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Gut microbiota dysbiosis in hyperuricaemia =

promotes renal injury through the activation
of NLRP3 inflammasome
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Abstract

Background The prevalence of hyperuricaemia (HUA), a metabolic disorder characterized by elevated levels of uric
acid, is on the rise and is frequently associated with renal injury. Gut microbiota and gut-derived uremic toxins are
critical mediators in the gut-kidney axis that can cause damage to kidney function. Gut dysbiosis has been implicated
in various kidney diseases. However, the role and underlying mechanism of the gut microbiota in HUA-induced renal
injury remain unknown.

Results A HUA rat model was first established by knocking out the uricase (UOX). HUA rats exhibited apparent renal
dysfunction, renal tubular injury, fibrosis, NLRP3 inflammasome activation, and impaired intestinal barrier functions.
Analysis of 165 rRNA sequencing and functional prediction data revealed an abnormal gut microbiota profile and acti-
vation of pathways associated with uremic toxin production. A metabolomic analysis showed evident accumulation
of gut-derived uremic toxins in the kidneys of HUA rats. Furthermore, faecal microbiota transplantation (FMT) was per-
formed to confirm the effects of HUA-induced gut dysbiosis on renal injury. Mice recolonized with HUA microbiota
exhibited severe renal injury and impaired intestinal barrier functions following renal ischemia/reperfusion (I/R)
surgery. Notably, in NLRP3-knockout (NLRP3™7) I/R mice, the deleterious effects of the HUA microbiota on renal injury
and the intestinal barrier were eliminated.

Conclusion Our results demonstrate that HUA-induced gut dysbiosis contributes to the development of renal injury,
possibly by promoting the production of gut-derived uremic toxins and subsequently activating the NLRP3 inflam-
masome. Our data suggest a potential therapeutic strategy for the treatment of renal diseases by targeting the gut
microbiota and the NLRP3 inflammasome.
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The prevalence of hyperuricaemia (HUA) has contin-
ued to increase worldwide, with an evident reduction
in the age of onset in recent years. A high prevalence of
approximately 20% was seen between 2007 and 2016 in
the United States [1]. In China, the prevalence of HUA
has significantly increased from 11.1% in 2015-2016 to
14% in 2018-2019, reaching 32.3% in the 18-29-year-
old men [2]. HUA is a metabolic disease caused by
purine metabolic disorders, mainly due to the increased
formation or reduced excretion of uric acid (UA). HUA
is often associated with many diseases including gout

and chronic kidney disease (CKD) [6]. Renal dysfunc-
tion is one of the most common complications of HUA.
In addition, renal dysfunction also contributes to the
elevation of serum UA levels since the kidneys are the
major organs responsible for the excretion of UA. Epi-
demiological research has suggested that HUA is an
independent risk factor of CKD [7]. Possible mecha-
nisms of HUA-induced renal injury include renal
tubular injury, inflammatory cell infiltration, and subse-
quent tubulointerstitial fibrosis [8, 9].
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The gut microbiota is essential to maintain health. It
is currently known that the gut microbiota is a critical
player in the gut-kidney axis, playing a vital role in kidney
health [10]. Gut dysbiosis has been implicated in various
kidney disease, leading to the increased production of
gut-derived uremic toxins such as indoxyl sulphate (IS),
p-cresyl sulphate (PCS), and trimethylamine N-oxide
(TMAO) [11-13]. While the kidneys are the main route
of UA excretion, the intestinal tract also plays an impor-
tant role in UA excretion. Approximately, 1/3 of UA is
excreted into the intestinal tract and further metabo-
lized by gut bacteria. Hence, it is reasonable to assume
that the gut microbiota undergoes changes in response
to alterations in UA metabolism. Several clinical and ani-
mal studies have demonstrated notable differences in the
gut microbiota between individuals with HUA and gout
when compared to healthy controls [14—17]. However,
the specific role and underlying mechanism of gut dysbi-
osis induced by HUA in the development of renal injury
still remain unclear.

Inflammation, an immune response to counteract
harmful pathogens, serves as a major pathogenic mech-
anism in both CKD and acute kidney injury (AKI). In a
damaged renal interstitium, the presence of inflamma-
tory cells is commonly observed in failing kidneys and is
inversely correlated with renal function [18]. The devel-
opment and activation of the immune system heavily rely
on interactions between the host and the gut microbiota,
and an imbalance can result in sustained immune activa-
tion or inappropriate immune suppression [19]. Notably,
nod-like receptor protein 3 (NLRP3), an inflammatory
regulator, has been found to be activated in mouse mod-
els of CKD and AK], as well as in human kidney diseases
[20-22]. The NLRP3 inflammasome is a group of pattern
recognition receptors involved in various innate immune
responses to both microbial and nonmicrobial stimuli
[23]. Previous research has indicated that the NLRP3
inflammasome is implicated in the regulation of intesti-
nal homeostasis and can be activated by bacterial prod-
ucts such as lipopolysaccharide (LPS) and gut-derived
uremic toxins like IS [24—26]. Therefore, it is reason-
able to hypothesize that the NLRP3 inflammasome par-
ticipates in the cross-talk between the gut microbiota,
inflammation, and the kidney axis.

The susceptibility of humans to HUA can be attrib-
uted to the inactivation of the uricase gene (also known
as uric acid oxidase, UOX) during primate evolution.
UOX is expressed in the rodent liver, which degrades
UA into allantoin, hindering the establishment of sta-
ble HUA models. The primary approach to create HUA
models involves the administration of drugs that pro-
mote purine synthesis or inhibit UOX activity. However,
these drug-induced models often exhibit unstable serum

Page 3 of 20

UA levels. Alternatively, a novel strategy has emerged,
which involves genetically modifying UOX to establish
stable HUA models. As anticipated, UOX-knockout mice
develop HUA spontaneously. However, only a small num-
ber of these mice can survive to maturity due to the pres-
ence of severe renal injury [27].

In the current study, a UOX-knockout (UOX ™) rat
model on a Sprague-Dawley background was used in
conjunction with a microbiome and metabolomics anal-
yses to explore the impact of the gut microbiota on the
progression of HUA-induced renal injury and its under-
lying mechanism. Through the utilization of this model,
our research demonstrated that UOX™'~ rats exhib-
ited notable HUA with renal injury, characterized by
increased kidney fibrosis and inflammation. Additionally,
there were obvious changes in the composition of the gut
microbiota, as well as elevated levels of uremic toxins
derived from bacteria. Further investigation through fae-
cal microbiota transplantation (FMT) in both wild-type
(WT) and NLRP3-knockout (NLRP3~/~) mice revealed
that the microbiota associated with HUA played a vital
role in the progression of renal injury by activating the
NLRP3 inflammasome.

