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Exploration of the anti-hyperuricemia effect =

of TongFengTangSan (TFTS) by UPLC-Q-TOF/
MS-based non-targeted metabonomics

Zhichao Huang'', Wugang Zhang'*', Qiong An', Yifan Lang?, Ye Liu?, Huifang Fan? and Haifang Chen'”

Abstract

Background TongFengTangSan (TFTS) is a commonly used Tibetan prescription for gout treatment. Previously, TFTS
(CF) was confirmed to have a significant uric acid-lowering effect. However, the anti-hyperuricemia mechanisms and
the main active fractions remain unclear. The current study aimed to investigate the anti-hyperuricemia mechanism
using metabolomics and confirm the active CF fraction.

Methods The hyperuricemia model was established through intraperitoneal injection containing 100 mg/kg potas-
sium oxonate and 150 mg/kg hypoxanthine by gavage. We used serum uric acid (sUA), creatinine (CRE), blood urea
nitrogen (BUN), xanthine oxidase (XOD) activity, interleukin-6 (IL.-6) and interleukin-13 (IL-1B) as indicators to evaluate
the efficacy of CF and the four fractions (SX, CF30, CF60, and CF90). The anti-hyperuricemia mechanism of CF was
considered through non-targeted metabolomics depending on the UPLC-Q-TOF-MS technology. Principle compo-
nent analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) helped explore the potential
biomarkers in hyperuricemia. Moreover, the differential metabolites and metabolic pathways regulated by CF and four
fractions were also assessed.

Results CF revealed a significant anti-hyperuricemia effect by down-regulating the level of sUA, sCRE, sIL-1f3, and
XOD. SX, CF30, CF60, and CF90 differed in the anti-hyperuricemia effect. Only CF60 significantly lowered the sUA level
among the four fractions, and it could be the main efficacy fraction of TFTS. Forty-three differential metabolites were
identified in hyperuricemia rats from plasma and kidney. Pathway analysis demonstrated that seven pathways were
disrupted among hyperuricemia rats. CF reversed 19 metabolites in hyperuricemia rats and exerted an anti-hyper-
uricemia effect by regulating purine metabolism. CF60 was the main active fraction of TFTS and exerted a similar
effect of CF by regulating purine metabolism.

Conclusions CF and CF60 could exert an anti-hyperuricemia effect by regulating the abnormal purine metabolism
because of hyperuricemia while improving intestinal and renal function. CF60 could be the main active fraction of
TFTS.
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Introduction

Hyperuricemia is a metabolic disease caused by a purine
metabolism disorder. It is defined by the serum urate
concentration higher than 408 umoL/L. Continuous high
urate levels within the body lead to sodium urate crys-
tal deposition in the joints and eventually causes gout
symptoms [1, 2]. Long-term hyperuricemia was associ-
ated with chronic kidney disease, hypertension, obesity,
and type 2 diabetes [3—6]. Currently, xanthine oxidase
inhibitors (allopurinol, febuxostat, and topiroxostat)
and uric acid excretion-promoting drugs (probenecid
and benzbromarone) are commonly utilized for treating
hyperuricemia in the clinic [4, 7]. However, these drugs
have adverse reactions, such as diarrhea, abnormal liver
function, nausea, headache, etc. [4, 8]. Therefore, safe and
effective alternative medicines should be explored.

TongFengTangSan (TFTS) comprises the dried stem
of Tinospora sinensis (Lour.) Merr. (Le zhe), the dried
fruit of Terminalia chebula Retz. (He zi), and the dried
faces of Trogopterus xanthipes Milne-Edwards (Zha
xun). We verified the plant names with the Plant List
(http://www.theplantlist.org). TFTS was recorded in
“The Tibetan Medicine Standard” [9] and “The Great
Dictionary of Chinese Medicine” [10]. It is applied to
treat gouty diseases in Tibetan and Mongolian areas.
As a classic Tibetan prescription, TFTS has been widely
utilized in Aba Tibetan hospitals to treat gout and have
been confirmed by clinical studies [11, 12]. Our pre-
vious study revealed that TFTS possesses the anti-
hyperuricemia effect of TFTS (CF) [13]. However, the
potential effect and the main fractions of TFTS remain
unclear. Recent studies have indicated hydrolyzable tan-
nins, and triterpenes from Terminalia chebula revealed
good anti-inflammatory activity [14, 15]. This includes
2,3,4,6-pentagalloyl-p-D-glucose, 1,3,6-tri-O-galloyl-p-
D-glucose, chebulagic acid punicalagin, 4-O-(3",4"-diO-
galloyl)-a-L-rhamnosyl-ellagic acid, arjunic acid, and
arjunolic acid. Urolithin A, the main component of Zha
xun and the final intestinal metabolite of ellagic acid, also
had an anti-inflammatory effect [16]. Ethyl gallate and
tetrahydropalmatine possessed potential anti-gout effects
[17, 18]. However, the single-ingredient efficacies neither
represent the anti-gout efficacy of TFTS nor reflect the
final effectiveness of TFTS after synergistic and antago-
nistic interactions between the components. Therefore,
the potential anti-gout mechanism of TFTS should be
explored.

Metabonomics is a branch of systems biology to deter-
mine disease biomarkers through the qualitative and
quantitative analysis of small molecular metabolites [19,
20]. These metabolites could be the final products of gene
expression, revealing the physiological and pathological
changes within the body [21]. Therefore, metabonomics
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facilitates understanding disease pathogenesis and is
often applied to clarify the drug intervention mechanism.

