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KEYWORDS Abstract Ethnopharmacological relevance: Metabolic syndrome is closely related to the intestinal
Hyperuricemia; microbiQta and disturbanc.es in the h.ost metabolome. Hyperuricemia (HUA), a manifestati(?n of
Astragalus membranaceus metabolic syndrome, can induce various cardiovascular diseases and gout, seriously affecting a
ultrafine powder; patient’s quality of life. Astragalus membranaceus has a long history as a commonly used traditional
Drug metabolism; Chinese medicine to treat kidney disease in China and East Asia.

Gut microbiome; Materials and methods: We compared the therapeutic effect of benzbromarone and two different
Feces metabolomic doses Astragalus membranaceus ultrafine powder (AMUP) in rats with HUA. Ultra-performance

liquid chromatography-mass spectrometer was used to analyze the AMUP metabolism in the
plasma, urine, and feces. Further, 16S ribosome RNA sequencing and feces metabolomic were per-
formed to capture the variation of the gut microbiota and metabolites changes before and after drug
administration.

Results: AMUP had a notable impact on reducing blood uric acid levels while protecting the
liver and kidney. Drug metabolism analysis demonstrated that effective constituent flavonoids
are distributed in the blood, whereas saponins remain in the intestine. Gut microbiota analysis
showed that low-dose AMUP ameliorated HUA-induced gut dysbiosis by reducing the abundance
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of harmful bacteria and increasing that of some beneficial bacteria with anti-inflammatory proper-
ties, such as Clostridia, Lachnospiraceae, and Muribaculaceae. In addition, HUA-induced changes
in metabolite contents in bile acid and adrenal hormone biosynthesis pathways were restored after

treatment with AMUP.

Conclusion. Low-dose AMUP exerts remarkable therapeutic effects on HUA by regulating the
gut microbiome and mediating gut metabolism pathways associated with uric acid excretion.

© 2022 The Authors. 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/).

1. Introduction

Hyperuricemia (HUA) is a metabolic disease caused by the
continuous purge associated with purine metabolism disorders
and a decrease in uric acid excretion (Murea 2012). HUA is an
important risk factor for chronic kidney disease, cardiovascu-
lar disease (Li et al. 2019), and gouty arthritis (Li et al. 2015).
However, the role of urate-lowering therapies in HUA compli-
cated by renal damage remains controversial (Hu and Wu
2019). Recent mounting evidence suggests a causal relationship
between the gut microbiota and development of HUA.(Ussar
etal. 2015, Wang and Zhao 2018, Liu et al. 2020). These effects
may be mediated in part by the gut metabolome because many
bacterial species regulate the biosynthesis, biolysis, and trans-
port of metabolites (Pedersen et al. 2016). However, little
research has focused on whether “drugging the microbiome”
is adequate for HUA treatment.

Astragalus membranaceus (Fisch.) Bunge (Huangqi, AM) is
one of the most critical Qi-tonifying adaptogenic herbs in tra-
ditional Chinese medicine (TCM) and has a long history of
medicinal use (Sinclair 1998, Xu et al. 2008, Fu et al. 2014,
Liu et al. 2017). Pharmacological studies continue to substan-
tiate claims that AM has the effect of reducing serum crea-
tinine, albuminuria excretion, glomerular filtration and
mesangial thickness in diabetic nephropathy(Li et al. 2011)
and suppresses the apoptosis of glomerular podocytes (Yang
et al. 2020). In addition, the major effective constituents of
AM are polysaccharides, flavonoids, and saponins, many of
which are potential substrates for the gut microbiota (Lyu
et al. 2017). However, the critical mechanism underlying the
metabolic protective impact of these components remains
unclear.

In this study, we discovered that low and high doses of
AMUP reduced serum uric acid levels and protected liver
and kidney tissues. In addition, we identified the possible
AM components that played pharmacodynamic roles in the
blood and intestine by analyzing drug metabolites. Else, using
16S ribosomal RNA (rRNA)-based microbiota analysis and
feces metabolomics profiling, we demonstrate that low-dose
AMUP treatment alleviates HUA-induced gut dysbiosis and
reverses the dysregulation of metabolic pathways in rats with
HUA.

2. Materials and methods

2.1. AMUP

Wild dried root of Astragalus membranaceus (Fisch.) Bunge
was obtained from Shanxi Hunyuan, Wansheng Astragalus
Development Co., Ltd. The AM roots were cut into segments

~2-3 cm long and baked in an oven at 60 °C for 4 h. After dry-
ing, the segments were crushed using an ultrafine grinder and
then screened through a 400-mesh sieve to obtain AMUP.

