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Abstract
Several reports demonstrated the direct contribution of cytochrome P450 1B1 (CYP1B1) enzyme and its associated cardio-
toxic mid-chain, hydroxyeicosatetraenoic acid (HETEs) metabolites in the development of cardiac hypertrophy. Resveratrol 
is commercially available polyphenol that exerts beneficial effects in wide array of cardiovascular diseases including cardiac 
hypertrophy, myocardial infarction and heart failure. Nevertheless, the underlying mechanisms responsible for these effects 
are not fully elucidated. Since resveratrol is a well-known CYP1B1 inhibitor, the purpose of this study is to test whether 
resveratrol attenuates angiotensin II (Ang II)-induced cellular hypertrophy through inhibition of CYP1B1/mid-chain HETEs 
mechanism. RL-14 and H9c2 cells were treated with vehicle or 10 μM Ang II in the absence and presence of 2, 10 or 50 μM 
resveratrol for 24 h. Thereafter, the level of mid-chain HETEs was determined using liquid chromatography–mass spec-
trometry (LC/MS). Hypertrophic markers and CYP1B1 gene expression and protein levels were measured using real-time 
PCR and Western blot analysis, respectively. Our results demonstrated that resveratrol, at concentrations of 10 and 50 μM, 
was able to attenuate Ang-II-induced cellular hypertrophy as evidenced by substantial inhibition of hypertrophic markers, 
β-myosin heavy chain (MHC)/α-MHC and atrial natriuretic peptide. Ang II significantly induced the protein expression of 
CYP1B1 and increased the metabolite formation rate of its associated mid-chain HETEs. Interestingly, the protective effect 
of resveratrol was associated with a significant decrease of CYP1B1 protein expression and mid-chain HETEs. Our results 
provided the first evidence that resveratrol protects against Ang II-induced cellular hypertrophy, at least in part, through 
CYP1B1/mid-chain HETEs-dependent mechanism.
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Introduction

Pathological cardiac hypertrophy is a complex condition that 
is characterized by increased thickness of the cardiac mus-
cle and a reduction of the size of the chambers of the heart, 
representing a major risk factor for developing most phe-
notypes of heart failure [1, 2]. Heart failure (HF) remains a 
global pandemic that represents a leading cause of morbidity 

and mortality worldwide. In spite of considerable gains in 
the treatment options, there are yet cases where HF patients 
continue to be symptomatic, posing a major burden on the 
health care system [3, 4]. According to Heart and Stroke 
Foundation of Canada, HF is affecting more than 600,000 
Canadians with 50,000 new cases being diagnosed with the 
disease annually and it is responsible for an estimated health 
expenditure of around $2.8 billion per year as a direct cost 
[5]. Searching for possible treatments that halt the develop-
ment and progression of cardiac hypertrophy is regarded as 
an important step in the prevention of a major risk factor of 
heart failure and will allow for designing novel therapeutic 
modalities.

A plethora of molecular mechanisms are involved in the 
pathogenesis of cardiac hypertrophy and the consequent car-
diac remodeling. One of these mechanisms is cytochrome 
P450 (CYP) enzymes and their associated arachidonic acid 
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(AA) metabolites [6, 7]. In the heart, CYP enzymes metab-
olize AA into either cardioprotective metabolites, such as 
epoxyeicosatrienoic acids (EETs) and 19-hydroxyeicosa-
tetraenoic acid (19-HETE), or cardiotoxic metabolites exem-
plified as mid-chain HETEs and 20-HETE [8, 9]. Recently, 
cardiac CYP1B1 and its associated mid-chain HETEs, typi-
fied by 5-, 8-, 9-, 11-, 12- and 15-HETE, have received a 
particular interest as a potential druggable target. Mid-chain 
HETEs are group of biologically active eicosanoids that are 
produced from the metabolism of AA by both lipoxygenase- 
and CYP-catalyzed bis-allylic oxidation reaction [10, 11].

A growing body of evidence demonstrated that mid-chain 
HETEs possess cardiotoxic effects and they are involved in 
the pathogenesis of cardiovascular diseases (CVD) includ-
ing atherosclerosis, hypertension, cardiac hypertrophy 
and HF [12–14]. Several reports showed that overexpres-
sion of CYP1B1 in the cardiac muscle caused an increase 
in the level of cardiotoxic mid-chain HETEs leading to 
deterioration of the cardiac histo-architecture and func-
tion [12, 15, 16]. On the contrary, strategies to mitigate 
CYP1B1 activity either through pharmacological inhibition 
or genetic deletion have been employed to protect against 
CVD. 2,3′,4,5′-tetramethoxystilbene (TMS), a well-known 
CYP1B1 inhibitor, was able to significantly decrease the 
level of mid-chain HETEs and protect against angiotensin 
II (Ang II)-induced cardiac hypertrophy [17]. In addition, 
CYP1B1 genetic disruption resulted in a reduction of car-
diac hypertrophy in Ang II-induced model of hypertension 
in mice [10].

