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Abstract

Alzheimer’s disease, characterized by amyloid beta peptides and neurofibrillary tangles, is the most prevalent cause of demen-
tia. Nowadays, some novel medicines being developed have displayed more illustrious therapeutic efficacies in Alzheimer’s
disease. Recent studies have found andrographolide exhibiting therapeutic efficacy in a variety of Alzheimer’s disease models.
Andrographolide is a traditional herbal medicine compound extracted from Andrographis paniculata. Evidence has shown
that andrographolide reduces amyloid beta aggregation and suppresses neuroinflammatory response and synaptic dysfunction
by reversing the microglia-mediated production of pro-inflammatory cytokines as well as Alzheimer’s disease-associated
reduction in synaptic proteins. In the present review, the pharmacological effects of andrographolide are summarized and
its mechanism of action against Alzheimer’s disease is discussed to discover the possibilities of andrographolide for Alzhei-
mer’s disease prevention and therapy.
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Introduction

Andrographis paniculata (A. paniculata) is one of the tra-
ditional herbs (Fig. 1) used in China, South Asia, and East
Asia (Okhuarobo et al., 2014; Tan et al., 2017). Recent
reports have highlighted the anti-inflammatory effect of
andrographolide (AGP), a diterpenoid lactone and a major
component of A. paniculata (Kumar et al., 2014; Tan et al.,
2017). Figure 2 shows the chemical structure of AGP.

This medicine has been used to treat various disorders,
such as cancer, inflammation-related disorders, rheumatoid
arthritis, fever, respiratory infection, and diarrhea (Tran
et al., 2020). Table 1 shows the most anti-inflammatory
mechanisms and pharmacological effects of andrographolide
briefly in various diseases models. Multiple mechanisms of
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AGP, such as anti-oxidation (Tan et al., 2017), anti-inflam-
mation (Islam, 2017), anti-apoptosis, and pro-apoptosis
(Wang et al., 2019) develop into neuroprotective effects. In
addition, other molecules, such as nuclear factor-kB (NF-
kB) (Ding et al., 2017; Yang et al., 2017a, b; Yang et al.,
2017a, b), protein kinase B (Akt) (Chen et al., 2014), c-Jun
N-terminal kinase (JNK) (Yen et al., 2016), protein kinase
C (PKC) (Lu et al., 2012), and p38 (Yen et al., 2016), may
also lead to the neuroprotective effects of AGP.

In the latest research, the AGP in rat’s brain tissues was
examined (Bera et al., 2014; Zhao et al., 2018), suggesting
AGP’s ability to cross the blood-brain barrier (BBB) and
distribute into several regions of the brain.

Following that, more research has discovered the neu-
roprotective effects of AGP in the central nervous system
of Alzheimer’s disease (AD) and cognitive impairment of
rodent models (Das et al., 2017; Sani et al., 2019; Seo et al.,
2017; Serrano et al., 2014; Wang et al., 2004).

AD is one of the most prevalent forms of dementia,
distinguished by progressive neuropathological changes
in specific regions of the brain that preserve the memory
and cognitive functions, so the damage to this area results
in memory loss (Abedi et al., 2017; Selkoe, 2013; Tan
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Fig. 1 Andrographis paniculata a medicinal plant taxonomically
classified as: Kingdom- Plantae; Order Personales; Division- Angio-
sperma; Class- Dicotyledonae; Family- Acanthaceae; Genus- Andro-
graphis, and Species- paniculata
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Fig.2 Chemical structure of andrographolide

et al., 2017). To date, there is no effective treatment for
AD.

Researchers are trying to develop novel drugs with
more excellent therapeutic efficacies. Recently, AGP has
been shown to decrease multiple specific neuro pathologi-
cal markers in several different models of AD.

Details investigations about AGP’s pharmacological
properties may accelerate the development and applica-
tion of AGP in AD prevention and as a potential thera-
peutic agents. Therefore, this review summarizes and
discusses the recent findings on AGP’s pharmacological
properties in alleviating the symptoms of AD.

@ Springer

AGP ameliorates the cognitive and spatial
memory of different natural models of AD

AD is the most prevalent form of dementia. The disease is
characterized by progressive memory loss and neuropatho-
logical changes in specific regions of the brain that eventu-
ally lead to death (Selkoe, 2013). Of the natural products
available in the market, AGP seems to be the most suitable
candidate for treating and preventing the progression of
this neurodegenerative disease.

In recent years, several studies have examined the posi-
tive role of AGP in transgenic mouse AD models (Serrano
et al., 2014; Tapia-Rojas et al., 2015; Varela-Nallar et al.,
2015).

Octodon degus (degu) is recognized as a very valuable
AD model because of its accumulation of senile plaques
and neurofibrillary tangles. Besides, there is a 97.5%
homology between degus and human amyloid beta (AP)
peptide sequences (Rivera et al., 2016a, b). Moreover, the
most significant neuropathological hallmarks of AD will
develop in degus spontaneously after 3—4 years of age
(Inestrosa et al., 2015; Rivera et al., 2016a, b). In addition
to the above, some specific neuropathological hallmarks
of AD, such as the aggregation of AP peptides and phos-
phorylated tau proteins, develop naturally within degus
aged 12-36 months, indicating impairment in spatial
and object recognition memory and a decline in synaptic
function (Ardiles et al., 2012). Rivera et al. (20164, b)
investigated the effect of AGP (2 and 4 mg/kg) on the hip-
pocampus cognitive function and spatial memory in 56-
and 12-month-old degus. The authors conducted an open-
field trial to investigate the generic behavior of degus.
The results showed no significant differences between
the young (12 months) and the old degus (56-month old)
treated with the vehicle and the aged degus (56 months)
treated with AGP, suggesting that the degus have a normal
generic behavior.

The novel location recognition (NLR) and novel object
recognition (NOR) are used to investigate cognitive and
memory functions (Tarragon et al., 2014). Therefore, AGP
was tested on NLR and NOR to assess its cognitive func-
tion specifically recognition memory. Their findings from
NLR and NOR tasks showed a higher decline in spatial
working memory in the aged control (56-month old) degus
compared to the young control (12-month old) degus.
Moreover, a significant increase was observed in the spa-
tial working memory of the degus treated with AGP (both
2 and 4 mg/kg) (Rivera et al., 2016a, b).

