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ABSTRACT

Oxidative stress and neuroinflammation are key components in neurodegenerative diseases, where early intervention using
natural treatments may offer neuroprotective effects. This study shows that isoliquiritigenin (ISL), hesperidin (HES), and curcumin
(CUR) can mitigate lipopolysaccharide (LPS)-induced neuroinflammation and oxidative stress in vitro and in vivo. The compounds
were initially tested for cytotoxicity and found to reduce nitric oxide (NO) production, especially CUR and ISL. They were able to
restore antioxidant enzyme activities both in vivo and in vitro. All treatments reduced inducible nitric oxide synthase (iNOS)
expression compared to the untreated LPS control group. Behavioral assessments indicated that LPS impaired spatial and
nonspatial memory, but treatments improved cognitive performance. Biomarker analyses revealed that ISL, HES, and CUR
reduced the interleukin (IL)-14 and nuclear factor erythroid 2-related factor 2 (Nrf2) ratio in the hippocampus. Moreover, they
decreased the level of caspase-3 demonstrated by western blotting and tumor necrosis factor-a (TNF-a) level. Thereby they
inhibited LPS elicited apoptosis. Likewise, their anti-inflammatory effects were illustrated in the histopathological examination.
Furthermore, they decreased the expression of amyloid-f. The study reinforces the potential of these natural compounds as
protective and therapeutic cost-effective alternatives for managing neuroinflammation and neurodegeneration.

1 Introduction
| a complicated immunological response that develops within the

The activation of glial cells and the production of proin- central nervous system (CNS). Aberrant or chronic neuro-
flammatory mediators are features of neuroinflammation, inflammation can cause serious neurological damage and is
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linked to a number of conditions, including neurodegenerative
diseases and acute brain injuries, even while it protects against
infections and accidents. Developing successful therapeutic
strategies requires a comprehension of the causes and effects of
neuroinflammation [1-3].

Furthermore, the gradual degeneration of neuronal cells is
a hallmark of both acute and chronic neurodegenerative dis-
eases. Huntington’s disease, Parkinson’s disease (PD), Alz-
heimer’s disease (AD), and amyotrophic lateral sclerosis (ALS)
are a few examples of these diseases. In the course of many
disorders, increased oxidative stress and neuroinflammation play
an important part [4].

One protein whose impairment has been documented in many
neurological disorders is the nuclear factor erythroid 2-related
factor 2 (Nrf2). Nrf2 is an important leucine-zipper protein
essential for the maintenance of redox homeostasis. According
to reports, there is a decrease in Nrf2 levels in the hippocampi of
AD patients, while its upregulation is a central part of neu-
roprotection in PD and ALS [5-7]. Upon exposure to oxidative
stress, Nrf2 moves to the nucleus, where it binds to antioxidant
response elements in the DNA, promoting the transcription of
genes encoding antioxidant enzymes, including heme oxy-
genase 1, catalase, superoxide dismutase (SOD), and
glutathione-related enzymes, for example, glutathione-S-
transferase (GST) and glutathione peroxidase (GPx). Nrf2
upregulation and nuclear translocation occur in response to
inflammogens such as bacterial LPS and by several phyto-
chemicals such as sulforaphane [8]. Additionally, nitric oxide
(NO) is released in response to this inflammation. Over-
production of NO may aggravate neuroinflammation, leading to
tissue damage and neuronal death [9].

Interestingly, the stimulation of brain microglial cells plays
a central role in the pathogenesis of neuroinflammatory diseases.
LPS activates toll-like receptor 4 (TLR4), resulting in an acute
inflammatory response, and thus, cultures of LPS-challenged
microglial cells serve as a good in vitro model of neuro-
inflammation [10, 11].

Through a variety of mechanisms, natural compounds have
demonstrated potential in the treatment of neuroinflammation.
They provide a multifaceted approach to treatment by focusing
on important pathogenic aspects of neurological disorders, in-
cluding oxidative stress, inflammation, and amyloid-# accumu-
lation. Flavonoids are important potential agents for
neuroprotection through their antioxidant and anti-
inflammatory activities and their capability to act as signaling
molecules [1, 12].

Among the natural compounds that might have this potential
neuroprotective effect are hesperidin (HES), isoliquiritigenin
(ISL), and curcumin (CUR) [13-20]. CUR is a polyphenolic
molecule extracted from turmeric. It has attracted considerable
interest due to its several medicinal benefits, including antiox-
idant, anti-inflammatory, and anticancer activities [21-23].

HES is a notable flavonoid primarily located in citrus fruits,
acknowledged for its diverse pharmacological attributes and
possible positive health effects. This bioflavonoid demonstrates
antioxidant, anti-inflammatory, anticancer, and neuroprotective
properties, rendering it significant for clinical and industrial

uses. Its versatility transcends pharmaceuticals, since it is
employed in food, cosmetics, and nutraceuticals [24, 25].

ISL is a bioactive chalcone molecule extracted from licorice,
noted for its various pharmacological functions. Recent studies
emphasized its potential therapeutic value in diverse diseases,
including inflammation, cancer, and cardiovascular disorders
[18, 26-29].

The current study aims to compare the in vitro and in vivo
effects of CUR, HES, and ISL as protective agents and potential
treatments against LPS-induced neuroinflammation. It delves
into the underlying mechanisms of these flavonoids, indicating
their potential as cost-effective natural adjuvant therapies for
neuroinflammatory conditions. Notably, this research is
unique, as it consolidates the effects and mechanisms of all
three treatments within a single study, filling a gap in the
existing literature that has not previously compiled these fla-
vonoids together.

