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ARTICLE INFO ABSTRACT

Keywords: Background: Acute myocardial dysfunction in patients with sepsis is attributed to oxidative stress, inflammation,
Tetr?hydr°§“rCMin and cardiomyocyte loss; however, specific drugs for its prevention are still lacking. Tetrahydrocurcumin (THC)
Iseg“c cardiomyopathy has been proven to contribute to the prevention of various cardiovascular diseases by decreasing oxidative stress
nflammation

and inflammation. This study was performed to investigate the functions and mechanism of action of THC in
septic cardiomyopathy.

Methods: After the oral administration of THC (120 mg/kg) for 5 consecutive days, a mouse model of sepsis was
established via intraperitoneal lipopolysaccharide (LPS, 10 mg/kg) injection. Following this, cardiac function
was assessed, pathological section staining was performed, and inflammatory markers were detected.

Results: Myocardial systolic function was severely compromised in parallel with the accumulation of reactive
oxygen species and enhanced cardiomyocyte apoptosis in mice with sepsis. These adverse changes were mark-
edly reversed in response to THC treatment in septic mice as well as in LPS-treated H9c2 cells. Mechanistically,
THC inhibited the release of pro-inflammatory cytokines, including tumor necrosis factor alpha, interleukin (IL)-
1B, and IL-6, by upregulating mitogen-activated protein kinase phosphatase 1, to block the phosphorylation of c-
Jun N-terminal kinase (JNK) and extracellular signal-regulated protein kinase (ERK). Additionally, THC
enhanced the levels of antioxidant proteins, including nuclear factor-erythroid 2-related factor 2, superoxide
dismutase 2, and NAD(P)H quinone oxidoreductase 1, while decreasing gp91P"** expression. Furthermore, upon
THC treatment, Bcl-2 expression was significantly increased, along with a decline in Bax and cleaved caspase-3
expression, which reduced cardiomyocyte loss.

Conclusion: Our findings indicate that THC exhibited protective potential against septic cardiomyopathy by
reducing oxidative stress and inflammation through the regulation of JNK/ERK signaling. The findings of this
study provide a basis for the further evaluation of THC as a therapeutic agent against septic cardiomyopathy.

Oxidative stress

Abbreviations: CCK-8, cell counting kit-8; CK-MB, creatine kinase isoenzyme MB; cTnl, cardiac troponin I; ERK, extracellular signal-regulated protein kinase; HE,
hematoxylin and eosin; IL, interleukin; JNK, c-Jun N-terminal kinase; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; LVEF, left ventricular ejection fraction;
LVFS, left ventricular fractional shortening; MAPKs, mitogen-activated protein kinases; NQO1, NAD(P)H quinone oxidoreductase 1; Nrf2, nuclear factor-erythroid 2-
related factor 2; ROS, reactive oxygen species; SOD2, superoxide dismutase 2; THC, tetrahydrocurcumin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-
end labeling.
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Introduction

Sepsis is a systemic inflammatory response syndrome that develops
in patients in response to severe infection, causing approximately five
million deaths globally each year (Fleischmann et al., 2016). As a result
of the aberrant systemic inflammatory reaction, multiple organs,
including the heart, kidney, liver, and brain, may become dysfunctional
and injured (Caraballo and Jaimes, 2019; Parrillo et al., 1990). Septic
cardiomyopathy, the most serious and difficult-to-treat complication,
reportedly occurs in approximately 50% of patients with sepsis, with a
mortality rate of 70% to 90% (Vieillard Baron et al., 2008). However, to
date, no clinically effective drug has been developed for the treatment of
septic cardiomyopathy.

