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Abstract
Currently, accumulating evidence has indicated that overnutrition-associated obesity may result in not only metabolic 
dysregulations, but also cognitive impairments. This study aimed to investigate the protective effects of Diosmetin, 
a bioflavonoid compound with multiple biological functions, on cognitive deficits induced by a high fat diet (HFD) 
and the potential mechanisms. In the present study, oral administration of Diosmetin (25, 50 and 100 mg/kg) for 
12 weeks significantly reduced the body weight, restored glucose tolerance and normalized lipid profiles in the 
serum and liver in HFD-induced obese rats. Diosmetin also significantly ameliorated depression-like behaviors and 
impaired spatial memory in multiple behavioral tests, including the open field test, elevated plus-maze and Morris 
water maze, which was in accordance with the decreased pathological changes and neuronal damage in different 
regions of hippocampus as suggested by H&E and Nissl staining. Notably, our results also indicated that Diosmetin 
could significantly improve mitochondrial dysfunction induced by HFD through upregulating genes involved in mito-
chondrial biogenesis and dynamics, increasing mitochondrial ATP levels and inhibiting oxidative stress. Moreover, 
the levels of key enzymes involved in the TCA cycle were also significantly increased upon Diosmetin treatment. 
Meanwhile, Diosmetin inhibited HFD-induced microglial overactivation and down-regulated inflammatory cytokines 
both in the serum and hippocampus. In conclusion, these results indicated that Diosmetin might be a novel nutritional 
intervention to prevent the occurrence and development of obesity-associated cognitive dysfunction via metabolic 
regulation and anti-inflammation.
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MMP9	� matrix metalloproteinase-9
MWM	� Morris water maze
NGF	� nerve growth factor
Nrf1	� nuclear respiratory factor-1
Nrf2	� Nuclear factor erythroid2-related factor 2
NT-3	� neurotrophin-3
NT-4	� neurotrophin-4
OFT	 �open field test
OGDH	 �α-ketoglutarate dehydrogenase
OGTT	� Oral glucose tolerance test
PDH	� pyruvate dehydrogenase
PDK	 �pyruvate dehydrogenase kinase
PGC-1α	 �peroxisome proliferator activated receptor 

co-activator-1α
PSD95	 �postsynaptic density protein-95
SD	� Sprague-Dawley
SIRT1	� Sirtuin1
SNAP25	 �synaptosome associated protein 25
SOD	� superoxide dismutase
TC	� total cholesterol
TCA	� tricarboxylic acid
TNF-α	 �Tumor necrosis factor-α
Tfam	� transcription factor A
TG	� triglyceride

Introduction

Along with the economic development and technologi-
cal advancement in the contemporary society, people’s 
lifestyles and dietary structure have drastically changed 
[1]. A nutrition transition from a traditional agricultural-
based diet to a westernized high-fat diet (HFD) has 
gradually become one of the major drives of the global 
epidemics of obesity [2]. Obesity, characterized by the 
excessive accumulation of adipose tissue, is a complex 
multifactorial disease which contribute to the increased 
likelihood of Type 2 diabetes mellitus [3], cardiovascu-
lar disease [4], metabolic syndrome [5] and cognitive 
impairments [6, 7]. In a previous dose-response meta-
analysis, the risk of all cause dementia, Alzheimer’s dis-
ease and vascular dementia in midlife was remarkably 
increased when body mass index surpassed 29, 30 and 
32  kg/m2 respectively [8]. Hippocampus is part of the 
temporal lobe and plays an indispensable role in memory, 
learning, and emotion in the brain [9]. Previous studies 
have indicated that excessive intake of HFD could impair 
hippocampus function via metabolic disturbances, neuro-
inflammation and mitochondrial dysfunction, thus induc-
ing or accelerating the development of cognitive decline 
[10–13].

In the central nervous system, brain mitochondria 
are responsible for energy production, maintenance of 
intracellular calcium homeostasis and apoptosis regu-
lation, the dysregulation of which is highly associated 
with the increased production of reactive oxygen species, 
decreased cerebral energy gain and impaired learning and 
memory abilities [13, 14]. There is accumulating evi-
dence demonstrating that Sirtuin1 (SIRT1), an NAD+-
dependent deacetylase, incorporates a protective role in 
mitochondria-related energy metabolism and controls the 
expression of brain-derived neurotrophic factor (BDNF), 
a critical factor for neuronal development and synaptic 
plasticity, via the activation of peroxisome proliferator 
activated receptor co-activator-1α (PGC-1α) [15–17]. 
Meanwhile, high circulating proinflammatory adipocy-
tokines and elevated hippocampal neuroinflammation 
are also potential mechanisms for cognitive impairments 
induced by obesity, involving the disturbed blood-brain 
barrier, the activation of microglia and subsequent syn-
aptic alterations [18, 19]. Therefore, it is of great signifi-
cance to develop an ideal intervention strategy for early 
prevention of obesity-related metabolic dysfunctions and 
pro-inflammatory risk factors.

Diosmetin (3’, 5, 7-trihydroxy-4’-methoxyflavone), is 
a bioflavonoid compound extracted from legumes, olive 
leaves, citrus fruits, and Menthae Haplocalycis herba [20, 
21]. Pharmacologically, diosmetin was found to possess 
broad activities, including anticancer [22], anti-inflam-
matory [23], antioxidant [21], and anti-apoptosis activi-
ties [24]. Recently, it has been reported that diosmetin 
could mitigate cognitive and memory impairment in mice 
exposed to chronic unpredictable mild stress paradigm 
via increasing the antioxidant capacity and improving 
serum corticosterone levels [25]. It has also been proved 
that, in in vivo and in vitro models of cerebral ischemia/
reperfusion injury, diosmetin inhibited oxidative stress 
through the activation of SIRT signaling [21]. However, 
the role of diosmetin in alleviating hippocampal neuro-
inflammation and metabolic disorders induced by HFD 
remains unclear.

