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Abstract
Objective: L-carnitine (LC) has been shown to protect cardiac metabolism in diabetes patients with cardiovascular diseases 
(CVDs). Apelin, a newly discovered adipocytokines, is an important regulator of cardiac muscle function; however, the role of 
the level of expression of Apelin axis in improvement of cardiac function by LC in diabetic patients, is not clear. In the present 
study, obese insulin-resistant rats were used to determine the effect of LC, when given orally with a high-calorie diet, on Apelin 
and Apelin receptor (Apj) expression in cardiac muscle.     
Materials and Methods: In this experimental study, rats were fed with high-fat/high-carbohydrate diet for five weeks 
and subsequently were injected with streptozotocin 30 mg/kg for induction of obesity and insulin resistance. After 
confirming the induction of diabetes (serum glucose above 7.5 mmol/L), the animals received LC 300 mg/kg in drinking 
water for 28 days. On days 0, 14 and 28 after treatment, cardiac Apelin and Apj gene expression was evaluated by 
real time polymerase chain reaction (PCR) analysis. Serum levels of insulin, Apelin, glucose, tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β) and the homeostasis model assessment of insulin resistance (HOMA-IR) were also 
measured using commercial kits.     
Results: Cardiac Apelin and Apj expression and serum Apelin were increased in obese rats, while LC supplementation 
decreased the serum levels of Apelin and down-regulated Apelin and Apj expression in cardiac muscle. These changes 
were associated with reduced insulin resistance markers and serum inflammatory factors and improved lipid profile.                      
Conclusion: We concluded that LC supplementation could attenuate the over-expression of Apelin axis in heart of 
diabetic rats, a novel mechanism by which LC improves cardiovascular complications in diabetic patients.  
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Introduction
Obesity is associated with a variety of inflammatory-

related diseases, such as insulin resistance (IR), type 2 
diabetes and cardiovascular diseases (CVD) (1). Risk of 
coronary heart disease (CHD) and stroke is reported to be 
higher in obese subjects in comparison to normal weight 
people (2). The pathogenesis of CVD in obese patient 
is very complex; however, adipose tissue dysfunction 
is considered to be the central mechanism involved in 
the development of CVD including atherosclerosis and 
cardiomyopathy (3, 4). 

Adipocytokines or adipokines are adipose tissue-derived 
hormones that act as pro-inflammatory, vasoactive, and 
cytokine-like hormones (5-8). It has been shown that 
these immunomodulatory proteins act as modulators of 
metabolic and cardiovascular processes (5, 7). Based 
on both animal and human studies, it has been reported 
that dysregulation of adipocytokine secretion caused 
by excess adiposity and dysfunctional adipocytes, can 
play a pivotal role in obesity-related CVDs. Though 
adipocytokines are mainly secreted by adipose tissue, they 

are also expressed and secreted by various cardiovascular 
tissues such as cardiomyocytes and endothelial cells and 
regulate cardiacovascular function via a distinct paracrine 
mechanism (3, 4). 

Apelin is a novel adipokine which is produced from 
a 77-amino acid precursor. Different active forms of 
Apelin including Apelin-12, Apelin-13, Apelin-17, 
Apelin-19 and Apelin-36 have been reported. In different 
tissues, Apelin-36 is the most widely expressed form, 
while Apelin-13 is more potent and more abundant in 
the circulation (8, 9). It is the endogenous ligand of the 
orphan receptor angiotensin like-receptor 1 (AGTRL1), 
a G-protein-coupled receptor that has been found to be 
involved in various physiologic events, such as insulin 
sensitivity, glucose homeostasis and regulation of the 
cardiovascular function (10, 11).

Apelin is upregulated by insulin and inhibits pancreatic 
insulin secretion (9, 12-14). In clinical and experimental 
studies, serum levels of Apelin or its adipose tissue 
expression are increased in case of obesity and insulin 
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resistance (5, 15, 16). It is also involved in inflammatory 
responses in obese subjects and its expression is positively 
associated with some inflammatory markers such as tumor 
necrosis factor-α (TNF-α), interleukin-1β (IL-1β) (17, 18).

Recent findings have shown the role of Apelin 
in cardiovascular functions. A high level of Apelin 
expression has been reported in cardiac muscles of rats 
and humans (19). Apelin stimulates inotropic potential of 
cardiac muscle cells and increases coronary blood flow 
by vascular dilation (20). Protective effect of Apelin has 
been reported against age-related progressive cardiac 
dysfunction in Apelin-deficient mice (21). Moreover, 
Apelin expression increases in the arteries of patients with 
atherosclerosis and chronic heart failure (22, 23). 

Although application of lipotropic agents for prevention 
of cardiovascular disease has been confirmed in previous 
research, data about their effects on adipokine expression 
in cardiovascular system is limited (5). L-carnitine (L-b-
hydroxy-4-N-trimethylaminobutyric acid) (LC) is an 
amino acid derivative that plays an important role in 
energy production in the myocardium and is considered 
an essential cofactor for fatty acid β-oxidation in the heart 
(24, 25). It has been found that LC has favorable effects in 
patients with severe insulin resistance and cardiovascular 
disorders, such as CHD, chronic heart failure and 
peripheral vascular disease. In patients with ischemic heart 
disease, LC reduces the myocardial injury mainly through 
improving carbohydrate metabolism and reducing the 
toxicity of high levels of free fatty acid (25, 26).

Currently, it is not clear that LC improves obesity-
associated cardiovascular complications through local 
alteration of Apelin system in myocardial tissue, or via 
an endocrine adaptation that is reflected by a change in 
serum levels of Apelin. The aim of the present study was 
to evaluate the gene expressions of Apelin and Apelin 
receptor in cardiac muscle of high-fat diet treated diabetic 
rats and their association with inflammatory and insulin 
resistance markers. 

Materials and Methods
To perform this experimental study, 60 male Wistar rats 

(200 ±12  g) were obtained from the center of laboratory 
animals of the Faculty of Veterinary Medicine of Shahid 
Chamran University, Ahvaz, Iran. They were housed in a 
temperature-controlled room (at 23 ± 1˚C) with 12 hour 
light/dark cycles and they had free access to rat chow 
(Pars, Iran) and water at libitum. The rats experienced 7 
days of acclimatization before initiation of the experiment. 

This experiment was accomplished under the approval of 
the State Committee on Animal Ethics, Shiraz University, 
Shiraz, Iran. The recommendations of European Council 
Directive (86/609/EC) of November 24, 1986, regarding 
protection of animals used for experimental purposes, 
were also followed.

Experimental design
Animals (n=60) were randomly divided into four groups 

(n=15). Two groups were fed with high-energy diet 
[prepared by adding 20% sucrose (w/w) and 10% beef 
tallow (w/w) into diets] for 5 weeks and called as High 
fat/High carbohydrate (HF/HC) (n=30), whereas the other 
ones consumed normal diets for the same period and served 
as control groups (n=30). After 5-week administration of 
HF/HC diets, animals were treated with a single injection 
of streptozotocin (STZ, Sigma, Germany) 30 mg/kg 
body weight. Five days after STZ treatment, glucose was 
measured by a glucometer (EasyGluco, South Korea) and 
diabetes induction was confirmed if serum glucose was 
above 7.5 mmol/l. The day after diabetes confirmation, 
was considered day 0 of LC treatment. One diabetic group 
was treated with 300 mg/kg/day LC (n=15) in drinking 
water concomitant with HF/HC diets for 28 days, while 
the other diabetic group (n=15) (diabetic control) was fed 
only with HF/HC diets for the same period. One control 
group (n=15) received normal diet and the other control 
group (n=15) (LC-treated control) consumed 300 mg/kg 
LC in drinking water for 28 days.

