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6-Gingerol protects against cardiac remodeling by inhibiting
the p38 mitogen-activated protein kinase pathway
Shu-qing Ma1,2,3, Zhen Guo1,2,3, Fang-yuan Liu1,2,3, Shahzad-Gul Hasan1,2,3,4, Dan Yang1,2,3, Nan Tang1,2,3, Peng An1,2,3,
Ming-yu Wang1,2,3, Hai-ming Wu1,2,3, Zheng Yang1,2,3, Di Fan1,2,3 and Qi-zhu Tang1,2,3

6-Gingerol, a pungent ingredient of ginger, has been reported to possess anti-inflammatory and antioxidant activities, but the
effect of 6-gingerol on pressure overload-induced cardiac remodeling remains inconclusive. In this study, we investigated the
effect of 6-gingerol on cardiac remodeling in in vivo and in vitro models, and to clarify the underlying mechanisms. C57BL/6
mice were subjected to transverse aortic constriction (TAC), and treated with 6-gingerol (20 mg/kg, ig) three times a week
(1 week in advance and continued until the end of the experiment). Four weeks after TAC surgery, the mice were subjected to
echocardiography, and then sacrificed to harvest the hearts for analysis. For in vitro study, neonatal rat cardiomyocytes and
cardiac fibroblasts were used to validate the protective effects of 6-gingerol in response to phenylephrine (PE) and transforming
growth factor-β (TGF-β) challenge. We showed that 6-gingerol administration protected against pressure overload-induced
cardiac hypertrophy, fibrosis, inflammation, and dysfunction in TAC mice. In the in vitro study, we showed that treatment with
6-gingerol (20 μM) blocked PE-induced-cardiomyocyte hypertrophy and TGF-β-induced cardiac fibroblast activation.
Furthermore, 6-gingerol treatment significantly decreased mitogen-activated protein kinase p38 (p38) phosphorylation in
response to pressure overload in vivo and extracellular stimuli in vitro, which was upregulated in the absence of 6-gingerol
treatment. Moreover, transfection with mitogen-activated protein kinase kinase 6 expressing adenoviruses (Ad-MKK6), which
specifically activated p38, abolished the protective effects of 6-gingerol in both in vitro and in vivo models. In conclusion,
6-gingerol improves cardiac function and alleviates cardiac remodeling induced by pressure overload in a p38-dependent
manner. The present study demonstrates that 6-gingerol is a promising agent for the intervention of pathological cardiac
remodeling.
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INTRODUCTION
Pathological cardiac remodeling, which is characterized by mala-
daptive alterations in cardiac structure and function, occurs after
myocardial infarction, pressure overload, inflammatory heart muscle
disease, idiopathic dilated cardiomyopathy, and volume overload
[1]. Long-term left ventricular pressure overload is one of the
principal clinical pathogenic factors of pathological cardiac remodel-
ing. Although initially functioning as a compensatory response to
elevated ventricular wall pressure, cardiac hypertrophy, features of
which include cardiomyocyte enlargement, increased protein
synthesis, the formation of rigid cytoskeletal actomyosin fibrillar
networks and the expression of embryonic genes, results in
progressive compromise of cardiomyocyte contractility [2]. In
response to proinflammatory cytokines, vasoactive peptides and
hormones, cardiac fibroblasts (CFs) transdifferentiate into a myofi-
broblast phenotype that expresses contractile proteins and exhibits
increased migratory, proliferative, and secretory properties. Myofi-
broblasts play a key role in extracellular matrix (ECM) overproduction

and deposition, resulting in altered heart architecture with
deleterious effects on cardiac function [3]. Left ventricular pressure
overload can result in chronic cardiac inflammation characterized by
inflammatory cell infiltration and myocardial release of proinflam-
matory cytokines, which are associated with the hypertrophic
response of cardiomyocytes and increase fibrosis, cardiac contractile
dysfunction, and adverse cardiac remodeling [4–7]. Therefore,
pharmacological treatments targeting the underlying molecular
mechanisms of cardiac hypertrophy, fibrosis, and inflammation may
be of great therapeutic interest for improving the prognosis of
pathological cardiac remodeling.
The mitogen-activated protein kinase (MAPK) signaling cascade

is an attractive intermediate signal transduction cascade for
pharmacological intervention in pathological cardiac remodeling
because it is typically activated in response to most hypertrophy-
associated stimuli [8]. Among the MAPK subfamilies, p38 is a
protein kinase that is activated by proinflammatory cytokines,
growth factors, mechanical stretch, hemodynamic stresses, and
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other stress stimuli and modulates and orchestrates a wide array of
genes at the transcriptional level in the heart, the majority of which
are associated with cell division, inflammation, fibrosis, cell
signaling, cell adhesion, and transcription [9]. Although the role of
p38 in the short-term and long-term development of cardiac
hypertrophy is controversial and multifaceted, it is clear from the
results of both in vitro and in vivo studies that p38 activation has a
detrimental effect on cardiac function and exacerbates pathological
cardiac remodeling after injury [10, 11]. Therefore, pharmacological
inhibition of p38 signaling is a novel therapeutic strategy for
pathological cardiac remodeling.
6-Gingerol (6G) is a pungent, nontoxic, and biologically active

