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Abstract 

Background  Alzheimer’s disease (AD) is a neurodegenerative disease that is often accompanied by neuropsychi‑
atric problems, including depression. Lipocalin-2(LCN2), a proinflammatory mediator, exacerbates the symptoms 
of depression and memory impairment through neuroinflammation. This study investigated the potential of Piper 
Longum extract(PLE), a traditional Indian medicinal plant, in the treatment of AD and comorbid depression.

Methods  In this study, we investigated memory impairment and depression-like behaviors through behavioral 
experiments such as the Y-maze test, Morris water maze test, open field test (OFT), forced swim test (FST), and tail sus‑
pension test (TST). We used Western blot, RT-PCR analysis, and immunofluorescence to identify changes in AD-related 
markers, such as amyloid beta (Aβ) protein, tau phosphorylation, tumor necrosis factor-alpha (TNF-α), and LCN2-
related astrocytes, in the brain of Streptozotocin/Chronic Restrain Stress (STZ/Res) mice treated with PLE.

Results  The PLE group showed significant improvements in the Morris water maze, Y-maze, FST, and TST. Aβ protein, 
hyperphosphorylation of tau, TNF-α level decreased when treated PLE compared to Donepezil(DPZ). LCN2 merged 
with GFAP and colocalization was significantly decreased in the PLE-treated group.

Conclusion  Our findings suggest that Piper longum is a potential natural treatment for AD and depressive comorbidi‑
ties caused by LCN2-mediated neuroinflammation.

Keywords  Piper longum, Alzheimer’s disease(AD), depression, Comorbidities, Amyloid β(Aβ), Tau phosphorylation, 
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1  Introduction
Alzheimer’s disease (AD) is a neurodegenerative dis-
order that impairs cognitive function [1]. AD is neuro-
pathologically defined by extracellular amyloid β (Aβ) 
plaque deposition and intracellular accumulation of 
hyperphosphorylated tau as neurofibrillary tangles [2, 3]. 
AD patients are accompanied by various neuropsychi-
atric problems, including anxiety, depression, and delu-
sions [4]. Neuropsychiatric symptoms (NPS)—including 
depression, anxiety, apathy, agitation, and delusions—
affect up to 90% of AD patients, with depressive and anx-
iety symptoms reported in 50–65% or more depending 
on assessment methods. Patients with AD have a particu-
larly high prevalence of depression, and chronic restraint 
stress can accelerate cognitive dysfunction [5].

Although cognitive decline remains the hallmark of 
AD, comorbid depressive behavior reflects a complex 
interplay of mechanisms: monoaminergic dysregulation 
such as serotonergic and noradrenergic dysfunction, 
hippocampal atrophy, neuroinflammation, HPA axis 
hyperactivity, reduced BDNF, and dysfunction in pre-
frontal–limbic circuits [5, 6]. In addition, psychosocial 
stressors such as declining autonomy, social withdrawal, 
and caregiver/environmental pressures further exacer-
bate depressive symptoms. These biological and psycho-
social factors form a bidirectional feedback loop, wherein 
mood disturbances accelerate cognitive and memory 
decline—underscoring depressive behavior as not merely 
comorbid, but integral to the AD phenotype [7–10].

The proinflammatory mediator lipocalin-2(LCN2) 
is a key proteins that causes neuroinflammatory and 

degenerative changes in the brain [11]. LCN2 is associ-
ated with neuroinflammation by activating astrocytes, 
microglia, and proinflammatory cytokines in AD [12]. 
Studies have shown that LCN2 has been found to be 
involved in the morbidity of both AD and depression. 
Depression and memory impairment are exacerbated 
by LCN2-mediated neuroinflammation. Depression 
increases LCN2 production in the prefrontal cortex and 
induces neuroinflammatory [13], thereby promoting 
the rapid progression of memory disorders [14]. How-
ever, there have been no reports of appropriate thera-
peutic substances based on these mechanisms.

Regarding the complex etiology of AD and depres-
sion comorbidities, it is important to develop treatments 
that simultaneously address the pathological changes in 
AD and depression-like behavior [15]. However, combi-
nations of anti-AD drugs and antidepressants are often 
limited by the risk of adverse drug-drug interactions 
and side effects [16]. Considering the unsatisfactory effi-
cacy of treatments for AD and depression, multi-target 
directed ligands (MTDLs) that simultaneously regulate 
multiple factors are being studied as novel treatment 
approaches [17]. However, the disadvantages of MTDL 
are its large molecular weights, ranging from 500 to 700, 
which can weaken drug degradability and reduce drug 
efficacy [18]. Therefore, safe and effective therapeutic 
drugs are urgently required to prevent or slow the disease 
progression.

Piper longum commonly known as long pepper, 
belongs to the Piperaceae family [19]. Piper longum is an 
important plant in traditional Indian medicine [20]. Sev-
eral studies have investigated the pharmacological effects 

Graphical Abstract



Page 3 of 12Ha et al. Innovations in Acupuncture and Medicine  (2025) 18:20	

of Piper longum on AD and depression [21]. According 
to a recent study, Piper longum contains rich amide alka-
loids, including Piperine (PPR), piperlonguminine (PPL), 
and Δα,β-dihydropiperlonguminine (DPPL) [22]. These 
ingredients have antioxidant, anti-inflammatory, antitu-
mor and antidepressant effects [23, 24]. However, there 
have been no studies on the effectiveness of piper longum 
as a therapeutic agent for memory deficiency symptoms 
and depression-like behavioral comorbidities [25], or on 
the effectiveness of the neuroinflammatory mechanisms 
associated with LCN2.

The streptozotocin (STZ) mouse model is a typical gene 
mutation model used in experiments that cause sporadic 
AD, the most common type of AD [26]. Res mouse model 
has been used to induce depressive behavior in mice [27]. 
In the current study, STZ/Res mouse model that induced 
cognitive decline and depressive behavior simultaneously 
were used. We observed improvements of Piper longum 
extract on changes in amyloid beta, tau phosphorylation, 
inflammatory indicators Tumor Necrosis Factor-alpha 
(TNF-α), LCN2-related astrocytes, and depressive-like 
behavior. As a result, piper longum extract was effective 
in improving AD triggers and also in depressive behav-
ior. Therefore, we propose the use of Piper longum as a 
natural treatment for AD and depression comorbidities 
caused by LNC2-mediated neuroinflammation.