The increase in the recognition index confirms the
recovery in recognition memory in both the NLR and NOR
experiments (Antunes and Biala, 2012); therefore, the
NLR and NOR findings indicated a significant recovery
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Table 1 Mechanisms of action and pharmacological effects of andrographolide in several different diseases models

Disease model

Mechanisms of action

Pharmacological effects

References

Ischemic stroke
Parkinson’s disease
Alzheimer’s disease

Inflammatory bowel disease

Rheumatoid arthritis

Type 1 Diabetes Mellitus

Multiple Sclerosis

Systemic lupus erythematosus

Hepatitis and Cirrhosis

Liver injury

Liver cirrhosis

Hepatitis C

Asthma

Asthma Steroid
Resistance

Chronic obstructive pulmonary
disease

Idiopathic Pulmonary Fibrosis

Atopic dermatitis

Psoriasis

1p38 MAPK/Nrf-2
|NK-kB activity

1p-GSK-3p
1p-catenin

1p38 MAPK
INF-kB activity

|CDK4
|HIF-la

| T-bet, RORyt
T GATA3

INF-kB activity

INF-kB activity

TPI3K/Akt/AP-1
1p38 MAPK/Nrf-2
| p-GSK-3p

1 p—c-Jun level
TPKA activation

JHIF-1a activity

1p38 MAPK/Nrf-2

INF-kB activity Cova-
lent bond with NF-xB
pS0

INLRP3 inflammasome

|PI3K/Akt

THDAC?2 level

TNrf2 activation

1STAT?3 activation

INF-kB activity

TmiR-218 level

INF-kB activity

|Rip2/NF-xB
Tautophagic
proteolysis of MyD88

INOX2, iNOS
1 HO-1

1SOD

TNO, MDA

Iphosphorylated tau, Ab

1COX2, iNOS, p-p65,

p-p38, IL-6, TNFa, IFNy, IL17A,
IL1p

|Bcl-2/Bax, MMP-1, MMP3, MMP-
9

1p21, p27, apoptosis, cytochrome c,
caspase-3 activation

{Insulitis, IFN-y, IL-2, Blood
glucose,

11L-10, TGF-B, Insulin level

|EAE symptoms

tTolerogenic ability of immature
DCs, Tregs

|SLE symptoms, anti-nuclear anti-
bodies, kidney damage

tImmature DCs, IkB-a

lipid peroxidation, ACP, ALP, GOT,
GPT, ALT, biliary excretion of
copper, ROS,

cytochrome c level, TNF-a, caspase
8 activation

1GSH, HO-1, GSTP, cAMP

| Neutrophil cell counts, TNF-a,
COX-2,VEGF,a-SMA, TGF-pR1

IHCV replication, NS3/4A protease
activity

1IFN-a responses, HO-1

|BAL cell counts, E selectin,
VCAM-1, Th2 cytokines, serum
1gE, mucus level, AHR,

TNF-a, IL-1f

JIL-27, AHR

IBAL cell counts, 8 isoprostane,
8-OHdG, 3-nitrotyrosine, IL-1f,
MCP-1, IP-10, KC,

IL-8, IL-6, TNF-a edema, MPO,
VCAM-1, VEGF

1GSH-Px, GR, GCLC, GCLM,
HO-1, GSH

|BAL cell counts, Ashcroft score,
hydroxyproline, TNF-a, TGF-f1,
o-SMA, MDA

1GSH/GSSG ratio, MMP-1/TIMP-1
ratio

|TSLP, IL-1p, caspase-1 activation

JIL-23, IL-6, IL-1B, CD80 and CD86
mRNA

(Yen et al., 2016)
(Zhang et al., 2014)
(Rivera et al., 2016a, b)

(Liu et al., 2014)

(Li et al., 2015; Yan et al., 2012)

(Zhang et al., 2013)

(Iruretagoyena et al., 2006)

(Kalergis et al., 2009)

(Lu et al., 2011; Mittal et al., 2016;
Roy et al., 2011; Singha et al., 2007;
Visen et al., 1993)

(Lee et al., 2014a, b)

(Lee et al., 2014a, b)

(Bao et al., 2009; Li et al., 2009; Peng
et al., 2016; Xia et al., 2004)

(Liao et al., 2016)

(Lietal., 2013; Yang et al., 2013; Zhu
etal., 2013a, b)

(Yin et al., 2015; Zhu et al., 2013a, b)

(Li et al., 2016)
(Shao et al., 2016)
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in the recognition memory based on the increased recogni-
tion index in the degus treated with AGP (both 2 and 4 mg/
kg). During the NLR sessions, the aged degus (control
and both AGP groups) spent more time exploring objects
compared to the young degus. Moreover, during the NOR
session, no differences were observed in the exploration
time of the groups, suggesting that the aged degus had
a similar motivation to explore objects with the young
degus. Hence, the differences observed were not affected
by this factor (Rivera et al., 2016a, b).

The spatial learning and memory processes of the degus
was also investigated via Barnes maze test, adapted from
previous research (Kumazawa-Manita et al., 2013; Rosen-
feld & Ferguson, 2014; Sunyer et al., 2007). The Barnes
maze showed the time of the first visit to the escape hole,
during training sessions progressively reduced in both the
young and aged groups over consecutive days. Interest-
ingly, the latency of the first visit significantly reduced in
the aged degus treated with AGP (both 2 and 4 mg/kg) in
comparison to the aged control degus. This finding shows
that the test phase significantly increased the latency time
for the degus treated with the vehicle to find the escape hole
compared to the young group. This suggest degraded long-
term memory retention in the older animals. In contrast,
both AGP concentrations improved the latency time in the
aged degus group. Both the AGP-treated groups were able
to find the escape hole within a similar timeframe as that of
the young degus treated with the vehicle. In addition, these
results were confirmed from the percentage of time spent in
the target quadrant, suggesting that the 2 and 4 mg/kg AGP
concentration managed to recover the spatial learning and
memory of the degus.

Rivera et al. (2016a, b)’s investigation into reference
and working memory errors during the 10 days of train-
ing unfolded a considerable effect, that is, a decline in the
number of errors made by all groups. Therefore, the AGP
treatment helped the animals to learn and use spatial cues to
find the escape hole. Moreover, the AGP treatment groups
showed a significant reduction in errors made compared to
the aged animal group.

