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Insulin resistance is a hallmark of type 2 diabetes (T2DM) and can increase the risk of cognit-
ive impairment, including Alzheimer’s disease. Nuciferine, an alkaloid derived from lotus
leaves, shows neuroprotective effects. This study investigated nuciferine’s protective role in
T2DM-induced cognitive impairment (T2DM-CI) and its mechanisms. Mouse models were cre-
ated using high-fat diets and streptozotocin, along with high glucose-induced HT-22 cells. Nu-
ciferine reduced blood glucose, improved cognitive function, and mitigated glial cell activa-
tion, neuron and synapse loss in T2DM mice. It enhanced insulin signaling by increasing pro-
tein levels of IR, IRS1, and IGF-1R, reversing PI3K and AKT phosphorylation, inhibiting GSK3
activity, and reducing hyperphosphorylated Tau in HT-22 cells and T2DM mice. mRNA levels
of these molecules matched their protein levels. Further studies revealed that nuciferine dir-
ectly interacts with IR, knocking out IR abolished its effects on the PI3K/AKT pathway. Thus,
nuciferine activates the PI3K/AKT pathway via IR, improving insulin resistance and slowing
T2DM-CI progression.

1. Introduction

Type 2 diabetes mellitus (T2DM) is characterized by hyper-
glycemia and insulin resistance ', leading to diverse complica-
tions such as neuropathy °, diabetic retinopathy °, diabetic kid-
ney disease * and coronary artery disease °. According to the In-
ternational Diabetes Federation (IDF), the global prevalence of
diabetes has surpassed 828 million individuals, with projections
indicating a rise to 1.3 billion by 2050 °. Alzheimer’s disease (AD)
is a neurodegenerative disorder marked by progressive cognitive
decline and characterized by amyloid-p (AB) plaques and hyper-
phosphorylated Tau neurofibrillary tangles ’. Global dementia
cases reached 57.4 million in 2019, with AD representing 60%-
80% of these cases °. Epidemiological evidence indicates that
T2DM patients have a 1.5 to 2.5-fold higher risk of cognitive de-
cline progressing from mild impairment to AD compared to non-
diabetics °. Preclinical investigations reveal that streptozotocin
(STZ)-induced diabetic rats exhibit cerebral aging and AD-like
changes ". Due to the complex causes of T2DM-induced cognitive
impairment (T2DM-CI) and lack of effective treatments, under-
standing its mechanisms is critical to developing targeted
strategies.

Insulin resistance plays a pivotal role in the progression of
T2DM ' and is closely associated with the pathological mechan-
isms underlying cognitive impairment . Insulin resistance dis-
rupts glucose utilization in the central nervous system, thereby
impairing synaptic plasticity and affecting learning and memory
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functions '*. Furthermore, insulin signaling exerts a pivotal func-
tion in inhibiting the aberrant activation of glycogen synthase
kinase-38 (GSK3B) . This inhibition effectively prevents Tau
protein hyperphosphorylation, and the formation of neurofibril-
lary tangles (NFTs), thus mitigating neurotoxicity. The insulin sig-
naling pathway includes the phosphoinositide 3-kinase (PI3K)/
protein kinase B (AKT) and mitogen-activated protein kinase/ex-
tracellular signal-regulated kinase (MAPK/MEK) pathways, with
PI3K/AKT being the most important **. In AD patients, impaired
insulin signaling inhibits PI3K/AKT, activating GSK3f and caus-
ing glucose metabolism disorders, Tau hyperphosphorylation,
and neuronal death, which drives AD progression °. Thus, the
PI3K/AKT pathway may be key to treating T2DM-CIL.

Nelumbo nucifera Gaertn. has been served as food in China
for millennia. Its seeds, plumule, and leaves are used in tradition-
al Chinese medicine (TCM) to treat fever, diarrhea, and bleed-
ing '°. Nuciferine (Fig. 1A), an alkaloid bearing an aromatic ring,
is the principal bioactive constituent obtained from lotus leaf (N.
nucifera leaves) and has a broad spectrum of pharmacological
activities '’. Nuciferine shows promise in managing diabetes by
restoring impaired glucose tolerance and insulin resistance ",
and improving fatty acid accumulation and ferroptosis '**’. Li et
al. *! found that nuciferine attenuates neuroinflammation associ-
ated with cerebral ischemia-reperfusion injury. Besides, Chen et
al. ” found nuciferine can exert a protective effect on brain injury
by regulating lipid metabolism (including arachidonic acid meta-
bolism, sphingolipid metabolism). Therefore, nuciferine not only
exhibits the effect of reducing blood sugar but also provides pro-
tection against brain damage. Nevertheless, whether nuciferine
has therapeutic effects on T2DM-CI has not yet been reported.

In this study, we developed in vivo models that included a
high-fat diet (HFD) combined with streptozotocin (STZ) adminis-
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tration and intracerebroventricular (ICV) injection of STZ. Fur-
thermore, an in vitro model was established by culturing HT-22
cells under high-glucose (HG) stimulation conditions. Nuciferine
treatment significantly reduced blood glucose, alleviated cognit-
ive dysfunction, mitigated glial cell activation, neuronal loss, and
synaptic degeneration in mice. It enhanced the expression of in-
sulin-related signaling molecules like insulin receptor (IR), in-
sulin receptor substrate 1 (IRS1), and insulin-like growth factor 1
receptor (IGF-1R), reversed the phosphorylation levels of PI3K
and AKT, inhibited GSK3 activity, and decreased hyperphos-
phorylation Tau protein levels both in vivo and in vitro. Nucifer-
ine was found to interact directly with IR. Once IR was knocked
out, the interaction nullified the regulatory effects of nuciferine
on the PI3K/AKT pathway. The results of this study highlight the
promise of nuciferine in improving insulin resistance and mitigat-
ing the progression of T2DM-CI by targeting IR.