Based on the research studies mentioned above, we 
hypothesized that diosmetin may be promising as a 
therapeutic agent and nutritional intervention to allevi-
ate HFD-induced cognitive impairments via its metabolic 
modulation and anti-inflammation properties. In this 
study, we used HFD-induced obese rat model to teste our 
hypothesis and evidenced the protective effects of Dios-
metin on cognitive deficits.
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Materials and Methods

Reagents and Antibodies

Diosmetin (purity > 98%) was purchased from Meryer 
Chemical Technology Co., Ltd (Shanghai, China). Anti-
bodies against ionized calcium binding adapter molecule 
1 (IBA-1, A19776), SIRT1 (A11267), PGC-1α (A11971), 
BDNF (A4873) and GAPDH (AC001) were purchased 
from ABclonal (Wuhan, China).

Animals

40 male 4-week-old Sprague-Dawley (SD) rats were 
purchased from Sanxia University (Yichang, China). 
The animals were maintained at 22 ± 2  °C and 50–65% 
relative humidity on a 12 h:12 h light-dark cycle (06:00–
18:00 h) with free access to conventional standard rodent 
chow and water. Protocols were conducted according to 
the Regulations of the Chinese Council on Animal Care 
and approved by the Ethics Committee of Wuhan Univer-
sity Center for Animal Experiment, Wuhan, China (NO. 
WP20210532).

Group and Treatment

After 1-week acclimation, animals were randomized into 
5 groups (n = 8/group): control group, HFD group (45% 
kcal from fat, Keao Xieli, Beijing, China), HFD + low 
dose Diosmetin (25  mg/kg) group, HFD + middle dose 
Diosmetin (50 mg/kg) group and HFD + high dose Dios-
metin (100 mg/kg) group [26–29] (For the composition 
of the normal chow diet and high fat diet, please see 
Supplementary Table 1). The rats in the HFD + Diosme-
tin treatment (25, 50 and 100 mg/kg) groups were orally 
administrated with the corresponding drug solution dis-
solved in 0.5% sodium carboxymethyl cellulose (CMC-
Na) once a day. The control and HFD group received an 
equivalent volume of vehicle by gavage. Body weight 
and food intake were monitored daily throughout the 
whole experiment. At the end of the 12-week experi-
ment, the animals were fasted for 12 h (20:00–08:00 h) 
and sacrificed by cervical dislocation post anaesthetiza-
tion with sodium pentobarbital. Serum was collected by 
centrifugation of blood at 3000× g for 10 min and stored 
at -80℃. The livers were rapidly removed, fast frozen 
with liquid nitrogen and stored at -80℃ for lipid profile 
measurement. The brains were dissected on ice to col-
lect hippocampus tissues, fast frozen with liquid nitro-
gen and stored at -80℃ for western blot and quantitative 
real-time polymerase chain reaction analysis, or fixed 

with 4% paraformaldehyde for immunofluorescence and 
histopathology observation.

Oral Glucose Tolerance test (OGTT)

Rats were fasted overnight for 14  h (20:00–10:00  h) 
before OGTT and then orally administrated 50% glu-
cose at a dose of 2 g/kg body weight post 11 weeks of 
treatment. Blood samples were collected from the tail by 
making a cut at 1–2 mm from the tail end of rats and 
blood glucose levels were measured at 0 (before gavage), 
30, 60, 90 and 120 min post oral glucose administration 
using a glucometer (Roche, Shanghai, China) [30].

Biochemical Parameters

Measurements for biochemical parameters were per-
formed as previously described with minor modifica-
tions [12, 31, 32]. For tissue sample preparation, liver 
and hippocampus samples were homogenized in a 9-fold 
volume of precooled physiological saline and centrifuged 
at 10,000× g for 10 min at 4℃ to collect the superna-
tant for subsequent measurements. Glucose, high-density 
lipoprotein cholesterol (HDL-C), low-density lipoprotein 
cholesterol (LDL-C), total cholesterol (TC) and triglyc-
eride (TG) levels in the serum and liver were determined 
using reagent kits (Jiancheng, Nanjing, China). Tumor 
necrosis factor-α (TNF-α), interleukin-6 (IL-6) and 
interleukin-1β (IL-1β) levels in the serum and hippocam-
pus were assessed via ELISA kits (Elk Biotechnology, 
Wuhan, China). Hippocampal levels of malondialdehyde 
(MDA) and activities of superoxide dismutase (SOD) 
and catalase (CAT) were measured using reagent kits 
(Jiancheng, Nanjing, China). A BCA kit was used to 
determine protein levels in the liver and hippocampus 
(Beyotime, Shanghai, China). All the experimental pro-
cedures were performed in accordance with the manufac-
turer’s instructions.

Behavioral Testing

To investigate the behavioral changes post 10 weeks of 
treatment, the open field test (OFT), elevated plus-maze 
(EPM) and Morris water maze (MWM) test were per-
formed as previously described with minor modifications 
[32, 33]. Trials were recorded via a video tracking system 
(Techman, Chengdu, China).

OFT is an experiment serving to assess locomotion, 
anxiety and stereotypical behaviors [34]. The test appara-
tus consists of a 1000 × 1000 × 400 mm black acrylic box, 
with the base equally sectioned into 25 squares. Each rat 
was initially placed alone in the center of the arena and 
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Hippocampal slices were washed by PBS (PH7.4) three 
times for 15 min, followed by incubation for 30 min in 
10% goat serum. Then, the slices were incubated over-
night with primary antibodies IBA-1 (1:200) and BDNF 
(1:200) respectively. Following washing with PBS three 
times for 15 min, the slices were incubated for 50 min 
with FITC-labeled goat anti-rabbit antibodies (Sera-
Care, USA, 1:400) in the dark. Finally, the slices were 
mounted with 40,60-diamidino-2-phenylindole (DAPI) 
and antifade reagent (Baiqiandu, Wuhan, China). Images 
were captured with a fluorescence microscope (Olympus, 
Tokyo, Japan).

