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Lycium barbarum extract promotes M2 polarization and 
reduces oligomeric amyloid-β-induced inflammatory 
reactions in microglial cells

Zhong-Qing Sun1, Jin-Feng Liu1, Wei Luo1, Ching-Hin Wong1, Kwok-Fai So1, 2, 3, 
Yong Hu4, Kin Chiu1, 2, *

Abstract  
Lycium barbarum (LB) is a traditional Chinese medicine that has been demonstrated to exhibit a wide variety of biological functions, such as 
antioxidation, neuroprotection, and immune modulation. One of the main mechanisms of Alzheimer’s disease is that microglia activated by 
amyloid beta (Aβ) transform from the resting state to an M1 state and release pro-inflammatory cytokines to the surrounding environment. 
In the present study, immortalized microglial cells were pretreated with L. barbarum extract for 1 hour and then treated with oligomeric Aβ 
for 23 hours. The results showed that LB extract significantly increased the survival of oligomeric Aβ-induced microglial cells, downregulated 
the expression of M1 pro-inflammatory markers (inducible nitric oxide synthase, tumor necrosis factor α, interleukin-6, and interleukin-1β), 
and upregulated the expression of M2 anti-inflammatory markers (arginase-1, chitinase-like protein 3, and interleukin-4). LB extract also 
inhibited the oligomeric Aβ-induced secretion of tumor necrosis factor α, interleukin-6, and interleukin-1β in microglial cells. The results of in 
vitro cytological experiments suggest that, in microglial cells, LB extract can inhibit oligomeric Aβ-induced M1 polarization and concomitant 
inflammatory reactions, and promote M2 polarization.
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Introduction 
Microglial cells play a major role in the innate immune 
response of the central nervous system. There are two 
distinct phenotypes of activated microglia: classical microglia 
(M1, proinflammatory) and alternative microglia (M2, anti-
inflammatory) (El-Shimy et al., 2015; Lan et al., 2017; Gray 
et al., 2020). M1 microglia in the classical activation state 
release pro-inflammatory and neurotoxic mediators that 
result in neurodegeneration. In contrast, M2 microglia in the 
alternative activation state deliver anti-inflammatory cytokines 
and neurotrophic factors that contribute to the process of 

neural repair and regeneration (Li et al., 2007; Chiu et al., 
2009). Whether microglia engender neuroprotection (M2) or 
neural injury (M1) depends on the nature of the disease itself 
or the type of stimulation.

Increasing evidence from in vitro and in vivo studies has 
indicated that aggregated amyloid beta (Aβ) can activate 
microglia to release pro-inflammatory cytokines and 
chemokines, which in turn trigger the inflammatory response 
in Alzheimer’s disease (AD) (El-Shimy et al., 2015; Long and 
Holtzman, 2019; Leng and Edison, 2020). The formation 
of highly neurotoxic oligomeric Aβ (o-Aβ) can cause M1 
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induced neuroinflammatory response of microglia by suppressing the 
release of inflammatory factors, and promoting the release of anti-
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polarization and the release of neurotoxic molecules, such as 
superoxide–nitric oxide, tumor necrosis factor alpha (TNF-α), 
and interleukin 1 beta (IL-1β) (He et al., 2011; Hu et al., 2017). 
In contrast, M2 polarized microglia exhibit neuroprotective 
effects in the brain by eliminating Aβ plaques and supporting 
network remodeling and trophic factors (Sarlus and Heneka, 
2017; Leng and Edison, 2020). Thus, modulating microglia 
polarization to induce neuroprotective effects and attenuate 
neurotoxic inflammatory responses is a novel and promising 
therapeutic strategy for AD. 

Lycium barbarum (LB; also known as goji berry, wolfberry, 
or gouqizi in Chinese) is a popular, affordable traditional 
Chinese medicine that has been used for thousands of years 
(Manthey et al., 2017). In the past decade, studies of the 
effects of LB in the brain, retina, liver, and systemic immune 
system have been performed both in vitro and in vivo using 
modern research methods (Li et al., 2013; Wang et al., 2014; 
Zhang et al., 2015; Xing et al., 2016; Manthey et al., 2018; 
Mi et al., 2020). In AD research, LB polysaccharide (LBP) 
has been reported to attenuate Aβ-induced neurotoxicity in 
primary cortical neurons (Ho et al., 2007, 2010), and enhances 
neurogenesis, ameliorates amyloid pathology, and improves 
cognitive function in the Aβ precursor protein (APP)/presenilin 
1 (PS) transgenic mouse (Zhou et al., 2020). LBP also exhibits 
an anti-inflammatory effect, reducing the production of 
inflammatory mediators through the inhibition of nuclear 
factor kappa B (NF-κB) in a lipopolysaccharide-treated cell 
line, retinal degeneration 10 (RD10) mouse retinal model, and 
liver injury model (Xiao et al., 2012; Teng et al., 2013; Wang 
et al., 2014; Zhang et al., 2015; Manthey et al., 2017). Our 
previous study in a rat glaucoma model demonstrated that 
oral feeding of LBP protects the survival of retinal ganglion 
cells and modulates retinal microglia to an activated status 
with neuroprotective effects (Chiu et al., 2009). However, it 
remains to be investigated whether LBP modulates retinal 
microglia status relating to M1 or M2. 

