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Highly Methoxylated Pectin Improves Insulin
Resistance and Other Cardiometabolic Risk Factors
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In this study, we evaluated the effect of a highly methoxylated apple pectin (HMAP) on cardiometabolic
risk factors in Zucker fatty rats. β-Glucan, a fiber known for its hypocholesterolemic properties, also
was used. The rats fed both fiber-enriched diets exhibited a reduction in body weight and in total
cholesterol and triglycerides when compared to the Zucker fatty rats fed the standard diet. The effect
on the lipid profile was more remarkable in the HMAP group. A decrease in blood glucose was only
noticed in this group. Moreover, a decrease in plasma insulin, HOMA-IR, and HOMA-β was noticed
in the fiber groups, and in particular in the HMAP group, these variables being similar to the lean
rats. Blood pressure and endothelial function were similar in all the Zucker fatty rats. These results
warrant evaluation in humans to determine if HMAP could be used as a functional ingredient to reduce
lipid profile, insulin resistance, and other cardiometabolic risk factors.
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INTRODUCTION

Metabolic syndrome is associated with abdominal obesity and
a clustering of abnormalities that together lead to a significantly
increased risk of cardiovascular disease (1, 2). The prevalence
of metabolic syndrome has increased dramatically in recent
years (3–5), but being a multifactorial condition, no single
treatment for the clustering of its cardiometabolic risk factors
exists. However, it is known that lifestyle modifications, for
example, changes in diet and an increase in physical activity,
form the underlying strategy for both prevention and treatment.
Dietary fiber plays, in particular, a role in managing the risk of
this chronic disease. Many studies have, in fact, shown the
beneficial effects of soluble fibers on body weight management
(6), plasma cholesterol and lipoprotein levels (7–10), and
diabetes (11–13). Pectin is a soluble fiber found in the cell walls
of many plants. Some studies describe the healthy properties
of this fiber. Apple pectin has demonstrated a better cholesterollowering effect than other pectins including orange pectin (14),
but only a few studies have investigated the effects of apple
pectin (14–17). Moreover, in this context, it is important to note
that the health effects of this type of fiber are related not only
to the pectin source but also to its physicochemical properties.
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Gel forming properties in apple pectin are related to the degree
of methoxylation (18), and it has been demonstrated that highmethoxyl pectins had a greater inhibitory effect in glucose
uptake than low-methoxyl pectins (19, 20).
Zucker fatty rats are considered the best-known and most
widely used experimental model of genetic obesity. These
animals present also dyslipidemia, mild glucose intolerance, and
hyperinsulinemia, alterations similar to those that appear in
human metabolic syndrome. These animals can, in fact, also
be considered to be a model of resistance to insulin. By contrast,
lean Zucker rats are insulin-sensitive, normoinsulinemic, and
have a normal tolerance of glucose (21–24). The link between
obesity and hypertension has been recognized for some time,
and it is also true that the systolic arterial blood pressure values
in the aged Zucker fatty rats are higher than in their lean
counterparts (25).
The aim of this study was to evaluate the effects of a highly
methoxylated apple pectin (HMAP) on the main cardiometabolic
risk factors that characterize the human metabolic syndrome
(obesity, impaired glucose tolerance, dyslipidemia, hypertension,
and endothelial dysfunction), by feeding Zucker fatty rats a
HMAP-enriched diet. Lean Zucker rats were used in the study
for result comparison, and β-glucan, a fiber with cholesterollowering properties and well-recognized positive health benefits
in cardiovascular disease (26–28), also was included as the
positive control fiber.

10.1021/jf703598j CCC: $40.75  2008 American Chemical Society
Published on Web 04/23/2008

Apple Pectin in Zucker Fatty Rats
MATERIALS AND METHODS
General Protocol. Thirty female 8 week old Zucker fatty rats
weighing 260–275 g and 10 female 8 week old lean Zucker rats
weighing 150–175 g, purchased from Charles River Laboratories
(Charles River Laboratories), were used in this study. The Zucker fatty
rats were randomly divided into three groups of 10 animals that were
fed the following diets until the 15th week of life: standard diet, 10%
HMAP-enriched diet and 10% β-glucan-enriched diet. The 10 lean
Zucker rats were in turn fed the standard diet until the 15th week of
life. During the experimental period, the animals were maintained at a
temperature of 23 °C, with 12 h light/dark cycles, and were fed ad
libitum with free access to water. Total cholesterol, cholesterol
transported by HDL, triglyceride and glucose were determined in the
plasma on a weekly basis. To carry out these determinations, blood
extractions from the jugular vein were performed weekly in the rats
after an overnight fasting. Since the biochemical procedures to
determine cholesterol transported by LDL cholesterol in this animal
model are not reliable, we calculated the value of non-HDL cholesterol
in the rats by obtaining the corresponding difference between total
cholesterol and HDL cholesterol. Food intake, water intake, and body
weight gain also were recorded on a weekly basis. Moreover, SBP and
DBP were measured weekly in the rats during the experimental period,
by the tail cuff method (29). The original technique for measuring
arterial blood pressure using the tail cuff method provides only SBP
values, but the equipment used in this study, LE 5001 (Letica,
Hospitalet), has a high-sensitivity pulse transducer coupled with an
accurate microprocessor program and allowed us to distinguish between
SBP and DBP. Before the measurements, the rats were kept at 38 °C
for 10–15 min to make the pulsations of the tail artery detectable.
Arterial blood pressure measurements were performed at the same time
of day (between 9 a.m. and 1 p.m.) to avoid the influence of the
circadian cycle, and the values of SBP and DBP were obtained by
estimating the average reading of five measurements.
At the end of the experimental period, the rats were sacrificed by
decapitation after an overnight fasting. Their thoraxes were opened,
and the aorta was extracted quickly to evaluate the endothelial function
of the animals in accordance with the studies published by Furchgott
(30, 31). The in vitro experiments in aorta rings are mentioned next.
Blood was obtained from the sacrificed rats to carry out the same
biochemical determinations that we had performed weekly, and the
correspondent values of non-HDL cholesterol also were calculated. In
addition, the plasma insulin was determined. Moreover, fasting plasma
concentrations of both glucose and insulin were used to calculate the
indices of insulin resistance [homeostasis model assessment (HOMA)IR] and insulin secretion (HOMA-β) with the following formulas (32):
HOMA-IR ) fasting insulin (µU/mL) × fasting glucose (mM)/22.5
and HOMA-β ) 20 × fasting insulin (µU/mL)/(fasting glucose (mM)
- 3.5). The QUICKI also was calculated (33). QUICKI ) 1/log fasting
insulin (µU/mL) + log fasting glucose (mg/dL). In this study, all the
experiments were performed as authorized for scientific research
(European Directive 86/609/CEE and Royal Decree 223/1988 of the
Spanish Ministry of Agriculture, Fisheries, and Food).
Diets. Three synthetic diets were used in this study (Table 1). They
were prepared by Harlan Interfauna Ibérica (Barcelona, Spain). The
first one (AIN-93 M purified Rodent Diet) was a standard diet that
provides the nutrients required by adult rats according to the National
Research Council guidelines (71). The other two diets contained either
10% HMAP (apple pectin with 73% methylation degree, provided by
Obipektin) or 10% β-glucan (oat bran concentrate provided by Glambia
Nutritionals). The three diets were prepared and formulated to provide
the same amount of protein (14%), fat (4%), and carbohydrates (72%)
and, therefore, the same energy value. In particular, the β-glucanenriched diet was formulated, taking into account the amount of protein,
fat, and carbohydrates provided by oat bran.
Analytical Procedures. Blood samples were collected in tubes
containing lithium heparin as the anticoagulant. These samples were
centrifuged at 2500g for 20 min at 4 °C to obtain the plasma that was
divided into aliquots and kept frozen at -80 °C until analysis.
Plasma glucose was assayed by using the glucoseoxidase enzymatic
test with commercial kits (Roche Diagnostics S.L.), and the lipid profile
(triglycerides, total, and HDL cholesterol) were assayed by using