Resveratrol is a naturally occurring polyphenol that is 
found in many food sources and beverages including black 
grapes, peanuts, blueberries and red wine and as a commer-
cially available dietary supplement [18]. Resveratrol pos-
sesses anti-oxidant, anti-inflammatory, anti-apoptotic and 
anti-fibrotic effects. Of interest, resveratrol has been shown 
to improve the myocardial energetics and is experimentally 
used for prevention and treatment of multiple CVD [19, 20]. 
Resveratrol has been shown to exert an inhibitory effect on 
recombinant CYP1B1 supersomes with IC50 = 11.2 µM 
[21]. In addition, it inhibited TCDD-mediated induction 
of CYP1B1 in cultured human mammary epithelial cells 
and human breast cancer cell line MCF-7 [22, 23]. Several 
reports have demonstrated that resveratrol protects against 
cardiac hypertrophy through modulation of various path-
ways [24–26]. However, none of these studies investigated 
the effects of resveratrol on CYP1B1. Therefore, the purpose 
of this study is to investigate whether resveratrol protects 
against Ang II-induced cellular hypertrophy through inhibi-
tion of CYP1B1/mid-chain HETEs mechanism.

Materials and methods

Materials

Resveratrol was purchased from Sigma-Aldrich Co. (St. 
Louis, MO, USA). 15-HETE-D8 was purchased from Cay-
man Chemical (Ann Arbor, MI, USA). Dulbecco’s Modi-
fied Eagle’s Medium/F-12 (DMEM/F-12) and DMEM 
were obtained from Gibco, Life Technologies (Grand 
Island, NY, USA). Fetal bovine serum was purchased from 
Sigma-Aldrich Co. (St. Louis, MO, USA). TRIzol reagent 
was purchased from Invitrogen Co. (Carlsbad, CA, USA). 
High-Capacity cDNA Reverse Transcription kit and SYBR® 
Green PCR Master Mix were purchased from Applied Bio-
systems (Foster City, CA, USA). Real-time PCR primers 
were prepared by Integrated DNA Technologies (Coralville, 
IA, USA). Immun-Blot® PVDF membrane was purchased 
from Bio-Rad Laboratories (Hercules, CA, USA). Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) mouse 
monoclonal was purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA, USA). Recombinant monoclo-
nal anti-CYP1B1 antibody [ab185954] was purchased from 
abcam (Toronto, ON). Chemiluminescence Western blotting 
detection reagents (ECL) were obtained from GE Health-
care Life Sciences (Pittsburgh, PA, USA). All of the other 
chemicals used were obtained from Fisher Scientific Co. 
(Toronto, ON).

Cell culture

Human cardiomyocyte (RL-14) cells and rat cardiomyoblast 
(H9c2) cell lines were obtained from American Type Cul-
ture Collection (ATCC) (Manassas, VA, USA). RL-14 cells 
were grown in DMEM/F-12, with phenol red supplemented 
with 12.5% fetal bovine serum, 20 μM l-glutamine, 1% 
penicillin–streptomycin. H9c2 cells were grown in DMEM 
containing 10% heat-inactivated fetal bovine serum, and 1% 
penicillin–streptomycin. Cells were grown in 75 cm2 cell 
culture flasks at 37 °C in a 5% CO2 humidified environment.

Chemical treatments

Cells were treated with vehicle (serum-free DMEM/F-12 
containing 0.1% DMSO for RL-14 cells and serum-free 
DMEM containing 0. 05% dimethyl sulfoxide (DMSO) for 
H9c2 cells), 10 μM Ang II, 10 μM Ang II in combination 
with (2, 10 or 50 μM resveratrol) or (2, 10 or 50 μM resvera-
trol alone) in serum-free medium (SFM) for the time indi-
cated for each experiment as described in the figure legends. 
Resveratrol was prepared as a stock solution in DMSO and 
maintained in DMSO at − 20 °C until use. The treatment 
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of cells was performed in the corresponding culture media 
in 12-well cell culture plates for RNA assay and 6-well cell 
culture plates for protein and determination of AA metabo-
lites assays. Ang II stock solution was prepared in saline and 
maintained at − 20 °C until use. Diluted solutions of Ang II 
and resveratrol were freshly prepared in SFM before each 
experiment. In all experiments, the DMSO concentration did 
not exceed 0.05% (v/v).

Cell viability analysis

MTT assay was used to determine the viability of RL-14 and 
H9c2 cells. The main principle of this assay is the ability of 
viable cells to reduce tetrazolium dye MTT 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide to its insolu-
ble colored formazan crystals. Briefly, cells were seeded in 
96-well plates, treated with varying concentrations of res-
veratrol, incubated for 24 h at 37 °C in a 5% CO2 humidi-
fied incubator, incubated with 20 μl/well MTT (1.2 mM) 
dissolved in phosphate-buffered saline (PBS; pH 7.4) for 3 h 
at 37 °C, and then 150 μl/well isopropyl alcohol to dissolve 
the formazan for 10 min at room temperature. The optical 
density was assessed at a wavelength of 550 nm using the 
Bio-Tek Synergy H1 Hybrid Multi-Mode Microplate Reader 
(Bio-Tek Instruments, Winooski, VT, USA). The cell via-
bility was presented as a percentage of the control mean 
absorbance value.

RNA extraction and cDNA synthesis

RL-14 and H9c2 cells were seeded in 12-well plates and 
treated with the test compounds for 24 h. Thereafter, cells 
were collected and total RNA was isolated using TRIzol 
reagent (Invitrogen®) according to the manufacturer’s 
instructions, and quantified by measuring the absorbance 
at 260 nm while the purity was determined by measuring 
the 260/280 ratio (> 1.8). Afterward, first-strand cDNA 

synthesis was carried out using the High-Capacity cDNA 
reverse transcription kit (Applied Biosystems) according 
to the manufacturer’s instructions. In brief, 1.5 μg of total 
RNA from each sample was added to a mix of 2.0 μl 10 × RT 
buffer, 0.8 μl 25 × dNTP mix (100 mM), 2.0 μl 10 × reverse 
transcriptase random primers, 1.0 μl MultiScribe™ reverse 
transcriptase enzyme and 4.2 μl nuclease-free water. The 
final reaction mixture was kept at 25 °C for 10 min, heated 
to 37 °C for 120 min, heated for 85 °C for 5 min and finally 
cooled to 4 °C.

