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Abstract

Background: Endotoxin-induced neuroinflammation plays a crucial role in the pathogenesis and progression of various 
neurodegenerative diseases. A growing body of evidence supports that incretin-acting drugs possess various neuroprotective 
effects that can improve learning and memory impairments in Alzheimer’s disease models. Thus, the present study aimed 
to investigate whether alogliptin, a dipeptidyl peptidase-4 inhibitor, has neuroprotective effects against lipopolysaccharide 
(LPS)-induced neuroinflammation and cognitive impairment in mice as well as the potential mechanisms underlying these 
effects.
Methods: Mice were treated with alogliptin (20 mg/kg/d; p.o.) for 14 days, starting 1 day prior to intracerebroventricular LPS 
injection (8 μg/μL in 3 μL).
Results: Alogliptin treatment alleviated LPS-induced cognitive impairment as assessed by Morris water maze and novel object 
recognition tests. Moreover, alogliptin reversed LPS-induced increases in toll-like receptor 4 and myeloid differentiation 
primary response 88 protein expression, nuclear factor-κB p65 content, and microRNA‐155 gene expression. It also rescued 
LPS-induced decreases in suppressor of cytokine signaling gene expression, cyclic adenosine monophosphate (cAMP) content, 
and phosphorylated cAMP response element binding protein expression in the brain.
Conclusion: The present study sheds light on the potential neuroprotective effects of alogliptin against intracerebroventricular 
LPS-induced neuroinflammation and its associated memory impairment via inhibition of toll-like receptor 4/ myeloid 
differentiation primary response 88/ nuclear factor-κB signaling, modulation of microRNA-155/suppressor of cytokine 
signaling-1 expression, and enhancement of cAMP/phosphorylated cAMP response element binding protein signaling.
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Introduction
Neuroinflammation is a crucial driver of various 
neurodegenerative diseases, including Alzheimer’s 
disease (AD), Parkinson’s disease, and multiple sclerosis. 
Lipopolysaccharide (LPS), an endotoxin present in the outer 
membrane of gram-negative bacteria, is a potent activator 

of the innate immune system. LPS is commonly used to ex-
perimentally induce neuroinflammation (Zakaria et al., 2017; 
Khan et  al., 2018). It mediates its action via binding to toll-
like receptor 4 (TLR4), which is abundant on microglia in the 
central nervous system inducing nuclear factor-κB (NF-κB) 
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phosphorylation and pro-inflammatory cytokines produc-
tion through the myeloid differentiation primary response 
88 (MyD88) adaptor (Zhou et  al., 2019). Besides, LPS induces 
amyloidogenesis by increasing β-secretase (BACE1) and 
γ-secretase activation, thereby causing increased amyloid 
precursor protein (APP) cleavage and elevated β-amyloid (Aβ) 
peptide levels (Lee et  al., 2008, 2013). Furthermore, studies 
have demonstrated increased microRNA‐155 (miRNA-155) ex-
pression following LPS administration (Cardoso et  al., 2012; 
Paeschke et al., 2017; Sayed et al., 2018). MiRNA‐155 is known 
to downregulate the suppressor of cytokine signaling (SOCS-
1), a negative regulator of cytokines signaling, resulting in 
upregulation of several inflammatory pathways (Contreras 
and Rao, 2012; Paeschke et al., 2017).

Type 2 diabetes mellitus is considered to be a major risk 
factor for developing AD. Both diseases share several patho-
logical features, including defective insulin signaling and insulin 
resistance in addition to Aβ aggregation, enhanced glycogen 
synthase kinase-3β activity, dysregulated protein phosphor-
ylation, and increased inflammatory response (Kosaraju et al., 
2013b; Chen et  al., 2019). Hence, antidiabetic drugs might be 
successful therapy in AD. Glucagon-like peptide-1 (GLP-1) is 
an endogenous peptide primarily secreted from L cells in the 
gastrointestinal tract in response to food ingestion (Rizzo et al., 
2009). It exerts various antidiabetic effects, such as stimulating 
insulin secretion, inhibiting glucagon release, reducing gastric 
emptying, increasing satiety, and replenishing insulin stores, in 
addition to its cytoprotective and anti-inflammatory actions on 
β-cells (Rowlands et al., 2018). A growing body of evidence indi-
cates that GLP-1 possesses various neuroprotective effects. For 
example, it ameliorated AD-like neurodegeneration in rodents 
by decreasing Aβ deposition and hyperphosphorylation of tau 
and neurofilament protein. These effects were associated with 
improvements in learning and memory impairments (Chen 
et al., 2019).

