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ARTICLE INFO ABSTRACT
Keywords: Diabetic nephropathy (DN) poses a significant risk to individuals with diabetes. Inflammation plays a crucial role
Diabetic nephropathy in DN pathogenesis. Lycorine hydrochloride (LH) is derived from Lycoris radiata (L'Hér.). This herb has been
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identified as a potent anti-inflammatory molecule. Further studies indicated that LH displayed therapeutic po-
tential against metabolic disorders, renal dysfunction, and fibrosis in a high-fat diet and streptozotocin-induced
(HFD/STZ)-induced DN mouse model. Mechanistically, LH mitigated renal inflammation in DN mice by target-
ing NF-xB pathways and the NLRP3 inflammasome verified by in vivo study. In vitro, LH inhibited NLRP3
inflammasome activation induced by nigericin (Ng), monosodium urate (MSU), and ATP, reduced caspase-1
activation, and IL-1p release. Additionally, LH suppressed the NF-kB IS-induced activation, prevented nuclear
translocation of NF-kB, and subsequently reduced the expression of downstream proteins COX2 and iNOS.
Collectively, these results indicated that LH primarily improved hyperglycemia-induced renal function by
reducing inflammation by targeting NF-«xB and NLRP3 inflammasome, implying it is a promising therapeutic
agent for DN.

DN pathogenesis is complex and leads to various abnormalities in the
kidney structure that are associated with changes in renal hemody-
namics, abnormal glucose and lipid metabolism, dysfunction of the pol-
yol pathway, oxidative stress, and inflammatory responses. Numerous
studies indicated that oxidative stress and inflammation were the main
pathogenic mechanisms of DN [6,7]. Chronic hyperglycemia, a hallmark
of diabetes, disrupts the balance between oxidants and antioxidants,
leading to reactive oxygen species (ROS) overproduction [8]. This trig-
gers the formation of the NLRP3 inflammasome, comprising NLRP3
protein, caspase-1, and ASC, initiating kidney damage in DN by
increasing IL-18 and IL-1p secretion, exacerbating kidney inflammation
and fibrosis. Blocking NLRP3 activation improved HFD-induced meta-
bolic syndrome, alleviated kidney inflammation, and enhanced renal
function [9]. Under high glucose conditions, ROS activation serves as a
pivotal trigger for the NLRP3 inflammasome [10]. Additionally, NF-kB,

1. Introduction

Diabetes mellitus (DM) is the leading cause of death worldwide. It
resulted in over 4 million deaths worldwide in 2017, and the global
incidence of diabetes continues to increase [1]. Diabetic nephropathy
(DN) is a severe, chronic microvascular complication that occurs in the
late DM stages. Pathological features of DN include glomerular basement
membrane thickening, mesangial matrix expansion, hypertrophy of the
glomeruli and renal tubules, glomerulosclerosis, and interstitial fibrosis
[2]. DN symptoms include a persistent increase in urinary albumin
excretion and abnormalities in blood glucose, blood pressure, and lipid
levels. Other complications, such as cardiovascular and neurological
diseases, can be triggered, eventually leading to end-stage renal disease
and increasing the mortality rate of patients [3-5].
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List of abbreviations

ACT B-actin

ARE antioxidant response element

ASC apoptosis-associated speck-like protein containing a
caspase-recruitment domain

ATP adenosine triphosphate

COX-2  cyclooxygenase-2

DAPI 4',6-diamine-2-phenylindole

DIDOX  3,4-dihydroxy-benzohydroxamic acid
DN diabetic nephropathy

EMPA  empaglifozin

ELISA  enzyme linked immunosorbent assay
ESRD end stage renal disease

FAD flavin adenine dinucleotide

FBS fetal bovine serum

HE hematoxylin and eosin

HFD high-fat diet

IkBa inhibitor of kB a

IL-1p interleukin-1p

IL-6 interleukin-6

IS indoxyl sulfate

LH lycorine hydrochloride

LPS lipopolysaccharide

MDA malondialdehyde

MSU monosodium urate

MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide

NF-xB  nuclear transcription factor-xB

Ng nigericin

NLRP3  NOD-LRR-and pyrin domain-containing 3

NO nitric oxide

Nrf2 nuclear factor erythroid 2-related factor 2

ROS reactive oxygen species

SDS sodium dodecyl sulfate

SF sulforaphane

SOD superoxide dismutase

STZ streptozotocin

TEMED N,N,N’,N'-tetramethylethylenediamine

TNF-a tumor necrosis factor-a.

activated by ROS, upregulates intracellular NLRP3 and IL-1p protein
precursors, thereby fostering NLRP3 self-oligomerization and ASC in-
teractions. Subsequent caspase-1 activation leads to the conversion of
IL-1p and IL-18 precursors, contributing to local tissue inflammation and
systemic inflammatory responses in DN.