Real‑time polymerase chain reaction (real‑time PCR) 
for quantification of mRNA expression

Real-time PCR was utilized to quantitatively determine spe-
cific mRNA expression of different targets by subjecting the 
resultant cDNA to PCR amplification using 96-well opti-
cal reaction plates in the ABI Prism 7500 System (Applied 
Biosystems). The reaction mixture (25 μl) contained 0.1 μl 
of 10 μM forward primer and 0.1 μl of 10 μM reverse prim-
ers (40 nM final concentration of each primer), 12.5 μl of 
SYBR Green Universal Master mix, 11.05 μl of RNAse/
DNAse-free water, and 1.25 μl of cDNA sample. Human 
primer sequences for CYP1B1, atrial natriuretic peptide 
(ANP), α-myosin heavy chain (α-MHC), β-myosin heavy 
chain (β-MHC), and β-actin as well as rat primer sequences 
for CYP1B1, ANP, α-MHC, β-MHC, and β-actin are 
listed in Table 1. Primers were purchased from Integrated 
DNA technologies IDT (Coralville, IA, USA). Analysis 
of the real-time PCR data was carried out using the rela-
tive gene expression (i.e., ΔΔCT) method. In brief, the 
fold change in the level of target genes between treated and 
untreated cells, corrected for the level of housekeeping gene 
(β-actin), was determined using the following equation: fold 
change = 2−Δ(ΔCt), where ΔCt = Ct(target) − Ct(β-actin) and 
Δ(ΔCt) = ΔCt(treated) − ΔCt(untreated). The thermal cycle 
parameters were as follow: initiation of the reaction at 95 °C 

Table 1   Primer sequences used 
for RT-PCR reactions

Gene Forward primer Reverse primer

Human
 β-actin 5′-CTG​GCA​CCC​AGC​ACA​ATG​-3′ 5′-GCC​GAT​CCA​CAC​GGA​GTA​CT-3′
 ANP 5′-CAA​CGC​AGA​CCT​GAT​GGA​TTT-3′ 5′-AGC​CCC​CGC​TTC​TTC​ATT​C-3′
 α-MHC 5′-GCC​CTT​TGA​CAT​TCG​CAC​TG-3′ 5′-GGT​TTC​AGC​AAT​GAC​CTT​GCC-3′
 β-MHC 5′-TCA​CCA​ACA​ACC​CCT​ACG​ATT-3′ 5′-CTC​CTC​AGC​GTC​ATC​AAT​GGA-3′
 CYP1B1 5′-TTC​GGC​CAC​TAC​TCG​GAG​C-3′ 5′-AAG​AAG​TTG​CGC​ATC​ATG​CTG-3′

Rat
 β-actin 5′-CCA​GAT​CAT​GTT​TGA​GAC​CTT​CAA​-3′ 5′-GTG​GTA​CGA​CCA​GAG​GCA​TACA-3′
 ANP 5′-GGA​GCC​TGC​GAA​GGT​CAA​-3′ 5′-TAT​CTT​CGG​TAC​CGG​AAG​GTGT-3′
 α-MHC 5′-TAT​GCT​GGC​ACC​GTG​GAC​TA-3′ 5′- GAG​TTT​GAG​GGA​GGA​CTT​CTGG-3′
 β-MHC 5′-AGC​TCC​TAA​GTA​ATC​TGT​TTG​CCA​A-3′ 5′-AAA​GGA​TGA​GCC​TTT​CTT​TGCT-3′
 CYP1B1 5′-AAT​CCA​TGC​GAT​TCA​CCA​GC-3′ 5′-TGT​TTG​AGG​GCT​CGT​TTT​GG-3′
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for 10 min and 40 cycles of denaturation (95 °C, 15 s) and 
combined annealing/extension (60 °C, 60 s).

Protein extraction

RL-14 and H9c2 cells were grown in 6-well plates and incu-
bated with the test compounds for 24 h. Thereafter, lysis 
buffer containing 50 mM HEPES, 0.5 M sodium chloride, 
1.5  mM magnesium chloride, 1  mM EDTA, 10% (v/v) 
glycerol, 1% Triton X-100, and 5 μl/ml protease inhibitor 
cocktail was added to collect the cells. Cell lysates were 
incubated on ice for 1 h to prepare the cell homogenates 
while they are sporadically vortexed every 10 min, followed 
by centrifugation at 12,000×g for 10 min at 4 °C. Superna-
tant of total cellular lysate was collected and maintained 
at − 80 °C. Subsequently, Lowry assay was carried out to 
determine the concentration of protein using bovine serum 
albumin as a standard [27].

