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Leflunomide abrogates neuroinflammatory changes in a rat model
of Alzheimer’s disease: the role of TNF-a/NF-kB/IL-1p axis inhibition
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Abstract

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases and is associated with disrupted cognition
and behavior. Neuroinflammatory pathogenesis is the main component that contributes to AD initiation and progression
through microglial activation and neuronal damage. Thus, targeting inflammatory pathways may help manage AD. In this
study, for the first time, the potential prophylactic and therapeutic effects of leflunomide were investigated either alone or
in combination with rivastigmine in aluminum chloride (AICl;)-induced AD-like rats using behavioral, biochemical, and
histological approaches. Thirty-six adult male albino rats were divided into two protocols: the treatment protocol, subdivided
into five groups (n=6)—(1) control group, (2) AICl; (50, 70, 100 mg/kg/I.P) group, (3) reference group (rivastigmine 2 mg/
kg/P.O.), (4) experimental group (leflunomide 10 mg/kg/P.0O.), and (5) combination group (rivastigmine +leflunomide); and
the prophylactic protocol (leflunomide 10 mg/kg/P.O.), which started 2 weeks before AICl; induction. The results showed
that AICl; disrupted learning and memory parameters in rats and increased amyloid-f plaque deposition and neurofibrillary
tangle aggregation. Moreover, AICl; administration markedly elevated acetylcholinesterase activity, nuclear factor-kappa f3,
tumor necrosis factor-a, and interleukin-1 beta, and marked degenerative changes in the pyramidal neurons. However, admin-
istration of leflunomide alone or with rivastigmine in AlCl;-induced AD rats restored most of the behavioral, biochemical,
and histological parameters triggered by AICl; in rats. Our findings suggest that leflunomide can potentially restore most of
the neuronal damage in the hippocampal tissues of AICl;-induced AD rats. However, these preclinical findings still need to
be confirmed in clinical trials.
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Introduction

AD is rapidly becoming one of the world’s most serious
cognitive diseases (Sinyor et al. 2020). Globally, over 50
million people are diagnosed with AD, and this number
is expected to exceed 152 million by the year 2050 (Shu-
nan et al. 2021). Accumulation and deposition of amyloid
beta (AP) peptides and neurofibrillary tangles are the sig-
nificant hallmarks of AD. However, neuroinflammation has
recently emerged as a third feature of the disease (Heneka
et al. 2014). Pro-inflammatory cytokines play an important
role in the AD development (Anuradha et al. 2022). Chronic
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pro-inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-a), interleukin (IL)-1p, IL-6, and IL-18. These
cytokines lead to tau hyperphosphorylation and neuronal
loss (von Bernhardi et al. 2010).

Nuclear factor-kappa beta (NF-kf) is one of the most
important regulators of pro-inflammatory gene expression
(Tak and Firestein 2001). It also regulates the synthesis of
cytokines such as TNF-a, IL-1p, IL-6, and IL-8 (Aupperle
et al. 1999). Central nervous system (CNS) dysfunction, oxi-
dative stress, and neuroinflammation are the critical events
activated in AD and potentiated by NF-kp} overexpression
(Rather et al. 2021). Furthermore, several studies (Holmes
et al. 2009; Perry et al. 2007) suggested that chronic inflam-
mation from the periphery can induce pro-inflammatory
cytokines in the CNS by crossing the blood—brain barrier
(BBB) and contribute to cognitive decline in AD patients.

Currently, there is no efficient treatment or prevention
of AD, and the current available remedies have moderate
efficacy, only treating symptoms. The only four medica-
tions approved by the US Food and Drug Administration for
AD are acetylcholinesterase (AChE) inhibitors (donepezil,
galantamine, and rivastigmine) and NMDA antagonists
(memantine) (Cummings et al. 2022). Thus, investigating
additional medications for more effective AD treatment is
urgently required (Du et al. 2018). Extensive efforts cur-
rently focus on treating inflammation in the AD develop-
ment and progression. Targeting microglia pro-inflammatory
cytokine production in AD by using anti-inflammatory and
immunomodulatory drugs could offer a promising treatment
modality for AD.

