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Abstract: Clobenpropit (CLO), an antagonist on histamine H3 receptors (HH3R), has been shown to
protect NMDA-induced neuronal necrosis in cortical neuronal cell culture from rats. In this work, we
explored its potential on lipopolysaccharide (LPS)-induced memory deficits, neuroinflammation, and
mitochondrial dysfunction in mice. CLO (1 and 3 mg/kg, p.o.) was treated continually for 30 days,
and neurotoxicity was induced by four doses of LPS (250 µg/kg, i.p.). The radial arm maze (RAM)
was used to access memory behaviors. After the REM test, brain tissue was collected from each
mouse to estimate pro-inflammatory cytokines (TNFα and IL6), anti-inflammatory cytokines (TGF-β1
and IL-10), cyclooxygenase-2 (COX 2), and mitochondrial respiratory chain complex (MRCC- I, II and
IV) enzymes. CLO treatment reversed the LPS-induced behavioral deficits by a significant reduction
in time taken to consume all five bites (TTB), working memory error (WME), and reference memory
error (REM) in the REM test. Regarding neuroinflammation, it attenuated the release of COX, TNF-α,
and IL-6, and augmented TGF-β1 and IL-10 levels in the brain. Reversal of LPS-induced brain
MRCC (I, II, and IV) levels also resulted with CLO treatment. From these findings, CLO promises
neuroprotection against LPS-induced cognitive deficits by ameliorating neuroinflammation and
restoring the MRCC enzymes in mice.

Keywords: clobenpropit; lipopolysaccharides; radial arm maze; cyclooxygenase-2; pro-inflammatory
cytokines; anti-inflammatory cytokines; mitochondrial dysfunction

1. Introduction

Neuroinflammation is defined as one of the key contributors involved in several
CNS-related disorders including neurodegenerative diseases. According to experimental
evidence, the inflammatory process in the neuron has been shown to cause cell death and
neurodegeneration in Parkinson’s (PD), Alzheimer’s (AD), and other neurodegenerative
diseases [1,2]. Moreover, neuroinflammation and mitochondrial dysfunction also have a
key role in AD and other neurodegenerative-related disorders [3,4]. In the brain, neuroin-
flammation is mediated by several factors, including cytokines, prostaglandin E2, oxidative
stress, and reactive nitrogen species [5]. Furthermore, inflammatory mediators, partic-
ularly the cytokine TNF-α, can change cellular mitochondrial metabolism by inhibiting
mitochondrial oxidative phosphorylation and related ATP synthesis while also initiating
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mitochondrial reactive oxygen species formation. On the other hand, when damaged
mitochondria are not appropriately eliminated by mitophagy, their contents can leak into
the cytosol and extracellular environment, aggravating the inflammatory responses in
brain tissue [6].

Central or peripheral administration of an endotoxin, lipopolysaccharide (LPS), results
in neuroinflammation by inducing the releases of cytokines including TNF-α, IL-1β, and
IL-6 through activation of microglia [7]. Furthermore, the elevation of these cytokines
induces the proliferation of APP expression and amyloidogenesis in AD [8]. A previous
study showed that LPS stimulated the expression of neuroinflammatory markers due to
differences in oxidative stress, oxidative phosphorylation, and mitochondrial activities. The
mitochondrial complex activity and mitochondrial membrane potential could be influenced
by oxidative stress [1]. Additionally, a bilateral intracerebroventricular injection of LPS
established mitochondrial electron transfer chain dysfunction by decreasing the MRCC (I,
IV, and V) activities [5].