2 � Materials and Methods
2.1 � Reagents
Piper longum (made in Indonesia) were purchased from 
local herbal medicine shop in South Korea. Streptozo-
tocin Sigma (St. Louis, MO, USA), and donepezil(DPZ) 
was purchased from Cayman (Ann Arbor, MI, USA). 
LCN2 (R&D Systems, CAS Number: AF1857) was pur-
chased from R&D Systems, Inc. (Minneapolis, MN, 
USA). β-actin (Santa Cruz, CAS Number: sc-69879) 
and GFAP (Santa Cruz, CAS Number: sc-33673) were 
obtained from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA, USA). Ionized calcium-binding adapter mol-
ecule 1(IBA1; Invitrogen, CAS Number: PA5-27,436) was 
purchased from Invitrogen (Carlsbad, CA, USA). Tau 
Monoclonal Antibody (T46) (Invitrogen, CAS Number: 
13–6400) was obtained from Invitrogen (Carlsbad, CA, 
USA). Phospho-tau (Thr231) (AT180) (Invitrogen, CAS 
Number: MN1040) and phospho-tau (Ser202, Thr205) 
(AT8) (Invitrogen, CAS Number: MN1020) monoclonal 
antibodies were purchased from Invitrogen (Carlsbad, 
CA, USA).

2.2 � Animals
Eight-week-old male C57Bl/6 mice (Young Bio, Inc., 
Korea) weighing 20–22 g were used for this experiment. 
The mice were housed in acrylic cages (26 × 42 × 18 cm) 

of continuous automated monitoring system with con-
trolled temperature (22 ± 2ºC) and relative humidity 
(60 ± 10%), free access to water and food, twelve-hour 
light/dark cycle. All behavioral tests were conducted 
between 9:00 and 17:00. All experimental procedures 
were approved by KyungHee University Medical Center 
Institutional Animal Care (approval number; KHMC-
IACUC 2019–030).

2.3 � Drug Administration
Mice were randomly distributed into four groups: (i) 
Sham control (Sham), distilled water per os (po) + sham 
surgery (n = 10); (ii) STZ(3 mg/kg) + Res + Vehicle (Veh), 
distilled water po (n = 10); (iii) STZ + Res + DPZ (1  mg/
ml) po (n = 10), (iv) STZ + Res + PLE po (n = 10). PLE and, 
DPZ were completely dissolved in distilled water and 
orally administered to the mice. Oral administration was 
continued until the probe test in the Morris water maze 
was complete. All the experiments followed the schedule 
shown in Fig. 1.

After one week of daptation, STZ (3 mg/kg; Sigma) was 
infused bilaterally at a rate of 0.5  μl/min for three min-
utes using an injection needle and a micro-drive pump 
(Pump 11 Elite Nanomite; Harvard Apparatus, Holliston, 
MA, USA). It was administered twice over three days. 
Mice in the veh, DPZ, and PLE groups were injected with 
STZ into the Lateral ventricle (AP −  0.5 mm; ML ± 1.1 
mm; DV − 2.8 mm) through the previously implanted. 
The sham mice did not undergo injection implantation.

2.4 � Behavioral Tests
2.4.1 � Y‑Maze Test
The spontaneous alteration behavior of mice in the 
Y-maze was used to measure short-term memory. Each 
mouse (n = 9–10/group) was placed in a specific arm of 
the apparatus and allowed to move freely in the maze 
during an 8-min session. Entry into all three arms (each 
arm was designated A, B, and C) on consecutive choices 
was defined as an actual alteration (i.e., ABC, CAB, or 
BCA, but not BAB). Between the tests, the maze arms 
were cleaned to remove residual odors.

2.4.2 � Morris Water Maze Test
A circular water tank (90 cm in diameter, 32.5 cm in 
height) was filled with water, which was rendered opaque 
by white ink and was kept at 23 ± 1 ◦C, was used. An 
escape platform (10 cm in diameter) was hidden 1 cm 
below the water surface and placed at the midpoint of 
each quadrant. Each mouse (n = 9–10/group) was trained 
to find the platform with starting positions in different 
quadrants in each trial. The latency to located the escape 
platform was recorded for each trial. The training lasted 
for five consecutive days. After 24 h after the last training 
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session, a probe test was performed to evaluate the con-
solidated memory. The escape platform was removed and 
each subject was allowed to swim freely in the tank for 
90  s. The time spent by each mouse in the quadrant in 
which the platform was previously located was measured. 
All data were recorded using video-tracking software 
(SMART 3.0, Panlab Harvard Apparatus, MA, USA).

2.4.3 � Open Field Test(OFT)
The OFT was conducted in a quiet, dark room using 
identical apparatus (50 × 50 × 50 cm acrylic boxes with 
overhead video recording). Mice (n = 10/group) were 
gently placed in the central grid and allowed to explore 
freely. In the OFT, the total distance traveled was ana-
lyzed for 10 min using video-tracking software.

2.5 � Tissue Collection
After the behavioral tests were completed, mice were 
anesthetized and sacrificed. Some mice underwent 
rapid removal of the hippocampus and prefrontal 
cortex (PFC) from the brains. The hippocampi and 
PFC were dissected and stored at −  80ºC for western 
blotting analysis. The remaining mice in each group 
were anesthetized using diethyl ether and were per-
fused with phosphate-buffered saline, followed by 4% 

paraformaldehyde solution. Collected brains were sub-
sequently submerged in 4% paraformaldehyde for 24 h 
at 4ºC and transferred to a 20% sucrose solution. The 
brains were stored at -80ºC for immunohistochemical 
analysis.

2.6 � Western Blot
Hippocampal and PFC tissues were homogenized in 
1 × RIPA buffer (Pierce Biotechnology, IL, US). The 
homogenate was centrifuged at 12,000 × g for 15 min at 
4ºC, and the supernatant was collected. Proteins were 
quantified using the BCA protein assay kit (Pierce Bio-
technology). The protein extract (40 µg per lane) was 
loaded onto 12% sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (SDS-PAGE) gel followed by 
transferring onto polyvinylidene fluoride membranes 
(Millipore, Billerica, MA, USA). The membranes were 
incubated with the primary antibody (1:1000) against 
overnight at 4ºC. The membranes were then incubated 
with goat antimouse IgG or goat antirabbit secondary 
antibodies (1:5000) for one hour at room temperature. 
Immunoreactive bands were detected using an ECL kit 
(CAS number: 34577; Sigma-Aldirich). The blots were 
imaged using Davinch-Chemi (Celltagen, Seoul, Korea) 
and quantified using the ImageJ v.1.44 software (NIH).

Fig. 1  Intracerebroventricular Injection of STZ
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2.7 � RT‑PCR
RNA was extracted from the brain tissue soaked in TRI-
zol, and the concentration of RNA was determined using 
a NanoDrop machine. RT-PCR was performed to synthe-
size cDNA using the measured RNA concentrations. The 
RT-PCR sequences are listed in Table 1.