Hence, the current study first investigated the anti-
hyperuricemia effect of TFTS and four fractions. Then,
we applied non-targeted metabonomics technology
based on the UPLC-QTOF-MS technique to identify and
analyze the changes in endogenous small biomolecules.
Principal component analysis (PCA) and orthogonal
partial least squares-discriminant analysis (OPLS-DA)
was utilized to screen the significant metabolites among
hyperuricemia rats. Finally, the anti-hyperuricemia effect
difference between CF and four fractions was analyzed.
Consequently, 43 potential metabolites were observed in
hyperuricemia rats, including 25 metabolites in plasma
and 18 metabolites in the kidney. Plasma and kidney
metabonomics indicated that seven metabolic pathways
were disturbed. This included purine metabolism, argi-
nine biosynthesis, pyrimidine metabolism, aminoacyl-
tRNA biosynthesis, beta-alanine metabolism, arginine
and proline metabolism, alanine, aspartate and glutamate
metabolism. After the treatment of TFTS, 19 metabolites
in the plasma and the kidney were reversed. TETS could
exert an anti-hyperuricemia effect through purine metab-
olism. Additionally, the metabolic pathways regulated by
the 60% ethanol elution fraction of TETS are close to it
and could be the primary active fraction. Therefore, these
findings provide a significant basis for the clinical appli-
cation of TFTS within Tibetan areas.

Materials and methods

Reagents

Allopurinol, hypoxanthine, and potassium oxonate were
procured from Sigma-Aldrich Corporation Co. Ltd (MO,
USA). Uric acid (UA), blood urea nitrogen (BUN), xan-
thine oxidase (XOD), creatinine (CRE), interleukin-6
(IL-6), and interleukin-1p (IL-1p) assay kit were obtained
from Nanjing Jiancheng Bioengineering Institute (China).
Carboxymethylcellulose sodium salt (CMC-Na) was
purchased from Sinopharm Chemical Reagent Co., Ltd
(China). Moreover, UPLC-grade methanol, acetonitrile,
and ammonium acetate were supplied by the Tedia Com-
pany Inc. (Fairfield, USA). Water was prepared with the
ultrapure water purifying system of Hitech Instruments
Co., Ltd (China). All the incorporated chemicals were of
analytical grade.

Plant materials and formula compositions

Le ze (No. 20150329), He zi (No. 20150329), and Zha
xun (No. 20151104) were purchased from Sichuan
Zhongyong Pharmaceutical Co., Ltd. Professor Yangin
Xu (Jiangxi University of Chinese Medicine) identified
the raw materials.
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Animals and drug administration

Male Sprague-Dawley (SD) rats (180-200 g) were
obtained from the Hunan Slaike Jingda Laboratory Ani-
mal Co. Ltd (Hunan, China). These rats were housed in
cages with free access to food and water under standard
laboratory conditions. The conditions were at a light/
dark cycle for 12 h and a relative humidity of 55% and
23£1 °C. After 5 days of breeding, the experiment was
undertaken. The Guide for the Care and Use of Labora-
tory Animals of the Jiangxi University of Chinese Medi-
cine approved all the animal experiments (2017-004).

Preparation of TFTS extract

Le ze, He zi, and Zha xun were mixed at a 5:4:2 ratio
and refluxed 2 times for 2 h using 10 times the amount
of 90% ethanol. The filtrate was rotary evaporated and
freeze-dried to obtain the TFTS (CF) extract with a
13.81% yield. Subsequently, CF was adsorbed with AB-8
macroporous adsorption resin and eluted using water,
30%, 60%, and 90% ethanol to procure the correspond-
ing fractions. The yields from SX (water elution), CF30
(30% ethanol elution), CF60 (60% ethanol elution), and
CF90 (90% ethanol elution) were 0.78%, 3.97%, 3.02%,
and 0.27%, respectively. The MS chromatograms, pri-
mary CF constituents, and each fraction are depicted in
Additional files 1 and 2.

UPLC-Q-TOF-MS analysis
The UPLC-Q-TOF-MS analysis was performed with
the Agilent 1290 Infinity (Agilent, USA) ultra-high
performance liquid chromatography (UPLC) coupled
with Triple Q-TOF 6600 (AB SCIEX, USA) high-reso-
lution mass spectrometry. The electrospray ion source
(ESI) parameters were set as follows: source tempera-
ture (TEM, 600 °C); ion spray voltage (ISVE, 4 kV); ion
source gasl (GS1, 60 psi), ion source gas 2 (GS2, 60
psi), and curtain gas (CUR): 35 psi. In both positive and
negative ionization modes, collision energy (CE) and
declustering potential (DP) were set at 30 eV and 60 V.
The data were obtained using the information-depend-
ent acquisition (IDA) mode over a mass range between
60 and 1200 m/z.

Chromatographic separation was performed using
a Waters ACQUITY UPLC BEH Amide C18 column
(2.1 x 100 mm, 1.7 um, USA). The column temperature
was maintained at 25 °C with a flow rate of 0.5 mL/min.
The gradient mobile phase had water (containing 25
mmoL/L ammonium acetate and 25 mmoL/L ammo-
nia) (phase A) and acetonitrile (phase B). The gradient
program was: 0~0.5 min, 95% B; 0.5~7 min, 95% ~ 65%
B; 7~8 min, 65% ~40% B; 8 ~9 min, 40% B; 9~9.1 min,
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40% ~95% B; and 9.1 ~12 min, 95% B. The injection vol-
ume was 2 pL.