component of ginger rhizomes that has been shown to possess
multiple pharmacological activities, including antibacterial [12], anti-
inflammatory [13–15], antioxidant [13, 16], cardiotonic [17], and
antitumoral [18, 19] properties, demonstrating the substantial
medicinal applications of ginger. Several studies have shown that
6G exerts protective effects by attenuating the production of
inflammatory cytokines and the expression of inflammatory
mediators by inhibiting p38/nuclear factor kappa B (NF-κB) signaling
in a variety of animal models, such as rat intestinal ischemia/
reperfusion [15], phorbol ester-stimulated mouse skin [14], and rat
diabetes-induced kidney damage [13]. In addition, gingerol can
prevent vascular smooth muscle cell proliferation, neointimal
hyperplasia, endothelial dysfunction, and phenylephrine (PE)-
induced vascular contraction by modulating p38 MAPK, suggesting
its pharmacological role in protecting against the progression of
vascular proliferative diseases, such as atherosclerosis [20]. 6G can
also suppress oxidative stress, apoptosis, mitochondrial energy
metabolism disorders, and respiratory function impairments during
doxorubicin-induced cardiomyocyte toxicity by targeting phosphoi-
nositide 3-kinase/protein kinase B (Akt) and peroxisome proliferator-
activated receptor α (PPARα)/PPARγ coactivator 1α (PGC-1α)/sirtuin
3 (SIRT3) signaling [16, 21]. Based on these data, we hypothesized
that 6G may have promising protective applications in cardiac
remodeling. However, little work has been performed to determine
whether 6G has protective effects against chronic pressure overload-
induced cardiac remodeling through a direct effect on cardiomyo-
cytes and CFs. Thus, in the present study, we performed in vivo and
in vitro experiments to assess the effect of 6G on cardiac remodeling
and elucidate the underlying mechanism.

MATERIALS AND METHODS
Animals and treatments
Male C57 black 6 (C57BL/6) mice (8–10 weeks old; 23.5–27.5 g)
were purchased from the Institute of Laboratory Animal Science,
Chinese Academy of Medical Sciences (Beijing, China). The animals
were housed and raised in a pathogen-free environment with an
appropriate temperature and humidity. All of the animal care and
experimental procedures complied with the guidelines for the Care
and Use of Laboratory Animals published by the United States
National Institutes of Health (NIH publication, 2011 Revision). The
animal experiments were approved by the Laboratory Animal
Welfare & Ethics Committee of Renmin Hospital of Wuhan
University (IACUC Issue No. WDRM20180401). Transverse aortic
constriction (TAC) operations were performed to establish the
cardiac hypertrophy model [22]. All mice were randomly divided
into four groups: the sham+ vehicle, sham+ 6G, TAC+ vehicle,
and TAC+ 6G groups. During the operations, the mice were first
anesthetized by an intraperitoneal injection of 3% pentobarbital
sodium at a dose of 50mg/kg. The left chest of each mouse was
then opened at the second intercostal space to expose the thoracic
aorta by blunt dissection. The exposed aorta was tied against a 27-
gauge (for body weights (BWs) of 24–25 g) or a 26-gauge (for BWs
of 26–27 g) needle with a 7–0 silk suture that was later removed.
The efficiency and adequacy of aortic constriction were confirmed
by Doppler analysis [23]. 6G suspended in 50 μL of 0.002% ethanol

was administered to each mouse by gavage three times each
week. Three different doses of 6G were used in our study (low
dose: 0.1 mg; middle dose: 0.25 mg; high dose: 0.5 mg). The doses
of 6G were determined according to a previous article [18].
Consistently, we observed dose-dependent protective effects of
6G, and 0.5mg 6G was the most efficient at alleviating cardiac
hypertrophy, fibrosis, and dysfunction post TAC. Thus, this dose of
6G was used for subsequent experiments. To determine whether
the protective effects of 6G on cardiac remodeling depended on
p38, the mice were administered an intramyocardial injection of
1 × 109 viral genome particles in three separate locations in the left
ventricle (LV) free wall of the heart. Mitogen-activated protein
kinase kinase 6 expressing adenoviruses (Ad-MKK6) or β-
galactosidase-expressing adenoviruses (Ad-LacZ, as a control) were
each diluted in 15 μL of phosphate-buffered saline. One week after
adenoviral injection, the mice were subjected to TAC surgery. 6G
treatment began 1 week before surgery and continued until the
end of the experiment. Four weeks after TAC surgery, the mice
were subjected to echocardiography measurements. Finally, the
mice were sacrificed with an overdose of sodium pentobarbital
(200mg/kg; intraperitoneal injection), and the hearts were
harvested.

Echocardiography
After the mice were anesthetized with 1.5% isoflurane, echocar-
diography was performed to obtain two-dimensional M-mode
echocardiographic images of the papillary muscle for five
consecutive cardiac cycles. LV morphology was primarily assessed
by measuring the left ventricular internal diastolic diameter
(LVIDd), shortening fraction (FS), and left ventricular ejection
fraction (LVEF).

Histological analysis
To evaluate myocardial hypertrophy and fibrosis, we performed
morphological analyses of heart sections. Mouse hearts were
removed after euthanasia, arrested in diastole with a 10%
potassium chloride solution and then fixed in 10% formalin,
followed by embedding in paraffin according to standard
histological protocols. The hearts were then transversely sliced
into 5-μm-thick sections in the region close to the apex to
visualize the LVs [24]. Sections of at least six heart samples from
each group were stained with hematoxylin and eosin (H&E) to
evaluate cardiomyocyte cross-sectional areas or with picrosirius
red (PSR) to evaluate the extent of interstitial and perivascular
fibrosis. Image-Pro Plus version 6.0 was used to observe and
calculate the cross-sectional areas of individual cardiomyocytes (at
least 200 cardiomyocytes in each group) and measure the
collagen volume. For immunohistochemistry, the heart sections
underwent a 5-min high-pressure and high-temperature treat-
ment in citrate buffer for antigen retrieval [23]. After being
washed, the heart tissues were incubated with 0.3% hydrogen
peroxide to block endogenous peroxidase activity and then
incubated with 10% goat serum [25]. The sections were then
incubated overnight at 4 °C with primary antibodies, including
anti-α-smooth muscle actin (α-SMA), anti-cluster of differentiation
(CD)45, and antitumor necrosis factor-α (TNF-α) (1:100). On the
following day, the sections were incubated with goat anti-rabbit/-
mouse immunoglobulin G (IgG) labeled with horseradish perox-
idase for 30min. Finally, a diaminobenzidine detection kit (Gene
Technology, Shanghai, China; GK600705) was used to visualize the
target proteins.