2. Materials and methods

2.1. Reagents

Nuciferine (98% purity, PRF21110246) and Metformin (98%
purity, ACG4579) were purchased from Biopurify Phytochemic-
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als Ltd. (Chengdu, China) and MERCK (Jiangsu, China), respect-
ively. STZ (98% purity,S817944), LY294002 (98% purity,
L832989), and BMS-754807 (98% purity, B87322) were pur-
chased from Macklin(Shanghai, China), while HG (99.8% purity,
No. 2230821002) was purchased from Solarbio (Beijing, China)
and the DCFH-DA reagent (S0033S) from Beyotime (Shanghai,
China). DMEM was acquired from Gibco (USA).

2.2. Animals group and treatments

Male C57BL/6] mice (8 weeks old, weight 20 + 2 g) were
provided by the Laboratory Animal Center of Hangzhou Medical
College (Certificate No. 20221214Abzz0100018959). The mice
were maintained in a standard laboratory with 55% * 5% humid-
ity, a temperature of 25 # 1 °C, and a 12-h light/dark cycle. All ex-
periments were approved by the Zhejiang Provincial Laboratory
Animal Welfare and Ethics Committee (Approval No. ZJCLA-
IACUC-20010127).

HFD/STZ mice were divided into a normal diet group and an
HFD group after a 7-day adaptation period. Mice in the normal
diet group were fed a regular diet, while those in the HFD group
were fed a high-fat diet for 4 consecutive weeks to induce insulin
resistance. All mice were then fasted for 12 h and received in-
traperitoneal injections of 60 mg-kg™ STZ in 0.5 mol-L™" sodium
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Fig. 1 Nuciferine enhanced body weight and mitigated blood glucose in HFD/STZ-induced mice. (A) Chemical structure of nuciferine. (B) Animal experimentation process.
(C and D) Changes in body weight and weight since last dosing (week 10). (E and F) Changes in blood glucose levels and blood glucose since last dosing (week 10). (G) Oral
glucose tolerance test (OGTT). (H) Area under curve (AUC) of OGTT. Data were expressed as mean + SEM (n = 8-10). P < 0.05, "P < 0.01, ""P < 0.001.
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citrate buffer for 3 consecutive days. One week after injection,
mice with blood glucose levels higher than 11.1 mmol-L™" were
classified as T2DM mice. Subsequently, the mice were randomly
divided into 5 groups (n = 10 in each group): control group
(CON), model group (HFD-STZ), low-dose nuciferine group (Nuci-
10 mg-kg™), high-dose nuciferine group (Nuci-20 mg-kg™), and
metformin positive group (Met-200 mg-kg™"). From the 6™ week,
treatment groups received daily intragastric nuciferine or met-
formin for 10 weeks as in Fig. 1B. The body weight and fasting
blood glucose were monitored weekly. In the 10" week, OGTT
and NOR tests were done to assess metabolic and cognitive ef-
fects.

Following a 7-day adaptation period, ICV/STZ mice were di-
vided into a control group and a modeling group. Mice in the
modeling group received an intracerebroventricular injection of
STZ (3 mg-kg™") to establish an insulin resistance model, whereas
those in the control group received intracerebroventricular injec-
tion of citrate buffer. One week after injection, all mice were ran-
domly assigned to five groups (n = 10 in each group): control
group (CON), model group (ICV-STZ), low-dose nuciferine group
(Nuci-20 mg-kg™), high-dose nuciferine group (Nuci-40 mg-kg™),
and donepezil (Don-1.5 mg-kg™). Beginning in the 2™ week, mice
in the treatment groups received daily intragastric nuciferine or
donepezil for 4 weeks as illustrated in Fig. S5A. During the 4™
week, MWM test was performed to assess cognitive effects.

2.3. Novel object recognition (NOR) test

The NOR test was conducted to further evaluate the cognit-
ive function of mice after drug intervention. The experiment was
conducted in a 50 cm square test box with symmetrical explora-
tion areas, a camera, and lighting. It consisted of two phases: fa-
miliarization and testing. In the familiarization phase, mice ex-
plored two identical objects for 5 min. After 24 h, one object was
replaced with a new one of different shape and color for the test-
ing phase. Mice were placed in the box facing away from the ob-
jects and allowed to explore freely for 5 min. Data were recorded
using Tracking Master V4.1.0 software. The discrimination index
(DI) was calculated as: (time exploring new object/total explora-
tion time) x 100%.

2.4. Morris water maze (MWM) test

The MWM test was conducted to evaluate the cognitive func-
tion of mice after drug intervention. The experiment used a 1.2 m-
diameter, 0.6 m-deep pool with a 5 cm-diameter escape platform
and a camera for recording mouse behavior. During the training
phase (days 1-5), mice were tested four times daily from differ-
ent quadrants. Finding the platform was recorded for up to 60 sec
per trial. If the platform was found within 5 sec, recording
stopped; otherwise, mice were guided to the platform and al-
lowed to stay for 15 sec to reinforce memory. On the test day
(day 6), the platform was removed, and the number of crossings
over the original platform area within 60 sec was recorded. Data
were analyzed using Tracking Master V4.1.0 software.