Dipeptidyl peptidase-4 (DPP-4) inhibitors are well-known 
antidiabetic drugs that treat type 2 diabetes mellitus by 
inhibiting the degradation of endogenous GLP-1, resulting in a 
glucose-dependent increase in insulin secretion and suppres-
sion of glucagon release (Gallwitz, 2019). In addition to GLP-
1, DPP-4 has the capacity to degrade several other peptides, 
including glucose-dependent insulinotropic polypeptide, brain 
natriuretic peptide, substance P, neuropeptide Y, and stromal 
derived factor-1α, all of which have been associated with nu-
merous neuroprotective effects (Cheng et al., 2020).

Apart from their glycemic effects, DPP-4 inhibitors have 
demonstrated neuroprotective actions where sitagliptin, 
vildagliptin, and saxagliptin were previously reported to prevent 
the accumulation of Aβ and abnormally phosphorylated tau, re-
duce inflammation, and reverse the behavioral deficits observed 

in streptozocin-induced AD rats (Kosaraju et al., 2013a, 2013b) 
and transgenic AD mice (D’Amico et al., 2010; Chen et al., 2019). 
Besides, alogliptin, a highly selective and potent DPP-4 inhibitor, 
was revealed to improve cognitive and depressive symptoms 
in obese ApoE−/− mice (Mori et  al., 2017). In Zucker diabetic 
fatty rats, alogliptin normalized defective signaling responses 
to cyclic adenosine monophosphate (cAMP) response element 
binding protein (CREB), an important transcription factor that 
regulates various neuroprotective genes (Qin et al., 2016). These 
results suggest that alogliptin may reduce cognitive decline as-
sociated with neuroinflammation and amyloidogenesis and can 
be a potential treatment for AD. Thus, alogliptin was selected in 
our study to investigate for the first time, to our knowledge, its 
neuroprotective effects against LPS-induced neuroinflammation 
and cognitive impairment in mice through the possible modu-
lation of TLR4/MYD88/NF-κB, miRNA-155/SOCS-1, and cAMP/
phosphorylated CREB (pCREB) signaling pathways.

Materials and Methods

Animals

Adult male Swiss albino mice (18–22 g) were obtained from the 
animal facility of the National Research Center, Cairo, Egypt. 
Animals were allowed to acclimate for at least 1 week before 
the experiment started. The mice (4–5 per cage) were housed 
under temperature- and humidity-controlled conditions with 
a 12-h-light/-dark cycle and free access to food and water. 
The study complied with the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of 
Health (NIH Publication No. 85-23, revised 2011)  and was ap-
proved by the Ethics Committee for Animal Experimentation of 
Faculty of Pharmacy, Cairo University (permit no. 2222). All ef-
forts were made to minimize animal discomfort and suffering.

Materials

LPS (Escherichia coli, serotype 0127: B8) was purchased from 
Sigma-Aldrich, St. Louis, Missouri. Alogliptin benzoate (Inhiglip) 
was obtained from Hikma Pharma (Giza, Egypt). LPS was dis-
solved in saline and alogliptin was freshly prepared in 1% (v/v) 
Tween 80 in saline.

Experimental Design

Sixty-four mice were randomly allocated into 4 groups (n = 16 
per group). LPS (8 μg/μL in 3 μL) (Liu et al., 2018) or saline (3 μL) 
was administered by freehand intracerebroventricular (ICV) in-
jection procedures under anesthesia as previously described 
by Sorial and EL Sayed (2017). Alogliptin (20  mg/kg/d) was 
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orally administered for 14 days starting 1 day prior to LPS in-
jection. Alogliptin dose was selected based on its significant 
anti-inflammatory effects in previous models of arterial injury 
(Akita et al., 2015), nondiabetic glomerular injury (Higashijima 
et al., 2015), and testicular toxicity (Kabel, 2018) in rodents. The 
control group received 1% (v/v) Tween 80 in saline (p.o.) and 
saline (ICV) injection. The alogliptin group received alogliptin 
(p.o.) followed by saline (ICV) injection. The LPS group was given 
1% (v/v) Tween 80 in saline (p.o.) and LPS (ICV) injection to in-
duce neuroinflammation. The LPS+alogliptin group received 
alogliptin (p.o.) followed by LPS (ICV) injection. Following treat-
ments, mice were subjected to behavioral tests to assess cogni-
tive functions and locomotor activity (Figure 1).

