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Nephropathy 1 Formula (N1F), a traditional Chinese medicine (TCM), has demonstrated
promising clinical efficacy in diabetic nephropathy (DN). However, its underlying protective
mechanisms remain insufficiently defined. In this study, a type 2 diabetes mellitus (T2DM)
mouse model was established using a high-fat diet (HFD) and streptozotocin (STZ). Addition-
ally, DN was simulated in vitro via exposure of mouse glomerular mesangial cells (MES-13) to
high glucose (HG) and trimethylamine-N-oxide (TMAO). To elucidate the mechanistic basis of
N1F’s renoprotective effects, an integrative approach combining metabolomics, transcriptom-
ics, and 16S ribosomal ribonucleic acid (rRNA) gene sequencing was employed. N1F treat-
ment reduced the urinary albumin-to-creatinine ratio (UACR), preserved renal function, and
attenuated histopathological damage and renal fibrosis in diabetic mice. Mechanistically, N1F
modulated systemic TMAO levels and energy metabolism, altered gut microbiota composi-
tion, and suppressed microbial production of TMAO-related metabolites. Under hyperglycem-
ic conditions, TMAO induced excessive mitochondrial reactive oxygen species (mROS), im-
paired mitochondrial dynamics, and disrupted cellular energy metabolism. In contrast, N1F
normalized mROS levels, restored mitochondrial structure and function, enhanced oxidative
phosphorylation (OXPHOS), increased ATP production, and reduced glycolytic dependency.
Furthermore, N1F downregulated the expression of key pyroptosis-related proteins—includ-
ing NOD-like receptor family pyrin domain-containing 3 (NLRP3), N-terminal gasdermin D
(GSDMD), cleaved-Casp1, interleukin-1f (IL-1f), and IL-18—in both in vivo and in vitro mod-
els, indicating suppression of pyroptosis via inhibition of the TMAO-mROS-NLRP3 signaling
axis. Collectively, these findings demonstrate that N1F exerts protective effects against DN by
targeting mitochondrial dysfunction and pyroptotic injury, supporting its potential as a thera-
peutic strategy for DN.

1. Introduction

These include dysregulation of glucose, lipid, and energy meta-
bolism, as well as methylamine pathways and oxidative stress re-

Diabetic nephropathy (DN), a major microvascular complica-
tion of diabetes mellitus (DM), is a leading cause of end-stage ren-
al disease (ESRD) globally '. Despite advances in glycemic and
blood pressure control, the incidence of DN continues to rise, in-
dicating that additional pathological mechanisms operate bey-
ond conventional metabolic dysregulation **. Accumulating evid-
ence implicates mitochondrial dysfunction, oxidative stress, and
chronic inflammation as central contributors to DN progression °,
underscoring the need for novel therapeutic strategies.

Metabolomics, a systems biology approach that profiles en-
dogenous metabolites under pathological conditions, has
provided critical insights into metabolic perturbations in DN.

* Corresponding author.
E-mail addresses: wzyzz2008@126.com (Z. Yuan); wzchengjinguo@126.
com (J. Cheng)
“ These authors contributed equally to this work.
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sponses “’. Among these alterations, gut-derived uremic toxins
have emerged as key mediators of DN pathogenesis. The gut-kid-
ney axis links intestinal microbiota to renal function through mi-
crobial metabolites such as p-cresyl sulfate (PCS), indoxyl sulfate
(IS), phenyl sulfate (PS), and trimethylamine N-oxide (TMAO) °.
TMAO is produced from dietary choline and L-carnitine via gut
microbial conversion to trimethylamine (TMA), whichis sub-
sequently oxidized in the liver by flavin monooxygenase 3
(FMO03) °. Elevated circulating TMAO levels are observed in both
patients with DN and diabetic animal models, where they exacer-
bate renal injury by promoting fibrosis, inflammation, and func-
tional decline ' . Mechanistically, TMAO impairs oxidative
phosphorylation (OXPHOS), reduces ATP production, disrupts
calcium homeostasis, and induces accumulation of mitochondrial
reactive oxygen species (mROS)—hallmarks of mitochondrial
dysfunction . Increased mROS activate the NOD-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome, trig-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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gering pyroptosis, an inflammatory form of programmed cell
death implicated in DN progression ">,

Mitochondria serve as central regulators of cellular energy
metabolism and redox balance and are essential for maintaining
renal function. In energy-demanding organs like the kidney, mito-
chondria generate ATP primarily through the tricarboxylic acid
(TCA) cycle, OXPHOS, and fatty acid oxidation "**". Mitochondri-
al integrity relies on dynamic processes including fusion, fission,
and biogenesis "> . In DN, persistent hyperglycemia leads to mi-
tochondrial fragmentation, suppressed biogenesis, and excessive
mROS generation *”*'. Dysfunctional mitochondria amplify oxid-
ative stress and pro-inflammatory signaling, contributing to
podocyte injury, endothelial dysfunction, and irreversible renal
damage ***. Therefore, restoring mitochondrial homeostasis and
limiting mROS production represent promising therapeutic aven-
ues for slowing DN progression.

Pyroptosis plays a pivotal role in DN-associated inflamma-
tion and tubulointerstitial injury. It is initiated by activation of the
NLRP3 inflammasome, resulting in caspase-1 (caspl)-mediated
cleavage of gasdermin D (GSDMD) and formation of plasma mem-
brane pores. This process culminates in the release of pro-inflam-
matory cytokines, including interleukin-1p (IL-1p) and IL-18 ***’,
NLRP3-driven pyroptosis has been documented in podocytes in
db/db and streptozotocin (STZ)-induced diabetic mouse models,
and genetic ablation of NLRP3 confers renoprotection “**’. Hy-
perglycemia and elevated free fatty acid levels initiate this pyrop-
totic cascade via pattern recognition receptor (PRR) activation
and mROS accumulation ***’, In turn, mROS further compromise
mitochondrial integrity, propagating pyroptotic signaling in glo-
merular and tubular cells and accelerating DN progression %,
Thus, targeting the TMAO-mROS-NLRP3 signaling axis may ef-
fectively suppress pyroptosis and mitigate DN progression.

Traditional Chinese medicine (TCM), with its holistic and
multitargeted therapeutic philosophy, offers potential interven-
tions for DN *. At the single-herb level, individual components
exhibit specific pharmacological properties. For instance, As-
tragali Radix modulates glucose and lipid metabolism and ameli-
orates DN features such as hyperglycemia, proteinuria, and glom-
erular hyperfiltration *, while Rheum officinale demonstrates
anti-fibrotic effects in various kidney injury models **. Polyherbal
formulations often yield enhanced efficacy through synergistic in-
teractions. The Huanglian Jiedu Decoction exemplifies this prin-
ciple, combining Coptis chinensis (hypolipidemic), Scutellaria
baicalensis (hemodynamic regulation), Gardenia jasminoides (anti-
inflammatory), and Phellodendron amurense (detoxification), col-
lectively activating the AGE/RAGE/AKT/Nrf2 pathway to coun-
teract DN progression *°. Nephropathy 1 Formula (Modified Li-
ujunzi Decoction, N1F), a modified version of the classical Liujun-
zi Decoction, contains 13 herbs traditionally used to tonify the
spleen and kidney, eliminate turbidity, and promote blood circu-
lation. Clinically, N1F has shown beneficial effects in DN patients
and reduces renal interstitial fibrosis . Nevertheless, its underly-
ing molecular mechanisms remain poorly understood.