Quantitative Real-time Polymerase Chain Reaction 
Analysis

Quantitative real-time polymerase chain reaction analy-
sis was performed as previously described [31]. Hippo-
campal total RNA was extracted using AFTSpin Tissue/
Cell Fast RNA Extraction Kit (ABclonal, Wuhan, China). 
cDNA was obtained by reverse transcription of total RNA 
using ABScript III RT Master Mix (ABclonal, Wuhan, 
China). mRNA expression of target genes was quanti-
fied by real-time quantitative PCR using 2X Universal 
SYBR Green Fast qPCR Mix (ABclonal, Wuhan, China) 
in the CFX96™ real-time system (Bio-Rad, USA). All 
the experimental procedures were performed according 
to the manufacturer’s instructions. The Ct values were 
normalized to GAPDH and the relative expression of tar-
get genes was calculated by the 2−ΔΔCt method. Gene-
specific rat primers used are shown in Supplementary 
Table 2.

Isolation of Hippocampal Mitochondria

Extraction of hippocampal mitochondria was performed 
via a mitochondria isolation kit (Beyotime, Shanghai, 
China) following the manufacturer’s instructions. Briefly, 
freshly removed hippocampal samples were homog-
enized in precooled isolation buffer A (1:10, w/v) and 
centrifuged at 600 g for 5 min at 4 °C. Supernatants were 
then transferred to other centrifuge tubes and centrifuged 
at 11,000 g for 10 min at 4 °C. The sediment consisted 
of isolated mitochondria after removing the supernatants 
and was resuspended in appropriate amounts of mito-
chondria stock solution. A BCA kit was used to deter-
mine mitochondrial protein levels (Beyotime, Shanghai, 
China). Quantitative measurements of mitochondrial lev-
els of pyruvate dehydrogenase (PDH), citrate synthase 
(CS) and α-ketoglutarate dehydrogenase (OGDH) were 
conducted using ELISA kits (Elk Biotechnology, Wuhan, 

allowed free movement for 5 min. During the test, move-
ment distance and time spent in the center, corner and 
sides were recorded and analyzed.

EPM is also an experiment to evaluate anxiety-like 
behavior in rodents [35]. The test apparatus consists of 
two open (420 mm x 100 mm) and two closed (420 mm 
x 100 mm x 225 mm) arms extending from a central plat-
form and is elevated 700 mm above the floor. Each rat 
was initially placed in the center of the maze, facing one 
of the open arms, and allowed to explore freely for 5 min. 
During the test, the frequency of open arm entries and 
the percentage of time spent in the open and closed arms 
respectively were calculated and analyzed.

MWM serves to assess spatial learning and memory 
[36]. The test was conducted in a dark circular pool 
(diameter: 160 cm and height: 55 cm), which was equally 
divided into four quadrants with extra-maze cues on each 
side of the four quadrants. A platform was centered in 
one of the four quadrants and submerged 1.5 cm beneath 
the water surface for escape. During the learning phase, 4 
training trials to search for the hidden platform were per-
formed on each animal for 5 consecutive days. The spa-
tial probe trial was performed on the sixth day, in which 
each rat was given 60 s to swim freely after the escape 
platform was removed.

Hematoxylin and Eosin (H&amp;E) and Nissl 
Staining

H&E and Nissl staining were performed according to 
the previously described methods [37]. Paraffin-embed-
ded brain tissues were coronally sectioned into 4–6 μm 
thick sections with a microtome. Tissue sections were 
routinely dewaxed with xylene, hydrated with gradient 
alcohol (100%-75%) and washed with tap water. For 
H&E staining, sections were stained with hematoxylin 
for 2–3 min and rinsed with tap water for 10 min. Then, 
the sections were immersed in 0.5% hydrochloric acid for 
10s, immersed in water for another 10 min and stained in 
eosin solution for 2–3 min. For Nissl staining, sections 
were stained with toluidine blue staining solution for 
5 min, rinsed with tap water, differentiated by 1% glacial 
acetic acid and washed with water again to end reaction. 
Finally, sections were dehydrated and dewaxed again 
and sealed with neutral gum. Histopathological changes 
in the hippocampus were observed using a microscope 
(Olympus, Tokyo, Japan).

Immunofluorescence Staining

Immunofluorescence staining was performed as pre-
viously described with minor modifications [31]. 
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test. p-Values < 0.05 were considered to be statistically 
significant.

Results

Dietary Supplementation of Diosmetin Reduced 
HFD-induced body Weight gain and Improved 
Biochemical Parameters

To investigate whether Diosmetin could exert protective 
effects on HFD-induced metabolic dysregulation, we ini-
tially examined the alterations in body weight, calorie 
intake and metabolic parameters in experimental ani-
mals. Compared with the control group, HFD consump-
tion markedly increased body weight, while 25, 50 and 
100 mg/kg Diosmetin treatment had an obvious inhibi-
tory effect on the body weight gain without significant 
difference in calorie intake. Meanwhile, the occurrence 
of impaired glucose metabolism in HFD-induced obese 
rats indicated by significantly increased AUCOGTT and 
fasting serum glucose concentrations was also evidently 
reversed by 25, 50 and 100 mg/kg Diosmetin treatment. 
For serum and liver lipid parameters, the results showed 
that HFD consumption significantly increased TG, TC 
and LDL-C, but decreased HDL-C levels both in the 
serum and liver. However, 25, 50 and 100 mg/kg Diosme-
tin treatment effectively normalized the serum and liver 
lipid profiles (Table 1). Taken together, these data indi-
cated that Diosmetin treatment has the capacity to protect 
against HFD-induced obesity and disturbances in glucose 
and lipid metabolism.