Results

UOX ™'~ rats developed significant HUA and renal
dysfunction

Blood, urine, faeces, and kidneys were collected at differ-
ent time points from the rat models (Fig. 1A). As shown
in Fig. 1B, there was no significant difference in body
weight between WT and UOX ™/~ rats. The UOX protein
dramatically reduced in the livers of UOX ™/~ rats com-
pared to that of WT rats as determined by Western blot
(Fig. 1C). Consistently, UOX~/~ rats had significantly
higher serum UA levels when compared to WT rats
(Fig. 1D). Serum UA levels stabilized at about 400 pmol/L
in the UOX ™/~ rats from 4 to 24 weeks of age. No differ-
ences were found in food intake between the two groups,
but the water intake in UOX™/~ rats was significantly
increased when compared to the WT controls (Fig. STA
and B). A Kaplan-Meier analysis of survival rates over a
24-week observation period showed that there was no
significant difference between the two groups (Fig. S1C).
To investigate the effects of HUA on the kidney, renal
function was determined in WT and UOX ™/~ rats from
4 to 12 weeks of age. Compared to WT controls, serum
creatinine (SCR) and blood urea nitrogen (BUN) were
significantly elevated at 8 weeks, and 24-h urine proteins
were increased at 12 weeks in UOX ™/~ rats (Fig. 1E-H).
Collectively, these findings indicate that the UOX ™' rats
were effectively established as a model for persistent and
spontaneous HUA, and that this condition resulted in
severe renal dysfunction.
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Fig. 1 UOX ™" rats developed significant HUA and renal dysfunction. A Timeline of the experiment (blood, urine, kidneys, and faeces were collected
in different time points). B Body weight changes (n = 10). C Expression of hepatic UOX (n = 4). D Serum UA of UOX ™~ and WT rats from 4 to 24
weeks of age (n = 10). E-H Levels of SCR, BUN, 24-h urine volume, and urine protein in UOX™~ and WT rats at 4, 8, and 12 weeks of age (n =10). Data
are represented as mean + standard error of the mean (SEM). Statistical comparison was performed using one-way repeated measurement analysis
of variances. *p < 0.05; **p < 0.01
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HUA causes significant renal histopathological injury
Kidney gross morphology was examined from 4 to 24
weeks of age. Compared with WT controls, UOX ™' rats
exhibited significant impairment of kidney morphology
as shown by a less smooth surface and the presence of
structural damage (Fig. 2A). Kidney histopathology was
examined at 12 weeks of age. Needle-like UA crystals
were observed in kidney interstices of UOX /™ rats under
polarized light (Fig. 2B). Haematoxylin and eosin (H&E)
staining showed renal tubule dilatation with disordered
epithelial cell arrangement and inflammatory cell infiltra-
tion in the kidney of UOX ™~ rats (Fig. 2C). Pathologic
morphology was then detected by periodic acid-Schiff
(PAS) staining, a method that identifies injured tubules
through the detection of glycogen content. PAS staining
showed significant renal tubular injury in the kidney of
UOX ™'~ rats, characterized by tubular dilation and dam-
aged brush border membrane, as well as detached epi-
thelial cells in tubular lumens (Fig. 2D and F). Terminal
deoxynucleotidyl transferase dUTP nick-end labelling
(Tunel) staining revealed that HUA promotes cell apop-
tosis in the kidneys of UOX™/~ rats (Fig. 2E and L). Uri-
nary N-acetyl-b-D-glucosaminidase (NAGL), kidney
injury molecule 1 (KIM-1), retinol-binding protein (RBP),
B2-microglobulin (2-M@G), cystatin C (CysC), and bio-
markers of tubular damage were detected by ELISA Kits.
Consistent with the PAS staining, urinary NAGL, KIM-1,
RBP, B2-MG, and CysC levels were significantly elevated
in UOX™/~ rats (Fig. 2G-K). Furthermore, transmission
electron microscopy (TEM) revealed the glomerular
basement membrane thickening, mesangial cell prolif-
eration, and tubular structural destruction in the kidney
samples (Fig. 2M). These results suggest that HUA causes
significant renal injury, and in particular tubular damage,
in UOX™'" rats.

HUA promotes renal fibrosis and activation of the NLRP3
inflammasome in the kidney

Fibrosis is a common pathological feature of multiple
kidney diseases, and chronic inflammation is considered
a typical pathological characteristic of HUA. Masson tri-
chrome and collagen III staining revealed apparent inter-
stitial fibrosis in the kidneys of UOX ™/~ rats (Fig. 3A, B,
D, and E). Furthermore, immunofluorescence staining
using CD68 revealed an elevated number of macrophages
in the kidneys of HUA rats (Fig. 3C). Consistently, the
expressions of serum inflammatory factors, including
MCP-1, IL-1B, and IL-6, were up-regulated in uox—'-
rats (Fig. 3F-H). Western blot results showed that the
protein expressions of NLRP3, cleaved caspasel p20, and
IL-1p proteins were up-regulated (Fig. 3I and J), indicat-
ing that the NLRP3 inflammasome was activated in the
kidneys of UOX™'~ rats when compared to WT rats.
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These results suggest that HUA activates the NLRP3
inflammasome and promotes kidney fibrosis in the
UOX ™/~ rats.

HUA leads to gut microbiota dysbiosis and impaired
intestinal barrier function

To investigate the effects of HUA on the gut microbiota,
we performed 16S rRNA sequencing to reveal differences
in the gut microbial community profiles between groups.
Faecal samples were collected from UOX ™/~ littermate
rats and WT littermate control rats to reduce bias based
on genetic backgrounds. Microbial richness and even-
ness were similar between WT and UOX ™/~ rats based
on a-diversity indexes, including ACE, Shannon, and
Chaol indexes (Fig. S2A—C). Principal co-ordinates anal-
ysis (PCoA) based on the Bray-Curtis distance showed
a relative separation in microbial communities between
groups (Fig. 4A). At the phylum level, the gut microbiota
of both WT and UOX ™/~ rats were mainly composed of
Firmicutes, Bacteroidetes, Actinobacteriota, and Pro-
teobacteria (Fig. 4B). Proteobacteria were significantly
increased in UOX ™/~ rats when compared to the WT
rats, while Firmicutes were reduced (Fig. 4C and D). The
identification of differentially abundant faecal bacterial
taxa at the genus level between groups was performed
using a linear discriminant analysis effect size (LEfSe)
analysis, as shown in Fig. 4E. The LEfSe analysis results
showed that six bacterial genera, including Escherichia-
Shigella, were enriched in the UOX™'~ rats, while the
other two taxa were enriched in the WT rats (Fig. 4G—
N). Furthermore, using KEGG annotation and functional
enrichment, 25 functional categories that exhibited dif-
ferent enrichment levels between the UOX ™/~ and WT
rats were identified (Fig. 40). Notably, functions associ-
ated with gut-derived uremic toxins, including trypto-
phan and phenylalanine metabolisms, were increased in
the UOX ™/ rats. In addition, the KEGG pathway analy-
sis also revealed that a HUA-perturbed microbiota was
associated with increased bacterial invasion of epithelial
cells and decreased butanoate metabolism.

To assess whether a perturbed gut microbiota due to
HUA had an impact on intestinal barrier function, intes-
tinal permeability was assessed using FITC-dextran. The
intestinal permeability of UOX ™/~ rats was significantly
increased when compared to the WT rats (Fig. 4P). In
rats with HUA, the histological examination of colonic
tissues using HE and alcian blue (AB) staining revealed
several notable findings. These included a thinner mucus
layer, loss of goblet cells, and increased infiltration of
inflammatory cells (Fig. 4Q and R). Additionally, the
expression levels of tight junction proteins, such as ZO-1,
occludin, and claudin-1, in the colon of UOX ™/~ rats
were lower when compared to those in WT rats (Fig. 4S
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Fig. 2 HUA causes significant renal histopathological injury. A Kidney morphology of UOX™~ and WT rats at 4, 8, 12, and 24 weeks of age. B UA
crystals detected under polarized light in the kidneys of rats at 12 weeks of age. C H&E staining of kidneys in rats at 12 weeks of age. Scale bar,
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and T). Taken together, these results suggest that HUA in
UOX ™'~ rats contributes to gut microbiota dysbiosis and
compromised intestinal barrier function.

