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Abstract
Alzheimer's Disease is a degenerative neurological condition which leads to a decline in memory and cognitive function. 
Chlorogenic Acid (CGA) presents properties including neuroprotective, antioxidant and anti-inflammatory. The aim of 
this study was to examine the impact of CGA on cognitive impairments, neuroinflammation and neuronal damage in mice 
submitted to an experimental model of Sporadic Alzheimer Disease (SAD) induced by intracerebroventricular adminis-
tration of streptozotocin (ICV-STZ). Male Swiss mice received bilateral ICV-STZ injections (3 mg/Kg) on days 1 and 3. 
The treatment with CGA (5 mg/Kg, orally) or vehicle (water, orally), was initiated and continued for 26 days, starting 2 h 
after the second induction procedure. At first, there was no change in serum glucose levels after SAD induction. ICV-STZ 
induces impairments in aversive, recognition, and spatial memory, while CGA treatment significantly alleviated these 
memory deficits. Furthermore, locomotor activity, working memory, and anxiety-related activities remained unaffected 
by the treatments. CGA treatment protects against ICV-STZ-induced increase in the nitrite/nitrate and TBARS levels. 
ICV-STZ induced a reduction in viable cells, depletion of BDNF, and triggered astrogliosis and microgliosis in the cortex 
and hippocampus. Treatment with CGA preserves viable cell count in the prefrontal cortex, CA1, and CA3 regions of 
the hippocampus. Additionally, it prevented BDNF depletion in the prefrontal cortex and hippocampus (CA1, CA3, and 
DG regions), and mitigated astrogliosis and microgliosis in the prefrontal cortex and hippocampus (CA1, CA3, and DG 
regions). These findings indicate the neuroprotective effects of CGA, underscoring their potential as therapeutic agents 
or adjuncts in the treatment of SAD.
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Introduction

Alzheimer's disease (AD) is a degenerative neurological 
disorder linked to aging, characterized by the deteriora-
tion of memory and gradual cognitive decline [1]. Among 
the older population, it represents the predominant type of 
dementia, constituting around 75% of total cases [2]. AD 
can manifest in two ways: Familial Alzheimer's Disease 
(FAD) and Sporadic Alzheimer's Disease (SAD), this one 
that accounts for approximately 95% of AD cases [3, 4]. 
The pathology of AD constitutes a complex framework 
involving a combination of genetic, molecular, and envi-
ronmental factors [5]. AD is characterized by extensive 
neuronal loss, with the presence of neuritic plaques or 
senile plaques (NP), which are formed by the extracellular 
deposition of amyloid-β (Aβ) peptide, intracellular neurofi-
brillary tangles (NFTs) in the brain, and elevated levels of 
Aβ (primarily Aβ 40 and Aβ 42) [4, 6].

Also, a series of events lead to neuronal dysfunction, 
especially in cholinergic neurons, in areas related to cog-
nition and memory formation, such as the prefrontal cor-
tex and the hippocampus, resulting in atrophy in these 
areas due to neuronal death and cognitive decline [7, 8]. 
The remaining neurons undergo extensive morphologi-
cal changes, including neuritic dystrophy, remodeling of 
axonal trees, and dendritic spine density [9]

Thus, a scenario of neurochemical imbalance is cre-
ated, characterized by signs of neurodegeneration, neu-
roinflammation, oxidative stress, increased pro-apoptotic 
signaling, cholinergic deficits, mitochondrial dysfunction, 
impairments in synaptic transmission, and disruption of 
the balance between different neurotransmitters [8, 10]. 
All of these changes alter the connectivity of memory and 
cognition circuits, contributing to the symptoms observed 
in AD [11, 12].

Streptozotocin (STZ) is a naturally occurring glu-
cosamine-nitrosourea that shares a remarkable chemical 
structure with that of glucose, allowing the drug to be 
transported into the cell via glucose transporter 2 (GLUT 
2) [11, 13]. When administered intracerebroventricularly 
(ICV), STZ induces a sort of desensitization of insulin 
receptors and alters the functioning of enzymes involved in 
cerebral glucose metabolism, leading to biochemical and 
pathophysiological changes similar to those observed in 
AD [14] resulting in cognitive deficits [15–18], oxidative 
stress [19, 20], reduced cerebral glucose metabolism [15], 
and insulin resistance in the brain [21].

Chlorogenic acid (CGA) is one of the main polyphenols 
in the human diet, as it is present in tea, coffee, roasted 
green beans, berries, cocoa, citrus fruits, apples and in 
many vegetables [22, 23]. Among the various biological 
activities exhibited by CGA, they include the modulation 

of glucose metabolism [22, 24], antinociceptive effects 
[25], antioxidant and anti-apoptotic properties [22], anti-
inflammatory action [22], improvement of mood [26], and 
cognitive function [27, 28].

Moreover, evidence indicates that the consumption of 
CGA reduces the incidence of different brain diseases such as 
dementia [4, 29, 30], depression [31], and cerebral ischemia 
[32]. Furthermore, cellular studies have demonstrated the 
cytoprotective and neuroprotective effects of CGA [4, 33]. 
The aim of this study was to investigate the neuroprotec-
tive effect of CGA on memory deficits, oxidative stress, cell 
viability, synaptic plasticity, and neuroinflammatory response 
induced by ICV-STZ, an experimental model of AD.

Materials and methods

Experimental animals

Adult male albino Swiss mice (25–35 g) from the Central 
Animal Facility of the Federal University of Ceará (UFC) 
were used and transferred to the Animal Facility of the 
Research and Development Center for Drugs of UFC. The 
animals were housed in appropriate plastic cages, lined with 
wood shavings, at a temperature of 22 ± 2 °C and a 12 h/12 h 
light/dark cycle and fed standard food and water ad libitum. 
All procedures in the study followed the ethical principles of 
animal experimentation established by the National Coun-
cil for Animal Experimentation Control (CONCEA). The 
protocol was approved by the Ethics Committee for Animal 
Use (CEUA—UFC) of the UFC under registration number 
8904290319.