Preparation of hyperuricemia model rats and drug
treatment

The hyperuricemia model was established by adminis-
tering 150 mg/kg hypoxanthine by gavage and 100 mg/
kg potassium oxonate intraperitoneal injection daily.
Hypoxanthine and potassium oxonate were all dissolved
in 0.5% CMC-Na solution. We randomly divided the
hyperuricemia rats into eight groups (n=10), such as
control, model, allopurinol (15 mg/kg), CF (0.29 g/kg),
SX (0.0164 g/kg), CF30 (0.0834 g/kg), CF60 (0.0634 g/kg),
and CF90 (0.0056 g/kg) groups. Allopurinol is an inhibi-
tor of uric acid production and was selected as the posi-
tive drug. According to the CF efficacy experiment on
hyperuricemia rats, its anti-hyperuricemia dosage was
set with 2.1 g crude drug/kg. The dosage of four frac-
tions of CF was converted according to the yield of each
eluent of CF. The control group and model group were
given intragastric and intraperitoneal injections of 0.5%
CMC-Na solutions. All the other groups were adminis-
tered the corresponding drugs by gavage 1 h after model
establishment and administered continuously for 9 days.
The rats were fasted and provided water before the end
of the experiment. After 1 h of administering the drugs,
blood was collected from the orbital venous plexus of rats
and centrifuged at 3000 rpm/min for 10 min at 4 ‘C. The
upper plasma and serum were collected and stored at
— 20 °C for further testing.

Preparation of biological samples of plasma and kidney
metabolomics

Each 100 pL aliquot of the plasma sample was mixed
with 400 pL extraction solution (methanol: acetoni-
trile=1:1, V/V). It contained an isotope-labeled internal
standard mixture and was vortex-mixed for 30 s. Then,
the plasma samples were sonicated in the ice water
bath for 10 min and kept standing for 1 h at 4 C. 25 mg
of kidney tissue was added to 500 pL extract solution
(acetonitrile: methanol: water=2: 2: 1) containing iso-
topically-labelled internal standard mixture. After 30 s
vortex, the kidney samples were homogenized at 35 Hz
for 4 min and sonicated for 5 min in ice-water bath. The
homogenization and sonication cycle was repeated for
2 times. Then the samples were incubated at — 40 °C for
1 h. Then, all biological samples centrifuged at 12000 rpm
for 15 min at 4 “C. 400 pL of the supernatant was eluted
and dried using a vacuum. Then the residue was resolved
in a certain volume 50% acetonitrile and centrifugated
at 12000 rpm for 15 min. Finally, a 75 pL supernatant
aliquot was used for MS analysis. In addition, an equal
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aliquot of the supernatants from all of the samples was
mixed as quality control (QC) samples.

Biochemical analysis

Based on the requirements of the test kits, the lev-
els of serum uric acid (sUA), creatinine (CRE), blood
urea nitrogen (BUN), serum xanthine oxidase (sXOD),
liver xanthine oxidase (IXOD), interleukin-6 (IL-6), and
interleukin-1pB (IL-1p) were detected.

Data processing and multivariate analysis

The raw liquid mass data were converted using the ABF
converter software (ver. 1.3, Reifycs Inc) and imported
within the MS-DIAL software (Ver. 4.80, Riken Center
for Sustainable Resource Science). A series of data pro-
cessing, including peak extraction, peak alignment,
peak identification, and peak area normalization, was
performed. Then, a comprehensive data matrix, such as
M/Z, RT, and normalized data, was generated. SIMCA-
P 13.0 software package (Umetrics, Umea, Sweden) was
applied for PCA and orthogonal partial least-squares dis-
crimination analysis (OPLS-DA) on the data matrix. PCA
is an unsupervised dimensionality reduction method for
observing the global clustering trends and dispersion
within the groups. OPLS-DA analysis as a supervised
modeling method can remove data variables independ-
ent of the independent variable X and the categorical
variable Y. It can distinguish the different metabolites
among the various groups. These potential biomark-
ers were screened depending on the VIP value>1 in the
OPLS-DA model with a t-test at p <0.05. The metabolites
were identified by analyzing the information of precur-
sor and product ions in mass spectrometry, which were
confirmed by HMDB (http://www.hmdb.ca/) and MoNA
(https://mona.fiehnlab.ucdavis.edu) databases. Pathway
analysis of the identified differential metabolites was
performed using the online website MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/MetaboAnalyst/home.
xhtml). The semi-quantitative statistics for the differen-
tial metabolites were performed using the relative peak
area, including the relative peak of the model group com-
pared with the control group and the relative peak of the
drug group compared with the model group.

Hematoxylin and Eosin (H & E) staining

Hematoxylin and Eosin (H & E) staining was utilized
to examine the histopathology of the kidney. The kid-
ney tissues were embedded in paraffin (MEIKO EC360,
Germany) and cut in 4-pm thickness using a rotary
microtome (LEICARM2245, Germany), and stained
using H&E. The pathological alteration of the kidney was
observed under a microscope (OLYMPUS BX43, Japan)
at 40X or 200X magnification.
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Statistical analysis

All the data are expressed as mean + standard deviation,
and the statistical analyses were performed using one-
way ANOVA and t-tests with GraphPad Prism 9 (San
Diego, CA 92,108, USA.). Pearson correlation analysis
was performed between the drug efficacy and differential
metabolites using SPSS 17.0 (Chicago, IL, USA). p<0.05
was considered statistically significant, and p<0.01 rep-
resented highly significant data.

