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Summary 
Spontaneously hypertensive rats (SHR/NIH strain) harbor a deletion variant in the Cd36 fatty acid transporter and 
display defective fatty acid metabolism, insulin resistance and hypertension. Transgenic rescue of Cd36 in SHR 
ameliorates insulin resistance and improves dyslipidemia. However, the role of Cd36 in blood pressure regulation 
remains controversial due to inconsistent blood pressure effects that were observed with transgenic expression of Cd36 
on the SHR background. In the current studies, we developed two new SHR transgenic lines, which express wild type 
Cd36 under the control of the universal Ef-1α promoter, and examined the effects of transgenic expression of wild type 
Cd36 on selected metabolic and cardiovascular phenotypes. Transgenic expression of Cd36 in the new lines was 
associated with significantly decreased serum fatty acids, amelioration of insulin resistance and glucose intolerance but 
failed to induce any consistent changes in blood pressure as measured by radiotelemetry. The current findings confirm 
the genetic association of defective Cd36 with disordered insulin action and fatty acid metabolism in the SHR/NIH 
strain and suggest that Cd36 is linked to other gene(s) on rat chromosome 4 that regulate blood pressure.  
 
 
Key words 
SHR •  Cd36 •  Transgenic animal •  Blood pressure •  Insulin resistance •  Fatty acids 
 
 
Introduction 
 
 Patients with the hypertension and metabolic 
syndrome typically develop several abnormalities of lipid 
and carbohydrate metabolism which are often 
accompanied by increased blood pressure, visceral 

obesity as well as defects in coagulation (Reaven 1993, 
1995, Groop and Ortho-Melander 2001). Epidemiological 
analyses (Neel et al. 1998, Pedersen 1999, Beck-Nielsen 
et al. 1999, Groop 2000, Jensen 2000, Ukkola and 
Bouchard 2001) and studies in animal models 
(Ernsberger et al. 1999, Kovacs et al. 2000, Mauvais-
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Jarvis and Kahn 2000, Kadowaki 2000, �edová et al. 
2000, �tolba et al. 1992) have indicated that this 
cardiovascular risk factor clustering is under significant 
genetic control. However, the molecular lesions 
responsible for these defects remain unknown.  
 The spontaneously hypertensive rat (SHR) is the 
most widely used animal model of human essential 
hypertension which under appropriate dietary conditions 
exhibits multiple metabolic disorders similar to the 
human dysmetabolic syndrome (Aitman et al. 1997, 
Pravenec et al. 1999, 2000). Recently, a deletion variant 
in Cd36, which codes for a long-chain fatty acid 
transporter on cell membranes, was detected in the 
SHR/NIH strain and was linked to the transmission of 
insulin resistance and disordered fatty acid metabolism 
(Aitman et al. 1999). Transgenic expression of wild type 
Cd36 under the control of a universal promoter in SHR 
harboring mutant Cd36 ameliorated insulin resistance and 
lowered serum levels of fatty acids (Pravenec et al. 
2001a). However, the effects of the wild type Cd36 
transgene expression on blood pressure regulation 
remained uncertain because the transgenic expression 
was associated with a modest amelioration of 
hypertension in only one of two transgenic lines 
(Pravenec et al. 2001b). This inconsistency raised the 
question of whether the change in blood pressure 
observed in the single transgenic line might have been 
related to the site of insertion of the transgene or to 
ectopic expression of the Cd36 transgene rather than to 
correction of CD36 deficiency per se. In the current 
studies, we derived two additional SHR Cd36 transgenic 
lines to further examine the role of Cd36 in carbohydrate 
and fatty acid metabolism and its possible effect on blood 
pressure regulation. 
 