Following the behavioral tests, animals were anesthetized 
using thiopental sodium (50 mg/kg i.p.) then killed by cervical 
dislocation. The whole brains were rapidly excised on ice and 
salt mixture and washed with ice-cold saline. The isolated brains 
from each group were divided for biochemical and western-blot 
analyses (n = 6) and real-time PCR analysis (n = 6), or kept in 10% 
formalin for immunohistochemical examination (n = 4).

Behavioral Assessments

Morris Water Maze Test 
Spatial learning and memory were assessed using the Morris 
water maze (MWM) test (D’Hooge and De Deyn, 2001) as previ-
ously described by Sorial and EL Sayed (2017). Briefly, mice under-
went 2 training trials per day (maximum trial time = 120 seconds) 
for 4 consecutive days. The escape latency was calculated as the 
average of the total time taken to find the platform during the 2 
training sessions on each acquisition day. This metric was used 
as an index of acquisition learning. A probe test was performed 
on the fifth day. The platform was removed, and mice were al-
lowed to explore the pool for 60 seconds. The time spent in the 
target quadrant was recorded as a measure of retrieval memory.

Novel Object Recognition Test 
The novel object recognition (NOR) test is used to assess non-
spatial memory in rodents (Cohen and Stackman Jr, 2015). The 
test was performed as described by Sayed and EL Sayed (2016). 
In brief, the test consisted of 3 phases conducted over 3 succes-
sive days: the habituation, familiarization, and test phases. In 
the habituation phase, each mouse was left to adapt to the sur-
rounding wooden box (30 × 30 × 30) for 10 minutes. The second 
day was specified as the training phase in which familiariza-
tion with 2 wooden objects with the same size, shape, and 
color that were made from non-toxic materials was performed. 
The objects were placed 2 cm away from the walls in opposite 
corners inside the box. In the test phase, one of the identical 
objects used in the familiarization phase was replaced with a 

novel object. Each animal was allowed to explore the objects for 
4 minutes while time was being recorded. The discrimination 
index was calculated as the difference between the time spent 
exploring the novel and the familiar objects divided by the total 
exploration time for both objects during the test phase (Sorial 
and EL Sayed, 2017).

Open Field Test 
The open field test was used to assess exploratory locomotor 
activity to confirm that the behavioral test results were not at-
tributable to changes in locomotor activity (Tatem et al., 2014). 
The test was conducted in a special square-shaped wooden box 
measuring 80 × 80 × 40 cm with red walls and a white floor. The 
floor was divided into 16 equal squares by black lines. Mice were 
individually placed in the central area of the open field and al-
lowed to freely explore the area for 3 minutes. The latency time 
and frequency of ambulation, grooming, and rearing were re-
corded (Abdel Rasheed et al., 2018).

Biochemical Assays

Enzyme-Linked Immunosorbent Assay 
NF-κB p65 (Cusabio, Hubei, China), tumor necrosis factor-α 
(TNF-α) (MyBioSource, San Diego, California, USA), Interleukin-6 
(IL-6) (RayBiotech Inc., Peachtree Corners, Georgia, USA), Aβ 
(1–42; Cusabio, Hubei, China), and cAMP (R&D Systems Inc., 
Minneapolis, Minnesota, USA) content in the brain were esti-
mated using commercially available enzyme-linked immuno-
sorbent assay kits according to the manufacturers’ instructions. 
The results are expressed as pg/mg protein for all analytes 
except for cAMP, which is expressed as pmol/mg protein. The 
protein content was quantified using the method described by 
Lowry et al. (1951).

BACE1 Activity 
BACE1 activity in the brain was spectrofluorometrically de-
termined using a BACE1 Activity Assay Kit II (BioVision Inc., 
Milpitas, California, USA) according to the manufacturer’s in-
structions. The results are expressed as mU/mg protein.

