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Brain inflammation, a pathological feature of neurodegenerative disorders, exhibits elevated microglial activity and increased
levels of inflammatory factors. The present study was aimed at assessing the anti-inflammatory response of
tetrahydrocurcumin (THC), the primary hydrogenated metabolite of curcumin, which was applied to treat Pseudomonas
aeruginosa (P.a.) lipopolysaccharide- (LPS-) stimulated BV2 microglial cells. THC reduced P.a. LPS–induced mortality and the
production of inflammatory mediators IL-6, TNF-α, MIP-2, IP-10, and nitrite. A further investigation revealed that THC
decreased these inflammatory cytokines synergistically with JAK/STAT signaling inhibitors. THC also increased Nrf2/HO-1
signaling transduction which inhibits iNOS/COX-2/pNFκB cascades. Additionally, the presence of the HO-1 inhibitor Snpp
increased the levels of IP-10, IL-6, and nitrite while THC treatment reduced those inflammatory factors in P.a. LPS–stimulated
BV2 cells. In summary, we demonstrated that THC exhibits anti-inflammatory activities in P.a. LPS-induced inflammation in
brain microglial cells by inhibiting STAT1/3-dependent NF-κB activation and inducing Nrf2-mediated HO-1 expression.

1. Introduction

Neurodegenerative disorders such as Alzheimer’s disease
(AD), Parkinson’s disease, amyotrophic lateral sclerosis,
and frontotemporal dementia exhibit brain inflammation
[1, 2]. Many factors can induce central nervous system
(CNS) inflammation, including immune system dysregula-
tion, bacterial infection, viral infection, and parasite invasion
[3]. Lipopolysaccharide (LPS), the major component of the

outer membrane of Gram-negative bacteria, is the most
potent microbial inducer of inflammation and sepsis. LPS
is reported to be an immunostimulatory ligand for toll-like
receptor 4 (TLR-4), which is primarily expressed in brain
resident macrophages and microglia in the CNS [4]. Upon
inflammation, microglial cells are activated and release pro-
inflammatory factors, such as tumor-necrosis factor-α
(TNF-α), interleukin- (IL-) 6, and IL-1β. Moreover, acti-
vated microglia trigger the production of reactive oxygen
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species (ROS) and nitric oxide (NO) which cause damage in
axons and neurons [5, 6]. Studies have reported that stimu-
lation of LPS (from Escherichia coli) increases the expression
of TLR-4, TNF-α, IL-6, cyclooxygenase-2 (COX-2), NO, and
phosphonuclear factor kappa B (pNFκB) in microglial BV2
cells [7, 8]. Furthermore, the anti-inflammation property of
different inflammation signal pathways has yet to be demon-
strated. In this study, we used microglial BV2 cells as an
in vitro model of Pseudomonas aeruginosa (P.a.) LPS–
induced inflammation.

Tetrahydrocurcumin (1,7-bis (4-hydroxy-3-methoxy-
phenyl) heptane-3,5-dione, C21H24O6, abbreviated as THC)
is the primary hydrogenated metabolite of curcumin (Cur-
cuma longa Linn); it also functions as an antihypertensive,
antidiabetic, antioxidant, anti-inflammatory, and anticancer
agent [9, 10]. In a rat model of AD, THC reduces ROS levels
and protects cells from amyloid β- (Aβ-) induced cytotoxic-
ity [11]. THC has also been reported to reduce the severity of
pathological defects of AD by inhibiting cell-cycle arrest and
apoptosis of amyloid β-treated BV2 cells through the regula-
tion of Ras-extracellular signal-regulated kinase signaling
[12]. Additionally, in a paw edema mouse model, THC
inhibits the COX-2-NFκB pathway by inactivating trans-
forming growth factor, which eventually reduces inflamma-
tion [13]. In LPS-stimulated RAW264.7 cells, THC exerts
potent anti-inflammatory and antioxidant activities through
the inhibition of the generation of ROS, NO, and monocyte
chemotactic protein-1 [14]. Many previous studies have
indicated that inhibition of the anus kinase- (JAK-) signal
transducer and activator of transcription protein (STAT)
signaling pathway can reduce LPS-induced inflammation
[15–17]. A recent study reported that in LPS-stimulated
macrophages, inducing the expression of HO-1 can inhibit
the expression of inflammatory cytokines and thereby
inhibit the M1 polarization of macrophages [15]. Moreover,
over the years, an increasing number of therapeutic agents
have been developed that exert their antioxidant and anti-
inflammatory effects by inducing HO-1 expression. As far

as we know, there is no evidence regarding the effects of
THC in P.a. LPS–induced brain inflammation. Furthermore,
there is no published report about THC inhibiting P.a. LPS–
induced inflammation response through JAK/STAT and
Nrf2/HO-1 signaling pathways in BV2 microglial cells. This
study demonstrates the possible mechanisms by which THC
acts against the proinflammatory mediators produced by
P.a. LPS–induced BV2 microglial cells.

