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Physalis alkekengi L. var. francheti alleviates 
neuronal cell death caused by activated 
microglia in vitro
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Abstract 

Microglia are the macrophages that reside in the brain. Activated microglia induces further activation of astrocytes 
and neuronal cells for mounting an immune response. However, activated microglia release neurotoxic mediators 
causing neuroinflammation, which is associated with chronic etiology of neurodegenerative diseases. We investi-
gated the effect of ethanol extract of Physalis alkekengi L. var. francheti fruit (PAFE) on neuronal cell death mediated 
by activated microglia. PAFE decreased NO production and IL-6 secretion in LPS-stimulated BV-2 and primary micro-
glial cells without reducing cell viability. Consistently, treatment with PAFE decreased iNOS and COX-2 expression 
and ERK phosphorylation in LPS-stimulated BV-2 cells. Finally, apoptosis of N2a cells grown in conditioned media 
prepared from LPS-stimulated BV-2 cells containing PAFE was inhibited via downregulation of the Bax/Bcl-2 ratio. 
Taken together, PAFE alleviates neuronal cell death by reducing neurotoxic mediators such as NO and IL-6 from acti-
vated microglia. Therefore, it could be a potential candidate to treat neurodegenerative diseases caused by chronic 
neuroinflammation.
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Introduction
Microglia are neurological macrophage that reside in the 
central nervous system and share tissue-specific primary 
immune functions linked to adaptive immune function 
[1, 2]. Microglia are activated by external cues including 
lipopolysaccharide (LPS), β-amyloid, and interferon-γ, 
which are accompanied by an inflammatory response 
following the release of a group of mediators includ-
ing nitric oxide (NO), IL-6, IL-1β, prostaglandin E2, and 
TNF-α [3–6]. This secreted inflammatory mediators acti-
vate astrocytes, leading to further activation of micro-
glia, forming amoeboid morphology with increased cell 
size for a protective role against threats [7–9]. However, 

uncontrolled activation of microglia derives chronic 
inflammation with accumulation of pro-inflammatory 
mediators, leading to chronic neuritis and neuronal cell 
death, which is associated with chronic progress of neu-
rodegenerative diseases [10].

Physalis alkekengi L. var. francheti is an edible and 
medicinal plant that belongs to the Solanaceae family 
according to taxonomical classification and widely dis-
tributed from Southern Europe to South Asia as well as 
Northeast Asia [11]. Physalis alkekengi L. var. francheti 
fruit (PAF) is used as a raw material for health food and 
herbal medicine to treat various diseases such as chills, 
rheumatism, fungal infections, fever, sore throat, inflam-
mation, and toothache in Korea and China [12]. It was 
known that various steroidal constituents containing 
physalins are abundant in PAF [13, 14]. Many studies 
support the idea that these steroidal constituents may 
contribute to obtaining benefits of PAF on human health, 
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such as an anti-tumor activity [15] and anti-inflamma-
tory activity [14]. In this study, we explored a neuropro-
tective role of PAF mediated by inhibiting inflammatory 
response of microglia. We investigated the effect of PAF 
on the release of inflammatory mediators from LPS-stim-
ulated microglia and its influence on neuroblastoma cell 
death.

Materials and methods
Preparation of ethanol extract of Physalis alkekengi L. var. 
francheti fruit (PAFE)
Dried PAFE (voucher number: RPG-PAFE-001) was pur-
chased at an herbal medicine store in Gyeongdong Mar-
ket, Seoul, South Korea. The skin was crushed and dried 
for 64 h at 40 °C in a dryer. 60 g of dried PAFE was soaked 
in 1.5 L of 70% ethanol and extracted once for 2 h using 
ultrasonic waves. After then, impurities were removed 
using membrane filters and soluble fraction was con-
centrated using decompression concentrators to obtain 
about 6.3  g of dried solid extract, where the yield was 
10.5%. The extract was obtained and stored at − 20 °C.

