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ABSTRACT

Background: Emerging evidence suggests that gut microbiota dysbiosis may play a critical role in
the development of lupus nephiritis (LN). However, the specific characteristics of the gut microbiota
in individuals with LN have not been fully clarified.

Methods: The PubMed, Web of Science, and Embase databases were systematically searched for
clinical and animal studies related to the relationship between LN and gut microbiota from
inception until October 1, 2023. A semiquantitative analysis was used to assess the changes in gut
microbial profiles.

Results: A total of 15 clinical studies were selected for analysis, which included 138 LN patients,
441 systemic lupus erythematosus patients, and 1526 healthy controls (HCs). Five different types
of LN mouse models were included in 5 animal studies. The alpha diversity was decreased in LN
patients compared to HCs. A significant decrease in the Firmicutes/Bacteroidetes (F/B) ratio is
considered a hallmark of pathological conditions. Specifically, alterations in the abundance of the
phylum Proteobacteria, genera Streptococcus and Lactobacillus, and species Ruminococcus gnavus
and Lactobacillus reuteri may play a critical role in the pathogenesis of LN. Remarkably, the gut
taxonomic chain Bacteroidetes-Bacteroides-Bacteroides thetaiotaomicron was enriched in LN patients,
which could be a crucial characteristic of LN patients. The increased level of interleukin-6,
imbalance of regulatory T cells and T helper 17 cells, and decreased level of the intestinal tight
junction proteins zonula occludens-1 and claudin-1 also might be related to the pathogenesis of
LN.

Conclusions: Specific changes in the abundance of gut microbiota such as decreased F/B ratio,
and the level of inflammatory indicators, and markers of intestinal barrier dysfunction may play a
crucial role in the pathogenesis of LN. These factors could be effective diagnostic and potential
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therapeutic targets for LN.

Introduction

Systemic lupus erythematosus (SLE) is a well-known sys-
temic autoimmune disorder characterized by the produc-
tion of pathogenic autoantibodies and immune complexes,
which contribute to the damage of various organs and tis-
sues [1,2]. The incidence and prevalence of SLE are higher
in Asian, Hispanic, and Black populations, and SLE pre-
dominantly impacts young women [3]. Approximately 50%
of patients with SLE experience kidney damage, which is
characterized by symptoms such as hematuria, protein-
uria, edema, or decreased renal function, known as lupus

nephritis (LN) [4,5]. The prevalence of LN is reported to be
33-82% in Asian individuals with SLE and 34-51% in African
American individuals [6]. Currently, LN is considered the
most significant risk factor for the incidence and mortality
of SLE [5]. Meanwhile, the management of LN relies on ste-
roids and nonselective immunosuppressive drugs, but only
50-70% of patients with LN achieve clinical remission, and
10-20% of patients progress to end-stage kidney disease
within 5years of the initial diagnosis [4,7]. The prognosis
suggests that the pathogenesis and treatment of LN remain
an unresolved challenge.
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A growing body of evidence suggests that gut dysbiosis
may be associated with LN by contributing to dysregulated
immunity in its latent pathogenesis [6]. The human gut micro-
biota includes a complex assemblage of 100 trillion microor-
ganisms, which have the ability to influence the metabolism
of host enterocytes and impact both local and systemic immu-
nity [8-10]. An increasing number of studies have reported a
correlation between gut dysbiosis and immune-related dis-
eases, including allergies, multiple sclerosis, and rheumatoid
arthritis [11-13]. In particular, the connection between SLE
and the gut microbiota has been extensively demonstrated. In
SLE, there is often an imbalance in the gut microbiota, known
as gut dysbiosis, which is characterized by an increased pres-
ence of Enterococcus gallinarum and Enterobacteriaceae, and a
decreased presence of Ruminococcaceae [14,15]. The transloca-
tion of gut bacteria, the promotion of systemic inflammation,
epitope spreading, and molecular simulation are the main
mechanisms underlying the pathogenesis of gut microbiota
dysbiosis in the development of LN [16]. In another aspect,
the gut microbiota plays a critical role in the pathogenesis of
chronic kidney disease (CKD) [17,18]. The gut microbiota is a
vital component of the gut-kidney axis, which is a complicated
interaction between the gut and kidney [19]. Dysregulation of
the gut microbiota can disrupt the integrity of tight junctions,
resulting in increased epithelium permeability, commonly
referred to as ‘leaky gut, which can lead to disorders in the
intestinal mucosal immune system and inflammation and con-
tribute to the development and progression of immune-related
nephropathies [9,20]. Moreover, gut dysbiosis may lead to an
imbalance between immune tolerance and immune responses,
causing the abnormal proliferation and differentiation of B and
T cells with the production of autoantibodies and inflamma-
tory factors that could contribute to CKD onset and progres-
sion [21,22]. Therefore, we hypothesize that the gut microbiota
may play a role in the progression of SLE to LN. Recent cohort
studies and animal experiments have provided initial insights
into the significant impact of gut dysbiosis in LN. However,
due to variations in participant selection and animal models,
the findings have not been uniformly consistent. As a result,
the specific characteristics of the gut microbiota in LN remain
to be fully determined.

