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Abstract: Alzheimer’s disease (AD) is the most common type of dementia and is characterized by
advanced cognitive deterioration, deposition of Aβ (amyloid-beta), and the formation of neurofibril-
lary tangles. Administration of streptozotocin (STZ) via the intracerebroventricular (ICV) route is a
reliable model resembling sporadic AD (SAD) associated neuropathological changes. The present
study was undertaken to explore the neuroprotective effects of the methoxy flavonoid, umuhengerin,
in an STZ-induced SAD mouse model as a potential therapy for AD. Mice were injected once with
STZ (3 mg/kg, ICV), followed by daily administration of umuhengerin (orally, 30 mg/kg) or the pos-
itive control donepezil (orally, 2.5 mg/kg) for 21 days. The pharmacological activity of umuhengerin
was assessed through estimation of oxidative stress and inflammatory markers via mouse ELISA
kits, Western blot analysis, and brain histopathological examination. Morris water maze test was also
conducted to investigate umuhengerin-induced cognitive enhancement. The results showed that
umuhengerin attenuated STZ-produced neuroinflammation and oxidative stress with a notable rise
in the expression of Nrf2 (nuclear factor erythroid 2-related factor 2). In contrast, it downregulated
Keap-1 (Kelch-like ECH associated protein 1), as well as elevated brain contents of GSH (reduced
glutathione) and HO-1 (heme oxygenase-1). STZ-injected animals receiving umuhengerin showed
marked downregulation of the nuclear factor kappa beta (NF-Kβp65) and noticeable increment in
the expression of its inhibitor kappa beta alpha protein (IKβα), as well as prominent reduction in
malondialdehyde (MDA), H2O2 (hydrogen peroxide), and TNF-α (tumor-necrosis factor-alpha) con-
tents. B-secretase protein expression and acetylcholinesterase (AchE) activity were also diminished
upon umuhengerin injection in the STZ group, leading to decreased Aβ formation and cognitive
improvement, respectively. In conclusion, umuhengerin neuroprotective effects were comparable to
the standard drug donepezil; thus, it could be an alternative approach for AD management.

Keywords: umuhengerin; methoxy flavonoids; dementia; sporadic Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is characterized by Aβ (amyloid-β) plaque accumulation
and neurofibrillary tangles formation [1]. SAD (sporadic AD), which constitutes most
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AD cases, is associated with numerous pathological changes, such as cholinergic deficit,
oxidative stress, and neuroinflammation, which result in tau hyperphosphorylation and
deposition of Aβ in the brain [2]. Oxidative stress (OS) is an important factor contributing
to AD pathogenesis, as it is linked to the formation of neurofibrillary tangles and Aβ

plaques. It induces the formation of insoluble Aβ peptides and their accumulation. OS
is also reported to reduce α-secretase activity while increasing that of β-secretase, which
contributes to toxic Aβ formation [3]. OS, along with Aβ deposition, also provoke the
generation of various inflammatory cytokines that are implicated in neuronal damage.
TNF-α, a proinflammatory cytokine, was reported to induce NF-kβ (nuclear factor kappa
beta) which in turn, promotes the further release of various proinflammatory cytokines
leading to a vicious cycle of neuroinflammation [4]. Upon its activation, phosphorylated
NF-kβ dimers are dissociated from the inhibitor kappa beta complex (IKβ) and translocated
to the nucleus where they promote cytokines generation. Moreover, activated NF-kβ is
implicated in β-secretase activation with subsequent Aβ deposition [5]. Thus, the inhibition
of NF-kβ could retard AD [4].

The nuclear factor erythroid 2-related factor 2 (Nrf2) is involved in regulating several
antioxidant response elements [6]. Nrf2 is normally located in the cytosol and linked
to Keap-1 (Kelch-like ECH-associated protein 1). Under OS, Nrf2 detaches from Keap-1
and translocates into the nucleus where it binds to antioxidant response elements and
regulates the expression of various stress proteins and detoxifying enzymes, such as heme
oxygenase-1 (HO-1), which reduces ROS production [6]. Nrf2 also shows a neuropro-
tective effect by inducing postinjury hippocampal neurogenesis [7]. Additionally, Nrf2
inhibits the production of proinflammatory factors. Therefore, Nrf2 is thought to prevent
neuronal death by combating oxidative stress and neuroinflammation, which accompany
AD pathology [7]. Acetylcholinesterase (AChE), the enzyme involved in acetylcholine
hydrolysis, has shown augmented activity around Aβ plaques, enhancing the cytotoxicity
of Aβ peptides. Consequently, it was suggested that the AChE enzyme is linked to amyloid
toxicity associated with AD. Thus, many of the FDA-approved drugs for AD treatment are
cholinesterase inhibitors, with donepezil as an example. These drugs are able to reverse the
decreased levels of acetylcholine neurotransmitters associated with AD pathology, which
is expected to improve memory and learning functions through cholinergic transmission
enhancement [1].

Injection of a small dose of streptozotocin (STZ) intracerebroventricularly (ICV) is
reported to serve as a reputable mimicker model of SAD, as the injected animals displayed
behavioral, neurochemical, and structural changes that accompany human SAD. Moreover,
this model is associated with a marked increment in oxidative stress and proinflammatory
markers, as well as cholinergic derangement, Aβ accumulation, and cognitive impairment,
which are well-known pathological changes linked to SAD [8].

