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Cadmium (Cd), a neurotoxic metal, is associated with the development of neurological disorders. This study
investigated the neuroprotective effects of Luteolin against Cd-induced toxicity in cultured cells and mouse
models. Our findings demonstrate that Luteolin protects hippocampal neurons from Cd toxicity and mitigates Cd-
triggered inflammatory responses in microglial BV2 cells. In Cd-exposed mice, symptoms such as weight loss,
motor retardation, multi-organ damage, and cognitive deficits were observed. Remarkably, Luteolin treatment
reversed these effects, repaired organ damage, and restored learning and memory abilities. Mechanistically, Cd
toxicity induced significant upregulation of pro-inflammatory factors and neuroinflammation in the hippo-
campus and prefrontal cortex, including elevated glial cell markers (IBA1, GFAP, and CD68) and reduced
neuronal marker MAP2. Luteolin counteracted these adverse effects by inhibiting the Notch1/Hes1 inflammatory
signaling axis and restoring the BDNF-TrkB/AKT1 signaling axis, thereby promoting neuronal survival. These
results highlight the potential of Luteolin as a natural neuroprotective agent against Cd-induced neurotoxicity,

offering a promising therapeutic strategy for mitigating Cd-related neurological damage.

1. Introduction

Cd ranks seventh among the 275 new toxic substances identified by
the Agency for Toxic Substances and Disease Registry in 2022, high-
lighting its significance as a major environmental pollutant [1]. Cd ac-
cumulates in the human body through industrial and domestic pollution
and can cross the blood-brain barrier (BBB), leading to systemic
dysfunction, including damage to the central nervous system (CNS)
[2,3]. As a critical environmental risk factor, Cd exposure has been
linked to various neurological disorders, such as depression, Alzheimer’s
disease (AD), Parkinson’s disease (PD), and schizophrenia [4-8]. The

neurotoxicity of Cd manifests through its ability to disrupt mitochon-
drial activity, impair synaptic function, and alter neurotransmitter
release, calcium homeostasis, and cognitive processes [9]. Although
previous studies have implicated inflammation, oxidative stress, and
neuronal apoptosis in Cd-induced neurotoxicity, the precise mechanisms
remain poorly understood [10-12]. Especially, the role of Cd in the
progression of neurodegenerative diseases is not fully elucidated.
Additionally, there is a lack of research on natural products capable of
mitigating Cd toxicity, and no effective treatments currently exist for
metal-induced neurotoxicity or related neurological disorders. There-
fore, further investigation is needed to evaluate Cd-induced neuronal
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Table 1
Primers used RT-PCR.
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Gene Gene Sense (5'-3") Anti-sense (5'-3")

D symbol

21,926 Tnf CTATGGCCCAGACCCTCACA TCTTGACGGCAGAGAGGAGG
16,193 16 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA
16,176 I1b GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
18,126 Nos2 GAATCTTGGAGCGAGTTGTGGA GTGAGGGCTTGGCTGAGTGAG
16,153 1o GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
11,461 Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

toxicity and its underlying mechanisms.

Natural active compounds represent a promising avenue for devel-
oping therapies against neurodegenerative diseases [13,14]. In our
previous studies, we found that natural product molecules such as
Paeoniflorin and Salidroside, exhibit significant anti-Cd neurotoxicity
effects and can reverse Cd-induced learning and memory deficits in
experimental mice [15,16]. Luteolin, a naturally occurring
tetrahydroxy-flavone found in broccoli, carrots, and cauliflower, pos-
sesses diverse pharmacological properties, including antiviral, antioxi-
dant, and anti-inflammatory activities [17-21]. Recent studies
demonstrated that Luteolin protects SH-SY5Y cells from zinc-induced
apoptosis, regulates redox imbalance, and inhibits copper-induced
apoptosis mediated by the Caspase family [22-24]. Moreover, Luteo-
lin, with its 5,7-dihydroxychroman-4-one backbone, enhances StAR
expression, thereby promoting testosterone production in testicular
Leydig cells [25]. It also ameliorates cognitive deficits and mitigates Af-
induced oxidative stress, mitochondrial dysfunction, and neuronal
apoptosis in 3xTg-AD mice [26]. These findings suggest Luteolin may
exert neuroprotective effects and counteract Cd-induced toxicity.

In this study, we employed a mouse model of Cd toxicity and an in
vitro cellular model, as previously described [16,27,28]. We investi-
gated the neuroprotective effects of Luteolin on Cd-exposed cultured
cells and mice, focusing on its ability to attenuate Cd toxicity, enhance
cell survival, and ameliorate behavioral abnormalities and pathological
changes in mice. Additionally, we explored the underlying molecular
mechanisms of Luteolin’s protective actions.

2. Materials and method
2.1. Cells and chemicals

Rat hippocampal neurons were prepared as previously described
[29,30]. Luteolin (#SM2045, Beyotime Biotechnology) was dissolved in
dimethyl sulfoxide (DMSO) to prepare a 20 mM stock solution.
LY294002 (#S1737-5 mg, Beyotime Bio-Tech Co., Ltd., Shanghai), a
PI3K inhibitor, was used at a concentration of 10 pM. Z-DEVD-FMK
(#120030, Solarbio Science & Technology Co., Ltd., Beijing), a Caspase-
3 inhibitor, was used at 0.4 pM. Mouse microglia BV2 cells were cultured
in DMEM medium supplemented with 10 % fetal bovine serum (FBS),
100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °Cin a5 % CO»
atmosphere, as previously described [31], mouse microglia BV2 cells
were cultured in DMEM medium containing 10 % FBS, penicillin 100 U/
mL, and streptomycin 100 pg/mL at 37 °C and 5 % CO». Cells were
passaged every 2-3 days, and log-phase cells were used for experiments.