Western blot analysis

Western blot analysis was performed according to previously 
detailed assay [16]. Briefly, total cell lysates (50 μg) were 
separated by 10% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS–PAGE), samples were undergone 
electrophoresis at 120 V for 2 h and separated proteins were 
transferred onto Immun-Blot® PVDF membrane. After-
ward, protein membranes were blocked overnight at 4 °C 
using blocking solution containing 0.15 M sodium chloride, 
3 mM potassium chloride, 25 mM Tris-base, 5% skim milk, 
2% bovine serum albumin, and 0.5% Tween-20. Following 
blocking, the blots were subjected to washing cycles 3 times 
for 30 min with Tris-buffered saline (TBS)–Tween-20. The 
blots were subsequently incubated for 2 h at 4 °C with pri-
mary antibodies in TBS solution (0.05% (v/v) Tween-20, 
0.02% sodium azide). Incubation with secondary antibod-
ies (peroxidase-conjugated IgG) in blocking solution was 
performed for 45 min at room temperature. Visualization 
of the bands was carried out using the enhanced chemilu-
minescence method according to the manufacturer’s guide 
(GE Healthcare Life Sciences). ImageJ software (National 
Institutes of Health, Bethesda, MD, USA; https​://rsb.info.
nih.gov/ij) was used to quantify the intensity of the protein 
bands in relation to the signals acquired from GAPDH load-
ing control. Data, given in the figures, are represented as 
relative protein intensity (%) + SEM, as compared to control 
group.

Metabolism of AA by H9c2 and RL‑14 cells

To investigate the effect of resveratrol on mid-chain HETE 
metabolites, RL-14 and H9c2 cells were treated, as previ-
ously described, for 24 h and then the cells were incubated 

with 50 μM AA for 3 h. Extraction of AA metabolites was 
carried out using ethyl acetate and dried using speed vacuum 
(Savant, Farmingdale, NY, USA). The resultant metabolites 
were analyzed using liquid chromatography–electrospray 
ionization mass spectrometry (LC–ESI–MS) (Waters Micro-
mass ZQ 4000 spectrometer) method.

Apparatus and chromatographic conditions

The analysis of mid-chain HETE metabolites was per-
formed using LC–ESI–MS as previously described [28]. 
Briefly, negative ionization mode was the mode of the mass 
spectrometer with single ion monitoring: m/z = 319 for mid-
chain HETE metabolites, and m/z = 327 for internal stand-
ard, 15-HETE-D8. The nebulizer gas was supplied from an 
in house nitrogen source with high purity. The source tem-
perature was set to of 150 °C, and voltage of the capillary 
and cone were 3.51 kV and 25 V, respectively. A gradient 
separation was performed on a reverse phase C18 column 
(Alltima HP, 150 × 2.1 mm) at 35 °C. The mobile phase (A) 
was composed of water with 0.01% formic acid and 0.005% 
triethylamine (v/v), whereas mobile phase (B) consisted of 
8% methanol, 8% isopropanol, and 84% acetonitrile with 
0.01% formic acid and 0.005% triethylamine (v/v). Samples 
were subjected to linear gradient elution at a flow rate of 
200 μl/min, as follows: 60 to 48% in 4 min, held isocrati-
cally at 48% for 24 min, 48 to 35% in 11 min, 35 to 0% in 
11 min, and finally held isocratically at 0% for 7 min of 
mobile phase A.

Statistical analysis

All results are presented as the mean ± SEM. Multiple group 
comparisons was performed using one-way analysis of vari-
ance (ANOVA) followed by the Student–Newman–Keuls as 
a post hoc test. Differences between means were considered 
significant at p < 0.05. All analyses were performed using 
SigmaPlot® for Windows (Systat Software, San Jose, CA, 
USA).

Results

Effect of resveratrol on cell viability in RL‑14 
and H9c2 cells

MTT assay was used to assess the effect of different concen-
trations of resveratrol on cell viability. RL-14 and H9c2 cells 
were grown to 80–90% confluency in 96-well culture plates 
and treated for 24 h with increasing concentrations of resver-
atrol (0, 1, 10, 25, 50 or 100 µM). Cells in the control group 
were treated with SFM without resveratrol. After incubation 

https://rsb.info.nih.gov/ij
https://rsb.info.nih.gov/ij
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of cells with MTT for 3 h, MTT is reduced by viable cells 
to produce formazan dye which is then solubilized using 
isopropyl alcohol. Data in Fig. 1a, b showed that resveratrol, 
at all concentrations used, did not significantly alter the cell 
viability of both cell lines (measured cell viability was more 
than 90%). Therefore, 2, 10 and 50 µM resveratrol concen-
trations were selected to perform all consequent experiments 
in the current study based on MTT assay results.

Effect of resveratrol on Ang II‑induced cellular 
hypertrophy in RL‑14 and H9c2 cells

To examine the potential protective effect of resveratrol 
against the development of cellular hypertrophy, RL-14 and 

H9c2 cells were treated with vehicle, 10 μM Ang II, 10 μM 
Ang II in combination with resveratrol (2, 10 or 50 μM) 
or resveratrol alone (2, 10 or 50 μM) in SFM. The results 
showed that incubation of cells with 10 μM Ang II for 24 h 
resulted in cellular hypertrophy as demonstrated by signifi-
cant increase in β/α-MHC ratio and ANP by approximately 
123% and 78%, respectively in RL-14 cells, compared to 
control group (Fig. 2a). Also, in H9c2 cells, Ang II caused 
significant elevation of β/α-MHC ratio and ANP by approxi-
mately 226% and 270%, respectively, compared to control 
group (Fig. 2b). While low concentration of resveratrol 
(2 μM) was not able to revert Ang II-induced effects, co-
treatment with higher concentration of 10 and 50 μM was 
able to significantly protect against Ang II-mediated eleva-
tion of β/α-MHC ratio and ANP to approximately control 
levels in both cell lines. Notably, treatment of cells with low 
and high concentrations of resveratrol alone did not have any 
significant effects on hypertrophic markers. These results 
indicate that resveratrol protects against Ang II-induced 
cellular hypertrophy as evidenced by a reduction in hyper-
trophic markers and prompted us to further investigate the 
effects of resveratrol on CYP1B1 and its cardiotoxic mid-
chain HETE metabolites.