Numerous mechanisms, including mitochondrial injury, oxidative
stress, metabolic imbalance, and inflammation, have been reported to
contribute to the pathological process of septic myocardial dysfunction
(Flynn et al., 2010; Lv and Wang, 2016). Among these, inflammation
and oxidative damage are considered the major factors underlying the
onset and progression of septic cardiomyopathy (Suzuki et al., 2017;
Mantzarlis et al., 2017). During sepsis, as a result of the excessive release
of pro-inflammatory cytokines, such as tumor necrosis factor alpha
(TNF-a) and interleukins (ILs), in the serum, a large number of immune
cells are activated within the myocardium, stimulating reactive oxygen
species (ROS) generation, which in turn contributes to cardiomyocyte
apoptosis (Sato et al., 2002). Inflammatory infiltrates exacerbate car-
diomyocyte loss and myocardial dysfunction, potentially leading to
heart failure. Therefore, inhibition of the inflammatory response and
ROS generation is of major importance in the treatment of septic
cardiomyopathy.

Tetrahydrocurcumin (THC), a hydrogenation product of curcumin, is
isolated from the rhizome of turmeric and exhibits various biological
properties, especially anti-oxidative and anti-inflammatory properties
(Park et al., 2016; Chen et al., 2018). The ability of THC to attenuate
oxidative damage is attributed to its activity as a free radical scavenger
(Luo et al., 2019; Vacek et al., 2018). Furthermore, emerging evidence
suggests that THC treatment mitigates the inflammatory response by
blocking the nuclear factor kappa B signaling pathway (Zhang et al.,
2018; Pan et al., 2020). c-Jun N-terminal kinase (JNK) and extracellular
signal-regulated protein kinase (ERK), as mitogen-activated protein ki-
nases (MAPKs), are effector molecules involved in initiating inflamma-
tion and oxidative stress and are thus targeted by various clinical drugs
(Xie et al., 2014; Huang et al., 2018; Song et al., 2020). Notably, the
regulation of the MAPK pathway is reliant on mitogen-activated protein
kinase phosphatase-1 (MKP-1), which is a major phosphatase that spe-
cifically dephosphorylates JNK and ERK (Kim and Asmis, 2017).
Reportedly, curcumin considerably improves sepsis-induced liver injury
by inhibiting the JNK/ERK pathway (Zhou et al., 2015). Owing to its
structure, THC has better bioavailability and bioactivity than curcumin.
Nevertheless, the effects and mechanisms of action of THC in septic
cardiomyopathy are yet to be investigated. Thus, we hypothesized that
THC might improve cardiac function during sepsis by suppressing
oxidative stress and the inflammatory response via the regulation of the
JNK/ERK signaling pathway.

Materials and methods
Animal model and treatment

C57BL/6 male mice (8 — 12 weeks old), weighing approximately 25
g, were obtained from the Experimental Animal Center of the Air Force
Military Medical University. All animals were housed in cages with a 12
h light/dark cycle at a temperature of 25 °C. The mice were randomly
divided into the following groups: control group (Con; n = 12), THC-
treated Con group (Con+THC; n = 12), Sepsis group (Sepsis; n = 12),
Curcumin-treated Sepsis group (Curcumin+THGC; n = 12), THC-treated
Sepsis group (Sepsis+THC; n = 12), THC-treated Sepsis group with
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NSC95397 supplementation (Sepsis+THC+NSC95397, n = 12), and
NSC95397-treated group (Sepsis+NSC95397, n = 12). We established
the sepsis model by intraperitoneally injecting 10 mg/kg lipopolysac-
charide (LPS; Sigma Chemical Co., St. Louis, MO, USA). Before LPS in-
jection, THC (a purity of 98% tested by high-performance liquid
chromatography) or curcumin (Macklin Biochemical Co. Ltd., Shanghai,
China) was administered to normal and septic mice for 5 consecutive
days at a dose of 120/100 mg/kg via intragastric administration, as
described previously (Li et al., 2019). To regulate the JNK and ERK
pathways, the MKP-1 inhibitor NSC95397 (Selleck Chemicals, Houston,
TX, USA) was injected intraperitoneally at a dose of 4 mg/kg. Mice from
the other groups received the same volume of saline instead. Twelve
hours after the LPS injection, myocardial function was assessed and the
relevant inflammatory markers were measured to determine the severity
of septic cardiomyopathy. All experiments met the requirements of the
guidelines for the Care and Use of Laboratory Animals and were
approved by the Experimental Animal Ethics Committee of the Air Force
Military Medical University.

