Pharmacopoeia of the People's Republic of China, Fructus
Ligustri Lucidi (FLL) has several traditional properties and uses. It is
believed to nourish Yin (a concept related to coolness and moisture
in the body) and promote longevity. FLL is also known for its ability
to nourish the liver and kidneys, clear heat, improve eyesight, and
help with the growth of black hair. It is commonly used in the
treatment of conditions like liver and kidney Yin deficiency, which
can cause symptoms such as dizziness, tinnitus, and weakness in
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and thirst, as well as hot flashes. Additionally, FLL is an important
ingredient in a traditional Chinese medicine called Erzhi pill, which
is known for its potential to tonify the liver and kidneys, nourish
Yin, and stop bleeding. It is reported that FLL contains a variety of
compounds such as triterpenes, iridoids, phenylethanol glycosides,
and flavonoids [1e3]. Modern pharmacological studies have
revealed that FLL exhibits a variety of pharmacological activities,
including antioxidant, anti-inflammatory and analgesic, hep-
atoprotective, anti-osteoporotic, immunomodulatory, hypoglyce-
mic, and hypolipidemic, antibacterial and antiviral activities
[4e10]. Iridoids are important chemical constituents in FLL. Among
them, specnuezhenide (SNZ) is a quality marker of FLL in the
Pharmacopoeia of the People's Republic of China. SNZ exhibits
pharmacological effects such as inhibiting oxidative stress, regu-
lating immunity, protecting liver and kidney, and exerting anti-
tumor effects [11e14]. However, the bioavailability of iridoids is
often not high, and the bioavailability of SNZ is only approximately
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1%e2% [15], which suggests that these compounds undergo
extensive metabolism after oral administration. The poor oral ab-
sorption and low bioavailability of SNZ make it difficult to explain
the underlying mechanisms of its pharmacological effects. In fact,
low bioavailability is a common problemwith many potent natural
compounds.

Intestinal microbes consist of bacteria, fungi, and bacterio-
phages that inhabit in the gut, and participate in a variety of
important physiological functions of the host, such as material
exchange, energy metabolism, and gene communication [16,17]. At
the same time, gut microbes in direct contact with the external
environment can lead the response to external stimuli. Therefore,
the biotransformation and bioavailability of oral natural medicines
are also affected by gut microbes [18]. Unlike liver metabolism, gut
microbes are rich in many enzymes related to hydrolysis and
reduction reactions, and thus mediate unique types of biotrans-
formation [18,19]. Additionally, gut microbes can produce various
endogenous secondary metabolites, such as bacteria, which can
produce short-chain fatty acids, trimethylamine, indole propionic
acid [20e23], etc., and fungi, which can produce ethanol, antimi-
crobial peptides [24e26], etc. As a result, the occurrence and
development of metabolic syndrome, autoimmune diseases, tu-
mors, inflammation, emotional cognitive dysfunction, and other
diseases is affected [27e31]. Therefore, we can infer that gut mi-
crobes are important mediators of drug metabolism, diseases, and
the body. It is of vital importance to illustrate the role of the gut
microbiota in themetabolism and pharmacokinetics characteristics
of SNZ, and uncover the pharmacological meaning of it.

Cancer is among the top global public health problems and is
currently the second leading cause of death in theUnited States [32].
Among cancers, the incidence of colorectal tumor has ranked the
third after prostate tumor (male)/breast cancer (female), and lung/
bronchial tumor, and gradually showed a trend of incidence in
younger individuals [33]. In 2022, the mortality rate of colorectal
tumors is expected to exceed 8%e9% [32]. Therefore, developing
more efficient and safer treatment methods is a top priority. Like
many diseases, the formation of colorectal tumors is multifactorial.
At present, the pathogenesis of colorectal tumors includes genetic
factors, aging, overweight and obesity, smoking and drinking, low-
fiber and high-fat diet, diabetes and insulin resistance, immunity
disorder [34], etc. In recent years, gut microbes have been reported
to play an important role in the occurrence and development of
tumors [35,36]. For example, Clostridium difficile and Fusobacterium
nucleatum are closely related to colorectal tumors [16], while
Malassezia spp., a fungal genus in human gut, can promote the
development of pancreatic cancer throughmannose-binding lectins
[37]. Novel treatments targeting gut microbes appear promising.

In this study, the role of gut microbiota in metabolism and
pharmacokinetics characteristics was investigated. SNZ was rapidly
metabolized by gut microbiota. Salidroside and tyrosol are the
characteristic metabolites of SNZ by gut bacteria after hydrolyzing
the carboxyl ester bond. The carboxylesterase in intestinal florawas
found to be one of the main reasons for the low bioavailability of
SNZ. At the same time, pharmacokinetic studies showed that the
metabolic behavior of SNZ and twometabolites in mice was closely
related to the intestinal flora. Notably, tumor growth was signifi-
cantly inhibited after oral administration of SNZ in colorectal tumor
mice, and this effect was dependent on gut microbes. Tissue dis-
tribution studies also showed that salidroside and tyrosol were
distributed in the tumor site, suggesting that salidroside and tyrosol
may be the effective substances of SNZ against cancer. At the same
time, SNZ regulated the composition of gut microbiota and fungi in
mice, and in vitro and in vivo experiments demonstrated that SNZ
can stimulate the intestinalflora to secrete short-chain fatty acids. In
conclusion, gut microbes are the key mediators and targets of the
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pharmacodynamics of SNZ, providing new insights for the discovery
and development of new anticancer drugs and new targets.

2. Experimental

2.1. Chemicals and reagents

SNZ was purchased from Solarbio Biotechnology, Co., Ltd. (Bei-
jing, China). Salidroside and tyrosol were purchased from Solarbio
Biotechnology, Co., Ltd.. Glipizide as internal standard (IS) was
purchased from Solarbio Biotechnology, Co., Ltd.. Formic acid and
acetic acid were purchased from Merck (Darmstadt, Germany).
Phosphoric acid, propionic acid, and butyric acid was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The purity of the above
chemicals is greater than 98%. Chromatography grade methanol
and acetone were obtained from Thermo Fisher Scientific Inc. (Fair
Lawn, NJ, USA). Phosphate buffered saline (PBS), bis-p-nitrophenyl
phosphate (BNPP), urethane, erythromycin, oxytetracycline, cefa-
droxil, and anaerobic medium were also supplied by Solarbio
Biotechnology, Co., Ltd.. Other chromatographic reagents were
obtained from domestic reagent companies. Inflammatory factors
detection kits of tumor necrosis factor-a (TNF-a), IL-6, and inter-
leukin-1b (IL-1b) were purchased from Nanjing Jiancheng Bioen-
gineering Institute (Nanjing, China).

2.2. Instruments and methods

The high performance liquid chromatograph coupled with a
triple quadrupole mass spectrometer, LC/MS-8060 (Shimadzu
Corporation, Kyoto, Japan), was used for the quantitative detection
of SNZ and its metabolites. A shaking incubator was purchased
from Longyue Instrument Co., Ltd. (Shanghai, China). A WH-681
vortex mixer was purchased from Jintan Shenglan Instrument
Manufacturing Co., Ltd. (Jintan, China). The refrigerated high-speed
centrifuge was purchased from Eppendorf (Hamburg, Germany).

Chromatography separationwas performed using an Alltima C18
column (4.6 mm � 250 mm, 5 mm; GRACE®, Chicago, IL, USA) at a
flow rate of 0.4 mL/min. And the column temperature was main-
tained at 40 �C. The mobile phase was deionized water (eluent A)
withmethanol (eluent B). The gradient programming of the solvent
system was initially at 20% B, 20%e70% B for 0e5 min, 70%e95% B
for 5e11 min, and 95%e20% B for 11e17 min. The autosampler
temperature was set to 4 �C.

Mass spectrometry (MS) was carried out usingmultiple reaction
monitoring mode (MRM). The following ion pairs were monitored:
SNZ (m/z, negative MRM) of 685.15 / 523.30 (Q1 pre bias: 26.0 V,
CE: 19.0 V, Q3 pre bias: 36.0 V, dwell time: 50 ms), salidroside (m/z,
negative MRM) of 299.10 / 119.10 (Q1 pre bias: 12.0 V, CE: 13.0 V,
Q3 pre bias: 22.0 V, dwell time: 50ms), tyrosol (m/z, negativeMRM)
of 137.40 / 105.90 (Q1 pre bias: 14.0 V, CE: 17.0 V, Q3 pre bias:
11.0 V, dwell time: 50 ms), and glipizide (IS, m/z, negative MRM) of
444.25/ 319.10 (Q1 pre bias: 18.0 V, CE: 18.0 V, Q3 pre bias: 24.0 V,
dwell time: 50 ms). The nebulizing gas flow rate was 3.0 L/min, the
drying gas flow ratewas 10 L/min, and the heating gas flow ratewas
10 L/min.