The 56-month old degus treated with the vehicle failed to
move to a spatial-oriented strategy during the test phase or
by the end of training. This means that the aged animals had
varied attractional or cognitive abilities. Moreover, the aged
degus treated with AGP crossed using 3 strategies in the
first day of training and continued with a sequential search
throughout the last day of training and the test phases. The
aged degus treated with 2 and 4 mg/kg AGP used a combi-
nation of spatial strategies (Rivera et al., 2016a, b). Some
research has indicated that animals are inclined to change
their navigation strategy from accidental search to an effi-
cient and accurate spatial orientation search from beginning
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to the end of training (Harrison et al., 2006; Jasarevic€ et al.,
2011).

Rivera et al. (2016a, b)’s findings showed that the
56-month old degus treated with AGP (2 and 4 mg/kg), sig-
nificantly saved time and had enhanced efficiency in reach-
ing the escape hole. The aged degus group treated with AGP
2 mg/kg especially had the capacity to repair their atten-
tional or cognitive abilities. In summary, this result supports
the theory that the 56-month old animals had comparable
memory functions compared to the young animals, with the
same findings confirmed by Ming and Song (2005). Inter-
estingly, cognitive function was restored in the aged degus
group treated with AGP with results approximately similar
to the young degus group (Rivera et al., 2016a, b).

Serrano et al. (2014) found that AGP (Intraperitoneal (IP)
injection of 2 mg/kg of AGP) recovered the spatial memory
of ABPPswe/PS-1 double transgenic mice of different ages.

Toledo and Inestrosa (2010) and Pérez and Quintanilla
(2015) also noted a highly variable cognitive deficit asso-
ciated with the spatial memory of young APPPswe/PS-1
mice. The ABPPswe/PS-1 mice (7-month-old) represented
by an amended spatial memory model related with episodic
memory (memory flexibility) was more sensitive at detect-
ing hippocampal dysfunctions, as examined by Serrano et al.
(2014). The spatial memory performance of ABPPswe/PS-1
mice (12-month old) was assessed using a Morris water
maze test (MWM). The finding on the behavioral tasks
showed that fewer trials were required for the AGP-treated
APPPswe/PS-1 mice to attain the learning scale in com-
parison to the ApPPswe/PS-1 control mice (Serrano et al.,
2014).

The highest latency, which is consistent with hippocam-
pal dysfunction triggered by AP neurotoxic effects, was
found in ABPPswe/PS-1 mice (Pérez and Quintanilla, 2015).
The Serrano et al. (2014)’s results show that wild-type ani-
mals injected with the vehicle had normal escape latency
during training. However, AGP-treated ApPPswe/PS-1
mice showed significantly lower escape latency, similar to
the wild-type mice, proving that AGP can reduce the cogni-
tive impairment and enhance spatial memory performance
within two weeks’ training. The results illustrate the reduced
cognitive impairment in young and mature APPPswe/PS-1
transgenic mice treated with AGP.

Based on the consistent findings from the latest studies
showing specific AD hallmarks and a recovery of cognitive
functions and a decline in synaptic proteins, Serrano et al.
(2014) examined the synaptic plasticity of two groups of
7- and 12-month-old APPPswe/PS-1 mice with a long-term
potentiation (LTP) value in hippocampal CA3- CA1 trans-
mission, which is correlated to learning and memory func-
tion (Marsh and Alifragis, 2018; Palop and Mucke, 2010;
Pefa-Ortega, 2013).
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The results did not confirm LTP infusion in untreated
APPPswe/PS-1 mice of different ages; however, AGP showed
the capability to induce LTP in 7-month-old ApPPswe/ PS-1
mice, sustained for at least 1 h. Although there was no per-
ceived LTP in the untreated 12-month-old APPPswe/PS-1
group, the LTP infusion was reduced after the AGP treatment
in comparison to the 12-month-old ApPPswe/PS-1 model.
In addition, no LTP infusion was observed in the wild-type
animals treated with AGP (for both age groups). The findings
strongly suggest that the synaptic structure and function in the
APPPswe/PS-1 mice was protected by AGP and the induc-
tion of synaptic operation. Additionally, the synaptic construct
and function were unscathed so AGP was not needed (Serrano
etal., 2014).

Another study tested the effect of AGP (1 mg/kg AGP (i.p.),
3 times a week) on an AD model involving adult BALB/c male
mice, induced with Lipopolysaccharides (LPS) (i.p. 250 pg/
kg) for 1 week (Das et al., 2017). The study showed increased
working memory error (WME) after LPS administration using
aradial arm maze (ARM). The task was used to evaluate hip-
pocampus function and memory (ARM) (Brown and Giumetti,
2006; Sharma et al., 2010). The WME significantly increased
in LPS-injected mice on the 15th day of testing and onwards
compared to the control mice. Overall, the working memory
impairment, especially on days 10, 14, 18, 22, and 26 of the
test significantly decreased after the AGP treatment (Das et al.,
2017).

Overall, the neuroprotective actions of AGP and amelio-
rates the cognitive and spatial memory in different natural
models of AD, may be attributed to its regulatory effects on
pre- and postsynaptic proteins (Rivera et al., 2016a, b; Ser-
rano et al., 2014), reduction of nuclear factor kB (NF-kB) and
nuclear factor erythroid 2-related factor (Nrf2) activity (Xu
et al., 2019a, b; Yang et al., 2017a, b), and microglia inflam-
matory response (Gruber et al., 2011; Guo et al., 2012). It is
worth pointing out that there is no a single mechanism that can
be used to explain all of the pharmacological effects of AGP
in improvement of cognitive and spatial memory. This prop-
erty is in accordance with the basic characteristic of various
therapeutic drugs, which target different molecules in different
types of cells, thereby producing either therapeutic or detri-
mental effects. In future studies, researchers should focus on
the common targets or signaling pathways for the therapeutic
actions of AGP in hope of getting an in-depth insight into the
neuroprotective effects of AGP.

AGP recovers the synaptic functions
in the AD models

The primary trait of cognitive and memory impairment have
revealed with disruption of protein and synaptic function in
AD brain which are changed in transgenic AD models (Das

et al., 2017; Marcello et al., 2012; Rivera et al., 2016a, b;
Song et al., 2019). Recently, the combination of synapses
and the examination of pre- and postsynaptic proteins were
investigated across different experiments.

