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Apple pectin, a dietary fiber, ameliorates myocardial mjury by

inhibiting apoptosis in a rat model of ischemia/reperfusion

Sun Ha Lim, Mi Young Kim and Jongwon Lee®

Department of Biochemistry, School of Medicine, Catholic University of Daegu, 33, 17-gil, Duryugongwon-ro, Nam-gu, Daegu 705-718, Korea

BACKGROUND/OBJECTIVE: Myocardial cell death due to occlusion of the coronary arteries leads to myocardial infarction, a
subset of coronary heart disease (CHD). Dietary fiber is known to be associated with a reduced risk of CHD, the underlying
mechanisms of which were suggested to delay the onset of occlusion by ameliorating risk factors. In this study, we tested
a hypothesis that a beneficial role of dietary fiber could arise from protection of myocardial cells against ischemic injury, manifested

after occlusion of the arteries.

MATERIALS/METHODS: Three days after rats were fed apple pectin (AP) (with 10, 40, 100, and 400 mg/kg/day), myocardial
ischemic injury was induced by 30 min-ligation of the left anterior descending coronary artery, followed by 3 hr-reperfusion.
The area at risk and infarct area were evaluated using Evans blue dye and 2,3,5-triphenyltetrazolium chloride (TTC) staining,
respectively. DNA nicks reflecting the extent of myocardial apoptosis were assessed by TUNEL assay. Levels of cleaved caspase-3,

Bcl-2, and Bax were assessed by immunohistochemistry.

RESULTS: Supplementation of AP (with 100 and 400 mg/kg/day) resulted in significantly attenuated infarct size (IS) (ratio of
infarct area to area at risk) by 21.9 and 22.4%, respectively, in the AP-treated group, compared with that in the control group.
This attenuation in IS showed correlation with improvement in biomarkers involved in the apoptotic cascades: reduction of
apoptotic cells, inhibition of conversion of procaspase-3 to caspase-3, and increase of Bcl-2/Bax ratio, a determinant of cell fate.
CONCLUSIONS: The findings indicate that supplementation of AP results in amelioration of myocardial infarction by inhibition
of apoptosis. Thus, the current study suggests that intake of dietary fiber reduces the risk of CHD, not only by blocking steps
leading to occlusion, but also by protecting against ischemic injury caused by occlusion of the arteries.
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INTRODUCTION

Myocardial infarction, defined by pathology as myocardial cell
death due to prolonged ischemia, occurs by a typical sequence
of the following events: a high level of low-density lipoprotein
(LDL) in the serum causes accumulation of LDL in the arterial
intima, and oxidation of LDL in the intima results in formation
of atherosclerotic plaques. Subsequent erosion and/or rupture
of the plaques lead to formation of thrombus in the lesions,
which leads to occlusion of the arteries, myocardial ischemia,
and finally myocardial cell death by necrosis and apoptosis [1-4].
In prospective cohort studies, intake of dietary fiber, particularly
water-soluble fiber from fruits and cereals, was shown to be
associated with a reduced risk of coronary heart disease (CHD),
including myocardial infarction [5-8]. Several mechanisms were
proposed to explain how dietary fiber reduces the risk of CHD,
in which dietary fiber exerts protective effects by blocking the
steps leading to occlusion of the coronary arteries, such as

decrease in LDL and C-reactive protein levels and attenuation
in the blood pressure [9,10]. In our previous study, we demons-
trated that supplementation of a dietary fiber, arabinoxylan, was
effective in attenuating brain injury under ischemic conditions
[11]. The findings suggest that intake of dietary fiber might also
reduce myocardial injury under ischemic conditions by attenua-
ting myocardial cell death after occlusion of the coronary
arteries. To test this hypothesis, we performed experiments to
determine whether apple pectin (AP) protected against myo-
cardial cell injury in a rat model of ischemia/reperfusion. AP
was selected as a model fiber because intake of apple showed
an inverse association with the risk of CHD [12], and intake of
apple [13] or AP [14,15] exerted a cholesterol-lowering effect.
However, the question of whether or not intake of AP for a
short period not long enough to affect atherosclerosis could
attenuate myocardial injury induced by occlusion of the
coronary arteries was not investigated.
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MATERIALS AND METHODS