J. Agric. Food Chem., Vol. 56, No. 10, 2008

3575

Table 1. Composition of Diets (g/100 g of Dry Weight)a

protein
casein
fat
soybean oil
carbohydrate
sucrose
dextrin
corn starch
powdered cellulose
Brown Ribbon pure apple
pectinb
oat bran concentratec
TBHQd
AIN 93 mineral mixture
AIN 93 vitamin mixture
L-cysteine
choline bitartrate
energy (kJ/100 g)e

standard diet

10% apple pectin

10% β-glucan

14
14
4
4
72
10
15.5
46.56
5
0

14
14
4
4
72
8.27
12.81
38.48
5
12.5

14
10.5
4
3.63
72
7.97
12.35
37.11
5
0

0
0.0008
3.5
1
0.18
0.25
1589

0
0.0008
3.5
1
0.18
0.25
1589

18.52
0.0008
3.5
1
0.18
0.25
1589

a
Carbohydrate substitution in both experimental diets was formulated at the
expense of sucrose, dextrin, and starch proportionally. b Brown Ribbon pure apple
pectin contains 80% dietary fiber, 8–10% sugar, 8.7% water, and 2–5% salts
(viscosity ) 188 mPas in 2% solution and density ) 0.6–0.9 g/cm3). The fiber is
a HMAP with a 73% methylation degree and a polygalacturonic acid content of
65%. c Oat bran concentrate contains protein (19%), fat (<2%), and carbohydrate
(>77%); the amount of oat β-glucan is 54%. d t-Butylhydroquinone. e Energy value
was determined by calculation in the order Atwater system.

enzymatic and colorimetric methods with commercial kits (Roche
Diagnostics S.L.). The different concentrations were determined spectrophotometrically using a Hitachi 911 autoanalyzer (wavelength of
700 nm). The plasma insulin concentration was spectrophotometrically
quantified by using an ultrasensitive rat insulin enzyme immunoassay
kit (Mercodia AB) with a Molecular DevicesThermo max (microplate
reader). The absorbance was measured at 450 nm.
Experiments in Aorta Rings. Excess fat and connective tissue were
removed from the aorta, and the tissue was cut into rings (approximately
4 mm in length). The aortic rings were mounted between two steel
hooks in isolated tissue chambers containing Krebs-Henseleit solution
with the following composition (mmol/L): NaCl, 118.2; KCl, 4.7; CaCl2,
2.5; KH2PO4, 1.2; MgSO4, 1.2; NaHCO3, 25; and glucose, 10.0. The
medium was maintained at 37 °C and continuously bubbled with a
95% O2/5% CO2 mixture, which gave a pH of 7.4. An optimal resting
tension of 2 g was applied to all aortic segments. This tension was
adjusted every 15 min during a 60–90 min equilibration period before
adding drugs. Isometric tension was recorded by using an isometric
force displacement transducer connected to an acquisition system
(Protos 5, Panlab). After the equilibration period, the rings were first
contracted by 80 mmol/L KCl to assess the arterial functionality, and
when the contraction had reached a steady state (about 15 min after
administration), the preparations were washed until the basal tension
was recovered. Then, the rings were exposed to 10-6 mol/L metoxamine, and dose–response curves to acetylcholine (10-9 to 10-5 mol/
L) were acquired in the methoxamine precontracted rings. Relaxant
responses to ACh were expressed as a percentage of precontraction
induced by metoxamine.
Statistical Analysis. The results are expressed as mean values (
SEM for a minimum of eight rats. The data that were obtained weekly
were analyzed by a two-way analysis of variance (ANOVA), and the
data obtained only at the end of the experimental period were analyzed
by a one-way ANOVA. In both cases, GraphPad Prism 4 software was
used. Differences between the groups were assessed by the Bonferroni
test. Differences between the means were considered to be significant
when p < 0.05.
RESULTS

