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Featured Application: Microencapsulated Pomegranate Juice can be used as a preventive and palliative
treatment of Metabolic Syndrome.

Abstract: Pomegranate juice possesses therapeutic properties against metabolic syndrome.
Microencapsulation of pomegranate juice (MP]) may extend its shelf life; however, further research
is necessary to ascertain its comparative efficacy with fresh juice. This work evaluated the effect of
(MPJ) in an animal model with induced metabolic syndrome (MetS). Male Wistar rats were induced-
MetS by administering 30% sucrose orally for 22 weeks. Once MetS was verified in the animals, 7
groups were formed as follows: control (Ctrl); MetS, MetS+Placebo; Ctrl+MPJ; MetS+MPJ1 600,
MetS+MPJ2 1800, and MetS+MPJ3 2900 mg/kg. Systolic and diastolic blood pressure, glucose,
triglycerides, and total HDL-c levels in the MetS+MP] groups improved significantly (p < 0.05) vs.
the MetS group at the end of the study. Microencapsulation maintained the anti-metabolic
syndrome properties of pomegranate juice and could be used to control metabolic syndrome.

Keywords: metabolic syndrome; microencapsulated pomegranate juice; cardiovascular diseases;
Punica granatum; biochemical markers
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1. Introduction

Cardiovascular diseases (CVD) are a group of heart and blood vessel disorders and a leading
cause of death worldwide. However, many early deaths could be avoided by improving some
lifestyles, such as improving food choices, decreasing smoking, and increasing physical activity [1].
Metabolic syndrome (MetS) is an accumulation of several disorders such as abdominal obesity,
hypertension, dyslipidemia, and hyperglycemia, all involved in the development of CVD and Type
2 diabetes [2]. The worldwide prevalence of MetS is estimated to range from 7.9% to 43% in men and
7% to 56% in women [3]. The National Cholesterol Education Program Adult Treatment Panel III
(NCEP/ATP III) is a global health organization with established criteria for diagnosing MetS [4].
According to ATP III, a patient diagnosed with MetS must have three or more of the following
criteria: (1) abdominal obesity with large waist circumference (>102 cm in men and >88 cm in women)
(2) hypertriglyceridemia (>150 mg/dl or 1.7 mmol / 1) (3) low levels of high-density lipoprotein
cholesterol (HDLc) (<40 mg/dl or 1 mmol/l in men and <50 mg/dl or 1.3 mmol/l in women) (4) elevated
blood pressure (2130-85 mmHg), and (5) glucose intolerance (=100 mg/dl or 5.5 mmol/l) or type 2
diabetes [5,6]. Patients with MetS are characterized by marked oxidative stress favoring
inflammation; these patients tend to have lower antioxidant enzymes and high levels of oxidative
markers such as lipoperoxidation [7]. Therefore, a pro-oxidant/antioxidant imbalance may play an
important role in MetS by over-generating reactive oxygen and nitrogen species [8]. The consumption
of antioxidant-rich foods, e.g., fruits, may contribute to MetS treatment by preventing and
ameliorating the inflammatory process and complications such as atherosclerosis [9]. The
pomegranate (Punica granatum L.) has been used to effectively treat various diseases in traditional
medicine [10] and its value has been confirmed by preclinical and clinical studies [11,12].
Pomegranate fruit, especially peel and juice, has many bioactive compounds [13-15]. The juice is
especially rich in antioxidant polyphenols [16] such as ellagitannins, anthocyanins, flavonoids,
proanthocyanidins and significant amounts of chlorogenic acid, caffeic acid, coumaric acid, and
ferulic acid [13,17]. While it has been reported that up to 124 different phytochemicals could be found
in a pomegranate, the punicalagins are responsible for over 50% of the antioxidant potential of
pomegranate juice [18]. In addition, pomegranate juice contains minerals, vitamins C and E, lipoic
acid, steroids, and triterpenes, among others [19]. Many preclinical and clinical studies have
demonstrated that pomegranate has anti-metabolic syndrome properties [13,20-22]. However,
pomegranate consumption is limited because it only can be found in certain times of the year. To
investigate a potential solution to this problem, we tested microencapsulated pomegranate juice
(MPJ) to evaluate the effect of MPJ in an animal model with metabolic syndrome induced with 30%
sucrose. MPJ] has already been shown to improve endothelial dysfunction and biochemical
parameters in women’s acute coronary syndrome [23].