In the present study, we aimed to characterize o-Aβ-induced 
M1 polarization in an immortalized microglial cell line (IMG) 
and evaluated whether LB extract (LBE) was able to shift 
microglia activation from M1 to M2, thereby providing a 
neuroprotective environment.  
 
Materials and Methods   
LBE preparation for cell culture
LBE was prepared and provided by Eu Yan Sang (HK) Ltd. (Hong 
Kong, China). The dried mature fruit of LB was the product 
of Zhongning in the Ningxia Hui Autonomous Region, China. 
The extraction method was as follows: 2.5 kg of LB fruit was 
washed, soaked in warm water (40°C) for 15 minutes, and 
boiled for 1 hour. The filtered drug residue was then boiled 
again. The extract, obtained in two batches, was combined and 
concentrated to 1.25 kg. Next, the LBE was weighed and diluted 
in ultrapure water (w/v) to make a stock solution (100 mg/mL). 
Before use, the LBE was filtered with a 0.22 μm filter membrane 
to obtain the final solution. Various concentration of LBE were 
used in the cell culture experiments, and were freshly prepared 
using Dulbecco’s modified Eagle’s medium (DMEM) low glucose 
(Thermo Fisher Scientific, Waltham, MA, USA).

Preparation of Aβ1–42 solution
The oligomeric Aβ1–42 peptide (the ERI Amyloid Laboratory 
LLC, Oxford, CT, USA) was prepared according to a previous 
protocol (Michelucci et al., 2009). Briefly, Aβ1–42 peptide 
was dissolved to 1 mM in 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP; Sigma-Aldrich, St. Louis, MO, USA) and placed in 1.5 
mL Eppendorf tubes. The tubes were then left in a biological 
safety cabinet with the lids open overnight to remove the HFIP. 
The dried peptide film that remained in the tube was then 
stored at –80°C for several months. Next, the peptide film was 
resuspended in anhydrous dimethyl sulfoxide (Sigma-Aldrich) 

to construct a 5 mM stock solution. For the oligomerization of 
Aβ, the stock solution was further diluted to 100 μM in DMEM 
without phenol red. After being incubated for 24 hours at 4°C, 
the solution was centrifuged at 15,000 × g for 10 minutes to 
harvest the supernatant, which was enriched in Aβ1–42 peptide 
oligomers and was subsequently used in the study. HFIP/
dimethyl sulfoxide and dimethyl sulfoxide were used as vehicle 
controls. The successful oligomerization of Aβ1–42 was validated 
with Tris-Tricine sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and western blot (Additional Figure 1).

Cell culture
IMG cells were purchased from Sigma-Aldrich (Cat# SCC134). 
This cell line is derived from an adult mouse brain infected 
with the v-raf/v-myc retrovirus (McCarthy et al., 2016). The 
IMG cells were cultured in DMEM high glucose medium 
supplemented with 10% (v/v) fetal bovine serum (Invitrogen, 
Carlsbad, CA, USA) at 37°C in a humidified atmosphere with 
95% air and 5% CO2. When the cells reached approximately 
80% confluence, the IMG cells were subcultured onto other 
coverslips for further studies. IMG cells in passages 4–7 were 
used in this study.  

Assessment of lactate dehydrogenase release
Lactate dehydrogenase (LDH) released into the culture 
medium was detected using a commercially available assay 
kit (Cat# 88953; Thermo Fisher Scientific). IMG cells were 
seeded into 96-well plates with DMEM low glucose medium 
supplemented with 1% (v/v) fetal bovine serum at a density of 
1 × 104 cells/well and incubated overnight. The cells were then 
treated with LBE at concentrations of 100, 250, 500, and 1000 
μg/mL for 1 hour, followed by treatment with 5 μM oligomeric 
Aβ1–42 for 23 hours. The medium was then transferred to 
another 96-well plate and mixed with LDH detection buffer. 
Thirty minutes later, stop solution was added to the wells 
and the LDH reaction activity was subsequently assessed via 
spectrometry (EnSpire Multimode Plate Reader; PerkinElmer, 
Waltham, MA, USA) based on the absorbance at 490 nm 
wavelength. The ratio of LDH activity to that of control cells 
was calculated and presented as the percentage of cell death.

PrestoBlue assay
Cell viability was measured with a PrestoBlue assay kit (Cat# 
A13261; Thermo Fisher Scientific). The IMG cells were seeded 
in 96-well plates overnight. Next, the cells were treated with 
LBE at concentrations of 100, 250, 500, and 1000 μg/mL for 1 
hour followed by treatment with 5 μM oligomeric Aβ1–42 for 23 
hours. Cells were then incubated with fetal bovine serum-free 
medium containing PrestoBlue for 2 hours at 37°C. Finally, 
index cell viability activity was assessed via spectrometry 
based on the absorbance at 570 nm.