2.2. Immunofluorescence imaging in cultured cells

Immunofluorescence imaging was performed as previously estab-
lished [15]. Neurons or BV2 cells were fixed with 4 % paraformaldehyde
for 15 min, permeabilized with 0.2 % Triton X-100 for 10 min, and
blocked with 10 % FBS in PBS to prevent non-specific binding. Cells
were then incubated with primary antibodies against MAP2 (#17490-1-
AP, Proteintech) or IBA1 (#019-19,741, Wako), followed by Alexa
Fluor 594-conjugated secondary antibodies. Nuclei were counterstained
with DAPI (#D9542, Sigma-Aldrich), and images were acquired using a

Leica TCS SP8 confocal microscope.
2.3. Cell viability assay and ATP measurements

Cell Viability Assay: Cells seeded in 96-well plates were treated with
the indicated drugs, followed by incubation with 10 pL of WST-1 solu-
tion (#CO0035, Beyotime Biotechnology) for 2 h. Absorbance was
measured at 450 nm, and results were normalized to the control group.

ATP Measurements: Cells were lysed with lysis buffer (#BC0305,
SolarBio Life Sciences; 1 mL per 5 x 10° cells) and centrifuged at 10,000
x g for 10 min at 4 °C. The supernatant was collected, mixed with 500 pL
of chloroform, and vortexed thoroughly. After centrifugation at 10,000
x g for 3 min at 4 °C, the supernatant was collected and kept on ice for
ATP measurement. Absorbance was measured at 340 nm, and relative
ATP levels were normalized to the control group.

2.4. Western blotting of cellular samples

After treatment, proteins were extracted from hippocampal neurons
and quantified using a BCA kit (#PC0020, Solarbio Life Sciences). Equal
amounts of proteins were separated by 10 % SDS-PAGE and transferred
to nitrocellulose membranes. Membranes were blocked with 5 %
skimmed milk for 1 h, washed three times with TBST, and incubated
overnight at 4 °C with the following primary antibodies: (BDNF,
#ab108319, abcam; AKT1, #AF0045, Beyotime Biotechnology;
Phospho-AKT1 (Ser473), #AF1546, Beyotime Biotechnology; Cleaved-
Caspase 3, #9664, Cell Signaling Technology; Bcl2, #bs-0032R, Bioss;
Beta-actin, #AF0003, Beyotime Biotechnology). After incubation with
secondary antibodies, protein bands were visualized using a chem-
iluminescence imaging system (Odyssey CLX). Band intensities were
quantified using optical density analysis and normalized to Beta-actin.

2.5. RT-PCR of genes in BV2 cells

Total RNA was extracted using Trizol reagent (#15596026, Invi-
trogen) and 1.0 pug of RNA was reverse transcribed in to cDNA using the
EasyQuick RT MasterMix Kit (#CW 2019 M, Cowin Bio.) The cDNA was
diluted 1:10 with DEPC-treated water. Quantitative PCR was performed
in a 10 pL reaction using the Light Cycler 96 Real-Time PCR System
(Roche) with 2x RealStar Green Fast Mixture (#¥A301-05, GenStar) and
primers listed in Table 1. Each template was run in triplicate, and five
biological replicates were analyzed. Relative gene expression changes
were calculated using the 2°(-AACt) method.

2.6. Animal

C57BL/6 J male mice (8 weeks old, n = 40) were obtained from
Charles River Laboratories (Beijing). The animals were randomly
divided into four groups (n = 10 per group): Control, CdCl, (2 mg/kg
body weight), CdCl, (2 mg/kg) + Luteolin (50 mg/kg), and Luteolin (50
mg/kg) [32,33]. CdCl> was administered via intraperitoneal injection
every two days for 42 days, while the control group received saline.
Luteolin was dissolved in dimethyl sulfoxide (DMSO) to prepare a 100
mg/mL stock solution, which was then diluted in saline to a final con-
centration of 5 mg/mL. The solution was administered by oral gavage at
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~0.2 mL per mouse, adjusted for body weight. All animal procedures
were conducted in accordance with the National Institutes of Health
Laboratory Animal Care and Use Guidelines (NIH Publication No.
80-23) and approved by the Ethics Committee of Animal Care and Use at
Minzu University of China (ECMUC2021006AA).

2.7. Behavioral experiments

Morris water maze (MWM) test: The MWN test was performed to
evaluate cognitive ability as previously described [34,35]. The test
consisted of two phases over 7 days. (1) Acquisition training (Days 1-6):
Mice were trained to locate a hidden platform (10 cm in diameter)
submerged 1 cm below the water surface in a circular pool (110 cm in
diameter, 50 cm in height). Each mouse was allowed 60 s to find the
platform. If unsuccessful, the mouse was guided to the platform and
allowed to remain there for 15 s to reinforce spatial memory. (2) Probe
test (Day 7): The platform was removed, and mice were allowed to swim
freely for 60 s. The time spent in the target quadrant, distance traveled,
and latency to cross the former platform location were recorded using a
video tracking system (Taimeng WMT-100).

The Y-Maze test was used to assess exploratory behavior and spatial
memory [36]. The maze consisted of three arms (30 cm x 6 cm x 15 cm)
arranged at 120° angles. Mice were placed at the end of one arm and
allowed to explore freely for 10 min. An entry was recorded when all
four limbs entered an arm. A correct alternation was defined as entering
a new arm different from the previous two. The total number of arm
entries and spontaneous alternations were calculated.

