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Abstract. Keshan disease (KD) is an endemic cardiomy-
opathy. The etiology of KD is selenium deficiency; however, 
it is not the only one and there is no effective approach to 
preventing and curing this disease. The aim of the present 
study was to explore the differences in the role of arachi-
donic acid (AA) by the cytochrome P450 enzyme between 
chronic KD (CKD), dilated cardiomyopathy (DCM) and 
control patients. Reverse transcription‑quantitative poly-
merase chain reaction was used to detect the CYP1A1 and 
CYP2C19 gene expression levels in 6 CKD patients, 6 DCM 
and 6 healthy controls. An enzyme‑linked immunosorbent 
assay kit was applied to detect serum protein expression of 
CYP1A1 and CYP2C19, AA and epoxyeicosatrienoic acids 
(EETs), and 20‑hydroxyeicosatetraenoic acids (20‑HETE) 
in 67 CKD patients, 28 DCM, and 58 controls. The present 
results showed that the expression levels of CYP1A1 and 
CYP2C19 genes were significantly upregulated compared 
with the control group (P<0.01). The expression level of the 
CYP1A1 protein in the CKD (49.55±35.11 pg/ml) and DCM 
(46.68 ±13.01 pg/ml) groups were enhanced compared with the 
control group (44.33±16.76 pg/ml) (P<0.01). The production of 
the CYP2C19 protein in the CKD (57.52±28.22 pg/ml) and 
DCM (56.36±11.26 pg/ml) groups was enhanced compared 
with the control group (51.43±10.76 pg/ml). The concentra-
tions of AA in the CKD (126.27±47.91  ng/ml) and DCM 
(133.24±58.67 ng/ml) groups were also significantly increased 
compared to the control (78.16±23.90 ng/ml) (P<0.001). The 
concentration of 20‑HETE in the CKD (198.34±17.22 ng/ml) 

and DCM (194.46±20.35 ng/ml) groups were also signifi-
cantly increased compared to the control (130.10±16.10 ng/ml) 
(P<0.001). The only difference between CKD and DCM was 
for the expression of the CYP1A1 gene and protein. The 
maximum concentration of EETs was in the control group 
(44.37±6.14  pg/ml), and the other two groups were lower 
than the control group (P<0.001). These findings indicated 
that AA‑derived CYP450 metabolites may have a critical 
role in the pathogenesis of KD and DCM. Upregulation of 
the CYP2C19 gene and frequent protein expression may be a 
protective compensation reaction, while CYP1A1 may aggra-
vate myocardial injury.

Introduction

Keshan disease (KD) is an endemic cardiomyopathy occurring 
only in China, involving 327 counties of 16 provinces. Chronic 
KD (CKD) has similar clinical characteristics to dilated 
cardiomyopathy (DCM), such as acute or chronic episodes of 
heart disorder characterized by cardiogenic shock, arrhythmia 
and congestive heart failure, with cardiomegaly, as well as 
multifocal myocardial necrosis and fibrosis under the electron 
microscope (1). A differential diagnosis for the two diseases in 
clinical practice is extremely difficult. To further distinguish, 
the main characteristics of DCM are increased heart weight 
and cardiac hypertrophy, while KD is characterized by severe 
myocardial degeneration, evident necrosis and fibrosis, and 
even clear geographic characteristics. Previous studies have 
identified that the two types of disease were significantly 
different in ventricular cavity expansion and ventricular 
volume by summarizing the image and ultrasound information 
of DCM and KD patients (2). In recent years, certain studies 
have proposed that ATM and NFATC2 may be considered 
significant differential genetic diagnoses in the two similar 
diseases through comparing the KD and DCM patient periph-
eral blood mononuclear cells using genome‑wide expression 
microarray technology (3).

Arachidonic acid (AA) is oxidized through three major 
metabolic pathways: Cyclooxygenase (COX), lipoxygenase 
(LOX) and cytochrome P450 (CYPs) (4). Previously, studies 
have focused on the CYP450 system of AA; epoxidation and 
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hydroxylation of AA are catalyzed by cytochrome P450s 
(CYPs) in heart disease (5). According to the CYP metabolic 
pathway followed by AA, the major metabolites are either 
epoxyeicosatrienoic acids (EETs) or 20‑hydroxyeicosatet-
raenoic acids (20‑HETE), which are primarily vasodilators 
or vasoconstrictors, respectively (6). In addition, it has been 
increasingly recognized that EETs and 20‑HETE have crucial 
and opposing roles in the development of cardiac disease. 
Certain studies have reported the possible changes in expres-
sion levels of the main human CYP450 monooxygenase 
(2E1 isoform) at DCM progression at the end stage of heart 
failure using western blot analysis (7). While for KD, a number 
of previous studies have explored the mechanisms of the 
former two pathways (COX and LOX pathways of AA), which 
were abnormal in KD, little evidence is available regarding 
the CYP450 pathway in KD. Therefore, a comparison in the 
metabolism of AA by the CYP450 enzyme between CKD and 
DCM is noteworthy, and may provide more functional infor-
mation for the pathogenesis of KD.

