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KEYWORDS Abstract The purpose of this study was to illustrate the mechanism of “‘enzyme inactivation and
Stir-frying; toxicity reduction” of Fructus Tribuli (FT) after being heating processed. Ultra-high performance
Hepatorenal toxicity; liquid chromatography coupled with triple quadrupole tandem mass spectrometry (UHPLC-MS/
Fructus Tribuli; MS) was used to quantitatively analyze the contents of four steroidal saponins in crude Fructus Tri-
Enzyme inactivation; buli (CFT) and stir-fried Fructus Tribuli (SFT) under different storage times at room temperature.
Toxicity reduction The enzyme activity of f-D-glucosidase in CFT and SFT were determined and calculated by ultra-

violet—visible spectrometry (UV-VIS spectrometry). In addition, the enzyme hydrolysates of FOT
and tribuluside A were qualitatively analyzed by ultra-high-performance liquid chromatography
coupled with quadruple-time-of-flight mass spectrometry (UHPLC-Q-TOF/MS). The hepatorenal
toxicity of spirostanol saponins in FT were further confirmed by in vivo and in vitro experiment.
This study confirmed that “‘enzyme inactivation and toxicity reduction” was one of the reasons
why the stir-frying can reduce hepatorenal toxicity of FT, and further enriched the exploration
on the mechanism of processing toxicity reduction.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Fructus Tribuli (FT) is the dried and ripe fruit of an annual plant
(Tribulus terrestris L.) which belongs to family Zygophyllaceae. It
has a long history as traditional Chinese herb and is recorded in Sheng
Nong’s herbal classic, Chinese first monograph on traditional Chinese

&8l ) ) . medicine. In the Chinese Pharmacopoeia, FT has been used for the
FLSEVIER Production and hosting by Elsevier treatment of skin pruritus, headache, vertigo and mammary duct
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blockage (Commission 2020). Modern pharmacological studies have
found that FT possesses functions of anti-cancer (Patel et al., 2019),
anti-inflammatory (Tian et al., 2020), anti-depression (Zhang et al.,
2017), anti-ischemic stroke (Guo et al., 2020), anti-bacterial (Batoei
et al., 2016), inhibition of pulmonary fibrosis (Qiu et al., 2019), and
treatment of cardiovascular diseases (Jiang et al., 2016). Additionally,
as a beverage (bush teas), FT has long been used empirically to propel
urinary stones in Iraq (Al-Ali et al., 2003). And as a common nutri-
tional supplement, FT has significantly alleviated muscle damage
and promoted anaerobic performance of trained male boxers (Ma
et al., 2017).

With the wide application of FT, its toxic and side effects have also
been attracted attention. There are two prior case reports of FT-
induced hepatorenal toxicity. One young male presented severe
nephrotoxicity after consuming 2 L of FT water in two consecutive
days (Talasaz et al., 2010). The other young male, presenting with sev-
ere hyperbilirubinemia followed by acute renal failure and bile contain-
ing casts in the tubules, taken FT extract tablets (one tablet a day for a
few months) as part of his body-building program (Ryan et al., 2015).
Not only had FT been reported to cause hepatorenal toxicity in clinical
applications, but also FT had been confirmed the hepatorenal toxicity
in vitro and in vivo experiment. In vitro experiments confirmed that the
methanol extract of FT had significant cytotoxicity against rat renal
tubular epithelial cells with 1Cs, value of 0.16 mg/mL (Abudayyak
et al., 2015). Rats were orally administered with water decoction of
FT (50 times the human clinical dosage) once daily for three months,
the long-term toxicity test showed that there were swelling, edema,
inflammation in the liver and compensatory hyperplasia, hypertrophy
in the kidney. However, these conditions could be recovered after two
weeks of drug withdrawal (Xiang et al., 2006). Gandhi S (Gandhi
et al., 2013) used steroidal saponins extract of FT (50 mg/kg for
8 weeks) to treat streptozotocin-induced diabetic rats, and confirmed
its anti-diabetic effect, but found its potential nephrotoxicity that is
independent its antidiabetic action. This study suggested that the
nephrotoxicity of FT may be related to the steroidal saponins it con-
tains. Apart from steroidal saponins, other metabolites such as flavo-
noids, alkaloids and polysaccharide etc have been identified from FT
(Hashim et al., 2014), in which p-carboline alkaloids were responsible
for chronic neurotoxicity of the sheep (Bremner et al., 2005).
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Fig. 1

“The raw drug is toxic while the cooked one is less toxic” was one
of the theories of raw and cooked. It refers to some Chinese herbal
medicines are toxic or irritant, which can be reduced or alleviated after
being processed into cooked products (Zhong and Li 2020). Two pro-
cessed products of FT are included in the Chinese Pharmacopoeia
(Commission 2020), crude Fructus Tribuli (CFT) and stir-fried Fruc-
tus Tribuli (SFT). Our previous study found that SFT can significantly
reduce hepatorenal toxicity (Qu et al., 2016) and the transformation of
spirostanol saponins into their aglycones may be the reason of toxicity
reduction of SFT (Yuan et al., 2019). However, in this paper we found
another interesting mechanism of reducing toxicity after FT being
heating processed.

