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Hydroxytyrosol alleviates oxidative stress and
neuroinflammation and enhances hippocampal
neurotrophic signaling to improve stress-induced
depressive behaviors in mice
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Hydroxytyrosol (HT), the main phenolic compound in olives and olive products, has antioxidative, anti-

inflammatory, neuroprotective, and other physiological functions. The effects of HT on depression are

unclear. The aim of this study was to explore the effects of HT on chronic unpredictable mild stress

(CUMS) induced depressive-like behaviors. Mice were exposed to CUMS for 9 weeks and then treated

with HT beginning in the second week and continuing for 7 weeks. Behavioral, biochemical, and mole-

cular tests were conducted at the end of the experiment. The sucrose preference was significantly

decreased in the CUMS group versus the healthy control group. Also, immobility times in forced swim-

ming and tail suspension tests were increased in CUMS-induced mice, but treatment with HT significantly

reversed this change. HT ameliorated oxidative stress in CUMS-exposed mice by enhancing superoxide

dismutase activity and reducing reactive oxygen species and malondialdehyde levels in the hippocampus.

HT administration significantly suppressed microglia activation and inhibited the expression of tumor

necrosis factor alpha and interleukin 1 beta in the hippocampus versus the untreated group. The

expression level of glial fibrillary acidic protein (GFAP) and the number of GFAP-immunoreactive astro-

cytes in the hippocampus were significantly augmented by HT. Furthermore, HT treatment increased the

expression of hippocampal brain-derived neurotrophic factor (BDNF), phosphorylated tropomyosin

receptor kinase B (p-TrkB), and phosphorylated c-AMP response element binding protein (p-CREB) com-

pared with the untreated CUMS group. Overall, HT improved CUMS-induced depressive-like behaviors in

mice by alleviating oxidative stress and neuroinflammation and by enhancing the BDNF/TrkB/CREB signal-

ing pathway.

1. Introduction

Depression is a common psychiatric disorder characterized by
loss of pleasure or interest, feelings of worthlessness, dis-
turbed sleep or appetite, and poor concentration.1 The World
Health Organization estimates that more than 350 million
people of all ages suffer from depression. It is predicted that,
by 2030, depression will become the leading cause of disabil-
ity, as measured in disability-adjusted life-years.2 The etiologi-

cal mechanism of depression is complicated, and current
treatments remain ineffective in a large subset of patients.3 It
is estimated that only 50% of patients with depression
respond to currently available antidepressants.4 Thus, finding
new molecular targets and more effective therapeutic drugs to
cure depression is urgent.

Accumulating data show that an inverse association exists
between Mediterranean diet intervention and the risk of
depression.5–7 The Mediterranean diet is a green and healthy
diet that uses olive oil as the main edible oil and includes
large amounts of whole grains, vegetables and fruits; appropri-
ate amounts of seafood and nuts; and supplementation with
appropriate amounts of dairy and dairy products, red wine,
and small amounts of red meat.8 Olive oil contains many bio-
active components, such as monounsaturated fatty acids, toco-
pherols, and polyphenols. Among the components of polyphe-
nols, hydroxytyrosol [2-(3,4-di-hydroxyphenyl)ethanol, or HT]
is one of the main phenolic compounds.9 Its chemical struc-†These authors contributed equally to this work.
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ture and molecular formula are shown in Fig. 1. Recent
studies have shown that HT exhibits good pharmacological
activities, such as antibacterial, anti-inflammatory, and anti-
oxidant activities; prevents metabolic syndrome (obesity, dysli-
pidemia); and has neuroprotective properties.10–12 HT sup-
plementation greatly improved the cognitive function of
TgCRND8 mice and dramatically reduced Aβ42 and pE3-Aβ
plaque areas and numbers in the cortex in a murine model of
amyloid-β deposition.13 Treatment with HT ameliorated neuro-
nal impairment via modulation of mitochondrial function, oxi-
dative stress, and neuroinflammation, and HT improved cogni-
tive dysfunction in a murine model of Alzheimer’s disease.14

HT also improved prenatal, stress-induced cognitive impair-
ment in rat offspring through neuroprotective effects.15

To date, no study to our knowledge has explored the anti-
depressant effects of HT in a model of stress-induced
depression. In this study, we established a depression model by
exposing mice to chronic unpredictable mild stress (CUMS) and
tested the effects of HT on depressive-like behaviors. In addition,
we examined the mechanisms underlying the effects of HT.