Food and Water Intake and Body Weight. The diets were
well-tolerated by both strains of rats, but food intake throughout
the study was significantly higher in the Zucker fatty rats than
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Figure 1. Food intake (A), water intake (B), and body weight (C) of the
different groups of rats: Zucker fatty rats fed the standard diet (O), Zucker
fatty rats fed the 10% β-glucan-enriched diet (b), Zucker fatty rats fed
the 10% highly methoxylated apple pectin-enriched diet ((), and lean
Zucker rats fed the standard diet (0). The results are expressed as mean
values ( SEM for a minimum of eight rats. Different letters represent
statistical differences (p < 0.05).

in the lean Zucker rats. When the three groups of Zucker fatty
rats were compared, it could be established that food intake
was significantly higher in the β-glucan group than in the groups
fed the standard or the HMAP diet. During the first and second
weeks of the study, the food intake was especially low in the
group fed the HMAP-enriched diet. Water intake was significantly higher in the groups fed the fiber-enriched diets than in
the Zucker fatty rats and the lean Zucker rats fed the standard
diet. This was particularly high in the group fed the β-glucanenriched diet. However, during the first and second weeks of
the study, water intake was quite similar in the group of Zucker
fatty rats fed the HMAP-enriched diet and in the group of Zucker
fatty rats fed the standard diet (Figure 1A,B).
All the groups progressively gained weight during the
experimental period. Nevertheless, the lean Zucker rats exhibited
a significantly reduced weight as compared to the Zucker fatty
rats. However, the weight gain was slower in the groups fed
the fiber-enriched diets and particularly in the group fed the
HMAP-enriched diet, where the values of the body weight were
significantly lower than those of the Zucker fatty rats fed the
standard or the β-glucan-enriched diets (Figure 1C).
Plasma Biochemistry. Fasting blood glucose was higher in
the three groups of Zucker fatty rats than in the lean Zucker
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rats. The consumption of the HMAP-enriched diet resulted in
a significant decrease of fasting blood glucose, and therefore,
this variable was lower in the HMAP group than in the Zucker
fatty rats fed the standard or the β-glucan diet. No difference
was found between the fasting blood glucose levels of the
Zucker fatty rats fed the standard diet and the rats fed the
β-glucan-enriched diet. The decrease in blood glucose levels
in the Zucker fatty rats fed the HMAP-enriched diet can be
clearly observed from the third week of study, and at the end
of the experimental period, no significant differences in blood
glucose were observed in these animals and in the lean Zucker
rats (Figure 2A).
Plasma triglycerides and cholesterol levels were significantly
higher in the three groups of Zucker fatty rats than in the lean
Zucker rats. The groups fed the fiber-enriched diets revealed a
significant decrease in plasma triglycerides and cholesterol levels
when compared to the Zucker fatty rats fed the standard diet.
In addition, the decrease in plasma triglycerides was more
significant in the HMAP group than in the β-glucan group
(Figure 2B,C). At the end of the experimental period, the
Zucker fatty rats fed the standard diet had lower values of HDL
cholesterol and the highest values of non-HDL cholesterol, and
the HMAP group showed the highest values of HDL cholesterol.
Both groups fed the fiber-enriched diets had significantly lower
levels of non-HDL cholesterol than the Zucker fatty rats fed
the standard diet (Figure 2D,E).
The consumption of fiber-enriched diets by the Zucker fatty
rats resulted in a significant reduction in plasma insulin
concentrations. The decrease was more remarkable in the rats
fed the HMAP-enriched diet than in the rats fed the β-glucanenriched diet, to the extent that the rats fed the HMAP-enriched
diet showed insulin plasma levels similar to those of the lean
Zucker rats (Figure 3A). At the end of the experimental period,
the values of HOMA-IR and HOMA-β also were similar in the
Zucker fatty rats fed the HMAP-enriched diet and in the lean
Zucker rats. These groups showed lower values of HOMA-IR
than the remaining Zucker fatty rats. However, the HOMA- β
values in the rats fed the β-glucan-enriched diet were similar
to those of the rats fed the HMAP-enriched diet. The Zucker
fatty rats fed the standard diet exhibited the highest values of
HOMA-IR and HOMA- β (Figure 3B,C). The Zucker fatty rats
fed the HMAP-enriched diet showed a significant increase in
the QUICKI, but the lean rats showed the highest value of this
index (Figure 3D).
Blood Pressure and Experiments in Aorta Rings. SBP and
DBP throughout the study were significantly higher in the lean
Zucker rats than in the Zucker fatty rats, but these variables
were similar in the animals of the three established groups of
Zucker fatty rats. No significant differences were therefore
observed between SBP and DBP of the groups fed the fiberenriched diets and those fed the standard diet (data not shown).
No differences were found in the endothelium-dependent
vasodilator responses to acetylcholine of the arteries in the
different groups of Zucker fatty rats, but the responses to
acetylcholine were more accentuated in the lean Zucker rats
than in the Zucker fatty rats (data not shown).
DISCUSSION

In this study, Zucker fatty rats were used to assess the
potential health effects of HMAP. These rats are a model of
obesity accompanied by hyperlipidemia and hyperglycemia.
They undergo obesity between the third and fifth week of life,
and when the animals are 14 weeks old, about 40% of their
body weight is fat. The results obtained in the present study
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Figure 2. Plasma glucose (A), plasma triglycerides (B), plasma total cholesterol (C), plasma HDL cholesterol (D), and plasma non-HDL cholesterol (E)
of the different groups of rats: Zucker fatty fed the standard diet (O), Zucker fatty rats fed the 10% β-glucan-enriched diet (b), Zucker fatty rats fed the
10% highly methoxylated apple pectin-enriched diet ((), and lean Zucker rats fed the standard diet (0). The results are expressed as mean values (
SEM for a minimum of eight rats. Different letters represent statistical differences (p < 0.05).