Quantitative Real-Time PCR Analysis

Quantitative real-time PCR was used to assess miRNA-155 and 
SOCS-1 gene expression in brain. In brief, for miRNA-155 ex-
pression, miRNA was extracted from the brain samples using 
a mirVana PARIS kit (Ambion, Austin, Texas, USA). For SOCS-1, 
total RNA was extracted using SV total RNA isolation system 
(Promega, Madison, Wisconsin , USA). The complementary DNA 
was reverse transcribed from the miRNA-155 and SOCS-1 total 
RNA samples using a TaqMan MicroRNA Reverse Transcription 
Kit (Applied Biosystems, Waltham, Massachusetts, USA) and 
Reverse Transcription System (Promega, Madison, Wisconsin, 
USA), respectively. Quantitative real-time PCR of miRNA-
155 and SOCS-1 was performed using the TaqMan MicroRNA 
Assay (Cat. no. 4427975, 002571, Applied Biosystems, Waltham, 
Massachusetts, USA) and SYBR Green JumpStart Taq ReadyMix 

Figure 1. Schematic representation of the experimental design.

Table 1. Sequences of the primers used for quantitative real time-
PCR analysis

SOCS-1 Forward 5’-TGGGCACCTTCTTGGTGCGC-3′  
Reverse 5’-GGCAGTCGAAGGTCTCGCGG-3′

GAPDH Forward 5’- ACCACAGTCCATGCCATCAC-3′  
Reverse 5’-TCCACCACCCTGTTGCTGTA-3′
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(Cat. No. S4438, Sigma-Aldrich, St. Louis, Missouri), respectively, 
as described by the manufacturers. Primer sequences used 
for the SOCS-1 assay are listed in Table 1. The relative expres-
sion of the target genes was quantified using the 2−∆∆CT formula 
(Livak and Schmittgen, 2001) with snoRNA-202 (Cat. No. 4427975, 
001232, Applied Biosystems, Waltham, Massachusetts, USA) and 
GAPDH as housekeeping genes for miRNA-155 and SOCS-1, 
respectively.

Western-Blot Analysis

The brains were homogenized in lysis buffer and protein levels 
were quantified using a Bicinchoninic Acid Protein Assay Kit 
(Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). 
Protein expression was assessed as previously described (Ahmed 
et  al., 2014) using anti-TLR4, anti-MyD88, anti-Bax, anti-Bcl-2, 
and anti-p-CREB (Ser133) antibodies (Thermo Fisher Scientific 
Inc., Waltham, Massachusetts, USA). The amount of protein 
was quantified by densitometric analysis of the autoradiograms 
using a scanning laser densitometer (Biomed Instrument Inc., 
Fullerton, California, USA). Results are expressed as arbitrary 
units normalized to β-actin protein expression.

Immunohistochemical Staining

Brain samples were fixed in 10% neutral buffered formalin 
for 48 hours. Samples were then processed in serial grades 
of ethanol, cleared in xylene, then infiltrated and em-
bedded in paraffin. For glial fibrillary acidic protein (GFAP) 
immunohistochemical staining, deparaffinized 4-micron 
tissue sections were treated with 3% hydrogen peroxide for 20 
minutes, washed with phosphate-buffered saline (PBS), and 
incubated with anti-GFAP according to the manufacturer’s 
instructions using mouse monoclonal antibody (1:100) 
(Cat. no. MS-280-P1, Thermo Fisher Scientific Inc., Waltham, 
Massachusetts, USA) overnight at 4°C. After washing with 
PBS, sections were incubated with a secondary antibody HRP 
Envision Kit (Dako, Carpinteria, California, USA) for 30 min-
utes, washed with PBS, then incubated with diaminobenzidine 
for 10 minutes. Finally, the sections were washed with PBS, 
counterstained with hematoxylin, dehydrated and cleared 
in xylene, then coverslipped for microscopic analysis. For 
microscopic analysis, 6 random, non-overlapping fields from 
the hippocampus of each tissue section were analyzed for 
determination of the mean area percentage of GFAP expres-
sion in the hippocampus. All micrographs and data were 
obtained by using a full HD microscopic camera operated by 
a Leica application module for tissue sections analysis (Leica 
Microsystems, Wetzlar, Germany).