2.5. Oral glucose tolerance test (OGTT)

After the administration was completed, the mice were fas-
ted for 12 h without water restriction and then orally admin-
istered 1.8 g-kg™* of glucose. Blood samples were collected at dif-
ferent time points of 0, 30, 60 and 120 min to measure blood
glucose. The data were recorded to draw the glucose tolerance
curve and calculate the area under the curve (AUC).

2.6. Hematoxylin eosin (HE) staining

The brain tissue was subjected to fixation, dehydration, em-
bedding, sectioning, and dewaxing. It was stained with hem-
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atoxylin for 3 min and rinsed with distilled water. Subsequently,
differentiation was carried out using 10% hydrochloric acid eth-
anol for 5 sec, and then the sections were re-blued with lithium
carbonate. Eosin staining persisted for 2 min before dehydration
in ethanol and two rounds of xylene-based clearing for 10 min
each. Eventually, the sections were mounted with neutral tree
gum. The pathological features of the hippocampus were ob-
served under a microscope.

2.7. Immunofluorescence (IF)

The brains of mice were fixed in 4% paraformaldehyde
(BL539A, Biosharp,Guangzhou, China) for 24 h and washed with
PBS. Tissue permeabilization was done with 0.3% Triton X-100,
and non-specific binding sites were blocked with 5% fetal bovine
serum(40130ES76,Yeasen,Shanghai,China) at room temperature
for 30 min. After discarding the blocking solution, diluted
primary antibodies, containing Tau (1:200, ab32057, abcam,
USA), SYP (1:800, 17785-1-AP, Proteintech), NeuN (1:500,
26975-1-AP, Proteintech) were added and incubated overnight at
4 °C. Extensive washing was done before adding a fluorescently
labeled secondary antibody, which was incubated at room tem-
perature in the dark for 2 h. After more washes and removing the
secondary antibody working solution, the nuclei were stained
with DAPIL. Immunofluorescence images were captured and ana-
lyzed using Image] software (NIH,Bethesda,MD,USA) to quantify
the mean optical density values.

2.8. Proteomic analysis

The total proteins in mouse brain tissues were extracted and
quantified by the BCA method. After SDS-PAGE electrophoresis,
proteolysis, peptide desalting and quantification, DIA mass spec-
trometry was done. The SpectronautTM18 software built a
mouse protein database, Bioinformatics analysis was conducted
on the cloud platform (cloud.majorbio.com). P values and fold
change (FC) between groups were calculated using R’ t-test func-
tion. Differentially expressed proteins (DEPs) were defined as
those with P < 0.05 and an absolute FC > 1.1. Gene Ontology (GO)
annotation of DEPs was performed from three aspects using the
GO database (http://geneontology.org/). The Kyoto Encyclope-
dia of Genes and Genomes (KEGG) database (https://www.
genome.jp/kegg/) was utilized to analyze metabolic pathways.
The proteomic analysis was by Applied Protein Technology Co.,
Ltd. (Shanghai, China).

2.9. Cell culture

The HT-22 cell line was obtained from Nanjing Shenghang Bi-
otechnology Co., Ltd. (Nanjing, China). The cells were grown in
high-glucose DMEM with 10% FBS, 100 U-mL™" penicillin and 100
pg-mL™" streptomycin at 37 °C in a 5% CO, atmosphere. The cul-
ture medium was changed every 1-2 days, and the passage num-
ber of cells used in all experiments was between 5 and 15.

2.10. MTT assay

The HT-22 cells cultured to the logarithmic growth phase
were digested into cell suspensions and inoculated into 96-well
plates. When the cell density reached 50%-60%, the cells were
preincubated with different concentrations of nuciferine for 4 h,
and then, except for the normal group, all groups were treated
with HG for 24 h to determine the cell viability. Cell viability was
determined by the MTT assay. After the cell treatment, 20 pL of
MTT was added to the cells, and after 4 h of incubation, 150 pL of
DMSO (ST038-500 ml, Beyotime, Shanghai, China) was added to
each well. Finally, the absorbance was measured at a wavelength
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of 570 nm using a microplate reader (BioTek Cytation 1, USA).
2.11. Reactive oxygen species (ROS) staining

HT-22 cells were plated in 6-well plates at a density of 40 x
10* cells per well. After drug treatment, the DCFH-DA probe was
diluted 1:1000 in serum-free DMEM, and 1 mL was added to
each well. The cells were incubated at 37 °C with 5% CO, for 30
min in the dark. Then, the cells were washed twice with serum-
free DMEM to remove the excessive probe. The fluorescence in-
tensity was measured by a microplate reader and analyzed with
Image] software. Green fluorescence intensity indicated the intra-
cellular ROS levels.