To address this knowledge gap, we employed an integrative
multi-omics strategy—including metabolomics, transcriptomics,
and gut microbiota profiling—combined with in vivo and in vitro
models of DN. We hypothesized that N1F ameliorates DN by tar-
geting the TMAO-mROS-NLRP3 signaling axis, thereby improving
mitochondrial function and suppressing pyroptosis. This study
elucidates the mechanistic basis of N1F’s therapeutic effects and
supports its development as a novel intervention for DN.

2. Materials and methods

2.1. N1F preparation

N1F comprises 13 traditional Chinese medicinal herbs: 12 g
of Bupleuri Radix, 10 g of Cortex Phellodendron, 6 g of Rhei Radix
et Rhizoma, 6 g of Radix Aconiti Lateralis Preparata, 12 g of Ram-
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ulus Cinnamomi, 15 g of Eupolyphaga Seu Steleophaga/Steleo-
phaga, 12 g of Wenyujin Concisum Rhizoma, 30 g of Actinidia
Valvatae Radix, 12 g of Carapax Trionycis (vinegar-processed),
30 g of Folium Cycas Revoluta, 12 g of Notoginseng Radix, 30 g of
Codonopsis Radix, and 30 g of Astragali Radix. Raw materials
were obtained from the Pharmacy Department of the First Affili-
ated Hospital of Wenzhou Medical University (WMU) and authen-
ticated by Prof. Xiaocheng Chen (WMU). The mixture was soaked
in 1 L of double-distilled water and extracted by decoction for 2 h
using a maceration method. The extract was filtered and concen-
trated via rotary evaporation under reduced pressure at 60 °C.
The final concentrate was adjusted to three concentrations
(1.235, 2.47, and 4.94 g-mL™") based on crude drug content, ac-
cording to human-to-animal dose conversion normalized by body
surface area. The decoction was sealed and stored at -20 °C in the
dark until use.

2.2. N1F drug-containing serum preparation

To prepare N1F-containing serum for cellular experiments,
serum was collected from rats administered the N1F decoction.
Twenty male Sprague-Dawley (SD) rats were randomly divided
into two groups (n = 10 per group): control and N1F-treated.
Based on human-to-rat dose conversion, the N1F group received
19.38 g-kg"-d™" of decoction via oral gavage, while the control
group received an equivalent volume of normal saline for seven
consecutive days. 2 h after the final administration, rats were an-
esthetized, and blood was collected via abdominal aorta punc-
ture. Blood samples were centrifuged at 3000 r-min™" for 15 min
at 4 °C to obtain control and N1F-treated serum. The sera were
heat-inactivated at 56 °C for 30 min, filtered through a 0.22 um
microporous membrane, and stored at -20 °C until use.

2.3. Ultra-high performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) analysis of N1F absorbed into blood

An aliquot of 50 pL of N1F-containing serum was transferred
to a 1.5 mL centrifuge tube, and 300 pL of 20% acetonitrile/meth-
anol extraction solution containing an internal standard was ad-
ded. The internal standard stock solution (1000 pg-mL™) was
prepared by dissolving 1 mg of the reference compound in 1 mL
of 20% acetonitrile/methanol and diluted to a working concen-
tration of 250 pg-mL™". The mixture was vortexed for 3 min and
then centrifuged at 12 000 r-min~" for 10 min at 4 °C. Sub-
sequently, 200 pL of the supernatant was transferred to a fresh
1.5 mL centrifuge tube and incubated at =20 °C for 30 min, fol-
lowed by a second centrifugation at 12 000 r-min™" for 3 min at
4 °C. Finally, 180 pL of the supernatant was transferred to an
autosampler vial for UPLC-MS/MS analysis.

2.4. Animal model and administration

Male C57BL/6] mice (6 weeks old, 20-24 g) were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). All animals were housed under specific pathogen-
free (SPF) conditions at the Laboratory Animal Center of WMU
(Wenzhou, China), with controlled temperature (22 + 2 °C), hu-
midity (50%-60%), and a 12-h light/dark cycle. Mice had free ac-
cess to standard chow and tap water ad libitum. All procedures
were approved by the Institutional Animal Care and Use Commit-
tee of WMU and conducted in accordance with the Guide for the
Care and Use of Laboratory Animals. All animal experiments were
conducted with approval from the Ethics Committee of WMU (No.
wydw2022-0633) on 9rd March, 2022.

Type 2 DM (T2DM) was induced by feeding mice a high-fat
diet (HFD) for 6 weeks. After a 12-h fast, STZ (40 mg-kg™") in cit-
rate buffer (pH 4.5) was administered via intraperitoneal injec-
tion daily for five consecutive days. 72 h after the last injection,
fasting blood glucose levels were measured from tail vein blood
using a Roche glucometer. Mice exhibiting fasting blood glucose
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levels exceeding 11.1 mmol-L™ across three consecutive meas-
urements were considered diabetic and assigned to one of five
HFD-fed groups: Model group (MOD; physiological saline), Posit-
ive control group (Met; metformin hydrochloride, 250
mg-kg'-d""), N1F high-dose group (N1F-H; 56.44 g-kg'-d"), N1F
medium-dose group (N1F-M; 28.22 g-kg™"-d™"), and N1F low-dose
group (N1F-L; 14.11 g-kg™"-d™"). Age-matched control mice fed a
standard diet received physiological saline (Con group). All treat-
ments were administered via oral gavage for 10 weeks. Body
weight, fasting blood glucose, food intake, and water intake were
recorded weekly. Urine was collected over 12 h using metabolic
cages. Blood samples were collected from the orbital sinus, and
fecal samples were obtained directly from the colon. Following
euthanasia via CO, asphyxiation, kidney tissues were immedi-
ately harvested. Samples—including blood, urine, feces, and kid-
neys—were stored at —80 °C for subsequent analysis.

2.5. Nuclear magnetic resonance (NMR) metabolomic analysis

'H NMR spectra were acquired at 25 °C using a Bruker
AVANCE III 600 MHz NMR spectrometer equipped with a triple-
resonance probe and z-axis pulsed field gradient (Bruker BioSpin,
Rheinstetten, Germany). Frozen kidney tissues were placed in
centrifuge tubes and homogenized in ice-cold methanol (1 g:4
mL) and distilled water (1 g:0.85 mL) at 4 °C, followed by vortex-
ing for 15 sec. Ice-cold chloroform and distilled water were then
added (1 g:2 mL), and the mixture was vortexed again for 15 sec.
The sample was incubated on ice for 15 min and centrifuged at
10 000 x g for 15 min at 4 °C. The supernatant was collected and
lyophilized for approximately 24 h. Dried extracts were reconstit-
uted in 500 uL of D,0 containing 0.25 mmol-L™" sodium tri-
methylsilyl propionate-d, (TSP) and transferred to 5 mm NMR
tubes. NMR spectra were acquired using a one-dimensional ZGPR
pulse sequence with water suppression. Spectral parameters in-
cluded: spectral width = 12 000 Hz; data points = 256 K; relaxa-
tion delay = 4 s; acquisition time = 2.66 s per scan.