Immunofluorescence detection
After  treatment,  the IMG cel ls  were f ixed with 4% 
formaldehyde, blocked with 5% donkey serum (Invitrogen) 
in phosphate-buffered saline (PBS), and then incubated at 
4°C overnight with the following primary antibodies: anti-
rabbit ionized calcium-binding adapter molecule 1 (Iba-1, 
1:500, Cat# 019-19741; WAKO, Osaka, Japan), anti-rabbit 
P2Y metabotropic G-protein-coupled purinergic receptors 
12 (P2Y12, 1:500, Cat# ab184411; Abcam, Cambridge, UK), 
anti-rabbit transmembrane protein 119 (TMEM119, 1:500, 
Cat# ab209064; Abcam), anti-rabbit inducible nitric oxide 
synthase (iNOS, 1:500, Cat# 13120; Cell Signaling Technology, 
Beverly, MA, USA), anti-mouse ARG-1 (1:500, Cat# 93668; 
Cell Signaling Technology), and anti-mouse IL-1β (1:500, Cat# 
12242; Cell Signaling Technology). The next day, cells were 
washed three times with PBS and incubated for 2 hours at 
room temperature with the following secondary antibodies: 
donkey anti-mouse IgG H&L (Alexa Fluor 568) (1:500, Cat# 
AB_2534013; Invitrogen), donkey anti-rabbit IgG H&L (Alexa 
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Fluor 568) (1:500, Cat# AB_2534017; Invitrogen), and 
donkey anti-rabbit IgG H&L (Alexa Fluor 488) (1:500, Cat# 
AB_2535792; Invitrogen). 4′,6-Diamidino-2-phenylindole 
(Sigma-Aldrich) was used to stain nuclei. For identified 
microglia markers, the PBS control was used in place of the 
primary antibodies. For microglia polarizing markers, the same 
antibodies were added to all the group and cells without any 
treatment as blank control. Images were taken using an LSM 
710 confocal microscope (Zeiss, Oberkochen, Germany).

Quantitative real-time polymerase chain reaction analysis
Total RNA of IMG cells under different treatment conditions 
was extracted using an RNA extraction kit (Cat# 74106; 
QIAGEN, Hilden, Germany) and then reverse transcribed 
to cDNA using a commercially available kit (Cat# 205413; 
QIAGEN). To detect the expression of the genes encoding iNOS, 
TNF-α, IL-1β, ARG-1, IL-4, and Ym-1 (all primer sequences are 
listed in Table 1), real-time polymerase chain reaction was 
performed using a SYBR Green Polymerase Chain Reaction Kit 
(Cat# 208056; QIAGEN). Amplification was performed using an 
ECO system (Gene Company Limited, Hong Kong, China), with a 
pre-denaturization step for 30 seconds at 95°C, followed by 40 
cycles of 5 seconds at 95°C and 15 seconds at 60°C. The mRNA 
expression levels of cytokines were normalized to those of 
β-actin. The results of the treatment groups were expressed as 
relative changes compared with the average signals obtained 
from the untreated controls. 

Western blot analysis
Total protein was extracted from IMG cells using cell 
lysis buffer, and the concentration was quantified using a 
bicinchoninic acid assay kit (Cat# 23227; Thermo Fisher 
Scientific). Next, 20 μg protein was loaded and segregated 
on a 10% sodium dodecyl sulfate-polyacrylamide gel before 
being transferred onto polyvinylidene fluoride membranes 
(Millipore, Burlington, MA, USA) for blotting. The membrane 
was blocked at room temperature for 1 hour with fresh 
blocking buffer containing 5% skim milk powder, and was 
then incubated at 4°C overnight with the following primary 
antibodies: iNOS (anti-rabbit, 1:1000, Cat# 13120; Cell 
Signaling Technology), TNF-α (anti-rabbit, 1:1000, Cat# 6954; 
Cell Signaling Technology), IL-1β (anti-mouse, 1:500, Cat# 
12242; Cell Signaling Technology), ARG-1 (anti-rabbit, 1:500, 
Cat# 93668; Cell Signaling Technology), IL-6 (anti-rabbit, 1:500, 
Cat# 12912; Cell Signaling Technology), and β-actin (anti-
mouse, 1:1000, Cat# 3700; Cell Signaling Technology). The 
membrane was then washed with Tris-buffered saline with 
Tween-20 and incubated for 2 hours at room temperature 
with the following secondary antibodies: goat anti-mouse IgG 
(H + L) horseradish peroxidase (1:5000, Cat# AB_2534060; 

Invitrogen) and goat anti-rabbit IgG H&L (Alexa Fluor 568) 
(1:5000, Cat# AB_143157; Invitrogen). The blots were 
visualized using an enhanced chemiluminescence system 
(Millipore) and the images were captured using a gel imager 
(Bio-Rad, Hercules, CA, USA). The optical density value of each 
band was measured using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA). The relative expression of 
each immunoreactive band was calculated by comparing the 
target protein band with that of β-actin. 

Enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assay kits (R & D Systems, 
Minneapolis, MN, USA) were used to evaluate the expression 
of TNF-α, IL-1β, and IL-6 upon o-Aβ1–42 exposure. After 
treatment, the levels of these proteins in the supernatant 
of cultured IMG cells were measured using enzyme-linked 
immunosorbent assay. The chromogenic reaction was 
monitored by detecting the absorbance at 450 nm with an 
EnSpire Multimode Plate Reader.

Statistical analysis
Results were statistically analyzed using one-way analysis of 
variance followed by Tukey’s post hoc tests and the Student’s 
t-test in Prism GraphPad 5 (GraphPad, La Jolla, CA, USA). 
Data are presented as the mean ± standard deviation (SD). 
In all analyses, a P-value of less than 0.05 was considered 
statistically significant.