2.8 � Immunofluorescence (IF)
The tissue slides were air-dried for 1 h and then 
immersed in 1 × Tris–EDTA buffer (pH 9.0). Heating was 
carried out at 70–80 °C for 30 min for antigen retrieval. 
The slides were then rinsed with 1 × TBST and a circle 
was drawn around the tissue attached to the slide using 
a liquid blocking pen. The tissues were blocked using 
Dailuent (ScyTek Laboratories, CAS number: ADT999, 
USA) for 15 min. After dissolving the primary antibody 
“A” in Dailuent, process the tissue and incubate at 4 °C for 
24 h. The primary antibody “A” was diluted in diluent and 
applied to the tissue, followed by incubation at 4 °C for 24 
h. Wash with 1X TBST after primary antibody treatment. 
After washing with 1 × TBST, the secondary antibody 
was diluted in TBST and applied, followed by incubation 
for 20 min in the dark. Shake off the secondary antibody, 
treat with another primary antibody “B” and incubate at 
4 °C for 24 h. After discarding the secondary antibody, a 
second primary antibody “B” was applied and incubated 
at 4 °C for another 24 h. Similarly, wash after secondary 
antibody treatment, treat with Dailuent, cover slides, 
and check colocalization of “A” and “B” through fluo-
rescence microscopy. Finally, the sections were washed, 
treated with Dailuent, mounted with coverslips, and the 

colocalization of antibodies “A” and “B” was assessed 
using fluorescence microscopy.”

2.9 � Statistical Analysis
Data were assessed using one-way analysis of variance 
followed by Tukey’s post-hoc test comparisons for behav-
ioral and biochemical analyses. All results were expressed 
as means ± standard error of mean, p values < 0.05 were 
considered statistically significant, and all calculations 
were made using SPSS version 22.0 (Chicago, IL, USA).

3 � Result
3.1 � Body Weight Change
Body weight was maintained on day 11 at a level similar 
to the initial weight in all three STZ/Res groups com-
pared to the continuous increase in body weight in the 
sham group (Fig.  2). Data are expressed as mean ± SD. 
N = 10 per group.

3.2 � Effect of PLE on Memory and Learning Behavioral Test 
in STZ/Res Mouse Model

3.2.1 � Morris Water Maze Test
Time spent in the quadrant were significantly lower in the 
STZ/Res + veh group (p < 0.05) than in the Sham group. 
The DPZ-treated (p < 0.05) and PLE-treated groups 
(p < 0.05) increased to a higher level than the sham 
group, and the two values were similar (Fig. 3). Data are 
expressed as mean ± SD. N = 10 per group.

The Morris water maze test was performed to evaluate 
reference memory. The movement distance in the quad-
rant was significantly decreased in the STZ/Res + veh 
group (p < 0.001) compared to the sham group. In com-
parison, the movement distance increased significantly 
in the DPZ-treated group (p < 0.0001) compared to the 
sham group. In the PLE-treated group (p < 0.0001), the 
distance traveled was further increased compared to that 

Table 1  RT-PCR sequence

No Name Sequence (5’—> 3’) GenBank No

1 TNF-α(F) ATG​GCC​TCC​CTC​TCA​GTT​C NM_013693

2 TNF-α(R) TTG​GTG​GTT​TGC​TAC​GAC​GTG​

3 IL-6(F) AGT​TGC​CTT​CTT​GGG​ACT​GA NM_031168

4 IL-6(R) TCC​ACG​ATT​TCC​CAG​AGA​AC

5 GAPDH(F) TGG​GCT​ACA​CTG​AGC​ACC​AG NM_008084

6 GAPDH(R) GGG​TGT​CGC​TGT​TGA​AGT​CA

7 Lipocalin-2(F) ATG​TCA​CCT​CCA​TCC​TGG​TC AA087193

8 Lipocalin-2(R) CAC​ACT​CAC​CAC​CCA​TTC​AG

9 C1qa(F) CAG​TTT​GAT​CGG​ACC​ACG​GA NM_007572.2

10 C1qa(R) CAA​GCG​TCA​TTG​GGT​TCT​GC

11 C3(F) ACC​TTA​CCT​CGG​CAA​GTT​TCT​ NM_009778.3

12 C3(R) TTG​TAG​AGC​TGC​TGG​TCA​GG

13 C5aR(F) GAA​GCG​GCA​ACC​TGG​GGA​TGT​ NM_007577.4

14 C5aR(R) CGT​CTG​GCT​CGA​AGG​CTG​TCAC​

15 C8g(F) CCC​AGG​TCA​ATT​TCA​GTG​CT NM_027062.2

16 C8g(R) GGT​ACA​GGA​TGG​CAA​AGC​TC Fig. 2  Body weight changes in 11 days
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in the DPZ-treated group (Fig. 4). Data are expressed as 
mean ± SD. N = 10 per group.

3.3 � Y‑Maze Test
The Y-maze test results confirmed that the move-
ment time in the quadrant was significantly reduced 
in the STZ/Res + veh group compared to that in the 
sham group. In comparison, the STZ/Res + DPZ group 
increased to a higher level than that in the sham group. 
In addition, the PLE-treated group showed a significant 
increase compared to the STZ/Res + DPZ group(p < 0.05) 
(Fig.  5). Data are expressed as mean ± SD. N = 10 per 
group.

3.4 � Effect of PLE on Depression‑like Behavior Test in STZ/
Res Mouse Model

3.4.1 � Open Field Test
The OFT was performed to evaluate whether the treat-
ments affected the motor function of each group. There 

was no significant difference in the total distance trave-
led between the groups in the OFT (Fig.  6). Data are 
expressed as mean ± SD. N = 10 per group.

3.4.2 � Forced Swim Test
FST were performed to explore the effect of recovery 
on depression-like behavior in STZ/Res mice. In the 
FST, immobility was found to be increased in the STZ/
Res + veh group (p < 0.05) compared to the sham group 
and significantly decreased in the STZ/Res + DPZ group 
(p < 0.0001). There was a greater reduction in the immo-
bility time in the STZ/Res + PLE group (p < 0.0001) than 
in the STZ/Res + DPZ group (Fig. 7). Data are expressed 
as mean ± SD. N = 10 per group.

3.4.3 � Tail Suspension Test
In the TST, the immobility time of the vehicle group was 
significantly increased compared to that of the sham 
group (p < 0.01), and the immobility time of the DPZ-
treated group was significantly decreased compared to 
that of the sham group (p < 0.0001). Immobility was sig-
nificantly reduced in the PLE-treated group compared 

Fig. 3  Time spent in target quadrant of the Morris water maze test

Fig. 4  Distance traveled in target quadrant of the Morris water maze 
test

Fig. 5  Spontaneous alternation in Y-maze test

Fig. 6  Distance in zone of the OFT
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to the DPZ-treated group (p < 0.0001) (Fig.  8). Data are 
expressed as mean ± SD. N = 10 per group.

