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6-Gingerol Alleviates Ferroptosis and Inflammation of Diabetic
Cardiomyopathy via the Nrf2/HO-1 Pathway
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Background. Diabetes mellitus (DM) can induce cardiomyocyte injury and lead to diabetic cardiomyopathy (DCM) which
presently has no specific treatments and consequently increase risk of mortality. Objective. To characterize the therapeutic
effect of 6-gingerol (6-G) on DCM and identify its potential mechanism. Methods. In vivo streptozotocin- (STZ-) induced DM
model was established by using a high-fat diet and STZ, followed by low-dose (25mg/kg) and high-dose (75mg/kg) 6-G
intervention. For an in vitro DCM model, H9c2 rat cardiomyoblast cells were stimulated with high glucose (glucose = 33 mM)
and palmitic acid (100 uM) and then treated with 6-G (100 uM). Histological and echocardiographic analyses were used to
assess the effect of 6-G on cardiac structure and function in DCM. Western blotting, ELISA, and real-time qPCR were used to
assess the expression of ferroptosis, inflammation, and the Nrf2/HO-1 pathway-related proteins and RNAs. Protein expression
of collagen I and collagen III was assessed by immunohistochemistry, and kits were used to assay SOD, MDA, and iron levels.
Results. The results showed that 6-G decreased cardiac injury in both mouse and cell models of DCM. The cardiomyocyte
hypertrophy and interstitial fibrosis were attenuated by 6-G treatment in vivo and resulted in an improved heart function. 6-G
inhibited the expression of ferroptosis-related protein FACL4 and the content of iron and enhanced the expression of anti-
ferroptosis-related protein GPX4. In addition, 6-G also diminished the secretion of inflammatory cytokines, including IL-1p,
IL-6, and TNF-a. 6-G treatment activated the Nrf2/HO-1 pathway, enhanced antioxidative stress capacity proved by increased
activity of SOD, and decreased MDA production. Compared with in vivo, 6-G treatment of H9c2 cells treated with high
glucose and palmitic acid could produce a similar effect. Conclusion. These findings suggest that 6-G could protect against
DCM by the mechanism of ferroptosis inhibition and inflammation reduction via enhancing the Nrf2/HO-1 pathway.

The serum levels of the advanced glycation end products
(AGE:s) are increased along with the increased level of blood

Diabetes mellitus (DM) affects more than 8.5% of the popu-
lation worldwide [1]. Diabetic cardiomyopathy (DCM)
increases the mortality of the diabetics by contributing to
heart failure [2]. DCM, a distinct myocardial disease induced
by DM, is characterized by both structural and functional
changes, including apoptosis, interstitial fibrosis, and dia-
stolic dysfunction [3, 4]. Despite the increase in basic and
clinical studies on DCM over the past few decades, its mech-
anisms still remain unclear.

glucose [5], and energy metabolism in cardiomyocytes shifts
from glycogen decomposition to fatty acid oxidation, resulting
in intracellular lipid accumulation and increased lipid toxicity
[6]. The accumulation of AGEs and lipids causes excessive
production of reactive oxygen species (ROS), which ultimately
leads to DCM [7]. The sustained accumulation of ROS
increases the expression of several proinflammatory factors,
including IL-18, IL-6, and TNF-« [8], and elevated level of
IL-6 can predict the development of type 2 DM [9].
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Ferroptosis is a new form of cell necrosis mediated by
iron-dependent lipid peroxidation [10]. Ferroptosis has been
related to the mechanism associated with lipopolysaccharide-
induced cardiac dysfunction and cardiac ischemia/reperfusion
injury [11, 12]. Although these changes have been observed in
acute injury disease models of the heart, it is not clear whether
ferroptosis also involved in myocardial damage in DCM. Stud-
ies show that iron overload in patients with DM not only
increases the risk of DM progression and insulin resistance
but also exacerbates cardiovascular complications through
the Fenton reaction [13, 14]. Therefore, it is important to clar-
ify whether ferroptosis plays a role in the pathogenesis of
DCM. Moreover, inflammation is also an important patholog-
ical mechanism for the occurrence and progress of DCM [15].
Based on the above, antiferroptosis and anti-inflammatory
therapy are considered potential strategies for DCM.

