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Abstract
Background

Chronic cerebral hypoperfusion (CCH) is regarded as a high-risk factor for cognitive decline in vascular
dementia (VaD). We have previously shown that diabetes mellitus (DM) synergistically promotes CCH-
induced cognitive dysfunction via exacerbating neuroin�ammation. Furthermore, curcumin has been
shown to exhibit anti-in�ammatory and neuroprotective activities. However, the effects of curcumin on
CCH-induced cognitive impairments in DM have remained unknown.

Methods

Rats were fed with a high-fat diet (HFD) and injected with low-dose streptozotocin (STZ), followed by
bilateral common carotid artery occlusion (BCCAO), to model DM and CCH in vivo. After BCCAO, curcumin
(50 mg/kg) was administered intraperitoneally every two days for eight weeks to evaluate its therapeutic
effects. Additionally, mouse BV2 microglial cells were exposed to hypoxia and high glucose to model CCH
and DM pathologies in vitro.

Results

Curcumin treatment signi�cantly improved DM/CCH-induced cognitive de�cits and attenuated neuronal
cell death. Molecular analysis revealed that curcumin exerted protective effects via suppressing
neuroin�ammation induced by microglial activation, regulating the triggering receptor expressed on
myeloid cells 2 (TREM2)/toll-like receptor 4 (TLR4)/nuclear factor-κB (NF-κB) pathway, alleviating
apoptosis, and reducing nod-like receptor protein 3 (NLRP3)-dependent pyroptosis.

Conclusions

Taken together, our �ndings suggest that curcumin represents a promising therapy for DM/CCH-induced
cognitive impairments.

Introduction
As the second-leading cause of dementia following Alzheimer’s disease (AD), vascular dementia (VaD) is
characterized by memory decline and cognitive dysfunction[1]. Chronic cerebral hypoperfusion (CCH), a
chronic state of reduced cerebral blood �ow, has been associated with the pathological processes of VaD
resulting from disorders affecting the cerebral vascular system, including hypertension, diabetes,
generalized atherosclerosis, and smoking[2–5]. As a chronic metabolic disease, the prevalence of diabetes
mellitus (DM) has increased worldwide[6]. Notably, epidemiological studies have established an increased
risk of dementia among individuals with DM[7, 8]. Accumulating evidence has also revealed that DM
interacts with CCH to promote the pathophysiological progression of neurodegenerative disorders[9, 10].
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Furthermore, our previous studies have demonstrated that DM synergistically promotes CCH-induced
cognitive dysfunction[11].

At present, the potential mechanisms of CCH-induced VaD are related to hippocampal neuronal injury,
white matter damage, neuroin�ammation, and oxidative stress. Among these factors, neuroin�ammation
has recently received increased attention[12–15]. Neuroin�ammation mainly occurs through the activation
of microglia and subsequent production of neurotoxic pro-in�ammatory cytokines, which further induce
neuronal damage and even neuronal death, resulting in brain damage[16, 17]. A recent study found that in
a rat model of CCH, synaptic plasticity was signi�cantly impaired along with an increase in microglial
activation, thus contributing to cognitive de�cits[18]. A number of signaling molecules, including toll-like
receptor 4 (TLR4)/nuclear factor-κB (NF-κB) and triggering receptor expressed on myeloid cells 2
(TREM2), are essential for modulation of microglial activation and neuroin�ammation. TREM2 is an
important innate immune receptor that is expressed uniquely on microglia in the central nervous system
and participates in down-regulating neuroin�ammation[19]. Consistently, our previous study also
demonstrated that there was an imbalance between microglial TLR4- and TREM2-mediated microglial
polarization and neuroin�ammation in lipopolysaccharide (LPS)-treated BV2 cells[20]. However, the role of
the TREM2/TLR4 pathway in DM/CCH-induced pathologies has remained unclear.

As previously reported, apoptosis is thought to be involved in the occurrence and development of VaD[21–

23]. Some studies have shown that increased activation of mitochondrial apoptotic markers (e.g., caspase
3) leads to destruction of the blood-brain barrier, in�ammation, and oxidative stress, and eventually
results in brain damage[22, 24, 25]. Moreover, pyroptosis, a pro-in�ammatory form of programmed cell
death, also contributes to the pathogeneses of neurodegenerative diseases such as AD and Parkinson’s
disease (PD)[26, 27]. Nod-like receptor protein 3 (NLRP3) in�ammasome is known to contribute to
upstream signaling of pyroptosis[28–30]. After activation, NLRP3 in�ammasome triggers cleavage and
activation of caspase 1, which mediates pyroptosis[28]. However, whether apoptosis and pyroptosis
promote the progression of VaD in DM patients remains unclear.