Urine samples were thawed, and 200 pL aliquots were mixed
with 50 pL of D,0 containing 0.36 mmol-L™" TSP and 300 uL phos-
phate buffer (PB, 0.2 mol-L”" Na,HPO,/NaH,P0,, pH 7.4). The
mixture was centrifuged, and 500 pL of the supernatant was
loaded into a 5 mm NMR tube. "H NMR spectra were acquired us-
ing a one-dimensional NOESY pulse sequence with water sup-
pression. Acquisition parameters were identical to those used for
kidney samples.

Approximately 0.1 g of fecal sample was weighed and sus-
pended in phosphate-buffered saline (PBS, 1 g:2 mL). The sus-
pension was vortexed until fully dispersed and incubated on ice
for 10 min. After centrifugation at 10 000 x g for 10 min at 4 °C,
100 pL of the supernatant was transferred to a new tube and
combined with 400 uL of D,0 containing 0.1 mmol-L™" TSP.
The mixture was vortexed for 15 sec and centrifuged again at
12 000 x g for 10 min at 4 °C. The resulting supernatant was
transferred to a 5 mm NMR tube. Spectra were acquired using the
ZGPR pulse sequence with the same parameters as above.

All NMR spectra were manually phase- and baseline-correc-
ted and referenced to the TSP signal at 0 using Topspin 3.0 soft-
ware (Bruker Biospin, Rheinstetten, Germany). To evaluate meta-
bolic differences among groups, partial least squares-discrimin-
ant analysis (PLS-DA) was performed on Pareto-scaled NMR data
using SIMCA 12.0 software (Umetrics, Umed, Sweden). Model
performance was assessed using leave-one-out cross-validation
and permutation testing.

2.6. Targeted metabolic analysis of TMAO and TMA

Targeted quantification of TMAO and TMA in plasma was
performed using a SHIMADZU CBM-30A Lite UHPLC system
coupled to an API 4500 QTRAP mass spectrometer (AB SCIEX,
Foster City, CA, USA) in positive electrospray ionization (ESI)
mode. The injection volume was 2 pL, and the column temperat-
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ure was maintained at 45 °C. Collision-induced dissociation was
conducted at a collision energy of 40 V. The mobile phase con-
sisted of 0.1% formic acid in water (A) and acetonitrile (B). Gradi-
ent elution was programmed as follows: 0-4 min, 10%-40% B;
4-10 min, 40%-90% B; 10-12 min, 90%-10% B. Data were ac-
quired in multiple reaction monitoring (MRM) mode using Ana-
lyst software (version 2.6).

2.7. Biochemical indicators and histopathology changes

Serum creatinine (SCR), urinary albumin-to-creatinine ratio
(UACR), alanine aminotransferase (ALT), and aspartate amino-
transferase (AST) levels were determined using a fully automatic
biochemical analyzer (AU480, Beckman Coulter, USA).

Kidney tissues were collected at sacrifice and fixed in 10%
paraformaldehyde for 24 h. Fixed tissues were embedded in par-
affin and sectioned at 2 pm thickness. Sections were stained with
hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and
Masson’s trichrome for morphological assessment.

2.8. Mitochondrial ultrastructure

Mitochondrial ultrastructure in kidney tissue was examined
using transmission electron microscopy (TEM) at Wuhan Service-
bio Technology Co., Ltd. (Wuhan, China). Specimens were fixed
with a TEM-specific fixative (Fixative for TEM G1102, Wuhan Ser-
vicebio Technology Co., Ltd., Wuhan, China) at 4 °C overnight.
After fixation, specimens were rinsed three times with 0.1 mol-L™
PB (pH 7.4), then incubated in the dark at room temperature with
1% 0s0, for 2 h. Following removal of 0sO,, specimens were
washed three times with 0.1 mol-L™" PB. Dehydration was carried
out using a graded ethanol series, followed by resin infiltration
and embedding in EMBed 812 at 37 °C overnight. Embedded spe-
cimens were cured at 60 °C for 48 h. Ultrathin sections (60-80
nm) were cut using an ultramicrotome (Leica UC7, Leica Com-
pany, Germany). Sections were stained with saturated alcohol
solutions of 2% uranium acetate and 2.6% lead citrate in the dark
and allowed to dry overnight at room temperature. Stained sec-
tions were visualized using TEM (Hitachi HT7800, Hitachi Com-
pany, Tokyo, Japan).

2.9. 165 ribosomal ribonucleic acid (rRNA) sequencing

Bacterial genomic deoxyribonucleic acid (DNA) was extrac-
ted using the DNeasy PowerSoil Pro Kit (Qiagen, CA, USA). DNA
quality and concentration were evaluated using a NanoDrop
spectrophotometer (Thermo Fisher Scientificc, MA, USA) and
agarose gel electrophoresis. The V3-V4 hypervariable regions of
the 16S rRNA gene were amplified using primers 343F (5'-TACG-
GRAGGCAGCAG-3") and 798R (5-AGGGTATCTAATCCT-3'). After
polymerase chain reaction (PCR) amplification, products were
purified and quantified prior to library construction. Sequencing
was performed on an Illumina NovaSeq 6000 platform (Illumina
Inc., CA, USA). All sequencing and bioinformatic analyses were
conducted in collaboration with Nanjing Personal Biotechnology
Co., Ltd. (Nanjing, China).

2.10. Immunohistochemistry

Kidney tissues were fixed in 10% neutral-buffered formalin
for 24 h and embedded in paraffin. Paraffin-embedded tissues
were sectioned at 4 um and incubated with primary antibodies
(Boster, Wuhan, China), followed by horseradish peroxidase
(HRP)-conjugated secondary antibodies (Beyotime, Shanghai,
China). Antibody binding was detected using 3,3'-diaminobenzid-
ine (DAB; Beyotime).

2.11. Cell culture and treatment

Mouse glomerular mesangial cells (MES-13, iCell Bioscience)
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were cultured in DMEM/F12 (1:1) medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at
37 °C in a humidified incubator with 5% CO,. To establish an in
vitro disease model, MES-13 cells were exposed to high glucose
(25 mmol-L™") and TMAO (400 umol-L™). Intervention groups
were treated with MCC950 (10 pmol-L™, Sigma-Aldrich), Mito-
TEMPO (100 pmol-L™, Sigma-Aldrich), or 6% N1F-containing ser-
um for 24 h. Cells were allocated into nine groups: Con, HG,
TMAO, HG + TMAO, N1F, MitoTEMPO, N1F + MitoTEMPO,
MCC950, and N1F + MCC950. Group assignments were adjusted
according to experimental design and preliminary results. Cell vi-
ability was assessed using a cell counting kit-8 (CCK-8; Elab-
science) following the manufacturer’s instructions.

2.12. mROS detection

mROS levels in MES-13 cells were measured using the Mi-
toSOX™ Red mitochondrial superoxide indicator (S0061S,
Beyotime, China), according to the manufacturer’s protocol.

2.13. Enzyme-linked immunosorbent assay (ELISA) analysis

IL-18 (AB-K106402, Abmart, China) and IL-1$ (AB-K156302,
Abmart, China) levels were quantified using ELISA kits following
the manufacturer’s instructions.