Sampling
Serum and tissues were taken on days 0, 14 and 28 

after diabetes induction and LC treatment. Animals 
were euthanized with a combination of 100 mg/kg of 
ketamine and 10 mg/kg of xylazine. Blood samples were 
collected immediately, and sera were separated and stored 
at -20°C until used. Cardiac muscles were separated, 
surrounding tissues were removed and kept at -70°C until 
used. Absolute body weight of each rat from each group 
was measured at the end of the HF/HC feeding and LC 
treatment period.

Plasma biochemical assays

The plasma glucose, triglyceride (TG), cholesterol, high 
density lipoprotein-cholesterol (HDL-C) and low density 
lipoprotein-cholesterol (LDL-C) levels were determined 
using commercially available kits (Pishtazteb, Iran). 
Serum levels of Apelin (EastBiopharm, Mainland, China) 
and insulin (KOMA BIOTECH INC, South Korea) were 
measured by rat specific ELISA kits using a multiplate 
ELISA reader (BioTek, CA, USA).  The sensitivity of 
the assays for insulin was 0.75 µIU/ml. TNF-α and IL-
1β levels in the serum were determined using ELISA kits 
specific for rat (KOMA BIOTECH INC, South Korea). 
The sensitivities of the assays for TNF-α and IL-1β were 
45 pg/ml and 15 pg/ml, respectively.

Insulin resistance estimation

The homeostasis model assessment of basal insulin 
resistance (HOMA-IR) was used to calculate an 
index from the product of the fasting concentrations 
of plasma glucose (mmol/l) and plasma insulin (μU/
ml) divided by 22.5 (23). Lower HOMA-IR values 
indicated greater insulin sensitivity, whereas higher 
HOMA-IR values indicated lower insulin sensitivity 
(i.e. insulin resistance) (26).
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Isolation of total RNA and synthesis of cDNA 
Total RNA was isolated from 100 mg of cardiac 

muscles using RNX TM isolation reagent according to 
the manufacturer’s procedure (CinaClon, Iran). Possible 
DNA contamination was removed by treatment of 
RNA (1 µg) with DNase I (2 U/µl) for 1 hour at 37oC 
(Vivantis, Malaysia). Concentration of extracted RNA 
was calculated at the wavelength of 260 nm using 
NanoDrop spectrophotometer (Eppendorf, Germany). To 
detect the purity of RNA, its optical density (OD) ratio at 
260/280 nm was determined and samples having a ratio 
>1.8 were used for cDNA synthesis. Reverse transcription 
was carried out using the RocketScript RT PreMix kit 
using 1 µg of RNA and random hexamer primers based 
on manufacturer’s protocol (Bioneer Corporation, South 
Korea). Reverse transcription was carried out at 42°C for 
90 minutes followed by incubation at 70°C for 5 minutes. 
cDNAs were stored at -20°C until used for real-time 
polymerase chain reaction (PCR).

Real time polymerase chain reaction analysis
Relative quantitative analysis of target genes (Apj and 

Apelin) and an internal reference gene (Gapdh) was done 
using the realtime PCR system (Light-Cycler 480, Roche, 
Germany). Specific sets of primers (Bioneer, South 
Korea) designed for this study were: 
Apelin (GenBank accession NO: NM_031612.3): 
F: 5′-TGGAAGGGAGTACAGGGATG-3′ 
R: 5′-TCCTTATGCCCACT-3′
Apj (GenBank accession NO: NM_031349.2): 
F: 5′-GGACTCCGAATTCCCTTCTC-3′  
R: 5′-CTTGTGCAAGGTCAACCTCA-3′  
Gapdh (GenBank accession NO: NM_NM-001034055): 
F: 5′-CTCATCTACCTCTCCATCGTCTG-3′ 
 R: 5′-CCTGCTCTTGTCTGCCGGTGCTTG-3′. 

Final reaction volume for the analysis of Apelin and Apj 
gene expression was 12.5 μL (containing 6.25 μl qPCRTM 
Green Master Kit for SYBR Green I® (Jena Biosciense, 
Germany), 0.25 μl of each primer (200 nM), 3 μl cDNA 
(~100 ng), and 2.25 μl nuclease-free water). The cycling 
conditions were 95°C for 5 minutes, followed by 45 
cycles at 95°C for 15 seconds and 60°C for 30 seconds. 
Reactions were performed in triplicate. All runs included 
one negative-template control consisting of PCR-grade 
water instead of cDNA. Relative quantification was 
performed according to the comparative 2-ΔΔCt method 
and using Lightcycler 96® software. Validation of assay 
to ensure that the primer used for the target and internal 
reference genes had similar amplification efficiencies, 
was performed. All qPCR analysis was performed 
according to The Minimum Information for Publication 
of Quantitative Real-Time PCR Experiments (MIQE) 
guideline (27).

Cell lysis and Western blot analysis
The levels of Apelin and Apj proteins in the heart of 

treated and untreated rats on day 28 were determined 

using Western blot analysis. Briefly, 50 mg of tissues were 
incubated for 30 minutes at 4°C  in 1 ml homogenization 
buffer (pH=7.4)  containing 255 mM sucrose, 2 mM  EDTA 
and 20 mM HEPES supplemented with protease inhibitor 
cocktail (Roche, Laval, Canada) and homogenized with  
homogenizer (Silent Crusher, Heidolph, Germany) on ice. 
Homogenates were centrifuged at 12000 g for 15 minutes at 
4°C, supernatants were collected and protein contents were 
determined using Bradford assay kit (Pars Azma, Iran). Next, 
25 μl of cell lysate was mixed with 25 μl sodium dodecyl 
sulphate (SDS) sample loading buffer (0.5 M Tris, pH=6.8, 
50% glycerol, 10% SDS, 7.5% 2-β mercaptoethanol, and 
0.2% bromophenol blue). The final concentration of protein 
in each sample was about 5 μg/μl. The samples were boiled 
for 10 minutes at 65°C, loaded on 10% SDS-polyacryleamide 
gel electrophoresis (SDS-PAGE) and electrotransferred onto 
a nitrocellulose membrane. (Schleicher & Schuell, Inc., 
Keene, NH). The membranes were blocked (for 1 hour) 
in Tris buffered saline (TBS) containing 0.05% Tween 20 
(TBST, pH=7.4) and nonfat dry milk (5%). Blots were then 
washed in TBS and incubated with primary antibodies (anti 
Apelin, anti APJ, and anti GAPDH, Abcam, Cambridge, UK) 
at 1:200 dilution. Primary antibodies were detected by using 
goat anti-rabbit horseradish peroxidase conjugated antibody 
(Abcam, Cambridge, UK, 1:1000 dilution) and DAB reagent 
(Sigma Aldrich, Germany). 

Statistical analysis
Statistical analysis was conducted using SPSS 18 

software. Descriptive statistics were presented as means ± 
SE. Means of each variable in the treatment groups and at 
various time points were compared using two-way analysis 
of variance. Group, time and their interaction term were 
considered as fixed effects in the model. In significant 
cases, adjusted comparison of means was undertaken using 
Sidak post-hoc test. In case of high variability among data 
and non-homogenous variance, transformation of data was 
performed. For most factors, variance became homogenous 
after logarithmic transformation. However, comparison of 
weight of animals among experimental groups on each day, 
was performed using non-parametric analysis of variance 
(Kruskal-Wallis test) followed by Mann-Whitney U test. In 
all analysis, a P<0.05 was considered statistically significant.  