Diet Preparation

Highly esterified (70-75%) apple pectin (AP) with a molecular
weight of 30,000-100,000 (catalog number 76282) and other
reagents were purchased from Sigma (St. Louis, MO, USA),
unless stated otherwise. A fiber-free diet (950 g/kg control diet)
consisting of casein (250 g/kg), corn starch (482.5 g/kg), sucrose
(100 g/kg), soybean oil (70 g/kg), mineral mix (35 g/kg), vitamin
mix (10 g/kg), and choline bitartrate (2.5 g/kg) was prepared
as described previously [16], and provided by Unifaith Inc.
(Seoul, Korea) (Table 1). Fifty grams of corn starch (Sigma, St.
Louis, MO, USA) was added to 950 g of the fiber-free diet to
make 1 kg of a basal diet. For preparation of 1 kg of an AP diet
from the fiber-free diet, 0.2, 0.8, 2, and 8 g of apple pectin
pre-mixed in the corn starch with the total amount of 50 g
was incorporated in 950 g of the fiber-free diet to yield 1 kg
of 10, 40, 100, and 400 AP diet, respectively.

Pectin administration

Rats were randomly assigned to one of the three groups and
acclimatized for three days with the basal diet: (1) sham (n=
5), (2) control (n=5), and (3) AP-treated group (10, 40, 100,
and 400 mg/kg/day) (n=8, 6, 5, and 7, respectively). Eight rats
were assigned to the control group and the AP-treated group
at the beginning of the experiment. However, some rats expired
during the occlusion period due to experimental severity. Thus,
the number of rats in each group represents the number of
rats that survived until the end of the experiments. In the
AP-treated group, rats received the respective dose of AP
incorporated in the AP diet for another three days before
occlusion. For example, 48 g of corn starch and 2 g of AP were
mixed to make 50 g of a mixture of corn starch and AP when
rats weighing 300 g were fed 100 mg/kg/day AP and a rat
consumed 15 g of AP diet per day. Once the rats had consumed
all of the AP diet, a more basal diet was provided ad libitum.
In the control group, rats received the basal diet only. In the
sham group, experimental procedures were the same as in the
control group, except that there was no ligation.

Table 1. Composition of Experimental Diets

Amelioration of myocardial injury by apple pectin

Determination of monosaccharide composition of apple pectin (AP)

The neutral monosaccharide composition of AP was deter-
mined, as described previously [17]. Briefly, AP was hydrolyzed
with 2M trifluoroacetic acid, reduced with 0.5 M sodium boro-
hydride, and acetylated with acetic anhydride. The composition
of generated alditol acetates was assessed by gas chroma-
tography analysis.

Animals

Eight-week-old male Sprague Dawley (SD) rats were purc-
hased from Samtaco Inc. (Osan, Korea). Experiments were
performed according to the guidelines for the animal care and
use of laboratory animal protocols approved by the Institutional
Animal Care and Research Advisory Committee of Catholic
University, Daegu, Korea (IRB number: 2012-0416-CU-AEC-10-Y).
Animals were housed with a chow diet and water available ad
libitum under diurnal lighting conditions and in a temperature-
controlled environment until the start of the experiment.

Myocardial infarction model

Myocardial infarction was generated by ligating the left
anterior descending coronary artery (LAD) in male SD rats (~300
), as described previously [18,19]. Briefly, rats were anesthetized
with intramuscular injections of ketamine (100 mg/kg) and
xylazine (5 mg/kg). The rats were ventilated with air after
intubation. The LAD was ligated at approximately 5 mm down
from the aortic origin. In ischemia-reperfusion experiments, the
hearts were ligated for 30 min and reperfused for 3 hr. During
surgery, rectal temperature was maintained between 37 + 0.5°C
with a thermostatically controlled warming plate (Harvard
Apparatus, Holliston, MA).