2. Materials and Methods

2.1. Cells. The murine BV2 microglial cell line was obtained
from Dr. Dah-Yuu Lu (China Medical University, Taichung,
Taiwan). Cells were maintained in Dulbecco’s modified
Eagle’s medium containing 10% heat-inactivated fetal
bovine serum (Cat#10437, Gibco), and 100ng/ml penicil-
lin/streptomycin (Cat#15140, Gibco) at 37°C in a humidified
incubator containing 5% CO2.

2.2. Agents and Antibodies. Tetrahydrocurcumin (THC,
C21H24O6) was dissolved in DMSO and stored (Cat#sc-
391609, Santa Cruz, CA, USA). P. a. LPS was prepared with
PBS and stored (Cat#L9143, Sigma-Aldrich). STAT3 inhibi-
tor AG490 was purchased from Cayman Chemical. JAK
inhibitor WP1066 was purchased from Calbiochem. Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc. (Rockville, MD, USA). Anti-
bodies against p-JAK2, p-STAT1, p-NFκB p50, and HO-1
inhibitor tin protoporphyrin IX (Snpp) were purchased from
Santa Cruz Biotechnology Inc. Antibodies against p-STAT3,
iNOS, COX2, and HO-1 were purchased from Abcam. Anti-
body against p-Nrf2 was purchased from Invitrogen. Anti-
body against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was purchased from Taiclone.

2.3. Western Blotting. Western blotting was performed
according to our previous study [16]. Briefly, cells were har-
vested at indicated time points then extracted using a lysis

0

20

40

60

80

100

120

mock 6.25 12.5 25 50

C
el

l v
ia

bi
lit

y 
(%

 o
f m

oc
k)

THC (𝜇M)

a a a a a

(a)

P. aeruginosa LPS (0.1 𝜇g/ml)

*

0

20

40

60

80

100

120

mock 0 10 20 40

C
el

l v
ia

bi
lit

y 
(%

 o
f m

oc
k)

THC (𝜇M)

a a a a
a

(b)

Figure 1: THC treatment exerts no significant effect on cell viability of BV2 microglial cells with or without P. a. LPS stimulation. (a) BV2
microglial cells were untreated (the mock group) or pretreated with THC (6.25, 12.5, 25, or 50 μM) for 24 h. (b) BV2 microglial cells were
untreated (the mock group) or pretreated with THC (10, 20, or 40 μM) for 1.5 h following stimulation with P. a. LPS (0.1 μg/ml) for 24 h.
CCK analysis indicated cell viability. The experimental quantitative data are presented in terms of themean ± SD (n = 3). The treatment and
mock group significantly differed. Bars with the same letter indicate no significant difference between the groups.

2 Oxidative Medicine and Cellular Longevity



buffer containing protease inhibitors (Sigma-Aldrich) on ice
for 15min. Subsequently, the samples were added with pro-
tein dye and were heated to 100°C for 15min. After samples
were cooled down on ice, sodium dodecyl sulfate polyacryl-
amide (SDS) gel electrophoresis was applied to separate the
proteins. Then, proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane (Millipore). Next, the mem-
brane was blocked with 5% nonfat milk in phosphate-
buffered saline containing 0.05% Tween-20 (PBS-T) at room
temperature for 1 h. Membrane was washed 3 times with
PBS-T, and the primary antibodies were used to immunohy-
bridize the indicated proteins at 4°C overnight. Protein-
antibody complexes were then incubated with the indicated

horseradish peroxidase- (HRP-) conjugated secondary anti-
bodies at room temperature for 1 h. Afterward, by using an
enhanced chemiluminescence western blot detection kit,
the protein–antibody complexes with HRP on the PVDF
membrane were detected and the signals were captured with
an image system.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). At indi-
cated time points, the cell culture supernatants were col-
lected and stored at -80°C. The concentrations of mouse
IL-6 (Cat#431316, BioLegend), TNF-α (Cat#430916, BioLe-
gend), MIP-2 (Cat#ab211762, Abcam), and IP-10
(Cat#ab275364, Abcam) in the samples were determined
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Figure 2: THC reduces the production of IL-6, TNF-α, MIP-2, IP-10, and nitrite in P. a. LPS–stimulated BV2 microglial cells. BV2
microglial cells were untreated (the mock group) or pretreated with THC (10, 20, or 40μM) for 1.5 h before being stimulated by P. a.
LPS (0.1 μg/ml) for 24 h. The production of (a) IL-6, (b) TNF-α, (c) MIP-2, (d) IP-10, and (e) nitrite was detected using ELISA. The
experimental quantitative data are presented in terms of the mean ± SD (n = 3). The mock group was considered as a control group. Bars
with the same letter represent no significant difference between the groups. Bars with different letters indicate a statistically significant
(p < 0:05) difference between the groups.
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by using ELISA kits following the manufacturer’s instruc-
tions. The absorbance of the immunocomplex was deter-
mined at 450/595 nm using ELISA reader (Multiskan
Spectrum, Thermo Co., Vantaa, Finland).