2. Materials and Methods
2.1. Pomegranate and Microencapsulation

The pomegranate producer society “El Oasis de Tasquillo” (located in the Mezquital Valley,
Hidalgo, Mexico) provided pomegranates for study in September 2018. A voucher specimen (U10)
was deposited at the Herbarium of the Botany Department of the Autonomous University of the State
of Hidalgo (UAEH), Mexico. We previously described the microencapsulation process of
pomegranate juice compounds, which was done by spray drying [23].

2.2. Animals

The Animal Care Committee of the UAEH approved this project (approval number
CIECUAL20145).

Fifty-six 4-week-old male Wistar rats were obtained and the sample size (n=6) per group was
calculated using G-Power 3.0.1 software (HHU, Diisseldorf, Germany) considering the effect size,
standard deviation and significance level (p = 0.05), power, and statistical tests. Rats weighing 45 + 5
g were obtained from the UAEH animal facility. All animals were acclimatized for 14 days and
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housed in standard cages under controlled conditions with a 12 h light / 12 h dark cycle, constant
temperature (26 * 2 °C), and 50% relative humidity. Animals were fed commercial food (Formulab
5008, Lab diet, Framingham, MA, USA), and water was provided ad libitum. The number of animals
per group was minimized.

2.3. Induction of MetS by 30% Sucrose

After two weeks of acclimatization of the animals, we followed the methodology described by
Hafidi et al. to induce MetS [24]. Forty randomly selected rats received ad libitum 30% (w/v)
commercially refined sucrose in their drinking water for 20 weeks to develop hyperglycemia and
other MetS parameters. The other sixteen animals considered controls received sterile water ad
libitum for the same period. At the end of the period, we confirmed that the 40 sucrose-fed animals,
developed MetS by determining that their blood pressure; glucose levels; and lipid profile of total
cholesterol, LDL-c, HDL-c, and triglycerides met the parameters according to ATP III diagnostic
criteria [4]. Rats without confirmed MetS were excluded.

2.4. Measurement of Body Weight, Blood Pressure, and Biochemical Parameters

Animals were weighed using a compact scale (ADAM AQT-250, USA). Systolic and diastolic
blood pressure was measured with a non-invasive method [25].

After an overnight fast, blood was drawn from the tail vein and allowed to stand for 30 minutes
at 4°C, then centrifuged to obtain serum. A kit was used to measure biochemical levels of glucose
(Wiener Lab®test kit Lab, Germany), triglycerides, total cholesterol, and HDL-c (Randox Lab, UK).
The LDL-c level was calculated using the Friedewald method [26].

2.5. MP] Supplementation

After the 20-week MetS induction, animals were randomly divided into 7 groups of 8 rats as
follows: (1) Control (Ctrl) received water (no MetS induced); (2) Metabolic syndrome (MetS) received
30% sucrose in water; (3) placebo (MetS+Placebo) received 30% sucrose in water + maltodextrin-gum
Arabic encapsulating matrix without pomegranate juice; (4) MPJ control (Ctrl+MPJ) received water +
MPJ dose 1800 mg/kg, no MetS induced; (5) MetS+MPJ1, received 30% sucrose + MPJ dose 600 mg/kg;
(6) MetS+MP]J2, received 30% sucrose + 1800 mg/kg MPJ and (7) MetS+MP]3, received 30% sucrose +
2900 mg/kg MPJ. The groups that received 30% sucrose in water during the induction period
consuming it during the study.

We established the doses of MPJ considering the mean therapeutic doses of juice reported in the
literature for humans and animals, percent moisture, yield, and drying loss. We prepared MP] daily
by dissolving it in sterile water (administration volume 4 ml/kg). Administration was intragastric
(i.g.). Treatments were continued biweekly for eight weeks, taking measurements of body weight,
blood pressure, and biochemical parameters at the beginning and every seven days (in triplicate).