2.14. Mitochondrial membrane potential study

Mitochondrial membrane potential (Ayym) was assessed us-
ing JC-1 dye (C2003S, Beyotime, China) with Hoechst 33342 nuc-
lear staining (C1022, Beyotime, China). After treatment, cells
were washed once with PBS. Then, 1 mL of JC-1 working solution
was added to each well, mixed gently, and incubated at 37 °C for
20 min in a humidified incubator. After incubation, the staining
solution was removed, and cells were washed with PBS to re-
move excess dye. Hoechst 33342 (5 pg-mL™") was added and in-
cubated at room temperature for 10 min in the dark. Cells were
visualized under a fluorescence microscope (TI-S, Nikon, Japan).
JC-1 aggregates in healthy mitochondria emit red fluorescence,
whereas monomers in depolarized mitochondria emit green
fluorescence, indicating loss of mitochondrial membrane poten-
tial. Hoechst 33342-stained nuclei exhibit blue fluorescence.

2.15. ATP quantification

ATP levels were measured using an ATP content assay kit
(S0027, Beyotime, China), following the manufacturer’s instruc-
tions. Cells were lysed in lysis buffer and centrifuged at 12 000 x
g for 5 min at 4 °C. The supernatant was collected and mixed with
ATP detection reagent. A standard curve was generated by meas-
uring relative luminescence units (RLU) using a chemilumines-
cence instrument (ChemiDoc, Bio-Rad, USA), allowing ATP con-
centrations to be calculated based on the standard curve.

2.16. Oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR)

OCR and ECAR were measured using a Seahorse XF96 Extra-
cellular Flux Analyzer (Agilent Technologies, USA) according to
the manufacturer’s protocol. MES-13 cells were seeded in XF96
microplates at 80 000 cells/well. For OCR measurement, cells
were incubated in assay medium containing 2 mmol-L™
GlutaMAX, 2.5 mmol-L™" sodium pyruvate, and 10 mmol-L™" gluc-
ose. Mitochondrial respiration was assessed by sequential injec-
tion of 1 pmol-L™" oligomycin, 2 pmol-L™" carbonyl cyanide 4-(tri-
fluoromethoxy) phenylhydrazone (FCCP), 1 pmol-L™ rotenone,
and 1 pmol-L™" antimycin A. Maximal OCR was calculated as the
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difference between FCCP-stimulated OCR and non-mitochondrial
OCR (after rotenone and antimycin A addition). For ECAR analys-
is, 10 mmol-L™ glucose, 1 pmol-L™ oligomycin, and 42.5 mmol-L™
2-deoxy-D-glucose (2-DG) were sequentially added to the cells.

2.17. Messenger RNA (mRNA) isolation and real-time quantitative
PCR (RT-qPCR)

Total RNA was extracted from renal tissues or cells using
TRIzol reagent (15596018CN, Invitrogen, USA) according to the
manufacturer’s instructions. RNA was reverse transcribed using
HiScript IV All-in-One Ultra RT SuperMix for qPCR (R433-01,
Vazyme, Nanjing, China). RT-qPCR was performed using a Real-
Time Fluorescence Quantitative PCR instrument (CFX384, Bio-
Rad, USA) and ChamQ Universal SYBR qPCR Master Mix (R711-
02, Vazyme Biotech Co., Ltd.). Relative mRNA expression levels
were calculated using the 2™*“ method and normalized to Gapdh
expression. Primer sequences are listed in Supporting Table 1.

2.18. Western blotting

Proteins were extracted from renal tissues and renal epitheli-
al cells. Equal amounts of protein (20-30 pg) were separated by
SDS-PAGE and transferred to PVDF membranes. Membranes
were blocked with 5% skim milk in TBST for 2 h at room temper-
ature and incubated overnight at 4 °C with primary antibodies
against transforming growth factor § (TGF-f), a-smooth muscle
actin (a-SMA), NLRP3, N-terminal GSDMD (N-GSDMD), cleaved-
caspl, cleaved-IL-1f3, IL-18, ATP5A1, SDHB, UQCRC2, mitochon-
drial fusion protein mitofusin-2 (Mfn2), and Fis1. After washing,
membranes were incubated with HRP-conjugated secondary an-
tibodies at 37 °C for 1.5 h. Signals were developed using en-
hanced chemiluminescence (ECL, SQ203L, EpiZyme, China). Band
intensities were quantified using Image] [National Institutes of
Health (NIH), Bethesda, MD, USA]. Detailed antibody information,
including dilutions, is provided in Supporting Table 2.

2.19. Statistical analysis

Statistical analyses were conducted using GraphPad Prism
software version 10.1.2. Differences among groups were ana-
lyzed by one-way ANOVA followed by Dunnett’s test. Data are
presented as mean + SD. Tests were two-sided, with statistical
significance defined as P < 0.05. Significance levels are denoted as
follows: P < 0.05, "P< 0.01, "P<0.001,and P < 0.0001.

3. Results

3.1. Identification of N1F absorbed into blood by UPLC-MS/MS

The UPLC-MS/MS method was employed to identify absorb-
able components of N1F. Total ion current chromatograms of
blank serum and N1F drug-containing serum are presented in
Figs. 1A and 1B, respectively. A total of 1088 chemical constitu-
ents were detected in the serum, with relative abundances of
compound categories shown in Fig. 1C. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis was
performed on differentially abundant components between blank
serum and N1F drug-containing serum (Fig. 1D). After de-duplic-
ation, the top 25 absorbable compounds from N1F were identi-
fied (Supporting Table 3), including rhein, scutellarin, liquiriti-
genin, codonopsinol A, and emodin.

3.2. NIF improved kidney dysfunction and alleviated renal injury in
T2DM mice

To evaluate the renoprotective effects of N1F in DN, a T2DM
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mouse model was established using a HFD combined with STZ in-
jection, followed by oral administration of N1F at various doses
for 10 weeks (Fig. 2A). Treatment with different doses of N1F sig-
nificantly reduced fasting blood glucose levels and lowered SCR
and UACR (Fig. 2B). Histological evaluation via H&E and PAS
staining revealed that N1F attenuated glomerular mesangial cell
proliferation and matrix expansion in T2DM mice (Fig. 2C). Mas-
son trichrome staining showed marked renal fibrosis in T2DM
mice, which was dose-dependently ameliorated by N1F treat-
ment (Fig. 2C). Western blotting analysis demonstrated that N1F
significantly downregulated a-SMA and TGF-B1 expression in
renal tissues (Figs. 2D and 2E), indicating suppression of renal
fibrosis. These results indicate that high-dose N1F exerts protect-
ive effects against kidney dysfunction and renal injury in diabetic
mice, thereby delaying DN progression.

3.3. NIF regulated TMAO metabolism and energy metabolism in
T2DM mice

Although N1F has been shown to protect renal function, its
underlying mechanism remains unclear. Previous studies have
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linked metabolic disturbances to renal injury in T2DM mice,
identifying metabolites that may influence renal function ***. To
investigate the metabolic mechanisms underlying N1F action, a
"H NMR-based metabolomics approach and targeted MS analysis
were applied. Representative "H NMR spectra from kidney sam-
ples are shown in Fig. 3A. In total, 26 metabolites were identified
in the NMR-based metabolome, including energy metabolism-re-
lated metabolites (succinate, fumarate, creatinine, lactate, gluc-
ose, and maltose), TMAO metabolism-related metabolites (chol-
ine, TMA, and TMAO), amino acids (leucine, isoleucine, alanine,
glutamate, aspartate, taurine, glycine, and phenylalanine), nucle-
otide metabolism-related metabolites (uracil and uridine), and
other metabolites (3-HB, acetate, GPC, myo-inositol, inosine, niac-
inamide, and anserine). Representative "H NMR spectra from ur-
ine and fecal samples are provided in Supporting Figs. 1A and 2A.