2.2. Animals, drug administration, and biological sample
collection and preparation

Pathogen-free male Sprague—Dawley rats (weight 180-220 g)
were obtained from Jinan Pengyue Experimental Animal
Breeding Company (license number: SCXK [LU] 20190003).
Animal experiments were conducted in accordance with the
internationally accepted principles for laboratory animal use
and care as found in for example the European Community
guidelines (EEC Directive of 1986; 86/609/EEC). The rats were
raised in an animal quarter at a temperature of 22 + 2 °C with
12-h light/12-h dark cycle and 50 + 10% humidity.

The rats were randomly divided into a blank control group
(BC group), HUA model group (Model group), positive drug
(benzbromarone) group (Ben group), low-dose AMUP group
(LA group), and high-dose AMUP group (HA group). The
rats were then labeled and weighed. Before the day of admin-
istration, the rats were fasted for 12 h but allowed access to
water. The rats in the five groups were given the following
intervention measures: the BC group was not given any inter-
vention; the other four groups received intragastric administra-
tion of 300 mg-kg ™' potassium oxonate at 8:00 every morning
and fed 10% fructose water. After that, Ben group, LA group
and HA group received intragastric administration twice daily
(9 am and 4:00 pm) every day for 24 days of 20 mg-kg™!
benzbromarone solution, 1.5 grkg™! AMUP, or 3 gkg™!
AMUP, respectively. All drugs were dispersed in 10 mL of dis-
tilled water. The BC group was gavaged with the same volume
of water. All the animals in the five groups had normal forage.

All rats were weighed every 12 days. Fresh feces were
obtained by stimulating the anus. Blood samples were col-
lected by retro-orbital bleed into heparinized tubes at different
time points according to experiment needs and then immedi-
ately centrifuged at 13,00g for 10 min to obtain plasma. All
rats were put into metabolic cages for urine and feces sample
collection. All samples were stored at —80 °C for later analysis.

The rats were fasted on the 24th day after administration
and anesthetized by intraperitoneal injection of 10% chloral
hydrate 3 h after the last administration. Surgical scissors
and forceps were used to remove the liver and kidney tissues.
Blood was removed by washing with normal saline, and then
the water on the surface of the tissue was removed using absor-
bent paper, and the tissue was then soaked in 4%
paraformaldehyde, and hematoxylin-cosin (HE) staining was
conducted for pathological analysis according to a previous
report (Fischer et al. 2008).
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Some blood samples were used for uric acid (UA), glucose
(Glu), triglyceride (TGs), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), indirect bilirubin (IBIL)
measurements using a UA assay kit (Abcam, ab65344), Glu
assay kit (Abcam, ab65333), triglyceride assay kit (Abcam,
ab65336), Alanine Transaminase Activity assay kit (Abcam,
abl105134), Aspartate Aminotransferase Activity assay kit
(Abcam, abl05135), and Bilirubin assay kit (Abcam,
ab235627), respectively. Plasma samples for Ultra perfor-
mance liquid chromatography-mass spectrometer (UPLC-
MS) analysis were prepared according to a previous report,
with minor modifications (Liu et al. 2017). Each plasma sam-
ple (1 mL) was precipitated with 3 mL of methanol. After vor-
texing for 1 min, the sample was centrifuged at 3000 rpm for
10 min. The organic layer was then transferred to a fresh tube
and evaporated to dryness. The residue was reconstituted in
1 mL of methanol and centrifuged at 13,000 rpm for 10 min.

Frozen urine and stool samples were thawed at room tem-
perature. Treatment of urine and feces was carried out accord-
ing to a previous report (Wikoff et al. 2009). One volume of
each urine sample was added to 3 volumes of methanol, and
stool samples were extracted twice with 6 times the amount
of methanol. Samples were centrifuged at 13,000 g for
10 min and filtered through a 0.22-pm membrane filter in
preparation for liquid chromatography-mass spectrometry
(LC-MYS) analysis. Finally, 2 pL of the supernatant was
injected into the UPLC-MS system for analysis.

Some feces samples were stored at —80 °C and used for
analysis of the gut bacterial community and fecal
metabolomics.

2.3. Instrumentation and UPLC-MS conditions

Chromatographic experiments were performed on a Waters
ACQUITY UPLC system (Waters Corp., Milford, MA,
USA) according to a previous report, with minor modifica-
tions (Zhao et al. 2017). UPLC separation was achieved on a
Syncronis C18 column (100 mm x 2.1 mm id., 1.7 pum;
Thermo, US), with the column temperature set at 35 °C. The
gradient condition of the mobile phase was as follows: B
increased from 3% to 97% over 9 min. The flow rate was
0.4 mL/min, and the injection volume was 2 uL. The MS
instrument consisted of a Waters ACQUITY Synapt QTOF/
MS (Waters Corp.). lonization was performed in the negative
electrospray (ESI) mode. The temperature of the ion source
was maintained at 120 °C, and the desolvation temperature
was 320 °C. The flow rates of cone and desolvation gas (N,)
were 50 and 600 L/h, respectively. The capillary voltage used
for the analysis of catalpol and its metabolites was 3.2 kV.
All data collected in centroid mode were acquired using Mass-
IynxNT 4.1 software (Waters Corp.).