Western blot analysis
Western blot analysis was performed to examine the expression
levels of the target proteins in tissues and cells. Total protein
was extracted from heart tissues and cells in lysis buffer
containing 720 μL of radioimmunoprecipitation assay buffer,
20 μL of phenylmethyl sulfonyl fluoride, 100 μL of complete
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protease inhibitor cocktail, 100 μL of PhosStop, 50 μL of NaF,
and 10 μL of Na3VO4. A bicinchoninic acid protein analysis kit
was used to determine and standardize the protein concentra-
tions of all extracted samples. Markers (4 μL of marker plus 6 μL
of loading buffer) and quantitative protein samples (50 μg per
well) were loaded into gels and separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis before being trans-
ferred to polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA; IPFL00010). The electrophoretic voltage was
set at 75 V at the beginning of electrophoresis and was
increased to 100 V when the samples reached the boundary
between the stacking gel and separating gel. The PVDF
membranes were blocked with 5% skim milk dissolved in Tris-
buffered saline for 1 h. Then, after being thoroughly washed in
Tris-buffered saline Tween-20 (TBST), the membranes were
incubated with primary antibodies (1:1000) diluted in TBST
containing 5% skim milk overnight at 4 °C. The following day,
the PVDF membranes were washed in TBST 3 times and then
incubated with either goat anti‐rabbit IgG or goat anti‐mouse
IgG secondary antibodies (1:10,000) diluted in TBST containing
5% skim milk for 1 h at room temperature. A two-color infrared
imaging system (Odyssey, LI-COR Biosciences, Lincoln, NE, USA)
was used to scan the blots. The specific protein expression
levels were normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as a control.

Quantitative real-time polymerase chain reaction (PCR)
To examine the messenger ribonucleic acid (mRNA) expression of
markers associated with cardiac hypertrophy, fibrosis and inflam-
mation, total RNA was isolated from the LV, neonatal rat
cardiomyocytes (NRCMs), and CFs using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA; 15596-026). Briefly, 100 mg of tissue samples or
107 cells were homogenized in 1 mL of TRIzol reagent and then
mixed with 200 μL of chloroform for RNA extraction. After
centrifugation, the supernatants containing RNA were added to
isopropanol for RNA precipitation. The precipitated RNA was then
washed with 75% alcohol, which was prepared with diethyl
pyrocarbonate (DEPC)-treated water, and then dissolved in DEPC-
treated water after desiccation. The 260/280 absorbance ratio was
measured with a spectrophotometer to estimate the purity of the
RNA and calculate the RNA concentration. Then, the total RNA
extracted from tissues and cells was reverse transcribed into
complementary deoxyribonucleic acid (cDNA) at a concentration of
100 ng/μL using oligo (dT) primers and a Transcriptor First Strand
cDNA Synthesis kit (Roche, Basel, Switzerland; 04896866001). The
reverse transcription product was diluted to a concentration of 25
ng/μL and used as template cDNA. PCR was performed in a 20-μL
reaction system with each well containing 1 μL of template cDNA
at a final concentration of 25 ng/μL, 0.5 μL of 10 μM forward
primer at a final concentration of 0.25 μM, 0.5 μL of 10 μM reverse
primer at a final concentration of 0.25 μM, 8 μL of
DEPC-treated water and 10 μL of SYBR Green I Master Mix. The
levels of target gene transcripts were normalized to GAPDH. All
primer sequences used in this study are listed in Supplementary
Table S1.

Cell culture and treatments
NRCMs and CFs were isolated from 1 to 2-day-old Sprague-
Dawley rats. Neonatal rats were disinfected with 75% alcohol,
after which the hearts were rapidly excised, gently washed and
cut into pieces. Then, the ventricles were digested in 0.125%
trypsin prepared in D-Hanks solution four times for 15 min each.
Digestion was stopped by the addition of 16 mL of Dulbecco’s
modified Eagle’s medium/nutrient mixture F12 (DMEM/F12,
Gibco, Grand Island, NY, USA; C11330500BT) containing 4 mL of
fetal bovine serum (FBS, Gibco, Grand Island, NY, USA; 10099-
141) [26, 27]. NRCMs and CFs were isolated using a differential
attachment technique [24]. Specifically, the resuspended cells

were incubated in a 100-mm culture dish for 90 min at 37 °C
until the CFs adhered to the wall of the dish. The relatively pure
CFs were then collected and cultured in DMEM/
F12 supplemented with 15% FBS at 37 °C in a humidified
incubator and an atmosphere with 5% CO2 [28]. The unattached
cardiomyocytes were then seeded onto six-well culture plates
coated with gelatin in plating medium at a density of 5 × 105

cells per well. NRCMs were cultured in DMEM/
F12 supplemented with 15% FBS, 5-bromodeoxyuridine (0.1
mM, to inhibit fibroblast proliferation) and penicillin/strepto-
mycin for 48 h [24]. The purity of NRCMs and CFs was verified by
morphological observations and immunofluorescence staining
for α-actinin and vimentin, and only cell samples with purities
greater than 95% were used for further experiments. CFs at the
second passage were used for subsequent experiments. To
assess the effects of 6G on cardiomyocyte hypertrophy and
cardiac fibroblast differentiation, NRCMs were treated with
different concentrations of 6G (5, 10, and 20 μM) [21] or an
equal volume of vehicle in the presence or absence of PE (50
μM) for 24 h, whereas CFs were incubated with the indicated
concentration of 6G or vehicle with or without transforming
growth factor-β (TGF-β) (10 ng/mL) stimulation for 24 h. 6G was
dissolved in dimethyl sulfoxide and then diluted to the
indicated concentrations. To evaluate the role of p38 in the
protective effect of 6G, the culture medium was changed to
serum-free DMEM/F12 for 12 h, after which NRCMs and CFs
were infected with Ad-MKK6 at a multiplicity of infection of 100
particles per cell to constitutively activate p38 or with Ad-LacZ
as a negative control.

