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Recently, we found that 5,8-dihydroxy-4’,7-dimethoxyflavone (DDF) upregulated the expression of heme oxygenase (HO)-1 via
p38 mitogen-activated protein kinase/nuclear factor-erythroid factor 2-related factor 2 (MAPK/Nrf2) pathway in human cardiac
fibroblasts (HCFs). However, the alternative processes by which DDF induces the upregulation of HO-1 expression are unknown.
Activation of epidermal growth factor receptor (EGFR), phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), and protein
kinase C (PKC)α may initiate specificity protein (Sp)1 activity, which has been reported to induce expression of antioxidant
molecules. Thus, we explored whether these components are engaged in DDF-induced HO-1 upregulation in HCFs. Western
blotting, promoter-reporter analyses, and real-time polymerase chain reactions were adopted to measure HO-1 and vascular
cell adhesion molecule (VCAM)-1 expressions in HCFs. Respective small interfering (si)RNAs and pharmacological inhibitors
were employed to investigate the signaling components engaged in DDF-induced HO-1 upregulation. The chromatin
immunoprecipitation assay was conducted to detect the binding interaction of Sp1 and antioxidant response elements (ARE)
on the promoter of HO-1. An adhesion assay of THP-1 monocyte was undertaken to examine the functional effect of HO-1 on
tumor necrosis factor (TNF)-α-induced VCAM-1 expression. DDF stimulated the EGFR/PKCα/PI3K/Akt pathway leading to
activation of Sp1 in HCFs. The roles of these protein kinases in HO-1 induction were ensured by transfection with their
respective siRNAs. Chromatin immunoprecipitation assays revealed the interaction between Sp1 and the binding site of
proximal ARE on the HO-1 promoter, which was abolished by glutathione, AG1478, Gö6976, LY294002, or mithramycin A.
HO-1 expression enhanced by DDF abolished the monocyte adherence to HCFs and VCAM-1 expression induced by TNF-α.
Pretreatment with an inhibitor of HO-1: zinc protoporphyrin IX reversed these inhibitory effects of HO-1. We concluded that
DDF-induced HO-1 expression was mediated via an EGFR/PKCα/PI3K/Akt-dependent Sp1 pathway and attenuated the
responses of inflammation in HCFs.

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2022, Article ID 1372958, 15 pages
https://doi.org/10.1155/2022/1372958

https://orcid.org/0000-0003-2325-5017
https://orcid.org/0000-0002-3208-5438
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/1372958


1. Introduction

Fibroblasts are crucial components in the pathogenesis of
hearts (e.g., cardiac inflammation) induced by chemical sig-
nals or mechanical forces. Proinflammatory cytokines and
mediators, such as tumor necrosis factor (TNF)-α, interleukin
(IL)-1β, IL-6, and sphingosine 1-phosphate, promote the acti-
vation and proliferation of fibroblasts [1–3]. For example,
TNF-α overexpression-induced fibrotic cardiomyopathy and
interactions between mast cells and fibroblasts are needed
for the progress of cardiac fibrosis [4]. Turner et al. [5] sug-
gested that TNF-α increases the levels of IL-1β and IL-6 in car-
diac fibroblasts. Our recent report indicated that TNF-α and
sphingosine 1-phosphate induce cyclooxygenase-2/prosta-
glandin E2 upregulation in human cardiac fibroblasts (HCFs)
[3, 6]. Those findings imply that TNF-α is a crucial factor in
cardiovascular disorders.

The adhesion of inflammatory cells to the vascular endo-
thelium is mediated through vascular cell adhesion molecule
(VCAM)-1 during the processes of inflammation. Savic-
Radojevic et al. [7] found that the prevalence of mortality
and morbidity in chronic heart failure patients could be pre-
dicted by the levels of VCAM-1 and TNF-α. Previously, we
revealed that upregulation of VCAM-1 expression can be
enhanced in response to TNF-α in HCFs [8]. These proin-
flammatory mediators, through upregulation of VCAM-1
expression, may be implicated in cardiac inflammation.
Therefore, these components could be targets for developing
an antioxidant strategy to provide an efficacious intervention
in cardiovascular diseases.

Evidence suggests that stimuli- and oxidative stress-
induced inflammation could be protected by heme oxygenase
(HO)-1 [9, 10]. Thus, HO-1 has been considered an efficacious
therapeutic intervention for managing various human dis-
eases, including cardiac inflammation. For HO-1 inducers,
considerable attention has been focused on Chinese herbal
medicines used in the treatment of inflammatory diseases.
Cardenolides extracted from the root of Reevesia formosana
have been shown to exhibit potent cytotoxicity in cancer cell
lines in vitro [11]. Flavonoids have demonstrated their effi-
cacy via antioxidant and anti-inflammatory effects in several
pathological conditions, including cardiovascular diseases.
The flavonoid 5,8-dihydroxy-4′,7-dimethoxyflavone (DDF)
is another component isolated from R. formosana [12]. In
HCFs, DDF has been shown to stimulate the expression of
HO-1 (at least in part) via nuclear factor-erythroid factor 2-
related factor 2 (Nrf2) activation dependent on p38
mitogen-activated protein kinase (MAPK) and reactive oxy-
gen species (ROS) pathways [12]. However, how DDF pro-
motes the expression of HO-1 and exerts cytoprotective
effects in HCFs is not known.

Various signaling pathways have been demonstrated to
modulate the upregulation of HO-1 expression induced by
different stimuli [13]. For instance, puerarin modulates
HO-1 induction via a protein kinase C- (PKC-) dependent
pathway in mouse mesangial cells [14]. In A549 cells, HO-
1 induction by cisplatin is mediated via phosphoinositide
3-kinase/protein kinase B (PI3K/Akt) pathways dependent
on epidermal growth factor receptor (EGFR) activation

[15]. Moreover, several transcriptional factors [e.g., Nrf2,
activating-protein (AP)1, specificity protein (Sp)1] are con-
trolled by various signaling pathways, which participate in
HO-1 expression [16, 17]. Here, we explored the molecular
mechanisms underlying DDF-induced expression of HO-1
and “rescues” TNF-α-stimulated proinflammatory reactions
in HCFs.

2. Material and Methods

2.1. Chemicals, Antibodies, and Reagents. Hybond C mem-
brane and reagents for enhanced chemiluminescence
(ECL), fetal bovine serum (FBS), Dulbecco’s modified
Eagle’s medium (DMEM)/F-12, and sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS–PAGE) were
used. This study used the method of Yang et al. [12]. Anti-
bodies against phosphorylated (phospho)-EGFR (Tyr1068;
catalog number, 2234) and phospho-Akt (Ser473; 9271) were
purchased from Cell Signaling Technologies (Danvers, MA,
USA). Antibody against phospho-Sp1 (Thr453; A0577) was
obtained from Assay Biotech (Sunnyvale, CA, USA). Anti-
bodies against phospho-PKCα (phospho-S657; EPR1901(2);
ab180848) and VCAM-1 (EPR5038(2); ab174279) were pur-
chased from Abcam (Cambridge, UK). Antibodies against
Sp1 (sc-14027), PKCα (C20; sc-208), Akt (sc-8312), EGFR
(1005; sc-03), and anti-β-actin (C4; sc-47778) were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). AG1478,
Gö6976, LY294002, glutathione (GSH), and mithramycin A
were sourced from Biomol (Plymouth Meeting, PA, USA).
Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
MCA-1D4) was purchased from EnCor (Gainesville, FL,
USA). Anti-HO-1 polyclonal antibody (ADI-SPA-895) was
obtained from Enzo Life Sciences (Farmingdale, NY, USA).
Zinc protoporphyrin (ZnPP) IX was from Cayman Chemicals
(Ann Arbor, MI, USA). Recombinant human TNF-α protein
was sourced from R&D Systems (Minneapolis, MN, USA).
Other chemicals and enzymes were purchased from Millipor-
eSigma (Burlington, MA, USA).