relate to the intake of a HMAP-enriched diet with the prevention
of some abnormalities clustered in the metabolic syndrome,
including obesity, dyslipidemia, and glycemic profile. In fact,
a decrease in body weight was noticed, as well as a reduction
in glycemia, insulinemia, and plasma lipids in the group fed
the HMAP-enriched diet.
Epidemiological or cross-sectional observational studies claim
that fiber consumption is inversely correlated to body weight
(34). However, in the intervention studies, the association
between soluble fiber consumption and body weight loss is not
evident, and it depends on the source of fiber used (35). In the
present study, the intake of both soluble fiber-enriched diets
resulted in a reduction of body weight in this animal model of
obesity. Similar effects were observed in other studies when a
pectin-supplemented diet was fed to Zucker fatty rats for 7
weeks (36). A reduction in body weight gain was reported in
spite of an equivalent caloric intake. In our study, the decrease
in body weight observed in the group fed the HMAP-enriched
diet was higher than in the β-glucan group. In this context, it

previously was reported that fruit fiber was more efficient in
reducing body weight than cereal fiber (34, 37). According to
Adams et al., the reduction in body weight observed in animals
fed highly methoxylated pectins suggests that these fibers can
be used as aids in weight management, helping to control
obesity, which is considered to be a major risk factor for type
2 diabetes (38).
Recent experimental data suggest that the modification of gut
peptidessinvolved in appetite and glucose homeostasisscould
constitute a metabolic relay, allowing specific (fermentable)
dietary fiber to act upon appetite suppression (34, 39). However,
the reduction in body weight observed in this study did not seem
to be associated with a satiety effect. In fact, food intake in the
β-glucan group was even higher than in the group fed
the standard diet. The low food intake noticed in the group fed
the HMAP-enriched diet was probably due to the adaptation
period to this diet rather than to a possible satiety effect. The
increase in liquid consumption of the groups fed the soluble
fiber-enriched diets could be a consequence of the gel forming
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Figure 3. Plasma insulin (A), homeostasis model assessment of insulin
resistance (HOMA-IR) values (B), homeostasis model assessment of
insulin secretion (HOMA-β) values (C), and quantitative insulin sensitivity
check index (QUICKI) values (D) of the different groups of rats at the
end of the experimental period: Zucker fatty fed the standard diet (white
bars), Zucker fatty rats fed the 10% β-glucan-enriched diet (black bars),
Zucker fatty rats fed the 10% apple pectin-enriched diet (striped bars),
and lean Zucker rats fed the standard diet (gray bars). The results are
expressed as mean values ( SEM for a minimum of eight rats. Different
letters represent statistical differences (p < 0.05).