The forced swim test (FST) was conducted to evaluate depression-
like behavior [37]. Mice were placed in a cylindrical tank (10 cm in
diameter, 38 cm in height) filled with water (25 + 1 °C, 25 cm deep) and
allowed to swim for 6 min. The first minute was excluded for acclima-
tization, and immobility time during the remaining 5 min was recorded
using Taimeng FST-100 software. The pole test was performed to assess
motor coordination and bradykinesia as previously described [38].

The Wire-Hang test evaluated grip strength, endurance, and motor
coordination [39]. Mice were placed on a horizontal wire, and the time
until they fell was recorded. Scoring was based on hindlimb engage-
ment: 3 points (both hindlimbs hooked), 2 points (one hindlimb
hooked), or 1 point (no hindlimbs hooked). Hanging time was scored as
follows: 0—4 s (0 points), 5-9 s (1 point), 10-14 s (2 points), 15-19 s (3
points), 20-24 s (4 points), 25-29 s (5 points), or > 30 s (6 points).

The Open Field Test (OFT) was used to measure locomotor activity
and anxiety-like behavior [40]. Mice were placed in a square arena (60
cm x 60 cm x 25 cm) with a central zone (30 ecm x 30 c¢m) and allowed
to explore for 10 min. The time spent and distances traveled in the
central zone were recorded using video tracking software.

2.8. LDH activity assay

Lactate dehydrogenase (LDH) activity in mouse serum and hippo-
campal tissue was measured using a commercial kit (#BC5280, Solarbio
Life Sciences). Serum was used directly, while tissues were homogenized
in lysis buffer (0.1 g tissue per 1 mL buffer). Absorbance was measured
at 450 nm, and LDH activity was calculated based on a standard curve.

2.9. Assay of oxidative stress and inflammatory cytokines

Oxidative stress markers in the prefrontal cortex were measured
using the following kits as described [31]. Superoxide dismutase (SOD)
assay kit (#A001-3-2), Catalase (CAT) assay kit (#A007-1-1), and
Malondialdehyde (MDA) assay Kit (#A003-1-2) were from Nanjing
Jiancheng Bioengineering Institute.

Inflammatory cytokines (TNF, IL-1B, IL-6, and IL-10) in the pre-
frontal cortex were quantified using ELISA kits (#H052-1-1, #H002-1-
2, #HO007-1-1, and #HO009-1-2, respectively, Nanjing Jiancheng
Bioengineering Institute.
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2.10. RT-PCR of genes in brain tissues

Total RNA was extracted from hippocampal tissue using Trizol re-
agent (#15596026, Invitrogen) and reverse-transcribed into cDNA as
described in Section 2.5 [15]. Quantitative PCR was performed using
primers listed in Table 1.

2.11. Hematoxylin-eosin (H&E) staining

Animal handling and tissue section staining were performed as pre-
viously described [15]. Briefly, mice were anesthetized with isoflurane,
and blood samples were collected from the ocular vein to isolate serum.
The thoracic and abdominal cavities were opened, and saline perfusion
was performed through the left ventricle to remove residual blood.
Tissues were then harvested. For immunofluorescence (IF) and immu-
nohistochemistry (IHC), tissues were immediately immersed in 4 %
paraformaldehyde and fixed for 24 h. For RT-PCR and Western blotting
analysis, tissues were snap-frozen and stored at —80 °C. Tissue sections
of the liver, kidney, and testis were stained using an H&E staining kit
(#G1003, Servicebio) following the manufacturer’s protocol.

2.12. Immunofluorescence imaging in brain tissues

Prefrontal cortex (PFC) and hippocampus (HIP) sections were fixed,
dehydrated, and blocked with 5 % goat serum (#SL038, Solarbio) and
0.4 % Triton X-100. Sections were incubated overnight at 4 °C with
primary antibodies (MAP2, #17490-1-AP, Proteintech; GFAP,
#16825-1-AP, Proteintech; IBA1, #019-19,741, Wako; CD68,
#ab53444, Abcam), followed by secondary antibodies. Images were
acquired using a Leica TCS SP8 confocal microscope. Fluorescence in-
tensity, microglia branch length, and branching points were analyzed
using Image J software.

2.13. Immunohistochemistry (IHC)

IHC was performed on PFC and HIP sections as previously described
[41]. Antibodies included MAP2 (#17490-1-AP, Proteintech), GFAP
(#16825-1-AP, Proteintech), TNF (#AF8208, Beyotime Biotechnology),
and IBA1 (1:100, #019-19,741). Positive cells were quantified using
Image Pro Plus 6.0 software (Media Cybernetics, Inc.)

2.14. Western blotting of tissue samples

Hippocampal proteins were extracted, quantified using a BCA kit
(#PC0020, Solarbio Life Sciences), and subjected to Western blotting as
described in Section 2.4 [15]. Primary antibodies included MAP2
(#17490-1-AP), IBA1 (#10904-1-AP), RBPJ (#14613-1-AP), and GFAP
(#16825-1-AP) were from Proteintech; TrkB (#4603) from Cell
Signaling Technology; Phospho-TrkB (Tyr817) (#AF1963), Notchl
(NTM) (#AF5249), Hesl (#AF2167), and NF-kB p65 (#AF0246) from
Beyotime Biotechnology; NF-kB p65 (phosphor Ser536) (#BD-PP0191)
and COP1 (#BD-PP0477) from Biodragon; and C/EBP beta (#bs-1396R)
from Bioss antibodies.

2.15. Statistical analysis

Data are expressed as Mean + S.E.M. Differences between groups
were analyzed using one-way or two-way ANOVA (for repeated mea-
sures) or the Kruskal-Wallis test for nonparametric data. Significance
was set at *p < 0.05.
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Fig. 1. Luteolin protects cultured neurons and glia cells from Cd-induced toxicity.