High performance liquid chromatography (HPLC) coupled with
an ion trap time-of-flight tandem MS (HPLC/MSn-IT-TOF) from
Shimadzu Corporation was implemented to identify the metabo-
lites of SNZ. The analytes were separated using an Alltima C18 col-
umn (4.6 mm � 250 mm, 5 mm; GRACE®) at a flow rate of 0.4 mL/
min, and the column temperature was maintained at 40 �C. The
mobile phase was deionized water (eluent A) with methanol
(eluent B). The gradient programming of the solvent system was
initially at 20% B, 20%e70% B for 0e5min, 70%e95% B for 5e11min,
and 95%e20% B for 11e17 min. The autosampler temperature was
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set to 4 �C. The detection wavelength for photo-diode array was
254 nm. The MS conditions were set as follows: heating block
temperature, 200 �C; nebulizing gas flow rate, 1.5 L/min; detector
voltage, 1.76 kV; and collision energy, 70%. Automatic detection
mode was used for fragmentation, with a primarym/z ratio ranging
from 50 to 800 and a secondary m/z ratio ranging from 50 to 800.

The gas chromatograph (GC-2020)waspurchased fromShimadzu
Corporation. Quantification of short-chain fatty acid by gas chroma-
tographywas performed as described previously [38]. A high polarity
Alltech capillary column (AT-WAX, 30 m � 0.25 mm � 0.25 mm;
Alltech Cooperation, Chicago, IL, USA) was used for separation with
parameters as follows: nitrogen flow, 1.27 mL/min; purge flow,
3.0 mL/min; total pressure, 105.0 kPa; injection port, 230 �C; and
flame ionization detector, 250 �C, respectively. The temperature
programming started with 80 �C for 1 min, and linearly increased to
130 �C at the rate of 5 �C/min, and maintained for 5 min.

2.3. Biotransformation of SNZ in vitro

2.3.1. Metabolism of SNZ by intestinal bacteria in vitro
In vitro co-incubation experiment of SNZ and gutmicrobiotawas

conducted as previously report [39,40]. Briefly, the intestinal con-
tents of 8-week-old male Balb/c mice were collected, and then
mixed with the anaerobic medium at a weight-to-volume ratio of
1:30 to obtain the incubation system of intestinal bacteria. After
mixing evenly, the incubation systemwas filled with N2 and stored
at 37 �C with pre-incubation for 30 min. Next, 1.0 mg of SNZ was
accurately weighed, and then methanol was added to obtain a
1.0 mg/mL stock solution. 10 mL of the SNZ stock solution was taken
to 990 mL of the intestinal bacteria culture medium. The incubation
system was filled with N2 to maintain an anaerobic state. The final
concentration of SNZ in the incubation systemwas 10 mg/mL. At the
same time, the inactivated intestinal bacteria incubation system
mediumwas used as a negative control. The incubation experiment
was carried out twice. In the first experiment, the above-mentioned
intestinal bacteria incubation system was incubated in a shaker at
37 �C and 200 rpm for 0, 1, 2, 6, 12, and 24 h, respectively. In the
second experiment, the above-mentioned intestinal bacteria incu-
bation systemwas incubated at 37 �C and 200 rpm in a shaker for 0,
15, 30, 60, 90, and 120 min, respectively. When the incubation re-
action was terminated, 3-fold volume of methanol solution con-
taining 100 ng/mL of glipizidewas added, and then themixturewas
vortexed for 30 s and centrifuged at 14,000 rpm for 10 min in a
refrigerated centrifuge at 4 �C. 6 mL of the supernatant was injected
into HPLC-MS/MS for quantitative analysis. At the same time, 10 mL
of supernatant was injected into HPLC-MSn-IT-TOF for the identifi-
cation of metabolites.

Then, 1 mg/mL of SNZ methanol solution was gradually diluted
to a series of stock solutions with concentrations of 500, 100, 20, 5,
1, 0.5, and 0.1 mg/mL, respectively. SNZ standard samples were
composed of a series of 10 mL of SNZ stock solutions and 990 mL of
inactivated medium, for quantification of the metabolism of SNZ. A
mixed solution containing 1 mg/mL of salidroside, and 1 mg/mL of
tyrosol was prepared. Methanol was gradually added to obtain a
series of mixed stock solutions of 500, 100, 50, 20, 5, 1, 0.5, and
0.1 mg/mL. Mixed standard samples were composed of a series of
10 mL mixed stock solutions and 990 mL inactivated medium, for
quantification of metabolites of SNZ. The rest of the sample pro-
cessing steps were the same as above.

2.3.2. Metabolism of SNZ in liver microsome and the liver
homogenate in vitro

The liver microsome incubation system was consisted of the
following: 5 mL of mice liver microsomes (20 mg/mL), 2 mL of SNZ
(1 mM), 20 mL of reduced nicotinamide adenine dinucleotide
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phosphate (NADPH,1.3 mM), and 0.05mM Tris/HCl (pH¼ 7.4), with
a total volume of 200 mL. The negative control group without liver
microsomes consists of 2 mL of SNZ (1 mM), 20 mL of NADPH
(1.3 mM), and 0.05 mM Tris/HCl (pH ¼ 7.4), with a total volume of
200 mL. The incubation was conducted in a shaking incubator at
37 �C and 800 rpm with supply of oxygen. After the incubation, 3-
fold volume of glipizide methanol solution (100 ng/mL) was added
to the incubation system and mixed to stop the reaction at 0, 15, 30,
60, 90, and 120 min. After centrifugation at 14,000 rpm in a
refrigerated centrifuge at 4 �C for 10 min, 6 mL of the supernatant
was injected for HPLC-MS/MS analysis.

Liver homogenate was prepared by homogenizing freshly
collected mice livers and adding ice-cold normal saline with the
ratio of 1:3 (m/V). The liver homogenate incubation system was
consisted as follows: 2 mL of SNZ (1 mM) and 198 mL of freshly
prepared liver homogenate, with a total volume of 200 mL. The
negative control groupwithout liver homogenate consists of 2 mL of
SNZ (1 mM) and 198 mL of normal saline, with a total volume of
200 mL. Incubation was conducted in a shaking incubator at 37 �C
and 800 rpm with supply of oxygen. After the incubation, 3-fold
volume of glipizide methanol solution (100 ng/mL) was added to
the incubation system and mixed to stop the reaction at 0, 15, 30,
60, 90, and 120 min. After centrifugation at 14,000 rpm in a
refrigerated centrifuge at 4 �C for 10 min, 10 mL of the supernatant
was injected for HPLC-MS/MS analysis.

Then, 1 mg/mL of SNZ methanol solution was gradually diluted
to a series of stock solutions with concentrations of 500, 100, 20, 5,
1, 0.5, and 0.1 mg/mL, respectively. SNZ standard samples were
composed of a series of 2 mL of SNZ stock solutions and 198 mL of
0.05 mM Tris/HCl (pH ¼ 7.4) or 198 mL of inactivated liver ho-
mogenate for the detection of SNZ. The rest of the sample pro-
cessing steps were the same as above.

2.3.3. Determination of short-chain fatty acid in vitro
The intestinal contents of 8-week-old male Balb/c mice were

collected, and the intestinal contents were mixed with the anaer-
obic medium at a weight-to-volume ratio of 1:30 to obtain the
incubation system of intestinal bacteria. After mixing evenly, the
incubation system was filled with N2 and stored at 37 �C to pre-
incubate for 30 min.

Next, 1.0 mg of SNZ was accurately weighed, and then methanol
was added to obtain a 1.0 mg/mL stock solution. 10 mL of the SNZ
stock solution was taken to 990 mL of the intestinal bacteria culture
medium. The incubation system was filled with N2 to maintain an
anaerobic state. The final concentration of SNZ in the incubation
system was 10 mg/mL. At the same time, 10 mL of methanol was
added to 990 mL of intestinal bacteria incubation systemmedium as
a negative control. In the incubation experiment, the above-
mentioned intestinal bacteria incubation system was incubated in
a shaker at 37 �C and 200 rpm for 0,1, 2, 6,12, and 24 h, respectively.

At the end of the incubation reaction, acetone (with 1% (V/V)
phosphoric acid) for short-chain fatty acid extraction was added.
The mixture was centrifuged at 14,000 rpm for 10 min at 4 �C and
the supernatant was directly injected for analysis.

2.4. Carboxylesterase-mediated transformation of SNZ

2.4.1. SNZ molecular virtual docking analysis
Docking analysis between SNZ and carboxylesterase was con-

ducted using Discovery Studio Client software (v16.1.0.15350).
Carboxylesterase 1AUO was used as the model enzyme which was
derived from Pseudomonas fluorescens. The crystal structure of
carboxylesterase 1AUO was obtained from the Protein Data Bank
(PDB) database and the docking between SNZ and carboxylesterase
was performed using the CDOCKER approach as the docking
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algorithm for our docking study. During the docking process, the
protein was kept rigid while the ligands were treated as fully
flexible and a final minimization step was used to refine the docked
positions. In addition, the parameters were set to the default values.