Results

L-carnitine supplementation and insulin resistance 
markers

Serum glucose level showed no significant changes after 5 
weeks of feeding with HF/HC, while it significantly increased 
after STZ treatment (Fig.1A). Higher levels of insulin and 
HOMA-IR were found in diabetic group after diabetes 
induction as compared to control group (P<0.05, Fig.1B, C). 
These results showed that HF/HC diet and STZ treatment led 
to obvious insulin resistance with higher insulin, glucose and 
HOMA-IR levels compared to control animals. Treatment 
of diabetic rats with LC for 14 or 28 days could improve 
hyperglycemia, hyperinsulinemia and elevated HOMA-IR, 
in particular, 28 days after LC supplementation (Fig.1A-C).

http://www.ncbi.nlm.nih.gov/nuccore/NM_031612.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_031349.2
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Fig.1: Effect of LC on glucose, insulin and HOMA-IR levels in HF/HC diet 
fed diabetic rats. Rats were fed with regular chow diet (control) or HF/
HC diet for 5 weeks (diabetic). HF/HC fed rats were treated with LC (300 
mg/kg/day) from the first day of diabetes confirmation for 14 or 28 days 
(Diabetic+LC, n=5/group). A. Serum glucose levels, B. Serum insulin level, 
and C. HOMA-IR levels.  Data are expressed as means ± SE. Different 
letters (a, b and c) demonstrate significant differences between groups on 
each day at P<0.05. 
LC; L-carnitine, HOMA-IR; Homeostatic model assessment of insulin 
resistance, and HF/HC; High fat/high carbohydrate.

L-carnitine supplementation and body weight change

Significant difference was observed in body weight 
between the HF/HC-fed group and the group fed with 
regular diet. Feeding of rats with high calorie diet 
for five weeks resulted in elevation of body weight 
compared to the control group in a time-dependent 
manner (P<0.05, Fig.2). Diabetic rats treated with LC 
for 14 or 28 days showed no significant changes in body 
weight (P>0.05, Fig.2). Also, 28-day treatment with LC 
did not change the body weight of healthy rats.

Fig.2: Effect of LC on body weight change in HF/HC diet fed diabetic rats. 
Rats were fed with regular chow diet (control) or HF/HC diet for 5 weeks 
(diabetic). HF/HC fed rats were treated with LC (300 mg/kg/day) from the 
first day of diabetes confirmation for 14 or 28 days (Diabetic+LC, n=5/
group). Data are presented as means ± SE. Different letters (a, b and c) 
demonstrate significant differences among groups on each day at P<0.05.
LC; L-carnitine and HF/HC; High fat/high carbohydrate.

L-carnitine supplementation and alteration of serum 
levels of Apelin 

Compared to the control group, HF/HC diet caused a 
significant increase in plasma levels of Apelin on all days 
of the experiment. Treatment of diabetic rats with LC for 
14 days had no obvious effect on serum levels of Apelin, 
while diabetic rats treated with LC for 28 days, showed 
significantly reduced serum levels of Apelin (P<0.05). LC 
administration for 14 or 28 days did not change the serum 
levels of Apelin in healthy rats (Fig.3).

Fig.3: Effect of LC on serum Apelin level in HF/HC diet fed diabetic rats. 
Rats were fed with regular chow diet (control) or HF/HC diet for 5 weeks 
(diabetic). HF/HC fed rats were treated with LC (300 mg/kg/day) from the 
first day of diabetes confirmation for 14 or 28 days (Diabetic+LC, n=5/
group). Data are expressed as means ± SE. Different letters (a, b and c) 
demonstrate significant differences among groups on each day at P<0.05.
LC; L-carnitine and HF/HC; High fat/high carbohydrate.

L-carnitine influenced Apelin and Apj expression in 
cardiac muscle of diabetic rats

The expression level of myocardial Apelin was significantly 
increased in diabetic rats on days 14 and 28 after diabetes 
induction compared to rats that were fed with normal diet 
(P<0.05, Fig.4A, B). LC treatment for 14 days did not affect 
the expression of Apelin in cardiac muscle of diabetic rats, 

A

B
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while myocardial Apelin expression was down regulated 
in diabetic animals that received LC for 28 days (P<0.05, 
Fig.4A, B).

Apj expression was increased in cardiac muscle of diabetic 
rats 14 days after diabetes induction compared to control 
animals, while after day 14, it reduced to levels similar to 
those of control healthy rats. LC treatment significantly 
reduced the expression of myocardial Apj in diabetic rats 
(P<0.05, Fig. 4C, D). These results indicated that the LC 
treatment efficiently reduced the myocardial over-expression 
of Apelin and Apj caused by the HF/HC diet. Treatment of 
healthy rats with LC had no significant effect on myocardial 
expression of Apelin and Apj genes (P>0.05, Fig.4A-D).

Fig.4: Effect of LC on expression of Apelin and Apj mRNA (on days 0, 14 and 
28 of experiment) and protein (on day 28 of experiment) in cardiac muscle 
of HF/HC diet fed diabetic rats. Rats were fed with regular chow diet 
(control) or HF/HC diet for 5 weeks (diabetic). HF/HC fed rats were treated 
with LC (300 mg/kg/day) from the first day of diabetes confirmation 
for 14 or 28 days (Diabetic+LC, n=5/group). A. Apelin mRNA level, B. 
Apelin protein level, C. Apj mRNA level, and D. Apj protein level.  Data 
are expressed as means ± SE. Different letters (a, b and c) demonstrate 
significant differences among groups on each day at P<0.05.
LC; L-carnitine and HF/HC; High fat/high carbohydrate.

Effect of L-carnitine supplementation on serum lipids 
Changes in serum lipids including TG, cholesterol, 

HDL and LDL on days 0, 14 and 21 after treatment 
of diabetic rats with LC are shown in Figure 5A-D. 
Significantly higher levels of serum levels of TG and LDL 
were observed in HF/HC fed group when compared to 
the regular diet-fed control at the end of HF/HC feeding 
period (P<0.05). However, cholesterol and HDL levels 
in diabetic rats were similar to those in control animal. 
On days 14 and 28 after diabetes induction, serum levels 
of TG, cholesterol and LDL were elevated, while HDL 
level were reduced in the HF/HC fed group compared 
to the control ones (P<0.05, Fig. 5A-D). In diabetic rats 
that were treated with LC for 14 days, serum levels of TG 
and LDL were reduced, while those were treated for 28 
days showed reduced level of serum TG and LDL, and 
increased levels of HDL compared to untreated diabetic 
animals (P<0.05, Fig.5A-D).
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Fig.5: Effect of LC on levels of serum lipidsin HF/HC diet fed diabetic rats. 
Rats were fed with regular chow diet (control) or HF/HC diet for 5 weeks 
(diabetic). HF/HC fed rats were treated with LC (300 mg/kg/day) from the 
first day of diabetes confirmation for 14 or 28 days (Diabetic+LC, n=5/
group). A. Triglyceride, B. Total cholesterol, C. LDL-C, and D. HDL-C. Data 
are expressed as means ± SE. Different letters (a, b and c) demonstrate 
significant differences among groups on each day at P<0.05. 
LC; L-carnitine, HF/HC; High fat/high carbohydrate, LDL-C; Low density 
lipoprotein-cholesterol, and HDL-C; High density lipoprotein-cholesterol.

