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Abstract: Lupus nephritis is a severe autoimmune kidney disease characterized by chronic
inflammation and immune dysregulation. Nutritional modulation of inflammatory responses and
gut microbiota homeostasis has emerged as a promising adjunct strategy for managing lupus

nephritis. Docosahexaenoic acid (DHA), a functional lipid derived from marine foods, exhibits well-
documented anti-inflammatory and immunomodulatory activities. Notably, the biological effects of
DHA are strongly related to its chemical structure. Compared to conventional forms, phospholipid-
bound DHA shows improved bioavailability and metabolic advantages, highlighting its potential in
regulating inflammation and the gut—kidney axis. This study aimed to explore the protective effects
of DHA-enriched phosphatidylcholine (DHA-PC) against lupus nephritis and compare its efficacy
with conventional DHA supplementation in an animal model of lupus nephritis. The results
demonstrated that DHA-PC markedly improved renal function indices by decreasing the levels of
serum urea nitrogen and creatinine, alleviating renal pathological injury, and reducing proteinuria
in lupus-prone mice, accompanied by a significant suppression of pro-inflammatory cytokines.
Mechanistically, DHA-PC inhibited activation of the NF-kB-NLRP3 inflammasome pathway,
thereby attenuating renal inflammatory responses. Moreover, DHA-PC reshaped the composition
of the gut microbiota by enriching anti-inflammatory genera, such as Lactobacillus and Odoribacter,
while suppressing pro-inflammatory bacteria, including Lachnoclostridium, Corynebacterium,
Enterorhabdus, and Desulfovibrio, accompanied by functional shifts in microbial metabolic
pathways. Collectively, these findings indicate that DHA-PC confers robust protection against lupus
nephritis through the coordinated regulation of inflammatory signaling and the gut—kidney axis.
This study provides novel evidence that DHA-PC is a functional lipid involved in the prevention

and management of autoimmunity-mediated renal injury.
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1. Introduction
Lupus nephritis (LN) is one of the most severe clinical manifestations of systemic lupus
erythematosus, affecting approximately 40—70% of patients during the disease course and serving
as a major determinant of morbidity and mortality. LN is driven by the excessive production of
autoantibodies, immune complex deposition in renal tissues, complement activation, and the
subsequent amplification of inflammatory cascades, ultimately leading to glomerular and tubular
injuries.! 2Emerging evidence has suggested that inflammation plays a critical role in sustaining
renal damage. More recently, the gut—kidney axis has been proposed as a key contributor to LN
pathogenesis. Alterations in the gut microbiota composition and intestinal barrier integrity may
facilitate the translocation of microbial-derived metabolites and endotoxins, thereby exacerbating
systemic inflammation and autoimmune responses.* 4 > Given the limitations and adverse effects of
long-term immunosuppressive therapy, nutritional interventions, particularly functional foods that
modulate inflammatory signaling and gut microbiota homeostasis, are increasingly recognized as
promising and sustainable adjunct strategies for the management of lupus nephritis.®
Docosahexaenoic acid (DHA) is a member of the omega-3 polyunsaturated fatty acid family.
It is not only a structural component for maintaining normal physiological functions but also plays
a role in regulating lipid metabolism, controlling inflammation, and balancing immune function.”
8The main sources of DHA in our daily diet are seafood, such as salmon (Atlantic salmon), tuna,
sardines, Antarctic krill, and sea cucumbers. PDHA supplementation has been shown to attenuate
renal inflammation and improve renal function in various kidney disease models. '© ' ’In
autoimmune disorders, ®-3 polyunsaturated fatty acids modulate immune responses and alleviate
disease severity, suggesting their therapeutic relevance in LN. Clinical and experimental studies
have reported that DHA-rich fish oil supplementation reduces proteinuria and circulating
inflammatory markers in LN, supporting the feasibility of DHA-based nutritional interventions.
3The biological efficacy of DHA was strongly dependent on its molecular form and bioavailability.
Among the dietary sources, DHA predominantly exists as triglycerides, ethyl esters, and
phospholipid-bound species. Among these, phospholipid-bound DHA has attracted increasing
attention owing to its superior intestinal absorption, enhanced tissue distribution, and preferential