Leflunomide is a disease-modifying antirheumatic medi-
cation (DMARD). It is a non-biological isoxazole derivative
with anti-inflammatory and immunomodulatory properties
(Alldred and Emery 2001). Several studies have illustrated
the anti-inflammatory and immunomodulatory effect of
leflunomide in rheumatoid arthritis (Alldred and Emery
2001), multiple sclerosis (Rzagalinski et al. 2019), liver
injury (Yao et al. 2004), dendritic cell function (Kirsch et al.
2005), and human T cell lines (Manna and Aggarwal 1999).
In the body, it is converted to its active form, the metab-
olite A77-1726, also known as teriflunomide (Padda and
Goyal 2021). The anti-inflammatory and immunoregulatory
actions of leflunomide are related to its ability to suppress
pro-inflammatory cytokines (Herrmann et al. 2000; Yao
et al. 2003). Leflunomide inhibits the activation of NF-kf3,
a critical pro-inflammatory transcription factor (Manna and
Aggarwal 1999). Teriflunomide has also been shown to
inhibit TNF-a-induced NF-kf} activation, a pro-inflamma-
tory signaling pathway implicated in the pathophysiology of
multiple sclerosis (Manna and Aggarwal 1999). In another
study, Wei-Dong et al. showed that leflunomide inhibited
the production of interleukin IL-1, IL-6, and TNF-a in peri-
toneal macrophages stimulated by lipopolysaccharide (Li
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et al. 2002). These properties of leflunomide suggest it is a
promising chemical agent in ameliorating the AD.

The current study was designed to evaluate whether the
anti-inflammatory and immunomodulatory effects of leflu-
nomide could either ameliorate or even protect the neuro-
pathological changes associated with AlCl;-induced AD in
rats. Moreover, running hypothesis extended to explore the
possible beneficial modulatory effects of leflunomide on one
of the standard acetylcholinesterase inhibitors, rivastigmine,
that widely used for AD treatment. Notably, AICl;-induced
AD rats” model has predominantly been used and evoked
pathological changes involve many symptoms of AD in
human including cognitive decline, increase in f-amyloid
and phospho-tau level, and amyloid plaque-like deposits.
Al causes DNA injury in the brain by changing antioxidant
enzymes or by binding to positively charged groups such as
phosphates of DNA. Several studies showed that Al causes
conformational changes of APP and tau phosphorylation
which results in the two hallmarks of AD in human: plaque
deposits of the f-amyloid peptide AP and tau hyperphospho-
rylation (Pan et al. 2021; Kawahara and Kato-Negishi 2011).

Materials and methods
Chemicals, drugs, and kits

AICl; (molecular weight: 241.45 g/mol) was purchased from
Alpha Chemika (Mumbai, India). Carboxy methyl cellulose
(CMC) was provided by the El-Gomhouria Company for
trading chemicals and medical appliances (Alexandria,
Egypt). Leflunomide was obtained from Eva Pharma Indus-
tries (Alexandria, Egypt). Rivastigmine was procured from
Novartis (Basel, Switzerland). Acetylcholinesterase activity
assay kit (cat. no. MAK119) was supplied by Sigma Aldrich
Chemical Company (St. Louis, MO, USA). p-Amyloid
AP1-42 (cat. no. NBP2-69,916) and tau (cat. no. NBP2-
81,164) ELISA kits were acquired from Novus Biologicals
(Littleton, CO, USA). Three pro-inflammatory cytokines,
NF-xp (cat #: MBS453975), TNF-a (cat #: MBS824824),
and IL-1f (cat #: MBS825017) ELISA kits, were bought
from BioSource Inc. (San Diego, CA, USA).

Experimental animals

Thirty-six male Wistar albino rats (180-250 g) were pro-
cured from Nile Company for Pharmaceutical and Chemi-
cal Industries (Cairo, Egypt). The rats were housed in a
pathogen-free facility in cages with sawdust bedding (6 ani-
mals/cage) under standard conditions (12-h light/dark cycle,
temperature range of 25 °C +2 °C, and relative humidity of
55% + 5%, with water and food ad libitum) for a minimum
of 1 week before the experiments for acclimatization and to
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ensure normal behavior and growth at the animal house in
the Faculty of Medicine, Alexandria University (Alexandria,
Egypt). The study protocol was approved by the Ethics Com-
mittee of the Faculty of Pharmacy, Damanhour University,
(Damanhour, Egypt, approval no. 920PO21), and it is con-
sistent with the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH
Publications No. 8023, revised 1978). The experiments were
conducted in the light time from 9:00 AM to 5:00 PM.