In the past several decades, a number of studies have 
explored the cause of KD, and its main etiology and patho-
genesis is known to be selenium deficiency. At present, KD 
is widely considered as multifactorial environment‑gene 
interaction complex diseases. KD has been suggested as 
a ‘mitochondrial cardiomyopathy’ endemic in China  (8). 
Our previous study compared the mitochondrial‑related 
gene expression profiles of peripheral blood mononuclear 
cells derived from KD patients and normal controls by 
mitochondria‑focused cDNA microarray technology. The 
results indicated that the enzyme‑related genes CYP1A1 and 
CYP2C19 were upregulated (ratios ≥2.0) (9), and these genes 
belong to the cytochrome P450 isoforms, whose metabolites 
are biologically active and have critical roles in the mainte-
nance of essential body functions. Various CYP isoenzymes 
have been confirmed to have a role in the metabolism of xeno-
biotics and endogenous compounds. The model endogenous 
substrate of CYP is AA (10).

In the present study, the metabolism of AA by the CYP450 
enzyme was investigated in CKD patients, DCM patients 
and health controls by reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) and enzyme‑linked 
immunosorbent assay (ELISA) to examine the gene expres-
sion changes and biochemical parameters associated with the 
CYP‑AA metabolism. The study may aid in the understanding 
of the pathogenesis of KD and distinguish a possible differ-
ence between KD and DCM.

Materials and methods

Sample collection and experiment group. The present study 
was approved by the Human Ethics Committee, Xi'an Jiaotong 
University (Xi'an, Shaanxi, China) and all participants 
provided informed consent. A total of 67 CKD patients were 
selected according to ‘The Diagnostic Standard of the KD 
in China’ for KD (WS/T 210‑2011), who were from areas of 
Zhengning and Heshui (Gansu, China). A total of 28 DCM 
patients who did not live in endemic areas were diagnosed 
in three tertiary‑level facilities hospitals in Xi'an in terms 
of the World Health Organization/International Society of 
Federation of Cardiology proposed standards  (11). Three 

group subjects were matched by age and gender. These 
patients were selected as samples as they were not exhibiting 
coronary artery disease, myocarditis, congenital heart disease, 
pulmonary heart disease or other cardiovascular diseases. A 
total of 58 healthy controls without any chronic diseases, such 
as diabetes, hypertension and any other heart disease, were 
collected from the KD‑affected area of Huangling (Shaanxi, 
China).

Peripheral venous blood (3 ml) from each subject was 
collected into vacuum blood tube, and serum was obtained 
through centrifugation at 2,683 x g for 8 min and stored at 
‑80˚C for ELISA. Anticoagulant whole blood (2  ml) was 
acquired into a tube with 7.5 ml RNA stabilizing solution and 
mixed prior to storing at ‑80˚C using for RNA extraction.

Total RNA extraction and cDNA synthesis. The total RNA 
from blood was abstracted with E.Z.N.A. Total RNA kit I 
(Omega Bio‑Tek, Norcross, RA, USA) according to the manu-
facturer's protocol. The concentration and purity of total RNA 
was evaluated by measuring the absorbance 260/280 ratio with 
a Thermo Nanodrop 2000 (Thermo Fischer Scientific, Inc., 
Waltham, MA, USA). Following this, RNA was transcribed 
into cDNA using the PrimeScript RT Reagent kit (Takara 
Biotechnology, Dalian, China). The reverse transcription 
system was as follows: 0.5 µg of total RNA was added to a 
mix of 2.0 µl 5X PrimeScript buffer, 0.5 µl PrimeScript RT 
Enzyme mix I, 0.5 µl Oligo dT Primer, 0.5 µl Random 6‑mers, 
finally adding Rnase‑Free dH2O to create a volume of 10 µl. 
The reaction mixture was maintained at 37˚C for 15 min, and 
heated for 85˚C for 5 sec.