According to the cyclization state of the F-ring, steroidal saponins
are divided into two categories, spirostanol saponins and furostanol
saponins (Fig. 1). Terrestrosin D, a spirostanol saponins separated
from FT, has significant cytotoxic effect on prostate cancer cells and
human umbilical vascular endothelial cells (Wei et al., 2014). Addition-
ally, during our previous studies, it is found that the content of terre-
strosin D in CFT was increased under different storage times at room
temperature. Tschesche reported that the furostanol saponins
sarsaparilloside was easily enzymatic hydrolyzed by f-glucosidase, lost
C-26-glucose, cyclized the F-ring, and converted to the spirostanol
saponins parillin (Tschesche et al., 1967). Hence, we proposed the sci-
entific hypothesis that SFT could “enzyme inactivation and toxicity
reduction”. A flowchart illustrating the strategy of the present study
is shown in Supplementary Fig. SI.

2. Materials and methods

2.1. Chemicals and reagents

LC-MS grade acetonitrile and formic acid were purchased
from Fisher Scientific (Fair Lawn, New Jersey, USA).
HPLC-grade ethanol (Duksan, Korea) was used for sample
preparation. Purified water was obtained from the Elga
purifi-cation system (Purelab Elga, Britain). f-glucosidase
was purchased from Shanghai Yuanye Bio-Technology Co.,
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Structures of the steroidal saponins.



The stir-frying can reduce hepatorenal toxicity of Fructus Tribuli by inactivating B-glucosidase and inhibiting 3

Ltd. (Shanghai, China). 4-Nitrophenyl-f-D-glucopyranoside
(pPNPG) and p-Nitrophenol were purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Other
reagents and chemicals were all of analytical grade.

The standard of terrestrosin D (CAS: 179464-23-4) was
purchased from the National Institutes for Food and Drug
Control  (Beijing,  China).  26-0-f-D-glucopyranosyl-
3f,220,26-triol-(25 R)-5a-furostan-12-one-3-0-f-D-galactopyr
anosyl-(1 — 2)-[f-D-xylopyranosyl-(1 — 3)]-f-D-glucopyrano
syl-(1 — 4)-p-D-galactopyranoside (FOT) (CAS: 2643969-45-
1), tribuluside A (CAS: 943915-16-0), and 25R-tribulosin
(CAS: 79974-46-2) were provided by Baiping Ma, a researcher
of Beijing Institute of Radiation Medicine. The purities of
these analytes were determined to be > 98%.

The kits for detecting alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase
(ALP), blood urea nitrogen (BUN), and creatinine (CR) were
purchased from Rayto Life and Analytical Sciences Co., Ltd.
(Shenzhen, China). Total bilirubin (TBIL) kit was purchased
from Changchun Huili biotech Co., Ltd. (Changchun, China).
p-N-Acetylglucosaminidase (NAG) kit and kidney injury
molecule 1 (KIM-1) kit were purchased from Jiangsu Key-
GEN Bio TECH Co., Ltd., (Nanjing, China).

Dulbecco’s Modified Eagle’s Medium (DMEM, with high
glucose), 10% fetal bovine serum (FBS), 1% glutamax, 1%
non-essential amino acids, 1% sodium pyruvate 100 mM solu-
tion were purchased from Gibco (New York, USA). 1% peni-
cillin-streptomycin solution, Cell Counting Kit-8§ (CCK-8)
were purchased from Jiangsu KeyGEN Bio TECH Co., Ltd.,
(Nanjing, China).

2.2. Plant collection and identification

Three batches of CFT were collected from different areas in
China (Table 1). The CFT were authenticated by Professor
Fang Zhang of Shandong University of Traditional Chinese
Medicine, and the voucher specimens (No.190212) were depos-
ited at the College of Pharmacy of Shandong University of
Traditional Chinese Medicine.

2.3. Preparation of CFT and SFT

According to the Chinese Pharmacopoeia 2020 edition, CFT
was processed from FT by removing impurities. SFT was
obtained from CFT. Each batch (100 g) of CFT was placed
in a preheated stir-frying machine (MK-30, Jiangyin Zhutang
Mingke Machinery Factory, China), heated at 200 C, stir-
fried for 15 min, and then removed for cooling to room
temperature.

The preparation of UHPLC-MS/MS analysis, UV-VIS
spectrometry analysis, and UHPLC-Q-TOF/MS analysis sam-
ples were described in Supplementary materials.

2.4. Experimental animals

Healthy male SD rats, aged 5 — 8 weeks, weighted 140 + 10 g,
were purchased from Jinan Pengyue experimental animal
breeding Co., Ltd. (No.: SCXK (LU) 2019 0003). Animals
were kept in the animal house of Shandong University of Tra-
ditional Chinese Medicine while maintaining optimal condi-
tion of temperature and humidity and fed with a standard
laboratory diet and water added libitum. All the experimental
procedures were approved by the Committee on Animal Care
and Usage of the Shandong University of Traditional Chinese
Medicine [Reference No.: SDUTCM?202101005]. All rats were
sacrificed lawfully after completion of the experiments.

2.5. Cell culture

The human normal liver cell line (LO2) was supplied by
Jiangsu KeyGEN BioTECH Co., Ltd. Human embryonic kid-
ney cell line (293 T) was supplied by the Cell Bank of Chinese
Academy of Sciences. The LO2 cells were cultured in DMEM
(with high glucose) combined with 10% FBS and 1% peni-
cillin/streptomycin. The 293 T cells were cultivated in DMEM
(with high glucose) combined with 10% FBS, 1% glutamax,
1% non-essential amino acids, 1% sodium pyruvate 100 mM
solution, and 1% penicillin/streptomycin. Both cells were cul-
tured in a humidified incubator with 5% CO, at 37 C.