Induction of the AD model

An AD-like model was induced in rats using aluminum chlo-
ride (AICl;.6H,0) solution that was given daily using intraperi-
toneal route in three gradually ascending doses adopted from
earlier literatures as follows: 50 mg/kg body weight/for 20 days
(Chavali et al. 2020), 70 mg/kg body weight/for 20 days (Ali
etal. 2016, 2022), and 100 mg/kg body weight/for 20 days (Jus-
tin Thenmozhi et al. 2015; Mohamed et al. 2021a, b; Zhao et al.
2020). These dose levels were selected to mimic AD stages (Ali
et al. 2016) and to minimize the mortality rate.

Experimental protocols

Figure 1 summarize experimental design in which thirty-
six adult male albino rats were randomly assigned into two
protocols for a total of six groups (n=6 each) to receive one
of the following regimens:

A) Treatment protocol

Thirty rats were included in the treatment protocol. All
rats, except those in the control group, were assigned to

Fig.1 Experimental design

Starting of AIZ. Induction
(AICI3 in 50,70,100 mg/kg) gradually by L.P

AD induction using intraperitoneal daily dose of alu-
minum chloride for a period of 60 days in dose levels as
aforementioned above. Treatment groups were as follows:

Group 1—control group that received vehicle 0.5%
CMC aqueous solution was administered daily by oral
gavage 3 days/week for 60 days.

Group 2—AD (AICI13) that received intraperito-
neal daily dose of aluminum chloride for a period of
60 days in dose levels as aforementioned above with-
out any further treatment.

Group 3—reference group (Riva) that received riv-
astigmine 2 mg/kg (Akhtar et al. 2020) in 0.5% CMC
aqueous solution administered daily by oral gavage
starting from day 30 to day 60.

Group 4—experimental group (Lef) that received leflu-
nomide 10 mg/kg (Jin et al. 2014; Kayhan et al. 2013)
in 0.5% CMC aqueous solution administered by oral
gavage 3 days/week starting from day 30 to day 60.
Group 5—combination group (Riva+ Lef) that received
combination of rivastigmine/CMC solution 2 mg/kg and
leflunomide/CMC solution 10 mg/kg by oral gavage
starting from day 30 to day 60.

Starting different treatment regimens after 30 days of
AICI; induction was intended to allow AICI; to accu-
mulate in the brain and induce cognitive impairment.

B) Prophylaxis protocol

Prophylaxis group is a protection group that received leflu-
nomide 10 mg/kg (Jin et al. 2014; Kayhan et al. 2013) in
0.5% CMC aqueous solution administered by oral gavage
3 days/week for 2 weeks before aluminum chloride induc-
tion and continued until the end of the experiment.
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Behavioral testing
Morris water maze (MWM) test

To assess spatial learning and memory in rats, the MWM
test was tested in the last week of the study. The ani-
mals were directed to swim to a platform in a round pool
(180 cm in diameter X 60 cm in height) containing water
at 22 °C + 2 °C filled to a height of 40 cm. The pool was
divided by two imaginary perpendicular lines in the mid-
dle of the tank into four equal sections: north, south, east,
and west. Throughout the project, a whiteboard 15 cm in
diameter was submerged roughly 2 cm below the water’s
surface in the center of one of the four sections. Starch
powder was added to the water to make it opaque. Visual
cues were adjusted outside the pool to help the rats locate
the hidden platform.

The experimental protocol consisted of 4 training days
and an additional probe trial day (Vorhees and Williams
2006). On each training day, a pseudorandom order of start-
ing points was used but was the same for all animals. The
starting location in each quadrant was maintained at the
same position. The time to find the platform (escape latency)
was recorded. Rats that failed to locate the platform within
120 s were placed on it for 15 s.

After the training session, the animals were returned to
their home cages and allowed to rest for 24 h before the
probe trial. The probe trial was a single 60-s trial in which
the platform was removed entirely from the pool. The time
spent in the target quadrant and the escape latency were all
visually recorded.