Results
Microglial markers are detected in IMG cells
IMG cells were identified by the widely used microglia markers 
Iba-1, P2Y12, and TMEM119. Iba-1, P2Y12, and TMEM119 
were all detected in the cytoplasm of cultured cells, while no 
staining was detected in the PBS negative control sections 
(Figure 1). IMG cells were therefore qualified for use in the 
subsequent experiments.  

LBE prevents o-Aβ-induced cytotoxicity in IMG cells
To determine effective concentrations, IMG cells were treated 
with different concentrations of o-Aβ or LBE for 24 hours, and 
the LDH released into the conditioned media by the treated 
cells was measured as an indicator of cellular cytotoxicity. In 
addition, the adherent IMG cells were further incubated with 
PrestoBlue reagent to examine cell viability. Compared with 
the control group, a dose-dependent increment in cytotoxicity 
caused by o-Aβ was observed when the concentration 
surpassed 2.5 μM (P < 0.01; Figure 2A). This was accompanied 
by a marked decrease in cell survival starting from 5 μM o-Aβ 
(P < 0.01; Figure 2B). These results indicated that 5 μM o-Aβ 
was the optimal dose for studying the effects of LBE on IMG 
cells. In addition, IMG cells were stimulated with various 
concentrations of LBE, and a significant level of cytotoxicity was 
observed from 500 μg/mL (P < 0.001; Figure 2C). Moreover, 
a decline in cell viability was observed at 1000 μg/mL  
LBE (P < 0.01; Figure 2D).

Next, a co-treatment strategy was adopted to investigate 
the effects of LBE on o-Aβ-induced cellular cytotoxicity 
and viability. Pretreatment with LBE for 1 hour followed by 
treatment with 5 μM o-Aβ and various concentrations of LBE 
for an additional 23 hours indicated that 100–250 μg/mL of 
LBE was sufficient to prevent o-Aβ induced cytotoxicity in 
IMG cells (P < 0.05; Figure 3A). Furthermore, a comparable 
increase in cell survival was observed with LBE pretreatment 
compared with o-Aβ treatment alone (P < 0.05; Figure 3B). 
Together, these results suggest that LBE can inhibit the 
neurotoxicity induced by o-Aβ and exerts a certain protective 
effect in IMG cells.

LBE alters o-Aβ-induced microglia polarizing markers 
To better understand the role of LBE in the context of disease-

Table 1 ｜ Primer sequences used for quantitative real-time polymerase 
chain reaction analysis

Gene name Forward sequence (5'–3') Reverse sequence (5'–3')

β-Actin GTG ACG TTG ACA TCC GTA 
AAG A

GCC GGA CTC ATC GTA CTC C

iNOS GTT CTC AGC CCA ACA ATA CAA 
GA

GTG GAC GGG TCG ATG TCA C

TNF-α CCT GTA GCC CAC GTC GTA G GGG AGT AGA CAA GGT ACA 
ACC C

IL-1β CTG TGA CTC ATG GGA TGA 
TGA TG

CGG AGC CTG TAG TGC AGT TG 

IL-4 GGT CTC AAC CCC CAG CTA GT GCC GAT GAT CTC TCT CAA 
GTG AT

Arg-1 TTG GGT GGA TGC TCA CAC TG GTA CAC GAT GTC TTT GGC 
AGA

Ym1 CAG GTC TGG CAA TTC TTC 
TGA A

GTC TTG CTC ATG TGT GTA AGT 
GA

Arg-1: Arginase 1; IL-1β: interleukin 1 beta; IL-4: interleukin 4; iNOS: inducible 
nitric oxide synthase; TNF-α: tumor necrosis factor alpha; Ym1: chitinase-like 
protein 3.
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associated microglia, immunostaining was performed for 
pro- and anti-inflammatory markers in IMG cells (Figure 4). 
O-Aβ treatment alone increased the immunoreactivity of the 
M1 pro-inflammatory markers iNOS and IL-1β (Figure 4A; 
middle panel) compared with the control group. In contrast, 
LBE pretreatment (250 μg/mL) significantly reduced the 
immunoreactivity of iNOS and IL-1β (P < 0.01; Figure 4A–C) 
and significantly upregulated the M2 anti-inflammatory marker 
ARG-1 (P < 0.01; Figure 4D and E). This immunoreactivity 
profile suggests a polarizing effect of LBE pretreatment 
that drives the microglial activation state toward the anti-
inflammatory (neuroprotective) M2 type and away from the 
pro-inflammatory (neurotoxic) M1 type. These results indicate 
the potential role of LBE in suppressing inflammatory cascades 
and facilitating microglial neuroprotection.