Methods 
 
Animals 
 We derived two new transgenic SHR lines, 
SHR/Ola-TgN(EF1aCd36)93Ipcv (abbreviated as SHR-
TG93) and SHR/Ola-TgN(EF1aCd36)106Ipcv 
(abbreviated as SHR-TG106), by microinjecting 
SHR/Ola zygotes with wild type Cd36 cDNA as 
described previously (Pravenec et al. 2001a). The Cd36 
cDNA construct was prepared from fat tissue of a Wistar 
-Kyoto (WKY) rat by RT-PCR using primers (upstream 
nucleotides 21-40; downstream nucleotides 1897-1916) 
designed from the GenBank accession number L19658. 
The cDNA was cloned into the Invitrogen TA cloning 

vector pCR2.1 and then subcloned into the Invitrogen 
vector pEF1/V5-HisA using BamHI and XbaI restriction 
sites. The cloned cDNA was verified by direct 
sequencing. The construct was linearized by digesting the 
vector with AatII and SmaI to isolate a 4.8 kb fragment 
for transgene injection that contained the Ef-1α promoter, 
the cDNA for Cd36, and a bovine growth hormone 
polyadenylation sequence. The recipient SHR/Ola strain 
descends from the SHR/NIH strain and was one of the 
original strains used to map phenotypes linked to Cd36 
deficiency (Aitman et al. 1999). Littermates not 
inheriting the transgene were used as negative controls in 
phenotyping studies.  
 
Experimental protocol 
 From weaning, the rats were fed a standard 
chow, and at 8 weeks of age, the rats were fed a semi-
synthetic diet containing 60% fructose (Hope Farms, The 
Netherlands) for 15 days. Serum glucose, insulin, 
triglycerides, and non-esterified fatty acids (NEFA) were 
measured in non-fasted male rats after 15 days of fructose 
feeding. On day 13 of the high fructose diet feeding, an 
oral glucose tolerance test (OGTT) was performed using 
a glucose load of 300 mg/100 g body weight after 7-hour 
fasting. Blood was withdrawn from the tail without 
anesthesia before the glucose load and then after 30, 60 
and 120 min. Blood samples were clotted at 4 °C, 
centrifuged, and the sera were kept frozen until analysis.  
 All experiments were performed in agreement 
with the Animal Protection Law of the Czech Republic 
(311/1997) which corresponds fully to the European 
Community Council recommendations for the use of 
laboratory animals 86/609/ECC. The experiments were 
approved by the Ethics Committee of the Institute of 
Physiology, Czech Academy of Sciences, Prague. 
 
Biochemical analysis 
 Blood glucose levels were measured by the 
glucose oxidase assay (Lachema, Brno, Czech Republic) 
using tail vein blood drawn into 5 % trichloracetic acid 
and promptly centrifuged. Serum NEFA levels were 
determined using an acyl-CoA oxidase-based 
colorimetric kit (Roche Diagnostics GmbH, Mannheim, 
Germany). Serum triglycerides and total cholesterol 
concentrations were measured by standard enzymatic 
methods (Lachema, Brno, Czech Republic). Serum 
insulin concentrations were determined using a rat insulin 
radioimmunoassay kit (Amersham Pharmacia Biotech, 
UK).  
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 In vitro insulin sensitivity was determined in 
isolated diaphragmatic muscles by measuring the effect 
of insulin on incorporation of 14C-U glucose into total 
glycogen and also in epididymal fat pad by measuring the 
effect of insulin on incorporation of 14C-U glucose into 
fat. After decapitation, the diaphragmatic muscles or the 
epididymal fat pads were incubated for 2 h in Krebs-
Ringer bicarbonate buffer, pH 7.4, containing 0.1 µCi/ml 
of 14C-U glucose, 5 mmol/l of unlabeled glucose, and 2.5 
mg/ml of bovine serum albumin (Armour, Fraction V), 
without or with 250 µU/ml insulin. The tissues were 
incubated at 95 % O2 + 5 % CO2. Total glycogen from the 
diaphragmatic muscles and total lipids from the 
epididymal fat pads were extracted as described before 
(Vrána and Kazdová 1970). 
 
Hemodynamic studies 
 Arterial blood pressures and heart rates were 
measured continuously in unanesthetized, unrestrained 
male SHR-TG93 and SHR-TG106 transgenic rats and 
their SHR-TG control littermates between 10 and 14 
weeks of age using radiotelemetry. All rats were allowed 
to recover for at least 10 days after implantation of 
radiotelemetry transducers before the blood pressure 
recordings were started. Pulsatile pressures and heart 
rates were recorded in 5-second bursts every 5 min 
throughout the day and night for two weeks. 24-hour 
averages for mean arterial blood pressure and heart rate 
were calculated in each rat for each day of the study. The 
results from each rat in the same group were then 
averaged to obtained the group means. Rats were fed 
standard lab chow and tap water ad libitum throughout 
the study. 
 