Drugs and chemicals

Streptozotocin and chlorogenic acid were obtained from 
SIGMA-USA. Ketamine and xylazine were obtained from 
König (Argentina). All other drugs and reagents utilized 
were of analytical grade. The artificial cerebrospinal fluid 
(aCSF), pH 7,4, was compound by NaCl 125 mM, KCl 
2.5 mM, NaH2PO4 5 mM, CaCl2 1.2 mM, MgCl2 1 mM.

Intracerebroventricular (ICV) injection of STZ

The animals were anesthetized with xylazine (10 mg/Kg, 
i.p.) and ketamine (100 mg/Kg i.p.) and positioned in the 
precision motorized stereotaxic apparatus with a 10 μm reso-
lution (51730 M, Stoelting, Wood Dale, IL, USA), ensuring 
proper alignment of the ear bar. To prevent keratitis, the eyes 
were kept moist with 0.9% saline solution. Skin disinfec-
tion was carried out using povidone-iodine (Povidone, Vick 
Pharma, São Paulo, Brazil). Subsequently, a midline sagit-
tal incision measuring approximately 1.5 cm in length was 
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made using a scalpel. To validate the correct positioning, the 
dorsoventral coordinates of bregma and lambda were meas-
ured and observed with respect to the flat skull reference.

The openings were created bilaterally on the cranial vault, 
specifically above the lateral ventricles, employing the fol-
lowing coordinates: 0.5 mm posterior to the bregma, 1.1 mm 
lateral to the sagittal suture, and 2.8 mm below the brain sur-
face [34]. This particular experimental model of injury was 
originally introduced by Lannert and Hoyer in 1998 [35]. 
The perforations were carefully generated on the animal's 
skull at each designated position using a 1016 FG spherical 
dental drill affixed to a low-speed Beltec handpiece, LB100, 
equipped with a high-speed friction adapter chuck, ensuring 
the preservation of the dura mater and underlying cortex. 
Any potential bleeding was promptly controlled at this stage. 
Subsequently, the tip of the Hamilton syringe needle was 
precisely positioned at the center of each opening. Start-
ing from the initial dorsoventral level of the skull surface at 
that particular point, the needle tip was gently lowered by 
2.8 mm in the dorsoventral direction.

STZ (3 mg/Kg) dissolved in aCSF or aCSF alone (1.5 
μL) was bilaterally administered icv in a slow manner (over 
1 min) on day 1 and 3 of the experimental timeline, target-
ing both ventricles and infusing 1.5 μL (45 μg/1.5 μL) of 
STZ in each hemisphere [36]. To prevent reflux along the 
syringe, the needle was left in place for an additional 5 min. 
Following the injections, the incisions made on the animals 
were closed using 4–0 nylon thread and disinfected with 
povidone iodine. The animals were allowed to recover from 
anesthesia on a thermal pad to prevent hypothermia, with 
the cranial part of their body slightly elevated to avoid air-
way obstruction. After the administration of STZ-ICV, the 
animals were divided into four groups (n = 10), as follows: 
Group I—Artificial cerebrospinal fluid (aCSF) + Vehicle 
(V), group II—aCSF + CGA, group III—STZ + V and group 
IV—STZ + CGA.

Chlorogenic Acid (CGA) administration

CGA (5  mg/Kg, p.o.) or vehicle (distilled water) were 
administered orally (p.o.) as treatment one hour after the 
induction procedures and continued daily for 25 (twenty-
five) days following the second induction procedure [37].

Blood glucose measurement

Glycemia measurements were conducted in all animals with-
out food restriction to confirm non-diabetic status. Measure-
ments were taken immediately prior to the induction pro-
cedures and 26 days after ICV-STZ. By employing aseptic 
surgical scissors, a small blood sample was obtained by 
puncturing the distal end of the animals' tail. The blood sam-
ple was then applied to a test strip for glucose meter reading 

(On Call® Plus), with results obtained in mg/dL. Mice with 
fasting glycemia greater than 200 mg/dL and body weight 
greater than 55 g were classified as diabetic [38].

Behavioral Tests

All behavioral evaluations were performed in a tranquil 
chamber exclusively designated for behavioral investiga-
tions, under low-intensity red light conditions, with con-
trolled temperature and humidity. All apparatus used were 
made in accordance with specialized literature and were 
cleaned with 20% ethanol between each animal, except for 
the Morris water maze. The behavioral examinations were 
analyzed utilizing the AnyMaze video tracking software 
(Stoelting Co., Wood Dale, IL, USA). The evaluations were 
performed in a blinded manner.

Open‑Field Test

The locomotor activity and exploratory behavior of the 
animals were assessed utilizing the open-field apparatus, a 
black acrylic chamber measuring 30 × 30 cm, with the floor 
divided into nine squares of equal size [39]. The animals 
were placed in the center of the apparatus and allowed to 
explore the environment freely for a period of 5 min. The 
parameters measured included total distance covered, aver-
age speed, number of quadrants crossed (number of cross-
ings), and number of vertical explorations (rearings), which 
indicate exploratory behavior where the animals stand only 
on their hind legs.

Y‑Maze Test

In order to evaluate working memory, the spontaneous alter-
nation behavior was evaluated using a three-armed Y-maze 
(40 × 5 × 16 cm) positioned at equal angles, following previ-
ously established protocols [40]. Prior to the test, the arms 
were labeled, and the animal was placed at the end of one 
arm and allowed to alternate entries among the other arms 
for 8 min. The sequence of arm entries was subsequently 
recorded and analyzed to determine the number of entries 
without repetition. The percentage of spontaneous alterna-
tion = Alternation behavior × 100/Total number of entries 
-2, where the alternation behavior is defined as the number 
of consecutive entries into each of the three arms without 
repetition.