RT‑qPCR. RT‑qPCR analysis was performed in the Bio‑Rad 
IQ5 PCR Detection system (Bio‑Rad, Hercules, CA, USA) 
using SYBR Premix Ex Taq™ II (Takara Biotechnology). 
A 25‑µl reaction mixture was placed into 0.2 ml clear strips 
with 8‑well tubes (Crystalgen, Commack, NY, USA), which 
contained 1 µl of 10 µM forward primer and 1 µl of 10 µM 
reverse primer (0.4 µM final concentration of each primer), 
12.5  µl of SYBR Premix Taq  II, 8.5  µl of nuclease‑free 
water, and 2 µl of the cDNA sample. The specific primer 
sequences were CYP1A1 (forward, 5'‑CCT CCT CAA CCT 
CCT GCT AC‑3' and reverse, 5'‑AAG CAA ATG GCA CAG 
AYG AC‑3'); CYP2C19 (forward, 5'‑GGT CCT TGT GCT 
CTG TCT CT‑3' and reverse, 5'‑CAT ATC CAT GCA GCA 
CCA CC‑3'); glyceraldehyde‑3‑phosphate dehydrogenase 
(GAPDH) (forward, 5'‑TGC ACC ACC AAC TGC TTA 
GC‑3' and reverse, 5'‑GGC ATG GAC TGT GGT CAT 
GAG‑3'), which were designed and synthesized by AuGCT 
DNA‑SYN Biotechnology Corporation, Beijing, China. The 
thermocycling conditions were set at 95˚C for 30 sec, followed 
by 40 PCR cycles of denaturation at 95˚C for 5 sec, 60˚C for 
30 sec, and annealing/extension at 65˚C for 15 sec. GAPDH 
was used as an internal standard for mRNA levels.

ELISAs. The ELISA kit is an accurate, precise sensitivity assay, 
particularly suitable for large sample detection. The levels of 
protein expression of CYP1A1 and CYP2C19, AA, EETs and 
20‑HETE in all the serum samples were tested using commer-
cially available ELISA kits (R&D Systems, Inc., Minneapolis, 
MN, USA) in accordance with the manufacturer's protocols. 
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A calibration standard curve on a semi‑log scale was subse-
quently drawn by collecting and analyzing the corresponding 
absorbencies at different dilution extents of standards in dupli-
cate. The Infinite M2000 multimode microplate reader (Tecan, 
Männedorf, Switzerland) was used to test the absorbance of 
the samples and standards. In carrying out these assays, the 
serum of each patient was detected in two replicates, which 
prevented from repeated freezing and thawing of the samples.

Statistical analysis. All the experimental data were analyzed 
with SPSS version 18.0 software (IBM, Corp., Armonk, NY, 
USA). The gender‑matched RT‑qPCR sample set and ELISA 
sample set was determined using χ2 test and age was compared 
by one‑way analysis of variance (ANOVA). The 2‑ΔΔCT method 
was used to calculate the relative fold‑changes in gene expres-
sion determined from the RT‑qPCR result (12). ELISA data 
were analyzed using ANOVA, and were tested by pairwise 
comparisons [least significant difference (LSD)‑t‑test]. P<0.05 
was considered to indicate a statistically significant difference.

Results

Baseline data. The characteristics of the CKD and DCM 
patients and the controls are shown in Table I. No significant 
difference was apparent between the gender constituent of 
the RT‑qPCR sample set and ELISA sample among the three 
groups by χ2 test (P<0.05). Age distribution in the three groups 
was balanced, with no significant difference through one‑way 
ANOVA (P<0.05). The LSD‑t‑test analysis of age distribution 
indicated no significant difference in any two groups (P<0.05). 
These results suggest there were no significant gender and 
age differences; and these characteristics were balanced and 
comparable among the three groups.

Results of RT‑qPCR. The concentration of total RNA was 
examined with the Thermo Nanodrop 2000. The absorbance 
value 260/280 was 1.94‑2.09, maintained at ~2.0. Therefore, 
the RNA samples were of a good purity and quality. RT‑qPCR 

was performed to assess the mRNA levels of CYP1A1 and 
CYP2C19. As shown in Fig. 1, multiple bar diagrams show 
the expression ratio of the CYP1A1 and CYP2C19 genes. The 
expression levels of the two target genes in the CKD and DCM 
groups were markedly enhanced compared with the control 
group, which were consistent with the former microarray 
experiment (5).

