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Simiao Decoction alleviates
hyperuricemia-induced renal injury
through regulating gut dysbiosis and
decreasing gut-derived uremic toxins
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Renal injury is a common complication of hyperuricemia (HUA), which has been recognized as an
independent risk factor for chronic kidney disease (CKD). The gut-kidney axis theory suggests that
targeting the gut microbiota may be a potential treatment option for kidney disease. In this study, we
utilized a spontaneous HUA rat model to demonstrate that Simiao decoction (SMD), a traditional
Chinese medicine formula, can effectively alleviate HUA-induced renal injury by modulating gut
microbiota and bacterial metabolism of tryptophan and tyrosine, thereby reducing gut-derived uremic
toxins such as indoxyl sulfate (IS) and p-Cresol (PC). Fecal microbiota transplantation (FMT) further
confirmed that the therapeutic effect of SMD was mediated by gut microbiota. Finally, in vitro studies
revealed that IS promotes epithelial-mesenchymal transition (EMT) while PC induces cellular
senescence in tubular cells. Collectively, our findings suggest that SMD can effectively alleviate HUA-
induced renal injury through regulating gut dysbiosis and decreasing gut-derived uremic toxins. This
study sheds light on a novel mechanism by which SMD exerts its effects on HUA-induced renal injury.

Hyperuricemia (HUA) is a common metabolic disorder. The global pre-
valence of HUA is gradually increasing. The overall hyperuricemia pre-
valence in China has risen from 11.1% in 2015-2016 to 14.0% in 2018-2019,
a significant rise was observed in the three years'. In addition to its primary
association with gout, HUA is closely linked to other conditions, including
type 2 diabetes’, hypertension’, cardiovascular diseases’ and chronic kidney
disease (CKD)’. The kidney functions are frequently affected by HUA. HUA
is regarded as an independent risk factor for CKD®. The mechanisms
through which HUA leads to renal injury include the induction of tubular
damage, inflammation, and tubulointerstitial fibrosis™*.

The gut-kidney axis theory well illustrates the vital role of gut micro-
biota on kidney health’. Increasing studies suggest that gut microbiota and
their metabolites serve as essential mediators of the gut-kidney axis, sig-
nificantly contributing to the maintenance of renal health'*'"". Gut dysbiosis
is closely linked to the progression of renal pathologies'*". Additionally,

substantial differences in gut microbiota composition have been observed
between individuals with HUA and healthy controls, in both humans and
rodents'*"". Our previous study provides additional insights into the role of
gut dysbiosis in exacerbating renal injury in HUA rats'’, indicating that
therapeutic interventions targeting the modulation of intestinal microbiota
could offer a promising approach for treating HUA-related renal injury.
Overproduction and inadequate excretion of uric acid (UA) are the two
primary pathological factors for HUA. The therapeutic approach for HUA
and HUA -related diseases aims to reduce UA production and/or promote
its excretion. Xanthine oxidase inhibitors, such as allopurinol and febuxo-
stat, are capable of decreasing uric acid production, while uricosuric agents
like benzbromarone and probenecid increase UA excretion. These are the
main effective UA-lowering agents used in clinical practice'®. However, their
clinical application is hindered by the significant adverse effects. For
example, allopurinol has been reported to frequently cause renal damage
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Fig. 1 | SMD alleviates HUA and renal dysfunction in the UOX ' rats. A The different groups (1 = 8). G 24-h urine proteins level of different groups (n = 8). Data

scheme of the experiment. B Body weight changes (n = 8). C Serum UA con-
centrations of different groups (n = 8). D Scr concentrations of different groups
(n=8). E BUN concentrations of different groups (n = 8). F Urine volume level of

are represented as mean * SD. Statistical comparison was performed using One-way
ANOVA followed by the post hoc LSD tests. *p < 0.05, **p < 0.01.

and Stevens-Johnson syndrome, while probenecid may lead to
neurodegeneration”'w. Therefore, there remains a need to develop effective
agents with fewer side effects.

Chinese herbal medicines are evidence-based therapies with proven
efficacy and acceptable safety for the treatment of HUA and HUA-related
diseases™*'. Simiao decoction (SMD) is a classic traditional Chinese med-
icine formula used to treat HUA and HUA-related diseases’”. Previous
studies have demonstrated that SMD can mitigate HUA and HUA-induced
renal injury in mice by inhibiting inflammation, apoptosis, and renal
fibrosis****. However, the involvement of intestinal microbiota in the pro-
tective effects of SMD on HUA-induced renal injury and the underlying
mechanisms are not fully understood.

The limited research on the impact of SMD on HUA-induced gut
dysbiosis may be attributed to the absence of a stable HUA model. It is well
known that HUA is a chronic metabolic disease, drug-induced acute HUA
model may be not suitable for the study of HUA-induced microbiota change
and the effects of SMD. The inactivation of the uricase gene in primate
evolution predisposes humans to HUA. The uricase (UOX) gene encodes
uricase, which degrades UA to allantoin in the rodent liver, posing a chal-
lenge for establishing stable HUA animal models. HUA models are typically

established by administering drugs that either enhance purine synthesis or
inhibit uricase activity. Nevertheless, the instability of serum UA levels in
drug-induced models makes them inadequate for HUA research, especially
for the study of HUA-induced gut dysbiosis. Therefore, in this study, an
UOX-knockout (UOX") rat model was ultilized to investigate the
nephroprotective effects of SMD on HUA and reveal the underlying
mechanisms.

Results

UPLC-MS/MS analysis of SMD

SMD is composed of 4 herbs, as detailed in Table S1. A total of 59 com-
ponents were identified using UPLC/MS/MS in both positive and negative
ion modes (Fig. S1). These components included berberine, ferulic acid,
baicalin, gallic acid, citric acid, and others. The specific characteristic frag-
ments of the 59 compounds are enumerated in Table S2.