Cell culture and treatment

HO9c2 cells purchased from Tiancheng Technology (Shanghai, China)
were cultured in Dulbecco’s Modified Eagle Medium (HyClone, Logan,
UT, USA) supplemented with 10% fetal bovine serum (Gibco, Grand
Island, NY, USA) and 1% penicillin/streptomycin (Sigma, St. Louis, MO,
USA) at 37 °C and 5% CO,. To mimic the in vivo conditions, H9c2 cells
were also treated with LPS (1 pg/mL), with or without the addition of
THC simultaneously. To block MKP-1, cells were transfected with MKP-1
small interfering (si)RNA (Hanbio, Nanjing, Jiangsu, China) for 24 h
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA). The cells
were assigned to the following groups: PBS-treated group (PBS), THC-
treated PBS group (PBS+THC), LPS-treated group (LPS), THC-treated
LPS group (LPS+THC), TCH-treated LPS group with the addition of
MKP-1 siRNA (LPS+THC+MKP-1 siRNA), and MKP-1 siRNA-treated LPS
group (LPS+MKP-1 siRNA). The cells were collected after treatment for
24 h.

Cell viability

Cell viability was assessed using the Cell Counting kit-8 assay (CCK-
8; 7Sea Pharmatech Co. Ltd., Shanghai, China) according to the manu-
facturer’s instructions. Briefly, to determine the appropriate concen-
tration of THC, H9c2 cells were seeded in 96-well plates and treated with
THC at different concentrations, with or without LPS. After 24 h, 10 pI of
CCK-8 solution was added to each well, followed by incubation for 2 h.
Viability was determined based on the absorbance at 450 nm, measured
via spectrophotometry using the SpectraMax M5 instrument (Molecular
Devices, San Jose, CA, USA).

Cardiac function measurements

After anesthetization with 1.0% isoflurane in oxygen, the cardiac
function of mice was assessed via transthoracic echocardiography using
a linear transducer. Images were obtained with a VisualSonics Vevo 770
ultrasound system (Toronto, Ontario, Canada), as previously described
(Zhang et al., 2019). The left ventricular ejection fraction (LVEF) and
left ventricular fractional shortening (LVFS) were further calculated
using the system software.

Histopathology staining

As previously reported (Zhai et al., 2017), mouse hearts were fixed in
4% paraformaldehyde and then embedded in paraffin. Thereafter, heart
tissues were cut into 5 pm thick sections and stained with hematoxylin
and eosin to observe changes in the myocardial structure. In addition,
immunofluorescence staining of CD68 was employed to identify
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macrophage accumulation. Images were acquired using the Olympus
FV1000 (Olympus, Tokyo, Japan) laser confocal microscope.

Measurement of ROS

To determine the degree of oxidative stress injury, the intracellular
levels of ROS in frozen myocardial tissues and H9c2 cells were measured
via staining with dihydroethidium (DHE; Invitrogen) and the fluorescent
probe 2',7'-dichlorofluorescein diacetate (DCFH-DA; Beyotime Institute
of Biotechnology, Shanghai, China), respectively, in accordance with the
manufacturer’s instructions. Images were obtained using the Olympus
FV1000 (Olympus) laser confocal microscope, and the fluorescence in-
tensity of ROS in myocardial tissues and cells was determined using
Image-Pro 6.0 (Media Cybernetics, Bethesda, MD, USA).

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay

Cardiomyocyte apoptosis was assessed via the TUNEL assay using a
commercial kit (Roche Molecular Biochemicals, Mannheim, Germany)
according to the manufacturer’s instructions, as previously described
(Xia et al., 2020). Images were obtained using the Olympus FV1000
(Olympus) laser confocal microscope, and the number of apoptotic cells
was calculated.