2.2. Culture and Treatment of Cells. HCFs were purchased
from ScienCell Research Laboratories (San Diego, CA,
USA). HCFs were cultured and treated using the method
of Yang et al. [12]. HCFs were cultured at 37°C in a humid-
ified atmosphere of 5% CO2 in DMEM/F-12 supplemented
with 10% FBS and antibiotics. When the cultures reached
confluence (~4 days), the cells were suspended by 0.05%
trypsin/0.53mM EDTA and diluted with DMEM/F-12 con-
taining 10% FBS to a concentration of 2 × 105 cells/ml. The
cell suspension was seeded onto 10 cm culture dishes
(10ml/dish), six-well culture plates (2ml/well), and 12-well
culture plates(1ml/well). The cells were made quiescent by
incubation in serum-free DMEM/F-12 for 24 h, pretreated
with the inhibitors for 1 h, and then incubated with DDF
at 37°C for the time intervals indicated. HCF passages from
5 to 7 were used for subsequent experiments.

2.3. Preparation of Samples and Western Blotting. The sam-
ples were prepared and analyzed by western blotting using
the method of Yang et al. [12]. Growth-arrested cells by
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incubation in serum-free DMEM/F-12 for 24h were pre-
treated with inhibitors for 1h and then incubated with DDF
at 37°C for the time intervals indicated. After incubation, the
cells were washed rapidly with ice-cold phosphate-buffered
saline (PBS) and lysed with sample buffer. Proteins were sep-
arated by SDS–PAGE and transferred by electrophoresis
onto nitrocellulose membranes (BioTrace™ NT membranes;
Pall Life Sciences, Ann Arbor, MI, USA). Nitrocellulose
membranes were incubated sequentially with a specific pri-
mary antibody overnight, followed by incubation with a sec-
ondary horseradish peroxidase-conjugated antibody for 1 h.
An internal control either an anti-β-actin antibody or anti-
GAPDH antibody was used for protein loading. Immunore-
active bands on nitrocellulose membranes were detected
using ECL reagents and captured by the BioSpectrum™ 500
Imaging System (Ultra-Violet Products, Upland, CA, USA).
To quantify image densitometry, UN-SCAN-IT gel software
(Silk Scientific, Orem, UT, USA) was used.

2.4. Extraction of Total RNA and Real-Time Reverse
Transcription-Quantitative Polymerase Chain Reaction
(RT-qPCR). HCFs were treated with DDF for the time inter-
vals indicated in the absence or presence of inhibitors. Total
RNA was extracted for real-time RT-qPCR using the
method of Yang et al. [12]. Total RNA was extracted with
TRIzol® reagent from HCFs. Synthesis of first-strand com-
plementary (c)DNA was done for 60min at 37°C with 2μg
of total RNA using random hexamers as primers in a final
volume of 20μl, as described previously. The synthesized
cDNA molecules were used as templates for PCR using
primers for target genes and Q-Amp™ 2× screening Fire
Taq Master Mix (Bio-Genesis Technologies, Taipei, Tai-
wan). qPCR was done using the Kapa Probe Fast qPCR Kit
Master Mix Universal (Kapa Biosystems, Wilmington, MA,
USA) on a StepOnePlus™ real-time PCR system (Thermo
Scientific, Waltham, MA, USA). To calculate the relative
amount of the target genes, the ΔΔCt method (Ct =
threshold cycle) was used. The primer sequences (forward
and reverse, respectively) were 5′-CTCCCAGGCTCCGCTT
CT-3′ and 5′-GCATGCCTGCATTCACATG-3′ for HO-1
and 5′-GCCAGCCGAGCCACAT-3′ and 5′-CTTTACCAG
AGTTAAAAGCAGCCC-3′ for GAPDH.

2.5. Transient Transfection with Small Interfering (si)RNAs.
The procedures for siRNA transfection were adopted from
the method of Yang et al. [12]. HCFs of 2 × 105 cells/ml were
plated onto 12-well plates or 10 cm dishes until ~70% con-
fluence was reached. Before transfection, the cells were
washed with PBS and then added to 1ml/well or 5ml/dish
of Opti-MEM medium (Gibco, Grand Island, NY, USA).
Akt siRNA (SASI_Hs01_00105954), PKCα siRNA (SASI_
Hs01_00018816), and Sp1 siRNA (SASI_Mm01_00145222)
were obtained from MilliporeSigma. EGFR siRNA (sense:
5′-GAAGGAAA CUGAAUUCAAA-3′ and antisense: 5′-
UUUGAAUUCAGUUUCCUUC-3′) was purchased from
MDBio (Taipei, Taiwan). Lipofectamine™ 2000 transfection
reagent (Invitrogen, Carlsbad, CA, USA) was used to carry
out transient transfection of siRNAs. Complexes of DNA–

Lipofectamine transfection reagent were added to each well
to a final concentration of 100nM siRNA, and then, incuba-
tion for 5 h at 37°C was carried out. After transfection, the
cells were made quiescent and then treated with DDF.

2.6. Transfection and Promoter Luciferase Assay.We investi-
gated the effect of TNF-α on VCAM-1 activity. A VCAM-1-
luc plasmid was constructed, and luciferase activity was ana-
lyzed using the method of Lee et al. [18]. A region spanning
−1716 bp to −119 bp for the human VCAM-1 promoter,
which was kindly provided by Dr. W.C. Aird (Department
of Molecular Medicine, Beth Israel Deaconess Medical Cen-
ter, Boston, MA, USA), was cloned into a pGL3-basic vector
(Promega, Madison, WI, USA). The VCAM-1-luc reporter
gene was transfected transiently, and the control pGal
encoding for β-galactosidase was present to normalize for
transfection efficiency. A luciferase assay system (Promega)
was adopted to analyze the luciferase activity. The luciferase
activity of the firefly was standardized for β-galactosidase
activity.

2.7. Chromatin Immunoprecipitation (ChIP) Assay. To
detect the association of Sp1 with the promoter of human
HO-1, the ChIP assay was undertaken using the method of
Yang et al. [12]. HCFs in 10 cm dishes were grown in a
serum-free environment for 24 h to reach confluence and
then treated with DDF. One percent of formaldehyde in
the medium was added to fix protein–DNA complexes.
Fixed cells were washed and lysed in an SDS-lysis buffer. Cell
lysates kept at 4°C were sonicated until the DNA size was
200–300 bp. The samples were centrifuged, and soluble
chromatin was precleared by incubation with sheared
salmon-sperm DNA–protein agarose A for 30min at 4°C
with rotation.

After preclearing, samples were centrifuged, and the
supernatant was transferred to a new tube. The concentra-
tions of samples were quantified and adjusted. One portion
of the sample was used as a DNA input control, and the
remainder was incubated with anti-Sp1 antibody overnight
at 4°C. Protein A beads (MilliporeSigma) were added over-
night with rotation at 4°C to collect the immunoprecipitating
complexes of antibody–protein–DNA. After incubation, the
samples were sequentially washed with low-salt buffer, high-
salt buffer, LiCl buffer, and Tris-EDTA and then eluted with
elution buffer, as described previously. To extract DNA, the
crosslinking of protein–DNA complexes were reversed by
incubation at 65°C overnight. The extracted DNA was resus-
pended in H2O and subjected to PCR amplification using
the TaqMan™ ChIP QPCR Assay (ThermoScientific).