SMD alleviates HUA and renal dysfunction in the UOX '~ rats

The experiment design was shown in Fig. 1A, UOX '~ rats were randonly
divided into model (MOD) group, low-dose SMD (L-SMD) group, high-
dose SMD (H-SMD) group and allopurinol (ALP) group, while wild-type
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rats were assigned to control (CTR) group. Blood, urine, feces and kideneys
were collected after 8 weeks intervention. As seen in Fig. 1B and Fig. S2A,
body weight and food intake showed no significant differences across the
groups. However, compared to wild-type rats, water intake was markedly
increased in UOX ™'~ rats, and neither SMD nor ALP treatment had any
effect on the water intake of intake of UOX '~ rats (Fig. S2B). As expected,
serum UA levels of UOX " rats were significantly higher than wildtype rats
(Fig. 1C), indicating successful establishment of the HUA model. Addi-
tionally, the UOX ™' rats displayed obvious renal dysfunction, as evidenced
by elevated Scr, BUN and 24-hour urine proteins (Fig. 1D-G). After 8 weeks
of treatment, both SMD and ALP effectively reduced serum UA levels in the
UOX " rats. Furthermore, both L-SMD and H-SMD group demonstrated
significant reduction in Scr levels in the UOX ' rats (Fig. 1D), suggesting
nephroprotective properties against HUA-induced kidney injury. Unex-
pectedly, ALP not only failed to alleviate renal dysfunction but rather
aggravated it, as indicated by elevated BUN levels in the UOX /" rats.

To investigate whether SMD treatment could induce hepatotoxicity in
rats, histopathological H&E staining of rat liver tissue was performed.
Histological analysis revealed no discernible alterations in hepatic tissue
across the various rat groups (Fig. S3A). Additionally, no statistically sig-
nificant differences were observed in serum AST and ALT levels across the
groups (Fig. S3B). In total, these results indicate that SMD alleviates HUA
and renal dysfunction in the UOX '™ rats without causing obvious
hepatotoxicity.

SMD attenuates renal histopathological injury in the UOX ' rats
To provide more comprehensive analysis of the kidney injury induced by
HUA and the protective effect of SMD, we conducted examinations of
kidney gross morphology and histopathology. As shown in Fig. 2A, com-
pared to wildtype rats, UOX '~ rats developed evident impairment of kidney
morphology with less smooth surface and severe structural damage, which
were attenuated by SMD treatment. The presence of UA crystals observed in
UOX '™ rats was significantly reduced by different doses of SMD and ALP
treatment (Fig. 2B). H&E staining results revealed that SMD treatment
mitigated renal tubule dilatation, disorganized epithelial cell arrangement,
and inflammatory cell infiltration induced by HUA in the kidneys of UOX '~
rats (Fig. 2C). Furthermore, PAS staining results demonstrated that tubular
injury in the HUA rat kidneys, characterized by tubular dilation, detached
epithelial cells, and damage to the brush border membrane within tubular
lumens, was ameliorated following different doses of SMD administration
(Fig. 2D-F). Consistent with PAS staining results, levels of several bio-
markers for tubular injury increased in the urine of UOX ™' rats, including
urinary NAGL and KIM-1, all significantly reduced in H-SMD group
(Fig. 2G-H). However, ALP not only failed to alleviate but rather aggravated
tubular injury, as indicated by elevated KIM-1, RBP, and 2-MG levels in
urine samples from UOX ™'~ rats (Fig. 2G, I and J). In summary, these
findings suggest that SMD could mitigate HUA-induced renal histo-
pathological injuries especially those related to renal tubules. Our results also
indicate the potential nephrotoxicity associated with long-term use of ALP.
Additionally, according to the results of tubular injury biomarkers, we found
that H-SMD group showed a better renoprotective effect than L-SMD group
in HUA rats. Therefore, H-SMD group was chosen to explored the
mechanism of SMD on the effects of HUA-induced renal injury.

SMD alleviates renal fibrosis in the UOX ™~ rats
Renal fibrosis is a prevalent pathological characteristic in various CKD. To
investigate this, we conducted Masson trichrome staining and collagen I1I
immunohistochemical staining. As depicted in Fig. 3A-D, UOX '~ rats
exhibited significantly higher kidney collagen accumulation than wildtype
rats. However, treatment with SMD resulted in a notable reduction of col-
lagen accumulation in the kidneys of UOX ™' rats.
Epithelial-mesenchymal transition (EMT) constitutes a fundamental
process in the pathogenesis of renal interstitial fibrosis. Several biomarkers
are utilized to characterize EMT, with epithelial cells predominantly
expressing E-cadherin, while mesenchymal cells express N-cadherin and a-

SMA. Additionally, TGF-B/Smad2 plays a significant role in the induction
of EMT. As depicted in Fig. 3E-G, compared to wildtype rats, there was a
reduction in E-cadherin protein expression, whereas the expressions of N-
cadherin, a-SMA, TGF-B, and Smad2 were elevated in the kidneys of UOX "/~
rats. In contrast, high dose SMD treatment notably upregulated E-cadherin
expression and downregulated N-cadherin, a-SMA, TGF-$ and Smad2
expression in the kidneys of UOX '~ rats. In total, these results suggest that
SMD alleviates renal fibrosis in UOX ' rats.

SMD reduces inflammation and cellular senescence in the kid-
neys of UOX™ rats
Chronic inflammation represents a common pathological feature of HUA,
where NLRP3 inflammasome activation significantly contributes to renal
inflammation and fibrosis progression. Inmunohistochemical staining for
CD68 revealed a higher macrophage count in the kidneys of UOX" rats
(Fig. 4A). The serum concentrations of IL-1, IL-6,and MCP-1 (Fig. 4C-E),
as well as the protein expressions of IL-1p, cleaved-caspase 1, and NLRP3
(Fig. 4F and G), were consistently elevated in the kidneys of UOX ™'~ rats.
Conversely, different doses of SMD treatment significantly reduced the
serum levels of IL-6, IL-1p and MCP-1, as well as the protein expression of
IL-1B, cleaved-caspase 1, and NLRP3 in the kidneys of UOX™'" rats.
Cellular senescence is intricately linked to renal fibrosis development.
To investigate whether HUA could induce cellular senescence in the kidney
and the effects of SMD, Sa-p-gal staining was conducted. The results of Sa-
[-gal staining showed a significant increase in cell senescence in the kidneys
of UOX ™" rats (Fig. 4B). Interestingly, the positive area of Sa-B-gal staining
mainly focused on the renal tubule. Additionally, Western blot results also
revealed an up-regulation of cell senescence-related protein expression,
including P16™** and P21, in the kidneys of UOX ™'~ rats compared to
wildtype rats (Fig. 4H and I). Conversely, SMD treatment significantly
reduced both the positive area of Sa-p-gal staining and the renal protein
expression levels of P16™** and P21 in UOX ' rats. Collectively, these
findings suggest that SMD treatment has the potential to reduce inflam-
mation and cellular senescence in the kidneys of UOX '™ rats.