(A) Chemical structure of Luteolin. (B) In cultured hippocampal neurons, Cd exposure significantly reduced cell viability in a dose-dependent manner, an effect that
was attenuated by Luteolin in a dose-dependent manner. Cell viability was assessed as described in the Materials and Methods section. (C) Luteolin (20 uM) preserved
the integrity of hippocampal neurons against Cd-induced toxicity. Microscopic images were captured 24 h after treatment. Representative immunofluorescence
images show co-staining with MAP2 (neuronal marker) and DAPI (nuclear stain). Z-DEVD, Z-DEVD-FMK (inhibitor of Caspase-3). LY, LY294002, an inhibitor of PI3K
(10 pM). (D) Luteolin attenuated Cd-induced cell damage, similar to the effect of Z-DEVD-FMK, while LY294002 blocked Luteolin’s protective effect. Cell counts were
based on MAP2 staining, and cell viability was assayed. (E) Representative Western blotting images show protein levels of BDNF, p-AKT1, AKT1, Bcl2, Cleaved-
Caspase 3 and Beta-actin in hippocampal neurons. (F) Luteolin inhibited Cd-induced cell death and activation of BV2 microglial cells. Representative immunoflu-
orescence images show co-staining with IBA1 (microglial marker) and DAPI. (G) Cell viability was measured and the activated BV2 cells exhibited larger cell bodies
and occasionally multiple nuclei. ATP levels were quantified using an ATP assay kit. (H) RT-PCR analysis revealed mRNA levels of inflammatory factors (Tnf, Il1b, Il6
and Nos2) in BV2 cells. Statistical significance was determined by one-way ANOVA followed by Dunnett’s multiple comparisons test. *, p < 0.05; **, p < 0.01; ***, p
< 0.001; **** p < 0.0001; n.s, not significant.
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Fig. 2. Luteolin restored Cd-induced AD-like and depressive-like behaviors in mice.

(A) Timeline of animal experimental procedures. (B) Appearance of a wild-type mice (control group), Cd mice, Cd + Luteolin mice and Luteolin mice. (C) Body
weight was measured every two weeks. Luteolin prevented Cd-induced weight loss. (D) Urinary protein was assessed with a mouse MAU (Micro albumin urea) kit.
Luteolin reduced the Cd-induced increase in urinary protein. Kruskal-Wallis test; **, p < 0.01. (E) Spontaneous alternations and number of arm entries in the Y-maze
test. Luteolin rescued the reduction in spontaneous alternations caused by Cd. (F) Pole climbing time (average turn time) in the pole test. Luteolin improved the
motor performance of Cd-exposed mice (p = 0.0036). (G) Immobility time and active time in the forced swimming test. Cd-exposed mice exhibited prolonged
immobility, indicating depressive-like behavior, which was ameliorated by Luteolin. (H) Number of grasps by fore and hind limbs in the tail suspension test. Luteolin
improved the performance of Cd-exposed mice. (I) Representative movement trajectories in the open field test. Luteolin enhanced the exploratory behavior of Cd-
exposed mice. (J) Total distance moved, freezing time, and distance moved in the central zone in the open field test. Luteolin restored the impaired performance of
Cd-exposed mice. (K) Representative swim paths and thermal-infrared trajectories/occupancy plots on day 6 of the Morris water maze (MWM) acquisition phase. The
target platform location is marked with a red circle. Luteolin improved the performance of Cd mice in the acquired training part of the MWM test. (L) Escape latency
time of the acquired training (with platform) part of the MWM test were detected. Luteolin improved the learning speed of Cd mice in the acquired training part of the
MWM test. (M) In the probe tracking portion of the MWM test, representative swim paths and thermal-infrared trajectories/occupancy or tract plots of mice were
recorded as in (K) on behavioral day 7, the location of the underwater platform is marked with a red circle to represent the target area. Luteolin improved the
performance of Cd mice in the probe trail part of the MWM test. (N) In the probe trial, the number of platform crossings, total distance traveled, swimming speed, and
time spent in the target quadrant were measured. Luteolin improved the spatial memory of Cd-exposed mice. In this figure, statistical analysis was carried out in C, D,
E, F, G, H, J and N by one-way ANOVA, post hoc Dunnett’s multiple comparison test. Whereas in L, one-way RM ANOVA, post hoc Dunnett’s test was performed. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

3. Results

3.1. Luteolin protects hippocampal neurons and glia cells from cd-induced
toxicity

The protective properties of Luteolin were first investigated in vitro
by incubating cultured mouse hippocampal neurons with Cd at set
concentrations for 24 h, either alone or in combination with Luteolin
(Fig. 1A and B). Cd exposure (1-10 pg/mL) significantly and dose-
dependently reduced hippocampal neuron viability after 24 h. At 3
pg/mL, Cd decreased cell viability to approximately 50 % (p = 0.0015),
a concentration subsequently used for further experiments. Co-
incubation with Luteolin (10-30 pM) dose-dependently attenuated Cd-
induced toxicity and restored cell viability. Notably, Luteolin alone
had no significant effect on cell viability.