Herein, we systematically summarized the alterations in
the gut microbiota in LN patients, identified the key gut
microbiota and metabolites involved in the occurrence and
progression of LN, and searched for the possible mechanisms
by which the gut microbiota participates in the onset and
progression of LN with the goal of identifying bacterial tar-
gets for the prevention and diagnosis of LN. Meanwhile, we
aimed to investigate whether modulation of the gut microbi-
ota could serve as an effective therapeutic strategy for LN.

Materials and methods

This systemic review was registered in the PROSPERO data-
base (CRD42022379603) in advance and adhered to the pre-
ferred reporting project methods in the Systematic Review
and Meta-Analysis (PRISMA) guidelines.

Study selection and quality assessment

We conducted a systematic search of PubMed, Web of
Science, and Embase databases from their inception date to
October 1, 2023, without any language or publication date
limitations, to search for studies on the gut microbiome char-
acteristics of patients with LN. The study search strategy
involved the crossing of LN studies (Title, Abstract, Keywords,
[Mesh] “Lupus Glomerulonephritis” or “Lupus nephritis”) and
microbiome studies (Title, Abstract, Keywords, [Mesh]
“Microbiota”) and the search strings utilized were capable of
being discovered in Table S1. The title, abstract, and full-text
views of articles were screened independently by two review-
ers to ensure consistency. Disagreements were settled by
consultation with the third investigator. The inclusion criteria
for studies were as follows: (1) studies that investigated the
correlation between LN and gut microbiota composition, (2)
studies on the intervention of gut microbiota, and (3) clinical
studies related to SLE and gut microbiota that enrolled a
subset of SLE patients with renal involvement. The exclusion
criteria were as follows: (1) studies on SLE and microbiota
that did not mention renal involvement in the SLE patients
included, (2) study protocols, and (3) review articles. Moreover,
the Newcastle-Ottawa scale was used to assess the quality
of the shortlisted studies [23].

Data extraction and statistical description

The key components extracted for our study included the
features of the study, analysis method, alpha diversity, beta
diversity, differential abundance of gut microbiota, and func-
tional characterization of gut microbiota. Indefinite informa-
tion was acquired by contacting the relevant authors. The
alpha diversity represented the community diversity (Simpson
and Shannon) and richness (Chaol and ACE), and the beta
diversity represented the similarity of the species diversity
within the community. For the relative abundance of gut
microbiota, we conducted a semiquantitative analysis in our
systemic review. A changed parameter [24] was defined,
whereby a significant change was deemed noteworthy if it
consistently occurred in the same direction in more than two
studies without contradictory results. Additionally, if three or
more studies reported a consistent result, it was considered
likely specific to LN. Proportions (n/N) were used to represent
the alterations in gut microbiota profiles.

Results
Study characteristics

A total of 291 potentially eligible studies were acquired from
the literature search. After screening the titles and abstracts,
and excluding duplicate search results, 15 relevant clinical
studies [25-39] and 7 animal studies [28,38,40-44] were
included in this systematic review (Figure 1). The studies
included 138 LN patients, 441 SLE patients, and 1526 healthy
controls (HCs) (Table 1) as well as five different types of LN
mouse models (Table 2). Four (4/15) clinical studies
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[25,31,34,38] only enrolled female LN patients, while the
remaining 11 (11/15) [26-30,32,33,35-37,39] had no gender
restriction. Twelve (12/15) clinical studies [25-27,30-34,36-
39]and six (6/7) animal studies [28,38,41-44] analyzed the
composition of the gut microbiota using 16S rRNA sequenc-
ing techniques, while three (3/15) clinical studies [28,33,35]
utilized metagenomic sequencing. Polymerase chain reaction
(PCR) was used in one (1/15) clinical study [29] and one (1/7)
animal study [40].

