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Picrorhiza kurroa Prevents Memory Deficits by Inhibiting NLRP3
Inflammasome Activation and BACE1 Expression in 5xFAD Mice
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Abstract
One of the most significant pathologies of Alzheimer’s disease (AD), an irreversible and progressive neurodegenerative disease
that causes cognitive impairment, is the neuroinflammation facilitating the accumulation of amyloid-β (Aβ) peptide. Hence, the
inhibition of abnormal neuroinflammatory response is considered a promising therapeutic approach for AD. Picrorhiza kurroa
Bentham, Scrophulariae (PK) is a medicinal herb that has been traditionally used for the treatment of various diseases, including
inflammation. This study aims to report the significance of PK treatment in markedly improving spatial learning memory and
dramatically decreasing Aβ levels in Tg6799 mice, also known 5xFAD mice, which have five familial AD (FAD) mutations.
Remarkably, these effects correlated with reversal of disease-related microglial neuroinflammation, as evidenced by shifting
microglia phenotypes from the inflammatory form to the anti-inflammatory form and inhibiting the nucleotide-binding oligo-
merization domain, leucine-rich repeat, and pyrin domain containing 3 inflammasome activity. Moreover, PK administration
induced silent information regulator type1/peroxisome proliferator-activated receptor-γ signaling, resulting in a decrease of β-
secretase 1 (BACE1) expression, which involved in Aβ production. Overall, this study suggests that PK exhibits a neuropro-
tective effect by inducing alternative activation ofmicroglia and downregulating the BACE1 expression, thereby ameliorating the
disease pathophysiology and reversing the cognitive decline related to Aβ deposition in AD mice.
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Introduction

Alzheimer’s disease (AD) is the leading progressive neurode-
generative disease affecting over 24million people worldwide
and is projected to affect almost 50 million people by 2030
[1]. AD is characterized by memory and cognitive dysfunc-
tion, although the underlying causes of these symptoms

remain unclear [2]. Amyloid-β (Aβ) is regarded as a crucial
factor in the pathogenesis of AD because Aβ plaques are
found in the brain of patients with AD [3]. Reportedly, the
behavioral symptoms of AD correlate with the Aβ accumula-
tion, which trigger the inflammation-related pathway, neuro-
nal damage, and synaptic loss [4]. To date, several studies
have indicated that neuroinflammation contributes to the AD
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pathogenesis; thus, therapeutic strategies aimed at manipulat-
ing this inflammatory cascade, including Aβ immunization
and modulation of microglial activation, which is expected
decrease the AD pathology.

Currently, Food and Drug Administration-approved drugs
for AD treatment are acetylcholinesterase inhibitors
(donepezil, rivastigmine, and glantamine) and glutamate re-
ceptor antagonist (memantine), which offer only symptomatic
treatment without disease-modifying effect [5]. However, no
effective treatment exists for AD to modulate neuroinflamma-
tion and prevent cell death. Hence, further research is warrant-
ed to develop AD-modifying therapeutic agent necessary to
decrease the AD pathology and enhance the cognitive
function.

Picrorhiza kurroa Bentham, Scrophulariae (PK) is a fa-
mous herb in the Ayurvedic system of medicine. Several stud-
ies have demonstrated that PK exhibits therapeutic effects on
several diseases through its antioxidant, anti-inflammatory,
antiallergic, hepatoprotective, choleretic, antiasthmatic, and
anticancerous properties [6]. Siddiqi et al. reported that PK is a
good anti-inflammatory and nephroprotective alternative medi-
cine for nimesulide toxicity [7]. In RAW 264.7 murine macro-
phages, PK extract suppressed nuclear factor-kappa light chain
enhancer of activated B cells (NF-κB) signaling induced by li-
popolysaccharide [8]. In addition, iridoid glycosides fraction
from PK exerted ameliorative effects on the renal toxicity and
peripheral neuropathy in cyclophosphamide-injected mice [9].
Reportedly, PK inhibited experimental arthritis by anti-
inflammatory and antioxidant activity [10]. In a clinical study,
PK decreases serum bilirubin and transaminases in patients with
viral hepatitis [11]. Despite its various pharmacological activities,
no study, to date, has assessed whether PK can affect memory
impairment or neuroinflammation induced by Aβ accumulation.
Hence, this study aims to scientifically assess the ability of PK on
Aβ pathology and elucidate the underlying mechanism of its
activity in five familial AD (5xFAD) transgenic mouse model
of AD.