2.12. Western blotting

Protein lysates were made with RIPA buffer, and protein con-
centrations were measured by the BCA assay. The proteins were
denatured at 95 °C for 5 min, separated by electrophoresis on a
10% SDS-PAGE gel (BRK0003-125T, ABclonal, Wuhan, China),
and electrotransferred to a PVDF (IPVH00010, MercK Milipore,
Darmstadt, Germany) membrane. The membrane was blocked
with 5% non-fat milk in TBST for 2 h at room temperature and in-
cubated with primary antibodies, including IDE (1:5000,
ab109538, abcam, USA), NEP (1:5000, ab256494, abcam, USA),
Tau (1:1000), p-Tau (1:2000, ab109390, abcam, USA), IRS1
(1:1000, 2382S, CST, USA), p-IRS1 (Ser636/639) (1:1000,
2388S, CST, USA), PI3K (1:1000, 4292S; CST; USA), p-PI3K
(Tyr458) (1:1000, 4228T, CST, USA), AKT (1:1000, 92725, CST,
USA), p-AKT (1:1000, 9271T, CST, USA), IGF-1R (1:1000, 30278,
CST, USA), p-IGF-1R (Tyr1135/1136) (1:1000, 3024S, CST,
USA), IR (1:1000, 3025S, CST, USA), GSK3p (1:1000, AF5016,
Affinity, USA ), p-GSK3p (1:1000, AF3335, Affinity, USA), GAPDH
(1:5000, FD0063, Fudebio, China) overnight at 4 °C. After wash-
ing with 1 x TBST, the membrane was exposed to the secondary
antibody for 1 h at room temperature. Chemiluminescent detec-
tion was done using NcmECL Ultra (AP34L025, LIFE-iLAB, Shang-
hai, China) and visualized with an Amersham ImageQuant 800
system (Cytiva, Marlborough, MA, USA).

2.13. Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted by trizol (M1397141, Yeasen,
China), and 1 pg total RNA was reverse-transcribed into cDNA us-
ing FastKing gDNA Dispelling by Veriti 96-Well Thermal Cycler
PCR (Thermo Fisher, 4375786, USA). RT-PCR was performed
with Super Real Premix Plus (SybrGreen) (FP205, Tiangan,
China) on ABI 7500FastPCR systems (Applied Biosystems, USA).
Finally, results were calculated using the 27**“ method and mRNA
levels were normalized to GAPDH. Primers for RT-PCR are listed
in Table S1.

2.14. Molecular docking

The 3D structure of nuciferine was retrieved from the Pub-
Chem Compound database. The crystal structure of the IR pro-
tein was obtained from the RCSB Protein Data Bank, and the PDB
files were refined using PyMOL 2.50 (Schrodinger, LLC, NY, USA).
Molecular docking simulations were conducted by AutoDock
4.2.6 (Scripps Research, La Jolla, CA, USA), and results with bind-
ing affinities less than -5 k]-mol™ were selected for further ana-
lysis. Finally, the binding mode, interaction sites, and binding en-
ergy of nuciferine with the IR were visualized using PyMOL 2.50.

2.15. Cellular thermal shift assay (CETSA)

HT-22 cells were cultured in 100-mm dishes with high-gluc-
ose DMEM until confluence. After trypsinization, PBS washing,
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and resuspension, the cells underwent three freeze-thaw cycles
(30 sec in liquid nitrogen, then room temperature thaw). The sus-
pension was centrifuged at 15 000 x g for 20 min at 4 °C. Super-
natant was split into two groups (600 pL each): one was treated
with 25 pmol-L™ nuciferine, and the other with DMSO as a con-
trol. Both groups were incubated at room temperature for 4 h.
Samples were aliquoted into six PCR tubes (90 pL each), and sub-
jected to CETSA (40-55 °C, 3 min per step). After heating,
samples were transferred to new tubes, centrifuged at 15 000 x g
for 40 min at 4 °C, after which the supernatants were collected.
These were mixed with loading buffer, heated at 95 °C for 5 min,
and stored at -80 °C.

2.16. siRNA transfection

Before transfection, HT-22 cells were plated in six-well plates
and grown for 24 h at 37 °C with 5% CO,. Transfection was done
using an siRNA transfection reagent kit (Shanghai Biotend Bio-
technology Co., Ltd. (Shanghai, China). IR siRNA and Vehicle
siRNA were from Tsingke Biotechnology Co., Ltd. (Hangzhou,
China). The siRNA sequences are listed in Table S2.

2.17. Statistical analysis

Quantitative data were analyzed using GraphPad Prism 8.0
(GraphPad Software, Inc, USA). Results are expressed as mean *
SEM and presented in graphs. Comparisons between two groups
were performed using a t-test, and one-way ANOVA was used for
multiple-group comparisons. The Bonferroni method was ap-
plied for multiple testing correction; P < 0.05 was considered
statistically significant.

3. Results

3.1. Nuciferine enhanced body weight and mitigated blood glucose
in T2DM mice

As shown in Figs. 1C and 1D, mice fed a HFD for 4 weeks
weighed significantly more than the CON group. After 3 days of
STZ injection, the weight of the HFD/STZ group dropped after
one week. In contrast, mice treated with nuciferine or metformin
had a slower weight decrease and began to gain weight from the
10" week.

As shown in Figs. 1E and 1F, the blood glucose levels of mice
in the HFD/STZ group were much higher than those in the con-
trol group. In contrast, the nuciferine and metformin groups had
lower blood glucose levels from week 5. After 10 weeks of treat-
ment, the blood glucose levels of T2DM mice treated with nucifer-
ine or metformin were significantly lower than the HFD/STZ
group. Meanwhile, the blood glucose of mice in the control group
remained stable.

In the OGTT, all groups of mice reached peak blood glucose
30 min after oral glucose (Fig. 1G). The AUC of the OGTT in each
group of mice treated with HFD/STZ was significantly greater
than that of the CON group, showing impaired glucose tolerance.
After drug treatment, the AUC of OGTT in the Nuci group or the
Met group was significantly reduced compared with the HFD/STZ
group (Fig. 1H). The above results demonstrate that nuciferine
improved weight loss, hypoglycemia and impaired glucose toler-
ance in T2DM mice.