Statistical analysis 
 All data are expressed as means ± S.E.M. 
Average mean blood pressures and heart rates over the 
course of the study were analyzed by repeated analysis of 
variance (ANOVA). Individual means for body weights, 
serum levels of glucose, insulin, and lipids and tissue 
content of glycogen and fat were compared by the t-test. 
Statistical significance was defined as p<0.05. 
 
Results 
 
RT-PCR analysis of cardiac tissue showed the expression 
of wild type Cd36 mRNA in both the SHR-TG93 and 
SHR-TG106 transgenic lines but not in the transgene 
negative littermates that express only the endogenous 

mutant Cd36 (Fig. 1A). Wild type Cd36 was also 
expressed in several other tissues including the kidney, 
liver, white adipose tissue (WAT), and skeletal muscle in 
both transgenic lines and in the BN rat harboring wild 
type Cd36, but not in the SHR with mutant Cd36 (Fig. 
1B).  
 

 
Fig. 1. A: RT-PCR expression of endogenous mutant and 
transgenic Cd36 in the heart B: RT-PCR expression of 
the wild type Cd36 transgene in the SHR-TG93 and 
SHR-TG106 transgenic line 
 
 
 Both the SHR-TG93 and SHR-TG106 lines 
exhibited significantly decreased serum fatty acid levels 
when compared to their control littermates (Fig. 2A), but 
did not differ from their controls in serum glucose, 
insulin, and triglycerides (data not shown). There were 
also no significant differences in body weights and in 
relative weight of the liver, heart, kidneys, and 
epididymal fat pads between each trangenic line and its 
control littermate line (data not shown). In addition, the 
SHR-TG93 line exhibited significantly improved glucose 
tolerance 120 min after a glucose load (Fig. 2B); the area 
under the curve (AUC) in the SHR-TG93 transgenic rats 
versus the SHR controls was significantly smaller (726±8 
versus 797±20, p<0.05). The SHR-TG106 line showed no 
significant difference when compared to the SHR-TG 
negative littermates (Fig. 2B).   
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Fig. 2. Metabolic phenotypes in Cd36 SHR transgenic rats fed a diet with 60% fructose for 15 days. A. Serum 
non-esterified fatty acids (NEFA). Circulating levels of NEFA in the SHR-TG93 (n = 7) and SHR-TG106 (n = 7) rats 
were significantly lower when compared to SHR-TG negative control littermates (n = 13). B. Oral glucose tolerance 
test. * indicates significantly lower (p<0.05) area under the curve in SHR-TG93 rats compared to SHR controls. 
 
 

 
Fig. 3. Basal and insulin-stimulated glycogenesis in diaphragmatic muscle (left panel) and lipogenesis in epididymal fat 
(right panel) in the SHR-TG93 transgenic line. Insulin-stimulated incorporation of 14C-U glucose into adipose tissue 
was significantly greater in the SHR-TG93 transgenic rats than in the SHR-TG negative control littermates. All symbols 
as in Figure 2. 
 
 
 Transgenic expression of wild type Cd36 was 
also associated with significant amelioration of insulin 
resistance at the tissue level. Insulin-stimulated glucose 
incorporation into lipids in epididymal fat pads in the 
SHR-TG93 line (Fig. 3), or into glycogen in 
diaphragmatic muscle in the SHR-TG106 line (Fig. 4) 
were significantly increased when compared to the SHR-
TG negative littermates. The variability observed 
between the SHR-TG93 and SHR-TG106 transgenic lines 
regarding glucose tolerance and insulin sensitivity on 

tissue levels could be explained by differences in 
transgene expression in tissues important for 
carbohydrate and lipid metabolism, including fat, 
muscles, or liver. This might be related to the site of 
insertion and/or to the copy number of the transgene that 
were integrated into the SHR genome.  
 Unlike the changes in metabolic phenotypes, 
expression of the Cd36 transgene did not cause any 
differences in mean arterial blood pressures between each 
transgenic line and its respective control line (Fig. 5). 
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Fig. 4. Basal and insulin-stimulated glycogenesis in diaphragmatic muscle (left panel) and lipogenesis in epididymal fat 
(right panel) in the SHR-TG106 transgenic line. Insulin-stimulated incorporation of 14C-U glucose into diaphragmatic 
muscle glycogen in SHR-TG106 transgenic rats was significantly greater than in SHR-TG negative control littermates. 
All symbols as in Figure 2. 
 