2 | Materials and Methods

2.1 | Chemicals

All chemicals were purchased from Sigma-Aldrich (Germany).
HES, ISL, and CUR were dissolved in DMSO (Roth, Germany) for
cell culture experiments. Stock concentrations were as follows:
ISL 1.35 M, HES 81.9 mM, and CUR 4.9 mM. Based on previous
studies, the following dose ranges were selected: 6.25-50 uM ISL,
15-120uM HES, 2.5-20uM CUR, and 100ng/mL LPS from
E. coli (Sigma-Aldrich, Germany) in PBS [30-32].

2.2 | In Vitro Experiments
2.2.1 | Cell Viability Testing and NO Release

BV-2 mouse microglial cells [RRID: CVCL_0182] were kindly
provided by Dr. Anke Witting (Ulm University). They were
cultivated in high-glucose DMEM with L-glutamine and 10% FBS
(Serox, Germany) and kept in a humidified 5% CO, atmosphere
at 37°C. BV-2 cells were cultured at a density of 2 x 10° cells/mL
in a 24-well plate for the Griess assay and a 96-well plate for the
cytotoxicity assay. For the cytotoxicity assay, cells were seeded
and incubated for 24 h. On the second day, cells were stimulated
by adding the test compounds 1 h before adding LPS [33-36]. Cell
viability was assessed by water-soluble tetrazolium-1 (WST-1)
assay using (ab155902WST-1 Cell Proliferation agent; Abcam,
Cambridge, UK) kit. The absorbance was measured at 450 nm
using a Victor3 V plate reader (Perkin Elmer, Massachusetts,
USA) [37]. For NO release, 24 h after exposure to the compounds,
culture media were collected for Griess assay, in which nitrite
concentration reflects the amount of NO produced. Under dark
conditions, 500 uL of the culture supernatant was added to
250 uL of 1% sulfanilamide (Sigma-Aldrich, Darmstadt, Ger-
many) in 5% H3;PO, (Thermo Fisher Scientific, Inc., Waltham,
MA, USA). After 5min, 250 uL of 0.1% N-(1-Naphthyl) ethyl-
enediamine dihydrochloride (Loba Chemie, Mumbai, India) was
added to the reaction and incubated for 10 min at room tem-
perature. Absorbance was measured at 540 nm, using a spec-
trophotometer (Jasco V-630, Tokyo, Japan). Nitrite concentration
was determined from the calibration curve constructed from
NaNO, standards (Riedel-de Haén, Seelze, Germany). Relative
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NO production was calculated according to the following
equation [38, 39]:

nitriteconcentration — mean nitritefromvehicle controlcells

¢y

relativeNO production =

Data were fitted to the Hill equation, and dose-response curves
were plotted to evaluate the effect of the treatments on nitrite
production.

2.2.2 | Assessment of Antioxidant Enzyme
Activities and Nrf2 Levels

BV-2cells (4x10°cells/mL) were cultured in 6-well plates,
pretreated with the test compounds at the selected concentra-
tions, and LPS was added after 1 hour. Twenty-one hours later,
PBS was used to wash the cells twice, and then they were stored
on ice shortly before harvesting them. Sucrose mannitol buffer
(210 mM mannitol and 70 mM sucrose) was used for cell lysis.
Next, nuclear and cytoplasmic fractions were separated by
centrifugation at 1000 X g for 10 min at 4°C and then at 10,000 X g
for 10 min at 4°C, and the protein content of each fraction was
assessed using the Bradford assay [40]. The nuclear fraction was
used to measure nuclear Nrf2 levels, while the cytoplasmic
fraction was used to assess enzymatic activities and the cytosolic
Nrf2 levels.

Total SOD activity was assessed colorimetrically by the total
superoxide dismutase activity assay kit (Elabscience, Houston,
Texas, USA) that utilizes xanthine oxidase and WST-1 to assess
SOD activity [41]. GPx activity was assessed using a glutathione
peroxidase activity colorimetric assay kit (Biovision, Milpitas,
CA, USA). GPx activity was assessed from the rate of oxidation of
reduced glutathione (GSH) to the oxidized form of glutathione
(GSSG) and the reduction of cumene hydroperoxide. GSSG re-
duction to GSH requires NADPH as an electron source. The
reduction in NADPH concentration, measured at 340 nm, is
proportional to GPx activity [42]. GST activity was measured
using the ab65326 GST Activity assay kit (Abcam, Cambridge,
UK), which measures the rate of formation of the reaction
product of GSH with GST substrate, 1-chloro-2,4-dinitrobenzene,
at 340 nm [43]. The nuclear and cytoplasmic concentrations of
Nrf2 protein were measured in BV-2 cell lysates using a mouse
Nrf2 ELISA kit (Cusabio, Houston, Texas, USA). The manu-
facturer’s guidelines were followed in all assays.

2.3 | In Vivo Experiments
2.3.1 | Animals

Adult male Swiss albino mice (25-30 g) were purchased from the
Modern Veterinary (Giza, Egypt). They were allowed to accli-
matize in the animal facility at October University for Modern
Sciences and Arts (MSA University) for one week, where they
were exposed to controlled environmental conditions (23°C + 2°
C and a 12h/12h dark/light cycle). They had free access to
standard chow pellets and water. Guidelines from MSA Uni-
versity's Ethics Committee (PH1/EC1/2023PD) and the National
Institutes of Health’s Guide for Care and Use of Laboratory
Animals (Publication No. 8523, amended 1985) were followed

meannitritefrom LPS - treatedcells — meannitrite fromvehicle controlcells

when treating the animals. All animal experiments have been
conducted in accordance with ARRIVE criteria.