In recent years, regular intake of food rich in flavonoids has been linked with humans’
augmented cognitive abilities via the protection of neurons against oxidative stress, and the
inhibition of AChE and β-secretase activities [9]. Moreover, these are shown to be capable
of augmenting vascular blood flow and initiating neurogenesis [10]. Psiadia punctulata (PP),
a plant mostly found in the tropics of Africa, Asia, and Saudi Arabia, is known to have di-
verse phytochemicals, such as flavonoids [11,12]. It is reported that 70% methanolic extract
of PP has a blood pressure-lowering effect, which is suggested to be due to endothelial
nitric oxide and Ca2+-dependent eNOS [11]. The vasodilator activity of PP on constricted
vessels is also linked to its flavonoids’ protective effect on advanced glycation end prod-
ucts [12]. Umuhengerin, a pentamethoxy flavone, represents a major constituent of PP
and is known for its beneficial effect against bacterial and fungal infections [13]. Due to
flavonoid-associated positive pharmacologic effects, we undertook this study to investigate
umuhengerin as a potential candidate for combating STZ-induced neurodegeneration and
cognitive decline.
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2. Materials and Methods
2.1. Isolation and Purification of Umuhengerin

Umuhengerin was isolated from aerial parts of Psiadia punctulata, following the pub-
lished procedures [11,12]. The plant was collected from the west region in Saudi Arabia
and identified by Dr. Emad Al-Sherif, Faculty of Science & Arts, Khulais, King Abdu-
laziz University, KSA. A specimen (PP-1065) was kept at the Herbarium of the Faculty of
Pharmacy, King Abdulaziz University.

2.2. Animals

Swiss adult male albino mice (3–4 months, 25–30 g) were acquired from the animal
house facility of the Faculty of Pharmacy Cairo University. The animals were free to access
water and food. The investigation was approved (approval number: CU III F 27 20) by
CU-IACUC (Institutional Animal Care & Use Committee) and guided by the policies of the
NIH (National Institutes of Health) Guides for Care and Use of Laboratory Animals (2011).

2.3. Materials

Donepezil and streptozotocin (STZ) (Sigma-Aldrich, St. Louis, MO, USA) were dis-
solved in 0.9% saline [14,15].

2.4. SAD Induction

The freehand I.C.V. method by Pelleymounter et al. [16,17], and amended by Warnock [18],
was used to avoid the penetration of the cerebral vein. The needle was injected at the
following coordinates from bregma; mediolateral (1 mm), anteroposterior (−0.1 mm), and
dorsoventral (−3 mm). Mice conducted normally 1 min subsequent to the injection [19].

2.5. Design of Experiment

Mice were categorized in a random manner into five groups (10 animals each). Group 1
(control group) received ICV saline (0.9%) as well as distilled water with 5% carboxymethyl-
cellulose orally, whereas group 2 was composed of normal animals receiving umuhengerin
(30 mg/kg/day, oral) [13]. Group 3 was given 3 mg/kg STZ (ICV) [20] once. Groups 4 and
5 were given 3 mg/kg STZ (ICV) once. Subsequently, after 5 h, group 4 received umuhen-
gerin (30 mg/kg/day, oral), whereas group 5 was injected with donepezil (2.5 mg/kg/day,
oral) [21]. Both umuhengerin and donepezil were injected daily for 21 days. Morris water
maze test was conducted 24 h subsequent to the end of the injection plan.

2.6. Morris Water Maze (MWM) Test

The assessment was conducted as previously reported on five sequential days. The
mean escape latency (MEL) during each performed trial over the first four days was
recorded and considered as an acquisition index, and the time consumed in the target
quadrant by each mouse where the hidden platform was previously placed was estimated
and referred to as a measure of retrieval [22].

2.7. Tissue Sampling

After the MWM test was carried out, mice were euthanatized by cervical dislocation
and decapitation. The brains were rapidly excised and washed in a salt/ice mixture,
Afterwards, they were weighed and homogenized in saline to prepare 10% homogenates
that were centrifuged. The supernatants were used for estimating hydrogen peroxide
(H2O2), reduced glutathione (GSH), and malondialdehyde (MDA) brain contents. TNF-
α and HO-1 contents, along with acetyl cholinesterase (AChE) enzyme activity, were
also assessed.
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2.8. Estimation of Biochemical Parameters

Mouse ELISA kits were used for the assessment of GSH, MDA, and H2O2 brain
contents (My Bio Source, San Diego, CA, USA), as well as TNF-α, HO-1, and AChE enzyme
(Cusabio, Wuhan, China).

2.9. Western Blot Analysis

The study was performed for estimating Nrf2, Keap-1, β-secretase, NF-Kβ-p65, as well
as its inhibitor’s IKβα activities. The procedure was carried out as previously reported
by [20] with the nitrocellulose membranes being incubated with 1:1000 dilutions of the fol-
lowing primary antibodies: Nrf2, β-secretase, NF-Kβ p65, Keap-1, and IKβα (Cell Signaling
Technology, Danvers, MA, USA). Afterwards, they were probed with the peroxidase-labeled
secondary antibodies (Dianova, Hamburg, Germany). Lastly, the band intensities were spec-
ified by densitometric analysis using a scanning laser densitometer. Results were displayed
as arbitrary units relative to the corresponding β-actin band intensity.