Furthermore, PLS-DA was conducted to assess metabolic
shifts among the Con, Mod, and N1F-H groups and to identify dis-
criminating metabolites. The PLS-DA score plots of kidney, urine,
and fecal samples showed clear separations across the three
groups (Fig. 3B, Supporting Figs. 1B and 2B). These findings were
validated by permutation tests (Fig. 3C, Supporting Figs. 1C and
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2C). Loading plots identified key contributing metabolites: in kid-
ney tissues, these included lactate, succinate, taurine, TMAO,
acetate, tyrosine, glycine, and inosine (Fig. 3D); in urine, TMA,
TMAO, 2-PPA, creatine, and formate were prominent (Support-
ing Fig. 1D); in feces, cholate, valine, butyrate, alanine, acetate,
choline, and tyrosine exhibited significant differences (Support-
ing Fig. 2D). Notably, T2DM mice displayed elevated levels of
TMAO and energy metabolism-related metabolites (lactate and
fumarate) in kidney tissues, which were reduced following N1F
treatment (Fig. 3F). Conversely, the decreased succinate levels
observed in the Mod group were restored by N1F administration.
Renal TMA levels were significantly lower in T2DM mice than in
controls but were normalized by N1F treatment (Fig. 3F). N1F
suppressed plasma TMAO and TMA levels (Fig. 3E) and reduced
urinary TMAO concentrations (Supporting Fig. 1E). Correlation
analysis revealed significant positive associations between kid-
ney injury markers (SCR and UACR) and several metabolites, in-
cluding kidney TMAO, lactate, fumarate, serum TMAO, serum
TMA, and urine TMAO. In contrast, negative correlations were
observed between kidney TMA and succinate levels (Fig. 3G and
Supporting Fig. 2F). Collectively, these data suggest that N1F
ameliorates renal injury in T2DM mice by modulating dysregu-
lated TMAO and energy metabolism pathways.

Compared to the Con group, T2DM mice exhibited signific-
antly reduced levels of gut microbiota-derived metabolites, in-
cluding isobutyrate and 2-PPA in urine, and acetate and butyrate
in feces. Notably, N1F treatment reversed these reductions. In
contrast, urine formate, another gut microbiota, associated meta-
bolite, was markedly elevated in T2DM mice and substantially re-
duced after N1F administration (Supporting Figs. 1E and 2E).
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Correlation analysis revealed significant negative associations
between kidney injury markers (SCR and UACR), kidney TMAO,
serum TMAO, and levels of urine isobutyrate, urine 2-PPA, fecal
acetate, and fecal butyrate. Conversely, urine formate showed a
significant positive correlation with these parameters (Support-
ing Fig. 2F). These findings suggest that N1F may exert renopro-
tective effects by regulating gut microbiota-derived metabolites.

3.4. NIF inhibited renal pyroptosis induced by TMAO in vivo and in
vitro

To elucidate the mechanism by which N1F improves renal in-
jury, RNA sequencing was performed on kidney tissues. Principal
component analysis (PCA) revealed distinct clustering among the
Con, Mod, and N1F-H groups, with the N1F-H group clustering
closer to the Con group, suggesting normalization of the tran-
scriptomic profile upon N1F treatment (Fig. 4A). KEGG enrich-
ment analysis of differentially expressed genes (DEGs) indicated
that the NOD-like receptor signaling pathway was the most signi-
ficantly enriched among the top 20 pathways (Fig. 4B). Moreover,
12 DEGs involved in this pathway were identified (Fig. 4C). The
NLRP3 inflammasome, a critical mediator of immune-inflammat-
ory responses, plays a key role in non-infectious inflammatory
diseases and is increasingly implicated in DN pathogenesis *” *’.
NLRP3 inflammasome activation promotes renal pyroptosis and
accelerates DN progression through caspl activation, GSDMD-
mediated membrane pore formation, and release of IL-1f and IL-
18 *>*'. Immunohistochemical analysis demonstrated that N1F
reduced the expression of NLRP3 and GSDMD in T2DM mice
(Figs. 4D and 4E). Western blotting results confirmed that N1F
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significantly decreased protein levels of NLRP3, cleaved-IL-1, IL-
18, cleaved-caspl, and N-GSDMD in kidney tissues (Figs. 4F and
4G). Serum levels of IL-1B and IL-18 were also significantly re-
duced following N1F treatment (Fig. 4H). These findings indicate
that N1F suppresses NLRP3 inflammasome activation, thereby
inhibiting renal pyroptosis.

Given that elevated TMAO levels can induce renal pyroptosis
and contribute to DN pathogenesis ***, and that N1F regulates
TMAO metabolism, we investigated the protective effect of N1F
against TMAO-induced pyroptosis in vitro using MES-13 cells.
Cells were exposed to HG or TMAO to simulate the diabetic mi-
croenvironment. HG stimulation increased levels of mROS, TGF-8,
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“P<0.001,and P <
N-GSDMD, IL-1B, and IL-18 (Figs. 41-4N). Exposure to TMAO or
HG + TMAO further elevated the expression of mROS, a-SMA, TGF-
8, NLRP3, N-GSDMD, cleaved-casp1, IL-1p, and IL-18, indicating
synergistic effects of glucose and TMAO on pyroptosis and
fibrosis. Treatment with N1F-containing serum significantly re-
versed the HG + TMAO-induced increases in these markers (Figs.
41-4N). Notably, mROS levels were significantly higher under
HG + TMAO than in the HG-only group, supporting a role for
TMAO in promoting mitochondrial oxidative stress (Figs. 4] and
4]). Additionally, fibrosis-related proteins (a-SMA and TGF-$1)
and pyroptosis-related proteins (NLRP3, N-GSDMD, cleaved-
caspl, IL-1B, and IL-18) were significantly upregulated in the
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HG + TMAO group compared to the HG group, and were effect-
ively suppressed by N1F treatment (Figs. 4K-4N). Collectively,
these results support a role for TMAO in inducing pyroptosis and
demonstrate that N1F intervenes in this process, in addition to its
regulation of TMAO metabolism.

3.5. Potential mechanism of N1F in pyroptosis: mROS-NLRP3 axis
intervention

Accumulating evidence indicates that excessive mROS gener-
ated by damaged mitochondria can activate the NLRP3 inflamma-
some and promote pyroptosis > *’. To examine the role of mROS
in HG + TMAO-induced pyroptosis, MitoTEMPO, a specific mito-
chondrial anti-oxidant, was used. MitoTEMPO treatment signific-
antly suppressed the expression of fibrosis-associated proteins (a-
SMA, TGF-B1) and pyroptosis-associated markers (NLRP3, N-
GSDMD, cleaved-caspl, IL-1B, and IL-18) in MES-13cells ex-
posed to HG + TMAO (Figs. 5A-5E). These effects were compar-
able to those of N1F-containing serum, indicating that mROS in-

Chinese Journal of Natural Medicines 24 (2026) 454-469

hibition effectively mitigates pyroptosis. Moreover, combined
treatment with MitoTEMPO and N1F resulted in a greater reduc-
tion in IL-1f and IL-18 levels than either treatment alone (Fig.
5E). Fluorescence probe staining was used to assess mROS levels.
HG + TMAO stimulation caused a substantial increase in mROS,
likely due to mitochondrial damage. Both MitoTEMPO and N1F
treatments significantly reduced mROS levels, and their combina-
tion exhibited an additive effect (Figs. 5A and 5B). These findings
suggest that N1F exerts anti-oxidant activity by scavenging
mROS, thereby mitigating downstream pyroptotic signaling.