2.3.2 | Experimental Design

The mice were randomly divided into five groups (n = 21/group):
control, LPS, CUR, HES, and ISL. On the first day, the control group
received a single intraperitoneal (ip) injection of PBS, followed by
daily ip injections of 0.2 mL of 50% DMSO in PBS for six consecutive
days. The LPS group received an ip injection of 0.8 mg/kg LPS on
Day 1, with subsequent daily ip injections of 0.2 mL of 50% DMSO in
PBS for the next 6 days. In the treatment groups, mice received an
initial ip injection of 0.8 mg/kg LPS on Day 1, followed by daily ip
injections of the test compounds: 50 mg/kg CUR, 100 mg/kg HES,
and 25 mg/kg ISL [44-48] as shown in Figure 1. The injection plan
of DMSO and compounds started 3 h after the initial PBS or LPS
dose. Mice were sacrificed after the completion of behavioral testing.
After excision of their brain cortexes, hippocampi were dissected for
the subsequent biochemical investigations. The hippocampi and
brain cortexes of every 3 animals were pooled together and con-
sidered as one sample.

2.3.3 | Immunohistochemistry and Determination
of iNOS

Brain tissue sections were sliced onto adhesive slides, then
deparaffinized and rehydrated in distilled water. Next, a heat-
induced epitope retrieval step was performed. The tissue sec-
tions were incubated with primary anti-iNOS antibody (dilution
1:100, Santa Cruz, Inc., USA) for 2 h at room temperature. After
washing, an HRP-labeled detection kit (BioSB, USA) was used
according to the manufacturer’s instructions to develop the
color. Mayer’s hematoxylin served as a counterstain. Negative
control slides were prepared by omitting the incubation with
primary antibody. Positive expression was quantified as the
percentage of area representing each group. The (iNOS) protein
was determined using NOS2/iNOS antibody (C-11): sc-
7271 [49].

2.3.4 | Behavioral Experiments

Training on the Morris water maze (MWM) took place on Days 4-7.
On the 7 day, mice were trained on the open field test (OFT) and
the object recognition test (ORT). On Day 8, the probe test, the OFT,
and the ORT were performed. The mice behaviors were video
recorded for subsequent analysis by a blinded investigator.

The OFT was conducted to exclude any effects of LPS on the
motor activity of mice. The mean ambulation, rearing, and
grooming frequencies were recorded by a blinded investigator
using hand-operated counters within 3 minutes [50]. The ORT
was used to evaluate nonspatial memory in mice. Following the
OFT, the mice were trained on the ORT. During the training
phase, the mice were permitted to examine two items that are
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FIGURE1 | Schematicdiagram of the experimental design. A single dose of 0.8 mg/kg LPS was injected ip on day one in all groups except the control group.
The test compound was injected ip daily on Days 1-7 in all treatment groups. MWM: Morris water maze, OFT: open field test, ORT: object recognition test.

identical and placed at opposite ends of the open-field arena.
After 24 h, during the choice trial, one of the acquainted items (F)
was substituted with a novel, distinct item (N). Item identifi-
cation was measured by counting the total amount of cases the
animals sniffed F or N, and the preference index (PI) was cal-
culated using the following equation [51]:

N

The MWM task was conducted to evaluate the spatial memory of
the animals. The mean escape latency (MEL) was measured over
the four training days during the acquisition phase. In the probe
test, the percentage of time the mice stayed in the target quadrant
compared to the other quadrants was calculated and reported as
percent quadrant time (Q) [52].

2.3.5 | Quantification of Hippocampal Nrf2,
Interleukin (IL)-1f, and Caspase-3

Nuclear and cytoplasmic proteins were extracted using the
NE-PER nuclear and cytoplasmic protein extraction kit (Thermo
Scientific, Waltham, MA, USA). Hippocampal Nrf2 was assayed
using a mouse Nrf2 ELISA kit (Aviva Systems Biology, San Diego,
CA, USA); hippocampal IL-14 content using a mouse IL-1f
ELISA kit (Cohesion Biosciences, London, UK); and caspase-3
content using a mouse caspase-3 ELISA kit (Cusabio Biotech,
Wuhan, China). All procedures were done in accordance with
the instructions of the manufacturers. Protein concentrations
were assessed using the Bradford assay to estimate the protein
concentration per total gram of protein [40].

2.3.6 | Determination of the Expression of
Procaspase and Caspase-3

Procaspase3 and caspase-3 expression in the brain cortexes of all
groups were determined using western blotting using the Bio-
Rad gel electrophoresis system, Mini-PROTEAN Tetra Cell by
Mini Trans-Blot, and Bio-Rad ChemiDoc gel documentation
imaging system according to literature [53]. Caspase-3 and
GAPDH antibodies were obtained from Santa Cruz (USA), and
rabbit anti-mouse IgG (H + L) secondary antibody, HRP-con-
jugated secondary antibody, (Invitrogen, Thermo Scientific,
USA). Results were normalized to GAPDH, then to control. The
percentage of decrease in the caspase/procaspase ratio was
calculated relative to the LPS ratio group.

2.3.7 | Determination of Amyloid-§ and Tumor
Necrosis Factor-oo (TNF-o)

Brain tissues from different groups were used to assess the
amyloid-f accumulation and TNF-a using the mouse Abl-42
(amyloid-§ peptide 1-42) ELISA kit (ELK10615-ELK Bio-
technology, USA) and the mouse TNF-a ELISA kit (ELK1387-
ELK Biotechnology, USA). All procedures were done in accor-
dance with the manufacturer’s guidelines.

2.3.8 | Histopathological Examination

The brain specimens from each group were collected and fixed in
10% neutral buffered formalin. They were then embedded in
paraffin and sectioned, with a 3-5um thickness, after being
processed through grades of ethanol and xylene. The sections
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were stained with hematoxylin and eosin (H&E) and examined
using a light microscope (DM4 B, Leica, Germany) [54].