2.10. Histopathological Examination

The brains of 3 animals were fixed for at least for 48 h in neutral buffered formalin
(10%). Thereafter, washing, dehydration in alcohol, and embedding in paraffin blocks of
brains were carried out. For preliminary histopathological examination, tissue sections
with 4 µm thickness were stained with hematoxylin and eosin stain (H&E). Furthermore,
Congo red stain was applied to reveal amyloid plaques according to [23] method. For the
assessment of neuronal loss, the surviving neurons in the cerebral cortex and hippocampal
regions; dentate gyrus (DG), and cornu ammonis (CA 3 and 4) were quantified as stated
by [24]. The rate of neuronal survival was expressed as the intact neuron’s percentage.
Nissl-stained sections of the cerebral cortex and the hippocampus (CA3, CA4, and DG)
were used for the assessment of neurodegeneration [25].

2.11. Statistical Analysis

Analysis of the results was conducted by employing ANOVA (one-way analysis
of variance) and Tukey’s multiple comparison test, respectively, and the results were
represented as mean ± SEM, using GraphPad Prism software (VER 6.01; Graph Pad
Software, San Diego, CA, USA). The mean escape latency was evaluated in MWM trials by
repeated measures (ANOVA). The significance level was set at p < 0.05.

3. Results
3.1. Characterization of Isolated Compounds

Umuhengerin (Figure 1) was isolated from Psiadia punctulate and identified based on
their NMR data as previously published [11].
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Figure 1. Chemical structure of Umuhengerin.

3.2. Effect of Umuhengerin on the Behavior of the Animals Receiving STZ during Morris Water
Maze Task

The animals started spending less time reaching the platform in the following 3 days,
with the STZ group having the maximum mean escape latency (MEL). Umuhengerin
administration to normal mice did not alter the MEL significantly. On the second, third,
and fourth trial days, animals administered STZ alone showed a marked increase in the
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MEL, as compared with control animals. Treatment with either umuhengerin or donepezil
showed significant amelioration in the MEL with no remarkable variation among the
treated groups. As for the test day, normal animals that received umuhengerin showed
no significant difference in the time spent in the target quadrant in which the platform
was formerly placed, in comparison with control mice. An apparent decrease in the time
consumed in the target quadrant was observed in the STZ group. Treated groups showed
a noticeable increase in the time spent in the target quadrant, as compared with the STZ
group with no obvious difference among umuhengerin and donepezil-treated groups.
Accordingly, administration of umuhengerin to STZ-injected mice revealed significant
progress in spatial memory, comparable to the standard drug donepezil (Figure 2).
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Figure 2. Effect of umuhengerin on the behavior of the animals receiving STZ during the Morris
water maze test. (A) Mean escape latency (MEL) and (B) the time spent in the target quadrant. Values
are expressed as mean ± SEM; n = 10. * p < 0.05 vs. control group, @ p < 0.05 vs. ICV-STZ group.

3.3. Effect of Umuhengerin on Oxidative Stress Associated with STZ Administration

The animals which received STZ injections showed a significant increase in oxidative
stress that was reflected in reduced heme oxygenase (HO-1) and reduced glutathione (GSH)
contents. In contrast, there were elevations of malondiadehyde (MDA) and hydrogen per-
oxide (H2O2) contents. Moreover, a prominent decrease in Nrf2 protein expression was
observed in this group, whereas its associated protein, Keap-1, was upregulated when
compared with the normal control group. Treatment with umuhengerin or donepezil
abolished STZ-induced oxidative stress with increased GSH and HO-1 contents, as well as
Nrf2 upregulation in contrast to decreased MDA and H2O2 contents and Keap-1 downreg-
ulation. Summarily, both umuhengerin and donepezil hindered STZ-induced oxidative
damage. Administration of umuhengerin in normal mice showed no substantial difference
in the above marks as compared with the normal control group (Figure 3).
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Figure 3. Effect of umuhengerin on oxidative stress associated with STZ administration. (A) MDA,
(B) H2O2, (C) GSH, and (D) HO-1 brain contents were estimated, in addition to (E) Nrf2 and
(F) Keap-1 protein expression. (G) Western blot of Nrf2 and Keap-1. Values are expressed as
mean ± SEM; n = 7. * p < 0.05 vs. control group, @ p < 0.05 vs. ICV-STZ group.

3.4. Effect of Umuhengerin on Neuroinflammation Secondary to STZ Administration

Unlike control mice, STZ-induced mice showed a prominent induction of NF-Kβp65
protein expression with an obvious increase in TNF-α in the brain content, which con-
trasts with the noticeable downregulation of its inhibitor kappa beta alpha (IKβα) protein.
Administration of umuhengerin or donepezil to STZ-induced mice ameliorated elevation
of the proinflammatory markers linked to STZ injection, with reduced TNF-α content,
along with inhibition of NF-Kβp65 and upregulation of the IKβα protein expression.
Thus, umuhengerin, like donepezil, impeded STZ-induced neuroinflammation. There
were no noticeable changes in the above-mentioned markers with the administration of
umuhengerin to normal mice, when compared to the normal control group (Figure 4).

3.5. Effect of Umuhengerin on the STZ-Mediated Increase in AChE Enzyme Activity and
β-Secretase Protein Expression

Administration of STZ has been implicated in the prominent elevation of acetyl-
cholinesterase (AChE) enzyme activity and β-secretase protein expression. Treatment with
either umuhengerin or donepezil combated STZ-induced activation of these two enzymes
resulting in reduced Aβ deposition and enhanced cholinergic transmission. Thus, umuhen-
gerin attenuated STZ-induced hazardous Aβ aggregation and cholinergic dysfunction in
a comparable manner to the standard drug donepezil. Administration of umuhengerin
in normal mice showed no considerable difference in the above markers when compared
with the normal control group (Figure 5).
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Figure 4. Effect of umuhengerin on neuroinflammation secondary to STZ administration. (A) TNF-α
content as well as (B) NF-kβ p65, and (C) IKβα protein expression. (D) Western blot analysis of
NF-kβ p65 and p-IKβα. Values are expressed as mean ± SEM; n = 7. * p < 0.05 vs. control group,
@ p < 0.05 vs. ICV-STZ group.
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Figure 5. Effect of umuhengerin on an STZ-induced increase in (A) AChE activity and (B) β-secretase
protein expression. (C) Western blot analysis of β-secretase. Values are expressed as mean ± SEM;
n = 7. * p < 0.05 vs. control group, @ p < 0.05 vs. ICV-STZ group.