To assess the involvement of the NLRP3 inflammasome in
HG + TMAO-induced pyroptosis, MES-13 cells were treated with
MCC950, a selective NLRP3 inhibitor. MCC950 significantly
downregulated the expression of fibrosis- and pyroptosis-associ-
ated proteins (Figs. 5F-5H). Co-treatment with N1F further en-
hanced these suppressive effects. Overall, these results suggest
that N1F mitigates pyroptosis by reducing TMAO levels, inhibit-
ing mROS accumulation, and suppressing NLRP3 inflammasome
activation, thereby protecting against diabetic renal injury.
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3.6. NIF attenuated mitochondrial dysfunction in vivo and in vitro

Hyperglycemia-induced oxidative stress promotes mitochon-
drial damage and pyroptosis through excessive ROS produc-
tion ***°. TEM revealed mitochondrial structural abnormalities in
the kidneys of T2DM mice, including disrupted membranes, loss
of cristae, and matrix dilution (Fig. 6A). N1F treatment restored
mitochondrial integrity. In the T2DM model, mitochondrial dy-
namics were impaired: expression of the Mfn2 was significantly
downregulated, while the fission protein Fisl was upregulated
(Supporting Fig. 3 and Figs. 6C and 6D), indicating excessive mi-
tochondrial fragmentation. Furthermore, mRNA and protein
levels of mitochondrial respiratory chain components—SDHB,
UQCRC2, and ATP5A1—were significantly reduced (Supporting
Fig. 3 and Figs. 6C and 6D), along with decreased renal ATP levels
(Fig. 6B), indicating severe impairment of mitochondrial energy
metabolism. N1F administration reversed these alterations, en-
hancing mitochondrial biogenesis, restoring respiratory function,
and normalizing mitochondrial dynamics.

To validate the protective effect of N1F on mitochondria via
mROS modulation, MES-13 cells were subjected to HG and TMAO
stimulation. JC-1 staining showed that N1F-containing serum re-
stored the mitochondrial membrane potential disrupted by HG +

A

TMADO, similar to the effect of the mitochondrial-targeted anti-ox-
idant MitoTEMPO (Figs. 6E and 6F). Both N1F and MitoTEMPO
treatments increased expression of Mfn2, SDHB, UQCRC2, and
ATP5A1, elevated cellular ATP levels, and suppressed Fisl ex-
pression (Figs. 6G, 6H, and 6M). Functional analysis using
Seahorse XF96 assays revealed that HG + TMAO exposure sup-
pressed mitochondrial OXPHOS, as indicated by reduced OCR
(Fig. 61), and enhanced glycolysis, reflected by increased ECAR
(Fig. 6K). Correspondingly, mitochondrial respiratory capacity
was diminished (Fig. 6]), while glycolytic capacity was elevated
(Fig. 6L), indicating a shift toward glycolytic metabolism and mi-
tochondrial dysfunction. However, both MitoTEMPO and N1F-
containing serum treatment significantly reversed these impair-
ments. Combined treatment with MitoTEMPO and N1F further
improved mitochondrial function (Figs. 6E-6M). These results
suggest that N1F alleviates ROS-dependent mitochondrial dys-
function and protects renal function.

3.7. NIF inhibited TMAO-related metabolite production with alter-
ation of the gut microbiome

TMAO, a key mediator in the gut-kidney axis, is produced by
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gut microbial enzymes and hepatic FMO3 . N1F significantly
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Fig. 5 N1F ameliorates pyroptosis by suppressing the mROS-NLRP3 axis in MES-13 cells. (A and B) Images and statistical assessment of mROS level in MES-13 cells (n = 6,
scale bar = 20 pm). (C and D) Typical Western blotting bands and quantitative analysis of a-SMA, TGF-B1, and pyroptosis-related proteins in MES-13 cells (n = 3). (E) The
levels of IL1f and IL18 in MES-13 cell medium (n = 6). (F and G) Western blotting bands and quantitative analysis of a-SMA, TGF-B1, and pyroptosis-related proteins in MES-
13 cells (n = 3). (H) Levels of IL1B and IL18 in the culture medium of MES-13 cells (n = 6). Data are presented as means * SD. P < 0.05, "P < 0.01, “P < 0.001, and P <

0.0001

reduces TMAO levels in plasma, kidney, and urine, and modu-
lates several gut microbiota-derived metabolites. To determine
whether the TMAO-lowering effect of N1F is mediated via gut mi-
crobiota modulation, 16S rRNA gene sequencing was performed
to evaluate microbial composition and its potential role in TMAO
metabolism following N1F treatment. Alpha diversity indices
(Chao1l, Shannon, Simpson, and observed species) were signific-
antly increased in the N1F high-dose group compared to T2DM
mice, indicating enhanced microbial richness and evenness (Fig.
7A). Principal coordinate analysis (PCoA) revealed distinct clus-
tering among control, model, and N1F-treated groups, indicating
significant differences in microbial community structure (Fig.
7B). Taxonomic profiling at the phylum level showed that Firmi-
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cutes and Bacteroidota were elevated in T2DM mice, while Actin-
obacteria were reduced. N1F treatment partially restored the bal-
ance of these phyla (Fig. 7C). Linear discriminant analysis effect
size (LEfSe) identified 50 bacterial genera with significantly
altered abundance across the three groups (Fig. 7E). Among
them, eight genera—Alistipes_A, Tidjanibacter, Prevotella, Acetati-
factor, Limosilactobacillus, Clostridium_T, Faecalibaculum, and
Lawsonibacter—were enriched in T2DM mice but significantly re-
duced following N1F intervention (Fig. 7D). In contrast, N1F sig-
nificantly increased beneficial genera such as Bifidobacterium,
Akkermansia, Adlercreutzia, Dubosiella, and Duncaniella (Fig. 7D).
Importantly, Clostridium_T, Prevotella, and Alistipes_A have been
associated with the production of TMA, a precursor of TMAO **~*.
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Although hepatic FMO3 expression was elevated in T2DM mice,
N1F did not significantly alter its expression (Supporting Fig. 4),
suggesting that the TMAO-lowering effect is primarily mediated
by gut microbiota. Overall, these results indicate that N1F modu-
lates gut microbiota composition, particularly by reducing the
abundance of TMA-producing bacteria, thereby contributing to
lower systemic TMAO levels in T2DM mice.