Biochemical testing and histopathological
examination

Tissue sampling

The rats were fastened overnight, followed by thiopental
overdose (50 mg/kg body wt.) (Helmy et al. 2014). The skull
was opened carefully, and the whole brain of each rat was
removed quickly and split into two halves mid-sagittally.
According to the procedure listed earlier, the hippocam-
pus was microdissected out from each half (Carleton et al.
1980); (1) one half was soaked with isotonic saline, dried
out on filter paper, weighed, and quickly homogenized in
ice-cold phosphate-buffered saline (pH 7.4). The homogen-
ate was centrifuged at 2000-3000 rpm for 20 min at 4 °C.
The supernatant was separated, kept at —20 °C, and used
for biochemical analyses. (2) The other hippocampal half
was immediately fixed in 10% neutral buffered formalin for
additional histopathological assessment by hematoxylin and
eosin staining (Bazzari et al. 2019).
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Biochemical measurement

Acetylcholinesterase activity assay kit Rat hippocampal tis-
sue homogenate was used to measure AChE activity with
ACHhE assay kit according to the manufacturer’s guidelines.
This assay is an optimized version of the Ellman method in
which thiocholine, produced by AChE, reacts with 5,5'-dith-
iobis (2-nitrobenzoic acid) to form a colorimetric (412 nm)
product, proportional to the AChE activity present.

AB1-42 and tau measurement The hippocampal level of
AP1-42 and tau protein was measured using rat ELISA
kits according to the manufacturer’s protocol. Both the kits
employ a sandwich ELISA procedure, and color change was
measured spectrophotometrically at a wavelength of 450 nm.
Their concentrations were calculated based on standards and
are expressed in pg/mg of total protein.

Pro-inflammatory cytokine levels Three pro-inflammatory
cytokines, NF-xf, TNF-a, and IL-1p, were assessed in the
supernatant using ELISA kits according to the manufactur-
er’s instructions. The obtained values are presented in ng/
mg and pg/mg.

Histopathological examination of the hippocampal tissues

Rat hippocampus brain samples were left for 24 h in 10%
formalin and then soaked with water. Next, serial dilutions
of alcohol were used to dry the samples. The samples were
cleared in xylene and inserted in paraffin at 56 °C in a hot
air oven for 24 h for light microscopy. Paraffin blocks were
sectioned into 4-um thickness, deparaffinized, and stained
with hematoxylin and eosin (Ali et al. 2016). Standard light
microscopy was used to examine the morphology of pyrami-
dal neurons in the Cornu Ammonis zone 1 (CA1) region of
the hippocampus. The number of normal pyramidal cells
in the CA1 region of the hippocampus was used to deter-
mine the histological analysis of the neurons and the degree
of hippocampal damage (Dhar et al. 2006). An observer
blind to the group assignment counted the viable pyramidal
neurons with blue-stained, intact round-shaped nuclei and
without any nuclear fragmentation or karyopyknosis in the
hippocampal CA1 subfield at a magnification of X 400.

Statistical analysis

Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Tukey post hoc test. All
statistical analyses were done using GraphPad Prism version
8.0 (GraphPad Prism Software Inc., San Diego, CA, USA).
The experimental data are represented as mean + SD. The
results were considered significant when p <0.05.
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Results

Effect on learning and memory in MWM
during training days

Figure 2A and B represent spatial learning of the different
experimental groups in the MWM test. The results revealed
that the average escape latency was significantly (p <0.05)
increased in the AlCl; group compared to the control group.
Leflunomide administration improved the ability of rats to
reach the platform with an escape latency approaching the
normal values during the training days compared to riv-
astigmine alone (Fig. 2A). These actions were similar to
when leflunomide was used in the treatment protocol alone
or when it is combined with rivastigmine. Furthermore, the
escape latency was significantly (p <0.05) shorter when
leflunomide was used in the prophylaxis protocol compared
to the AICl; group (Fig. 2B)

Effect on learning and memory in the MWM probe
test

The probe test was performed without the platform and
the latency to reach the target quadrant and the time
spent in the target quadrant are presented in Fig. 3. The
time spent in the target quadrant in the AlCl; group was
significantly (p <0.05) less than those in the control
group; however, treatment with rivastigmine and/or