Materials and Methods

We purchased thioflavin S (ThS), Triton X-100, paraformal-
dehyde (PFA) from Sigma-Aldrich (St. Louis, MO, USA). In
addition, RIPA buffer (89901) and protease and phosphatase
inhibitor cocktail (1861284) were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Polyvinylidene
difluoride (PVDF) was purchased from Millipore
(Burlington, MA, USA). A rabbit antibody against the glial
fibrillary acidic protein (GFAP; Z0334) was purchased from
Dako (Carpineria, CA, USA). A rabbit antibody against ion-
ized calcium-binding adaptor molecule-1 (Iba-1; 019-19741)
was purchased fromWako Chemical (Osaka, Japan). A rabbit
antibody against insulin-degrading enzyme (IDE; ab32216)

was purchased from Abcam (Cambridge, UK). A rabbit anti-
body against apoptosis-associated speck-like protein contain-
ing a carboxyterminal CARD (ASC; AG-25B-0006) was pur-
chased from AdipoGen Life Sciences (San Diego, CA, USA).
Moreover, Rabbit antibodies against silent information regu-
lator type 1 (SIRT1; 2028s), peroxisome proliferator-activated
receptor-γ (PPAR-γ; 2443s), and presenilin 1 (PS1; 5643s)
were purchased from Cell Signaling Technology (Danvers,
MA, USA). A mouse antibody against β-secretase1
(BACE1; MAB5308) was purchased from Millipore. A
mouse antibody against amyloid precursor protein (APP;
803001) was purchased from BioLegend (San Diego,
CA, USA). Mouse antibodies against nucleotide-binding olig-
omerization domain-like receptor family of protein 3
(NLRP3; AG-20B-0014-C100) and caspase-1 (AG-20B-
0042-C100) were purchased from AdipoGen Life Sciences.
Furthermore, a goat antibody against neprilysin (AF1126) was
purchased from R&D Systems (Minneapolis, MN, USA), and
β-actin (sc-47778HRP) and horseradish peroxidase (HRP)-
conjugated secondary antibodies were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Alexa Fluor second-
ary antibodies were purchased from Thermo Fisher Scientific.

Preparation and Standardization of PK

We purchased dried PK from Jungdo Herbal Drug Co. Ltd.
(Gyeonggi, Republic of Korea). PK was deposited in the her-
barium of the College of Pharmacy, Kyung Hee University
(Seoul, Republic of Korea). Dried PK was boiled with dis-
tilled water for 2 h, filtered, evaporated in a rotary vacuum
evaporator, and lyophilized to powder (yield, 13.60%). Then,
the powder was stored at – 20 °C and dissolved in the appro-
priated vehicle before each experiment.

Animals and Treatment

We purchased 5xFAD mice from The Jackson Laboratory
(Bar Harbor, ME, USA). For the experiments, we used male
and female wild-type (WT) and 5xFADmice of 5 months. All
mice were housed in plastic containers under constant temper-
ature (23 °C ± 1 °C), humidity (60 °C ± 10 °C), a 12-h light/
dark cycle, and free access to food and water. 5xFAD muta-
tions include APP KM670/671NL (Swedish), APPI716V
(Florida), APPV717I (London), PSEN1 M146L, and PSEN1
L286V, resulting in early and aggressive Aβ accumulation
related to neuroinflammation and memory deficits [12]. In
addition, PK at 200 mg/kg/day dissolved in saline (0.9%
NaCl) was orally administered using a Zonde (JD-S-124,
Jeung-Do Bio & Plant Co., LTD, Seoul, Republic of Korea)
for 8 weeks (Fig. 1a). In this study, all animal studies were
conducted in accordance with the “Principles of Laboratory
Animal Care” (NIH publication number 80-23, revised 1996)
and approved by the “Animal Care and Use Guidelines” of
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Kyung Hee University (approval number: KHUASP(SE)-17-
126-1).