2.4. 16S rRNA gene sequence analysis

Microbial genomic DNA was extracted from fecal pellets using
a PowerSoil DNA Isolation kit (MOBIO Laboratories)
according to the manufacturer’s protocols, and samples were
stored at —80 °C until further testing. DNA quality and quan-
tity were assessed by determining the absorbance ratios at
260 nm/280 nm and 260 nm/230 nm, respectively. The
V3 + V4 sequenced regions of the 16S rRNA gene were ampli-

fied by PCR using universal primers. DNA libraries for Illu-
mina sequencing were constructed using a NEBNext Ultra
Directional RNA Library Prep kit for Illumina (E7420) fol-
lowing the manufacturer’s instructions. DNA library quality
was assessed using an Agilent High-Sensitivity DNA Chip.

2.5. Read mapping and data analysis

Raw data were processed according to previous reports, with
minor modifications (Chen et al. 2019, Johnson et al. 2019).
The raw data files were converted into FASTQ file format by
Base Calling Analysis. Paired-end sequence data were merged
into one sequence of Tags. FLASH v1.2.7 software was used to
splice the reads of each sample via overlap. Trimmomatic
v0.33 software was used to filter the raw tags to obtain high-
quality tag data. Chimeric sequences were identified and
removed using UCHIME v4.2 software to obtain the effective
tags. Clustering of tags at the 97% sequence similarity level
using UCLUST in QIIME (version 1.8.0) software was carried
out to obtain operational taxonomic units (OTUs), and the
OTUs were taxonomically annotated based on the Silva (bac-
teria, https://www.arbsilva.de) and UNITE (fungi, https://
unite.ut.ee/index.php) taxonomic databases. OTUs were fil-
tered using 0.005% of all sequence numbers as a threshold.
The OTU representative sequences were compared with the
microbial reference database to obtain the species classification
information corresponding to each OTU, and then the compo-
sition of each sample was determined at each level (i.e., phy-
lum, class, order, family, genus, species). On this basis,
QIIME software was used to generate a species abundance
table at different classification levels, and R package was used
to map the community structure plot under the taxonomic
level of the sample. Species annotation was performed using
the RDP Classifier (version 2.2, https://sourceforge.net/pro-
jects/rdpclassifier/) with a confidence threshold of 0.8. Alpha
diversity of samples (Rarefaction curve, Shannon index, Rank
abundance curve, Chaol richness estimator, Ace richness esti-
mator, Simpson diversity index, etc.) was determined using
Mothur software (version v.1.30). Beta diversity analysis was
performed using the Bray-Curtis algorithm of QIIME and R
software to compare the similarity of species diversity in differ-
ent samples. Finally, analysis of variance was performed to
screen species with significant differences at the genus level
(P < 0.05).

2.6. Fecal metabolomic and data analyses

Fecal metabolomic samples were treated according to a previ-
ous report, with some modifications (Le Gall et al. 2011). First,
250 mg of each stool sample was thawed at room temperature,
after which 1 mL of phosphate-buffered saline (0.2 mol/L Na,-
HPO,/ NaH,PO, [pH 7.4]) was added to the sample and cen-
trifuged at 14,000 rpm and 4 °C for 10 min. Thereafter, 400 uL
of the supernatant and 100 pL of D,O (containing 0.05%
sodium salt tri-methysilypropionic acid) were mixed together
and transferred into a 5-mm nuclear magnetic tube and stored
in a refrigerator at 4 °C for 5 h. All fecal sample spectra were
processed at 298 K using a Bruker spectrometer (Avance II1
500 MHz) with a one-dimensional water presaturated standard
NOESYPRI1D pulse sequence (recycle delay-90-t1-90-tm-90-
acquisition). The pretreated data were uploaded into
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SIMCA-P (version 14.1, Umetrics, Umea, Sweden) for multi-
variate data analysis. Intensity values with an invalid result
(NA) were replaced by zero. Peak intensity was calibrated by
total intensity. Variates with a relative standard deviation
>40% in quality controls were excluded. The final matrix
was exported to an EXCEL file for further processing.
Orthogonal partial least-squares discriminant analysis
(OPLS-DA) is a statistical method of supervised discriminant
analysis. The grouping variables are included in the modeling
for pair-wise analysis to make group differences and differ-
ences between two metabolic profiles clearer, thus enabling
the screening of different metabolites. Twenty recalculated per-
mutations were used to evaluate the validity of the model. The
variable importance in the projection (VIP) value of each vari-
able in the OPLS-DA model was calculated to indicate its con-
tribution to the classification. Metabolites with a VIP value
>1 as well as |p(corr)] > 0.3 were further evaluated using
the Mann—Whitney U test to determine the significance of each
metabolite, with P < 0.05 considered statistically significant.
A heatmap plot and bar plot were constructed using the R
package program. Metabo Analyst 5.0 database (https://
www.MetaboAnalyst.ca/) was used for the pathway analysis.