A 25— B 25—
Tnl i S| &1
o 20— — *
n # 320
;' * e L4 ;’
£ 15 = % £ 15
= =
3 10— g 10
c c
) (]
- ®
8 51 4 5
0— T - 0= '
N > & & S O @
o’éo 90\’5 NS x\,e gy &5 ?30 \\\6"
® 7 o &
< $°
N

Fig.2 The effect of rivastigmine and/or leflunomide on mean latency
time of Morris water maze test in AlCl;-induced AD in rats. A Treat-
ment protocol, B prophylaxis protocol. Riva, rivastigmine; Lef,
leflunomide. Data are presented as mean+SD (n=6) and tested by
one-way ANOVA followed by the Tukey post hoc test using Graph-
Pad Prism (v.8). Significant changes are reported at p<0.05. *Sig-
nificance relative to the control group. #Significance relative to AICl;
group. eSignificance relative to rivastigmine group

leflunomide in the treatment and prophylaxis protocol
groups significantly (p < 0.05) increased the time spent
in the target quadrant compared to that in the AlICI;
group (Fig. 3A and B).

In the same manner, the AICIl; group significantly
(p <0.05) increased the escape latency time in the probe
test compared to that of the normal group, events that were
restored by rivastigmine and/or leflunomide in the treatment
and leflunomide prophylaxis protocol (Fig. 3C and D).

Effect on hippocampal AChE activity

AICl; administration led to a significant (p <0.05) rise
in the rat hippocampal AChE activity as compared to
the control group (Fig. 4). Nevertheless, rivastigmine
and/or leflunomide in treatment as well as in leflu-
nomide prophylaxis protocol significantly (p < 0.05)
reduced the increased AChE activity as compared to
the AICI; group (Fig. 4).

Effect on hippocampal AB-amyloid and tau proteins
levels

AlClj; significantly (p <0.05) increased the brain concen-
trations of Ap-amyloid and phosphorylated tau proteins
compared to those in the control group (Fig. 5), while riv-
astigmine and/or leflunomide in the treatment or lefluno-
mide prophylaxis protocol groups significantly (p <0.05)
decreased APB-amyloid and tau proteins in the brain level
compared to those in the AICl; group.

Effect on hippocampal pro-inflammatory cytokine
levels

The level of NF-kf3, TNF-a, and IL-1f level in the hippocam-
pus significantly (p <0.05) increased in AlCl; administration
group compared to the control group (Fig. 6). On the other
hand, rivastigmine and leflunomide in the treatment as well
as the leflunomide prophylaxis protocol induced a signifi-
cant (p <0.05) decrease in pro-inflammatory cytokines in the
hippocampus compared to the AICl, group. Moreover, the
combined therapy of rivastigmine and leflunomide signifi-
cantly (p <0.05) diminished the levels of NF-xf§, TNF-a, and
IL-1p compared to the AICl; group and their monotherapy
groups (Fig. 6A and C).

Histopathological examination of the rat
hippocampus

Neuronal cells in the control group in the CA1 area (Fig. 7A)
were arranged in 3—4 layers of closely packed small neurons
with vesicular nuclei. There is a light eosinophilic neutro-
phil background with neuronal and glial cell processes and
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Fig.3 The effect of rivastig-
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sparse neuroglial cells. However, the CA1 region of the hip-
pocampus of AD (AICl; group) had the most pathogenic
abnormalities, exhibiting a large number of deformed,
darkly degenerating pyramidal neuron cells with lost nuclear
features (Fig. 7B). Administration of rivastigmine and/or
leflunomide in the treatment and leflunomide prophylaxis
protocol improved the histopathological features with the
restoration of the normal architecture pattern of CA1 hip-
pocampal region (Fig. 7C-F). According to morphometric
examination of degenerated neurons in the hippocampus,
Alzheimer’s rats exhibited a considerable increase in the
number of deteriorated neurons compared to the control
group. On the other hand, rivastigmine and leflunomide in
the treatment as well as leflunomide prophylaxis protocol
induced a significant (p <0.05) decrease in the number of
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degenerated neurons in the hippocampus than in the AICl;
group. Moreover, the combined therapy with rivastigmine
and leflunomide significantly (p <0.05) diminished the num-
ber of degenerated neurons as compared to the AlCl; group
and each drug alone (Fig. 7G).