3.2. Nuciferine improved cognitive impairment in T2DM mice
The NOR test was carried out to assess the working memory

of mice (Figs. 2A and 2B). The results showed that the DI and the
frequency of approaches to novel objects in the HFD/STZ group
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was lower than that in the control group. In contrast, nuciferine
or metformin treatment groups showed higher DI (Fig. 2C) and
the frequency of approaches to novel objects (Fig. 2E) compared
with the HFD/STZ group, with no significant difference in aver-
age speed among groups (Fig. 2D). These findings suggested that
nuciferine enhanced cognitive function in HFD/STZ-induced
T2DM mice.

To further confirm that nuciferine enhances learning and
memory capabilities, a mouse model was established by ICV/STZ
and evaluated through the MWM experiment. The results indic-
ated that nuciferine reduced the escape latency (Fig. S1C), expan-
ded the swimming trajectory (Fig. S1D), increased the number of
platform crossings (Fig. S1E), and prolonged the time spent in the
target quadrant (Fig. S1G), with no significant difference in aver-
age speed among groups (Fig. S1F) in ICV/STZ-induced T2DM
mice.

3.3. Nuciferine inhibited glial cell activation, promoted neuronal
survival and increased the synaptic proteins levels in T2DM mice

The glial cell activation can trigger neuroinflammation, and
the resulting neurofunctional damage plays a significant role in
diabetes-related cognitive deficits *. In the DG regions of the hip-
pocampus, the HFD/STZ group exhibited a significantly higher
number of Ibal” microglia and GFAP" astrocytes compared with
the CON group. However, these changes were markedly reduced
following nuciferine treatment (Figs. 2F-2H).

H&E staining was performed to evaluate the impacts of nuci-
ferine on the neuronal damage induced by HFD/STZ. As depicted
in Figs. 3A-3D, neurons in the CON group were intact, featuring
round and full nuclei as well as clear boundaries. However, in the
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HFD/STZ group, the neurons were shrunken and the nuclei were
dark-stained. Notably, nuciferine treatment reduced this neuron-
al damage. Similar improvements were observed in the ICV/STZ
mouse model (Fig. S2).

Next, we further inspected neuronal damage and synaptic
plasticity with NeuN and SYP. Results showed an increase in
NeuN-positive cells after nuciferine treatment in the CA1 region
of the hippocampus (Figs. 3E and 3F). The HFD/STZ group exhib-
ited a significantly lower intensity of SYP in the CA3 region com-
pared to the control group. However, nuciferine treatment effect-
ively attenuated this reduction (Figs. 3E and 3G). These findings
suggested that nuciferine mitigated the impairment of hippocam-
pal neurons in T2DM mice induced by HFD/STZ.

3.4. Nuciferine attenuated Tau hyperphosphorylation and
hanced the expression of Af-degrading enzymes in T2DM mice

en-

During T2DM-induced cognitive impairment, brain patholo-
gical changes resemble the hyperphosphorylated Tau accumula-
tion observed in AD. As expected, nuciferine-treated mice exhib-
ited reduced Tau levels than HFD/STZ mice (Figs. 4A and 4B),
and Tau phosphorylation was also decreased (Figs. 4C and 4F).
We further determined the levels of AB-degrading enzymes (IDE
and NEP) in the hippocampus. Results indicated that nucife-
rine treatment significantly upregulated IDE and NEP expression
in comparison to the HFD/STZ group (Figs. 4C-4E). Similar
effects were observed in the ICV/STZ mouse model, where nuci-
ferine treatment led to a significant increase in IDE and NEP
expression (Figs. S3A and S3B) and a reduction in the hippo-
campal p-Tau/Tau ratio(Fig. S3D) compared with the ICV/STZ
group.
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3.5. The PI3K/AKT signaling pathway played a critical role in the
effect of nuciferine on cognitive impairment in T2DM mice

Through proteomic analysis, we identified 175 significantly
differentially expressed proteins in the Model group compared to
the Control group (93 up-regulated and 82 down-regulated) (Fig.
S4A). In contrast, the Nuci group showed 158 significantly differ-
entially expressed proteins compared to the Model group (75 up-
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regulated and 83 down-regulated), as shown in Fig. S4B. Then,
GO analysis (Fig. S4C) showed that differentially expressed pro-
teins are enriched in protein kinase binding, neuron projection,
signal transduction, intracellular protein transport, signaling re-
ceptor binding, translation. KEGG analysis (Fig. 5A) revealed
these proteins are concentrated in pathways related to Alzhei-
mer’s disease, Type II diabetes mellitus, PI3K/AKT signaling
pathway, insulin signaling pathway and neurotrophin signaling
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pathway. These results emphasized the connection between in-
sulin resistance and cognitive impairment, with the PI3K/AKT
signaling pathway may be a key target for nuciferine’s effect
onT2DM-CL

Furthermore, we analyzed the expression of PI3K/AKT path-
way-related proteins in mouse hippocampal tissue. In the HFD-
STZ model (Figs. 5B-5I), compared to the CON group, the HFD-
STZ group showed significantly reduced IR level, the ratios of p-
IGF-1R/IGF-1R and p-AKT/AKT, while the ratios of p-IRS1/IRS1
and p-PI3K/PI3K, and GSK3p level was significantly increased.
Nuciferine treatment reversed these changes, increasing IR level,
the ratio of p-IGF-1R/IGF-1R and p-AKT/AKT while decreasing
the ratio of p-IRS1/IRS1, p-PI3K/PI3K, and p-GSK3p/GSK3p. The
regulation of the PI3K/AKT pathway by nuciferine was also wit-
nessed in the ICV/STZ mouse model (Fig. S5), where nuciferine
treatment enhanced IR level, the ratios of p-IGF-1R/IGF-1R and
p-PI3K/PI3K as well as downgraded the ratios of p-IRS1/IRS1
and p-AKT/AKT, and GSK3f level compared with the ICV/STZ
group.