LBE suppresses the pro-inflammatory response and 
promotes microglial anti-inflammatory properties
To further explore the IMG cell polarizing patterns that were 
observed using immunostaining, total RNA was extracted 
for semi-quantitative real-time polymerase chain reaction. 
Compared with the control group, 5 μM o-Aβ treatment led 
to significantly elevated mRNA levels of the pro-inflammatory 
markers TNF-α, IL-1β , IL-6, and iNOS (P < 0.05; Figure 5A–
C). In contrast, LBE pretreatment significantly reduced these 
elevated marker levels. We then measured the effects of LBE 
pretreatment by quantifying the mRNA expression of anti-
inflammatory markers. Treatment with o-Aβ downregulated 
the mRNA expression of ARG-1 and Ym1 compared with the 
control group. LBE pretreatment upregulated the mRNA 
expression of IL-4, ARG-1, and Ym1 (P < 0.05; Figure 5D–F) 
compared with o-Aβ treatment alone. Together, these findings 
suggest that LBE inhibits the o-Aβ-induced pro-inflammatory 
response and promotes anti-inflammatory properties.

LBE inhibits inflammatory protein synthesis in o-Aβ-treated 
IMG cells 
Treatment with o-Aβ increased the protein levels of several 
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Figure 1 ｜ IMG cells were identified by different microglia markers. 
(A) PBS (negative control). (B) Iba-1 (Alexa Fluor-568, red). (C) P2Y12 (Alexa 
Fluor-568, red). (D) TMEM119 (Alexa Fluor-568, red). DAPI, blue. The 
microglia markers, labeled with red fluorescence, were clearly expressed 
in the cytoplasm compared with the negative control. Scale bar: 20 μm. 
DAPI: 4′,6-Diamidino-2-phenylindole; Iba-1: ionized calcium-binding adapter 
molecule 1; P2Y12: P2Y metabotropic G-protein-coupled purinergic receptors 
12; PBS: phosphate-buffered saline; TMEM119: transmembrane protein 119.

Figure 2 ｜ LDH and PrestoBlue assay responses to o-Aβ or LBE treatment 
in IMG cells.  
(A–D) IMG cells were treated with different concentrations of o-Aβ (A, B) 
or LBE (C, D) for 24 hours. Cytotoxicity was determined from the culture 
supernatants using an LDH assay kit. (B, D) Cell viability was evaluated using 
the PrestoBlue assay and are represented as the percentage of survival. Data 
are expressed as the mean ± SD from four independent experiments. **P 
< 0.01,***P < 0.001 (one-way analysis of variance followed by Tukey’s post 
hoc test). Aβ: Amyloid-β; IMG: immortalized microglial cell line; LBE: Lycium 
barbarum extract; LDH: lactate dehydrogenase; o-Aβ: oligomeric Aβ1–42.
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Figure 3 ｜ Effects of o-Aβ and LBE on IMG cell cytotoxicity and viability. 
(A, B) IMG cells were IMG cells were pretreated with different concentrations 
of LBE for 1 hour, and were then co-cultured with o-Aβ (5 μM) for 23 hours. 
Cytotoxicity was determined using an LDH assay kit and cell viability was 
evaluated by the PrestoBlue assay. Data are shown as the mean ± SD from 
four independent experiments. *P < 0.05, **P < 0.01,***P < 0.001 (one-way 
analysis of variance followed by Tukey’s post hoc test). Aβ: Amyloid-β; LDH: 
lactate dehydrogenase; IMG: immortalized microglial cell line; LBE: Lycium 
barbarum extract; o-Aβ: oligomeric Aβ1–42.

pro-inflammatory factors, including iNOS, TNF-α, IL-1β, and IL-
6, all of which were significantly inhibited by LBE pretreatment 
(P < 0.05; Figure 6A–D). LBE pretreatment also elevated the 
expression of the anti-inflammatory factor ARG-1 (P < 0.05; 
Figure 6E). 

LBE affects o-Aβ-induced inflammatory cytokine secretion in 
IMG cells
The successful modulatory effect of LBE likely stemmed 
from its compensatory effects on mRNA- and protein-level 
alterations by modulating the release of pro-inflammatory 
factors. To confirm this notion, profiles of the cytokines 
released into culture supernatants from IMG cells were 
investigated using enzyme-linked immunosorbent assay 
(Figure 7). Compared with o-Aβ treatment, LBE pretreatment 
significantly reduced the secretion of pro-inflammatory 
factors, such as TNF-α, IL-1β, and IL-6 (P < 0.05; Figure 7A–C). 
These results further support the finding that LBE treatment 
can inhibit o-Aβ-induced production of pro-inflammatory 
factors and neurotoxic secretion in IMG cells.
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Figure 5 ｜ Effects of LBE on the o-Aβ-induced mRNA expression of inflammatory cytokines in IMG cells. 
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Discussion
Neuroinflammation mediated by microglia is a key factor 
in the pathogenesis of AD (Sarlus and Heneka, 2017). In 
our study, o-Aβ elicited an M1 microglial response without 
significantly compromising cell viability. LBE may inhibit the 
M1 phenotype induced by o-Aβ and promote an M2 state in 
IMG cells.