Immunofluorescence staining of cultured neurons using an antibody
specific for MAP2, a neuronal marker, revealed that Cd-induced toxicity
impaired neuronal integrity and cell viability (Fig. 1C and D). In
contrast, Luteolin preserved cell viability and maintained neuronal
integrity. The protective effect of Luteolin was comparable to that of Z-
DEVD-FMK (0.4 uM), a Caspase-3 inhibitor, suggesting that Cd-induced
toxicity primarily triggers neuronal apoptosis. However, the protective
effect of Luteolin was blocked by LY294002, a phosphatidylinositol 3
(P13) kinase inhibitor (Fig. 1C and D), indicating that Luteolin’s action
depends on the BDNF-TrkB/AKT1 pathway, which inhibits apoptosis
and promotes neuronal survival. To confirm this mechanism, we
analyzed protein expression levels by Western blotting (Fig. 1E). Cd
toxicity significantly downregulated BDNF, p-AKT1, and Bcl2 (an
endogenous apoptosis inhibitor), while upregulating cleaved-Caspase 3,
the active form of the apoptotic enzyme. Luteolin restored the expres-
sion levels of these proteins, similar to the effect of Caspase 3 inhibitors,
and attenuated Cd-induced toxicity. This restoration was disrupted by
PI3K inhibition, further supporting the role of the BDNF-TrkB/AKT1
signaling axis in Luteolin’s protective effects.

Next, we examined the protective effects of Luteolin on the micro-
glial cell line BV2. Immunofluorescence staining with an antibody
against IBA1, a marker of microglial activation, showed that Cd toxicity
significantly increased IBA1l expression in BV2 cells and induced
morphological changes, including enlarged cell bodies and partial multi-
nucleation (Fig. 1F and G). Luteolin restored IBA1 expression, inhibited
morphological changes, and reduced cell viability and ATP levels,
thereby suppressing BV2 cell activation. RT-PCR analysis revealed that
Cd exposure (1.5 pg/mL) significantly increased the mRNA levels of
inflammatory cytokines, including Tnf (p = 0.0001), Nos2 (p < 0.0001),
I11b (p < 0.0001), and I16 (p < 0.0001), compared to the control group.
Luteolin effectively inhibited the upregulation of these inflammatory
factors (Fig. 1H). In summary, Luteolin protects hippocampal neurons

and glial cells from Cd-induced toxicity by restoring the BDNF-TrkB/
AKT1 signaling axis, inhibiting apoptosis, and suppressing
neuroinflammation.

3.2. Luteolin restored cd-induced cognitive deficits and depressive-like
behaviors in mice

Given Luteolin’s protective effects against Cd-induced toxicity in
vitro, we next evaluated its behavioral effects in vivo. A chronic Cd-
exposed C57BL/6 J mouse model was established by administering 2
mg/kg CdCl; every other day for 6 weeks. Treatment groups included
Cd + Luteolin and Luteolin alone (Fig. 2A). Before sacrifice, photo-
graphs revealed that Cd-exposed mice were significantly smaller than
controls, an effect rescued by Luteolin (Fig. 2B). Body weight mea-
surements confirmed that Cd reduced weight, while Luteolin treatment
mitigated this effect (Fig. 2C). Urine protein assays indicated renal
damage in Cd-exposed mice, which was ameliorated by Luteolin,
whereas Luteolin alone had no effect (Fig. 2D).

Behavioral assessments were performed post-treatment. In the Y-
maze test, Cd-exposed mice exhibited reduced exploration and spatial
memory, while Luteolin restored these abilities to control levels
(Fig. 2E). The pole test revealed impaired motor coordination in Cd-
exposed mice, characterized by frequent falls, but Luteolin improved
their performance (Fig. 2F). In the forced swimming test, Cd-exposed
mice showed prolonged immobility, indicative of depressive-like
behavior, which was reversed by Luteolin (Fig. 2G). Similarly, the tail
suspension test showed reduced limb grasps in Cd-exposed mice, a sign
of depression, which Luteolin alleviated (Fig. 2H). The open field test
further demonstrated that Cd reduced total walking distance and
increased freezing time in the central zone, indicating locomotor inhi-
bition and depressive-like behavior. Luteolin restored these behaviors
(Fig. 2I and J).

In the Morris water maze (MWM) acquisition phase, Cd-exposed
mice exhibited longer escape latencies and more complex paths, but
Luteolin improved their performance (Fig. 2K and L). In the probe trial,
Cd-exposed mice spent less time in the target quadrant, crossed the
platform location fewer times, and swam shorter distances, with no
change in swimming speed. Luteolin restored these deficits, indicating
improved learning and memory (Fig. 2M and N). In summary, Luteolin
alleviated Cd-induced motor, cognitive, and depressive-like behaviors in
mice.

3.3. Luteolin attenuated systemic tissue damage induced by cd in mice

Luteolin’s restoration of behavioral deficits prompted us to investi-
gate its effects on tissue damage. Organ weights revealed that Cd
increased the liver and brain organ indices but decreased the kidney
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Fig. 3. Luteolin attenuated systemic tissue injury induced by Cd in mice.

(A) Organ indices (organ-to-body weight ratios) for liver, brain, and kidney. Cd exposure caused hepatic edema, cerebral edema, and renal atrophy, as indicated by
changes in organ indices. However, Luteolin ameliorated these changes. (B) LDH activity in serum and brain, measured using an LDH assay kit. Luteolin reversed the
Cd-induced increase in LDH activity. (C) Serum levels of antioxidant enzymes (SOD, CAT), total antioxidant capacity (T-AOC), and lipid peroxidation product (MDA),
measured using commercial kits. (D) SOD and CAT enzymatic activities, T-AOC and MDA levels in brain tissue were measured with kits. (E) H & E staining of liver,
kidney and testicular tissues. Luteolin ameliorated Cd-induced tissue damage. (F) Quantification of liver cells and spermatocytes in (E). Arrows indicate pathological
changes in Cd-exposed tissues. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparison test. n.s, not significant; *, p <
0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001.
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Fig. 4. Luteolin protected neurons and astrocytes from Cd-induced toxicity in mice.