Discussion

AD is a major brain cognitive disease that, to date, has no
proven underlying mechanism(s) and its treatment remains
one of the major neurological challenging. As a result, the
high mortality and morbidity rates continue to increase
(Zaher et al. 2019). There is growing evidence that inflam-
mation may be a critical factor in AD development and
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Fig.4 The effect of rivastig-
mine and/or leflunomide

on hippocampal acetylcho-
linesterase (AChE) activity

in AICl;-induced AD in rats.

A Treatment protocol, B
prophylaxis protocol. Data are
presented as mean+SD (n=6)
and tested by one-way ANOVA
followed by the Tukey post hoc
test using GraphPad Prism (v.8).
Riva, rivastigmine; Lef, leflu-
nomide. Significant changes are
reported at p <0.05. *Sig-
nificance relative to the control
group. #Significance relative to
the AICl; group. eSignificance
relative to the rivastigmine
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exacerbation. Pro-inflammatory cytokines such as TNF-a,
IL-1p, and IL-6 are elevated in the brains of people with AD,
leading to the accumulation of A plaque aggregates and tau
hyperphosphorylation, resulting in neuronal loss (Kinney
et al. 2018; Wang et al. 2015); thus, this study is conducted
on decreasing NF-kf which is a key mediator of these pro-
inflammatory cytokines.

This study revealed that administration of rivastigmine
and/or leflunomide in AICl;-induced AD model in rats
improved their spatial learning behavior, and significantly
attenuated AChE activity and hippocampal pro-inflamma-
tory cytokine release. Moreover, leflunomide prevented the
development of amyloid plaque and tau protein expression
provoked by AlCl,, suggesting a neuroprotective of lefluno-
mide against AICl;-induced AD model.

The behavioral changes demonstrated in the MWM
test showed a significant increase in latency time, and the
rats spent a shorter amount time in the target quadrant in
AlCl;-induced AD rats compared to normal rats. These
results reflect a decline in spatial learning and memory, dem-
onstrating that AICl, is a neurotoxin, and its elevation in the
brain is associated with cognitive impairment and demen-
tia (Mohamed et al. 2021a, b). Furthermore, these findings
are in consistent with earlier experimental studies in rats
(Ahmad Rather et al. 2018; Justin-Thenmozhi et al. 2018).

Interestingly, the reduced cognitive functions in the AICl,
group could be a result of reported major rise of AChE activ-
ity in the hippocampus compared to normal control rats.
The activity of AChE in AD model rats has been reported
to either decreased or increased. This could be attributed to
differences in animal models, experimental methodologies,
and sample collection times (Xiao et al. 2011). Similar to
our study results, previous research has reported elevated

AChE activity in AlCl;-exposed rats (Ahmad Rather et al.
2018; Lin et al. 2015; Prema et al. 2016; Qusti 2017). The
increased AChE activity could be due to direct neurotoxic
action AICl;, which alters the kinetic properties of AChE
(Zatta et al. 1994). Furthermore, it could possibly be due to
IL-1p overexpression, which enhances AChE activity and
production, as revealed in the current study (Schliebs et al.
2006). Long-term Al exposure causes APP gene overexpres-
sion and consequently AP production (Arendt et al. 1984),
which elevates AChE activity through alpha7-nicotinic ace-
tylcholine receptors (Fodero et al. 2004).

Although the elevation of AChE is a non-specific
marker of disrupted cholinergic function as it is located
both on cholinergic presynaptic and on non-cholinergic
postsynaptic elements, however, it is worthy here to denote
that the elevation of AChE together with both decline of
spatial learning and memory and apparent histopathologi-
cal loss of non-cholinergic postsynaptic neurons repre-
sented in the hippocampal tissues of AlCl;-induced AD
rats’ model refers to disrupted cholinergic system. Indeed,
the later histopathological changes revealed potential
deficit in cholinergic inputs and loss of basal cholinergic
neurons, which have axonal terminals in the hippocam-
pus. However, most of the currently available medical
treatments for AD focus on elevating acetylcholine lev-
els by preventing its breakdown by acetylcholine esterase
(AChE) (de Wilde et al. 2011). Indeed, many research
shows that administering AChE inhibitors to AD patients
can elevate acetylcholine levels and provide some symp-
toms relief (Lanctot et al. 2003; Tariot 2006). The loss
in cholinergic transmission could be correlated to the
upstream disruption in the enzyme choline acetyltrans-
ferase (ChAT) which is responsible for synthesizing ACh,
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Fig.5 The effect of rivastig-
mine and/or leflunomide on
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and the vesicular acetylcholine transporter (VAChT)
uptakes the neurotransmitter into synaptic vesicles,
which are involved in AD pathogenesis (Davies and
Maloney 1976; Ozturk et al. 2006) and should be con-
sidered in future investigations. The inhibition of ChAT
activity in the development of AD has further supported
the idea that f-amyloid oligomers suppress the activity
of ChAT (Nunes-Tavares et al. 2012; Winick-Ng et al.
2016). Spatial learning and memory have been linked
in rat studies with ChAT activity in the hippocampus
(Hawley et al. 2015). Additionally, it has been asserted
that overexpressing ChAT in a rat model of Alzheimer’s
disease can enhance cognitive functions by raising ace-
tylcholine levels (Shin et al. 2016).

