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ABSTRACT

Morphine tolerance poses a great challenge for clinicians, whose pathogenesis has a close
connection with microglial activation and neuroinflammation. Dihydroartemisinin (DHA) that
derives from artemisinin, may serve as a potential anti-inflammatory drug. In this study, the
effects as well as the underlying mechanism of DHA on suppressing microglial activation and
neuroinflammation were explored. The microglial cell line BV-2 cells were induced by morphine
and treated with DHA or minocycline. With the application of CCK-8, the cell viability was
detected. Western blot was employed to assess the expressions of Ki67, I1Ba-1, and TLR4 and
quantitative real-time PCR (qQRT-PCR) was adopted to evaluate miRNA-16 (miR-16) expression. With
the adoption of ELISA kits and gRT-PCR, the release of inflammatory cytokines was evaluated.
Besides, luciferase reporter assay was applied to testify the binding relationship between miR-16
and TLR4. NF-kB expression was measured by immunofluorescence. DHA reduced cell viability
and decreased protein expression of Ki67 and IBa-1 in morphine-induced BV-2 cells. Additionally,
DHA contributed to the declined release of pro-inflammatory cytokines. miR-16 was down-
regulated by morphine but was up-regulated by DHA concentration-dependently in BV-2 cells.
The inhibition of miR-16 partly abolished the inhibitory effects of DHA on morphine-induced
microglial activation and neuroinflammation. Moreover, TLR4 was found to be bound to miR-16,
and the inhibitory effect of DHA on TLR4/NF-kB was partly reversed by miR-16 inhibition. In
conclusion, DHA remarkably suppressed microglial activation and neuroinflammation through
regulating miR-16-mediated TLR4/NF-kB signaling. This study may provide a new solution to
improve clinical analgesic efficacy of morphine.

ARTICLE HISTORY

Received 26 July 2021
Revised 13 September 2021
Accepted 14 September 2021

KEYWORDS
Dihydroartemisinin; morphine;
neuroinflammation; miR-16

Introduction . ) . L
evidence revealed that microglia activation also

contributed to morphine tolerance [4-6].
Stimulation of activated microglia by morphine
can promote the release of pro-inflammatory cyto-

Morphine, a classic opioid analgesic drug, has been
widely applied in clinic and has become the first-line
drug for treating pain in cancer or non-cancer patients

[1]. Nevertheless, long-term application of morphine
results in analgesic tolerance and numerous adverse
effects, greatly limiting the clinical use of morphine.
Therefore, it is of great importance to understand the
mechanisms of morphine tolerance and delineate spe-
cific protocols to handle this problem.

Among the previous studies, a plenty of scholars
paid more attention to morphine tolerance on
neurons, including the changes in neuronal plasti-
city caused by the continuous stimulation of
G protein uncoupling, and the increase in the
synthesis of anti-opioid substances [2,3].
However, an increasing number of convincing

kines, such as tumor necrosis factor a (TNF-a),
interleukin-6 (IL-6) and IL-1(3, which in turn
causes severe neuroinflammatory reaction and
increases the hyperactivity of dorsal horn neurons,
leading to central sensitization and a decrease of
analgesic efficacy of morphine [4,5].

Artemisinins comprise a group of sesquiterpene
trioxane lactones extracted from the Chinese herb
Artemisia annua L, which has been a WHO-
recommended mainstay in treating malaria [7].
Dihydroartemisinin (DHA), a semisynthetic deri-
vative that derives from artemisinin, has also been
widely considered as the most optimal antimalarial
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drug. Recently, DHA has been found to exhibit
other effects, such as anti-neurodegeneration, anti-
inflammatory, anti-cancer, anti-oxidant, and anti-
organizational fibrosis effects, thus protecting
against systemic lupus erythematosus, multiple
cancers, colitis, pulmonary fibrosis, etc.[8-12] Of
note, DHA has been also found to ameliorate
lipopolysaccharide (LPS)-induced neuroinflamma-
tion by inhibiting the phosphatidylinositol
3-kinase (PI3K)/serine/threonine kinase (AKT)
pathway in vivo [13]; however, more precise mole-
cular mechanisms need to be explored. It is worth
mentioning that LPS has been widely recognized
as a classic toll-like receptor 4 (TLR4) receptor
agonist and is used to induce glial cell activation
to simulate neuroinflammation. Meanwhile, mor-
phine has been shown to directly activate TLR4
receptor and promote inflammatory response [14].
Considering these pharmacological activities of
DHA, we hypothesized that DHA might have an
inhibitory = effect ~on  morphine-induced
neuroinflammation.