Immunofluorescence staining
Before being incubated with antibodies, the heart tissue sections
underwent a 5-min high-pressure and high-temperature treatment
in citrate buffer for antigen retrieval, while cardiomyocytes and
fibroblasts were fixed with 4% paraformaldehyde and then
permeabilized with 0.2% Triton X-100. Then, the sections and cells
were blocked in 10% goat serum and incubated with anti-α-actinin,
anti-α-SMA, anti-phosphorylated (p) p38, anti-p-NF-κB p65 subunit
(p65) and anti-p-mothers against DPP homolog (Smad)3 antibodies
(1:100) at 4 °C overnight. The following day, the sections and cells
were incubated at 37 °C for 60min with Alexa Fluor 488 or 568
goat anti-rabbit secondary antibodies (Invitrogen, Carlsbad, CA,
USA; A11008, A11011) (1:200). 4′,6-Diamidino-2-phenylindole
dihydrochloride was used to visualize the nuclei. The samples
were imaged with a fluorescence microscope (Olympus dx51,
Tokyo, Japan) and then analyzed with Image-Pro Plus software.

Plasmids and adenovirus production
The Ad-MKK6 used in our study was generated by Hanbio
Biotechnology Co. (Shanghai, China). To produce adenovirus
expressing MKK6Glu, MKK6Glu in pcDNA3.1 was subcloned into
pENTR3C at the Not I and Kpn I sites. The primer sequences were 5′-
TTAAGGGTACCGGCGCCATGTCTCAGTCGAAAGGCAA-3′ (forward) and
5′-TTAAGGCGGCCGCTTATCATTAGTCTCCAAGAATCAG-3′ (reverse).
The resulting MKK6Glu in pENTR3C was further subcloned into
pAD by using LR clonase to generate the adenovirus. MKK6Glu
was produced with the ViraPower Adenoviral Expression System
according to the manufacturer’s instructions.

Antibodies and reagents
Antibodies against p-c-Jun N-terminal kinase (JNK) (4668P), p-p38
(4511P), p-extracellular signal-regulated kinase (ERK) (4370P),
p-Akt (4060), total (t)-JNK (9258), t-p38 (9212P), t-ERK (4695), t-
Akt (4691), p-p65 (3033), t-p65 (8242), and GAPDH (2118) were
obtained from Cell Signaling Technology (Danvers, MA, USA).
Antibodies against α-actinin (ab68167), α-SMA (ab5694), p-Smad3
(ab52903), t-Smad3 (ab40854), CD45 (ab10558), collagen I
(ab34710), troponin I (ab47003), vimentin (ab92547), and TNF-α
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(ab6671) were obtained from Abcam (Cambridge, UK). 6G (≥98%
purity verified by high-performance liquid chromatography), PE
(P1240000) and TGF-β (T7039) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Proteins were measured with assay
kits obtained from Pierce (Rockford, IL, USA; 23225). All other
chemicals were of analytical grade.

Statistical analysis
All data are presented as the means ± standard error of the mean
and were analyzed by statistical products and service solutions
22.0 software. Comparisons between two groups were analyzed
by unpaired, two-tailed Student’s t-tests. When the analysis of
variance showed that the F value was significant and there was no
difference in homogeneity, one-way analysis of variance followed
by the least significant difference post hoc test was used for
comparisons among multiple groups. A value of P < 0.05 was
considered statistically significant.

RESULTS
6-Gingerol alleviated cardiac remodeling and dysfunction post
TAC in vivo
To assess the effect of 6G on cardiac remodeling induced by
pressure overload, C57BL/6 mice were subjected to either TAC
or sham surgery. The TAC operation significantly increased the
heart weight-to-BW (HW/BW) ratios and the HW-to-tibia length

(HW/TL) ratios of mice in the vehicle-treated group, while
these hypertrophic indicators were decreased after the admin-
istration of high and middle doses of 6G (Fig. 1a). In addition,
mice that were treated with a high dose of 6G exhibited
improvements in FS and LVEF and a reduction in LVIDd after the
TAC operation (Fig. 1b). Serum levels of alanine aminotransfer-
ase and aspartate aminotransferase were not significantly
different between vehicle-treated and 6G-treated mice (Sup-
plementary Fig. S1), suggesting that 6G does not induce
hepatotoxicity, which was consistent with the results of a
previous study [29]. As shown by H&E and PSR staining, the
cross-sectional and fibrosis areas of the mice treated with
middle/high doses of 6G in response to pressure
overload were less than those of the mice treated with vehicle
or a low dose of 6G (Fig. 1c–e). Moreover, the mRNA expression
levels of hypertrophic markers, including atrial natriuretic
peptide, brain natriuretic peptide (BNP), and β-myosin heavy
chain, were markedly decreased after treatment with middle/
high doses of 6G (Fig. 1f). These data indicated that 6G
treatment attenuated TAC-induced cardiac remodeling in a
dose-dependent manner.

6-Gingerol inhibited collagen deposition and myofibroblast
differentiation
The extent of cardiac fibrosis was estimated by PSR staining.
Although little ECM deposition was detected with or without 6G

Fig. 1 6-Gingerol attenuated pressure overload-induced cardiac remodeling and dysfunction in vivo. a Statistical analysis of the HW/BW
ratio and HW/TL ratio at 4 weeks post TAC operation (n= 12). b Echocardiographic parameters in 6G- and vehicle-treated mice (n= 10).
c Representative H&E and PSR staining. d Statistical analysis of the cardiomyocyte cross-sectional area (n= 6). e Statistical analysis of the
average collagen volume (n= 6). f The mRNA levels of hypertrophic markers (n= 6). 6G 6-Gingerol. Low dose: 0.1 mg; middle dose: 0.25 mg;
high dose: 0.5 mg. *P < 0.05 vs. the corresponding sham group. NS no statistical significance.
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treatment at baseline, 6G slowed the progression of perivascular
and interstitial fibrosis after TAC compared to that observed in the
control mice, as shown by the visibly reduced percentage of
fibrosis (Fig. 1e). Immunohistochemical analysis of α-SMA as a
marker of transformation from interstitial fibroblasts to myofibro-
blasts was conducted to further investigate the effect of 6G on
cardiac fibrosis after TAC. As shown in Fig. 2a, 6G-treated mice
exhibited reduced α-SMA staining intensity after TAC. In addition,
the mRNA levels of collagen I and collagen III were dramatically
suppressed after 6G treatment (Fig. 2b). Consistent with these
results, protein quantification by Western blot analysis demon-
strated that 6G reduced the expression and production of α-SMA
and collagen I (Fig. 2c, d).