2.6. UHPLC-MS/MS analysis

UHPLC separation was carried out using an Agilent 1290
UHPLC series (Santa Clara, CA, USA). A Halo ®C,g column
(2.1 x 100 mm, 2.7 pm, Advanced Materials Technology,
USA) was used for chromatographic separation. The mobile
phase consisted of solvent A (0.05% formic acid, v/v and
5 umol/L sodium formate in water) and solvent B (0.05% for-
mic acid, v/v and 5 pmol/L sodium formate in acetonitrile).
The UHPLC gradient elution was optimized as follows: 0 —
0.5 min at 15 — 20% B; 0.5 — 2 min at 20 — 35% B; 2 —
4 min at 35 - 50% B; 4 — 6 min at 50 — 90% B; 6 — 7 min at
90 — 100% B; 7 — 20 min at 100% B. The injection volume
was 5 pL.

The MS/MS detection was performed on an Agilent 6470
triple quadrupole mass spectrometer (Santa Clara, CA,
USA), equipped with an electrospray ionization source. The
flow rate was 0.3 mL/min and the column temperature were
maintained at 30 ‘C. The optimized parameters for the four
analytes are listed in Supplementary Table S2. The mass spec-
trometry parameter settings were optimized as follows: capil-
lary voltage, +4000 V; drying gas temperature, 325 C;
drying gas flow, 10 L/min; nebulizer pressure, 30 psi.

Table 1 Information for three batches of CFT.

No. Place of Origin Batch Number Manufacturer

1 Hebei 1,709,260,132 Bozhou Hugiao Pharmaceutical Co., Ltd.

2 Neimeng C0851805001 Hebei Hehuachi Pharmaceutical Co., Ltd.

3 Hebei 180,501 Anguo Anxing Traditional Chinese Medicine Co., Ltd.
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2.7. UV—VIS spectrometry analysis

The enzyme activity of CFT and SFT was accurately deter-
mined by pNPG method with some modifications (Liu et al.,
2010). A UV-6100A spectrophotometer (MAPADA INSTRU-
MENTS, Shanghai, China) equipped with two square quartz
cells of 10 mm path length was used to measure the spectra
of p-nitrophenol. The software UV-VIS was used for instru-
ment control and spectral acquisition. Sodium carbonate solu-
tion was used as reference blank. The samples were scanned in
the wavelength range of 350 — 450 nm with a sampling interval
of 0.5 nm.

2.8. UHPLC-Q-TOF/MS analysis

UHPLC separation was conducted using the Agilent 1290
UHPLC series (Santa Clara, CA, USA). Chromatographic
separation was performed on a Halo ®C;g column (2.1 x 100
mm, 2.7 um, Advanced Materials Technology, USA). The ref-
erence substances and its enzymatic hydrolysates were ana-
lyzed by UHPLC-Q-TOF/MS with the gradient mobile
phase consisting of 0.08% formic acid in acetonitrile, 0.08%
formic acid in water, (0.0 — 8.0 — 14.0 — 18.0 — 23.0 — 28.0 —
33.0 — 38.0 — 38.1 — 42.0 min, 15 -20 — 23 — 28 — 35 - 50 —
90 — 90 — 100 — 100% acetonitrile). The flow rate was
0.3 mL/min, and the column temperature were maintained at
35 °C. The injection volume was 5 uL. The MS analysis was
performed on an Agilent 6520 Q-TOF mass spectrometer
(Santa Clara, CA, USA) equipped with an electrospray ioniza-
tion source. The mass spectrometer operated in negative ion
mode. The mass spectrometry parameter settings were opti-
mized as follows: capillary voltage, negative ion 3500 V; gas
temperature, 350 °C; drying gas flow, 10 L/min; nebulizer pres-
sure, 30 psi; skimmer voltage, 65 V; fragmentor voltage, 135 V.
The nebulization and auxiliary gas were high-purity nitrogen,
and the mass scanning range was m/z 100 — 1500 Da.

2.9. Preparation of ethanolic extracts

CFT powders (5.0 kg) were soaked in 6250 mL petroleum
ether for 12 h. The mixtures were refluxed and extracted twice,
each extraction lasting for 2 h. Then the CFT residues were
refluxed and extracted twice with 10000 mL 70% ethanol (v/
v), each extraction lasting for 2 h. The extracts were filtered,
then the filtrates were combined. Ethanol was removed by a
rotary evaporator. The extracts were purified by D101 macro-
porous adsorption resin column. Subsequently, the column
was eluted successively with water, 40% ethanol (v/v), 60%
ethanol (v/v), 75% ethanol (v/v), and 95% ethanol (v/v). Each
ethanol eluate was vacuum evaporated, and then freeze-dried
to obtain dry matter. The yield was 4.49%, 1.16%, 0.70%,
0.27% and 0.52%, respectively. Based on the weight of the
dry matter obtained, each group was accurately weighed,
and the volume was made up to exactly 10 mL using 70% etha-
nol (v/v). The concentration of each sample is 1.4 mg/mL of
FT-1, 1.4 mg/mL of FT-2, 1.0 mg/mL of FT-3, 0.5 mg/mL
of FT-4, and 1.4 mg/mL of FT-5, respectively. The sample
solution was filtered through 0.22 pm microporous membrane
for UHPLC-MS/MS analysis and UHPLC-Q-TOF/MS
analysis.