2.8. Adhesion Assay. HCFs plated onto six-well plates were
grown to confluence and incubated with TNF-α for 16 h,
and then, adhesion assays were undertaken using the
method of Lee et al. [18]. Briefly, THP-1 cells (human acute
monocytic cell line) were labeled with the fluorescent dye 2′,
7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acet-
oxymethyl ester (20μM) for 1 h in PBS at 37°C and washed
subsequently by centrifugation. HCFs stimulated by TNF-α
for 16h were incubated with THP-1 cells for 1 h at 37°C.
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HCFs were washed gently thrice with PBS to remove nonad-
herent THP-1 cells. To determine the number of adherent
THP-1 cells, the cells were counted by five fields per 20×
field well using a fluorescence microscope (Axiovert 200M;
Carl Zeiss, Thornwood, NY, USA).

2.9. Statistical Analyses. To determine the statistical analysis,
Prism 6.0 (GraphPad, San Diego, CA, USA) was employed.
The methods of statistical analyses were adopted from the
method of Yang et al. [12]. We used one-way ANOVA
followed by Dunnett’s post hoc test if comparing more than
two groups of data, as described previously, or the nonpara-
metric Kruskal–Wallis test followed by Dunn’s multiple
comparison test if comparing multiple independent groups
and if the assumptions of ANOVA normality were not
met. Post hoc tests were run only if F achieved p < 0:01 and
there was no significant variance in homogeneity. Data are
the mean ± SEM. p < 0:01 was considered significant.

3. Results

3.1. DDF Induces Upregulation of the Expression of HO-1 via
EGFR in HCFs. Our recent report has shown that ROS gen-
eration via GSH depletion mediates upregulated expression
of HO-1 induced by DDF in HCFs [12]. ROS can be second
messengers and activate their downstream signaling compo-
nents such as platelet-derived growth factor receptor
(PDGFR) and EGFR in various cell types, which leads to
increased levels of HO-1 [19, 20]. Therefore, we examined
the role of EGFR on DDF-induced responses.

To investigate the role of EGFR, AG1478 (EGFR inhibi-
tor) was adopted, and the dose and time interval of DDF
treatment were based on our recent report [12]. AG1478
pretreatment dose-dependently reduced the expression of
HO-1 produced by DDF (Figure 1(a)). AG1478 diminished
HO-1 transcription induced by DDF as well (Figure 1(b)).
EGFR siRNA was transfected into HCFs to knockdown
EGFR expression. Downregulation of EGFR expression atten-
uated DDF-enhanced protein level of HO-1 (Figure 1(c)).
Moreover, phospho-EGFR expression was measured using
western blotting to determine the role of EGFR phosphoryla-
tion in DDF-triggered upregulation of HO-1 expression.
EGFR phosphorylation was time-dependently stimulated by
DDF (Figure 1(d)). Moreover, pretreatment with GSH or
AG1478 abrogated the EGFR phosphorylation stimulated by
DDF in HCFs, but pretreatment with Gö6976 did not. These
findings from HCFs suggested that activation of ROS/EGFR
modulates DDF-induced HO-1 induction.

3.2. Involvement of PKCs in Upregulation of HO-1 Expression
Induced by DDF. PKCs are involved in several cellular func-
tions and the pathogenesis of various diseases in which
redox-sensitive signaling molecules are involved [21]. PKC
activation in mouse mesangial cells has been shown to sup-
press inflammation related to advanced glycation end prod-
ucts via increased expression of HO-1 [14]. Thus, we
assessed the effects of PKCs on the DDF-induced expression
of HO-1.

To test this hypothesis, Gö6976 (selective inhibitor of
PKCα) was used. Gö6976 dose-dependently blocked the
DDF-enhanced increased protein expression of HO-1
(Figure 2(a)) and transcription (Figure 2(b)) in HCFs. PKCα
siRNA was adopted to ascertain the role of PKCα. Downreg-
ulation of expression of PKCα protein using transfection of
PKCα siRNA diminished DDF-induced upregulation of
HO-1 (Figure 2(c)). Moreover, we investigated if PKCα
phosphorylation participated in the upregulation of HO-1
induced by DDF using western blotting. Gö6976 pretreatment
reduced DDF-stimulated time-dependent PKCα phosphory-
lation (Figure 2(d)). In addition, in HCFs, pretreatment with
GSH or AG1478 attenuated DDF-stimulated PKCα phos-
phorylation. These results in HCFs indicated that the ROS/
EGFR/PKCα pathway modulates upregulation of HO-1 gen-
erated by DDF.

3.3. DDF Enhances Upregulation of HO-1 through PI3K/Akt
in HCFs. Upregulation of HO-1 expression can result from
PI3K/Akt in several cell types [22]. EGFR has been eluci-
dated to be an upstream component of PI3K/Akt, inducing
the expression of HO-1 in cells [20, 23, 24]. Previously, using
mouse brain endothelial cells, we revealed that HO-1 induc-
tion is promoted by cigarette smoke extract via PKC to acti-
vate the downstream components PI3K/Akt [25]. Thus, we
assessed the effect of PI3K/Akt on DDF-stimulated responses.
HCFs were pretreated with a PI3K inhibitor (LY294002) or
transfected with Akt siRNA. As shown in Figure 3(a), pretreat-
ment with LY294002 dose-dependently reduced DDF-
enhanced expression of HO-1 protein. Moreover, LY294002
suppressed the expression of HO-1 mRNA induced by DDF
(Figure 3(b)). Akt expression knocked down by Akt siRNA
was used to verify the effect of Akt on DDF-induced HO-1
expression. Downregulation of expression of Akt protein by
Akt siRNA transfection impeded DDF-induced HO-1 upreg-
ulation (Figure 3(c)). Moreover, we investigated (by western
blotting) Akt phosphorylation involved in the DDF-induced
responses. In HCFs, Akt siRNA transfection or LY294002 pre-
treatment attenuated DDF-stimulated Akt phosphorylation
(Figure 3(d)). Pretreatment with GSH, AG1478, or Gö6976
attenuated DDF-stimulated Akt phosphorylation
(Figure 3(d)). These results in HCFs revealed that activation
of a ROS/EGFR/PKCα-dependent PI3K/Akt cascade modu-
lates DDF-induced upregulation of HO-1 expression.

3.4. The Transcription Factor Sp1 Engages in DDF-Induced
Increased Expression of HO-1. The Sp1 has been demonstrated
to cooperate with Nrf2 to induce HO-1 expression stimulated
by carbon monoxide-releasing molecule (CORM)-2 [26].
Previously, in RBA-1 cells, we found that PI3K/Akt activates
recruitment of the complex of Sp1, Nrf2, and c-Jun, which
results in HO-1 induction [26]. We wished to investigate if
Sp1 participated in HO-1 expression induced by DDF. Pre-
treatment of cells with mithramycin A (an Sp1 inhibitor)
dose-dependently reduced the protein levels of HO-1
enhanced by DDF (Figure 4(a)). Pretreatment with mithramy-
cin A also reduced the DDF-induced mRNA expression of
HO-1 (Figure 4(b)). Transfection with Sp1 siRNA was used
to ascertain the role of Sp1 on DDF-induced upregulation of
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HO-1. As shown in Figure 4(c), downregulation of the expres-
sion of Sp1 protein by transfection with Sp1 siRNA dimin-
ished DDF-induced HO-1 expression. Sp1 phosphorylation
was measured by western blotting to determine how phos-
phorylation of Sp1 regulated the upregulated level of HO-1
by DDF. Pretreatment with mithramycin A attenuated phos-
phorylation of Sp1 time-dependently stimulated by DDF
(Figure 4(d)). DDF-stimulated Sp1 phosphorylation was also
mitigated by pretreatment with GSH, AG1478, LY294002, or
Gö6976.