3.6. Effect of Umuhengerin Administration on Mice Brain Histopathological Alterations Owing to
STZ Administration

The photomicrographs of the cerebral cortex, hippocampus, and striatum of the control
group (group I) revealed a normal structure of the brain tissue (Figure 6). Umuhengerin
injection in group II did not alter the photomicrographs of the brain tissue, as compared
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with control animals (Figure 7). The microscopic examination of group III, which received
STZ injection, showed numerous histopathological variations in the brain tissues. The
cerebral cortex revealed multiple dark scattered degenerated neurons consorted with
diffuse gliosis and neuronophagia. The blood vessels of the cerebral cortex also suffered
from severe vasculitis in addition to diffuse gliosis in the striatum with dark degenerated
neurons and congestion. The meninges exhibited marked congestion with thickening of
the blood vessel wall and perivascular hemorrhage. Multifocal hemorrhagic areas with
dark degenerated neurons were detected in the hippocampal cornu ammonis (CA) 3 and 4
as well as dentate gyrus (DG) regions (Figure 8). Umuhengerin administration in group IV
ameliorated the toxic effect of STZ as only few cerebral cortex sections showed diminished
numbers of dark neurons. The striatum showed focal gliosis with mild congestion of
blood vessels. The hippocampus showed normal neurons (Figure 9). Mice treated with
the standard drug (donepezil) in group V also showed normal cerebral cortex histological
structure, except for neuronophagia and a few degenerated neurons. The striatum and the
hippocampus appeared normal (Figure 10).
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Figure 6. Histology of normal control mice brain (n = 3) (H&E). Normal control mice (group I) showed normal structure of
different neurons in the (A) cerebral cortex, (B) hippocampus, and (C) striatum.
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Figure 7. Histology of the brain of normal mice which received umuhengerin (n = 3) (H&E). Normal mice receiving umuhen-
gerin (group II) showed a normal histological structure of different neurons in the (A) cerebral cortex, (B) hippocampus and
(C) striatum.
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Figure 8. Histopathological alterations induced by STZ injection (n = 3) (H&E). Mice injected with STZ (group III) showed
(A) dark degenerated neurons (arrows) of the cerebral cortex with neuronophagia and diffuse gliosis. The cerebral
cortical blood vessels also exhibited (B) vasculitis (arrow) associated with neuronal degeneration and neuronophagia.
(C) The striatum revealed severe vasculitis (arrow) with diffuse gliosis in addition to (D) congestion (arrow) and dark
shrunken degenerated neurons. (E) The meninges showed congestion, thickening of the blood vessel wall, and perivascular
hemorrhage (arrow). (F) The hippocampus revealed hemorrhage (arrow) with (G) dark shrunken degenerated neurons
(arrow) in cornu ammonis (CA) 3 and 4 and (H) dentate gyrus (DG) regions.
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Figure 9. Effect of umuhengerin administration on mice brain histopathological alterations owing to STZ administration
(group IV) (n = 3) (H&E). (A) The cerebral cortex showed few dark neurons (arrows). (B) The hippocampus showed
apparently normal neurons in all examined regions. (C) The striatum revealed focal gliosis (arrow) and mild congestion.
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Figure 10. Effect of donepezil on STZ-injected mice brain histopathological examination (n = 3) (H&E). Animals treated
with donepezil in group V showed (A) few degenerated neurons and neuronophagia (arrows) in the cerebral cortex. (B) The
hippocampus and (C) striatum showed apparently normal neurons on all examined sites.

3.7. Effect of Umuhengerin Administration on Neuronal Survival Rate

The neuronal survival rate, which was examined in the cerebral cortex and the hip-
pocampal regions (CA3, CA4, and DG), showed variation among the different groups.
Normal control animals and those which received umuhengerin (group I and II, respec-
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tively) showed no significant difference in the survival rate. STZ-injected animals revealed
a marked decrease in the neuronal survival rate, as compared with the control group.
Umuhengerin-treated mice (group IV) displayed significant improvement in the neuronal
survival rate in the cerebral cortex, CA3, CA4, and DG regions as compared to group
III, which was injected with STZ alone. Donepezil-treated mice showed a significantly
higher survival rate than umuhengerin-treated animals, except in the DG hippocampal
region where both groups showed no significant difference. The affected neurons appeared
shrunken, dark, and degenerated in the different brain regions (Figures 11 and 12).
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Figure 11. Effect of administration of umuhengerin on neuronal survival rate. Neuronal sur-
vival rate of different experimental groups was estimated in (A) the cerebral cortex, (B) CA3,
(C) CA4, and (D) DG regions. Group I (control), group II (umuhengerin), group III (STZ), group IV
(STZ + umuhengerin), and group V (STZ + donepezil). Values are expressed as mean ± SEM; n = 3.
Different letters (a–d) above the error bar indicate statistically significant differences at p < 0.05.