2.10. Animals and husbandry

After a 7-day quarantine-acclimatization period, using the pro-
gram Toxstat 2006, healthy male SD rats were randomly
assigned to control group, carbon tetrachloride positive control
group (CTC), aristolochic acid A positive control group (AAs),
water eluate group (FT-1), 40% ethanol eluate group (FT-2),
60% ethanol eluate group (FT-3), 75% ethanol eluate group
(FT-4), and 95% ethanol eluate group (FT-5). Each group con-
sisted of 10 rats. The dosage of each group: eluate group (equiv-
alent to 72 g of crude drug/kg body weight), AAs group (10 mg/
kg body weight), CTC group (5 mL CCly dissolved in 95 mL of
corn oil, 0.42 mL diluted CCly/kg body weight), control group
(distilled water at the same volume). Diluted CCl, was given to
the CTC group every 3 days via intraperitoneal injection for 56
consecutive days, and other groups were orally administered
once daily for 56 consecutive days.

2.11. Clinical observations

Animals were observed daily for signs of clinical toxicity and
mortality. Observations included, but were not limited to,
the changes in spirit, activity, and hair color.

2.12. Body weight and food consumption

The body weights (g) of all rats in the main groups were mea-
sured every two days during the treatment period. Food con-
sumption (g) was measured at weekly intervals during the
treatment period.

2.13. Urinalysis and serum biochemistry

After consecutive 56 days of drug administration, each rat was
placed in a metabolic cage for 24 h to collect urine. NAG and
KIM-1 were measured by commercial kits. After treatments,
rats were sacrificed, blood was sampled for serum biochem-
istry. Serums were sampled to detect ALT, AST, ALP, TBIL,
BUN, and CR using commercial kits.

2.14. Necropsy and histopathological examination

Livers and kidneys were removed to perform a necropsy. The
kidney and liver from each rat were weighed after the removal
of peripheral fat, and organ indexes were calculated according
to the formula: organ index (%) = organ weight (g)/body
weight (g) x 100%.

All the collected tissues mentioned above were fixed in 10%
neutral buffered formalin. A histopathological examination
was performed following hematoxylin and eosin stain of the
organs listed above from all animals. Tissue sections were
observed using an optical microscope.

2.15. Cytotoxicity assay

LO2 cells and 293 T cells suspension (1 x 10* cells/mL) were
seeded in 96 well plate along. Cell suspension (100 pL) was
added to each well, and cultivated at 37 °C, 5% CO, humidi-
fied incubator. After 24 h of incubation, each well of the drug
group was added with 100 pL of the test solution with different
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concentrations of each steroidal saponins. The final concentra-
tion of each test solution was 41.3, 20.6, 10.3, 5.2, and 2.6 pM.
The negative control group was added with the same volume
of DMEM incomplete culture medium containing DMSO.
10 pL of CCK-8 detection solution was added, followed by
incubation at 37 °C for 2 h. The absorbance A of each well
was measured at 450 nm with a microplate reader
(DNM-9602G, Beijing Perlong New Technology Co., Ltd.,
Beijing, China). The experiments were repeated independently
for six times. The inhibitory rate of cell growth was
calculated according to the following formula: Inhibition rate
(CVO) = (1 - Adrug group/Ancgalivc control group) x 100%.

2.16. Flow cytometry assay

LO2 cells and 293 T cells suspension (I x 10° cells/mL) were
cultivated in culture medium on a 6 well plate along for
24 h, then treated with each steroidal saponin (41.3 uM, the
final concentration), then cultured for 24 h. The cells were har-
vested from the medium and washed twice with PBS, and
resuspended with 500 pL binding buffer. And then stained
with 5 uL FITC Annexin V and 5 pL propidiu-miodide for 5
— 15 min in the dark. Flow cytometry was performed within
1 h. The experiments were repeated independently for three
times.

2.17. Statistical analysis

Data were presented as the mean + SD. Significant differences
were assessed by one-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s test using SPSS 22.0 (SPSS Inc., Chicago,
IL, USA). A P value of < 0.05 was considered significantly
different.

3. Results

3.1. Variations of steroidal saponins under different storage time
conditions

The contents of steroidal saponins were quantitatively ana-
lyzed by UHPLC-MS/MS. As shown in Fig. 2, the contents
of furostanol saponins (FOT and tribuluside A) in CFT
demonstrated similar variations. With the storage time from
0 to 12 th month, the contents of furostanol saponins
decreased gradually. Meanwhile, the contents of spirostanol
saponins (25R-tribulosin and terrestrosin D) increased gradu-
ally. The data are shown in Table 2, compared with the con-
tents of the 0-month group, CFT from three batches showed
decreases in FOT of 34.45%, 36.03%, 31.63%, respectively;
tribuluside A decreased by 29.87%, 16.77%, 28.06%, respec-
tively; terrestrosin D increased by 34.45%, 36.03%, 31.63%,
respectively; 25R-tribulosin increased by 23.80%, 29.52%,
28.47%, respectively.

3.2. Determination of f-glucosidase activity in CFT and SFT

From the spectra of CFT, a characteristic absorption peak of
p-nitrophenol was observed at 401 nm in the CFT, while no
such peak was observed for SFT (Fig. 3A). Statistical analysis
of the data is shown in Fig. 3B, the enzyme activity indexes

were significantly lower in the SFT group than that of the
CFT group (p < 0.01).

3.3. Conversion of furostanol saponins by enzymatic hydrolysis

The enzymatic hydrolysates of furostanol saponins were qual-
itatively analyzed by UHPLC-Q-TOF/MS. The total ion chro-
matogram (TIC) is displayed in Fig. 4. The data are shown in
Supplementary Table S3, peaks 1 — 4 were determined based
on accurate mass, fragmentation pattern, retention time, and
literature (Zhang et al., 2020).