Assessment of myocardial injury and measurement of inflammatory
markers

To determine changes in serum myocardial injury and inflammatory
markers, the levels of creatine kinase isoenzyme MB (CK-MB), lactate
dehydrogenase (LDH), cardiac troponin I (cTnl), TNF-a, and IL-1f were
assessed using ELISA kits (Elabscience Biotechnology Co., Ltd., Wuhan,
China), in accordance with the manufacturer’s instructions. Values were
measured via spectrophotometric analysis using the Spectramax M5
instrument (Molecular Devices).

Western blot analysis

As previously described (Zhang et al., 2018), heart tissues and cells
were homogenized using RIPA lysis buffer. After centrifugation, the
concentration of sample proteins was determined using the bicincho-
ninic acid protein assay. Proteins were then separated via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto
a polyvinylidene fluoride membrane. The membranes were blocked
using 5% skim milk in Tris-buffered saline with Tween (TBST) at room
temperature for 2 h, followed by overnight incubation with primary
antibodies at 4 °C. Primary antibodies against phosphorylated JNK
(P-JNK, 1:1000), JNK (1:1000), Bax (1:1000), cleaved caspase-3
(1:1000), nuclear factor-erythroid 2-related factor 2 (Nrf2, 1:1000),
NAD(P)H quinone oxidoreductase 1 (NQO1, 1:1000), MKP-1 (1:1000),
and superoxide dismutase 2 (SOD2, 1:1000) were purchased from Cell
Signaling Technology (Beverly, MA, USA). Primary antibodies against
phosphorylated ERK (P-ERK, 1:1000), ERK (1:1000), Bcl-2 (1:1000),
TNF-a (1:1000), IL-1p (1:1000), and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (1:1000) were purchased from Proteintech
Group (Rosemont, IL, USA). After washing three times in TBST, the
membranes were incubated with the rabbit anti-goat or mouse anti-goat
secondary antibodies (Zhongshan Company, Beijing, China) for 2 h at
room temperature. Finally, the bands were visualized via chem-
iluminescence, and the density of bands was calculated using Image Lab
5.2.1 (Bio-Rad Laboratories, CA, USA).

Statistical analysis

Data are presented as the mean + standard error of the mean (SEM)
and were analyzed using the GraphPad Prism 8.0 software (GraphPad
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Software, San Diego, CA, USA). Differences between groups were
analyzed via one-way analysis of variance, followed by Tukey’s post hoc
test for multiple comparisons. p < 0.05 was considered to indicate sta-
tistical significance.

Results

THC treatment prevented LPS-induced myocardial dysfunction and
cardiac injury

As shown in Fig. 1A-C, the echocardiography results indicated that
the cardiac systolic function of mice in the Sepsis group was seriously
impaired compared to that of mice in the Con group. However, THC
treatment alleviated the sepsis-induced decrease in LVEF and LVFS. To
assess the effect of THC on cardiac injury, the expression of the classic
myocardial injury markers in the serum was analyzed further. THC
inhibited the septic cardiomyopathy-associated increase in LDH, CK-MB,
and cTnl levels. In addition, THC exerted stronger cardioprotective ef-
fects than curcumin. Of note, there was no significant difference be-
tween the Con group and the Con+THC group (Fig. 1D-F).

THC attenuated the inflammatory response in sepsis-induced myocardial
injury by regulating the JNK/ERK pathway