3.6. Nuciferine alleviated the toxicity and ROS generation in HG-in-
duced HT-22 cells

To further clarify the improvement effect of nuciferine on
T2DM-CI, we established an in vitro T2DM model by inducing HT-
22 cells with HG. Firstly, we examined the effect of different con-
centrations of nuciferine on the viability of normal HT-22 cells
(Fig. 6A). Within the concentration range of less than 12.5
umol-L™", nuciferine had no significant effect on the viability of HT-
22 cells, confirming this range as safe for subsequent experi-
ments. Next, we explored the effect of different concentrations of
HG on the viability of normal HT-22 cells (Fig. 6B). When the HG
concentration was 50 mg-mL™", the viability of HT-22 cells was
approximately 50%. Thus, we chose HG concentration of 50
mg-mL™" for subsequent modeling experiments. Finally, we as-
sessed nuciferine’s ability to improve HT-22 viability after HG
treatment (Fig. 6C). Nuciferine treatment increased the viability
of HT-22 cells after HG stimulation.

The production of ROS was evaluated by means of DCFH-DA
staining. Compared to the CON group, the HG group exhibited a
significant increase in ROS fluorescence intensity. In contrast,
treatment with both low or high doses of nuciferine reduced ROS
fluorescence intensity in HT-22 cells relative to the HG group
(Figs. 6D and 6E). These outcomes implied that nuciferine safe-
guarded HT-22 cells against oxidative stress caused by HG.
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3.7. Nuciferine conferred neuroprotection via inverting the dysreg-
ulation of the PI3K/AKT signaling pathway in HG-induced HT-22
cells

HG significantly decreased the mRNA levels of IGF-1R, IRS1,
PI3K, and AKT, while enhancing GSK38 mRNA expression. Nuci-
ferine treatment effectively reversed these changes (Figs. 7A-7E).
At the protein level, compared with the CON group, HG downreg-
ulated IR level, and the ratio of p-IGF-1R/IGF-1R, p-PI3K/PI3K,
and p-AKT/AKT, while upregulating the ratio of p-IRS1/IRS1,
GSK3p level and the ratio of p-Tau/Tau. In contrast, nuciferine
treatment restored IR levels and upregulated p-IGF-1R/IGF-1R, p-
PI3K/PI3K, and p-AKT/AKT ratios while downregulating the ra-
tio of p-IRS1/IRS1, GSK3 level and the ratio of p-Tau/Tau in the
Nuci group (Figs. 7F=7N). These findings suggested that nucifer-
ine could alleviate HG-induced toxicity by restoring the PI3K/
AKT signaling pathway.

3.8. Knockdown of IR blocked the neuroprotective effect of nucifer-
ine through PI3K/AKT signaling pathway

To identify the potential targets of nuciferine in activating the
PI3K/AKT signaling pathway. Molecular docking revealed that
nuciferine binded to the IR protein with an affinity of -8.1
kcal-mol™" and forms hydrogen bonds with ASP-1083 and LYS-
1030 residues (Fig. 8A). CETSA experiments further confirmed
that nuciferine enhanceed the thermal stability of IR protein
(Figs. 8B and 8C). Then, we transfected HT-22 cells with IR
siRNA, the results showed that knockdown of IR downregulated
PI3K and AKT expression while upregulating GSK3f in the HG +
Nuci group (Figs. 8D-8H). However, the level of p-Tau was not in-
creased in the HG group after IR knockdown, possibly due to the
regulation of other kinases besides GSK3f (Figs. 8D amd 8I). In
addition, we used IR inhibitor (BMS-754807) and PI3K inhibitor
(LY294002) to confirm that nuciferine regulates via the PI3K/
AKT signaling pathway. In the HG group, GSK3f and p-Tau/Tau
levels increased but reversed upon nuciferine treatment.
However, adding BMS-754807 and LY294002 inhibited nucifer-
ine’s effects on GSK3 and p-Tau/Tau expression (Fig. S6). These
findings indicated that nuciferine exerted neuroprotective effects
by targeting IR to activate PI3K/AKT signaling pathway.

4. Discussion

Nuciferine is a key quality indicator and primary active com-
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ponent of lotus leaves **. The Chinese Pharmacopoeia classified lo-
tus leaf as a food-medicine substance. In TCM, it is characterized
as bitter-astringent and neutral, associated with the liver, spleen,
stomach, and heart meridians *’. Clinical studies have shown that
the TCM containing nuciferine have therapeutic effects in the
treatment, including hyperglycemia, diabetes mellitus and chron-
ic intestinal inflammation *°. Researchers *** employed the LC-
MS/MS content determination method to investigate the pharma-
cokinetic characteristics of nuciferine at different oral doses in
the plasma of SD rats. The absolute bioavailability of nuciferine in
the body was low and dose-independent. The concentration of
nuciferine in brain tissue was nearly equivalent to that in the
plasma, suggesting that nuciferine can penetrate the blood-brain
barrier. Oral administration of nuciferine at doses of 10 and 15
mg-kg™' significantly decreased the expression of lipolysis and the
secretion of very low-density lipoprotein related to a gene in
hamsters induced by a HFD *°. When nuciferine was orally admin-
istered at 0.06% and 0.12% W/W, the hepatic levels of trigly-
ceride and low-density lipoprotein cholesterol were reduced.
Specifically, they were approximately 55% and 40% lower re-
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spectively compared to those in HFD/STZ-induced T2DMmice *’.
In gestational diabetes mellitus mice, nuciferine can reduce lipid
accumulation in the liver and increase the contents of hepatic gly-
cogen and placental glycogen *'.Therefore, oral administration of
nuciferine has hypoglycemic effects and can pass through the
BBB.