Nowadays, the use of traditional Chinese medicine to
treat DCM has attracted people’s attention. Ginger was used
to treat diseases in ancient China. 6-Gingerol (6-G), a poly-
phenol extracted from ginger, has been reported to have
anti-inflammatory, antiapoptotic, and antioxidant proper-
ties [16-18], and studies have shown that 6-G can upregu-
late the nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway to alleviate liver injury [19, 20]. 6-G can also mod-
ulate ferroptosis by inhibiting ubiquitin-specific peptidase 14
[21]. Moreover, 6-G is reported to alleviate DCM [22]. How-
ever, the exact mechanism of 6-G treatment in DCM
remains unclear. Therefore, we propose that 6-G protects
against DCM by alleviating ferroptosis and inflammation
through Nrf2/HO-1. To test this, we observed the effects of
6-G on DCM in mouse and H9¢2 cell DCM models and
explored its underlying mechanism.

2. Materials and Methods

2.1. Chemicals. 6-G was purchased from the Chengdu Herb-
purify Co., Ltd. (Chengdu, China) with a purity > 98% tested
by high-performance liquid chromatography.

2.2. Animals and Treatments. Four- to five-week-old male
C57BL/6 mice were purchased from Charles River (Beijing,
China). The DCM model was implemented by placing mice
on a high-fat (D12492, Research Diet) diet for 4 weeks,
followed by overnight fasting and intraperitoneal injection
with a dose of streptozotocin (STZ) (50 mg/kg x 5 days) dis-
solved in pH 4.5 sodium citrate buffer. After one week, mice
with blood glucose higher than 16.7 mmol/L were consid-
ered as having DM [23] and continuous high-fat feeding.
Control mice were given a normal diet and treated with
sodium citrate buffer and continuous normal diet feeding.
Mice were divided into five groups as follows: control
(CON): control mice were treated with corn oil; 6-G-
treated (6-G): control mice were treated with 6-G (75 mg/
kg) dissolved in corn oil; STZ-treated (STZ): DM mice were
treated with corn oil; STZ+25 mg/kg 6-G-treated (STZ+6-G
L): DM mice were treated with 6-G (25 mg/kg) dissolved in
corn oil; and STZ+75mg/kg 6-G-treated (STZ+6-G H):
DM mice were treated with 6-G (75 mg/kg) dissolved in corn
oil. The corn oil and 6-G with corn oil were administered by
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intragastric feeding, and all groups were treated for 12
weeks. All mice were implemented euthanasia via CO,. All
experimental procedures were approved by The Institutional
Animal Research and Use Committee of Shantou University
(animal protocol approval number: SUMC2020-386).

2.3. Echocardiography. Echocardiography was used to evaluate
mouse cardiac function by ultrasound professionals with a
multimode imaging system (Fujifilm, Canada). All mice were
anesthetized with 0.5% isoflurane, followed by chest hair
removal. We obtained images of the parasternal short axis
under M-mode and averaged the left ventricle measurements
from five continuous cardiac cycles, including the left ventricle
end-diastolic dimension (LVEDA), left ventricle end-systolic
dimension (LVEDs), left ventricular diastolic diameter
(LVIDd), left ventricular systolic diameter (LVIDs), end-
diastolic left ventricle posterior wall thickness (LVPWd), and
end-systolic left ventricle posterior wall thickness (LVPWs).
Finally, the left ventricle ejection fraction (EF) and fractional
shortening (FS) were calculated based on the above indicators.

2.4. Histology. The hearts were harvested after 6-G treatment
for 12 weeks, and the control group was sampled at the same
time. The excess blood was removed by perfusion with 10%
KCL. The tissue was cut into 4-5 ym sections after being fixed
with 4% paraformaldehyde and embedded in paraftin. Hema-
toxylin and eosin (HE) staining was used to assess the cardio-
myocyte cross-sectional area and to trace the outline of
striated muscle. A Prussian Blue Stain kit (Solarbio, G1424,
China) was used to assess the level of iron. Collagen I and col-
lagen III were detected by immunohistochemistry to evaluate
interstitial fibrosis. Briefly, antigen unmasking was performed
with citrate buffer (0.01 M, pH = 6.0) in the microwave; then, a
ready-to-use immunohistochemical hypersensitivity Ultrasen-
sitive™ SP kit (KIT-9710, MXB, China) was used to block non-
specific binding sites, followed by overnight incubation with
antibodies against collagen I (1: 100, Abcam, ab7778) and col-
lagen IIT (1:100, Abcam, ab34710) at 4°C. Sections were
washed with PBS 3 times, 10 min each wash, and then incu-
bated with anti-rabbit secondary antibodies from the Kkit.
Finally, staining was visualized with DAB followed by counter-
staining with hematoxylin after washing with PBS. Image-Pro
Plus 6.0 was used to analyze the photos.