With the aim of exploring the effects of DHA
on morphine-induced microglial activation and
inflammation, as well as discovering its more pre-
cise mechanism of actions, we conducted this
study.

Materials and methods
Cell culture and treatment

Mouse BV-2 cell lines that were purchased from
BeNa Culture Collection (Beijing, China) were
incubated with Dulbecco’s modified Eagle medium
(DMEM; Hyclone) containing with 10% fetal
bovine serum (FBS), 100 U/ml penicillin,
100 mg/ml streptomycin, and 2 mM glutamine
(Gibco BRL, Grand Island, NY, USA) at 37°C in
humidified 5% CO, and 95% air.

For morphine induction and treatment, BV-2
cells were inoculated in 6-well plates (1 x 10’
cells/well) overnight. Then, cells were admini-
strated with morphine (200 uM) with or without
DHA for 6 h [15,16]. Before morphine induction,
the cells were treated with DHA (1, 5, 10, and
20 uM) for 30 min. Minocycline (10 pM), an
inhibitor of microglia activation, was adopted as
the positive control.

To introduce miR-16 inhibitor or miR-16
mimic into BV-2 cells to regulate miR-16 expres-
sion, cell transfection was operated. Briefly, miR-
16 inhibitor, miR-16 mimic and their negative
controls (inhibitor-NC, mimic-NC) that provided
by Shanghai GenePharma Co., Ltd. (Shanghai,
China) were transfected into BV-2 cells with the
application of Lipofectamine 3000 (Invitrogen).

Cell viability assay

BV-2 cells were inoculated in 96-well plates
(5 x 10> cells/well) and cultured at 37°C overnight.
After indicated treatment, each well was added
with 10 pl of Cell Counting Kit-8 (CCK-8) agent
(Dojingdo Molecular Technologies, Inc) and the
cells were incubated with mixture for another 2 h.
Eventually, a microplate reader (Bio-Rad
Laboratories, France) was employed to determine
the absorbance at 450 nm.

Western blot

Total protein was extracted from cells using
RIPA lysis buffer containing phenylmethylsulfonyl
fluoride (PMSF) (Boster Biological Technology,
Wuhan, China). After measuring protein concen-
tration using a Bicinchoninic Acid (BCA) kit
(Boster Biological Technology), the proteins were
subjected to 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel for separation and then trans-
ferred onto a nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, CA). Impeded with 5%
nonfat milk for 1 h at room temperature, the
membranes were incubated with primary antibo-
dies against Ki67 (cat. no. 16,667, Abcam), IBa-1
(cat. no. 178,846, Abcam), TLR4 (cat. no. 13,556,
Abcam), and GAPDH (cat. no. 9485, Abcam) at
4°C overnight, after which horseradish peroxidase-
labeled Rabbit anti-mouse IgG secondary antibody
(cat. no. ab6728, Abcam) was utilized to incubate
membranes for 2 h. At last, the visualization and
quantification of protein bands were performed by
an enhanced ECL substrate (Tanon, Shanghai,
China) and Image ] software (version 2.0.0,
USA), respectively.

Quantitative real-time PCR (qRT-PCR)

The isolation of total RNA from samples was
performed by Trizol reagent (Invitrogen) strictly



in line with manufacture’s specification.
Subsequently, 2 pg of RNA was synthesized to
cDNA using the PrimeScript RT reagent Kit
(Takara Bio Inc, Japan). The operation of SYBR
Green quantitative PCR of IL-1p, IL-6, TNF-a, and
miR-16 was performed with the adoption of
Applied Bio systems 7500 Fast Real-Time PCR
System. The mRNA level of IL-1B, IL-6, and
TNF-a was calculated by 272" and normalized
to B-actin, and the level of miR-16 was normalized
to U6.