Infarct size assessments

Infarct size was assessed by 2,3,5-triphenyltetrazolium chloride
(TTC) staining [18,19]. Briefly, the LAD was religated after 30
min-ischemia/3 hr-reperfusion. Evans blue dye was then infused,
and area at risk (AAR) showing no infiltration of Evans blue dye
was assessed. Four slices prepared by cutting the myocardium
were stained in TTC, and infarct area (IA), the region not stained
with TTC, was assessed. Areas of left ventricle (LV), AAR, and
IA were determined by computerized planimetry using Image

Ingredient Fiber-free daiet Basal dLet 10 AP dciet 40 AP dciet 100 AP <C:Iiet 400 AP Eﬁet
(9/950 g) (9/kg) (9/kg) (g/kg) (9/kg) (9/kg)
Casein 250 250 250 250 250 250
Corn starch 482.5 482.5 482.5 482.5 482.5 482.5
Sucrose 100 100 100 100 100 100
Soybean oil 70 70 70 70 70 70
Mineral mix 35 35 35 35 35 35
Vitamin mix 10 10 10 10 10 10
Choline bitartrate 25 25 25 25 25 25
Corn starch 50 49.8 49.2 48 42
Ap¢ - - 0.2 08 2 8

® Fiber-free diet was purchased in a pre-mixed form,

®One kg of basal diet was prepared by addition of 50 g of comn starch to 950 g of fiber-free diet.
©10, 40, 100, and 400 AP diets refer to the corresponding dose of AP given per kg of rat per day.
9AP was calculated, based on data indicating that a 300 g rat consumed 15 g of pectin diet/day.
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J software, from which infarct size (IS) and risk size (RS) were
defined as a percentage of IA to AAR and of AAR to LV,
respectively.

TUNEL staining

For measurement of DNA nicks, terminal deoxynucleotidyl-
transferase-mediated dUTP nick-end labeling (TUNEL) staining
was performed for detection of myocardial apoptosis [18,19].
Briefly, sections prepared on slides were treated with proteinase
K and hydrogen peroxide, and then incubated with terminal
deoxynucleotidyl transferase (TdT) and 5-bromo-2'-deoxyuri-
dine-5-triphosphate (Br-dUTP). For counter-staining, the sections
were stained with methyl green. To determine the percentage
of apoptotic cells, micrographs of TUNEL-positive nuclei and
methyl green-stained nuclei were captured using an Olympus
microscope and counted using ImageJ software (ImageJ version
1.43r; NIH) from 10 to 20 random fields at 400 x magnification
[20].

Assessment of Bcl-2, Bax, and caspase-3

Immunohistochemical techniques were utilized for assess-
ment of the presence of Bcl-2, Bax, and cleaved caspase-3
[18,19]. Briefly, endogenous peroxidases in the sections were
blocked with H,O,, and the sections were then blocked with
bovine serum albumin and normal goat serum. Rabbit polyc-
lonal anti-Bcl-2, anti-Bax (1:50 dilution, Santa Cruz Biote-
chnology Inc,, Santa Cruz, CA), or anti-cleaved caspase-3 primary
antibody (1:50 dilution, Cell Signaling, Beverly, MA) was added,
and the sections were stained using a Vectastain Elite ABC kit
(Vector Laboratories, Burlington, ON), in which color was
developed with 3,3’-diaminobenzidine tetrahydrochloride (DAB;
Roche, Mannheim, Germany). The sections were evaluated at
a 200x magnification. The intensity of DAB staining was measured
using Image J software. Relative values for the intensity were
used by setting the value for the sham group at 1.

Statistical analysis

Values were expressed as mean + SEM. Statistical analysis for
a single comparison was performed using Student’s t-test. When
necessary, multiple comparisons were performed using one-way
ANOVA, followed by the Tukey post hoc test using SPSS software
(IBM SPSS Statistics; version 19, Armonk, NY, USA). P < 0.05 was
considered as indicating statistical significance.