2.4.2. Effect of BNPP inhibition on the transformation of SNZ
Consistent with the above steps in Section 2.3.1, the carbox-

ylesterase inhibitor BNPP (1, 5, and 10 mM) was added to the cul-
ture system containing SNZ with a final concentration of 10 mg/mL.
Then, the cultures were incubated at 37 �C for 0, 15, 30, 60, 90, and
120 min. The intestinal culture systemwithout BNPP was used as a
control group.

2.5. Tumor cell lines and cell culture

The murine colorectal cancer cell line colon 26 was originally
obtained from Guangzhou Jeniobio Biotechnology Co., Ltd.
(Guangzhou, China). This cell line was cultured at 37 �C in a hu-
midified atmosphere containing 5% CO2 in Roswell Park Memorial
Institute-1640 medium (pH 7.4; Invitrogen, Carlsbad, NM, USA)
supplemented with 100 units/mL penicillin and 100 mg/mL
streptomycin (Gibco, St. Louis, MO, USA) and 10% (V/V) fetal bovine
serum (Invitrogen).

2.6. Animals

Male Balb/c mice (20e25 g) aged 7e8 weeks were supplied by
Vitalriver (Beijing, China). The animals were placed in a roomwith
temperature of 22e24 �C, humidity of 45%, and a 12-h light/dark
cycle. Before the experiment, mice were fasted for 12 h but had free
access to water. All experiments were conducted in accordance
with institutional and ethics guidelines and were approved by the
Laboratories Institutional Animal Care and Use Committee of the
Chinese Academy of Medical Sciences and Peking Union Medical
College (Approve No.: 00009209).

Colon 26 cells (2�106 cells/mouse) were implanted intra-
rectally with a micropipette inserted 2 cm into the anus of the
mice. Successful tumor models were used at one week after im-
plantation of tumor cells for pharmacokinetics study.

2.7. Pharmacokinetics and tissue distribution of SNZ mediated by
the gut microbiota in Balb/c mice

2.7.1. Pharmacokinetics and tissue distribution of SNZ in Balb/c
mice

The animals were fasted overnight but had free access to water
before pharmacokinetics studies. Five Balb/c mice and five tumor
bearing mice were orally administered of SNZ (109.2 mg/kg). 60 mL
of blood from the orbital vein was collected at 0, 1, 5, 10, 20, 40, 60,
90, 120, 240, and 480 min after drug administration. Plasma was
collected after centrifugation at 5,000 rpm and immediately stored
at �80 �C before analysis.

A mixed solution containing 1 mg/mL of SNZ, 1 mg/mL of sali-
droside, and 1 mg/mL of tyrosol was prepared. Methanol was
gradually added to obtain a series of mixed stock solutions of 500,
100, 50, 20, 5, 1, 0.5, and 0.1 mg/mL. SNZ standard samples were
composed of a series of 2 mL of mixed stock solutions and 198 mL of
blank plasma for the detection of SNZ, salidroside, and tyrosol.

90 mL of methanol solution containing glipizide (100 ng/mL) was
added to 30 mL of plasma, and then the mixture was vortexed for
1 min, and centrifuged at 14,000 rpm for 10 min. 6 mL of super-
natant was injected in HPLC-MS/MS for analysis.

For tissue distribution study, the animals were fasted overnight
but had free access to water before pharmacokinetics studies. Three
tumor bearing mice were orally administered of SNZ (109.2 mg/kg).
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After 20 min, the mice were anesthetized with 20% (V/V) urethane,
and after adequate perfusion with PBS, the liver, heart, spleen, lung,
kidney, stomach, small intestine, colon, fat, testis, muscle, brain, and
tumor tissues were collected and added with 3-fold volume of PBS
before homogenization. 300 mL of methanol solution containing
glipizide (100ng/mL)was added to 100 mL of tissuehomogenate, and
then the mixture was vortexed for 1 min, and centrifuged at
14,000 rpm for 10min. 6 mL of supernatantwas injected inHPLC-MS/
MS for analysis.

2.7.2. Pharmacokinetics and tissue distribution of SNZ in the
pseudo-germfree (PGF) mice

Five Balb/c mice and five tumor bearing mice were orally
administered erythromycin (200 mg/kg/day), oxytetracycline
(200 mg/kg/day), and cefalexin (100 mg/kg/day) for three consec-
utive days to achieve PGF status. Mice feces were collected on day 3
post-treatment, and colony culture was performed on a nutrient
agar culture medium to confirm the PGF status. After administra-
tion, pharmacokinetic experiments were performed. The animals
were fasted overnight but had free access to water before pharma-
cokinetics studies. Five Balb/c mice and five tumor mice under PGF
statuswere orally administered of SNZ (109.2mg/kg). 60 mL of blood
from the orbital vein was collected at 0, 1, 5, 10, 20, 40, 60, 90, 120,
240, and 480 min after drug administration. Plasma was collected
after centrifugation at 5,000 rpm and immediately stored at�80 �C
until analysis.

A mixed solution containing 1 mg/mL SNZ, 1 mg/mL salidroside,
and 1 mg/mL tyrosol was prepared, respectively. Methanol was
gradually added to obtain a series of mixed stock solutions of 500,
100, 50, 20, 5, 1, 0.5, and 0.1 mg/mL. SNZ standard samples were
composed of a series of 2 mL of mixed stock solutions and 198 mL of
blank plasma for the detection of SNZ, salidroside, and tyrosol.

90 mL of methanol solution containing glipizide (100 ng/mL) was
added to 30 mL of plasma, and then the mixture was vortexed for
1 min, and centrifuged at 14,000 rpm for 10 min. 6 mL of super-
natant was injected in HPLC-MS/MS for analysis.

For tissue distribution study, the animals were fasted overnight
but free access to water before pharmacokinetics studies. Three
tumor bearing mice under PGF state were orally administered of
SNZ (109.2 mg/kg). After 20 min, the mice were anesthetized with
20% (V/V) urethane, and after adequate perfusion with PBS, the
liver, heart, spleen, lung, kidney, stomach, small intestine, colon, fat,
testis, muscle, brain, and tumor tissues were collected and added
with 3-fold volume of PBS before homogenization. 300 mL of
methanol solution containing glipizide (100 ng/mL) was added to
100 mL of tissue homogenate, and then the mixture was vortexed
for 1 min and centrifuged at 14,000 rpm for 10 min. 6 mL of su-
pernatant was injected in HPLC-MS/MS for analysis.

2.8. Exploration of antitumoral activity of SNZ

2.8.1. Antitumoral activity of SNZ
In order to explore the pharmacological effects of SNZ on colo-

rectal tumors, a mouse colorectal tumor model was established,
and after continuous oral administration for 10 days, the thera-
peutic effect of SNZ on colorectal tumors was evaluated.

In the pharmacology study of SNZ, the administration dose was
set at 109.2 mg/kg. The main rationale of the chosen dosage is as
follows. SNZ is one of the main components of traditional Chinese
patent Erzhi pill. The adult daily dose of Erzhi pill is 18 g/60 kg for
traditional use. To investigate the potential antitumoral activity of
SNZ and Erzhi pill, 10 times of dosage was applied. According to the
Pharmacopoeia of the People's Republic of China, the SNZ content in
the Erzhi pill was not less than 4.0 mg/g. Based on the conversion of
data from the adult therapeutic dose to the dose administered to
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mice, the mice dose is 9.1 times higher than the adult dose. There-
fore, the mice dose of SNZ is approximately 109.2 mg/kg.

A total of six groups (n ¼ 5) were set up in the experiment: (1)
normal group: healthy Balb/c mice were given normal saline daily;
(2) normal PGF (NPGF) group: healthy Balb/c mice were given
erythromycin 200 mg/kg, oxytetracycline 200 mg/kg, and cefadroxil
100 mg/kg daily to establish NPGF model, and administered normal
saline daily; (3) tumor group: tumor mice were given normal saline
daily; (4) SNZ group: model mice were given SNZ 109.2 mg/kg daily;
(5) PGF tumor (TPGF) group: tumor mice were given erythromycin
200 mg/kg, oxytetracycline 200 mg/kg, and cefadroxil 100 mg/kg
every day to establish a TPGFmodel, and administered normal saline
daily; and (6) PGF tumor and SNZ (SNZ TPGF) group: tumor mice
were given erythromycin 200 mg/kg, oxytetracycline 200 mg/kg,
and cefadroxil 100 mg/kg daily to establish a PGF tumor model, and
then PGF tumor mice were given SNZ 109.2 mg/kg daily.

At the end of the experiment, all experimental animals were
sacrificed by anesthesia with 0.5 mL of 20% (V/V) urethane. Body
weight was measured, feces were collected, and vital organs such
as tumor tissue and spleen were collected. Inflammatory factors
(TNF-a, IL-6, and IL-1b) content was determined according to the
kit instructions.