China). Mitochondrial samples were also assayed for ATP 
content using a reagent kit (Jiancheng, Nanjing, China).

Western Blotting

Western blotting was performed according to the previ-
ously described methods with minor modifications [31]. 
In brief, protein samples were extracted from hippocam-
pus tissues of rats, which were dissolved in RIPA lysate 
(Beyotime, Shanghai, China) with protease inhibitor 
cocktail (Bioss, Beijing, China) and homogenized. Then, 
the prepared samples were separated by SDS-PAGE ele-
trophoresis and transferred to a PVDF membrane acti-
vated in soaking and activation buffer for 30 s (Beyotime, 
Shanghai, China). Membranes were blocked with block-
ing buffer for 2  h and incubated in the corresponding 
primary antibodies with suggested dilution ratio by the 
manufacturers overnight at 4  °C. The next day, mem-
branes were incubated in the secondary antibodies for 
1.5 h at room temperature and visualized with chemilu-
minescence imaging system (ChemiDoc XRS, BioRad, 
USA) after treatment with chemiluminescence reagents 
(Meilunbio, Dalian, China).

Statistical Analysis

Quantitative analysis of images was performed using 
image J software. Data in this study was expressed as 
mean ± SEM and analyzed using GraphPad Prism 8.0. 
Significant difference was determined by one-way 
ANOVA followed by Tukey’s multiple comparison 

Physiological 
index

Control HFD

Body weight 
(g)

512.80 ± 16.49 609.83 ± 11.69** 511.80 ± 4.41### 541.80 ± 23.82# 538.00 ± 17.42##

Calorie intake 
(kcal/day/rat)

108.42 ± 2.35 110.70 ± 4.32 106.67 ± 4.03 113.48 ± 4.36 113.36 ± 3.30

AUCOGTT 11.38 ± 0.28 13.27 ± 0.38** 11.29 ± 0.17## 12.13 ± 0.17#, ^^ 11.52 ± 0.33##

Serum glu-
cose (mM)

8.68 ± 0.39 12.65 ± 1.03** 9.55 ± 0.81# 9.29 ± 0.39# 9.70 ± 0.32#

Serum lipid 
(mM)
HDL-C 0.75 ± 0.13 0.30 ± 0.04** 0.34 ± 0.07* 0.47 ± 0.06# 0.31 ± 0.08*
LDL-C 1.35 ± 0.14 2.29 ± 0.25* 1.78 ± 0.69 1.67 ± 0.27 1.42 ± 0.27#

TC 1.98 ± 0.14 2.49 ± 0.10* 2.28 ± 0.25 2.41 ± 0.13 1.92 ± 0.17#

TG 0.69 ± 0.09 1.22 ± 0.15* 0.76 ± 0.07# 0.79 ± 0.12 0.59 ± 0.07##

Liver lipid 
(mmol/prot)
HDL-C 0.08 ± 0.01 0.03 ± 0.01** 0.04 ± 0.01* 0.07 ± 0.02 0.06 ± 0.02
LDL-C 0.05 ± 0.01 0.17 ± 0.03** 0.11 ± 0.02* 0.07 ± 0.01# 0.09 ± 0.01*, #

TC 0.10 ± 0.01 0.18 ± 0.02* 0.11 ± 0.04 0.12 ± 0.04 0.13 ± 0.03
TG 0.10 ± 0.01 0.28 ± 0.04** 0.14 ± 0.02# 0.14 ± 0.02# 0.11 ± 0.02##

Table 1  Effects of 25, 50 and 
100 mg/kg Diosmetin on body 
weight, calorie intake, AUCOGTT, 
serum glucose levels, serum and 
liver lipid profiles of HFD-
induced obese rats

All data are expressed as 
mean ± SEM, n = 8/group. 
Results are considered sig-
nificant at p < 0.05. *p < 0.05, 
**p < 0.01, ***p < 0.001 
compared with the control 
group; #p < 0.05, ##p < 0.01, 
###p < 0.001 compared with the 
HFD group; ^p < 0.05, ^^p < 0.01, 
^^^p < 0.001 compared with 
25 mg/kg Diosmetin administra-
tion group; +p < 0.05, ++p < 0.01, 
+++p < 0.001 compared with 
50 mg/kg Diosmetin administra-
tion group
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treatment could effectively reversed the above anxiogenic 
phenotypes observed in OFT and EPM. Next, MWM was 
also performed to examine whether Diosmetin treatment 
could improve spatial learning and memory. In MWM, 
during the learning phase, 50 and 100 mg/kg Diosmetin 
treatment significantly shortened the latency to find the 
platform on day 3 and 5 compared with the HFD group 
(Fig. 2B). Furthermore, in the spatial probe trial on day 6, 
the HFD group showed significantly decreased residence 
time and distance in the target quadrant (Fig. 2, C and 
D) and passed through the platform for markedly fewer 
times (Fig.  2E). However, all these results were also 
effectively reversed by 100 mg/kg Diosmetin treatment. 
Taken together, performance in OFT, EPM and MWM 
successfully confirmed the protective effects of Diosme-
tin on HFD-induced anxiety-like behaviors and deficits in 
spatial learning and memory.