ELISA results. To further investigate the CYP1A1 and CYP2C19 
protein expression levels and the relevant metabolites, ELISA 
kits were used. Fig. 2 presents the various expression levels of 
CYP1A1 and CYP2C19 protein production. The expression level 
of the target proteins in the CKD and DCM patients was signifi-
cantly increased compared with the healthy controls (P<0.001), 
consistent with the former immunohistochemical results. In 
addition, between the CKD and DCM groups, the CYP1A1 
protein exhibited a significant difference (P<0.05), whereas 
there was no difference for the CYP2C19 protein (P>0.05).

In order to investigate the associated product expression 
level of the AA‑CYP metabolic pathway, the concentrations of 
AA, EETs and 20‑HETE in the blood serum were measured 
by the ELISA kits. As described in Fig. 3, the content of AA 
and 20‑HETE had a similar trend, as the content was signifi-
cantly increased in the CKD and DCM groups compared to 
the controls (P<0.001). However, the expression level of EETs 
exhibited the opposite tendency, with a maximum concentra-
tion in the healthy control, and a reduction of the concentration 
in the CKD and DCM groups (P<0.001).

Discussion

The present study evaluated the possible differences between 
CKD and DCM based on the upregulation of CYP1A1 and 
CYP2C19 genes. RT‑qPCR and ELISA were applied to 
compare the differences in the CYP1A1 and CYP2C19 gene 
expression levels and biochemical parameters associated with 
CYP‑AA metabolism in the CKD patients, DCM patients and 

Figure 1. Reverse transcription‑quantitative polymerase chain reaction was 
performed to analyze the gene expression profiles in the whole blood of the 
three groups. The expression of CYP1A1 and CYP2C19 in the CKD and 
DCM groups was increased significantly compared to the healthy control. 
Data are expressed as relative ratio. *P<0.01, CKD and DCM compared with 
control respectively. #P<0.05, for DCM versus CKD. CKD, chronic Keshan 
disease; DCM, dilated cardiomyopathy.

Table I. Gender and age characteristics of research subject.

			   Mean age ± SD,
Analysis	 Male, n	 Female, n	 years

RT‑qPCR
  CKD (n=6)	   3	   3	 52.00±6.00
  DCM (n=6)	   3	   3	 49.33±2.08
  Controls (n=6)	   3	   3	 48.67±2.52
  Statistical analysis	 χ2=1.706, P=1	 F=0.6, P=0.579
ELISA
  CKD (n=67)	 27	 40	 54.06±15.72
  DCM (n=28)	 11	 17	 58.00±16.64
  Controls (n=58)	 23	 35	 50.33±21.36
  Statistical analysis	 χ2=0.825, P=0.662	 F=0.135, P=0.876

CKD, chronic Keshan disease; DCM, dilated cardiomyopathy; 
RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; 
ELISA, enzyme‑linked immunosorbent assay; SD, standard deviation.
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normal controls. The RT‑qPCR results were presented in Fig. 1, 
and the expression levels of the two target genes in the CKD 
and DCM groups were markedly enhanced compared with the 
control group, which were completely consistent with previous 
research results. In the healthy human heart, CYP1A1 mRNA 
is expressed in an extremely low amount (5), which has a vital 
physiological activity on endogenous substrates that are involved 
in the metabolism of AA and tryptamine (13). CYP2C19 mainly 
exists in the hepatic microsome, which is a type of important 
liver microsomal enzyme, mainly involved in a wide variety 
of drugs' metabolism and arachidonic acid epoxidation (13,14). 
Previous studies have reported that the expression levels of CYP 
genes 1A1 and 2C19 in the heart were predominant in the right 
ventricle (15). In CKD and DCM patient blood, mRNA levels 
for the CYP1A1 and CYP2C19 were higher in comparison to 
the healthy control, indicating that certain changes are caused 
by genetics in the metabolic pathways mainly associated with 
the cardiac structure and function injury, rather than starting 
factors, as an approach of original cause leading to myocardial 
pathological changes. There is a possible interrelationship of 
cause and effect between the pathological changes of the heart 
and AA‑dependent CYP metabolic pathways.