6-Gingerol inhibited cardiac inflammation following chronic
pressure overload in vivo
Cardiac inflammation was primarily assessed by the infiltration of
inflammatory cells and the release of inflammatory cytokines. The
TAC operation stimulated severely excessive inflammatory
responses, as reflected by the large increase in the transcription
levels of cytokines, including interleukin-6 (IL-6), TNF-α, and
monocyte chemoattractant protein-1 (MCP-1), which were sharply
reduced by 6G treatment (Fig. 3a). In accordance with the results
showing decreased expression of inflammatory factor genes, the
immunohistochemical staining densities of CD45-labeled leuko-
cytes and TNF-α also diminished after 6G treatment (Fig. 3b),
indicating that the infiltration of inflammatory cells and the
production of inflammatory factors were abated by 6G
treatment. The NF-κB signaling pathway plays a crucial role in
chronic cardiac inflammation, and the p65 subunit is the primary
active site involved in promoting inflammation, exacerbating
pathological remodeling and increasing mortality [30]. Western
blot analysis showed that the phosphorylation of p65 was
attenuated by 6G treatment after TAC surgery (Fig. 3c). Further-
more, we performed immunofluorescence colocalization staining
analysis of p-p65 in cardiac tissues to assess whether 6G
modulated the activation of NF-κB. As shown in Fig. 3d, the
percentage of p-p65-positive nuclei was reduced by 6G treatment

after TAC, suggesting that 6G alleviated inflammation by down-
regulating p65 activation.

6-Gingerol inhibited p38 and Smad3 phosphorylation in mouse
hearts stimulated by chronic pressure overload
To elucidate the specific molecular mechanism associated with
the cardioprotective effects of 6G, we examined the levels of
marker proteins involved in the Akt and MAPK signaling pathways.
Although the phosphorylation levels of JNK, ERK1/2 and Akt did
not exhibit significant changes between 6G-treated mice and
vehicle-treated mice at baseline or after TAC surgery, we observed
that p38 phosphorylation post TAC was inhibited by 6G treatment
(Fig. 4a, b). Furthermore, we performed immunofluorescence
staining of p-p38 in cardiac tissues. The results showed that the
cytoplasmic and nuclear densities of p-p38 markedly decreased
after 6G treatment, indicating that 6G inhibited TAC-induced p38
activation (Fig. 4c). In addition to the observed downregulation of
p-p38, p-Smad3 levels were also decreased by 6G treatment
(Fig. 4b), suggesting that the p38 and Smad3 pathways are
responsible for the protective effects of 6G.

6-Gingerol protected against cardiomyocyte hypertrophy in a p38-
dependent manner in vitro
To further confirm the optimal dose of 6G to protect against
cardiac remodeling in vitro, NRCMs, and CFs were incubated with
serum-free DMEM/F12 for 12 h to achieve synchronization.
Subsequently, different concentrations of 6G (5, 10, and 20 μM)
or an equal volume of vehicle was added to the medium. As
shown in Supplementary Fig. S2, 6G treatment blocked cardiac
hypertrophy and fibrosis marker mRNA levels in a dose-dependent
manner in vitro. Therefore, we used 20 μM 6G in our in vitro study.
The hypertrophic response of NRCMs induced by PE can be
intuitively observed by α-actinin immunofluorescence staining. In
line with the in vivo observations, 6G dramatically reduced the
extended cell surface area in response to PE challenge (Fig. 5a).
Mechanistically, the phosphorylation and nuclear translocation of
p38 after PE stimulation were diminished in the 6G-treated
NRCMs, as indicated by the reduced expression of p-p38 (Fig. 5b,

Fig. 2 6-Gingerol protected against cardiac fibrosis post TAC in vivo. a Representative immunohistochemical images of α-SMA expression
and statistical analysis of the α-SMA intensity (n= 6). b The mRNA levels of fibrotic markers (n= 6). c, d Representative Western blots of
α-SMA and collagen expression and the statistical analysis of the protein levels (n= 6). 6G 6-Gingerol. *P < 0.05 vs. the corresponding sham
group. #P < 0.05 vs. the TAC+vehicle group.
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c), which was consistent with the in vivo data. Thus, some NRCMs
were infected with Ad-MKK6 to constitutively activate p38, while
the rest were infected with Ad-LacZ as a control. 6G treatment did
not modulate p38 phosphorylation in NRCMs infected with Ad-
MKK6 (Fig. 5d). The α-actinin immunofluorescence staining results
also verified that the antihypertrophic effect of 6G in vitro was
neutralized by excessive activation of p38 (Fig. 5e). Moreover, no
significant difference was observed in the mRNA transcript levels
of hypertrophic markers in PE-stimulated NRCMs treated with 6G
or vehicle in the presence of Ad-MKK6 transfection (Fig. 5f). Taken
together, these results indicate that the protective effect of 6G on
cardiomyocyte hypertrophy in vitro is mediated by p38 pathway
suppression.