3. Results and discussion

3.1. AMUP exhibits potential protective effects on the kidney
and liver

To evaluate the UA-reducing pharmacodynamic activity and
protective effect of AMUP on liver and kidney tissue, we mea-
sured the UA concentration in the serum of rats at 12 days and
24 days after gavage. The results suggested that the serum UA
level of rats in the HUA model group was significantly higher
than that in the BC group (Fig. 1A), confirming that HUA
model construction was successful. This increase was reversed
in the Ben group and the AMUP groups. Interestingly, the
treatment effect of AMUP was better than that of the positive
control drug (Fig. 1A).

High UA levels cause renal injury and can even lead to
acute and chronic kidney disease (Cote et al. 2020, Liu et al.
2021). Analysis of HE staining of kidney tissues of the rats
in the control blank groups under 100 x light microscopy
revealed that the renal tubules were normal in shape, complete
in structure, and orderly arranged, and there was no inflamma-
tory cell infiltration in the tubulointerstitium (Fig. A.1). In
contrast, images of the model group showed that the renal
tubules were damaged and exhibited tubulodilatation and
inflammatory cell infiltration in the tubulointerstitium. How-
ever, pathological changes were also found in kidney tissues
after treatment with benzbromarone, indicating that this drug
may only reduce the UA level to some extent but not reverse
organ damage caused by HUA or benzbromarone itself, as this
drug does exhibit kidney toxicity (Fig. A.1). Two clinical cases
also showed that benzbromarone can cause acute kidney injury
following self-medication for HUA (Ye et al. 2019). AMUP at
both low and high doses can alleviate such physiological
changes in organs, suggesting that AMUP has a significant
effect on reducing UA levels and reversing the kidney damage
caused by HUA.

ALT, AST, and IBIL are important indicators of liver
health (Kwo et al. 2017). As shown in Fig. 2A-C, the levels

of ALT and AST, as well as IBIL, were higher in the model
group than the BC group, suggested that HUA can cause liver
damage. In contrast, the serum levels of ALT, AST, and IBIL
decreased after treatment with AUMP or benzbromarone.
Consistently, no inflammatory cell infiltration, degeneration,
fibrosis, necrosis, or other pathological changes were observed
in blank controls (Fig. A.2). However, in the model group, the
structure of the hepatic lobules and the shape of the vacuoles
in the cytoplasm of hepatocytes were altered, and some cells
were larger and others exhibited a compressed nucleus. Patho-
logical changes in liver tissue were reversed in the AUMP
treatment groups but not in the benzbromarone group,
demonstrating that benzbromarone cannot repair organ dam-
age caused by HUA. This observation was consistent with a
reported clinical case of an HUA patient treated with benzbro-
marone who developed severe liver injury after 26 days (Zhang
et al. 2019).

Other important pathological indexes, such as TG and Glu
levels, have also been evaluated in rats (Alves-Bezerra and
Cohen 2017, Qi and Tester 2019). Levels of TGs and Glu were
also significantly elevated in the model group (Fig. 1B), sug-
gesting that HUA is also associated with diseases such as dia-
betes and hyperlipidemia and that AUMP may have potential
to relieve the complications of these diseases.

3.2. Transformation of AMUP to characteristic metabolites

Metabolism refers to the process by which the chemical struc-
ture of a compound changes under the action of a variety of
metabolizing enzymes and is a major determinant of the clini-
cal efficacy, clearance, and toxicity of a drug (Lu 2007). After
administration, drug metabolism primarily occurs in the
intestines mediated by the gut microbiota. In this process,
the drug usually undergoes chemical modification, producing
metabolites that can have different functional and toxicologi-
cal properties compared to those of the precursor. Some drug
components or metabolites in the gut are absorbed by the
intestinal epithelium and enter the blood and travel to organs,
where additional metabolic reactions may take place. Unab-
sorbed components or metabolites are excreted from the body
via the urine and feces.