3.5 � Efficacy of PLE and DPZ on AD‑Related Markers
3.5.1 � Efficacy of PLE and DPZ on Amyloid β Protein
The Aβ protein level was significantly increased in STZ/
Res + veh group (p < 0.001) compared to the sham group. 
In contrast, the protein expression level of Aβ was sig-
nificantly decreased in STZ/Res + DPZ (p < 0.001) and 
PLE treatment group (p < 0.0001) was lower than the 
STZ/Res + DPZ group (Fig.  9). Data are expressed as 
mean ± SD. N = 10 per group.

3.6 � Efficacy of PLE and DPZ on Tau (AT180/AT8) Protein.
To determine the effect of PLE on the hyperphospho-
rylation of tau protein, western blots for AT180 and 
AT8 were performed (Fig.  10). Data are expressed as 
mean ± SD. N = 10 per group.

In the STZ/Res + veh group (p < 0.05), AT180 was sig-
nificantly higher than that in the sham group. AT180 

relative intensity was significantly reduced in the STZ/
Res + DPZ and STZ/Res + PLE groups (p < 0.01). The 
PLE-treated group showed lower AT180 levels than the 
DPZ-treated group.

Similarly, in the case of AT8, a significantly higher rela-
tive intensity was observed in the STZ/Res + veh group 
(p < 0.01) than in the sham group. AT8 levels decreased in 
the STZ/Res + DPZ (p < 0.05) and STZ/Res + PLE(p < 0.01) 
groups, with the PLE-treated group showing lower levels 
than the DPZ-treated group(p < 0.01).

3.6.1 � Efficacy of PLE and DPZ on TNF‑α
The level of TNF-α in the prefrontal cortex was signifi-
cantly increased in the STZ/Res + veh group compared to 
the sham group (p < 0.05). TNF-α decreased in the DPZ-
treated group (p < 0.01) and PLE-treated group decreased 
to a lower level (p < 0.001) compared to the DPZ-treated 
group. It can be inferred that PLE played a role in the 
recovery of increased TNF-α in the prefrontal cortex 
(Fig.  11). Data are expressed as mean ± SD. N = 10 per 
group.

3.7 � Efficacy of PLE and DPZ on Colocalization of LCN2 
with GFAP and Iba‑1 in PFC

The expression levels of LCN2 and GFAP, an astro-
cyte marker, were increased in the STZ/Res + veh group 
compared to the sham group. The colocalization of 
LCN2 with GFAP was significantly increased in the 
vehicle group, reduced in the DPZ group, and markedly 
decreased in the PLE-treated group. LCN2 colocalization 
with Iba-1, a microglial marker, showed a slight increase 
in the vehicle group and was reduced in both DPZ and 
PLE groups. While Iba-1 is specific to microglia, its colo-
calization with LCN2 appeared less distinct than with 
GFAP. Immunofluorescence was performed using stand-
ard double-labeling protocols with appropriate primary 

Fig. 7  Immobility time of the FST

Fig. 8  Immobility time of the TST

Fig. 9  The Amyloid β (Aβ) protein level measured by ELISA at 450 
nm absorbance
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and secondary antibodies, followed by confocal imag-
ing (Fig. 12). Representative images from each group are 
shown; immunofluorescence was performed on brain tis-
sue from n = 10 mice per group.

4 � Discussion
The prevalence of depression is high in people with Alz-
heimer’s disease, and depression can lead to serious cog-
nitive impairment [28]. However, the effectiveness of this 
treatment for coexisting memory deficits and depressive 
behaviors is unclear. Therefore, it is particularly impor-
tant to identify the biological mechanisms underlying the 
coexistence of AD and depression and to identify novel 
and effective treatments. In this study, we experimentally 

demonstrated that PLE, an herb with anti-inflammatory 
and antidepressant effects, improves learning and mem-
ory deficits, as well as depression-like behavior in an 
STZ/RES-induced mouse model.

Piper longum, a fruit of the pepper family, has long 
been used in traditional medicine [29]. In addition to 
being used in cooking, it has antioxidant, anticancer, anti-
inflammatory, antianxiety, antidepressant, and neuropro-
tective effects [21]. As with the known anti-inflammatory 
and antidepressant effects of piper longum and its com-
ponents, similar clinical effects were obtained in both 
cognitive impairment and restraint stress in the STZ/
RES mouse model. In the current study, experiments 
were conducted on the effects of PLE on regulatory fac-
tors such as Aβ, tau protein, TNF-α, and LCN-2, which 
cause cognitive impairment in AD [30]. In addition, the 
clinical effects of depressive behavior were tested using 
the OFT, FST, and TST, which confirm chronic restraint 
stress [27].

According to the previous studies, piperine, one of 
the main active molecules in Piper longum, improves 
cognitive function and restores neurotransmission in 
SZT-induced AD [31]. Studies have shown that piper-
ine attenuates the increase in IL-6 and TNF-α levels and 
that it regulates anti-inflammatory cytokines in the hip-
pocampus [32]. Additionally, piperine and black pepper 
fruit essential oils have been reported to have strong anti-
depressant effects in depressive behavioral studies such 
as the FST, TST, and OFT [33, 34]. In patients at high 
risk for major depressive disorder, anxiety and depression 
scores were significantly reduced in patients treated with 
piperine-containing curcuminoids [35]. This is consist-
ent with the current research results showing that piper 

Fig. 10  Relative intensity of A AT180, and B AT8 compared to total tau

Fig. 11  The level of TNF-α at absorbance 450nm
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longum had a positive effect on improving not only cog-
nitive impairment but also antidepressant behavior.

In AD, the soluble portion of Aβ is involved in hyper-
phosphorylation of tau [36]. Aβ induces hyperphos-
phorylation of tau, increasing the glutamate release and 
enhancing long term depression induction [37]. Stud-
ies have shown that black pepper consumption reduces 
cholinesterase levels and amyloid plaque formation, pro-
vides neuroprotection, and improves memory function 
[38–40]. In accordance with the previous studies on the 
association between these two key pathological proteins, 
we confirmed the regulatory effect of PLE on Aβ levels 
and hyperphosphorylation of tau [41].