Several years ago, a number of studies manifested that 
low selenium and vitamin E could increase the AA produced 
by enhancing the activity of PLA2 in the initial stage of AA 
metabolism, thereby affecting the final products level of AA 
metabolites. As expected, the present study also identified that 
the content of AA in the two patient groups was notably higher 
compared to the normal control group. KD is mainly distrib-
uted in the selenium deficient areas of China from southeast to 
northwest, which may result in a higher AA concentration in 
KD. In addition, lipid peroxide levels were enhanced in dietary 
vitamin E deficiency in the heart (16). AA is one of the diverse 
free fatty acids, that not only participates in myocardium 
energy supply, but AA and its CYP‑derived metabolites may 
also act as secondary messenger molecules for protein kinases, 
including protein kinase C, mitogen‑activated protein kinase, 
protein kinase A, Erk1/2, and Akt (13,17,18). AA is synthe-
sized from linoleic acid, and previous studies have reported 
that dietary linoleic acid supplementation was beneficial to 
DCM patients. This may explain the reason for a higher AA 
content in DCM patients. However, more linoleic acid content 

Figure 2. Production of (A) CYP1A1 and (B) CYP2C19 protein in blood serum. Data were analyzed with one‑way analysis of variance, and multiple com-
parison by least significant difference t‑test. Each bar is the mean ± standard deviation. ***P<0.001, *P<0.05, compared with the healthy control. #P<0.05, for 
DCM versus CKD. DCM, dilated cardiomyopathy; CKD, chronic Keshan disease.

Figure 3. Expression level of (A) AA, (B) EETs and (C) HETEs in blood 
serum. Data were analyzed with one‑way analysis of variance, and multiple 
comparison by least significant difference t‑test. Each bar is the mean ± stan-
dard deviation. ***P<0.001, compared with healthy control. AA, arachidonic 
acid; EETs, epoxyeicosatrienoic acids; 20‑HETE, 20‑hydroxyeicosatetrae-
noic acids; CKD, chronic Keshan disease; DCM, dilated cardiomyopathy.
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may aggravate myocardial ischemia and debase the cardiac 
function. Thus, excessive AA may lead to severe cardiac func-
tion reduction of DCM. There was no difference between the 
content of AA in the two patient groups. Therefore, a higher 
AA content may have a certain protective effect on the heart, 
but may cause side effects. This effect has no association with 
the geographical environment factors.

There is evidence that CYP450 modulates contractility of 
cardiomyocytes through metabolism of AA (14). CYPs are known 
to metabolize AA to HETEs and EETs through ω‑hydroxylases 
and epoxidation, respectively (19). Biological activities of EETs 
and the opposing actions of 20‑HETE within the heart are now 
well established (6). EETs can be applied to a variety of ion 
channels of cardiovascular cells, and protect myocardial cells by 
regulating the expression of genes and proteins associated with 
apoptosis (20). 20‑HETE has detrimental effects, particularly 
in the heart ischemia. A previous study reported that inhibition 
of 20‑HETE can reduce the infarct size in canines (21). In the 
present results, the content of EETs in CKD and DCM was 
clearly lower compared to the healthy control. Therefore, EETs 
may have a key role during the development and/or progression 
of KD and DCM. CYP2C are the predominant epoxygenase 
isoforms involved in EETs formation, and they are abundantly 
expressed in the endothelium, myocardium and kidney in 
humans (20). As a consequence, the CYP2C19 gene was upreg-
ulated and the frequent protein expression may be a protective 
compensation reaction. According to certain studies, CYP1A1 
metabolizes AA to different regioisomers of HETEs  (22). 
Additionally, previous studies have shown that the induction 
of CYP1A1 in the hypertrophied hearts caused a significant 
increase in the formation of 20‑HETE (23). In the present study, 
the experimental data also documented that the concentration of 
20‑HETE was significantly increased compared to the healthy 
control subjects. Therefore, an increase in the expression level 
of CYP1A1 may exacerbate myocardial injury. The findings 
summarized above demonstrate that AA metabolites are disor-
dered in endemic DCM and idiopathic DCM. The purpose of 
these changes may adapt to the pathological and physiological 
of the heart through regulating content, structure and stability 
of cell membrane lipid, as well as AA metabolites. A wide 
cardioprotective role of fatty acids has been studied thus far, 
particularly CYP‑mediated AA metabolites may have the more 
complex role in KD and DCM.

In conclusion, there is a strong correlation between 
P450‑mediated AA metabolites and the pathogenesis of dilated 
cardiomyopathy. The overall balance of CYP genes changes 
have resulted in a higher production of 20‑HETE and lower 
production of EETs in the KD and DCM hearts. Speculation 
regarding the therapeutic implications of automatically selec-
tive expression of CYP450 enzymes should be made with 
caution. Further studies are required to investigate the mecha-
nisms by which KD modulates P450 gene expression.
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