Dietary Supplementation of Diosmetin Improved 
HFD-induced Anxiety-like Behaviors and Cognitive 
Deficits

Previous researches have indicated that long-term con-
sumption of HFD could result in an increase in anxiety-
like behaviors and accelerate cognitive decline [38, 39]. 
Therefore, we conducted 3 behavioral tests, including 
OFT, EPM and MWM to provide a comprehensive eval-
uation on the effects of Diosmetin treatment on cogni-
tive impairments induced by HFD. In OFT, rats under 
HFD feeding spent significantly less time in the center 
but more time in the corner throughout the experiment 
(Fig.  1B). Accordingly, markedly decreased movement 
distance in the center was also observed (Fig. 1C). Con-
sistent with the findings in OFT, rats in the HFD group 
spent significantly less time in the open arms but more 
time in the closed arms (Fig. 1D) and showed evidently 
lower frequencies of entries into the open arms in EPM 
(Fig.  1E). As expected, 50 and 100  mg/kg Diosmetin 

Fig. 1  Effects of dietary supplementation of Diosmetin on perfor-
mance in OFT and EPM in HFD-induced obese rats. (A) Representa-
tive heat map of trajectory in OFT; (B) Time spent in the center, corner 
and sides in OFT; (C) Distance in the center, corner and sides and the 
total distance in OFT; (D) The percentage of time spent in the open 
and closed arms in EPM; (E) Number of entries into the open arms in 
EPM. All data are expressed as mean ± SEM, n = 8/group. Results are 

considered significant at p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001 
compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 
compared with the HFD group; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 
compared with 25 mg/kg Diosmetin administration group; +p < 0.05, 
++p < 0.01, +++p < 0.001 compared with 50 mg/kg Diosmetin admin-
istration group
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treatment successfully inhibited HFD-induced hippo-
campal neuron death in the DG, CA3 and CA1 regions 
(Fig. 4A). In addition, we further evaluated the mRNA 
expression of antiapoptotic protein B-cell lymphoma-2 
(Bcl-2) and pro-apoptotic protein Bcl-2 Associated X 
(Bax) and found that 100  mg/kg Diosmetin effectively 
reversed HFD-induced down-regulation of Bcl-2 and up-
regulation of Bax (Fig. 4, B and C). Similar results were 
also observed in the mRNA expression levels of synaptic-
related markers postsynaptic density protein-95 (PSD95) 
and synaptosome associated protein 25 (SNAP25) that 
the down-regulation of PSD95 and SNAP25 induced by 
HFD was significantly inhibited by 25 and 100  mg/kg 
Diosmetin treatment (Fig. 4, D and E). Taken together, 
these results suggested that Diosmetin could evidently 
ameliorate HFD-induced hippocampal pathological inju-
ries and neuronal damage.

Dietary Supplementation of Diosmetin Ameliorated 
HFD-induced Hippocampal Pathological Changes 
and Neuronal Damage

Next, we used H&E staining to observe the neuronal 
pathological morphology in dentate gyrus (DG) region, 
hippocampal cornuammonis region 3 (CA3) and hippo-
campal cornuammonis region 1 (CA1) of the hippocam-
pus. In the control group, large, polygonal, and closely 
arranged hippocampal neurons with normal cell mor-
phology and uniform nuclear staining were observed. By 
contrast, most of the hippocampal neurons in the HFD 
group were disorderly arranged with enlarged intercel-
lular space and fewer layers, indicating severe nuclear 
pyknosis and neuronal degeneration. However, these 
histological features were visually improved by 25, 50 
and 100  mg/kg Diosmetin treatment (Fig.  3A). Nissl 
staining was also used to analyze neuronal injury degree 
(Fig.  3B). As expected, 50 and 100  mg/kg Diosmetin 

Fig. 2  Effects of dietary supplementation of Diosmetin on impaired 
spatial memory of HFD-induced obese rats. (A) Trajectory map in the 
spatial probe trial on the 6th day (circle 3 is the initial position of the 
platform); (B) The escape latency on the 1st, 3rd and 5th day; (C-E) 
Time spent in the target quadrant, the proportion of distance in the tar-
get quadrant and number of platform crossings in the spatial probe trial 
on the 6th day. All data are expressed as mean ± SEM, n = 8/group. 

Results are considered significant at p < 0.05. *p < 0.05, **p < 0.01, 
***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01, 
###p < 0.001 compared with the HFD group; ^p < 0.05, ^^p < 0.01, 
^^^p < 0.001 compared with 25 mg/kg Diosmetin administration group; 
+p < 0.05, ++p < 0.01, +++p < 0.001 compared with 50 mg/kg Diosme-
tin administration group
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treatment could suppress HFD-triggered release of high 
levels of pro-inflammatory mediators. Consistent with 
the above findings, significantly elevated concentrations 
of TNF-α, IL-6 and IL-1β in the serum and hippocampus 
induced by HFD were successfully decreased by 50 and 
100 mg/kg Diosmetin treatment (Fig. 6, D and E). Taken 
together, these results suggested that Diosmetin treat-
ment could exert an inhibitory effect on the activation 
of microglia and the occurrence of systematic and hip-
pocampal inflammatory response.