2. Materials and methods
2.1. Reagents

HT (S25176) was obtained from Shanghai Yuan Ye
Biotechnology Co., Ltd (Shanghai, China). A reactive oxygen
species (ROS) fluorescent probe, 2′,7′-dichlorofluorescindi-
acetate (DCFDA, C2938), was obtained from Molecular Probes
(Carlsbad, CA, USA). Superoxide dismutase (SOD, A001-3) and
malondialdehyde (MDA, A003-2) kits were purchased from
Nanjing Jiancheng Biotechnology Co., Ltd (Nanjing, China).
Interleukin 1 beta (IL-1β, BMS6002) and tumor necrosis factor
alpha (TNF-α, 88732422) ELISA kits were purchased from
Invitrogen (Carlsbad, CA, USA). Anti-Iba-1 (0805K02) antibody
was obtained from Wako (Chuo-Ku, Japan). Anti-glial fibrillary
acidic protein (GFAP, 7260) and anti-brain-derived neuro-
trophic factor (BDNF, 108319) antibodies were obtained from
Abcam (Cambridge, MA, USA). Antibodies against tropomyosin
receptor kinase B (TrkB, 4603), phosphorylated TrkB (p-TrkB,
4619), c-AMP response element binding protein (CREB, 9197)
and phosphorylated CREB (p-CREB, 9198) were purchased
from Cell Signaling Technology (Danvers, MA, USA).

2.2. Animals

C57BL/6 mice (male, 7–8 weeks old, 20–22 g) were purchased
from Guangdong Medical Laboratory Animal Center

(Guangzhou, China). The animals were housed, five per cage,
with food and water ad libitum, and maintained on a 12 h
light/dark cycle (light on from 8 AM to 8 PM) and at a con-
trolled temperature of 21 °C ± 1 °C except when specified
otherwise. All animal welfare and procedures were performed
in accordance with the Guidelines for Care and Use of
Laboratory Animals of Guangdong Ocean University and
experiments were approved by the Animal Ethics Committee of
Guangdong Ocean University (Approval No. 2018100905).

2.3. Drug treatment and CUMS procedure

The mice were randomly divided into six groups (n = 15 per
group): the control group; the HT group (200 mg per kg body
weight); the CUMS group; and three CUMS groups treated with
HT at doses of 50, 100, or 200 mg per kg body weight. HT was
dissolved in distilled water and administered by gastric gavage
for 49 days. The experimental procedure is illustrated in Fig. 2A.

The CUMS protocol was performed as described previously
but with a slight modification.16 The mice in the control group
and the HT group were housed separately throughout the
experiment. The mice in the CUMS group and the CUMS + HT
group were administered the following mild stressors randomly
for 63 days: cold temperature (4–10 °C) for 1.5 h; restraint for
1.5 h; swimming in 18 °C cold water for 10 min; stroboscopic
illumination; 45° cage tilting for 12 h; damp bedding for 12 h;
food and water deprivation for 12 h; and shaking at 150 rpm for
2.5 h. All stressors were randomly applied, and the same stres-
sor was not administered within 3 days.

2.4. Behavioral tests

2.4.1. Sucrose preference test (SPT). Anhedonia behavior
was assessed by the SPT according to the methods used in a
previous report.17 Before testing, mice were supplied with one
bottle of 1% sucrose water (w/v) and one bottle of purified
water for 48 h. Then, the mice were deprived of food and water
for 24 h. Then, at the beginning of the experiment, each
mouse was again given two bottles of water: one bottle of 1%
sucrose water and one bottle of purified water. After 4 h, the
consumption of sucrose water and pure water was recorded,
and the sucrose preference was calculated (sucrose preference
= [sucrose water consumption/total water consumption] ×
100%).

2.4.2. Forced swimming test (FST). The FST was performed
according to published protocols, with minor modifications.18

The experiment was carried out within 2 days. On the first day,
the mice were placed in a cylindrical bucket (50 cm height,
20 cm diameter) filled with water (temperature 25 °C ± 1 °C)
for 10 min. On the next day, the mice were placed in a cylindri-
cal bucket for 5 min, and the immobility time was recorded
from the second minute to the sixth minute by experimenters
who were blinded to the design of the experiment.