incorporation into cellular membranes. Compared with the triglyceride or free fatty acid forms,
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DHA-phospholipids are more efficiently integrated into membrane phospholipid bilayers, thereby
exerting stronger regulatory effects on membrane-associated inflammatory and immune signaling
pathways.’ In addition to these physicochemical advantages, DHA -esterified to phosphatidylcholine
(DHA-PC) has emerged as a bioactive lipid with distinct functional properties.'* Recent studies
have demonstrated that DHA-PL supplementation modulates the gut microbiota composition in
depression-like mouse models, characterized by the enrichment of beneficial bacteria and
attenuation of inflammation-associated dysbiosis, highlighting its capacity to regulate the
microbiota—immune axis."> In addition, DHA-PC exhibits pronounced anti-inflammatory effects in
metabolic disorders, such as metabolic syndrome and atherosclerosis, by suppressing pro-
inflammatory signaling and improving lipid metabolic homeostasis.'® '"Notably, DHA-PC has been
shown to increase renal DHA incorporation and alleviate renal injury in models of acute kidney
injury.'8 Recent advances in renal lipidomics have further underscored lipid metabolism as a critical
determinant of kidney disease progression. Profound alterations in phospholipid profiles have been
identified in  chronic kidney disease, especially in  phosphatidylcholine and
phosphatidylethanolamine, suggesting that targeted modulation of phospholipid composition may
represent a promising strategy for renal protection.!” Taken together, DHA-PC integrates the anti-
inflammatory properties of DHA with the structural and functional advantages of PC, and emerging
evidence supports its role in gut microbiota modulation, inflammation suppression, and renal
protection. However, despite these advances, the effects of DHA-PC on LN, particularly in
comparison with conventional DHA and in the context of the gut—kidney axis, remain largely
unexplored.

Therefore, the present study systematically investigated the differential effects of DHA-PC and
DHA on LN progression using a lupus nephritis animal model. We systematically evaluated the
effects of DHA-phospholipid supplementation on renal function, histopathological alterations, and
systemic inflammatory status. In parallel, the gut microbiota composition and diversity were
analyzed to determine whether DHA-phospholipids could restore microbial homeostasis and
modulate the gutkidney axis. This study provides novel evidence that DHA-enriched
phospholipids are functional lipids with potential therapeutic value in the nutritional management

of lupus nephritis.
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2. Results
2.1 Effects of DHA-PC on immune organs and kidney indices
At 14 week of age, MRL/Ipr mice begin to exhibit obvious pathological manifestations, including
cervical skin lesions and scab formation on the ears, which are typical clinical features of systemic
lupus and indicate progressive organ injury. From week 10 onward, a marked increase in daily urine
output was observed, suggesting the onset of renal dysfunction. Compared to normal mice, the body
weight was significantly increased in the model group. Although the DHA and DHA-PC
interventions tended to reduce body weight, no statistically significant differences were observed.
The thymus and spleen are key immune organs enriched in various immune cell populations.
Compared to the normal group, both the spleen and thymus indices were markedly elevated in the
model group (P < 0.05), with a particularly pronounced increase in the spleen index(Fig 1A-D).
Dietary supplementation with DHA or DHA-PC significantly reduced both spleen and thymus
indices (P < 0.05). Consistently, spleen length was significantly increased in model mice compared
to normal controls, accompanied by obvious edema, whereas DHA and DHA-PC intervention
alleviated splenomegaly (P < 0.05). Furthermore, renal weight and kidney index were significantly
higher in MRL/lpr mice than in the normal group (Fig 1E-F). Both DHA and DHA-PC
supplementation reduced renal weight and kidney index, indicating the attenuation of renal
hypertrophy.
2.2 Effects on serum inflammatory cytokines and renal function
BUN and Cr are commonly used clinical indicators of renal function.?’ As shown in Figures 2A-B,
BUN and Cr levels were significantly elevated in the model group compared to those in the normal
group(P < 0.05). Compared with the model group, DHA and DHA-PC supplementation effectively
reduced serum BUN and Cr levels, with DHA-PC showing a more pronounced effect on lowering
Cr (P <0.05). In addition, urinary protein and urinary creatinine levels were markedly altered in the
model group relative to normal controls, whereas DHA-PC supplementation significantly
ameliorated these abnormalities (Fig 2C-D).

Serum levels of inflammatory cytokines were further assessed. As shown in the figure 2E-H,

serum lipopolysaccharide (LPS) and tumor necrosis factor-a (TNF-a) levels were significantly



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

increased in the model group compared with the normal group (P <0.05). DHA-PC supplementation
markedly reduced the elevated LPS and TNF-a levels (P < 0.05). Although serum interleukin-6 (IL-
6) and interleukin-1p (IL-1p) showed an increasing trend in model mice, the differences were not
statistically significant (P > 0.05).