To identify the active component of low-dose AMUP treat-
ment in the metabolic process in vivo, we analyzed AMUP
metabolites in plasma, feces, and urine by LC-MS. A total
of eight chemical components were detected in plasma
(Table Al). Among these components, seven prototype con-
stituents, including two calycosin isomers, a daidzein isomer,
odoratin-7-O-f-D-glucoside isomer, 5,7,4'-trihydroxy-isoflavo
none isomer, formononetin isomer, and 3,9-dimethoxy-10-hy
droxypterocarpan isomer were identified. One of the metabo-
lites of AMUP in plasma is the product of isomucronulatol
glucuronidation. Isomucronulatol-7-O-f-D-glucoside exhibits
anti-osteoarthritic effects (Hong et al. 2018) by reducing the
expression of all osteoarthritis-related molecules (Hong et al.
2018), suggesting that the products of isomucronulatol glu-
curonidation may play a role in the effects of HUA treatment.

We also analyzed the metabolites in feces and urine and
identified 31 compounds in supernatant of feces (Table A2),
most of which were saponins. These 31 compounds included
15 isomers of prototypical compounds and 16 prototypical
transformation components of methylation, carboxylation,
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Fig. 1

AMUP has obvious effect in the treatment of HUA. A, AMUP has the same effect in reducing uric acid levels as benzbromarone

in rats with HUA 12 and 24 days after administration. B, AMUP treatment decreased the Glu and TG levels of the rats with HUA on days
12 and 24. P values were determined by paired t-test (*P < 0.05;**P < 0.01;***P < 0.001).

and hydroxylation. A total of 38 chemical components were
identified in urine (Table A3), including 27 prototypical com-
pounds and 11 prototypical transformation components.
Unlike the metabolites in feces, most of the components in
urine were flavonoids. The prototypical transformation com-
ponents primarily consisted of glucuronidation, hydroxyla-
tion, and methylation products. Taken together, these results
suggest that flavonoids exert therapeutic effects in the blood,
whereas saponins and their metabolic components are not
easily absorbed into the blood to exert therapeutic effects.
However, saponins can play a specific role in regulating the
community structure of the intestinal flora (Kim 2018, Xu
et al. 2020). This result suggested that different components
of TCM may exhibit the pharmacodynamic effect at different
body parts via different mechanisms.

3.3. AMUP ameliorates HUA-induced gut dysbiosis

Recent explorations of the interplay between phytochemicals
and the gut microbiota have revolutionized our understanding
of the underlying mechanisms (Sanchez et al. 2017). The gut
microbiota plays a pathogenic role in the development of car-
diovascular disease (Tang et al. 2017). As modulation of the
microbiome is a potential therapeutic approach for HUA
treatment, we examined the effects of AMUP on the gut
microbiota composition by performing a pyrosequencing-
based analysis of bacterial 16S rDNA in feces. A random sam-
pling method was used to construct a rarefaction curve, which
indicated that the sequencing data were reasonable for further
analysis (Fig. A.3B). The alpha diversity of fecal microbiota
for five groups as measured by the Shannon index showed that
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Fig. 2 AMUP functions in protecting the liver in rats with HUA. A-C AMUP decreased ALT, AST, and IBIL levels in rats with HUA
after 12 and 24 days of treatment. P values were determined by paired t-test (*P < 0.05; **P < 0.01; ***P < 0.001).

there was no significant difference in composition between
HUA rats treated with AUMP and the BC group (Fig. 3A).
However, significant differences were observed between the
model group and BC group as well as the benzbromarone
group and BC group. This result indicates that the intestinal
microbiota structure of rats with HUA after treatment with
AMUP is similar to that of normal rats.

We also observed a distinct clustering of microbiota com-
position for five groups using binary jaccard—based principal
co-ordinate analysis (PCoA). The PCoA of the BC and model
groups revealed the dysbiosis caused by HUA (Fig. 3B), and
the microbiome of the positive, low-dose, and high-dose
AMUP groups became more similar to that of the blank con-

trol group. This result suggests that AMUP treatment can
restore the microbiota in HUA rats to a certain extent.

To assess the overall composition of the bacterial commu-
nity in the different groups, we analyzed the degree of bacterial
taxonomic similarity at the phylum level. High concentrations
of uric acid in the intestine led to an increase in the ratio of Fir-
micutes (Yokota et al. 2012) compared with the BC group. In
addition, model negative group rats displayed a significant
increase in the relative abundance of Firmicutes and a higher
Firmicutes-to-Bacteroidetes ratio, whereas the positive group
and low-dose and high-dose AMUP groups were protected
against this effect to a large extent (Fig. 3D and Fig. A.3C).
It has been reported that a higher Firmicutes-to-
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Bacteroidetes ratio in the microbiome is associated with higher
body weight, which is also consistent with our observation
(Fig. A.3A).