Ethanolic PLE inhibit neuroinflammation through vari-
ous mechanisms [42]. This may affect cognitive changes 
and reduce the incidence of neurological disorders, 
in which inflammation is a key factor [43]. TNF-α, an 
inflammatory cytokine marker, is associated with AD 
because it can impair neurological function [44]. It is 
known to be a multifactorial cytokine that acts by induc-
ing apoptosis through TNF-α receptor 1 or activating 
inflammatory survival genes of TNF-α receptor 2 [45]. 
According to studies, ethanolic Piper nigrum and piper 
longum extract had anti-inflammatory effects and inhib-
ited the expression of cytokines Interleukin-4(IL-4), IL-6, 
IL-1β, and TNF-α [46, 47]. Piperine also reduced the lev-
els of proinflammatory cytokine TNF-α expression [48].

Previous studies have reported increased cytokine pro-
duction and oxidative stress following ICV-STZ injec-
tion [49]. Piperine attenuates the oxidative stress induced 
by ICV-STZ injection and promotes the production of 
anti-inflammatory cytokines [50]. Recently, piperine 

treatment has been shown to improve STZ-induced 
cognitive impairment and restore hippocampal neuro-
transmission [51]. Piperine attenuated the expression 
of inflammatory cytokines IL-1β, IL-6, and TNF-α, and 
significantly increased anti-inflammatory cytokines IL-4 
and IL-10 in the STZ-injected AD mouse model [52]. 
These actions of piperine strongly suggest that it may 
contribute to improvements in cognitive function.

LCN2 is an inflammatory protein that functions in 
Central Nervous System (CNS) cell death, survival, and 
migration by upregulating the secretion of mediators, 
such as chemokines, in the brain [53]. LCN2 is secreted 
by glia under various conditions and studies have shown 
that TNF-α signaling in astrocytes is associated with 
LCN2 expression [54]. Studies have shown that TNF-α 
stimulates LCN2 and protects human prostate cancer 
cell line PC-3 from apoptosis [55]. LCN2, released by 
astrocytes regulates cellular functions, affecting neuro-
inflammation, neurodegeneration, cognitive impairment, 
neuronal health, and synapses [56]. LCN2 is a key marker 
of neuroinflammation associated with sporadic AD and 
chronic restraint stress [13, 57]. Studies have shown 
that the absence of LCN2 causes behaviors such as anxi-
ety and depression, and impairs cognitive function [58]. 
This suggests that LCN2 may act as a central regulator of 
emotional and cognitive behavior.

Several studies have shown that piper longum and 
its active ingredients, piperine and piperlongumin, are 
effective in improving depression and suppressing AD 
neuroinflammation in geriatric neurological diseases 
[50]. However, little is known about the effects of piper 
longum on LCN2-mediated neuroinflammation [57]. In 

Fig. 12  Representative immunofluorescence images showing the colocalization of LCN2 with GFAP A and Iba-1 B in the prefrontal cortex
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this study, immunofluorescence colocalization increased 
when LCN2 merged with GFAP and Iba-1, decreased 
in the PLE-treated group. These results indicate that 
PLE can be an effective therapeutic agent for improv-
ing cognitive function and depressive behavior caused 
by LCN2-mediated neuroinflammation. However, since 
the current study only included representative fluores-
cence, future work would be better served by including 
quantitative analysis, such as integrated density or area 
fraction, would provide more objective support for our 
conclusions.

Patients with AD are usually prescribed acetylcho-
linesterase inhibitors N-methyl-D-aspartate antagonists 
[59]. DPZ is a representative acetyl-cholinesterase inhibi-
tor widely used to reduce symptoms [60]. Although these 
drugs have side effects such as nausea, vomiting, diar-
rhea, and insomnia, they are currently used as treatments 
for Alzheimer’s disease [61]. A previous study suggested 
that a traditional formulation containing Piper longum 
L. could be developed for the treatment for AD patients 
with AD. The study showed that intake of combination 
treatment improved memory impairment in the brain of 
Tg-APPswe/PS1dE9 mice and suppressed Aβ levels and 
plaque deposition as much as the DPZ treatment group 
[62]. In an efficacy comparison, the combination drug 
was more effective in protecting against Aβ-induced cell 
death than of the piper longum alone group and the DPZ 
group.

However, DPZ treatment focuses on AD, and it is dif-
ficult to discuss the effects of DPZ on comorbid diseases 
such as AD and depression. In the current study, we set 
up an experiment compared the effects of PLE and DPZ 
treatment in an STZ/RES-induced mouse model. The 
PLE group showed better results than the DPZ group. 
Compared to DPZ, PLE showed remarkable improve-
ment in AD incidence factors and depressive behavior 
experiments. Therefore, the potential use of PLE as a nat-
ural pharmacological agent for AD prevention and treat-
ment can be confirmed.

In the current study, we focused primarily on the time 
spent and distance traveled in the target quadrant as pri-
mary indicators of spatial memory. Unfortunately, data 
on escape latency and swimming paths were not recorded 
in a format suitable for presentation. We acknowledge 
that inclusion of such parameters would have provided a 
more comprehensive assessment of spatial learning.

As mentioned above, Piper longum consists of various 
bioactive components [63]; however, the detailed alka-
loid components could not be distinguished and used in 
this experiment. In future studies, it will be necessary to 
analyze which alkaloids are more effective for AD and 
depression comorbidities. Additional studies are needed 
to compare the efficacy of specific bioactive ingredients 

and PLE. As a potential treatment for the coexistence of 
AD and depressive behavior, the optimal effect of the PLE 
dose should also be considered in future studies.

5 � Conclusion
The objective of this study was to explore the efficacy 
of PLE on cognitive function and depression. We found 
that PLE improved not only learning and memory, but 
also depression-like behavior in STZ/RES mice, most 
likely through LCN2-mediated neuroinflammation. Bet-
ter results were obtained compared with the effectiveness 
of DPZ, which is a powerful treatment for AD. Therefore, 
PLE can be used as a therapeutic agent for comorbid 
memory deficits and depression.

Abbreviations
Aβ	� β-Amyloid
AD	� Alzheimer’s disease
CNS	� Central Nervous System
DPZ	� Donepezil
DPPL	� Dihydropiperlonguminine
FST	� Forced Swim Test
GFAP	� Glial Fibrillary Acidic Protein
Iba-1	� Ionized Calcium-Binding Adaptor Molecule 1
ICV	� Intracerebroventricular Injection
IF	� Immunofluorescence
LCN2	� Lipocalin2
MTDLs	� Multi-target directed ligands
OFT	� Open Field Test
PC-3	� Prostate cancer cell line
PFC	� Prefrontal Cortex
PLE	� Piper Longum Extract
PPL	� Piperlonguminine (PPL)
PPR	� Piperine
Res	� Chronic Restraint Stress
STZ	� Streptozotocin
STZ/Res	� Streptozotocin/Chronic Restraint Stress
TNF-α	� Tumor Necrosis Factor-alpha
TST	� Tail Suspension Test
Veh	� Vehicle

Acknowledgements
This research was supported by a grant of the Korea Health Technology R&D 
Project through the Korea Health Industry Development Institute (KHIDI), 
funded by the Ministry of Health & Welfare, Republic of Korea (grant number: 
RS-2023-KH139116).