2.5. Nitrite Detection Assay. The concentration of nitrite in
the medium was determined as the indicator of NO produc-
tion according to previously described methods [16]. Briefly,
150μl of sampled supernatant was mixed with 100μl of
Griess reagent (Cat#G4410, Sigma-Aldrich) and incubated
for 10min at room temperature. The absorbance of the mix-
ture was determined at 595 nm using ELISA reader (Multis-
kan Spectrum, Thermo Co., Vantaa, Finland).

2.6. Statistical Analysis. One-way ANOVA (Tukey’s multi-
ple comparison test) was used to analyzed the data and
compare the investigated groups. The statistical findings
were expressed as mean ± standard deviation (SD). All p
values were obtained by performing two-tailed significance
tests. Bars with the same letter represent no significant dif-
ference between the groups. Bars with different letters
indicate a statistically significant (p < 0:05) difference
between the groups.

3. Results

3.1. THC Reduces P. aeruginosa LPS–Induced Inflammation.
CNS inflammation, a key event in the pathogenesis and pro-
gression of neurodegenerative diseases, is mediated by acti-
vated microglial cells [4]. To investigate the potential anti-
inflammatory activity of THC in the brain, we treated murine
BV2 microglial cells with THC. Cell Counting Kit-8 (CCK-8)
assays verified that various doses (6.25, 12.5, 25, and 50μM) of
THC had no significant effect on the cell viability of BV2
microglial cells (Figure 1(a)). Under P.a. LPS (0.1μg/ml) stim-
ulation, the cell viability of cells pretreated with various doses
(10, 20, and 40μM) of THC was comparable (Figure 1(b)).

Subsequently, the BV2 microglial cells were pretreated
with THC (10, 20, or 40μM) for 1.5 h and then stimulated
with P.a. LPS (0.1μg/ml) for 24h. Results of ELISA indi-
cated that the production of inflammatory cytokines and
chemokines—including IL-6 (Figure 2(a)), TNF-α
(Figure 2(b)), MIP-2 (Figure 2(c)), IP-10 (Figure 2(d)), and
nitrite (Figure 2(e))—was significantly increased by P.a.
LPS stimulation relative to the mock (control) samples.
However, THC pretreatment notably reduced these inflam-
matory factors in a dose-dependent manner. Thus, THC
exhibits anti-inflammatory capacity without cytotoxicity.
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Figure 3: THC attenuates p-JAK-2, p-STAT3, and p-STAT1 protein expressions in P. a. LPS–stimulated BV2 microglial cells. BV2
microglial cells were untreated (the mock group) or pretreated with THC (10, 20, or 40μM) for 1.5 h before being stimulated by P. a.
LPS (0.1μg/ml) for 24 h. (a) Western blotting was used to obtain the expressions of p-JAK2, p-STAT3, p-STAT1, and GAPDH proteins.
Statistical results of (b) p-JAK2, (c) p-STAT3, and (d) p-STAT1 were shown. The mock group was considered as the control group. The
experimental quantitative data are presented in terms of the mean ± SD (n = 3). Bars with the same letter represent no significant
difference between the groups. Bars with different letters indicate a statistically significant (p < 0:05) difference between the groups.
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3.2. THC Decreases Inflammation through Inhibiting JAK-
STAT. JAK-STAT signaling transduction has been reported
to be a crucial inflammatory pathway [17, 18]. We pre-
treated BV2 microglial cells with THC (10, 20, or 40μM)
for 1.5 h and then stimulated them with P.a. LPS (0.1μg/
ml) for 24 h. Western blotting was used to identify the pro-
tein expression (Figure 3(a)), and the statistical results of
p-JAK2 (Figure 3(b)), p-STAT3 (Figure 3(c)), and p-
STAT1 (Figure 3(d)) were shown. The expressions of these
proteins were significantly increased by P.a. LPS stimulation
and were also reduced by THC pretreatment. Furthermore,
these inhibitory effects were greater at larger dose concentra-
tions of THC.