T2DM-CI is a chronic complication of T2DM with complex
pathogenesis. Single-target chemical drugs frequently exhibit lim-
itations, including inadequate safety, restricted functionality, and
suboptimal efficacy. Consequently, developing multi-target drugs
from natural resources is essential for managing T2DM-CI. In this
study, the therapeutic effects and underlying mechanisms of nu-
ciferine in mitigating on T2DM-CI were comprehensively valid-
ated through in vivo experiments using HFD/STZ and ICV/STZ
mouse models, as well as in vitro experiment using HG-induced
HT-22 cell model. The combination of HFD and multiple low-dose
intraperitoneal STZ injections partially impairs S-cell function,
mimicking the insulin secretion defect and hyperglycemia of
T2DM, and indirectly damages hippocampal neurons and cognit-
ive function *. This combined induction method has certain ad-
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vantages in simulating hyperglycemia and insulin resistance, but
its main limitation lies in the fact that it cannot fully replicate the
natural course of human diabetes. There are differences in patho-
logical mechanisms and complications *. But a recent study has
also pointed out that ** the combination of a HFD and the admin-
istration of 200 mg-kg™ STZ via a micro-pump has established a
reproducible in vivo mouse model of T2D, which replicates sever-
al key pathophysiological changes seen in human T2D patients.
And intracerebroventricular injection of STZ directly disrupts
central insulin signal transduction **, leading to decreased syn-
aptic plasticity, excessive phosphorylation of Tau protein,
thereby simulating AD-like pathology *°. Both insulin resistance
and cognitive impairment are observed in these two models. In
this study, we established two mouse models, HFD-STZ and ICV-
STZ, to investigate the protective effects of nuciferine. Metformin
is the most commonly used oral hypoglycemic drug for T2DM, en-
hancing insulin sensitivity and glucose uptake *’. It also slows
neurodegeneration and reduces T2DM-related cognitive dysfunc-
tion ***’. Due to its effects on peripheral insulin resistance and
neuroprotection, metformin served as the positive control in the
HFD-STZ mouse model. Donepezil, an acetylcholinesterase
(AChE) inhibitor effective for mild to moderate cognitive impair-
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men *', was used as the positive control in the ICV-STZ model.
Results showed that HFD-STZ mice exhibited weight loss, elev-
ated blood glucose levels and impaired glucose tolerance. After
nuciferine intervention, their weight stabilized, blood glucose sig-
nificantly decreased and improved glucose tolerance. MWM and
NOR tests revealed learning and memory deficits in both model
groups, which were ameliorated after nuciferine treatment, as
evidenced by shorter escape latency, increased platform cross-
ings, and enhanced DI. HE staining showed that nuciferine in-
creased the neuronal survival in model mice. Immunofluores-
cence analysis demonstrated nuciferine restored synaptic injury
and reduced glial cell activation. Western blot and immunofluor-
escence showed elevated Tau and p-Tau protein levels in model
mice, which were reduced by nuciferine. Thus, these findings in-
dicated that nuciferine exerted protective effects against T2DM-
CI by ameliorating insulin resistance, regulating blood glucose
levels, enhancing cognitive function, reducing inflammatory re-
sponse, attenuating hippocampal damage and Tau protein phos-
phorylation.

To further investigate the mechanisms underlying nucifer-
ine’s amelioration of T2DM-CI, we performed proteomic analysis
on mouse hippocampal tissues. 158 differentially expressed pro-
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Fig. 7 Nuciferine provided neuroprotection by reversing the dysregulation of the PI3K/AKT signaling pathway in HG-induced HT-22 cells. (A-E) The mRNA levels of IGF-
1R, IRS1, PI3K, AKT, and GSK3[8 were detected by RT-qPCR analysis in HT-22 cells. (G and H) IR, p-IGF-1R, IGF-1R, p-IRS1, IRS1, p-PI3K, PI3K, p-AKT, AKT, GSK3@, p-Tau and
Tau were detected by Western blot analysis in HT-22 cells. Quantitative analysis of IR (I) and the ratios of p-IGF-1R/IGF-1R (J) as well as p-IRS1/IRS1 (K) in panel (G).
Quantitative analysis for the ratios of p-PI3K/PI3K (L) , p-AKT/AKT (M), as well as GSK3p (N), and the ratio of p-Tau/Tau (F) in panel (H). Data were expressed as mean *

SEM (n=3). P<0.05, "P<0.01, "P<0.001; ns: no significance.