Curcumin, derived from the rhizome of Curcuma longa Linn, is a bright yellow spice that shows strong
anti-in�ammatory, anti-oxidant, and anti-tumor activities[31, 32]. Many studies have reported
neuroprotective effects of curcumin in neurodegenerative diseases, including AD, PD, and multiple
sclerosis[33–36]. Our previous study has also demonstrated a protective effect of curcumin on LPS-
induced neuroin�ammation in vitro[20]. However, whether curcumin exerts neuroprotective effects on
DM/CCH-induced pathologies has remained unknown.

In the present study, to investigate the protective effects and mechanisms of curcumin, we established an
in-vivo rat model of DM/CCH induced by a high-fat diet (HFD) and streptozotocin (STZ) treatment,
followed by bilateral common carotid artery occlusion (BCCAO). Additionally, we established an in-vitro
model of DM/CCH-induced pathologies in mouse BV2 microglia exposed to hypoxia and high glucose .
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Methods

3.1. Animals
Healthy adult male Sprague-Dawley (SD) rats (six weeks old, 160–180 g) were used in the present study.
Rats were housed under a controlled temperature (23 ± 1 °C) and a 12-h light/dark cycle, and were
provided food and water ad libitum. All experiments were approved by the Institutional Animal Care and
Use Committee of Shanghai Jiao Tong University.

3.2. Rat model of DM and CCH
After one week of acclimatization, the rats were randomly divided into four groups: sham surgery (Sham
group), sham + curcumin (Cur group), DM + two-step BCCAO (DM/CCH group), and DM + BCCAO + 
curcumin (DM/CCH + Cur group) (n = 9 per group). Our DM rat model was established according to the
methods reported in our previous studies[11, 37]. Brie�y, the diabetic rats were fed with a HFD (60% fat,
20% carbohydrate, and 20% protein) while non-diabetic rats were fed with a low-fat diet (LFD) (10% fat,
70% carbohydrate and 20% protein). After six weeks on these feeding regimens, rats fed with a HFD were
intraperitoneally administered with a single dose of STZ (30 mg/kg). One week after the STZ injection,
1.0 mL of blood was collected from the tail vein of each injected rat. Rats were considered diabetic when
their blood glucose reached 16.7 mM one week after injection of STZ. Two weeks after injection of STZ,
rats received sham surgery or two-step BCCAO according to a previously described procedure[38]. Brie�y,
rats were anesthetized by an intraperitoneal injection of chloral hydrate (350 mg/kg) and were then �xed
in a supine position. A midline cervical incision was made, and both the left and the right common carotid
arteries were carefully isolated from the vagus nerve. In the DM/CCH and DM/CCH + Cur groups, the
bilateral common carotid arteries were permanently ligated with #4 surgical thread, and the left common
carotid artery was occluded �rst; then, one week later, the right common carotid artery was occluded. The
Sham and the Cur groups underwent the same surgical procedure without BCCAO. During the surgery,
body temperature was maintained at approximately 37 °C by a heating pad. Of the 18 rats in the BCCAO
groups, two rats (11%) died on the �rst day after operation, which may have been due to excessive
anesthesia and/or surgical injury.

3.3. Curcumin preparation and treatment
Curcumin (0.1 g) was dissolved in 1 mL of dimethylsulfoxide (DMSO) and diluted with 9 mL of oil. In the
Cur and DM/CCH + Cur groups, each rat was intraperitoneally injected with 1.5 mL of curcumin
(50 mg/kg) every two days for eight weeks after BCCAO.

3.4. Morris water maze (MWM)
Spatial learning and memory abilities of all rats were evaluated via the Morris water maze (MWM) at
eight weeks after BCCAO was performed. The MWM was carried out in a large circular black pool with a
diameter of 180 cm and a height of 50 cm, which was �lled with water (24 ± 1 °C). Charcoal-black ink was
added to make the water opaque. The pool was divided into four equal quadrants, and a movable hidden
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platform (10 cm in diameter) was placed 2 cm below the surface in the second quadrant of the MWM.
The MWM included two steps. The �rst step was the place navigation test, which was conducted four
times a day for �ve consecutive days. Each rat was gently placed in the water from a different quadrant
facing the inner wall of the pool. Once within the MWM, rats were allowed to swim for up to 60 s. Once
each rat reached the platform, it was allowed to remain on the platform for 20 s. If the rat failed to �nd
the hidden platform within 60 s, it was gently placed on the platform for 20 s. In each test, the time that
the rat took to reach the hidden platform was recorded as the escape latency. The second step of the
MWM was the spatial probe test, which was performed on the sixth day and included removal of the
hidden platform. During the spatial probe test, each rat was placed in the opposite quadrant to that of the
target quadrant and allowed to swim freely for 60 s. The time spent in the target quadrant, the number of
times crossing the area in which the platform was located previously, and the average swimming speed
were measured.