Cytokine determination

Mouse TNF-a, IL-1B, and IL-6 in the super-
natant from cell culture were determined using
their corresponding ELISA kits (Shanghai
Enzyme Link Biotechnology Co., Ltd., Shanghai,
China).

Luciferase reporter assay

Starbase website predicted the potential-binding
sites between miR-16 and TLR4. To verity this
connection, the binding sequences of miR-16 on
TLR4 was cloned into pSI-check Dual-luciferase
vectors. The co-transfection of BV-2 cells with
miR-16 mimic and the wild type (WT) or mutated
type (MUT) of TLR4 was operated by
a lipofectamine 3000 (Invitrogen). At last, the
luciferase activity was assessed by Dual-luciferase
reporter assay system (Solaribio Life Sciences,
Shanghai, China).

Immunofluorescence

After being inoculated into the glass bottom cell
culture dishes, the BV-2 cells were administrated
with morphine with or without DHA. After 6 h,
4% paraformaldehyde and 0.3% Triton X-100 were
employed to fix and permeate BV-2 cells. Blocked
with 1% bovine serum albumin (BSA), cells were
then incubated with primary antibody against
nuclear transcription factor (NF)-kB p65 (cat. no.
ab32536, Abcam) at 4°C overnight. On the
following day, the fluorescent secondary antibody
(cat. no. ab150113, Abcam) was used to incubate
cells for 1 h in dark. After the procedure of stain-
ing cells with DAPI for 3 min, the cells were
observed under a laser confocal microscope
(Olympus, Japan).
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Statistical analysis

All data collected from experiments were displayed
as mean * standard deviation (SD). GraphPad
Prism 8 (GraphPad Software, La Jolla, CA, USA)
was employed to analyze the statistics. A one-way
analysis of variance (ANOVA) followed by post
hoc Tukey’s tests was employed for difference
comparison. The difference was considered signif-
icant at p < 0.05.

Results

DHA reduced morphine-induced cell viability in
BV-2 cells

With the aim of investigating the role of DHA in
BV-2 that induced by morphine, the appropriate
concentrations of DHA for application was evalu-
ated. As Figure 1(a) demonstrated, after the treat-
ment with different concentrations (1, 5, 10, 20,
and 40 pM) of DHA, a slight reduction of the cell
viability was observed upon DHA treatment from
1~20 puM, whereas a significant reduction of cell
viability was observed upon DHA treatment at 40
uM, indicating that DHA (40 uM) caused cell
injury. In view of this, DHA with concentrations
of 1, 5, 10, and 20 pM were applied for the sub-
sequent experiments.

Subsequently, the effect of DHA on cell viability in
morphine-induced BV-2 cells was evaluated. Results
obtained from CCK-8 assay exhibited that morphine
greatly stimulated the viability of BV-2 cells, whereas
this elevated viability was reduced by DHA treatment,
especially at 10 and 20 uM (Figure 1(b)). Additionally,
the elevated protein expression of Ki67 was remark-
ably reduced by DHA treatment (5, 10, and 20 pM)
(Figure 1(c)), indirectly reflecting that DHA could
partly inhibit morphine-induced BV-2 cell viability,
and the inhibitory effect of DHA at 20 uM was similar
with that of minocycline treatment, the positive drug
control.

DHA inhibited morphine-induced microglial
activation in BV-2 cells

Next, the effect of DHA on microglial activation in
morphine-induced BV-2 cells was evaluated. Ionized
calcium-binding adaptor molecule 1 (IBa-1) is
a classical microglial activation hallmark in the spinal
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Figure 1. DHA reduced morphine-induced cell viability in BV-2 cells.