teins between the nuciferine and model groups were identified.
GO analysis and KEGG analysis revealed the connection between
insulin resistance and cognitive impairment, and the PI3K/AKT
signaling pathway was significantly enriched, indicating its po-
tential as a critical target for nuciferine to improve T2DM-CI. The
PI3K/AKT signaling pathway is one of the primary pathways in-
volved in insulin signaling. In insulin resistance, the activity of the
PI3K/AKT pathway is significantly reduced **. Upon binding of in-
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sulin or insulin-like growth factor (IGF) to their receptors, IR and
insulin-like growth factor-1 receptor (IGF-1R), tyrosine Kkinase is
activated, leading to the phosphorylation of IRS1. Phosphory-
lated IRS1 regulates processes such as glucose metabolism, neur-
onal maturation, and synapse formation ****. As a core down-
stream pathway of IRS1, PI3K/AKT is activated by the phos-
phorylation of IRS1, and further activating AKT *. Activated AKT
promotes glucose metabolism and stabilizing Tau protein phos-
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Fig. 8 Knockdown of IR blocked the neuroprotective effect of nuciferine through PI3K/AKT signaling pathway. (A) The optimal conformation of molecular docking between
nuciferine and IR (PDB ID: 3BU6). The figure in the right box is an enlarged version of the structure presented on the left. (B and C) HT-22 cells incubated with or without
nuciferine (25 pmol-L™) for 4 h were subjected to CETSA assay. (D) Western blot analysis was employed to detect IR and its downstream major targets PI3K/AKT/GSK38
and p-Tau in HT-22 cells treated with IR-siRNA or vehicle-siRNA. Quantitative analysis of IR (E), PI3K (F), AKT (G), GSK38 (H), and p-Tau (I) is presented as shown in (D).
Data were expressed as mean + SEM (n = 3). P < 0.05, P < 0.001, and ns: no significance.

phorylation by inhibiting GSK3p activity *°. Previous studies have
demonstrated that the PI3K/AKT signaling pathway is involved
in the pathological process of AD by regulating the phosphoryla-
tion of Tau protein and reducing the deposition ofAp ",
Besides, some studies collectively indicate the therapeutic poten-
tial of natural compounds in ameliorating AD by targeting the
PI3K/AKT signaling pathway and addressing insulin resista-
nce 36, 50, 51.

The present study confirmed that nuciferine improved cog-
nitive function and insulin resistance via modulation of the
IR/IRS1/PI3K/AKT/GSK3pB signaling pathway in the HFD-STZ
model or ICV-STZ model. In HT-22 cell model, nuciferine mitig-
ated HG-induced reductions in cell viability. Furthermore, nuci-
ferine reduced oxidative stress, Tau phosphorylation and allevi-
ated cognitive impairment through modulation of the PI3K/AKT
pathway at both gene and protein levels. To investigate the po-
tential targets of nuciferine in activating the PI3K/AKT signaling
pathway, we utilized the PDBbind+ database and identified the IR
protein as a key target. Molecular docking (binding energy: -8.1
kcal-mol™) and CETSA confirmed the excellent binding activity of
nuciferine with IR protein. Besides, after IR was knocked down in
HT-22 cells, the down-regulation of PI3K and AKT expression and
the up-regulation of GSK3f expression induced by HG could not
be reversed by nuciferine. IR inhibitor (BMS-754807) and PI3K
inhibitor (LY294002) also blocked nuciferine-mediated regula-
tion of the PI3K/AKT signaling pathway.

Most existing studies have focused separately on the meta-
bolic or neurological effects of nuciferine, without integrating
both aspects or identifying its specific target and mechanism in
T2DM-CI. This study’s innovation is mainly reflected in two as-
pects: first, nuciferine directly binds to IR and acts through this
key target, filling a gap in its mechanism within the insulin signal-
ing pathway. Second, by simultaneously using HFD-STZ (model-
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ing peripheral insulin resistance and hyperglycemia-induced
T2DM-CI) and ICV-STZ (modeling central insulin signaling de-
fects) animal models, along with a HG-induced HT-22 cell model,
the therapeutic effects of nuciferine on T2DM-CI were validated
across in vivo and in vitro, overcoming the limitations of single-
model studies and enhancing the comprehensiveness and reliab-
ility of the findings. Based on the finding that nuciferine im-
proves cognition in the ICV-STZ model (without peripheral hy-
perglycemia), its glucose-independent neuroprotective effects
were investigated, including direct inhibition of neuroinflamma-
tion (reducing activation of Ibal” microglia and GFAP" astrocy-
tes), suppression of Tau hyperphosphorylation (via the IR/PI3K/
AKT/GSK3p pathway). These effects are independent of glucose
regulation and reflect a direct neuroprotective mechanism
through which nuciferine exerts its therapeutic effects on cognit-
ive impairment.

In addition, nuciferine reduces Tau phosphorylation by in-
hibiting GSK3p activity and up-regulating the expression of Af-
degrading enzymes (IDE, NEP). In light of the core pathological
features of abnormal Tau and AB deposition in the brains of AD
patients, we will further study the role of nuciferine in regulating
Tau and AB metabolism in AD transgenic animal models.

5. Conclusion

In conclusion, these experimental findings indicate that nuci-
ferine activates the PI3K/AKT signaling pathway by targeting IR,
thereby improving insulin resistance and attenuating the pro-
gression of T2DM-CI (Fig. 9).

Supporting information

Supporting information of this paper can be requested by
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Fig. 9 The mechanism diagram of nuciferine in ameliorating T2DM-induced cognitive impairment. Insulin resistance in brain is an important factor in inducing cognitive
impairment. Nuciferine acts directly on IR, activates P13K/AKT pathway, inhibits GSK3p activity, reduces the production of phosphorylated Tau protein, inhibites glial cell
activation, promotes neuronal survival, increases the synaptic proteins levels, improves insulin resistance, and cognitive impairment.
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