@ Springer

Additionally, in this study, sub-chronic administration
of AICI; to rats significantly elevated pro-inflammatory
cytokines such as TNF-a and IL-1p levels in the hippocam-
pus compared to control rats. Similar findings have been
demonstrated in other works (Ahmad Rather et al. 2018;
Cao et al. 2016; Qusti 2017; Ravi et al. 2018). Al stimulates
glial cells (Campbell et al. 2002) which in turn release of
pro-inflammatory mediators such as TNF-a and IL-1f (Cao
et al. 2016). Furthermore, APt stimulates the transcrip-
tion factor NF-«xf, which boosts the inflammatory cascades
(Lukiw et al. 2005; Verstraeten et al. 2008). Al also inhibits
the phagocytosis of A peptides via NF-kp-mediated down-
regulation of the “triggering receptor produced in myeloid
cells 2” (TREM?2), which leads to Ap42 peptide buildup
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Fig.6 The effect of rivastig-
mine and/or leflunomide on
hippocampal inflammatory
cytokines in AlCl;-induced
AD in rats. A NF-xB treatment
protocol, B NF-kB prophylaxis
protocol, C TNF-a treatment
protocol, D TNF-a prophylaxis
protocol, E IL-1B treatment
protocol, F IL-1B prophylaxis
protocol. Riva, rivastigmine;
Lef, leflunomide. Data are
presented as mean+SD (n=6)
and tested by one-way ANOVA
followed by the Tukey post hoc

test using GraphPad Prism (v.8).

Significant changes are reported
at p <0.05. *Significance
relative to the control group.
#Significance relative to the
AICl; group. eSignificance rela-
tive to the rivastigmine group.
$Significance relative to the
leflunomide group
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«Fig. 7 Histopathological changes and morphometric analysis of neu-
rodegenerative changes in hematoxylin and eosin-stained hippocam-
pus Sects. (40X with scale bar 25 pm) from AlCl;-induced AD rats.
Sections from A the control group; B AlCl;-induced AD (AICly); C
the reference group (Riva) in the treatment protocol; D the experi-
mental group (Lef) in the treatment protocol; E the combination
group (Riva+Lef) in the treatment protocol; and F the prophylaxis
protocol. G Morphometric analysis of the mean number of degener-
ated neurons + SD (n=06) in the therapeutic protocol and H the proph-
ylaxis protocol (yellow arrow, normal pyramidal neuron; red arrow,
normal glial cells; black arrow, neutrophil; white arrow, shrunken
darkly stained pyramidal cells; and blue arrow, vacuolated cells)

in the brain (Akiyama et al. 2000). Secondary mechanisms
of AP toxicity include tau phosphorylation and microtubule
networks collapse, which are crucial underlying events for
neuronal death and AD development (Jangra et al. 2015).
Importantly, AB, inflammatory stimuli, induce microglial
for the production of further pro-inflammatory cytokines like
IL-1p which increases the activity of kinases involved in tau
phosphorylation and exacerbates the disease (Barron et al.
2017). Also, TNF-a, which is another pro-inflammatory
cytokine, is overexpressed and lead to elevate pre-tangle-
associated pT231 epitope (Janelsins et al. 2008). NF-«kf3
activation leads to tau pathology by increasing the expres-
sion of SET gene isoform 1, which is elevated in the brains
of Alzheimer’s patients (Feng et al. 2017). Hence, NF-«kf3
is most likely the key upstream mediator of the neuronal
abnormalities observed in this study, including A accu-
mulation, pro-inflammatory cytokine overexpression, and
apoptosis activation.