SMD improves intestinal barrier and regulates gut dysbiosis in
the UOX ' rats
The intestinal barrier plays a crucial role in preventing the transfer of
endogenous and exogenous antigens, as well as pathogenic microorganisms,
from the intestinal tract to the systemic circulation, thus ensuring the health
of animals. Therefore, we first investigated the effects of SMD on the
intestinal barrier function of UOX '~ rats. H&E and AB staining of colonic
tissues revealed an impairment of the intestinal barrier, characterized by a
thinner mucus layer and damage to colonic crypts (Fig. 5A, B and D).
Additionally, morphological observations of intestinal tight junctions by
TEM showed a impairment of intestinal barrier in UOX ™" rats (Fig. 5C).
Consistent with these findings, colonic protein expressions of ZO-1 and
occludin were decreased in UOX '~ rats (Fig. 5E and F). In contrast,
treatment with SMD was found to improve the intestinal barrier function in
UOX ™" rats by repairing the structure of colonic crypts, promoting mucus
excretion, and upregulating expression levels of tight junction proteins.
The gut microbiota is essential for the kidney health maintenance. A
metagenomic analysis was conducted to assess SMD’s effect on the gut
microbiota in HUA rats. The a-diversity indices, including the Shannon and
Chaol indices, demonstrated comparable microbial richness and evenness
between the MOD and SMD groups (Fig. 6A and B). A principal coordi-
nates analysis (PCoA) using Bray-Curtis distance revealed distinct differ-
ences in microbial community composition between the two groups
(Fig. 6C). At the phylum level, Firmicutes, Bacteroidetes and Proteobacteria
were identified as the main bacteria in both MOD and SMD groups, with no
significant differences in abundance observed for Firmicutes and Bacter-
oidetes between the two groups (Fig. 6D-F, Fig. S4A). At the species level,
several species include potential probiotics and pathogenic bacteria were
identified (Fig. S4B). LEfSe analysis was further performed to identify
microbial biomarkers at species level for each group (Fig. 6G). The results
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Fig. 2 | SMD attenuates renal histopathological injury in the UOX" rats.

A Kidney morphology of different groups. B UA crystals detected under polarized
light in the kidneys of rats. C Representative kidney H&E staining of different
groups. Scale bar, 100 um. D-F Representative kidney PAS staining and renal
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tubular injury scores of different groups (n = 4). Scale bar, 50 um. G-K Urinary
KIM-1, NGAL, RBP, $2-MG, and CysC concentrations of different groups (n = 8).
Data are represented as mean + SD. Statistical comparison was performed using
One-way ANOVA followed by the post hoc LSD tests. *p < 0.05, **p < 0.01.
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Fig. 3 | SMD alleviates renal fibrosis in the UOX ' rats. A Representative kidney
masson trichrome staining of different groups (n = 4). Scale bar, 100 pm.

B Representative immunohistochemistry staining for Collagen III (1 = 4). Scale bar,
100 um. C Quantification of masson trichrome staining positive areas (n = 4).

D Quantification of Collagen IIT immunohistochemistry staining (# = 4). Scale bar,
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100 um. E-G Representative western blot and quantification of Collagen IV, N-
cadherin, E-cadherin, Smad2, a-SMA and TGF-p proteins in the kidneys of rats
(n=4). Data are represented as mean + SD. Statistical comparison was performed
using One-way ANOVA followed by the post hoc LSD tests. *p < 0.05, **p < 0.01.
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Fig. 4 | SMD inhibits inflammation and cellular senescence in the kidneys of
UOX ™' rats. A Representative immunohistochemistry staining for CD68. Red
arrows indicate CD68-positive macrophage. Scale bar, 100 um. B Representative
kidney Sa-B-gal staining of different groups. G means glomerulus. Scale bar, 50 um.
C Serum IL-1f concentrations of different groups (n = 6). D Serum IL-6 con-
centrations of different groups (n = 6). E Serum MCP-1 concentrations of different

groups (n = 6). F, G Representative western blot and quantification of NLRP3,
caspasel p20 and IL-1p proteins in the kidneys of rats (n = 4). H, I Representative
western blot and quantification of P53, P21 and P16™*** proteins in the kidneys of
rats (n = 4). Data are represented as mean * SD. Statistical comparison was per-
formed using One-way ANOVA followed by the post hoc LSD tests.

*p < 0.05, **p < 0.01.
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Fig. 5 | SMD improves intestinal barrier in the UOX ' rats. A Representative
colon H&E staining of different groups. Scale bar, 100 um. B Representative colon
AB staining of different groups. Scale bar, 50 um. Mucus layer was indicated by red
arrow. C Representative colon TEM of different groups. Scale bar, 500 nm.
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D Histological score of colon (1 = 4). E, F Representative western blot and quanti-
fication of ZO-1 and occludin proteins in the kidneys of rats (n = 4). Data are
represented as mean + SD. Statistical comparison was performed using One-way
ANOVA followed by the post hoc LSD tests. *p < 0.05, **p < 0.01.

showed an enrichment of 6 potential probiotics, including Mur-
ibaculum_gordoncarteri, Lactobacillus_intestinalis, Prevptella_copri and
Lactococcus_lactis, in the SMD group, while 2 potential pathogenic bacteria,
including Eschericha_coli and Lactobacillus_taiwanensis, were enriched in
the MOD group (Fig. 6H and I). Additionally, Pearson correlation analysis
revealed that that Lactobacillus_taiwanensis enriched in MOD group was
positively correlated with renal dysfunction parameters such as KIM-1 and
NGAL, whereas Prevotella_copri and Lactococcus_lactis enriched in SMD
group were negatively correlated with renal dysfunction parameters
(Fig. 6]). Collectively, these findings clearly indicated that SMD significantly
enhanced the function of the intestinal barrier and modulated the gut
microbiota in HUA rats.