In the Con group, the myocardial fibers were neatly arranged, and
the cardiomyocytes showed an intact morphology. In contrast, a disor-
dered structure was observed in Sepsis group samples. Intriguingly, THC
treatment alleviated these adverse changes, as shown in Fig. 2A. To
determine the effect of THC on the inflammatory response, CD68
immunofluorescence staining was performed, and the expression of in-
flammatory cytokines was assessed. Compared with that in the Con
group, LPS caused a strong inflammatory response in the myocardium,
with macrophage accumulation and an upregulation of inflammatory
cytokines, including TNF-a, IL-1p, and IL-6, as indicated by immuno-
fluorescence intensity and the results of ELISA and western blotting,
respectively (Figs. 2B, C and 3A-I). As expected, THC markedly atten-
uated inflammation, with a considerable reduction in inflammatory
marker expression as well as a decline in the number of infiltrating
macrophages (Fig. 3A-I). Of note, the total levels of JNK and ERK, the
upstream molecules mediating the induction of pro-inflammatory
cytokine production, in myocardial tissues did not differ between the
Con and Sepsis groups. However, their phosphorylated active forms
were upregulated under sepsis. Intriguingly, THC supplementation
significantly upregulated MKP-1, which is a phosphatase, and decreased
the P-JNK/JNK and P-ERK/ERK ratios. These results indicated that THC
suppressed the release of inflammatory cytokines via regulation of the
JNK/ERK pathway.

THC alleviated oxidative stress injury and cardiomyocyte apoptosis in
sepsis

As an imbalance of ROS generation and scavenging is known to occur
during sepsis, we assessed the effect of THC on oxidative stress in
myocardial tissues. DHE staining revealed that the mice in the Sepsis
group had higher myocardial levels of ROS than those in the Con group
(Fig. 4A and B). Moreover, oxidative stress-related proteins were
analyzed through western blotting to further characterize the THC-
mediated inhibition of oxidative stress. The levels of antioxidant
markers, including Nrf2, SOD2, and NQO1, were suppressed drastically
after LPS injection, in contrast to that in the Con group, in parallel with
the upregulation of the prooxidant protein gp91P"**, However, THC
administration reversed these changes (Fig. 4C-G). The loss of car-
diomyocytes is one of the major factors contributing to myocardial
remodeling and is caused by ROS overproduction. We observed that
THC inhibited the sepsis-induced increase in the number of TUNEL-
positive cells (Fig. 5A and B). Further, THC treatment not only
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Fig. 1. THC improved cardiac dysfunction and reduced myocardial injury markers expression in septic cardiomyopathy. (A) Representative images of echocardi-
ography. (B) Left ventricular ejection fraction (LVEF). (C) Left ventricular fraction shortening (LVFS). (D-F) Lactate dehydrogenase (LDH), creatine kinase isoenzyme
MB (CK-MB), and cardiac troponin I (cTnlI) contents in the myocardium, as assessed via ELISA. Data are presented as the mean + SEM. n = 5 in each group. ##p <

0.01 versus the Con group; **p < 0.01 versus the Sepsis group, $8 b < 0.01 versus the Sepsis+Curcumin group.



H. Zhu et al. Phytomedicine 104 (2022) 154283

A Con+THC Sepsis Sepsis+THC

H&E

DAPI Tropnin T CD68

Merge

15+

10 #t

CD68 positive cells (%)

& @) o <
(ex &*2‘ Q}Q%\ &*2‘
OQX N =
@) S
g

Fig. 2. THC attenuated the adverse myocardial remodeling and macrophages accumulation in the myocardium. (A) H&E staining (the black arrow showed the
abnormal myocardial structure, scale bar = 100 pm). (B) Representative images of CD68 immunofluorescence (scale bar = 100 pm). (C) The percentage of CD68
positive cells. Data are presented as the mean + SEM. n = 5 in each group. *#p < 0.01 versus the Con group; **p < 0.01 versus the Sepsis group.
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Fig. 3. THC inhibited the expression of IL-1f, TNF-a, and IL-6 by regulating the JNK/ERK signaling pathway. (A-B) The serum level of TNF-a and IL-1p. (C)
Representative blots of MKP-1, P-JNK, JNK, P-ERK, ERK, IL-1p, TNF-a and IL-6. (D) Quantitative analysis of the expression of MKP-1. (E) Quantitative analysis of the
ratio of P-JNK to JNK. (F) Quantitative analysis of the ratio of P-ERK to ERK. (G-I) Quantitative analysis of the expression of IL-1p, TNF-a, and IL-6. n = 5 in each
group. ##p < 0.01 versus the Con group; **p < 0.01 versus the Sepsis group.
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Fig. 4. THC significantly alleviated oxidative stress injury. (A) Representative images of dihydroethidium (DHE) staining (scale bar = 100 pm). (B) DHE intensity. (C)
Representative blots of Nuclear Nrf2, gp91ph°", SOD2, and NQO1. (D-G) Quantitative analysis of the expression of Nuclear Nrf2, gpglph"", SOD2, and NQO1.n=5in
each group. ##p < 0.01 versus the Con group; **p < 0.01 versus the Sepsis group.
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downregulated the expression of proapoptotic proteins, including Bax
and cleaved caspase-3, but also enhanced that of the antioxidant protein
Bcl-2, during septic cardiomyopathy (Fig. 5C-F). In addition, no dif-
ference in the expression of these proteins was observed between the
Con and Con+THC groups. These data demonstrated that THC attenu-
ated oxidative stress and cardiomyocyte apoptosis in sepsis-induced
myocardial injury.