Results

Effect of TFTS on sUA, CRE, BUN, XOD, sIL-18, and sIL-6
within the serum of hyperuricemia rats

The increased uric acid in the blood has been the main
feature of hyperuricemia. As shown in Fig. 1, the sUA
level in the model group was significantly increased than
the control group (p<0.001). Thus, it demonstrated the
successful establishment of the hypoxanthine and potas-
sium oxonate-induced hyperuricemia model. After CF
treatment, the sUA level was significantly decreased
than the model group (p<0.001. Only CF60 decreased
sUA triggered by hyperuricemia among the four frac-
tions. XOD, one of the sources of uric acid production,
was significantly elevated in the model group than in the
control group. After CF treatment, the level of sXOD
and 1XOD was significantly lower than that in the model
group (p<0.05, p<0.001). The results indicated that
treatment with four fractions of CF, such as SX, CF30,
CF60, and CF90, reduced the level of sXOD or IXOD
than in the model group (p<0.05). The CRE level in
hyperuricemia rats was higher than that in the control
group (p<0.05). Therefore it depicted the accompanied
renal function injury in the hyperuricemia model. After
treatment using CF, SX, CF60, and CF90, the CRE level
significantly decreased compared to the model group
(p<0.05, p<0.01, p<0.001). The levels of sIL-1p and
sIL-6 in hyperuricemia rats were also higher than that in
the control group (p<0.01, p<0.001), demonstrating the
accompanied inflammatory reaction in hyperuricemia
rats. After the administration of CF and four fractions,
the sIL-1pB levels were significantly decreased (p<0.01,
p<0.001). Among four fractions, only CF60 signifi-
cantly reduced the level of sIL-6 (p < 0.05). In this experi-
ment, no significant difference was observed on the BUN
level of hyperuricemia rats. In general, only CF and CF60
exerted the down-regulation effect on uric acid, the final
indicator of hyperuricemia. Therefore, it can be specu-
lated that CF60 could be the main fraction of TFTS.

TFTS ameliorated Histopathological changes in kidney

We evaluated the therapeutic effect by analyzing
the results of HE stains of kidney tissue to verify the
improvement of the pathological state of the kidney in
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Fig.1 Anti-hyperuricemia effect of CF and four fractions. Compared with control group, *p <0.05, **p <0.01, ***p <0.001; compared with model

group, *p<0.05, #p <0.01, #p <0.001

hyperuricemia rats after administering CF and CF60.
Kidney histological changes in HX and PO-induced
hyperuricemic rats are demonstrated in Fig. 2. In the
model group, the renal tubules in the renal cortex
expanded in a large area under a 40-fold microscope.
The expansion degree and area of renal tubules in the
renal cortex were significantly improved after the
administration of CF and CF60. At 200 fold microscope,
the epithelial cells of renal tubules were flat,and renal
tubules were dilated and vacuolated inside the model
group. After administering CF and CF60, the expansion
degree and vacuolar degeneration of renal tubules are
improved. These results demonstrate that CF and CF60

Control

Model

‘f.;;" : L Sy

/A |

(blue arrow)

Fig.2 Histopathological study of kidney (x 40 and x 200).The renal tubules in kidney exhibited expansion (black arrow) and vacuolar degeneration

had the potential anti-hyperuricemia effect, establish-
ing that CF60 was the main TFTS fraction.

Establishment of plasma and kidney metabolism atlas

UPLC-Q-TOF-MS methods detected the plasma and
kidney samples, and identified the endogenous molecules
in positive and negative modes. TIC chromatograms of
biological samples from TFTS, SX, CF30, CF60, and
CF90 are represented in Fig. 3. To evaluate data quality
and reliability, all QC sample data was analyzed. The peak
area relative standard deviations of internal standard
were within the range of 1.47-4.46% (Additional file 3).
As shown in Additional file 4, the peak area deviations

CF CF60
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Fig.3 TIC of differential metabolites in plasma and kidney samples obtained in positive and negative modes

of all QC samples obtained by PCA were less than 2 SD.
This result indicated that the UPLC-MS/MS system was
stable and the data was reliable.

PCA analysis and OPLS-DA analysis

PCA model and an OPLS-DA model were established in
both the positive and negative ion modes to obtain meta-
bolic characteristics between the control and model groups.
As shown in Fig. 4A, the metabolome profiles between the

control and model groups were separated into two clusters
in negative mode and that of the CF group was between the
model and the control groups. Therefore, the endogenous
metabolites changed under the pathological state and were
normal after CF treatment. In the positive ion mode, the
metabolome profiles of control and model groups could also
be separated to a certain extent. However, the separation
degree was not as good as in the negative ion mode. After
the CF intervention, the endogenous metabolites of the CF
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Fig.4 Multivariate statistical analysis of metabolomics. A PCA score plot. B OPLS-DA score plot. C Permutation Plot. D S-plot

group were also closer to the control group. The OPLS-DA
model was built to screen the different metabolites between
the control and model groups. Figure 4B showed an evi-
dent separation between the control and model groups.
Thus, the corresponding permutation test results show that
the models are not overfitting (Fig. 4C), indicating that the
OPLS-DA model is reliable with good applicability and
predictability. Differential metabolites between the control
and model groups are shown in Fig. 4D. The red dots in the
figure indicate VIP values of substances greater than 1. The
above results showed that the OPLS-DA model possesses
good prediction ability.

Potential biomarker analysis

OPLS-DA model combined with a t-test was applied to
analyze and screen the biomarkers between the control and
model groups in plasma. These biomarkers were introduced
into HMDB and MoNA databases for identification. Forty-
three potential biomarkers from plasma and kidney were
identified, as indicated in Table 1 and Fig. 5. These potential
biomarkers were screened based on the VIP value>1 in the
OPLS-DA model and p<0.05 by t-test. Six of the 25 differ-
ential plasma metabolites were significantly reversed after

CF treatment (p<0.05). This included alpha-ketoglutaric
acid, guanosine monophosphate (GMP), indoxyl glucuro-
nide, uric acid, riboflavin, and adenosine monophosphate
(AMP). The regulation effect of four fractions on the
metabolites was also investigated. SX group significantly
reversed the four differential plasma metabolites (ribofla-
vin, indoxyl glucuronide, alpha-ketoglutaric acid, and cyti-
dine) (p<0.05, p<0.01) than the model group. CF30 group
significantly reversed four differential plasma metabolites
compared with the model group. The metabolites were
N-acetyl-L-phenylalanine, L-glutamine, L-serine, and alpha-
ketoglutaric acid (p <0.05, p<0.01). CF60 group significantly
reversed eight differential plasma metabolites (p<0.05,
p<0.01): AMP, kynurenic acid, uric acid, GMP, riboflavin,
N-acetylhistidine, indoxyl sulfate, and indoxyl glucuronide.
CF90 group significantly reversed four different plasma
metabolites (p<0.05, p<0.01): uric acid, alpha-ketoglutaric
acid, deoxyuridine, and riboflavin.

