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Cardioprotective effect of intermittent fasting is associated with an elevation of
adiponectin levels in rats☆
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Abstract

It has been reported that dietary energy restriction, including intermittent fasting (IF), can protect heart and brain cells against injury and improve functional
outcome in animal models of myocardial infarction (MI) and stroke. Here we report that IF improves glycemic control and protects the myocardium against
ischemia-induced cell damage and inflammation in rats. Echocardiographic analysis of heart structural and functional variables revealed that IF attenuates the
growth-related increase in posterior ventricular wall thickness, end systolic and diastolic volumes, and reduces the ejection fraction. The size of the ischemic
infarct 24 h following permanent ligation of a coronary artery was significantly smaller, and markers of inflammation (infiltration of leukocytes in the area at risk
and plasma IL-6 levels) were less, in IF rats compared to rats on the control diet. IF resulted in increased levels of circulating adiponectin prior to and after MI.
Because recent studies have shown that adiponectin can protect the heart against ischemic injury, our findings suggest a potential role for adiponectin as a
mediator of the cardioprotective effect of IF.
Published by Elsevier Inc.
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1. Introduction

Myocardial infarction (MI) is a major cause of morbidity and
mortality [1]. Myocardial ischemia results in damage to heart cells and
an inflammatory response that can impair heart function. Recent
studies have shown that dietary factors can attenuate the extent of
heart damage and impaired function in animal models of MI [2].
Previous studies have shown that rats maintained on a low-calorie
diet exhibit reduced damage to heart cells and improved functional
outcome in models of myocardial ischemia [3,4]. Another study
showed that when young rats are maintained for several months on
an energy-restricted intermittent fasting (IF) diet, damage to the
heart due to coronary artery ligation is reduced [5]. Themechanism by
which dietary energy restriction protects the heart is not known, but
may involve an enhanced ability of cells to cope with oxidative and
metabolic stress [6].
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Emerging evidence suggests that periodic fasting can improve
various measures of health and longevity. Rats maintained on an
alternate-day food deprivation IF diet exhibit decreased body weight,
increased insulin sensitivity, reduced resting heart rate and blood
pressure, and improved cardiovascular adaptation to stress [7]. A
recent study showed that alternate-day caloric restriction can reduce
systemicmarkers of inflammation and oxidative stress and can reduce
symptoms in subjects with asthma [8]. Although the mechanisms by
which IF benefits the cardiovascular system are unknown, studies of
cellular and molecular changes induced by IF in the brain suggest an
enhancement of adaptive stress response mechanisms including up-
regulation of heat-shock proteins [9], growth factors [10,11] and
mitochondrial uncoupling proteins [12]. Such changes are similar to
those induced by ischemic preconditioning [13], suggesting that IF
imposes a mild beneficial stress on cells.

Recently, a novel cardioprotective signaling pathway involving
adiponectin has been described. Adiponectin can protect myocardial
cells against ischemic injury by activating AMP activated kinase and
Akt [14]. The latter pathwaymaymediate, in part, the cardioprotective
effect of caloric restriction [15]. Adiponectin induces the expression of
Hif-1, suggesting a role for adiponectin in activating a major adaptive
cellular response to ischemia [16]. In the present study, we show that
IF protects the heart against ischemic injury by a mechanism
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Fig. 1. Rats maintained for 3 months on an IF diet exhibit lower body weights and
reduced levels of circulating glucose and insulin compared to rats maintained on an AL
diet. (A) Body weights of AL and IF rats prior to and during the 3-month diet period.
Body weights of rats on the IF diet were measured on consecutive fasting and feeding
days (IF fed, IF rats on a feeding day; IF fast, IF rats on a fasting day). Values are themean
and S.E.M. (n=15). ⁎⁎Pb .01 compared to the value for the AL group (for all time points
from 2 through 12 weeks). (B) Levels of blood glucose and plasma insulin in rats that
had been maintained for 3 months on either AL or IF diets. Values are the mean and S.E.
M. (n=15). ⁎⁎Pb .01 compared to AL value.
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involving reduced inflammation and apoptosis of myocardial cells.
These beneficial effects of IF are associated with an elevation of
adiponectin levels, suggesting a role for adiponectin in IF-mediated
cardioprotection.