4. Discussion

In China, diabetic kidney disease has surpassed glomer-
ulonephritis as the leading cause of chronic kidney disease (CKD).
Despite therapeutic advances, current treatments for DN remain
suboptimal, with response rates between 20% and 30%, and fre-
quent adverse effects such as hyperkalemia *'. These limitations
underscore the need for safer and more effective therapeutic
strategies. TCM has gained recognition as a complementary or al-
ternative approach for DN due to its multi-component, multi-tar-
get mechanisms and favorable safety profile. Formulations such
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as Tangshen Formula (TSF) modulate gut microbiota and reduce
uremic toxin production in DN models *>. N1F, derived from clas-
sical prescriptions, demonstrates promising clinical efficacy in
DN treatment. However, its underlying molecular mechanisms
were previously undefined. This study reveals that N1F amelior-
ates mitochondrial dysfunction and pyroptosis in DN through the
TMAO-mROS-NLRP3 signaling axis, providing novel mechanistic
insights that support the future clinical application of N1F. Our
conclusions are supported by three key findings: (i) N1F signific-
antly improves UACR, renal function, and histopathological dam-
age in T2DM mice; (ii) N1F modulates TMAO and energy meta-
bolism by altering gut microbiota composition and suppressing
TMAO-related metabolite production; and (iii) N1F alleviates
mROS-dependent mitochondrial dysfunction and TMAO-induced
pyroptosis.

Metabolic dysregulation plays a central role in DN pathogen-
esis. Persistent hyperglycemia leads to excessive intracellular
glucose accumulation, disrupting the metabolism of glucose, lip-
ids, proteins, and methylamines **. In DN, renal metabolic repro-
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Fig. 6 NI1F eliminates mitochondrial dysfunction in vivo and in vitro. (A) Representative TEM images of renal tissues (scale bar = 2 um). (B) The level of ATP in kidney tis-
sues (n = 6). (C and D) Western blotting bands and quantitative assessment of SDHB, UQCRC2, ATP5A1, Mfn2, and Fis1 expression in kidney tissues of T2DM mice (n = 4). (E
and F) Typical images and statistical assessment of mitochondrial membrane potential level in MES-13 cells (n = 6, scale bar = 20 pm). (G and H) Western blotting bands and
quantitative assessment of SDHB, UQCRC2, ATP5A1, Mfn2, and Fis1 expression in MES-13 cells (n = 3). (I) Profile of seahorse oxygen consumption rate (OCR) with Cell Mito
Stress Test. (J) Statistical analyses of spare respiratory capacity, maximal respiration, ATP production, and proton leak in OCR (n = 6). (K) Profile of the seahorse extracellu-
lar acidification rate (ECAR) with the Glycolysis Stress Test. (L) Statistical analyses of glycolysis and glycolytic capacity in ECAR (n = 6). (M) The level of ATP in MES-13 cells
(n = 6). Data are shown as means # SD. P < 0.05, "P < 0.01, P <0.001,and P < 0.0001; ns: not significant.

gramming is characterized by increased glycolysis and reduced
TCA cycle activity, resulting in the accumulation of metabolic in-
termediates and subsequent renal injury °‘. Elevated lactate
levels have been shown to exacerbate renal dysfunction and
fibrosis *°. TCM has increasingly attracted attention for its ability
to modulate metabolic disorders in DN. Emodin, a systemically
absorbed component of N1F, regulates gene expression, inhibits
podocyte epithelial-to-mesenchymal transition (EMT), corrects
glucose and lipid metabolism abnormalities, and protects renal
cells *°. In this study, T2DM mice exhibited significant elevations
in blood glucose, SCR, and UACR. Histological analyses using
H&E, PAS, and Masson'’s trichrome staining confirmed structural
renal injury. TMAO and energy metabolism were disrupted in
T2DM mice. Notably, N1F treatment attenuated these diabetes-
induced abnormalities, significantly improving kidney function
and reducing renal injury. Metabolomic assessment indicated
that N1F modulated TMAO and energy metabolism, thereby mit-
igating diabetes-associated renal damage.

Gut-derived uremic toxins have recently drawn substantial
scientific interest, with TMAO—a gut microbiota-dependent
metabolite—linked to both diabetes and cardiovascular disea-
ses '“. In this study, metabolomic analysis revealed that N1F sig-
nificantly reversed elevated TMAO levels in the kidneys, serum,
and urine of T2DM mice. TMAO acts as an independent risk factor
that promotes disease progression by inducing pyroptosis. Its ac-
cumulation disrupts mitochondrial structure and function, en-
hances mROS production, and activates the NLRP3 inflamma-
some. This activation triggers caspl and GSDMD, leading to the
release of pro-inflammatory cytokines such as IL-1f8 and IL-18,
ultimately causing pyroptotic cell death *’. Transcriptomic analys-
is suggested that N1F may limit renal injury in T2DM mice by reg-
ulating the NOD-like receptor signaling pathway. Rhein, another
systemically absorbed constituent of N1F, exerts anti-inflammat-
ory effects by inhibiting NF-«kB activation, thereby preventing
NLRP3 inflammasome assembly and suppressing caspl activity,
which reduces IL-1B levels *°. Baicalin exhibits anti-pyroptotic
properties by promoting autophagic degradation of p30/GSDMD
and disrupting ASC oligomerization, thus inhibiting NLRP3 in-
flammasome activation *°. Therefore, we investigated the poten-
tial inhibitory effect of N1F on TMAO-induced pyroptosis. Our
data showed that N1F treatment significantly reduced levels of
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NLRP3, cleaved-IL-1f3, IL-18, cleaved-caspl, and N-GSDMD in
vivo and in vitro. Treatment of MES-13 cells with HG and TMAO
markedly increased pyroptosis markers compared to HG alone,
whereas N1F effectively attenuated their expression. These res-
ults indicate that N1F mitigates TMAO-induced pyroptosis, con-
tributing to delayed DN progression.

Prior studies have demonstrated that TMAO markedly in-
creases mROS production, thereby activating the NLRP3 inflam-
masome. To elucidate the mechanism by which N1F suppresses
TMAO-induced pyroptosis, we examined the TMAO-mROS-
NLRP3 signaling axis. mROS levels were significantly elevated in
MES-13 cells treated with HG and TMAO compared to HG alone.
However, treatment with the mitochondria-targeted anti-oxidant
MitoTEMPO or N1F-containing serum substantially reduced
mROS accumulation. Combined treatment with MitoTEMPO and
N1F further enhanced this reduction. Moreover, MitoTEMPO sup-
pressed HG + TMAO-induced pyroptosis and renal fibrosis.
MCC950, a selective NLRP3 inflammasome inhibitor, signific-
antly reduced the expression of fibrosis- and pyroptosis-related
proteins, and its combination with N1F amplified these protect-
ive effects. Collectively, these findings demonstrate that N1F alle-
viates pyroptosis in DN by modulating the TMAO-mROS-NLRP3
pathway.