2.8.2. Determination of short-chain fatty acid in feces of SNZ-
treated mice

Fecal samples (about 0.2 g) were pretreated by dilution (weight
(g): volume (mL)¼ 1:1000) inwater. Themixturewas centrifuged at
14,000 rpm for 10minat 4 �C. Then,100mL of supernatantwas added
to acetone (with 1% (V/V) phosphoric acid) for short chain fatty acid
extraction. Themixturewas centrifuged at 14,000 rpm for 10min at
4 �C and the supernatant was directly injected for analysis.

2.9. Analysis of microbial diversity

Mice feces were collected after 10 days of treatment. Microbial
DNA in fecal samples was extracted using the E.Z.N.A.® Soil DNA Kit
Fig. 1. Specnuezhenide (SNZ) could be metabolized in the gut microbiota. (A) The structural
characteristic of SNZ by gut microbiota in more precise spans of time. (D) The metabolic cu
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(OmegaBiotek,Norcross, GA,USA) according to the instructions. The
V3eV4 region of the microbial 16S ribosomal RNA (rRNA) gene was
amplified with primer pairs 338F (50-ACTCCTACGGGAGGCAGCAG-
30) and 806R (50-GGACTACHVGGGTWTCTAAT-30). Polymerase chain
reaction (PCR) products were then extracted from2% (m/m) agarose
gels and purified using the AxyPrep DNAGel Extraction Kit (Axygen
Biosciences, Union City, CA, USA). Purified amplicons were
sequenced using IlluminaMiSeq (Illumina, Inc., San Diego, CA, USA)
to analyze the diversity of bacterial groups in animal feces fromeach
group. In addition, primer pairs for the microbial ITS-1 gene: 18S-F
(50-GTAAAAGTCGTAACAAGGTTTC-30) and 5.8S-1R (50-GTTCAAA-
GAYTCGATGATTCAC-30) were used for amplification. PCR products
were then extracted from 2% agarose gels and purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences). The purified
amplicons were sequenced using Illumina MiSeq to analyze the
diversity of the fungal group in animal feces from each group.

2.10. Statistical analysis

Statistical analyses were conducted using two-way analysis of
variance and Student’s t-test with GraphPad Prism Version 8
(GraphPad Software, La Jolla, CA, USA). The data are expressed as
the means ± standard deviation. P-values less than 0.05 were
considered statistically significant. DAS 3.0 (Shanghai, China) was
used to calculate the plasma pharmacokinetic parameters.

3. Results

3.1. Gut microbiota plays an important role in the metabolism of
SNZ

To investigate whether SNZ could interact with the gut micro-
biota to generate a unique metabolic profile, and demonstrate the
unique role of the gutmicrobiota in drugmetabolism, we compared
the metabolic characteristics between the gut microbiota and the
liver. A quantitative detection method for SNZ using HPLC-MS/MS
formula of SNZ. (B) The metabolic curve of SNZ by intestinal bacteria. (C) The metabolic
rve of SNZ by liver microsome. (E) The metabolic curve of SNZ by liver homogenate.
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was first established to explore whether SNZ could be metabolized
by gut microbiota. Fig. 1A shows the molecular structure of SNZ.
The retention time of SNZ in this method was 11.5 min, and the
glipizide (IS) was 14.4 min. Next, we incubated the mixture of
cecum contents with SNZ (final concentration of 10 mg/mL) for 24 h
to explore the metabolism of SNZ by gut microbiota. A double heat-
inactivated cecum content mixture was used as a negative control
to exclude the interference of environmental factors such as culture
medium. Samples were collected at 0, 1, 2, 6, 12, and 24 h after
incubation, and the content of SNZ in the system was detected by
HPLC-MS/MS. As shown in Fig. 1B, SNZ disappeared rapidly in this
system. Compared with the inactivated negative control, the parent
drug concentrationwas completely consumedwithin 1 h, while the
inactivated group maintained the original concentration at 24 h,
indicating a strong metabolic effect of gut microbiota on SNZ. To
further clarify the metabolic characteristics of SNZ by gut micro-
biota, more intensive temporal sampling points were added. The
second intestinal bacteria incubation system adopts the same sys-
tem as the first one. The concentrations of SNZ were detected at 0,
0.25, 0.5, 1, 1.5, and 2 h after incubation. Fig. 1C shows that the
concentration of SNZ decreased rapidly, and the original drug was
metabolized by intestinal bacteria by 43.8%, 88.1%, and 100.0% at
15 min, 30 min, and 1 h, respectively.

To explore whether the liver exerts similar or other metabolic
effects on SNZ, we incubated SNZ in liver homogenate or liver
microsome system, respectively. In this study, the drug was incu-
bated with the liver homogenate or liver microsomes for 0, 0.25,
0.5, 1, 1.5, and 2 h, and the content of the original drug in the
samples was detected (Figs. 1D and E). After 2 h of interaction, SNZ
in liver homogenate and liver microsomes did not change signifi-
cantly, compared with the negative control group (only vehicle was
added), indicating that neither liver homogenate nor liver
Fig. 2. Structural identification of specnuezhenide (SNZ) gut microbiota metabolites. (A) The
for 2 h, and the detection wavelength was 254 nm. (B) The tandem mass spectrometry (M
cleavage pathway of metabolite M1. (D)The MS/MS data of the SNZ metabolite M2. (E) Pos
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microsomes exhibited significant metabolic effects on SNZ, and the
liver is not the main vigorous metabolism site of SNZ.

To investigate the metabolites of SNZ produced by intestinal
bacteria, we used HPLC-MSn-IT-TOF to identify the suspected me-
tabolites in the incubation system. As a result, two main potential
metabolites (M1 and M2) were detected, of which retention times
were 10.1 min and 11.3 min, respectively (Fig. 2A and Table 1).
Fig. 2A shows the liquid chromatogram of the incubation system
with a detectionwavelength of 254 nm. The representative total ion
chromatogram and extract ion chromatogram are shown in Fig. S1.
Notably, the peaks of these metabolites were not detected in the
inactivated negative control group, indicating that M1 andM2were
not substances produced by environmental effects, but by the
metabolism of intestinal flora.

Based on high-resolution MS, we identified possible structures
of the two metabolites. The mass spectrum of M1 along with the
possible structure is shown in Figs. 2B and C. Themolecular formula
of M1 was C14H20O7, and the molecular ion was displayed as
[M�H]� (C14H19O7

�) in MS and its m/z is 299.1160. Based on the
high-resolution mass spectra obtained by TOF, we summarized the
fragmentation progress as follows. The ion with m/z of 137.0616 is
obtained by the loss of one glucose from the molecular ion
([M�HeC6H10O5]�, m/z 137.0616). The ion with m/z of 179.0545 is
the glucose residue sourced from the molecular ion losing the
aglycone ([M�HeC8H8O]�, m/z 179.0545). The product ion with
m/z 119.0356 is a glycosides-specific fragmentation
([M�HeC10H12O3]�, m/z 119.0356), which further removes a CH2O
to generate a product ion with m/z of 89.0252
([M�HeC10H12O3eCH2O]�, m/z 89.0252). Based on the molecular
structure, molecular weight, and MS cleavage pathway of SNZ and
M1, we speculate that M1 may be a metabolite after the hydrolysis
from the carboxyl ester bond of SNZ. After comparison with the
liquid chromatogram of the intestinal bacteria incubation system with SNZ incubated
S/MS) data of the SNZ metabolite M1. (C) Possible structure and mass spectrometric
sible structure and mass spectrometric cleavage pathway of metabolite M2.



Table 1
Characteristics of specnuezhenide (SNZ) metabolites in gut microbiota by high performance liquid chromatography coupled with an ion trap time-of-flight tandem mass
spectrometry (HPLC/MSn-IT-TOF).

Metabolites Retention
time (min)

Reaction Predicted molecular
weight

Molecular
formula

Fragment characteristics

Mass spectrometry (MS; [M�H]�) MS/MS

M1 10.1 Hydrolysed 300.30 C14H20O7 299.12 179.05, 137.06, 119.04, and 89.03
M2 11.3 Hydrolysed 138.16 C8H10O2 137.06 119.05 and 107.05
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standard substance, it was determined that M1 may be salidroside
(C14H20O7).

In addition, we found M2 with a smaller m/z ([M�H]�,
C8H9O2

�) 137.0596 at a retention time of 11.3min, and themolecular
formula is C8H10O2. TheM2mass spectrumand possible structure are
shown in Figs. 2D and E. The high-resolutionmass spectrumobtained
fromTOFaswell as themass fragmentationprogress are summarized
below. The ionwithm/zof 119.0493was obtained from the loss of one
H2O from the molecular ion ([M�HeH2O]�, m/z 119.0493). The mo-
lecular ion can also takeoff oneCH2O to generate theproduct ionwith
m/z 107.0511 ([M�HeCH2O]�,m/z 107.0511). Based on themolecular
weight and the structure of SNZ, we believed that M2 may be the
hydrolysis product ofM1 by loss of glucose residue. After comparison
with the standard substance, it was determined that M2 may be
tyrosol (C8H10O2).