2. Materials and methods

2.1. Animals and dietary and blood collection procedures

Male Wistar rats, 2.5 months old (N=30), were purchased from Charles River
(Wilmington, MA, USA) and maintained for 1 month prior to initiation of experimental
diets. Upon arrival, all rats were maintained under temperature- and light-controlled
conditions with access to food (standard NIH-07 rat diet, Harlan Teklad, Indianapolis,
IN, USA) and water ad libitum (AL). The photoperiod in the colony and testing rooms
was maintained on a 12-h light/dark cycle with lights on from 6:00 a.m. to 6:00 p.m.
daily. Prior to the start of 3-month experimental diet period, a blood sample was
collected from rats under isoflurane anesthesia using a six-station anesthesia system
(SurgiVet, Waukesha, WI, USA). Blood was collected from rats in both diet groups after
a 16-h overnight fast. Approximately 2 ml of blood was withdrawn from the tail vein of
each rat into an EDTA-containing tube (BD Vacutainer, Franklin Lakes, NJ, USA). Plasma
was isolated from the blood and stored at −80°C.

Rats were randomly assigned to either AL or IF diets (15 rats in each diet group).
Each of the rats was individually housed with continuous access to water. Rats in the IF
group were deprived of food for 24 h every other day. The rats were maintained under
either AL or IF regimens for 3 months. Body weights were measured once per week for
AL rats and twice perweek (on consecutive fasting and feeding days) for the IF rats. One
day prior to theMI procedure, a blood samplewas collected from each rat; a 5-μl aliquot
was used for blood glucose determination and plasmawas isolated from the remaining
blood and stored at −80°C for measurements of insulin and adiponectin levels.

2.2. Echocardiography

Echocardiography (echo) was performed on each of the rats prior to and 3 months
after maintenance on either AL or IF diet to evaluate the effects of the diets on
cardiovascular morphology and function. Under light anesthesia with sodium
pentobarbital (30 mg/kg, ip), a 12-MHz transducer (HP SONOS 5500; Hewlett Packard,
Inc., Andover, MA, USA) was used to obtain 2D images of the left ventricle (LV) at long
and short axes. LV mass (LVM) and LV posterior wall thickness were measured fromM-
mode LV tracings. LV end-systolic volume (ESV) and LV end-diastolic volume (EDV)
were calculated from 2D images using modified Simpson's rule. LV ejection fraction
(EF) was calculated from EDV and ESV. Cardiac index (CI) was calculated as cardiac
output adjusted for body weight.

2.3. Myocardial infarction and histological analyses

The coronary artery ligation surgery was performed as described previously; the
left coronary artery was permanently ligated at 2 mm below its origin [5]. Twenty-four
hours after surgery, the rats were intubated and anesthetized with isoflurane. The chest
was opened, blood samples were collected from the LV and the heart was rapidly
excised. With the use of a 16-G tube, 5% Evans blue (3 ml) was rapidly injected into the
aorta to distinguish the perfused area from the underperfused area. The atria and great
vessels were dissected away from the heart. The heart was cut transversely into five
slices from the base to the apex. One section from the mid-papillary muscle level was
immediately stored in liquid nitrogen for subsequent histological analyses. The second
section was immediately frozen on dry ice and stored at −80°C for biochemical
analyses. The remaining sections were incubated at 37°C with 4% triphenyltetrazolium
chloride for 30 min to distinguish the infarct area from the area at risk (AAR) in the
Table 1
The effect of AL/IF on cardiac function in rats (echo readings)

AL IF

Pre Post Pre Post

PWT (mm) 1.58±0.04 1.80±0.04⁎⁎⁎ 1.55±0.03 1.62±0.03#,†

LVM (g) 1.07±0.01 1.14±0.01⁎ 1.09±0.01 1.12±0.01
AD (mm) 3.49±0.04 3.74±0.06⁎ 3.58±0.04 3.69±0.05
ESV (μl) 149±5.0 193±7.0⁎⁎⁎ 156±7.0 207±10.0⁎⁎⁎
EDV (μl) 356±12.0 455±12.0⁎⁎⁎ 362±11.0 413±14.0⁎,#

EF (%) 58.0±1.5 57.5±1.1 57.0±1.1 49.7±1.7⁎⁎⁎,#,† ,‡

CI (μl/[min g]) 170±6.0 150±7.0⁎ 172±6.0 144±6.0⁎⁎

The values are mean±S.E.M.
AD, aortic diameter; PWT, left ventricular posterior wall thickness.
⁎, ⁎⁎, ⁎⁎⁎Pb .05, .01, .001, respectively (pre vs. post values).