Morris Water Maze Test

We performed theMorris water maze (MWM) task to evaluate
the spatial memory performance. The water maze was a white
tank (1.0-m diameter, 30-cm height) filled with water to a
depth of 20 cm (22–24 °C). We added white opaque nontoxic
paint to the water to hinder visibility. In addition, a submerged
Plexiglas platform (10-cm diameter; 6–8 mm below the sur-
face of the water) was located at a fixed position throughout
the training session. Notably, the position of the platform var-
ied from mouse to mouse while being counterbalanced across
experiment groups. In this study, all mice were habituated to
the maze 1 day before training, and all animals were subjected
to three trials per day. A training session comprised a series of
three trials per day for 7 consecutive days (total 21 trials). In
each of the three trials, animals were randomly placed at dif-
ferent starting positions equally spaced around the perimeter
of the pool. Mice were given 60 s to find the submerged
platform. If mice did not mount the platform within 60 s, it
was guided to the platform. The time to mount the platform
was recorded as the latency for each trial. All mice were
allowed to remain on the platform for 10 s before being

returned to a home cage. A single probe trial, in which the
platform was removed, was performed after the hidden plat-
form task had been completed (day 8). Each mouse was
placed into one quadrant of the pool and allowed to swim
for 60 s. All trials were recorded using a charge-coupled de-
vice camera connected to a video monitor and a computer.

Brain Tissue Preparation

After behavioral testing, all mice were anesthetized and killed.
Animals were immediately cardiac-perfused with 4% PFA in
phsphate buffer. After perfusion, brains of mice were re-
moved, postfixed overnight at 4 °C, and incubated in 30%
sucrose at 4 °C until equilibrated. Next, sequential 30-μm
coronal sections were cut on a freezing microtome (Leica,
Wetzlar, Germany) and stored at − 20 °C.

RNA Isolation and Quantitative Real-Time PCR

mRNA transcription of cytokines was analyzed by quantita-
tive real-time PCR (qRT-PCR). Using the Hybrid-R (GeneAll,
Seoul, Republic of Korea), we extracted the total RNA from
the hippocampus of mice and measured the concentration
using NanoDrop ND-1000 spectrophotometer. Next, RNA
samples (3 μg) were converted to cDNA using TOPscript

Fig. 1 Picrorhiza kurroa Bentham, Scrophulariae (PK) ameliorates
memory impairment in 5xFAD mice. (a) Protocol of the PK treatment
in 5xFAD mice. (b) Escape latencies of wild-type (WT) or 5xFAD mice
treated with saline or PK over 7 days (saline-treated WT mice, n = 15;
PK-treated WT mice, n = 11; saline-treated 5xFAD mice, n = 15; PK-
treated 5xFAD mice, n = 12). (c) Representative swimming paths on day

8 of training. (d–g) In probe trial day 8, spending time in the target
quadrant (d), crossing the platform number (e), swim speed (f), and total
distance (g) were recorded and analyzed. The statistical analysis included
the one-way analysis of variance and Tukey’s post hoc test. #P < 0.05
versus saline-treatedWTmice and *P < 0.05 versus saline-treated 5xFAD
mice. Values are mean ± standard error of the mean (SEM)
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RT DryMIX (Enzynomics, Daejeon, Republic of Korea). The
cDNA was subjected to qRT-PCR using TOPreal qPCR 2×
PreMIX (SYBR Green; Enzynomics) and the CFX Connect
Real -Time PCR System (Bio-Rad Labora tor ies ,
Hercules, CA, USA). Supplementary Table 1 describes
primers, synthesized at COSMO Genetech (Seoul, Republic
of Korea).

Western Blot Analysis

The hippocampus was isolated from saline-treated WT mice,
saline-treated 5xFAD mice, and PK-treated 5xFAD mice after
behavioral testing. Next, the hippocampus was weighed and
lysed in 10× volume of the RIPA lysis buffer plus protease and
phosphatase inhibitors. Then, equal amounts of protein sam-
ples (20 μg) in the sample buffer were subjected to sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred electrophoretically to immunoblotting PVDF
membranes. The membranes were then pretreated with
the blocking solution (5% skim milk, 0.1% Tween 20 in
Tris-buffered saline, TBS) for 1 h at room temperature
and reacted with primary antibodies in the blocking so-
lution overnight at 4 °C. Next, they were washed with a
washing solution (0.1% Tween 20 in TBS) five times
for 10 min each and reacted with HRP-conjugated sec-
ondary antibodies against mouse, rabbit, or goat IgG in
the blocking solution for 1 h at room temperature.
Then, the membranes were rewashed with the washing
solution five times for 10 min each. The protein signals
were detected by enhanced chemiluminescence reagent
(Bio-Rad Laboratories) and visualized by ChemiDoc
(Bio-Rad Laboratories). After that, we detected β-actin
in the same blot as an internal control for the normali-
zation of protein loading. The intensity of bands was
quantified using the ImageJ software (Bethesda, MD,
USA).