Novel Object Recognition Test

The novel object recognition task is employed to evaluate 
recognition memory in mice [41]. This test capitalizes on 
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the inherent inclination of rodents to explore novel objects 
within their environment and assesses the mouse's capac-
ity to discriminate between familiar and novel objects. 
Preceding the test, the mice underwent individual accli-
matization in the open field arena for a duration of 5 min, 
24 h prior to the test. The experiment took place within 
the open field arena, with two indistinguishable objects 
positioned at the corners. The animal was situated in the 
central quadrant, facing the wall that stood opposite the 
objects. The test consisted of three sessions. During the 
initial session, the animal had a 10-min period to explore 
the open field arena, which contained two identical 
objects labeled as A and A. In the second session, held 
one hour later, the object located on the right (A) was 
substituted with a novel object (B), and the time spent 
exploring each object (old and new) was measured for 
5 min (short-term memory). In the third session, held 
24 h later, the familiar object from the first session (A) 
was substituted with a novel object (C), and the time spent 
exploring each object (old and new) was measured for 
5 min (long-term memory). The recognition or discrimi-
nation index was computed using the following formula: 
(time spent exploring the new object—time spent explor-
ing the familiar object) divided by (time spent exploring 
the new object + time spent exploring the familiar object). 
The following actions were considered as object explora-
tion: sniffing, licking, or touching the object with the nose 
or front paws, or directing the nose towards the object at 
a distance of ≤ 1 cm.

Passive Avoidance Test

The passive avoidance test enables the evaluation of short 
and long-term memories, as well as aversive memory, uti-
lizing the animal's natural inclination to explore beyond 
the platform [42]. The animals were acclimatized to the 
passive avoidance device (Insight LTDA), which com-
prises an acrylic box (48 × 22 × 22 cm) with an electri-
fied floor and a non-electrified platform. The animal was 
placed on the platform for 1 min to acclimate to the appa-
ratus and then removed. After 30 s, the animal was placed 
back on the platform. Since the animal tends to explore 
its surroundings, it receives a 0.5 mA shock for 1 s when 
it descends from the platform, with the latency time to 
descend being recorded for up to a maximum of 5 min 
(training). Animals that did not descend from the plat-
form were shocked after 5 min of training. After 15 min, 
the animal was removed and placed back on the platform 
(early memory). Learning retention was assessed after 
24 h (late memory) without the animals receiving any 
shocks at this stage.

Morris Water Maze Test (MWM)

In this version of the water maze task, which was previously 
described by Morris [43], mice acquire the ability to swim 
towards a submerged platform as quickly and efficiently as 
possible. Clues present in the room walls and other exter-
nal visual stimuli guide the animals, to evaluate visuos-
patial learning and memory (long-term). The successful 
completion of this task relies on proper functioning of the 
hippocampus.

This apparatus comprises a large circular pool filled with 
opaque water, in which a platform is situated just below the 
water surface, hidden from the view of the rodent. Each ani-
mal was randomly placed into the circular pool (90 cm in 
diameter and 60 cm deep) filled with turbid water (up to 
30 cm high) tinted with non-toxic black ink at 26 °C. The 
pool was spatially divided into four quadrants, with a sub-
merged platform (7 cm in diameter) positioned 2 cm below 
the water surface, where the animal had 60 s to locate the 
platform and remain there for 10 s. The training entailed 
six sessions per day for two consecutive days, during which 
the animal underwent learning, with 30-s intervals between 
each training session. Following 48 h after the last training 
session, the animal was subjected to the test without the 
platform to assess memory acquisition. During the test, the 
animal was placed in the pool for 60 s, and the duration of 
time it remained in the quadrant where the platform was 
previously located, the latency period to locate the platform, 
and the number of times it crossed the exact location of the 
platform were documented.

Estimation of Brain Thiobarbituric Acid Reactive 
Species (TBARS) Level

The antioxidant activity was measured by assessing the lev-
els of thiobarbituric acid reactive substances (TBARS) [44], 
an indicator of lipid peroxidation. For the assay, 60 µL of 
the cortex and hippocampus homogenate (10% in phosphate 
buffer) was added to a test tube and centrifuged at 1,200 
rotations per minute (rpm) at 4ºC for 30 min. After centrifu-
gation, 100 μL of 35% perchloric acid was added to stop the 
peroxidation, and centrifuged again at 5,000 rpm at 4 °C for 
10 min. The supernatant was collected and 50 μl of 1.2% 
thiobarbituric acid was added. Subsequently, the solution 
was placed in a water bath for 30 min at a variable tempera-
ture of 95–100 °C. The solution was removed and allowed 
to cool to room temperature. After cooling, 150 µL of the 
solution was added to the wells of the ELISA plate and read 
at 535 nm. Malondialdehyde (MDA) is the end product of 
lipid peroxidation and reacts with TBARS, so the standard 
curve was obtained by reading several concentrations (640, 
320, 160, 80, 40, 20, 10, 5, 2.5, 1.2, 0.6 μM) of standard 
MDA, and the results were expressed in concentration (μM).
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Determination of Nitrite/Nitrate Concentration

In this assay, the Griess reagent (0.1% N-1-naphthyleth-
ylenediamine in distilled water, 1% sulfanilamide in 5% 
phosphoric acid, in a 1:1 ratio) reveals the presence of 
nitrite/nitrate (NO2/NO3) in a sample through a diazotiza-
tion reaction that forms a pink-colored chromophore, with 
a peak absorbance at 540 nm [45]. For the assay, cortical 
and hippocampal homogenates (10% in phosphate buffer) 
were centrifuged at 1,200 rpm for 15 min at 4 °C, and 100 
µL of each supernatant was added to 100 µL of the Griess 
reagent. For the blank, 100 µL of phosphate buffer and 
100 µL of the Griess reagent were used. After 10 min, the 
absorbances were read at 540 nm. The standard curve was 
obtained by reading various concentrations of standard 
nitrite (100; 50; 25; 12.5; 6.52; 3.12; 1.56; 0.78; 0.39; 
0.195 μM) and the results were expressed in concentra-
tion (μM). The absorbance readings of the standards (y) 
were plotted against the concentration of each standard 
(x), and then the equation of the line was determined, 
which was used to determine the nitrite concentration in 
each sample.