Effect of resveratrol on the mRNA and protein 
expression of CYP1B1 in RL‑14 and H9c2 cells

We investigated the effect of low and high concentrations 
of resveratrol on mRNA and protein expression levels of 
CYP1B1 in RL-14 and H9c2 cells and the results showed 
that while Ang II (10 μM) had no significant effect on 
CYP1B1 mRNA level in comparison to control group in 
both cell lines, co-treatment with Ang II and resveratrol (2, 
10 or 50 μM) or resveratrol alone (2, 10 or 50 μM) sig-
nificantly decreased the transcription level of CYP1B1, 
compared to Ang II group, in both cell lines (Figs. 3a, 4a). 
In RL-14 cells, resveratrol (2, 10 or 50 μM) in combina-
tion with Ang II decreased CYP1B1 mRNA expression by 
approximately 40%, 81% or 89%, respectively. While 2, 
10 or 50 μM resveratrol alone decreased the expression of 
CYP1B1 by approximately 60%, 80% or 86%, respectively. 
In H9c2 cells, resveratrol (2, 10 or 50 μM) in combina-
tion with Ang II decreased CYP1B1 mRNA expression by 
approximately 35%, 74% or 88%, respectively. However, 2, 
10 or 50 μM resveratrol alone decreased the expression by 
approximately 64%, 88% or 89%, respectively.

We examined whether different concentrations of res-
veratrol have a protective effect against Ang II-induced cel-
lular hypertrophy through inhibiting the protein expression 
of CYP1B1. For this reason, Western blot analysis was per-
formed and the results showed that the protein expression of 
CYP1B1 was significantly increased by Ang II treatment in 
comparison to control group in RL-14 and H9c2 cells, by 

Fig. 1   Effect of resveratrol on cell viability in RL-14 and H9c2 cells. 
RL-14 (a) and H9c2 (b) cells were treated for 24 h with 1–100 μM 
of resveratrol. Cell cytotoxicity was assessed using the MTT assay. 
Data are presented as the percentage of control (set at 100%) ± SEM 
(n = 4). Data were analyzed using one-way ANOVA followed by Stu-
dent–Newman–Keuls as post hoc test
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approximately 570% and 430%, respectively (Figs. 3b, 4b). In 
RL-14 cells, low and high concentrations of resveratrol (2, 10 
or 50 μM) in combination with Ang II significantly decreased 
CYP1B1 protein expression by approximately 19%, 28% or 
58%, respectively, compared to Ang II group. Interestingly, 
2, 10 or 50 μM resveratrol alone induced CYP1B1 protein 
expression by approximately 2.6-, 2.6- or 2-folds, respectively. 
In H9c2 cells, low concentration of resveratrol (2 μM) did 
not significantly alter CYP1B1 protein level compared to Ang 
II group. However, high concentrations of resveratrol (10 or 
50 μM) in combination with Ang II significantly decreased 

CYP1B1 protein expression by approximately 31% or 33%, 
respectively, compared to Ang II group. Intriguingly, 2, 10 or 
50 μM resveratrol alone increased CYP1B1 protein expression 
by approximately 1.7-, 1.6- or 2-folds, respectively.

Effect of low and high concentrations of resveratrol 
on the formation of mid‑chain HETEs in RL‑14 
and H9c2 cells

To investigate the effect of low and high concentrations 
of resveratrol on the formation of mid-chain HETEs 

Fig. 2   Effect of resveratrol on 
Ang II-mediated induction of 
hypertrophic markers in RL-14 
and H9c2 cells. RL-14 (a) and 
H9c2 (b) cells were treated for 
24 h with vehicle, 10 μM Ang 
II, 10 μM Ang II in combina-
tion with (2, 10 or 50 μM 
resveratrol) or (2, 10 or 50 μM 
resveratrol alone) in SFM. Total 
RNA was isolated using TRIzol, 
the mRNA expression levels of 
β-MHC/α-MHC and ANP were 
assessed using real-time PCR 
and their levels were normalized 
to β-actin housekeeping gene. 
The results are presented as the 
mean and SEM based on at least 
3 individual experiments. Data 
were analyzed using one-way 
ANOVA followed by Student–
Newman–Keuls as post hoc test. 
+p < 0.05 significantly different 
from control group. *p < 0.05 
significantly different from Ang 
II-treated group
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metabolites, RL-14 and H9c2 cells were treated for 24 h 
with vehicle, 10 μM Ang II or 10 μM Ang II in combina-
tion with (2, 10 or 50 μM resveratrol). Thereafter, the cells 
were incubated with 50 μM AA for 3 h and mid-chain 
HETE metabolites were analyzed using LC–ESI–MS. The 
results showed that treatment of RL-14 cells with Ang 
II significantly increased the metabolite formation rate 
of 5-, 8-, 9-, 12- and 15-HETE by approximately 427%, 
303%, 279%, 277% and 425%, respectively, while it had no 

significant effect on 11-HETE (Fig. 5a, b). Resveratrol at 
concentration of 2 μM was able to decrease Ang II-medi-
ated induction of 5- and 12-HETE by approximately 51% 
and 53%, respectively, compared to Ang II-treated group. 
While it was not able to reverse this increase in case of 8-, 
9-, and 15-HETE (Fig. 5a, b). On the other hand, higher 
doses of resveratrol significantly protected against the 
increase in cardiotoxic mid-chain HETE metabolites. Res-
veratrol at concentration of 10 μM significantly inhibited 