Statistical Analysis

Data were assessed for normality and homogeneity of variance 
using Kolmogorov-Smirnov and Bartlett’s tests, respectively. 
Data that met the assumptions for parametric analysis were 
analyzed using 1-way ANOVA followed by Tukey’s multiple com-
parisons test. The mean escape latency during the MWM ac-
quisition phase was analyzed using repeated-measures 2-way 
ANOVA followed by Tukey’s multiple comparisons test. The sig-
nificance level was fixed at P < .05 for all statistical tests. Data are 
expressed as mean  ±  SEM. Statistical analysis was performed 
using GraphPad Prism software, version 6 (GraphPad Software 
Inc., San Diego, California, USA).

Results

Overall, no significant differences were observed between the 
control and alogliptin groups.

Effects of LPS and Alogliptin on Spatial Learning and 
Memory Deficits

In the MWM, LPS treatment significantly increased the escape 
latency on training days 2–4 compared with the control mice 
(F [3, 60] = 41.44), suggesting that LPS administration impaired 
spatial learning abilities in mice. Notably, alogliptin treat-
ment significantly reduced the escape latency on training 
days 2–4 in LPS-treated mice, restoring them to control levels 
(Figure 2A).

In the probe trial, LPS treatment reduced the time spent in 
the target quadrant by 36.3% compared with the control mice 
(F [3,  60] = 16.8). However, alogliptin treatment significantly in-
creased the time spent in the target quadrant in LPS-treated 
mice, restoring it to the control value. These results indicate that 
alogliptin treatment beneficially affected deteriorated spatial 
learning and memory in LPS-challenged mice (Figure 2B).

Effects of LPS and Alogliptin on Recognition Memory 
Impairment

The NOR test revealed that LPS treatment significantly impaired 
non-spatial memory quantified by the discrimination index (F 
[3, 60] = 196). Alogliptin administration significantly rescued the 
LPS-induced memory impairment (Figure 2C).

Effects of LPS and Alogliptin on Spontaneous 
Locomotor Activity

The open field test was conducted to evaluate whether 
LPS-induced cognitive impairments could be attributed to 
altered locomotor activity. The treatments did not signifi-
cantly alter the latency time or the frequency of ambulation, 
grooming, and rearing. Thus, LPS-induced cognitive impair-
ments were not associated with decreased locomotor ability 
(Figure 2D–G).

Effects of LPS and Alogliptin on the TLR4/MyD88/NF-
κB Signaling Pathway

ICV LPS injection significantly increased protein expression of 
TLR4 and its adaptor protein MyD88 by approximately sixfold 
in the brain (F [3, 20] = 380 and 240, respectively). This was suc-
cessfully rescued by alogliptin treatment, which significantly 
decreased TLR4 and MyD88 protein expression compared with 
the LPS-treated group (Figure 3A–B). The TLR4/MyD88 signaling 
pathway is a key inflammatory pathway that results in NF-κB 
activation and subsequent pro-inflammatory cytokine expres-
sion (Naqvi et al., 2016). As hypothesized, LPS treatment signifi-
cantly increased the NF-κB p65 content in the brain by 146.94% 
compared with control mice (F [3,  20] = 106). This LPS-induced 
increase in NF-κB p65 was significantly reduced by alogliptin 
treatment (Figure 3C).

Effects of LPS and Alogliptin on miRNA-155 and 
SOCS-1 Gene Expression

ICV LPS injection significantly elevated miRNA-155 gene ex-
pression along with a consequent reduction of the expression 
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of its target gene, SOCS-1, reaching 772.28% and 34% of their 
respective control values (F [3, 20] = 344 and 70.1, respectively). 
Alogliptin treatment significantly rescued the LPS-induced in-
crease in miRNA-155 gene expression and decrease in SOCS-1 
gene expression (Figure 4A–B).

Effects of LPS and Alogliptin on Pro-inflammatory 
Cytokines

The neuroinflammatory state triggered by LPS administration was 
further evidenced by a spike in pro-inflammatory cytokines in the 
brain. TNF-α and IL-6 levels were triple their respective control 
values (F [3, 20] = 81.5 and 95.3, respectively). Conversely, alogliptin 

displayed remarkable anti-inflammatory effects and significantly 
reduced the LPS-induced TNF-α and IL-6 levels (Figure 4C–D).