Rivera et al. (20164, b) performed a western blot to inves-
tigate pre- and postsynaptic proteins in the hippocampus of
degus mice. The data showed no consistent differences in
presynaptic proteins. Moreover, no changes were observed
for the synapsin (SYN) in young degus in comparison to old
degus treated with vehicle or in old degus treated with AGP
(only a slight change was observed with the dose of 2 mg/kg
AGP). The results showed a slight decrease in synaptophysin
(SYP) in the old animals, and AGP treatment did not show
any recovery effect for this decline. The vesicular glutamate
transporter 1 (VGIuT1) protein decreased in the old degus
and was partially recovered with 2 mg/kg and fully recov-
ered with 4 mg/kg AGP.

A clear decrease in postsynaptic proteins in the aged
degus was observed in comparison to young degus. Addi-
tionally, the N-methyl-D-aspartate (NMDA) receptor subu-
nit (GluN2A) was partially improved with 2 mg/kg AGP
and completely ameliorated with 4 mg/kg AGP, while an
opposite effect was observed for postsynaptic density 95
(PSD-95) (Rivera et al., 2016a, b).

Serrano et al. (2014) analyzed the synaptic protein
changes in the hippocampus and the cortex of ABPPswe/
PS-1 mice using an immunoblot test. Although the post-
synaptic proteins in the hippocampus of young ApPPswe/
PS-1 mice were significantly recovered after the AGP treat-
ment, the pre-synaptic protein level such as SYP and vesicle-
associated integral membrane protein (VAMP) were unal-
tered in the young ABPPswe/PS-1 hippocampus. The effect
of AGP on the synaptic protein level was also assessed in
12-month-old APPPswe/PS-1 mice. The results showed that
PSD-95 and GIuA2 levels increased but the level of SYP and
VAMP in the ABPPswe/PS-1 hippocampus was unaltered.
This finding verifies that it is feasible to recover specific
proteins associated with the transmission and postsynaptic
structure in advanced neurodegeneration models (Sheng and
Kim, 2011). Therefore, this result proves that AGP can pre-
vent postsynaptic protein reduction in young mice (7-month-
old) and further improve the synaptic protein level in adult
transgenic mice (Serrano et al., 2014).

Furthermore, Das et al. (2017) evaluated the effect of
AGP and LPS on the protein expression level of PSD-95
and SYN in the prefrontal cortex of old mature mice. The
evidence indicated that the expression of PSD-95 and SYN
was increased in the hippocampus of the mature mice in
comparison to the control group. Thus suggesting AGP’s
ability to compensate for the LPS effect.

According to these findings, inhibition of neuroinflam-
matory response via AGP may be a potential strategy for
AD treatment (Fig. 3). Moreover, it is unclear how AGP
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> Decrease of fEPSP, SYP,
vGluT1, GIuN2A, GIuN2B,
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Fig.3 This suggested outline displays the potential mechanisms and
protective effects of AGP in AD. A reduce in expression of SYP,
vGluT1, GluN2A, GIuN2B, PSD-95, shank and fEPSP, as well as
increase in GSK3p activity, which is properly induced by Ap aggre-

reduces NF-kB phosphorylation in Ap1-42-triggered micro-
glia. These issues should be resolved in future researches.

AGP reduces the activation of NF-kB
and Nrf2

The NF-kB is one of the most important transcription factors
in proinflammatory cytokine expression, which intervenes
in microglia-mediated A toxicity (Jones and Kounatidis,
2017; Shih et al., 2015).

Yang et al. (2017a, b) discovered the effects of AGP on
AP (1-42)-induced neuroinflammation. The results revealed
that AP (1-42) significantly reduced the inhibitory kappa
(IxB) level and the nuclear NF-kB p65 subunit in compari-
son to the control groups, suggesting NF-kB pathway activa-
tion. The findings also showed that pre-treatment with 5 pM
AGP blocked the changes in IkB and the nuclear NF-xB p65
subunit considerably. Therefore, the NF-kB activation in Ap
(1-42)-induced BV-2 cells and the primary microglia was
inhibited by the AGP treatment(Yang et al., 2017a, b).

An in vitro and in vivo study by Das et al. (2017) exam-
ined the anti-inflammatory effect of AGP on p-NFkB acti-
vation in LPS-induced mice in a western blot experiment.
The results demonstrated that the nuclear translocation of
p-NFkB-p65 increased significantly in the LPS-induced
adult brain and mixed primary glial in comparison to con-
trol groups. Further findings indicate that AGP decreased the
glial p-NFxB-p65 considerably, in comparison to the LPS
control group (Das et al., 2017).

Furthermore, the effect of AGP (0.5, 5, 12.5, 25 pM) on
the translocation of NF-kB in LPS (1 pg/ml) exposure BV2
microglia cells was investigated via confocal microscopy
(Xu et al., 2019a, b).

In this case, LPS exposure led to a significant accumu-
lation of NF-kB p65 in the nucleus; however, AGP (espe-
cially at 25 pM) significantly reduced the translocation of
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. Neuronal damage )

gation, may mediate the pathogenesis of neuronal damage in AD,
can be reversed by AGP treatment. The Ap-induced NF-kB phospho-
rylation and microglial over activation can be also inhibited by AGP
treatment

NF-kB in LPS-induced BV2 cells. The activation of Nrf2
was analyzed to further investigate the AGP anti-inflamma-
tory mechanism via immunocytochemical and western blot
experiments. The results demonstrated AGP (particularly
25 pM) significantly increasing the Nrf2 protein in com-
parison to the LPS control group. Additionally, the effect
of AGP on anti-oxidant protein heme oxygenase-1 (HO-1)
expression, which is directly connected to Nrf2-dependent
activation, was investigated in an RT-PCR experiment. The
results showed that AGP in concentrations of 12.5 pM and
25 pM increased the expression of HO-1 mRNA in compari-
son to the LPS control group (Xu et al., 2019a, b).