6-Gingerol suppressed the activation of cardiac fibroblasts by
inhibiting p38/Smad3 activation in vitro
CFs have long been regarded as dominant factors in the process
of cardiac fibrosis. Induced by pressure overload or growth
factors/cytokines, CFs transdifferentiate into myofibroblasts and
generate excessive amounts of ECM proteins, such as collagen I,
collagen III, and other glycoproteins, inducing the disordered
arrangement and maladjusted mechanoelectrical coupling of
cardiomyocytes and subsequent impairment of myocardial
contraction [31]. To assess whether 6G blocks CF differentiation
in vitro, neonatal rat CFs were isolated and passaged to the
second generation for further experiments. Consistent with the
in vivo data, 6G treatment inhibited the significant increase in α-
SMA expression in CFs induced by TGF-β (Fig. 6a, d). We also

demonstrated that 6G blocked TGF-β-mediated phosphoryla-
tion and nuclear translocation of Smad3 in CFs (Fig. 6b, d).
Therefore, we further explored whether p38 was involved in the
antifibrotic effect of 6G in vitro. As shown in Fig. 6c, the
phosphorylation and nuclear translocation of p38 were inhib-
ited by 6G treatment. In addition, to confirm whether the
antifibrotic effect of 6G could be reversed by p38 activation, we
randomly transfected CFs with Ad-MKK6 or Ad-LacZ as a control.
As shown in Supplementary Fig. S4, α-SMA expression and
collagen biosynthesis were markedly exacerbated in CFs
transfected with Ad-MKK6 regardless of 6G treatment. Interest-
ingly, 6G inhibited the phosphorylation and nuclear transloca-
tion of Smad3, which was counteracted by p38 overexpression
(Fig. 6e, f). In summary, these results demonstrate that 6G can
block the activation of CFs in vitro by suppressing the p38-
Smad3 pathway.

p38 overexpression reversed 6-gingerol-mediated
cardioprotection in vivo
To ascertain whether the 6G-mediated cardioprotective effects
against pressure overload were p38 dependent, mice were infected
with adenoviral vectors carrying MKK6 to induce constitutively
active p38. The activation of p38 by adenoviral transfection is shown
in Supplementary Fig. S3. Consistent with the above findings, Ad-
MKK6-infected mice were insensitive to the antihypertrophic and
antifibrotic effects of 6G, as indicated by indistinct reductions in HW/
BW, HW/TL, echocardiographic alterations, the myocyte cross-
sectional area, collagen volume, and mRNA levels of hypertrophic

Fig. 3 6-Gingerol alleviated pressure overload-induced cardiac inflammation in vivo. a The mRNA levels of inflammatory cytokines (n= 6).
b Representative immunohistochemical images of CD45 and TNF-α and statistical analysis of CD45-positive cells and the TNF-α intensity
(n= 6). c Representative Western blots of total (t-) and phosphorylated (p-) p65 and the quantitative analysis of the ratios of phosphorylated-
to-total p65 in the indicated groups (n= 6). d Representative images of immunofluorescence staining of p-p65 and fluorescein isothiocyanate-
labeled wheat germ agglutinin (WGA) staining and the percentage of p-p65-positive nuclei (n= 6). 6G 6-Gingerol. *P < 0.05 vs. the
corresponding sham group. #P < 0.05 vs. the TAC+vehicle group.
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and fibrotic markers after 6G treatment (Fig. 7a–g). In addition, the
anti-inflammatory effect of 6G in remodeled hearts was abrogated
by p38 activation, since transcript levels of IL-6, TNF-α, and MCP-1
and inflammatory cell invasion and infiltration were dramatically
reversed after infection with Ad-MKK6 despite 6G treatment (Fig. 8a,
d). Furthermore, Ad-MKK6 transfection substantially promoted p65
phosphorylation and nuclear translocation, which were inhibited by
6G treatment (Fig. 8b, c). Taken together, these results provide the
first clear evidence that the protective effects of 6G against cardiac
remodeling in vivo are mediated by the inhibition of the p38 MAPK
pathway (Fig. 9).

DISCUSSION
Pathological hypertrophy, fibrosis and inflammation are cardiac
maladjustments induced by pressure overload, such as hyper-
tension and aortic stenosis, leading to alterations in gene
transcription and protein expression that trigger cardiac
remodeling. Our results are the first to demonstrate the
antihypertrophic effect of 6G in response to pressure overload
in vivo. Furthermore, we demonstrated that 6G could mitigate
collagen deposition and thereby prevent cardiac fibrosis.
Another novel finding of the present study is that 6G was
shown to have an anti-inflammatory effect on post-TAC heart
tissues. The results of our in vitro experiments suggested that
6G could directly block cardiomyocyte hypertrophy and cardiac
fibroblast activation via p38 inhibition. Based on the in vivo and
in vitro data, we conclude that 6G protects against cardiac
remodeling during pressure overload stimulation in a p38-
dependent manner (Fig. 9).
Previous studies have shown the protective effects of 6G in a

number of cardiovascular diseases. One study demonstrated
that the combined application of 6G and higenamine could

promote myocardial energy metabolism through the liver
kinase B1/adenosine monophosphate-activated protein kinase
α/SIRT1 pathway during doxorubicin-induced cardiotoxicity
[17]. Other studies have reported the antifibrotic effect of 6G
on isoproterenol-induced myocardial fibrosis [32] or carbon
tetrachloride-induced liver fibrosis [29] by reducing oxidative
stress, inflammation, and apoptosis through the Toll-like
receptor 4/MAPKs/NF-κB pathway. Numerous studies have
shown that 6G has anti-inflammatory, antioxidant, and anti-
apoptotic effects by inhibiting the p38 MAPK pathway
[13–15, 33]. Although previous studies have shown that 6G
can regulate the p38 signaling pathway, our study demon-
strated for the first time that 6G treatment protected against
cardiac remodeling induced by pressure overload via a p38-
dependent pathway. Moreover, 6G treatment simultaneously
inhibited the activation of p38 in cardiomyocytes and fibro-
blasts after cardiac remodeling stimulation. In addition, 6G also
blocked the phosphorylation of p65 and Smad3 and subse-
quently decreased inflammatory cytokines by inhibiting the p38
pathway.
Hypertrophic growth in cardiomyocytes is typified by

dramatic increases in cell size, a high degree of sarcomere
organization, and the enhanced expression of a number of
cardiac-specific genes [34]. The results of our present study
demonstrated that 6G could attenuate the hypertrophic index
and fetal gene expression in mouse hearts induced by TAC and
in isolated cardiomyocytes stimulated by PE. We also observed a
marked increase in p38 phosphorylation and nuclear transloca-
tion in hypertrophic hearts and cardiomyocytes, which was
dramatically decreased after 6G treatment, indicating the
involvement of p38 in 6G activity. Our in vitro results further
verified that MKK6 transfection promoted hypertrophic
responses in cardiomyocytes in a manner similar to that of PE