(A) Representative immunofluorescence images of neurons and astrocytes in the hippocampal CA and DG regions and in the PFC, using antibodies specific for MAP2
(for neurons) and GFAP (for astrocytes). Cd-induced brain toxicity was manifested by a reduction in MAP2-positive cells and an increase in GFAP-positive cells,
accompanied by morphological alterations. Luteolin significantly attenuated Cd-induced neurotoxicity. (B) Quantitative analysis of the number of MAP2- or GFAP-
positive cells in the hippocampus and PFC, based on the images in (A). (C) Representative IHC images of neurons in the hippocampal CA and DG regions and PFC
using an antibody specific for MAP2. Cd-induced toxicity in the brain was manifested by a decrease in MAP2-positive cells and their morphological changes.
However, Luteolin attenuated Cd-induced neurotoxicity. (D) Representative IHC images of astrocytes in the hippocampal CA and DG regions and PFC using a GFAP-
specific antibody. Cd-induced brain toxicity was marked by an increase in GFAP-positive cells, which was alleviated by Luteolin. (E) Quantification of MAP2- or
GFAP-positive cells based on the images in (C) and (D). In this figure, data are expressed as mean =+ s.e.m. and one-way ANOVA followed by Dunnett’s multiple
comparison tests was performed. n.s, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001.



International Immunopharmacology 152 (2025) 114406

H.-Y. Ma et al.

)
)
- d
i A . e, i o g
< mﬁ % “ £ ; -, 2
< O Q £ “ﬁ %o =
s == 2 m Hi W . H 2 x\0fv i 1\0\ ) M
* 3 X — &A\o S
H H H V) o o 9o o %6 g
EX 0 2a 3
S o000 O O © O o0 © o o 9 =00 HoLES] %, =
S ®~© v ¥ « n S W 3 © ¥ N o 9 m N - o O
wuw/QLx £ Bz o o © o
(;Ww/0Lx) (Wwi/0Lx) (zuw/0LX) ”ﬁ " -x.v\\o@ /A m_wpmm_wcw\_wmmm%xm
S[192 +4N L SI193 +4NL S|192 +4NL mﬁ o) 0»«0 13e|oy
a H r o )
s gg°
H e Hi 2 MmN =
_ ) ﬁ E ﬁ L .\o&o (wryyy8us| youeig
< e o H b e © w
C% ot i O o, o & =4
: ﬁ %, =
H H H \O:Q i P ONx\v
s r T T 1 T T { A\Nv mﬁ O V«O S N - o 9
o v o wnw o O O O O o O O O Hi 0 O
AN~ = ®m & = o I « %, ) S|oAd] uoissaldxa
(;WW/00LX) (;Ww/0Lx) (;WW/00LX) P ) EICEEIMEEN
S|190 +1v4l s|190 +Lv4l S||90 +Lvdl (%) eade 1204
+89Q0/+Lv4l
O L
£ £
= E S
o)
D = =
2
Sk — — °
7 A x © O % N O 9
o (S O S|oAs)| uoissaldxa
o EIERECIMEIEN]
I
A.\woe
N ol N £
g ¢ Y,”
< - 0%
© © o 2
(@) (@] ¥ (%)
0 6]
2
>
[e2] o~ = o mv
S|aAs)| uoissaldxa
QU3 dAlle|9Y
_ H
o 2 i
=] ..m G m H
s S} N
O O ﬁ e
< © ¥ & o &
= S|aAs| uoissaldxa
= EIEFECTMEIEN]
< (@) O




H.-Y. Ma et al.

International Immunopharmacology 152 (2025) 114406

Fig. 5. Luteolin ameliorates Cd-induced microglia activation and inflammation in the mouse brain. (A-B) Representative IHC images of microglia in the
hippocampal CA1 and DG regions as well as in the PFC, using an antibody specific for IBA1 or TNF. Cd-induced toxicity in the brain was manifested by an increase in
IBA1- or TNF- positive cells. However, Luteolin attenuated the Cd-induced microglia activation. (C) Quantification of IBA1- or TNF-positive cells based on the images
in (A) and (B). (D) Representative immunofluorescence (IF) images of microglia using antibodies specific for IBA1 and CD68. Cd toxicity activated microglia, as
evidenced by increased levels of CD68 and IBA1. In contrast, Luteolin attenuated Cd-induced upregulation of CD68 and microglial activation. (E) Microglial acti-
vation was assessed by counting IBA1- or CD68-positive cells and measuring branch lengths and branch points of IBAl-positive cells. (F) Serum levels of pro-
inflammatory factors (TNF, IL-1B, IL-6) and the anti-inflammatory factor IL-10 were measured by ELISA. (G) mRNA levels of pro-inflammatory factors (Tnf, Il1b,
116, 1110 and Nos2) in brain tissue were detected by RT-PCR. In this figure, data are expressed as mean =+ s.e.m. and one-way ANOVA followed by Dunnett’s multiple

comparison tests was performed. n.s, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

index, effects reversed by Luteolin, suggesting it inhibits Cd-induced
liver/brain hyperplasia and kidney atrophy (Fig. 3A). Cd elevated
serum and brain LDH activity, indicating tissue damage, which Luteolin
reduced (Fig. 3B). Cd also decreased total antioxidant capacity (T-AOC)
and antioxidant enzymes (SOD, CAT) while increasing lipid peroxida-
tion (MDA) in serum and brain. Luteolin restored oxidative stress levels
(Fig. 3C and D). H&E staining confirmed Cd-induced tissue damage
(Fig. 3E), as seen in liver congestion, hepatocyte loss, and inflammatory
infiltration; renal tubular swelling and luminal narrowing; and testicular
spermatogonial detachment and reduced spermatocytes. Luteolin
ameliorated these pathologies (Fig. 3E and F). These findings suggest
Luteolin mitigates Cd-induced oxidative stress and tissue damage.