Cell Viability Evaluation

Twenty-eight days after ICV-STZ and behavioral tests, 
the animals were perfused through the heart, with saline 
(8º-10ºC), followed by 4% paraformaldehyde in PBS. The 
brains were post-fixed in buffered formalin for 24 h, and 
were stored at -20ºC in 30% in sucrose solution. The tissue 
was cut in the cryostat (10 µm) and the slices were mounted 
on silanized glass slides representative of the prefrontal cor-
tex (PFC) and hippocampus. The tissues were then stained 
using the Cresyl Violet technique to verify neuronal viabil-
ity [46, 47]. The brain slice slides of the prefrontal cor-
tex and hippocampus were immersed in distilled water for 
one minute, and subsequently incubated in a 0.5% cresyl 
violet solution prepared in acetate buffer (20% sodium 
acetate 2.7% + 80% 1.2% glacial acetic acid) for a period 
of three minutes. The marking was fixed with two washes 
in the acetate buffer. Then, the slides were dehydrated in 
alcohol (50, 70, and 100%). Finally, they were immersed 
in xylene and mounted with Entellan (Merck, Germany). 
For the quantification of Nissl-stained neurons, the slides 
were viewed under a microscope (Nikon Eclipse E200) at 
a 200 × magnification. Three slices from each animal were 
randomly selected, and three areas in each slice were ana-
lyzed. The quantification of stained neurons was performed 
on all images using Image J software (NIH, Bethesda, MD, 
USA) with a 1000-grid. In the hippocampus, the subfields 
CA1, CA3, and DG (Dentate Gyrus) were analyzed. The 
mean of the three values per animal was calculated, and 
the results were expressed as the number of viable cells. 

Cells were considered viable neurons when they showed 
violet staining in the cytoplasm, as well as normal morpho-
logical features (round or oval-shaped cells with centralized 
nuclei).

Immunohistochemistry for BDNF, GFAP and Iba‑1

The prefrontal cortex and hippocampus slices (10 μm thick-
ness) were washed three times for 5 min in PBS. Endoge-
nous peroxidase blocking was performed with 1.05% H2O2 
in 10% methanol in PBS for 40 min at room temperature. 
After this step, the slices were washed three times for 5 min 
in PBS and endogenous protein blocking was performed 
with a blocking solution (10% horse serum and 1% Triton 
X-100 in PBS) for 2 h at room temperature. Then, the slices 
were incubated in primary antibodies diluted in PBS with 
0.25% Triton-X100 and 5% horse serum for 48 h: primary 
antibody anti-BDNF (1:200, Sigma); primary antibody 
anti-GFAP (rabbit, 1:200, Sigma); and primary antibody 
anti-iba-1 diluted in blocking solution (rabbit polyclonal, 
1:300; WAKO, Japan) overnight at 4 °C.The slices were 
then washed 3 times for 10 min in PBS, and subsequently 
incubated with HRP-conjugated mouse and rabbit anti-
body (1:300) linked polymer (Dako EnVision + Dual Link 
System-HRP, Dako) for 2 h at room temperature (RT), and 
washed again 3 times for 5 min with PBS. The staining 
was revealed with 3,3’-diaminobenzidine (DAB Peroxidase 
Substrate Kit; Dako). The reaction was stopped by washing 
the slides in distilled water, after drying the slides were 
immersed in xylene and mounted with entellan (Merck, 
Germany).

For immunoreactivity quantification, the slides were 
visualized under a microscope (Nikon Elipse E200) at 
100 × magnification. Three slices from each animal and three 
areas within each slice were randomly selected, and semi-
quantitative quantification of optical density was performed 
on all images using Image J software (NIH, Bethesda, MD, 
USA). The final optical density of each image was obtained 
by subtracting the density of the white background from the 
density of the total image. The mean of the three values per 
animal was calculated, and the mean of the values obtained 
for the control group was also calculated, with the remaining 
values expressed as a percentage of that value.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 
6.01 software (GraphPad Software, Inc.), and all data are 
expressed as mean ± SEM. The normality of the data dis-
tribution was assessed initially using the D'Agostino and 
Pearson normality test and the Shapiro–Wilk normality test. 
For data with a normal distribution, one-way analysis of 
variance (ANOVA) followed by the Bonferroni post-hoc test 
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was employed. A significance level of p < 0.05 was consid-
ered for all tests.

Results

Peripheral Blood Glucose Levels in Mice

The results obtained from the peripheral blood glucose lev-
els demonstrated no significant alterations before and after 
the induction procedures with STZ, and with the treatment 
of CGA, indicating that the animals did not develop diabetes 
(Table 1).

Effect of CGA on Locomotor Activity of Mice 
with SAD by ICV‑STZ

The results obtained from the open field test demonstrated 
that there were no significant changes between the groups 
in relation to the distance covered (Fig.  1A), average 
speed (Fig. 2B), and the number of crossings and rearings 
(Fig. 1C).

Effect of CGA on Memory of Mice with SAD Induced 
by ICV‑STZ

In the assessment of working memory using the Y-maze test, 
no significant changes were observed between the groups 
(Fig. 2A).

In the evaluation of the recognition index using the 
novel object recognition test, animals subjected to ICV-
STZ showed deficits in the ability to recognize a new object 
during the exposure after 1 h (p < 0.01, Fig. 2B) and 24 h 
(p < 0.01, Fig. 2C) compared to animals in the aCSF group. 
Treatment with CGA protected against memory deficit in 

the object recognition test after 1 h (p < 0.05, Fig. 2B) and 
24 h (p < 0.05, Fig. 2A).