Author Contributions
HY Ha interpreted the data and contributed significantly to the writing of 
the manuscript text. SH Han performed the experiments and wrote Material 
and Methods text and Fig. 1 and Table 1.  SH Cho designed the experimental 
model and provided important ideas. All authors read and approved the final 
manuscript.

Funding
Not applicable.

Availability of Data and Materials
No datasets were generated or analyzed during the current study.

Declarations

Conflict of Interest
The authors declare no competing interests.



Page 11 of 12Ha et al. Innovations in Acupuncture and Medicine  (2025) 18:20	

Ethical Approval
This research was approved by the Institutional animal care and use commit‑
tee, Department of Neuropsychiatry in Korean Medicine, Kyung Hee University 
Medical Center, Seoul, Korea.

Consent to Participate
This research was approved by the Institutional animal care and use commit‑
tee, Department of Neuropsychiatry in Korean Medicine, Kyung Hee University 
Medical Center, Seoul, Korea.

Consent for Publication
Not applicable.

Author details
1 Department of Neuropsychiatry in Korean Medicine, Kyung Hee University, 
Seoul, Korea. 

Received: 29 March 2025   Accepted: 6 July 2025
Published: 22 August 2025

References
	1.	 Kazim SF, Seo JH, Bianchi R, Larson CS, Sharma A, Wong RK, et al. Neuronal 

network excitability in Alzheimer’s disease: the puzzle of similar versus 
divergent roles of amyloid β and tau. Eneuro. 2021. https://​doi.​org/​10.​
1523/​ENEURO.​0418-​20.​2020.

	2.	 Karkhah A, Saadi M, Pourabdolhossein F, Saleki K, Nouri HR. Indomethacin 
attenuates neuroinflammation and memory impairment in an STZ-
induced model of Alzheimer’s like disease. Immunopharmacol Immuno‑
toxicol. 2021;43(6):758–66.

	3.	 Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH. Mechanisms underly‑
ing inflammation in neurodegeneration. Cell. 2010;140(6):918–34.

	4.	 Chi S, Yu J-T, Tan M-S, Tan L. Depression in Alzheimer’s disease: epidemiol‑
ogy, mechanisms, and management. J Alzheimers Dis. 2014;42(3):739–55.

	5.	 Modrego PJ, Ferrández J. Depression in patients with mild cognitive 
impairment increases the risk of developing dementia of Alzheimer type: 
a prospective cohort study. Arch Neurol. 2004;61(8):1290–3.

	6.	 Sharan P, Vellapandian C. Hypothalamic-pituitary-adrenal (HPA) axis 
unveiling the potential mechanisms involved in stress-induced Alzhei‑
mer’s disease and depression. Cureus. 2024;16(8):67595.

	7.	 Zhan Q, Kong F, Shao S, Zhang B, Huang S. Pathogenesis of depression in 
Alzheimer’s disease. Neurochem Res. 2024;49(3):548–56.

	8.	 Zhang NK, Zhang SK, Zhang LI, Tao HW, Zhang G-W. The neural basis of 
neuropsychiatric symptoms in Alzheimer’s disease. Front in Aging Neuro‑
sci. 2024;16:2024.

	9.	 Burke AD, Goldfarb D, Bollam P, Khokher S. Diagnosing and treat‑
ing depression in patients with Alzheimer’s disease. Neurol Ther. 
2019;8(2):325–50.

	10.	 Youn JC, Lee DY, Jhoo JH, Kim KW, Choo IH, Woo JI. Prevalence of 
neuropsychiatric syndromes in Alzheimer’s disease (AD). Arch Gerontol 
Geriatr. 2011;52(3):258–63.

	11.	 Pinyopornpanish K, Chattipakorn N, Chattipakorn SC. Lipocalin-2: Its per‑
spectives in brain pathology and possible roles in cognition. J Neuroen‑
docrinol. 2019;31(10): e12779.

	12.	 Wei L, Du Y, Xie Y, Yu X, Chen H, Qiu Y. Lipocalin-2 regulates hippocampal 
microglial activation in poststroke depression. Front Aging Neurosci. 
2021;13: 798335.

	13.	 Vichaya EG, Gross PS, Estrada DJ, Cole SW, Grossberg AJ, Evans SE, 
et al. Lipocalin-2 is dispensable in inflammation-induced sickness and 
depression-like behavior. Psychopharmacol. 2019;236:2975–82.

	14.	 Donzis EJ, Tronson NC. Modulation of learning and memory by cytokines: 
signaling mechanisms and long term consequences. Neurobiol Learn 
Mem. 2014;115:68–77.

	15.	 Im H-I. Molecular and cellular substrates of neuroinflammation in Alzhei‑
mer disease and depression. Int Neurourol J. 2019;23(Suppl 2):S51–2.

	16.	 Maust DT, Kim HM, Seyfried LS, Chiang C, Kavanagh J, Schneider LS, et al. 
Antipsychotics, other psychotropics, and the risk of death in patients with 
dementia: number needed to harm. JAMA Psychiat. 2015;72(5):438–45.

	17.	 Zhang C, Wang L, Xu Y, Huang Y, Huang J, Zhu J, et al. Discovery of novel 
dual RAGE/SERT inhibitors for the potential treatment of the comorbid‑
ity of Alzheimer’s disease and depression. Eur J Med Chem. 2022;236: 
114347.

	18.	 Li Q, He S, Chen Y, Feng F, Qu W, Sun H. Donepezil-based multi-functional 
cholinesterase inhibitors for treatment of Alzheimer’s disease. Eur J Med 
Chem. 2018;158:463–77.

	19.	 Scott IM, Jensen HR, Philogène BJ, Arnason JT. A review of Piper spp. 
(Piperaceae) phytochemistry, insecticidal activity and mode of action. 
Phytochem Rev. 2008;7:65–75.

	20.	 Subramaniam K, Subramanian SK, Bhargav S, Parameswari R, Praveena R, 
Ravikumar R, et al. Review on potential antiviral and immunomodulatory 
properties of Piper Longum. IOP Conf Ser Mater Sci Eng. 2021;1145(1): 
012099.