(a) BV-2 cells were treated with different concentrations (1, 5, 10, 20, and 40 uM) of DHA, and the cell viability was evaluated by CCK-
8 assay. (b) BV-2 cells were treated with DHA (1, 5, 10, and 20 uM) or minocycline (10 upM) 30 min prior to morphine induction. The
cell viability was evaluated by CCK-8 assay. (c) The protein expression of Ki67 was detected by western blot, and the relative

expression level was quantified. **, *** p < 0.01, 0.001 vs control group;

cord, and its expression level reflects the degree of
microglial activation. As Figure 2 displayed, morphine
induction hugely promoted the protein expression of
IBa-1, suggesting that the BV-2 cells were highly acti-
vated upon morphine induction. Minocycline, an
inhibitor of microglia activation, was also expected
to abolish microglia activation by inhibiting the pro-
tein expression of IBa-1 in morphine-induced BV-2
cells. Surprisingly, an inhibitory effect on IBa-1
expression was also observed by DHA treatment.
These results suggested that DHA exerted inhibitory
effects on morphine-induced microglial activation.

DHA alleviated morphine-induced inflammatory
response in BV-2 cells

Then, we also assessed the effect of DHA on inflam-
matory response in morphine-induced BV-2 cells.
A series of inflammatory cytokines were detected by
ELISA and qRT-PCR assays. According to Figure 3a-
G, the release of IL-1f, IL-6, and TNF-a in BV-2 cells

# 4 4 < 0,05, 0.01, 0.001 vs morphine group.

gained a huge growth upon morphine induction,
which were then reversed by DHA treatment in
a dose-dependent manner. Minocycline suppressed
the release of IL-1B, IL-6, and TNF-a as well. At the
same time, the mRNA level of IL-1, IL-6, and TNF-a
in different treatment detected by qRT-PCR was in the
same trend with that detected by ELISA (Figure 3 d-f).

miR-16 was regulated by DHA and miR-16
inhibitor partly abolished the protective effects of
DHA in morphine-induced BV-2 cells

Next, we further tried to clarify the specific
mechanism of DHA underlying its role in mor-
phine-induced BV-2 cells. Interestingly, we found
that miR-16 was greatly downregulated by mor-
phine, but was upregulated by DHA concentra-
tion-dependently or minocycline treatment
(Figure 4), indicating that miR-16 might be an
important gene that regulated the gene network
response to morphine induction or these treat-
ments in BV-2 cells, resulting in multiple cellular
biological activities.
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Figure 2. DHA inhibited morphine-induced microglial activation
in BV-2 cells.

BV-2 cells were treated with DHA (1, 5, 10, and 20 pM) or
minocycline (10 uM) 30 min prior to morphine induction. The
protein expression of 1Ba-1 was detected by western blot, and
the relative expression level was quantified. *** p < 0.001 vs
control group; " ** p < 0.01, 0.001 vs morphine group.

To verify this hypothesis, miR-16 inhibitor was
introduced to BV-2 cells to inhibit the expression
level of miR-16 (Figure 5(a)). BV-2 cells were
pretreated with DHA with or without transfection
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Figure 4. miR-16 was regulated by morphine and DHA.

BV-2 cells were treated with DHA (1, 5, 10, and 20 pM) or
minocycline (10 uM) 30 min prior to morphine induction. The
expression level of miR-16 was detected by quantitative real-
time PCR. *** p < 0.001 vs control group; * ** p < 0.05, 0.001
vs morphine group.

with inhibitor-NC or miR-16 inhibitor, prior to
morphine induction. Subsequently, the detection
results of inflammatory cytokines production by
ELISA and qRT-PCR assays both revealed that the
suppressive effect of DHA on the production of
IL-1pB, IL-6, and TNF-a in morphine-induced BV-
2 cells was partly abolished by miR-16 inhibitor
(Figure 5(b-g)). In addition, the suppressive effect
of DHA on the protein expression of IBa-1 in
morphine-induced BV-2 cells was greatly hindered
by miR-16 inhibitor (Figure 5(h)). These results
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Figure 3. DHA alleviated morphine-induced inflammatory response in BV-2 cells.
BV-2 cells were treated with DHA (1, 5, 10, and 20 uM) or minocycline (10 uM) 30 min prior to morphine induction. (a-c) The

production of inflammatory cytokines (IL-1p, IL-6, and TNF-a) were detected by ELISA assays. (d-f) The expression of inflammatory
cytokines (IL-1B, IL-6, and TNF-a) were detected by quantitative real-time PCR. *** p < 0.001 vs control group; * ** *** p < 0.05, 0.01,

0.001 vs morphine group.
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Figure 5. miR-16 inhibitor partly abolished the protective effects of DHA in morphine-induced BV-2 cells.