Lycorine is an isoquinoline alkaloid isolated from Lycoris radiata
(L'Hér.) Herbs belong to the family Amaryllidaceae [11]. It has been
reported as a prospective naturally occurring lead compound with anti-
cancer activity [12]. Lycorine and its derivatives inhibit cell proliferation
and migration in various types of malignant tumors, including breast,
cervical, bladder, hepatocellular, and colorectal cancer [13-17]. More-
over, lycorine showed noteworthy anti-inflammatory and anti-fibrotic
properties and suppressed the NLRP3 inflammasome activation [18]. It
dose-dependently curbed the elevation of nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) protein levels induced by LPS in
RAW264.7 cells and enhanced the survival rate of mice following LPS
challenge [19]. Recent studies have indicated that lycorine ameliorates
HFD-induced hyperlipidemia, hepatic steatosis, and insulin resistance in
mice [20]. Furthermore, it improves diabetic peripheral neuropathy
through the AMPK pathway [21]. These results indicate that lycorine
hydrochloride (LH) could ameliorate diabetes-induced hepatic pathol-
ogies, peripheral neuropathy, and metabolic disorders. However, there
have been no studies on its effects on diabetic nephropathy. In this study,
we first observed that LH exerted a protective effect on HFD/STZ-induced
diabetic nephropathy in mice, revealing the anti-inflammatory effect by
inhibiting the NF-kB pathway and NLRP3 inflammasome.

2. Materials and methods
2.1. Compounds

LH used in the study was purchased from Aladdin (Cat. No. L101558)
with a purity greater than 98%. Synthesis of the lycorine alkaloid de-
rivatives was performed at Nankai University, and Fig. 1A shows the
structures of the compounds.

2.2. Cell culture

The RAW 264.7 macrophage cells and J774A.1 macrophage cells
were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco.
11965092). Human tubular epithelial (HK-2) cells were cultured in
DMEM/F12 (1:1). All procedures were performed under sterile

conditions, and the cells were incubated at 37°C in a CO5 incubator. Both
culture media mentioned above contained 10% FBS, 0.29 g/L L-gluta-
mine, 100 Units/mL penicillin, and 100 pg/mL streptomycin.

2.3. Nitric oxide (NO) production assay

The RAW 264.7 cells were seeded in a plate and allowed to culture
overnight. Cells were individually treated with LPS (1 pg/mL) or co-
treated with different LH doses. The Griess reagent was added, thor-
oughly mixed, and incubated for 10 min. After incubation, the absor-
bance was measured at 570 nm using a Model 680 plate reader, and the
nitrite concentration was calculated from a sodium nitrite standard
curve.

2.4. Mice and treatment

C57BL/6J mice (6 weeks and 20-22 g) were obtained from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China).
After 1 week of adaptation to the environment, the mice in the control
group were fed a normal diet (n = 5, Research diet, D12450B, with 10%
calories from fat), and the mice in the model group were fed a high-fat
diet (n = 30, Research diet, D12492, with 60% calories from fat). After
8 weeks, the model group received an intraperitoneal injection of
streptozotocin (STZ. MedChemExpress. HY-13753) that was dissolved in
0.1 mol/L sodium citrate buffer (pH 4.5) at a dose of 50 mg/kg. After 7 d,
fasting blood glucose levels >11.1 mmol/L were considered successfully
modeled. The mice were then divided into five groups: (i) Control group
(n = 5, mice treated with normal saline); (ii) DN group (n = 5, HFD +
STZ-induced mice); (iii) Empagliflozin group (n = 5, model mice treated
with 20 mg/kg Empagliflozin); (iv) LH10 group (n = 5, model mice
treated with 10 mg/kg LH); (v) LH20 group (n = 5, model mice treated
with 20 mg/kg LH). Body weight, water and food consumption, urine
output, and blood glucose levels were measured weekly. Mice were
individually placed in metabolic cages to collect 24-h urine, and the 24-h
urine volume was measured. All animal experiments in the study were
approved by the Laboratory Animal Ethical and Welfare Committee of
Shandong University Cheeloo College of Medicine (Approval NO.
18026).