2.3.9 | Assessment of Hippocampal
Malondialdehyde (MDA) Content, SOD, GST, and
GPx Activities

Hippocampal MDA content and SOD activity were assessed
colorimetrically using lipid peroxide (malondialdehyde) and
superoxide dismutase colorimetric assay kits (Biodiagnostic,
Giza, Egypt). GST and GPx activities were determined using
commercial kits (Biodiagnostic, Giza, Egypt). All procedures
were done in accordance with the manufacturer’s guidelines.
Protein concentrations were measured using the Bradford assay
[40] and are used to estimate the MDA content and enzyme
activities per total gram of protein.

2.4 | Statistical Analysis

The analysis of data was performed using GraphPad Prism
software 6 (GraphPad Prism Software Inc., USA). Differences
between groups were assessed via one-way ANOVA, followed by
Tukey’s post hoc test. A p value of < 0.05 was considered sta-
tistically significant.

3 | Results

3.1 | In Vitro Assays
3.11 | Cell Viability Testing and NO Release

Before assaying the effect on NO, a viability assay was performed
using LPS and different concentrations of the tested compounds.
Both the LPS and the treatments did not imapct BV-2 cell via-
bility, as shown in Figure 2. LPS treatment caused a 24.7-fold
increase in nitrite production. ISL and CUR caused a dose-
dependent reduction of LPS-induced NO production with ICsq
values of 10.8 + 1.5 uM and 6.1 + 0.8 uM, respectively, as shown
in Figure 3.

100 4
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O -
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E — o
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FIGURE 2 | Viability of BV-2 cells following treatment with LPS and
various doses of the tested compounds in comparison to untreated cells.
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FIGURE 3 | Impact of treatments on relative NO production in LPS-
treated BV-2cells. Except for HES, all treatments caused a dose-
dependent reduction of LPS-elicited NO production. For dos-
e-response curves, data were fitted to the Hill equation. ICs, values were
6.1+0.8 and 10.8 +1.5uM for CUR and ISL, respectively. Results are
displayed as means + SDs. “**p < 0.001 versus the LPS-treated cells using
one-way ANOVA.

3.1.2 | Assessment of Antioxidant Enzyme
Activities and Nuclear/Cytoplasmic Nrf2 Ratio

In the current study, LPS treatment of BV-2 cells significantly
decreased GPx, GST, and SOD activities compared to the vehicle-
treated control (p < 0.001). While CUR and ISL alleviated the
decrease in GPx activities after LPS treatment, HES was capable
of enhancing GPx activity significantly (p < 0.05) compared to
the LPS group. Moreover, HES and CUR significantly increased
activity of GST compared to LPS-treated cells at p < 0.001. On the
other hand, ISL and CUR enhanced SOD activity compared to the
untreated LPS group at (p < 0.001). LPS caused a significant
decrease in the nuclear/cytoplasmic Nrf2 ratio compared to
vehicle-treated controls at p < 0.001. On the other hand, all the
tested compounds attenuated the LPS-mediated effect signifi-
cantly compared to the LPS group (p < 0.001 and p < 0.01) as
shown in Table 1.

3.2 | In Vivo Experiments

3.2.1 | Immunohistochemistry and Determination
of iNOS

The expression of iNOS was significantly higher in the LPS group
than in the control group. The CUR group had the lowest iNOS
expression, whereas the ISL and HES groups also had significant
declines in iNOS expression with no discernible differences
between them compared to LPS group, as shown in Figures 4(a)
and 4(b).

3.2.2 | Behavioral Experiments

HES, ISL, and CUR improved hippocampal-dependent memory
tasks. The OFT confirmed that the LPS treatments had no effect
on the motor system of the mice. The LPS group showed im-
paired spatial memory as evidenced by the MWM task. LPS
significantly increased the MEL time on Day 7 to 148 + 2.6% and
decreased percent quadrant time (Q) significantly to 55.4% +
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TABLE1 | Effect of CUR, HES, and ISL on activities of GPX, GST, SOD, and the ratio of nuclear/cytoplasmic Nrf2 levels in LPS-treated BV-2 cells.

Control LPS CUR HES ISL
GPx (% of control) 100.0 = 1.20 88.3 +1.82"%* 91.9+1.37 95.8 +2.78" 93.2+2.11
GST (% of control) 100.01 +0.27 93.57 + 0.24""* 97.17 £ 0.17°** 98.09 + 0.14*** 94.29 +0.29
SOD (% of control) 100.00 + 0.05 96.75 + 0.07""" 98.33 + 0.07*"* 96.67 + 0.07 99.65 + 0.07*"*
Nuclear/cytoplasmic NRF2 100 + 3.63 60 + 1.92%%* 91 + 3.55™ 87 + 4.69* 74 + 3.64™

Note: All values are presented as means + SEMs. 20 uM CUR, 120 uM HES, and 25 uM ISL were used. Duplicates from 3 independent experiments were carried out.

***Significance versus the control group p < 0.001.
*Significance p < 0.05.

**Significance p < 0.01.

***Significance p < 0.001 versus the LPS-treated BV-2 cells.

4.1% of the control group. Treatments reversed the LPS effect in
the MWM. CUR, HES, and ISL treatments significantly reduced
MEL time on day seven by 33%, 31%, and 28%, respectively, and
prolonged Q by 69%, 87%, and 83% relative to the LPS group, as
shown in Figures 5(a) and 5(b). In the ORT, LPS significantly
reduced PI to 50% + 3% in contrast with the control group.
Treatment using CUR, ISL, and HES significantly ameliorated
the nonspatial memory and resulted in a significant elevation of
PI% by 46%, 46%, and 53% compared to the LPS group, as shown
in Figure 5(c).