Fig. 4 Alterations in signaling pathways after 6-gingerol treatment. a Representative Western blots showing total and phosphorylated JNK,
p38, ERK, Smad3, and Akt. b The statistical analysis of the Western blot results. (n= 6). c Representative images of immunofluorescence
staining for p-p38 and WGA and the percentage of p-p38-positive nuclei (n= 6). 6G 6-Gingerol. *P < 0.05 vs. the corresponding sham group.
#P < 0.05 vs. the TAC+ vehicle group. NS no statistical significance.
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and neutralized the protective effect of 6G. Gain-of-function
and loss-of-function studies through genetic manipulation or
molecular inhibitors provided evidence that p38 induced
cardiomyocyte hypertrophy [34, 35], corroborating our findings.
However, the role of p38 in cardiac hypertrophy in intact hearts
remains inconclusive. The results of one study using mitogen-
activated protein kinase kinase 6b(E) (MKK6bE) transgenic mice
demonstrated that ventricular-specific expression of MKK6bE
induced p38 MAPK activation and resulted in several detri-
mental changes in the heart, including marked interstitial
fibrosis, profound depression of systolic contractility and
compromised diastolic function without significant hypertrophy
[36], while another study affirmed that TGF-β-activated kinase 1
activation under chronic pressure overload was responsible for
p38 phosphorylation, myocardial hypertrophy, and fulminant
heart failure [11]. The partial differences between p38
overexpression-induced hypertrophic phenotypes may be
ascribed to the application of molecules affecting components
upstream of p38 and different experimental models and
settings. Inconsistent with the findings of Liao et al. [36], the
data in our study showed that MKK6 overexpression did not
affect cardiac function or fibrosis at baseline. Liao et al. found

that targeted activation of p38 in ventricular myocytes using
sustained activation of MKK induced marked interstitial fibrosis
and the expression of fetal marker genes characteristic of
cardiac failure but no significant hypertrophy at the organ level.
Transgene expression resulted in significant induction of p38
kinase activity and premature death at 7–9 weeks. However,
adenovirus was administered by intramyocardial injections in
three separate locations in the LV free wall of the heart 1 week
before TAC surgery in our study. Therefore, we thought that the
duration and expression of p38 kinase activity induced by the
adenovirus delivery system are not as powerful as those in
transgenic mice. However, our results showed that MKK6
transfection in vivo worsened cardiac hypertrophy, fibrosis
and dysfunction when mice underwent TAC stimulation and
blocked the protective effect of 6G treatment, suggesting that
6G prevents hypertensive cardiac injury and premature loss of
function in a p38-dependent manner.
Interstitial fibrosis is an indispensable feature of pathological

pressure overload-induced cardiac remodeling that leads to the
deterioration of cardiac function and life-threatening heart failure.
Our results demonstrated that 6G could reduce the excessive
deposition of ECM and cardiac fibrosis induced by TAC in vivo. CFs

Fig. 5 6-Gingerol mitigated PE-induced cardiomyocyte hypertrophy in vitro but did not protect NRCMs expressing constitutively active
p38. a Cell surface area was determined by α-actinin immunofluorescence staining and the quantitative analysis of NRCMs (n= 6).
b Representative immunofluorescence staining of p-p38 and the percentage of p-p38-positive nuclei in NRCMs (n= 6). c Representative
Western blots showing total and phosphorylated p38 and the statistical analysis of the ratios of phosphorylated-to-total p38 in NRCMs (n= 6).
d The effect of 6G on p38 phosphorylation in NRCMs infected with Ad-MKK6 (n= 6). e, f The effect of 6G on PE-induced cardiomyocyte
hypertrophy in NRCMs with sustained p38 activation (n= 6). 6G 6-Gingerol. *P < 0.05 vs. the corresponding control group. #P < 0.05 vs. the
PE + vehicle group. NS no statistical significance.
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are widely recognized as playing a crucial role in cardiac fibrosis
[37]. Once stimulated by extracellular neurohumoral or mechan-
ical signals, quiescent fibroblasts transdifferentiate into myofibro-
blasts with an α-SMA-positive phenotype, and this
transdifferentiation triggers the biosynthesis and secretion of
ECM proteins, as well as excessive interstitial and perivascular
fibrosis. Therefore, we conducted in vitro experiments to verify
whether 6G directly affected CFs. Phenotypically, 6G inhibited
myofibroblast formation and collagen synthesis in the presence of
profibrotic TGF-β signaling. Mechanistically, 6G treatment wea-
kened the activation of p38 and Smad3. The canonical
TGF-β–Smads signaling pathway is characterized by activation of
TGF-β type I receptor, which initiates recruitment, resulting in the
phosphorylation and release of Smad2/3, which binds with Smad4
and translocates to the nucleus to activate the transcription of
profibrotic genes [38]. Although the results of numerous studies
have shown that Smad3-deficient mice exhibit marked decreases
in stress-induced myocardial fibrosis [38, 39], TGF-β-mediated
α-SMA stress fiber positivity and myofibroblast differentiation can
be entirely inhibited by blocking p38 signaling but not by
overexpressing Smad2/3 inhibitors [40], indicating that additional
effectors are sufficient to promote CF differentiation and function
beyond the canonical TGF-β–Smad signaling pathway. TGF-β is
well known to promote myofibroblast differentiation through