The list of antagonists on HH3R has gained substantial attention in recent years as
a potential treatment for CNS-related disorders including AD. These receptors are found
in pre-synaptic neurons as auto-receptors as well as heteroreceptors and control the re-
lease of neurotransmitters including histamine [3]. Antagonizing the HH3R facilitates the
pre-synaptic releases of several neurotransmitters including histamine, acetylcholine, nore-
pinephrine, and dopamine, which have a major role in various CNS functions [9]. CLO is a
potent HH3R antagonist and has been reported to augment the pre-synaptic release of neu-
rotransmitters including histamine, acetylcholine, dopamine, and noradrenaline [10–13].
Recently, in a rat model of AD, administration of CLO (1 mg/kg, i.p.) was found to have
a neuroprotective effect against Aβ-peptide infusion-induced neuronal toxicity [14]. Fur-
thermore, in rats, a bilateral intrahippocampal injection of CLO improves spatial memory
deficits caused by MK-801 via modulating the levels of different neurotransmitters [15].
However, there is evidence lacking related to the effect of CLO on neuroinflammation
and mitochondrial dysfunction. Thus, the current study aimed to evaluate the effect of
30 days of CLO pre-treatment on LPS-induced cognitive deficits, neuroinflammation, and
mitochondrial dysfunction in a mouse model.

2. Materials and Methods
2.1. Drugs and Chemicals

Clobenpropit hydrobromide (CLO) was purchased from Cayman Chemical (Ann
Arbor, MI, USA) and lipopolysaccharides (LPS) from Escherichia coli were procured from
Sigma-Aldrich Co (St. Louis, MO, USA). Mouse TNF-α, IL-6, TGF-β1, IL-10, and COX- 2
were purchased from Cloud-Clone Corp., Houston, TX, USA. Mouse MRCC-I, MRCC-II,
and MRCC-IV were purchased from MyBioSource, Inc., San Diego, CA, USA.

2.2. Animals

The present experiment was used with 24 adults (8–12 weeks old) male ICR mice
weighing between 25 and 35 g, procured from the Animal Facility of Pharmacology and
Toxicology Department, College of Pharmacy, Qassim University, KSA. Mice were ran-
domly dived into four groups of six animals. During the experiment, animals were
housed in polypropylene cages containing three subjects per cage and had free access
to water and food. The present experimental procedures were reviewed by the Insti-
tutional Animal Ethical Committee from College of Pharmacy, Qassim University, KSA
(Approval ID 2020 -CP-7).

2.3. Experimental Design

Among the four groups, the first group was fixed as a control and only treated
with vehicle (normal saline: 10 mL/kg, p.o.) for 30 days; four doses of normal saline
(10 mL/kg, i.p.) were injected for the last four days (day 23 to day 26) of the treatment
schedule. The second group was LPS-treated (LPS), administered with vehicle (normal
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saline; 10 mL/kg, p.o.) for 30 days; neuroinflammation was induced by four doses of
LPS (250 µg/kg, i.p.) on days 23, 24, 25 and 26 of treatment. The neurotoxic dose of LPS
was sourced from our previous reports [16,17]. The other two treatment groups (LPS +
CLO-1; LPS + CLO-3) were treated orally with CLO (1 or 3 mg/kg, respectively) for 30 days
and neurotoxicity was induced with four doses of LPS (250 µg/kg, i.p.) following the
LPS-treated group. During the treatment schedule, the behavioral assessments using RAM
were followed in three different phases: diet restriction (day 16 to day 23), training (day 24
to day 26), and memory assessment (days 27–30), following a detailed procedure (Figure 1).
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Figure 1. Timeline administration of drug, behavioral assessments, and isolation of brain samples. The groups of the mice
were administered vehicle or clobenpropit (1 or 3 mg/kg) orally for 30 days. Except for the control, other groups were
injected with four doses of LPS (250 µg/kg, i.p.) to induce neuroinflammation (days 23–26). Regarding RAM assessments,
the training sessions were conducted from days 24 to 26. The memory assessments were analyzed from days 27 to 30. At the
end of the memory assessments, on day 30, all the animals were sacrificed and brain tissues were collected for ELISA tests.