Fig. 3   Effect of resveratrol on 
mRNA expression and protein 
expression levels of CYP1B1 in 
RL-14 cells. RL-14 cells were 
treated for 24 h with vehicle, 
10 μM Ang II, 10 μM Ang II 
in combination with (2, 10 or 
50 μM resveratrol) or (2, 10 
or 50 μM resveratrol alone) in 
SFM. CYP1B1 mRNA expres-
sion (a) and protein expression 
levels (b) were determined 
using real-time PCR and West-
ern blot analysis, respectively. 
For real-time PCR, total RNA 
was isolated using TRIzol 
reagent, the mRNA level was 
quantified and its level was nor-
malized to β-actin housekeeping 
gene. For Western blot analysis, 
protein levels were detected 
using the enhanced chemilumi-
nescence method. The intensity 
of protein band was normal-
ized to the signals obtained 
for β-actin or GAPDH protein 
and quantified using ImageJ®. 
The results are presented as the 
mean and SEM based on at least 
3 individual experiments. Data 
were analyzed using one-way 
ANOVA followed by Student–
Newman–Keuls as post hoc test. 
+p < 0.05 significantly different 
from control group. *p < 0.05 
significantly different from Ang 
II-treated group
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Ang II-mediated increase of the metabolite formation rate 
of 5-, 8-, 9-, 12- and 15-HETE by approximately 78%, 
73%, 65%, 64% and 62%, respectively, compared to Ang 
II-treated group (Fig. 5a, b). Also, the highest concen-
tration of resveratrol (50 μM) was able to decrease Ang 
II-mediated increase of the metabolite formation rate of 
5-, 8-, 9-, 12- and 15-HETE by approximately 66%, 73%, 
68%, 67% and 66%, respectively, compared to Ang II-
treated group (Fig. 5a, b).

To further confirm the results in another species, we have 
performed the metabolic analysis study in rat H9c2 cells. The 
results showed that treatment of H9c2 cells with 10 μM Ang 
II significantly increased the metabolite formation rate of 5-, 
8-, 12- and 15-HETE by approximately 362%, 301%, 303% 
and 344%, respectively, while it had no significant effect on 
9- or 11-HETE (Fig. 6a, b). Resveratrol at concentration of 
2 μM was only able to decrease Ang II-mediated increase of 
15-HETE by approximately 34%, compared to Ang II-treated 
group. While it was not able to reverse, this increase in case 
of 5-, 8- and 12-HETE (Fig. 6a, b). Interestingly, higher con-
centrations of resveratrol also significantly inhibited Ang II-
mediated increase in cardiotoxic mid-chain HETE metabolites. 
Resveratrol at concentration of 10 μM significantly inhibited 
Ang II-mediated increase of the metabolite formation rate of 

Fig. 4   Effect of resveratrol on mRNA expression and protein expres-
sion levels of CYP1B1 in H9c2 cells. H9c2 cells were treated for 
24 h with vehicle, 10 μM Ang II, 10 μM Ang II in combination with 
(2, 10 or 50 μM resveratrol) or (2, 10 or 50 μM resveratrol alone) in 
SFM. CYP1B1 mRNA expression (a) and protein expression levels 
(b) were determined using real-time PCR and Western blot analysis, 
respectively. For real-time PCR, total RNA was isolated using TRI-
zol reagent, the mRNA level was quantified and its level was normal-
ized to β-actin housekeeping gene. For Western blot analysis, protein 
levels were detected using the enhanced chemiluminescence method. 
The intensity of protein band was normalized to the signals obtained 
for β-actin or GAPDH protein and quantified using ImageJ®. The 
results are presented as the mean and SEM based on at least 3 indi-
vidual experiments. Data were analyzed using one-way ANOVA fol-
lowed by Student–Newman–Keuls as post hoc test. +p < 0.05 signifi-
cantly different from control group. *p < 0.05 significantly different 
from Ang II-treated group

Fig. 5   Effect of resveratrol on mid-chain HETE metabolite forma-
tion rate in RL-14 cells. RL-14 cells were treated for 24 h with vehi-
cle, 10 μM Ang II and 10 μM Ang II in combination with (2, 10 or 
50  μM resveratrol). 5-, 8-, 9-HETE (a) and 11-, 12-, 15-HETE (b) 
metabolites were measured using LC–ESI–MS. The results are pre-
sented as the mean and SEM (n = 3). Data were analyzed using one-
way ANOVA followed by Student–Newman–Keuls as post hoc test. 
+p < 0.05 significantly different from control group. *p < 0.05 signifi-
cantly different from Ang II-treated group
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5-, 8-, 12- and 15-HETE by approximately 65%, 62%, 65% and 
64%, respectively, compared to Ang II-treated group (Fig. 6a, 
b). Moreover, the highest concentration of resveratrol (50 μM) 
was able to decrease Ang II-mediated increase of the metabo-
lite formation rate of 5-, 8-, 12- and 15-HETE by approxi-
mately 67%, 69%, 68% and 68%, respectively, compared to 
Ang II-treated group (Fig. 6a, b).