ELISA Analysis

We performed Aβ1–42 enzyme-linked immunosorbent assays
(ELISA) using fluorescent-based ELISA kits (Invitrogen,
Carlsbad, CA, USA) and appropriate Aβ standards based on
the manufacturer’s protocol. To extract insoluble faction, we
homogenized the hippocampus in guanidine buffer at a final
concentration of 50 mM Tris and 5 M guanidine HCl, pH 8.0.
Then, homogenates were mixed at room temperature for 4 h.
To obtain soluble faction, hippocampal samples were extract-
ed in RIPA buffer. Next, homogenates were diluted in
phosphate-buffered saline (PBS) containing 5% bovine serum
albumin (BSA), 0.03% Tween 20, and protease and phospha-
tase inhibitor cocktail. In this study, each Aβ standard and the
experimental sample were run in duplicate, and the results
were averaged.

Thioflavin S Staining

We incubated free-floating sections for 5 min at a concentra-
tion of 0.5% ThS dissolved in 50% ethanol, and then washed
two times with 50% ethanol for 5 min each and once with
distilled water for 5 min, and mounted with mounting
medium.

Immunofluorescence

We incubated free-floating sections for 1 h in PBS containing
5% normal goat serum, 2% BSA, and 0.4% Triton X-100. In
the same buffer solution, the sections were then incubated for
24 h in primary antibodies at 4 °C. For visualization, we de-
veloped the primary antibody by incubating with Alexa Fluor
488- or 594-conjugated secondary antibodies for 1 h at room
temperature. Images were captured with K1-Fluo confocal
microscope (Nanoscope Systems, Daejeon, Republic of
Korea).

Statistical Analysis

The results from three independent experiments are summa-
rized and presented as mean ± standard error of the mean
(SEM). Comparisons between two groups were performed
with Student’s t test. We performed statistical comparisons
among different assays using one-way ANOVA followed by
Tukey’s multiple comparison post hoc test and considered P <
0.05 as significantly different from the relative controls, as
indicated by an asterisk. All statistical analyses in this study
were performed using the GraphPad Prism 5.0 software
(Graph Pad Software Inc., San Diego, CA, USA). No signif-
icant difference between male and female mice in all analyses;
thus, data obtained from male and female mice were
combined.

Results

PK Treatment Enhances Cognitive Impairments
in 5xFAD Mice

To examine whether PK influences memory dysfunction in
5xFAD mice, saline- or PK-treated 5xFAD mice and their
WT littermates were tested usingMWM task, which is a wide-
ly used method to measure hippocampus-dependent learning
and memory of mice [13]. Figure 1a summarizes the protocol.
We assessed spatial memory by determining the escape time
in the hidden platform of three trials per day. In this study,
5xFADmice exhibited markedly impaired learning and mem-
ory compared with WT mice. However, we determined that
PK-administered 5xFAD mice exhibited markedly faster es-
cape times than saline-treated 5xFAD mice on day 7 (Fig.
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1b, c). In addition, representative navigation paths on day 8 of
training provided evidence that spatial learning acquisition
was impaired in 5xFAD mice that received saline compared
with PK-treated 5xFAD mice, which exhibited a navigation
pattern similar to WT mice (Fig. 1c). On day 8, we evaluated
the number of crossing platform, and time spent in the target
quadrant during 60 s to assess whether mice used a nonspatial
strategy to find the platform. We observed that the PK admin-
istration enhanced memory deficits without decreasing the
locomotor activity (Fig. 1d–g).