Alterations of serum tumor necrosis factor-α and 
interleukin-1β in diabetic rats treated with L-carnitine

To investigate whether LC could improve inflammation 

caused by feeding with HF/HC diets, serum levels of 
TNF-α and IL-1β were measured in treated and non-
treated animals. Serum and tissue levels of TNF-α 
in all four groups after receiving their respective 
treatment, are shown in Figure 6A, B. Serum TNF-α 
level in rats fed with HF/HC diet was higher than that 
of rats fed with the normal diet on days 0 (2.35 fold), 
14 (2.92 fold) and 28 (3.7 fold) (P<0.05, Fig.6A). 
Cardiac TNF-α level was also higher in diabetic 
rats compared to control rats on different days after 
diabetes induction (P<0.05, Fig.6B).  LC treatment 
significantly suppressed serum and tissue levels of 
TNFα in HF/HC fed rats on days 14 and 28  compared 
to untreated diabetic animals (P<0.05, Fig.6A, B). LC 
treatment had no obvious effect on serum and tissue 
concentrations of TNFα in healthy rats (P>0.05).

Serum levels of IL-1β were increased in HF/HC fed 
rats  by 1.85, 2.43 and 2.54 fold on days 0, 14 and 28 
after feeding, respectively (P<0.05, Fig.6C). Cardiac 
IL-1β level was also increased in a time-dependent 
manner in diabetic animals compared to healthy rats 
(P<0.05, Fig.6D). Treatment of diabetic rats with LC 
for 14 or 28 days significantly reduced the serum and 
cardiac levels of IL-1β compared to untreated diabetic 
rats (P<0.05, Fig.6C, D).

D

Fig.6: Effect of LC on serum and cardiac muscle levels of TNF-α and IL-1β of HF/HC diet induced diabetic rats. Rats were fed with regular chow diet (control) 
or HF/HC diet for 5 weeks (diabetic). HF/HC fed rats were treated with LC (300 mg/kg/day) from the first day of diabetes confirmation for 14 or 28 days 
(Diabetic+LC, n=5/group). A. Serum TNF-α, B. Cardiac muscle TNF-α, C. Serum IL-1β, and D. Cardiac muscle IL-1β.  Data are means ± SE. Different letters 
(a, b and c) demonstrate significant differences between groups in each day at P<0.05.
LC; L-carnitine, HF/HC; High fat/high carbohydrate, TNF-α; Tumor necrosis factor-α, and IL-1β; interleukin-1β.  
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Discussion 
Obesity is one of the most important causes of CVDs. 

Obesity can disrupt secretion of adipose-derived 
adipokines and lead to systemic metabolic dysfunction, 
inflammation and cardiovascular complications (2-4). 
According to recent studies, Apelin and its receptor, Apj, 
have dysregulated expression or secretion patterns in 
cardiovascular system of obese diabetic rats (28). In the 
present study, high-fat fed rats with obesity and diabetes 
were used to investigate the potential effects of LC on 
Apelin system expression in cardiac muscle.

The results of the present study demonstrated that rats fed 
with a HF/HC diet showed increased levels of body weight, 
blood cholesterol, TG, LDL-C and glucose along with 
hyperinsulinemia and insulin resistance when compared to 
control animals. In accordance with our results, previous 
works showed that plasma Apelin level is elevated in patients 
or animals with type II diabetes and insulin resistance (5, 9, 
11, 15, 16). The increased Apelin expression may be due 
to hyperinsulinemia, since it has been reported that lack of 
insulin in STZ-treated mice is associated with a decreased 
expression of Apelin in adipocytes (29).

Our results showed that Apelin and its receptors 
were upregulated in cardiac muscle of obese diabetic 
rats. Recently, Alfarano et al. (28) showed that Apelin 
treatment of obese animals with heart failure accelerates 
myocardial fatty acid oxidation and improves glucose 
tolerance. Several studies have provided convincing 
evidence indicating that mitochondrial dysfunction may 
be an important event in the development of heart failure in 
diabetic patients (30). Apelin can attenuate mitochondrial 
damage in cardiac muscle by increasing mitochondrial 
DNA content and citrate synthase activity (28). Increased 
Apelin secretion or expression in diabetic rats, along with 
hyperinsulinemia, may be a compensatory mechanism to 
enhance insulin sensitivity and glucose uptake in target 
tissues such as cardiac muscle. In this regard, recent 
studies have shown that Apelin stimulates glucose uptake 
in myotubes, resulting in increased insulin sensitivity and 
suppression of lipid accumulation in myotubes (31-34).

Our results showed that changes in metabolic indices 
were associated with increased serum and tissue 
inflammatory markers including TNFα and IL-1β. These 
factors have important roles in cardiovascular dysfunctions 
in animals and humans with obesity, diabetes and insulin 
resistance (30, 33). Recent in vivo and in vitro findings 
have shown that TNF-α induces Apelin gene expression in 
obese mice. Furthermore, short-term exposure to an intra 
peritoneal.injection of TNF-α in C57Bl6/J mice increased 
Apelin expression in adipose tissue and enhanced Apelin 
plasma levels (33). These results support our hypothesis 
that inflammatory factors such as TNF-α upregulates 
the Apelin axis which, in turn, modulates multiple 
physiological processes and may contribute to Apelin-
mediated attenuation of cardiac dysfunction. Based on the 
above findings, it might be concluded that up regulation 
of Apelin in cardiac muscle of diabetic rats may improve 

the function of cardiac muscle in this condition and may 
attenuate the pathophysiological complications in patients 
with heart failure. 

Our results showed that LC, when added to the 
drinking water, attenuates increased Apelin and Apj gene 
expression in cardiac muscle and reduces serum levels 
of Apelin diabetic rats; these changes were associated 
with reduced insulin resistance indices and serum 
inflammatory markers. To the best of our knowledge, this 
is the first report showing cardioprotective effects of LC 
in diabetes and obesity conditions and its association with 
modulation of Apelin axis in cardiac muscle. 

LC supplementation may be beneficial in obesity and 
diabetes conditions as in obese rats with insulin resistance, 
it was shown that LC supplementation improves glucose 
tolerance and increases total energy expenditure (35). The 
molecular mechanism through which LC down regulates 
Apelin and Apj expression in cardiac muscle of diabetic 
rats, is unknown. 

Previous study has shown that weight loss can lead to 
significant reduction of adipose tissue Apelin expression; in 
the present study, LC treatment led to a weight loss in diabetic 
rats compared to untreated ones (36). These findings support 
the possible role of weight reduction on Apelin expression 
in cardiac muscle. Furthermore, treatment of diabetic rats 
with LC significantly reduced the serum levels of IL-1β and 
TNF-α (37). Because elevated inflammatory cytokines in 
obesity can accelerate the expression and secretion of Apelin, 
it is hypothesized that down regulation of cardiac Apelin in 
obese diabetic rats treated with LC may be associated with 
anti-inflammatory action of LC. 