The effect of AGP treatment on Nrf2 protein was further
investigated (Seo et al., 2017) in the hippocampus HT22 cell
of mice. The expression model of nuclear Nrf2 was inves-
tigated via western blot. In this case, the AGP treatment
(10 pM) significantly upregulated Nrf2 and nuclear Nrf2
by 2.6 times and 3.4 times, respectively, compared to the
control cells. Additionally, the expression of Nrf2 in both the
cytoplasm and the nucleus was upregulated after the AGP
treatment, further enforcing the translocation of Nrf2 from
the cytoplasm to the nucleus. The expression of Kelch-like
ECH-associated protein 1 (Keapl, an cytoplasmic protein
which is important regulatory factor of the oxidative stress
signaling pathway) which is an inhibitory protein of Nrf2
(Motyl et al., 2018), was investigated in an immunocyto-
chemistry test, and the results showed no difference after
the AGP treatment. In brief, the Nrf2/Keap1-mediated HO-1
signaling pathway in mice hippocampal HT22 cells was acti-
vated after AGP treatment, as well as elevating the reduction
of intracellular AP42 peptides in BV-2cells, and inhibiting
the pNF-kB signaling pathway (Seo et al., 2017). Addition-
ally, AGP exhibited neuro-inflammation inhibitory activity.
Therefore, more investigations into the effect of AGP on
AD are needed.

Since the pNF-«xB signaling pathway activated by Ap42
and enforced inflammatory responses in microglial cells,
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further investigation was done to determine the effects of
AGP on pNF-«kB accumulation on microglial BV-2 cells
induced by 2.0 pg of AP42 and treated with 1 to 10 pM of
AGP. According to the findings, pNF-kB was accumulated
in the nucleus after BV-2 was induced by 2 pg of Ap42.
After AGP treatment, the nuclear level of pNF-kB (Ser536)
was reduced significantly (Seo et al., 2017). Mostly, the
pNF-kB RelA/p65-p50 heterodimer shifted to the nucleus
after diffusion from IxBa and phosphorylation at Ser536
(Matoba et al., 2014; Takeda et al., 2019). Seo et al. (2017)
showed that AGP treatment suppressed the pNF-xB accumu-
lation in the nucleus. However, the specific mechanism for
this case is not yet clear. Hence, further research and details
consideration of how AGP therapy modulates the pNF-xB
signaling pathway are required. Further, it is unclear how
andrographolide reduces NF-kB phosphorylation in AB1-
42-triggered microglia. Future studies can solve these issues.

AGP decreases the production
of inflammatory mediators

Pro-inflammatory mediators normally lead to neuronal loss.
Pro-inflammatory mediators, such as Nitric oxides (NO),
Tumor Necrosis Factor-o (TNF-o), Interleukin 1 beta (IL-
1B), and Prostaglandin E2 (PGE?2), could induce neurotoxic-
ity by increasing neuronal apoptosis, reducing synaptic func-
tion, and prohibiting neurogenesis (Soong and Liu, 2019).
Meanwhile, NO is released from glial cells and plays a cru-
cial role in the CNS inflammatory process. NO production
is enforced by the over activation of the nitric oxide synthase
(iNos) enzyme (Reis et al., 2017).

The immunofluorescence results in Das et al. (2017) indi-
cated that LPS significantly increased the iNos and cycloox-
ygenase-2 (COX-2) level in the prefrontal cortex of mice,
in comparison to the control groups. Moreover, the level of
NO was considerably upregulated in the LPS-induced cortex
primary glial cells.

Interestingly, the iNos and COX-2 expression in the
prefrontal cortex significantly decreased with AGP post-
treatment. The immunoblotting result showed that the iNos
level in primary cells downregulated significantly in com-
parison to the LPS control group. The LPS-induced iNos
mRNA expression was suppressed in the prefrontal cortex
of the adult animal. The immunofluorescence results indi-
cate that the rest of the microglia phenotype markers, such
as arginase 1 (Arg-1), were considerably upregulated in the
primary microglial culture. Another glia pro-inflammatory
mediator is TNF-a, which has a critical role in neurodegen-
eration, where the transforming growth factor beta (TGF-f)
and Interleukin 10 (IL-10) have shown anti-inflammatory
effects besides protecting neurons from inflammation and
degeneration (Subedi et al., 2020; Tobore, 2019). (Das et al.,

2017) and Lively and Schlichter (2018) demonstrated signif-
icant upregulation of TNF-a, while TGF-f and IL-10 levels
were downregulated in response to LPS exposure. Moreover,
Das et al. (2017) also showed that AGP treatment after LPS
administration reduced the TNF-a in both the translational
(24 and 48 h) and transcriptional level. On the other hand,
AGP treatment increased the TGF-f expression considerably
at both the translational and transcriptional levels, per the
ELISA and RT-PCR report. Additionally, AGP treatment
inhibited the IL-1p LPS deponent at 24-h time points for
both the translational and transcriptional levels. The IL-10
expression level in the mixed glial cells also increased after
AGP treatment compared to the LPS-induced group. Moreo-
ver, the effect of AGP on macrophage inflammatory protein
1(MIP1), which is known as chemokinetic, a proinflamma-
tory cytokine, and another central marker of neuroinflam-
mation, was evaluated. The result from the western blot
test demonstrated significant downregulation of the MIP1
expression level (Das et al., 2017).

Yang et al. (2017a, b) found that TNF-a, IL-1f, PGE2,
and NO proinflammatory mediators were generated with
microglia cells’ exposure to Af (1-42). The production of
TNF-a, IL-18, PGE2, and nitrite (an indicator of NO pro-
duction) increased significantly with BV-2 cells’ exposure
to 1 pM of AP (1-42) for 24 h. The significant inhibition of
TNF-a, IL-1p, PGE2, and nitrite production was revealed at
5 pM of AGP. These changes were the same in the primary
microglia. Therefore, the neuroinflammation induced by Af
(1-42) was inhibited with 5 pM of AGP, which proves the
neuroprotective effect of AGP (Yang et al., 2017a, b).

Recent studies have shown that iNOS and COX-2 pro-
duced NO and PGE2, respectively (Rubach et al., 2019;
Salvemini et al., 2013). The western blot result by Yang
et al. (2017a, b) demonstrated a few iNOS and COX-2 lev-
els derived from microglial cells without stimulation. The
expressions of iNOS and COX-2 protein were increased
significantly after administration of 1 pM of AP (1-42) for
24 h. The up-regulations of iNOS and COX-2 induced by A
(1-42) were dramatically inhibited after AGP treatment in
both BV-2 cells and primary microglia. The expression of
TNF-a, IL-1p8, COX-2, and iNOS mRNA levels, which were
induced by AP (1-42), was examined via real-time PCR to
further explore the responsible mechanism for the inhibi-
tory effect of AGP on pro-inflammatory production. The
results demonstrated that the pro-inflammatory production
at the transcriptional level was regulated negatively after
AGP treatment on A (1-42)-induced microglial cells (Yang
etal., 2017a, b).