# Pb .05 on the comparison of post-IF vs. post-AL.
† Pb .05 (AL vs. IF).
‡ Pb .05 (Pre–post×Diet).
underperfused area. All images were analyzed using NIH Image software. Myocardial
infarction size was expressed as a percent of the underperfused area. Myocardial tissue
sections (5 μm) from frozen samples were subjected to hematoxylin and eosin (H&E)
and TUNEL staining. Inflammatory cells (neutrophils and macrophages) were counted
and averaged from the five different microscopic fields of the AAR in H&E-stained
sections. Myocardial apoptosis in the AAR was assessed from TUNEL-stained (ApopTag,
Chemicon, Billerica, MA, USA) sections.
2.4. Biochemical analyses of blood samples

The level of blood glucose was assessed each timewhen blood was sampled using a
glucose meter (FreeStyle, TheraSense, Alameda, CA, USA). The glucose concentration
was expressed as milligrams of glucose per deciliter of whole blood. The levels of
insulin and adiponectin in plasmawere assessed using ultrasensitive ELISA kits (ALPCO
Diagnostics, Windham, NH, USA).
Fig. 2. An IF diet protects the heart against ischemic injury in a rat MI model. The AAR
andMI size in rats 24 h after coronary artery ligation surgery. The AARwas expressed as
a percentage of the LV, and theMI size was expressed as a percentage of AAR. Values are
the mean and S.E.M. (n=15). ⁎Pb .05 compared to AL value.



Fig. 3. An IF diet reduces the number of cardiomyocytes with TUNEL-positive staining
and decreases the numbers of infiltrating pro-inflammatory cells in a rat MI model. (A)
Representative heart tissue sections from the AAR from rats that had been maintained
for 3 months on either AL or IF diets and then subjected to myocardial ischemia for
24 h; the sections were stained with either TUNEL or H&E (bar=100 μm). (B) Numbers
of TUNEL-positive myocytes (left) and inflammatory cells (right) in the AAR. Values are
the mean and S.E.M. (n=15). ⁎Pb .05.

ig. 4. Plasma levels of adiponectin are elevated in rats maintained on an IF diet before
nd after MI. Values are the mean and S.E.M. (n=15). ⁎⁎Pb .01.
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2.5. Statistical analyses

Depending on the experimental design and data collection, several general linear
model procedures including multivariate, repeated-measures, one-way or two-way
ANOVA were applied to the data analyses in which appropriate models were
applicable. Post hoc assessments included the Student–Newman–Keuls test for the
data in Table 1 and the adiponectin data (Fig. 4), and Student's t test for AL vs. IF
comparisons (Figs. 1, 2 and 3).

3. Results

3.1. Body weight and blood glucose and insulin levels are reduced by IF

The IF regimen significantly attenuated body weight gain (Fig. 1A).
After 3 months on the diets, rats on the IF diet had significantly lower
body weights on both feeding and fasting days compared to rats on
the AL diet (Pb.01). The body weights of IF rats were significantly
lower on fasting days compared to feeding days (Pb.01). Plasma
glucose and insulin levels were each significantly lower in rats on the
IF diet compared to those on the AL diet (Pb.01) (Fig. 1B).

3.2. Intermittent fasting modifies echocardiographic indicators of cardiac
morphometry and function

The echocardiographic examination was performed prior to
experimental diet initiation and 3 months after diet initiation (prior
to coronary artery ligation). The results of echocardiographic analysis
are shown in Table 1. Prior to diet initiation, there were no differences
between rats assigned to the two different groups (AL and IF) in any of
the echocardiographic measures. The thickness of the posterior wall
of the LV and the left ventricular mass increased significantly during
the 3-month diet period in the rats on the AL diet, but not in the rats
on the IF diet (Table 1). End systolic volume increased significantly
during the 3-month diet period in rats on either the AL or IF diets,
with no quantitative difference between the two diets. End diastolic
volume increased significantly during the 3-month diet period in rats
on either the AL or IF diets, with the magnitude of the increase being
significantly less in rats on the IF diet. This disproportionate effect of
diet on end diastolic volume resulted in significant reduction of
ejection fraction during the 3-month period in rats on the IF diet,
while the ejection fraction was unchanged during this time period in
rats on the AL diet (Table 1). The CI was decreased significantly during
the 3-month diet period in rats on either the AL or IF diets; however,
no quantitative difference was observed between the two diets.

3.3. Intermittent fasting lessens myocardial tissue damage, apoptosis
and inflammation in a model of MI

The sizes of the AAR and MI (see Materials and Methods) were
evaluated 24 h after coronary artery ligation in all rats. The total
AAR did not differ between the two dietary regimen; however, the
MI infarct size was significantly less in rats on the IF diet compared
to those on the AL diet (Fig. 2). The numbers of cardiomyocytes
with TUNEL-positive nuclei in the AAR were approximately 40%
lower in the hearts of rats in the IF group compared to rats in the
AL group (Fig. 3). The number of inflammatory cells (neutrophils
and macrophages) was significantly lower in the AAR of the hearts
of rats in the IF group compared to rats in the AL group (Fig. 3). As
a molecular marker of inflammation, we measured levels of
interleukin-6 in the plasma and heart tissue at 24 h after MI.
Plasma IL-6 levels were significantly lower following MI in the rats
on the IF diet (588.6±35.2 ng/ml) compared to those on the control
diet (734.1±55.5 ng/ml; Pb.05).