In contrast, co-administration of rivastigmine and/or
leflunomide with AICl; to rats in both the treatment and
prophylaxis protocol significantly improved spatial learn-
ing behavior via the shorter escape latency time and longer
time spent in the target quadrant in the MWM test. These
MWM findings of rivastigmine are inconsistent with those
of a previous study (Abdel-Aal et al. 2011). The mechanism
of improved cognitive performance by rivastigmine could be
attributed to its ability to inhibit acetylcholinesterase which
significantly decreases hippocampal AChE activity com-
pared to AlCl;-treated rats (Eldufani and Blaise 2019). In the
same context, several studies showed that rivastigmine has
an anti-inflammatory effect by its effect on nAchRs besides
being inhibitor of acetylcholinesterase activity (Abdel-Aal
et al. 2021; Ibrahimet al. 2018).

To our knowledge, this study is the first to assess the neuropro-
tective and therapeutic effect of leflunomide in an AlCl;-induced
AD model. Moreover, it was the first of its kind to be combined
with rivastigmine in the treatment protocol. The cognitive
improvement effect with leflunomide might be due to the demon-
strated decreased in AChE activity and hence improving cholin-
ergic neurotransmission. Also, the decreased AChE activity with
leflunomide might be due to its ability to lower IL-1f concentra-
tions, as demonstrated in this study. As mentioned in a previous

study, AD onset begins with the reduction of ACh (Giacobini
et al. 2002). Therefore, AChE inhibition by leflunomide could
have a neuroprotective effect in AD development. This is the first
study to show a leflunomide inhibitory effect on AChE activity.

Additionally, this study disclosed that co-administration of
rivastigmine and leflunomide with AICl; resulted in a signifi-
cant decrease in hippocampal TNF-a and IL-1f levels com-
pared to AICl; rats. Furthermore, leflunomide significantly
decreased hippocampal TNF-a and IL-1p levels compared
to rivastigmine. One explanation for the lower hippocampal
TNF-o and IL-1p levels by rivastigmine administration is its
inhibition of the NF-kf} pathways (Kamal et al. 2009), which
was further demonstrated in this study.

Molecular explanation in hippocampal TNF-a and IL-1f
level reduction by leflunomide administration is due to its
capacity to inhibit of NF-kf3, which is a central pro-inflam-
matory transcription factor, and this provides the molecu-
lar basis for its anti-inflammatory and immunosuppressive
effects (Manna and Aggarwal 1999). Moreover, the suppres-
sion of NF-«f activation reduced AP accumulation and tau
phosphorylation.

Histopathological analysis of hippocampi from different
groups supported all of the findings in the current study.
In contrast to control rats, hematoxylin and eosin staining
of hippocampal tissue revealed areas of brain cell death
and degenerative alterations in the AICl; group. Previ-
ous research showed similar results in AICl;-induced AD
models (Mohamed et al. 2021a, b; Rifaai et al. 2020; Saad
El-Din et al. 2020). The improved histopathology out-
comes with rivastigmine in this study are also consistent
with earlier studies in an AlCl;-induced AD model (Anwar
et al. 2021). To our knowledge, this is the first study to
demonstrate a therapeutic and neuroprotective effect of
leflunomide on the histopathology in an AlCl;-induced AD
model. Furthermore, it’s combination with rivastigmine in
the therapeutic protocol showed a beneficial outcomes. The
histopathological alternation in the hippocampus may be
explained by the observed biochemical change previously
discussed.

Conclusions

In the current study, leflunomide showed a therapeutic
and neuroprotective effect in AlCl;-induced AD in rats by
its ability to improve learning behavior, diminish Af and
tau burden, decrease the hippocampal AChE activity, and
hamper NF-«f, TNF-a, and IL-1f concentrations. The anti-
inflammatory effect of leflunomide in the current research
was significant compared to that of rivastigmine alone. Their
combination may be a promising therapy for treating AD.
Confirmation of these effects in clinical trials in the future
is recommended.
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