	21.	 Balakrishnan R, Azam S, Kim IS, Choi DK. Neuroprotective effects of black 
pepper and its bioactive compounds in age-related neurological disor‑
ders. Aging Dis. 2023;14(3):750–77.

	22.	 Liu H, Luo R, Chen X, Liu J, Bi Y, Zheng L, et al. Tissue distribution 
profiles of three antiparkinsonian alkaloids from Piper longum L in rats 
determined by liquid chromatography–tandem mass spectrometry. J 
Chromatograph B. 2013;928:78–82.

	23.	 Agbor GA, Vinson JA, Sortino J, Johnson R. Antioxidant and anti-athero‑
genic activities of three Piper species on atherogenic diet fed hamsters. 
Exp Toxicol Pathol. 2012;64(4):387–91.

	24.	 Biswas P, Ghorai M, Mishra T, Gopalakrishnan AV, Roy D, Mane AB, Piper 
longum L., et al. A comprehensive review on traditional uses, phyto‑
chemistry, pharmacology, and health-promoting activities. Phytother Res. 
2022;36(12):4425–76.

	25.	 Wang H, Zhang F-f, Xu Y, Fu H-r, Wang X-d, Wang L, et al. The phosphodi‑
esterase-4 inhibitor roflumilast, a potential treatment for the comorbid‑
ity of memory loss and depression in Alzheimer’s disease: a preclinical 
study in APP/PS1 transgenic mice. Int J Neuropsychopharmacol. 
2020;23(10):700–11.

	26.	 Moreira AP, Vizuete AFK, Zin LEF, de Marques CO, Pacheco RF, Leal MB, 
et al. The Methylglyoxal/RAGE/NOX-2 pathway is persistently activated in 
the hippocampus of rats with stz-induced sporadic Alzheimer’s disease. 
Neurotox Res. 2022;40(2):395–409.

	27.	 Wang Q, Timberlake MA II, Prall K, Dwivedi Y. The recent progress in ani‑
mal models of depression. Prog Neuropsychopharmacol Biol Psychiatry. 
2017;77:99–109.

	28.	 Bains J, Birks J, Dening T. Antidepressants for treating depression in 
dementia. The Cochrane Database Syst Rev. 2002;4:CD003944CD.

	29.	 Yadav V, Krishnan A, Vohora D. A systematic review on Piper longum L. 
Bridging traditional knowledge and pharmacological evidence for future 
translational research. J Ethnopharmacol. 2020;247:112255.

	30.	 Naudé PJW, Nyakas CE, Eiden L, Ait-Ali D, Heide R, Engelborghs S, et al. 
Lipocalin novel component of proinflammatory signaling in Alzheimer’s 
disease. FASEB J. 2012;26(7):2811–23.

	31.	 Kumar S, Chowdhury S, Razdan A, Kumari D, Purty RS, Ram H, et al. 
Downregulation of candidate gene expression and neuroprotection by 
piperine in streptozotocin-induced hyperglycemia and memory impair‑
ment in rats. Front Pharmacol. 2021;11: 595471.

	32.	 Vaibhav K, Shrivastava P, Javed H, Khan A, Ahmed ME, Tabassum R, et al. 
Piperine suppresses cerebral ischemia–reperfusion-induced inflam‑
mation through the repression of COX-2, NOS-2, and NF-κB in middle 
cerebral artery occlusion rat model. Mol Cell Biochem. 2012;367(1):73–84.

	33.	 Dhifi W, Bellili S, Jazi S, Bahloul N, Mnif W. Essential Oils’ chemical charac‑
terization and investigation of some biological activities: a critical review. 
Medicines. 2016;3(4):25.

	34.	 Huang W, Chen Z, Wang Q, Lin M, Wu S, Yan Q, et al. Piperine potentiates 
the antidepressant-like effect of trans-resveratrol: involvement of mono‑
aminergic system. Metab Brain Dis. 2013;28(4):585–95.

	35.	 Lopresti AL. Potential role of curcumin for the treatment of major depres‑
sive disorder. CNS Drugs. 2022;36(2):123–41.

	36.	 Chen Y, Yu Y. Tau and neuroinflammation in Alzheimer’s disease: 
interplay mechanisms and clinical translation. J Neuroinflammation. 
2023;20(1):165.

	37.	 Taylor HB, Emptage NJ, Jeans AF. Long-term depression links amyloid-β to 
the pathological hyperphosphorylation of tau. Cell Rep. 2021. https://​doi.​
org/​10.​1016/j.​celrep.​2021.​109638.

https://doi.org/10.1523/ENEURO.0418-20.2020
https://doi.org/10.1523/ENEURO.0418-20.2020
https://doi.org/10.1016/j.celrep.2021.109638
https://doi.org/10.1016/j.celrep.2021.109638


Page 12 of 12Ha et al. Innovations in Acupuncture and Medicine  (2025) 18:20

	38.	 Mostafa NM, Mostafa AM, Ashour ML, Elhady SS. Neuroprotective effects 
of black pepper cold-pressed oil on scopolamine-induced oxidative 
stress and memory impairment in rats. Antioxidants. 2021;10(12):1993.

	39.	 Meixner M. Science-Backed Health Benefits of Black Pepper.
	40.	 Sharma H, Sharma N, An SS. Black pepper (Piper nigrum) alleviates oxida‑

tive stress, exerts potential anti-glycation and anti-AChE activity: a mul‑
titargeting neuroprotective agent against neurodegenerative diseases. 
Antioxidants. 2023;12(5):1089.

	41.	 Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson DW, et al. 
National institute on Aging–Alzheimer’s association guidelines for the 
neuropathologic assessment of Alzheimer’s disease: a practical approach. 
Acta Neuropathol. 2012;123(1):1–11.

	42.	 He H, Guo W-W, Xu R-R, Chen X-Q, Zhang N, Wu X, et al. Alkaloids from 
piper longum protect dopaminergic neurons against inflammation-
mediated damage induced by intranigral injection of lipopolysaccharide. 
BMC Comple Altern Med. 2016;16(1):412.

	43.	 Kumar S, Arya P, Mukherjee C, Singh BK, Singh N, Parmar VS, et al. Novel 
aromatic ester from Piper longum and its analogues inhibit expres‑
sion of cell adhesion molecules on endothelial cells. Biochemistry. 
2005;44(48):15944–52.

	44.	 Jayaraman A, Htike TT, James R, Picon C, Reynolds R. TNF-mediated neu‑
roinflammation is linked to neuronal necroptosis in Alzheimer’s disease 
hippocampus. Acta Neuropathol Commun. 2021;9(1):159.