properties of pectin and β-glucan. The slight increase in water
intake in the β-glucan group as compared to the HMAP group
could be explained as a consequence of the food intake and the
higher viscosity in the gut.
Blood glucose level in the HMAP group was significantly
lower than in the Zucker fatty rats fed the standard diet.
Moreover, the HMAP group reached the glucose values of the
lean Zucker rats. However, β-glucan failed to induce a bloodlowering glucose effect. These results are in agreement with
reports of other studies that described decreases in fasting
glucose levels due to the intake of pectin (40, 19). The decrease
in the glucose levels seems to be related to the gel forming
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property of the pectin (19). The delay in gastric emptying and
unstirred layer thickness formed in the intestine due to pectin
viscosity are the causes of a decreased intestinal absorption of
glucose (41–43). In this study, we used a HMAP, and it is
important to emphasize that the gel forming properties of pectin
are related to its high degree of methoxylation (18) and that
the high-methoxyl pectins had a greater inhibitory effect in
glucose uptake than the low-methoxyl pectins (19, 20).
The reduction in insulin concentrations observed in this study
when the animals were fed the fiber-enriched diets is in
accordance with a decrease previously described by other
authors (44–46). In fact, the fiber consumption remained
significantly associated with fasting insulin (47). The lower
insulin concentrations obtained in the group fed the HMAPenriched diet as compared to the β-glucan group could be due
to the reduction in the rate of glucose absorption produced by
viscous fibers as was previously reported by Jenkins et al. (12).
A link of low insulin concentrations and reduction in body
weight gain previously was described (47–49). This connection
could explain the decrease in body weight observed in the rats
fed the fiber-enriched diets, in particular, in those fed the
HMAP-enriched diet.
According to the low fasting glucose and insulin obtained
values, HOMA-IR was consequently reduced in the groups fed
the fiber-enriched diets, especially in the HMAP group. These
results are in agreement with other authors, who reported that
the intake of dietary fiber was inversely associated with
HOMA-IR (50, 51). A direct effect of soluble fiber on the insulin
resistance previously was described via the reduction of TNF-R
and an increase of adiponectin (52). The improvement of glucose
homeostasis noticed in our study could be associated with the
low glucose uptake induced by HMAP. As a consequence of
the low blood glucose levels, the pancreatic secretor capacity
could be reduced, producing smaller amounts of insulin,
confirmed by the assessed low HOMA-β and insulin values
obtained in the HMAP group. Moreover, the elevated QUICKI
value observed in the HMAP group indicated that these animals
also develop a compensatory mechanism to increase the
sensitivity to this hormone. Therefore, HMAP exhibited a
beneficial effect on glucose homeostasis when it was consumed
by Zucker fatty rats, likely due to blood glucose reduction.
As expected, the cholesterol levels of the Zucker fatty rats
fed the standard diet increased during the study. However,
hypercholesterolemia was notably reduced when 10% of
soluble fiber was added to the diet. This drop in total cholesterol was not produced at the expense of HDL cholesterol
because there was no difference in the HDL cholesterol levels
between the three groups of Zucker fatty rats. Fiber has been
shown to be a potential tool in the prevention and dietary
treatment of hypercholesterolemia, especially soluble dietary
fiber (7, 8, 40, 53, 54). The obtained results indicate that
HMAP has the same potential as β-glucan to decrease the
plasma cholesterol levels. This finding is important because
β-glucan is a fiber with well-known hypocholesterolemic
effects (26–28), to the extent that the U.S. Food and Drug
Administration allows cardiovascular risk reduction claims
for oat β-glucan (10). The lipid-lowering capacity of pectin
has been reported previously in rats (14, 16, 18, 36, 55) and
in humans (15). Similar effects were observed when applesupplemented diets were used (17, 56, 57). However, other
studies did not observe the pectin cholesterol-lowering
effects (58–60). This apparent controversy could be due to
the physicochemical properties of the used pectin in these
studies. As was described for glucose uptake, it has been
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proposed that characteristics such as the degree of methoxylation and viscosity could be important factors in determining
the lipid-lowering potency of pectin (61, 62). The pectin used
in the present study is highly methoxylated, and this could
be considered to be a key factor in explaining our results on
the lipid profile. In fact, many beneficial health effects of
soluble fiber, including hypocholesterolemic effects, are
related to the degree of viscosity (54). It also was suggested
that the possible mechanisms responsible for the hypocholesterolemic action of pectin are related to the interruption
of the enterohepatic circulation of bile acids or the inhibition of cholesterol absorption, leading to an increased
excretion of sterols in faeces (59, 63).
Hypertriglyceridemia has been described in Zucker fatty
rats (64, 65). In this study, the addition of 10% of soluble fiber
to the diet resulted in a significant decrease in triglycerides in
these animals. This effect is in agreement with other studies
carried out in Zucker fatty rats (52, 66) and in humans (53).
The decrease was higher in the rats fed HMAP than in the rats
fed β-glucan. It is noteworthy that this triglyceride-lowering
effect is consistent with a possible effect of the diffusion of
micelles in the intestinal lumen produced by soluble fiber (67).
Although significant changes in SBP and DBP have been
reported with fiber supplementation in hypertensive and older
humans (68), we did not observe a decrease in these variables
in the rats fed the fiber-enriched diets. Nevertheless, we have
to bear in mind that most studies agree that obese Zucker rats
are not a true model of hypertension (25, 69). In our study, the
lean Zucker rats showed higher SBP and DBP values than the
Zucker fatty rats, but it is also true that it has been reported
that the SBP in Zucker fatty rats is lower than that in the lean
Zucker rats of between 8 and 12 weeks of life. At 24 weeks,
the phenomenon goes into reverse, and at 28 weeks, SBP in
Zucker fatty rats is significantly higher than in their lean
counterparts. We can also mention that the period of our study
was of 6 weeks and that in the study of Whelton et al., 8 weeks
of fiber intake was required to obtain the hypotensive effect in
humans (70). Since the arterial blood pressure of the Zucker
fatty rats was not modified by the fiber-enriched diets, it was
not surprising to find that these diets did not modify the
endothelial function of these animals in our study. The arteries
from the lean Zucker rats showed better responses to acetylcholine than the arteries from Zucker fatty rats. The improved
endothelial function in the lean Zucker rats also could explain
the decreased response to methoxamine observed in the aorta
of these animals.
The obtained results point out that HMAP may modulate
parameters that appear to be altered in the metabolic syndrome
such as body weight, glycemia, insulinemia, and blood lipids.
It is worth mentioning that HMAP has demonstrated itself to
be more efficient than β-glucan in preventing some of these
cardiovascular risk factors related to metabolic syndrome. The
difference in the chemical structure of HMAP and β-glucan,
responsible for their physical properties, may explain the more
remarkable results obtained in this study when HMAP was used.
More studies with these fibers are nevertheless desirable, and
the use of other experimental models may help to completely
elucidate the mechanism(s) involved in HMAP effects.
ABBREVIATIONS USED

DBP, diastolic blood pressure; HDL, high-density lipoproteins; HMAP, highly methoxylated apple pectin; HOMA-IR,
insulin resistance homeostasis model assessment; HOMA-β,
insulin secretion homeostasis model assessment; QUICKI,
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quantitative insulin sensitivity check index; LDL, low-density
lipoproteins; SBP, systolic blood pressure.
ACKNOWLEDGMENT