The results of 16S rRNA sequencing analyses confirmed
that the microbiome community structure of rats treated with
the low dose of AMUP was more similar to that of healthy rat
microbiomes than that of the microbiomes of the ben and HA

group. This result also suggested that even if benzbromarone is
used in HUA treatment, it cannot reverse the structural disor-
der of the intestinal flora caused by HUA. The microbiome of
rats treated with a high-dose of AMUP was significantly differ-
ent compared with that of healthy rats, which may have been
because, like many other medicines, high doses of AMUP can
exhibit certain toxic side effects.
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To investigate species showing differences in the abundance
of microbial community groups, Kruskal-Wallis H test—based
hypothesis testing was conducted at the species level. We
screened the top 15 strains that exhibited significant differences
in abundance, but most of these remain unclassified and uncul-
tured. As Fig. 3C shows, Lactobacillus johnsonii was present in
markedly higher abundance in the model group compared with
other fours groups. Although Lactobacillus johnsonii is a pro-
biotic species that is beneficial in obese patients, helping to
reduce body fat and alleviate diabetes in rats (Teixeira et al.
2018), a too high an abundance of Lactobacillus johnsonii
may be indicative of an intestinal flora disorder.

The abundance of Muribaculaceae in the gut of the model
group decreased significantly compared with the BC group but
recovered to the normal abundance after treatment with
benzbromarone or AMUP. Muribaculaceae species contribute
to the production of propionate (Smith et al. 2019), a short-
chain fatty acid that is a major microbial fermentation
metabolite in the human gut (Hosseini et al. 2011). Propionate
is thought to lower lipogenesis (Nishina and Freedland 1990),
serum cholesterol levels (Lin et al. 1995), and inhibit carcino-
genesis (Milovic et al. 2000) and extend life span in rats
(Sibai et al. 2020). Therefore, a high abundance of Muribacu-
laceae may have the potential to relieve HUA by increasing the
intestinal propionate concentration.

Shigella is a bacterial pathogen that causes typical bacillary
dysentery (Baker and The 2018, Liu et al. 2019). The abun-
dance of Shigella was lower in the low-dose AMUP treatment
group than the other three groups, suggesting that a lower
abundance of Shigella contributed to the observed similarity
in the microbial communities of the low-dose AMUP and
BC groups. The Clostridia have many roles. Clostridium butyr-
icum ameliorates excessive intestinal inflammation by reducing
the production of interleukin (IL)-1p and IL-6 (Zhao et al.
2019). Both animal models and clinical trials revealed that
members of the Clostridia help prevent or resolve allergic
symptoms (Shu et al. 2019). A recent study reported the use
of Clostridia stains in cancer therapy (Minton 2003). The
results of 16s TRNA sequencing showed that the abundance
of Clostridia species in the rat intestine matched that of the
BC group only in the low-dose AUMP treatment group, sug-
gesting that low-dose AMUP may support the growth of
Clostridia.

A previous analysis of the gut microbiota reported that
obese people have fewer Allobaculum species in the intestine
(Kong et al. 2019). In our study, Allobaculum was almost unde-
tectable in the model group, suggesting that model group rats
should exhibit increased weight. Indeed, the weight of rats in
the model group was generally higher than that of rats in the
other groups (Fig. A.3A). Lachnospiraceae, a family of tricil-
lonitaceae, is known to be involved in the development of
metabolic disorders (Mechan and Beiko 2014), diabetes (Qin
et al. 2012), and restricting intestinal inflammation via the pro-
duction of butyric acid (Chen et al. 2017, Wallace et al. 2019).
A decreased abundance of Lachnospiraceae was found in feces
of the model and bromobenzene groups, whereas the Lach-
nospiraceae abundance in rats of the low-dose AMUP group
was similar to that of the BC group, suggesting that the risk
of intestinal inflammation and metabolic disorders would be
higher in HUA patients and that low-dose AUMP treatment
could reduce this risk. The function of members of the genus
Blautia, which was identified in the human gut, remains

unclear. However, we found that the abundance of Blautia
was significantly deceased in rats with HUA but similar in
the other three groups, suggesting that Blautia may play a role
in HUA treatment.

3.4. AMUP intervene metabolomics

The potential utility of metabolomics analysis in the early
diagnosis of disease, drug safety evaluations, and personalized
toxicology research has been demonstrated in several studies
(Ussher et al. 2016, Lains et al. 2019). As the intestinal micro-
bial community in rats with HUA was affected by AUMP, we
hypothesized that the metabolome in the feces of rats with
HUA would be altered by AUMP treatment. To explore the
potential protective mechanism of AUMP on HUA, feces
metabolomics analyses were performed using LC-MS. Princi-
pal component analysis models containing all quality control,
BC, and model samples were first established to observe the
clustering of quality controls as well as the distance between
the BC and model groups (Fig. A.4A and A.4B). Quality con-
trols clustered closely no matter whether in positive
(Fig. A.4A) or negative (Fig. A.4B) mode, which indicated sat-
isfactory reproducibility and stability of the acquisition sys-
tem. In addition, samples of BC and model groups tended to
differentiate. This suggested that the metabolites were shifted
in the model group.