RESULTS

Composition of apple pectin (AP)

Composition of the neutral monosaccharides constituting AP
was assessed; AP was hydrolyzed to its constituent mono-
saccharides with TFA, reduced to the corresponding alditols
with sodium borohydride, and acetylated to give the corres-
ponding alditol acetates. Results of identification and quan-
tification of the resultant alditol acetates by gas chroma-
tography, with allose being used as an internal standard [17],
are as follows: 1.8% rhamnose (rha), 1.5% arabinose (ara), 1.3%
xylose (xyl), 6.5% galactose (gal), and 3.7% glucose (glc). Fraeye
et al. [21], who also analyzed AP, purchased from Fluka, using
TFA hydrolysis followed by separation and detection with

HPAEC-PAD (High Performance Anion Exchange Chroma-
tography with Pulsed Amperometric Detection), reported the
composition to be 1.2% rha, 2.1% ara, 0.9% xyl, 4.6% gal, and
3.0% glc, which is similar to that obtained in the current study.

Effect of apple pectin (AP) on infarct size

To determine a range of effective doses in protecting the
heart from ischemia/reperfusion injury, the effect of AP intake
on the reduction of infarct size was examined at four different
doses (with 10, 40, 100 and 400 mg/kg/day) in a rat model (Fig.
1). Fed with AP for three days, the rats underwent 30 min-
ischemia and a subsequent 3 hr-reperfusion. Evans blue dye
was then infused in order to delineate the area at risk (AAR),
whereby blood did not circulate during ischemia. Subsequently,
the hearts were cut into four slices, and the slices were stained
with TTC in order to delineate the infarct area (IA), where
cardiomyocytes died [18,19] (Fig. 1A, B). To quantify the results,
risk size, defined as a ratio of AAR to the left ventricle (LV),
[RS(AAR/LV)], was assessed first. RS(AAR/LV) in the AP-treated
groups (with 10, 40, 100, and 400 mg/kg/day) did not differ
significantly from that in the control group (P > 0.05), showing
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Fig. 1. Effect of apple pectin (AP) on infarct size in rats. Rats underwent 30
min-ischemia/3 hr-reperfusion, followed by injection of Evans blue through the
jugular vein, from which area at risk (AAR) and non-ischemic region were defined
as the area with Evans blue not infiltrated and the area with Evans blue infiltrated,
respectively, (A) The myocardium was then excised into four pieces, approximately
3 mm thick, and two pieces (a-b and b-c) were used for quantification of infarct
area, (B) The slices were stained with TTC, from which area at risk (AAR), infarct
area (IA), border zone (BZ), and non-ischemic (Non-ischemic) heart tissue were
defined: (a) Vehicle-treated control group; (b) Extract-treated group, C. Infarct size
[IS(IA/AAR)] and risk size [[RS(AAR/LV)) were expressed as a percentage of A to
AAR and of AAR to the left ventricle (LV), respectively. AP (with 10, 40, 100, and
400 mg/kg/day) was fed for three days prior to occlusion, The numbers of rats
used in the control and AP (with 10, 40, 100, and 400 mg/kg/day)-treated groups
were 5, 8, 6, 5, and 7, respectively, *P<0.,05 vs, control group.
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that the surgical procedures for ligation of LAD were performed
consistently (Fig. 1C). These results assure that infarct size,
defined as a ratio of IA to AAR [IS(IA/AAR)], assessed for each
group, was also reliable due to experimental consistency. Intake
of AP 100 and 400 mg/kg/day resulted in significantly reduced
IS(IA/AAR), compared with that in the control group (42.5 + 3.0
and 42.2 +2.4%, respectively, versus 55.4+ 1.57%, P <0.05),
whereas intake of AP 10 and 40 mg/kg/day did not significantly
affect IS(IA/AAR) (P> 0.05) (Fig. 1C).