Quality of included studies

After evaluating the 15 clinical studies using the Newcastle-
Ottawa scale [23], five (5/14) clinical studies [26,27,32,34,39]
were rated with a score of 7, eight (8/15) [25,28-31,33,35,38]
with a score of 6, and two (2/15) [36,37] with a score of 5,
indicating that the overall quality of the included studies was
universally high (Table S2).

Differences in gut microbiota diversity in LN

In eight (8/15) of the clinical studies, alpha diversity was
found to be lower in LN patients than in HCs, mainly by the
Chao1 [25,36,37,39], Shannon indexes [26,28,33,35,37,39] and
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Simpson indexes [26] and in three (3/15) clinical studies
[31,32,45], no significant differences were found. In terms of
beta diversity, seven (7/15) clinical studies [25,26,28,30,31,33,39]
found that there was a difference in the diversity between
the two groups, while four (4/15) clinical studies [27,32,36,37]
reported no significant difference (Table S3).

Differences in the gut microbiota composition in LN

At the phylum level, six (6/15) clinical studies [29-32,34,36] found
a lower Firmicutes/Bacteroidetes (F/B) ratio in LN patients than in
the HCs (Figure 2). Four (4/14) clinical studies [32,33,36,37] and
one (1/7) animal study [43] found a higher abundance of
Proteobacteria in LN patients than in HCs. At the genus level,
three (3/14) clinical studies [27,35,39] found a higher abundance
of Streptococcus in LN patients than in the HCs. At the species
level, two (2/14) clinical studies [25,28] found a higher abun-
dance of Ruminococcus gnavus (R. gnavus, RG) in LN patients
than in HGCs. Additionally, the abundance of Ruminococcus
torques spp. (R. torques spp.) was found to be higher in the LN
group than in the control group in one (1/14) clinical study [28]
and two (2/5) animal studies [28,41], but one (1/7) animal study
[44] found a lower abundance. The genus Lactobacillus and spe-
cies Lactobacillus reuteri (L. reuteri) were mentioned as having

Figure 1. Study selection flowchart. SLE, systemic lupus erythematosus. LN, lupus nephritis.
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Figure 2. Changes in the abundance of the gut microbiota in the LN in the clinical and animal studies. The abundance of the phylum Proteobacteria,
genus Streptococcus, and species Ruminococcus gnavus were enriched in LN. The F/B ratio was decreased in the LN. F/B, Firmicutes/Bacteroidetes. LN,

lupus nephritis.

changes in abundance in two (2/14) clinical studies [32,38] and
three (3/7) animal studies [38,42,43]. The results with consistent
variation in bacterial abundance were extracted to draw a phy-
logenetic diagram (Figure S1). From the phylogenetic diagram, it
was observed that the gut taxonomic chain Bacteroidetes—
Bacteroides—Bacteroides thetaiotaomicron (B. theta) was signifi-
cantly enriched in LN. And changes in the abundance of gut
microbiota are independent of geography (Table 1).

Changes in inflammatory indicators and intestinal barrier
dysfunction markers in LN

Two (2/14) clinical studies [25,34] and five (5/7) animal studies
[38,40,41,43,44] reported changes in inflammatory markers
and intestinal barrier dysfunction markers. In both clinical and
animal studies [25,36,44], the inflammatory indicator interleu-
kin (IL)-6 was found to be increased in patients with LN but
decreased after Lactobacillus treatment [40]. The level of
calcium-protective protein, an intestinal barrier deficiency bio-
marker was higher in patients with LN, and the expression of
the gut tight junction protein claudin-1 (Cldn1) and Zonula
Occludens-1 (ZO-1) was downregulated in LN model mice
compared with controls [41]. However, the expression of Cldn1
and ZO-1 was upregulated after Lactobacillus treatment [40].
The macrophage chemoattractant MCP-1 was increased in
both clinical and animal studies [34,41]. Increases in immune
cells, such as T helper 17 (Th17) cells [41], group 3 innate lym-
phoid cells (ILC3s) [41], and plasmacytoid dendritic cells (pDCs)
[38], were found in two (2/5) animal studies. IgG anti-RG2 anti-
body was found to be increased in LN patients and mouse
models in a clinical study [25] and an animal study [42].