THC blocked LPS-induced inflammation by regulating the JNK/ERK
pathway in H9c2 cells

After the results of our in vivo experiment were obtained, we inves-
tigated whether THC could exert similar effects on H9c2 cells stimulated
with LPS. The CCK-8 assay was employed to determine the appropriate
THC concentration for the treatment of H9c2 cells. THC concentrations
less than 10 pg/mL did not cause toxicity in normal cultured H9c2 cells.
Additionally, THC at a concentration of 4 pg/mL exerted the strongest
effect in improving LPS-induced H9c2 cell injury (Fig. 6A and B). As
anticipated in the LPS group, inflammatory markers, such as TNF-a, IL-
1B, and IL-6, were considerably upregulated. The addition of THC sup-
pressed the levels of inflammatory cytokines, as confirmed via western
blotting (Fig. 6C-F). Furthermore, THC effectively activated MKP-1 and
subsequently suppressed the LPS-induced phosphorylation of JNK and
ERK, confirming the suppression of cardiomyocyte inflammation as its
mechanism of action (Fig. 6G-I).

THC ameliorated LPS-induced ros overproduction and apoptosis in H9c2
cells

Compared to that in the PBS group, LPS drastically increased the
intracellular ROS levels, whereas THC administration limited ROS
overproduction, as indicated by the intensity of DCFH-DA fluorescence
(Fig. 7A and B). In agreement with the in vivo results, THC upregulated
the protein expression of Nrf2, SOD2, and NQO1, while suppressing
gp91Ph%% expression in LPS-treated H9¢2 cells (Fig. 7C-G). As shown in
Fig. 8A and B, the results of the TUNEL assay indicated that THC sup-
pressed the LPS-induced increase in apoptosis. Consistent with the in
vivo results, the LPS-induced increase in Bax and cleaved caspase-3
expression as well as the decrease in Bcl-2 expression were reversed
by THC treatment (Fig. 8C-F).

THC regulated the jnk/erk pathway by activating MKP-1

To further explore the mechanism underlying the effect of THC on
JNK and ERK dephosphorylation, we administered the MKP-1 inhibitor
NSC95037 and siRNA to promote phosphorylation. The inhibition of
MKP-1 expression markedly diminished the cardioprotective effect of
THC on sepsis, as shown in Supplementary Fig. 1A-F. Additionally,
NSC95037 significantly inhibited the anti-inflammatory and anti-
apoptotic effects of THC (Fig. 9A-I). Of note, the decrease in phos-
phorylated JNK and ERK protein expression and the increase in MKP-1
expression in mice with sepsis treated with THC were also inhibited by
NSC95037 (Fig. 9C-F). In line with the in vivo results, MKP-1 siRNA also
suppressed JNK/ERK dephosphorylation and the low ratio of car-
diomyocyte apoptosis in LPS-treated H9c2 cells under THC treatment
(Supplementary Figs. 2A-B and 3A-G).