Discussion

According to World Health Organization (WHO), CVD are 
the leading cause of death worldwide, they are responsi-
ble for the death of approximately 17.9 million people each 

year representing 31% of all deaths globally [28]. Accumu-
lating studies have demonstrated that CYP enzymes and 
their associated AA metabolites play a central role in the 
maintenance of cardiovascular health and also in the patho-
genesis of CVD [29, 30]. Interestingly, CYP1B1 and its 
associated cardiotoxic mid-chain HETE metabolites have 
been given a considerable attention due to their evident role 
in the pathogenesis of CVD such as pathological cardiac 
hypertrophy, atherosclerosis, hypertension and HF [31, 32]. 
Moreover, several studies have established an inverse rela-
tionship between developing CVD and the dietary consump-
tion of vegetables and fruits. These protective effects have 
been attributed to polyphenols including flavonoids (such 
as resveratrol) and stilbenoids that are naturally present in 
high concentration in heart-healthy diets. Nevertheless, the 
molecular cardioprotective mechanisms for some of these 
natural compounds have not yet been elucidated [33, 34].

Resveratrol has been widely studied as a protective agent 
against many CVD. Also, resveratrol has been demonstrated 
to possess an inhibitory effect on CYP1B1 [35]. However, 
the possible beneficial effects of resveratrol as an inhibitor 
of CYP1B1 in case of cardiac hypertrophy have never been 
investigated. Therefore, in the current study, we evaluated 
the effects of three different concentrations of resveratrol (2, 
10 and 50 μM) on cardiac CYP1B1 and its associated car-
diotoxic mid-chain HETE metabolites. Using two different 
cell lines, we investigated whether resveratrol is able to pro-
tect against Ang II-induced cellular hypertrophy. Moreover, 
we characterized the effect of resveratrol on both transcrip-
tional and translational levels of CYP1B1 and its effect on 
the metabolite formation of cardiotoxic mid-chain HETEs 
including 5-, 8-, 9-, 11-, 12- and 15-HETE.

Prior to investigating the effect of resveratrol on Ang II-
induced cellular hypertrophy, we tested the effect of increas-
ing concentrations of resveratrol on cell viability. Based on 
the MTT assay results, resveratrol did not have any toxic 
effect on cell viability following treatment for 24 h at con-
centrations of 2–50 µM, suggesting that the concentrations 
used in the current study have no cytotoxic effects. This 
comes in agreement with previous studies that reported the 
safe use of resveratrol at concentration up to 100 µM without 
observing toxic effects [36, 37]. Therefore, we tested the 
potential protective effect of resveratrol concentrations (2, 
10 and 50 µM) against Ang II-induced cellular hypertrophy. 
Treatment of both cell lines with Ang II resulted in cellular 
hypertrophy as evidenced by the elevation in β-MHC/α-
MHC ratio and ANP. The concentration of Ang II has been 
chosen based on previous work done in our lab. RL-14 cells 
were treated for 24 h with various concentrations of Ang 
II (0, 1, 2.5, 5, and 10 μM) and cellular hypertrophy mark-
ers were measured using real-time PCR. Ang II increased 
the expression of hypertrophic markers in a concentration-
dependent manner. The maximum induction was observed 

Fig. 6   Effect of resveratrol on mid-chain HETE metabolite forma-
tion rate in H9c2 cells. H9c2 cells were treated for 24 h with vehi-
cle, 10 μM Ang II and 10 μM Ang II in combination with (2, 10 or 
50  μM resveratrol). 5-, 8-, 9-HETE (a) and 11-, 12-, 15-HETE (b) 
metabolites were measured using LC–ESI–MS. The results are pre-
sented as the mean and SEM (n = 3). Data were analyzed using one-
way ANOVA followed by Student–Newman–Keuls as post hoc test. 
+p < 0.05 significantly different from control group. *p < 0.05 signifi-
cantly different from Ang II-treated group
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at the highest concentration tested, 10 μM, and it was associ-
ated with increase in the cell surface area without affecting 
cell viability [38]. In another study, Ang II has been shown 
to induce CYP1B1 protein expression at 10 μM concentra-
tion without negatively affecting cell viability in two differ-
ent cell lines [39].

The ratio of β-MHC to α-MHC is regarded as a sensitive 
marker of cardiac hypertrophy in several models [40–42]. 
The mechanical properties of the cardiac muscle are largely 
dependent on the expressed isoform of MHC [43]. Sev-
eral studies have reported that α-MHC isoform has greater 
ATPase activity than β-MHC, and shifting from α-MHC to 
β-MHC isoform during cardiac hypertrophy is considered as 
an adaptive response for improved energy economy. How-
ever, it also leads to disruption in the contractile machinery 
of the heart resulting in impaired cardiac function and pro-
moting diseases progression [44]. Furthermore, treatment 
of cells with Ang II caused a significant increase in ANP, 
a hypertrophic marker that is found to be increased at the 
mRNA and protein levels in human hypertrophic hearts sup-
porting the correlation between higher ANP expression and 
cellular hypertrophy [45]. In the current study, low concen-
tration of resveratrol (2 µM) was not able to significantly 
protect against Ang II-induced increase in β-MHC/α-MHC 
ratio and ANP. On the other hand, higher concentrations (10 
and 50 µM) were able to reverse Ang II-mediated increase 
of hypertrophic markers to nearly control level, with no sig-
nificant difference between the 2 concentrations. Notably, 
resveratrol alone groups did not have any significant effects 
on the mRNA level of hypertrophic markers in both cell 
lines, RL-14 and H9c2.