Next, to clarify the metabolic characteristics of M1 and M2 by
gut microbiota, a quantitative analysis method for detecting sali-
droside and tyrosol in intestinal bacterial matrix was established
using HPLC-MS/MS. The chromatogram is shown in Fig. 3A. The
retention time of salidroside in this method was 10.1 min, and the
retention time of tyrosol was 11.3 min. After co-incubating the in-
testinal flora with SNZ for 0, 0.25, 0.5, 1, 1.5, and 2 h, 3-fold volume
of methanol solution containing glipizide was added to the system
to terminate the reaction. The production of potential metabolites
was explored. As shown in Fig. 3B, salidroside was first rapidly
Fig. 3. Quantitative study of specnuezhenide (SNZ) intestinal bacteria metabolites and in vi
salidroside. (B) Metabolic curve of salidroside in vitro. (C) Metabolic curve of tyrosol in vitr
mice. (E) Pharmacokinetic time-concentration curve of SNZ in normal mice. (F) Pharmacokin
concentration curve of tyrosol in normal mice. Data are presented as mean ± standard dev
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generated in the system, and salidroside reached the highest peak
(3.29 mg/mL) at 15 min. Then, the content of salidroside gradually
decreased, indicating that salidroside is not the final product of
intestinal bacterial metabolism. The content of tyrosol increased
gradually with incubation time (Fig. 3C). The two metabolites were
not detected in the inactivated control group, indicating that these
two metabolites were produced by the metabolism of intestinal
bacteria.

3.2. Pharmacokinetics of SNZ mediated by the gut microbiota

Since SNZ was metabolized by gut microbiota in vitro, it is
necessary to investigate the effect of gut bacteria on the pharma-
cokinetic behavior of SNZ in mice. A PGF model was established 3
days after administration of erythromycin 200 mg/kg, oxytetracy-
cline 200 mg/kg, and cefadroxil 100 mg/kg to healthy Balb/c mice.
Fig. 3D shows the number of bacterial colony forming units (CFUs)
in the intestinal contents of normal and PGF mice. The CFUs of the
PGF group were significantly lower than those of the normal mice
(***P < 0.001) by 80.1%, which indicated that the gut microbiotawas
depleted under the action of antibiotics and that the PGF state was
successfully established.

Then, SNZ (109.2 mg/kg) was orally administered to normal
Balb/c mice and PGF mice. Figs. 3E�G demonstrate the time-
concentration curves of SNZ, salidroside, and tyrosol, respectively.
vo pharmacokinetic study. (A) Extract ion chromatogram of tyrosol, SNZ, glipizide, and
o. (D) Number of colonies in intestinal contents of normal and pseudo-germfree (PGF)
etic time-concentration curve of salidroside in normal mice. (G) Pharmacokinetic time-
iation. ***P < 0.001. CFUs: colony forming units.



Table 2
Pharmacokinetic parameters in normal Balb/c mice and pseudo-germfree (PGF) mice after oral administration of specnuezhenide (SNZ; 109.2 mg/kg).

Parameters SNZ Salidroside Tyrosol

Normal PGF Normal PGF Normal

Mean SD Mean SD Mean SD Mean SD Mean SD

AUC(0�t) (mg/L/min) 51191.08 16017.34 187946.85 68700.59 33814.78 6072.84 3079.01 859.31 13158.45 2024.93
AUC(0�∞) (mg/L/min) 55211.00 19113.37 191167.49 70315.67 36004.16 7985.77 3205.99 801.92 13944.89 2151.59
t1/2 (min) 110.14 68.39 82.57 31.67 90.82 51.44 14.24 2.42 110.25 33.82
tmax (min) 10.00 0.00 12.00 4.47 44.00 8.94 16.00 5.48 36.00 8.94
cmax (mg/L) 776.39 158.14 2310.30 289.72 257.29 44.59 82.70 8.34 125.80 32.73

SD: standard deviation; AUC(0�t): area under the curve (from zero to time of sample collection at which the last concentration can be accurately determined); AUC(0�∞): area
under the curve (from zero to infinity); t1/2: half-life period; tmax: peak time; cmax: peak concentration.
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The pharmacokinetic parameters are shown in Table 2. The peak
concentration (cmax) and area under the curve (from zero to time of
sample collection at which the last concentration can be accurately
determined, AUC(0�t)) of SNZ in the plasma of the PGF mice were
2.9 and 3.7 times higher than those of the normal mice, respec-
tively, suggesting a weak metabolic activity in the gut under the
PGF state (Fig. 3E and Table 2). Correspondingly, the exposure of
salidroside and tyrosol to the PGF mice was also significantly lower
than that of the normal mice (Figs. 3F and G and Table 2). In
addition, the cmax and AUC(0�t) of salidroside in the normal mice
were higher than those in the PGF mice (Fig. 3F and Table 2). Be-
sides, the concentration of tyrosol in the PGF mice was lower than
that in the normal group. However, the pharmacokinetic parame-
ters could not be fitted due to the lack of detectable time points
(Fig. 3G and Table 2). Based on this, we can speculate that the gut
microbiota has an important effect on the pharmacokinetic char-
acteristics of SNZ.
Fig. 4. Transformation of specnuezhenide (SNZ) to salidroside and tyrosol mediated by carb
(B) 2D schematic diagram of the binding of SNZ to carboxylesterase. (C) Inhibition metabo
Inhibition of the conversion from SNZ to salidroside by incubation with BNPP in vitro. (E)
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3.3. Carboxylesterase-mediated transformation of SNZ in the gut

SNZ contains carboxyl ester bonds, and the metabolites identi-
fied were the products of the hydrolysis of the ester bond. There-
fore, we studied the role of carboxylesterases in bacterial flora on
SNZ metabolism. First, the crystal structure of carboxylesterase
(PDB 1AUO) was obtained from the PDB database, and then virtual
molecular docking analysis was performed. Fig. 4A shows the vir-
tual docking principle between SNZ and carboxylesterase. When
SNZ was in contact with carboxylesterase, the two molecules
exhibited strong docking ability with a binding free energy
of �45.06 kcal/mol. Fig. 4B shows a two-dimensional schematic
diagram of SNZ binding to carboxylate. As shown in Fig. 4B, there
weremany hydrophilic bonds (hydrogen bonds) in the active site of
carboxylesterase, which may be the main binding force between
SNZ and carboxylesterase. In addition, after the carboxylesterase
inhibitor BNPP (0, 1, 5, and 10 mM) was added to the incubation
oxylesterase. (A) Molecule docking principle between SNZ and carboxylesterase 1AUO.
lic curve of SNZ by incubation with bis-p-nitrophenyl phosphate (BNPP) in vitro. (D)
Inhibition of the conversion from SNZ to tyrosol by incubation with BNPP in vitro.
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system, the metabolic rate of SNZ was inhibited in a dose-
dependent manner, which indicated that the carboxylesterase
does take part in the metabolism of SNZ (Fig. 4C). Meanwhile, SNZ
still can be completely consumed as the incubation time prolonged,
which may be explained by the metabolism of glycosidic bonds on
the SNZ by the gut microbiota. However, the corresponding struc-
turewas hardly detected, andwe believe the sugarmoiety was then
rapidly transformed into other metabolites with smaller molecular
weight, such as short chain fatty acids. Interestingly, the conversion
of SNZ to salidroside and tyrosol, the metabolites from hydrolyzing
the carboxyl ester bond, was significantly inhibited (Figs. 4D and E)
after adding BNPP, and showed a dose-dependent manner. The
contents of salidroside and tyrosol in BNPP groups were far lower
than those in the control group. At 120 min, the inhibition rate of
tyrosol production was 81.5%, 93.1%, and 100.0% as the concentra-
tion of BNPP increased, compared with the control group, respec-
tively, which confirmed that generation of salidroside and tyrosol
was dependent on the action of gut microbial carboxylesterase.
Combined with the above results, the findings indicate that car-
boxylesterases of gut microbiota may be key bacterial enzymes for
the conversion of SNZ to salidroside and tyrosol.