Cell culture
Murine microglia BV-2, primary microglia and neuro-
blastoma N2a cells were cultured in the DMEM (Hyclone, 
UT, USA) in the incubator (5% CO2, 37  °C). This media 
contains 10% of the FBS (RDTech, IL, USA) and Penicillin 
and streptomycin (100 U/mL each) (Welgene, GyeonBuk, 
KR) as an antibiotics. For the cell stimulation experiment, 
100 ng/mL of LPS (Lipopolysaccharides from Salmonella 
enterica serotype typhimurium, L6143-1MG, Sigma-
Aldrich, MO, USA) was used. All experiments using cul-
tured cells were performed in this condition.

Measurement of NO production and cell viability
To measure NO production, microglial cells in 96-well 
plate (3 × 104 cells per well) were incubated for 24  h 
and then various concentration of PAFEs (0, 1, 10, 50, 
100  μg/mL) were added. After 30  min, these cells were 
stimulated by treating LPS. Then, the Griess reagent 
was used to quantify amount of nitrite in the cultured 
medium. Briefly, 50 μL of the supernatant was collected 
and then mixed with 50  μL of Griess reagent contain-
ing 0.1% N-1-naphthylenediamine dihydrochloride and 
1% sulfanilamide in 5% phosphoric acid. This mixture 
was measured at 570  nm using a spectrophotometer 
(BKMPR-1096A, BioKonvision, Gwacheon-Si, KR).

Viability of microglia cells were measured using the 
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetra-
zolium bromide). Cells were seed on a 96 well plate 
(2 × 104 cells per well) and incubated for 24 h. Then, PAFE 
(0, 1, 10, 50, or 100 μg/mL) was treated to the media and, 
after 30 min, LPS was treated for 24 h. After adding MTT 

reagent (Tokyo chemical industry, TOKYO, JP), they 
were measured at 595 nm using a spectrophotometer.

ELISA
BV-2 cells were seed on a 24-well plate (3 × 105  cells 
per well). After 24 h, various concentration of PAFEs (0, 
1, 10, 50, 100 μg/mL) were treated for 30 min and then 
LPS was treated for 24 h. Supernatant from the cultured 
media was collected to measure amount of secreted IL-6 
by using the immunoassay kit (R&D system, MN, USA).

Western blot analysis
Whole cell lysates were prepared and subject to western 
blot analysis. Antibodies used in western blot: ERK (Cell 
Signaling, #9102), iNOS (Cell Signaling, #13,120), COX-2 
(Santa Cruz, sc-376861), p-ERK (Cell Signaling, #9101), 
Bcl-2 (Abcam, AB196495), and Bax (Abcam, AB53154). 
The band density in western blot was analyzed using 
NEO image for CheBI, ver 3.0 (Neosience, Seoul, KR).

Preparation of the conditioned media and apoptosis 
analysis of N2a cells
BV-2 cells were incubated for 24 h. After then, these cells 
were incubated with PAFE (0, 1, 10, 50, or 100 μg/mL) for 
30 min, followed by incubation with LPS for 24 h. Then, 
this medium was centrifuged to collect supernatant as 
the conditioned medium [16]. This conditioned medium 
was supplied to N2a cells for 24 h incubation. After then, 
these N2a cells were subject to apoptosis and cell viabil-
ity analysis using Annexin V/PI kit (Abcam, Cambridge, 
UK) and MTT assay kit, respectively. The apoptosis anal-
ysis was carried out by FACS (Aria III; BD Biosciences, 
NJ, USA) and data analysis by BD CellQuest pro software 
(BD Biosciences, CA, USA).

Statistical analysis
SAS software (PRISM) was used for all data analysis. All 
data present as mean ± standard deviation (S.D.). One-
way ANOVA with Tukey’s multiple comparison post-test 
was performed for statistical comparisons between dif-
ferent treatments.