2.5. Cell Culture. H9c2 cells were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China)
and were cultured in high-glucose DMEM (C1195, Gibco,
USA) with 10% fetal bovine serum (10270, Gibco), strepto-
mycin (100mg/mL), and penicillin (100 U/mL) (15140,
Gibco). DCM cell model (high-glucose group) was con-
structed by 33 mM glucose and 100 mM palmitic acid. Cells
were divided into four groups: control (CON), 6-G treated
(6-G, 100 uM), high glucose (HG), and HG+6-G (HG+6-
G, 100 uM).

2.6. Quantitative Real-Time PCR (RT-PCR). Cardiac tissue
was immersed in TRIzol (TIANGEN, China) and ground
in a grinding machine (JXFSTPRP-CL, Jingxin, China) to
extract total RNA. RNA reverse transcription was performed
with a PrimeScript™ RT with a gDNA Eraser kit (RR047A,
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TaBLE 1: Primers that were used in this study.

Target Forward Reverse
Mouse-FACL4 AGAGTCCAAAGCGAGGGAGA TCTCTCCAGTTCCCAAAGGC
Mouse-GPX4 CCTCTGCTGCAAGAGCCTCCC CTTATCCAGGCAGACCATGTGC
Mouse-IL-13 TGGTACATCAGCCCGAAC GTCAGCTGGATAGCGACA
Mouse-IL-6 GTCAGCTGGATAGCGACA GAAGCACAGGAGCAGGTGTAGA
Mouse-TNF-« GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT
Mouse-Nrf2 GCCTTCCTCTGCTGCCATTAGTC TGCCTTCAGTGTGCTTCTGGTTG
Mouse-HO-1 TGACACCTGAGGTCAAGCAC GTCTCTGCAGGGGCAGTATC
Mouse-GAPDH CCTTCATTGACCTCAACTACATGG CTCGCTCCTGGAAGATGGTG
Rat-FACL4 TGGGCTGACAGAATCATGCG AACTGTATAACCACCTTCCTGC
Rat-GPX4 CCTGGCTGGCACCATGT CACACGCAACCCCTGTACTT
Rat-IL-1f3 CCGTGGACCTTCCAGGATGA GGGAACGTCACACACCAGCA
Rat-IL-6 GTTGCCTTCTTGGGACTGATG GAAGTCTCCTCTCCGGACTTGT
Rat-TNF-« GATTTGGTGACCAGGCTGTC ATGACCCGTAGGGCGATT
Rat-Nrf2 TGTAGATGACCATGAGTCGC TCCTGCCAAACTTGCTCCAT
Rat-HO-1 TGCTCGCATGAACACTCTGGAGAT ATGGCATAAATTCCCACTGCCACG
Rat-GAPDH GCAAGTTCAACGGCACAG GCCAGTAGACTCCACGACAT
TasLE 2: Effects of 6-gingerol on blood glucose, heart weight (HW), lung weight (LW), and body weight (BW).
CON (n =10) 6-G (n=10) STZ (n=14) STZ+6-G L (n=14) STZ+6-G H (n = 14)

Blood glucose(mM) 8.66 £1.26 9.45+1.44 25.75 + 4.69" 24.89£3.62 22.56 +4.08"
BW (g) 28.67 £0.41 27.69 £ 0.46 28.89+0.74 27.23+0.72 27.37 £0.50
HW (mg) 113.05+2.11 112.45 £ 2.06 136.83 + 4.45" 120.10 +£2.35" 118.88 +£2.53*
LW (mg) 150.81 £5.74 149.88 £5.10 173.47 +7.31% 160.05 + 4.40 156.49 £2.36
HW/BW (mg/g) 3.92+0.19 4.03+0.25 4.74 +0.52% 4.41+0.23" 4.34+0.30"

5.22+0.37 5.39+0.30 6.12 +0.55" 5.72+0.48" 5.60 +0.40"

LW/BW (mg/g)

The blood glucose mentioned above is random blood glucose. Data are presented as means + SEM; “p < 0.05, compared with the CON or 6-G group; *p < 0.05,

compared with the STZ group.