Xu et al. (2019a, b) also showed reduced NO produc-
tion with AGP treatment in LPS-induced BV-2 cells. In the
in vitro study, MTT assay was used to exclude the cytotoxic-
ity of andrographolide on NO inhibition. The result showed
that AGP treatment did not change the cell viability of the
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BV-2 cells; however, the treatment improved the morpho-
logical variation of the BV-2 cells in a dose-dependent man-
ner. With increased AGP concentration, the LPS-induced
iNOS expression level gradually decreased. Additionally, the
iNOS gene expression was also downregulated after AGP
treatment. The TNF-a and Interleukin 6 (IL-6) production
level was considerably inhibited. The BV-2 cells exposed to
the highest concentration of andrographolide (25 pM) had
reduced secretion of IL-6. A destructive cascade event in
the neuro-inflammatory process is triggered by intracellular
ROS. Intracellular ROS can trigger a cascade of deleterious
events in the inflammatory process. The deleterious effects
of LPS were reduced with AGP pre-treatment(Xu et al.,
2019a, b).

In another study, a conditional medium was used to ana-
lyze the PGE2 and NO production level, revealing the effect
of AGP on inflammatory cytokines in microglial BV-2 cells
(Seo et al., 2017). As of the results, the IL-1p or IL-6 level
increased significantly and dramatically in the Ap42-induced
BV-2 conditional medium. The AGP treatment (10 pM) on
the BV-2 cells significantly reduced the level of IL-1p or
IL-6.

Recent studies have shown IL-1 as the main regula-
tor of neuroinflammation (Salmeron et al., 2019). Recent
studies also showed IL-1 as the main regulator of neuro-
inflammation (Salmeron et al., 2019). IL-1p is known as
a pyrogenic cytokine (Sun et al., 2019). It is also known
to increase IL-1P production in different brain regions of
AD patients (Italiani et al., 2018). Since, intracellular Ap
synthesis was regulated with increased IL-1p (Gray et al.,
2020; PSemeneckiené et al., 2019), it is crucial to decrease
the levels of IL-1p secretion in AP42-induced BV-2 cells.

Overall, these findings are in line with a previous findings
that AGP can destabilize iNOS protein, and illustrated that
the anti-AD mechanism of AGP may be different from that
of traditional anti-inflammatory agents. Since both NO and
PGE2 play Key roles in AD [87], researchers should further
appraise whether the anti-AD effect of AGP is dependent on
NO and/or PGE2 inhibition in future studies.

AGP decreases Tau phosphorylation in AD
models

One of the most critical and earliest hallmarks of AD is
the tau protein, particularly in its phosphorylated form (Al-
Hilaly et al., 2017). The tau protein plays a crucial role in
elevating microtubule assembly, and stabilizing and pro-
tecting neuron morphology. Additionally, a critical fac-
tor of memory impairment in the prefrontal cortex is the
hyper-phosphorylation of tau protein (Chong et al., 2018).
Rivera et al. (2016a, b) examined the effect of AGP on the
tau phosphorylation level in the hippocampus of degus mice.
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Therefore, the level of Thr205-Ser202 (ATS8), Thr231 and
Ser235 phosphorylation was investigated. The results for the
aged degus showed that the phosphorylation of these resi-
dues was increased. In fact, the tau epitopes phosphoryla-
tion, meaning that Ser235 and Thr231 decreased completely
after AGP treatment (2 mg/kg), but the residues significantly
reduced with 4 mg/kg of AGP treatment. The total molec-
ular weight of tau protein shifted, possibly due to several
presented phosphorylation at the tau protein that caused a
slight enhancement in its molecular weight (Rivera et al.,
20164, b).

Recent study has shown the paired helical filaments
(PHF) accumulation and neurofibrillary tangle formation
(NFTs) generated by over phosphorylation of the tau pro-
tein (Alonso et al., 2018). Serrano et al. (2014) investigated
the phosphorylation of tau protein in AD epitopes in adult
animals. Moreover, the phospho-epitope revelation in tau
protein, which is associated with neuronal damage, was
induced by AP (Brandt et al., 2019; Serrano et al., 2014).
The phosphorylation of Ser-202 (AT8) and Ser-396-Ser-404
(PHF-1), which are associated with AD, was investigated
by Serrano et al. (2014) through an immunoblotting test.
The PHF-1- and ATS8-positive tau levels were reduced in
the hippocampus of young ApPPswe/PS-1 mice (7-month-
old) treated with AGP in comparison to untreated ApPPswe/
PS-1 mice.

Brandt et al. (2019) demonstrated that enhancement of
tau phosphorylation, in particular phosphorylation epitopes,
surrounding the plaque is a mark of Af-induced neuronal
damage. Accordingly, the level of ATS tau epitope appear-
ance near AP plaques was investigated by Serrano et al.
(2014). However, as different parts of the cortex and hip-
pocampus were affected by the tau phosphorylation, Ser-
rano 2014 evaluated AT8-positive cells in a circular region
surrounding amyloid plaques (r & 100 mm)(Serrano et al.,
2014; Vargas et al., 2018). The findings showed an obvious
reduction in the number of AT8-positive neurons near to
amyloid deposits in young ApPPswe/PS- 1 mice (7-month-
old). In addition, the total number of ATS8-positive cells
which were found in circular regions near to the Af plaques
slowly decreased after the AGP treatment.

Moreover, the AGP treatment had decreased the levels of
PHF-1- and AT8-positive tau significantly in the hippocam-
pus of aged APPPswe/PS-1 mice (12-month-old). The total
number of AT8-positive cells that are found outside of cir-
cular regions near plaques was reduced after AGP treatment.
The findings of Serrano et al. (2014) also revealed that AGP
treatment was able to inhibit and inverse tau phosphoryla-
tion, both in young and aged ABPPswe/ PS-1 mice.

Das et al. (2017) also investigated the effect of AGP on
the expression level of phosphorylated tau in LPS-adminis-
trated mice. The western blot results indicated that the pro-
tein expression of phosphorylated tau enzyme had increased
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considerably in systemic LPS administration, in comparison
to control groups. Interestingly, LPS-induced tau hyperphos-
phorylation was reduced dramatically after AGP treatment.
These recent findings demonstrated that tau phosphoryla-
tion, which is a key marker in AD pathology, was inhibited
by AGP. However the relation between inhibition of tau
phosphorylation and reduction of AP plaque by AGP treat-
ment is still unclear. Future studies can get in-depth insight
into the particular signaling pathway and find if there is any
associate with the regulation of AP plaques and tau phos-
phorylation by AGP treatment.