3.4. Luteolin protects neurons and astrocytes from cd-induced toxicity in
vivo

To explore the cellular mechanisms underlying histological changes,
we performed immunofluorescence (IF) and immunohistochemistry
(IHC) staining on the brain sections (Fig. 4). IF results identifying neu-
rons with MAP2 antibody showed that the number of MAP2-positive
neurons was reduced in the CAl (p = 0.0023) and DG (p < 0.0001)
regions of the hippocampus and PFC (p = 0.0003) of Cd-treated mice,
but was recovered in mice co-administered with Luteolin (Fig. 4A and
B). Conversely, GFAP staining revealed increased astrocytes in these
regions, attenuated by Luteolin (Fig. 4A and B). IHC confirmed these
findings, showing decreased MAP2-positive neurons and increased
GFAP-positive astrocytes in Cd-exposed mice, both reversed by Luteolin
(Fig. 4C-4E). Thus, Luteolin maintains normal histology by countering
Cd-induced cellular changes.

3.5. Luteolin ameliorated cd-induced glial activation and inflammation in
mouse brain

IHC staining for IBA1 showed that Cd-intoxication enhanced the cell
number of IBAl-positive microglia in the CA1 and DG regions of the
hippocampus, and in the PFC region, which Luteolin attenuated this
change (Fig. 5A). Correspondingly, TNF-positive cells increased with Cd
exposure but were reduced by Luteolin (p = 0.002) (Fig. 5B-C). For Cd-
induced microglia proliferation and activation, we performed IF staining
of CD68, IF staining for CD68, a marker of microglial phagocytic ac-
tivity, in brain sections of hippocampus and PFC, and revealed increased
IBA1/CD68 double-positive cells with enlarged cell bodies and short
protrusions in Cd-exposed mice. Luteolin restored microglial
morphology and reduced activation (Fig. 5D and E). Consistently, the
inflammatory factors TNF, IL-1B, and IL-6 assayed by ELISA were
increased in serum and brain, while IL-10 (an anti-inflammatory cyto-
kine) was reduced (Fig. 5F). Moreover, gene expression of these in-
flammatory factors as well as Nos2 by RT-PCR confirmed these changes
in brain upon Cd-induced toxicity (Fig. 5G). However, Luteolin restored
these inflammatory and oxidative stress markers (Fig. 5F and G). Thus,
Luteolin mitigates Cd-induced neuroinflammation by inhibiting micro-
glial activation.

3.6. Luteolin restores the Notchl/Hes1 and BDNF-TrkB/AKT1 signaling
axes to mitigate cd toxicity in mice

To elucidate the molecular mechanisms, we examined protein
expression by Western blot. Firstly, we monitored the protein expression
of MAP2, GFAP, and IBA1 in the hippocampus. Cd reduced MAP2 and
increased GFAP and IBA1 in the hippocampus, indicating neuronal loss
and glial activation, which Luteolin reversed (Fig. 6A). We then exam-
ined the protein level of BDNF-TrkB/AKT1 pathways, which regulates
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S St S
S > (IS SRS Sll<EaRS
o2 [ war 15,0 = B =] 5ONF 120, == == = | Notehl (NTMD)
43- ] eta-actin 56— — = = p-AKTI 651 = == == == [NFxB peS
17' Cleaved-Caspase 3 SO-E C/EBP beta
43-\E| Beta-actin 43—|E| Beta-actin

Fig. 6. Luteolin restores the Notchl/Hesl and BDNF-TrkB/AKT1 signaling axes to mitigate Cd-induced toxicity in the hippocampus. (A) Western blot
analysis of MAP2, GFAP, and IBA1 protein levels. (B) Western blot detection of proteins involved in the BDNF-TrkB/AKT1 signaling axis and apoptotic markers Bcl2
and cleaved-Caspase 3. (C) Western blot analysis of proteins in the Notch1/Hesl signaling axis.
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Fig. 7. Schematic illustration of Luteolin’s attenuation of Cd-induced
toxicity by restoring of the Notchl/Hesl and BDNF-TrkB/AKT1 signaling
axes. Cd induces inflammatory activation in glial cells (e.g., microglia and
astrocytes), leading to the release of pro-inflammatory factors, such as TNF, IL-
1B, and IL-6. These factors in turn activate cellular inflammatory and apoptotic
signaling pathways, including Notchl/RBPJ/NF-kB, triggering neuro-
inflammation and neuronal death. Conversely, Luteolin inhibits Cd-induced
toxicity by promoting BDNF-mediated TrkB/AKT1 signaling pathway, thereby
inhibiting inflammation and enhancing neuronal survival.

neuronal survival and inhibits apoptosis. Cd downregulated BDNF, p-
TrkB, p-AKT1, and Bcl2 while upregulating cleaved-Caspase 3, effects
restored by Luteolin (Fig. 6B). Corresponding, the Notchl/Hesl
signaling axis, which mediates neuronal inflammation, was activated by
Cd toxicity, as protein levels of Notch1, Hes1, RBPJ, as well as NF-xB and
its phosphorylated form on Ser536 were increased (Fig. 6C), indicating
that inflammatory responses mediated by NF-kxB pathway, were acti-
vated after Cd toxicity. In addition, COP1, the E3 ubiquitin ligase of C/
EBP beta in protein degradation, was also reduced, which corresponds to
the upregulation of C/EBP beta, a transcriptional regulator of inflam-
matory factors. However, Luteolin treatment restored the expression of
COP1 and C/EBP beta, thereby suppressing inflammation (Fig. 6C). In
conclusion, Luteolin inhibits neuroinflammation by suppressing the
Notchl/Hes1 signaling axis and promotes neuronal survival by restoring
the BDNF-TrkB/AKT1 pathway, thereby mitigating Cd-induced systemic
toxicity (Fig. 7).
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4. Discussion