TasLE 3: Effects of 6-gingerol on echocardiographic parameters.

CON (1 =10) 6-G (n=10) STZ (n = 14) STZ+6-G L (n = 14) STZ+6-G H (n = 14)
HR (bpm) 423.6 + 6.60 428.7 £ 8.11 421.8+9.32 426.7 +7.78 418.9+12.32
LVPWD (mm) 0.83 +0.04 0.86 +0.03 0.78 +0.29 0.81+0.03 0.84 +0.04
LVPWS (mm) 1.29 +0.04 1.35+0.11 0.94 +0.04" 1.04 £0.03 1.12 £0.03*
LVIDD (mm) 3.68+0.12 3.6440.12 4.06+0.11° 3.70 + 0.06" 3.64+0.10°
LVIDS (mm) 2.58 +0.09 2.60%0.16 3.23+0.09° 2.75 +0.05* 2.63+0.11°
EF (%) 60.25 +1.30 57.91+3.31 39.16 +2.22° 49.22 +1.88 53.17 +2.87"
FS (%) 31.56 +0.90 30.22 4 2.40 18.78 + 1.23" 24.41 + 1.15" 26.97 + 1.80"

HR: heart rate; LVEDA: left ventricle end-diastolic dimension; LVEDs: left ventricle end-systolic dimension; LVIDd: left ventricular diastolic diameter; LVIDs:
left ventricular systolic diameter; LVPWd: end-diastolic left ventricle posterior wall thickness; LVPWs: end-systolic left ventricle posterior wall thickness; EF:
left ventricle ejection fraction; FS: fractional shortening. All values are expressed as mean + SEM. *p < 0.05, compared with the CON or 6-G group; *p < 0.05,

compared with the STZ group.

TAKARA). Amplification reactions were performed on a
real-time PCR thermocycler (Bio-Rad, USA) with TB
Green® Premix Ex Taq™ II (RR820A, TAKARA). GAPDH
gene expression was used for normalization. All primers
used in this study are listed in Table 1.

2.7. Western Blotting. Cardiac tissues were immediately
placed in liquid nitrogen after sampling and then stored in
a refrigerator at -80°C. All heart samples were immersed in
lysis buffer and then grounded in a grinder. The Pierce
BCA Protein Assay kit (23225, Thermo, USA) was used to
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FIGURE 1: Representative echocardiographic pictures of each group.

measure protein concentration. Protein (40 pug) was sepa-
rated by gel electrophoresis and transferred to polyvinyli-
dene difluoride (PVDF) membranes; then, membranes
were blocked with 5% milk in Tris-buffered Tween 20 for
2h and then incubated overnight with primary antibody at
4°C. The following day, PVDF membranes were immersed
in secondary antibody (1:10000) (ab6721, Abcam) for 2h.
Finally, protein bands were visualized by ECL working solu-
tion, and band intensity was quantified with Image Lab. In
this study, primary antibodies were as follows: HO-1
(1:2000) (ab13243, Abcam), Nrf2 (1:1000) (16396-1-AP),
GPX4 (1:5000) (abl125066, Abcam), FACL4 (1:1000)
(ab155282, Abcam), and GAPDH (1:10000) (ab181602,
Abcam).

2.8. IL-6, IL-1p, and TNF-a ELISA. IL-6, IL-1f3, and TNF-«
levels in serum were detected by ELISA kits (H007, H002,
and HO052, Nanjing Jiancheng, China), according to the
manufacturer’s instructions.

2.9. Superoxide Dismutase (SOD) and Malondialdehyde
(MDA). Myocardial tissues were ground as the following
protocol: 9mL 0.9% physiological saline per 1g tissue. Tis-
sue homogenate supernatant was collected after centrifuga-
tion at 12,000 rpm for 15min. H9¢2 cells were scraped off
the Petri dish with a cell scraper, and suspended in a reagent
was added to make the suspension; then, ultrasonic lysis was
performed. The levels of SOD (A001-3-2, Nanjing Jian-
cheng, China) and MDA (A003-1-2, Nanjing Jiancheng,
China) were detected by using corresponding commercial
test Kits.