Functional characteristics of the gut microbiota in LN

Two (2/15) clinical studies reported that the sulfur metabolism
pathway [28], some glycan degradation pathways [31], and
oxidative phosphorylation processes [31] were enriched in the

gut microbiota of LN patients, as determined by KEGG analy-
ses. One (1/7) animal study [38] found that the type | inter-
feron (IFN) pathway was enriched in animal models of LN.

Discussion

We conducted a comprehensive analysis of the available evi-
dence on the characteristics of microbial taxa in LN patients
to identify specific gut microbiota that may contribute to
the development and progression of the disease. To our
knowledge, this is the first effort to systemically explore the
alteration and effect of the gut microbiota on the pathogen-
esis of LN. The present study revealed a decrease in the
Chaol and Shannon indices in LN patients, indicating a
compromised richness and diversity of gut microbiota.
Furthermore, we observed a decreased F/B ratio and an
increased abundance of the phylum Proteobacteria, genus
Streptococcus, and species R. gnavus, which may be closely
associated with LN (Figure 3). Of particular significance, the
gut taxonomic chain Bacteroidetes-Bacteroides-B. theta was
significantly enriched in LN, as indicated by the analysis of
the phylogenetic diagram, suggesting its pivotal role in the
pathogenesis of LN. This review provides novel insights not
only into understanding the pathogenesis of LN but also
into the development of targeted therapeutic methods.

A decreased F/B ratio plays a crucial role in the
pathogenesis of LN

A growing body of evidence indicates that a change in the
F/B ratio may be a hallmark of pathological conditions
[45,46]. A decreased F/B ratio can lead to an imbalance in
regulatory T cells (Tregs) and Th17 cells, which seems likely
to aggravate preexisting gut inflammation [8,47]. A reduced
F/B ratio in patients with SLE is associated with a decreased
level of IFN-y, which is a primary characteristic of SLE dysbi-
osis [31]. The dysbiosis caused by a reduced F/B ratio in
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Figure 3. Possible mechanism linking gut microbiota dysbiosis to LN. Alteration of specific microbial taxa may contribute to the pathogenesis and pro-
gression of LN through the following four factors. First, the alteration of specific microbial taxa can induce LN by promoting kidney M2-like macrophage
infiltration and leukocyte recruitment. Second, the gut microbiota may contribute to LN by enhancing the autoimmune response. Third, Streptococcus
combined with Veillonella can enhance the autoimmune response, including by increasing IL-6, IL-8, IL-10, and TNF-a levels, whereas decreased IL-12p70
may induce LN. Fourth, the alteration of specific microbial taxa can increase the abundance of Tregs, while the decrease in the deposition of IlgG2a may
alleviate LN. SFB, Segmented Filamentous Bacteria. L. reuteri, Lactobacillus reuteri. R. gnavus, Ruminococcus gnavus. B. theta, Bacteroides thetaiotao-
micron. F/B, Firmicutes/Bacteroidetes. pDCs, plasmacytoid dendritic cells. IL-12p70, interleukin-12p70. IL-10, interleukin-10. IL-8, interleukin-8. IL-6,
interleukin-6. TNF-a, tumor necrosis factor a. Tregs, regulatory T cells. LN, lupus nephritis.

lupus patients contributes to the dysfunction of ILC3s, a key
contributor to barrier immunity [16]. Moreover, the imbal-
ance of the F/B ratio is in accord with elevated levels of
plasma lipopolysaccharide (LPS) in SLE patients; thereby
enhancing the activation of B cells and promoting progres-
sion of SLE in mouse models [33,40]. The above evidence
suggests that a decreased F/B ratio may be an indispensable
component of the pathogenesis of LN, primarily due to
abnormal immune responses, and play a crucial role in LN by
affecting the levels of IFN-y, causing imbalances in Treg and
Th17 cells, and activating B cells.