2.3 Renal histopathological analysis

Renal histopathological alterations were evaluated using H&E and PAS staining. As shown in the
Fig 3A-B, kidneys from model mice exhibited severe pathological damage compared to normal
controls, including glomerular atrophy, interstitial inflammatory cell infiltration, and proteinaceous
casts within the renal tubules. Dietary supplementation with DHA-PC was markedly alleviated by
these pathological lesions, showing an improved glomerular structure and reduced inflammatory
infiltration. Notably, the protective effect of DHA-PC on renal histopathology was superior to that
observed with DHA treatment (Fig 3C).

2.4 Changes in inflammatory signaling-related proteins

Given the critical role of the NF-«B signaling pathway in the progression of nephritis, the expression
of NF-kB pathway-related proteins in renal tissues was assessed by western blotting. As shown in
Figure 4A-D, the expression of NF-xB p65 was significantly increased in the kidneys of model mice
compared with normal controls (P < 0.05). DHA-PC supplementation significantly reduced NF-xB
p65 expression (P < 0.05), while DHA exhibited a comparable inhibitory effect. Compared to the
normal group, renal caspase-1 expression was markedly elevated in the model mice (P < 0.05).
Dietary supplementation with DHA-PC or DHA reduced caspase-1 expression, although the
difference was not statistically significant (P > 0.05). Additionally, the protein expression levels of
ASC and NLRP3 were significantly increased in the model group. Compared to the model group,
DHA-PC supplementation significantly reduced the expression of caspase-1 and NLRP3(P < 0.05).
2.5 Renal fatty acid composition

DHA and arachidonic acid (AA) are important polyunsaturated fatty acids in renal lipids that are
closely associated with renal physiological function.'? 2!Compared to the normal group, the
proportion of AA in renal tissues was significantly increased in model mice(P < 0.05), whereas
DHA-PC supplementation markedly reduced renal AA levels(Fig 4D). In contrast, the renal DHA

content was significantly decreased in the model group (P < 0.05). Dietary supplementation with
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either DHA-PC or DHA significantly increased the proportion of DHA in the kidneys of mice with
renal injury.

2.6 Gut microbiota composition and diversity

Changes in the gut microbiota composition following dietary intervention were further analyzed
(Figure 5A-D). Alpha diversity analysis revealed that the Ace, Chao, and Sobs indices were
significantly increased (P < 0.05), whereas the Simpson index was significantly decreased in
nephritic mice compared to that in normal controls, which may be related to the mouse strain.
Supplementation with DHA and DHA-PC significantly increased the Simpson index, with DHA-
PC showing a more pronounced effect (P < 0.01). Beta diversity analysis based on principal
coordinate analysis for the PcoA results of OTU level demonstrated a clear separation between
nephritic and normal mice, indicating substantial differences in gut microbial composition. The
intervention groups were also separated from the model group, suggesting that DHA and DHA-PC
altered the structure of the gut microbiota (Figure 5E). Venn diagram analysis further revealed
distinct OTU distributions among the groups, with 193 OTUs commonly involved in lupus nephritis
progression (Figure 5F).

At the phylum level, gut microbiota was dominated by Firmicutes, Bacteroidota,
Actinobacteriota, Desulfobacterota, and Proteobacteria (Figure 6A). In normal mice, Bacteroidota
and Firmicutes together accounted for over 93% of the total abundance. Compared with the normal
group, the relative abundance of Firmicutes, Actinobacteriota, Desulfobacterota, and
Proteobacteria, as well as the Firmicutes/Bacteroidota (F/B) ratio, was increased in the model group,
whereas Bacteroidota abundance was significantly reduced (Figure 6B). DHA-PC supplementation
significantly decreased the relative abundances of Actinobacteriota and Desulfobacterota and
reduced the F/B ratio. At the genus level, significant changes were observed for Lactobacillus,
Norank _f Muribaculaceae, Dubosiella, and Turicibacter (Figure 6C). Compared with normal
controls, the relative abundances of Lactobacillus, Odoribacter, Lachnoclostridium,
Corynebacterium, Enterorhabdus, and Desulfovibrio were significantly higher in the model
mice(Figure 6D-I). DHA-PC supplementation significantly increased the abundance of
Lactobacillus and Odoribacter, while reducing that of Lachnoclostridium, Corynebacterium,