The age-dependent Aβ pathological process is associated 
with the microglial activation phenotype in the hippocampus 
of PS1M146L/APP751SL double-transgenic AD mice (Jimenez et 
al., 2008). In these mice, the M2 microglial phenotype (Ym1-
positive and TNF-α-negative) is restricted to Aβ plaques at 
6 months of age, while microglial activation spreads to the 
entire hippocampus area by 18 months of age, indicating 
a classic M1 phenotype (with expression of TNF-α, COX2, 
and NOX1), with accumulated levels of soluble Aβ oligomers 
(Jimenez et al., 2008; Tang and Le, 2016). These results 
indicate that M2 microglia might intend to phagocytose the Aβ 
plaques at 6 months. M2 microglia possess neuroprotective 
functions, remove Aβ plaques, and enhance phagocytosis, 
resulting in improved cognitive function (Li et al., 2007; Tang 
and Le, 2016; Sarlus and Heneka, 2017). When Aβ plaques 
accumulate to an amount that is beyond the capacity of 
microglial phagocytosis, M2 microglia may shift to an M1 
phenotype and become detrimental to the surrounding 
neurons. As shown in primary microglia cells, o-Aβ provokes 
microglia from the resting state to the M1 activation state and 
enhances the release of cytotoxic and inflammatory factors 
(Michelucci et al., 2009). This might explain the observation 
of M1 microglia in the hippocampus of PS1M146L/APP751SL 
transgenic AD mice at 18 months. Thus, any protocol that 
can shift microglia from an M1 to an M2 state might provide 
neuroprotection and improve cognitive function in AD mice. 
Such an M1 to M2 shift has been demonstrated in Aβ-stressed 
primary microglial cells. IL-4, an anti-inflammatory cytokine, 
can potently downregulate the expression of IL-6 and TNF-α 
and upregulate the transcription levels of C-C chemokine 
receptor type 2 and ARG-1 in cells under Aβ stress (Lyons et 
al., 2007). 

Similarly, Chinese medicine extracts have also been shown 
to suppress M1 microglial activity and reduce inflammatory 
cytokine levels. For example, resveratrol has anti-inflammatory 
effects via the suppression of M1 microglia activation and the 
amelioration of proinflammatory cytokine release (Gomes et 
al., 2018). Furthermore, not only can resveratrol significantly 
inhibit the Aβ1–42-induced expression of the proinflammatory 
cytokines IL-6, IL-1β, and TNF-α in BV2 cells (Feng and Zhang, 
2019), but it can also restore spatial memory and protect 
adult Sprague Dawley rats from Aβ-induced neurotoxicity by 
suppressing iNOS production (Zhao et al., 2018). In addition, 
curcumin, the major yellow pigment in turmeric, improves 
primary microglia viability against fibril Aβ1–42 and significantly 
reduces the expression of pro-inflammatory factors, including 
TNF-α, IL-1β, and IL-6 (Shi et al., 2015). Moreover, Teter et 
al. (2019) revealed that low-dose curcumin downregulates 
CD33 and upregulates TREM2 expression (thus decreasing AD 
risk), and suppresses the M1 microglia cells that decrease the 
expression of proinflammatory factors (CD11b, iNOS, COX2, 
and IL-1β) in APPswe transgenic mice.

In the current study, LBE simultaneously promoted the 
expression of anti-inflammatory ARG-1 and inhibited o-Aβ-
induced overexpression of proinflammatory iNOS and IL-1β. 
Western blot and real-time polymerase chain reaction results 
further confirmed that LBE can both reduce the expression 
of M1 markers (iNOS, TNF-α, IL-6, and IL-1β) and increase 
the expression of M2 markers (ARG-1 and Ym1). These 

results indicate that LBE can attenuate the o-Aβ-induced 
neuroinflammatory response of microglia by reducing the 
release of inflammatory factors and promoting the release 
of anti-inflammatory factors, thereby reversing the activation 
state of microglia from M1 to M2. Although there were some 
limitations to our study—such as it being a cell line study, with 
no interference of inhibitors, and using mixture compounds 
of LBE—we propose that our study was meaningful because 
we provided a new potential target for preventing AD. Future 
studies in AD animal models should be carried out to explore 
the M1 and M2 states after LBE treatment. 

LBE has been reported to stabilize the blood barriers in 
the central nervous system in various preclinical studies. 
In a mouse model of cerebral ischemic stroke, LBE was 
demonstrated to effectively improve neurological function 
recovery, reduce the infarct area, and protect the brain from 
blood–brain barrier disruption (Yang et al., 2012). Additionally, 
pretreatment with LBP for 1 week reportedly protects the 
survival of retinal ganglion cells in retinal ischemia/reperfusion 
injury, reduces oxidative stress, inhibits the activation of glial 
cells, and blocks the destruction of the blood–retinal barrier 
(Li et al., 2011). Thus, stabilization of the blood–brain barrier, 
direct neuroprotection, and switching of microglia from M1 
to M2 are the multi-target functions of LBE. These functions 
and the affordable price of LB may make it valuable for use 
in AD prevention and treatment. In summary, pretreating 
IMG microglial cells with LBE promoted M2 polarization and 
concurrently inhibited Aβ-induced M1 polarization and its 
associated inflammatory reaction.  