However, the exact gut microbiota responsible for the
lower F/B ratio remains unclear. In our results, the abundance
of the gut taxa chain Bacteroidetes-Bacteroides-B. theta was
higher in individuals with LN. This increase in the genus
Bacteroides, which belongs to the phylum Bacteroidetes, may
directly contribute to the decrease in the F/B ratio.
Additionally, B. theta contains an epitope protein homolog
that is similar to the Ro60 autoantigen, a common factor in
SLE, which can bind to B and T cells and potentially induce
inappropriate autoimmunity [30,48]. Hence, we propose that

B. theta may be the key gut microbiota responsible for the
lower F/B ratio in LN.

An increased abundance of Proteobacteria may be a
specific hallmark of LN patients

The increased abundance of Proteobacteria in the gut microbi-
ota may be a significant component in the pathogenesis of LN,
perhaps based on the autoimmune and inflammatory
responses. Elevated levels of Proteobacteria have also been
observed in inflammatory bowel diseases (IBD), diabetic kidney
disease, and idiopathic membranous nephropathy [49-51].
Thus, we hold the view that the increase in Proteobacteria in
LN patients is indicative of potential alterations in the gut envi-
ronment and disruption of intestinal barrier integrity, which
leads to systemic inflammation, hastens the development of
kidney disease, and results in more damage [18]. Proteobacteria
may have a significant impact on the pathogenesis of LN in
two following aspects. First, LPS obtained from Escherichia coli,
a member of the phylum Proteobacteria, can stimulate the pro-
duction of IL-6 through the TLR4-NF-kB and TLR4-p38MAPK



pathways, leading to the initiation of an inflammatory response
[52]. Coincidentally, animal studies have demonstrated that IL-6
plays a significant role in promoting LN [53]. Second, the abun-
dance of Enterobacteriaceae, a member of the phylum
Proteobacteria, is associated with T cells, which are crucial in
the immune response [14]. This suggests that changes in the
abundance of Enterobacteriaceae may contribute to the patho-
genesis and progression of LN. Consequently, the increase in
Proteobacteria may serve as a specific marker for alterations in
the gut microbiota and may contribute to LN development by
modulating the levels of IL-6 and T cells.

Enhanced autoimmune responses induced by Streptococcus
may be associated with LN

An increased abundance of Streptococcus can potentially alter
the levels of inflammatory cytokines and trigger inappropriate
immune responses that influence the development of
immune-related disease. Existing studies have found that
Streptococcus has a crucial effect on immune-related nephrop-
athies, such as Henoch-Schoénlein purpura nephritis, the sever-
ity of which is positively associated with Streptococcus
abundance [54]. Similarly, the genus Streptococcus was posi-
tively correlated with lupus activity in patients with SLE [55].
An enhanced autoimmune response due to streptococcal
infection may be an important causative factor for LN. First,
the existing evidence has indicated that the combination of
Streptococcus and Veillonella increased the production of IL-6,
IL-10, IL-8, and tumor necrosis factor a (TNF-a) and inhibits the
production of interleukin-12p70 [56]. Interestingly, Azzouz
et al. [25] found an expansion of the species Veillonella in
patients with SLE, further confirming that the synergy of
Streptococcus along with Veillonella may play a significant role
in the pathogenesis of SLE. Second, the polysaccharide of
Streptococcus pneumonia possesses the same epitope as the
pentapeptide found in the anti-dsDNA antibody [57]. In fact,
antibodies produced against bacterial antigens can cross-react
with host tissue through a process known as ‘molecular mim-
icry, and certain species of Streptococcus may utilize antigen
presentation to trigger the particular CD4* T cells and initial
stimulation of B cells [58,59]. Molecular mimicry of bacterial
orthologs against human autoantigens has been reported to
trigger cross-reactive responses of T and B lymphocytes and
activate autoimmunity, which is one of the possible pathogen-
eses of SLE [27]. Thus, the increase in Streptococcus may be
involved in the pathogenesis of SLE based on the enhance-
ment of autoimmunity, which could also be a potential mech-
anism in LN. However, the definite pathogenesis of LN has not
been fully elucidated, and further studies are required to iden-
tify the role of Streptococcus in LN patients.