To further examine the role of JAK-STAT signaling, we
pretreated BV2 microglial cells with STAT3 inhibitor
AG490 (15μM), JAK inhibitor WP1066 (10μM), or THC

(40μM) for 1.5 h following stimulation with P.a. LPS
(0.1μg/ml) for 24h. ELISA analysis results indicated that
the production of IL-6 (Figure 4(a)), TNF-α (Figure 4(b)),
MIP-2 (Figure 4(c)), IP-10 (Figure 4(d)), and nitrite
(Figure 4(e)) was increased in cells stimulated with P.a.
LPS but decreased in cells pretreated with STAT3 inhibitor
AG490 or JAK inhibitor WP1066. Moreover, THC pretreat-
ment and the combination of THC with JAK-STAT inhibi-
tors indicated the strong inhibition activity of P.a. LPS–
exposed cells. Thus, THC reduces inflammation by targeting
JAK-STAT signaling.

3.3. THC Reduces Oxidative iNOS-COX-2-p-NFκB Signaling.
It is reported that LPS stimulation increases the expressions
of TLR-4, TNF-α, IL-6, COX-2, iNOS, and p-NFκB in
microglial BV2 cells [19]. In the present study, BV2
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Figure 4: STAT3/JAK blocker combined with THC reduces IL-6, TNF-α, MIP-2, IP-10, and nitrite production in P. a. LPS–stimulated BV2
microglial cells. BV2 microglial cells were pretreated with STAT3 inhibitor AG490 (15 μM), JAK inhibitor WP1066 (10 μM), or THC
(40 μM) for 1.5 h before being stimulated by P. a. LPS (0.1 μg/ml) for 24 h. ELISA was used to detect the production of (a) IL-6, (b)
TNF-α, (c) MIP-2, (d) IP-10, and (e) nitrite from BV2 microglial cells under P. a. LPS stimulation. The experimental quantitative data
are presented in terms of the mean ± SD (n = 3). Bars with the same letter represent no significant difference between the groups. Bars
with different letters indicate a statistically significant (p < 0:05) difference between the groups.
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microglial cells were pretreated with THC (10, 20, or 40μM)
for 1.5 h and then stimulated with P.a. LPS (0.1μg/ml) for
24 h. Western blotting was used to determine protein expres-
sion (Figure 5(a)), and the statistical analysis of iNOS
(Figure 5(b)), COX-2 (Figure 5(c)), and p-NFκB
(Figure 5(d)) was shown. P.a. LPS stimulation significantly
induced the expression of these proteins; however, THC
reduced the expression of iNOS, COX-2, and p-NFκB pro-
teins in a dose-dependent manner. Therefore, THC inhibits
oxidative iNOS-COX-2-p-NFκB signaling transduction.

3.4. THC Defenses against Inflammation through Activation
of Nrf2-HO-1 Signaling. HO-1 functions not only to reduce
oxidative injury but also to regulate inflammatory responses
[20]. Additionally, HO-1 interacted with Nrf2 to defend
against oxidative stress damage [21, 22]. We pretreated
BV2 microglial cells with THC (10, 20, or 40μM) for 1.5 h
prior to stimulation with P.a. LPS (0.1μg/ml) for 24 h. West-
ern blotting indicated that the expression of the HO-1 pro-
tein was induced by THC administration in a dose-
dependent manner (Figure 6(a)). Notably, the expressions
of p-Nrf2 (Figures 6(b) and 6(c)) and HO-1 (Figures 6(b)
and 6(d)) were reduced by the HO-1 inhibitor Snpp
(20μM) but increased by THC (40μM) treatment.

Subsequently, we detected the presence of inflammatory
factors using ELISA. The production of IP-10 (Figure 7(a)),
IL-6 (Figure 7(b)), and nitrite (Figure 7(c)) was increased in
cells stimulated with P.a. LPS (0.1μg/ml). The application of
HO-1 inhibitor Snpp (20μM) further exacerbated the
inflammatory response. However, THC treatment reduced
the production of these inflammatory factors, indicating that
THC played a crucial role in the anti-inflammatory
response. Therefore, these results indicate that THC drives
Nrf2-HO-1 signaling to reduce inflammation.