3.5. Tissue preparation
All rats were sacri�ced after completing the MWM. Brains were perfused with 0.9% cold saline and were
immediately separated into two hemispheres. One of the hemispheres was rapidly frozen in liquid
nitrogen for tissue biochemical analysis, while the other hemisphere was �xed in paraformaldehyde (4%)
at 4 °C for 24 h for histological or immunohistochemical detection.

3.6. Immunostaining
In order to carry out histological analysis, brain tissue sections were dewaxed, rehydrated, and stained
with hematoxylin and eosin (HE, purchased from Servicebio) according to the manufacturer’s
instructions. Light microscopy was used to observe the histomorphology of neurons. For
immuno�uorescent staining, brain slices were incubated with blocking buffer (3% donkey serum, 1% BSA,
and 0.3% Triton X-100 in phosphate-buffered saline [PBS]) at room temperature for 1 h after returning to
room temperature. Then, the sections were incubated with the following primary antibodies overnight at
4 °C: goat anti-Iba1 (1:500, Abcam) and rabbit anti-NeuN (1:500, Abcam). After being washed three times
in PBS, the sections were incubated with secondary antibodies at room temperature for 1 h in the dark.
For labeling cell nuclei, sections were incubated in DAPI and an anti-�uorescent quenching agent after
being washed three times in PBS. The sections were then visualized under an Olympus microscope
(IX53).

3.7. Detection of apoptosis
To examine neuronal apoptosis in the hippocampus, terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) was performed. The TUNEL staining kit was purchased from Beyotime (Shanghai,
China). The sections were �xed in paraformaldehyde and were then subjected to various reagents of the
TUNEL staining kit, according to the manufacturer’s instructions. Images were visualized under an
Olympus microscope (IX53).

3.8. Cell culture and treatments
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Mouse BV2 microglial cells (purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co. Ltd) were
cultured in eagle’s minimum essential medium (EMEM) containing 10% fetal bovine serum and 1%
penicillin/streptomycin at 37 °C with 5% CO2. When treated with high glucose, D-glucose was added to
the conventional medium to yield a �nal concentration of 30 mM in vitro. During hypoxia treatment, the
cells were placed in an O2/N2/CO2 incubator and exposed to 3% O2 for 24 h. The experiments in vitro
consisted of the following four groups: (1) cells that were cultured without any treatment (control group);
(2) cells that were pretreated with curcumin (10 µM) for 2 h under normal culture conditions (Cur group);
(3) cells that were exposed to high glucose (30 mM) for 24 h followed by hypoxia (3% O2) for 24 h
(HG/HP group); and (4) cells that were pretreated with curcumin (10 µM) for 2 h under high glucose
combined with hypoxic conditions as described above (HG/HP + Cur group).

3.9. Cell viability assays
Cell viabilities were determined by cell counting kit 8 (CCK8) assays. Brie�y, BV2 cells were seeded in 96-
well plates at a density of 4,000 cells per well and were exposed to different conditions overnight
according to their designated groups. After incubation with CCK8 reagent (10 µL) for 2 h, the optical
density (OD) within each well was read on a microplate reader at a wavelength of 450 nm.

3.10. Flow cytometry
Cells were cultured in six-well plates and exposed to different conditions according to their designated
groups. The cells were digested with trypsin and were then centrifuged. After being washed three times
with cold PBS, the cells were resuspended with 100 µL of binding buffer. Then, 5 µL of annexin V-FITC
and 5 µL of PI were added to react for 15 min at room temperature in the dark. Then, 400 µL of binding
buffer was added to the cells and mixed softly, and then the cells were subjected to �ow cytometry
(CytoFLEX LX, USA).

3.11. Quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from the brain tissues and cells using an RNAeasy animal RNA isolation kit
(Beyotime, Shanghai, China) according to the manufacturer’s instructions. Isolated RNA was reverse-
transcribed to synthesize cDNA using a cDNA Synthesis kit (Takara, Japan). Then, quantitative real-time
PCR (qRT-PCR) was performed using TB Green Premix Ex Taq II (Tli RNaseH Plus) with an Applied
Biosystems QuantStudio 7 Real-Time PCR System. All primer sequences that we used are listed in
Table 1.

3.12. Western blot analysis
Total proteins were extracted from brain tissues or cells using lysates containing RIPA buffer supplement
with protease and phosphatase inhibitors. The protein concentration of each sample was determined
using bicinchoninic acid (BCA) assays. Then, the proteins were separated by sodium-dodecyl-sulfate
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polyacrylamide gel electrophoresis (SDS-PAGE) and were then electro-transferred onto a polyvinylidene
�uoride (PVDF) membrane. After blocking with 5% milk or BSA, the membrane was incubated at 4 °C
overnight with the following primary antibodies: TREM2, 1:500; TLR4, 1:200; NF-κB, 1:1000; p-NF- κB,
1:1000; Bax, 1:1000; Bcl2, 1:1000; cleaved-caspse3, 1:1000; NLRP3, 1:1000; ASC, 1:1000; caspase1,
1:1000; GSDMD-N, 1:1000; IL-18, 1:1000; and actin, 1:1000. After three washes (for 10 min each) with
TBST buffer, the membrane was incubated with secondary anti-rabbit or anti-mouse antibodies for 1 h at
room temperature. The protein bands were visualized using enhanced chemiluminescence.