Effects of LPS and Alogliptin on Amyloidogenesis 
and Apoptosis

Marked amyloidogenesis was indicated by elevated Aβ (1–42) 
content in the brains of LPS-challenged mice (F [3,  20] = 26.8). 
Similarly, LPS increased the activity of BACE1, the key enzyme 
responsible for Aβ (1–42) production, to 278.79% of the control 
level (F [3, 20] = 42.9). Alogliptin treatment restored LPS-induced 
Aβ (1–42) to its control level and significantly reduced BACE1 ac-
tivity compared with LPS-injected mice (Figure 5A–B).

Figure 2. Effects of lipopolysaccharide (LPS) and alogliptin on the escape latency (A) and time spent in the target quadrant (B) in the Morris water maze (MWM) test; 

the novel object recognition (NOR) discrimination index (C); and the latency time (D), mean ambulation frequency (E), mean grooming frequency (F), and mean rearing 

frequency (G) in the open field test. Data are expressed as mean ± SEM (n = 16). Statistical analysis was done using 1-way ANOVA followed by Tukey’s post-hoc test, 

except for the escape latency in MWM test, which was analyzed using repeated measures 2-way ANOVA followed by Tukey’s post-hoc test. *P < .05 vs control, #P < .05 

vs LPS group. ALO; alogliptin.
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Furthermore, ICV LPS injection triggered apoptotic cell death 
in the brain, which was reflected by increased pro-apoptotic 
Bax protein expression and a concomitant decrease in anti-
apoptotic Bcl-2 protein expression, reaching 585.15% and 19% 
of their respective control levels (F [3, 20] = 249 and 68.7, respect-
ively). Alogliptin administration protected against LPS-induced 
apoptotic cell death by significantly decreasing Bax protein ex-
pression and increasing Bcl-2 protein expression (Figure 5C–D).

Effects of LPS and Alogliptin on the cAMP/pCREB 
Signaling Pathway

cAMP content and pCREB protein expression were assessed in 
the brain to determine their role in alogliptin’s beneficial effects 
against LPS-induced damage. LPS induced a dramatic decrease 
in cAMP brain content accompanied by downregulation of 
pCREB protein expression to 43.63% and 26% of their respective 
control values (F [3,  20] = 54.7 and 128, respectively). Alogliptin 
reversed these LPS-induced deficits by significantly increasing 
cAMP content and pCREB protein expression compared with the 
LPS group (Figure 5E–F).

Effects of LPS and Alogliptin on Astrocyte Activation

Glial activation is widely implicated in LPS-induced 
neuroinflammation. On activation, glial cells are an im-
portant source of inflammatory cytokines (Khan et  al., 2018). 
Immunohistochemical staining was used to assess GFAP 

expression as a marker of astrocyte activation in the hippo-
campus. Marked astrogliosis was observed in the LPS-treated 
group, with the percent of area with GFAP expression reaching 
620.48% of the control group (F [3, 12] = 243). Notably, alogliptin 
treatment significantly suppressed LPS-induced GFAP protein 
expression (Figure 6).

Discussion

The present data reveal that alogliptin possessed sig-
nificant neuroprotective effects against ICV LPS-induced 
neuroinflammation in mice. The results show that alogliptin 
treatment ameliorated LPS-induced memory impairment via 
its anti-inflammatory, anti-amyloidogenic, and anti-apoptotic 
effects. This study also provides insights into the potential 
molecular pathways underlying alogliptin’s neuroprotective 
actions.

It is well established that ICV injection of LPS produces cog-
nitive impairment in rodents (Miwa et al., 2011; Lee et al., 2018; 
Liu et al., 2018; Zhang et al., 2018). In the current study, its ad-
ministration resulted in marked deterioration of memory and 
learning functions in mice in the MWM and NOR tests. These 
LPS-induced cognitive dysfunctions were successfully attenu-
ated by alogliptin treatment. These results are in line with Mori 
et al. (2017) and Rahman et al. (2020), who showed that alogliptin 
treatment improved cognitive functions in obese ApoE−/− mice 
and Aβ (1–42) fibrils injected rats, respectively.

In microglia, LPS activates the NF-κB signaling cascade via 
the TLR4/MyD88 pathway (Dai et al., 2015; Zhou et al., 2019). 