OPLS-DA showed that the BC and model groups could be
distinguished clearly in both positive mode (Fig. A.4C) and
negative mode (Fig. A.4E). The results of permutation tests
suggested the OPLS-DA models were valid, as the blue regres-
sion line of the Q2-points was below zero. That is to say, the
metabolites migrated significantly after modeling (Fig. A.4D
and 4F). An S-plot (Fig. A.4G and 4H) was also constructed
to visually reflect the contribution of each variable. Points far-
ther from the original points contribute more to the difference.
OPLS-DA models containing all samples were also established
to observe the distance between groups. Points becoming clo-
ser suggested a more similar metabolic constitution. As shown
in Fig. 4A and C, the five groups could be differentiated no
matter whether in positive or negative mode, respectively.
However, the three drug treatment groups all exhibited unsat-
isfactory regulation, as the points were farther from those of
the BC group. In addition, a permutation plot of the model
showed the same result (Fig. 4B and 4D).

A total of 17 significant metabolites were identified by his-
togram comparison (Fig. 5A and Table A4). As Fig. 5B and C
shows, only six components (7a,12a-dihydroxy-3-oxo-4-chole
noic acid, 7-ketodeoxycholic acid, 3,4-methylenesebacic acid,
19,20-dihydroxydocosapentaenoic  acid [19,20-DiHDPA],
dihydrocortisol, and enterolactone) trended toward a return
to the level of the BC group after AUMP treatment, whereas
the other metabolites exhibited no significant change after
AUMP treatment compared with the model group. This result
suggests that these six metabolites play a critical role in treat-
ment of HUA by AMUP.

In the feces metabolomics analysis, the content of the 3,4-
methylenesebacic acid in rats with HUA decreased compared
to the BC group. However, this trend was not observed in
the other three drug treatment groups. 3,4-Methylenesebacic
acid is a biomarker used to predict neutropenia (Deng et al.
2020). Neutrophils with a strong ability to kill pathogens are
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Fig. 4 OPLS-DA plots and permutation tests for all samples. A-B, ESI + model. C-D, ESI-model.

the most abundant type of white blood cell in the peripheral
blood. In addition, uric acid stimulates inflammation via the
production of p38 mitogen—activated protein Kkinases,
cyclooxygenase-2, and chemokine monocyte chemoattractant
protein-1 (Darmawan et al. 2017). Therefore, fewer neu-
trophils in the intestine and high uric acid levels may increase
the risk of intestinal inflammation in HUA patients. Further,
after low-dose AMUP treatment, the level of 3.4-
methylenesebacic acid returned to the same level as the control
group, suggesting that AMUP treatment can increase the num-
ber of some immune cells in the rat intestine. Production of the
n-3n-3 polyunsaturated fatty acid—derived diol metabolite
19,20-diHDPA is mediated by cytochrome P450. Increased
19,20-diHDPA levels are indicative of an anti-inflammatory
profile (Heemskerk et al. 2014). However, in the intestine of
rats with HUA, levels of 19,20-diHDPA were lower compared
with the other three groups, which also suggests a higher risk
of intestinal inflammation in HUA patients. Taken together,
these data suggest that high uric acid levels reduce the number
of various immune cells and anti-inflammatory factors in the
intestine.

Uric acid amplifies the lipogenic effects of fructose by
increasing ketohexokinase expression, which results in TG
accumulation in hepatocytes (Lanaspa et al. 2012). Liver fat
content accumulation increases the severity of non-alcoholic
fatty liver disease (NAFLD) (Sirota et al. 2013), and NAFLD
can increase the concentration of total bile acids and affect the