We thank Manuel Bas Caro, Technician in Pharmacology,
for his excellent care of the rats and control of diets in the
different groups of animals.
LITERATURE CITED
(1) Reaven, G. Role of insulin resistance in human disease. Diabetes
1988, 37, 1595–607.
(2) Ritchie, S. A.; Connell, J. M. C. The link between abdominal
obesity, metabolic syndrome, and cardiovascular disease. Nutr.
Metab. CardioVasc. Dis. 2007, 17, 319–326.
(3) Cameron, A. J.; Shaw, J. E.; Zimmet, P. Z. The metabolic
syndrome: Prevalence in worldwide populations. Endocrinol.
Metab. Clin. North Am. 2004, 33, 351–375.
(4) Ford, E. S. Prevalence of the metabolic syndrome defined by the
International Diabetes Federation among adults in the U.S.
Diabetes Care 2005, 28, 2745–2749.
(5) Miccoli, R.; Bianchi, C.; Odoguardi, L.; Penno, G.; Caricato, F.;
Giovannitti, M. G. Prevalence of the metabolic syndrome among
Italian adults according to ATP III definition. Nutr. Metab.
CardioVasc. Dis. 2005, 15, 250–254.
(6) Artiss, J. D.; Brogan, K.; Brucal, M.; Moghaddam, M.; Jen,
K. L. C. The effects of a new soluble dietary fiber on weight
gain and selected blood parameters in rats. Metab., Clin. Exp.
2006, 55, 195–292.
(7) Olson, B. H.; Anderson, S. M.; Becke, M. P. Psyllium-enriched
cereals lower blood total cholesterol and LDL cholesterol, but
not HDL cholesterol, in hypercholesterolemic adults results of a
meta-analysis. J. Nutr. 1997, 127, 1973–1980.
(8) Brown, L. B.; Rosner, W. W.; Sacks, F. M. Cholesterol-lowering
effect of dietary fibre: A meta-analysis. Am. J. Clin. Nutr. 1999,
69, 30–42.
(9) Anderson, J. W.; Davidson, M. H.; Blonde, L.; Brown, W. V.;
Howard, W. J.; Ginsberg, H.; Allgood, L. D.; Weingand, K. W.
Long-term cholesterol-lowering effects of psyllium as an adjunct
to diet therapy in the treatment of hypercholesterolemia. Am. J.
Clin. Nutr. 2000, 71, 1433–1438.
(10) Jenkins, D. J.; Kendall, C. W.; Vuksa, V. Soluble fibre intake at
a dose approved by the U.S. Food and Drug Administration for
a claim of health benefits: Serum lipid risk factors for cardiovascular disease assessed in a randomized controlled crossover trial.
Am. J. Clin. Nutr. 2002, 75, 834–839.
(11) Salmeron, J.; Ascherio, A.; Rimm, E. B.; Colditz, G. A.;
Spiegelman, D.; Jenkins, D. J.; Stampfer, M. J.; Wing, A. L.;
Willett, W. C. Dietary fiber, glycemic load, and risk of NIDDM
in men. Diabetes Care 1997, 20, 545–550.
(12) Jenkins, D. J.; Axelsen, M.; Kendall, C. W.; Augustin, L. S.;
Vuksan, V.; Smith, U. Dietary fibre, lente carbohydrates, and
insulin-resistant diseases. Br. J. Nutr. 2000, 83, 157–163.
(13) Brennan, C. S. Dietary fiber, glycaemic response, and diabetes.
Mol. Nutr. Food Res. 2005, 49, 560–570.
(14) Gonzalez, M.; Rivas, C.; Caride, B.; Lamas, M. A.; Tabeada, M. C.
Effects of orange and apple pectin on cholesterol concentration
in serum, liver, and faeces. J. Physiol. Biochem. 1998, 54, 99–
104.
(15) Cara, L.; Dubois, M.; Armand, N.; Mekki, M.; Senft, M.; Portugal,
H.; Lairon, D. Pectins are the components responsible for the
hypocholesterolemic effect of apple fiber. Nutrition 1993, 12, 66–
77.
(16) Leontowicz, M.; Gorinstein, S.; Bartnikowska, E.; Leontowicz,
H.; Kulasek, G.; Trakhtenberg, S. Sugar beet pulp and apple
pomace dietary fibers improve lipid metabolism in rats fed
cholesterol. Food Chem. 2001, 72, 73–78.
(17) Edijala, J.; Asagba, S.; Eriyamremu, G.; Atomatofa, U. Comparative effect of garden egg fruit, oat, and apple on serum lipid profile

3580

(18)
(19)

(20)

(21)

(22)
(23)

(24)

(25)

(26)

(27)

(28)

(29)
(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

J. Agric. Food Chem., Vol. 56, No. 10, 2008
in rats fed a high cholesterol diet. Pakistan J. Nutr. 2005, 4, 245–
249.
Judd, P. A.; Truswell, A. S. The hypocholesterolaemic effect of
pectins in rats. Br. J. Nutr. 1985, 53, 409–425.
Kim, M. High-methoxyl pectin has a greater enhancing effect on
glucose uptake in intestinal perfused rats. Nutrition 2005, 21, 372–
377.
Meehye, K. High-methoxyl pectin has greater enhancing effect
on glucose uptake in intestinal perfused rats. Nutrition 2005, 21,
372–377.
Zucker, T. F.; Zucker, L. M. Hereditary obesity in the rat
associated with high serum fat and cholesterol. Proc. Soc. Exp.
Biol. Med. 1962, 110, 165–171.
Zucker, L. M.; Antoniades, H. N. Insulin and obesity in the Zucker
genetically obese rat “fatty”. Endocrinology 1972, 90, 1320–1330.
Stern, J.; Johnson, P. R.; Greenwood, M. R. C.; Zucker, L. M.;
Hirsch, J. Insulin resistance and pancreatic insulin release in the
genetically obese Zucker rat. Proc. Soc. Exp. Biol. Med. 1972,
139, 66–69.
Kasiske, B. L.; O’Donell, M. P.; Keane, W. F. The Zucker rat
model of obesity, insulin resistance, hyperlipidemia, and renal
injury. Hypertension 1992, 19, 110–115.
Kurtz, T. W.; Morris, R. C.; Pershadsingh, H. A. The Zucker fatty
rat as a genetic model of obesity and hypertension. Hypertension
1989, 13, 896–901.
Nicolosi, R.; Bell, S. J.; Bistrian, B. R.; Greenberg, I.; Forse, R. A.;
Blackburn, G. L. Plasma lipid changes after supplementation with
β-glucan fiber from yeast. Am. J. Clin. Nutr. 1999, 70, 208–212.
Delaney, B.; Nicolosi, R. J.; Wilson, T. A.; Carlson, T.; Frazer,
S.; Zheng, G. H.; Hess, R.; Ostergren, K.; Haworth, J.; Knutson,
N. β-Glucan fractions from barely and oats are similarly antiatherogenic in hypercholesterolemic syrian golden hamsters. J.
Nutr. 2003, 133, 468–495.
Kerckhoffs, D. A. J. M.; Hornstra, G.; Mensink, R. P. Cholesterollowering effect of β-glucan from oat bran in midly hypercholesterolemic subjects may decrease when β-glucan is incorporated
into bread and cookies. Am. J. Clin. Nutr. 2003, 78, 221–227.
Buñag, R. D. Validation in awake rats of a tail cuff method for
measuring systolic pressure. J. Appl. Physiol. 1973, 34, 279–282.
Furchgott, R. F.; Zawadzki, J. V. The obligatory role of the
endothelium in the relaxation of arterial smooth muscle by
acetylcholine. Nature (London, U.K.) 1980, 288, 373–376.
Furchgott, R. F. Endothelium-derived relaxing factor: Discovery,
early studies, and identification as nitric oxide. Biosci. Rep. 1999,
19, 233–251.
Matthews, D. R.; Hosker, J. P.; Rudenski, A. S.; Naylor, B. A.;
Treacher, D. F.; Turner, R. C. Homeostasis model assessment:
Insulin resistance and β-cell function from fasting plasma glucose
and insulin concentration in man. Diabetologia 1985, 28, 412–
419.
Katz, A.; Nambi, S. S.; Mather, K.; Baron, A. D.; Follmann, D. A.;
Sullivan, G.; Quon, M. J. Quantitative insulin sensitivity check
index: A simple, accurate method for assessing insulin sensitivity
in humans. J. Clin. Endocrinol. Metab. 2000, 85, 2402–2410.
Delzenne, N. M.; Cani, P. H. Some studies have reported a satiety
effect of soluble fibers. Curr. Opin. Clin. Nutr. Metab. 2005, 8,
636–640.
Pittler, M. H.; Ernst, E. Dietary supplements for body-weight
reduction: A systematic review. Am. J. Clin. Nutr. 2004, 79, 529–
536.
Wilson, J. N.; Wilson, S. P.; Eaton, R. P. Dietary fiber and
lipoproteins metabolism in the genetically obese Zucker rat.
Arteriosclerosis 1984, 4, 147–153.
Koh-Banerjee, P.; Franz, M.; Sampson, L.; Liu, S.; Jacobs, D.;
Spiegelman, D.; Willett, W.; Rimm, E. Changes in whole-grain,
bran, and cereal fibre consumption in relation to 8-year weight
gain among men. Am. J. Clin. Nutr. 2004, 80, 1237–1245.
Adams, K. F.; Schatzkin, A.; Harris, T. B.; Kipnis, V.; Mouw,
T.; Ballard-Barbasj, R.; Hollenbeck, A.; Leitzmann, M. F.
Overweight, obesity, and mortality in a large prospective cohort
of persons 50-71 years old. N. Engl. J. Med. 2006, 355, 763–8.