Previously, we revealed that in RBA-1 cells, CORM-2
activates Sp1 and promotes its interaction with the binding
site of antioxidant response elements (ARE), which results
in HO-1 expression [26]. The ChIP assay was conducted to
investigate if DDF-stimulated Sp1 phosphorylation was
involved in the interaction with the binding site of ARE.
DDF-stimulated Sp1 phosphorylation time-dependently

enhanced its association with the binding site of ARE, which
was diminished by pretreatment with GSH, AG1478,
Gö6976, LY294002, or mithramycin A (Figure 4(e)). These
data suggested that in HCFs, the ROS/EGFR/PKCα/PI3K/
Akt cascade participates in the DDF-stimulated phosphory-
lation of Sp1, which leads to HO-1 expression.

3.5. DDF Attenuates the Effect of TNF-α on VCAM-1
Induction. Previously, we found that TNF-α triggers inflam-
mation in HCFs through induction of VCAM-1 and COX-2
expressions [6, 27]. Moreover, the interplay between TNF-α
and VCAM-1 plays an important part in cardiovascular dis-
orders [7, 28]. Thus, we investigated if DDF protected
against VCAM-1 induction by the effect of TNF-α in HCFs.
First, we evaluated the expression of VCAM-1 protein and
VCAM-1 gene by the effect of TNF-α. TNF-α time- and
dose-dependently induced protein levels of VCAM-1,
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Figure 1: DDF induces HO-1 expression via ROS/EGFR in HCFs. (a) HCFs were pretreated with AG1478 for 1 h and then incubated with
DDF (10 μM) for 16 h. The levels of HO-1 and β-actin protein expressions were examined by western blot analysis. (b) Cells were pretreated
with AG1478 for 1 h and then incubated with DDF (10 μM) for 6 h. The levels of HO-1 mRNA were analyzed by real-time PCR. (c) Cells
were transfected with scrambled or EGFR siRNA and then incubated with DDF (10 μM) for 16 h. The levels of EGFR, HO-1, and β-actin
protein expression were determined by western blot analysis. (d) Cells were pretreated without or with GSH, Gö6976, or AG1478 and then
incubated with DDF (10 μM) for the indicated time intervals. The levels of phospho- and total-EGFR were determined by western blot. In
this part, to determine the effect of AG1478, GSH, or Gö6976 on DDF-stimulated phosphorylation of EGFR, these experiments were
conducted in the absence (control) or presence of inhibitor and then incubated with DDF for the indicated time intervals. To fit the
construct of data layout, only one set of control was presented and disclosed by the insertion of white spaces rearranged from the
original capture. Data are expressed as mean ± SEM of three independent experiments (n = 3). #p < 0:01, as compared with DDF alone.
Abbreviations: Scr: scramble.
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upregulated significantly within 4 h and achieved the maxi-
mum of expression within 16 h (Figure 5(a)). TNF-α (5 ng/
ml) induced mRNA expression of VCAM-1 in a time-
dependent manner and reached maximal expression within
6 h in HCFs (Figure 5(b)). We wished to ascertain if TNF-
α through regulation of mRNA transcriptional activity
exerted its effect on VCAM-1 induction. Hence, the pro-
moter activity of VCAM-1 was investigated using a firefly
luciferase gene reporter. TNF-α time-dependently stimu-
lated the promoter activity of VCAM-1 within 6 h, and this
effect was inhibited by DDF (Figure 5(c)). Furthermore, to

ascertain if DDF could diminish TNF-α-stimulated protein
expression of VCAM-1, HCFs were pretreated with DDF
(10μM) for the time points indicated and subsequently
challenged with 5ng/ml TNF-α for 16 h. Increased expres-
sion of HO-1 in HCFs by DDF significantly inhibited the
expression of VCAM-1 protein enhanced by TNF-α at
these time points tested (Figure 5(d)). Taken together, these
data suggested that in HCFs, DDF attenuates the upregu-
lated expression of VCAM-1 enhanced by TNF-α through
interfering with transcriptional activity by increased expres-
sion of HO-1.
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Figure 2: Involvement of PKCα in DDF-induced HO-1 expression. (a) HCFs were pretreated with Gӧ6976 for 1 h and then incubated with
DDF (10 μM) for 16 h. The levels of HO-1 and β-actin protein expressions were examined by western blot analysis. (b) Cells were pretreated
with Gӧ6976 for 1 h and then incubated with DDF (10 μM) for 6 h. The levels of HO-1 mRNA were analyzed by real-time PCR. (c) Cells
were transfected with scrambled or PKCα siRNA and then incubated with DDF (10 μM) for 16 h. The levels of PKCα, HO-1, and β-actin
protein expressions were determined by western blot analysis. (d) Cells were pretreated without or with Gö6976, GSH, or AG1478 and then
incubated with DDF (10 μM) for the indicated time intervals. The levels of phospho- and total-PKCα were determined by western blot. In
this part, to determine the effect of Gö6976, GSH, or AG1478 on DDF-stimulated phosphorylation of PKCα, these experiments were
conducted in the absence (control) or presence of inhibitor and then incubated with DDF for the indicated time intervals. To fit the
construct of data layout, only one set of control was presented and disclosed by the insertion of white spaces rearranged from the
original capture. Data are expressed as mean ± SEM of three independent experiments (n = 3). #p < 0:01, as compared with DDF alone.
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To further examine the cellular function of upregulated
expression of VCAM-1 stimulated by TNF-α, our experi-
ments measured the adhesion of THP-1 monocytes. HCFs
were treated by the presence or absence of DDF (10μM)
for 10 h or together with ZnPP IX (1μM) for 1 h and then

challenged (or not challenged) with TNF-α for 16h. As
shown in Figure 5(e), preincubation with DDF diminished
the adhesion of THP-1 monocytes to HCFs stimulated by
TNF-α, and this effect was reversed by pretreating cells with
ZnPP IX. The above findings demonstrated that upregulated
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Figure 3: DDF induces HO-1 expression via PI3K/Akt in HCFs. (a) HCFs were pretreated with LY294002 for 1 h and then incubated with
DDF (10 μM) for 16 h. The levels of HO-1 and β-actin protein expressions were examined by western blot analysis. (b) Cells were pretreated
with LY294002 for 1 h and then incubated with DDF (10 μM) for 6 h. The levels of HO-1 mRNA were analyzed by real-time PCR. (c) Cells
were transfected with scrambled or Akt siRNA and then incubated with DDF (10 μM) for 16 h. The levels of Akt, HO-1, and β-actin protein
expressions were determined by western blot analysis. (d) Cells were transfected with Akt siRNA or pretreated with GSH, AG1478,
LY294002, or Gö6976 for 1 h, and then incubated with DDF (10 μM) for the indicated time intervals. The levels of phospho- and total-
Akt were determined by western blot. In this part, to determine the effect of LY294002, GSH, AG1478, or Gö6976 on DDF-stimulated
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expression of HO-1 by DDF could protect against monocyte
adhesion for HCFs exposed to TNF-α-enhanced upregula-
tion of VCAM-1 expression.

4. Discussion

HO-1 can act as an anti-inflammatory and antioxidant mol-
ecule that exerts cardioprotective effects and ameliorates oxi-
dative stress, fibrosis, and hypertrophy [29]. Flavonoids are
found in medicinal herbs, tea, and fruits. They belong to a
family of polyphenols. Recently, we elucidated that DDF
upregulates the expression of HO-1 through ROS/p38
MAPK-dependent Nrf2 activation in HCFs [12]. Here, we
observed that DDF alternatively stimulates the generation
of ROS linked to the EGFR/PKCα/PI3K/Akt pathway. This
action leads to the interaction of Sp1 with the promoter of
HO-1 and results in upregulation of HO-1 protein in HCFs
(Figure 6). We also demonstrated that the TNF-α-mediated
adhesion of THP-1 monocytes associated with expression of
VCAM-1 protein could be protected by increased protein
expression of HO-1 generated by DDF, which was rescued
by ZnPP IX, one inhibitor of HO-1. Our findings indicate
that DDF is a potential HO-1 inducer, which protects
against inflammatory diseases.