2.10. CCK-8 Assay. A Cell Counting Kit-8 (CCK-8) (HAN-
BIO, China) was used to assess cell viability. Cells were
placed in a 96-well plate (5000 cells per well) and incubated
for 12h in 5% CO, at 37°C. Then, different concentrations of
6-G were added to the plate, and cells were further cultured
for 24h. Then, 10 uL CCK-8 was added to each well, and

absorbance at 450 nm was monitored by a microplate reader
(BioTek, USA).

2.11. Statistical Analysis. All values are expressed as mean
+SEM, and a one-way ANOVA test followed by a post
hoc Tukey test was used to determine statistical significance.
All analyses were performed in SPSS 19.0 statistical software.
A p <0.05 was considered to indicate statistical significance.

3. Results

6-G improves cardiac function and reduces pathological
changes of DCM.

Blood glucose in the STZ group was higher than in the
CON group and decreased slightly after 6-G (75 mg/kg)
treatment (Table 2). Compared with the CON group, heart
weight (HW), lung weight (LW), HW/body weight (BW),
and LW/BW in the STZ group increased compared with
the CON group. The 6-G treatment prevented the increase
in HW, LW, HW/BW, and LW/BW of diabetic mice. The
BW of the STZ group did not decrease, which may be related
to the high-fat diet.

As shown in Table 3 and Figure 1, the cardiac function
of the STZ group was decreased compared with the CON
or CON +6-G groups, including LVPWd, LVPWs, LVIDs,
LVIDs, EF, and FS, and all of these parameters could be
restored by 6-G treatment.

3.1. M-Mode Imaging of the LV Midpapillary Level in the
Parasternal Short-Axis View. HE staining showed that, com-
pared with the CON group, STZ treatment increased the
cross-sectional area of the cardiomyocytes, but this increase
could be attenuated by 6-G treatment (Figures 2(a) and
2(b)). Immunohistochemical staining for collagens I and
III indicated interstitial fibrosis increased in the STZ group
but could be reduced by 6-G treatment (Figures 2(a), 2(c),
and 2(d)).

3.2. 6-G Blocks Cardiomyocyte Ferroptosis and Inflammation
in DCM. The content of iron in the STZ group was higher
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FIGURE 2: 6-Gingerol prevents STZ-induced mouse heart remodeling and fibrosis. (a) Hematoxylin and eosin (HE) staining showing the
morphological changes of myocardial tissue (n=6). Immunohistochemistry shows the expression of collagen I/III (n=6). (b) Cross-
sectional area (CSA) of cardiomyocytes (1 =6). (c, d) The positive area of collagens I and III (1 =6). All values are expressed as mean +
SEM. *p < 0.05, compared with the CON or 6-G group; *p < 0.05, compared with the STZ group.

than those in the CON and 6-G groups, and 6-G treatment
decreased its level (Figure 3(a)). Moreover, the lipid peroxi-
dation index also changed correspondingly in vivo. SOD
enzymatic activity was decreased in DCM and could be
reversed by 6-G treatment (Figure 3(m)), whereas the level
of MDA presented the opposite change (Figure 3(n)). Com-
pared with the CON and 6-G groups, protein and mRNA
levels for proferroptotic FACL4 were upregulated in the
STZ group but could be downregulated by 6-G treatment
(Figures 3(b), 3(c), and 3(e)). Protein and mRNA levels for
antiferroptotic glutathione peroxidase-4 (GPX4) showed
the opposite trend (Figures 3(b), 3(d), and 3(f)). Inflamma-
tory markers also showed changes similar to FACL4.

The serum protein level of IL-1p, IL-6, and TNF-a was
lower in control mice compared to the diabetic mice and
could be reduced in diabetic mice after 6-G treatment
(Figures 3(g)-3(i)). Similar to the results in serum, the
mRNA levels of IL-1f, IL-6, and TNF-« in heart tissue were
upregulated in diabetic mice but could be reduced by 6-G
treatment (Figures 3(j)-3(1)).

3.3. 6-G Inhibits the Ferroptosis and Inflammation in H9c2
Cells. We first established a palmitic acid and HG-induced
H9c2 model to simulate DCM according to the results of
the previous experiments. To explore the effect of different
concentrations of 6-G on ferroptosis and inflammation of
palmitic acid and HG induced the cell model of DCM, we
treated palmitic acid and HG-induced H9c¢2 cells with differ-
ent concentrations of 6-G (0, 25, 50, 100, and 200 uM). Cell
proliferation was evaluated by CCK-8 to obtain the optimal
6-G concentration (Figure 4(a)). Results suggested that a
suitable concentration of 6-G exhibits a protective effect on
palmitic acid and HG-stressed H9¢2 cells.