another noncanonical pathway involving the activation of MAPKs
such as MKK3/6 and their direct downstream molecule p38 [41].
Numerous studies have verified that pharmacological inhibition or
transgenic deficiency of p38 or its upstream regulators MKK3/6
can inhibit myofibroblast differentiation in CFs, human tenon
fibroblasts and dermal wound healing [42, 43]. In contrast, the
results of our study confirmed that Ad-MKK6 transfection primed
and intensified cardiac myofibroblast differentiation and fibrotic
gene expression in vitro and subsequently induced superfluous
fibrosis in mouse hearts in vivo, which was consistent with the
findings of a previous study [44]. Notably, after Ad-MKK6
transfection, 6G failed to promote resistance to fulminant
α-SMA-positive myofibroblasts and cardiac fibrosis both in vitro
and in vivo, suggesting that p38 inhibition plays a crucial and
indispensable role in the antifibrotic activity of 6G.
Fascinatingly, we also observed that p38 overexpression

notably enhanced the phosphorylation and nuclear translocation
of Smad3 and counteracted the 6G-mediated suppression of
Smad3 activation. The results of a previous study showed that the
p38 MAPK pathway promoted Smad3 phosphorylation at the
linker region to induce a myofibroblast phenotype in cultured
hepatic stellate cells when TGF-β receptor I-mediated activation
was inhibited, irrespective of Smad2 activation [45], which was
consistent with our observations. These results reveal that p38

Fig. 6 6-Gingerol blocked TGF-β-induced cardiac fibroblast activation and differentiation in a p38-dependent manner in vitro.
a Representative immunofluorescence staining of α-SMA and statistical analysis of the α-SMA intensity in cardiac fibroblasts (CFs).
b, c Representative immunofluorescence staining of phosphorylated Smad3 and p38 and the statistical analysis of the positive nuclei
percentage (n= 6). d Representative Western blots showing p-Smad3, t-Smad3, and α-SMA in CFs and the statistical analysis (n= 6). e, f The
effects of 6G on α-SMA intensity and Smad3 activation induced by TGF-β in CFs infected with Ad-MKK6 (n= 6). 6G 6-Gingerol. *P < 0.05 vs. the
corresponding control group. #P < 0.05 vs. the TGF-β+ vehicle group. NS no statistical significance.
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promotes cardiac fibrosis through a novel pathway that modulates
Smad3 activation independent of TGF-β. In summary, our study is
the first to demonstrate that 6G attenuates myofibroblast
differentiation and cardiac fibrosis via the p38 MAPK pathway,
and the underlying mechanism is partially attributable to the
crosstalk between p38 and Smad3 signaling.
p38 signaling is widely known to play a crucial role in immune

reactions by promoting the expression of proinflammatory
cytokines, including TNF-α, IL-6, and MCP-1, and contributes to
cardiomyocyte hypertrophy, ECM remodeling and the recruitment
and proliferation of inflammatory cells. A previous study provided
direct in vivo and in vitro evidence that p38 activation was
sufficient to induce inflammatory cytokine expression in cardio-
myocytes and that there was a positive feedback loop between
p38 and TNF-α, whereas the p38 inhibitor SB23906 was shown to
block the secretion of TNF-α and IL-6 and attenuate ECM
remodeling [46]. Our results showed that 6G attenuated the
mRNA levels of TNF-α, IL-6, and MCP-1, as well as inflammatory cell
infiltration, post TAC, while Ad-MKK6 transfection reversed these
inflammatory responses back to their peak levels, indicating that
p38 MAPK was a crucial regulator of the anti-inflammatory activity
of 6G in cardiac remodeling. NF-κB exists as an inactive dimeric
complex composed of the protein subunits p65 and p50, which

are bound to the inhibitor protein inhibitor of NF-κB (IκB). The loss
of IκBα exposes the nuclear localization motif on the p65 NF-κB
subunit, permitting its phosphorylation and nuclear targeting [47].
The NF-κB pathway is believed to be involved in promoting
cardiac hypertrophy and inflammatory responses in cardiomyo-
cytes [48]. Intriguingly, several studies have shown that the p38
inhibitor SB203580 directly represses the transactivation potential
of the p65 subunit [49]. The results of another study indicated that
p38 signals activate the transcription of human BNP through NF-
κB, indicating hypertrophic marker activation [50]. Correspond-
ingly, our data suggested that the inhibitory effect of 6G on NF-κB
relied on p38 MAPK downregulation, providing strong evidence
for the central role of p38 in 6G-mediated cardioprotection after
chronic pressure overload.

CONCLUSION
In summary, our findings provide adequate evidence for the
protective role of 6G in attenuating cardiac hypertrophy, fibrosis,
inflammation, and dysfunction following chronic pressure overload,
as well as in blocking PE-induced cardiomyocyte hypertrophy and
TGF-β-induced cardiac fibroblast activation in vitro. We further
indicated that p38 mediated the antihypertrophic, antifibrotic, and

Fig. 7 6-Gingerol lost its antihypertrophic and antifibrotic effects in mice with constitutively active p38. a Statistical analysis of the HW/
BW ratio and HW/TL ratio (n= 10). b Echocardiographic parameters in the indicated groups (n= 10). c–e Representative images of H&E and
PSR staining and statistical analysis of the cardiomyocyte cross-sectional area and average collagen volume (n= 10). f, g Relative mRNA levels
of hypertrophic and fibrotic markers (n= 10). 6G 6-Gingerol. NS no statistical significance.
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anti-inflammatory effects of 6G and that the cardioprotective effect
of 6G on pathological remodeling occurred in a p38-dependent
manner. Our study provides novel insight into the pharmacological
function of 6G and a theoretical basis for the application of 6G in the
future treatment of pathological cardiac remodeling.
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