FOT (peak 1), terrestrosin D (peak 2), tribuluside A (peak 3),
and 25R-tribulosin (peak 4) were clearly identified by compar-
ison to the reference substances. The precursor ion (m)/z
1047.4956 [M—H]") of terrestrosin D were found in peak 2
(Fig. 4B). The precursor ion (m/z 1149.5686 [M—H]") of 25R-
tribulosin were found in peak 4 (Fig. 4D). The conversion was
considered to proceed via enzymatic hydrolysis of the C-26-
Glc. The proposed conversion pathway is presented in Fig. 5.

3.4. Variations of steroidal saponins in different concentrations
of ethanol elution

The TIC for FT-1 to FT-5 by UHPLC-Q-TOF/MS is dis-
played in Fig. 6. 31 steroidal saponins were determined by
standard references, accurate mass, fragmentation pattern,
retention time, and literature. The data are shown in Supple-
mentary Table S4. In Fig. 6., peaks 1 — 25 are furostanol sapo-
nins, peaks 26 — 31 are spirostanol saponins. In the TIC, all
furostanol saponins, mainly identified from FT-2 and FT-3,
were distributed in the first 23 min of retention time. All spir-
ostanol saponins, mainly identified from FT-4 and FT-5, were
distributed in the retention times from 23 min to 35 min.

Two component pairs of furostanol saponins and spirosta-
nol saponins with transformation relationships were selected
for quantitative analysis. The contents of four steroidal sapo-
nins are shown in Table 3. The steroidal saponins were dis-
tributed regularly in different ethanol eluates. Furostanol
saponins (FOT and tribuluside A) with high polarity were
mainly present in FT-2 and FT-3, and spirostanol saponins
(terrestrosin D and 25R-tribulosin) with low polarity were
mainly present in FT-4 and FT-5. FT-1 did not contain any
of the four steroidal saponins.

The data indicated that furostanol saponins (FOT and
tribuluside A) were primarily found in FT-2 and FT-3, but
the total content of FOT and tribuluside A in FT-3 was
approximately 3 times higher than that of FT-2. Spirostanol
saponins (terrestrosin D and 25R-tribulosin) were mainly pre-
sent in FT-4 and FT-5, but the total content of terrestrosin D
and 25R-tribulosin in FT-4 was approximately 5.2 times higher
than that of FT-5. It can be concluded that, although furosta-
nol saponins were distributed in both the FT-2 and FT-3, pre-
dominantly in the FT-3; spirostanol saponins were distributed
in both the FT-4 and FT-5, but predominantly in the FT-4.

3.5. Evaluation of hepatorenal toxicity for ethanol eluate in vivo

No rats died during the experimental period. During the treat-
ment period, the CTC and AAs group showed listlessness,
reduced movement, loose stools, and yellow hair.
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Fig. 2 The contents change of four steroidal saponins in three batches of FT during storage at room temperature. CFT (A), SFT (B).

The data of body weight and food consumption are dis-
played in Fig. 7A, 7B. Compared with the control group, the
body weight of CTC group decreased significantly from the
8 day to 12 day, the 22 day, and the 44 day to 48 day
(p < 0.01). The weight of AAs group decreased significantly
on the 10 day, the 22 day, and the 46 — 48 day (p < 0.01).
The body weight of FT-4 group decreased significantly on
the 10 day, and the 38 — 40 day (p < 0.05). The food consump-

tion of CTC group showed a significant reduction at week 2
and week 7 during the treatment period (p < 0.01). AAs group
decreased significantly at week 7 (p < 0.01). Moreover, a sig-
nificant decrease was observed in FT-4 group at week 6
(» < 0.05).

The data of urinalysis and serum biochemistry are shown in
Fig. 7C. Compared with the control group, the AAs group
were significantly increased (p < 0.01) in urinalysis indexes
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Table 2 The contents of the four analytes in FT during stir-frying with different storage time conditions (j1g/g, mean £ SD, n = 3)
*Significantly different from control group at p < 0.05. “Significantly different from control group at p < 0.01.