Enterorhabdus, and Desulfovibrio, with effects superior to those of DHA.
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Heatmap analysis revealed distinct microbial community compositions on OUT, phylum and
genus of leve between nephritic and normal mice, with similar overall modulation patterns for DHA
and DHA-PC(Fig 6J-L). Differential OTU analysis indicated that OTU251, OTU312, OTU134/261,
and OTU227 are closely involved in lupus nephritis progression. DHA-PC primarily ameliorated
nephritis by modulating OTU251, OTU134, and OTU234, whereas DHA mainly exerted its effects
through OTU227 and OTU234. Phylogenetic analysis indicated that Lactobacillus,
norank_f Muribaculaceae, Dubosiella, and Enterorhabdus were closely associated with disease
progression. DHA-PC predominantly exerts its effects by regulating the Lacrobacillus and
Odoribacter species.

Circos analysis showed that Lactobacillus, norank f Muribaculaceae, Dubosiella,
unclassified_f Lachnospiraceae, and Enterorhabdus were closely associated with lupus nephritis.
DHA-PC alleviated nephritis mainly by modulating Lactobacillus and Odoribacter, whereas DHA
exerted its effects primarily through Norank f Muribaculaceae and Enterorhabdus (Figure 7A).
Functional prediction using PICRUSt2 revealed that alterations in the gut microbiota of nephritic
mice were mainly associated with secondary metabolite biosynthesis, inorganic ion transport and
metabolism, lipid transport and metabolism, coenzyme transport and metabolism, nucleotide
transport and metabolism, amino acid transport and metabolism, carbohydrate transport and
metabolism, and energy production and conversion (Figure 7B). KEGG pathway analysis further
indicated that gut microbiota functions were primarily enriched in carbohydrate metabolism, amino
acid metabolism, energy metabolism, membrane transport, translation, lipid metabolism, folding,
sorting and degradation, and glycan biosynthesis and metabolism at the second level, and in
pathways such as biosynthesis of secondary metabolites, microbial metabolism in diverse
environments, biosynthesis of amino acids, carbon metabolism, ribosome, ABC transporters, purine
metabolism, starch and sucrose metabolism, glycolysis/gluconeogenesis, and amino sugar and

nucleotide sugar metabolism at the third level (Figure 7D-E).

3. Discussion

LN is one of the most severe complications of systemic lupus erythematosus, and remains a leading

cause of morbidity and mortality. Its progression is driven by persistent immune dysregulation,
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chronic inflammation, and progressive structural renal damage.? In recent years, nutritional
interventions targeting the immune and inflammatory pathways have attracted increasing attention
as an adjunct strategy for LN management.?? In the present study, we demonstrated that dietary
supplementation with DHA-PC markedly ameliorated lupus nephritis in MRL/Ipr mice, as
evidenced by improvements in immune organ indices, renal function, renal histopathology,
inflammatory signaling pathways, renal lipid composition, and gut microbiota homeostasis(Figure
8). Importantly, DHA-PC consistently exhibited superior protective effects compared with free
DHA.

LN is one of the most common secondary glomerulonephritis.>* In this experiment, mice
exhibited skin damage, ear crusting, and polyuria during feeding. Compared with the normal group,
the model group mice showed significantly increased body weight, enlarged immune organs, renal
edema, increased serum urea nitrogen and creatinine levels, upregulated inflammatory factor levels,
and renal interstitial inflammatory infiltration. These results indicated the successful establishment
of an animal model of glomerulonephritis. While current treatments for glomerulonephritis
primarily utilize glucocorticoids and immunosuppressants, dietary intervention is also an effective
strategy for improving kidney damage.® Numerous studies have shown that certain naturally active
substances possess anti-inflammatory activities and can inhibit the development of nephritis. DHA
and EPA, which are marine-derived polyunsaturated fatty acids, have good anti-inflammatory
activity and can improve various inflammation-related diseases such as enteritis and
neuroinflammation.®!% 2*Recent studies have found that phospholipid-based DHA/EPA exhibits
several advantages over triglycerides (TG) or ethyl ester DHA/EPA. For example, DHA-PC is
almost completely absorbed by the intestine and readily binds to cell membrane molecular structures,
owing to its unique properties.?’ Previous studies have shown that DHA-PC is more effective than
TG-DHA in inhibiting MPTP-induced oxidative damage in the brain.?® Early life supplementation
with DHA-PL can rapidly increase DHA levels in the brains of young mice, with higher
supplementation efficiency than that of TG-DHA.?’ Furthermore, DHA-PC was more effective than
the ethyl ester DHA in improving vancomycin-induced acute kidney injury.?® The results of this
experiment showed that the renoprotective effects of DHA-PC were consistently more pronounced

than those of DHA, and DHA-PC supplementation effectively improved these renal functional
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parameters, with a particularly pronounced reduction in serum creatinine, attenuated glomerular
atrophy, and inflammatory cell infiltration.