metabolism of bile acids in the liver (Chavez-Talavera et al.
2017). Indeed, cholic acid was proposed as a potential media-
tor of liver injury (Smith et al. 2004), and its levels were higher
in the rats of the model group than those of the control group.
7-Ketodeoxycholic acid and 7a,12a-dihydroxy-3-oxo-4-
cholenoic acid are intermediates in the biotransformation of
conjugates of cholic acid (3a,7a,12a-trihydroxy-5p-cholan-24-
oic acid) and chenodeoxycholic acid (3a,7a-dihydroxy-58-cho
lan-24-oic acid) into the unconjugated secondary bile acids
deoxycholic acid (3a,12a-dihydroxy-5B-cholan-24-oic acid)
and lithocholic acid (3a-hydroxy-5B-cholan-24-oic acid)
(Sutherland et al. 1984, Song et al. 2019, Quinn et al. 2020).
As Fig. 5B shows, the level of both 7-ketodeoxycholic acid
and 7a,12a-dihydroxy-3-oxo0-4-cholenoic acid were signifi-
cantly higher in the rats of the model group than the control
group. In addition, pathway enrichment analysis showed that
significant metabolites were enriched in the primary bile acid
biosynthesis pathways, suggesting that HUA leads to hepatic
injury and that AUMP treatment can alleviate such damage
and reverse the dysregulation of bile acid biosynthesis path-
ways. HE staining consistently showed that liver tissue of the
rats in the model group had pathological changes, and AUMP
treatment reversed the liver damage caused by HUA.
Dihydrocortisol is a glucocorticoid secreted by the adrenal
gland and plays a role in regulation of the hydro-salinity bal-
ance, glucose metabolism, and growth and development
(Mikami et al. 1980, Kallubai et al. 2019). In addition, dihy-
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drocortisol has anti-inflammatory effects and suppresses
immune responses (Southren et al. 1985). Fecal metabolomics
data indicated that in the intestine of model group rats, dihy-
drocortisol levels were higher than in the other three groups,
suggesting that HUA damages the adrenal gland and causes
adrenal cortical hyperplasia. Long-term dihydrocortisol excess
leads to hypertension, abnormal glucose metabolism, cen-
tripetal obesity, and other symptoms, which may the reason
why the weight of the rats in the model group with HUA
was higher. We also found that the level of corticosterone in
the serum of rats with HUA was significantly higher than that
in the BC group. In addition, pathway analysis results indi-
cated that steroid hormone biosynthesis may be affected by
HUA (Fig. 5C), suggesting that hormone levels in patients
with HUA are dysregulated.

As Fig. 5C indicates, the content of Enterolactone (EL) was
reduced in the intestine of rats with HUA but returned to nor-
mal after drug treatment, especially treatment with low-dose
AUMP. EL is a bioactive phenolic metabolite known as a
mammalian lignan derived from dietary lignans. Different
strains of microbes in the host gut are involved in the meta-
bolic conversion of dietary lignans into EL (Halldin et al.
2019). Further studies have revealed that EL possesses potent
protective properties against different cancers via mediation of
different signaling pathways or immune factor release (Mali
et al. 2019). In addition, EL affects the development of hepa-
tocyte inflammation by modifying the fatty acid composition
(Berk et al. 2019). Therefore, a high level of EL in the intestine
may contribute to the remission of HUA.

4. Conclusions

HUA is a metabolic disease caused by excessive production of
uric acid or excretion disorders of uric acid. Long-term high
uric acid can lead to various syndromes, especially gout. In
Western medicine, drugs are often used for the treatment of
HUA. However, some reports show that chronic administra-
tion of Western drugs can have toxic side effects. Astragalus
membranaceus is a medicinal herb commonly used in many
herbal formulations in the practice of TCM to treat a wide
variety of diseases and disorders (Auyeung et al. 2016). In this
study, the potential use of AMUP and its chemical con-
stituents in the treatment of HUA was investigated via 16S
rRNA sequencing and metabolomics analyses.

We found that the effect of low-dose AMUP in alleviating
HUA was better than that of the Western medicine benzbro-
marone and caused less damage to the kidney and liver. In
addition, 16S rRNA sequencing of the intestinal microbiota
indicated that low-dose AMUP can reverse the intestinal flora
imbalance induced by HUA more effectively than benzbro-
marone or high-dose AMUP. Our results showed that low-
dose AMUP has no toxic side effects and could therefore serve
as a reference dose for the treatment of HUA. To explore
which metabolic pathways or metabolites are affected by
AMUP in alleviating HUA, we analyzed the fecal metabolome
and found that the content of bile acid and its two downstream
metabolites were significantly increased in the model group,
perhaps because HUA can cause liver damage. However,
low-dose AMUP reversed these increases. Moreover, the levels
of some biomarkers related to immune cells and intestinal
inflammatory responses in the model group were decreased,

but these biomarkers returned to the level of the BC group
after treatment with AMUP.

We also found that the secretion of some adrenal hormones
important in the metabolism of basic substances (Byakodi
et al. 2017, Gomes et al. 2020) was dysregulated in rats with
HUA, suggesting that high uric acid levels may also lead to
damage of the adrenal gland and affect the secretion of related
hormones. Taking AMUP can help these hormones return to
normal levels. Taken together, these data indicate that HUA
holds great potential as a cure for HUA by reshaping the struc-
ture of the intestinal microbiota and stabilizing dysregulated
metabolic pathways.
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