4. Discussion

The activation of microglial cells and the immune response
are essential for defending against the invasion of pathogens
and many other stimuli, such as the Gram-negative bacterial
wall component LPS. However, an excessive microglia-
mediated inflammatory response may also result in brain
damage. In this study, by applying THC, the primary hydro-
genated metabolite of curcumin, to P.a. LPS–stimulated
microglia BV2 cells, we observed that THC suppressed the
levels of inflammatory mediators, including IL-6, TNF-α,
MIP-2, IP-10, and nitrite. Additionally, THC downregulated
the JAK/STAT inflammatory pathway. In addition to
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Figure 5: THC inhibits iNOS, COX-2, and p-NFκB expressions in P. a. LPS-stimulated BV2 microglial cells. (a) BV2 microglial cells were
pretreated without (mock) or with THC (10, 20, or 40μM) for 1.5 h following stimulation with P. a. LPS (0.1 μg/ml) for 24 h. Western
blotting showed the protein expression of iNOS, COX-2, p-NFκB, and GAPDH. Statistical results of (b) iNOS, (c) COX-2, and (d) p-
NFκB p50 were shown. The experimental quantitative data are presented as means ± SD (n = 3). Bars with the same letter represent no
significant difference between the groups. Bars with different letters indicate a statistically significant (p < 0:05) difference between the
groups.
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exhibiting anti-inflammatory activity, THC also exhibited
antioxidative effects due to its ability to inhibit the iNOS/
COX2/NFκB signaling cascade. By contrast, the expressions
of HO-1 and p-Nrf2 were enhanced. These factors jointly
indicate that THC is a neuroprotective agent for encephalitis
induced by LPS treatment (Figure 8).

Curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione) is a common natural flavouring sub-
stance that is extensively used in various foods. Furthermore,
accumulating evidence has indicated that curcumin offers
multiple health benefits, such as reducing the incidence of
metabolic syndrome, pain, and degenerative eye diseases
by targeting multiple inflammatory and oxidative signaling
molecules [23–25]. However, the low absorption and rapid
metabolism of curcumin result in its poor systemic bioavail-
ability. The major metabolite of curcumin, THC, is reported
to exhibit stable activity and absorption efficiency and to
possess a more favourable bioavailability than that of curcu-
min [10, 26, 27]. Xie et al. have demonstrated that THC
exerts more notable anti-inflammatory and antioxidant
activities in LPS-stimulated RAW264.7 macrophages than
curcumin does [14]. Moreover, compared with curcumin,

THC more effectively suppresses pathways for COX-2 and
transforming growth factor β, activated kinase-1, and NF-
κB in vivo [13]. We therefore applied THC in our study
and demonstrated that THC is a strong anti-inflammatory
agent that substantially inhibits inflammatory signaling cas-
cades, cytokines, and chemokines and inhibits oxidative
stress.

Neurodegenerative disorders are commonly associated
with oxidative stress-induced inflammation [28, 29]. Under
LPS stimulation, the TLR4-mediated NF-κB and mitogen-
activated protein kinases are activated and iNOS-mediated
proinflammatory NO is produced in activated macrophages
[14]. LPS is also known to induce COX-2 production in vitro
and in vivo [30–32]. Therefore, targeting oxidative stress is
crucial for reducing brain inflammation. Nrf2 is a key factor
in protecting cells from oxidative stress and inflammation-
induced damage, which modulates the levels of antioxidants
and detoxification enzymes, such as HO-1, superoxide dis-
mutase 1, NAD(P)H dehydrogenase 1, and glutathione per-
oxidase 1 [33]. A recent study has shown that a dried ripe
seed of Trichosanthes kirilowii Maximowicz, Trichosanthis
semen, could inhibit LPS-induced inflammation in BV2
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Figure 6: THC reverses the inhibition of HO-1 inhibitor Snpp in P. a. LPS–stimulated BV2 microglial cells. (a) BV2 microglial cells were
untreated (the mock group) or pretreated with THC (10, 20, or 40μM) for 1.5 h before being stimulated with P. a. LPS (0.1 μg/ml) for 24 h.
Western blotting was used to obtain the expressions of p-Nrf2, HO-1, and GAPDH proteins. (b) BV2 microglial cells were pretreated with
THC (40 μM) or HO-1 inhibitor Snpp (20 μM) for 1.5 h before being stimulated with P. a. LPS (0.1 μg/ml) for 24 h. Western blotting was
used to obtain the expressions of p-Nrf2, HO-1, and GAPDH proteins. Statistical results of (c) p-Nrf2 and (d) HO-1 were shown. The
experimental quantitative data are presented in terms of the mean ± SD (n = 3). Bars with the same letter represent no significant
difference between the groups. Bars with different letters indicate statistical significance (p < 0:05) between the groups.
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microglial cells through activating HO-1 and inhibiting NF-
κB signaling [34]. Our findings reveal that THC treatment
reduces nitrite production (Figure 2(e)). Furthermore,
THC not only inhibited iNOS/COX-2/p-NFκB signaling