CYP1B1 is a heme-thiolate monooxygenase enzyme that 
is constitutively expressed in non-hepatic tissues including 
cardiovascular system, and is responsible for NADPH-
dependent metabolism of endobiotics and xenobiotics [12]. 
Moreover, CYP1B1 expression was found to be induced in 
several experimental models of cardiac hypertrophy such as 
isoproterenol-induced, pressure overload-induced and Ang 
II-induced cardiac hypertrophy, pointing out to the role of 
Ang II in the progression of cardiac hypertrophy [10, 46, 
47]. In the current study, while treatment of cells with Ang 
II did not show significant effects on mRNA expression level 
of CYP1B1, it significantly induced the protein expression 
of CYP1B1. This comes in agreement with previous study 
that used Ang II as an inducer of cardiac hypertrophy [17].

Several cardioprotective effects of resveratrol have been 
previously reported in various experimental and clinical 
settings. Experimentally, it attenuated pressure overload-
induced cardiac fibrosis and diastolic dysfunction, it pro-
tected against chronic intermittent hypoxia-induced cardiac 
hypertrophy and it also restored the cardiac function and 
structure in case of pressure overload-induced cardiac hyper-
trophy [24, 25, 48]. Clinically, multiple reports provided 

evidences that resveratrol exerts protective effects on the car-
diovascular system in patients with coronary artery diseases 
in the secondary prevention against myocardial infarction. 
Resveratrol prevented platelet aggregation, reduced LDL 
cholesterol level and enhanced left ventricular diastolic 
function [19, 49]. While several molecular mechanisms have 
been proposed to be responsible for the cardioprotective 
effects of resveratrol, this study is focusing on the effect of 
resveratrol on CYP1B1 and its associated cardiotoxic mid-
chain HETEs. In the current study, resveratrol at concentra-
tions of 10 and 50 µM was able to significantly decrease 
protein expression of CYP1B1 compared to Ang II group, 
in both cell lines. This comes in agreement with previous 
reports demonstrating the inhibitory effect of resveratrol on 
protein expression of CYP1B1 in several tissues [50, 51]. 
Although resveratrol inhibits CYP1B1 on the protein expres-
sion and activity levels, it has been found to inhibit other 
cytochrome P450 enzymes such as CYP1A1 and CYP1A2 
with higher affinity to CYP1A1 [52]. Moreover, our lab has 
shown that resveratrol also inhibits the activity of human 
recombinant CYP4A11, CYP4F2 and CYP4F3B enzymes 
with higher potency on CYP4F2 [53].

Several lines of evidence previously demonstrated the 
role of cardiotoxic mid-chain HETEs in the pathogenesis of 
CVD such cardiac hypertrophy and heart failure. 15-HETE 
has been reported to elevate rat neonatal cardiomyocytes 
sensitivity to isoproterenol-induced β-adrenergic response. 
Moreover, 5-, 12-, and 15-HETE showed a direct inducing 
effect of cellular hypertrophy in RL-14 cells via MAPK- and 
NF-κB-dependent pathways [54, 55]. Inhibiting the forma-
tion of 5-HETE metabolite reduced Ang II-induced vascular 
remodeling and cardiac hypertrophy in mice proposing that 
inhibition of the 5-HETE formation might be considered as 
a new therapeutic target in the treatment of cardiac hyper-
trophy [56]. In the present study, treatment of cells with 
Ang II significantly induced the metabolite formation rate 
of the majority of mid-chain HETE metabolites including 5-, 
8-, 12- and 15-HETE. Interestingly, treatment of cells with 
resveratrol at concentrations of 10 and 50 µM was able to 
significantly decrease the metabolite formation rate of mid-
chain HETEs compared to Ang II-treated group, in both cell 
lines. These results are in line with previous study showing 
that resveratrol improved cardiac function and exercise per-
formance in MI-induced heart failure through the inhibition 
of CYP1B1 and cardiotoxic HETE metabolites [16]. Moreo-
ver, our laboratory has previously shown that resveratrol was 
able to inhibit the formation of 20-HETE generated by incu-
bation of AA with human liver microsomes. Resveratrol has 
shown concentration-dependent inhibition of the 20-HETE 
formation with maximum inhibition Imax of 54% and IC50 of 
3 μM. These data suggest that inhibition of the pro-fibrotic 
20-HETE may contribute to the beneficial and protective 
effects of resveratrol in case of cardiac hypertrophy [53].
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In conclusion, the results of the current study showed 
that resveratrol, at concentrations of 10 and 50 μM, was able 
to protect against Ang-II-induced cellular hypertrophy as 
evidenced by significant inhibition of β-MHC/α-MHC ratio 
and ANP. While Ang II significantly induced the protein 
expression of CYP1B1 and increased the metabolite for-
mation rate of its associated mid-chain HETEs, resveratrol 
was able to attenuate Ang II-mediated effects and caused 
a significant decrease of CYP1B1 protein expression and 
mid-chain HETEs. Our results provide the first demonstra-
tion that resveratrol protects against Ang II-induced cellular 
hypertrophy, at least in part, through CYP1B1/mid-chain 
HETEs-dependent mechanism.
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