2.4.3. Tail suspending test (TST). The TST was performed
according to published protocols, with minor modifications.19

After 9 weeks of CUMS, mice were suspended by the tail, by
applying tape to the last third of the tail, at a height of 50 cm
above the floor. The experiment was performed for a period of

Fig. 1 Chemical structure and formula of HT.
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5 min, and the duration of immobility was measured by an
observer who was trained and blinded to the design of the
experiment.

2.5. Measurement of ROS

The levels of ROS in the hippocampus were measured using
DCFDA, as previously described, with minor modifications.20

Brain slides were incubated with DCFDA (20 μM) and dissolved
with 0.1 mol L−1 phosphate buffer solution (PBS, pH 7.2) at
37 °C for 30 minutes in a dark environment. Fluorescent
imaging was performed with a fluorescence microscope.
Image-Pro Plus software, version 6.0, was used to analyze the
optical density in each hippocampus.

2.6. Biochemical analysis for MDA and SOD in the
hippocampus

Hippocampal tissue samples were homogenized (10% w/v)
with PBS and centrifuged (12 000 rpm, 4 °C, 15 min). The
supernatant was collected, and the protein concentration was
determined with a bicinchoninic acid (BCA) assay kit. The
activity of SOD and the content of MDA in the hippocampus
were measured using commercial kits. All the experiment pro-
cedures followed the instructions of the commercial kits.

2.7. Measurement of inflammatory cytokines in the
hippocampus

Hippocampal tissue samples were homogenized (10% w/v) with
RIPA lysis buffer and centrifuged (12 000 rpm, 4 °C, 15 min). The
supernatant was collected, and the protein concentration was

measured with a BCA assay kit. The levels of TNF-α and IL-β in
the hippocampus were determined by ELISA kits. All the experi-
ment procedures followed the instructions of the ELISA kits.

2.8. Western blotting

Hippocampal samples were homogenized in ice-cold RIPA
lysis buffer containing a mixture of a protease inhibitor and a
phosphatase inhibitor and were centrifuged at 12 000 rpm for
15 min in 4 °C. Supernatants were collected and protein con-
centrations were determined with the BCA assay kit. Western
blotting was performed as previously described, with minor
modifications.21

Proteins were separated using 10% SDS-PAGE gels and
transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% skimmed milk at room temperature for
1 h, the membranes were incubated at 4 °C overnight with
primary antibodies (dilution: 1 : 1000). After washing with
TBST five times, 8 min each time, the membranes were incu-
bated with HRP-conjugated secondary antibodies (dilution:
1 : 2000) at room temperature for 1 h. Enhanced chemilumi-
nescence (ECL) was applied on the membranes before the
ChemiDoc™ XRS+ System (Bio-Rad, USA) was used. The inten-
sity of the protein bands was normalized to β-actin.

2.9. Immunofluorescence

Mice were anesthetized with pentobarbital sodium (50 mg per
kg body weight) and transcardially perfused with PBS followed
by 4% paraformaldehyde. Brains were fixed overnight in 4%
paraformaldehyde and then transferred to 30% sucrose for

Fig. 2 Experimental procedures and the results of behavioral tests. (A) Schematic illustration of the experimental process. (B) The treatment with HT
obviously reversed the decreased sucrose preference observed in mice exposed to CUMS. (C and D) HT exposure significantly reduced the immo-
bility time in the FST and TST compared with the results in the CUMS group. All data are expressed as mean ± SEM (n = 15). *P < 0.05, **P < 0.01 vs.
control group; #P < 0.05, ##P < 0.01 vs. CUMS group.
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24 h. Twenty-micrometer-thick floating sections were obtained
using a microtome. Immunofluorescence was performed as
previously described, with minor modifications.22 Tissue sec-
tions were washed three times in PBS, blocked in 10% normal
horse serum with 0.3% Triton X-100 in PBS for 2 h at room
temperature, and incubated overnight at 4 °C with the primary
antibody diluted in 10% horse serum with 0.3% Triton X-100
in PBS. The sections were washed three times in PBS and then
incubated for 2 h at room temperature with a fluorophore-con-
jugated secondary antibody and 4′,6-diamidino-2-phenylindole
(DAPI) was used as the nuclear stain. After the last three
washes in PBS, the sections were coverslipped with glycerol.