In the evaluation of aversive memory, the animals sub-
jected to ICV-STZ showed deficits in the retention of early 
memory (EM) (latency (s), p < 0.05) and late memory 
(LM) (latency (s), p < 0.0001) when compared to animals 
in the aCSF group (Fig. 2D). This deficit was attenuated by 

Table 1   Effect of ICV-STZ and CGA on blood glucose levels

The animals were treated with CGA orally for 26 days. The analysis 
of blood glucose levels in mice (n = 10 animals/group) was conducted 
on days 0 and 29, prior to the induction procedures and immediately 
before euthanasia of the animals, using blood glucose strips. Values 
are presented as mean ± SEM. aCSF (artificial cerebrospinal fluid); V 
(Vehicle—distilled water, oral); STZ (Streptozotocin); CGA (Chloro-
genic Acid)

Blood glucose levels (mg/dL)

Groups d0 d29

aCSF + V 115.8 ± 5.715 111.0 ± 3.765
aCSF + CGA​ 120.2 ± 3.630 110.2 ± 2.598
STZ + V 123.6 ± 7.755 116.6 ± 6.327
STZ + CGA​ 119.7 ± 4.467 117.6 ± 5.239

Fig. 1   The CGA does not alter the locomotor activity of animals 
with SAD induced by ICV-STZ. The animals were treated with CGA 
for 26  days, and the distance covered (A), average speed (B), and 
the number of crossings and rearings (C) were evaluated using the 
ANYmaze software (Stoelting Co., USA) for 5  min, 12  days after 
ICV-STZ. Values are presented as mean ± SEM (n = 10 animals/
group). aCSF (artificial cerebrospinal fluid); V (Vehicle—distilled 
water, oral); STZ (Streptozotocin); CGA (Chlorogenic Acid)
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CGA treatment in late memory (LM) (latency (s), p < 0.01) 
(Fig. 2D).

Effect of CGA on Spatial Memory Deficit of Mice 
with SAD Induced by ICV‑STZ

In the evaluation of spatial memory through the water 
maze, animals submitted to ICV-STZ showed deficits 
in memory, presenting a longer latency time to find the 
platform when compared to animals in the aCSF group 
(latency (s), p < 0.05). The treatment with CGA signifi-
cantly decreased the latency time to find the platform 
location (latency (s), p < 0.05) (Fig. 3A, G). The mice 

subjected to ICV-STZ exhibited a decrease in time spent in 
the quadrant (p < 0.05). The treatment with CGA resulted 
in a significant increase in the time spent in the quadrant 
(p < 0.05) (Fig. 3B). Regarding the number of crossings at 
the platform site, animals subjected to ICV-STZ exhibited 
a reduction in the number of crossings (p < 0.05). Treat-
ment with CGA was able to increase the number of cross-
ings at the platform site (p < 0.05) (Fig. 3C). The animals 
that received ICV-STZ presented a decrease in the number 
of crossings (p < 0.05), CGA was effective in increasing 
the number of entries in the quadrant where the platform 
was located (p < 0.05) (Fig. 3D). There were no statisti-
cal differences between the groups regarding the distance 

Fig. 2   Effect of CGA treatment in the working memory (A-C) and 
aversive memory (D) of animals with SAD induced by ICV-STZ. 
For Y-maze (A), the animals were treated with CGA for 26  days, 
and the number of spontaneous alternations was counted during an 
8-min at day 22 days after ICV-STZ. The recognition index was ana-
lyzed 23 days after the ICV-STZ, 1-h (B) and 24 (C) hours after the 
presentation of the objects, and the latency time for the animals to 

descend from the platform (D) was measured during 300 s, conducted 
at 15 min (early memory—EM) and 24 h (late memory—LM) after 
training, on days 24 and 25, respectively. Values are presented as 
mean ± SEM. *p<0.05; **p<0.001 and p<0.0001, One-way ANOVA 
followed by the Bonferroni test (n = 10 animals/group). aCSF (arti-
ficial cerebrospinal fluid); V (Vehicle—distilled water, oral); STZ 
(Streptozotocin); CGA (Chlorogenic Acid)
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Fig. 3   The CGA protected 
against spatial memory deficits 
of animals with SAD induced 
by ICV-STZ. The animals 
were treated with CGA (5 mg/
Kg, p.o.) for 26 days after 
ICV-STZ, and the latency 
(A), time in quadrant (B), the 
number of crossings on the 
platform (C), entries in the 
quadrant (D), average speed 
(E), average speed (F), was 
evaluated by the ANYmaze 
software (Stoelting Co., USA) 
during 1 min, G- Illustrative 
image of the animal's trajec-
tory to the platform location. 
The results are presented 
as mean ± SEM. *p < 0.05; 
**p < 0.005; ***p < 0.0001, 
One-way ANOVA, followed 
by the Bonferroni Test (n = 10 
animals/group). aCSF (artificial 
cerebrospinal fluid); V (Vehi-
cle—distilled water, p.o.); STZ 
(Streptozotocin); CGA (Chloro-
genic Acid)
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covered by the animals until they reached the platform or 
the average speed (Fig. 3E, F).

Effect of CGA on Nitrite/Nitrate (NO2/NO3) 
and TBARS Levels of Mice with SAD Induced 
by ICV‑STZ

In the assessment of nitrite/nitrate levels in the cortex and 
hippocampus, animals subjected to STZ injections exhib-
ited a significant increase in nitrite concentrations in cor-
tex (p < 0.05), and hippocampus (p < 0.05). Treatment with 
CGA was able to protected against the increase in nitrite 
concentration in both brain regions, (Fig. 4A), and in the 
hippocampus (Fig. 4B).

The animals subjected to STZ injections showed a signifi-
cant increase in TBARS concentrations in cortex (p < 0.05), 
and hippocampus (p < 0.05). Treatment with CGA was able 
to protect against the increase in TBARS concentration in 
both brain regions (cortex: p < 0.05, (Fig. 4C), and hip-
pocampus (p < 0.05, Fig. 4D).