Compared with the CON and 6-G groups, FACL4 pro-
tein and mRNA levels were upregulated in the HG group
induced by palmitic acid and HG and downregulated by 6-
G treatment (Figures 4(b), 4(c), and 4(e)). GPX4 protein
and mRNA levels showed the opposite trend (Figures 4(b),
4(d), and 4(f)). Consistent with lipid peroxides in vivo,
HG-mediated increase in MDA could be decreased by 6-G
treatment, while SOD showed the opposite trend
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FIGURE 3: 6-Gingerol attenuates STZ-induced ferroptosis and inflammation in vivo. (a) Prussian blue staining showing the level of iron ion.
(b) Representative blots of FACL4 and GPX4 in the mouse heart (n = 6). (c, d) Histograms showing the fold change of FACL4 and GPX4. (e,
f) The relative mRNA expression of FACL4 and GPX4 (n = 4); IL-1 (g), IL-6 (h), and TNF-« (i) activities in mouse serum (n = 6). Relative
mRNA expression of IL-18 (j), IL-6 (k), and TNF-« (1) (n =4). Heart tissue levels of SOD (m) and MDA (n) in mice. All data for proteins
and mRNA was normalized to GAPDH before relative quantitative analysis. All values are expressed as mean + SEM. "p < 0.05, compared
with the CON or 6-G group; *p < 0.05, compared with the STZ group.

(Figures 4(j) and 4(k)). At the same time, the mRNA levels
of IL-1B (Figure 4(g)), IL-6 (Figure 4(h)), and TNF-«
(Figure 4(i)) were increased in the HG group, compared
with the CON group, and decreased after 6-G treatment
(Figures 4(g)-4(1)).

3.4. 6-G Enhances the Nrf2/HO-1 Pathway in DCM Both In
Vivo and In Vitro. In vivo experiments, STZ elevated the
expression of Nrf2 and HO-1 at both the mRNA and protein
levels, and 6-G treatment caused a further increase
(Figures 5(a) and 5(c)-5(f)). High glucose upregulated the
expression of Nrf2 and HO-1 in H9c2 cells and significantly
upregulated after 6-G treatment (Figures 5(b) and 5(g)-5(j)).

4. Discussion

It has been shown that inflammation and oxidative stress
increase in heart tissue of STZ-induced DM mice, which
leads to cardiac fibrosis, cardiomyocyte ferroptosis, apopto-
sis, and finally cardiac dysfunction [8, 24]. 6-G is a natural
phenolic that could exert anti-inflammatory, antitumor,
and antioxidant effects [18, 21, 25]. However, how 6-G
decreases the risk of DCM remains unknown. We used a
mouse model and cell model to uncover the underlying
mechanisms and found that 6-G treatment effectively pro-

motes Nrf2 expression and enhances the translocation of
genes encoding antioxidant enzymes accordingly, such as
HO-1 and SOD. In addition, our study shows that 6-G treat-
ment inhibits ferroptosis, inflammation, and cardiac fibrosis
to reduce the damage that occurs in DCM.