Gut-derived uremic toxins are significantly increased

in the kidney of rats with HUA

Gut-derived metabolites can be critical mediators of the
gut-kidney axis and thus play an important role in kid-
ney health. The results of a KEGG function prediction
analysis of the gut microbiome suggest that gut dysbiosis
induced by HUA increases the production of gut-derived
uremic toxins. Therefore, a targeted metabolomics analy-
sis was used to compare the kidney metabolomic profiles
between UOX '~ and WT rats. The results of OPLS-DA

model showed a clear separation between WT and
UOX™/~ rats (Fig. 5A). A random permutation test with
200 permutations was further performed to evaluate the
robustness of the OPLS-DA model (Fig. S3). Results indi-
cated that the OPLS-DA model was not overfit and could
be further processed.

With a VIP > 1 threshold and a p < 0.05, a total of 266
metabolites between the WT and UOX ™/~ groups were
identified (Fig. S4). Of these, 180 metabolites were up-
regulated, and 86 metabolites were down-regulated in
UOX™'~ rats when compared to the WT group. Results
of a classification revealed that these metabolites mainly
belonged to amino acids, peptides, and analogues, nucle-
osides, nucleotides, and analogues, organic acids and
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Fig. 4 HUA leads to gut microbiota dysbiosis and impaired intestinal barrier function in UOX

/-

rats. A PCoA analysis using Bray-Curtis distances

between WT and UOX ™~ rats (n = 6). B-E Relative abundance profiles at phylum level (n = 6). F Linear discriminant analysis (LDA) scores showing
the most differentially abundant taxa significantly enriched in the gut microbiota of WT and UOX ™/~ rats. G-N Relative abundance profiles

at a genus level (n = 6). O Predicted KEGG functional pathway differences inferred from 16S rRNA gene sequences obtained using PICRUSt
between WT and UOX ™~ rats. P The intestinal permeability of WT and UOX ™" rats was detected by FITC-dextran (n = 5). Q-R H&E and AB staining
of the colon of rats. Scale bar, 50 um. S-T The expression of tight junction proteins in the colon of rats (n = 4). Data are represented as mean + SEM.
Statistical comparison was performed using Wilcox rank-sum tests or two-tailed unpaired Student'’s t-tests. *p < 0.05; **p < 0.01



>

Orthogonal T score[1]( 12 %)

Zhou et al. Microbiome (2024) 12:109 Page 9 of 20
Vitamin digestion and absorption o
Tryptophan
Acyl carnitines(8, 3.01%) Thiamine metabolism —
aste
I Aoyl glycerol(7, 2.63%) Synaptic vesicle cycle e
0X acyl-CoAs(2, 0.75%) Serotonergic synapse =
] M AGES(7, 2.63%) Renal cell carcinoma
° ‘ Amines,choline, and organonitrogen compounds(13, 4.89%) Pyruvate metabolism —=e
\ W Amino acids, peptides, and analogues(48, 18.05%) "Y”g‘ﬁlgs metabolism 3 Count
o \ Arachidonic acid metabolites(8, 3.01%) Pathways of neurodegeneration-multiple diseases e ® 10
A [ I Bile acids(9, 3.38%) Pantothenate and CoA biosynthesis — ® 20
u 0 Fatty acids(14, 5.26%) o Oxidative phosphorylation o
= W Flavonoids, benzene and substituted derivatives(6, 2.26%) Nicotinate glﬂdc Q;ng",aalfceonmeﬂﬂgggss(g DA-Score
. ° i |
i L I Indoles and heterocyclic compounds(17, 6.39%) Glycine, sering o Ironina matorom 10
] i ides, and 37,13.91%) ' i i l
M Organic acids and derivatives(28, 10.53%) Glucagon signaling pathway e 0.5
[l Phosphatidylacids(10, 3.76%) Cysteine and 00
I Sphingolipids(23, 8.65%) Citrate cycle (TCA cycle) —
" N Central carbon metabolism in cancer e ———] I —05
v 3 T 3 T I Steroids, hormones(4, 1.5%) Carbon metabolism E—— :
20 10 o 10 2 I Sugar and derivatives(20, 7.52%) CAMP signaling pathway ——e
T score[1]( 25.7 %) Vitaming and derivatives(, 1.86%) Bloaynied 1 amine sos —
Arginine i
Arginine and proline
Antifolate resistance | —
Alanine, aspartate and glutamate
ABC transporters .
-0 -05 00 05 10

Kynurenic acid

Dietary aromatic_J
compounds

Kynurenine

T

.
n— (T,
O T W

Tyrosine p-Cresol

Hippuric acid

Hippuric acid

p-Cresol
o "

Abundance

Quinolinic acid
*x

000000

o000

Abundance

Indoxyl sulfate
ok

»
.,,
~\S\ 00.@
Phenylacetylglycine
.

@ 2000,
8
5 15000,
<

E

.

Differential Abundance Score

Pyridoxamine
Pantothenic acid

Allantoin 0.5
Uridine
Riboflavin

* 3-Indolepropionic acid 0

Hippuric acid
Indolelactate
Alanylphenylalanine
Quinolinic Acid
L-Kynurenine
Kynurenic acid
Indole-3-carboxylic acid
Indoxyl sulfate
Creatinine
Phenylacetylglycine
3-Hydroxykynurenine
Serotonin
Indole-3-acetaldehyde
5-Hydroxyindole—3-acetic acid
5-Hydroxyindoleacetate

o000 | Phenylacetylglutamine
Er E . Methylguanidine
N - o p—Cresol
0 W Cczmwm
N < ? 9 QO § Jc o
Phenylacetylglutamine SRASITRG
« 22 =55353
150000 832088023
gs8e28aa
° g92uvEgaz
. SRR
! 88 L)
o 85 O3
s0000 S 00 @ o F
o QI T o
| I“’ c L =
o o o
- clno @
<& s Qo ® S
©3g 2.
== o
[T ]
© >_< O
= S
IC g
§ 2
o 3
Q
= ]
z

Fig. 5 Gut-derived uremic toxins are significantly increased in the kidneys of rats with HUA. A OPLS-DA model discrimination based on metabolic
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correlation, while blue indicates a negative correlation. Data are represented as mean + SEM. Statistical comparison was performed using two-tailed

unpaired Student’s t-tests. *p < 0.05; **p < 0.01

derivatives, sphingolipids, sugar and derivatives, indoles
and heterocyclic compounds, among others (Fig. 5B).
Among the altered metabolites, several uremic toxins,
including IS, p-Cresol (PC), hippuric acid (HA), pheny-
lacetylglutamine (PAGIn), phenylacetylglycine (PAGly),
kynurenic acid (KA), L-kynurenine (KYN), quinolinic
acid (QA), and methylguanidine (MG), were up-regu-
lated in UOX ™/~ rats (Fig. 5D). Most of these toxins are

known to be derived from the metabolism of dietary aro-
matic compounds including tryptophan, phenylalanine
and tyrosine by the gut microbiota.