Chronic activation of inflammatory signaling pathways is a central driver of lupus nephritis
progression, and increasing evidence suggests that functional dietary components can ameliorate
renal injury by targeting the inflammatory pathway.?® 3° In particular, the suppression of the NF-kB
signaling cascade and downstream inflammasome activation have emerged as a common
mechanistic axis underlying the renoprotective effects of various functional foods in lupus nephritis
models. Several natural bioactive compounds alleviate lupus nephritis by inhibiting NF-xB-
mediated inflammatory responses. Resveratrol and curcumin have been shown to reduce renal
inflammation in lupus-prone mice by suppressing NF-«kB activation and decreasing the expression
of pro-inflammatory cytokines, including TNF-o and IL-6.3' 32Similarly, quercetin and
epigallocatechin gallate (EGCG) have demonstrated protective effects against renal injury through
attenuation of NF-xB signaling and oxidative stress, thereby improving renal histopathology and
function.’? **Inflammasome activation, particularly of the NLRP3 inflammasome, is increasingly
recognized as a key contributor to lupus-associated renal inflammation.? Omega-3 polyunsaturated
fatty acids has been reported to inhibit NLRP3 inflammasome assembly and caspase-1 activation,
thereby reducing IL-1f production and renal inflammatory damage.*® The present findings extend
previous observations by demonstrating that DHA-PC effectively suppresses both upstream NF-kB
activation and downstream NLRP3 inflammasome signaling in renal tissues. This suggests that the
phospholipid-bound form of DHA may enhance the anti-inflammatory efficacy of omega-3 fatty
acids in lupus nephritis.

Increasing evidence has established that gut microbiota is a pivotal regulator of host immune
homeostasis and systemic inflammation.>” The gut microbiome interacts with the host through
multiple pathways, including the production of microbial metabolites such as short-chain fatty acids
(SCFAs), modulation of intestinal barrier integrity, and regulation of endotoxin (lipopolysaccharide,
LPS) translocation.*® Dysbiosis, defined as an imbalance in the microbial composition, can disrupt
these interactions, contributing to elevated systemic inflammation, immune dysregulation, and
exacerbation of chronic inflammatory diseases.?® Inflammatory mediators activated by microbial

disturbances can further propagate local and systemic tissue damage through pathways such as NF-
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kB and the NLRP3 inflammasome. Gut-derived microbial metabolites and endotoxins can access
systemic circulation and modulate immune responses, with direct implications for kidney
inflammation and function. In autoimmune and inflammatory kidney diseases, including lupus
nephritis, gut dysbiosis has been associated with increased intestinal permeability, elevated
circulating LPS, and exacerbated renal inflammation. Preclinical studies have consistently shown
that restoring the gut microbial balance can attenuate renal injury, reduce inflammatory cytokine
levels, and improve renal histopathology.*’ Functional foods and dietary interventions that modulate
the gut microbiota have shown promise in improving the outcomes of lupus nephritis. Probiotic
supplementation with Lactobacillus strains has been demonstrated to ameliorate renal dysfunction
and reduce systemic inflammation in lupus-prone models. Lactobacillus species contribute to SCFA
production (acetate, butyrate), which are known to enhance epithelial barrier integrity,*' suppress
pro-inflammatory signaling pathways such as NF-kB, and promote regulatory T cell differentiation.
An enhanced abundance of Lactobacillus has been correlated with reduced levels of circulating
inflammatory mediators and improved renal function, indicating its potential as an anti-
inflammatory microbial marker in LN. Similarly, genera such as Odoribacter, recognized for their
SCFA-producing capacity, have been linked to anti-inflammatory effects and improved barrier
function in inflammatory diseases. Increased Odoribacter abundance has been associated with the
modulation of host immune responses, reduced pro-inflammatory cytokine production, and
reinforcement of gut epithelial integrity, thereby mitigating systemic inflammation.*? In contrast,
Lachnoclostridium, Corynebacterium, Enterorhabdus, and Desulfovibrio have been associated with
pro-inflammatory states.** ** *Members of the Lachnoclostridium genus are associated with mucin
degradation and impaired gut-barrier function, potentially facilitating endotoxin translocation and
systemic immune activation. *°An elevated abundance of Corynebacterium species has been linked
to Thl7-driven inflammatory responses in autoimmune settings, whereas FEnterorhabdus
enrichment correlates with dysregulated host metabolism and inflammatory phenotypes. 4’
®Desulfovibrio, a sulfate-reducing bacterium, produces hydrogen sulfide, which can compromise
epithelial barriers and exacerbate inflammatory cascades at high concentrations.* 4 Functional food
interventions that reduce the relative abundance of pro-inflammatory taxa have been reported to