3.4. Adiponectin levels are elevated in rats maintained on the IF diet

Recent findings have provided evidence that adiponectin can
protect cardiac myocytes against ischemic injury [14,17]. We therefore
measured the concentration of adiponectin in plasma samples from
rats in the AL and IF diet groups prior to and 24 h after MI. The
F
a
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adiponectin concentration was twofold greater in the plasma of rats
that had been maintained for 3 months on the IF diet (Fig. 4). In rats
on the AL diet, adiponectin levels were unchanged 24 h after MI. In
rats on the IF diet, adiponectin levels remained significantly elevated
after MI compared to adiponectin levels in the rats on the AL diet.

4. Discussion

Three major findings of the present study are as follows: (1) rats
maintained for 3 months on an IF diet exhibit a lower ejection
fraction compared to rats on the AL diet, but a similar CI; (2) the
amount of myocardial and systemic inflammation and damage to
heart cells in the AAR were reduced in rats on the IF diet 24 h
following coronary artery ligation compared to those on the AL diet;
and (3) IF resulted in elevation of circulating adiponectin levels
which was maintained 24 h following MI. As expected, the size of the
ventricular walls increased in all rats as they grew during the time
period of the study (from 2.5 to 5.5 months of age). During this time
period the body weights of rats on the AL diet increased by more
than 100 g, whereas rats on the IF diet gained less than 20 g.
However, although the ventricular wall thickness in rats on the IF
diet increased by as much as that in rats on the AL diet, the end
diastolic volume and ejection fraction were significantly less in IF
compared to AL rats. Nevertheless, the CI was similar in rats on both
diets suggesting that the cardiac output of rats on the IF diet is
appropriate for their reduced body size.

Similar to the results of previous studies that evaluated the effects
of caloric restriction [18,19] or IF [5] on heart damage in animal
models of MI, we found that 24 h following a permanent ligation of a
descending coronary artery the MI size was significantly smaller in
rats on the IF diet compared to rats on the AL diet. Using the same
model of MI, we previously found that IF confers long-lasting
structural and functional benefits for the heart for up to at least 10
weeks postinfarction [5]. Previous studies have shown that many
cardiac myocytes undergo apoptosis in response to myocardial
ischemia. For example, mice overexpressing the anti-apoptotic
protein Bcl-2 in cardiac myocytes exhibit reduced cytochrome c-
mediated caspase-9-dependent cardiomyocyte apoptosis and local
inflammation (neutrophil infiltration) in cardiac allografts during
ischemia-reperfusion injury [20]. Consistent with an anti-apoptotic
mechanism of action of IF, we found that the number of myocardial
cells with TUNEL-positive nuclei was significantly less in the hearts of
rats in the IF diet group compared to the AL group suggesting that IF
protects cardiac myocytes against ischemia-induced apoptosis. Simi-
larly, inhibition of c-Jun N-terminal kinase protects cardiac myocytes
against apoptosis in a rat model of ischemia and reperfusion injury
[21]. Inasmuch as inflammation (macrophage and leukocyte infiltra-
tion and pro-inflammatory cytokine production) contributes to
ischemic damage following MI [22,23], the inhibitory effect of IF on
inflammatory cell infiltration may mediate, in part, the cardioprotec-
tive effect of IF. On the other hand, IF may also act directly on cardiac
myocytes to increase their resistance to apoptosis. Such a precondi-
tioning or “hormesis” mechanism of action of IF has been proposed
based on studies of the cytoprotective effects of IF in models of stroke
and neurodegenerative disorders [24].

Adiponectin has previously been shown to have cardioprotective
and anti-inflammatory actions. For example, Tao et al. [17] reported
that adiponectin-deficient mice exhibit increased myocardial damage
and increased levels of markers of oxidative stress in a mouse
myocardial ischemia and reperfusion model. Shibata et al. [25]
observed impaired left ventricular function in adiponectin-deficient
mice which was associated with myocyte hypertrophy and increased
cardiac cell apoptosis. Numerous studies, reviewed by Takemura
et al. [26], have documented anti-inflammatory actions of adipo-
nectin in a variety of tissues including the cardiovascular system. The
correlation between elevated plasma adiponectin levels and reduced
cardiac myocyte damage and inflammation in the MI model in the
present study suggests a role for adiponectin in the cardioprotective
and anti-inflammatory effects of IF. However, further experiments in
which adiponectin or its receptors are selectively blocked in animals
on an IF diet will be required to establish whether adiponectin
signaling is a key mediator of the cardioprotective effects of IF. IF
results in changes in levels of several circulating factors including
decreased levels of insulin, leptin and cholesterol, and increased
levels of testosterone [27]. It will therefore be important to elucidate
the roles for, and interactions, of these different factors in
cardiovascular responses to IF.
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