Analytes FT Batch Content (pg/g)
0 month 3 months 6 months 9 months 12 months
tribuluside A CFT NO.1 26127 + 6.30 248.21 + 11.44 230.74 + 8.14 193.64 + 8.41 183.22 + 3.56""
NO.2 493.53 + 18.77 484.12 + 19.14 455.18 + 17.36 423.63 + 13.89 410.76 + 16.00™
NO.3 382.68 + 5.51 380.63 + 9.91 377.74 + 8.95 298.13 + 10.16 275.31 + 9.83"
SFT NO.1 90.75 + 3.17 84.72 + 2.08 88 + 2.40 81.68 + 2.28 85.67 + 2.66
NO.2 61.67 + 2.08 63.70 + 2.06 59.90 + 1.29 60.52 + 1.94 59.24 + 2.22
NO.3 76.32 + 3.04 77.42 + 2.79 71.70 + 1.48 74.22 + 2.30 7533 + 2.27
25R-tribulosin CFT NO.1 4.76 £ 0.10 6.03 £ 0.18 6.50 £ 0.18 6.74 £ 0.20 7.21 + 0.29"
NO.2 571 + 0.12 6.11 + 0.24 7.53 + 0.25 8.96 + 0.28 9.54 + 0.30""
NO.3 5.56 + 0.14 5.77 + 0.16 7.59 + 0.27 8.66 + 0.31 9.12 + 0.23™
SFT NO.1 4.05 + 0.14 423 + 0.16 446 + 0.11 457 £ 0.18 423 £ 0.10
NO.2 3.75 + 0.09 3.64 £ 0.12 391 + 0.15 423 + 0.12 3.88 + 0.09
NO.3 2.56 £+ 0.08 2.60 £ 0.11 2.90 £ 0.10 2.94 £ 0.11 2.77 + 0.04
FOT CFT NO.1 144.78 + 5.62 142.90 + 4.18 137.08 + 3.21 124.17 + 4.20 110.32 + 3.88""
NO.2 89.69 + 2.41 81.06 + 2.44 75.41 + 2.56 70.35 + 2.77 63.21 + 2.31™
NO.3 122.06 + 3.97 118.88 + 3.75 112.82 + 3.72 96.26 + 3.16 87.31 £ 2.66™
SFT NO.1 40.89 + 1.63 40.97 + 0.88 38.85 + 1.15 38.61 + 1.49 38.04 + 1.43
NO.2 43.04 + 0.96 43.53 + 1.17 40.30 + 0.95 40.82 + 0.93 4121 + 1.63
NO.3 31.44 + 0.97 30.83 + 1.21 31.67 + 1.24 29.94 + 0.83 30.89 + 0.88
terrestrosin D CFT NO.1 123.48 + 3.90 134.72 + 4.22 136.21 + 4.59 153.14 + 3.94 166.02 + 3.38""
NO.2 97.68 + 3.47 104.63 + 3.98 105.04 + 3.89 125.00 + 4.24 132.87 + 4.62""
NO.3 91.66 + 1.99 89.69 + 2.15 109.54 + 3.43 112.00 = 2.61 120.65 = 3.79™"
SFT NO.1 96.61 + 2.88 100.00 + 2.22 104.57 + 3.85 102.57 + 3.57 103.67 + 3.49
NO.2 90.98 + 3.01 96.33 + 2.03 94.20 + 2.56 98.60 + 3.88 9532 + 3.42
NO.3 83.13 + 2.24 87.65 + 2.19 85.61 + 3.31 86.42 + 3.45 85.99 + 3.02
A B
18
2
16 |
O p-nitrophenol 12 }
9
_g { 12 |
8 10 -
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330 400 450 No1 No2 No3
Wavelength (nm)

Fig. 3 UV-VIS spectra (A). B-D-glucosidase enzymatic activity of raw FT and stir- fried FT (B).

(NAG, KIM-1) and kidney function indexes (BUN, CR), the
CTC group were significantly increased (p < 0.01) in liver
function indexes (ALT, AST, ALP, TBIL). All biochemical
indexes in FT-4 were significantly increased (p < 0.05 or
p < 0.01). There were no significant differences (p > 0.05)
in the biochemical indexes of the FT-1, FT-3, and FT-5, except
for NAG (p < 0.05). The results showed that 75% ethanol elu-
ate had certain hepatorenal toxicity in rats.

The organ indexes of CTC group and AAs group were sig-
nificantly increased (p < 0.01), and that of FT-4 group was
increased (p < 0.05). Other groups had no significant differ-
ence (p > 0.05) (Fig. 7D).

Histopathological examinations of control group, FT-1
group, FT-2 group, and FT-3 group showed no abnormalities.
The CTC group exhibited fatty degeneration of liver (indicated
by the red arrow), dilated liver sinusoids (indicated by the blue
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Fig.4 TIC of FOT, terrestrosin D (A), enzymatic hydrolysate of FOT (B), tribuluside A, 25R-tribulosin (C), and enzymatic hydrolysate

of tribuluside A (D) in negative ion mode.

arrow), and inflammatory cell infiltration (indicated by the
black arrow). The inflammatory cells infiltrated, and a small
amount of fatty degeneration were observed in FT-4 group.
In FT-5 group, the structure of hepatic lobules was clear,
and occasionally inflammatory cells infiltration. The AAs
group exhibited the glomerular capillary loops hyperemia
(indicated by the green arrow), denaturation of the renal tubu-
lar epithelial cells (indicated by the orange arrow), and inflam-
matory cell infiltration. In FT-4 group, a small amount of
renal tubular distension (indicated by the purple arrow), and
a small amount of inflammatory cell infiltration were found.

The structure of the FT-5 group did not change significantly,
and a small amount of inflammatory cell infiltration (Fig. 8).

3.6. Evaluation of hepatorenal toxicity for FOT and terrestrosin
D in vitro

The results revealed that FOT was inactive, while terrestrosin
D displayed cytotoxicity against LO2 cells and 293 T cells with
ICsq values of 16.88 uM and 21.80 uM, respectively. The inhi-
bition rates of steroidal saponins on LO2 cells and 293 T cells
are shown in Supplementary Table S5.
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Fig. 5 Proposed transformation pathway of FOT and tribuluside A during enzymatic hydrolysis.
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Fig. 6 The TIC of a mixture of reference compounds and the ethanol eluates (FT-1 ~ FT-5) in negative ion mode.
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Table 3 The contents of four steroidal saponins in different concentrations of ethanol extract of FT based on dry matter (mg/g,

mean £+ SD, n = 3).