2.6. Statistical Analysis

The results were expressed as mean + SD of each variable. For the diagnosis of MetS a Student’s
t-test for independent samples was performed (Ctrl vs. MetS). The difference between the means for
each variable was estimated by a two-way analysis of variance (ANOVA) with a Bonferroni post hoc
to compare replicate means by row, with the treatment after induction being the independent
variable, and the dependent variables: blood pressure, glucose, total cholesterol, HDL-c, LDL-c,
triglycerides, and body weight. The ANOVA of the study was MetS versus control group, treated
groups, and placebo. Statistical analyses were performed using GraphPad Prism 8 for Windows
(GraphPad, CA, USA) with a p <0.05.
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3. Results
3.1. MetS Induction

To verify the development of MetS, we measured the indicators of blood pressure, glucose, total
cholesterol, HDL-c, LDL-c, triglycerides, and body weight involved according to ATP III. We found
that all, except HDL-c, showed statistically significant differences (p<0.05) between the Ctrl group
and the MetS group, at least by the 6th week, which corroborated the induction of MetS for some
indicators as shown in the Figure 1.
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Figure 1. Confirmed criteria for the metabolic syndrome diagnosis in Wistar rats after twenty weeks
of 30% sucrose-induced metabolic syndrome. Panel: a) Triglycerides; b) Glucose, and c) HDL-c.
Statistically significant differences between Ctrl and MetS groups for the variables (p<0.05) after 20
weeks of metabolic syndrome induction.

3.2. Body Weight

Figure 2 shows the body weight data of the rats expressed as mean + SD in the different treatment
groups. No significant differences (p <0.05) were found between the groups. Natural weight gain was
constant and progressive for all groups over time. However, Ctrl+MP] rats were observed to have
less weight than the other groups. It is observed that the MetS group had a mean weight similar to
other groups (except the Ctrl+MPJ group).
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Figure 2. Body weight of Wistar rats with MetS after being treated with MPJ. Mean + SD of the
bodyweight of the different treatment groups. No statistically significant difference was found
between groups (p < 0.05). Ctrl = Control; MetS = Metabolic syndrome; Placebo = 30% sucrose +
maltodextrin-gum arabic encapsulating matrix without pomegranate juice; Ctrl+MPJ = MP] control
(water + MPJ 1800 mg/kg); MetS+tMPJ1 = 30% sucrose + MPJ 600 mg/kg; MetS+tMP]2 = 30% sucrose +
MPJ 1800 mg/kg; MetS+MPJ3= 30% sucrose + MP] 2900 mg/kg.
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3.3. Blood Pressure

Figure 3 shows the groups’ systolic blood pressure (SBP) and diastolic blood pressure (DBP).
Statistical analysis of systolic pressure revealed that, from week 2, the systolic pressure of the
MetS+MP]1 group decreased significantly (p<0.05) compared to the MetS group. At week 4,
MetS+MPJ2 also decreased significantly. At weeks 6 and 8, the MetS+MPJ3 group also obtained
significant differences compared to the MetS group.

MPJ also positively affected the diastolic pressure, where significant differences (p<0.05) were
observed compared to the MetS group in all MPJ-treated groups from week 2, finding that for
MetS+MP]J3, there were significant differences from week 4 onwards. These results suggest that MP],
both in the three doses evaluated and in the Ctrl+MP] group, had an antihypertensive effect. The
placebo group did not present significant differences versus the MetS group; on the contrary, the data
were similar (not shown in the figure).

©o
(&
1

©o
o
1

Diastolic blood pressure (mmHg)

854 -@- Ctrl
-%- MetS
A- MetS+MPJ1
804 © MetS+MPJ2
B MetS+MPJ3
75-
0 2 4 6 8
Time (weeks)
1501
=)
£
§, 1404
o
p=}
© 130
g -@- Ctrl
2 1204 -%- MetS
g A MetS+MPJ1
© © MetS+MPJ2
S 1104 B MetS+MPJ3
2
[9)

100-

Time (weeks)

Figure 3. Systolic (SBP) and diastolic blood pressure (DBP) of Wistar rats with MetS after being treated
with MPJ. Mean + SD of the systolic and diastolic blood pressure of groups. *= statistically significant
difference versus MetS group (p<0.05). Ctrl = Control; MetS = Metabolic syndrome; MetS+MPJ1 =30%
sucrose + MPJ 600 mg/kg; MetS+tMP]2 = 30% sucrose + MPJ 1800 mg/kg; MetS+MPJ3= 30% sucrose +
MPJ 2900 mg/kg.