In this study, we systematically investigated the effects of Cd toxicity
on cultured cells and mouse models, as well as the neuroprotective of
Luteolin against Cd-induced toxicity. In hippocampal neurons and glial
cells, Luteolin demonstrated protective effects against Cd-induced
toxicity by restoring the BDNF-TrkB/AKT1 signaling axis, thereby
inhibiting apoptosis and neuroinflammation (Fig. 1). In mouse models,
Cd toxicity not only caused damage to the brain, liver, kidneys, and
testes (Fig. 2 and Fig. 3) but also significantly impaired motor activity,
learning and memory abilities, and induced depression-like behaviors.
These findings underscore Cd as a critical environmental risk factor for
neurodegenerative diseases such as Alzheimer’s disease (AD). The AD-
like symptoms induced by Cd, including learning and memory impair-
ments, are comparable to those induced by AlCls/Gal [42,43]. Luteolin,
a natural flavonoid, has recently emerged as a promising candidate in
the field of neuroprotection [20,44]. The novelty of this study lies in its
comprehensive exploration of luteolin’s protective effects against Cd-
induced neurotoxicity and the elucidation of its molecular mecha-
nisms through the restoration of the BDNF-TrkB/AKT1 and Notchl/
Hesl signaling axes (Figs. 1 and 6).

The central nervous system (CNS) comprises two main cell types:
neurons and glial cells. Neurons, the fundamental units of the brain and
nervous system, are primarily responsible for neurodegenerative dis-
eases when dysfunctional or lost [45,46]. Glial cells, including microglia
and astrocytes, play a pivotal role in the inflammatory response within
the neuronal system [47,48]. As non-neural cells, glial cells can promote
the proliferation and survival of CNS cells by releasing specific growth
factors, as well as facilitate the death of unwanted cells by secreting
cytotoxins [47]. Conversely, adverse activation of glial cells can exac-
erbate inflammation and influence the onset and progression of neuro-
degenerative diseases, including AD [49]. In this study, we observed that
Cd toxicity induced the proliferation and activation of astrocytes and
microglia, accompanied by neuronal death. Microglia, the primary im-
mune cells in the CNS, are responsible for recognizing and removing
damaged nerves, plaques, and infectious materials, thereby maintaining
CNS homeostasis [50]. However, hyperactivation of microglia can
trigger inflammatory responses through the excessive release of in-
flammatory factors and oxidative substances, leading to neuronal
damage and neurotoxicity [51,52]. Elevated levels of activated micro-
glia and inflammatory factors such as TNF, IL-1B, and IL-6 have been
detected in the brains of APP transgenic mice and AD patients [53].
Thus, Cd toxicity and AD share similar glial and neuronal alterations.
Studies have shown that Cd toxicity activates the Notch1/Hes1 signaling
axis and triggers an inflammatory response, while inhibiting the BDNF-
TrkB/AKT1 signaling axis and impairing neuronal survival. However,
our findings suggest that Luteolin can attenuate Cd-induced neuronal
toxicity and improve mouse behavior through these molecular mecha-
nisms, indicating its potential therapeutic role in neuronal disorders,
including AD and depression.

Indeed, Luteolin has demonstrated significant neuroprotective ef-
fects in various models of neuronal injury and neurodegenerative dis-
eases. In traumatic brain injury models, Luteolin ameliorates secondary
brain injury by reducing oxidative stress, neuronal apoptosis, and
inflammation through the activation of the Nrf2-ARE pathway [54]. In
the context of preventing amyloid-beta deposits and tau tangles, luteolin
may improve brain insulin sensitivity and reduce neuroinflammation
[26]. Additionally, Luteolin protects dopaminergic neurons by inhibit-
ing microglial activation and reducing the production of pro-
inflammatory cytokines [44]. Notably, Luteolin may directly bind to
PPARy (peroxisome proliferator-activated receptor), enhancing its
function, as the deletion of PPARy activity abolishes luteolin’s effects on
AD pathology [26]. Furthermore, Luteolin can interact with NGF
(neuronal growth factor), stimulating NGF-induced neurite outgrowth
and potentiating its receptor signaling [55]. Our study further confirms
that Luteolin enhances the activity of the BDNF-TrkB/AKT1 signaling
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pathway, potentially through direct interaction with NGF, which acti-
vates the TrkB/AKT1 signaling axis, resulting in a positive feedback loop
that promotes BDNF gene expression (Fig. 1E and Fig. 6B).

Despite the promising neuroprotective effects of Luteolin, research in
this area is still in its early stages, and several limitations remain. First,
the metabolic pathways and the form in which Luteolin enters the CNS
are not fully understood. Due to the presence of multiple phenolic hy-
droxyl groups in its molecular structure, Luteolin is highly hydrophilic,
which may limit its ability to directly cross the BBB. Second, the
bioavailability of Luteolin is relatively low, and improving its bioavail-
ability and optimizing its delivery methods are important directions for
future research. Furthermore, the long-term safety and personalized
therapeutic potential of Luteolin require further exploration. Finally,
whether Luteolin’s neuroprotective effects are primarily due to its
antioxidant activity or its direct interaction with cellular targets to
specifically modulate signaling pathways remains to be thoroughly
investigated.

In conclusion, Luteolin, as a potential neuromodulator, holds sig-
nificant promise in neuroprotection and drug development. However,
studies are needed to clarify its molecular mechanisms, metabolic
pathways, and bioavailability, as well as evaluate its long-term safety
and clinical application potential.
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