AGP decreased AB40 and AB42 peptides
and AP aggregates in AD models

Cognitive impairment in AD patients and AD animal mod-
els are related to amyloid levels (Wang et al., 2018). Rivera
et al. (2016a, b) examined the AP40 and APB42 peptides in
the degus’ hippocampus, to investigate AGP treatment by
using the ELISA experiment. The results illustrated that the
level of AB42 had been increasing in aged degus, but was
reduced by the AGP treatment. This effect was significant at
4 mg/kg concentration of AGP. Rivera et al. (2016a, b) also
performed the western blot task, using the 4G8 antibody, to
determine the level of soluble A oligomers and other types
of AP in degus hippocampus. The findings showed the level
of low-molecular-weight AP oligomers (36 and 42 kDa) in
both hippocampi of old and young degus vehicles treated
increased; the level of 34-kDa AP oligomers, particularly,
had increased in aged degus. The level of all low-molecular-
weight AP oligomers had reduced significantly after AGP
treatment (Rivera et al., 2016a, b).

Overall, these findings illustrate that the level of Ap oli-
gomers and AP42 peptide decreased significantly with AGP
treatment.

Rivera et al. (2016a, b) also examined how the AGP
effects the AP burden in young and aged degus hippocam-
pus, using Thioflavin-S staining (Th-s). The senile plaque
formations, which are insoluble forms of Af, are not seen
in young degus; however, multiple plaques were seen in old
degus. The total number of senile plaques in the hippocam-
pus were dramatically reduced in a concentration-dependent
manner with AGP.

The 6E10 antibody, which is respondent to a specific
amino acid sequence of AP peptide (1el6), was used to
investigate the AP aggregation (Rivera et al., 2016a, b; Song
et al., 2017; Yokokawa et al., 2019). Rivera et al. (2016a, b)
illustrated that the 6E10 level had increased significantly in
aged degus; however, it was not seen in young degus.

The 4G8 antibody is specific to amino acid sequence of
AP peptide (17-24). It is used as a secondary antibody. Its
appearance is similar to the 6E10 antibody in both young

and old degus. In fact, the 4G8 antibody was not observed in
young animals, while appearing in old animals instead. The
results also indicated that the AP aggregation was reduced
considerably in the hippocampus of old degus after AGP
treatment (Rivera et al., 2016a, b).

Since the impairment of the synaptic function in the post-
synaptic area is caused by Af oligomers (Li et al., 2018; Sta-
kos et al., 2020), therefore, Serrano et al. (2014) investigated
the effect of AGP (treated for 4 weeks) on AP aggregation
in both 7 and 12-month-old ApPPswe/ PS-1 mice. The hip-
pocampus and layers of cortex were examined to evaluate
amyloid plaques, in young APPPswe/PS-1 mice. The total
number of amyloid plaques was significantly reduced in the
I-IV level of cortex after AGP treatment; however, there
was no difference in amyloid plaques numbers in the V lay-
ers. The Th-S burden was also reduced in the hippocampus.
Also, the levels of A oligomers changes in hippocampi of
young APBPPswe/PS-1 mice treated with AGP was evaluated
by slot blot using the A11 antibody, and it did not show any
significant changes. Although AGP treatment had decreased
the total number of AP plaques in young ApPPswe/PS-1
mice, the AP oligomers level was not changed. Serrano et al.
(2014) also analyzed plaque size diffusion. The ApPPswe/
PS-1 mice treated with AGP had changed their plaque size
into a smaller plaque size distribution from the cortex. In
contrast, the levels of amyloid plaques had increased sig-
nificantly in the cortex and hippocampus of aged ABPPswe/
PS-1 mice (12-month-old). The results demonstrated that the
amyloid deposits levels had not changed in the hippocampus
and different layers of cortex (I-IV, V, VI). Similarly, no
significant difference was observed in Af oligomers level. In
fact, these findings illustrated that the level of AP burden in
aged APPPswe/PS-1 mice was not affected after AGP treat-
ment; however, the AP aggregation was reduced significantly
in young ABPPswe/PS-1 mice treated with AGP. Therefore,
the AP aggregation was prevented in the primary stages dur-
ing disease development in this animal model (Serrano et al.,
2014).

Das et al. (2017) also illustrated that systemic LPS admin-
istration increased the level of A in the hippocampus and
prefrontal cortex in comparison to control groups, using
immunohistochemistry, immunofluorescence and ELISA
experiments. In this case, AGP treatment reduced the level
of the amyloid precursor protein (APP) significantly in the
prefrontal cortex area. The LPS-induced increases of Ap
had rebounded considerably in the prefrontal cortex after
AGP treatment. The variation of AP in the dentate gyrus
(DG) region of the hippocampus was also investigated in
this study, but no significant changes were observed (Das
etal., 2017).

Since a possible strategy for AD treatment is neuroinflam-
matory response inhibition, therefore, AGP pre-treatment
has been shown to inhibit AB1-42-induced production of
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pro-inflammatory mediators, including TNF-a, IL-6, IL-1,
PGE2, iNOS, COX-2, and NO, in microglia, which are medi-
ated at least by mechanisms that obliterate intracellular Af
and prevent p-NF-kB accumulation in the nucleus (Fig. 3).
However, whether the anti-Ap effect of AGP mediates the
anti-neuronal damage and anti-AD effect of AGP remains
unclear.

AGP inhibited GSK-3, preventing LTD
induction

Glycogen synthase kinase 3 beta (GSK-3p) is a key enzyme
that was investigated in the processes of plasticity, memory,
and neurodegenerative diseases (Jaworski et al., 2019; Liu
et al., 2017). GSK-3p especially has interfered in the inter-
nalization of AMPA receptors from the synaptic spine (Lee
et al., 2019). GSK-3 also plays a role in PSD-95 modulation
(Delgado, 2020; Nelson et al., 2013), and controls some of
LTD occurrences (Collingridge et al., 2010; Liu et al., 2017;
Xing et al., 2016).