Among the 18 differential metabolites from the kid-
ney, 13 were significantly reversed after CF treatment
(p<0.05). They were carnosine, beta-alanine, SN-glycero-
3-phosphocholine, hypoxanthine, inosine 5-monophos-

phate, inosine, uridine, adenosine 5’-triphosphate,
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Fig.5 Heatmap of the differential metabolites between CF and four fractions. *p < 0.05, **p < 0.01.

citrulline, betaine-aldehyde, ribose 5-phosphate, CDP-
ethanolamine, and phosphorylcholine (p<0.05, p<0.01).
SX group significantly reversed the six differential
metabolites (p<0.05, p<0.01), including carnosine, SN-
glycero-3-phosphocholine, hypoxanthine, citrulline, ino-
sine, and phosphorylcholine. CF30 significantly reversed
12 differential metabolites: carnosine, beta-alanine,
SN-glycero-3-phosphocholine, hypoxanthine, inosine,
orotic acid, uridine, adenosine 5’ -triphosphate, betaine-
aldehyde, ribose 5-Phosphate, CDP-ethanolamine, and
phosphorylcholine. CF60 significantly reversed 13 dif-
ferential metabolites: carnosine, SN-glycero-3-phos-
phocholine, hypoxanthine, inosine 5-monophosphate,
inosine, succinic acid, uridine, adenosine 5-triphosphate,
citrulline, betaine-aldehyde, ribose 5-phosphate, CDP-
ethanolamine, and phosphorylcholine (p<0.05, p<0.01).
Additionally, CF90 significantly reversed three differen-
tial metabolites: SN-glycero-3-phosphocholine, succinic
acid, and phosphorylcholine (p <0.05).

Forty-three differential metabolites from plasma and
kidney were generally disturbed in hyperuricemia rats
and listed in Table 2. The differential metabolites among
different groups are shown in the Venn diagram (Fig. 6).
CF reversed 19 metabolites in hyperuricemia rats. CF60,
the main active TFTS fraction, reversed 21 differen-
tial metabolites. There are 17 overlapping metabolites

!1

0.

0.

0.

i

0.

Page 10 of 19

Kidney

1
3 Inosinic 5'-monophosphate !

Orotic acid 08

6 SN-glycero-3-phosphocholine

0.6

4 Phosphorylcholine

Adenosine 5'-triphosphate 0.4

2 CDP-ethanolamine

0.2

i0

Uridine

Ribose 5-phosphate
Hypoxanthine
Inosine

Carnosine

beta-Alanine

L-Glutamine

Deoxycytidine

Cytosine

Betaine aldehyde

Succinic acid

Citrulline

Model

Control
CF30| «

CF60

Red: up-regulation; Blue: down-regulation

between the CF60 group and the CF group. They were
significantly more than those between different groups
and the CF group. Thus, AMP, GMP, ATP, riboflavin, uric
acid, indoxyl glucuronide, carnosine, SN-glycero-3-phos-
phocholine, hypoxanthine, inosine 5’-monophosphate,
inosine, uridine, citrulline, betaine-aldehyde, ribose
5-phosphate, CDP-ethanolamine, and phosphorylcholine
could be the potential biomarkers of TFTS treatment for
hyperuricemia.

Correlation analysis between metabolites and efficacy

The correlation analysis was conducted between 43 dif-
ferential metabolites and the anti-hyperuricemia efficacy
of CF and four fractions to clarify the key endogenous
metabolites regulated by CE. As shown in Fig. 7, sUA
was negatively associated with deoxycytidine in plasma
(— 0.8<r<— 0.6, p<0.01). Moreover, it was significantly
positively correlated with indoxyl sulfate, orotic acid,
riboflavin, uracil, and uric acid (0.8>r>0.6, p<0.01).
CRE and BUN were positively correlated with indoxyl
glucuronide in plasma (0.8>r>0.6, p<0.01). sUA was
negatively correlated with uridine and deoxycytidine in
the kidney tissue (— 0.8 <r<— 0.6, p <0.01). CRE was sig-
nificantly positively associated with citrulline in kidney
tissue (0.8>r>0.6, p<0.01). These correlations between
efficacy and metabolites provide a better understanding
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Table 2 Semi-quantitative statistics for the differential metabolites regulated by CF and four fractions