3.4. SNZ has antitumoral effect on tumor-bearing mice

Next, the pharmacological activity of SNZ was studied. An
orthotopic colorectal tumor model was established. The experi-
mental process is shown in Fig. 5A. Male Balb/c mice were injected
into the anal epithelium with 2�106 murine colorectal tumor cells
(colon 26 cells) to obtain a colorectal tumor model. The NPGF, the
TPGF, and the SNZ TPGF groupwere given an oral gavage of cocktail
antibiotics for three days after inoculation of cells to establish a PGF
state. The results of the therapeutic effect of SNZ on colorectal tu-
mors in mice are shown in Fig. 5. After 10 days of drug in-
terventions, the body weight in the tumor group decreased
(*P < 0.05, Fig. 5B), while the body weight in the SNZ group was
observed to increase slightly (*P < 0.05, Fig. 5B). After collecting the
tumor tissues, the size of the tumor tissues was measured. As
shown in Fig. 5C, the tumor in the SNZ group was smaller than that
in the tumor group, while the tumor size of the TPGF group and the
SNZ TPGF group did not change significantly. The tumor weights
were also measured. Compared with the tumor group, it was seen
that the tumor weight decreased by 24.4% in the SNZ group
(**P < 0.01), while there was no significant difference between the
TPGF group and the SNZ TPGF group compared with the model
group, although the tumor weight of TPGF and SNZ TPGF was
reduced to some extent (Fig. 5D). At the same time, the tumor ratio
(ratio of tumor/body weight) was also compared, and it was found
that the tumor ratio of the SNZ group decreased significantly by
30.8% (***P < 0.001), while the TPGF group and the SNZ TPGF group
both decreased slightly (Fig. 5E). Of note, the tumor weight
(*P < 0.05, Fig. 5D) and the tumor ratio (*P < 0.05, Fig. 5E) of SNZ
group were both lower than those of SNZ TPGF group, suggesting
the gut microbiota takes part in the antitumoral activity of SNZ.
Furthermore, it was observed that the weight of the spleen in the
tumor group was increased (*P < 0.05) compared with the normal
group since the spleen weight is related to the inflammation and
immunity homeostasis, while the weight of the spleen in SNZ
group was recovered. Compared with the tumor group, the spleen
weight decreased by 26.6% in SNZ group (*P < 0.05), and the use of
antibiotics neutralized the effect of SNZ and seemed to further
aggravate lesions in the spleen (Fig. 5F). It was also observed that
the spleen ratio (ratio of spleen/body weight) in the tumor group
increased (*P < 0.05) compared with the normal group, while
decreased in SNZ group (*P < 0.05) compared with the tumor group
(Fig. 5G). The inflammatory factors including TNF-a, IL-6, and IL-1b
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in serum were detected to evaluate the whole-body inflammation
progression. As shown in Figs. 5H�J, the TNF-a (**P < 0.01), IL-6
(*P < 0.05), and IL-1b (*P < 0.05) levels in the tumor group were
significantly higher compared with those in normal group. The
TNF-a (*P < 0.05), IL-6 (*P < 0.05), and IL-1b (*P < 0.05) contents of
the SNZ group declined significantly, respectively, compared with
those of the tumor group. The TNF-a, IL-6, and IL-1b contents of the
TPGF and SNZ TPGF group were found to decrease due to their anti-
inflammatory properties. The above results indicated that SNZ
exhibited therapeutic effects on colorectal tumors, which was
dependent on the intestinal flora.

3.5. SNZ intestinal bacterial metabolites can be distributed in
various organs in tumor-bearing mice

The pharmacokinetic properties and tissue distribution of SNZ
in colorectal tumor mice was investigated to further understand
the potential therapeutic mechanism of SNZ. Colorectal tumor mice
and PGF tumor mice were orally fed with SNZ (109.2 mg/kg). Figs.
6A�C show the time-concentration curves of SNZ, salidroside, and
tyrosol in tumor mice. Meanwhile, the pharmacokinetic parame-
ters were shown in Table 3. The cmax and AUC(0�t) of SNZ in the
plasma of PGF tumormice were 2.7 and 4.9 times higher than those
in the plasma of the tumor mice, respectively (Fig. 6A and Table 3).
Meanwhile, the plasma exposures in salidroside and tyrosol in the
PGF tumor mice were significantly lower than those in the tumor
mice (Figs. 6B and C and Table 3). In addition, the cmax and AUC(0�t)

of salidroside in the plasma of the tumor mice were higher than
those in the plasma of the PGF tumormice, respectively (Fig. 6B and
Table 3). The exposure of tyrosol in the plasma in the tumor mice
was significantly higher than that in PGF tumor mice. Due to fewer
detectable time points, so the pharmacokinetic parameters of
tyrosol could not be fitted (Fig. 6C and Table 3).

At the same time, the tissue distribution of SNZ was investi-
gated, and it was found that the intestinal bacterial metabolites
salidroside and tyrosol of SNZ could be distributed in various tis-
sues (Figs. 6D and E). Salidroside can be distributed in liver, kidney,
stomach, small intestine, etc., while tyrosol can be distributed in
the liver, kidney, stomach, small intestine, heart, spleen, lung, co-
lon, and other organs and tissues. It was worth noting that after oral
administration of SNZ (109.2 mg/kg) for 20 min, a large amount of
salidroside (**P < 0.01) and tyrosol (***P < 0.001) were detected in
tumor tissue of tumor mice compared with PGF tumor mice (Figs.
6F and G). This result indicated that SNZ gut bacteria metabolites
salidroside and tyrosol can directly interact with the tumor and
may be the effective substances of anticancer effect of SNZ.

3.6. SNZ induced the production of short-chain fatty acids in vitro
and in vivo

Short-chain fatty acid has been reported to play a role in
reducing inflammation [41]. Especially, the butyric acid exhibited
the antitumor activity and increase the efficacy of anticancer
therapy [42]. Thus, the content of short-chain fatty acids in the
incubation system was measured to investigate whether the SNZ
could influence the function of gut microbiota. As shown in Figs.
7A�C, compared with the control group, SNZ could significantly
promote and stimulate the intestinal flora to produce short-chain
fatty acids, including butyric acid (Fig. 7A, ***P < 0.001), propionic
acid (Fig. 7B, ***P < 0.001), and acetic acid (Fig. 7C, ***P < 0.001). At
the same time, the animal feces of each group were collected, and
then the content of short-chain fatty acids in the animal feces was
detected. As shown in Figs. 7D�F, comparedwith the normal group,
the content of short-chain fatty acids in the fecal samples of the
tumor group decreased, including butyric acid (Fig. 7D, *P < 0.05),



Fig. 5. The antitumoral activity of specnuezhenide (SNZ). (A) Experiment scheme of pharmacological effect of SNZ. (B) Animal weight after 10 days of treatment. (C) Tumors were
harvested and taken pictures by a digital camera. (D) Tumor weight in each group. (E) Ratio of tumor weight/body weight in each group. (F) Spleen weight in each group. (G) Ratio of
spleen weight/body weight in each group. (H) Tumor necrosis factor-a (TNF-a), (I) interleukin-6 (IL-6), and (J) IL-1b in serum. Data are presented as mean ± standard deviation.
*P < 0.05, **P < 0.01, and ***P < 0.001. NPGF: normal pseudo-germfree (PGF) group; TPGF: PGF tumor group; SNZ TPGF: PGF tumor and SNZ group.
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propionic acid (Fig. 7E, *P< 0.05), and acetic acid (Fig. 7F, **P< 0.01),
suggesting that the intestinal flora in the tumor group has been
disturbed. Meanwhile, we found that SNZ group promoted the
production of short-chain fatty acids in tumor-bearing mice, such
as butyric acid was up-regulated by 38.3% compared with the tu-
mor group (Fig. 7D, **P < 0.01), while the content of propionic acid
was up-regulated by 30.8% compared with the tumor group
(Fig. 7E, **P < 0.01), and the acetic acid by 38.9% compared with the
tumor group (Fig. 7F, **P < 0.01). In addition, it was also observed
that the use of antibiotics substantially eliminated short-chain fatty
acids in the feces of each group. Thus, we can infer that SNZ
stimulated the production of short-chain fatty acids both in vitro
and in vivo.

3.7. SNZ regulated the composition of the intestinal microbiota and
gut mycobiota

Then, we investigated whether SNZ influence the composition
of gut microbiome. After 10 days of oral administration of SNZ, fecal
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samples were collected for analysis of gut microbiota composition.
The differences in gut microbiota were investigated by 16S rRNA
gene sequencing and pyrosequencing of the V3 and V4 regions.
Fig. 8A shows the a-diversity of the fecal sample in each group. a-
diversity indicated the number of microbial species in a single
sample and the proportion of each species. The Chao1 index and
Shannon index of the NPGF group, the TPGF group, and the SNZ
TPGF group were significantly decreased, compared with the
normal group. The a-diversity in the tumor group showed a
downward trend, while the Chao1 index and Shannon index of the
intestinal flora recovered in SNZ group. Fig. 8B shows the b-di-
versity of the fecal sample flora which illustrates the similarities
and differences among samples. The tumor group deviated from
the Normal group, suggesting the intestinal flora was greatly
changed under the tumor conditions, while the SNZ group situated
close to the normal group, which indicated SNZ restored the
disturbance of intestinal flora under the tumor state to a certain
extent. Fig. 8C shows the distribution at the phylum level of the
microbiota. Compared with the normal group, the proportion of



Fig. 6. Pharmacokinetic study of specnuezhenide (SNZ) in tumor mice. (A) The pharmacokinetic time-concentration curve of SNZ in tumor mice. (B) Pharmacokinetic time-
concentration curve of salidroside in tumor mice. (C) Pharmacokinetic time-concentration curve tyrosol in tumor mice. (D) Tissue distribution of salidroside in tumor mice. (E)
Tissue distribution of tyrosol in tumor mice. (F) Concentration of salidroside in tumor site. (G) Concentration of tyrosol in tumor site. Data are presented as mean ± standard
deviation. **P < 0.01 and ***P < 0.001. PGF: pseudo-germfree.