Author contributions: Study design: ZQS, KC; experiment implementation: 
ZQS; data analysis and manuscript drafting: ZQS, WL, JFL; manuscript 
revision: ZQS, CHW, KC, YH, KFS. All authors have read and approved the 
final manuscript.
Conflicts of interest: The authors declare that they have no conflict of 
interest.
Financial support: This work was supported by Midstream Research 
Program for Universities, Hong Kong Special Administrative Region, China, 
No. MRP-092-17X. The funding source had no role in study conception 
and design, data analysis or interpretation, paper writing or deciding to 
submit this paper for publication.
Institutional review board statement: Not applicable. The IMG cell line 
used in the current study was purchased from Sigma-Aldrich (SCC134). 
There is no live animal involved. 
Copyright license agreement: The Copyright License Agreement has been 
signed by all authors before publication.
Data sharing statement: Datasets analyzed during the current study are 
available from the corresponding author on reasonable request.
Plagiarism check: Checked twice by iThenticate. 
Peer review: Externally peer reviewed. 
Open access statement: This is an open access journal, and articles 
are distributed under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which allows others to remix, 
tweak, and build upon the work non-commercially, as long as appropriate 
credit is given and the new creations are licensed under the identical 
terms.
Open peer reviewer: Randall L. Davis, Oklahoma State University, USA.
Additional files: 
Additional file 1: Open peer review report 1.
Additional Figure 1: Oligomerization of Aβ1–42 was identified by western 
bolt. 

References
Chiu K, Chan HC, Yeung SC, Yuen WH, Zee SY, Chang RC, So KF (2009) 

Modulation of microglia by Wolfberry on the survival of retinal ganglion 
cells in a rat ocular hypertension model. J Ocul Biol Dis Infor 2:47-56.

Research Article



NEURAL REGENERATION RESEARCH｜Vol 17｜No. 1｜January 2022｜209

El-Shimy IA, Heikal OA, Hamdi N (2015) Minocycline attenuates Aβ oligomers-
induced pro-inflammatory phenotype in primary microglia while enhancing 
Aβ fibrils phagocytosis. Neurosci Lett 609:36-41.

Feng L, Zhang L (2019) Resveratrol suppresses Aβ-induced microglial 
activation through the TXNIP/TRX/NLRP3 signaling pathway. DNA Cell Biol 
38:874-879.

Gomes BAQ, Silva JPB, Romeiro CFR, Dos Santos SM, Rodrigues CA, Gonçalves 
PR, Sakai JT, Mendes PFS, Varela ELP, Monteiro MC (2018) Neuroprotective 
mechanisms of resveratrol in Alzheimer’s disease: role of SIRT1. Oxid Med 
Cell Longev 2018:8152373.

Gray SC, Kinghorn KJ, Woodling NS (2020) Shifting equilibriums in Alzheimer’s 
disease: the complex roles of microglia in neuroinflammation, neuronal 
survival and neurogenesis. Neural Regen Res 15:1208-1219. 

He FQ, Qiu BY, Li TK, Xie Q, Cui DJ, Huang XL, Gan HT (2011) Tetrandrine 
suppresses amyloid-β-induced inflammatory cytokines by inhibiting NF-
κB pathway in murine BV2 microglial cells. Int Immunopharmacol 11:1220-
1225.

Ho YS, Yu MS, Lai CS, So KF, Yuen WH, Chang RC (2007) Characterizing the 
neuroprotective effects of alkaline extract of Lycium barbarum on beta-
amyloid peptide neurotoxicity. Brain Res 1158:123-134.

Ho YS, Yu MS, Yang XF, So KF, Yuen WH, Chang RC (2010) Neuroprotective 
effects of polysaccharides from wolfberry, the fruits of Lycium barbarum, 
against homocysteine-induced toxicity in rat cortical neurons. J Alzheimers 
Dis 19:813-827.

Hu Y, Zeng Z, Wang B, Guo S (2017) Trans-caryophyllene inhibits amyloid 
β (Aβ) oligomer-induced neuroinflammation in BV-2 microglial cells. Int 
Immunopharmacol 51:91-98.

Jimenez S, Baglietto-Vargas D, Caballero C, Moreno-Gonzalez I, Torres 
M, Sanchez-Varo R, Ruano D, Vizuete M, Gutierrez A, Vitorica J (2008) 
Inflammatory response in the hippocampus of PS1M146L/APP751SL mouse 
model of Alzheimer’s disease: age-dependent switch in the microglial 
phenotype from alternative to classic. J Neurosci 28:11650-11661.

Lan X, Han X, Li Q, Yang QW, Wang J (2017) Modulators of microglial activation 
and polarization after intracerebral haemorrhage. Nat Rev Neurol 13:420-
433.

Leng F, Edison P (2020) Neuroinflammation and microglial activation in 
Alzheimer disease: where do we go from here? Nat Rev Neurol doi: 
10.1038/s41582-020-00435-y.

Li H, Liang Y, Chiu K, Yuan Q, Lin B, Chang RC, So KF (2013) Lycium barbarum 
(wolfberry) reduces secondary degeneration and oxidative stress, and 
inhibits JNK pathway in retina after partial optic nerve transection. PLoS 
One 8:e68881.

Li L, Lu J, Tay SS, Moochhala SM, He BP (2007) The function of microglia, 
either neuroprotection or neurotoxicity, is determined by the equilibrium 
among factors released from activated microglia in vitro. Brain Res 1159:8-
17.

Li SY, Yang D, Yeung CM, Yu WY, Chang RC, So KF, Wong D, Lo AC (2011) Lycium 
barbarum polysaccharides reduce neuronal damage, blood-retinal barrier 
disruption and oxidative stress in retinal ischemia/reperfusion injury. PLoS 
One 6:e16380.

Long JM, Holtzman DM (2019) Alzheimer disease: an update on pathobiology 
and treatment strategies. Cell 179:312-339.