Dietary Supplementation of Diosmetin Inhibited 
Mitochondrial Dysfunction and Oxidative Stress 
Induced by HFD

To evaluate the changes in mitochondrial function, we first 
analyzed the mRNA expression of key regulatory genes 
involved in mitochondrial biogenesis and dynamics. The 
results revealed that rats under HFD feeding showed 
significantly down-regulated expression of PGC-1α, 
mitochondrial transcription factor A (Tfam), nuclear 
respiratory factor-1 (Nrf1), nuclear factor erythroid2-
related factor 2 (Nrf2), mitofusin 1 (Mfn1), mitofusin 2 
(Mfn2) and cytochrome c (cycs) but up-regulated expres-
sion of pyruvate dehydrogenase kinase (PDK), which 

Dietary Supplementation of Diosmetin Inhibited 
the Activation of Microglia and Reduced the 
Neuroinflammation in the Brains of Obese Rats 
Induced by HFD

Microglia are key regulators of inflammatory responses 
in the central nervous system [40]. Since IBA-1 is a 
marker of microglia, an immunofluorescence staining 
experiment was further performed to exam the inhibi-
tory effect of diosmetin on HFD-induced activation of 
microglia in the DG (Fig. 5A), CA3 (Fig. 5B) and CA1 
(Fig. 6A) regions. Immunofluorescence results revealed 
that over-activation of microglia induced by HFD con-
sumption was significantly suppressed by 50 and 100 mg/
kg Diosmetin treatment in the CA3 and CA1 regions of 
hippocampus (Fig. 6B). The mRNA expression levels of 
genes involved in neuroinflammation were also quanti-
fied. As expected, 25, 50 and 100 mg/kg Diosmetin treat-
ment effectively reversed HFD-induced up-regulation of 
matrix metalloproteinase-3 (MMP3), cyclooxygenase-2 
(COX2) and inducible nitric oxide synthase (iNOS) in 
a dose-dependent manner, while no significant differ-
ence was observed in mRNA expression levels of matrix 
metalloproteinase-9 (MMP9) among groups (Fig.  6C). 
Next, our study further examined whether Diosmetin 

Fig. 3  Dietary supplementation 
of Diosmetin ameliorated HFD-
induced hippocampal pathologi-
cal changes. (A) Representative 
images of H&E staining in the 
DG, CA3, and CA1 regions of 
the hippocampus (200×); (B) 
Representative images of Nissl 
staining in the DG, CA3, and 
CA1 regions (200×) (n = 3). 
Black arrows indicate shrunken 
and deformed neurons; Black 
squares indicate extensive atro-
phy and deformation of neurons 
in the hippocampus
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Dietary Supplementation of Diosmetin Activated 
SIRT1/PGC-1α Signaling and Increased Hippocampal 
Neurotrophic Factors in HFD-induced Obese Rats

It has been reported that SIRT1/PGC-1α signaling path-
way not only plays a vital role in the regulation of oxi-
dative stress and mitochondrial energy metabolism [41], 
but also affects the expression of BDNF [42]. Thus, the 
activation of SIRT1/PGC-1α signaling pathway in the 
hippocampus was evaluated by western blot analysis. 
The results revealed that 25 and 100 mg/kg Diosmetin 
treatment significantly increased the expression levels 
of SIRT1 and PGC-1α compared with the HFD group 
(Fig.  8, A-C). Furthermore, immunofluorescence stain-
ing of BDNF showed that 100 mg/kg Diosmetin mark-
edly increased BDNF expression in the DG (Fig.  8D), 
CA3 (Fig. 9A) and CA1 (Fig. 9B) regions of hippocam-
pus compared with the HFD group (Fig. 9C). Consistent 
results were also observed for mRNA expression levels 
of BDNF. We also measured mRNA expression of other 
neurotrophic factors, including neurotrophin-3 (NT-3), 
neurotrophin-4 (NT-4), and nerve growth factor (NGF). 
As expected, 100 mg/kg Diosmetin treatment effectively 
up-regulated the expression of NT-4 and NGF compared 
with the HFD group, while no significant difference 

was effectively reversed by 50 and 100 mg/kg Diosme-
tin treatment. Notably, the expression levels of PGC-1α, 
Nrf1, Nrf2, Mfn1 and Mfn2 in 100  mg/kg Diosmetin 
group were also significantly higher compared with the 
other two groups under Diosmetin treatment (Fig. 7A). 
In addition, 25, 50 and 100 mg/kg Diosmetin treatment 
successfully restored mitochondrial capacity to generate 
ATP (Fig.  7B). Meanwhile, the levels of key enzymes 
involved in the tricarboxylic acid (TCA) cycle, including 
PDH, CS and OGDH were quantified. The results showed 
that HFD consumption significantly decreased PDH, CS 
and OGDH levels, while 100 mg/kg Diosmetin treatment 
exhibited the most significant effects on increasing the 
levels of these enzymes (Fig. 7, C-E). Next, we further 
investigated the effects of Diosmetin treatment on oxi-
dative stress parameters and activities of antioxidant 
enzymes. As expected, Diosmetin markedly suppressed 
HFD-induced MDA production (Fig. 7F) and increased 
the activities of SOD and CAT in a dose-dependent 
manner (Fig. 7, G and H). Taken together, these results 
suggested that Diosmetin treatment could effectively 
ameliorate mitochondrial dysfunction and prevent oxida-
tive damage induced by HFD.

Fig. 4  Dietary supplementation of Diosmetin improved HFD-induced 
hippocampal neuronal damage. (A) The neuronal density ratio (% 
of control) in the hippocampal DG, CA3, and CA1 regions respec-
tively; (B-E) Relative mRNA expressions of Bcl-2, Bax, PSD95 and 
SNAP25 in the hippocampus. All data are expressed as mean ± SEM, 
n = 3–5/group. Results are considered significant at p < 0.05. *p < 0.05, 

**p < 0.01, ***p < 0.001 compared with the control group; #p < 0.05, 
##p < 0.01, ###p < 0.001 compared with the HFD group; ^p < 0.05, 
^^p < 0.01, ^^^p < 0.001 compared with 25  mg/kg Diosmetin admin-
istration group; +p < 0.05, ++p < 0.01, +++p < 0.001 compared with 
50 mg/kg Diosmetin administration group
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the hippocampal neurotrophic factors. In addition, Dios-
metin could also reduce systematic and hippocampal 
inflammation and inhibit HFD-induced over-activation 
of microglia, especially in the CA3 and CA1 regions of 
hippocampi in rats. Diosmetin, which also act as a potent 
metabolic regulator, is able to reverse HFD-induced 
metabolic disturbances including overweight, glucose 
tolerance impairment, hyperlipidemia and mitochondrial 
dysfunction in the hippocampus. Overall, Diosmetin 
effectively improved the learning abilities and long-term 
memory and attenuated cognitive impairments in HFD-
induced obese rats.