3.8. Effect of Umuhengerin Administration on Amyloid Plaques Numbers

Normal mice, whether injected with umuhengerin or not (group II or I, respectively),
demonstrated no deposition of amyloid in the brain sections. Meanwhile, group III, injected
with STZ, revealed an obvious amyloid deposition in the brain tissue. Umuhengerin
administration resulted in a marked diminution in the number and size of amyloid plaques
in the brain tissue in group IV. Group V, which was treated with donepezil, also showed
almost no amyloid plaques in most of the examined regions (Figure 13).
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Figure 12. The neuronal survival rate was examined in different experimental groups using Nissl stain. The survival rate
was inspected in the cerebral cortex and the hippocampal regions (CA3, CA4, and DG), which showed variation among
different groups. Normal control mice and those which received umuhengerin (group I and II) showed normal intact
neurons in all brain regions. An increased number of dark and shrunken neurons with pyknotic nuclei was detected in
group III, which was injected with STZ. Marked preservation of neurons was observed in the treated groups whether
receiving umuhengerin (group IV) or donepezil (group V).
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Figure 13. Effect of administration of umuhengerin on amyloid plaques number. Congo red stain was used for detection
of amyloid plaques. Normal control mice showed an absence of amyloid deposition in the brain tissue whether in the
(A) control group or (B) those injected with umuhengerin (groups I and II). (C) Amyloid deposition in the brain tissue were
detected in group III, which received STZ injection. (D) Administration of umuhengerin resulted in a marked reduction in
the number and size of amyloid plaques in the brain tissue. (E) Group V, which was injected with donepezil, showed few to
an absence of amyloid plaques in most examined brain tissue sections. (F) Chart showing the number of amyloid plaques
(high microscopic field) in different experimental groups. Values are expressed as mean ± SEM; n = 3. Different letters (a–c)
above the error bar indicate statistically significant differences at p < 0.05.

4. Discussion

Flavonoids have been reported to retard the process of neurodegeneration [26]. Hence,
the current work was aimed at determining umuhengerin flavonoid potential neuropro-
tective effects in STZ-injected mice. Administration of a subdiabetogenic STZ dose is a
consistent model of sporadic AD (SAD), revealing many features of SAD, such as elevated
oxidative stress and neuroinflammatory markers, as well as cholinergic deficits, accumu-
lation of amyloid-beta (Aβ) proteins, memory, and learning derangement [27]. In the
Morris water maze test, a significant increase in MEL was recorded in STZ-administered
mice, in contrast to the decline in time spent in the target quadrant. This result is com-
patible with previous studies that reported that STZ injection is involved in learning and
spatial memory deficits reflected in the compromised acquisition in the MWM task [22].
Treatment with either umuhengerin or the reference or positive control drug donepezil
revealed significant spatial memory improvement shown as a marked reduction in MEL,
and an evident increase in the time spent in the target quadrant on MWM trials and
tests, respectively. Oxidative stress and neuroinflammation are substantial hallmarks of
AD. The Nrf2 pathway, which is an endogenous defensive system capable of overcoming
neuroinflammation and oxidative stress-induced pathologies associated with AD [28] is
known to control the expression of glutathione-related enzymes, which play a vital role
in preserving the redox state. Moreover, Nrf2 induces HO-1, which reduces superoxide
and other free radicals’ generation; thus, it serves to defend the neurons against oxidative
stress-induced toxicity [28]. Consistent with these findings, STZ-injected animals displayed
a significant increase in the brain content of MDA, a marker of lipid peroxidation, and
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H2O2 free radical, which contrast with a prominent decrease in antioxidant defense sys-
tems, namely, GSH and HO-1 contents owing to decreased Nrf2 activity associated with
upregulation of its inhibitor; Keap-1. Treatment with either umuhengerin or donepezil
attenuated STZ-induced oxidative stress with increased Nrf2 activity in consequence of its
associated protein Keap-1 downregulation, as well as elevated GSH and HO-1 contents.
These observations are in contrast with the decreased MDA and H2O2 contents in the
treated -STZ groups. Umuhengerin administration to normal mice exhibited no remarkable
difference in the above markers, as compared with control animals.

The activation of Nrf2 is reported to inhibit inflammation by enhancing HO-1 ex-
pression and downregulating the NF-kβ signaling pathway which contributes to diverse
inflammatory cytokines production, such as TNF-α [29]. The NF-kβ p65 level is reported
to be significantly higher in the brains of AD patients [30]. TNF-α is implicated in the
induction of phosphorylation and consequent degradation of the NF-Kβ inhibitor IkBα
protein, thus activating NF-Kβ and promoting its translocation to the nucleus where it
induces proinflammatory markers generation [31]. Moreover, proinflammatory cytokines
have been connected to the degeneration of cholinergic basal forebrain cells and the
induction of AChE activity leading to memory deficits due to impaired cholinergic trans-
mission [32]. In AD, deposition of Aβ has been linked to NF-Kβ-induced upregulation
of the β-secretase enzyme which supports the amyloidogenic pathway of amyloid pre-
cursor protein cleavage [31]. Consequently, in the current investigation, the STZ group
exhibited prominent upregulation of β-secretase and a marked increase in AChE enzyme
activity, with a subsequent increase in Aβ formation and cognitive decline, respectively.
This was reflected histopathologically as an evident amyloid deposition in the brain tissues
of this group. These pathological changes could be attributed to STZ-mediated neuroin-
flammation with increased TNF-α content and NF-Kβp65 upregulation along with its
inhibitor; IKβα decreased expression. Administration of either umuhengerin or donepezil
reversed STZ-induced inflammatory status with a consequent decrease in AChE activity
and β-secretase protein expression owing to the downregulation of NF-Kβp65 in contrast
to the increased expression of IKβα together with reduced TNF-α content. The favorable
results achieved by umuhengerin are similar to donepezil. Regarding Aβ deposition, few
or nearly absent Aβ plaques were detected in the donepezil-treated group, whereas the
umuhengerin-treated group also revealed significant reduction in Aβ deposition.