NADPH oxidase- (NOX-) derived ROS can act as sec-
ond messengers and activate their downstream signaling
components such as EGFR, which has been revealed in var-

ious cell models to promote upregulation of HO-1 level [19,
20, 26]. Studies have demonstrated that butein and phloretin
protect against oxidative stress by induction of GSH synthesis
and expression of HO-1 protein [30]. Previously, we showed
that in the alveolar epithelial cells of humans, rosiglitazone
upregulates expression of HO-1 through a pathway dependent
on NOx/ROS which suppresses lipopolysaccharide-mediated
lung inflammation [31]. Recently, we revealed that DDF-
stimulated generation of ROS and expression of HO-1 were
inhibited by the N-acetylcysteine, a ROS scavenger, or GSH
pretreatment, but not by the NOx inhibitor diphenyleneiodo-
nium chloride or mitochondrial ROS scavenger MitoTempo,
in HCFs [12]. Those findings suggested that in HCFs, DDF-
stimulated ROS generation resulted from an imbalance
between GSH-disulfide and GSH, which further induced
expression of HO-1 protein dependent on the pathway acti-
vation of p38 MAPK/Nrf2 [12]. Here, the mechanisms of
DDF-induced expression of HO-1 were expanded by results
showing ROS-dependent activation of EGFR (a receptor
tyrosine kinase) to be involved in DDF-induced responses.
These results were verified by pretreatment with an EGFR
inhibitor, AG1478, which attenuated DDF-mediated EGFR
phosphorylation and upregulation of HO-1 expression. Fur-
thermore, the roles of ROS in DDF-stimulated responses
were ascertained by GSH pretreatment, which inhibited
DDF-stimulated EGFR phosphorylation, suggesting that
ROS-dependent EGFR activation upregulates the expression
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Figure 4: Transcription factor Sp1 is involved in DDF-induced HO-1 expression. (a) HCFs were pretreated with mithramycin A for 1 h and
then incubated with DDF (10 μM) for 16 h. The levels of HO-1 and β-actin protein expressions were examined by western blot analysis. (b)
Cells were pretreated with mithramycin A for 1 h and then incubated with DDF (10 μM) for 6 h. The levels of HO-1 mRNA were analyzed
by real-time PCR. (c) Cells were transfected with scrambled or Sp1 siRNA and then incubated with DDF (10 μM) for 16 h. The levels of Sp1,
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DDF for 2 h (right panel). The transcriptional activity of Sp1 was analyzed by a ChIP assay. Data are expressed as mean ± SEM of three
independent experiments (n = 3). #p < 0:01, as compared with DDF alone. Abbreviations: Mith.A: mithramycin A; AG: AG1478; LY:
LY294002; Gö: Gö6976.
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of HO-1 generated by DDF. The above results are compatible
with the studies revealing ROS to activate its downstream sig-
naling components EGFR or PDGFR, which leads to
increased expression of HO-1 in many cell types [19, 20,
26]. Our present study suggests that increased ROS levels
could activate EGFR-dependent upregulated expression of
HO-1 in HCFs.

PKCs possess several cellular physiological and patho-
logical functions, such as regulating cell growth, mediating
the immune response, and regulating transcription. PKCs
achieve these functions by initiating the phosphorylation of
other signaling components. Kim et al. [14] revealed that
PKC is a modulator of HO-1 expression. Qin et al. [32]
reported that sinomenine (which is derived from medicinal
herbs and is used to treat rheumatoid diseases) in HEK293
cells can activate various signaling kinases (e.g., PKC) to
induce HO-1 protein expression. Here, our results in HCFs
demonstrated that a ROS/EGFR pathway activates PKCs,
thereby leading to upregulated expression of HO-1. The
concept that PKCα is involved in HO-1 induction was sup-
ported by pretreatment with a PKCα inhibitor, Gö6976,
which inhibited the HO-1 expression associated with DDF-
mediated PKCα phosphorylation. DDF-stimulated PKCα

phosphorylation was mitigated by AG1478 pretreatment,
but not by LY294002 pretreatment. These findings suggest
that PKCα activation mediated through a ROS-dependent
EGFR pathway participates in the DDF-induced upregulated
expression of HO-1.

Sun et al. [33] demonstrated that niacin stimulates a sig-
naling cascade of PI3K/Akt via PDGFR/EGFR and PKC
pathways in A431 cells. PI3K/Akt possesses a crucial effect
on physiological functions of cells and several disorders,
including cancer, cardiac hypertrophy, and heart failure
[34, 35]. In various cell models, PI3K/Akt is the downstream
component of EGFR and can induce upregulation of several
genes (e.g., HO-1) [20, 23, 24]. In various cell types, PI3K/
Akt can be activated by EGFR and PKCs [33], which partic-
ipate in the expression of HO-1 induced by various stimuli
[25, 31]. About the present study, PI3K/Akt participated in
the DDF-induced increased protein level of HO-1, which
was inhibited by Akt siRNA transfection or pretreatment
with the PI3K inhibitor LY294002. We also found that Akt
phosphorylation triggered by DDF was needed for upregu-
lated expression of HO-1, which was mitigated by pretreat-
ing cells with AG1478 or Gö6976, therefore suggesting that
EFGR and PKCα are the upstream components of PI3K/
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Figure 5: DDF protects against TNF-α-mediated VCAM-1 expression. (a) HCFs were incubated with various concentrations of TNF-α (1,
5, and 15 ng/ml) for the indicated time intervals (0, 2, 4, 8, 16, and 24 h). The levels of VCAM-1 and GAPDH protein expressions were
examined by western blot analysis. (b) Cells were incubated with TNF-α (5 ng/ml) for the indicated time intervals (0, 2, 4, and 6 h). The
levels of VCAM-1 mRNA expression were determined by real-time PCR. (c) The cells were cotransfected with VCAM-1 promoter-Luc
and β-galactosidase and then incubated with TNF-α (5 ng/ml) for 0, 2, 4, or 6 h in the absence or presence of DDF (10 μM). The cell
lysates were used to determine the VCAM-1 promoter luciferase activity. (d) Cells were pretreated with DDF (10 μM) as the indicated
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incubated with TNF-α (5 ng/ml) for 16 h. The THP-1 cell adherence was measured using a fluorescence microscope (scale bars = 50 μm).
Data are expressed as mean ± SEM of three independent experiments (n = 3). #p < 0:01 and ∗p < 0:05 as compared with control or TNF-
α alone. Abbreviations: ZnPP IX: zinc protoporphyrin IX.
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Akt in HCFs. These findings are compatible with observa-
tions in PC12 cells demonstrating that carnosol mediates
through a PI3K/Akt pathway to induce HO-1 production
[36]. In addition, glycyrrhizin can upregulate HO-1 expres-
sion via Akt phosphorylation, which protects against sodium
iodate-induced ROS and apoptosis in retinal pigment epi-
thelia [37]. About the present study, induction of HO-1 by
DDF was reliant on an EGFR/PKCα signaling pathway to
activate PI3K/Akt in HCFs.