SMD regulates the metabolism of gut microbiota in the

UOX ' rats

Metagenomic analysis indicated that SMD modulated the gut microbiota
structure and composition in UOX '~ rats. To further investigate the effects
of SMD on the metabolism of gut microbiota in HUA rats, fecal untargeted
metabolomic analysis was performed. As depicted in Fig. 7A, the OPLS-DA
model results demonstrated a distinct separation between the SMD and
MOD groups, indicating differences in microbiota metabolites between the
two groups. A 200-iteration random permutation test validated the OPLS-

DA model’s robustness (Fig. S5A). After filtering by VIP > 1 and p < 0.05, a
total of 28 metabolites were identified between the SMD and MOD groups
(Fig. 7B), with 13 metabolites up-regulated and 15 down-regulated in SMD
group. Of particular interest among these altered microbiota metabolites is
indole, a precursor of multiple uremic toxins derived from tryptophan
metabolism by gut microbiota. Consistently, enriched KEGG pathway
analysis indicated that tryptophan metabolism by microbiota was down-
regulated in the SMD group (Fig. 7C). Pearson correlation results showed
that Escherichia-coli enriched in MOD group were positively correlated
with indole and other differential metabolites, whereas Mur-
ibaculum_gordoncarteri, Lactobacillus_intestinalis enriched in SMD group
were negatively correlated with these altered metabolites (Fig. 7D).

These results reveal that SMD potentially modulates gut microbiota
metabolism, notably by suppressing tryptophan metabolism. This effect
could be beneficial in alleviating HUA-induced kidney injury.

SMD inhibits the production of gut-derived uremic toxins in the
UOX ' rats

The results of fecal metabolomic analysis indicated that SMD could inhibit
the tryptophan metabolism of gut microbiota, leading to a reduction in the
production of indole and other harmful microbial metabolites. However, it
remains unclear whether these metabolites could enter the bloodstream and
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Fig. 6 | SMD regulates gut dysbiosis in the UOX—/— rats. A Shannon index
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as mean + SD. Statistical comparison was performed using Wilcox rank-sum tests.

be further metabolized by the host, ultimately resulting in the production of
uremic toxins that may impair kidney function. To address this question, a
targeted metabolomics analysis of kidney tissues was performed. As
depicted in Fig. 8A, the OPLS-DA model results demonstrated a distinct
separation between the SMD and MOD groups, suggesting differences in

microbiota metabolites between the two groups. A 200-iteration random
permutation test validated the OPLS-DA model’s robustness (Fig. S5B).
After filtering by VIP > 1 and p < 0.05, 127 kidney metabolites were
identified between the SMD and MOD groups (Fig. S6), with 25 metabolites
up-regulated and 102 down-regulated in the SMD group. These metabolites
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of the KEGG pathway between MOD and SMD groups. D Pearson correlation
between differential species and metabolites. *p < 0.05, **p < 0.01.

primarily include amino acids, nucleosides, nucleotides, and analogues,
peptides, and analogues, organic acids and derivatives, phosphatidyl acids,
indoles and heterocyclic compounds (Fig. 8B). KEGG enrichment analysis
showed that the tyrosine metabolism and other pathways were down-

regulated in SMD group (Fig. 8C). Among these, several uremic toxins
including lipoxin A4, methylguanidine, indoxyl sulphate (IS) and p-Cresol
(PC), were down-regulated after SMD treatment (Fig. 8D). It’s well known
that IS and PC are common uremic toxins derived from gut bacteria
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(Fig. 8F). Correlation analysis also showed that IS and PC were positively
correlated with renal function parameters (Fig. 8E).

These data suggest that SMD inhibits the production of gut-derived
uremic toxins in UOX ™" rats, thereby alleviating HUA-induced kidney injury.

Gut microbiota mediates the protective effects of SMD on

renal injury

The results of multi-omics analysis suggest that the gut microbiota may
mediate the renal protective effects of SMD. To test our hypothesis, fecal
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A The schedule of FMT and I/R surgery. FMT fecal microbiota transplantation, I/R
ischemia/reperfusion, ABX antibiotic. B-D Levels of Scr, BUN and UA in recipient
mice (n = 6). E, F H&E and PAS staining of kidneys in recipient mice. Scale bar,

0+ T T T T

50 um. G Renal tubular injury scores (n =4). H, I Levels of IS and PC in recipient
mice (n = 6). Data are represented as mean + SD. Statistical comparison was per-
formed using One-way ANOVA followed by the post hoc LSD tests. **p < 0.01.

microbiota was transplanted from CTR, MOD and H-SMD group rats into
gut microbiota-depleted mice for two weeks. Subsequently, ischemia/
reperfusion (I/R) surgery was performed in the recipient mice to induce
acute renal injury (Fig. 9A). As shown in Fig. 9B-D, no differences were
observed in Scr, BUN or UA when comparing HUA microbiota recipient
mice to control mice, or when comparing them to SMD microbiota

recipient mice, indicating that the HUA microbiota might not directly
induce renal injury. However, HUA microbiota recipient mice following
the I/R surgery showed an increase in Scr, BUN and UA levels when
compared to the control group, while SMD microbiota recipient mice
showed a significantly decrease Scr, BUN and UA levels when compared to
HUA microbiota recipient mice after I/R surgery. Consistently, renal

npj Biofilms and Microbiomes| (2026)12:58

11


www.nature.com/npjbiofilms

https://doi.org/10.1038/s41522-026-00923-x

Article

A HK-2
15— L IS(UM)
1 EI 0 1
- P o 4 1 1
€ 'E3625 !
é 1.0 (3125
3 1 1
P 250
2 1500 1
S 0.5 \ |
[=] 111000 !
o _____ a4
0.0 — T T T
24h 48h 72h
C HK-2
CTR IS

Oh

12 h

E |
d;’
o |
c
ol
=t
G

CTR | IS
E-cadherin |Seees e oems o oo o—

N-cadherin|—- e — — — —-|

Smad2 |-

GAPDH |@mm www wwm wwe sy oo |

Fig. 10 | IS promotes EMT in renal tubular epithelial cells. A, B Effects of IS (62.5,
125,250, 500 and 1000 pM) on HK-2 and NRK-52E cells viability. C, D Microscopy
images of HK-2 and NRK-52E cell migration scratch assay. E, F Microscopy images
of transwell migration of HK-2 and NRK-52E cells. G, H Representative western blot

B NRK
2.0 — . N
L IS(uM)
= 'mo !
E 15 : :
S | 125
N~ 1 1
() 1 [ 250 ¢
o 1.0 - 1 I
e} , 500
©
& o5 \ = 1000 ,
9 i .
0.0 — T T T
24h 48h 72h
D NRK

0h

12h

H 0 15+ *
- o = CTR
3 *x = is
[=
S 1.04
2
(]
1
o
=
K4
Q
X o0
& & o9
- R &
& & &
& A

and quantification of N-cadherin, E-cadherin and Smad2, proteins in NRK-52E cells
(n=3). Data are represented as mean + SD. Statistical comparison was performed
using two-tailed unpaired Student’s t tests. *p < 0.05; **p < 0.01.

tubular injury was ameliorated in SMD microbiota recipient mice when
compared to HUA microbiota recipient mice after I/R surgery (Fig. 9E-G).
Moreover, the serum levels of IS and PC, two key gut-derived uremic toxins
obsereved in metablomic analyses, were significantly down-regulated in
SMD microbiota recipient mice compared to HUA microbiota recipient
mice after I/R surgery (Fig. 9H and I). These results suggest that gut
microbiota mediates the protective effects of SMD on HUA--induced renal

injury.