The altered metabolites were further analysed using
KEGG pathways (Fig. 5C). Consistent with the gut
microbiome, the metabolite-enriched KEGG pathway
analysis showed that the tryptophan metabolism was
up-regulated in UOX™/~ rats. In addition, biosynthesis
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of amino acids, purine metabolism, pyruvate metabo-
lism, cysteine and methionine metabolism, TCA cycle,
and cAMP signalling were also up-regulated, while vita-
min digestion and absorption, thiamine metabolism,
and pyrimidine metabolism were down-regulated in
UOX ™/~ rats. Pearson correlation analysis was further
performed to understand the association between dif-
ferentially enriched microbes and metabolites (Fig. 5E).
The correlation analysis showed that Escherichia-Shigella,
Burkholderia, Caballeronia, Paraburkholderia, and Ente-
rococcus enriched in UOX™/~ group had a strong posi-
tive correlation with gut-derived uremic toxins, while
Butyricicoccaceae UCG-009 enriched in WT group had
a negative correlation with these altered metabolites.
Moreover, correlation analysis between metabolites and
renal function parameters revealed that these gut-derived
uremic toxins had a strong positive correlation with UA
levels and renal function parameters (Fig. S5). Correla-
tions among discriminative microbes, differential metab-
olites, and renal function parameters are also shown in
the network (Fig. S6).

These results indicated that gut-derived uremic toxins
up-regulated in UOX ™/~ rats may be involved in HUA-
induced renal injury.

Transplantation of the “HUA microbiota” promotes renal
injury and the activation of NLRP3 in ischemia/reperfusion
(I/R) mice
To further confirm the contribution of the gut microbi-
ota to HUA-induced renal injury, faecal microbiota was
transplanted from WT littermate rats and UOX ™/~ lit-
termate rats into gut microbiota-depleted mice which
previously underwent 5 days of combined ampicillin,
neomycin, vancomycin, and metronidazole antibiotic
(ABX) treatment. The depletion of microbiota in ABX-
treated mice was evidenced by a significant decrease
in the bacterial DNA load and absent culturable bac-
teria in blood agar plating (Fig. S7). I/R injury was per-
formed after 2 weeks of FMT to induce acute renal injury
(Fig. 6A). Cecum contents from the recipient mice were
collected for 16S rRNA gene sequencing to investigate
the effects of FMT on the gut microbiota in sham or I/R
mice (Fig. S8). PCoA analysis based on the relative abun-
dance of genus showed a relative separation in microbial
communities between mice recolonized with HUA and
control microbiota. Consistent with the above findings
in rats, the predicted KEGG functional pathway analy-
sis showed that tryptophan metabolism was significantly
increased in both sham and I/R mice recolonized with
HUA microbiota (Fig. S8F-G).

Further evidence for the increased tryptophan metab-
olism was shown by the increased level of serum IS in
HUA microbiota recipient mice following I/R injury

Page 10 of 20

(Fig. S8H). Moreover, the function associated with
NOD-like receptor signalling pathway was increased
in HUA microbiota recipient mice after I/R injury (Fig.
S8@). These results indicated that the gut microbiota of
UOX ™'~ and WT rats were successfully reestablished in
recipient mice through FMT.

The effects of the HUA microbiota were then investi-
gated on renal injuries of mice after FMT. As shown in
Fig. 6B—C and E-G, the HUA microbiota did not directly
induce renal injury. In contrast, mice receiving the HUA
microbiota exhibited more severe renal injury following
the I/R surgery when compared to the control group. This
was evidenced by elevated SCR and BUN levels, along
with enhanced renal tubular injury. Consistently, the UA
levels in HUA microbiota recipient mice were higher
than that in controls after I/R injury, while no difference
was seen in sham mice (Fig. 6D). Subsequently, the activ-
ity of the NLRP3 inflammasome, one of the NOD-like
receptors, was assessed after I/R surgery in the kidneys of
HUA microbiota recipient mice. As expected, the expres-
sions of NLRP3, cleaved caspase-1 p20, and IL-1 were
significantly up-regulated in I/R mice recolonized with
HUA microbiota (Fig. 6H and I).

The effects of the HUA microbiota on the intestinal
barrier of recipient mice were further investigated. H&E
and AB staining of colonic sections showed a thinner
mucus layer and increased inflammatory cell infiltrates
in the HUA microbiota recipient mice when compared
to controls (Fig. 6] and K). The impaired intestinal bar-
rier of HUA microbiota recipient mice was also indicated
by increased levels of serum LPS (Fig. 6N) and decreased
expression of tight junction proteins including ZO-1,
occludin, and claudin-1 (Fig. 6L and M). Collectively,
these findings unveil the role of the HUA microbiota in
promoting renal injury, triggering activation of the renal
NLRP3 inflammasome and compromising the integrity
of the intestinal barrier.

Activation of NLRP3 is responsible for the harmful effect

of the “HUA microbiota” on renal injury

The predicted KEGG functional pathway analysis indi-
cated that the NOD-like receptor signalling pathway
may be involved in HUA microbiota-related renal injury.
To investigate the potential involvement of the NLRP3
inflammasome in mediating the promotion effects of
HUA microbiota on renal injury, an additional experi-
ment involving I/R surgery in NLRP3™/~ mice after
microbiota transplantation was conducted (Fig. 7A).
In contrast to WT mice, no significant differences were
observed in SCR, BUN, UA levels, and histological
changes in the kidneys of NLRP3™/~ mice transplanted
with different microbiota following I/R surgery, although
higher levels of gut-derived uremic toxin IS were still
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detected in the HUA microbiota recipient mice (Fig. 7B-
H). As expected, the expression of NLRP3, cleaved cas-
pase-1 p20, and IL-1B in the kidneys of NLRP3~/~ mice
after I/R surgery remained similar (Fig. 7I and J). Fur-
thermore, the intestinal barrier impairment induced by
the HUA microbiota in WT mice was not observed in
NLRP3~'~ mice, as evidenced by H&E and AB staining,
expression of tight junction proteins, and serum LPS lev-
els (Fig. 7K-0). These findings suggest that activation
of the NLRP3 inflammasome by the HUA microbiota is
responsible for the exacerbation of renal injury and intes-
tinal barrier impairment in I/R mice.

Discussion

In the present study, in addition to evident renal injury,
we found that HUA led to gut microbiota dysbiosis and
compromised intestinal barrier function in a UOX ™/~
rat model. Gut dysbiosis in these rats was accompanied
by marked alteration of the kidney metabolome and in
particular the accumulation of gut derived uremic tox-
ins related to dietary aromatic amino acids metabolism.
FMT experiments further confirmed that the HUA
microbiota promoted renal injury, and that activation of
the NLRP3 inflammasome may mediate this process.

Serum UA levels are often unstable and can fluctuate
widely in animal models of drug-induced HUA due to the
expression of UOX in the liver. As such, a HUA mouse
model was established by knocking out the UOX gene.
However, few of these mice could survive to maturity.
Therefore, a UOX ™'~ rat model was used in this study.
The sustained high levels of UA and normal survival
rate indicated that UOX '~ rats were a useful model
for studying HUA and related gut microbiota dysbiosis.
Remarkably, HUA also caused activation of the NLRP3
inflammasome in the kidney of UOX ™/ rats.