2.4. Behavioral Assessment Using the Radial Arm Maze (RAM)

RAM was used to measure the spatial learning and memory of mice in this study.
The maze comprises eight arms (48 × 12 cm) with a connecting central platform (32 cm in
diameter). The experimental procedures and parameters were followed according to earlier
reports [3,16]. The procedure behavioral assessments were followed in three different
phases: diet restriction, training, and memory assessment (Figure 1). Among the eight
arms, 1, 3, 4, 6, and 7 were considered as baited arms, and the remaining 2, 5, and 8
were referred to as non-baited arms. Each of the arms were differentiated with dissimilar
geometric-shaped paper pasted at the arm end. Since this model was food reward-based,
the seven-days diet restriction (day 16 to day 23 of drug treatment) was followed to create a
food motivational task. In training (day 24 to day 26), on the first day, the food pellets were
dispersed throughout the maze and the animals were allowed to explore for five minutes;
on subsequent days, food was allowed only in baited arms. During the last four days
(day 27–30) of the treatment schedule the memory parameters like time taken to consume
all five baits (TTB), working memory error (WME), and reference memory error (RME)
were recorded over five minutes of exploration. The WME was counted as the total number
of re-entries to baited arms that were already eaten and the total number of entries into the
never-baited arm was referred to as RME [3].

2.5. Collection of Brain Homogenate

At the end of the 30-day treatment, all the groups of mice were sacrificed and whole-
brain tissues were homogenized with ice-cold phosphate buffer (4 ◦C, pH 7.4) using a
homogenizer. The cloudy supernatant aliquot of homogenates was collected after centrifug-
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ing for 10 min at 4000 rpm. The total protein content of the homogenates was quantified
using the biuret colorimetric method (Crescent Diagnostics, Jeddah, Saudi Arabia).

2.6. Determination of Cytokines and Cyclooxygenase levels

Selectively, two pro-inflammatory (TNFα and IL6) and two anti-inflammatory (TGFβ1
and IL10) cytokines, and COX-2 were tested using the mouse enzyme-linked immunosor-
bent assay (ELISA) kit (Cloud-Clone Corp., Houston, TX, USA) protocol. The assay kits
were followed by sandwich enzyme immunoassay for in vitro quantitative measurement
of specifically targeted proteins.

2.7. Determination of Mitochondrial Respiratory Chain Complexes (MRCC)

The mouse MRCC-I, MRCC-II, and MRCC-IV ELISA kits were from MyBioSource Inc.
(San Diego, CA, USA). Measurements were achieved at 450 nm by using an Absorbance
Microplate Reader (ELx800, BioTek Instruments, Inc., Santa Clara, CA, USA).

2.8. Statistical Analysis

The results are presented here as mean ± standard error (SEM). The variations among
all groups were analyzed using one-way ANOVA. We followed a Tukey–Kramer post hoc
test for calculating significance levels between groups. Graph Pad version 9 (GraphPad
Software Inc., La Jolla, CA, USA) was employed for statistical analysis. p values less than
0.05 were considered statistically significant.

3. Results
3.1. CLO Improved Memory Functions in LPS-Treated Mice Using the RAM

Memory functions of LPS-challenged mice pre-treated with CLO were examined in
terms of selected three behavioral parameters such as TTB, WME, and RME in the RAM
test. Figure 2A shows the effect of CLO on four days of TTB assessment in LPS-induced
memory impairment. Analyzing by one-way ANOVA and comparing among the groups,
statistical differences were found in TTB (F(3,20) = 17.87, p < 0.001 for day 1; F(3,20) = 9.030,
p < 0.001 for day 2; F(3,20) = 11.74, p < 0.001 for day 3; and F(3,20) = 25.95, p < 0.001 for
day 4). Furthermore, multiple post hoc analyses indicated that LPS-treatment extensively
increased (p < 0.001) the TTB for four days as compared with the control, representing the
memory decline by LPS injections. However, CLO at doses of 1 mg/kg (p < 0.001, day 1
and day 4; p < 0.01, day 2 and day 3) and 3 mg/kg (p < 0.001, day 1, day 3, and day 4;
p < 0.01, day 2) significantly reduced the LPS-induced TTB increase.

As shown in Figure 2B, when comparing among groups, significant variations were
noted in the number of WME from day 1 to day 4 (F(3,20) = 6.460, p < 0.01; F(3,20) = 6.272,
p < 0.01; F(3,20) = 28.97, p < 0.001; F(3,20) = 12.39, p < 0.001, respectively). Administration
of LPS by peripheral injections impaired the working memory by increasing the WME
(p < 0.01, day 1 and day 2; p < 0.001, day 3 and day 4) throughout the experiment. Pre-
administration of CLO, however, considerably reduced the number of WME only on day 3
and day 4 (p < 0.001 and p < 0.01 at 1 and 3 mg/kg, p.o., respectively).