(Figure 5) but also upregulated Nrf2/HO-1 pathways
(Figure 6). These results demonstrate the beneficial effects
of THC on reducing LPS-induced oxidative injury by
increasing the expression of antioxidative factors HO-1
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Figure 7: THC treatment reduces Snpp-prompted IP-10, IL-6, and nitrite production in P. a. LPS–stimulated BV2 microglial cells. BV2
microglial cells were pretreated with THC (40 μM) or HO-1 inhibitor Snpp (20 μM) for 1.5 h before being stimulated with P. aeruginosa
LPS (0.1μg/ml) for 24 h. The production of (a) IP-10, (b) IL-6, and (c) nitrite was determined using ELISA. The experimental
quantitative data are presented in terms of mean ± SD (n = 3). Bars with the same letter represent no significant difference between the
groups. Bars with different letters indicate a statistically significant (p < 0:05) difference between the groups.
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and p-Nrf2. We thus propose that THC can considerably
reduce CNS inflammation due to its anti-inflammatory
and antioxidative properties.

5. Conclusions

To our knowledge, this is the first report implicating the
inhibition of P. a. LPS-induced inflammatory molecule gene
expression by THC in BV2 microglial cells. Our findings
demonstrate that THC has excellent anti-inflammatory
activities by suppressing the STAT1/3-dependent NF-κB
pathway and inducing Nrf2-mediated HO-1 expression.
Thus, THC is proposed as a powerful therapeutic agent to
treat encephalitis.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Conflicts of Interest

The authors reported no proprietary or commercial interest
in any product mentioned or concept discussed in this
article.

Authors’ Contributions

H-W Lin, T-J Shen, C-J Chuang, and Y-Y Chang planned
the work and designed experiments. I Wang, T-J Shen, C-J
Chuang, and Y-Y Chang wrote the manuscript. T-C Chen,
J-H Yeh, S-C Tsou, and C-J Chuang collected PM, per-
formed experiments, and conducted statistical analysis. All
authors analyzed and discussed the results and commented
on the manuscript.

Acknowledgments

We thank Dr. Dah-Yuu Lu (China Medical University, Tai-
chung, Taiwan) for kindly providing the murine mouse
microglia BV2 cells. We also thank the Instrument Resource
Center of Chung Shan Medical University for the technical
support. This study was supported by Chung Shan Medical
University (NCHU-CSMU-10613 and NCHU-CSMU-
10708) and the Ministry of Science and Technology, Taiwan
(MOST106-2320-B-040-023-MY3 and MOST109-2320-B-
040-019-MY3).

References

[1] K. Matsushita, M. Yamada-Furukawa, M. Kurosawa, and
Y. Shikama, “Periodontal disease and periodontal disease-
related bacteria involved in the pathogenesis of Alzheimer's
disease,” Journal of Inflammation Research, vol. Volume 13,
pp. 275–283, 2020.

[2] H. Scheiblich, M. Trombly, A. Ramirez, and M. T. Heneka,
“Neuroimmune connections in aging and neurodegenerative
diseases,” Trends in Immunology, vol. 41, no. 4, pp. 300–312,
2020.

[3] K. Pape, R. Tamouza, M. Leboyer, and F. Zipp, “Immunoneur-
opsychiatry – novel perspectives on brain disorders,” Nature
Reviews. Neurology, vol. 15, no. 6, pp. 317–328, 2019.

[4] J. A. Rodriguez-Gomez, E. Kavanagh, P. Engskog-Vlachos
et al., “Microglia: agents of the CNS pro-inflammatory
response,” Cells, vol. 9, 2020.

[5] J. Stephenson, E. Nutma, P. van der Valk, and S. Amor,
“Inflammation in CNS neurodegenerative diseases,” Immunol-
ogy, vol. 154, no. 2, pp. 204–219, 2018.

[6] S. Bachiller, I. Jimenez-Ferrer, A. Paulus et al., “Microglia in
neurological diseases: a road map to brain-disease
dependent-inflammatory response,” Frontiers in Cellular Neu-
roscience, vol. 12, p. 488, 2018.

[7] H. Badshah, T. Ali, and M. O. Kim, “Osmotin attenuates LPS-
induced neuroinflammation and memory impairments via the
TLR4/NFκB signaling pathway,” Scientific Reports, vol. 6,
no. 1, p. 24493, 2016.

[8] C. Gu, Q. Hu, J. Wu et al., “P7c3 inhibits LPS-induced micro-
glial activation to protect dopaminergic neurons against
inflammatory factor-induced cell death in vitro and in vivo,”
Frontiers in Cellular Neuroscience, vol. 12, p. 400, 2018.