2.5. Renal histological analysis

The renal tissues were fixed in 4% paraformaldehyde, dehydrated,
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Fig. 1. LH and its derivatives inhibit NO production. (A) The structures of LH and its derivatives. (B) LH and its derivatives inhibit NO production. LH and the
highly active derivatives were displayed here, and the results of the test compounds were shown in Supplementary Fig. S1. Mean + SD as data (n = 2). *p < 0.05
treated vs LPS group.
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Fig. 2. LH alleviates metabolic disorders in HFD/STZ-induced DN mice. (A) The process of establishing DN mice model, the figure of mice was created with
Medpeer (www.medpeer.cn). (B) Changes in body weight. (C) Blood glucose levels. (D-F) Food consumption, water consumption, and urine volume within 24 h.

Mean + SD as data (n = 3).

and embedded in paraffin before sectioning. 4 pm sections were cut and
stored in a sectioning box. Sections were then dewaxed in water and
stained with hematoxylin-eosin (HE), periodic acid-Schiff (PAS), and
Masson's trichrome stains. Sections were examined and photographed
under a BX53+DP73 microscope at 400 x magnification.

2.6. Antibody and immunoblot analysis

We obtained antibodies for Nrf2 (sc-365949), NQO1 (sc-32793), and
NF-B (sc-8008) from Santa Cruz Biotechnology. GCLM (14241-1-AP),
B-actin (66009-1-Ig), IxBa (10268-1-AP), and a-Tubulin (66031-1-Ig) were
obtained from Proteintech Group. COX2 (A1253), NLRP3 (A12694), IL-1p
(A16288), and Caspase-1 (A23429) were purchased from ABclonal, while
the antibody iNOS (ab178945) was purchased from ABcam. HK-2 cells or
kidney tissues were lysed with sample buffer, separated using 7.5%, 10%,
or 12% SDS-PAGE, and transferred to a nitrocellulose membrane (Milli-
pore, U.S.A.). The samples were blocked on the membrane using 5% milk
and incubated in primary antibodies overnight at 4°C, then incubated with
HRP-conjugated secondary antibodies for 1 h at room temperature.
Finally, the protein bands were visualized using the BioRad ChemiDoc
XRS + system (CA, USA), and the chemiluminescent signal was quantified
using the ImageJ analysis system.

2.7. Immunofluorescence assay

HK-2 cells were seeded and incubated overnight. The cells were
pretreated with a complete medium containing different LH or Didox
doses for 2 h, followed by stimulation with IS (Indoxyl sulfate, Psaitong,
2642-37-7, 1 mmol/L) for 4 h. Cells were fixed with acetone/methanol
(1:1). Next, the coverslips were incubated with the NF-kB primary anti-
body (1:500) incubated overnight at 4°C. After three washes, the cov-
erslips were incubated with the secondary antibody (Alexa Fluor 594,
1:300) at room temperature for 1 h. Fluorescent signals were imaged
using an Olympus BX53 fluorescence microscope equipped with an
Olympus DP73 digital camera (Tokyo, Japan).

2.8. Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) in mice kidney tissues

J774A.1 cells and HK-2 cells were seeded in D35 cell culture dishes
and incubated overnight. Cells were subjected to LH, LPS (0.5 pg/mL),
Ng (5 pmol/L), and IS (1 mmol/L) treatment. Kidney tissue samples were
cut and washed with PBS. Total mRNA was extracted using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized using the
PrimeScriptTM RT Reagent Kit (Takara Bio Inc., Japan) per the
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Fig. 3. LH relieves renal damage, oxidative stress, and inflammation in HFD/STZ-induced DN mice. (A) The pathological analysis of kidneys was conducted
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MDA and SOD levels in mice kidney tissue. (H-I) TGF-p1 and IL-1 levels in the serum of mice. Mean + SD as data (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p

< 0.0001 treated vs DN group.

manufacturer's instructions on Applied Biosystems (Thermo Fisher Sci-
entific, Waltham, MA, USA). RT-PCR was conducted on a Mastercycler ep
Realplex PCR System (Eppendorf, Hamburg, Germany) using the TB
Green Master Mix (Takara Bio Inc., Japan) and gene-specific primers, as
described in Supplementary Table S1.

2.9. Statistical analysis

Data were analyzed using GraphPad Prism software (version 9.0).
One-way analysis of variance and Bonferroni post hoc tests were per-
formed to analyze significant differences between the two groups. The
results were presented as mean + SD, and *p < 0.05 was considered
statistically significant.