IS and PC promotes EMT and cellular senescence in renal tubular
epithelial cells, respectively

The results of the kidney metabolomic analysis and FMT revealed that SMD
may inhibit the production of uremic toxins derived from gut bacteria (IS
and PC) in UOX " rats, thereby alleviating HUA-induced kidney injury. To
further investigate the underlying mechanism, HK-2 and NRK-52E cells
were treated with IS and PC.

According to the MTT assay results, IS did not influence the pro-
liferation of either HK-2 or NRK-52E cells (Fig. 10A and B). However,
transwell and scratch assays showed that IS could significantly increase the
migratory and invasive capacity of HK-2 and NRK-52E cells (Fig. 10C-F).
Increased migratory and invasive capacity are the characteristic of EMT.
Western blot analysis further demonstrated that IS led to a down-regulation
in the protein expression levels of E-cadherin, while concurrently up-
regulating the protein expression levels of N-cadherin and Smad2 (Fig. 10G
and H). These findings suggest that IS induces EMT in the renal tubular
epithelial cells.

Furthermore, the MTT results demonstrated that PC inhibited the cell
viability of HK-2 and NRK-52E cells (Fig. 11A and B). PC treatment
reduced the numbers of viable HK-2 and NRK-52E cells and induced cel-
lular senescence as indicated by a characteristic large and flattened mor-
phology (Fig. 11C and D). The Sa-B-gal staining results indicated that PC
facilitated the senescence of renal tubular cells (Fig. 11E and F).
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Correspondingly, Western blot analysis demonstrated that PC treatment
led to an upregulation in the expression of senescence-associated proteins,
such as P16 P21, and P53 (Fig. 11G and H). Additionally, PC induced
apoptosis in renal tubular cells (Fig. 11I-L), suggesting that it induces both
senescence and apoptosis in the cells.

Discussion

HUA is closely related to kidney diseases. And HUA animal models are
crucial for HUA-related disease research. In this study, a spontaneous HUA
rat model with UOX gene knockout was utilized. Our results indicate that
SMD significantly alleviates HUA-induced renal injury in UOX ™' rat
model. The protective effects of SMD may attributed to its regulation of gut
dysbiosis and enhancement of intestinal barrier function, leading to a
reduction in gut-derived uremic toxins and the inhibition of EMT, cellular
senescence, and apoptosis in renal tubular cells.

Traditional chinese medicine (TCM) offer distinct benefits in
improving symptoms associated with HUA, minimizing toxic side effects,
and reducing the likelihood of disease recurrences. As a classic prescription
in China, SMD has been widely utilized for treating HUA and its associated
complications. While animal studies have validated the therapeutic effects of
SMD in HUA-related renal injury, the underlying mechanism remains
unclear. Therefore, this study employed a UOX ™'~ rat model to further
investigate the efficacy and mechanism of SMD. As anticipated, UOX '~
rats displayed spontaneous HUA and obvious renal injury. Both SMD and
ALP demonstrated their ability to lower uric acid levels in UOX ' rats.
However, when compared to ALP, SMD exhibited distinct advantages in
protecting against HUA-induced renal injury. This advantage was con-
firmed through pathological staining and detection of renal tubular injury
markers. Notably, ALP not only failed to alleviate tubular injury but also
exacerbated the process, indicating the adverse effects on renal function with
prolonged use of ALP.

Renal fibrosis represents the ultimate common pathway resulting from
diverse renal injuries, culminating in CKD and end-stage renal disease.
EMT is considered the key mechanism underlying renal fibrosis. The anti-
fibrotic effects of SMD on the kidneys of UOX " rats were confirmed by
Masson staining and Western blot analysis. Additionally, cellular senes-
cence, characterized by stress-induced irreversible growth arrest, is impli-
cated in the progression of renal disease. The acceleration of tubular cell
senescence exacerbates the pathogenesis of renal fibrosis®”’. Senescent cells
can be detected through SA-(-gal staining, and these cells exhibit a loss of
proliferative and reparative capacities. Additionally, they secrete elements
characteristic of the senescence-associated secretory phenotype (SASP),
which includes proinflammatory cytokines such as IL-1B, IL-6 and MCP-1,
as well as pro-fibrotic mediators like TGF-B1°**. In this study, apparent
tubular senescence was observed in the kidneys of HUA rats using SA-p-gal
staining. Furthermore, SMD significantly inhibited tubular senescence and
the secretion of proinflammatory cytokines.

The gut microbiota and their metabolites are closely associated with the
occurrence and development of kidney disease. Our previous study found
that gut dysbiosis induced by HUA could promote renal injury in UOX "~
rats, suggesting that targeting the microbiota may be an effective strategy for
treating HUA-related renal injury'. Therefore, metatgenomic was per-
formed firstly to test the effects of SMD on gut microbiota in HUA rats. Our
study demonstrated a notable disparity in the structure and composition of
gut microbiota through PcoA analysis and bacteria abundance analysis. The
LEfSe analysis revealed several potential probiotics that were significantly
enriched in the SMD group. These included Lactobacillus_intestinalis,
Prevotella_copri, and Lactococcus_lactis. In contrast, Eschericha_coli, a
common opportunistic pathogenic bacteria, was found to be enriched in the
MOD group. Previous studies have shown that Lactobacillus_intestinalis is
reduced in CKD rats®, while Prevotella_copri has been found to mediate the
beneficial effects of therapeutic food for malnutrition™. Additionally, Lac-
tococcus lactis is recognized as a safe microorganism for regulating intestinal
micro-ecological balance and improving immune performance”. Further-
more, it is crucial to emphasize that the Escherichia coli genome harbors

genes encoding tryptophanase, an enzyme that facilitates the conversion of
tryptophan into indole, which can subsequently be metabolized into IS. This
suggests a potential role for Escherichia coli in the production of uremic
toxin'“”. Therefore, the protective effects of SMD on HUA-induced renal
injury may be related to the upregulation of Lactobacillus_intestinalis,
Prevotella_copri and Lactococcus_lactis and the downregulation of
Eschericha_coli.