Increasing evidence has demonstrated that gut micro-
biota and microbiota-derived metabolites are criti-
cal mediators of gut-kidney axis, playing a vital role in
human health [28]. Gut microbiota dysbiosis has been
implicated in multiple kidney diseases and can result in
the increased production of microbiota-derived ure-
mic toxins [29]. In addition, studies have shown that gut
microbiota dysbiosis occurs in HUA patients and murine
models of HUA [17, 30, 31]. However, whether micro-
biota dysbiosis induced by HUA promotes the progres-
sion of renal injury and how this occurs mechanistically
remains unclear. In this study, HUA did not cause signifi-
cant changes of gut microbiota diversity in UOX ™/~ rats.
We hypothesized that alterations in the composition of
the gut microbiota induced by HUA, rather than changes
in the microbiota diversity itself, may play a role in the
progression of renal injury. The gut microbiome in both
WT and UOX™'~ rats was dominated by Firmicutes,
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Bacteroidetes, Proteobacteria, and Actinobacteria, which
are typical gut microbiome structures in rats. Proteo-
bacteria, a major phylum of gram-negative bacteria,
including a wide variety of pathogens and opportunistic
pathogens, has been found to be increased in CKD and
HUA rats [32, 33]. In line with this evidence, we found
that Proteobacteria was enriched in UOX ™/~ rats. At
genus level, we detected an enrichment of Escherichia-
Shigella, Enterococcus, Lachnospira, and Oscillospiraceae
UCG-005 and the depletion of Butyricicoccaceae UCG-
009 in the UOX ™/~ rats. A correlation analysis showed
that these enriched genus in UOX ™/~ rats were posi-
tively correlated with uremic toxins, while the depleted
Butyricicoccaceae UCG-009 negatively correlated with
uremic toxins. The results from our functional prediction
analysis revealed that uremic toxin synthesis was acti-
vated in the microbiome of UOX ™/~ rats, particularly in
relation to tryptophan and phenylalanine metabolism.

Escherichia-Shigella and Enterococcus are both oppor-
tunistic pathogens responsible for a wide variety of
intestinal and extraintestinal infections in animals and
humans. A previous study showed that Escherichia-Shi-
gella is not only increased in CKD patients but is also
a diagnostic biomarker in these patients [34]. Escher-
ichia-Shigella and Escherichia coli are both members
of the Enterobacteriaceae family. The Escherichia coli
genome contains genes encoding tryptophanase capable
of metabolizing dietary tryptophan to indole and pro-
ducing gut-derived uremic toxins such as IS, indicating
the potential effect of Escherichia-Shigella on uremic
toxin production in the rats [35]. In addition, it has been
reported that a high sulphur amino acid-containing diet
results in post-translationally modified microbial tryp-
tophanase activity, thus reducing uremic toxin-produc-
ing activity and ameliorating progression to CKD in mice
[36]. The rise in Lachnospira has previously been shown
to associate with the levels of TMAO, an important toxin
that promotes the progression of CKD and increases the
risk of cardiovascular events [37-39]. Oscillospira, one of
the species assigned to Oscillospiraceae, has been linked
with inflammatory indices in CKD patients [40]. More-
over, depletion of Butyricicoccaceae UCG-009 genera
observed in the UOX ™/~ rats is consistent with previ-
ously reported findings in UOX ™/~ mice [30]. Microbial
alterations in the gut may affect the permeability of the
intestinal mucosal barrier and lead to translocation of
bacteria and bacteria-derived uremic toxins into systemic
circulation. In line with these findings, we observed an
elevated permeability of the intestinal mucosal barrier in
the UOX ™/~ rat model.

Changes of microbiota composition and functional
prediction analysis suggested that gut microbiota metab-
olites may be involved in HUA-induced renal injury.
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As expected, several gut-derived uremic toxins includ-
ing IS, PC, HA, PAGIn, PAGly, KA, KYN, and QA were
increased in the kidneys of UOX ™'~ rats. All of these
microbiota-dependent metabolites are known to accu-
mulate in CKD and contribute to pathogenesis and dis-
ease progression by inducing renal injury, inflammation,
and fibrosis [12]. Tryptophan is an essential amino acid
for humans, which cannot be synthesized and must be
obtained from diet. A variety of uremic toxins result
from the tryptophan metabolism. IS is a small protein-
bound uremic toxin produced by the dietary trypto-
phan metabolism. Tryptophanase of bacteria such as
Escherichia coli converts tryptophan to indole, which is
absorbed into the host’s circulation and further sulphated
into IS in the liver. IS has been implicated in CKD and
may contribute to vascular and renal disease progression
[29]. Furthermore, it was reported that genetic manipu-
lation of Bacteroides sp. tryptophanase could modulate
levels of IS and improve renal function in a gnotobiotic
mouse model, suggesting a possible strategy for treat-
ment of the renal disease by targeting the gut microbiota
[41]. In both in vivo and in vitro studies, IS has demon-
strated its nephrotoxic effects primarily by activating
oxidative stress, inducing inflammation, and promoting
fibrosis [42—44]. Additionally, studies have shown that
IS can induce intestinal epithelial cell damage by inhib-
iting mitochondrial autophagy and decrease the expres-
sion of intestinal barrier proteins such as ZO-1, occludin,
and Claudin-1 to impair the intestinal mucosal barrier
[45]. KA, KYN, and QA are also uremic toxins that result
from the kynurenine pathway of tryptophan metabolism,
which can initiate inflammatory responses and mito-
chondrial damage [46]. In addition to tryptophan, the
microbial metabolism of phenylalanine and tyrosine by
the gut microbiota results in several compounds associ-
ated with kidney disease. PC is produced from pheny-
lalanine and tyrosine catabolism by intestinal anaerobic
bacteria. Serum PC levels were predictive of CKD pro-
gression and mortality [47, 48]. PC is mostly conjugated
to PCS in enterocytes. Similar to IS, PCS also induces
oxidative stress, inflammation, and renal fibrosis [49-51].
However, in our study, we found significantly increased
levels of PC instead of PCS in UOX ™/~ rat. Indeed, PC
is a small phenolic compound with lipophilic proper-
ties. The main difference in molecular structure between
PCS and PC is the replacement of hydroxyl with sul-
phate, which makes PCS a hydrophilic compound. As a
result, it appears that PC is more capable of permeating
the cell membrane and disrupting its functionality, lead-
ing to the production of biological toxicity, compared
to PCS [52]. PAGIn and PAGIy are colonic microbial
metabolites derived from phenylalanine fermentation.
Microbes metabolize phenylalanine to phenylacetic acid,
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which undergoes glutamine (preferred in humans) or gly-
cine (preferred in rodents) conjugation to form PAGIn
or PAGly. PAGIn has been associated with cardiovas-
cular disease and identified as an independent risk fac-
tor for major adverse cardiovascular events (myocardial
infarction, stroke, or death) [53, 54]. It has been reported
that PAGIn/PAGly contribute to platelet activation and
enhanced thrombosis potential via multiple adrenergic
receptors [53]. In addition, HA was generated from die-
tary polyphenols by the gut microbiota. The gut microbi-
ome converts dietary polyphenols into benzoic acid and
further conjugates with glycine to form HA in the liver. A
study suggested that HA contributed to the progression
of renal fibrosis by disrupting redox homeostasis [55]. In
general, all of these gut-derived metabolites are known to
accumulate in CKD and contribute to pathogenesis and
disease progression by inducing renal injury, inflamma-
tion, and fibrosis. Consistently, the results of a Pearson
correlation analysis revealed a significantly positive cor-
relation between these gut-derived uremic toxins and
renal injury, as well as the levels of UA. Since these pro-
tein-bound uremic toxins are not efficiently removed by
haemodialysis, modulation of the intestinal microbiota
may contribute to the reduction of uremic toxins.