3. Result
3.1. LH and derivatives inhibit NO production

A total of 20 lycorine derivatives were synthesized based on the
lycorine structure (Fig. 1A). The anti-inflammatory abilities of these
compounds were preliminarily evaluated using NO production assay
(Fig. 1B). By analyzing the anti-inflammatory effect of the tested 21
compounds, it was found that LH (1) exhibited most potent inhibitory
effect against LPS-induced NO generation, with an ICsq value of 0.17 pM,
and an inhibition rate of 81.75% at a concentration of 3.12 pM. These

results indicated that LH inhibited the inflammatory response in LPS-
induced RAW 264.7 cells.

3.2. LH alleviates metabolic disorder in HFD/STZ-induced DN mice

In this study, a DN mouse model was established using a high-fat
diet and STZ (Fig. 2A) and was used to evaluate the anti-DN effect of
LH. Empagliflozin, an SGLT2 inhibitor of type 2 diabetes (T2D), is
currently approved as a glucose-lowering drug in most countries [22].
DN involves various factors that affect kidney function, including
increased SGLT2 activity, which contributes to the disease progression.
Empagliflozin-mediated SGLT2 inhibition helps to reverse these issues,
significantly slowing DN progression. Numerous trials have confirmed
Empagliflozin's kidney-protective benefits [23,24]. Therefore, it was
used as a positive control. Elevated blood glucose levels, lower body
weight, and increased food intake, water consumption, and urine vol-
ume were observed in the DN group. Compared to the DN group, LH
treatment reduced food intake, water consumption, urine volume, and
fasting blood glucose levels in DN mice (Fig. 2C-F), but no significant
effect on the body weight of mice was observed (Fig. 2B). These results
indicated that LH can relieve metabolic disorders in mice with diabetes.

3.3. LH relieves renal damage, oxidative stress, and inflammation

DN is accompanied by abnormal kidney structure. To determine the
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protective effect of LH on the renal structure in mice, we performed renal
staining. As depicted in Fig. 3A, HE staining showed significantly greater
glomerular hypertrophy in the DN group, which was reduced by EMPA
and LH intervention. PAS staining indicated mesangial matrix expansion
in DN tissues, which was alleviated by EMPA and LH intervention.
Masson's staining demonstrated a larger fibrotic area in the glomeruli of
the DN group, whereas EMPA and LH treatment alleviated these changes.
In addition, treatment with LH resulted in the recovery of a high-fat diet
and STZ-induced changes in the kidney index, BUN levels, UACR, and Cr
levels (Fig. 3B-E). The effect of LH on inflammation and oxidative
damage was also examined. Compared to the DN group, EMPA and LH
significantly decreased MDA production, increased SOD, and reduced IL-
1B levels. Although no significant difference was observed, the overall
trend indicated that LH similarly decreased TGF-$1 (Fig. 3F-I). Thus, LH
effectively alleviated kidney damage and reduced oxidative stress and
inflammatory responses in the kidneys of diabetic mice.

3.4. LH suppressed NF-xB and NLRP3-regulated inflammatory factors in
the kidney of DN mice

Since LH-induced relief of inflammatory factors (e.g. IL-1f) and
oxidative damage markers (e.g. SOD, MDA) in DN mice was observed,
the study aimed to understand the impact of LH on inflammation and
oxidative damage pathways. We focused on NF-kB, NLRP3, and Nrf2,
which are key inflammation regulators. Our data demonstrated that LH
inhibited NF-xB, iNOS, COX2, Caspase-1, and IL-1p expressions governed
by NLRP3 in DN mice (Fig. 4A-D). Nrf2 is a crucial inflammation and
oxidative stress regulator [25]. However, LH did not affect the expression
of Nrf2 or its related proteins (Supplementary Fig. S2). This suggests that
the protective effect of LH in DN may stem from the suppression of
NLRP3 and NF-xB proteins, which curbs inflammation and oxidative
damage.