Recent studies demonstrated that GSK-3p activity had
increased in transgenic models of AD (Tapia-Rojas & Ine-
strosa, 2018a, b). Accordingly, Serrano et al. (2014) evalu-
ated the effect of AGP on GSK-3 activity in the hippocam-
pus and cortex of aged ApPPswe/PS-1 mice (12-old-month)
by immunoblotting. The findings illustrated that the phos-
phorylation of serine 9 (Ser-9), which is an inactive form of
GSK-3p, had increased but the phosphorylation of tyrosine
216 (Tyr-216), the active form of GSK-3p, had reduced.
These findings illustrated that AGP protected the synaptic
protein and specific enzyme in the neuropathology of AD.

The level of p-catenin, a downstream GSK-3p protein,
which is phosphorylated by GSK-3f (Patel et al., 2019) was
also evaluated (Serrano et al., 2014). The p-catenin level
had increased in the hippocampus slice incubated with AGP,
suggesting that the GSK-3f activity has decreased. The pre-
vious studies indicated an increase of GSK-3p activation
and a decrease of the f-catenin level in the presence of Af
(Palomer et al., 2019; Patel et al., 2019). However, the active
form of GSK-3f and level of B-catenin had decreased and
increased, respectively, due to AGP treatment.

Serrano et al. (2014) also examined the effect of AGP
treatment in synaptic transmission through an in-vitro study;
therefore, the slices of hippocampus from 2-month-old WT
mice were prepared and treated with 10 pM of AGP for
30 min. The slope of fEPSP increased in this procedure. The
paired-pulse facilitation (PPF) index was evaluated to deter-
mine if this efficacy corresponded to a pre- or post-synaptic
effect or not. The findings illustrated that the facilitation
index did not change after AGP treatment which confirms
that the reason was not dependent on pre-synaptic modula-
tion and was mostly due to the post-synaptic mediator effect.
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To evaluate synaptic strength, Serrano et al. (2014) investi-
gated input—output experiments but no effects were observed
on basal transmission after AGP treatment. Additionally,
The effect of AGP on synaptic plasticity was also evaluated
with an investigation of long-term potentiation (LTP) and
longterm depression (LTD) which are correlated to learning
and memory functions (Guimaraes Marques et al., 2018).
Although, Serrano et al. (2014) did not observe any induced
changes in the LTP after AGP treatment (1-h incubation),
incubation of AP oligomers, which are linked to inhibiting
the LTP induction (Li et al., 2018; Marsh & Alifragis, 2018)
in the proximity of AGP induced LTP, illustrating synaptic
plasticity protection in hippocampus slices (Serrano et al.,
2014). The hippocampus slices exposed to AP oligomers (for
1 h), to further investigation of the neuroprotective effect
of AGP on the damage induced for AP. The levels of the
postsynaptic proteins such as GluN2B, GluA2, and PSD-95
were reduced compared to the slice of hippocampus ACSF
treated, and no changes were observed in presynaptic com-
ponents. Therefore, the vital role of AGP on neuroprotective
synaptic protein and LTP in the exposure of A oligomers
(in vitro) suggests that AGP was able to improve the neu-
ronal function without modification of the amyloid level in
the AD model. The LTD interfered by reducing synaptic
strength and it is relevant to the signaling of A peptide
(Kou et al., 2019). Serrano et al. (2014) found that induction
of LTD was inhibited after AGP treatment in a concentra-
tion-dependent manner (0.1, 5, 10 pM).

These findings revealed that AGP has a hand in synaptic
plasticity modulation, correlated with LTD and that this role
is in all probability related to GSK-3p inhibition.

Other studies indicated that the activity of GSK-3f, which
is a component of the Wnt/p-catenin signaling pathway that
caused over-activation of the pathway, was inhibited due to
the AGP treatment (Tapia-Rojas et al., 2015; Varela-Nallar
et al., 2015). Therefore, the phosphorylation of its target,
B-catenin, which is translocated into the nucleus to activate
the transcription of Wnt target genes, was inhibited (Silva-
Garcia et al., 2019).

Varela-Nallar et al. (2015) has evaluated the effect of
AGP treatment (i.p. 2 mg/kg 3 times a week for 4 weeks) on
the Wnt signaling pathway in the hippocampus of 2-month-
old mice. The level of B-catenin had increased significantly
in the hippocampus of AGP treated mice in comparison to
the control group. The inactive form of GSK-3f phosphoryl-
ated in serine-9 residue had also increased.

Since NeuroD1 was identified as a transcription agent
which is involved in neurogenesis in both fetal and mature
brains and a known Wnt target gene (Richetin et al., 2015;
Xu et al., 2019a, b); thereby the level of NeuroD1 was evalu-
ated by Varela-Nallar et al. (2015). The results have illus-
trated that the level of NeuroD1 had increased significantly
in the hippocampus of AGP treated animals. Overall, these
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findings illustrate that the activation of the Wnt/p-catenin
signaling pathway was inhibited with AGP treatment in the
hippocampus of adult mice.

Overall, with these findings that AGP can improve
chronic stress-induced depression-like behaviors in rats, it
is reasonable to speculate that the AGP could be developed
as an anti-depression medication. This supposition should
be evaluate in future studies.

Conclusion

This review summarizes the pharmacological effects of
andrographolide in the different model of AD. The lack of
effective medicine or available treatments for AD has opened
a new perspective to find a new and proper medicine from
natural products. The subsequent recovery with AGP in
several neurotoxicity studies and different models of AD
support the neuroprotective effect of AGP. The loss of cog-
nitive function affected by aging and toxicities is correlated
with attenuation of synaptic functions and elevate of main
AD hallmarks. Most importantly the AGP neuroprotective
effects list as follows: (1) protection of postsynaptic proteins;
(2) recovery of synaptic strength and plasticity; (3) recovery
of spatial memory and learning proficiency; (4) decrease of
AP aggregate maturation and phosphorylated tau protein. In
fact, selective neuroprotection effect of AGP in different AD
models might allow an alternative strategy to achieve new
therapeutics to remedy and prevent the sequence of neuro-
degeneration diseases, like AD.

Thus, researchers should focus on more pharmacological
effects of andrographolide as well as its in-depth mecha-
nisms in prevention and/or treatment of disorders afflicting
the CNS. For example, on the basis of its promotion effects
on neurogenesis as well as its reversal effects on chronic
stress-induced pathological changes in rodent mood-associ-
ated behaviors, researchers should further evaluate the anti-
depressant-like activity of andrographolide, thereby promot-
ing its development in depression and dementia treatment.
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