Table 3
Pharmacokinetic parameters in tumor mice and pseudo-germfree (PGF) tumor mice after oral administration of specnuezhenide (SNZ; 109.2 mg/kg).

Parameters SNZ Salidroside Tyrosol

Normal PGF Normal PGF Normal

Mean SD Mean SD Mean SD Mean SD Mean SD

AUC(0�t) (mg/L/min) 18752.02 3627.44 93688.66 29997.30 22373.93 5714.01 2207.64 889.49 8918.61 1333.62
AUC(0�∞) (mg/L/min) 18817.56 3656.74 94414.35 30656.63 23773.54 5179.09 2452.12 1107.57 9833.89 1386.34
t1/2 (min) 27.09 10.41 65.50 34.44 43.89 13.61 20.36 7.23 39.59 14.47
tmax (min) 8.00 2.74 10.00 0.00 18.00 4.47 18.00 4.47 32.00 17.89
cmax (mg/L) 919.22 268.35 2435.66 365.18 292.08 50.33 74.99 35.39 134.49 15.24

SD: standard deviation; AUC(0�t): area under the curve (from zero to time of sample collection at which the last concentration can be accurately determined); AUC(0�∞): area
under the curve (from zero to infinity); t1/2: half-life period; tmax: peak time; cmax: peak concentration.
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Bacteroidetes decreased significantly in the tumor group, while the
proportion of Proteobacteria increased, and Firmicutes/Bacteroidetes
(F/B%) increased, which was a biomarker for evaluating the path-
ological state and the lower F/B% correlated with a healthier state.
After treatment with SNZ, the F/B% decreased significantly. We
further analyzed the composition of intestinal flora at the genus
level in the normal group, tumor group, and SNZ group. As shown
in Fig. 8D, in the heatmap of top 30 genera, Alistipes,
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Lachnospiraceae_UCG-001, Lachnospiraceae_NK4A136_group, Pre-
votellaceae_UCG-001, Bilophila, Parabacteroides, Helicobacter, Clos-
tridium_sensu_stricto_1 increased in abundance in model group,
while Anaerotruncus, Butyicicoccus, Lactobacillus, and Rikenella-
ceae_RC9_gut_group decreased in abundance. In addition, the
abundance of some genera, such as Anaerotruncus, Butyricicoccus,
Lactobacillus, Rikenellaceae_RC9_gut_group, etc., increased in the
SNZ group compared with the tumor group, while Roseburia,



Fig. 7. Specnuezhenide (SNZ) stimulated gut microbiota to produce short-chain fatty acids in vivo and in vitro. (A) Butyric acid content in the co-incubation system of intestinal
bacteria and SNZ in vitro. (B) Propionic acid content in the co-incubation system of intestinal bacteria and SNZ in vitro. (C) Acetic acid content in the co-incubation system of
intestinal bacteria and SNZ in vitro. (D) Butyric acid content in feces of animals in vivo. (E) Propionic acid content in feces of animals in vivo. (F) Acetic acid in feces of animals in vivo.
Data are presented as mean ± standard deviation. *P < 0.05, **P < 0.01, and ***P < 0.001. NPGF: normal pseudo-germfree (PGF) group; TPGF: PGF tumor group; SNZ TPGF: PGF tumor
and SNZ group.
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Lachnospiraceae_UCG-001, Lachnospiraceae_NK4A136_group, Enter-
orhabdus, Desulfovibrio, Bilophila, Parabacteroides, Helicobacter, and
Clostridium_sensu_stricto_1 decreased. Fig. 8E demonstrates the
representative genera with significant changes between tumor
group and normal group. Lachnospiraceae UCG-001 has been re-
ported to be more abundant in older female mice than in younger
females, suggesting that it is associated with aging [43]. Pre-
votellaceae_UCG-001 is associated with the pathogenesis of colitis
[44]. Stomach infection caused byHelicobacter pylori in Helicobacter
is reported to be associated with progression of distal gastric cancer
and gastric mucosal lymphoma in humans [45]. Anaerotruncus is
associated with protection from hepatocellular carcinoma [46].
Clostridium perfringens was reported to be associated with colo-
rectal cancer in an elderly woman [47]. Butyicicoccus produces
butyrate and simultaneously modulates short-chain fatty acid
transporters and receptors to inhibit 1,2-dimethylhydrazine-asso-
ciated colorectal cancer progression [48]. Lactobacillus, a common
probiotic, has been reported to provide anticancer effects by pro-
moting tumor cell apoptosis and reducing oxidative stress, while
also reducing the abundance of the cancer-promoting microor-
ganism Fusobacterium [49].

In addition, we also analyzed the composition of mycobiota in
normal group, tumor group, and SNZ group. As shown in Fig. 9, the
Shannon index and Chao1 index in tumor group showed an upward
trend, but a downward trend in SNZ group (Figs. 9A and B). Fig. 9C
shows the b-diversity in each group. The SNZ group situated closer
to normal group than tumor group, suggesting the abnormal
composition of tumor group occurred and the SNZ showed the
ability to restore this abnormality. By analyzing the characteristics
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of the mycobiota at the phylum level, it was found that the relative
abundance of Basidiomycota and Ascomycota increased in the tumor
group, but decreased in the SNZ group (Fig. 9D). Intestinal fungi
tend to metabolize and grow more vigorously under the patho-
logical conditions. Further analysis of the characteristics at the
genus level was shown in Fig. 9E. The relative abundance of several
genera, including Aspergillus and Acremonium, increased in tumor
group compared with normal group, but decreased in the SNZ
group (Fig. 9F). In addition, the relative abundances of Candida and
Penicillium decreased in tumor group and gradually recovered in
SNZ group (Fig. 9F). It has been reported that Candida contains a
variety of human commensal species, such as Candida albicans,
which can alleviate the intestinal mucosal damage caused by
dextran sulfate-induced colitis in mice, exhibit immunomodulatory
properties, and maintain intestinal homeostasis [50]. Penicillium
has been reported to produce multiple secondary metabolites that
inhibit tumor cell growth [51]. Aspergillus produces aflatoxins,
which can cause opportunistic infections and liver damage in
humans [52], and recent studies have shown that its abundance is
increased in the gut of patients with multiple sclerosis [53]. Acre-
monium is an opportunistically pathogenic fungus that may invade
the host in disease states and aggravate host infection [54].

Finally, since the SNZ showed a unique ability to change mi-
crobial spectrum and exhibited an anticancer effect, it is necessary
to elucidate the relationship between the gut microbiome and the
tumor-related factors and the role of SNZ in the treatment of colon
cancer. We performed a correlation analysis of the detected tumor-
related indices with the gut microbiome (Fig. 9G). It was observed
that Lactobacillus, Candida, and Anaerotruncus were negatively



Fig. 8. Specnuezhenide (SNZ) modulated gut microbiota composition in tumor mice. (A) Chao1 index and Shannon index of gut bacteria. (B) b-diversity of gut bacteria. (C) The
distribution of intestinal bacteria at phylum level. (D) Top 30 heat map of intestinal bacteria at genus level (blue star: the genus shows downtrends in SNZ group; red stars: the
genus shows uptrends in SNZ group). (E) The representative genus with significant changes between tumor group and normal group. Data are presented as mean ± standard
deviation. *P < 0.05, **P < 0.01, and ***P < 0.001. NPGF: normal pseudo-germfree (PGF) group; TPGF: PGF tumor group; SNZ TPGF: PGF tumor and SNZ group; PC: principal
component.
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correlated with tumor ratio and tumor weight, and Pre-
votellaceae_UCG-001, Clostridium_sensu_stricto_1, and Aspergillus
were negatively correlated with tumor ration and tumor weight.
Moreover, Lactobacillus and Candida were related to lower inflam-
matory factors and relieved spleen swelling, and Lachnospir-
aceae_UCG-001, Helicobacter, Aspergillus and Acremonium seemed
to be responsible for the inflammation. In addition, Pre-
votellaceae_UCG-001, Lachnospiraceae_UCG-001, Helicobacter, and
Acremonium were negatively related to the content of short-chain
fatty acids in feces. Lactobacillus and Anaerotruncus tended to be
related to an increased content of short-chain fatty acids.
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4. Discussion

FLL is a traditional Chinese medicinal that nourishes the liver
and kidneys and improves eyesight and hair. It exhibits a wide
range of pharmacological effects, such as anti-inflammatory and
analgesic, immune regulation, and antibacterial and antiviral ef-
fects. Currently, FLL is used in various Chinese patent preparations,
including Erzhi Pills. As the main component of FLL and Chinese
patent preparations containing FLL, SNZ exhibits pharmacological
activities such as anti-inflammatory [11], antioxidative stress [14],
and pancreatic islet protection [12]. Our study showed that SNZ



Fig. 9. Specnuezhenide (SNZ) modulates gut mycobiota composition in tumor mice. (A) Chao1 index of gut fungi. (B) Shannon index of gut fungi. (C) b-diversity of gut fungi. (D)
Relative abundance of Basidiomycota and Ascomycota in each group. (E) Top 18 heat map of the gut mycobiota in genus level (blue star: the genus shows downtrends in SNZ group;
red stars: the genus shows uptrends in SNZ group). (F) The representative fungi genus with significant changes among groups. (G) Correlation analysis between tumor-related
factors and gut microbiome at the genus level. Data are presented as mean ± standard deviation. *P < 0.05. IL: interleukin; TNF: tumor necrosis factor; FDR: false discovery rate.
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could inhibit tumor development in a mouse colorectal tumor
model to some extent.