In addition, the reference memory was also altered with different groups of treatments
(F(3,20) = 14.88, p < 0.001 for day 1; F(3,20) = 29.21, p < 0.001 for day 2; F(3,20) = 13.41,
p < 0.001 for day 3; and F(3,20) = 26.52, p < 0.001 for day 4) by using one-way ANOVA
analysis (Figure 2C). When matched to control animals, it was indicated that the LPS-
treated mice group showed higher numbers of RMEs (p < 0.001) after four days of the
experiments. Nevertheless, additional treatment of CLO with the LPS treatment extensively
reduced the number of RMEs at the oral dose levels of 1 mg/kg (p < 0.01, day 1 and day 3;
p < 0.001, day 2 and day 4) and 3 mg/kg (p < 0.001, from day 1 to day 4).
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Figure 2. Effect of the clobenpropit (CLO) on the (A) time taken to consume all five baits (TTB), (B) working memory
error (WME), and (C) reference memory error (RME) on day 1 to day 4 of memory assessment in lipopolysaccharide
(LPS)-induced mice using radial arm maze. LPS-CLO-1 and LPS-CLO-3 refer to administration of clobenpropit (1 or
3 mg/kg, p.o., respectively) and lipopolysaccharides (250 µg/kg, i.p.). TTB, WME and REM were increased by LPS-induced
neuroinflammation. However, CLO treatment significantly reduced the LPS-induced TTB, WME and REM increments. The
results are expressed as mean ± SEM (n = 6). One-way ANOVA (TTB; F(3,20) = 17.87, p < 0.001 for day 1; F(3,20) = 9.030,
p < 0.001 for day 2; F(3,20) = 11.74, p < 0.001 for day 3; and F(3,20) = 25.95, p < 0.001 for day 4), (WME; F(3,20) = 6.460,
p < 0.01 for day 1; F(3,20) = 6.272, p < 0.01 for day 2; F(3,20) = 28.97, p < 0.001 for day 3; and F(3,20) = 12.39, p < 0.001 for
day 4) (REM; F(3,20) = 14.88, p < 0.001 for day 1; F(3,20) = 29.21, p < 0.001 for day 2; F(3,20) = 13.41, p < 0.001 for day 3;
and F(3,20) = 26.52, p < 0.001 for day 4) was followed by Tukey–Kramer multiple comparisons tests.* p < 0.05, ** p < 0.01,
and *** p < 0.001 as compared to the control group; ns, not significant as compared to the control group; ## p < 0.01 and
### p < 0.001 as compared to the LPS-treated group.

3.2. CLO Reduced Pro-Inflammatory Cytokine Levels in LPS-Treated Mice

Figure 3A demonstrates the effects of CLO on two selective pro-inflammatory cytokine
markers, TNF-α and IL-6. Comparing all the groups, considerable differences were found
in TNF-α levels (F(3,20) = 16.68, p < 0.001) by analyzing with one-way ANOVA. Compared
to the control, the LPS-challenged group elicited significantly higher (p < 0.001) TNF-α
levels in the brain. CLO treatment (3 mg/kg, p.o.) considerably reduced (p < 0.05) the
production of TNF-α in mice brains, as compared to the LPS-challenged group. There
were no obvious changes in TNF-α levels with administration of CLO (1 mg/kg, p.o.) in
LPS-challenged mice.

The effect of CLO on brain IL-6 production in LPS-treated mice is shown in Figure 3A. Re-
ferring to the results, when comparing among groups, differences in IL-6 levels (F(3,20) = 20.96,
p < 0.001) were found in brain homogenates. Multiple post hoc comparisons showed that
LPS administration significantly elevated (p < 0.01) IL-6 levels in brain tissues of the control
animals. However, treatment with CLO (1 and 3 mg/kg, p.o.) suggestively (p < 0.001)
reversed it by reducing the brain IL-6 levels when compared with the LPS-treated group,
and both doses almost equalized the IL-6 levels of the control.
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to the control group; # p < 0.05, ## p < 0.01 and ### p < 0.001 as compared to the LPS-treated group.