Analytes Content (mg/g)

FT-1 FT-2 FT-3 FT-4 FT-5
FOT —_— 3.77 £ 0.12 6.10 £ 0.14 0.32 + 0.01 o
terrestrosin D —_— —_— 1.72 £ 0.06 20.35 £ 0.74 3.99 + 0.16
tribuluside A e 0.77 £ 0.03 7.17 £ 0.16 0.12 + 0.01 e
25R-tribulosin e — — 1.07 £ 0.05 0.15 £ 0.01

The flow cytometry data are showed in Fig. 9. Following
treatment of LO2 cells and 293 T cells with FOT or terrestrosin
D (41.3 uM) for 24 h, the necrosis rate of LO2 cells was 78.2
5 £ 9.12%, 8.6 £ 0.97%, respectively; the necrosis rate of
293 T cells was, 80.89 + 8.77 %, 16.1 = 1.54%, respectively.
These data suggest that terrestrosin D triggers apoptosis and
necrosis in LO2 cells and 293 T cells. However, FOT
(41.3 uM) had no cytotoxicity on two cells.

4. Discussion

Processing of Chinese Materia Medica is a pharmaceutical
technology adopted according to the theory of TCM, the needs
of dialectical medication, the nature of the drug itself and the
different requirements of dispensing preparations (Zhong and
Li 2020). The main purposes of processing are to remove
impurities, improve the Chinese herb’s efficacy, and reduce
the Chinese herb’s toxicity and side effects. Our previous study
has already found that SFT significantly reduced hepatorenal
toxicity, which promoted us to discover the mechanism of “‘en-
zyme inactivation and toxicity reduction” of FT after being
heating processed.

The C22-OH group in furostanol saponins, such as FOT
and tribuluside A, is active and may be easily lost or substi-
tuted (Liang et al., 2002, Kite et al., 2007). During the stir-
frying process, FOT and tribuluside A could transform into
corresponding furostanol saponins with C-20-C-22 double
bonds by dihydroxylation, while spirostanol saponins, such
as terrestrosin D and 25R-tribulosin, could be converted into
their aglycones by deglycosylation (Zhang et al., 2020). There-
fore, the contents of FOT, tribuluside A, terrestrosin D, and
25R-tribulosin in CFT were higher than that of SFT. To the
best of our knowledge, no study has shown that furostanol
saponins with C-20-C-22 double bonds could cyclize the F-
ring, and convert to the spirostanol saponins at room temper-
ature. This suggests that the dehydroxylation reaction initiated
by stir-frying process could also prevent the conversion of fur-
ostanol saponins to spirostanol saponins. However, there are
trends in our data to suggest that furostanol saponins hydrox-
ylated at C-22 were not completely converted to furostanol
saponins with C-20-C-22 double bonds by stir-frying process.
Our data show that with the extension of storage time at room
temperature, the contents of spirostanol saponins (25R-
tribulosin and terrestrosin D) in CFT increased significantly
(p < 0.01), and the contents of furostanol saponins (FOT
and tribuluside A) decreased significantly (p < 0.01), whereas
the contents of 4 steroidal saponins in SFT had no significant
change (p > 0.05). This is an interesting discovery. Although
dehydroxylation and deglycosylation can explain the big dif-

ference in the contents of FOT, tribuluside A, terrestrosin D,
and 25R-tribulosin between CFT and SFT, they cannot
explain the new discovery of this paper. The previous studies
reveal that dehydroxylation and deglycosylation usually occurs
in high temperature (Ji et al., 2017), microbial (Quan et al.,
2006) or acidic environment (Zhang et al., 2015). It is inferred
that furostanol saponins hydroxylated at C-22, such as FOT
and tribuluside A, cannot lose their C22-OH group and the
contents of them cannot decrease by dehydroxylation or deg-
lycosylation during long-time storage at room temperature.
Why did furostanol saponins hydroxylated at C-22 decrease
and spirostanol saponins increase after long-time storage at
room temperature?

Inoue et al found that Costus speciosus (Koenig) Smith, a
diosgenin-rich plant, contain f-glucosidase which could con-
vert furostanol saponin, protogracillin, to spirostanol saponin,
gracillin (Inoue and Ebizuka 1996, Inoue et al., 1996). Yang
et al confirmed that a crude furostanol glycoside 26-O-f-
glucosidase prepared from yam was removed the glucose at
position C-26 of the furostanol glycoside structure and change
it to the respective spirostanol glycoside (Yang et al., 2009).
Another recent study reported f-glucosidase could effectively
hydrolyze the C-26-Glc of turmeric steroidal saponins and
convert them into diosgenin (Pang et al., 2015). Hence, we
speculated that f-glucosidase, the biological enzyme coexisted
in FT, could convert furostanol saponins to spirostanol sapo-
nins. In this paper, we performed enzymatic hydrolysis by fur-
ostanol saponins and f-glucosidase. From the results, it is clear
that FOT and tribuluside A lost C-26-Glc, cyclized the F-ring,
and respectively converted to terrestrosin D and 25R-
tribulosin. The product of F-ring cyclization and before (-
glucose bond breakage were not detected in the enzymatic
hydrolysates. It is indicated that the product was unstable,
and the F-ring was cyclized immediately after enzymatic
hydrolysis and converted to the corresponding spirostanol
saponins. It is consistent with the report (Tschesche et al.,
1967).

“Enzyme inactivation” is a common phenomenon in the
heating process of Chinese medicine. Tan et al found that
the activity of myrosase in Brassica juncea(L.)Czern. et Coss.
was destroyed significantly during stir-frying process (Tan
et al., 2015). In this paper, activity of f-glucosidase in CFT
and SFT was detected. The results confirm that the f-
glucosidase in SFT was inactived in comparison to CFT.