Effect of apple pectin (AP) on apoptosis

TUNEL staining was used to determine whether attenuation
of IS(IA/AAR) arose from an antiapoptotic effect of AP, as TUNEL
staining has previously been applied for detection of apoptotic
cells in mouse models of myocardial infarction [22-24]. Apoptotic
cells in AAR were assessed in two separate regions, infarct area
(IA) and border zone (BZ), defined as the region where IA is
excluded from AAR because the pattern of apoptosis in the
two regions could be different [25]. Representative sections in
the AP-treated group in IA and BZ showed that apoptotic cells
in both regions tended to decrease when the rats were treated
with AP 100 mg/kg/day, compared with those in the control
group (Fig. 2A). To quantify the results, the ratio of apoptotic
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Fig. 2. Effect of apple pectin (AP) on apoptosis. (A) Photomicrographs of
myocardial tissue sections showing TUNEL staining (400x): (a), (d) sham group;
(b), (e) control group; (c), () AP-treated group (with 100 mg/kg/day); (a)~(c) and
(d)~(f) were taken from the border zone (BZ) and infarct area (IA), respectively, (B)
Quantitative analysis of TUNEL-positive cells, The ratio of apoptotic cells to the total
cells is presented. The numbers of rats used in the sham, control, and AP-treated
groups were 5, 5, and 5, respectively, *£<0.05 vs, control group.,

cells to total cells was assessed (Fig. 2B). Only in BZ, the ratio
was significantly reduced in the AP-treated group 100
mg/kg/day, compared with that in the control group (11.2 +
1.9 versus 23.8 £4.5, P<0.05).

Effect of apple pectin (AP) on activation of procaspase-3 to cleaved
(active) caspase-3

To support the results of TUNEL staining, the amount of
cleaved caspase-3 was assessed by immunohistochemistry
[26,27] (Fig. 3). In the apoptotic pathways, cleaved (active)
caspase-3, derived from procaspase-3 by removal of prodomain,
cleaves a restricted set of target proteins, resulting in cell death
by apoptosis [28]. Thus, increase in cleaved caspase-3 induces
apoptotic cell death [29,30]. A representative section for the
AP-treated group in BZ showed that the amount of cleaved
caspase-3 reflected by the color intensity tended to be reduced
in the AP-treated group, compared with that in the control
group (Fig. 3A). To quantify the results, the amount of cleaved
caspase-3 in the control and AP-treated groups was assessed
by setting that in the sham group at 1 (Fig. 3B). The amount
of cleaved caspase-3 was significantly reduced in the AP-treated
group (with 100 mg/kg/day), compared with that in the control
group (6.4 +0.9% versus 11.9 +0.9%, P < 0.05).

Effect of apple pectin (AP) on expression of Bcl-2 and Bax
Expression levels of Bcl-2 and Bax, located upstream of
caspase-3 in the apoptotic pathways, were evaluated by imm-
unohistochemistry. Bcl-2 and Bax are the key regulatory com-
ponents of the cell death process, in which Bcl-2 and Bax are
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Fig. 3. Effect of apple pectin (AP) on activation of procaspase-3 to cleaved
caspase-3. (A) Photomicrographs of myocardial tissue sections showing cleaved
caspase-3 expression (200x): (a), sham group; (b), control group; (c), AP-treated
group (with 100 mg/kg/day). Photomicrographs were randomly taken from area at
risk (AAR). (B) Quantitative analysis of cleaved caspase-3 protein. Arbitrary units
were used, The numbers of rats used in the sham, control, and AP-treated groups
were 5, 5 and 5, respectively, *£<0.05 vs, control group,
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Fig. 4. Effect of apple pectin (AP) on expression of Bcl-2 and Bax. (A)
Photomicrographs of myocardial tissue sections showing Bcl-2 and Bax expression
(200 ): (a), (d) sham group; (b), () control group; (c), (f) AP-treated group (with
100 mg/kg/day). Photomicrographs were randomly taken from BZ. (a)~(c) and (d)~(f)
represent Bcl-2 and Bax, respectively, (B) Quantitative analysis of Bcl-2 and Bax,
Bcl-2/Bax ratio was used, The numbers of rats used in the sham, control, and
AP-treated groups were 5, 5, and 5, respectively, *~< 0,05 control vs, sham group,
*p< 0.05 AP-treated vs, control group,

antiapoptotic and proapoptotic, respectively [31-33] (Fig. 4). In
representative sections of the AP-treated group, the expression
level of Bcl-2 tended to increase in the AP-treated group (with
100 mg/kg/day), compared with that in the control group (Fig.
4A). In contrast, the expression level of Bax tended to decrease
in the AP-treated group (with 100 mg/kg/day), compared with
that in the control group. This was also confirmed with quan-
titative assessment, for which Bcl-2/Bax ratio was used because
this ratio determines whether the cells live or die [34] (Fig. 4B).
The ratio was significantly increased in the AP-treated group
(with 100 mg/kg/day), compared with that in the control group
(1.03 £ 0.03 versus 0.51 +0.04%, P < 0.05).