After conducting gut metagenomic analysis, we proceeded with fecal
metabolomic analysis to further explore the regulation of SMD on gut
microbiota in HUA rats. Among these differential metabolites, our attention
was drawn to the decrease in indole in the SMD group, as it is a product of
microbiota tryptophan metabolism and a precursor of IS. Consistently, the
results of metabolite-enriched KEGG pathway revealed the regulatory effect
of SMD on microbiota tryptophan metabolism. In addition to IS, quinolinic
acid (QA), L-kynurenine (KYN) and kynurenic acid (KA) are also uremic
toxins derived from the metabolism of tryptophan by the gut microbiota.
These results suggest that SMD inhibits the tryptophan metabolism of gut
microbiota to alleviate HUA-induced renal injury. However, whether indole
and other differential metabolites could enter the bloodstream and be fur-
ther metabolized to uremic toxins by the host to impact renal function
remains unknown. To address this question, kidney metabolic analysis was
performed. In line with the results of fecal metabolomics analysis, IS
abundance in the kidneys of HUA rats was significantly reduced by SMD.
Additionally, PC, another common uremic toxin produced from tyrosine
metabolism by intestinal anaerobic bacteria'’, was also reduced in the kid-
neys of SMD group. The results of metabolite-enriched KEGG pathway also
indicated the inhibition of SMD on tyrosine metabolism. Both IS and PC are
protein-bound uremic toxins that cannot be efficiently cleared by hemo-
dialysis; therefore, regulation of gut microbiota may contribute to reducing
uremic toxins and alleviating renal injury. Moreover, our recent studies
found that IS and PC were accumulated in UOX " rat kidneys". These
results suggest that SMD alleviates HUA-induced renal injury by regulating
gut microbiota to reduce the production of uremic toxins, including IS and
PC. Interestingly, berberine, the main component in SMD identified by
UPLC-MS/MS, has been reported to ameliorate CKD by modulating the gut
microbiota and suppressing the synthesis of gut-derived uremic toxins,
including PC*. This provides additional evidence for the regulatory effects
of SMD on the gut-kidney axis.

FMT study confirmed that the therapeutic effects of SMD was medi-
ated through modulation of the gut microbiota. Consistent with previous
study, recipient mice recolonized with different microbiota did not showed
obvious changed in levels of Scr, BUN and UA. However, mice colonized
with HUA microbiota displayed more serious renal injury and higher UA
levels compared to control mice after I/R. In contrast, mice recolonized with
SMD treated microbiota exhibited attenuated renal injury and decreased
UA levels when compared to HUA microbiota recipient mice after I/R. The
decrease in UA levels seens to be a consequence of improved renal injury,
not a direct effect of the SMD microbiota since no difference was seen in
sham mice recolonized with different microbiota. Nevertheless, the causal
relationship between the improvement of HUA and the modulation of gut
microbiota is more likely a bidirectional interaction rather than a simple
unidirectional causal link. On one hand, as shown in our study, a hyper-
uricemic environment may alter the structure and composition of gut
microbiota. On the other hand, modulating the gut microbiota (e.g., with
probiotics) has been shown to ameliorate HUA®***®, Moreover, levels of gut-
derived uremic toxins (including IS and PC) were lower in mice recolonized
with SMD-treated microbiota than in those receiving HUA microbiota.
This provides additional evidence that the therapeutic effects of SMD on
renal injury are mediated by the microbiota and their metabolites.

Both IS and PC are found to promote the progression of CKD”*. To
further investigate the mechanisms underlying the effects of IS and PC on
renal injury, two types of renal tubular cells were utilized. Our results
showed that IS induced an EMT-like process to promote renal fibrosis,
which is consistent with previous studies”. Additionally, IS exhibited
nephrotoxic effects through the induction of inflammation and acceleration
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of cellular senescence’””. Furthermore, it has been demonstrated that IS
induces intestinal barrier injury through the impairment of mitophagy
mediated by the IRF1-DRP1 axis®. PC is primarily conjugated to p-cresyl
sulfate (PCS) within enterocytes. Similar to IS, PCS also promotes inflam-
mation and renal fibrosis***. The primary structural difference between
PCS and PC is the substitution of a hydroxyl group with a sulfate group,
rendering PCS a hydrophilic compound. Therefore, PC appears to exhibit
an enhanced ability to permeate the cell membrane and interfere with it
functions, leading to increased biological toxicity relative to PCS. In this
study, tubular cell proliferation was inhibited by PC. More importantly, PC
treatment significantly accelerated tubular cell senescence in line with the
results from the in vivo studies. Collectively, our findings suggest that the
reduction of gut-derived uremic toxins, including IS and PC, may play a role
in mediating the protective effects of SMD on HUA-induced renal injury.

In short, we investigated the therapeutic effects of SMD on renal injury
induced by HUA using a uricase-deficient rat model. Mechanistically, SMD
was observed to ameliorate gut dysbiosis and modulate bacterial metabo-
lism of tryptophan and tyrosine, resulting in a decrease in gut-derived
uremic toxins. This process ultimately inhibited renal fibrosis and tubular
cell senescence in the kidneys of HUA rats (Fig. 12). This study provides new
insights into the potential for therapy targeting the gut-kidney axis to
address gut dysbiosis as a promising strategy for the treatment of HUA-
related renal injury. The main limitation of the study is that we did not
identify the key components of SMD that are responsible for the renal
protective effects mediated by microbiota regulation. In addition, future
studies designed with specific temporal analyses to track the sequential
changes in both HUA and microbiota are essential.

Methods

Preparation and analysis of SMD

SMD was processed into formula granules by Jiangyin Tianjiang Pharma-
ceutical Co., Ltd. (lot: 2205312). SMD granule (12 g/packet) comprised
Phellodendron amurense Rupr (10 g), Coix lacryma-jobi L. (10 g), Atrac-
tylodes lancea (Thunb.) DC. (5 g), Cyathula officinalis K.C.Kuan (5 g). As
outlined in the 2020 edition of the Chinese Pharmacopoeia, issued by the
Chinese Pharmacopoeia Commission, the UPLC fingerprint was observed
at a wavelength of 203 nm. A sample preparation involved dissolving
500 mg of SMD powder in 15 mL of a 70% methanol solution, followed by
filtration to facilitate subsequent UPLC-MS/MS analysis. The processes of
sample preparation, extract analysis, and metabolite identification and
quantification were conducted at GenChim Testing Co., Ltd. (Shang-
hai, China).