Glucose tolerance impairment and disordered lipid pro-
files are typical features of the obesity-related metabolic 

was observed in the expression of NT-3 among groups 
(Fig.  9D). Taken together, these results suggested that 
Diosmetin treatment could activate SIRT1/PGC-1α sig-
naling pathway and increase hippocampal neurotrophic 
factors, including BDNF, NT-4 and NGF in HFD-induced 
obese rats.

Discussion

In this study, we found that Diosmetin could improve the 
performance of rats in multiple behavioral tests, includ-
ing OFT, EPM and MWM, ameliorate HFD-induced dam-
age to neuronal morphology and function and upregulate 

Fig. 5  Dietary supplementation of Diosmetin inhibited the activation of microglia. (A and B) Representative immunofluorescence images of 
IBA-1 (green) in the DG and CA3 regions of the hippocampus (200×) (n = 3)
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Consistent with previous findings [12, 44], HFD con-
sumption resulted in obvious anxiety-like behaviors and 
impaired spatial memory in the behavioral tests conducted 
to evaluate the alterations in cognitive function, while 50 
and 100 mg/kg Diosmetin treatment successfully improved 
the performance of experimental rats. DG, CA1 and CA3 
regions play a crucial role in hippocampus-dependent mne-
monic formation, and degenerative pathological changes of 
hippocampal neurons in these regions has been shown to 
cause severe impairments in hippocampal memory function 
[45, 46]. Intriguingly, the results in H&E and Nissl stain-
ing further confirmed the protective effects of Diosmetin on 

dysregulations and associated with the development and pro-
gression of neuropathy [11, 43]. In this study, we observed 
significantly decreased body weight, AUCOGTT and fasting 
serum glucose levels in all dose groups under Diosmetin 
treatment without significant difference in calorie intake. In 
addition, we also found that all doses of Diosmetin treat-
ment could normalized the serum and liver lipid profiles 
indicated by lower levels of TG and LDL-C but higher 
levels of HDL-C in the serum and liver compared with the 
HFD group, while the most significant effect was reached in 
100 mg/kg Diosmetin treatment group.

Fig. 6  Dietary supplementation of Diosmetin reduced the neuronal 
and systematic inflammation in the obese rats induced by HFD. (A) 
Representative immunofluorescence images of IBA-1 (green) in the 
CA1 regions of the hippocampus (200×); (B) Quantification of IBA-1 
(green) fluorescence intensity ratio (% of control) in the DG, CA3 and 
CA1 regions; (C) Relative mRNA expressions of MMP3, MMP9, 
COX2 and iNOS in the hippocampus; (D and E) TNF-α, IL-6 and 

IL-1β concentrations in the serum and hippocampus respectively. All 
data are expressed as mean ± SEM, n = 3–5/group. Results are consid-
ered significant at p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001 com-
pared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 com-
pared with the HFD group; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 compared 
with 25 mg/kg Diosmetin administration group; +p < 0.05, ++p < 0.01, 
+++p < 0.001 compared with 50 mg/kg Diosmetin administration group
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with the HFD group. Additionally, we also detected the 
mRNA expression of important regulators in inflamma-
tory responses [12, 49], and found that HFD-induced up-
regulation of pro-inflammatory genes, including MMP3, 
COX-2 and iNOS, was successfully reversed by all doses 
of Diosmetin treatment in a dose-dependent manner, fur-
ther confirming the effectiveness of Diosmetin in attenu-
ating the neuroinflammation caused by long-term HFD 
consumption.

The maintenance of proper functioning of brain 
requires a large amount of energy. Mitochondria are 
highly dynamically active organelles and require a bal-
anced status between fusion and fission for the quality 
control of a mitochondrial network [50, 51]. However, in 
addition to causing excessive neuroinflammation, HFD 
consumption also impaired brain mitochondrial func-
tion including biogenesis, dynamics, bioenergetics and 
oxidative status, thus resulting in lower neuronal ATP 
generation and poorer cognitive capabilities [52]. Data 
from in vivo experiments supported the protective role of 
Diosmetin in ameliorating HFD-induced brain mitochon-
drial dysfunction. To be specific, Diosmetin treatment 
effectively reversed HFD-induced down-regulation of 
genes involved in mitochondrial biogenesis and dynam-
ics, including PGC-1α, Tfam, Nrf1, Nrf2, Mfn1, Mfn2 
and cycs, and restored mitochondrial ATP levels in the 
hippocampus. Notably, oxidative stress injuries were 

HFD-induced extensive atrophy, deformation and apoptosis 
of hippocampal neurons. Meanwhile, our results also showed 
that Diosmetin effectively reversed the down-regulation of 
synaptic-related markers PSD95 and SNAP25, indicating a 
significant improvement in HFD-induced deficits in hippo-
campal synaptic plasticity and structure integrity.