PK Treatment Decreases Aβ Burden
in the Hippocampus of 5xFAD Mice

We analyzed the Aβ deposition using ThS staining and 6E10
immunostaining in the cortex and hippocampus to investigate
whether memory improvements by the PK administration cor-
related with the Aβ pathology. We observed a marked reduc-
tion in the area occupied by the aggregated Aβ in the hippo-
campus of PK-treated 5xFAD mice compared with saline-
treated counterparts, and no significant changes were noted
in the cortex (Fig. 2a–d). In addition, the ELISA analysis
was performed to confirm that the staining results were an

accurate reflection of the quantitative change in brain Aβ
protein levels. The levels of Aβ 40 and 42 are elevated early
in dementia, and this change has been markedly correlated
with a cognitive decline. Some studies have reported Aβ 42
to be the most toxic Aβ isoform that elicits an immunological
response [14] and cognitive deficit [15]. In the present study,
the ELISA results demonstrated that the brain of PK-treated
5xFADmice had reduced significantly both soluble and insol-
uble Aβ 42 levels compared with those of saline-infused
5xFAD mice (Fig. 2e). Our data provide an unambiguous
evidence that PK prevents the formation of Aβ or clears the
Aβ deposits in the brain of the AD mice model.

PK Treatment Inhibits Microglia Activation
in the Hippocampus

Reportedly, neuroinflammation could contribute to the AD
pathology by promoting the Aβ generation and accumulation
[16]. To date, several studies have reported that PK could
decrease inflammatory responses [8, 10]. Thus, we assessed
whether PK could regulate neuroinflammation in AD mice.
Accordingly, we performed immunostaining using GFAP and
Iba -1 an t i bod i e s t o i nve s t i g a t e t h e change in

Fig. 2 Picrorhiza kurroa Bentham, Scrophulariae (PK) leads to reduce
Aβ pathology in the hippocampus of 5xFADmice. Brain sections from 7-
month-old mice were stained with thioflavin S (ThS) and anti-6E10 an-
tibody. (a) Representative images of ThS staining in the cortex and hip-
pocampus; scale bar, 100 μm. (b) The quantification of ThS-stained area
(n = 5–6 per group). (c) Immunofluorescence images of 6E10 staining in

the cortex and hippocampus; scale bar, 100 μm. (d) The quantification of
the 6E10-positive area (n = 5–6 per group). (e) Analysis of soluble and
insoluble Aβ1–42 levels from the mice hippocampus using ELISA kits (n
= 6 per group). The statistical analysis included the Student’s t test. *P <
0.05 and **P < 0.01 versus saline-treated 5xFAD mice. Values are mean
± standard error of the mean (SEM)
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neuroinflammation. PK did not affect GFAP expression
levels, suggesting that PK could not regulate the astrocyte
activation (Fig. 3a–d). However, Iba-1-positive cells were
markedly decreased in the hippocampus of PK-treated AD
mice than saline-infusedmice (Fig. 3e, f).We observed similar
results in the western blot analysis (Fig. 3g, h).

Microglia exhibit different phenotypes, either pro-
inflammatory or anti-inflammatory, based on the microenvi-
ronment [17, 18]. We examined pro-inflammatory cytokines
(TNF-α, IL-6, and IL-1β) and anti-inflammatory cytokines
(IL-4, IL-10, and FIZZ1) to investigate whether PK affects
the pro-/anti-inflammatory phenotypes in AD mice brain. As
anticipated, 5xFADmice exhibited elevated pro-inflammatory
cytokines levels compared with that of WT mice. Contrarily,
PK-treated mice exhibited marginally reduced TNF-α and IL-
6 levels (Fig. 4a, b) and markedly reduced IL-1β mRNA
expression and protein levels (Fig. 4c, d). In addition, anti-
inflammatory cytokines, such as IL-4, IL-10, and FIZZ1, in-
creased by PK treatment in 5xFAD mice (Fig. 4e–g). Overall,
these findings suggested that a decline of Aβ accumulation
after PK treatment could correlate with decreasing neuroin-
flammation by modulating microglia phenotypes.

PK Treatment Inhibits Inflammasome Signaling
in the Hippocampus

In this study, we observed that PK could decrease the mRNA
and protein expression levels of IL-1β. The maturity and se-
cretion of IL-1β depend on the activation of NLRP3
inflammasomes [19]. Thus, one possible mechanism underly-
ing pro-inflammatory cytokine inhibition is the suppression of
the activation of NLRP3 inflammasomes by PK. We first per-
formed the western blot analysis to examine the activation of

NLRP3 inflammasomes in 5xFAD mice; the results revealed
that the protein expression of NLRP3 in 5xFAD mice was
markedly increased compared with WT mice, but this protein
was markedly decreased by PK treatment. In addition, the
cleaved caspase-1 level was upregulated in 5xFADmice com-
pared with WT mice, but this was decreased in PK-treated
5xFADmice (Fig. 5a–d). Furthermore, ASC expression levels
did not differ between groups (Fig. 5c). These findings sug-
gest that PK blocked the release of IL-1β, a significant factor
of neuroinflammation by inhibiting the NLRP3 signaling plat-
form activity.