Images were acquired using a Leika DM2500 positive fluo-
rescence microscope (Germany). Positive cell counting was per-
formed using ImageJ software, version 1.8.0. Immune-positive
cells were quantified in dentate gyrus per millimeter, as described.

2.10. Statistical analysis

Experimental data were expressed as the mean ± standard
error of measurement (SEM) of at least three independent
experiments. Statistical analyses were performed using one-
way analysis of variance (Tukey procedure to compare all pairs
of columns) and were conducted using GraphPad Prism
Software, version 8.0 (GraphPad Software, Inc., La Jolla, CA).
P < 0.05 was considered statistically significant.

3. Results
3.1. HT improved CUMS-induced depressive-like behaviors

To investigate the effects of HT on CUMS-induced depressive-
like behaviors, mice were exposed to the CUMS protocol for 63
days and treated with HT for 49 days (Fig. 2A). At the end of the
experiment, behavioral tests were performed. The results showed
that, compared with the control mice, CUMS-induced mice
showed a lower preference for sugar water in the SPT (P < 0.05,
Fig. 2B) and a longer immobility time in the FST and TST (P <
0.01, Fig. 2C and D). These behavioral changes were significantly
reversed by the administration of different doses of HT (50, 100,
and 200 mg per kg of body weight) (P < 0.05, Fig. 2B–D).

3.2. HT alleviated oxidative stress in the hippocampus

To investigate the possible mechanisms of antidepressant
effects of HT, the mice exposed to CUMS and treated with
100 mg kg−1 dose of HT were selected for an in-depth study.
We first detected the changes in the oxidative stress levels in
the hippocampus of mice. The results showed that ROS levels
were markedly elevated in the hippocampus of CUMS mice,
whereas HT treatment inhibited ROS production (P < 0.01,
Fig. 3A and B). In addition, SOD activity was reduced and the
MDA content was increased in the CUMS-induced group com-
pared with those of the control group (P < 0.01, Fig. 3C and D).

Fig. 3 Effects of HT on oxidative stress in the hippocampus. (A) The distribution of ROS was observed by immunofluorescence. Scale bar = 100 μm.
(B) ROS levels in the hippocampus were quantified by fluorescent analysis using Image-Pro Plus 6.0. (C and D) HT administration enhanced the
activity of SOD and decreased the content of MDA in the hippocampus. All data are expressed as mean ± SEM (n = 3). **P < 0.01 vs. control group;
##P < 0.01 vs. CUMS group.
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After treatment with HT, SOD activity increased and MDA
levels decreased significantly (P < 0.01, Fig. 3C and D).

3.3. HT inhibited neuroinflammation in the hippocampus

The pathogenesis of depression is strongly related to neuroinflam-
matory processes in the hippocampus. To assess the effects of HT
on neuroinflammation in the murine hippocampus, the expres-
sion of microglia labeled with Iba-1 was detected by immuno-

fluorescence (Fig. 4A), and the levels of IL-1β and TNF-α were
measured by ELISA. The number of Iba-1-labeled positive cells (P <
0.01, Fig. 4B) and the levels of IL-1β (P < 0.01, Fig. 4C) and TNF-α
(P < 0.01, Fig. 4D) increased dramatically in the hippocampus of
CUMS-exposed mice compared with that in the control mice. HT
administration significantly decreased the number of microglia
cells and the levels of IL-1β and TNF-α in the hippocampus com-
pared to those in the CUMS-exposed mice (P < 0.01, Fig. 4B–D).