Sánchez et al.
(39) Lee, Y.; Mori, T.; Sipsas, S.; Barden, A.; Puddey, I.; Burke, V.;
May, R.; Hodgson, J. Lupin-enriched bread increases satiety and
reduces energy intake acutely. Am. J. Clin. Nutr. 2006, 84, 975–
980.
(40) Aller, R.; Antonio de Luis, M.; Izaola, O.; La Calle, F.; Del Olmo,
L.; Fernández, L.; Arranz, T.; Gonzalez, J. M. Effect of soluble
fiber intake in lipid and glucose leves in healthy subjects: A
randomized clinical trial. Diabetes Res. Clin. Pract. 2004, 65, 7–
11.
(41) Flourie, B.; Vidon, N.; Florent, C. H.; Bernier, J. J. Effect of pectin
on jejunal glucose absorption and unstirred layer thickness in
normal men. Gut 1984, 25, 936–941.
(42) Gerencser, G. A.; Cerda, J.; Burgin, C.; Baig, M. M.; Guild, R.
Unstirred water layers in rabbit intestine: Effects of pectin. Proc.
Soc. Exp. Biol. Med. 1984, 176, 183–186.
(43) Fuse, K.; Bamba, T.; Hosoda, S. Effects of pectin on fatty acid
and glucose absorption and on thickness of unstirred water layer
in rat and human intestine. Dig. Dis. Sci. 1989, 34, 1109–1116.
(44) Tagliaferro, V.; Cassader, M.; Bozzo, C.; Pisu, E.; Bruno, A.;
Marena, S.; Cavallo-Perin, P.; Cravero, L.; Pagano, G. Moderate
guar-gum addition to usual diet improves peripheral sensitivity
to insulin and lipaemic profile in NIDDM. Diabetes Metab. 1985,
11, 380–385.
(45) Fukagawa, N.; Anderson, J.; Hageman, G.; Young, V.; Minaker,
K. High-carbohydrate, high-fiber diets increase peripheral insulin
sensitivity in healthy young and old adults. Am. J. Clin. Nutr.
1990, 52, 524–528.
(46) Landin, K.; Holm, G.; Tengborn, L.; Smith, U. Guar gum improves
insulin sensitivity, blood lipids, blood pressure, and fibrinolysis
in healthy men. Am. J. Clin. Nutr. 1992, 56, 1061–1065.
(47) Ludwig, D. S.; Pereira, M. A.; Kroenke, C. H.; Hilner, J. E.; Van
Horn, L.; Slattery, M. L.; Jacobs, D. R. Dietary fiber, weight gain,
and cardiovascular disease risk factors in young adults. J. Am.
Med. Assoc. 1999, 282, 1539–1546.
(48) Fernandez, M. L.; Sun, D. M.; Tosca, M. A.; McNamara, D. J.
Citrus pectin and cholesterol interact to regulate hepatic cholesterol
homeostasis and lipoprotein metabolism: A dose-response study
in guinea pigs. Am. J. Clin. Nutr. 1994, 59, 869–878.
(49) Liu, S.; Willet, W. C.; Manson, J. E.; Hu, F. B.; Rosner, B.;
Colditz, G. Relation between changes in intakes of dietary fiber
and grain products and changes in weight and development of
obesity among middle-aged women. Am. J. Clin. Nutr. 2003, 78,
920–927.
(50) Lau, C.; Faerch, K.; Glumer, C.; Tetens, I.; Pedersen, O.;
Carstensen, B.; Jorgensen, T.; Borch-Johnsen, K. Inter99 study.
Dietary glycemic index, glycemic load, fiber, simple sugars, and
insulin resistance: The Inter99 study. Diabetes Care 2005, 28,
1397–1403.
(51) McKeown, N. M.; Meigs, J. B.; Liu, S.; Saltzman, E.; Wilson,
P. W.; Jacques, P. F. Carbohydrate nutrition, insulin resistance,
and the prevalence of the metabolic syndrome in the Framingham
Offspring Cohort. Diabetes Care 2004, 27, 538–546.
(52) Galisteo, M.; Sanchez, M.; Vera, R.; Gonzalez, M.; Anguera, A.;
Duarte, J.; Zarzuelo, A. A diet supplemented with husks of
Plantago oVata reduces the development of endothelial dysfunction, hypertension, and obesity by affecting adiponectin and TNFalpha in obese Zucker rats. J. Nutr. 2005, 135, 2399–2404.
(53) Anderson, J. W.; Allgood, L. D.; Lawrence, A. Cholesterollowering effects of psyllium intake adjunctive to diet therapy in
men and women with hypercholesterolemia meta-analysis of eight
controlled trials. Am. J. Clin. Nutr. 2000, 71, 472–479.
(54) Jenkins, D. J.; Marchie, A.; Augustin, L. S. A.; Ros, E.; Kendall,
C. W. Viscous dietary fibre and metabolic effects. Clin. Nutr.
Suppl. 2004, 1, 39–49.
(55) Sacquet, E.; Leprince, C.; Riottot, M.; Raibaut, P. Dietary fiber
and cholesterol and bile acid metabolism in axenic (germ-free)
and holoxenic (conventional) rats. III. Effect of non-sterilized
pectin. Reprod. Nutr. DeV. 1985, 25, 93–100.