3.2.3 | Quantification of Hippocampal MDA
Content, SOD, GST, and GPx Activities, Nrf2ratio, IL-
18, and Caspase-3 Levels

In this study, LPS treatment increased oxidative stress in mice, as
shown by the significant rise in hippocampal MDA in the LPS
group to 144.6% + 10.3% of the control mice. Furthermore, mice
treated with LPS exhibited a significant decrease in hippocampal
GST, SOD, and GPx activities to 38.3% + 4.1%, 73.0% + 4.5%, and
59.8% =+ 3.6% of the control, respectively. HES and ISL treatments
reduced MDA content by 29.5% and 23.9%, respectively, relative
to LPS-treated mice and enhanced hippocampal GST activity and
normalized it to control level. HES and ISL capacities to enhance
GST activity were higher than CUR, elevating GST activity by
150% for both HES and ISL, compared to 88.5% by CUR, com-
pared to the LPS-treated group. All treatments reversed the effect
of LPS on hippocampal SOD, increasing SOD activity by 37.7%,
24%, and 30.4% for HES, ISL, and CUR, respectively. In contrast,
only HES produced influenced GPx activity, increasing it by 32%,
as shown in Figure 6(a). While LPS elevated hippocampal IL-1/
and caspase-3 content to 211%=+18% and 186% + 9%, re-
spectively, treatment by HES and ISL normalized IL-1 and
caspase-3 contents, reducing IL-1f by 53.2% and 46.7% compared
to 60.0% by CUR, and caspase-3 by 37.6% and 42.8% compared to
28.8% by CUR relative to the LPS group, as shown in Figure 6(b).

LPS significantly lowered the Nrf2 nuclear/cytoplasmic ratio in
contrast with the control group. All treatments elevated the
nuclear/cytoplasmic Nrf2 ratio back to the control level, as
shown in Figure 6(c).

3.2.4 | Determination of the Expression of
Procaspase-3 and Caspase-3 Through Western
Blotting

The effects of LPS and different treatments on procaspase, caspase-
3, and GAPDH expression are shown in Figure 7 and Table 2. The
CUR group exhibited a 65.4% decrease in the level of caspase-3

compared to the LPS. The HES group exhibited a 69.9% decrease in
the level of caspase-3 compared to LPS. The ISL group exhibited
a 97.3% decrease in the level of caspase-3 compared to the LPS.

3.2.5 | Determination of Amyloid-f and TNF-a

The expression of amyloid-# was significantly different in the
control versus the LPS group. All treatments displayed a signif-
icant decrease in amyloid-f compared to LPS groups, as shown in
Table 3. There was a significant difference in the levels of TNF-a
between the control and LPS groups. All treatment groups
expressed a significant decrease compared to the LPS group, as
shown in Table 3.

3.2.6 | Histopathological Examination

Microscopic images of brain tissue showed normal histological
structure of the cerebral cortex in the control group, as shown in
Figures 8(a) and 8(b). Mice in the CUR group revealed apparently
normal histological structure with mild neuronal degeneration
and vascular congestion, as shown in Figures 8(c) and 8(d). On
the other hand, the group that received LPS showed marked
pathological alterations. Pyramidal cells of the brain cortex
exhibited severe neuronal degeneration and neurophagia asso-
ciated with astroglial and microglial reactions. The degenerated
neurons appeared with pyknotic nuclei and eosinophilic cyto-
plasm, as shown in Figures 8(e) and 8(f). Minute foci of hem-
orrhage were observed in the deep cortex in some examined
sections. As depicted in Figures 8(g) and 8(h), mice in the ISL
group had an ameliorative effect; the brain cortex exhibited mild
to moderate degeneration of neurons with neurophagia. Poor
improvement was observed in the HES group with moderate to
severe neuronal degeneration associated with glial reactions and
vascular congestion, as shown in Figures 8(i) and 8(j).

4 | Discussion

Neuroinflammation is a hallmark of several neurodegenerative
diseases, and its early alleviation is the most promising treatment
approach. One possible route is the early use of natural com-
pounds with neuroprotective effects. These would slow down
both the oxidative and inflammatory processes, which start early
before the clinical symptoms are manifested. In the current
investigation, we demonstrate that ISL, HES, and CUR could
attenuate LPS-stimulated neuroinflammation and oxidative
stress in vitro as well as in vivo.

The LPS as well as the different doses of the treatments used were
first tested for their effect on the cell viability, and all treatments
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FIGURE 4 | (a) Immunohistochemistry of brain cortex to determine iNOS expression. (A) Photomicrograph of cerebral cortex, control group

showing negative iNOS expression. (B) Photomicrograph of cerebral cortex, LPS group showing intense iNOS expression. (C) Photomicrograph of
cerebral cortex, CUR-treated group showing limited iNOS expression. (D) Photomicrograph of cerebral cortex, ISL-treated group showing moderate
iNOS expression. (E) Photomicrograph of cerebral cortex, HES-treated group showing moderate iNOS expression. All Images were obtained in

duplicates (b) Quantification of iNOS as an area percentage. Data are presented as mean + SEM. Significant difference is considered at *p < 0.05,

*p < 0.01, ***p < 0.001, “***p < 0.0001.

proved safe. Therapy of the cells with LPS alleviated the NO
production. In vitro, pretreatment of BV-2 cells with ISL and
CUR inhibited NO production in a dose-dependent manner
through the inhibition of the NF-xB pathway, therefore reducing
the transcription of iNOS [30, 55, 56]. Furthermore, CUR was
shown to inhibit NO production through its inhibitory effect on
c-Jun N-terminal kinase (JNK) and p38 along with NF-xB [32].
Although HES has been reported to attenuate LPS-induced iNOS
expression and subsequent NO production in the mouse mac-
rophages RAW 264.7 cells by obstructing the NF-«xB pathway
[57], our findings in the BV-2 cells were not the same. However,
the effect induced by HES treatment was further illustrated when
determining iNOS expression in mouse brain. Thereby, all
treatments were successful in decreasing expression of iNOS
compared to the LPS group [58-60].