Fig. 4 Effects of HT on neuroinflammation in the hippocampus. (A) Representative images of activated microglia. Tissue sections were stained
using the anti-Iba-1 antibody for microglia (green). DAPI (blue) was used for nuclear staining. Scale bar = 100 μm. (B) Quantification of Iba-1-positive
cells in the hippocampus. (C) HT administration significantly decreased the expression of IL-1β. (D) HT administration reduced the expression of
TNF-α in the hippocampus. All data are expressed as mean ± SEM (n = 4). **P < 0.01 vs. control group; ##P < 0.01 vs. CUMS group.
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3.4. HT increased the number of GFAP-positive cells and
upregulated the level of GFAP in the hippocampus

To analyze the density of astrocytes in the murine hippo-
campus, the expression of the astrocyte marker GFAP in the

hippocampus was measured by immunofluorescence (Fig. 5A)
and western blotting (Fig. 6A). The number of GFAP-positive
cells in the hippocampus observably decreased compared with
those in the control group (P < 0.05, Fig. 5B). Treatment with
HT significantly elevated the number of GFAP-positive cells

Fig. 5 Effects of HT on the number of GFAP-positive cells in the hippocampus. (A) Representative images of astrocytes. Tissue sections were
stained using the anti-GFAP antibody for astrocytes (green). DAPI (blue) was used for nuclear staining. Scale bar = 100 μm. (B) Quantification of
GFAP-positive cells in the hippocampus. All data are expressed as mean ± SEM (n = 4). *P < 0.05 vs. control group; #P < 0.05 vs. CUMS group.
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(P < 0.05, Fig. 5B). Furthermore, western blotting results showed
that HT enhanced GFAP expression (P < 0.05, Fig. 6A and B).

3.5. HT enhanced the BDNF signaling pathway in the
hippocampus

To better study the underlying mechanism of the effect of HT
on CUMS-induced depressive-like behaviors, the levels of
BDNF and related signaling proteins were measured by
western blotting. The results revealed that CUMS dramatically
suppressed BDNF (P < 0.01, Fig. 6A and C), p-TrkB (P < 0.01,
Fig. 7A and B), and p-CREB (P < 0.01, Fig. 7A and C) in the hip-
pocampus compared with those in the control group. HT
administration reversed these changes significantly (P < 0.01,
Fig. 6 and 7).

4. Discussion

The Mediterranean diet is recognized as one of the healthiest
dietary patterns, conferring benefits against brain dysfunction,

including neurodegenerative diseases and psychiatric dis-
orders.23 Extra virgin olive oil is the main lipid source in the
Mediterranean diet. A large body of evidence has demon-
strated that the polyphenols of extra virgin olive oil can
promote neurogenesis, improve learning and memory, and
protect the nervous system.24,25 HT is the main polyphenol
present in this oil, and HT is bioavailable for humans. It can
cross the blood–brain barrier and exert neuroprotective
effects.26 In this study, the potential for antidepressant effects
of HT was investigated in stress-induced mice. Behavior tests
showed that HT reversed depressive-like behaviors in mice
exposed to CUMS, and the most effective dose of HT was
100 mg per kg of body weight. In this study, the mechanisms
underlying the roles of HT in depression were studied using
mice treated with 100 mg kg−1 doses of HT.

The hippocampus is a key hub within the limbic system of
the brain, and its complicated structure and multiple func-
tions ensure the biochemical integrity of the brain.27 The hip-
pocampus is extremely sensitive to stress, and pathological
changes to its structure and function form the basis of various

Fig. 7 Effects of HT on the expression of p-TrkB and p-CREB in the hippocampus. (A) Representative images of western blotting results. (B and C)
Quantification of the expression of p-TrkB and p-CREB in the hippocampus. All data are expressed as mean ± SEM (n = 4). **P < 0.01 vs. control
group; ##P < 0.01 vs. CUMS group.

Fig. 6 Effects of HT on the expression of GFAP and BDNF in the hippocampus. (A) Representative images of western blotting of GFAP and BDNF.
(B and C) Quantitative analysis of GFAP and BDNF expression in the hippocampus. All data are expressed as mean ± SEM (n = 4). *P < 0.05, **P < 0.01
vs. control group; #P < 0.05, ##P < 0.01 vs. CUMS group.
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mental disorders, including depression.28 Accumulating data
show that oxidative stress, neuroinflammation, and glial cell
dysfunction are involved in stress-induced hippocampal
impairment and play pivotal roles in the onset and develop-
ment of depression.29,30

The imbalance between ROS and antioxidants leads to oxi-
dative stress, which will cause oxidative damage to lipids, pro-
teins, and DNA; eventually, the damage will lead to cellular
apoptosis.31,32 The brain, which consumes a lot of oxygen and
is rich in lipids, is vulnerable to oxidative stress. Thus, damage
to the brain caused by oxidative stress has a strong negative
impact on the normal functions of the central nervous system
(CNS).30 Studies have shown that oxidative stress is involved in
psychiatric illnesses, including depression and anxiety dis-
orders.33 Reduced activity of antioxidative enzymes and
increased levels of oxidative stress products in the hippo-
campus have been reported in patients with depression.34,35 In
this study, ROS and MDA levels were increased and SOD
activity was decreased in the hippocampus of mice exposed to
CUMS. These changes were reversed by HT treatment.