attenuate systemic inflammation and improve renal pathology in experimental autoimmune
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models.*® 3! In the present study, DHA-PC supplementation restored microbial diversity and shifted
the gut microbial profile toward a composition associated with anti-inflammatory potential.
Specifically, DHA-PC increased Lactobacillus and Odoribacter abundance while reducing
Lachnoclostridium, Corynebacterium, Enterorhabdus, and Desulfovibrio, which corresponded to
decreased serum LPS levels and lowered pro-inflammatory signaling in renal tissues. These findings
align with research on other functional food interventions, where the modulation of key microbial
taxa was linked to the suppression of systemic inflammation and attenuation of lupus nephritis
progression. Functional prediction analyses further suggested that DHA-PC-modulated microbial
communities were enriched in pathways related to lipid and amino acid metabolism, energy
production, and secondary metabolite biosynthesis, which interface with host immune regulation
and inflammatory responses. These results indicate that targeting gut dysbiosis and enhancing
microbial metabolic functions may therefore represent a promising nutritional strategy for
mitigating autoimmune renal injury through the gut-kidney axis.

In summary, this study demonstrated that DHA-PC exerts a pronounced protective effect
against lupus nephritis through the coordinated regulation of inflammation and gut microbiota
homeostasis. DHA-PC supplementation significantly ameliorated renal dysfunction and
pathological injury, reduced systemic and renal inflammatory responses, and suppressed activation
of the NF-kB-NLRP3-ASC—caspase-1 signaling pathway. Importantly, DHA-PC reshaped the gut
microbial community by enriching anti-inflammatory bacteria such as Lactobacillus and
Odoribacter  while reducing pro-inflammatory taxa, including Lachnoclostridium,
Corynebacterium, Enterorhabdus, and Desulfovibrio, thereby alleviating endotoxemia and
disrupting the inflammatory amplification loop along the gut-kidney axis. Compared to free DHA,
DHA-PC exhibited superior protective effects, highlighting its potential as a functional

phospholipid ingredient for nutritional intervention in lupus nephritis.

4. Materials and methods
4.1 Preparation of DHA-PC
DHA-PC was prepared by enriching DHA in the phosphatidylcholine (PC) fraction derived from

Sthenoteuthis oualaniensis refer to the Qu et al.’> Briefly, crude lipids were extracted from S.
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oualaniensis using a chloroform—methanol method and then subjected to fractionation to obtain a
PC-rich extract, followed by purification to enrich the DHA-containing PC species. The purity and
composition of DHA-PC were confirmed using thin-layer chromatography and high-performance
liquid chromatography. Fatty acid profiles were determined using gas chromatography. All lipid
samples were protected from oxidation, flushed with nitrogen, and stored at —80 °C until use.

4.2 Animal experimental design

Four-week-old female MRL/Ipr mice were purchased from Nanjing Junke Bioengineering Co., Ltd.
(Nanjing, China). After one week of acclimatization under standard laboratory conditions, the mice
underwent a two-week gut microbiota homogenization period to minimize baseline inter-individual
microbial variation. Subsequently, the MRL/Ipr mice were randomly assigned to three groups
according to their body weight: model group (M), DHA—phosphatidylcholine group (DPC), and
DHA group (DHA). Age-matched female C57BL/6J mice served as normal controls (N). Each group
consisted of eight mice. The mice were administered the corresponding test substances once daily
via oral gavage in the afternoon. The DHA gavage dose was set at 300 mg/kg body weight (BW),
calculated based on the recommended human dietary reference intake and adjusted using body
surface area conversion. The intervention period lasted 10 wk. The model and normal control groups
received an equivalent volume of the vehicle. At the end of the experimental period, the mice were
anesthetized with chloral hydrate and placed in metabolic cages for 24 h urine collection. Serum
was separated by centrifugation, and the kidney tissue and fecal samples were harvested
immediately. All samples were weighed, rapidly frozen in liquid nitrogen, and stored at —80 °C until
further analysis. All experimental procedures were approved by the Institutional Animal Care and
Use Committee and were conducted with accordance with ethical guidelines (Approval number:
HNUAUCC-2023-00137).