In the animal model, different doses of the drugs were used. The
aim was to mimic the normal dose an individual would take per
serving. HES was reported to be consumed at a dose of 43.7 mg/
100 mL orange juice [61], CUR was consumed in some countries
daily at an average of 2.7-14 mg [62], and ISL at a safe dose of
around 20-30 mg [63, 64].

The variation between in vitro and in vivo NO results after HES
treatment can further be attributed to the fact that BV-2 cells were
exposed to LPS for a shorter interval than mice. Correa et al.
reported a time-dependent effect of LPS on neonatal mice brains,
where the brain cells were able to counteract LPS detrimental
effects in the first 24 h, but not in an interval of 72h [65]. Fur-
thermore, Lund et al. found that the gene expression profile after
LPS’s stimulation was the same in BV-2 cells compared to primary
cultured microglial cells, with the effect evoked by LPS application
being weaker in BV-2 cells [66]. HES, ISL, and CUR show different
antioxidant properties in vivo compared to in vitro due to the
complex biological interactions and metabolic processes present in

living organisms. Moreover, in vitro investigations, such as those
employing BV2 microglial cells, provide regulated settings for
measuring direct cellular reactions but do not account for more
extensive systemic interactions [67, 68].

To exclude any possible deficits in neuromotor functions that might
affect the performance of mice during the behavioral tasks, the OFT
was conducted, and no significant variations were observed between
the groups across any of the parameters. Spatial and nonspatial
memories of mice deteriorated after LPS treatment, thus validating
the model. Treatment of the mice with the tested compounds
improved both the spatial and nonspatial memories, indicating the
capability of these compounds to cross the blood-brain barrier and
affect the brain, as reported by others [28, 67, 69].

To explain this decline in memory and improvement after
treatment, several biomarkers were measured. IL-1$ was eval-
uated alongside TNF-a, amyloid-f, and caspase-3. While LPS
increased IL-1/ and caspase-3, TNF-a and amyloid-f, treatments
reduced these biomarkers. It has been demonstrated that cyto-
kines like IL-1/ and TNF-a exhibit dual roles in brain physiology,
serving as both enhancers of cognitive function and agents of
cognitive decline. This duality is especially apparent in diseases
such as inflammation and AD, where these cytokines may in-
tensify neurodegenerative processes [70-73]. Amyloid-f iso-
forms, as memory blood-based biomarkers, are essential for the
diagnosis and monitoring of AD. These biomarkers indicate
amyloid processing, neuroinflammation, and synaptic dysfunc-
tion, which are pivotal to AD pathophysiology [74-76].

In the present study, ISL, HES, and CUR suppressed neuro-
inflammation in vivo, reducing levels of LPS-induced IL-1/ in
mice hippocampi to pretreatment levels. This could be attributed
to HES’s and CUR’s positive effect on the anti-inflammatory
miRNA-132 [77, 78]. The miRNA-132 inhibits IL-1 receptor-
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FIGURE 5 |

Behavioral assessments. Impact of the tested compounds on memory in LPS-treated mice. (a) MEL evaluated spatial memory in the

MWM during training days. (b) The Probe test conducted on the final day of the experiment. (c) The discrimination index assessing non-spatial memory
in the object recognition test. All treatments alleviated the effects of LPS on the memory of mice. *p < 0.01 in contrast with the control group; *p < 0.05,

**p < 0.01 in contrast with the LPS group.

associated kinase 4 (IRAK4), an effector protein of TLR-2/4 and
aregulator of NF-xB, leading to a decrease in IL-1/ and IL-6 levels
[79, 80]. Downregulation of miRNA-132 has been postulated to
cause increased tau phosphorylation in AD [81]. The suppression
of neuroinflammation was further demonstrated by the decrease
in iNOS expression in all treatment groups compared to LPS.

Interestingly, in the study of neurodegenerative diseases such as
AD, the interaction between TNF-a¢ and amyloid-# in LPS-
induced neuroinflammation is essential. While amyloid-g is
associated with the pathophysiology of the disease, TNF-a is
a proinflammatory cytokine important in neuroinflammation
[71, 82]. These inflammatory processes may be reduced by
natural substances with anti-inflammatory and neuroprotective
qualities, such as HES, CUR, and ISL. By altering the TLR4/NF-
kB pathway, HES lowers TNF-a and IL-1f levels and enhances
cognitive performance [71, 82]. Interestingly, HES has been
shown to reduce amyloid-# levels in LPS-induced neuro-
inflammation via various pathways. These pathways encompass
the control of inflammatory pathways, mitochondrial function,
and direct contact with amyloid-g peptides. The effects of HES
are facilitated by its transformation into hesperetin within the

body, which demonstrates neuroprotective properties by influ-
encing critical signaling pathways and cellular mechanisms re-
lated to neuroinflammation and amyloid disease [83-86].
Moreover, CUR prevents amyloid aggregation and decreases
neuroinflammation and these effects rely on TNF-a receptor 2
activation [87, 88]. Regarding amyloid-f, ISL reduces in-
flammatory cytokines and relieves oxidative stress via activating
Nrf2 and decreasing NF-xB [89]. Furthermore, ISL exhibits anti-
inflammatory properties by reducing TNF-a through various
mechanisms. It inhibits the NF-«B pathway, thereby decreasing
proinflammatory cytokine production. It further modulates
MAPK pathways by suppressing JNK and p38 MAPK activation,
and it directly interacts with myeloid differentiation protein-2 to
impede TNF-alpha signaling. Additionally, ISL activates the Nrf2
pathway, enhancing antioxidant gene expression and reducing
oxidative stress. It also inhibits the NOD-, LRR-, and pyrin
domain-containing protein 3 (NLRP3) inflammasome, in-
terfering with  proinflammatory  cytokine maturation
[28, 29, 90-92].