Apple Pectin in Zucker Fatty Rats
(56) Aprikian, O.; Busserolles, J.; Manach, C.; Mazur, A.; Morand,
C.; Davicco, M. J.; Besson, C.; Rayssiguies, Y.; Rémésy, C.;
Demigné, C. Lyophilized apple counteracts the development of
hypercholesterolemia, oxidative stress, and renal dysfunction in
obese Zucker rats. J. Nutr. 2002, 132, 1969–1966.
(57) Aprikian, O.; Duclos, V.; Guyot, S.; Besson, C.; Manach, C.;
Bernalier, A.; Morand, C.; Rémésy, C.; Demigné, C. Apple pectin
and a polyphenol-rich apple concentrate are more effective
together than separately on cecal fermentations and plasma lipids
in rats. J. Nutr. 2003, 133, 1860–1865.
(58) Georgieva, N. B. Effects of pectin in the ration on cholesterol
metabolism in rats. Vopr Pitan. 1992, 2, 47–50.
(59) Trautwein, E. A.; Rieckhoff, D.; Kunath-Rau, A.; Erbersdobler,
H. F. Psyllium, not pectin or guar gum, alters lipoprotein and
biliary bile acid composition and fecal sterol excretion in the
hamster. Lipids 1998, 33, 573–582.
(60) Grizard, D.; Dalle, M.; Barthomeuf, C. Changes in insulin
corticosterone levels may partly mediate the hypolipidemic effect
of guar gum and low-molecular weight pectin in rats. Nutr. Res.
(N.Y.) 2001, 21, 1185–1190.
(61) Dongowski, G.; Lorenz, A.; Proll, J. The degree of methylation
influences the degradation of pectin in the intestinal tract of rats
and in vitro. J. Nutr. 2002, 132, 1935–1944.
(62) Terpstra, A. H.; Lapre, J. A.; de Vries, H. T.; Beynen, A. C. Intact
pectin and its polygalacturonic acid regions have similar hypocholesterolemic properties in hybrid F1B hamsters. Nahrung 2002,
46, 83–86.
(63) Fernandez, M. L. Distinct mechanisms of plasma LDL lowering
by dietary fiber in the guinea pig: Specific effects of pectin, guar
gum, and psyllium. J. Lipid Res. 1995, 36, 2394–2404.

J. Agric. Food Chem., Vol. 56, No. 10, 2008

3581

(64) Blay, M.; Peinado-Onsurbe, J.; Julve, J.; Rodriguez, V.; FernandezLopez, J. A.; Remesar, X.; Alemany, M. Anomalous lipoproteins
in obese Zucker rats. Diabetes Obes. Metab. 2001, 3, 259–270.
(65) Daubioul, C. A.; Taper, H. S.; De Wispelaere, L. D.; Delzenne,
N. M. Dietary oligofructose lessens hepatic steatosis, but does
not prevent hypertriglyceridemia in obese zucker rats. J. Nutr.
2000, 130, 1314–1319.
(66) Daubioul, C.; Rousseau, N.; Demeure, R.; Gallez, B.; Taper, S.;
Declerck, B.; Delzenne, N. Dietary fructans, but not cellulose,
decrease triglyceride accumulation in the liver of obese Zucker
fa/fa rats. J. Nutr. 2002, 132, 967–973.
(67) Ebihara, H.; Scheneeman, B. O. Interaction of bile acids,
phospholipids, cholesterol, and triglyceride with dietary fibers in
the small intestine in rats. J. Nutr. 1989, 119, 1100–1106.
(68) Streppel, M. T.; Arends, L. R.; Van’t Veer, P.; Grobbee, D. E.;
Geleijnse, J. M. Dietary fiber and blood pressure: A meta-analysis
of randomized placebo-controlled trials. Arch. Intern. Med. 2005,
165, 150–156.
(69) Koletsky, S. Pathologic findings and laboratory data in a new strain
of obese hypertensive rats. Am. J. Pathol. 1975, 80, 129–140.
(70) Whelton, S. P.; Hyre, A. D.; Pedersen, B.; Yi, Y.; Whelton, P. K.;
He, J. Effect of dietary fiber intake on blood pressure: A metaanalysis of randomized, controlled clinical trials. J. Hypertens.
2005, 23, 475–81.
(71) National Research Council. NIH Publication No. 85; NIH:
Washington, DC, 1985; p 23.
Received for review December 11, 2007. Revised manuscript received
February 13, 2008. Accepted March 13, 2008. This study was supported
by the Natraceutical Group (Project 206/2006 UCM).

JF703598J