Mitochondrial dysfunction is a critical contributor to DN
pathogenesis. Beyond serving as the primary source of cellular
energy, mitochondria regulate redox homeostasis, fatty acid oxid-
ation, calcium signaling, and apoptosis *’. In DN patients and an-
imal models, mitochondrial abnormalities include impaired mito-
phagy, reduced OXPHOS efficiency, and diminished ATP synthes-
is. These defects contribute to tubular and glomerular injury and
exacerbate disease progression through oxidative stress, inflam-
mation, and pyroptosis *'. Evidence underscores the pathogenic
roles of excessive mROS and metabolic imbalance in DN *. This
study demonstrated that N1F scavenges mROS and attenuates
pyroptosis. To explore this protective mechanism, we evaluated
the effects of N1F on diabetes-induced mitochondrial dysfunc-
tion. Baicalin, a major systemically absorbed component of N1F,
enhances mitochondrial function and dynamics during Staphylo-
coccus aureus infection * and ameliorates mitochondrial damage
via the Pdk-Pdc signaling axis ®*. Mitochondrial fission involves
loss of membrane potential and mitochondrial DNA fragmenta-
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Fig. 7 16S rRNA sequencing reveals altered microbiota composition following N1F treatment. (A) Alpha diversity, including Chaol, Shannon, Observed species, and
Simpson index (n = 6). (B) The beta diversity on OUT levels of PCoA analysis. (C) Effects of N1F-H on gut microbiome modulation at the phylum levels. (D) Effects of N1F-H
on fourteen gut microbiome groups (n = 6). (E) Analysis of taxonomic abundances using LEfSe. Hlstogram of LDA scores to identify dlfferentlally abundant bacterial genera
(LDA score = 3.0, Kruskal-Wallis = 0.05, Wilcoxon = 0.05, n = 6). Data are shown as means + SD. P < 0.05, P < 0.01, "P < 0.001, and ""P < 0.0001.

tion, whereas fusion is a more complex process that helps mitig-
ate damage and prevents cell death *. We found that N1F signific-
antly improved mitochondrial ultrastructure in the renal tissues
of T2DM mice and restored mitochondrial dynamics by downreg-
ulating Fis1 and upregulating Mfn2 in vivo and in vitro. N1F also
reversed the abnormal downregulation of mitochondrial respir-
atory chain proteins SDHB, UQCRC2, and ATP5A1 and restored
ATP levels. Mitochondrial membranes play a crucial role in main-
taining organelle stability °°. N1F alleviated mitochondrial dys-
function, as evidenced by the restoration of mitochondrial mem-
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brane potential in HG + TMAO-treated MES-13 cells. Mitochondri-
al OXPHOS and glycolysis are two essential pathways governing
mitochondrial function and cellular energy balance '>. N1F nor-
malized the OCR and ECAR, indicating enhanced OXPHOS and re-
duced glycolytic dependence. Together, these results suggest that
N1F improves mitochondrial energy metabolism by promoting
OXPHOS and ATP production while decreasing reliance on glyco-
lysis. These findings align with our metabolomics data, which
show that N1F modulates energy metabolism in T2DM mice.
Under diabetic conditions, hyperglycemia induces mitochon-
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drial dysfunction characterized by excessive mROS generation,
loss of mitochondrial membrane potential, and structural dam-
age, impairing energy metabolism and exacerbating tissue inj-
ury *’. To determine whether N1F ameliorates mitochondrial dys-
function via mROS scavenging, we used MitoTEMPO. MitoTEMPO
restored mitochondrial membrane potential, corrected imbal-
ances in mitochondrial dynamics, and normalized the expression
of respiratory chain proteins in HG + TMAO-treated MES-13 cells.
Seahorse metabolic flux analysis revealed that MitoTEMPO in-
creased OXPHOS activity and ATP production while reducing gly-
colytic dependence. Combined treatment with MitoTEMPO and
N1F resulted in more pronounced improvements in membrane
potential and ATP generation. Thus, N1F mitigates HG + TMAO-
induced mitochondrial dysfunction and energy metabolic dis-
turbances by scavenging mROS.

Gut dysbiosis is a major driver of DN development and pro-
gression. TMAO production depends on hepatic FMO3-mediated
metabolism and is strongly influenced by gut microbiota compos-
ition. In this study, metabolomic profiling of urine and feces re-
vealed that N1F modulates gut microbiota-associated metabol-
ites, suggesting a potential link between N1F and microbial regu-
lation. Therefore, we characterized gut microbiota structure in
T2DM mice, assessed the regulatory effects of N1F, and determ-
ined whether N1F modulates TMAO levels through gut microbi-
ota modulation. N1F treatment significantly enhanced the di-
versity and richness of gut microbiota in T2DM mice. Taxonomic
analysis showed that N1F increased the abundance of Firmicutes
and Bacteroidota while reducing Actinobacteria. These three
phyla constitute dominant members of the gut microbiota, and
the Firmicutes/Bacteroidota (F/B) ratio serves as a key indicator
of microbial homeostasis. Alterations in this ratio are associated
with lipid metabolism disorders and bile acid dysregulation, con-
tributing to obesity and diabetes ***’. Quantitative analysis iden-
tified 13 genera significantly reduced by N1F: Alistipes A, Tidjani-
bacter, Prevotella, Acetatifactor, Limosilactobacillus, Clostrid-
ium_T, Faecalibaculum, Lawsonibacter, Bifidobacterium, Akker-
mansia, Adlercreutzia, Dubosiella, and Duncaniella. These taxa
play vital roles in host metabolic homeostasis.

Diabetic
Nephropathy
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Nephropathy 1 Formula
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Alistipes A regulates obesity-related metabolic parameters
and is negatively correlated with lipid levels in diabetic patie-
nts ", As a TMA-producing bacterium, Alistipes_A is positively as-
sociated with TMAO production **. Li et al. reported that Prevo-
tella harbors genomic features including CutC and CutD genes, en-
abling choline, L-carnitine, and betaine metabolism into TMA,
thereby promoting TMAO accumulation and accelerating athero-
sclerosis ’'. The abundance of Clostridium_T in T2DM patients
correlates positively with plasma glucose levels. Statin therapy
reduces Clostridium_T abundance, influencing bile acid and gluc-
ose metabolism "*. Notably, Clostridium_T also participates in
choline-to-TMA conversion and is enriched in the gut microbiota
of individuals with kidney disease ’°. Faecalibaculum correlates
with blood urea nitrogen (BUN) levels in hyperuricemic rats and
with metabolic disturbances during diabetes progression *.
Zhang et al. reported that Faecalibaculum abundance was
markedly increased in mice fed a high L-carnitine diet and closely
linked to TMAO production ’°. Overall, N1F treatment amelior-
ates gut microbiota dysbiosis in T2DM mice. Our findings indic-
ate increased abundance of bacteria involved in TMAO metabol-
ism and enrichment of related pathways such as choline metabol-
ism. Although hepatic FMO3 expression was elevated in T2DM
mice relative to controls, this increase was not reversed by N1F
treatment. Our study suggests that N1F alleviates diabetic kidney
injury by reducing TMAO levels through modulation of gut micro-
bial populations rather than hepatic FMO3 activity.

This study evaluates the therapeutic effects and underlying
mechanisms of N1F in DN. N1F ameliorates renal injury by modu-
lating TMAO and energy metabolism in T2DM mice. Specifically,
N1F reduces the abundance of TMAO-producing bacteria, de-
creases TMAO synthesis, suppresses mROS overproduction, re-
stores mitochondrial homeostasis and energy metabolism, and
subsequently attenuates pyroptosis in vivo and in vitro. These
findings demonstrate that N1F alleviates mitochondrial dysfunc-
tion and pyroptosis via the TMAO-mROS-NLRP3 axis, exerting a
protective effect against DN (Fig. 8). This work provides robust
evidence supporting the therapeutic potential of N1F as a novel
strategy for DN treatment.
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Fig. 8 Illustration of the molecular mechanism of N1F on DN.
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