PK Treatment Reduces the BACE1 Expression
by the SIRT1–PPAR-γ Pathway

A reduction of Aβ deposits in 5xFADmice after PK treatment
could be attributed to an elevation of Aβ-degrading enzymes
(IDE and neprilysin) released by microglia. Accordingly, we
analyzed protein and mRNA levels of Aβ-degrading enzymes
to examine whether PK-induced phenotypic changes of mi-
croglia affect Aβ clearance; however, we did not detect dif-
ferences between groups (Fig. 6). Another possible cause of
Aβ reduction by PK could be associated with generating a
process of Aβ. We analyzed protein expression of APP,
PS1, and BACE1 to address whether PK affects Aβ process-
ing. We observed that the PK administration decreased
BACE1 mRNA and protein levels without changes in the
expression levels of APP and PS1 (Fig. 7). Reportedly, the
SIRT1–PPAR-γ pathway modulates the BACE1 expression
[20]. Hence, we assessed protein levels of these factors by the
western blot analysis. Furthermore, PK-treated 5xFAD mice
exhibited markedly elevated expression of SIRT1 and
PPAR-γ compared with saline-treated 5xFAD mice (Fig. 8).

Fig. 3 Picrorhiza kurroaBentham, Scrophulariae (PK) inhibits microglia
activation, but not the astrocyte activation in the hippocampus of 5xFAD
mice. Brain sections from 7-month-old mice were stainedwith anti-GFAP
(ant i -gl ia l f ibr i l la ry acidic prote in) and Iba-1 ant ibody.
Immunofluorescence images of GFAP (a) and Iba-1 (e) staining in the
hippocampus; scale bar, 100 μm. (b, f) The quantification of GFAP-
positive- and Iba-1-positive cell area (n = 4–6 per group). Mouse brain

lysates were analyzed for GFAP (c) and Iba-1 (g) levels using the western
blot analysis. The quantification of GFAP (d) and Iba-1 (h) levels (n = 5–
6 per group). The statistical analysis included the one-way analysis of
variance and Tukey’s post hoc test. ###P < 0.001 versus saline-treated
wild-type (WT) mice and *P < 0.05 versus saline-treated 5xFAD mice.
Values are mean ± standard error of the mean (SEM)
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These findings suggest that the inhibitory effect of Aβ de-
posits after PK treatment might be mediated by the downreg-
ulation of BACE1 through the induction of the SIRT1–
PPAR-γ pathway.

Discussion

Excessive neuroinflammation in AD is triggered by emerging
senile plaques and tau tangles and accelerate to more patho-
genesis of Aβ and tau protein themselves [21]. Human AD
brain samples from early stages expressed inflammatory cy-
tokines, including TNF-α, IL-6, and IL-1β [22]. Thus, de-
creasing neuroinflammation is one of the therapeutic strate-
gies to delay or relieve AD neuropathology [23]. Several stud-
ies have suggested the beneficial properties of PK in

preventing inflammation-mediated diseases [10, 24, 25]. In
addition, PK extracts exert an anti-inflammatory effect
through the suppress ion of NF-κB signal ing in
lipopolysaccharide-stimulated RAW 264.7 murine macro-
phages [8]. In cyclophosphamide-injected mice, iridoid gly-
cosides fraction of PK attenuates the renal toxicity and periph-
eral neuropathy by modulating PPAR-γ-mediated inflamma-
tory signaling [9]. However, the impact of PK on AD and
related mechanisms remain unknown. To the best of our
knowledge, this is the first study to demonstrate that PK ame-
liorates Aβ-associated pathology through anti-inflammatory
effects in 5xFAD mice.