3.5. LH inhibited activation of NLRP3 inflammasome

This study primarily aimed to assess the anti-inflammatory activity of
LH, and its effect on NLRP3 was validated in J774A.1 cells. LH inhibited
the expression of Caspase-1 and IL-1p proteins (Fig. 5A-C) and showed a
dose-dependent inhibition of Caspase-1 and IL-1p mRNA levels (Fig. 5D
and E). Moreover, LH significantly suppressed the upregulation of cyto-
kines IL-1p (Fig. 5F). It has been verified that NLRP3 was activated by
various microbial and sterile stimuli, leading to potassium efflux or
mitochondrial DNA (mtDNA) release. These stimuli included bacterial
toxins, such as nigericin and extracellular ATP [26,27], as well as MSU
crystals [28] Thus, we further evaluated the effect of LH on the
stimuli-induced activation of NLRP3. As depicted in Fig. 5G-I, LH
inhibited the activation of Ng, MSU, and ATP-induced NLRP3 inflam-
masome, suppressing Caspase-1 activation and IL-1p release. These re-
sults indicate that LH inhibits the NLRP3 inflammasome activation
caused by various stimuli, and it is a multiple NLRP3 inflammasome
inhibitor.

3.6. LH inhibited the activation of the NF-xB in IS-induced HK-2 cells

To ascertain the inhibitory effect of LH on NF-kB, an indoxyl sulfate-
induced HK-2 cell model was established. Indoxyl sulfate (IS) is a protein-
bound uremic toxin that accumulates and accelerates chronic kidney
disease and renal failure progression [29] (Supplementary Fig. S3).
Didox, a synthetic ribonucleotide reductase (RR) inhibitor derived from
polyhydroxy-substituted = benzohydroxamic acid, has strong
anti-inflammatory effects. It reduced NO production under LPS treatment
and suppressed mRNA levels of diverse inflammatory markers and pro-
teins like iNOS, IL-6, IL-1, TNF-a, and NF-«kB (p65) while inhibiting NF-xB
nuclear translocation [30,31], it served as the positive control. LH
inhibited IS-induced NF-kB overexpression and suppressed the
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Fig. 5. LH inhibited NLRP3 inflammasome activation. (A-C) The protein levels of the NLRP3 and its regulatory proteins in J774A.1 cells. The cells were treated
with LPS (0.5 pg/mL), followed by pre-treatment with different LH doses, and then treated with the NLRP3 activator Ng (5 pM). o-Tublin as a loading control. (D-E)
The Caspase-1 and IL-1$ mRNA levels. (F) The levels of cytokines IL-1p. (G-I) LH inhibited the activation of multiple stimuli-induced NLRP3 activation. The cells were
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C and F-1, n = 3; For D-E, n = 2). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 treated vs model group.

downstream proteins iNOS and COX2 in HK-2 cells (Fig. 6A-D). In
response to IS stimulation, NF-xB translocated into the nucleus and
promoted the expression of inflammation-related genes. Immunofluo-
rescence assay indicated that LH inhibited the nuclear translocation and
accumulation of NF-xB (Fig. 6E). Furthermore, IS-stimulated upregula-
tion of NF-kB, IkBa, iNOS, COX2, IL-1p, and TNF-a mRNA levels were
blocked by LH treatment (Fig. 6F-K). These data implied that LH effec-
tively inhibited inflammation by regulating NF-kB-mediated inflamma-
tory response.

4. Discussion

Lycorine is mainly found in Amaryllidaceae species such as Lycoris
radiata, Leucojum aestivum, Hippeastrum equestre, flowers of Clivia nobilis,
Ammocharis coranica, and Brunsvigia radulosa [12]. In ancient Chinese
literature, the Compendium of Materia Medica, Lycoris radiata, was

reported to possess potential medicinal properties, including antidotal
and anti-inflammatory effects, pain relief, phlegm reduction, and diuretic
activity [32]. Lycorine exhibits diverse pharmacological effects,
including antitumor, antiviral, and anti-bacterial effects [33]. Addition-
ally, it shows anti-inflammatory and provides therapeutic benefits in the
lung and liver [20,34]. However, there are no reports of its effects on DN.
In this study, we investigated the potential effectiveness of LH in DN and
found that LH improved metabolic abnormalities in DN mice. LH can
effectively prevent renal damage and improve biochemical and patho-
logical indicators.