Results
PAFE reduces NO generation in the BV‑2 cells activated 
by treating LPS
Activated BV-2 microglia release NO as an inflamma-
tory response. BV-2 cells were treated with PAFE (0, 1, 
10, 50, or 100 μg/mL), and then stimulated with LPS. We 
observed that the production of nitrite, a soluble form 
of NO oxidation, decreased as the concentration of the 
PAFE increased beyond 1  μg/mL, suggesting that the 
PAFE inhibited NO generation in the BV-2 cells activated 
by LPS stimulation (Fig. 1a).
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Next, the viability of these BV-2 cells was analyzed 
using the MTT assay. There was almost no change in 
viability of all tested BV-2 cells. Since the cell viability 
was close to 100%, the concentrations of PAFE used in 
this experiment were not harmful and did not reduce the 
number of BV-2 cells (Fig. 1b). Taken together, the PAFE 
prevented LPS-induced NO production without reduc-
ing cell viability.

PAFE inhibits downstream signaling pathway of TLR4 
in BV‑2 cells stimulated with LPS
To understand the inhibitory effect of PAFE at the 
molecular level, expression of COX-2, iNOS, ERK, and 
p-ERK were analyzed in the BV-2 cells activated by 
treating LPS after incubation with PAFE (0, 10, 50, or 
100  μg/mL) using western blotting (Fig.  1c). Expres-
sion of COX-2 and iNOS decreased in cells according 
to increase of PAFE concentration. Moreover, phos-
phorylated ERK decreased in response to treatment 
with all tested concentrations of PAFEs, whereas ERK 

expression did not change. Taken together, these results 
demonstrate that PAFE suppresses the ERK signal-
ing cascade downstream of TLR4, thereby decreasing 
the expression of COX-2 and iNOS, and reduced NO 
production.

PAFE decreases secretion of IL‑6 in the BV‑2 cells activated 
by treating LPS
IL-6 secretion was quantitatively measured in the BV-2 
cells activated by treating LPS after incubation with PAFE 
(0, 1, 10, 50, or 100  μg/mL) using ELISA (Fig.  1d). IL-6 
secretion was suppressed when cells were incubated with 
PAFE at concentrations of 10, 50, and 100 μg/mL, but not 
1 μg/mL. Notably, this inhibitory effect of the PAFE was 
concentration-dependent as in the case of NO produc-
tion, and COX-2 and iNOS expression. This suggests that 
reduction of iNOS expression and inhibition of NO pro-
duction by PAFE may prevent inflammatory responses by 
downregulating IL-6 secretion.

Fig. 1  Effect of PAFE on NO production and cell viability in LPS-treated BV-2s. BV-2s were treated for 24 h with LPS after 30 min of processing 
various concentrations of PAFE. After then a production of nitrite and b cell viability were measured. BV-2s grown without treating PAFE and 
LPS-stimulation were considered control. c Expression of iNOS, COX-2, ERK, and p-ERK in BV-2s treated with PAFEs and treated with LPS. d Effect of 
PAFE on IL-6 secretion of BV-2s treated by LPS. PAFE of various concentrations was treated in BV-2s and treated by LPS for 24 h, and the secretion 
of IL-6 was then measured using ELISA. All data were presented together with ± S.D. as the average of the three independent experimental results. 
*p < 0.05 and **p < 0.01
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PAFE reduces NO generation in the primary microglia cells 
activated by treating LPS
PAFE effect on NO generation was examined in primary 
microglia cells (Fig.  2a). Nitrite production decreased 
in the primary microglia cells activated by treating LPS 
when treated with PAFE at concentrations of 50 and 
100 μg/mL but not with 1 and 10 μg/mL. Although a rela-
tively low concentration of PAFE had no effect on inhibit-
ing NO generation in primary microglia cells stimulated 
with LPS, treatment with 50 and 100  μg/mL of PAFE 
resulted in significant reduction of NO production. Sub-
sequently, the viability of the primary microglia cells used 
in this experiment was measured (Fig. 2b) and no differ-
ence in viability was observed, especially at the concen-
trations of 50 and 100 μg/mL. Thus, it was confirmed that 
PAFE inhibits NO generation in primary microglia cells 
stimulated with LPS without affecting cell viability, as 
shown in the case of BV-2 cells.