To further investigate the contribution of gut micro-
biota dysbiosis in the progression of HUA-induced renal
injury, FMT was performed. Mice were selected as recip-
ient animals due to their high degree of similarity with
human genomes, physiology, and the availability of gene-
edited mice. Since different floras compete for survival
in the gut, treatment with one or more specific bacteria
may lead to a relatively low survival rate, and that may
not fully explain the effects of a microbiota perturbed by
HUA. Therefore, we performed gut recolonization using
whole faecal microbiota in this study. The recipient mice
and rats were pretreated with a mixture of unabsorb-
able antibiotics for 5 days to kill all prior bacteria. Mice
in all groups were transplanted with the correspond-
ing gut microbiota to exclude possible bias associated
with microbiota depletion and the FMT process itself.
The recipient mice were treated with FMT in the first 3
days to rebuild gut microbiota composition and twice a
week to reinforce microbiota transplantation. Given that
HUA microbiota might not directly induce renal injury,
classic I/R mice were chosen to investigate the effects of
the HUA microbiota on the development of renal injury.
As expected, recipient mice recolonized with the HUA
microbiota did not show obvious signs of renal injury.
However, these mice displayed more serious renal injury
after I/R. In line with the findings of renal injury, there
was an increase in gut-derived IS in recipient mice with
the HUA microbiota following I/R. Interestingly, mice
recolonized with the HUA microbiota had a higher UA
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level than controls after I/R, while no difference was
seen in sham mice recolonized with different micro-
biota. Based on our observations, we concluded that the
increase in UA levels may be attributed to the exacerba-
tion of renal injury rather than the direct effects of the
HUA microbiota. This is supported by the lack of dif-
ferences found in sham mice that were recolonized with
different microbiota. These findings suggest that gut
microbiota dysbiosis induced by HUA may function as
a contributor, rather than an initiator, in the renal injury
of UOX™/~ rats. Therefore, although restoring the gut
microbiota in HUA rats may not completely eliminate
renal injury itself, it may potentially reduce secondary
damage caused by gut-derived uremic toxins from the
gut to the kidneys. This also suggests that UA-lowering
therapy in combination with therapy targeting intestinal
microbiota to correct gut dysbiosis may be an effective
strategy for the treatment of HUA-induced renal injury.
In addition, we also found that colonization with the
HUA microbiota impairs intestinal barrier integrity as
indicated by altered mucus layers and reduced expres-
sion of tight junction proteins. Increased gut perme-
ability was further confirmed by increased serum LPS
levels. The results of this study illustrate that the presence
of the HUA microbiota leads to compromised intestinal
barrier integrity. This impairment allows the passage of
bacterial products, such as LPS, as well as gut-derived
uremic toxins, such as IS. Consequently, these substances
activate an inflammatory response in the kidneys. Renal
inflammation is vital to the development of both AKI and
CKD, as well as the transition of AKI to CKD. The pre-
dicted KEGG functional pathway analysis indicated that
the NOD-like receptor signalling pathway was increased
in HUA microbiota recipient mice after I/R. Activation of
the NLRP3 inflammasome has been implicated in multi-
ple mouse models and human kidney diseases, including
AKI and CKD. In both HUA and the FMT experimental
models, we found that the HUA microbiota led to the
activation of NLRP3 in the kidneys. LPS may function
as a pathogen-associated molecular pattern (PAMP) to
activate the NLRP3 inflammasome. Furthermore, IS and
a mixture of several uremic toxins, including HA, KA,
and KYN, has been reported to promote the activation of
NLRP3 in kidney tubule cells [25]. It is tempting to spec-
ulate that the NLRP3 inflammasome may mediate the
deleterious effects of the HUA microbiota. In NLRP3~/~
mice, although the presence of the HUA microbiota
resulted in elevated serum IS levels, there were no signifi-
cant differences observed in renal injury or intestinal bar-
rier integrity between the two groups of mice that were
recolonized with different microbiota. This lack of dif-
ference can be attributed to the absence of NLRP3, indi-
cating that the NLRP3 inflammasome activation plays
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a crucial role in mediating the harmful effects of HUA
microbiota on renal injury. Therefore, inhibition of activ-
ity of NLRP3 may also be beneficial in preventing the
progression of HUA-induced renal injury.

Conclusion

In summary, our findings provide evidence that the dysbi-
osis of gut microbiota induced by HUA plays a significant
role in the development of renal injury. Furthermore, we
have identified NLRP3 activation as a potential mediator
of this process. These results suggest that targeting the
microbiota and NLRP3 inflammasome could be a prom-
ising strategy for the treatment of renal diseases.

Methods

Animals

UOX™'~ rats were obtained by intercrossing UOX ™/~
rats (Nanjing Biomedical Research Institute of Nanjing
University, China). Six-week-old C57BL/6] mice were
obtained from the Guangdong Medical Laboratory Ani-
mal Center (Guangzhou, China). NLRP3™/~ mice were
purchased from Cyagen Biosciences (Suzhou, China).
To reduce bias based on genetic background, littermate
controls were used for all experiments with genetically
altered lines. Animals were kept under an automated
12-h light-dark cycle at a controlled temperature of 22
+ 2 °C, relative humidity of 50-60%, and had ad libitum
access to a standard dry diet and tap water. The study
was approved by the Standards for Animal Ethics in the
Southern Medical University and performed in accord-
ance with the relevant experimental animal guidelines
and regulations.

Serum UA and renal function parameters measurement
Serum UA was determined by a commercial kit (BioAs-
say Systems, CA, USA). A urine sample from each rat was
collected over 24 h in a metabolic cage. SCR, BUN, and
urine protein levels were determined using the respective
analysis kits (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China). Urinary NAGL, KIM-1, RBP, and
B2-MG levels were measured using respective rat ELISA
quantitation kits, according to the manufacturer’s proto-
col (Boshen, Nanjing, China).

Measurement of serum cytokines, LPS, and IS

ELISA kits were used to measure MCP1, IL-6, IL-1p
(Boshen, Nanjing, China), LPS (Thermo Scientific, MA,
USA,) and IS (Mlbio, Shanghai, China) in serum accord-
ing to the manufacturer’s instructions.