The intricate interplay affecting cognitive processes is further
exemplified by the involvement of caspase-3 and NO in memory
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FIGURE6 |
hippocampus. (b) Impact of the tested compounds on hippocampal IL-14 and caspase-3 levels. (c) Nuclear/cytoplasmic Nrf2 ratios. The results are

presented as means + SEM. “p < 0.001 compared to the control group; *p < 0.05, **p < 0.01, ***p < 0.001 compared to the LPS group. Investigation was
performed via one-way ANOVA.

Biochemical impacts of treatments on the hippocampi of mice. (a) Impact of the tested compounds on oxidative stress markers in the
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FIGURE 7 | (a)Western blotting results of procaspase-3 in control, LPS, and different treatment groups. (b) Western blotting results of caspase-3 in

control, LPS, and different treatment groups. (c) Western blotting results of GAPDH in control, LPS, and different treatment groups.
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TABLE 2 | Effect of CUR, HES, and ISL on the caspase and procaspase ratio in LPS-treated brain cortex.

Control

LPS CUR HES ISL

Caspase/Procaspase ratio 1

24 0.85 0.74 0.066

TABLE 3 | Effect of CUR, HES, and ISL on expression of amyloid-f and the TNF-«a levels in LPS-treated brain cortexes.

Control LPS CUR HES ISL
Amyloid-# pg/mg tissue 34.2 £58™ 744 £ 8.4 39.9 + 5.4™ 353 +£4.5™ 41.1+5.7"
TNF-a pg/mg tissue 85.2+ 9.3 353.1+15.6 21.9 +£4.1° 66.13 + 8.6 132.0 £11.2"

Note: All values are presented as means + SD. Duplicates from 3 independent experiments were carried out.

*Significance at p < 0.05.
**Significance at p < 0.01.
***Significance at p < 0.001 versus the LPS-treated animals.

formation in mice. The reduction of caspase-3 exclusively im-
pacts long-term memory. Furthermore, the cleavage of tau
protein by caspase-3 in AD correlates with neurodegeneration
and cognitive decline [93, 94]. Decreased NO production in-
fluences memory formation via various mechanisms. NO is vital
for synaptic plasticity and memory; its dysregulation poses
cognitive risks. LPS triggers neuroinflammation, raising in-
flammatory cytokines like TNF-a and IL-6, thus disrupting
memory. Increased NO production from LPS can exacerbate
oxidative stress and cognitive deficits. Modulating NO levels is
crucial; inhibiting iNOS may alleviate memory deficits caused by
inflammation. The complex role of NO suggests that while de-
creased levels can enhance memory by reducing neuro-
inflammation, complete inhibition could harm cognitive
functions. Therefore, therapeutic approaches should seek a bal-
ance in NO levels to optimize cognitive outcomes amidst neu-
roinflammation [95-97]. Thereby, both molecules influence
cognitive function and synaptic plasticity in different manners;
the ratio of NO to caspase-3 is crucial for cognitive function.

Secondary to inflammation, immune cells release large amounts
of reactive oxygen species, which increase the oxidative stress
and cause neuronal cell injury [75]. In our study, the tested
compounds alleviated oxidative stress in cultured microglial cells
and in mice hippocampi. In in vitro experiments, HES was ca-
pable of restoring GPx activity after LPS treatment. HES and CUR
restored activity of GST compared to the LPS group. ISL and CUR
enhanced SOD activity compared to the untreated LPS group.
Likewise, in vivo, HES enhanced hippocampal GPx activity.
Moreover, hippocampal GST and SOD activities were signifi-
cantly augmented by treatment with HES, ISL, and CUR com-
pared to LPS-treated mice. In mice, HES displayed the highest
stimulatory effect on antioxidant enzyme activity. Furthermore,
HES, ISL, and CUR treatment decreased hippocampal MDA
levels significantly compared to LPS-treated mice. This could be
partially attributed to the polyphenolic nature of the compounds
and their chemical structure, as they can donate electrons or
hydrogens to scavenge the free radicals as well as act as a che-
lating agent to ions, such as Fe’¥, thereby preventing oxidation
induced by hydroxyl radicals [98].

Targeting Nrf2 is a valuable therapeutic strategy for the treat-
ment of neuroinflammation. A formulation of dimethyl fuma-
rate, BG12, which targets the Nrf2 pathway, has been approved
by the FDA for treatment of the relapsing type of multiple
sclerosis [99]. The concentrations of Nrf2 protein in the nucleus

and cytoplasm are vital for understanding the neuro-
inflammatory effects of natural compounds like HES, CUR, and
ISL. In the current study, these compounds enhanced Nrf2 ratio
levels, contributing to cellular defense against oxidative stress
and inflammation. It has been reported that HES increases Nrf2
and its target HO-1, reducing oxidative stress in LPS-induced
neuroinflammation. CUR restores Nrf2 levels in neurotoxic
settings and boosts antioxidant enzymes, facilitating neuro-
protection. ISL promotes Nrf2 translocation from cytoplasm to
nucleus in traumatic brain injury models and suppresses NF-xB
signaling to diminish neuroinflammation [100-103]. Further-
more, the increase in the Nrf2 ratio in all treatments indicated
that the treatments also act via the delocalization of the Nrf2,
explaining the reduction in the NO in the BV-2cells and the
decrease in the IL-1 and oxidative stress in mice hippocampi
[104].