 
Fig. 5. 24-hour average mean arterial blood pressures determined by radiotelemetry over a period of 2 weeks in the 
SHR transgenic strains and the SHR-TG negative control littermates. There were no significant differences in mean 
arterial blood pressure either in the SHR-TG93 (n = 8) (Figure 5A) or in the SHR-TG106 (n = 7) (Figure 5B) 
transgenic strains when compared to their SHR-TG negative control littermates (n = 8 and 9, respectively)  
 
 
 Discussion 
 
 The current findings provide additional evidence 
that Cd36 deficiency may represent a primary defect 
contributing to altered insulin action and impaired fatty 
acid metabolism in the SHR/NIH strain. However, 
transgenic expression of wild type Cd36 on the SHR 

background showed little or no effect on blood pressure 
regulation. Altogether, we have derived four SHR 
transgenic lines in which wild type Cd36 was expressed 
under the control of a universal promoter (lines 10, 19, 
93, and 106). Among them, only a single line (SHR-
TG19) exhibited a modest decrease in blood pressure. 
The decreases in blood pressure in the SHR-TG19 line 
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might be due to the marked overexpression of the Cd36 
transgene observed in the SHR-TG19 kidney (Pravenec et 
al. 2001a) since CD36 could serve as a scavenger 
receptor which might oppose renal oxidative stress that 
would otherwise promote increased blood pressure 
(Makino et al. 2002). The possible effect of renal 
overexpression of Cd36 on blood pressure regulation can 
be tested by kidney cross transplantation experiments 
between histocompatible congenic, transgenic and SHR 
progenitor strains. In addition, we have derived three 
SHR transgenic lines with muscle-specific expression of 
wild type Cd36 (lines 654, 665, and 669). The blood 
pressures in these lines are also very similar to those in 
the SHR progenitor strain (Zídek et al. 2002). Recently, 
Hajri et al. (2001) found that supplementation of a diet 
with short- and medium-chain fatty acids, which are 
transported into the cytoplasm independently of CD36, 
normalized metabolic defects but had no effect on 
increased blood pressure in the SHR. Whereas expression 
of wild type Cd36 improved insulin resistance and 
defective fatty acid metabolism in all of our transgenic 
lines, the lack of a consistent improvement in blood 
pressure suggests that Cd36 deficiency itself is no major 
determinant of hypertension in the SHR.  
 The role of CD36 in carbohydrate and fatty acid 
metabolism as well as cardiovascular function depends on 
complex genotype-environment interactions. In the SHR 
strain, significant effects of CD36 deficiency on 
metabolic phenotypes are noted primarily after feeding a 
diet high in fructose (Pravenec et al. 1999, 2001a). Hajri 
et al. (2002) also demonstrated that the effects of CD36 
deficiency on insulin resistance in null C57BL/6 mice are 
dependent on the carbohydrate composition of the diet. A 
high-starch, low-fat diet enhanced insulin responsiveness 
while a high-fructose diet predisposed to insulin 

resistance. Therefore, it is conceivable that under 
different dietary conditions such as a high-fructose or a 
high-fat diet and/or during a longer period of blood 
pressure measurement, CD36 deficiency might promote 
increased blood pressure. For example, it is conceivable 
that CD36 may mediate the inhibitory effects of a high-
fat diet on endothelial nitric oxide production with 
subsequent effects on vascular function and blood 
pressure (Kincer et al. 2002).  
 In conclusion, transgenic expression of wild type 
Cd36 in multiple SHR strains improves insulin sensitivity 
and dyslipidemia but fails to cause any consistent 
changes in blood pressure. These findings provide further 
evidence that the clustering of metabolic risk factors in 
the SHR model of essential hypertension may be 
influenced by the pleiotropic effects of defective Cd36. 
However, the association of hypertension with these 
metabolic risk factors appears to be very complex and is 
not simply due to the effects of insulin resistance on 
blood pressure or to SHR defects in the CD36 fatty acid 
transporter.  
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