Activated microglia induced by Aβ can release dan-
gerous factors, such as TNF-α, IL-6, and IL-1β,
resulting in pathological processes, which is a common
pathological characteristic of AD patients and animal

Fig. 4 Picrorhiza kurroa Bentham, Scrophulariae (PK) modulates mi-
croglia phenotypes in the hippocampus of 5xFAD mice. The inflamma-
tory (a–c) and anti-inflammatory (e–g) cytokines were measured in the
hippocampus with quantitative qRT-PCR (n = 5–6 per group). (d) The
protein level of IL-1βwas analyzed in hippocampus lysate by the ELISA

kit (n = 5–6 per group). The statistical analysis included the one-way
analysis of variance and Tukey’s post hoc test. ###P < 0.001 versus
saline-treated wild-type (WT) mice and *P < 0.05 and **P < 0.01 versus
saline-treated 5xFADmice. Values are mean ± standard error of the mean
(SEM)

Fig. 5 Picrorhiza kurroa Bentham, Scrophulariae (PK) inhibits the
NLRP3 inflammasome pathway in the hippocampus of 5xFAD mice.
(a) The western blot analysis of NLRP3, ASC, and caspase-1 (Casp1)
levels in the hippocampus of 7-month-old mice. (b–d) The quantification
of NLRP3 (b), ASC (c), pro-Casp1, and cleaved Casp1 (d) were

normalized to β-actin (n = 5–6 per group). The statistical analysis includ-
ed the one-way analysis of variance and Tukey’s post hoc test. #P < 0.05
and ##P < 0.01 versus saline-treated wild-type (WT) mice and *P < 0.05
and **P < 0.01 versus saline-treated 5xFAD mice. Values are mean ±
standard error of the mean (SEM)
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models [26, 27]. Based on the activated phenotypes,
microglia can release cytotoxic cytokines or neurotroph-
ic cytokines. In particular, Aβ-activated microglia final-
ly lead to neuronal loss [28]. Zhang and He reported
that modulating of microglia phenotypes attenuates Aβ
deposits and memory impairments in APP/PS1 mice

[29]. We observed that PK-administrated 5xFAD mice
had decreased pro-inflammatory factor, IL-1β, and ele-
vated anti-inflammatory cytokines, including FIZZ1, IL-
4, and IL-10. These findings suggest that PK restored
microglia homeostasis by regulating the homeostasis of
two phenotypes of microglia.

Fig. 6 Picrorhiza kurroa
Bentham, Scrophulariae (PK) do
not affect Aβ-degrading enzymes
expression in the hippocampus of
5xFAD mice. (a, b) The protein
expression of insulin-degrading
enzyme (IDE) (a) and neprilysin
(b) were determined by the west-
ern blot analysis (n = 5–6 per
group). (c, d) The mRNA ex-
pression of IDE (c) and neprilysin
(d) were measured by qRT-PCR
(n = 5–6 per group). The statisti-
cal analysis included the one-way
analysis of variance and Tukey’s
post hoc test. #P < 0.05 and ###P <
0.001 versus saline-treated wild-
type (WT) mice. Values are mean
± standard error of the mean
(SEM)

Fig. 7 Picrorhiza kurroa Bentham, Scrophulariae (PK) inhibits amyloid
precursor protein (APP) processing in the hippocampus of 5xFAD mice.
(a) The western blot analysis of APP, C99, and presenillin1 levels in the
hippocampus of 7-month-old mice. (b–d) The quantification of APP (d),
C99 (c), and presenillin1 (d) were normalized to β-actin (n = 5–6 per
group). (e) The mRNA of BACE1 was measured by qRT-PCR. (f) The
western blot analysis of Pro-BACE1 and BACE1 levels in the