Effects of CGA on Neuronal Viability in the Prefrontal 
Cortex and Hippocampus of Mice with SAD Induced 
by ICV‑STZ

A decrease in cell viability was observed in the prefron-
tal cortex (Fig. 5) and hippocampus (CA1, CA3 regions) 

(Fig. 5) of animals subjected to ICV-STZ. The treatment 
with CGA protected against the decrease in the number 
of viable cells in all regions studied, except in DG region 
(Fig. 5).

Effects of CGA on BDNF Immunoreactivity 
in the Prefrontal Cortex, and Hippocampus of Mice 
with SAD Induced by ICV‑STZ

A decrease in BDNF immunoreactivity was observed in 
the prefrontal cortex and hippocampus (CA1, CA3 and 
DG) of mice with SAD by ICV-STZ. The CGA prevented 
this decrease in all regions studied (Fig. 6).

Effects of CGA on Astrocyte Activation 
Assessed through Immunostaining with GFAP 
in the Prefrontal Cortex and Hippocampus of Mice 
with SAD Induced by ICV‑STZ

The evaluation of astrogliosis through immunostaining 
with GFAP revealed an increase in astrocyte activation 
in the prefrontal cortex and hippocampus of animals sub-
jected to STZ injections. Treatment with CGA signifi-
cantly reduced astrocyte activation in both areas studied 
(Fig. 7).

Fig. 4   The CGA decreased 
nitrite/nitrate levels in the cortex 
and hippocampus of mice with 
SAD induced by ICV-STZ. The 
animals were treated with CGA 
for 26 days after ICV-STZ, and 
the dissected areas were used 
for nitrite/nitrate and TBARS 
measurement. The results are 
presented as mean ± SEM. 
*p < 0.05; **p < 0.005; 
***p < 0.0001. One-way 
ANOVA followed by the Bon-
ferroni Test (n = 6/group). aCSF 
(artificial Cerebrospinal Fluid); 
V (Vehicle—distilled water, 
p.o.); STZ (Streptozotocin); 
CGA (Chlorogenic Acid)
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Fig. 5   The CGA protected against decreased on neuronal viability 
in prefrontal cortex and hippocampus of mice with SAD induced 
by ICV-STZ. The animals were treated with CGA for 26  days, and 
the brains were perfused for histological analysis with Cresyl Vio-
let 26  days after ICV-STZ. A) Photomicrographs representative of 
the effect of CGA on cell viability in the prefrontal cortex, and hip-
pocampus (CA1, CA3, and DG regions). B) The results are presented 

as mean ± SEM. *p < 0.05; **p < 0.005; ***p < 0.0001, One-way 
ANOVA followed by the Bonferroni Test (n = 5–6 animals/group, 3 
slices/animal). aCSF (artificial Cerebrospinal Fluid); V (Vehicle—
distilled water, oral); STZ (Streptozotocin); CGA (Chlorogenic Acid). 
Visualization: Nikon Elipse E200 microscope, 200 × magnification, 
scale bar of 100 µm
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Fig. 6   The CGA increased BDNF immunoreactivity in the cortex 
and hippocampus of mice with SAD induced by ICV-STZ. The ani-
mals were treated with CGA for 26  days, and the brains were per-
fused for assessment of BDNF immunoreactivity after ICV-STZ. A) 
Photomicrographs representative for BDNF immunoreactivity in the 
prefrontal cortex, and hippocampus (CA1, CA3, and DG regions). 

B) The results are presented as mean ± SEM. *p < 0.05; **p < 0.005; 
***p < 0.0001. One-way ANOVA followed by the Bonferroni Test 
(n = 5–6 animals/group, 3 slices/animal). aCSF (artificial Cerebrospi-
nal Fluid); V (Vehicle—distilled water, oral); STZ (Streptozotocin); 
CGA (Chlorogenic Acid). Visualization: Nikon Elipse E200 micro-
scope, 200 × magnification, scale bar of 100 µm
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Fig. 7   The CGA decreased GFAP immunoreactivity in the cor-
tex and hippocampus of mice with SAD induced by ICV-STZ. The 
animals were treated with CGA for 26  days, and their brains were 
perfused for GFAP immunoreactivity 26  days after ICV-STZ. A) 
Photomicrographs representative of GFAP immunoreactivity in the 
prefrontal cortex, and hippocampus (CA1, CA3, and DG regions). 

B) The results are presented as mean ± SEM. *p < 0.05; **p < 0.005; 
***p < 0.0001. One-way ANOVA followed by the Bonferroni Test 
(n = 5–6 animals/group, 3 slices/animal). aCSF (artificial cerebrospi-
nal fluid); V (Vehicle—distilled water, orally); STZ (Streptozotocin); 
CGA (Chlorogenic Acid). Visualization: Nikon Eclipse E200 micro-
scope, 200 × magnification, scale bar of 100 µm
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Effect of Chlorogenic Acid on Microglial Activation 
through iba‑1 Immunostaining in the Prefrontal 
Cortex and Hippocampus of Mice with SAD Induced 
by ICV‑STZ

In the evaluation of microgliosis, through iba-1 immu-
nostaining, an increase in microglial activation was observed 
in the prefrontal cortex and hippocampus of animals sub-
jected to ICV-STZ. Treatment with CGA significantly 
decreased microglial activation in both areas studied (Fig. 8).

Discussion

In this study, the neuroprotective potential of CGA was dem-
onstrated in relation to cognitive deficits, reduction in neu-
ronal viability, decrease in BDNF expression, and increased 
oxidative stress and neuroinflammation in mice subjected 
to the ICV-STZ-induced SAD model. AD is a neurologi-
cal disorder that is still poorly understood, and its multiple 
pathological pathways contribute to the complexity and dif-
ficulty in treating and preventing this disease. Since there 
is currently no cure for AD, the main challenge lies in the 
development of new therapies and/or therapeutic targets for 
curing or providing symptomatic treatment for the disease 
[1–5].