Accumulating evidence implies that apoptosis is the main
mechanism of cell death in chronic neurodegenerative diseases.
Increased caspase activity is among the derangements found in
the affected neurons in AD and ALS patients [105, 106]. This can
be caused by elevated IL-1/ [107]. In our study, ISL showed the
highest decrease in hippocampal caspase-3 levels, followed by
HES, implicating their anti-apoptotic effect at the tested doses
and the ability to alleviate LPS-induced apoptosis in mice hip-
pocampi. This was further confirmed through the decrease of
caspase-3 expression ratio in the brain cortex in all treatments
compared to LPS through western blotting. CUR, HES, and ISL
inactivate caspases to induce apoptosis through distinct mech-
anisms: CUR emphasizes p38-mediated activation, HES pre-
dominantly affects intrinsic pathways as the JNK/Bax signaling
pathway and gene expression, while ISL targets mitochondrial
pathways and reactive oxygen species formation [108-110]. It has
been reported that TNF-« is an upstream marker that mediates
apoptosis [111]. In the current study, all treatments were effective
in decreasing the level of TNF-a and hence inhibiting apoptosis
that results in neurodegeneration.

In the present study, all treatments have demonstrated neuro-
protective effects against LPS-induced neuroinflammation in
brain cortex models. This was further illustrated in the histo-
pathological examination of the brain cortex. CUR crosses the
blood-brain barrier, reducing inflammatory signaling via IL-15
and COX-2, and protecting against oxidative damage [112], while
also inhibiting microglial activation and improving motor dys-
function [113, 114]. Moreover, CUR modulates the JNK/NF-xB/
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FIGURES8 | (a)Photomicrograph of brain, cerebral cortex, control group showed normal histological structure (H&E), 200x. (b) Photomicrograph of
brain, cerebral cortex, control group, higher magnification showed normal histological structure (H&E), 400x. (c) Photomicrograph of brain, cerebral
cortex, CUR group showed cerebral vascular congestion (arrow) (H&E), 200x. (d) Photomicrograph of brain, cerebral cortex, CUR group, higher
magnification, showed mild cerebral vascular congestion (H&E), 400x. (e) Photomicrograph of brain, cerebral cortex, Induction LPS group showed
numerous dark degenerating neurons and neuronophagia (arrow) (H&E), 200x. (f) Photomicrograph of brain, cerebral cortex, induction group (LPS);
higher magnification showed numerous dark degenerating neurons and neuronophagia (arrow) (H&E), 400x. (g) Photomicrograph of brain, cerebral
cortex, ISL group showed moderate neuronal degeneration (arrow) (H&E), 200x (h) Photomicrograph of brain, cerebral cortex, ISL, higher magni-
fication showed moderate neuronal degeneration (H&E), 400x. (i) Photomicrograph of brain, cerebral cortex, HES group, showed numerous dark
degenerating neurons and neuronophagia (arrow) (H&E), 200x. (j) Photomicrograph of brain, cerebral cortex, Hes group, higher magnification showed
dark degenerating neurons and neuronophagia (arrow) (H&E), 400x.
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Akt signaling pathway, reducing oxidative stress and amelio-
rating neuroinflammation and neuronal cell death [115]. ISL
enhances antioxidant capacity, suppresses neuroinflammation,
and regulates mitochondrial function to mitigate cognitive im-
pairment; enhances the expression of NRF2-responsive antiox-
idant genes; and suppresses NF-kB-responsive proinflammatory
genes [69, 89-91]. HES shows considerable neuroprotective ef-
fects in neurodegenerative disorders. Its therapeutic potential
stems from its antioxidant and anti-inflammatory properties,
enhancing endogenous defenses and reducing proinflammatory
cytokines. HES modulates apoptotic pathways by decreasing
caspase-3 activity and protecting mitochondrial function. It also
inhibits key enzymes involved in neurotransmitter breakdown,
thus supporting cholinergic and dopaminergic systems. In dis-
ease models, it reduces amyloid-f levels in AD [83, 116-120].

5 | Conclusion

In conclusion, our study illustrates that ISL, HES, and CUR are
neuroprotective agents that suppress oxidative stress, neuro-
inflammation, and reduce apoptosis and cognitive deficits sec-
ondary to LPS. This suggests their potential as therapeutics for
neurodegenerative diseases. Limitations of this study include the
difficulty of finding human subjects to further test the effects of
the different treatments. So as a future recommendation, the
treatments could be inserted in nanoparticle formulations to
enhance their bioavailability and further be tested in human
subjects.

Nomenclature

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis
CNS Central nervous system

CUR Curcumin

GPx Glutathione peroxidase

GST Glutathione-S-transferase

HES Hesperidin

HRP Horseradish peroxidase

IL Interleukin

ISL Isoliquiritigenin

iNOS Inducible nitric oxide synthase
LPS Lipopolysaccharide

MWM Morris water maze

NO Nitric oxide

NLRP3 NOD-, LRR- and pyrin domain-containingprotein3
Nrf2 Nuclear factor erythroid 2-related factor 2
OFT Open field test

ORT Object recognition test

PD Parkinson’s disease

SOD Superoxide dismutase

TNF-a Tumor necrosis factor-alpha

TLR4 Toll-like receptor 4
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