3.3. CLO Improved Anti-Inflammatory Cytokine Levels in LPS-Treated Mice

Figure 3B shows the effects of CLO on anti-inflammatory cytokine markers TGF-β1
and IL-10 in brain homogenates of LPS-treated mice. There were extensive differences noted
when comparing among the groups of TGF-β1 levels (F(3,20) = 26.33, p < 0.001). The levels
of TGF-β1 in LPS-injected mice were significantly (p < 0.001) lower compared with control
mice. The results indicated that LPS-treatment lowered the anti-inflammatory activity
in the mouse brain. Pretreatment with 1 and 3 mg/kg of CLO, however, significantly
improved TGF-β1 levels in LPS-challenged mice (p < 0.01 and p < 0.001, respectively).
There were no notable changes between the control and both CLO-treated groups.

For IL-10 levels, there were significant variations recorded (F(3,20) = 11.18, p < 0.001)
among the groups (Figure 3B). When compared with the control group, it was shown that
LPS treatment resulted in a significantly lower level of IL-10 (p < 0.001) in mice brains.
Nevertheless, CLO (1 and 3 mg/kg, p.o.) pre-treatment substantially elucidated (p < 0.01
and p < 0.001) the brain IL-10 levels in LPS-challenged animals.
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Furthermore, the effects of CLO on the IL-6/IL-10 ratio in LPS-treated mice are shown
in Figure 3C. The IL-6/IL-10 ratio was significantly (p < 0.001) higher in LPS-treated mice
than in the control. This indicated the higher activity of pro-inflammatory cytokines with
LPS treatment. However, treatment with 1 and 3 mg/kg of CLO significantly (p < 0.001)
lowered the IL-6/IL-10 ratio in LPS-challenged mice.

3.4. CLO Reduced Cyclooxygenase-2 (COX-2) Activities in LPS-Treated Mice

Figure 4 refers to the effects of CLO on brain COX-2 levels of LPS-treated mice.
While comparing among groups, extensive differences were shown for COX-2 levels
(F(3,20) = 33.67, p < 0.001) using one-way ANOVA analysis. Furthermore, the comparison
between selected groups showed a significant raise (p < 0.001) in COX-2 enzyme levels of
LPS-challenged mice brains compared to the control group. However, oral treatment with
CLO considerably reduced (p < 0.001) COX-2 activity in LPS-challenged mice. In both CLO
treatment groups, the COX-2 levels were similar to the control animals.
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Figure 4. Effect of clobenpropit (CLO) on cyclooxygenase-2 (COX-2) levels in lipopolysaccharide
(LPS)-induced mice brains. LPS-CLO-1 and LPS-CLO-3 refer to administration of clobenpropit (1
or 3 mg/kg, p.o., respectively) and lipopolysaccharides (250 µg/kg, i.p.). CLO treatment reduced
the activity of COX-2 induced by LPS. The results are expressed as mean ± SEM (n = 6). One-way
ANOVA (F(3,20) = 33.67, p < 0.001) was followed by Tukey–Kramer multiple comparisons tests.
*** p < 0.001 as compared to the control group; ns, not significant as compared to the control group;
### p < 0.001 as compared to the LPS-treated group.