Discussion

Our current findings provide evidence of the protective effects of the
medicinal compound THC against sepsis-induced myocardial dysfunc-
tion. Changes in myocardial systolic function were reversed by THC
treatment, as was the damage to cardiac structure. Furthermore, THC
markedly suppressed the production of inflammatory cytokines,
including TNF-q, IL-1p, and IL-6, through the inhibition of ERK and JNK
phosphorylation in both the sepsis mouse model and LPS-treated H9c2
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cells. Additionally, THC played a crucial role in limiting ROS generation
and elevating antioxidant protein expression. Collectively, our results
suggest the favorable effects of THC against septic cardiomyopathy.

Most sepsis-causing infections are attributed to LPS, which is a
component of the gram-negative bacterial cell wall and an endotoxin
(Downs et al., 2020). The accumulation of LPS activates Toll-like re-
ceptors to trigger an inflammatory response (Romerio and Peri, 2020).
Thus, the septic cardiomyopathy model is always established via LPS
injection, as previously described (Ndongson Dongmo et al., 2019). In
this study, LPS compromised the cardiac contractile function, as indi-
cated by the low LVEF and LVFS. Furthermore, the levels of myocardial
injury markers and inflammatory cytokines were elevated in the serum
and myocardium, respectively. The in vitro experiment showed that the
viability of H9c2 cells was decreased and accompanied by the upregu-
lation of inflammatory protein expression, indicating the successful
establishment of the sepsis model.

THC is a major metabolite of curcumin, with similar effects reported
in multiple cardiovascular diseases (Mahattanadul et al., 2020; Liu et al.,
2017). THC has been proven to prevent the development of cardiac
hypertrophy, myocardial infarction, and diabetic cardiomyopathy (Li
etal., 2019; Lau et al., 2018; Ali et al., 2009). In addition, several studies
have reported that THC exerts multiple effects on inflammation,
oxidative stress, and apoptosis (Wu et al., 2020; Trivedi et al., 2020).
However, as no report has been published on the protective effects of
THC against septic cardiomyopathy, we designed the current study to
explore these. In this study, we clearly demonstrated that THC supple-
mentation alleviated LPS-induced cardiac dysfunction and car-
diomyocyte injury, while it decreased the levels of CK-MB, LDH, and
cTnl, and we found that the beneficial effects of THC on septic cardio-
myopathy might be related to inflammation and oxidative stress. During
sepsis, the inflammatory response is one of the major processes leading
to acute myocardial damage. An increasing number of macrophages is
recruited into the myocardium, wherein they secrete pro-inflammatory
cytokines, including TNF-a and IL-6, in excess, as shown in LPS-treated
mice (Huang et al., 2018). Based on findings from published literature,
THC administration prevents the development of osteoarthritis symp-
toms, and this effect is associated with the downregulation of TNF-a,
IL-1pB, and IL-6 expression (Park et al., 2016). Similarly, our data sug-
gested that THC markedly reversed the LPS-stimulated increase in in-
flammatory factor expression and reduced macrophage accumulation in
myocardial tissues. It is generally accepted that the MAPK signaling
pathway chiefly mediates the inflammatory response in sepsis (Peng
et al., 2009). The neuroprotective effects of THC mediated via MAPK
pathway regulation have been reported previously; however, limited
information is available regarding its mechanisms of action against
cardiomyopathy. Lin et al. reported that the intraperitoneal injection of
THC suppressed the phosphorylation of ERK in cerebral ischemia/r-
eperfusion injury (Lin et al., 2016). Moreover, THC treatment down-
regulated JNK and ERK phosphorylation in glutamate-induced HT22
cell injury (Park et al., 2019). Consistent with the findings from these
studies, the results of our study indicated that the phosphorylation of
ERK and JNK was considerably elevated in the sepsis mouse model and
LPS-treated H9c2 cells. More importantly, THC limited JNK and ERK
phosphorylation by activating MKP-1, thus downregulating downstream
inflammatory cytokine production. These findings confirmed that THC
could significantly attenuate the sepsis-induced inflammatory response
via JNK/ERK pathway regulation.