Neuroinflammation orchestrates the development of
depression.36 Microglial cells are the resident immune cells of
the CNS, and they are essential to maintain the homeostasis of
healthy tissues and influence brain development by shaping
neural circuits.37,38 Under pathological conditions, resting
microglial cells convert into activated amoeba-like macro-
phages that release pro-inflammatory cytokines to stimulate
self-proliferation, and peripheral immune cells are recruited to
cause neuroinflammation, resulting in neuronal damage.39 To
determine whether HT could inhibit neuroinflammation in
CUMS-exposed mice, the number of hippocampal microglia
cells were measured by immunofluorescence and the levels of
inflammatory factors were analyzed. The total number of Iba-
1-labeled positive microglia cells and the levels of IL-1β and
TNF-α increased significantly in the hippocampal dentate
gyrus of CUMS-exposed mice compared with those in the
control group. HT treatment inhibited the activation of micro-
glia cells in the hippocampus and downregulated the levels of
IL-1β and TNF-α. This study demonstrated that treatment with
HT can significantly attenuate neuroinflammation in the hip-
pocampus, and this response was associated with the normali-
zation of depressive-like behaviors.

Astrocytes are widely distributed in the CNS and peripheral
nervous system, and they play critical roles in maintaining
homeostasis within the CNS, maintaining the integrity of the
brain–blood barrier, and supporting neurotrophic function.40

Previous research has shown that changes in the number, mor-
phology, and function of astrocytes are involved in the develop-
ment of depression.41 Here, we found that the number of
astrocytes in the hippocampus of CUMS-exposed mice
decreased significantly compared with the number in the
control group. HT treatment significantly reversed this CUMS-
induced decrease of astrocytes in the hippocampus.

Astrocytes can release BDNF, nerve growth factor (NGF),
glial cell line-derived neurotrophic factor (GDNF), and other
neurotrophins, all of which play a crucial role in neurogenesis,

neuronal differentiation, neuronal survival, and synapse
formation.42,43 A systematic review of clinical studies has
suggested that BDNF is directly involved in the pathophysiol-
ogy of depression and that the restoration of BDNF function
may underlie the therapeutic efficacy of antidepressant treat-
ment.44 Here, our results revealed that the BDNF expression
level decreased in the hippocampus of CUMS-exposed mice
compared with the level in the control group. HT treatment
subsequently elevated the BDNF protein level. BDNF exerts
anti-apoptotic and neuroprotective effects, in part via the
BDNF/TrkB/CREB signaling pathway.45 BDNF binds with its
receptor, TrkB, which leads to autophosphorylation of the tyro-
sine residues of TrkB; p-TrkB then phosphorylates CREB.
CREB is a major transcription factor involved in neurogenesis,
nerve survival, and brain function; it regulates the transcrip-
tion of BDNF and influences cognitive function.21,46 To
better explore the underlying mechanisms of the beneficial
effects of HT, we measured the protein levels of p-TrkB and
p-CREB in the hippocampus and found that CUMS can lead to
downregulation of the BDNF/TrkB/CREB signaling pathway.
Treatment with HT enhanced the expression of p-TrkB and
p-CREB. Therefore, we conclude that the antidepressant effect
of HT may be related to activation of the BDNF/TrkB/CREB
pathway.

5. Conclusion

In summary, this study demonstrates that HT reverses CUMS-
induced depressive-like behaviors. HT exerts antidepressant-
like effects by reducing oxidative stress, suppressing neuroin-
flammation, and enhancing the function of neurotrophic
factors (Fig. 8). HT might serve as a therapeutic agent in
depression.
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Fig. 8 Mechanism underlying the antidepressant effect of HT.
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