Figure 3. Effects of lipopolysaccharide (LPS) and alogliptin on protein expression of toll-like receptor 4 (TLR4) (A) and its adaptor protein myeloid differentiation pri-

mary response88 (MyD88) (B), as well as nuclear factor-κB (NF-κB) p65 content (C) in the brain. Data are expressed as mean ± SEM (n = 6). Statistical analysis was done 

using 1-way ANOVA followed by Tukey’s post-hoc test. *P < .05 vs control, #P < .05 vs LPS group. ALO; alogliptin.
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NF-κB is an important nuclear transcription factor in the in-
flammatory cascade that stimulates inflammation-related 
genes expression (Liu et al., 2017). Accordingly, the LPS-treated 
brains in the present study showed an increased TLR4 and 
MyD88 protein expression resulting in elevation of NF-κB p65 
and consequent increase in TNF-α and IL-6 levels. This acti-
vated TLR4/MyD88/NF-κB pathway in ICV LPS-treated mice 
is consistent with the findings of Zhou et  al. (2019). Notably, 
alogliptin treatment effectively reversed these deleterious in-
flammatory effects, signifying that alogliptin possesses pro-
tective effects against LPS-induced neuroinflammation that 
are mediated via the TLR4/MyD88/NF-κB pathway. Other DPP-4 
inhibitors have also shown inhibitory effects on the TLR4/
NF-κB signaling cascade both in vitro and in vivo, highlighting 
their anti-inflammatory potential (Makdissi et  al., 2012; Lee 
et al., 2016; Sherif and Al-Shaalan, 2018; El-kashef and Serrya, 
2019).

MiRNA-155 is a key pro-inflammatory regulator in the cen-
tral nervous system that promotes inflammatory responses 
by negatively targeting various anti-inflammatory proteins, 
including SOCS-1 (Slota and Booth, 2019). MiRNA-155 expres-
sion is induced in response to LPS and other TLR ligands, such 
as TNF-α (Guedes et al., 2014). Consistently in the current study, 

ICV LPS injection increased miRNA-155 gene expression, de-
creased expression of its target gene, SOCS-1, and increased the 
content of inflammatory cytokines in the brain. This is in agree-
ment with Sayed et  al. (2018) following systemic LPS-induced 
neuroinflammation in mice. 

Modulation of the miRNA-155/SOCS-1 pathway has been 
implicated in the anti-inflammatory effects of different agents 
against LPS-induced inflammation (Chen et al., 2013; Ma et al., 
2017; Pourgholi et  al., 2017; Zheng et  al., 2018). SOCS-1 nega-
tively regulates TLR-4 signaling, thereby inhibiting NF-κB activa-
tion (Kinjyo et al., 2002; Nakagawa et al., 2002; Chen et al., 2013). 
Expectedly, LPS-induced elevations in GFAP expression and 
pro-inflammatory cytokines were prevented by alogliptin treat-
ment through decreasing NF-κB and miRNA-155 expression, 
and increasing SOCS-1 expression in the brain. This reduction in 
pro-inflammatory cytokines was also reported using alogliptin 
in atherosclerotic plaques in diabetic apoE-deficient mice (Ta 
et al., 2011) and in plasma and adipose tissues of stressed mice 
(Yisireyili et al., 2016).

LPS-induced neuroinflammation causes Aβ accumulation, 
leading to learning and memory impairment in animal models. 
ICV LPS is an established model that provokes inflammatory 
cytokines, stimulating APP mRNA upregulation, and inducing 

Figure 4. Effects of lipopolysaccharide (LPS) and alogliptin on gene expression of microRNA-155 (miRNA-155) (A) and its target, suppressor of cytokine signaling (SOCS-

1) (B), as well as tumor necrosis factor-α (TNF-α) (C) and interleukin-6 (IL-6) (D) contents in the brain. Data are expressed as mean ± SEM (n = 6). Statistical analysis was 

done using 1-way ANOVA followed by Tukey’s post-hoc test. *P < .05 vs control, #P < .05 vs LPS group. ALO; alogliptin.
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amyloidogenesis through activation of β- and γ-secretase ac-
tivity (Lee et al., 2009; Gong et al., 2011). Our study clearly dem-
onstrated these effects, with the LPS-treated mice displaying 
marked increases in Aβ (1–42) contents in the brain. This was 
associated with enhanced BACE1 activity, a limiting enzyme 
that produces Aβ and is known to be induced by NF-κB and in-
flammatory cytokines (Choi et  al., 2017), as observed herein. 