hippocampus of 7-month-old mice. (g, h) The quantification of Pro-
BACE1 (g) and BACE1 (h) were normalized to β-actin (n = 5–6 per
group). The statistical analysis included the one-way analysis of variance
and Tukey’s post hoc test. #P < 0.05, ##P < 0.01, and ###P < 0.001 versus
saline-treated wild-type (WT) mice and *P < 0.05 and **P < 0.01 versus
saline-treated 5xFADmice. Values are mean ± standard error of the mean
(SEM)
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The NLRP3 inflammasome, a multiprotein complex that
includes NLRP3-recognizing harmful signals, adaptor protein
ASC, and pro-caspase-1 known to activate the protein of
inflammasome, is a crucial signaling mediator in the inflam-
matory activation [19]. NLRP3 is highly expressed in microg-
lia and is implicated in multiple chronic inflammatory dis-
eases as it can sense inflammatory crystals and aggregated
proteins, including Aβ [30]. A study recently reported that
genetic deficiency of NLRP3 inflammasome-related factors
ameliorates memory and behavior deficits in APP/PS1 mice.
In addition, NLRP3 and caspase-1 gene deficiency re-
sults in declined Aβ levels. Reportedly, the protein
levels of cleaved caspase-1 are elevated in the hippo-
campus and cortex of patients with AD compared with
controls [27]. In particular, mature IL-1β form is gen-
erated by the inflammasome, and a higher concentration
has been detected in the cerebrospinal fluid of patients
with AD [31–33]. Thus, several studies have investigat-
ed the inhibition of the NLRP3 inflammasome for AD
therapy. For example, Dempsey et al. reported that the
inhibition of the NLRP3 inflammasome using small
molecule enhances the clearance of Aβ and memory
function [34]. In a study, virgin coconut oil exhibited
positive effects on Aβ- and/or high fat-induced learning
and memory dysfunction by reducing mRNA levels of
NLRP3 inflammasome-related factors [35]. Furthermore,
pterostilbene decreased the inflammatory cytokine pro-
duction by inhibiting NLRP3/caspase-1 inflammasome
induced by Aβ1–42 in BV2 microglial cells [36]. This
study found that the protein expressions of NLRP3 and
caspase-1 were markedly increased in 5xFAD mice. The
PK treatment effectively reduced the levels of IL-1β,
which was attributed to the downregulation of NLRP3
protein and inhibition of caspase-1 activity. These find-
ings, as mentioned above, indicated that the decrease of
the microglia activation by PK might be associated with
its inhibition of the NLRP3 inflammasome activation.
However, the exact signaling mechanisms resulting in
inhibitory effects of the NLRP3 inflammasome by PK
warrant further elucidation.

The inhibition of neuroinflammation modulates APP pro-
cessing and Aβ clearance [37].We analyzedAβ protein levels
and deposition in the hippocampus and cortex of 5xFAD
mice to investigate the effects of PK on Aβ pathological
changes. The PK administration for 2 months decreased
the protein levels and plaque areas of Aβ in the hippo-
campus, but not in the cortex. We performed qRT-PCR
and western blot analysis to determine whether PK affect-
ed APP processing factors and Aβ-degrading enzymes
expression. Protein and mRNA levels of IDE and
neprilysin contributing to the Aβ degradation were not
changed in PK-treated 5xFAD mice compared with
saline-treated counterparts. In addition, amyloidogenic

processing of APP involves sequential cleavages by
BACE1 and γ-secretase at the N and C termini of Aβ,
respectively. The 99-amino-acid C-terminal fragment of
APP generated by the BACE1 cleavage can be internal-
ized and further processed by γ-secretase to produce Aβ
40/42. To date, several studies have indicated that the
neuroinflammatory reaction could contribute to the
BACE1 expression [16, 38]. Remarkably, this study dem-
onstrates that the PK administration downregulated the
protein level of the BACE1 protein expression in
5xFAD mice through the neuroinflammatory modulation
and that the decreased BACE1 expression could diminish
the Aβ formation. We further analyzed the SIRT1–
PPAR-γ signaling process, known to regulate BACE1,
to elucidate the mechanisms underlying the effects of
PK on the BACE1 expression [20]. Reportedly, PPAR-γ
agonists affect Aβ levels by modulating the BACE1 ex-
pression in the AD animal model [39]. Marwarha et al.
reported that leptin inhibits the BACE1 expression by the
activation of SIRT1 signaling in neuronal cells [40].
Similar to a previous study, PK could induce the
SIRT1–PPAR-γ pathway. Overall, these findings suggest
that PK can reduce Aβ levels through the regulation of
the BACE1 expression by the activation of the SIRT1–
PPAR-γ signaling pathway.

In conclusion, this study suggests that PK could rescue
cognitive impairment, decrease excessive neuroinflammation,
regulate microglia phenotype, and alleviate Aβ levels in
5xFAD mice. In addition, the mechanisms underlying the
therapeutic effects of PK in AD might involve the inhibition
of NLRP3 inflammasome-mediated microglia activation and
reduction of the BACE1 expression. The twin effects of PK in
inhibiting APP processing and NLRP3 inflammasome signals
result in alleviating cognitive deficits. Overall, this study pro-
vides strong evidence that PK could effectively interfere with
the AD progression.
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