Metabolite name Sample Model/Control CF/Model SX/Model CF30/Model CF60/Model CF90/Model Allopurinol/ Pathway
Model
Deoxyuridine Plasma 05(" 134 124 124 134 2147 124 c
Deoxycytidine Plasma 06{" 124 114 71 114 11 124 c
Adenosine monophos- Plasma 19%" 064" 074 08} 05 074 074 a
phate
Adenosine Plasma 264" 064 1.91 0.38J 0.8J 084 1.61 a
Cytidine Plasma 064" 1114 131" 1 i 124 124 c
L-Tyrosine Plasma 06{" 11 10 114 094 09} 10 d
L-Serine Plasma 06{" 11 114 1347 09 111 7 d
alpha-Ketoglutaric acid Plasma 05{" 184" 1747 184" 144 174 08 b
Ornithine Plasma 06{" 11 14 .24 09] [ 7 be
Orotic acid Plasma 531" 09} 114 114 10 08} 08y" c
Riboflavin Plasma 151" 08} 08{" 09 074" 08} 08} f
Uric acid Plasma 434" 08)" 7 114 074" 06{" 02" a
Urea Plasma 13%" 0.8J 09J 114 09] 111 I ab
Xanthosine Plasma 05(" 121 09y 114 114 141 3117 a
Uracil Plasma 51" 09} 09y 124 074 08} 06{" c
N-Acetyl-L-phenylalanine ~ Plasma  2.31" 074 074 04" 074 074 134
L-Arginine Plasma 064" i i 124 094 [ [ bde
L-Glutamine Plasma 06{" 114 124 124" 114 114 114 abcdg
Indoxyl sulfate Plasma 284" 074 074 09} 064" 074 08}
Kynurenic acid Plasma 181" 0.7} 08 08) 054" 09y 06"
Indoleacetaldehyde Plasma 06{" 08} .24 09) 1.2¢ 134 134
Guanosine monophos- Plasma 174" 05)" 064 074 05¢" 074 (i a
phate
Phosphocreatine Plasma 06{" 1.3¢ .11 1.5¢ 0.9) 1 09) e g
Indoxy! glucuronide Plasma 214" 06" 06{" 114 064" 08} 074 i
N-Acetylhistidine Plasma 164" 08} 08 08} 074" 08 08}
Deoxycytidine Kidney 06{" 11 71 08) 10 1 134
Carnosine Kidney 05{" 174 1547 184" 161 131 124
B-Alanine Kidney 06{" 1597 134 174" 134 134 124 ch
SN-glycero-3-phospho-  Kidney 04} 3147 234" 244" 361" 224" 131
choline
Hypoxanthine Kidney 064" 181" 154" 164" 154" 11 154" a
Inosine 5~ monophos- Kidney 064" 261" 184 244 27147 131 134 a
phate
Inosine Kidney 05(" pE 174" 1947 1747 111 2147 a
Orotic acid Kidney 644" 124 09y 164 134 08} 074 c
Succinic acid Kidney 144" 09{ 08J 08} 08" 084" 08}
Uridine Kidney 064" 1547 144 131" 141" 7 124 c
Adenosine Kidney 06J" 154" 114 144" 164" 124 10 a
5”-triphosphate
Cytosine Kidney 07" 114 114 09y 14 09} 114 c
L-Glutamine Kidney 07{" RE} 1 09) 11 1.24 7 ace

Citrulline Kidney 144" 07} 07" 08 06" 08} 08y e
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Table 2 (continued)
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Metabolite name

Sample Model/Control CF/Model SX/Model CF30/Model CF60/Model CF90/Model Allopurinol/ Pathway

Model
Betaine-Aldehyde Kidney 244" 04" 074 041" 04" 08 041"
Ribose 5-phosphate Kidney 05{" AR 174 2147 1847 124 154" a
CDP-ethanolamine Kidney 05{" 231" 144 194" 234" 161 "M
Phosphorylcholine Kidney 04{" 27147 2447 241" 3517 2147 134

a: purine metabolism

b: Arginine biosynthesis

c: Pyrimidine metabolism

d: Aminoacyl-tRNA biosynthesis

e: Arginine and proline metabolism

f: Riboflavin metabolism

g: Alanine, aspartate and glutamate metabolism
H: beta-Alanine metabolism

I: Pentose and glucuronate interconversions

*p < 0.05,**p < 0.01

of the intervention mechanisms of TFTS. Considering
the potential metabolites and the correlation analysis
results, riboflavin, uric acid, indoxyl glucuronide, uridine,
and citrulline could be necessary biomarkers among
the potential metabolites of TFTS treatment against
hyperuricemia.

Metabolic pathway analysis

The 25 differential metabolites in plasma and 18 identi-
fied metabolites in the kidney were imported into the
MetaboAnalyst 5.0 software for pathway analysis. The
potential relative metabolic pathways were selected
depending on the impact value>0.1 and p<0.05. The
results indicated that these metabolites in the plasma
of hyperuricemia rats involved in five pathways met
the impact conditions>0.1 and p<0.05. The five poten-
tial metabolic pathways involved arginine biosynthesis,
pyrimidine metabolism, purine metabolism, aminoacyl
tRNA biosynthesis, and arginine and proline metabolism.
Plasma metabonomics indicated that CF was involved
in purine and riboflavin metabolism. Moreover, SX was
involved in riboflavin metabolism, pentose and glucu-
ronate interconversions metabolism (impact>0.1 and
p<0.05). Additionally, CF30 was associated with ala-
nine, aspartate, glutamate metabolism, and aminoacyl-
tRNA biosynthesis (impact>0.1 and p<0.05). CF60 was
involved in the purine and riboflavin metabolism path-
way (impact>0.1 and p<0.05). CF90 was involved in
riboflavin metabolism (impact>0.1 and p<0.05). The
kidney metabonomics indicated that purine metabo-
lism, arginine biosynthesis, beta-alanine metabolism,
and alanine, aspartate and glutamate metabolism were
altered in hyperuricemia rats (impact>0.1 and p<0.05).
After CF treatment, purine metabolism and beta-alanine

metabolism were significantly reversed (impact>0.1
and p<0.05). CF60 was involved in purine metabolism,
and CF 30 was associated with beta-alanine metabolism
(impact>0.1 and p<0.05). Additionally, the following
disturbed metabolites reversed by CF or CF60 are listed
in Table 2, including succinic acid, betaine-aldehyde, SN-
glycero-3-phosphocholine, CDP-ethanolamine, Phos-
phorylcholine, N-Acetylhistidine, kynurenic acid, and
indoleacetaldehyde. However, the metabolic pathways of
these metabolites were not affected. In general, plasma
and kidney metabonomics demonstrated the interven-
tion effect of CF and the four fractions involved different
pathways, with detailed results represented in Fig. 8 and
Table 2. According to the above plasma and kidney meta-
bonomics result, purine metabolism was the overlap-
ping metabolic pathway after the intervention of CF and
CF60, indicating its potential as the anti-hyperuricemia
mechanism of TFTS.