[9] M. H. Teiten, S. Eifes, M. Dicato, and M. Diederich, “Curcu-
min-the paradigm of a multi-target natural compound with
applications in cancer prevention and treatment,” Toxins,
vol. 2, no. 1, pp. 128–162, 2010.

[10] B. B. Aggarwal, L. Deb, and S. Prasad, “Curcumin differs from
tetrahydrocurcumin for molecular targets, signaling pathways
and cellular responses,” Molecules, vol. 20, pp. 185–205, 2015.

[11] S. Mishra, M. Mishra, P. Seth, and S. K. Sharma, “Tetrahydro-
curcumin confers protection against amyloid β-induced toxic-
ity,” Neuroreport, vol. 22, no. 1, pp. 23–27, 2011.

[12] Y. Xiao, Y. Dai, L. Li et al., “Tetrahydrocurcumin ameliorates
Alzheimer's pathological phenotypes by inhibition of micro-
glial cell cycle arrest and apoptosis via Ras/ERK signaling,”
Biomedicine & Pharmacotherapy, vol. 139, p. 111651, 2021.

[13] Z. B. Zhang, D. D. Luo, J. H. Xie et al., “Curcumin's metabo-
lites, tetrahydrocurcumin and octahydrocurcumin, possess
superior anti-inflammatory effects in vivo through suppres-
sion of TAK1-NF-κB pathway,” Frontiers in Pharmacology,
vol. 9, p. 1181, 2018.

[14] Q. F. Xie, J. J. Cheng, J. F. Chen, Y. C. Feng, G. S. Lin, and
Y. Xu, “Comparation of anti-inflammatory and antioxidantac-
tivities of curcumin, tetrahydrocurcuminand octahydrocurcu-
minin LPS-stimulated RAW264.7 macrophages,” Evidence-
Based Complementary and Alternative Medicine, vol. 2020,
Article ID 8856135, 2020.

[15] D. He, S. Fu, A. Zhou et al., “Camptothecin regulates microglia
polarization and exerts neuroprotective effects via activating
AKT/Nrf2/HO-1 and inhibiting NF-κB pathways in vivo and
in vitro,” Frontiers in Immunology, vol. 12, p. 619761, 2021.

[16] C. W. Liu, H. W. Lin, D. J. Yang et al., “Luteolin inhibits viral-
induced inflammatory response in RAW264.7 cells via sup-
pression of STAT1/3 dependent NF-κB and activation of
HO-1,” Free Radical Biology & Medicine, vol. 95, pp. 180–
189, 2016.

[17] Y. Zhou, J. Wang, W. Yang et al., “Bergapten prevents
lipopolysaccharide-induced inflammation in RAW264.7 cells
through suppressing JAK/STAT activation and ROS produc-
tion and increases the survival rate of mice after LPS chal-
lenge,” International Immunopharmacology, vol. 48, pp. 159–
168, 2017.

9Oxidative Medicine and Cellular Longevity



[18] Y. Ma, T. Tang, L. Sheng et al., “Aloin suppresses lipopolysac-
charide‑induced inflammation by inhibiting JAK1‑STAT1/3
activation and ROS production in RAW264.7 cells,” Interna-
tional Journal of Molecular Medicine, vol. 42, no. 4,
pp. 1925–1934, 2018.

[19] K. Y. Ryu, H. J. Lee, H. Woo et al., “Dasatinib regulates LPS-
induced microglial and astrocytic neuroinflammatory
responses by inhibiting AKT/STAT3 signaling,” Journal of
Neuroinflammation, vol. 16, no. 1, p. 190, 2019.

[20] H. G. Chen, K. L. Xie, H. Z. Han et al., “Heme oxygenase-1
mediates the anti-inflammatory effect of molecular hydrogen
in LPS-stimulated RAW 264.7 macrophages,” International
Journal of Surgery, vol. 11, no. 10, pp. 1060–1066, 2013.

[21] J. F. Luo, X. Y. Shen, C. K. Lio et al., “Activation of Nrf2/HO-1
pathway by nardochinoid C inhibits inflammation and oxida-
tive stress in lipopolysaccharide-stimulated macrophages,”
Frontiers in Pharmacology, vol. 9, p. 911, 2018.

[22] R. Gu, Z. Huang, H. Liu et al., “Moracin attenuates LPS-
induced inflammation in nucleus pulposus cells via Nrf2/
HO-1 and NF-kappaB/TGF-beta pathway,” Bioscience
Reports, vol. 39, 2019.