PAFE protects N2a cells from toxic mediators released 
from the BV‑2 cells activated by treating LPS
PAFE relieved inflammatory response through the 
decreased release of neurotoxic mediators, which cause 
neuroinflammation and can impair neurons. We col-
lected medium from the cultured LPS-stimulated BV-2 
cells treated with PAFE (0, 1, 10, 50, or 100  μg/mL), or 
non-stimulated BV-2 cells cultured without treatment 
with the PAFE. We termed this CM-PAF (or control for 
the non-stimulated BV-2 cells). Next, these CM-PAFs 
were examined for their neurotoxic effects on other neu-
ronal cells and the viability of N2a cells incubated with or 
without CM-PAFs was measured (Fig. 3). Viability of the 
N2a cells grown in the CM-PAF decreased significantly 
(p < 0.01), when compared with the control; however, the 

viability of N2a cells grown in the two CM-PAFs (50 and 
100 μg/mL) increased by ~ 10–20% compared with other 
CM-PAFs (0, 1, and 10 μg/mL). In conclusion, this result 
suggested that PAFE may inhibit the release of neurotoxic 
mediators from BV-2 cells stimulated with LPS, and thus, 
protect neuronal cells from these toxic products.

CM‑PAF prevents apoptosis of N2a cells via decreasing 
Bax/Bcl‑2 ratio
Neurotoxic mediators released from activated microglia 
induce apoptotic cell death. We investigated whether 

Fig. 2  Effect of PAFE on NO production and cell viability of primary microglial cells treated by LPS. Primary microglial cells were treated for 24 h 
with LPS after 30 min of processing various concentrations of PAFE. Various concentration of PAFEs were treated in primary microglial cells and then 
treated with LPS for 24 h. After then a production of nitrite and b cell viability were measured. Primary microglial cells grown without treating PAFE 
and LPS-stimulation were considered control. All data were presented together with ± S.D. as the average of the three independent experimental 
results. *p < 0.05 and **p < 0.01

Fig. 3  Viability of neuronal cells grown on the CM-PAFE. CM-PAFE 
was prepared from the cultured media where LPS-treated BV-2s were 
grown after treating various concentration of PAFE. Control means 
the cultured media where non-treated BV-2s were grown. Viability 
of N2as grown on the CM-PAFEs or control were measured. All data 
were presented together with ± S.D. as the average of the three 
independent experimental results. *p < 0.05 and **p < 0.01
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CM-PAF could inhibit the apoptosis caused by toxic 
molecules released from BV-2 cells stimulated with LPS 
(Fig.  4a–e). N2a cells were treated with control or CM-
PAF (0, 1, 10, 50, or 100 μg/mL of PAFE) and apoptosis 
and necrosis of these cells were analyzed by FACS. Inter-
estingly, apoptosis of N2a cells decreased as the concen-
tration of PAFE used for the CM increased. In particular, 

early apoptosis decreased significantly under these con-
ditions. This demonstrated that treatment with CM from 
cells treated with PAFE prevents apoptosis of neuronal 
cells.

Next, the expression of Bax and Bcl-2 in these N2a cells 
was analyzed by western blotting (Fig.  4f ). In N2a cells 
treated with CM-PAFs (0 and 10  μg/mL), expression of 