The induction of low-grade inflammation in the 
periphery and central nervous system, especially in the 
hippocampus, plays a crucial role in the obesity-asso-
ciated cognitive impairment [47]. In the past few years, 
numerous studies have explored the anti-inflammation 
effects of Diosmetin on multiple inflammatory illnesses, 
including chronic and acute colitis [28], nonalcoholic 
steatohepatitis [27] and H1N1 influenza virus-induced 
acute lung injury [48]. Consistent with these results, we 
found that HFD-triggered elevation of proinflammatory 
cytokines levels, including TNF-α, IL-6 and IL-1β was 
effectively inhibited by Diosmetin treatment both in the 
serum and hippocampus. Microglia are one of the pri-
mary participants in the brain inflammatory response, the 
over-activation of which could prompt the release of mul-
tiple pro-inflammatory cytokines and cause neuroinflam-
mation [40]. As expected, immunofluorescence staining 
results indicated that 50 and 100 mg/kg Diosmetin mark-
edly decreased the expression of IBA-1, a marker of 
microglia in CA1 and CA3 regions of hippocampus and 
suppressed the over-activation of microglia compared 

Fig. 7  Dietary supplementation 
of Diosmetin inhibited mitochon-
drial dysfunction and oxidative 
stress induced by HFD. (A) 
mRNA expressions of PGC-1α, 
Tfam, Nrf1, Nrf2, Mfn1, Mfn2, 
PDK and cycs in the hippocam-
pus; (B) Mitochondrial ATP 
levels; (C-E) Mitochondrial 
PDH, CS and OGDH levels 
respectively; (F) MDA levels; 
(G-H) Enzyme activities of 
SOD and CAT in the hippo-
campus. All data are expressed 
as mean ± SEM, n = 5/group. 
Results are considered significant 
at p < 0.05. *p < 0.05, **p < 0.01, 
***p < 0.001 compared with 
the control group; #p < 0.05, 
##p < 0.01, ###p < 0.001 compared 
with the HFD group; ^p < 0.05, 
^^p < 0.01, ^^^p < 0.001 com-
pared with 25 mg/kg Diosmetin 
administration group; +p < 0.05, 
++p < 0.01, +++p < 0.001 com-
pared with 50 mg/kg Diosmetin 
administration group
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PGC-1α signaling pathway compared with the HFD 
group. Besides, the activation of PGC-1α has also been 
shown to augment the expression of neurotrophic factor 
BDNF [17, 42], which was consistent with our results 
in immunofluorescence that 100 mg/kg Diosmetin treat-
ment markedly increased BDNF expression in the DG, 
CA3 and CA1 regions. Similarly, Diosmetin treatment 
also effectively reversed HFD-induced down-regulation 
of other neurotrophic factors, such as NT-4 and NGF.

There are some limitations of our study. First, we evalu-
ated the protective effects of Diosmetin only on male SD 
rats, while the effectiveness of Diosmetin on HFD-induced 
obese female rats needs further clarification. Second, 
although overall our study indicated that 100 mg/kg Dios-
metin exhibited the most significant effects on HFD-induced 
cognitive impairments, not all results were altered in a dose-
dependent manner and future studies with larger sample size 

also successfully attenuated by Diosmetin treatment. 
TCA cycle is the primary source of cellular energy and 
provides intermediates utilized in multiple metabolic 
pathways, while the dysfunction of TCA cycle-related 
enzymes could result in neurometabolic disorders [53]. 
Surprisingly, the levels of key enzymes involved in the 
TCA cycle, including PDH, CS and OGDH were evi-
dently increased by 100  mg/kg Diosmetin treatment. 
Increasing evidence has indicated that SIRT1 is involved 
in a series of vital biological functions, including energy 
metabolism, apoptosis and autophagy, and regulates the 
transcriptional activity of PGC-1α via deacetylation. 
PGC-1α is a key regulator of mitochondrial function 
and structure and highly expressed in tissues with high-
energy demands [32, 54, 55]. We further investigated 
the effects of Diosmetin on SIRT1/PGC-1α signaling 
pathway. Western blotting showed that 25 and 100 mg/
kg Diosmetin treatment significantly activated SIRT1/

Fig. 8  Dietary supplementation of Diosmetin activated SIRT1/PGC-1α 
signaling in HFD-induced obese rats. (A) Representative gel images 
of western blot analysis for SIRT1 and PGC-1α protein expression; (B 
and C) Quantification of western blot analysis for SIRT1 and PGC-1α 
protein expression; (D) Representative immunofluorescence images of 
BDNF (red) in the DG regions of the hippocampus (200×). All data 

are expressed as mean ± SEM, n = 3/group. Results are considered sig-
nificant at p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001 compared with 
the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the 
HFD group; ̂ p < 0.05, ̂ ^p < 0.01, ̂ ^^p < 0.001 compared with 25 mg/kg 
Diosmetin administration group; +p < 0.05, ++p < 0.01, +++p < 0.001 
compared with 50 mg/kg Diosmetin administration group
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Fig. 9  Dietary supplementation of Diosmetin increased hippocampal 
neurotrophic factors in HFD-induced obese rats. (A-B) Representa-
tive immunofluorescence images of BDNF (red) in the CA3 and CA1 
regions of the hippocampus (200×); (C) Quantification of BDNF 
(red) fluorescence intensity ratio (% of control) in the DG, CA3 and 
CA1 regions; (D) Relative mRNA expressions of BDNF, NT-3, NT-4 

and NGF in the hippocampus. Results are considered significant at 
p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the con-
trol group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the HFD 
group; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 compared with 25  mg/kg 
Diosmetin administration group; +p < 0.05, ++p < 0.01, +++p < 0.001 
compared with 50 mg/kg Diosmetin administration group
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and more doses of Diosmetin are needed to screen the opti-
mal concentration of Diosmetin treatment.

Conclusion

In conclusion, the present study revealed that Diosmetin 
could alleviate HFD-induced cognitive impairments via 
inhibiting metabolic disorders, mitochondrial dysfunc-
tion and neuroinflammation in the hippocampus. There-
fore, Diosmetin might be a novel nutritional intervention 
to prevent the occurrence and development of obesity-
associated cognitive dysfunction, which is worth further 
investigating.
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