Discussion

We first investigated the anti-hyperuricemia effect of CF
and four fractions in the manuscript. The results indi-
cated that CF and CF60 could significantly down-regulate
the levels of sUA, CRE, sXOD, 1XOD, and IL-1f in hyper-
uricemia rats. SX, CF30 and CF90 could significantly
decrease XOD and IL-1B, or CRE levels in hyperurice-
mia rats but did not affect uric acid. The results indicated
anti-hyperuricemia effect of the four fractions was differ-
ent, and CF60 was the main CF fraction. In addition, the
difference in anti-hyperuricemia efficacy among CF and
four fractions remains unclear. Therefore, the metabolite
differences between the model and the control groups
were compared depending on UPLC-Q-TOF-MS tech-
nology combined with multivariate statistical analysis to
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Fig.6 Overlapping metabolites between CF and four fractions illustrated by Venn diagram. Model group vs. Normal group (Model/Control), CF
group vs. Model group (CF/Model), SX group vs. Model group (SX/Model), CF30 group vs. Model group (CF30/Model), CF60 group vs. Model group

(CF60/Model), CF90 group vs. Model group (CF90/Model)

explore the potential anti-hyperuricemia mechanism of
CF and the four fractions.

In hyperuricemia rats, abnormalities were observed in
seven metabolic pathways, including purine metabolism,
arginine biosynthesis, pyrimidine metabolism, aminoa-
cyl tRNA biosynthesis, arginine and proline metabolism,
beta-alanine metabolism, alanine, aspartate, and gluta-
mate metabolism using kidney and plasma metabonom-
ics. The kidney and plasma metabonomics indicated
that arginine biosynthesis and purine metabolism were
the overlapping disturbed metabolic pathway among the
hyperuricemia rats. Plasma and kidney metabonomics

demonstrated the purine metabolism was reversed after
CF intervention, which indicated that CF exerted an
anti-hyperuricemia effect via the purine metabolism
signaling pathway. The four CF fractions were involved
in differential metabolic pathways due to the proportion
and composition of components, and only CF60 could
regulate purine metabolism. Thus, CF60 could be the
main effective fraction. In addition, the riboflavin meta-
bolic pathway did not change significantly in hyperurice-
mia rats (p>0.05, impact>0.1). However, the riboflavin
metabolic pathway was affected after the CF and CF60
intervention. Riboflavin is a metabolite of the riboflavin
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Fig.7 Pearson correlation analysis of differential metabolites and anti-hyperuricemia efficacy. *p <0.05, **p <0.01

metabolic pathway and behaves as the coenzyme of XOD
[22], the critical enzyme involved in purine nucleotide
degradation. Thus, the significant elevation of riboflavin
in hyperuricemia rats could be associated with increased
XOD activity. Consequently, riboflavin metabolism
played an auxiliary role in purine metabolism without
confirmation.

Purines are essential molecules with multiple functions
to maintain the normal physiological function of cells
and are involved in the nucleic acid synthesis and energy-
requiring reactions. Its metabolism is divided into three
parts: biosynthesis, catabolism to uric acid, and salvag-
ing to recover the purine bases provided by the diet or
catabolism [23, 24]. Uric acid is the end product of purine
metabolism, and elevated level of uric acid indicates a
purine metabolic disorder among humans [25]. Uric acid
can be degraded to allantoin and urea by uricase in rats
[26]. Serum urate concentrations are dependent on the
balance between urate production and elimination. A
lack of balance causes excessive serum uric acid accu-
mulation, leading to hyperuricemia [25]. Gout is a sys-
temic disease resulting from urate deposition in joints
due to uric acid overproduction [27]. The present study
observed a higher plasma uric acid level in hyperurice-
mia rats. Moreover, 12 metabolites attributed to purine
metabolism were disturbed in plasma and kidney tis-
sue, including hypoxanthine, inosine 5-monophos-
phate (IMP), inosine, adenosine 5-triphosphate (ATP),

L-Glutamine, ribose 5-phosphate, GMP, xanthosine, uric
acid, adenosine,urea and AMP [28]. Therefore, hyper-
uricemia or gout is characterized by purine metabolism
disorder. Purine nucleotides are synthesized based on
ribose 5-phosphate and ATP. Purine nucleotides inter-
converted through the enzyme action due to the feed-
back control, including IMP, GMP, AMP, and ATP. Most
of the AMP formed is used for ATP synthesis. How-
ever, excessive AMP could promote uric acid synthe-
sis through the purine nucleotide degradation pathway
initiated by nucleotide dephosphorylation [26, 29] and
nucleoside formation (adenosine, inosine, and guano-
sine). Adenosine is converted into purine base hypoxan-
thine through adenosine deaminase (ADA) and purine
nucleoside phosphorylase (PNP) activity. Hypoxanthine,
the reaction substrate of xanthine oxidase, is converted
to uric acid by xanthine oxidase [30]. Moreover, metab-
olites in purine metabolism, such as ATP, AMP and
GMP, are essential molecules controlling intracellular
energy homeostasis and nucleotide synthesis. Clinically,
hyperuricemia is the emergence of a cell energy crisis
[29]. The decreased ATP and IMP levels in the kidney
and the increased AMP level in plasma also established
the energy metabolism disorder, conversely confirming
the purine metabolism disorder. Phosphocreatine can
quickly synthesize ATP as an energy-storage form of cre-
atine [31]. The decreased phosphocreatine level indicated
the disturbance of energy metabolism in hyperuricemia
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Fig.8 Metabolic pathway analysis of significantly altered metabolites in plasma and kidney

rats. Additionally, nicotinic acid participated in purine
metabolism and increased urate reabsorption [32]. In
the present study, these metabolites were reversed par-
tially or wholly in purine metabolism after CF and CF60
treatment.