The transcription factor Sp1 belongs to the Sp/Krüppel-
like factor (KLF) family, which has been reported to regulate
gene transcription by binding directly to DNA with its zinc
finger protein motif. Multiple regulatory regions within
HO-1 have been revealed to interact with transcription fac-
tors such as Sp1 [38]. Thus, Sp1 is implicated in upregulated
expression of HO-1 induced by various stimuli. Previously,
we showed that in RBA-1 cells, Sp1 is recruited to the HO-
1 promoter region and binds to the binding sites of ARE
upon challenge with CORM-2 [26]. Gómez-Villafuertes
et al. [39] indicated that EGFR activation is associated with
the PI3K/Akt pathway, which triggers Sp1 phosphorylation.
Rojo et al. [40] demonstrated that PI3K/PKCζ increases Sp1
phosphorylation and upregulates HO-1 levels. Lee et al. [41]
indicated that Sp1 is activated by the redox state. Besides,
PKCs have been reported to be involved in Sp1 phosphory-

lation [42]. Consistently, we found that Sp1 phosphorylation
participated in the increased expression of HO-1 generated
by DDF, decreased by the Sp1 inhibitor mithramycin A or
Sp1 siRNA. Furthermore, we found that Sp1 phosphoryla-
tion could enhance its interaction with the binding site of
ARE in the promoter of HO-1, which was blocked by the
inhibitor of EGFR, PI3K, PKCα, or ROS scavenger GSH.
Therefore, we concluded that DDF-induced increased expres-
sion of HO-1 is mediated through Sp1 activity in HCFs.

TNF-α is a major cytokine that promotes inflammation.
It participates in the pathogenesis of cardiovascular diseases.
The level of TNF-α can be upregulated by many types of car-
diac cells, including cardiac fibroblasts. In the latter, TNF-α
can enhance matrix metalloproteinase secretion and stimu-
late cell proliferation, fibronectin deposition, and transdiffer-
entiation of fibroblasts into myofibroblasts [43]. Previously,
we revealed that TNF-α promoted monocytes to adhere to
HCFs resulting from upregulated expression of VCAM-1
[8, 27]. Adhesion molecules have crucial roles in cardiac
remodeling because they modulate the rolling and adhesion
of inflammatory immune cells into tissues. A growing body
of evidence indicates that agents that can inhibit expression
of adhesion molecules could be beneficial for the manage-
ment of cardiac diseases [43–46]. Here, we demonstrated
that DDF, through HO-1 upregulation, decreased the
expression of VCAM-1 stimulated by TNF-α, which led to
inhibition of adhesion of monocytes to HCFs. The inhibitory
effect of DDF on monocyte adhesion was reversed by ZnPP
IX (an inhibitor of HO-1) pretreatment. Hence, the DDF’s
effects on inhibiting TNF-α-mediated inflammatory responses
could be dependent upon HO-1 induction.

5. Conclusions

We expanded our recent findings [12] and demonstrated that
an alternative pathway in HCFs, through activation of ROS-
dependent EGFR/PKCα/PI3K/Akt/Sp1, also is involved in
the upregulated expression of HO-1 enhanced by DDF. More-
over, our discoveries suggested that DDF-induced upregulated
expression of HO-1 could inhibit the VCAM-1 induction
associated with adhesion of inflammatory cells to HCFs stim-
ulated with TNF-α. Thus, DDF may be a strategy in the man-
agement of cardiac inflammation. Further exploration of the
effects of DDF on inflammation in in vivo models of cardio-
vascular inflammatory diseases is warranted.

Abbreviations

ARE: Antioxidant response element
ChIP: Chromatin immunoprecipitation
DMEM/F-12: Dulbecco’s modified Eagle’s medium/Ham’s

F-12
DPI: Diphenylene iodonium chloride
ECL: Enhanced chemiluminescence
ECM: Extracellular matrix
EGFR: Epidermal growth factor receptor
ERK: Extracellular regulated protein kinase
FBS: Fetal bovine serum
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

EGFR

ROS
PKC𝛼

Leukocytes
adhesion

PI3K/Akt

SP1

Nucleus

HO-1
expression

TNF-𝛼

VCAM-1

DDF
OH

OH
H3CO

OCH3

O

O

HCFs

Cytosol

SP1 HMOX1

Figure 6: Schematic representation of signaling pathways involved
in DDF-induced HO-1 expression and anti-inflammatory effects in
HCFs. DDF stimulates ROS generation and activates EGFR/PKCα/
PI3K/Akt cascade-dependent Sp1 activity, leading to binding with
HO-1 promoter and induction of HO-1 expression. Moreover,
DDF-mediated HO-1 expression and DDF itself attenuated TNF-
α-activated intracellular signal expression, which can diminish
TNF-α-induced VCAM-1 expression in HCFs.

12 Oxidative Medicine and Cellular Longevity



HO-1: Heme oxygenase-1
HCF: Human cardiac fibroblast
MAPK: Mitogen-activated protein kinase
NAC: N-Acetyl-L-cysteine
Nrf2: NF-E2-related factor 2
PDGFR: Platelet-derived growth factor receptor
PI3K: Phosphatidylinositol 3-kinase
PKC: Protein kinase C
PMSF: Phenylmethylsulfonyl fluoride
ROS: Reactive oxygen species
PCR: polymerase chain reaction
SiRNA: Small interfering RNA
Sp1: Specificity protein 1
TNF-α: Tumor necrosis factor-alpha
TTBS: Tween-Tris-buffered saline
VCAM-1: Vascular cell adhesion molecule-1.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Authors’ Contributions

CCY, LDH, YFS, HHL, and CMY designed and conducted
the study. CCY, LDH, YFS, and HHL performed and col-
lected the data. CCY, LDH, YFS, HHL, and CMY analyzed
and interpreted the data. CCY and CMY prepared the man-
uscript. CCY, LDH, YFS, HHL, and CMY reviewed the man-
uscript. All authors have read and agreed to the published
version of the manuscript.

Acknowledgments

We appreciated Professor Yann-Lii Leu (Natural Products
Laboratory, Chang Gung University, Taiwan) who kindly
provided the DDF for this study. This work was supported
by the Ministry of Science and Technology, Taiwan [Grant
numbers: MOST109-2320-B-039-061 and MOST110-2320-
B-039-071]; China Medical University, Taiwan [Grant num-
ber: CMU110-MF-05]; and Chang Gung Medical Research
Foundation, Taiwan [Grant numbers: CMRPG5J0142,
CMRPG5J0143, and CMRPG5L0181].

References

[1] P. Christia, M. Bujak, C. Gonzalez-Quesada et al., “Systematic
characterization of myocardial inflammation, repair, and
remodeling in a mouse model of reperfused myocardial infarc-
tion,” The Journal of Histochemistry and Cytochemistry,
vol. 61, no. 8, pp. 555–570, 2013.

[2] A. Deb and E. Ubil, “Cardiac fibroblast in development and
wound healing,” Journal of Molecular and Cellular Cardiology,
vol. 70, pp. 47–55, 2014.

[3] C. C. Yang, L. D. Hsiao, M. H. Su, and C. M. Yang, “Sphingo-
sine 1-phosphate induces cyclooxygenase-2/prostaglandin E2
expression via PKCα-dependent mitogen-activated protein
kinases and NF-κB cascade in human cardiac fibroblasts,”
Frontiers in Pharmacology, vol. 11, article 569802, 2020.

[4] Z. Zhang, W. Cui, G. Li et al., “Baicalein protects against 6-
OHDA-induced neurotoxicity through activation of Keap1/
Nrf2/HO-1 and involving PKCα and PI3K/AKT signaling
pathways,” Journal of Agricultural and Food Chemistry,
vol. 60, no. 33, pp. 8171–8182, 2012.