DISCUSSION

Myocardial cell death in myocardial infarction accompanies
occlusion of the coronary arteries. Although it usually takes
several decades for the occlusion to occur by disruption of the
atherosclerotic plaques, a cascade of events leading to myo-
cardial cell death takes place in a relatively short term once
the arteries are blocked [3,35]. Occlusion of the coronary arteries
supplying blood to the heart causes deficiency of oxygen and
glucose in cardiomyocytes, leading to ischemic condition. Conse-

quent blockade of ATP production by oxidative phosphorylation
is responsible for the cell death [36], under which condition
reperfusion of the occluded arteries is the most prevalent
treatment for prevention of extensive cell death [37]. Augmen-
ting the reperfusion therapy, attenuation of apoptosis is another
option for reduction of cell death, because apoptosis also
contributes to cell death, in addition to necrosis [35,38]. In the
apoptotic pathways, ischemia causes translocation of Bax into
the outer mitochondrial membrane, resulting in release of
cytochrome c from the mitochondria, which is counteracted by
Bcl-2. This event causes activation of procaspase-3 into active
caspase-3 (cleaved caspase-3), leading to apoptotic cell death
[33,35,39]. In the context of the apoptotic pathways, intake of
AP in the rat model of myocardial ischemia/reperfusion resulted
in increased Bcl-2/Bax ratio, subsequent activation of proca-
spase-3 to active (cleaved) caspase-3, and reduction of DNA
cleavage, resulting in attenuation of apoptosis. Finally, reduction
of apoptosis correlates with protection of the heart against
injury from ischemia/reperfusion.

Once ingested, pectin is cleaved into constituent mono-
saccharides, including arabinose and xylose, in the large
intestine [40]. They are subsequently fermented by microflora,
yielding short chain fatty acids (SCFA), such as butyrate,
propionate, and acetate [40,41]. The efficacy of pectin in
exerting protection against ischemic injury might be mediated
by SCFA generated because administration of butyrate by
intraperitoneal injection prior to occlusion protected against
myocardial injury in a rat model of ischemia/reperfusion [18].
However, a dose of AP exerting protection against ischemic
injury in this study (2 g/kg diet) is too small compared with
a dose of AP used to elevate butyrate content two fold (50
g/kg diet) [41]. Thus, protection by pectin ingestion might be
mediated by constituent monosaccharides like arabinose as well
as by its metabolites like butyrate. This hypothesis would be
tested in the future.

In this study, we demonstrated that intake of pectin protected
the heart against ischemic insult, and these findings have
implications in elucidating a role of dietary fiber in reducing
the risk of CHD. Traditionally, it has been thought that intake
of dietary fiber contributed to reduction of the risk of CHD by
delaying occlusion of the coronary arteries, not by improving
myocardial cell survival after the onset of occlusion [8,9]. This
conclusion can also be applied to pectin; intake of pectin
lowered LDL cholesterol in the serum [42], protected against
progression of atherosclerosis [43], and rendered fibrin networks
more permeable [44], all of which are related to delaying the
onset of occlusion. However, beneficial effects of AP identified
from this study cannot be explained by traditional roles of AP
in reducing the risk of CHD because duration of administration
of AP (three days) is too short for development of a spon-
taneous occlusion of LAD. Thus, the findings of the current
study suggest a more direct role of dietary fiber, in addition
to indirect roles already accepted, in order to explain the
beneficial effects of dietary fiber in prevention of CHD, including
myocardial infarction.
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