Lyons A, Griffin RJ, Costelloe CE, Clarke RM, Lynch MA (2007) IL-4 attenuates 
the neuroinflammation induced by amyloid-beta in vivo and in vitro. J 
Neurochem 101:771-781.

Manthey AL, Chiu K, So KF (2017) Effects of Lycium barbarum on the visual 
system. Int Rev Neurobiol 135:1-27.

Manthey AL, Chiu K, So K-F (2018) Demystifying traditional Chinese medicines: 
Lycium barbarum as a model therapeutic. Traditional Medicine and Modern 
Medicine 1:15-19.

McCarthy RC, Lu DY, Alkhateeb A, Gardeck AM, Lee CH, Wessling-Resnick M 
(2016) Characterization of a novel adult murine immortalized microglial cell 
line and its activation by amyloid-beta. J Neuroinflammation 13:21.

Mi XS, Feng Q, Lo ACY, Chang RC, Chung SK, So KF (2020) Lycium barbarum 
polysaccharides related RAGE and Aβ levels in the retina of mice with acute 
ocular hypertension and promote maintenance of blood retinal barrier. 
Neural Regen Res 15:2344-2352. 

Michelucci A, Heurtaux T, Grandbarbe L, Morga E, Heuschling P (2009) 
Characterization of the microglial phenotype under specific pro-
inflammatory and anti-inflammatory conditions: effects of oligomeric and 
fibrillar amyloid-beta. J Neuroimmunol 210:3-12.

Sarlus H, Heneka MT (2017) Microglia in Alzheimer’s disease. J Clin Invest 
127:3240-3249.

Shi X, Zheng Z, Li J, Xiao Z, Qi W, Zhang A, Wu Q, Fang Y (2015) Curcumin 
inhibits Aβ-induced microglial inflammatory responses in vitro: Involvement 
of ERK1/2 and p38 signaling pathways. Neurosci Lett 594:105-110.

Tang Y, Le W (2016) Differential roles of M1 and M2 microglia in 
neurodegenerative diseases. Mol Neurobiol 53:1181-1194.

Teng P, Li Y, Cheng W, Zhou L, Shen Y, Wang Y (2013) Neuroprotective effects 
of Lycium barbarum polysaccharides in lipopolysaccharide-induced BV2 
microglial cells. Mol Med Rep 7:1977-1981.

Teter B, Morihara T, Lim GP, Chu T, Jones MR, Zuo X, Paul RM, Frautschy SA, 
Cole GM (2019) Curcumin restores innate immune Alzheimer’s disease 
risk gene expression to ameliorate Alzheimer pathogenesis. Neurobiol Dis 
127:432-448.

Wang K, Xiao J, Peng B, Xing F, So KF, Tipoe GL, Lin B (2014) Retinal structure 
and function preservation by polysaccharides of wolfberry in a mouse 
model of retinal degeneration. Sci Rep 4:7601.

Xiao J, Liong EC, Ching YP, Chang RC, So KF, Fung ML, Tipoe GL (2012) Lycium 
barbarum polysaccharides protect mice liver from carbon tetrachloride-
induced oxidative stress and necroinflammation. J Ethnopharmacol 
139:462-470.

Xing X, Liu F, Xiao J, So KF (2016) Neuro-protective mechanisms of Lycium 
barbarum. Neuromolecular Med 18:253-263.

Yang D, Li SY, Yeung CM, Chang RC, So KF, Wong D, Lo AC (2012) Lycium 
barbarum extracts protect the brain from blood-brain barrier disruption 
and cerebral edema in experimental stroke. PLoS One 7:e33596.

Zhang X, Zhou W, Zhang Y (2015) Immunoregulation and Lycium barbarum. 
In: Lycium barbarum and human health (Chang RCC, So KF, eds), pp 27-44. 
Dordrecht: Springer Netherlands.

Zhao H, Wang Q, Cheng X, Li X, Li N, Liu T, Li J, Yang Q, Dong R, Zhang Y, Zhang 
L (2018) Inhibitive effect of resveratrol on the inflammation in cultured 
astrocytes and microglia induced by Aβ(1-42). Neuroscience 379:390-404.

Zhou Y, Duan Y, Huang S, Zhou X, Zhou L, Hu T, Yang Y, Lu J, Ding K, Guo D, Cao 
X, Pei G (2020) Polysaccharides from Lycium barbarum ameliorate amyloid 
pathology and cognitive functions in APP/PS1 transgenic mice. Int J Biol 
Macromol 144:1004-1012.

P-Reviewer: Davis RL; C-Editor: Zhao M; S-Editors: Yu J, Li CH; L-Editors: 
Gardner B, Yu J, Song LP; T-Editor: Jia Y



NEURAL REGENERATION RESERACH www.nrronline.org

Additional Figure 1 Oligomerization of Aβ1–42 was identified by western bolt.
After get the oligomeric Aβ protein sample, the 4G8 antibodies were used to bind the oligomeric Aβ1-42. This
protein was mainly distributed below 10 kDa, but it also existed at a slightly larger molecular weight. Compared
with the Dulbecco’s modified Eagle’s medium/F12 control group, oligomeric-Aβ was significantly enriched in the
corresponding band. Aβ: Amyloid-β.