STZ injection was previously linked to neuronal death [20]. Similarly, in the present
study, the STZ group revealed a marked decrease in the neuronal survival percentage with
plenty of shrunken dark and degenerated neurons in different brain regions. Administra-
tion of umuhengerin or donepezil enhanced neuronal survival in the hippocampal cornu
ammonis (CA) 3 and 4 and cerebral cortex, as well as DG (dentate gyrus) regions. The STZ
group showed various histopathological changes in the brain tissue with the cerebral cortex
showing multiple dark scattered degenerated neurons that were accompanied with diffuse
gliosis and neuronophagia. The blood vessels of the cerebral cortex suffered from severe
vasculitis, in addition to diffuse gliosis in the striatum with dark degenerated neurons and
congestion. The meninges exhibited marked congestion with thickening of the blood vessel
wall and perivascular hemorrhage. Multifocal hemorrhagic areas with dark degenerated
neurons in CA-3, CA-4, and DG regions were observed in the hippocampus. Treatment
with umuhengerin ameliorated STZ deleterious effects as only few sections of the cerebral
cortex exhibited reduced numbers of dark neurons with apparent healthy neurons in most
of the investigated sections. The striatum showed focal gliosis with mild congestion of
blood vessels, whereas the hippocampus showed apparently normal neurons. Mice treated
with donepezil revealed a normal histological structure of the cerebral cortex except for
neuronophagia and a few degenerated neurons, whereas the striatum and the hippocam-
pus were apparently normal. Umuhengerin injection in the normal animals induced no
histopathological changes like the normal control group.
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5. Conclusions

Umuhengerin showed a marked improvement in oxidative stress and neuroinflam-
mation associated with AD, along with an enhancement of cognitive abilities and neuronal
survival owing to the retardation of Aβ aggregation. Umuhengerin-induced neuroprotec-
tive effects could be attributed to its ability to modulate Nrf2 and NF-Kβ signaling pathways.
Therefore, umuhengerin is suggested as a potential candidate for AD management.
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Author Contributions: Conceptualization, H.M.A. and N.S.E.S.; methodology, N.O.A.R. and A.S.;
validation, N.O.A.R. and N.S.E.S.; resources, H.M.A.; data curation, N.O.A.R.; writing—original
draft preparation, N.S.E.S. and A.M.E.-H.; writing—review and editing, S.R.M.I., G.A.M. and M.K.S.;
supervision, H.M.A.; project administration, H.M.A. and N.S.E.S.; funding acquisition, H.M.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the Deanship of Scientific Research (DSR) at King Abdulaziz
University, Jeddah, under grant no. (RG–21–166–42). The authors, therefore, acknowledge with
thanks DSR’s technical and financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Teixeira, J.P.; de Castro, A.A.; Soares, F.V.; da Cunha, E.F.; Ramalho, T.C. Future therapeutic perspectives into the alzheimer’s

disease targeting the oxidative stress hypothesis. Molecules 2019, 24, 4410. [CrossRef]
2. Bedse, G.; Di Domenico, F.; Serviddio, G.; Cassano, T. Aberrant insulin signaling in Alzheimer’s disease: Current knowledge.

Front. Neurosci. 2015, 9, 204. [CrossRef]
3. Haque, R.; Uddin, S.N.; Hossain, A. Amyloid Beta (Aβ) and Oxidative Stress: Progression of Alzheimer’s Disease. AIBM 2018, 11,

555802. [CrossRef]
4. Jiang, X.; Wang, R.; Zhai, S.; Zhang, Y.; Wang, D. Forsythoside B attenuates memory impairment and neuroinflammation via

inhibition on NF-κB signaling in Alzheimer’s disease. J. Neuroinflamm. 2020, 17, 305.
5. Tamagno, E.; Guglielmotto, M.; Monteleone, D.; Vercelli, A.; Tabaton, M. Transcriptional and post-transcriptional regulation of

β-secretase. IUBMB Life 2012, 64, 943–950. [CrossRef] [PubMed]
6. Qu, Z.; Sun, J.; Zhang, W.; Yu, J.; Zhuang, C. Transcription Factor NRF2 as a Promising Therapeutic Target for Alzheimer’s

Disease. Free Radic. Biol. Med. 2020, 159, 87–102. [CrossRef] [PubMed]
7. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development, oxidative stress

response and diseases: An evolutionarily conserved mechanism. Cell. Mol. Life Sci. 2016, 73, 3221–3247. [CrossRef]
8. Arora, R.B.; Kumar, K.; Deshmukh, R.R. FK506 attenuates intracerebroventricular streptozotocin-induced neurotoxicity in rats.