4.1. 6-G Attenuates Ferroptosis in DCM. Our study showed
that ferroptosis increases in DCM mice and HG and palmi-
tic acid treated H9c2 cells. This is consistent with the results
of previous studies [24, 26]. Studies have shown that a con-
nection between metal toxicity and diabetic complications,
specifically, reduced iron content could attenuate DCM
injury [27, 28]. DCM is characterized by overproduction of
ROS [29]. As mentioned earlier, iron homeostasis imbalance
and lipid peroxidation are two major factors of ferroptosis
[10]. When iron homeostasis is disrupted, excessive free iron
leads to an increase in the production of ROS by the Fenton
reaction, thus inducing lipid peroxidation-mediated cell
death [30]. In this study, we found that FACL4 is increased
in DCM mice, and 6-G treatment can prevent the increase.
FACL4 controls the activity of the iron-containing enzyme
lipoxygenase, which is a central promoter of ferroptosis
due to its ability to produce lipid hydroperoxides [31]. Not
only that, but it also dictates sensitivity versus resistance to
ferroptosis [32]. GPX4 is decreased in DCM mice, but it
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FIGURE 4: 6-Gingerol inhibits ferroptosis and inflammation in vitro. (a) Cell proliferation of H9¢c2 in different concentrations of 6-G was
determined by a CCK-8 cell proliferation assay. (b) Representative blots of FACL4 and GPX4 in H9¢2 cells (n=4). (c, d) Histograms
showing the fold change of FACL4 and GPX4. Relative mRNA expression of FACL4 (e), GPX4 (f), IL-1f (g), IL-6 (h), and TNF-« (i)
(n=4). All data for protein and mRNA levels were normalized to GAPDH before quantitative analysis. All values are expressed as mean
+SEM. *p < 0.05, compared with the CON or 6-G group; *p < 0.05, compared with the HG group.
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FIGURE 5: 6-G upregulates the expression of Nrf2 and HO-1 in DCM both in vivo and in vitro. (a) Representative blots for Nrf2 and HO-1 in
the mouse heart (n = 6). (b) Representative blots of Nrf2 and HO-1 in H9¢2 cells (n = 4). (c, d) Histograms showing the fold change of Nrf2
and HO-1 in mouse hearts. (e, f) Relative mRNA expression of Nrf2 and HO-1 in mouse hearts (n = 6). (g, h) Histograms showing the fold
change of Nrf2 and HO-1 in H9¢2 cells. (i, j) Relative mRNA expression of Nrf2 and HO-1 in H9¢2 cells (n = 4). All data for proteins and
mRNA was normalized to GAPDH before relative quantitative analysis. All values are expressed as mean + SEM. "p < 0.05, compared with
the CON or 6-G group; *p < 0.05, compared with the HG or STZ group.

can be partially restored through 6-G treatment. GPX4
attenuates lipid peroxide toxicity and maintains lipid bilayer
homeostasis [33]. Under normal circumstances, the body
has enough GPX4 to withstand oxidative stress. The body’s
antioxidant system is damaged, and GPX4 is decreased when
DCM occurs. The increase in the level of GPX4, by 6-G, to
reduce oxidative stress is probably why 6-G reduces ferrop-
tosis in DCM.

4.2. 6-G Attenuates Inflammatory in DCM. Inflammation is
increased in DCM in vitro and vivo, and 6-G treatment
reduces this inflammation. This confirms previous studies
showing that inflammatory cytokines IL-1p3, IL-6, and
TNF-a are elevated in DCM [34, 35]. 6-G also has anti-
inflammatory effects in other diseases such as sepsis, cerebral
ischemia/reperfusion injury, and diabetic nephropathy [25,
36, 37]. The protein levels and mRNA levels of inflammatory
factors IL-1f, IL-6, and TNF-«a are increased in DCM
in vitro and in vivo, and 6-G treatment can reduce this
increase.

4.3. The Nrf2/HO-1 Pathway Is Active by 6-G in DCM. 6-G
may regulate ferroptosis and inflammation through Nrf2/
HO-1 pathway. A conflict is observed in the expression of
Nrf2 in DCM, some are increased [38], and some are
decreased [8], which may account for the different models
used. A study showed that in DM, the Nrf2 pathway is acti-
vated in obese mice and inactivated in nonobese mice [39].
We show DCM mice given a high-fat diet, to maintain the
status of diabetes, have increased Nrf2. This is also the rea-
son why the BW of mice in the STZ group increases rather
than decreases. A prior study obtained similar results show-
ing Nrf2 is upregulated by a high-fat diet [40]. In addition,
activation of the Nrf2 pathway can reduce inflammation.
The expression of inflammation-associated cytokines IL-
la, IL-123, CSE2, IL-6, and TNF-a is increased in Nrf2 -
mice after LPS injection in Nrf2”" [41]. Sulforaphane pre-
vents ferroptosis in DCM via the AMPK/Nrf2 pathway
[26]. We propose that in DCM, 6-G treatment enhances

the Nrf2/HO-1 while reducing ferroptosis and inflamma-
tion. Since the Nrf2/HO-1 pathway in 6-G intervention
DCM was not silenced in this study before ferroptosis and
inflammation were observed, the exact relationship between
Nrf2/HO-1 pathway and ferroptosis and inflammation
needs further experimental verification, which is also the
deficiency of this study.

5. Conclusion

In this study, we show that 6-G protects against DCM by
reducing ferroptosis and inflammation via enhancing the
Nrf2/HO-1 pathway. We suggest that 6-G may be a promis-
ing therapy or adjuvant drug for DCM.
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