(a) BV-2 cells were transfected with miR-inhibitor or inhibitor NC, and the expression level of miR-16 was detected using quantitative
real-time PCR. *** p < 0.001 vs control group. (b-d) BV-2 cells were pretreated with DHA with or without transfection with inhibitor-
NC or miR-16 inhibitor, prior to morphine induction. The production of inflammatory cytokines (IL-1B, IL-6, and TNF-a) were detected
by ELISA assays. (e-g) The expression of inflammatory cytokines (IL-1B, IL-6, and TNF-a) were detected by quantitative real-time PCR.
(h) The protein expression of I1Ba-1 was detected by western blot, and the relative expression level was quantified. *** p < 0.001 vs
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control group; "™ p < 0.001 vs morphine group;

suggested the protective effects of DHA on mor-
phine-induced microglial activation and inflam-
matory response were partly abolished by miR-16.

miR-16 was a direct target of TLR4 and regu-
lated TLR4/NF-«B signaling

To understand the relationship between miR-16
and TLR4, a potential binding site between miR-16
and TLR4 was found by searching Starbase database
(Figure 6(a)). To verify this interaction, miR-16
mimic was introduced to overexpress miR-16, and
the binding relationship was further verified by luci-
ferase reporter assay (Figure 6(b,c)). The increased
protein expression of TLR4 in morphine-induced
BV-2 cells was decreased by DHA treatment; how-
ever, miR-16 inhibition partly reversed the changes
made by DHA (Figure 6(d)). In addition, results in
Figure 6(e) exhibited that the number of NF-kB p65-
positive cells was increased upon morphine induc-
tion, but decreased upon DHA treatment, which was

p < 0.01, 0.001 vs morphine + DHA + inhibitor NC group.

further partly abolished by miR-16 inhibitor
(Figure 6(e)). These results suggested that DHA
treatment could repress morphine-mediated TLR4/
NF-«B signaling partly by upregulating miR-16.

Discussion

In this study, we discovered that DHA,
a semisynthetic derivative of artemisinin, exhibited
inhibitory effects on morphine-induced microglial
activation and inflammatory response. TLR4, an
important inducer of neuroinflammation, could be
bound to miR-16. DHA-induced upregulation of
miR-16 could block TLR4/NF-kB signaling path-
way, contributing to suppression of microglial
activation and inflammatory response in mor-
phine-induced BV-2 cells. Given that microglial
activation and neuroinflammation has been widely
recognized as important contributors to morphine
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western blot, and the relative expression level was quantified. (e) The expression of NF-kB p65 was measured using immunofluor-

escence assay. *** p < 0.001 vs control group; ***
group.

tolerance, this study may provide a new solution to
improve clinical analgesic efficacy of morphine.
In order to make out the mechanism of DHA
inhibiting LPS-induced neuroinflammation, we
assessed its effects on TLR4/NF-«B signaling path-
way. TLR4 is an innate immune receptor in the
body, mainly distributed in microglia, and is con-
sidered to be one of the key mediators of mor-
phine-induced microglia activation and neuro-
inflammatory response. Morphine-evoked neu-
roinflammation mediated by TLR4 has been evi-
denced to be important for morphine tolerance,
and suppression of TLR4-mediated neuroinflam-
mation attenuated morphine tolerance [15]. NF-

p < 0.001 vs morphine group;