However, SNZ belongs to iridoid glycosides, which exhibit poor
oral bioavailability; therefore, its pharmacological activity should
be closely related to its metabolism in vivo. In this study, we
discovered the uniquemetabolic effects of SNZ by gut microbes.We
mainly found and confirmed two possible stablemetabolites of SNZ
from gut bacteria. After molecular weight comparison, it was
determined the metabolites may be the hydrolysis products of the
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ester bond on SNZ. The molecular formulas are: C14H20O7 ([M�H]�,
m/z 299.1160, M1) and C8H10O2 ([M�H]�, m/z 137.0596, M2). Then,
the structures and MS fragmentation pathways were analyzed by
HPLC-MSn-IT-TOF. Compared with the standard substances, the
twometabolites were identified as salidroside and tyrosol, of which
salidroside is the metabolite after hydrolyzing the carboxylic ester
bond on SNZ, and tyrosol is the aglycone of salidroside. However,
in vitro liver homogenate metabolism experiments and liver
microsome experiments showed that the metabolism ability of SNZ
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by the liver was very weak.
It was worth noting that salidroside and tyrosol were detected

in the plasma of mice after oral administration of SNZ. Compared
with the pharmacokinetics study of SNZ in normal mice, the levels
of salidroside and tyrosol in the plasma of PGF mice were signifi-
cantly lower, while the exposure of SNZ in the plasma of mice in the
PGF mice was increased. It was suggested that the reduced abun-
dance of gut microbiota due to antibiotics impairs its hydrolysis of
SNZ, which can promote the absorption of SNZ and reduce the
biotransformation of SNZ to salidroside and tyrosol. The above-
mentioned factors may explain the low bioavailability of SNZ after
oral administration. The tissue distribution study in colorectal tu-
mor mice showed that salidroside and tyrosol can be distributed in
various organs. After using antibiotics to deprive the metabolism of
microbial enzymes in the gut, the concentrations of salidroside and
tyrosol in tissues of PGF tumor mice were significantly reduced. It
was worth noting that both salidroside and tyrosol can be distrib-
uted in the tumor sites, suggesting that intestinal bacterial me-
tabolites of SNZ may be the effective substances with antitumor
effects. These two possible metabolites may possess multiple
pharmacological activities. For example, salidroside has been re-
ported to have anticancer effects by promoting apoptosis and
protective autophagy in human adeno gastro carcinoma cells
induced by the phosphatidylinositol 3-kinase/protein kinase B/
mammalian target of rapamycin pathway [55]. In addition, sali-
droside also provides therapeutic effects on poorly differentiated
thyroid cancer and liver cancer through various mechanisms
[56,57]. At the same time, salidroside has antioxidative stress, anti-
aging, and anti-inflammatory effects, and has significant activity on
the cardiovascular system and central nervous system [58]. Tyrosol
is the aglycone of salidroside, which shows biological activities
such as antioxidant, stress protection, anti-inflammatory, anti-
cancer, cardioprotection, neuroprotection, etc.. Tyrosol has
emerged as a promising neuroprotective agent for ischemic stroke
[59]. It was reported that tyrosol will continue to metabolized into
tyrosol sulfate once absorbed into the body, which has the potential
of anti-oxidant and anti-inflammation effects [60]. These results
further demonstrated that the gut microbial metabolites of SNZ
may enter the tumor site to exert antitumor effects.

Next, we investigated which factors mediated this biotransfor-
mation (from SNZ to salidroside/tyrosol). Through virtual
Fig. 10. The metabolic pathway of specnuezhenide (SNZ) by gut microbi
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molecular docking study and inhibitor experiments, we found that
carboxylesterase is one of the key enzymes mediating this trans-
formation process. The inhibitor experiment showed that the car-
boxylesterase inhibitor BNPP significantly delayed the metabolic
rate of SNZ within 120 min (high concentration of BNPP (10 mM)
can prolong approximately 60 min compared with the control
group). Salidroside and tyrosol were significantly inhibited by
BNPP. Although SNZwas completelymetabolizedwithin 120min in
the incubation system with the existence of BNPP, this may be due
to the fact that the sugar residue in the SNZ may act as the domi-
nant carbon source of the gutmicrobiota. The preferential uptake of
the sugar moiety led to other biotransformations of SNZ [54], and
the intermediate metabolites produced were likely to be unstable
and therefore not significantly detected in our study. Interestingly,
carboxylesterases played an important role in the transformation
process, and the interaction of SNZ with gut bacteria was similar to
that of albiflorin in our previous work [61]. In addition, a virtual
molecular docking study confirmed that the isoform of carbox-
ylesterase that mediates the biotransformation of SNZ may be
carboxylesterase 1AUO.

Furthermore, microbial diversity analysis showed that SNZ
could alleviate tumor progression by modulating the abundance of
intestinal flora and increasing the abundance of probiotics. We
found that the abundance of Lactobacilluswas increased in the SNZ-
treated animals. By referencing the database, the Lactobacillus
genus was reported to contain a large number of gene fragments
encoding enzymes with similar functions to carboxylesterases,
which was consistent with the previous results [62]. It was sug-
gested that the interaction of SNZ with gut microbiota further
promoted the therapeutic effect of SNZ.

In addition, since salidroside and tyrosol are polyphenolic
compounds, it has been reported salidroside and tyrosol also have
the ability to modulate the structure of the gut microbiota [63]. In
addition, SNZ also regulated the abundance of some short-chain
fatty acid-producing genera, such as Butyricicoccus [48], Lactoba-
lillus [64], Anaerotruncus [65], etc., thereby increasing the content of
short-chain fatty acids in feces, which also corresponded to the
results of in vitro incubation experiment. Intestinal bacteria can use
SNZ as the sole carbon source, and the glycosyl moiety of SNZ was
eventually metabolized into short-chain fatty acids by intestinal
bacteria. On the other hand, polyphenol metabolites such as
ota and possible tumor-suppression therapeutic mechanism of SNZ.
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salidroside and tyrosol can be further converted into short-chain
fatty acids by gut microbes [66]. Short-chain fatty acids have been
reported to prevent colitis by modulating immunity and stabilizing
intestinal regulatory T cells [67], which may correspond to the
remission of the pathological condition of the splenomegaly in
mice given SNZ. Intestinal fungi also changed to a certain extent in
this study, which may be the direct effect of SNZ on the fungal
group, since polyphenols have been reported to kill some patho-
genic fungi [68]. The changes in gut mycobiota may also be a sec-
ondary response to the balance disturbance of the intestinal flora,
which echoes the previous conclusions [69e71]. The metabolic
pathway by gut microbiota and possible tumor-suppression ther-
apeutic mechanism of SNZ are shown in Fig. 10.

5. Conclusion

In this study, the interaction between SNZ, the main component
of the traditional Chinese medicine FLL, and the intestinal microbes
was explored. The carboxylesterase in intestinal microbiota was
one of the main enzymes involved in the metabolism of the SNZ. In
addition, we identified salidroside and tyrosol as the gutmicrobiota
metabolites of SNZ. SNZ can also stimulate the secretion of short-
chain fatty acids by intestinal flora in vitro and in vivo and
showed anti-inflammatory effects in vivo. Oral administration of
SNZ to colorectal tumor mice showed that SNZ had the potential to
inhibit tumor growth, and this effect was dependent on the intes-
tinal microbes. Moreover, the gut microbiota-based pharmacoki-
netics characteristics of SNZ as well as the two metabolites in mice
suggested the salidroside and tyrosol may be the therapeutic sub-
stances of SNZ to suppress tumor growth, since salidroside and
tyrosol can be distributed in tumor site. Furthermore, SNZ can also
regulate the composition of the gut microbiota and gut mycobiota,
which may contribute to the efficacy of SNZ.
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