Fig. 4  Apoptosis of neuronal cells grown on the CM-PAF. CM-PAF was prepared from the cultured media where LPS-treated BV-2s were grown after 
treating various concentration of PAF. Control means the cultured media where non-treated BV-2s were grown. Apoptosis and necrosis of N2as 
were analyzed in the N2as grown on a control, b CM-PAF (0 μg/mL), c CM-PAF (10 μg/mL), d CM-PAF (50 μg/mL), e CM-PAF (100 μg/mL). Expression 
of Bcl-2 and Bax in neuronal cells grown on CM-PAFs. CM-PAF was prepared from the cultured media where LPS-treated BV-2s were grown after 
treating various concentration of PAFE. Control means the cultured media where non-treated BV-2s were grown. N2as were grown on control or 
CM-PAFs and then f expression of Bcl-2, Bax, and β-actin in those cells were shown by western blot. g The Bax/Bcl-2 ratio was calculated based on 
the relative density shown in the western blot by using the ImageJ software
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Bcl-2 and Bax significantly decreased and increased, 
respectively, compared with the control. However, 
expression of Bcl-2 and Bax increased and decreased, 
respectively, in N2a cells treated with CM-PAFs (50 and 
100  μg/mL). Subsequently, the ratio of Bax/Bcl-2 was 
calculated based on the western blotting data (Fig.  4g). 
Although the ratio of N2a cells treated with CM-PAFs 
(0 and 10 μg/mL) significantly increased compared with 
the control, this ratio decreased gradually in N2a cells 
treated with CM-PAFs at higher concentrations (50 and 
100  μg/mL).Since the increased ratio of Bax/Bcl-2 indi-
cates the progress of apoptosis, these results indicate that 
downregulation of the Bax/Bcl-2 ratio contributes to the 
inhibition of apoptosis in N2a cells treated with CM con-
taining high dose of PAFE.

Discussion
Activated microglial induces the secretion of various 
inflammatory mediators. i. e. NO, IL-6, TNF-α, IL-1β, 
etc. These changes are known to trigger the progression 
of neurodegenerative diseases by generating an inflam-
matory niche [17]. IL-6 is mainly secreted by glial cells, 
inducing inflammatory cells aggregation and increasing 
reactive oxygen species as well as cooperating with TNF-
α, which causes calcium overload and cellular apoptosis 
as an inflammatory response [18]. Histopathological fea-
tures of AD are characterized by extracellular deposit of 
senile plaques comprising amyloid-beta (Aβ) peptides in 
its fibrillary form as well as neurofibrillary tangles [19]. 
Aβ aggregates in AD patients promote the reactivity of 
glial cells, thus resulting in the consequently increased 
NO release [20]. Unregulated NO production is consid-
ered to cause neuronal cell death via apoptosis; it induces 
aberrant mitochondrial membrane potential, caus-
ing cytochrome c to leak into cytosol. This cytochrome 
c form a complex with Apaf-1 and caspase-9, which 
cleaves caspase-3 to initiate the apoptosis [21]. Thus, this 
strongly supports the notion that the inhibition of IL-6 
and NO production can alleviate neurodegenerative dis-
orders by preventing the apoptotic neuronal cell death 
induced by inflammatory mediators.

PAF, the fruit of a perennial herb widely used in East 
Asia, has been reported to possess anti-tumor, anti-
bacterial, and anti-inflammatory activities [22]. It con-
tains various physalin steroidal constituents, including 
physalin A and physalin B, which are considered a major 
contributor to these beneficial effects. For example, the 
growth of A549 cells was inhibited by physalin A through 
cell cycle arrest in the G2/M phase [23]. The expression of 
detoxifying enzymes was also increased by physalin A by 
upregulating the Nrf2 pathway in HepG2 cells [24]. The 
growth of breast and lung cancer cells was inhibited by 
Physalin B through cell cycle arrest [25–28]. In addition, 

physalin B exerts therapeutic effects on ulcerative colitis 
by inhibiting inflammation [16]. However, its role in neu-
roinflammation remains unclear. Here we demonstrated 
that PAFE alleviated the neurotoxic effect of activated 
microglia; it reduced the release of IL-6 and NO by sup-
pressing the downstream signaling pathway of TLR4, 
resulting in the protection of neuronal cells from apopto-
sis. Consequently, this study provides novel insights into 
the role of PAFE in neuroprotection. Nevertheless, the 
role of physalin constituents in neuroprotection against 
neuroinflammation needs to be explored further.

In neurodegenerative diseases, numerous studies 
have focused on neuroinflammation as the cause of 
chronic neurological disorders. When neuroinflamma-
tion is induced, resident macrophages, such as micro-
glial cells, release various neurotoxic mediators, which 
are often associated with neuronal damage. In this con-
text, our findings support the idea that PAFE could 
serve as a potential agent to treat the progression of 
neurodegenerative diseases, such as AD, by inhibiting 
neuroinflammation.
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