4.3 Determination of serum biochemical and inflammatory parameters

Serum was obtained by centrifugation at 3000 x g for 15 min at 4 °C. Serum blood urea nitrogen
(BUN) and creatinine (Cr) levels were measured using commercial diagnostic kits to assess renal
function. Urinary protein and creatinine concentrations were determined, and the urinary protein-
to-creatinine ratio was calculated as an indicator of renal injury. The levels of lipopolysaccharide

(LPS), tumor necrosis factor-a. (TNF-a), interleukin-6 (IL-6), and interleukin-1f (IL-1B) were
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quantified using enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturers’
instructions.

4.4 Renal histopathological examination

The kidney tissue was fixed with 4% paraformaldehyde for 24 hours, then embedded in paraffin and
sliced to a thickness of 4 p m. Finally, the overall morphology of the kidney, including glomerular
and tubular structures as well as inflammatory cell infiltration, was evaluated using hematoxylin
and eosin (H&E) staining. In addition, periodic acid-Schiff (PAS) staining was used to evaluate
glomerular basement membrane thickening, mesangial matrix dilation, and other subtle structural
changes associated with renal injury. Histopathological changes were examined under a light
microscope by a professional researcher. Renal injury was semi-quantitatively scored based on
glomerular and tubular pathological features.

4.5 Analysis of renal fatty acid composition

Total lipids were extracted from kidney tissues using the chloroform—methanol method, according
to the method described by Liu. 3The lipid extracts were transmethylated to generate fatty acid
methyl esters (FAMEs). The FAMEs were analyzed using a gas chromatograph equipped with a
flame ionization detector and a capillary column suitable for fatty acid separation. Individual fatty
acids were identified using authentic standards and expressed as relative percentages of the total
fatty acids.

4.6 Western blot analysis

Approximately 100 mg of renal tissue was collected from each mouse and homogenized in ice-cold
RIPA lysis buffer supplemented with protease inhibitors, following a previously described protocol
with minor modifications (Shi et al.). The homogenates were centrifuged at 12,000 x g for 15 min
at 4 °C, and the supernatants were collected for protein analysis. Protein concentrations were
determined by the bicinchoninic acid assay. Twenty micrograms of total protein from each sample
was loaded and separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis according
to molecular weight. The proteins were then transferred onto polyvinylidene difluoride membranes
using a semi-dry transfer system. After transfer, the membranes were blocked with 5% nonfat milk
in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 2 h at room temperature with gentle

shaking. The membranes were incubated overnight at 4 °C with primary antibodies against NF-xB
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p65, caspase-1, apoptosis-associated speck-like protein containing a CARD (ASC), NOD-like
receptor protein 3 (NLRP3), and B-actin at the dilutions recommended by the manufacturers. The
following day, the membranes were equilibrated at room temperature for 30 min and washed
thoroughly with TBST for 40 min. Subsequently, the membranes were incubated with the
appropriate horseradish peroxidase-conjugated secondary antibodies for 2 h at room temperature.
After extensive washing with TBST, the protein bands were visualized using enhanced
chemiluminescence reagents and captured using a Tanon 5200 chemiluminescence imaging system
(Tanon Science & Technology, Shanghai, China). Band intensities were quantified by densitometric
analysis using Imagel software, and target protein expression levels were normalized to B-actin.
4.7 Gut microbiota analysis based on 16s rrna sequencing