3.5. CLO Improved Mitochondrial Respiratory Chain Complexes (MRCC) Activities in
LPS-Treated Mice

Figure 5 shows the effect of LPS and CLO treatment on various MRCC activities. Re-
garding MRCC-I, one-way ANOVA analysis showed that there was considerable variation
(F(3,20) = 10.76, p < 0.001) among the groups (Figure 5A). Post hoc analysis revealed that i.p.
injection of LPS caused a significant decrease (p < 0.01) in MRCC-I activity in mice brains.
Nevertheless, treatment with CLO at 3 mg/kg (p < 0.001) attenuated the LPS-induced
declined MRCC-I activity in the brain. There were no changes in brain MRCC-I activity
when compared with LPS-treatment.
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Figure 5. Effect of clobenpropit (CLO) on mitochondrial respiratory chain complex (MRCC) (A) MRCC-I, (B) MRCC-II,
and (C) MRCC-IV activities in lipopolysaccharides (LPS)-treated mice brains. LPS-CLO-1 and LPS-CLO-3 refer to the
administration of clobenpropit (1 or 3 mg/kg, p.o., respectively) and lipopolysaccharides (250 µg/kg, i.p.). MRCC levels
were decreased with administration of LPS injection and the levels were increased with oral administration of CLO. The
results are expressed as mean ± SEM (n = 6). One-way ANOVA (F(3,20) = 10.76, p < 0.001 for MRCC-I; F(3,20) = 4.270,
p < 0.05 for MRCC-II; F(3,20) = 16.85, p < 0.001 for MRCC-IV) was followed by Tukey–Kramer multiple comparisons tests.
* p < 0.05, ** p < 0.01 and *** p < 0.001 as compared to the control group; ns, not significant as compared to the control group;
# p < 0.05 and ### p <0.001 as compared to the LPS-treated group.

Results from MRCC-II activity (Figure 5B), when compared among the groups, show
that there were significant changes in MRCC-II activity (F(3,20) = 4.270, p < 0.05) among
the groups in mice brains. Furthermore, administration of LPS caused a considerable
decrease in MRCC-II activity as related to control animals. Similarly, the higher dose of
CLO (3 mg/kg, p.o.) significantly improved the brain MRCC-II activity (p < 0.05) that was
decreased by injections of LPS. At a low dose of CLO (1 mg/kg, p.o.), no alteration in the
level of brain MRCC-II activity resulted as compared to LPS-treated mice.

It was found (Figure 5C) that there were notable variations among the groups for brain
MRCC-IV activity (F(3,20) = 16.85, p < 0.001) in mice. When compared to the control group,
the LPS-treatment declined the MRCC-IV activity (p < 0.001) in brain tissues. Interestingly,
treatment with both doses (1 and 3 mg/kg, p.o.) of CLO reversed the MRCC-IV levels
(p < 0.01 and p < 0.001, respectively) in a dose-dependent manner in mice brains.
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4. Discussion

In this present study, we evidenced the possible effects of an HH3R antagonist
clobenpropit (CLO) on LPS-induced neuronal toxicity such as memory deficits, neuroin-
flammation, and mitochondrial dysfunction in mice. Most of our results supported the
neuroprotective effects of CLO by ameliorating memory impairment, neuroinflamma-
tion, and mitochondrial toxicity, shown by reducing cyclooxygenase 2 (COX-2) and pro-
inflammatory cytokines. On the other hand, CLO treatment improved memory functions,
anti-inflammatory cytokine, and mitochondrial respiratory chain complex (MRCC) activi-
ties in LPS-challenged mouse brain. As described in our recent reports, peripheral injection
of LPS induced memory deficits through triggering neuroinflammation by regulating COX
activities as well as cytokine levels in the brain [17,18]. Moreover, brain mitochondrial
functions were also altered by the i.p. administration of LPS in rodent models [19,20].
Parallel to these results, our findings confirmed the induction of neuroinflammation by
elevating COX-2, TNF-α, and IL-6 synthesis, while reducing TGF-β1 and IL-10 levels in
the mouse brain. Additionally, MRCC (I, II, and IV) activities also declined, accompanied
by LPS toxicities. Since systemic chronic inflammation is a high-risk factor for neuronal
damage and memory impairment that leads to neurodegenerative disorders including AD
and PD, it appears that paths to alleviating inflammation have some benefits. The recent
finding has shown that HH3R is highly found not only in the neurons, but also in astrocytes
and microglia. Moreover, members of HH3R antagonists have shown their anti-dementia
and anti-inflammatory efficacy in various experimental models [3,21].