3.13. Statistical analysis
Data are expressed as the mean ± standard error of the mean (SEM). Comparisons among different
groups were performed using one-way analysis of variance (ANOVA) with SPSS 22.0. Repeated-measures
multivariate analysis of variance was used to evaluate the results of the MWM. A P < 0.05 was considered
statistically signi�cant.

Results

4.1 Curcumin alleviates DM/CCH-induced impairments in
spatial learning and memory in rats
Eight weeks after BCCAO, the MWM was used to investigate whether curcumin could alleviate DM/CCH-
induced impairments in spatial learning and memory. In the hidden platform test, the DM/CCH group
exhibited a signi�cantly-prolonged escape latency compared to that of the Sham group since the second
day on the MWM, especially on days 4–5 (Fig. 1B). However, curcumin treatment signi�cantly mitigated
the poor spatial learning performance resulting from DM/CCH, whereas curcumin did not induce any
changes in the learning/memory performances of the Sham and Cur groups. In the probe test, the rats in
the DM/CCH group exhibited fewer crossings over the location of the original platform, less time spent in
the target quadrant, and more chaotic trajectories than those of the Sham and Cur groups. However,
curcumin treatment dramatically mitigated these spatial memory impairments caused by DM/CCH
(Fig. 1C, D, and F). There were no differences in the swimming speeds among any of the groups (Fig. 1E).
Taken together, these results indicate that curcumin signi�cantly alleviated DM/CCH-induced
impairments in spatial learning and memory.

4.2 Curcumin attenuates neuronal death in DM/CCH rats
DM/CCH-induced neuronal death in the hippocampus was examined by HE and NeuN staining. HE
staining revealed normal morphologies and clear boundaries of hippocampal neurons in the Sham and
the Cur groups, while the DM/CCH group exhibited abnormal morphologies of shrunken neurons with
dark-stained nuclei, and even missing/lost neurons. Surprisingly, curcumin treatment partially attenuated
such neuronal damage (Fig. 2A). Moreover, curcumin treatment effectively restored the DM/CCH-induced
decreased number of neurons in the CA1, CA3, and dentate gyrus (DG) regions of the hippocampus
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(Fig. 2B). These �ndings suggest that curcumin attenuated DM/CCH-induced neuronal death in the CA1,
CA3, and DG regions of the hippocampus.

4.3 Curcumin inhibits DM/CCH-induced neuroin�ammation
in the rat hippocampus
Previous studies have reported that neuroin�ammation plays a vital role in the pathology of VaD[14, 39–41].
Microglia are resident immune cells within the central nervous system and play an important role in the
initiation and transmission of in�ammatory responses. Thus, we investigated whether curcumin could
suppress DM/CCH-induced microglial activation and production of pro-in�ammatory cytokines. Iba1 was
used to label microglia. As shown in Fig. 3A, activated microglia were rarely detected in the CA1 region of
the hippocampus in the Sham and Cur groups, while the numbers of Iba1-positive cells were increased
dramatically following DM/CCH in the hippocampus. However, curcumin inhibited this DM/CCH-induced
overactivation of microglia, as microglial density was reduced compared to that in the DM/CCH group.
We further detected the expression of pro-in�ammatory (IL-1β, IL-6, TNF-α, iNOS, COX2) and anti-
in�ammatory (Arg-1, IL-4, IL-10) cytokines in each group via qRT-PCR. As shown in Fig. 3B, IL-1β, IL-6, and
TNF-α levels were increased whereas Arg-1, IL-4, and IL-10 levels were decreased in the DM/CCH group
compared with those in the Sham group. However, curcumin treatment signi�cantly reduced this
DM/CCH-induced in�ammatory response, as the levels of pro-in�ammatory cytokines were decreased
while those of anti-in�ammatory cytokines were increased compared to those in the DM/CCH group.
Similarly, our in-vitro model con�rmed that compared with those in the Control group, hypoxia combined
with high glucose markedly increased IL-1β, IL-6, TNF-α, iNOS, and COX2 levels while reducing Arg-1
levels. However, curcumin effectively reversed high-glucose/hypoxia-induced changes in expression
levels of pro-in�ammatory and anti-in�ammatory cytokines (Fig. 3C). Meanwhile, there were no
differences in levels of in�ammatory cytokines between the Sham and Cur groups, either in vivo or in
vitro. These results demonstrate that curcumin inhibited DM/CCH-induced and high-glucose/hypoxia-
induced microglial activation and pro-in�ammatory cytokine production.