Histology and immunohistochemistry
Kidneys and colons were embedded in paraffin and sliced
into 4-um-thick sections by a routine procedure. H&E,
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PAS, Masson trichrome, and AB staining were conducted
using standard protocols. Images were captured using a
microscope and quantifies using the Image] software.
Tubular injury (denudation of tubular cells, loss of brush
border, flattening of tubular cells, formation of intra-
tubular casts) was scored from 0 to 4 (0, no changes; 1,
changes affecting < 25%; 2, changes affecting 25 to 50%;
3, changes affecting 50 to 75%; 4, changes affecting 75 to
100% of the section). Kidney sections were also obtained
from absolute ethanol-fixed kidneys to detect uric acid
crystals under polarized light.

Immunohistochemical detection of inflammation was
performed using primary antibodies against macrophage
marker CD68 (1:200, GB113109, Servicebio). Renal fibro-
sis was detected by collagen III (1:200, GB111629, Ser-
vicebio) staining.

TEM

Kidneys were fixed with 2.5% glutaraldehyde and further
fixed in PBS containing 1% osmium tetroxide. After being
embedded, sectioned, and double-stained with uranyl
acetate and lead citrate, images were captured using a
transmission electron microscope (Hitachi, Japan).

Western blot analysis

Kidney, liver, and colon tissues were homogenized in ice-
cold RIPA lysis buffer, supplemented with protease and
phosphatase inhibitor cocktail. The total protein con-
centration in supernatant was determined using a BCA
protein assay kit. Equal amounts of protein samples were
separated on SDS-PAGE gels and then transferred onto
a PVDF membrane. The membranes were blocked with
5% non-fat milk in 0.1% TBST for 2 h at room tempera-
ture and then incubated with a primary antibody over-
night at 4 °C. After washing three times with TBST, the
membranes were incubated with the appropriate HRP-
conjugated secondary antibody at room temperature for
2 h. Finally, the protein bands were detected with an ECL
reagent and visualized using the ChemiDoc MP System
(Bio-Rad, USA). The following primary antibodies were
used: anti-GAPDH (ab9485, Abcam), anti-UOX (sc-
166214, Santa Cruz), anti-NLRP3 (bs-6655R, Bioss), anti-
caspasel p20 (AF4005, Affinity), anti-IL-1p (bs-6319R,
Bioss), anti-E-cadherin (14472S, CST), anti-N-cadherin
(14215S, CST), anti-collagen IV (AF0510, Affinity), anti-
a-SMA (50513S, CST), anti-ZO-1 (GB111402-100, Ser-
vicebio), anti-occludin (GB111401-100, Servicebio), and
anti-claudin-1 (37-4900, Invitrogen). The relative density
of protein bands was analysed using the Image]J software.

Metabolomic analysis
Kidneys of rats were prepared and deproteinized using
methanol. The samples were then analysed using liquid
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chromatography-mass spectrometry by the BioProfile
biotechnology company (Shanghai, China). Namely,
this include a Shimadzu Nexera X2 LC-30AD system
equipped with an ACQUITY UPLC HSS T3 column (1.8
pm, 2.1 X 50 mm Column, Waters) and a triple quadruple
mass spectrometer (5500 QTRAP, AB SCIEX). Metabo-
lites were detected in electrospray negative-ionization
and positive-ionization modes. The mass spectrom-
eter conditions were set as follows: negative-ionization:
source temperature 550 °C, Ion Source Gasl (GAS1): 40,
Ion Source Gas2 (GAS2): 50, curtain gas (CUR): 35, and
IonSpray Voltage Floating (ISVF): —4500 V and positive
ionization: source temperature 550 °C, Ion Source Gasl
(GAS1): 40, Ion Source Gas2 (GAS2): 50, curtain gas
(CUR): 35, and Ion Spray Voltage Floating (ISVF): 5500 V.
Transitions were detected using the MRM mode.

The MultiQuant 3.0.2 software was used to extract
the original MRM data of MT1000 KIT metabolites and
obtain the peak area of each metabolite. The discriminat-
ing metabolites were obtained using a statistically signifi-
cant threshold of variable influence on projection (VIP)
values obtained from the OPLS-DA model and two-
tailed Student’s ¢-test (p-value) on the normalized raw
data. Metabolites with VIP greater than 1 and p-value
less than 0.05 were considered statistically significant
metabolites. The identified differential metabolites were
used to perform cluster analyses with an R package. The
enriched pathway analysis of changed metabolites was
performed using the KEGG database.

16S rRNA gene sequencing and data analysis

Faecal samples from littermate rats and mice were col-
lected under sterile conditions and stored at —80 °C
before being assayed. Total genomic DNA was isolated
from faecal samples using the QIAamp DNA Isolation
Kit (Qiagen, Germany) according to manufacturer’s pro-
tocol. DNA concentration was determined by NanoDrop
(Thermo Fisher Scientific, USA). DNA purity and integ-
rity were evaluated using 1% agarose gel electrophore-
sis. Diluted DNA (1.0 ng/mL) was then used to amplify
the V4 hypervariable region of the 16S rRNA gene with
barcoded primers (515F, 5'-GTGCCAGCMGCCGCG
GTAA-3’, 806R, 5'-GGACTACHVGGGTWTCTAAT-
3’) and High-Fidelity PCR Master Mix with GC Buffer
(New England Biolabs, USA). Thermocycling conditions
were as follows: 98 °C pre-degeneration for 1 min, dena-
turation at 98 °C for 10 s, annealing at 50 °C for 30 s, and
extension at 72 °C for 30 s, with a total of 30 cycles, fol-
lowed by a final elongation step at 72 °C for 5 min. PCR
products were subjected to 2.0% agarose gel electropho-
resis, recovered, and purified using the TIANgel Purifica-
tion Kit (Tiangen Biotech, China) and then pooled into
equal concentrations. The purified product was used to
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prepare the Illumina DNA library. Sequencing libraries
were generated using the TIANSeq Fast DNA Library
Prep Kit (illumina) (Tiangen Biotech, China). The library
quality was assessed on the Qubit@ 2.0 Fluorometer
(Thermo Fisher Scientific, USA) and Agilent Bioanalyzer
2100 system. Finally, the library was sequenced on the
[lumina platform using the 2 x 250 bp paired-end proto-
col. Sequencing data has been deposited in the Sequence
Read Archive (SRA) of the National Center for Biotech-
nology Information (NCBI) (Bioproject: PRINA1026121)
to be released upon publication.

Raw data was analysed using the QIIME2 platform.
Sequences were then quality filtered, denoised, merged,
and chimera removed using the DADA2 plugin. Subse-
quently, the SILVA reference database classifier (version
138) for the classification of ASVs with a threshold of 97%
sequence similarity. Determination of alpha- and beta-
diversities were also conducted in QIIME2. The alpha-
diversity indices, including ACE, Chaol, and Shannon
index, were calculated on the data at an ASV level. The
beta-diversity analysis was performed via PCoA using
Bray-Curtis distances and displayed with the R software.
Differentially abundant genera between groups were
identified using linear discriminant analysis (LDA) and
effect size (LEfSe) analysis. Only bacterial taxa reaching
the LDA threshold of 2.0 were shown. PICRUSt based on
OTUs was employed to predict the abundances of func-
tional categories using KEGG orthologs (KO).