	45.	 Ortí-Casañ N, Zuhorn IS, Naudé PJW, De Deyn PP, van Schaik PEM, Wajant 
H, et al. A TNF receptor 2 agonist ameliorates neuropathology and 
improves cognition in an Alzheimer’s disease mouse model. Proc Natl 
Acad Sci. 2022;119(37): e2201137119.

	46.	 Bui TT, Piao CH, Song CH, Shin HS, Shon DH, Chai OH. Piper nigrum 
extract ameliorated allergic inflammation through inhibiting Th2/Th17 
responses and mast cells activation. Cell Immunol. 2017;322:64–73.

	47.	 Phan UTT, Nguyen HD, Nguyen TKO, Tran TH, Le TH, Tran TTP. Anti-
inflammatory effect of Piper longum L. fruit methanolic extract on 
lipopolysaccharide-treated RAW 264.7 murine macrophages. Heliyon. 
2024;10(4):e26174.

	48.	 Rehman MU, Rashid S, Arafah A, Qamar W, Alsaffar RM, Ahmad A, et al. 
Piperine Regulates Nrf-2/Keap-1 Signalling and exhibits anticancer 
effect in experimental colon carcinogenesis in Wistar Rats. Biology. 
2020;9(9):302.

	49.	 Kamat PK, Kalani A, Rai S, Tota SK, Kumar A, Ahmad AS. Streptozotocin 
intracerebroventricular-induced neurotoxicity and brain insulin resist‑
ance: a therapeutic intervention for treatment of sporadic Alzheimer’s 
disease (sAD)-like pathology. Mol Neurobiol. 2016;53(7):4548–62.

	50.	 Siddiqui S, Khushtar M, Zafar A, Hasan SM, Arshad M, Ahmad MA, et al. 
Mechanism-based physiological effects of piperine: a review. Curr Phar‑
macol Rep. 2023;9(3):117–27.

	51.	 Fu M, Sun Z-h, Zuo H-C. Neuroprotective effect of piperine on primarily 
cultured hippocampal neurons. Biol Pharma Bull. 2010;33(4):598–603.

	52.	 Wang C, Cai Z, Wang W, Wei M, Kou D, Li T, et al. Piperine attenuates 
cognitive impairment in an experimental mouse model of sporadic 
Alzheimer’s disease. J Nutr Biochem. 2019;70:147–55.

	53.	 Song J, Kim OY. Perspectives in Lipocalin-2: emerging biomarker for 
medical diagnosis and prognosis for Alzheimer’s disease. Clin Nutr Res. 
2018;7(1):1–10.

	54.	 Kim J-H, Kwon O, Bhusal A, Lee J, Hwang EM, Ryu H, et al. Neuroinflam‑
mation induced by transgenic expression of Lipocalin-2 in astrocytes. 
Front Cell Neurosci. 2022;16: 839118.

	55.	 Schröder SK, Asimakopoulou A, Tillmann S, Koschmieder S, Weiskirchen 
R. TNF-α controls Lipocalin-2 expression in PC-3 prostate cancer cells. 
Cytokine. 2020;135: 155214.

	56.	 Lee S, Jha MK, Suk K. Lipocalin in the inflammatory activation of brain 
astrocytes. Criti Rev Immunol. 2015;35(1):77–84.

	57.	 Kim J-H, Kang RJ, Hyeon SJ, Ryu H, Joo H, Bu Y, et al. Lipocalin-2 Is a key 
regulator of neuroinflammation in secondary traumatic and ischemic 
brain injury. Neurotherapeutics. 2023;20(3):803–21.

	58.	 Ferreira AC, Marques F. The effects of stress on hippocampal neu‑
rogenesis and behavior in the absence of Lipocalin-2. Int J Mol Sci. 
2023;24(21):15537.

	59.	 Siddiqui AJ, Badraoui R, Jahan S, Alshahrani MM, Siddiqui MA, Khan 
A, et al. Targeting NMDA receptor in Alzheimer’s disease: identifying 
novel inhibitors using computational approaches. Front Pharmacol. 
2023;14:1208968.

	60.	 Birks JS, Harvey RJ. Donepezil for dementia due to Alzheimer’s disease. 
Cochrane Database Syst Rev. 2018;6(6):Cd001190.

	61.	 Li DD, Zhang YH, Zhang W, Zhao P. Meta-Analysis of randomized 
controlled trials on the efficacy and safety of donepezil, galantamine, 
rivastigmine, and memantine for the treatment of Alzheimer’s disease. 
Front Neurosci. 2019;13:472.

	62.	 Jeon S, Bose S, Hur J, Jun K, Kim Y-K, Cho KS, et al. A modified formula‑
tion of Chinese traditional medicine improves memory impairment and 
reduces Aβ level in the Tg-APPswe/PS1dE9 mouse model of Alzheimer’s 
disease. J Ethnopharmacol. 2011;137(1):783–9.

	63.	 Bao N, Ochir S, Sun Z, Borjihan G, Yamagishi T. Occurrence of piperi‑
dine alkaloids in Piper species collected in different areas. J Nat Med. 
2014;68(1):211–4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Efficacy of Piper Longum Extract in a Streptozotocin-Induced Mouse Model of Sporadic Alzheimer’s Disease Combined with Chronic Restraint Through Lipocalin-2-Associated Neuroinflammatory Mechanism
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Materials and Methods
	2.1 Reagents
	2.2 Animals
	2.3 Drug Administration
	2.4 Behavioral Tests
	2.4.1 Y-Maze Test
	2.4.2 Morris Water Maze Test
	2.4.3 Open Field Test(OFT)

	2.5 Tissue Collection
	2.6 Western Blot
	2.7 RT-PCR
	2.8 Immunofluorescence (IF)
	2.9 Statistical Analysis

	3 Result
	3.1 Body Weight Change
	3.2 Effect of PLE on Memory and Learning Behavioral Test in STZRes Mouse Model
	3.2.1 Morris Water Maze Test

	3.3 Y-Maze Test
	3.4 Effect of PLE on Depression-like Behavior Test in STZRes Mouse Model
	3.4.1 Open Field Test
	3.4.2 Forced Swim Test
	3.4.3 Tail Suspension Test

	3.5 Efficacy of PLE and DPZ on AD-Related Markers
	3.5.1 Efficacy of PLE and DPZ on Amyloid β Protein

	3.6 Efficacy of PLE and DPZ on Tau (AT180AT8) Protein.
	3.6.1 Efficacy of PLE and DPZ on TNF-α

	3.7 Efficacy of PLE and DPZ on Colocalization of LCN2 with GFAP and Iba-1 in PFC

	4 Discussion
	5 Conclusion
	Acknowledgements
	References