Interestingly, alogliptin treatment succeeded to prevent LPS-
induced increase in Aβ (1–42) content, which could be related 
to the reduced BACE1 activity and inflammatory cytokines 
contents. In the same context, D’Amico et al. (2010) found that 
sitagliptin decreased Aβ and APP levels in the brain of AD mice, 
attributing this protective effect to the concomitant increase in 
GLP-1 levels.

Figure 5. Effects of lipopolysaccharide (LPS) and alogliptin on β-amyloid (Aβ) (1-42) content (A), β-secretase (BACE1) activity (B), Bax protein expression (C), Bcl-2 protein 

expression (D), cyclic adenosine monophosphate (cAMP) content (E), and phosphorylated cAMP response element binding protein (pCREB) protein expression (F) in 

the brain. Data are expressed as mean ± SEM (n = 6). Statistical analysis was done using 1-way ANOVA followed by Tukey’s post-hoc test. *P < .05 vs control, #P < .05 vs 

LPS group. ALO; alogliptin.
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Consistent with previous studies (Zhao et al., 2017; Goel et al., 
2018), LPS-induced neuroinflammation in the current study was 
associated with increased apoptotic cell death as indicated by 
elevated pro-apoptotic Bax protein expression and decreased 
anti-apoptotic Bcl-2 protein expression. Alogliptin treatment 
shifted this balance in favor of the anti-apoptotic axis by re-
ducing Bax protein expression while increasing Bcl-2 protein 
expression. In the same context, saxagliptin, another DPP-4 in-
hibitor, was also reported to increase striatal Bcl-2 levels in a rat 
model of Parkinson’s disease, thereby inhibiting neuronal apop-
totic loss (Nassar et al., 2015).

CREB is an important nuclear transcription factor that, on 
phosphorylation through cAMP-dependent protein kinase A, in-
duces expression of various neuroprotective genes, including 
Bcl-2 and brain-derived neurotrophic factor (Lonze and Ginty, 
2002; Kitagawa, 2007; Velmurugan et  al., 2012). In addition, 
emerging evidence suggests that CREB can promote anti-inflam-
matory immune responses by inhibiting NF-κB activation and 
inducing anti-inflammatory cytokine expression (Wen et  al., 
2010; Jung et al., 2017; Li et al., 2018). Importantly, CREB plays a 
vital role in learning and memory functions (Lonze and Ginty, 
2002). Drugs that promote CREB-mediated neuroprotection can 
improve cognition, whereas disrupting CREB expression can re-
sult in neuronal death and neurodegeneration (Dragunow, 2004). 
In the current study, LPS administration substantially decreased 
cAMP content and pCREB protein expression, similar to the 
findings of Guo et al. (2014) and Zou et al. (2017). On the other 
hand, alogliptin treatment effectively increased cAMP content 
and pCREB protein expression. Qin et al. (2016) also found that 
alogliptin normalized defective CREB signaling in the hippo-
campus of diabetic rats, resulting in increased expression of its 
neuroprotective target proteins, including Bcl-2. Hence, our find-
ings suggest that reversing LPS-induced reductions in cAMP and 
pCREB might underlie alogliptin’s protective effects against LPS-
induced learning and memory impairment.

Conclusion

In conclusion, the present study sheds light on the potential 
neuroprotective effects of alogliptin against ICV LPS-induced 
neuroinflammation and its associated amyloidogenesis, apop-
tosis, and memory impairment in mice. Our results demon-
strate that alogliptin’s protective effects were mediated via 
inhibition of TLR4/MYD88/NF-κB signaling, modulation of 
miRNA-155/SOCS-1 expression, and enhancement of cAMP/
pCREB signaling.
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Figure 6. Effects of lipopolysaccharide (LPS) and alogliptin on glial fibrillary acidic protein (GFAP) immunohistochemical analysis in the hippocampus. Representative 

photomicrographs (scale bars = 50 μm) for the control (A), alogliptin (ALO) (B), LPS (C) and LPS+ALO groups (D). The quantitative analysis of the mean area percentage 

of GFAP expression (E). Data are expressed as mean ± SEM (n = 4). Statistical analysis was done using 1-way ANOVA followed by Tukey’s post-hoc test. *P < .05 vs control, 

#P < .05 vs LPS group.
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