4.4 Curcumin regulates TREM2/TLR4/NF-κB signaling in
DM/CCH rats and high-glucose/hypoxia-treated microglia
TLR4 and TREM2 are microglial membrane-bound receptors that play important roles in in�ammatory
signaling pathways[42, 43]. Additionally, NF-κB activation induces the release of pro-in�ammatory
cytokines[44]. Therefore, in our present study, we �rst measured protein levels of TREM2, TLR4, and NF-κB
via Western blotting in vivo. As shown in Fig. 4A and B, the protein levels of TREM2, TLR4, and
phosphorylated NF-κB p65 (p-NF-κB p65) were increased in the DM/CCH group compared with those in
the Sham group. Interestingly, curcumin treatment effectively inhibited TLR4 and p-NF-κB p65 levels,
whereas it further increased TREM2 levels. No signi�cant differences were found in terms of NF-κB p65
levels. Furthermore, our results in vitro were similar to those in vivo. As shown in Fig. 4C and D, the
expression levels of TREM2, TLR4, and p-NF-κB p65 were signi�cantly increased in the high-
glucose/hypoxia-treated group compared with those in the Control group. After curcumin treatment, TLR4
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and p-NF-κB p65 levels were dramatically decreased while TREM2 levels were further increased.
Meanwhile, we also measured mRNA levels of TREM2 and TLR4 both in vivo and in vitro. As shown in
Fig. 4E and F, our results of mRNA levels were consistent with those of protein levels. There were no
differences in the measured mRNA or protein levels between the Sham (Control) and Cur groups.
Therefore, these results suggest that curcumin inhibited neuroin�ammation by regulating the
TREM2/TLR4/NF-κB pathway in both DM/CCH rats in vivo and high-glucose/hypoxia-treated microglia in
vitro.

4.5 Curcumin suppresses apoptosis in DM/CCH rats and
high-glucose/hypoxia-treated microglia
As previously reported, apoptosis is involved in the development of VaD[45, 46]. Hence, we �rst investigated
the levels of apoptosis-related proteins (Bax, Bcl2, and cleaved-caspase3) via Western blotting in vivo. As
shown in Fig. 5A and B, DM/CCH rats exhibited higher levels of Bax and cleaved-caspase3 and lower
levels of Bcl2 compared to those in the Sham group, whereas these changes in protein levels were
reversed by curcumin. Furthermore, our results in vitro were consistent with those in vivo. As shown in
Fig. 5C and D, curcumin effectively reversed high-glucose/hypoxia-induced overexpression of Bax and
cleaved-caspase3 and restored Bcl2 levels in microglia in vitro. Furthermore, qRT-PCR con�rmed that
curcumin reduced the mRNA levels of Bax and cleaved-caspase3 while increasing Bcl2 mRNA levels both
in vivo and in vitro (Fig. 5E and F). In contrast, there were no signi�cant differences in any measured
mRNA or protein levels between the Sham (Control) and Cur groups.

Next, we used TUNEL staining to examine neuronal apoptosis in vivo, and Annexin-FITC/PI double
staining as well as CCK8 assays to examine microglial death in vitro. As shown in Fig. 6A, DM/CCH rats
exhibited a higher number of TUNEL-positive cells in the CA1 region of the hippocampus compared with
that in the Sham group. Strikingly, curcumin treatment signi�cantly reduced the number of TUNEL-
positive cells. Annexing-FITC/PI double staining revealed that curcumin effectively suppressed high-
glucose/hypoxia-induced microglial apoptosis (Fig. 6B and C). Our results also demonstrated that cellular
survival rates were decreased dramatically in response to hypoxia and high glucose, while curcumin
treatment effectively restored cellular viability (Fig. 6D). There were no signi�cant differences in terms of
apoptosis between the Sham (Control) and Cur groups. Taken together, these �ndings suggest that
curcumin suppressed apoptosis following DM/CCH in vivo or high-glucose/hypoxia in vitro.