Behav. Pharmacol. 2013, 24, 580–589. [CrossRef] [PubMed]
9. Atrahimovich, D.; Avni, D.; Khatib, S. Flavonoids-Macromolecules Interactions in Human Diseases with Focus on Alzheimer,

Atherosclerosis and Cancer. Antioxidant 2021, 10, 423. [CrossRef] [PubMed]
10. Ayaz, M.; Sadiq, A.; Junaid, M.; Ullah, F.; Ovais, M.; Ullah, I.; Ahmed, J.; Shahid, M. Flavonoids as prospective neuroprotectants

and their therapeutic propensity in aging associated neurological disorders. Front. Aging Neurosci. 2019, 11, 155. [CrossRef]
11. Abdallah, H.M.; Hassan, N.A.; El-Halawany, A.M.; Mohamed, G.A.; Safo, M.K.; El-Bassossy, H.M. Major flavonoids from Psiadia

punctulata produce vasodilation via activation of endothelial dependent NO signaling. J. Adv. Res. 2020, 24, 273–279. [CrossRef]
[PubMed]

12. Abdallah, H.M.; Zakaria, E.M.; El-Halawany, A.M.; Mohamed, G.A.; Safo, M.K.; El-Bassossy, H.M. Psiadia punctulata major
flavonoids alleviate exaggerated vasoconstriction produced by advanced glycation end products. PLoS ONE 2019, 14, e0222101.
[CrossRef] [PubMed]

13. Silva, G.N.; Martins, F.R.; Matheus, M.E.; Leitão, S.G.; Fernandes, P.D. Investigation of anti-inflammatory and antinociceptive
activities of Lantana trifolia. J. Ethnopharmacol. 2005, 100, 254–259. [CrossRef]

14. Sorial, M.E.; El Sayed, N.S.E.D. Protective effect of valproic acid in streptozotocin-induced sporadic Alzheimer’s disease mouse
model: Possible involvement of the cholinergic system. Naunyn Schmiedebergs Arch. Pharmacol. 2017, 390, 581–593. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/antiox10122011/s1
https://www.mdpi.com/article/10.3390/antiox10122011/s1
http://doi.org/10.3390/molecules24234410
http://doi.org/10.3389/fnins.2015.00204
http://doi.org/10.19080/AIBM.2018.11.555802
http://doi.org/10.1002/iub.1099
http://www.ncbi.nlm.nih.gov/pubmed/23180460
http://doi.org/10.1016/j.freeradbiomed.2020.06.028
http://www.ncbi.nlm.nih.gov/pubmed/32730855
http://doi.org/10.1007/s00018-016-2223-0
http://doi.org/10.1097/FBP.0b013e32836546db
http://www.ncbi.nlm.nih.gov/pubmed/26057771
http://doi.org/10.3390/antiox10030423
http://www.ncbi.nlm.nih.gov/pubmed/33802084
http://doi.org/10.3389/fnagi.2019.00155
http://doi.org/10.1016/j.jare.2020.01.002
http://www.ncbi.nlm.nih.gov/pubmed/32382447
http://doi.org/10.1371/journal.pone.0222101
http://www.ncbi.nlm.nih.gov/pubmed/31491007
http://doi.org/10.1016/j.jep.2005.02.040
http://doi.org/10.1007/s00210-017-1357-4
http://www.ncbi.nlm.nih.gov/pubmed/28188358


Antioxidants 2021, 10, 2011 16 of 16

15. Eskandary, A.; Moazedi, A.A.; Zade, H.N.; Akhond, M.R. Effects of Donepezil Hydrochloride on Neuronal Response of Pyramidal
Neurons of the CA1 Hippocampus in Rat Model of Alzheimer’s Disease. Basic Clin. Neurosci. 2019, 10, 109. [CrossRef] [PubMed]

16. Pelleymounter, M.A.; Joppa, M.; Carmouche, M.; Cullen, M.J.; Brown, B.; Murphy, B.; Grigoriadis, D.E.; Ling, N.; Foster, A.C.
Role of corticotropin-releasing factor (CRF) receptors in the anorexic syndrome induced by CRF. J. Pharmacol. Exp. Ther. 2000, 293,
799–806.

17. Pelleymounter, M.A.; Joppa, M.; Ling, N.; Foster, A.C. Pharmacological evidence supporting a role for central corticotropin-
releasing factor2 receptors in behavioral, but not endocrine, response to environmental stress. J. Pharmacol. Exp. Ther. 2002, 302,
145–152. [CrossRef] [PubMed]

18. Warnock, G.I. Study of the Central Corticotrophin-Releasing Factor System Using the 2-Deoxyglucose Method for Measurement
of Local Cerebral Glucose Utilisation. Ph.D. Thesis, University of Bath, Bath, UK, 2007.

19. Cunha, M.P.; Pazini, F.L.; Rosa, J.M.; Ramos-Hryb, A.B.; Oliveira, Á.; Kaster, M.P.; Rodrigues, A.L.S. Creatine, similarly to
ketamine, affords antidepressant-like effects in the tail suspension test via adenosine A 1 and A 2A receptor activation. Purinergic
Signal. 2015, 11, 215–227. [CrossRef] [PubMed]

20. Rasheed, N.O.A.; El Sayed, N.S.; El-Khatib, A.S. Targeting central β2 receptors ameliorates streptozotocin-induced neuroinflam-
mation via inhibition of glycogen synthase kinase3 pathway in mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 2018, 86, 65–75.
[CrossRef]

21. Wang, D.; Wang, C.; Liu, L.; Li, S. Protective effects of evodiamine in experimental paradigm of Alzheimer’s disease. Cogn.
Neurodyn. 2018, 12, 303–313. [CrossRef]

22. Singh, B.; Sharma, B.; Jaggi, A.S.; Singh, N. Attenuating effect of lisinopril and telmisartan in intracerebroventricular streptozotocin
induced experimental dementia of Alzheimer’s disease type: Possible involvement of PPAR-γ agonistic property. J. Renin
Angiotensin Aldosterone Syst. 2013, 14, 124–136. [CrossRef]