In previous studies, the relationship between 
cardiomyopathy, cardiac arrhythmia and heart failure due to 
accumulation of long-chain fatty acids in the absence of LC 
or its functional derivatives has been proven (38). In obese 
patients died with insulin resistance, severe heart failure and 
myocardial infarction have been reported concomitant with 
very low levels of serum LC (39). Apelin axis can improve 
metabolic and inflammatory disturbances in cardiac muscle 
of patients with CVDs. Thus, it seems that following LC 
treatment, by improving the metabolic and inflammatory 
complications, Apelin expression was reduced, suggesting 
that an increase in Apelin axis expression may reflect a 
compensatory mechanism against development of insulin 
resistance complications in cardiac muscle of obese patients. 

Conclusion
The results of the current study revealed that cardiac 

Apelin and Apj expression were increased in the HF/HC 
fed rats and these changes were significantly correlated 
with increased serum levels of Apelin and insulin, body 
weight, insulin resistance, inflammatory markers and the 
atherogenic lipid profile. Treatment of diabetic rats with 
LC resulted in down regulation of Apelin axis in diabetic 
rats concomitant with improving insulin resistance and 
inflammatory markers and weight loss. These results 
suggest that LC acts as novel regulator of Apelin axis in 
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cardiac muscle that can improve cardiac complications in 
diabetic patients.

Acknowledgements 
This work was financially supported by a Grant from 

Shiraz University. The authors declare that they have no 
conflicts of interest.

Author’s Contribution
S.N., M.R.T.; Designed the study. N.R.K.; Performed the 

study and collected the data. M.A.L., M.R.T.; Analyzed 
the results. N.R.K., M.R.T.; Drafted the article. M.R.T.; 
Revised the article critically for important intellectual 
content, had full access to all the data in the study and 
takes responsibility for the integrity of the data and the 
accuracy of the data analysis. All authors approved the 
final version to be published.

References
1.	 Balistreri CR, Caruso C, Candore G. The role of adipose tissue and 

adipokines in obesity-related inflammatory diseases. Mediators In-
flamm. 2010; 2010: 802078

2.	 Global Burden of Metabolic Risk Factors for Chronic Diseases  Col-
laboration (BMI Mediated Effects), Lu Y, Hajifathalian K, Ezzati M, 
Woodward M, Rimm EB, et al. Metabolic mediators of the effects of 
body-mass index, overweight, and obesity on coronary heart dis-
ease and stroke: a pooled analysis of 97 prospective cohorts with 
1.8 million participants. Lancet. 2014; 383(9921): 970-983.

3.	 Van de Voorde J, Pauwels B, Boydens C, Decaluwé K. Adipocy-
tokines in relation to cardiovascular disease. Metabolism. 2013; 
62(11): 1513-1521

4.	 Ouchi N. Adipocytokines in cardiovascular and metabolic Diseas-
es. J Atheroscler Thromb. 2016; 23(6): 645-654.

5.	 Nazari M, Moghimipour E, Tabandeh MR. Betaine down regulates 
Apelin gene expression in cardiac and adipose tissues of insulin 
resistant diabetic rats fed by high calorie diet. Int J Pept Res Ther. 
2016; 23(2): 181-190.

6.	 Seifi S, Nazifi S, Tabandeh MR, Saeb M. AdipoR1 and AdipoR2 
gene expression are regulated by thyroid hormones in adipose tis-
sue. Mol Cell Biochem. 2013; 377: 55-63.

7.	 Tabandeh MR, Jafari H, Hosseini SA, Hashemitabar M. Ginsen-
oside Rb1 stimulates adiponectin signaling in C2C12 muscle cells 
through up-regulation of AdipoR1 and AdipoR2 proteins. Pharma-
ceut Biol. 2015; 53(1): 125-132.

8.	 O’Carroll AM, Lolait SJ, Harris LE, Pope GR. The apelin receptor 
APJ: journey from an orphan to a multifaceted regulator of homeo-
stasis. J Endocrinol. 2013; 219(1): R31-R35. 

9.	 García-Díaz D, Campión J, Milagro FI, Martínez JA. Adiposity de-
pendent Apelin gene expression: relationships with oxidative and 
inflammation markers. Mol Cell Biochem. 2007; 305(1-2): 87-94.

10.	 Pisarenko OI, Lankin VZ, Konovalova GG, Serebryakova LI, Shul-
zhenko VS, Timoshin AA, et al. Apelin-12 and its structural analog 
enhance antioxidant defense in experimental myocardial ischemia 
and reperfusion. Mol Cell Biochem. 2014; 391(1-2): 241-250. 

11.	 Zhu S, Sun F, Li W, Cao Y, Wang C, Wang Y, et al. Apelin stimu-
lates glucose uptake through the PI3K/Akt pathway and improves 
insulin resistance in 3T3-L1 adipocytes. Mol Cell Biochem. 2011; 
353(1-2): 305-313. 

12.	 Sorhede WM, Magnusson C, Ahre´n B. The apj receptor is ex-
pressed in pancreatic islets and its ligand, Apelin, inhibits insulin 
secretion in mice. Regul Pept. 2005; 131(1-3): 12-17.

13.	 Guo L, Li Q, Wang W, Yu P, Pan H, Li P, et al. Apelin inhibits insulin 
secretion in pancreatic beta-cells by activation of PI3-kinase-phos-
phodiesterase. Endocr Res. 2009; 34(4): 142-154.

14.	 Ringström C, Nitert MD, Bennet H, Fex M, Valet P, Rehfeld JF, et al. 
Apelin is a novel islet peptide. Regul Pept. 2010; 162(1-3): 44-51.

15.	 Li L, Yang G, Li Q, Tang Y, Yang M, Yang H, et al. Changes and 
relations of circulating visfatin, Apelin, and resistin levels in normal, 
impaired glucose tolerance, and type 2 diabetic subjects. Exp Clin 
Endocrinol Diabetes. 2006; 114(10): 544-548.

16.	 Soriguer F, Garrido-Sanchez L, Garcia-Serrano S, Garcia-Almei-
da JM, Garcia-Arnes J, Tinahones FJ, et al. Apelin levels are in-

creased in morbidly obese subjects with type 2 diabetes mellitus. 
Obes Surg. 2009; 19(11):1574-1580. 

17.	 Hyokjoon K, Pessin JE. Adipokines mediate inflammation and insu-
lin resistance. Front Endocrinol (Lausanne). 2013; 4: 71.

18.	 Yu S, Zhang Y, Li MZ, Xu H, Wang Q, Song J, et al. Chemerin and 
apelin are positively correlated with inflammation in obese type 2 
diabetic patients.  Chin Med J (Engl). 2012; 125 (19): 3440-3444.

19.	 Kleinz MJ, Skepper JN, Davenport AP. Immunocytochemical lo-
calization of the apelin receptor, APJ, to human cardiomyocytes, 
vascular smooth muscle and endothelial cells. Regul Pept. 2005; 
126(3): 233-240.

20.	 Tatemoto K, Takayama K, Zou MX, Kumaki I, Zhang W, Kumano 
K, et al. The novel peptide Apelin lowers blood pressure via a nitric 
oxide-dependent mechanism. Regul Pept. 2001; 99(2-3): 87-92.

21.	 Kuba K, Zhang L, Imai Y, Arab S, Chen M, Maekawa Y, et al. Impaired 
heart contractility in Apelin gene deficient mice associated with aging 
and pressure overload. Circ Res. 2007; 101(4): e32-e42.

22.	 Japp AG, Cruden NL, Barnes G, van Gemeren N, Mathews J, Ad-
amson J, et al. Acute cardiovascular effects of apelin in humans: 
potential role in patients with chronic heart failure. Circulation. 
2010; 121(16): 1818-1827.