The model used in this study, the ICV-STZ-induced 
SAD model, causes desensitization of insulin receptors 
(IR), thereby altering the functioning of enzymes involved 
in among them due to its anti-inflammatory and antioxidant 
activity and for inhibiting the activity of acetylcholinester-
ase, increasing the supply of acetylcholine in the synaptic 
cleft and improving brain glucose metabolism. This leads 
to biochemical and pathophysiological changes similar to 
those observed in AD [14] including oxidative stress, neu-
roinflammation, neuronal loss, and impaired learning and 
memory [16–18]. To exclude the potential effects of STZ 
in altering glucose metabolism at the systemic level, blood 
glucose levels were measured. It has been demonstrated 
that ICV-STZ does not alter blood glucose which remained 
below 200 mg/dL, the average blood glucose level used as a 
basis for classifying a diabetic animal. This data is in accord-
ance with other studies whit demonstrated that STZ is not 
able to penetrate blood–brain barrier which lacks GLUT2 
transporter [11, 47].

In a second step, we evaluated the behavioral changes, 
first locomotor activity followed by changes in memory 
and cognition, induced by the SAD model as well as the 
protective potential of CGA. So, it was demonstrated that 
there were no changes in terms of distance traveled, average 
speed, and the number of crossings and rearings in the open-
field test. These data support studies that show no alteration 
in locomotor activity and exploratory behavior in animals 

that received ICV-STZ, ruling out the possibility of STZ 
interfering with locomotor activity in memory tests (Pacheco 
et al., 2018) and indicating no motor deficit in the animal 
model of SAD. Additionally, treatment with CGA also did 
not alter the locomotor activity of the animals, as previously 
shown by Fernandes et al. [48].

Animals that received ICV-STZ showed a deficit in object 
recognition memory, corroborating data from the literature 
[49]. The difficulty in memory acquisition and retention 
in this model is probably associated with impaired brain 
insulin signaling in the hippocampus [50]. Treatment with 
CGA was able to promote a significant improvement in the 
object recognition index after exposure at 1 h and 24 h. In 
the evaluation of aversive memory, the animals submitted to 
the SAD model showed deficits in early and late memory, 
corroborating previous data in the literature [49, 51], and 
CGA treatment also protected against deficits in delayed 
aversive memory. Studies by Kwon et al. (2010) corrobo-
rate our findings, they showed an improvement in aversive 
memory after treatment with CGA in the model of amnesia 
induced by scopolamine, a muscarinic antagonist, for inhib-
iting acetylcholinesterase activity. Lee et al. [34] showed an 
improvement in aversive memory after treatment with CGA 
in a transient brain ischemia model, and this protective effect 
was possibly due to its anti-inflammatory and antioxidant 
activity.

After the behavioral tests, neurochemical parameters were 
investigated. First we investigated the redox status since oxi-
dative stress has been associated with the onset and progres-
sion of AD [52, 53] because it can induce membrane lipid 
damage, changes in enzymes critical to neuronal and glial 
function, and structural DNA damage. These effects lead 
to tissue damage, synapse dysfunction, and cell death [54]. 
Studies have shown that ICV-STZ causes memory impair-
ment in rodents through increased oxidative stress, which 
is associated with chronic neuroinflammation, neuronal 
damage, apoptosis, and ultimately neurodegeneration [55, 
56]. Another contributing factor to oxidative stress is the 
malfunctioning of the IR on ICV-STZ, which also results in 
a reduction in cerebral energy metabolism. This reduction 
leads to the accumulation of reactive species followed by 
oxidative stress, which is reflected in cognitive dysfunctions. 
One of the contributing factors to these dysfunctions is the 
inhibition of ATP and acetyl-CoA formation [57]. Treatment 
with CGA protected against increased nitrite and TBARS 
concentration in the cortex and hippocampus, demonstrat-
ing that the antioxidant effect of CGA may be involved in its 
neuroprotective effect against oxidative damage induced by 
ICV-STZ. Like most polyphenols, CGA has been described 
as a potent antioxidant [28], and several studies have shown 
the ability of CGA to affect brain function by combating 
free radical formation and decreasing neuronal death [29, 
30, 58, 59]. Furthermore, it has been discovered that the 
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Fig. 8   The CGA decreased iba-1 immunoreactivity in the cortex and 
hippocampus of mice with SAD induced by ICV-STZ. The animals 
were treated with CGA for 26  days, and their brains were perfused 
for iba-1 immunoreactivity 26  days after ICV-STZ. A) Photomicro-
graphs representative of iba-1 immunoreactivity in the prefrontal cor-
tex, and hippocampus (CA1, CA3, and DG regions). B) The results 

are presented as mean ± SEM. *p < 0.05; **p < 0.005; ***p < 0.0001. 
One-way ANOVA followed by the Bonferroni Test (n = 5–6 animals/
group, 3 slices/animal). aCSF (artificial cerebrospinal fluid); V (Vehi-
cle—distilled water, oral); STZ (Streptozotocin); CGA (Chlorogenic 
Acid). Visualization: Nikon Elipse E200 microscope, 200 × magnifi-
cation, scale bar of 100 µm
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hydroxyl groups in its structure act as positive moieties for 
its antioxidant properties [60].

Many studies have already shown a reduction in cell 
viability, especially due to the the presence of extracellular 
amyloid plaques composed of the Aβ peptide [61]. Inhibition 
of oligomerization and prevention of Aβ-induced cell death 
are potential targets for the development of AD therapies 
[62, 63]. The Aβ peptide is also associated with neuronal 
apoptosis in AD [64]. Studies have shown that pathological 
changes in the STZ-induced AD model occur in different 
phases, including an acute phase (1 to 3 months), a com-
pensatory phase (6 to 9 months), and a decompensatory 
phase, with a progressive decline in the chronic phase [65]. 
Studies using the ICV-STZ SAD model indicate that Aβ 
plaque formation occurs after a minimum of 3 months of 
ICV-STZ injections [20]. However, evidence shows a signifi-
cant increase in Aβ protein expression in the hippocampus 
at 14 days after STZ administration, decreasing on day 21 
[66]. This suggests that the accumulation of Aβ plaques in 
the hippocampus may be related to cell death, followed by 
the decline in cognitive function characteristic of SAD [1]. 
STZ, like other alkylating agents in the nitrosourea class, is 
toxic to cells because it forms carbonium ions which cause 
damage by DNA methylation [67]. These findings corrob-
orate the reduction in cell viability and cognitive deficits 
STZ-induced demonstrated in this study. We demonstrate 
decreased neuronal loss in the cortex and hippocampus with 
CGA treatment, other authors related the cognitive effect of 
CGA to the decrease neuronal losses in the hippocampus, 
decrease autophagy, and improve synaptic function in the 
hippocampus [59]. Studies also demonstrate that phenolic 
compounds such as CGA disaggregate Aβ fibrils, reduce 
toxicity, and block Aβ oligomerization, suggesting their 
therapeutic potential in the treatment of AD [32]. This rea-
soning would explain, at least in part, the neuroprotective 
effect of CGA.