23. Snowdon, D.A. Aging and Alzheimer’s disease: Lessons from the Nun Study. Gerontologist 1997, 37, 150–156. [CrossRef]
24. West, M.J.; Coleman, P.D.; Flood, D.G.; Troncoso, J.C. Differences in the pattern of hippocampal neuronal loss in normal ageing

and Alzheimer’s disease. Lancet 1994, 344, 769–772. [CrossRef]
25. Huang, K.; Wang, Z.; Gu, Y.; Ji, Z.; Lin, Z.; Wang, S.; Pan, S.; Wu, Y. Glibenclamide prevents water diffusion abnormality in the

brain after cardiac arrest in rats. Neurocrit. Care 2018, 29, 128–135. [CrossRef] [PubMed]
26. Solanki, I.; Parihar, P.; Mansuri, M.L.; Parihar, M.S. Flavonoid-based therapies in the early management of neurodegenerative

diseases. Adv. Nutr. 2015, 6, 64–72. [CrossRef] [PubMed]
27. Salkovic-Petrisic, M.; Osmanovic, J.; Grünblatt, E.; Riederer, P.; Hoyer, S. Modeling sporadic Alzheimer’s disease: The insulin

resistant brain state generates multiple long-term morphobiological abnormalities including hyperphosphorylated tau protein
and amyloid-β. J. Alzheimer’s Dis. 2009, 18, 729–750. [CrossRef]

28. Sharma, V.; Kaur, A.; Singh, T.G. Counteracting role of nuclear factor erythroid 2-related factor 2 pathway in Alzheimer’s disease.
Biomed. Pharmacother. 2020, 129, 110373. [CrossRef]

29. Ren, J.; Li, L.; Wang, Y.; Zhai, J.; Chen, G.; Hu, K. Gambogic acid induces heme oxygenase-1 through Nrf2 signaling pathway and
inhibits NF-κB and MAPK activation to reduce inflammation in LPS-activated RAW264. 7 cells. Biomed. Pharmacother. 2019, 109,
555–562. [CrossRef]

30. El Halawany, A.M.; Sayed, N.S.E.; Abdallah, H.M.; El Dine, R.S. Protective effects of gingerol on streptozotocin-induced sporadic
Alzheimer’s disease: Emphasis on inhibition of β-amyloid, COX-2, alpha-, beta-secretases and APH1a. Sci. Rep. 2017, 7, 2902.

31. Chen, C.-H.; Zhou, W.; Liu, S.; Deng, Y.; Cai, F.; Tone, M.; Tone, Y.; Tong, Y.; Song, W. Increased NF-κB signalling up-regulates
BACE1 expression and its therapeutic potential in Alzheimer’s disease. Int. J. Neuropsychopharmacol. 2012, 15, 77–90. [CrossRef]

32. Akiyama, H.; Barger, S.; Barnum, S.; Bradt, B.; Bauer, J.; Cole, G.M.; Cooper, N.R.; Eikelenboom, P.; Emmerling, M.; Fiebich, B.L.
Inflammation and Alzheimer’s disease. Neurobiol. Aging 2000, 21, 383–421. [CrossRef]

http://doi.org/10.32598/bcn.9.10.305
http://www.ncbi.nlm.nih.gov/pubmed/31031898
http://doi.org/10.1124/jpet.302.1.145
http://www.ncbi.nlm.nih.gov/pubmed/12065711
http://doi.org/10.1007/s11302-015-9446-7
http://www.ncbi.nlm.nih.gov/pubmed/25702084
http://doi.org/10.1016/j.pnpbp.2018.05.010
http://doi.org/10.1007/s11571-017-9471-z
http://doi.org/10.1177/1470320312459977
http://doi.org/10.1093/geront/37.2.150
http://doi.org/10.1016/S0140-6736(94)92338-8
http://doi.org/10.1007/s12028-018-0505-0
http://www.ncbi.nlm.nih.gov/pubmed/29492757
http://doi.org/10.3945/an.114.007500
http://www.ncbi.nlm.nih.gov/pubmed/25593144
http://doi.org/10.3233/JAD-2009-1184
http://doi.org/10.1016/j.biopha.2020.110373
http://doi.org/10.1016/j.biopha.2018.10.112
http://doi.org/10.1017/S1461145711000149
http://doi.org/10.1016/S0197-4580(00)00124-X

	Introduction 
	Materials and Methods 
	Isolation and Purification of Umuhengerin 
	Animals 
	Materials 
	SAD Induction 
	Design of Experiment 
	Morris Water Maze (MWM) Test 
	Tissue Sampling 
	Estimation of Biochemical Parameters 
	Western Blot Analysis 
	Histopathological Examination 
	Statistical Analysis 

	Results 
	Characterization of Isolated Compounds 
	Effect of Umuhengerin on the Behavior of the Animals Receiving STZ during Morris Water Maze Task 
	Effect of Umuhengerin on Oxidative Stress Associated with STZ Administration 
	Effect of Umuhengerin on Neuroinflammation Secondary to STZ Administration 
	Effect of Umuhengerin on the STZ-Mediated Increase in AChE Enzyme Activity and -Secretase Protein Expression 
	Effect of Umuhengerin Administration on Mice Brain Histopathological Alterations Owing to STZ Administration 
	Effect of Umuhengerin Administration on Neuronal Survival Rate 
	Effect of Umuhengerin Administration on Amyloid Plaques Numbers 

	Discussion 
	Conclusions 
	References