23.	 Castan-Laurell I, Dray C, Attané C, Duparc T, Knauf C, Valet P. 
Apelin, diabetes, and obesity. Endocrine. 2011; 40(1): 1-9.

24.	 Ferrari R1, Merli E, Cicchitelli G, Mele D, Fucili A, Ceconi C. Thera-
peutic effects of L-carnitine and propionyl-L-carnitine on cardiovas-
cular diseases: a review. Ann N Y Acad Sci. 2014; 1033: 79-91.

25.	 DiNicolantonio JJ, Lavie CJ, Fares H, Menezes AR, O’Keefe JH. 
L-carnitine in the secondary prevention of cardiovascular disease: 
systematic review and meta-analysis. Mayo Clin Proc. 2013; 88(6): 
544-551.

26.	 Buettner R, Parhofer KG, Woenckhaus M, Wrede CE, Kunz-
Schughart LA, Schölmerich J, et al. Defining high-fat-diet rat mod-
els: metabolic and molecular effects of different fat types. J Mol 
Endocrinol. 2006; 36(3): 485-501.

27.	 Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista 
M, et al. The MIQE guidelines: Minimum information for publication 
of quantitative real-time PCR experiments. Clin Chem. 2009; 55(4): 
611-622.

28.	 Alfarano C, Foussal C, Lairez O, Calise D, Attane C, Anesia A, et al. 
Transition from metabolic adaptation to maladaptation of the heart 
in obesity: role of apelin. Int J Obes (Lond). 2015; 39(2): 312-320.

29.	 Wu H, Cheng XW, Hao C, Zhang Z, Yao H, Murohara T, et al. Regu-
lation of apelin and its receptor expression in adipose tissues of 
obesity rats with hypertension and cultured 3T3-L1 adipocytes. 
Exp Anim. 2014; 63(2): 257-267.

30.	 Bugger H, Abel ED. Molecular mechanisms for myocardial mito-
chondrial dysfunction in the metabolic syndrome. Clin Sci (Lond). 
2008; 114(3): 195-210. 

31.	 Attané C, Foussal C, Le Gonidec S, Benani A, Daviaud D, Wanecq 
E, et al.  Apelin treatment increases complete fatty acid oxidation, 
mitochondrial oxidative capacity, and biogenesis in muscle of insu-
lin-resistant mice. Diabetes. 2012; 61(2): 310-320.

32.	 Dray C, Knauf C, Daviaud D, Waget A, Boucher J, Buléon M, et al.   
Apelin stimulates glucose utilization in normal and obese insulin-
resistant mice. Cell Metab. 2008; 8(5): 437-445.

33.	 Daviaud D, Boucher J, Gesta S, Dray C, Guigne C, Quilliot D, et 
al. TNFα up-regulates apelin expression in human and mouse adi-
pose tissue. FASEB J. 2006; 20(9): 1528-1530.

34.	 Cave MC, Hurt RT, Frazier TH, Matheson PJ, Garrison RN, Mc-
Clain CJ, et al. Obesity, inflammation, and the potential application 
of pharmaconutrition. Nutr Clin Pract. 2008; 23(1): 16-34.

35.	 Uysal N, Yalaz G, Acikgoz O, Gonenc S, Kaya BM. Effect of L-
carnitine on diabetogenic action of streptozotocin in rat. Neuro En-
docrinol Lett. 2005; 26(4): 419-422.

36.	 Krist J, Wieder K, Klöting N, Oberbach A, Kralisch S, Wiesner T, et 
al. Effects of weight loss and exercise on apelin serum concentra-
tions and adipose tissue expression in human obesity. Obes Facts. 
2013; 6(1): 57-69.

37.	 Miguel-Carrasco JL, Mate A, Monserrat MT, Arias JL, Aramburu O, 
Vázquez CM. The Role of inflammatory markers in the cardiopro-
tective effect of L-Carnitine in l-NAME-induced hypertension. Am J 
Hypertens. 2008; 21(11): 1231-1237.

38.	 Fu LJ, Chen SB, Han LS, Guo Y, Zhao PJ, Zhu M, et al. Clinical pre-
sentation and therapeutic outcomes of carnitine deficiency-induced 
cardiomyopathy. Zhonghua Er Ke Za Zhi. 2012; 50(12): 929-934.

39.	 Dinicolantonio JJ, Niazi AK, McCarty MF, Lavie CJ, Liberopoulos 
E, O’Keefe JH. L-carnitine for the treatment of acute myocardial 
infarction. Rev Cardiovasc Med. 2014; 15(1): 52-62.  