Here, a RAM test was used to assess mouse spatial learning and memory. This
maze model mainly supports the assessment of two kinds of memories, namely, reference
memory and working memory [22]. LPS is a toxic product from Gram-negative bacteria that
can induce a range of cognitive deficits in various maze models by inducing neurotoxicity
including cholinergic dysfunction, neuronal inflammation, and oxidative stress [17,18].
Recently, the activation of microglia by LPS has been related to neuronal cell loss in mouse
hippocampus and memory impairment [23]. Parallel to our previous reports [17,18], the
present finding also supported the induction of spatial memory impairment by peripheral
injection of LPS alone resulting in a reduction of TTB, WME, and RME on four days of
the experiments. In addition, the groups of mice treated with both doses of CLO (1 and
3 mg/kg, p.o.) improved all the parameters such as TTB, WME, and RME compared to
the LPS-treated mice. These results suggest that the animals in the CLO-treated groups
took less time to ingest all baits and avoided memory errors, implying that they were
able to recall the cues and recognize the maze. WME evaluates the ability of the mouse
to recall the position of arms that have already been visited in a session. As a result, the
working memory is also known as short-term memory for an object, place, or stimulus
that is employed within a testing session where the information to be recalled varies with
each trial [3,24]. In addition, the capability of the mouse to remember the position of baited
arms is used to assess REM, and also reference memory is classified as long-term memory
because it is learned through repeated training and the knowledge remains consistent
between trials [3,24]. Hence, the enhancement of short- and long-term memory was
confirmed by a substantial decrease in both WME and RME in LPS-treated mice following
CLO administration using a mouse model. The significant changes in both WME and RME
were noticed only on day 3 and day 4 of memory assessments. In continuation, the present
study extended this by exploring the possible mechanisms for CLO-induced anti-dementia
potential against LPS-induced neurotoxicity.

Administration of LPS can induce a collection of cellular damage due to dysregulation
of immune-inflammatory responses to an infective stimulus [1]. The generation of pro-
inflammatory mediators and cytokines such as iNOS, COX-2, IL-1, IL-2, IL-6, IFN-γ,
and TNF-α has been documented after a single or multiple systemic doses of LPS [24].
Furthermore, the cytokines such as TNF-α and IL-6, which are generated as a result of
the systemic inflammatory response, which was induced here by peripheral LPS injection,
can enter the CNS via the bloodstream [25]. Furthermore, the COX enzymes and the
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subsequent synthesis of bioactive prostaglandins from arachidonic acid undoubtedly
play a role in neuroinflammation. COX-2 is an inducible enzyme that is activated by
inflammatory stimuli such as cytokines and mitogens [3,26]. In microglia, the expression
of COX-2 levels was mediated by the activation of cytokines such as IL-1β, TNF-α, and
IL-6 [27]. Moreover, inhibition of COX-2 by a specific COX-2 inhibitor (NS-398) resulted in
the suppression of upregulated IL-6 and TNF-α levels in LPS-challenged BV-2 microglial
cells [28]. Our previous studies also have suggested that the administration of LPS triggered
the production of COX-2, TNF-α, and IL-6 levels in brain tissues [17,18]. The current results
demonstrated that treatment with CLO at 3 mg/kg significantly reduced the brain TNF-α
levels in LPS-challenged mice. Moreover, attenuation of LPS-induced brain COX-2 and
IL-6 levels resulted in the treatments of both dose levels (1 and 3 mg/kg, p.o.).

In reference to our previous study, the four consecutive i.p. injections of LPS (250 µg/kg)
suppressed the activity of anti-inflammatory cytokine markers such as TGF-β1 and IL-10
in rodents’ brains [17,18]. Similar to these results, the other studies also have supported
diminishing cytokines IL-10 and TGF-β1 levels by LPS treatment [29,30]. The cytokine,
TGF-β1 is a key regulator of cell proliferation, differentiation, and extracellular matrix
formation. TGF-β1 also inhibits the proliferation and differentiation of T and B cells, as
well as the generation of IL-2, TNF, and IFN- γ [31]. Another cytokine, IL-10, produces anti-
inflammatory responses by limiting the synthesis of proinflammatory cytokines including
IL-1 and TNF-α, decreasing cytokine receptor expression, and blocking receptor activation
in the brain. Furthermore, IL-10 suppresses the generation of proinflammatory cytokines
by Aβ as well as LPS activities [32]. Our current results showed that LPS administration
was linked with decreasing TGF-β1 and IL-10 levels in the mouse brain, and CLO (1 and 3
mg/kg, p.o.) treatment significantly improved both cytokine levels in the brain, supporting
its anti-inflammatory effects.