ARA h < 0.001 vs morphine + DHA + inhibitor NC

kB is a crucial transcription factor in the induction
of inflammatory injury, the activation of which
was found to contribute to chronic morphine-
induced analgesic tolerance [17,18]. TLR4 has
been considered as an inducer of NF-xB by TLR4-
MyD88 signaling, followed by the degradation of
IkBa, an inhibitor of NF-«xB, and translocation of
NF-kB subunit p65 from the cytoplasm to nucleus,
thus leading to the release of multiple cytokines,
and contributing to inflammatory response
[19,20]. The previous reports also revealed that
silence of TLR4 gene expression or blocking
TLR4/NF-kB contributed to an increased intensity
and prolonged duration of opioid analgesia
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[21,22]. What’s more, DHA, especially its deriva-
tive with alkynyl as the end functional group, was
considered to be a TLR4 antagonist [23]. As
expected, our study revealed that DHA signifi-
cantly reduced morphine-induced TLR4 expres-
sion, thus blocking TLR4/NF-kB signaling
pathway. DHA exerted its protective effects in
morphine-induced neuroinflammation through
suppressing TLR4/NF-kB signaling pathway.
Moreover, a further investigation was carried out
to illuminate more precise molecular mechanism
underlying the regulatory effect of DHA on TLR4.
To our surprise, there is a potential binding relation-
ship between miR-16 and TLR4 according to
Starbase database, which was then further verified
by luciferase reporter assay, indicating that TLR4
was a direct target of miR-16, and miR-16 might
exert effect through regulating TLR4. Consistent
with this finding, the existing evidence also revealed
that the expressions of TLR4 and NF-xB were
reduced by miR-16 overexpression, and miR-16
could relieve inflammatory response of acute lung
injury via targeting TLR4/NF-kB pathway [24].
Additionally, miR-16 was reported to participate in
the release of inflammatory response, evidenced by
the decreased levels of IL-6 and TNF-a as well as the
increased level of IL-10, indicating that miR-16
might act as an anti-inflammatory gene and attenu-
ate inflammatory response [25,26]. Therefore, con-
sidering the important role of TLR4/NF-kB
signaling and the binding relationship between
miR-16 and TLR4 as aforementioned, the inhibition
of miR-16 might downregulate TLR4 expression,
and block the degradation of IkBa and p65 translo-
cation, thus reducing NF-«xB signaling-mediated
inflammatory response. Coincidentally, DHA was
demonstrated to increase miR-16 expression in gas-
tric cancer cells, disclosing a positively regulator
relationship between DHA and miR-16 [27]. In
addition, DHA-induced miRNA-mRNA regulatory
network has been demonstrated to be a potential
pathway that partly explains the multiple therapeu-
tic effects of DHA in various diseases, including
cancers, diabetic vascular complications, and asthma
[28-30]. Here, DHA-induced increase in miR-16
and down-regulated TLR4 expression, likely contri-
buting to the ability of DHA to inhibit microglial
activation and inflammatory response in morphine-
induced BV-2 cells. Therefore, miR-16-mediated

TLR4/NF-kB pathway might be a novel mechanism
by which DHA alleviated morphine-induced
neuroinflammation.

Conclusion

In conclusion, our findings demonstrated that
DHA remarkably attenuated the development of
chronic morphine tolerance in an efficient manner
by suppressing microglial activation and neuroin-
flammation. In addition, the possible mechanism
by which DHA exerted its protective effects might
partly depend on the upregulation of miR-16,
which directly inhibited TLR4 expression and
then blocked TLR4/NF-kB signaling pathway.
However, this study mainly focuses on in vitro
experiments, an in vivo mice experiment is more
convincing to verify the protective effects of DHA
on chronic morphine tolerance, as well as its
potential mechanism, which will be further
explored in our future work. Anyway, our study
may potentially offer a new clinical application of
DHA in attenuating morphine tolerance.

Highlight

1. Dihydroartemisinin could suppress microglial activation
and neuroinflammation.

2. miR-16 was upregulated by Dihydroartemisinin in mor-
phine-induced BV-2 cells, and directly targeted to TLR4.

3. Dihydroartemisinin exerted its protective effects
through regulating miR-16-mediated TLR4/NF-«B signaling.
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