https://www.jstage.jst.go.jp/AF06S010ShsiKskGmnHyj?chshnmHkwtsh=Noriyuki+Ouchi
https://www.ncbi.nlm.nih.gov/pubmed/27087513
https://www.ncbi.nlm.nih.gov/pubmed/23378066
https://www.ncbi.nlm.nih.gov/pubmed/23378066
https://www.ncbi.nlm.nih.gov/pubmed/23378066
file:///D:/PALET/Work/Work%2097/Royan%20Yakhteh/Yakhteh%2079/Format/Word/18-Neda%20Ranjbar%20Kohan/javascript:void(0)
file:///D:/PALET/Work/Work%2097/Royan%20Yakhteh/Yakhteh%2079/Format/Word/18-Neda%20Ranjbar%20Kohan/javascript:void(0)
file:///D:/PALET/Work/Work%2097/Royan%20Yakhteh/Yakhteh%2079/Format/Word/18-Neda%20Ranjbar%20Kohan/javascript:void(0)
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garc%C3%ADa-D%C3%ADaz D%5BAuthor%5D&cauthor=true&cauthor_uid=17594060
https://www.ncbi.nlm.nih.gov/pubmed/?term=Campi%C3%B3n J%5BAuthor%5D&cauthor=true&cauthor_uid=17594060
https://www.ncbi.nlm.nih.gov/pubmed/?term=Milagro FI%5BAuthor%5D&cauthor=true&cauthor_uid=17594060
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mart%C3%ADnez JA%5BAuthor%5D&cauthor=true&cauthor_uid=17594060
https://www.ncbi.nlm.nih.gov/pubmed/17594060
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pisarenko OI%5BAuthor%5D&cauthor=true&cauthor_uid=24599747
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lankin VZ%5BAuthor%5D&cauthor=true&cauthor_uid=24599747
https://www.ncbi.nlm.nih.gov/pubmed/?term=Konovalova GG%5BAuthor%5D&cauthor=true&cauthor_uid=24599747
https://www.ncbi.nlm.nih.gov/pubmed/?term=Serebryakova LI%5BAuthor%5D&cauthor=true&cauthor_uid=24599747
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shulzhenko VS%5BAuthor%5D&cauthor=true&cauthor_uid=24599747
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shulzhenko VS%5BAuthor%5D&cauthor=true&cauthor_uid=24599747
https://www.ncbi.nlm.nih.gov/pubmed/?term=Timoshin AA%5BAuthor%5D&cauthor=true&cauthor_uid=24599747
https://www.ncbi.nlm.nih.gov/pubmed/24599747
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu S%5BAuthor%5D&cauthor=true&cauthor_uid=21461612
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun F%5BAuthor%5D&cauthor=true&cauthor_uid=21461612
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li W%5BAuthor%5D&cauthor=true&cauthor_uid=21461612
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cao Y%5BAuthor%5D&cauthor=true&cauthor_uid=21461612
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang C%5BAuthor%5D&cauthor=true&cauthor_uid=21461612
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang Y%5BAuthor%5D&cauthor=true&cauthor_uid=21461612
https://www.ncbi.nlm.nih.gov/pubmed/21461612
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nitert MD%5BAuthor%5D&cauthor=true&cauthor_uid=20346374
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bennet H%5BAuthor%5D&cauthor=true&cauthor_uid=20346374
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fex M%5BAuthor%5D&cauthor=true&cauthor_uid=20346374
http://www.ncbi.nlm.nih.gov/pubmed/?term=Valet P%5BAuthor%5D&cauthor=true&cauthor_uid=20346374
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rehfeld JF%5BAuthor%5D&cauthor=true&cauthor_uid=20346374
https://www.ncbi.nlm.nih.gov/pubmed/19756893
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yu S%5BAuthor%5D&cauthor=true&cauthor_uid=23044303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang Y%5BAuthor%5D&cauthor=true&cauthor_uid=23044303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li MZ%5BAuthor%5D&cauthor=true&cauthor_uid=23044303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu H%5BAuthor%5D&cauthor=true&cauthor_uid=23044303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang Q%5BAuthor%5D&cauthor=true&cauthor_uid=23044303
https://www.ncbi.nlm.nih.gov/pubmed/?term=Song J%5BAuthor%5D&cauthor=true&cauthor_uid=23044303
https://www.ncbi.nlm.nih.gov/pubmed/23044303
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kleinz MJ%5BAuthor%5D&cauthor=true&cauthor_uid=15664671
http://www.ncbi.nlm.nih.gov/pubmed/?term=Skepper JN%5BAuthor%5D&cauthor=true&cauthor_uid=15664671
http://www.ncbi.nlm.nih.gov/pubmed/?term=Davenport AP%5BAuthor%5D&cauthor=true&cauthor_uid=15664671
http://www.ncbi.nlm.nih.gov/pubmed/15664671
https://www.ncbi.nlm.nih.gov/pubmed/?term=Japp AG%5BAuthor%5D&cauthor=true&cauthor_uid=20385929
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cruden NL%5BAuthor%5D&cauthor=true&cauthor_uid=20385929
https://www.ncbi.nlm.nih.gov/pubmed/?term=Barnes G%5BAuthor%5D&cauthor=true&cauthor_uid=20385929
https://www.ncbi.nlm.nih.gov/pubmed/?term=van Gemeren N%5BAuthor%5D&cauthor=true&cauthor_uid=20385929
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mathews J%5BAuthor%5D&cauthor=true&cauthor_uid=20385929
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adamson J%5BAuthor%5D&cauthor=true&cauthor_uid=20385929
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adamson J%5BAuthor%5D&cauthor=true&cauthor_uid=20385929
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ferrari R%5BAuthor%5D&cauthor=true&cauthor_uid=15591005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Merli E%5BAuthor%5D&cauthor=true&cauthor_uid=15591005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cicchitelli G%5BAuthor%5D&cauthor=true&cauthor_uid=15591005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mele D%5BAuthor%5D&cauthor=true&cauthor_uid=15591005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fucili A%5BAuthor%5D&cauthor=true&cauthor_uid=15591005
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ceconi C%5BAuthor%5D&cauthor=true&cauthor_uid=15591005
https://www.ncbi.nlm.nih.gov/pubmed/15591005
http://www.ncbi.nlm.nih.gov/pubmed/19246619
http://www.ncbi.nlm.nih.gov/pubmed/24770651
http://www.fasebj.org/search?author1=Dani%C3%A8le+Daviaud&sortspec=date&submit=Submit
http://www.fasebj.org/search?author1=J%C3%A9r%C3%A9mie+Boucher&sortspec=date&submit=Submit
http://www.fasebj.org/search?author1=St%C3%A9phane+Gesta&sortspec=date&submit=Submit
http://www.fasebj.org/search?author1=C%C3%A9dric+Dray&sortspec=date&submit=Submit
http://www.fasebj.org/search?author1=Charlotte+Guigne&sortspec=date&submit=Submit
http://www.fasebj.org/search?author1=Didier+Quilliot&sortspec=date&submit=Submit
https://www.ncbi.nlm.nih.gov/pubmed/16135998
https://www.ncbi.nlm.nih.gov/pubmed/16135998
http://www.ncbi.nlm.nih.gov/pubmed/?term=Krist J%5BAuthor%5D&cauthor=true&cauthor_uid=23429279
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wieder K%5BAuthor%5D&cauthor=true&cauthor_uid=23429279
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kl%C3%B6ting N%5BAuthor%5D&cauthor=true&cauthor_uid=23429279
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oberbach A%5BAuthor%5D&cauthor=true&cauthor_uid=23429279
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kralisch S%5BAuthor%5D&cauthor=true&cauthor_uid=23429279
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wiesner T%5BAuthor%5D&cauthor=true&cauthor_uid=23429279
http://www.ncbi.nlm.nih.gov/pubmed/23429279
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fu LJ%5BAuthor%5D&cauthor=true&cauthor_uid=23324152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen SB%5BAuthor%5D&cauthor=true&cauthor_uid=23324152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Han LS%5BAuthor%5D&cauthor=true&cauthor_uid=23324152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guo Y%5BAuthor%5D&cauthor=true&cauthor_uid=23324152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao PJ%5BAuthor%5D&cauthor=true&cauthor_uid=23324152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu M%5BAuthor%5D&cauthor=true&cauthor_uid=23324152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dinicolantonio JJ%5BAuthor%5D&cauthor=true&cauthor_uid=24762466
https://www.ncbi.nlm.nih.gov/pubmed/?term=Niazi AK%5BAuthor%5D&cauthor=true&cauthor_uid=24762466
https://www.ncbi.nlm.nih.gov/pubmed/?term=McCarty MF%5BAuthor%5D&cauthor=true&cauthor_uid=24762466
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lavie CJ%5BAuthor%5D&cauthor=true&cauthor_uid=24762466
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liberopoulos E%5BAuthor%5D&cauthor=true&cauthor_uid=24762466
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liberopoulos E%5BAuthor%5D&cauthor=true&cauthor_uid=24762466
https://www.ncbi.nlm.nih.gov/pubmed/?term=O%27Keefe JH%5BAuthor%5D&cauthor=true&cauthor_uid=24762466
https://www.ncbi.nlm.nih.gov/pubmed/24762466