4.6 Curcumin mitigates NLRP3-dependent pyroptosis in
DM/CCH rats and high-glucose/hypoxia-treated microglia
Accumulating evidence has demonstrated that NLRP3-dependent pyroptosis is involved in the
progression of neurodegenerative diseases[47, 48]. Therefore, Western blotting and qRT-PCR were used to
detect protein and mRNA levels, respectively, of NLRP3, apoptosis-associated speck-like protein
containing a CARD (ASC, which is an adaptor protein connecting pattern-recognition receptors and pro-
caspase1), cleaved-caspase1, cleavage of gasdermin D (GSDMD-N, a protein substrate of caspase1 that
has been identi�ed as an executive molecule in pyroptosis), and IL-18 in vivo and in vitro. As shown in
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Fig. 7A and B, curcumin treatment signi�cantly reduced DM/CCH-induced overexpression of NLRP3, ASC,
cleaved-caspase1, GSDMD-N, and IL-18 proteins. Our results in vitro were similar to those in vivo, as
shown in Fig. 7C and D. The protein levels of microglial NLRP3, ASC, cleaved-caspase1, GSDMD-N, and
IL-18 were increased after exposure to high glucose and hypoxia, whereas these changes in protein levels
reversed by curcumin treatment. Similarly, curcumin effectively attenuated DM/CCH-induced or high-
glucose/hypoxia-induced increases in mRNA levels of NLRP3 and IL-18. These �ndings indicate that
curcumin mitigated NLRP3-dependent pyroptosis in DM/CCH rats and high-glucose/hypoxia-treated
microglia.

Discussion
To investigate the protective effects of curcumin on DM/CCH-induced pathologies, our previous studies
have successfully established stable models in vivo and in vitro[11, 38]. Speci�cally, we subjected rats to a
HFD and low-dose STZ combined with BCCAO to model DM/CCH in vivo, whereas we established a
corresponding model in vitro by subjecting BV2 microglia to hypoxia and a high-glucose environment.
The present study revealed that curcumin treatment effectively protected against DM/CCH-induced
cognitive dysfunction, as well as attenuated neuronal injury and death in the CA1, CA3, and DG regions of
the hippocampus. Molecular-biology analysis revealed that the underlying mechanisms of curcumin’s
protective effects were associated with inhibiting neuroin�ammation, regulating the TREM2/TLR4/NF-κB
pathway, suppressing neuronal apoptosis, and mitigating NLRP3-dependent pyroptosis.

CCH plays a pivotal role in the progression of cognitive impairments in VaD, as it can induce
neuroin�ammation, decrease energy supplementation, contribute to neuronal injury, and impair
memory[18, 49, 50]. Importantly, a previous study has demonstrated that diabetes aggravates neuronal
apoptosis and accelerates cognitive dysfunction[51]. In our present study, in the MWM, the DM/CCH group
exhibited impairments in spatial learning and memory, as revealed by a prolonged escape latency,
decreased number of crossings over the original platform location, and less time spent in the target
quadrant; these �ndings are consistent with those of previous reports[11, 52, 53]. However, long-term
curcumin treatment signi�cantly ameliorated cognitive dysfunction. Moreover, we found that curcumin
attenuated DM/CCH-induced neuronal damage, as there was an increase in NeuN-positive cells and HE
staining showed a decrease in atrophied neurons and dark-stained nuclei; these results were consistent
with our behavioral results in the MWM. Collectively, these �ndings indicate that curcumin protected
against cognitive impairments and attenuated neuronal damage in DM/CCH rats.

Accumulating evidence has demonstrated that CCH induces signi�cant in�ammatory responses,
including glial activation and excessive production of pro-in�ammatory cytokines (e.g., IL-1β, IL-6, TNF-α),
which are pathological signatures that are closely related to neuronal damage[54]. Moreover, previous
studies have also found that DM increases microglial activation and the release of pro-in�ammatory
cytokines[55, 56]. Taken together, these �ndings suggest that neuroin�ammation might play a vital role in
the occurrence and development of DM combined with CCH. Consistent with these previous results, in our
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present study, we found overactivation of microglia and excessive production of pro-in�ammatory
cytokines in DM/CCH rats. However, curcumin treatment dramatically inhibited neuroin�ammation, as
indicated by decreased Iba1-positive cells and decreased production of pro-in�ammatory cytokines
compared to those in DM/CCH rats. Our results in vitro also indicated that curcumin reversed high-
glucose/hypoxia-induced increases in pro-in�ammatory cytokines. CCH causes a cascade of
pathological processes in which many different signaling pathways are activated, including the
TREM2/TLR4/NF-κB pathway. TLR4, a classic pattern-recognition receptor, is mainly expressed in
microglia and is stimulated by its cognate ligands. Following stimulation, TLR4 further activates the NF-
κB pathway, which plays an important role in the transcription of pro-in�ammatory cytokines, including
IL-1β, IL-6, and TNF-α[57]. Recently, several studies have demonstrated that TREM2 downregulates TLR4
signaling[19, 58, 59]. As a membrane-bound receptor mainly expressed in microglia of the central nervous
system, TREM2 has been con�rmed to regulate the primary functions of microglia, such as inhibiting pro-
in�ammatory cytokines, promoting phagocytosis, and maintaining the energy metabolism of
microglia[60–62]. A recent study found that lack of TREM2 ampli�ed TLR4-driven in�ammatory
responses[63]. Moreover, in-vivo studies have demonstrated that TREM2 attenuates neuroin�ammation by
negatively regulating TLR4-mediated activation of NF-κB signaling[43]. In our present study, we found that
DM/CCH induced activation of the TLR4/NF-κB pathway, and unexpectedly also increased the expression
of TREM2. This latter �nding is contrary to that of some previous studies[20, 64], perhaps due to different
models or different observation times. Interestingly, in our present study, curcumin treatment effectively
reversed DM/CCH-induced increase in TLR4 and NF-κB levels while further increasing TREM2 expression.
Our results in vitro further con�rmed these �ndings. Recently, Takalo et al discovered that phospholipase
C gamma 2 (PLCγ2) may be associated with TREM2/TLR4 signaling[65]. They found that PLCγ2 was
activated downstream of TREM2 to promote bene�cial microglial function, while PLCγ2 also acted
downstream of the ligand-stimulated TLR pathway to induce in�ammatory responses. In the absence of
TREM2, microglia are unable to play a protective role in the TREM2/PLCγ2 pathway and eventually
amplify activation of downstream signaling pathways of TLR. However, whether PLCγ2 is associated
with curcumin-mediated regulation of TREM2/TLR4 signaling requires further investigation.