Animals and experimental design
The UOX ™' rats (male, 6 weeks) were generated by intercrossing UOX "~
rats obtained from Model Animal Research Center of Nanjing University.
Wild-type littermates with genetically altered lines were used as controls.
The rats were housed on a 12-h light-dark cycle at 24 + 2°C. They had free
access to food and water. The experiment was ethically approved by the
Institution Animal Ethics Committee of Southern Medical University
(No.SMUL202311021). The study design was as follows :

CTR group (n=28): Wildtype rats were given purified water as

drinking water.

MOD group (n=8): UOX '~ rats were given purified water as

drinking water.

L-SMD group (n=8): UOX '~ rats were administered with low dose

SMD (3 g/L) in drinking water for weeks. According to the body sur-

face area conversion and the water intake of UOX '~ rats (60 ml/day),

the low dose for mice (3 g/L) was approximately the clinical equivalent

dose of SMD (12 g per day).

H-SMD group (n = 8): UOX '~ rats were administered with high dose
SMD (6 g/L) in drinking water for weeks.

ALP group (n=8): UOX ' rats were administered with allopurinol
(Aladdin, Shanghai, China) with a dose of 0.15 g/L in drinking water for
8 weeks.

To minimize the stress caused by prolonged oral gavage, the drugs were
dissolved in purified water for the rats to drink ad libitum. The drinking
water with or without drug was changed daily. After 8 weeks of the inter-
ventions, rats were anesthetized with sodium pentobarbital (50 mg/kg).
Subsequently, feces, urine, blood, kidneys and colons tissue of rats were
harvested and stored at -80 °C for subsequent analysis.

Fecal microbiota transplantation (FMT) was performed following an
adapted protocol based on a previous study”. Specifically, 36 6-week-old male
C57BL/6 ] mice were treated orally once daily for five days with a combination
of antibiotics-vancomycin (100 mg/kg), neomycin sulfate (200 mg/kg),
metronidazole (200 mg/kg), and ampicillin (200 mg/kg)-to deplete their
indigenous gut microbiota. On the evening of the fifth day, food was with-
drawn while water remained freely available. Fresh fecal samples were asep-
tically collected from rats in the CTR, MOD, and H-SMD groups, pooled, and
homogenized in pre-chilled sterile PBS (200 mg feces per mL). The suspension
was centrifuged at 1000 rpm for 5min at 4 °C, and the supernatant was
collected. The resulting bacterial suspension was combined with an equal
volume of 25% sterile glycerol to achieve a final concentration of 12.5% gly-
cerol and stored at —80 °C until use. Each recipient mouse received 200 pl of
the bacterial suspension via oral gavage daily for 14 consecutive days.

Renal ischemia/reperfusion (I/R) surgery was conducted by transiently
clamping the bilateral renal artery. Mice were anesthetized with 1.25% 2,2,2-
tribromoethanol (0.2ml/10g), and following laparotomy, both kidneys
were exposed. The renal pedicle was clamped for 30 min using an atrau-
matic clip to induce ischemia, followed by 24 h reperfusion on a heating
blanket. Mice were anesthetized with sodium pentobarbital (50 mg/kg) and
kidneys and serum were collected for subsequent analysis.

Detection of serum UA, IS, PC and renal function indicators
Serum UA (BioAssay Systems, CA, USA), BUN, Scr and urine protein
(Jiancheng, Nanjing, China) were detected using respective commercial kits.
Urine sample was collected using metabolic cage. Urinary NAGL, 2-MG,
KIM-1, CysC and RBP were dectected by ELISA quantitation kits (Boshen,
Nanjing, China). Serum IS and PC were dectected by ELISA quantitation
kits (Meimian, Jiangsu, China).

Detection of inflammation cytokines
Serum levels of MCP1, IL-1B, and IL-6 were quantified using ELISA kits
according to the instructions (Boshen, Nanjing, China).

Histological analysis

The kidneys and distal colon tissues of rats were fixed in paraformaldehyde
or carnoy’s solution, embedded in paraffin and setioned into 5 um thick
slices. Standard protocols were followed for staining with haematoxylin and
eosin (H&E), periodic acid schiff (PAS), masson trichrome and alcian blue
(AB). Tubular injury was scored according to the previous study””. UA
crystals in kidneys fixed in absolute ethanol were detected under polarized
light. Colon injury was scored according to the previous study™.

Immunostaining

Kidney sections embedded in paraffin were deparaffinized and subjected to
antigen unmasking. And then they were blocked with 10% goat serum and
immunostained overnight at 4 °C in a humidified chamber with antibodies
targeting CD68 (1:200, GB113109, Servicebio) and collagen III (1:200,
GB111629, Servicebio). Immunohistochemical staining was performed
using DAB and counterstained with hematoxylin.

SA-B-gal staining
Senescent cells were stained using a SA-p-gal staining kit in accordance with
the instructions (Beyotime, Shanghai, China).

Transmission electron microscopy (TEM)

Colon tissues were preserved in 2.5% (v/v) glutaraldehyde in PBS and
processed according to standard protocols. Images were captured with a
Hitachi transmission electron microscope from Japan.
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Fig. 12 | SMD alleviates HUA-induced renal injury through regulating gut dys-
biosis and decreasing gut-derived uremic toxins. Flowchart depicting the inte-
grated analyses of fecal metagenome, fecal and kidney metabolome, and fecal

microbiota transplantation and in virtro experiments employed in this study.
Mechanistically, SMD alleviates HUA-induced renal injury through regulating gut
dysbiosis and decreasing gut-derived uremic toxins.

Western blot analysis

For the western blot analysis, 4 representative samples from each group
of 8 were randomly selected for protein extraction and blotting. Pro-
teins were extracted from kidney or colon tissues using RIPA lysis
buffer and quantified with a BCA protein assay kit. Subsequently,
Western blotting was carried out using the following antibodies: a-

SMA (505138, CST), B-actin (GB11001-100, Servicebio), caspasel p20
(AF4005, Affinity), collagen IV (AF0510, Affinity), E-cadherin
(144728, CST), IL-1P (bs-6319R, Bioss), N-cadherin (14215S, CST),
NLRP3 (bs-6655R, Bioss), occludin (GB111401-100, Servicebio),
Smad2 (5339S, CST), TGF-B (ab66043, Abcam), pl16™*** (bs-
55160R,Bioss), p21 (bs-55160R,Bioss), p53 (10442-1-AP,Proteintech),
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Z0O-1 (GB111402-100, Servicebio). Image ] software was utilized for
protein band analysis.