[5] N. A. Turner, R. S. Mughal, P. Warburton, D. J. O'Regan, S. G.
Ball, and K. E. Porter, “Mechanism of TNFα-induced IL-1α,
IL-1β and IL-6 expression in human cardiac fibroblasts: effects
of statins and thiazolidinediones,” Cardiovascular Research,
vol. 76, no. 1, pp. 81–90, 2007.

[6] C. M. Yang, C. C. Yang, L. D. Hsiao et al., “Upregulation of
COX-2 and PGE2 induced by TNF-α mediated through
TNFR1/MitoROS/PKCα/P38 MAPK, JNK1/2/FoxO1 cascade
in human cardiac fibroblasts,” Journal of Inflammation
Research, vol. Volume 14, pp. 2807–2824, 2021.

[7] A. Savic-Radojevic, S. Radovanovic, T. Pekmezovic et al., “The
role of serum VCAM-1 and TNF-α as predictors of mortality
and morbidity in patients with chronic heart failure,” Journal
of Clinical Laboratory Analysis, vol. 27, no. 2, pp. 105–112, 2013.

[8] C. C. Lin, C. C. Yang, C. Y. Wang et al., “NADPH oxidase/
ROS-dependent VCAM-1 induction on TNF-α-challenged
human cardiac fibroblasts enhances monocyte adhesion,”
Frontiers in Pharmacology, vol. 6, p. 310, 2015.

[9] S. A. Rushworth, X. L. Chen, N. Mackman, R. M. Ogborne,
and M. A. O'Connell, “Lipopolysaccharide-induced heme
oxygenase-1 expression in human monocytic cells is mediated
via Nrf2 and protein kinase C,” Journal of Immunology,
vol. 175, no. 7, pp. 4408–4415, 2005.

[10] J. Huang, X.-D. Shen, S. Yue et al., “Lipopolysaccharide-
induced heme oxygenase-1 expression in human monocytic
cells is 514 mediated via Nrf2 and protein kinase C. J Immu-
nol,” The Journal of Immunology, vol. 175, no. 7, pp. 4408–
4415, 2005.

[11] H. S. Chang, M. Y. Chiang, H. Y. Hsu et al., “Cytotoxic carde-
nolide glycosides from the root of _Reevesia formosana_,”
Phytochemistry, vol. 87, pp. 86–95, 2013.

[12] C. C. Yang, L. D. Hsiao, H. H. Lin et al., “Induction of HO-1 by
5, 8-dihydroxy-4,7-dimethoxyflavone via activation of ROS/
p38 MAPK/Nrf2 attenuates thrombin-induced connective tis-
sue growth factor expression in human cardiac fibroblasts,”
Oxidative Medicine and Cellular Longevity, vol. 2020, Article
ID 1080168, 18 pages, 2020.

[13] R. Motterlini and R. Foresti, “Heme oxygenase-1 as a target for
drug discovery,” Antioxidants & Redox Signaling, vol. 20,
no. 11, pp. 1810–1826, 2014.

[14] K. M. Kim, D. H. Jung, D. S. Jang et al., “Puerarin suppresses
AGEs-induced inflammation in mouse mesangial cells: a pos-
sible pathway through the induction of heme oxygenase-1
expression,” Toxicology and Applied Pharmacology, vol. 244,
no. 2, pp. 106–113, 2010.

[15] H. Kuroda, M. Takeno, S. Murakami, N. Miyazawa, T. Kaneko,
and Y. Ishigatsubo, “Inhibition of heme oxygenase-1 with an
epidermal growth factor receptor inhibitor and cisplatin
decreases proliferation of lung cancer A549 cells,” Lung Can-
cer, vol. 67, no. 1, pp. 31–36, 2010.

[16] M. Exner, E. Minar, O. Wagner, and M. Schillinger, “The role
of heme oxygenase-1 promoter polymorphisms in human

13Oxidative Medicine and Cellular Longevity



disease,” Free Radical Biology & Medicine, vol. 37, no. 8,
pp. 1097–1104, 2004.

[17] C. A. Piantadosi, M. S. Carraway, A. Babiker, and H. B. Suli-
man, “Heme oxygenase-1 regulates cardiac mitochondrial bio-
genesis via Nrf2-mediated transcriptional control of nuclear
respiratory factor-1,” Circulation Research, vol. 103, no. 11,
pp. 1232–1240, 2008.

[18] I. T. Lee, C. C. Lin, C. C. Yang, L. D. Hsiao, M. Y.Wu, and C.M.
Yang, “Resveratrol attenuates Staphylococcus aureus-induced
monocyte adhesion through downregulating PDGFR/AP-1
activation in human lung epithelial cells,” International Journal
of Molecular Sciences, vol. 19, no. 10, p. 3058, 2018.

[19] C. C. Lin, W. N. Lin, R. L. Cho et al., “Induction of HO-1 by
mevastatin mediated via a Nox/ROS-dependent c-Src/
PDGFRα/PI3K/Akt/Nrf2/ARE cascade suppresses TNF-α-
induced lung inflammation,” Journal of Clinical Medicine,
vol. 9, no. 1, p. 226, 2020.

[20] S. Papaiahgari, Q. Zhang, S. R. Kleeberger, H. Y. Cho, and S. P.
Reddy, “Hyperoxia stimulates an Nrf2-ARE transcriptional
response via ROS-EGFR-PI3K-Akt/ERK MAP kinase signal-
ing in pulmonary epithelial cells,” Antioxidants & Redox Sig-
naling, vol. 8, no. 1-2, pp. 43–52, 2006.

[21] M. Nitti, M. A. Pronzato, U. M. Marinari, and C. Domenicotti,
“Hyperoxia stimulates 555 an Nrf2-ARE transcriptional
response via ROS-EGFR-PI3K-Akt/ERK MAP kinase signal-
ing 556 in pulmonary epithelial cells.,” Antioxidants & Redox
Signaling, vol. 8, no. 1-2, pp. 43–52, 2006.

[22] L. Xu, S. He, P. Yin et al., “Punicalagin induces Nrf2 transloca-
tion and HO-1 expression via PI3K/Akt, protecting rat intesti-
nal epithelial cells from oxidative stress,” International Journal
of Hyperthermia, vol. 32, no. 5, pp. 465–473, 2016.

[23] P. T. Chien, C. C. Lin, L. D. Hsiao, and C. M. Yang, “Induction
of HO-1 by carbon monoxide releasing molecule-2 attenuates
thrombin- induced COX-2 expression and hypertrophy in pri-
mary human cardiomyocytes,” Toxicology and Applied Phar-
macology, vol. 289, no. 2, pp. 349–359, 2015.

[24] C. M. Yang, C. C. Lin, I. T. Lee et al., “c-Src-dependent trans-
activation of EGFR mediates CORM-2-induced HO-1 expres-
sion in human tracheal smooth muscle cells,” Journal of
Cellular Physiology, vol. 230, no. 10, pp. 2351–2361, 2015.

[25] R. H. Shih, S. E. Cheng, L. D. Hsiao, Y. R. Kou, and C. M. Yang,
“Cigarette smoke extract upregulates heme oxygenase-1 via
PKC/NADPH oxidase/ROS/PDGFR/PI3K/Akt pathway in
mouse brain endothelial cells,” Journal of Neuroinflammation,
vol. 8, no. 1, p. 104, 2011.

[26] P. L. Chi, C. C. Lin, Y. W. Chen, L. D. Hsiao, and C. M. Yang,
“CO induces Nrf2-dependent heme oxygenase-1 transcription
by cooperating with Sp1 and c-Jun in rat brain astrocytes,”
Molecular Neurobiology, vol. 52, no. 1, pp. 277–292, 2015.