Apoptosis plays a major role in neurological diseases, including AD, PD, and VaD[22, 66, 67]. Many signaling
pathways regulate apoptosis, including Notch, Bax/Bcl2/caspase3, and IRE1-α/TRAF2/ASK1
pathways[68–70]. Among them, Bax/Bcl2/caspase3 signaling has been extensively studied. Bax is a pro-
apoptotic Bcl2-family protein, while Bcl2 is an anti-apoptotic protein[71]. Additionally, activation of
caspase3 is a key event in the execution of DNA fragmentation factor (DFF). The activation of DFF then
activates endonucleases, cleaves nuclear DNA, and ultimately leads to cell death. Dysregulation of
apoptotic pathways can cause cell death and promote disease progression[72]. A recent study found that
Bax protein expression was increased while Bcl2 expression was decreased in a mouse model of PD[67].
Consistently, our present results showed that expression levels of cleaved-caspase3 and Bax were
signi�cantly increased whereas Bcl2 levels were signi�cantly decreased following DM/CCH in vivo,
whereas these changes in expression levels were reversed by curcumin treatment. Similar results were
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observed in high-glucose/hypoxia-treated microglia in vitro. Therefore, our �ndings suggest that curcumin
alleviated DM/CCH-induced and high-glucose/hypoxia-induced pathologies through reducing apoptosis
via the Bax/Bcl2/caspase3 pathway.

Recently, in�ammasomes have been reported to be associated with the progression of neurodegenerative
disorders[47, 73–75]. In�ammasomes are large polyprotein complexes that mediate the innate immune
response to infectious microorganisms. At present, researchers have found a variety of in�ammasomes,
such as NLRP1, NLRP3, NLRP6, NLRP7, NLRC4, and AIM2[76]. Among them, the NLRP3 in�ammasome is
the best characterized and includes a sensor (NLRP3), an adaptor protein (ASC), and an effector protein
(caspase1)[77, 78]. After activation, the NLRP3 in�ammasome contributes to the conversion of pro-
caspase1 into active caspase1, resulting in the production of proin�ammatory cytokines (e.g., IL-18 and
IL-1β), thereby activating NLRP3 signaling that aggravates neuroin�ammation and can promote the
progression of neurodegenerative diseases[79, 80]. Additionally, active caspase1 can induce pyroptosis via
cleavage of GSDMD. As a protein substrate of caspase1, GSDMD has been identi�ed as a key substrate
of the in�ammasome proteolytic pathway and the main driver of NLRP3-dependent pyroptosis[81]. After
cleavage of GSDMD, there is an N-terminal cleavage product that remains, which is su�cient to form
membranous cores[82]. Therefore, pyroptosis is distinct from apoptosis since it is characterized by
membrane rupture that causes the release of cytosolic contents to further aggravate in�ammatory
responses. A recent study has found that NLRP3/caspase1/GSDMD signaling is overactivated in PD[74].
In our present study, we detected the expression of NLRP3-signaling-associated proteins in vivo and in
vitro. Our results in vivo showed that curcumin effectively suppressed DM/CCH-induced overexpression
of NLRP3, ASC, cleaved-caspase1, IL-18, and cleavage of GSDMD. Similar results were found in microglia
exposed to high glucose combined with hypoxia in vitro. Taken together, these �ndings suggest that the
bene�cial effects of curcumin involve modulation on NLRP3-induced pyroptosis. However, the speci�c
mechanism of curcumin suppressing pyroptosis requires further investigation.