Metagenomic sequencing and taxonomic profiling

Genomic DNA was extracted from fecal samples using the E.Z.N.A.® Soil
DNA Kit (Omega Bio-Tek, USA), with DNA concentration and purity
assessed using Qubit4.0 and NanoDrop2000, respectively. The genomic
DNA was fragmented to an average size of 300 bp for constructing paired-
end libraries. Illumina paired-end libraries were subsequently generated
using NovaSeq 6000 S4 Reagent Kit (Illumina, USA). Shallow shotgun
sequencing was conducted using the Illumina NovaSeq platform with the
NovaSeq Reagent Kits at Honsunbio Technology Co., Ltd. (Shanghai,
China). The sequencing data has been uploaded to NCBI (Bioproject:
PRJNA1135458).

The Ilumina paired end reads underwent processing to eliminate
adaptors and low-quality reads (defined as having a quality score of less than
Q20, a length of less than 50 bp, or containing N bases). The Burrows-
Wheeler Aligner was utilized to align reads to the rat reference genome
(GCF_015227675.2_mRatBN7.2_genomic) using default parameters, with
any matches related to reads and their paired reads being excluded. Taxo-
nomic classification and abundance estimation of all metagenomic samples
were conducted using Kraken 2 v2.1.2 and Bracken v2.8, employing a custom
database comprising complete bacterial, archaeal, fungal, viral, protozoan,
and human genomes, as well as UniVec core sequences sourced from RefSeq.

Statistical analysis and data visualization were conducted using R
software. Principal coordinates analysis (PCoA) and PERMANOVA were
performed utilizing the Bray-Curtis similarity matrices. The linear dis-
criminant analysis (LDA) effect size (LEfSe) was conducted to dectermine
differential abundance of species between groups (the default LDA score
was 2). Predictions of functional category abundances were made using
KEGG through PICRUSt based on operational taxonomic units (OTUs).
Wilcoxon tests were conducted to assess variations in microbial community
and functional diversity between two groups.

Metabolomic analysis

For feces metabolomic analysis, samples were weighed prior to metabolite
extraction. The samples were freeze-dried and ground in a 2 mL Eppendorf
tube with a 5 mm tungsten bead for 1 min at 65 Hz using a grinding mill.
Metabolites were extracted using a chilled solvent mixture of methanol,
acetonitrile, and water in a 2:2:1 volumetric ratio.This was followed by
ultrasonic agitation for 1h in an ice bath. The mixture was incubated at
—20 °Cfor 1 h, followed by centrifugation at 14,000 g for 20 minutes at 4 °C.
The supernatants were collected and subjected to vacuum concentration
until dry. Metabolomics profiling was conducted using a UPLC-ESI-Q-
Orbitrap-MS system with Q-Exactive Plus.

MS-DIAL processed the raw mass spectrometry data for peak align-
ment, retention time correction, and peak area extraction. Metabolite
identification utilized accurate mass measurements (tolerance < 10 ppm)
and MS/MS spectral data (tolerance < 0.02 Da), compared against databases
such as HMDB, MassBank, other public repositories, and our proprietary
standard library. Variables with over 50% nonzero measurements in any
group were retained among the extracted-ion features.

The data was mean-centered using Pareto scaling prior to being
applied in models built with partial least squares discriminant analysis
(OPLS-DA) and evaluated via a 200-iteration random permutation test.
Discriminating metabolites were identified using a statistically significant
threshold based on VIP values from the OPLS-DA model and a two-tailed
Student’s t-test on normalized data. Metabolites with VIP > 1.0 and p < 0.05
were considered statistically significant.

Metabolomic analysis of kidney tissues was performed as previously
described”.

Cell viability assay
The impact of IS (Sigma, USA) and PC (Selleck, USA) on cell viability was
assessed using the MTT assay. Briefly, HK-2 and NRK-52E cells in the

logarithmic growth phase were collected and plated into 96-well plates at a
density of 10° cells per well. Cells were incubated with a concentration
gradient of IS or PC at 37 °C and 5% CO, for 24, 48, and 72 h. Subsequently,
20 pL of MTT was introduced to each well for a period of 4 h, after which
150 pL of DMSO was added. The optical density (OD) of each well was
measured at 570 nm using a microplate reader.

Scratch assay

To evaluate the migratory capacity of the cells, a scratch-wound assay was
conducted. In brief, HK-2 and NRK-52E cells were cultured to confluence in
a 6-well plate with 4 x 10° cells. Following the creation of a scratch using a
sterile 200 uL pipet tip, the HK-2 and NRK-52E cells were incubated with
125 uM IS. The cells were then photographed at marked positions at both 0
and 12 h.

Transwell migration assay

HK-2 or NRK-52E cells were placed in the upper chamber of a transwell
insert with 8.0 um pores. 125 uM IS was added to the lower chamber after
one hour, and cells were incubated for 24 h to promote migration. The insert
was then removed, and a cell scraper was used to eliminate cells from the
upper side of the membrane. The membranes were fixed with 4% paraf-
ormaldehyde, washed with PBS, and stained with Vectashield mounting
medium containing DAPI. Images were captured using a microscope at 40x
magnification (Olympus, Japan).

Flow cytometry

Cell apoptosis was assessed utilizing the Annexin V-FITC reagent. Fol-
lowing a 24-h treatment with PC, the cells were collected and subjected to
two washes with PBS. Subsequently, the cells were resuspended and incu-
bated with Annexin V-FITC and PI for 15 min at room temperature under
dark conditions. The apoptosis rate was quantified using flow cytometry
after adding 400 pl of binding buffer to each cell suspension.

Statistical analysis

The statistical analysis was performed using SPSS version 22.0 (Chicago,
USA), with results expressed as means + standard deviation (SD). The
Student’s ¢ test was used to assess differences between two groups, while one-
way ANOVA followed by the post hoc LSD test was employed for com-
parisons among multiple groups. A p < 0.05 indicated statistical significance.

Data availability

The shallow genome sequencing is available from the NCBI Sequence Read
Archive (SRA) database (Bioproject: *PRJNA1135458*). The data for this
study were available by contacting the corresponding author upon rea-
sonable request.
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