[27] C. C. Lin, C. S. Pan, C. Y. Wang, S. W. Liu, L. D. Hsiao, and
C. M. Yang, “Tumor necrosis factor-alpha induces VCAM-1-
mediated inflammation via c-Src-dependent transactivation
of EGF receptors in human cardiac fibroblasts,” Journal of Bio-
medical Science, vol. 22, no. 1, p. 53, 2015.

[28] W. Zhang, A. L. Chancey, H. P. Tzeng et al., “The development
of myocardial fibrosis in transgenic mice with targeted overex-
pression of tumor necrosis factor requires mast cell-fibroblast
interactions,” Circulation, vol. 124, no. 19, pp. 2106–2116,
2011.

[29] G. Wang, T. Hamid, R. J. Keith et al., “Cardioprotective and
antiapoptotic effects of heme oxygenase-1 in the failing heart,”
Circulation, vol. 121, no. 17, pp. 1912–1925, 2010.

[30] Y. C. Yang, C. K. Lii, A. H. Lin et al., “Induction of glutathione
synthesis and heme oxygenase 1 by the flavonoids butein and
phloretin is mediated through the ERK/Nrf2 pathway and pro-
tects against oxidative stress,” Free Radical Biology &Medicine,
vol. 51, no. 11, pp. 2073–2081, 2011.

[31] R. L. Cho, C. C. Yang, H. C. Tseng, L. D. Hsiao, C. C. Lin, and
C. M. Yang, “Haem oxygenase-1 up-regulation by rosiglita-
zone via ROS-dependent Nrf2-antioxidant response elements
axis or PPARγ attenuates LPS-mediated lung inflammation,”
British Journal of Pharmacology, vol. 175, no. 20, pp. 3928–
3946, 2018.

[32] T. Qin, R. Du, F. Huang et al., “Sinomenine activation of Nrf2
signaling prevents hyperactive inflammation and kidney
injury in a mouse model of obstructive nephropathy,” Free
Radical Biology & Medicine, vol. 92, pp. 90–99, 2016.

[33] H. Sun, G. Li, W. Zhang et al., “Niacin activates the PI3K/Akt
cascade via PKC- and EGFR-transactivation-dependent path-
ways through hydroxyl-carboxylic acid receptor 2,” PLoS
One, vol. 9, no. 11, article e112310, 2014.

[34] F. Xu, L. Na, Y. Li, and L. Chen, “Roles of the PI3K/AKT/
mTOR signalling pathways in neurodegenerative diseases
and tumours,” Cell & Bioscience, vol. 10, no. 1, p. 54, 2020.

[35] T. Aoyagi and T. Matsui, “Phosphoinositide-3 kinase signaling
in cardiac hypertrophy and heart failure,” Current Pharmaceu-
tical Design, vol. 17, no. 18, pp. 1818–1824, 2011.

[36] D. Martin, A. I. Rojo, M. Salinas et al., “Regulation of heme
oxygenase-1 expression through the phosphatidylinositol 3-
kinase/Akt pathway and the Nrf2 transcription factor in
response to the antioxidant phytochemical carnosol,” The Jour-
nal of Biological Chemistry, vol. 279, no. 10, pp. 8919–8929,
2004.

[37] H. He, D. Wei, H. Liu et al., “Glycyrrhizin protects against
sodium iodate-induced RPE and retinal injury though acti-
vation of AKT and Nrf2/HO-1 pathway,” Journal of Cellular
and Molecular Medicine, vol. 23, no. 5, pp. 3495–3504,
2019.

[38] H. Zhao, R. J. Wong, X. Nguyen et al., “Expression and regula-
tion of heme oxygenase isozymes in the developing mouse cor-
tex,” Pediatric Research, vol. 60, no. 5, pp. 518–523, 2006.

[39] R. Gómez-Villafuertes, P. García-Huerta, J. I. Díaz-Hernán-
dez, and M. T. Miras-Portugal, “PI3K/Akt signaling pathway
triggers P2X7 receptor expression as a pro- survival factor of
neuroblastoma cells under limiting growth conditions,” Scien-
tific Reports, vol. 5, p. 18417, 2016.

[40] A. I. Rojo, M. Salina, M. Salazar et al., “Regulation of heme
oxygenase-1 gene expression through the phosphatidylinositol
3-kinase/PKC-ζ pathway and Sp1,” Free Radical Biology &
Medicine, vol. 41, no. 2, pp. 247–261, 2006.

[41] C. B. Lee, Y. S. Lee, J. Y. Lee, S. E. Lee, and K. Y. Ahn, “Nrf2 and
Sp family synergistically enhance the expression of ion trans-
porters in potassium-depleted conditions,” Journal of Nephrol-
ogy, vol. 25, no. 2, pp. 225–232, 2012.

[42] N. Y. Tan and L. M. Khachigian, “Sp1 phosphorylation and its
regulation of gene transcription,”Molecular and Cellular Biol-
ogy, vol. 29, no. 10, pp. 2483–2488, 2009.

[43] F. Rolski and P. Błyszczuk, “Complexity of TNF-α signaling in
heart disease,” Journal of Clinical Medicine, vol. 9, no. 10,
p. 3267, 2020.

[44] D. Kolijn, S. Pabel, Y. Tian et al., “Empagliflozin improves endo-
thelial and cardiomyocyte function in human heart failure with
preserved ejection fraction via reduced pro-inflammatory-

14 Oxidative Medicine and Cellular Longevity



oxidative pathways and protein kinase Gα oxidation,” Cardio-
vascular Research, vol. 117, 2021.

[45] Q. Y. Lin, P. P. Lang, Y. L. Zhang et al., “Pharmacological
blockage of ICAM-1 improves angiotensin II-induced cardiac
remodeling by inhibiting adhesion of LFA-1(+) monocytes,”
American Journal of Physiology. Heart and Circulatory Physi-
ology, vol. 317, no. 6, pp. H1301–h1311, 2019.

[46] A. I. Othman, M. R. El-Sawi, M. A. El-Missiry, and M. H.
Abukhalil, “Epigallocatechin-3-gallate protects against dia-
betic cardiomyopathy through modulating the cardiometa-
bolic risk factors, oxidative stress, inflammation, cell death
and fibrosis in streptozotocin-nicotinamide-induced diabetic
rats,” Biomedicine & Pharmacotherapy, vol. 94, pp. 362–373,
2017.

15Oxidative Medicine and Cellular Longevity


	5,8-Dihydroxy-4 ′, 7-dimethoxyflavone Attenuates TNF-α-Induced Expression of Vascular Cell Adhesion Molecule-1 through EGFR/PKCα/PI3K/Akt/Sp1-Dependent Induction of Heme Oxygenase-1 in Human Cardiac Fibroblasts
	1. Introduction
	2. Material and Methods
	2.1. Chemicals, Antibodies, and Reagents
	2.2. Culture and Treatment of Cells
	2.3. Preparation of Samples and Western Blotting
	2.4. Extraction of Total RNA and Real-Time Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)
	2.5. Transient Transfection with Small Interfering (si)RNAs
	2.6. Transfection and Promoter Luciferase Assay
	2.7. Chromatin Immunoprecipitation (ChIP) Assay
	2.8. Adhesion Assay
	2.9. Statistical Analyses

	3. Results
	3.1. DDF Induces Upregulation of the Expression of HO-1 via EGFR in HCFs
	3.2. Involvement of PKCs in Upregulation of HO-1 Expression Induced by DDF
	3.3. DDF Enhances Upregulation of HO-1 through PI3K/Akt in HCFs
	3.4. The Transcription Factor Sp1 Engages in DDF-Induced Increased Expression of HO-1
	3.5. DDF Attenuates the Effect of TNF-α on VCAM-1 Induction

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