Conclusions
We demonstrated that curcumin attenuated DM/CCH-induced cognitive de�cits and hippocampal
neuronal damage in rats, and that its underlying mechanisms were associated with inhibiting
neuroin�ammation, regulating the TREM2/TLR4/NF-κB pathway, suppressing excessive apoptosis, and
mitigating NLRP3-dependent pyroptosis. These �ndings suggest that curcumin may be useful as a
pharmacological strategy for ameliorating DM/CCH-induced memory de�cits.

Abbreviations
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HFD High-fat diet

LFD Low-fat diet
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TREM2 Triggering receptor expressed on myeloid cells 2

TLR4 Toll-like receptor 4

STZ Streptozotocin
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Figure 1

Curcumin alleviates DM/CCH-induced impairments in spatial learning and memory. A Schematic diagram
of the experimental scheme of the MWM. B Escape latencies of rats in the hidden platform task. C The
number of crossings across the previous location of the platform in the probe test. D Time spent in the
target quadrant during the probe trial. E Swimming speed in the probe trial. F Trajectories of rats in the
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MWM. Values are expressed as the mean ± SEM (n = 9/8). *P < 0.05; **P < 0.01, ***P < 0.001 vs. Sham;
#P < 0.05; ##P < 0.01 DM/CCH vs. DM/CCH + Cur. Cur, Curcumin

Figure 1

Curcumin alleviates DM/CCH-induced impairments in spatial learning and memory. A Schematic diagram
of the experimental scheme of the MWM. B Escape latencies of rats in the hidden platform task. C The
number of crossings across the previous location of the platform in the probe test. D Time spent in the
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target quadrant during the probe trial. E Swimming speed in the probe trial. F Trajectories of rats in the
MWM. Values are expressed as the mean ± SEM (n = 9/8). *P < 0.05; **P < 0.01, ***P < 0.001 vs. Sham;
#P < 0.05; ##P < 0.01 DM/CCH vs. DM/CCH + Cur. Cur, Curcumin

Figure 2

Curcumin attenuates neuronal death in DM/CCH rats. A, B Hippocampal sections of the CA1, CA3, and
DG regions were obtained and stained with HE and NeuN (magni�cation 40× or 200×, scale bar = 200 μm
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Figure 3

Curcumin inhibits DM/CCH-induced neuroin�ammation in the rat hippocampus. A. Representative
micrographs showing microglial activation in the CA1 region, using an anti-ionized calcium-binding
adaptor protein 1 (Iba1) antibody (red) (magni�cation 100×, scale bar =100 μm). B, C mRNA levels of pro-
in�ammatory cytokines (IL-1β, IL-6, TNF-α, iNOS, and COX2) and anti-in�ammatory cytokines (IL-4, IL-10,
and Arg-1) were detected by qRT-PCR. Cur, Curcumin
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Figure 4

Curcumin regulates TREM2/TLR4/NF-κB signaling in DM/CCH rats and high-glucose/hypoxia-treated
microglia. A, C Representative protein bands from Western blotting. B, D Quantitative analysis of Western-
blot protein bands. E, F mRNA levels of TREM2 and TLR4. *P < 0.05; **P < 0.01; ***P <0.001 Cur,
Curcumin



Page 28/34

Figure 4

Curcumin regulates TREM2/TLR4/NF-κB signaling in DM/CCH rats and high-glucose/hypoxia-treated
microglia. A, C Representative protein bands from Western blotting. B, D Quantitative analysis of Western-
blot protein bands. E, F mRNA levels of TREM2 and TLR4. *P < 0.05; **P < 0.01; ***P <0.001 Cur,
Curcumin



Page 29/34

Figure 5

Curcumin suppresses apoptosis in DM/CCH rats and high-glucose/hypoxia-treated microglia. A, B
Representative protein bands from Western blotting. B, D Quantitative analysis of Western-blot protein
bands. E, F mRNA levels of Bax, Bcl2, and Caspase3. *P < 0.05; **P < 0.01; ***P <0.001 Cur, Curcumin
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Figure 6

Curcumin suppresses apoptosis in DM/CCH rats and high-glucose/hypoxia-treated microglia. A
Representative photomicrographs showing apoptotic cells in the CA1 region of the hippocampus, as
determined by TUNEL assays. B Numbers of apoptotic cells were measured by �ow cytometry. C
Quantitative analysis of apoptosis. D Cell viability was determined using CCK8 assays. *P < 0.05; **P <
0.01; ***P <0.001 Cur, Curcumin
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Figure 7

Curcumin mitigates NLRP3-dependent pyroptosis in DM/CCH rats and high-glucose/hypoxia-treated
microglia. A, C Representative protein bands from Western blotting. B, D Quantitative analysis of Western-
blot protein bands. E, F mRNA levels of NRLP3 and IL-18. *P < 0.05; **P < 0.01; ***P <0.001 Cur, Curcumin
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