Cecal and colonic contents were collected under sterile conditions, immediately placed into sterile
microcentrifuge tubes, and stored at —80 °C until further analysis. The gut microbiota composition
in the cecal contents of the normal (N), model (M), DHA-PC, and DHA groups (n = 4 per group)
was analyzed using 16S rRNA gene sequencing. Total microbial genomic DNA was extracted using
a FastPure Stool DNA Isolation Kit (MJYH, Shanghai, China) according to the manufacturer’s
instructions. The integrity of the extracted DNA was assessed by 1% agarose gel electrophoresis,
and the DNA concentration and purity were determined using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, USA). The V3—-V4 hypervariable regions of the bacterial 16S rRNA gene were
amplified by polymerase chain reaction using barcoded universal primers. The resulting amplicons
were purified, quantified, and used for library construction using a NEXTFLEX Rapid DNA-Seq
Kit. High-throughput sequencing was performed using an Illumina NextSeq 2000 platform
(Shanghai Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China). Raw sequencing data were
quality-filtered and denoised to generate amplicon sequence variants (ASVs). Taxonomic
assignment was conducted using the naive Bayes classifier implemented in QIIME 2 based on the
SILVA 16S rRNA gene reference database (version 138). Functional profiles of the gut microbiota
were predicted using the PICRUSt2 software (version 2.2.0).

4.8 Statistical analysis

Data are presented as mean =+ standard deviation. Statistical analyses were conducted using

corresponding software. Intergroup differences were analyzed using one-way analysis of variance
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(ANOVA), and post-hoc multiple comparison tests were conducted. Spearman’s rank correlation

analysis was used. Statistical significance was set at P < 0.05. significant.
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Figure 1. Effects of different samples on the immune organs and kidneys of mice. A, spleen weight;
B, spleen index; C, thymus weight; D, thymus index; E, kidney weight; F, kidney index. All data
were expressed as mean = S.E.M. for 8 mice. **Significantly different compared to normal group
(p <0.01). Different letters represented significant differences between experimental groups, and

means with the same letter were not significantly different (P < 0.05).



BUN (umol/L)

Urine Cr (umol/L)

IL-6 ( pg/mL )

40

304

204

10

587

588

589

590

591

100+ 1.0
a
*ka _
*kka =
80+ E.'_! 0.8
E@ 60 é:z 0.6 b
£ £ b
E £
T 404 e N
P b o] 2 0.4
o
204 E 0.2
M DHA DHA-PC o 0.0-
’ T A N M DHA DHA-PC B N M DHA DHAPC C
300+ *oka 40
ab
2 =
S 200 3
- :
e =
s
100 z
0_
M DHA DIlA-PCD N M DHA  DHA-PC E N M DHA DHA-PC [
5001
400
E 3001
il.
= 2001
100
D_
M DHA DHA-PC 5 N M  DHA DHAPC H

Figure 2. Effects of different samples on the levels of BUN(A), Cr(B), Urine protein(C), Urine
Cr(D), LPS(E), TNF-a(F), IL-6(G), and IL-1B(H) in serum of mice. All data were expressed as mean
+ S.E.M. for 8 mice. **Significantly different compared to normal group (p <0.01). Different letters
represented significant differences between experimental groups, and means with the same letter

were not significantly different (P < 0.05).
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Figure 3. Histopathological results of different samples against lupus nephritis mice as assessed by
H&E(A) and PAS(B) staining of kidney tissues (100x magnification); the results of total
histopathological scores reflecting tubular damage in each group (C). All data were expressed as
mean £ S.E.M. for 8 mice. **Significantly different compared to normal group (p < 0.01). Different
letters represented significant differences between experimental groups, and means with the same

letter were not significantly different (P < 0.05).
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598  Figure 4. Expressions of P65, Caspasel, ASC, and NLRP3 in the kidney were analyzed by Western
599  blotting with B-actin as the loading control of total proteins (A-D); effects of different samples on

600  the relative levels of AA(E), and DHA(F) in the kidney of mice. The band density was quantified
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by scanning densitometry. All data were expressed as mean + S.E.M. for 8 mice. * **Significantly
different compared to normal group (P < 0.01). Different letters represented significant differences
between experimental groups, and means with the same letter were not significantly different (P <

0.05).
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612  Figure 6. Effects of different samples on the change of phylum and genus level (A-C), the abundance

613  of microbiota related to inflammation pathway(D-I), the Heatmap analysis(J-L) in mice.

614  **Significantly different compared to normal group (P < 0.01). Different letters represented

615  significant differences between experimental groups, and means with the same letter were not

616  significantly different (P < 0.05).
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Figure 7. Effects of different samples on the change of Circos results on the genus in mice(A);

Functional prediction using PICRUSt2 of COG function classification(B), KEGG functional

heatmap pathway (C, D) of different pathway levels in mice.
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622  Figure 8. The potential molecular mechanisms by which DHA-PC improves lupus nephritis
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