R. gnavus exerts important effects that impact the
occurrence of LN

R. gnavus is an anaerobic gram-positive taxon belonging to the
phylum Firmicutes and family Lachnospiraceae [60]. R. gnavus
may exert a pathogenic role by eliciting an inappropriate

RENAL FAILURE (&) 9

immune response. R. gnavus is associated with ankylosing
spondylitis and IBD [61,62]. Previous investigators pointed out
that the abundance of R. gnavus was not only associated with
the activity of lupus disease and LN but also inversely cor-
related with C3 and C4 complement levels [25]. The expansion
of R. gnavus is linked to the production of serum antibodies
toward strain RG2, and active LN can manifest as a high con-
centration of IgG anti-RG2 antibodies in patients [25]. In addi-
tion, the cell wall lipoglycans of the RG2 strain have antigenic
properties that can induce the production of anti-dsDNA anti-
bodies, which can cross-react with lupus anti-dsDNA antibod-
ies and lead to inappropriate immune reactions [25]. Another
study showed that the abundance of R. torques spp. was higher
in SLE patients and that this species shared a common ances-
tor with R. gnavus, suggesting a close relationship between
these two bacteria [28,41]. Therefore, R. torques spp. may also
be important in the pathogenesis of lupus apart from R. gna-
vus. Although only one animal study [44] appears to have con-
tradictory results for R. torques spp., we believe that the
variation in R. torques spp. abundance in LN patients may also
be closely related to LN occurrence. However, the specific
mechanism remains to be further explored. In summary,
molecular mimicry between lipoglycan expressed on the cell
wall of intestinal RG2 and native DNA molecules may be the
cause of SLE and the progression of SLE to LN.

The dual role of the genus Lactobacillus and species L.
reuteri in the pathogenesis of LN

The role of the genus Lactobacillus and species L. reuteri in the
pathogenesis of LN is currently a subject of controversy. Our
observations indicate that both the genus Lactobacillus and
species L. reuteri play a significant role in LN in partially short-
listed studies. On the positive side, Mu et al. [40] discovered
that MRL/Ipr mice with a ‘leaky gut’ which were treated by
increased Lactobacillus colonization. Lactobacillus treatment
contributed to fostering an intestinal environment without
inflammation, increasing the serum level of IL-10 and restoring
the balance of Treg and Th17 cells inside the kidney [40]. On
the negative side, Lactobacillus may become harmful under
certain genetic or environmental conditions [38]. L. reuteri
gavage increased splenomegaly and pDCs accumulation in the
spleen and Peyer’s patches (PP) and exacerbated leukocyte
recruitment to the kidney [38]. Furthermore, L. reuteri-
monocolonized mice showed increased accumulation of pDCs
in the spleen and mesenteric lymph nodes, as well as worsen-
ing signs of LN. Moreover, short-chain fatty acids (SCFAs)
derived from starchy diets inhibited L. reuteri in vitro and in
vivo [38]. Based on the above discussion, the genus
Lactobacillus and species L. reuteri have an impact on the pro-
gression of LN, but further in-depth studies are needed to
determine whether this effect is beneficial or harmful.

The role of inflammatory and intestinal barrier dysfunction
markers in the pathogenesis of LN

The alteration of gut permeability may be an integral part of
the process by which the gut microbiota leads to the
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occurrence of LN. Increased levels of intestinal tight junction
proteins [41] and immune cells [38,41] were observed in ani-
mal models. Segmented Filamentous Bacteria (SFB) may
decrease the expression of the intestinal tight junction pro-
teins Cldn1 and ZO-1 while Lactobacillus treatment can
upregulate their expression, suggesting that changes in the
gut microbiota can affect intestinal permeability [40,41].
‘Leaky gut’ was found to increase LPS levels, thereby enhanc-
ing B-cell activation and promoting lupus progression in an
animal study [40]. Additionally, increased levels of IL-6 along
with an imbalance of Tregs and Th17 cells were observed in
SFB-colonized LN mouse models, which may enhance the
inflammatory response in mouse models and was reversed
by Lactobacillus treatment [40,41]. Furthermore, Toll-like
receptor 7 (TLR7)-dependent translocation of L. reuteri
increases the activation of pDCs and the production of type
I IFN, thereby deteriorating autoimmune manifestations of
SLE [38]. Hence, gut disorders may lead to the downregula-
tion of intestinal tight junction protein expression, resulting
in increased intestinal permeability and subsequently pro-
moting the occurrence of inflammatory responses and
immune disorders in the host. This may be a critical factor in
the pathogenesis of LN.