Intestinal permeability assay

Intestinal permeability assays were performed accord-
ing to a modified method described previously [56]. In
short, rats were fasted for 4 h and anaesthetized with
pentobarbital. A 10-cm segment of the ileum was sepa-
rated beginning 3-cm proximal to the cecum, with well-
protected superior mesenteric vessels. The proximal end
of the isolated ileum was ligated with a 2.0 silk suture. A
volume of 0.5-ml PBS containing 10 mg of FITC-dextran
4 kDa (FD-4; Sigma, USA) was injected into the lumen,
after which the laparotomy was closed. After 30 min, a
1-2 ml blood sample was harvested via the portal vein.
The blood was centrifuged at 4 °C, 3000 g for 10 min, and
the serum was analysed for FD-4 concentration using a
fluorescence microplate reader (BioTek, USA) at an exci-
tation wavelength of 480 nm and an emission wavelength
of 520 nm. Standard curves for calculating FITC-dextran
concentrations in samples were obtained by diluting vari-
ous amounts of FITC-dextran in PBS.

FMT

FMT was performed according to a modified method
described previously [57]. Briefly, 6-week-old male
C57BL/6] mice received vancomycin (100 mg/kg),
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neomycin sulphate (200 mg/kg), metronidazole (200 mg/
kg), and ampicillin (200 mg/kg) intragastrically once daily
for 5 consecutive days to deplete the gut microbiota.
Faecal samples of mice were freshly collected to detect
bacterial DNA load and plated onto blood agar plates
and cultured aerobically and anaerobically to confirm
whether the gut microbiota was successfully depleted
following ABX treatment. In the evening of day 5, food
was removed, but mice had free access to water. Fresh
faeces originating from multiple UOX '~ littermate rats
or WT littermate rats were collected under sterile con-
ditions, combined and resuspended in pre-cooled sterile
PBS (200 mg faeces/ml), and centrifuged for supernatant
with 1000 rpm for 5 min at 4 °C. This step was repeated
twice. The final bacterial suspension was mixed with an
equal volume of 25% sterile glycerol to a final concen-
tration of 12.5% and then stored at —80 °C until trans-
plantation. An amount of 200 ul of bacterial suspension
was transplanted into each recipient mice by gavage for
three consecutive days. After the last gavage, mice were
returned to clean cages and had free access to food and
water. Inoculation was repeated twice a week to reinforce
microbiota transplantation. Two weeks post-FMT, mice
were subjected to renal ischemia/reperfusion surgery.

Mouse models of I/R injury

Renal I/R surgery was performed by transiently clamp-
ing the unilateral renal artery. Mice were anaesthetized
with a mixture of ketamine (50 mg/kg) and xylazine (7.5
mg/kg). After a laparotomy was performed, both kid-
neys were exposed. Subsequently, the renal pedicles were
clamped using atraumatic vascular clamps for 30 min,
followed by reperfusion for 24 h on a heated blanket.
Twenty-four hours after reperfusion, the mice were sacri-
ficed under anaesthesia to collect kidney samples for the
next assessment.

Statistical analyses

The data were analysed using the SPSS (Version 20.0,
Chicago, USA) and R software and presented as mean
+ SEM. After the data were tested for normality, two-
tailed Student’s ¢-tests were used to compare two groups.
For the comparisons of more than two groups, a one-
way analysis of variance (ANOVA) was used, followed
by the post hoc LSD test for multiple comparisons. The
relationship between different variables was analysed by
Pearson’s correlation, and its p-value was also calculated
using the R software. A p-value of < 0.05 was considered
to be statistically significant.

Abbreviations

HUA Hyperuricaemia
UOX Uricase

WT Wild type
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CKD Chronic kidney disease

AKI Acute kidney injury

NLRP3  Nod-like receptor protein 3
UA Uric acid

SCR Serum creatinine

BUN Blood urea nitrogen

KIM-1 Kidney injury molecule 1
NGAL N-acetyl-b-D-glucosaminidase
RBP Retinol-binding protein
B2-MG  PB2-microglobulin

CysC Cystatin C

LDA Linear discriminant analysis
PCoA Principal co-ordinates analysis
IS Indoxyl sulphate

PC p-Cresol

PCS p-Cresyl sulphate

HA Hippuric acid

PAGINn Phenylacetylglutamine
PAGly Phenylacetylglycine

KA Kynurenic acid
KYN Kynurenine

QA Quinolinic acid
MG Methylguanidine

TMAO  Trimethylamine N-oxide
ABX Antibiotics

FMT Faecal microbiota transplantation
I/R Ischemia/reperfusion

LPS Lipopolysaccharide

H&E Haematoxylin and eosin

PAS Periodic acid-Schiff

AB Alcian blue
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Additional file 1: Figure S1.The effects of HUA-induced by UOX knockout
on the food intake, water intake, and survival of rats. (A) Food intake of 8
week old rats (n=>5). (B) Water intake of 8 week old rats (n=5). (C) Survival
of rats in a 24-week observation period (n=30). Data are represented

as mean+SEM. Statistical comparison was performed using two-tailed
unpaired Student’s t tests or Kaplan-Meier analysis. **p<0.01. Figure S2.
The effects of HUA on the microbial diversity and composition of rats.

(A) ACE index (n=6). (B) Shannon index (n=6). (C) Chao index (n=6). (D)
Relative abundance profile at a phylum level (n=6). (E) Relative abundance
profile at a genus level (h=6). Data are represented as mean=+SEM. Statisti-
cal comparison was performed using Wilcox rank-sum tests. Figure S3.
Random permutation test with 200 permutations to evaluate the robust-
ness of the OPLS-DA model. Figure S4. Heatmap of different metabo-

lites in the kidneys of WT and UOXrats. Figure S5. Pearson correlation
between metabolites and renal function parameters. Red indicates a
positive correlation while blue indicates a negative correlation. *p<0.05;
**p<0.01. Figure S6. Correlation network among microbes, metabolites
and renal injury parameters (Pearson coefficient>0.5 and p<0.05). Red
indicates a positive correlation while blue indicates a negative correlation.
Figure S7. ABX treatment successfully depleted the intestinal microbiota of
mice. (A) Bacterial load in the faeces of control or ABX-treated mice (n=5).
(B) Representative images of blood agar plating of faeces from control and
ABX-treated mice. Data are represented as mean+SEM. Statistical compari-
son was performed using two-tailed unpaired Student’s t tests. **p<0.01.
Figure S8. Function associated with the tryptophan metabolism were
increased in HUA microbiota recipient mice after FMT. (A) Shannon index
(n=4). (B) PCoA analysis using Bray-Curtis distances between FMTwt_sham
and FMTuox_sham groups (n=4). (C) PCoA analysis using Bray-Curtis
distances between FMTwt_IR and FMTuox_IR groups (n=4). (D) The rela-
tive abundance profile at a phylum level (n=4). (E) The relative abundance
profile at a genus level (n=4). (F) Predicted KEGG functional pathway dif-
ferences between FMTwt_sham and FMTuox_sham groups. (G) Predicted
KEGG functional pathway differences between FMTwt_IR and FMTuox_IR
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groups. (H) Levels of serum IS in recipient mice after I/R (n=5). Data are
represented as mean=+SEM. Statistical comparison was performed using
Wilcox rank-sum tests or two-tailed unpaired Student’s t tests. *p<0.05.

Additional file 2. The original data of targeted metabolomics to investigate
the kidney metabolomic profiling between the UOX”-and WT rats.
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