The kidney is the main metabolic organ for uric acid
excretion, excreting about 70% of uric acid in the body
[33]. Thus, kidney metabonomics was investigated. Kid-
ney metabonomics indicated that 18 metabolites were
disturbed in hyperuricemia rats. These metabolites
detected in the kidney, including hypoxanthine, IMP,
inosine, ATP, L-glutamine, and ribose 5-Phosphate,
demonstrated purine metabolism disorder. Thus, renal
injury is a common complication of hyperuricemia due
to uric acid and urate overproduction [34]. HE stain-
ing confirmed renal injury within hyperuricemia rats.
The present study detected multiple metabolites asso-
ciated with renal injury in the blood of hyperuricemia
rats. This included N-acetyl-L-phenylalanine, indoxyl
glucuronide, kynurenic acid, N-acetylhistidine, indoxyl

sulfate, L-glutamine and L-serine. The results found
that N-acetyl-L-phenylalanine, indoxyl glucuronide,
kynurenic acid, N-acetylhistidine, and indoxyl sulfate lev-
els were significantly elevated, and that of L-glutamine
and L-serine were significantly decreased in hyperurice-
mia rats. Uremia-related substances, such as N-acetyl-
L-phenylalanine, indoxyl glucuronide, kynurenic acid,
N-acetylhistidine, and indoxyl sulfate, were increased
in hyperuricemia rats [35-39]. Thus, it indicated renal
dysfunction in hyperuricemia rats. An imbalance of
amino acid metabolism has been closely associated with
chronic kidney disease. L-glutamine and L-serine levels
in this study were significantly decreased in hyperurice-
mia rats. Glutamine acts as the NH; donor in the kidney
and maintains renal function. Under the hyperuricemia
condition, the excess blood uric acid makes the kid-
ney absorb more L-Glutamine to compensate for excess
acid [40, 41]. Additionally, the kidney is the primary site
of serine production, and a reduced level of serine was
observed in hyperuricemia nephropathy [40]. Therefore,
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the decreased level of L-glutamine and L-serine further
suggested renal injury induced by hyperuricemia due to
disturbance of purine metabolism. After the adminis-
tration of CF and CF60, the metabolites associated with
renal injury were reversed to a certain degree. CF sig-
nificantly reduced the level of indoxyl glucuronide. CF60
significantly down-regulated the indoxyl glucuronide,
indoxyl sulfate, N-acetylhistidine and kynurenic acid

levels. CF improved N-acetylhistidine, kynurenic acid,
N-acetyl-L-phenylalanine, L-glutamine, and L-serine lev-
els in hyperuricemia rats. However, there was no signifi-
cant difference than in the model group. These reversed
metabolites could be related to the improvement of renal
function. The improvement of renal histology and the
down-regulation of sCRE confirmed the protective effect
of CF and CF60 on renal function.
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The intestinal tract is also an essential excretory organ
of uric acid. Approximately 30% of uric acid in the body
is excreted through the intestinal tract and metabolized
by gut bacteria [42]. Consequently, long-term hyper-
uricemia can lead to intestinal inflammation, weakened
intestinal barrier function, and an imbalance of intesti-
nal flora [43, 44]. The overproduction of uric acid could
change the gut microbiota species. Conversely, the gut
microbiota and its metabolites can also reduce blood
uric acid by promoting purine catabolism [45]. Moreover,
they control gut barrier permeability to alleviate chronic
inflammation [46—48]. Indole sulfate and indoxyl glucu-
ronide are derived from the tryptophan metabolism of
gut microbiota. Indole sulfate induces intestinal inflam-
mation, oxidative stress, and intestinal barrier damage
by mitochondrial autophagy injury mediated through
the IRF1-DRP1 axis [49-51]. In the present study, indole
sulfate and indoxyl glucuronide were significantly ele-
vated in the blood of hyperuricemia rats, consistent with
previous studies [52]. Indoleacetaldehyde is the indole
metabolite of tryptophan metabolized by gut micro-
biota and the aryl hydrocarbon receptor (AhR) ligand.
It is stimulated by lamina propria lymphocytes (LPLs) to
secret IL-22 and activates the aryl hydrocarbon receptor
(AhR) [53-57]. Therefore, it shows a protective and anti-
inflammatory effect on the intestinal tract. In the present
study, indoleacetaldehyde levels decreased significantly
in hyperuricemia rats than in normal rats. After the CF
or CF60 intervention, indoxyl glucuronide and indoxyl
sulfate levels were significantly reduced, and indoleacet-
aldehyde levels was elevated.

The above results revealed that CF mainly treats
hyperuricemia by improving purine metabolism. The
metabolic pathways regulated by CF60 were similar
to CE. CF60 had significant uric acid-lowering effects,
while other fractions had no significant uric acid-low-
ering effects. Therefore, CF60 could be the main active
component of TFTS, and CF and CF60 primarily treat
hyperuricemia by improving purine metabolism. The
endogenous metabolite changes were constructed based
on the KEGG pathway database to clarify the relationship
between differential metabolites. The detailed result is
depicted in Fig. 9.

Conclusions

In the present study, biochemical index and histopathol-
ogy indicated the potential anti-hyperuricemia effect.
Forty-three biomarkers and seven disturbed metabolic
pathways were obtained using UPLC-MS/MS-based
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plasma and kidney metabolomics. TFTS could effec-
tively reverse 19 metabolites and alleviate the symp-
toms of hyperuricemia rats via purine metabolism.
Further experiment validation could confirm the poten-
tial improvement of intestinal and renal functions. In
addition, our findings further confirmed that CF60 was
the main active fraction of TFTS. Therefore, the results
could provide a reference for the clinical application and
promotion of TFTS.
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