The underlying effect of bacterial metabolites in the
pathogenesis of LN

SCFAs are the most frequently mentioned bacterial metabo-
lites that have beneficial effects on many nephropathies [63-
65]. The phylum Bacteroidetes was capable of producing high
amounts of acetate and propionate, while the phylum
Firmicutes generated a significant amount of butyrate [16]. A
previous study found that SCFAs are capable of regulating
the gut microbiota and host metabolism [66]. Researchers
have also discovered that changes in SCFAs production are
associated with gut dysbiosis in SLE and that an increase in
fecal SCFAs levels is linked to a reduced F/B ratio [34]. Animal
models of SLE have shown that SCFAs supplementation can
alleviate the lupus phenotype [67]. Moreover, SCFAs may
restrain B-cell activation-induced expression of cytidine
deaminase and Blimp1, restrict the differentiation of plasma
cells and systemic class-switched autoantibodies, and prevent
the deposition of IgG1/IgG2a in the kidney [67]. In summary,
SCFAs may play a significant role in the progression of SLE to
LN and could be an effective strategy to hinder LN
progression.

The microbiota-based therapeutic prospects of LN

Successful treatment of LN through diet, probiotics, and
fecal microbiota transplantation (FMT) may provide new
evidence for understanding the relationship between LN
and the gut microbiota. First, nutritional intervention has
been demonstrated to ameliorate LN in mouse models [68].
Second, probiotic therapy is another treatment option for
LN. Oral administration of Bacteroidetes fragilis can effec-
tively relieve LN [69]. The mechanism involves in decreasing

the level of autoantibodies in LN patients, renovating the
immune response of B lymphocytes, relieving intestinal
inflammation, and restoring the balance of Tregs and Th17
cells in LN mouse models [69]. Third, fecal microbial content
from healthy donors was transferred to patients in a proce-
dure known as FMT [70]. Currently, the safety and efficacy
of FMT in the treatment of SLE and CKD have been con-
firmed [71,72]. In the case of SLE treatment, reductions in
the level of serum anti-dsDNA antibody, inflammation-related
gut microbiota, and the level of IL-6 in the peripheral blood,
were observed after 12weeks of FMT intervention, as well
as increases in bacterial taxa producing SCFAs and the pro-
duction of SCFAs. These compelling results indicated that
FMT is a viable treatment regimen for SLE [72]. Therefore,
considering the effect of FMT in lupus, FMT could be an
available therapeutic strategy for LN. However, this applica-
tion will require further investigation for validation in
the future.

This study aims to provide evidence regarding the under-
lying mechanisms linking gut dysbiosis and LN, as well as
insights into potential strategies for preventing and treating
LN. However, it is important to acknowledge the limitations
of this systematic review. First, further meta-analysis was not
available due to insufficient data and heterogeneity between
the enrolled studies and qualitative reporting of the conse-
quences. Second, the critical gut microbiota tightly linked to
the progression or onset of LN were not completely deter-
mined on account of the nature of the observational studies
included in this review. Therefore, it is necessary to conduct
more high-quality, multicenter, multinational clinical studies
to validate the findings of this study.

Conclusions

The present systemic review supports the notion that a
decreased F/B ratio may be a particular hallmark of the gut
microbiota in LN patients, which is associated with decreased
levels of IFN-y, imbalances in Treg and Th17 cells, and the
activation of B cells. In addition, an increased abundance of
the phylum Proteobacteria was also a specific hallmark of the
gut microbiota in LN patients, which may be linked to the
levels of IL-6 and T cells. Notably, the gut taxonomic chain
Bacteroidetes-Bacteroides-B. theta was elevated in LN, further
supporting the aforementioned speculation. In addition, the
enrichment of the genus Streptococcus and species R. gnavus
may also play a role in the pathogenesis of LN by enhancing
autoimmunity and molecular mimicry. These findings con-
tribute to a better understanding of how the gut microbiota
influences LN and its unrecognized role in the prevention
and treatment of LN.
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