Inflammation plays a crucial role in various types of kidney injury and
is a significant contributor to renal disease progression. Inflammasomes
regulate the cellular repair processes in kidney disease following infec-
tion and injury [35]. NLRP3 inflammasome is a cytosolic multiprotein
complex responsible for activating inflammatory responses and links
diabetic pathology with a complex cellular response network of systemic
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Fig. 6. LH inhibited the activation of the NF-kB in IS-induced HK-2 cells. (A-B) LH inhibited the expression of NF-kB and IxBa in IS-induced HK-2 cells. f-actin as
a loading control. (C-D) LH exhibited inhibitory effects on iNOS and COX2 expression in IS-induced cells. f-actin as a loading control. (E) LH suppressed the
translocation of NF-kB to the nucleus in IS-induced HK-2 cells (scale bars = 20 pm). (F-K) LH influenced the mRNA expression of NF-kB and its regulatory proteins in
IS-induced HK-2 cells. Mean + SD as data (For A-D, n = 3; For F-K, n = 2). *p < 0.05, **p < 0.01, ***p < 0.001 treated vs IS group.

inflammation through inducing IL-1f and IL-18 [36]. NF-xB plays a
critical role in chronic kidney disease pathogenesis [37] and is consid-
ered to be an upstream NLRP3 inflammasome activator [38]. Previous
studies indicated that thrombomodulin domain 1 improved albuminuria
and renal function in db/db mice by suppressing the NF-kB/NLRP3
inflammasome-mediated inflammatory process [39], and ER stress
affected the progression of DN by regulating the NF-xB/NLRP3

inflammasome-induced  pyroptosis [40]. Researchers utilizing
high-throughput RNA sequencing (RNA-seq) technology found a novel
NF-kB-associated IncRNA in the kidney tissues of db/db DN mice. It
promoted NF-xB/NLRP3 inflammasome-mediated DN in mice [41].
Hence, NF-kB and NLRP3 inflammasomes play a significant role in DN
and might serve as novel specific therapeutic targets for DN.

To explore the potential mechanisms of LH in regulating DN, we
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primarily focused on NF-kB/NLRP3 inflammasome. LH alleviated the
inflammatory response in the kidney of HFD/STZ-induced DN mice by
inhibiting the NF-xkB and NLRP3 inflammatory pathways and inhibited
the maturation and secretion of caspase-1 and IL-1p, as well as their
transcriptional expression at the cellular level. Thus, we inferred that LH
functions as a broad-spectrum NLRP3 inflammasome inhibitor. It effec-
tively suppressed the excessive NLRP3 inflammasome activation induced
by LPS and various NLRP3 activators, thereby reducing the release of
NLRP3-regulated proteins, such as caspase-1 and IL-1§.

IS, a protein-bound uremic toxin, accelerates the accumulation of
renal injury such as progressive tubulointerstitial fibrosis and glomer-
ulosclerosis [29]. There is a dose-dependent increase in cellular oxidative
stress and NF-kB in response to IS exposure [42,43], and paricalcitol
inhibited IS-induced apoptosis by regulating MAPK, NF-kB, and Akt in
HK-2 cells [44]. HK-2 cells were exposed to IS to investigate the effect of
LH on the NF-kB pathway. LH reduces the expression of NF-kB pathway
proteins and related genes. LH decreased the expression of downstream
proteins, such as iNOS and COX2, by enhancing IxkBa levels and inhib-
iting NF-xB transcription and nuclear translocation. Furthermore, LH
suppressed the expression levels of related inflammatory cytokines, such
as IL-1p, TNF-o, and TGF-p1 at the gene level (Fig. 7).

Oxidative stress is a major contributor to DN development. Chronic
hyperglycemia increases ROS production, contributing to oxidative stress
[8], and structural and functional damage to the kidney caused by
hyperglycemia-induced oxidative stress [45]. In our study, Nrf2 activa-
tion in the DN mouse model and cell models treated with LH showed no
significant differences. However, it is worth noting that there were sig-
nificant changes in MDA and SOD compared to the DN group. Therefore,
we inferred that oxidative stress inhibition in LH might be achieved by
lowering blood glucose levels rather than by activating the
Nrf2-mediated antioxidative system.

In addition, compared with higher LH doses, lower LH doses exhibi-
ted superior anti-inflammatory and renal protective effects in several
results (e.g., BUN, UACR, Cr, and IL-1p), which might be associated with

its toxicity in the high-dose group. Lycorine is a major ingredient
responsible for nausea and vomiting in cases of poisoning resulting from
Amaryllidaceae consumption in both humans and animals [33,46].
Although lycopene exhibits multiple pharmacological activities, further
optimization is required to improve its activity and reduce toxicity.

5. Conclusion

In summary, this study revealed that LH has the potential to treat DN
by inhibiting the NF-kB and NLRP3 pathways, thereby reducing inflam-
mation. LH has the potential to be developed as a lead compound for
treating DN and holds significant importance in the search for thera-
peutic drugs for DN.
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