[23] S. J. Hewlings and D. S. Kalman, “Curcumin: a review of its
effects on human health,” Foods, vol. 6, 2017.

[24] B. B. Aggarwal and K. B. Harikumar, “Potential therapeutic
effects of curcumin, the anti-inflammatory agent, against neu-
rodegenerative, cardiovascular, pulmonary, metabolic, auto-
immune and neoplastic diseases,” The International Journal
of Biochemistry & Cell Biology, vol. 41, no. 1, pp. 40–59, 2009.

[25] Y. Panahi, M. S. Hosseini, N. Khalili et al., “Effects of curcumin
on serum cytokine concentrations in subjects with metabolic
syndrome: a post-hoc analysis of a randomized controlled
trial,” Biomedicine & Pharmacotherapy, vol. 82, pp. 578–582,
2016.

[26] S. K. Sandur, M. K. Pandey, B. Sung et al., “Curcumin, deme-
thoxycurcumin, bisdemethoxycurcumin, tetrahydrocurcumin
and turmerones differentially regulate anti-inflammatory and
anti-proliferative responses through a ROS-independent
mechanism,” Carcinogenesis, vol. 28, no. 8, pp. 1765–1773,
2007.

[27] K. Okada, C. Wangpoengtrakul, T. Tanaka, S. Toyokuni,
K. Uchida, and T. Osawa, “Curcumin and especially tetrahy-
drocurcumin ameliorate oxidative stress-induced renal injury
in mice,” The Journal of Nutrition, vol. 131, no. 8, pp. 2090–
2095, 2001.

[28] S. Samreen, “Oxidative stress and inflammation,” Open Jour-
nal of Immunology, vol. 9, no. 1, pp. 1–20, 2019.

[29] S. Salim, “Oxidative stress and the central nervous system,”
The Journal of Pharmacology and Experimental Therapeutics,
vol. 360, no. 1, pp. 201–205, 2017.

[30] R. S. Akundi, E. Candelario-Jalil, S. Hess et al., “Signal trans-
duction pathways regulating cyclooxygenase-2 in
lipopolysaccharide-activated primary rat microglia,” Glia,
vol. 51, no. 3, pp. 199–208, 2005.

[31] J. C. Schlachetzki, B. L. Fiebich, E. Haake et al., “Norepineph-
rine enhances the LPS-induced expression of COX-2 and
secretion of PGE2 in primary rat microglia,” Journal of Neuro-
inflammation, vol. 7, no. 1, p. 2, 2010.

[32] S. P. Senol, M. Temiz-Resitoglu, D. S. Guden, A. N. Sari,
S. Sahan-Firat, and B. Tunctan, “Suppression of TLR4/
MyD88/TAK1/NF-κB/COX-2 signaling pathway in the cen-
tral nervous system by bexarotene, a selective RXR agonist,

prevents hyperalgesia in the lipopolysaccharide-induced pain
mouse model,” Neurochemical Research, vol. 46, no. 3,
pp. 624–637, 2021.

[33] M. Maes, P. Galecki, Y. S. Chang, and M. Berk, “A review on
the oxidative and nitrosative stress (O&NS) pathways in major
depression and their possible contribution to the (neuro)de-
generative processes in that illness,” Progress in Neuro-
Psychopharmacology & Biological Psychiatry, vol. 35, no. 3,
pp. 676–692, 2011.

[34] S. Lee, I. G. Ju, Y. Choi, S. Park, and M. S. Oh, “Trichosanthis
semen suppresses lipopolysaccharide-induced neuroinflam-
mation by regulating the NF-kappaB signaling pathway and
HO-1 expression in microglia,” Toxins, vol. 13, 2021.

10 Oxidative Medicine and Cellular Longevity


	Suppressive Effect of Tetrahydrocurcumin on Pseudomonas aeruginosa Lipopolysaccharide-Induced Inflammation by Suppressing JAK/STAT and Nrf2/HO-1 Pathways in Microglial Cells
	1. Introduction
	2. Materials and Methods
	2.1. Cells
	2.2. Agents and Antibodies
	2.3. Western Blotting
	2.4. Enzyme-Linked Immunosorbent Assay (ELISA)
	2.5. Nitrite Detection Assay
	2.6. Statistical Analysis

	3. Results
	3.1. THC Reduces P. aeruginosa LPS–Induced Inflammation
	3.2. THC Decreases Inflammation through Inhibiting JAK-STAT
	3.3. THC Reduces Oxidative iNOS-COX-2-p-NFκB Signaling
	3.4. THC Defenses against Inflammation through Activation of Nrf2-HO-1 Signaling

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