BDNF is essential for long-term potentiation, contributing 
to neurogenesis, synaptic plasticity, learning, and memory 
[68]. Studies have already demonstrated a decrease in BDNF 
expression in the hippocampus and in temporal and frontal 
cortical regions in patients with AD [69]. Decreased BDNF 
is related to decreased CREB activity, as well as Aβ accumu-
lation, Tau hyperphosphorylation, neuroinflammation, and 
neuronal apoptosis. Our data showed that BDNF immunore-
activity was markedly lower in hippocampus and prefrontal 
cortex in ICV-STZ group. These results are consistent with 
other studies that also observed a decrease in BDNF expres-
sion in the cortex and hippocampus in the ICV-STZ-induced 
AD model [70]. Kurowska-Rucińska et al., [71] also found 
that the ICV-STZ led to a reduction in BDNF-containing 
cells in the hippocampus (DG and CA1–CA3 areas) as well 
as in the OB of rats in both age groups [71]. The CGA treat-
ment restored BDNF immunoreactivity in hippocampus 

and prefrontal cortex with values ​​close to the control group. 
Although little is known about the direct effects of CGA on 
BDNF levels, studies have shown that natural compounds 
such as phenolic compounds are effective in inducing neuro-
genesis and neuronal differentiation by modulating the levels 
of this neurotrophin [72]. And both GCA and its metabolite, 
m-coumaric acid, have been shown to promote hippocampal 
neurite outgrowth, supporting their role in neuroplasticity 
[73].

Neuroinflammation occurs early in the progression of 
AD, even before the formation of plaques and tangles [74]. 
Glial cell activation is closely related to neuroinflamma-
tion and plays a significant role in the pathogenesis of AD, 
starting in the early stages of mild cognitive impairment 
and peaking in moderately affected cases [75]. Importantly, 
the neuroinflammation triggered by the injection of ICV-
STZ can also be attributed to dysfunction of the IRS/PI3K/
AKT/GSK-3β pathway. Several studies have associated brain 
inflammation with the dysregulation of this signaling path-
way [76]. This process contributes to the accumulation of 
Aβ and hyperphosphorylation of Tau, resulting in increased 
neuroinflammation and decreased neuronal viability [77]. 
The CGA was able to decrease astrocyte activation induced 
by ICV-STZ in the hippocampus and prefrontal cortex. 
Supporting our data, a study conducted by Shah et al. [78] 
showed that CGA reduced GFAP expression in the cortex 
of mice in a model of permanent focal cerebral ischemia. 
Furthermore, studies have attributed the neuroprotective 
effect of CGA to the ability to increase anti-inflammatory 
cytokines such as IL-4 and IL-13, and decrease pro-inflam-
matory cytokines such as TNF-α, IL-6, IL-1β, and IFN-γ 
(Lee et al., 2020). Additionally, CGA is known for posi-
tively regulating erythroid-related nuclear factor 2 (Nrf-2), 
and inhibiting the activity of NF-κB, inducible nitric oxide 
synthase (iNOS), and cyclooxygenase-2 (COX-2) [34]. An 
increase in microglial activation was observed in the pre-
frontal cortex and hippocampus of animals subjected to ICV-
STZ. Corroborating our results, Liu et al. [79] observed an 
increase in the number of positive cells for Iba-1 and GFAP, 
along with increased expression of Iba-1 and GFAP proteins 
in the hippocampus of animals subjected to ICV-STZ. Fur-
thermore, the study conducted by Rai et al. [80] also showed 
an increase in the protein expression of CD11b, a marker 
of microglia in rats, both in the cortex and hippocampus, 
indicating glial activation and neuroinflammation. Treatment 
with CGA was able to decrease the activation of microglia in 
the prefrontal cortex and hippocampus. Consistent with our 
findings, Shah et al. [78] showed that treatment with CGA 
decreased the expression of Iba-1 in the cortex of mice in 
a model of permanent focal cerebral ischemia. Addition-
ally, research has also shown that CGA reduces the levels 
of nuclear factor kappa B (NF-κB p65) [81], thus contrib-
uting to its anti-inflammatory effect. The NF-κB pathway 
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is closely related to the body's autoimmunity and plays a 
key regulatory role in the secretion of pro-inflammatory 
cytokines, chemokines, and adhesion molecules [82]. More-
over, there is evidence suggesting that CGA may be involved 
in the tyrosine kinase/signal transducer and transcriptional 
activator 3 signal pathway and inhibits the expression of the 
IL-6 receptor β subunit, as well as tyrosine kinase 1 phos-
phorylation of signal transducer and transcriptional activator 
3 under oxidative stress. Miao et al. [83] demonstrated that 
CGA has a strong effect on arachidonic acid metabolism, 
inhibiting the activation of inflammatory factors.

Conclusion

In conclusion, this study demonstrates the neuroprotective 
potential of CGA on memory and neuronal viability, through 
mechanisms involving decreased oxidative stress and neuro-
inflammation and increased BDNF expression. Thus, CGA 
proved to be a promising therapeutic alternative for AD.
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