	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54
	_ENREF_55
	_ENREF_56
	_ENREF_57
	_ENREF_58
	_ENREF_59
	_ENREF_60
	_ENREF_61
	_ENREF_62
	_ENREF_63
	_ENREF_64
	_ENREF_65
	OLE_LINK1
	OLE_LINK87
	OLE_LINK86
	_GoBack
	OLE_LINK98
	OLE_LINK30
	OLE_LINK29
	OLE_LINK90
	OLE_LINK89
	OLE_LINK42
	OLE_LINK73
	OLE_LINK76
	OLE_LINK201
	OLE_LINK62
	OLE_LINK61
	OLE_LINK143
	OLE_LINK70
	OLE_LINK69
	OLE_LINK112
	OLE_LINK111
	OLE_LINK6
	OLE_LINK5
	OLE_LINK110
	OLE_LINK109
	OLE_LINK74
	OLE_LINK75
	OLE_LINK12
	OLE_LINK11
	OLE_LINK104
	OLE_LINK103
	OLE_LINK8
	OLE_LINK7
	OLE_LINK16
	OLE_LINK15
	OLE_LINK88
	OLE_LINK22
	OLE_LINK21
	OLE_LINK106
	OLE_LINK105
	OLE_LINK48
	OLE_LINK47
	OLE_LINK121
	OLE_LINK124
	OLE_LINK108
	OLE_LINK107
	OLE_LINK4
	OLE_LINK3
	OLE_LINK20
	OLE_LINK19
	OLE_LINK132
	OLE_LINK131
	OLE_LINK134
	OLE_LINK133
	OLE_LINK136
	OLE_LINK135
	OLE_LINK39
	OLE_LINK26
	OLE_LINK25
	OLE_LINK23
	OLE_LINK24
	OLE_LINK114
	OLE_LINK113
	OLE_LINK72
	OLE_LINK71
	OLE_LINK66
	OLE_LINK65
	OLE_LINK116
	OLE_LINK115
	OLE_LINK28
	OLE_LINK27
	OLE_LINK2
	OLE_LINK1
	OLE_LINK34
	OLE_LINK33
	OLE_LINK130
	OLE_LINK129
	OLE_LINK56
	OLE_LINK55
	OLE_LINK58
	OLE_LINK57
	OLE_LINK60
	OLE_LINK59
	OLE_LINK126
	OLE_LINK125
	OLE_LINK67
	OLE_LINK68
	OLE_LINK81
	OLE_LINK78
	OLE_LINK77
	_ENREF_14
	_ENREF_24
	_ENREF_27
	_ENREF_28
	_GoBack
	_ENREF_8
	_ENREF_1
	_ENREF_2
	_ENREF_14
	_ENREF_17
	_ENREF_25
	_ENREF_27
	_ENREF_37
	_ENREF_38
	OLE_LINK1
	OLE_LINK3
	OLE_LINK4
	OLE_LINK66
	OLE_LINK74
	OLE_LINK39
	OLE_LINK36
	OLE_LINK30
	OLE_LINK7
	OLE_LINK8
	OLE_LINK11
	OLE_LINK12
	OLE_LINK13
	OLE_LINK50
	OLE_LINK51
	OLE_LINK56
	OLE_LINK57
	OLE_LINK52
	OLE_LINK53
	OLE_LINK9
	OLE_LINK10
	OLE_LINK5
	OLE_LINK6
	OLE_LINK40
	OLE_LINK41
	OLE_LINK42
	OLE_LINK43
	OLE_LINK44
	OLE_LINK45
	OLE_LINK96
	OLE_LINK97
	OLE_LINK67
	OLE_LINK80
	OLE_LINK81
	OLE_LINK16
	OLE_LINK17
	OLE_LINK2
	OLE_LINK55
	OLE_LINK49
	OLE_LINK54
	_ENREF_10
	_ENREF_13
	_ENREF_14
	_ENREF_21
	_ENREF_24
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_34
	_ENREF_35
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_GoBack
	_GoBack
	_GoBack
	OLE_LINK98
	OLE_LINK99
	OLE_LINK102
	OLE_LINK48
	OLE_LINK153
	OLE_LINK156
	OLE_LINK131
	OLE_LINK132
	OLE_LINK209
	OLE_LINK100
	OLE_LINK101
	OLE_LINK103
	OLE_LINK104
	OLE_LINK105
	OLE_LINK106
	OLE_LINK107
	OLE_LINK108
	OLE_LINK207
	OLE_LINK208
	OLE_LINK111
	OLE_LINK122
	OLE_LINK123
	OLE_LINK3
	OLE_LINK4
	OLE_LINK210
	OLE_LINK211
	OLE_LINK115
	OLE_LINK116
	OLE_LINK212
	OLE_LINK213
	OLE_LINK14
	OLE_LINK15
	OLE_LINK16
	OLE_LINK17
	OLE_LINK214
	OLE_LINK215
	OLE_LINK12
	OLE_LINK13
	OLE_LINK128
	OLE_LINK10
	OLE_LINK11
	OLE_LINK28
	OLE_LINK29
	OLE_LINK26
	OLE_LINK27
	OLE_LINK22
	OLE_LINK23
	OLE_LINK18
	OLE_LINK19
	OLE_LINK20
	OLE_LINK21
	OLE_LINK24
	OLE_LINK25
	OLE_LINK30
	OLE_LINK220
	OLE_LINK221
	OLE_LINK216
	OLE_LINK217
	OLE_LINK35
	OLE_LINK36
	OLE_LINK59
	OLE_LINK60
	OLE_LINK52
	OLE_LINK53
	OLE_LINK54
	OLE_LINK55
	OLE_LINK56
	OLE_LINK57
	OLE_LINK58
	OLE_LINK63
	OLE_LINK64
	OLE_LINK61
	OLE_LINK62
	OLE_LINK65
	OLE_LINK66
	OLE_LINK73
	OLE_LINK74
	OLE_LINK77
	OLE_LINK78
	OLE_LINK218
	OLE_LINK219
	OLE_LINK1
	OLE_LINK2
	OLE_LINK7
	OLE_LINK8
	OLE_LINK9
	OLE_LINK31
	OLE_LINK32
	OLE_LINK33
	OLE_LINK34
	OLE_LINK37
	OLE_LINK38
	OLE_LINK41
	OLE_LINK46
	OLE_LINK47
	OLE_LINK112
	OLE_LINK113
	OLE_LINK114
	OLE_LINK117
	OLE_LINK120
	OLE_LINK121
	OLE_LINK124
	OLE_LINK125
	OLE_LINK126
	OLE_LINK127
	OLE_LINK129
	OLE_LINK130
	OLE_LINK181
	OLE_LINK182
	OLE_LINK179
	OLE_LINK180
	OLE_LINK133
	OLE_LINK134
	OLE_LINK177
	OLE_LINK178
	OLE_LINK175
	OLE_LINK176
	OLE_LINK185
	OLE_LINK186
	OLE_LINK187
	OLE_LINK188
	OLE_LINK189
	OLE_LINK190
	OLE_LINK49
	OLE_LINK96
	OLE_LINK140
	OLE_LINK138
	OLE_LINK139
	OLE_LINK97
	OLE_LINK135
	OLE_LINK136
	OLE_LINK137
	OLE_LINK141
	OLE_LINK142
	OLE_LINK151
	OLE_LINK152
	OLE_LINK154
	OLE_LINK155
	OLE_LINK161
	OLE_LINK157
	OLE_LINK158
	OLE_LINK159
	OLE_LINK160
	OLE_LINK201
	OLE_LINK202
	OLE_LINK166
	OLE_LINK167
	OLE_LINK162
	OLE_LINK163
	OLE_LINK170
	OLE_LINK171
	OLE_LINK203
	OLE_LINK204
	OLE_LINK205
	OLE_LINK206
	OLE_LINK168
	OLE_LINK169
	OLE_LINK174
	OLE_LINK183
	OLE_LINK194
	OLE_LINK195
	OLE_LINK184
	OLE_LINK191
	OLE_LINK196
	OLE_LINK197
	OLE_LINK199
	OLE_LINK200
	OLE_LINK234
	OLE_LINK235
	OLE_LINK236
	_ENREF_2
	_ENREF_4
	_ENREF_8
	_ENREF_9
	_ENREF_11
	_ENREF_12
	_ENREF_14
	_ENREF_17
	_ENREF_18
	_ENREF_20
	_ENREF_21
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_28
	_ENREF_29