Mitochondria are the eukaryotic cell’s power stations, producing ATP through oxida-
tive phosphorylation from the energy released by glucose and other carbohydrates’ oxida-
tion. The mitochondrial respiratory chain comprises five enzymatic complexes (I–V) [33].
Complex I, also known as NADH-ubiquinone oxidoreductase, is involved in the initial
step of the oxidative phosphorylation pathway. Furthermore, with normal aging and
neurodegenerative diseases, its activity declines considerably [34]. Succinate dehydroge-
nase (SDH), as a part of the respiratory chain’s complex II, intersects the tricarboxylic acid
cycle and mitochondrial oxidative phosphorylation [35]. Cytochrome c-oxidase refers to
complex IV, which is considered the final enzyme of the mitochondrial respiratory chain. Its
function is correlated with the regulation of aerobic energy production [36]. Furthermore,
mitochondria can play a role in inflammatory responses in several ways. A significant
increase in cellular energy demand in the immune response is largely met by mitochondria.
Recent study results demonstrated that inhibition of mitochondrial complexes, specifically
complex IV, potentiated LPS-induced IL-6 levels and altered the IL-6/TNF-α ratio in human
blood leukocytes [37]. The other results supported that the pro/anti-inflammatory cytokine
ratios, notably the IL-1/IL-10 as well as IL-6/IL-10 ratios, were dramatically raised by
inhibition of complex IV, indicating an overactive inflammatory response. The present
results also showed that increasing the IL-6/IL-10 ratio in the LPS-challenged mouse brain
might coincide with mitochondrial dysfunction. The significant reduction of the IL-6/IL-
10 ratio by CLO treatment might influence the improvement of mitochondrial functions.
Furthermore, inhibiting complex I increased both IL-1 and IFN-γ levels, showing that
pro-inflammatory cytokines may be regulated by a similar mitochondrial signaling mecha-
nism [37,38]. Continuously, a single dosage of LPS injection (250 µg/mouse, i.p.) caused an
acute systemic inflammation in the mouse brain, which resulted in mitochondrial damage
in the form of a substantial decrease in membrane potential and loss of mitochondrial
redox function [39]. Similarly, in our results, the LPS treatment significantly reduced the
MRCC (I, II, and IV) levels in the mice brains. Interestingly, treatment with a higher dose
of CLO (3 mg/kg, p.o.) significantly reversed the mitochondrial damage by improving the
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MRCC levels in LPS-challenged mice. Accordingly, these results suggest the region-specific
potential of COL in the LPS-treated neuroinflammatory mouse model.

The present study has some limitations; most of the biochemical parameters were ana-
lyzed using whole-brain samples, not focused on a specific area such as the hippocampus,
cortex, etc. This work is an initial evaluation to explore the neuroprotective potential of
CLO on neuroinflammation and mitochondrial dysfunction. Moreover, cognitive dysfunc-
tion is not only related to a specific area of the brain, but deficits of other areas are also
interlinked with memory functions. Additionally, inflammatory insult affects the entire
area of the brain. However, the current results support the further evaluation of CLO on
more specific targets including memory functions.

5. Conclusions

Overall, our results demonstrated that using a mouse model, the HH3R antagonist
clobenpropit could act as a promising neuroprotective target against cognitive impair-
ment, neuronal inflammation, and mitochondrial damage in the brain. Clobenpropit
showed improvement in spatial learning and memory in the RAM test. It also showed
anti-inflammatory potential by attenuating LPS-induced elevation of COX-2 enzymes
as well as pro-inflammatory cytokine levels (TNF-α, and IL-6) levels and also increased
anti-inflammatory cytokine levels (TGF-β1 and IL-10) in the mouse brain. Furthermore,
pre-treatment with clobenpropit (3 mg/kg, p.o.) improved the MRCC (I, II, and IV)
functions in LPS-challenged mice. The achieved results underline that clobenpropit
could be a promising drug in the prevention of neuroinflammatory insults in various
neurodegenerative diseases.
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