In conclusion, when CFT is stored at room temperature for
12 months, furosterone saponins are transformed into corre-
sponding spirosterone saponins in the action of -
glucosidase, which increased the content of spirosterone sapo-
nins by >30%. In SFT, the f-glucosidase was destroyed by
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Fig. 8 Histopathology of liver and kidney of rats after treatment with FT extract in comparison. Red arrow: fatty degeneration of liver;
Blue arrow: dilated liver sinusoids; Black arrow: inflammatory cell infiltration; Green arrow: glomerular capillary loops hyperemia;
Orange arrow: denaturation of the renal tubular epithelial cells; Purple arrow: renal tubular distension.

stir-frying and it is blocked that the remaining furosterone
saponins with C22-OH group converted to corresponding
spirosterone saponins.

To verify the hypothesis in this paper, experiments must be
carried out to compare the hepatorenal toxicity of furostanol
saponins and spirostanol saponins, and the key issue in which
was to solve the separation and preparation of furostanol
saponins and spirostanol saponins. A method for the separa-
tion of furostanol saponins and spirostanol saponins by
macroporous adsorption resin column was described, which
mainly utilizes the difference in the polarity of the analytes
(Li et al., 2017). First, the FT extract was adsorbed by macro-
porous adsorption resin column, and then eluted with a series
of different concentrations of ethanol. Furostanol saponins

were more polar and distributed in the low concentration etha-
nol, while spirostanol saponins were less polar and distributed
in the high concentration ethanol. Furthermore, we added the
concentration gradient of ethanol elution on the basis of the
literature with a total of five gradients: water, 40% ecthanol,
60% ethanol, 75% ethanol, and 95% ethanol to achieve a bet-
ter separation of furostanol saponins and spirostanol
saponins.

In most clinical settings, the extent of kidney injury is quan-
tified by biomarkers such as BUN and CR (Roy et al., 2021).
The levels of KIM-1 and NAG are specific and sensitive to kid-
ney injury (Roy et al., 2021, Yang et al., 2021). In addition,
levels of AST, ALT, ALP, and TBIL are markers for the
assessment of liver injury (Mazumder et al., 2021). The liver
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Fig. 9 LO2 cells and 239 T cells were stained with annexin VFITC/PI, and then analyzed by flow cytometry.

and kidney are the primary organs for drug metabolism and
excretion for drugs (Huang et al., 2021). In vivo experiment
showed that FT-4 has significant hepatorenal toxicity. Other
ethanol eluate has no hepatorenal toxicity, except urinalysis
index NAG of FT-5. The qualitative and quantitative analysis
of the five ethanol eluates (FT-1 to FT-5) were carried out in
this paper. Spirostanol saponins were mostly concentrated in
FT-4 due to its low polarity, conversely, furostanol saponins
were present in trace amount. In FT-4, the content of spirosta-
nol saponins (terrestrosin D and 25R-tribulosin) was about 48
times higher than that of furostanol saponins (FOT and tribu-
luside A). In FT-3, the content of spirostanol saponins (terre-
strosin D and 25R-tribulosin) was only about an eighth of
furostanol saponins (FOT and tribuluside A). The total con-
tent of terrestrosin D and 25R-tribulosin in FT-4 was approx-
imately 5.2 times higher than that of FT-5, and about 12.5
times higher than that of FT-3. Correspondingly, the hepatore-
nal toxicity of FT-4 was much higher than that of FT-3 and
FT-5, so it is inferred that furostanol saponins in FT have
no hepatorenal toxicity, and spirostanol saponins are compo-
nents with hepatorenal toxicity. Terrestrosin D, a spirostanol
saponin, has the highest content in FT-4. So, we chose terre-
strosin D and its corresponding furostanol saponin FOT as
the research object to investigate its hepatorenal toxicity
in vitro.

In vitro cell experiment indicated that terrestrosin D which
displays a spirostanol saponin structure showed stronger cyto-
toxicity, whereas FOT, with a furostanol saponin structure,
displayed no cytotoxicity. Thus, according to our results, the
spirostanol saponins exhibits higher cytotoxicity than furosta-

nol saponins, which is consistent with the literature (Xu et al.,
2014). After orally administration, spirostanol saponins were
metabolized into sapogenin by desugarization in the gastroin-
testinal tract, but in plasma and urine spirostanol saponins
were still observed qualitatively and confirmed quantitatively
(Tang et al., 2015). A recent study have shown that spirostanol
saponins were observed to develop hepatorenal toxicity after
oral administration (Sun et al., 2022). Furostanol saponins
showed fast absorption into blood, but were maintained for
a relatively short period, while the spirostanol saponins, such
as dioscin and terrestrosin D, were absorbed into circulation
more slowly, but increased gradually and lasted longer (Tang
et al., 2015, Song et al., 2021). This may be one of the reasons
for the spirostanol saponins rather than furostanol saponins
with hepatorenal toxicity (Sun et al., 2022).

To the best of our knowledge, both steroidal saponins and
triterpenoid saponins usually have a terminal absorption in
UV detector, and the signals have low signal-to-noise ratio
and severe baseline interference (Arslan and Cenzano, 2021).
Additionally, the level of sensitivity to detect saponins by using
evaporative light scattering detector or differential refractive
index detector is not high. Therefore, LC-MS technique was
used to determine steroidal saponins in this paper due to its
high sensitivity and good accuracy.

The scientific connotation for ‘“‘enzyme inactivation and
toxicity reduction” of SFT was clarified: stir-frying could
destroy f-glucosidase in CFT, and prevent the conversion of
furostanol saponins without hepatorenal toxicity converted
to spirostanol saponins with hepatorenal toxicity under differ-
ent storage times at room temperature. The results of research
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can guide the harvesting, and processing of FT, improve the
quality of processed products of FT, ensure the effectiveness
and safety for clinical medication.
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