In addition to the inflammatory response, oxidative stress injury is an
essential trigger of myocardial injury in sepsis, as the latter is charac-
terized by ROS overproduction (Yim et al., 2020). Excessive ROS
enhance cellular oxidative stress by reacting with proteins, DNA, and
lipids, inducing a series of responses in cardiomyocytes, including
apoptosis, autophagy, and pyroptosis. Therefore, suppressing ROS pro-
duction is crucial for the treatment of sepsis (Regmi et al., 2020; Li et al.,
2019). Findings from numerous studies have demonstrated the ability of
THC to limit ROS production in various diseases (Sangartit et al., 2016;
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Fig. 6. THC protected H9c2 cells injury by suppressing inflammation via JNK/ERK signaling pathway regulation. (A) THC had no significant effect on normal H9¢2
cells at a concentration of 20 pg/ml. (B) THC notably improved cell viability under LPS stimulation at the dose of 4 pg/ml. (C) Representative blots of MKP-1, P-JNK,
JNK, P-ERK, ERK, IL-1B, TNF-a, IL-6, and GAPDH. (D) Quantitative analysis of the expression of MKP-1. (E) Quantitative analysis of the ratio of P-JNK to JNK. (F)
Quantitative analysis of the ratio of P-ERK to ERK. (G-I) Quantitative analysis of the expression of IL-1p, TNF-a, and IL-6. n = 5 or 6 in each group. *#p < 0.01 versus
the PBS group; **p < 0.01 versus the LPS group.
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Sepsis group; ﬁp < 0.01 versus the Sepsis+THC group.

13



H. Zhu et al.

Vacek et al., 2018). Gao et al. found that THC treatment reduced
malondialdehyde content and enhanced glutathione peroxidase activity,
as well as our previous results in diabetic cardiomyopathy (Li et al.,
2019; Gao et al., 2017). In this study, the ROS levels in myocardial tis-
sues and H9c2 cells increased upon LPS treatment; however, these
changes were reversed by THC. The specific effect of THC on oxidative
stress-related molecules was further determined. Nrf2, an important
antioxidant sensor, plays an essential role against oxidative stress injury,
and its activation enhances the expression of genes encoding antioxidant
enzymes, including SOD2 and NQO1, as confirmed from our previous
data (Zhang et al., 2019). Additionally, THC has been proven to activate
Nrf2 in acetaminophen-induced liver injury (Luo et al., 2019). Here, our
results revealed that THC significantly inhibited the decrease in Nrf2
expression and upregulated SOD2 and NQO1 expression, while sup-
pressing gp91PP°* expression, in septic cardiomyopathy as well as in
LPS-treated H9c2 cells. These observations confirmed the efficacy of
THC in alleviating oxidative stress damage.

Cardiomyocyte apoptosis is one of the final stages in septic cardio-
myopathy and is induced by inflammation and oxidative stress (Jia
et al., 2018). The number of cardiomyocytes is closely associated with
myocardial systolic function; thus, cardiomyocyte apoptosis contributes
to cardiac failure. In the neural system, the protective effects of THC
against neuronal injury were primarily attributed to the inhibition of
apoptosis (Wei et al., 2017). In line with these observations, our results
revealed that THC reversed the LPS-induced increase in the number of
TUNEL-positive cells as well as in Bax upregulation and cleaved
caspase-3 expression and the decrease in Bcl-2 expression. Taken
together, the anti-apoptotic effects of THC in septic cardiomyopathy
contribute to the recovery of cardiac function, and THC will be a
promising drug for the treatment of sepsis in future.

Conclusion

In summary, our results suggest that THC markedly improves cardiac
dysfunction during sepsis by inhibiting inflammation, oxidative stress,
and cardiomyocyte apoptosis through the regulation of the JNK/ERK
signaling pathway. Nevertheless, this study had some limitations; the
exact molecular mechanisms require further elucidation for determining
the potential of THC as a drug against septic cardiomyopathy.
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