3.4. Biochemical Analysis

Glucose

The Ctrl+MP] group was observed to be statistically different (p<0.05) versus the MetS group.
The result suggests a preventive role in the development of MetS by MPJ. In the treated groups,
MetS+MPJ1, MetS+tMP]2, and MetS+MP]3 showed a trend of decreasing glucose levels (Figure 4)
although the lowest level of MP] (MetS+MPJ1) was not consistently low.
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Figure 4. Glucose of Wistar rats with MetS after being treated with MPJ. Mean + SD of the glucose of
the different treatment groups. *= statistically significant difference versus MetS group (p<0.05). Ctrl
= Control; MetS = Metabolic syndrome; MetS+MP]1 = 30% sucrose + MPJ 600 mg/kg; MetS+MP]2 =
30% sucrose + MPJ 1800 mg/kg; MetS+MPJ3=30% sucrose + MPJ] 2900 mg/kg.

Total Cholesterol

MP]J reduced total cholesterol levels relative to MetS (Figure 5).
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Figure 5. Total cholesterol of Wistar rats with MetS after being treated with MP]. Mean + SD of the
total cholesterol of the different treatment groups. *= statistically significant difference versus MetS
group (p<0.05). Ctrl = Control; MetS = Metabolic syndrome; MetS+MP]J1 = 30% sucrose + MPJ 600
mg/kg; MetS+MP]2 = 30% sucrose + MPJ 1800 mg/kg; MetS+tMP]3=30% sucrose + MPJ 2900 mg/kg.

LDL-c and HDL-c

The reduction of total cholesterol was apparently due to a reduction in LDL-c (Figure 6 LDL-c)
rather than HDL-c (Figure 6 HDL-c).
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Figure 6. LDL-c and HDL-c of Wistar rats with MetS after being treated with MPJ. Mean + SD of LDL-
¢ and HDL-c. *= statistically significant difference versus MetS group (p < 0.05). Ctrl = Control; MetS
= Metabolic syndrome; MetS+MPJ1 = 30% sucrose + MPJ 600 mg/kg; MetS+MPJ2 = 30% sucrose + MPJ
1800 mg/kg; MetS+MPJ3= 30% sucrose + MP] 2900 mg/kg. Week 8 tests were lost.

Triglycerides

MP] was increasingly effective over time in decreasing triglyceride levels (Figure 7). The
MetS+Placebo group had no differences from the MetS group (data not shown), so the encapsulating
matrix does not alter triglyceride levels.
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Figure 7. Triglycerides of Wistar rats with MetS after being treated with MPJ]. Mean + SD of
Triglycerides *= statistically significant difference versus MetS group (p < 0.05). Ctrl = Control; MetS
= Metabolic syndrome; MetS+MPJ1 = 30% sucrose + MPJ 600 mg/kg; MetS+MP]2 = 30% sucrose + MP]
1800 mg/kg; MetS+MPJ3= 30% sucrose + MP] 2900 mg/kg.
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4. Discussion

This study used the administration of 30% sucrose from week 4 of the rats’ life during 20 weeks
to provide a model of MetS, plus 8 weeks of treatment study [24] to provide a model of MetS. We
used MP]J as a natural treatment of this induced MetS. We chose to use male Wistar rats because of
the evidence that males have a higher risk of cardiovascular disease [27]. We previously reported that
MPJ consumption is safe in doses of up to 5000 mg/kg bw and did not cause subacute or subchronic
toxicity [28].

While MPJ alone reduced weight gain relative to control, the MetS + MPJ treatments did not
lower weight gain (Figure 2). The MetS+ MPJ did lower systolic and diastolic blood pressures (Figure
3), glucose (except MPJ1, Figure 4), total cholesterol (Figure 5), and HDL-c (Figure 6). MPJ did not
consistently affect LDL-c (Figure 6). This work confirmed that a storage form of pomegranate juice,
microencapsulated pomegranate juice (MP]), has anti-metabolic syndrome effects.

Obesity is a chronic non-communicable disease that develops from a complex combination of
nutritional, genetic, and environmental factors [29]. In this study, all rats increased their body mass
because they were still growing while 30% sucrose increased the caloric content and caused weight
gain. Interestingly, no significant differences in body mass were found in either group versus the
MetS group or between them. At time zero (after 20 weeks drinking 30 % sucrose), it was observed
that the MetS group had even less weight than the Ctrl group, which was unexpected due to the high
sucrose intake and lack of treatment but which agrees with a study in which free fatty acids, adipocyte
size, and systemic blood pressure were measured in Wistar rats with MetS induced with 30% sucrose
administered with glycine for four weeks. When measuring fluid intake, diet, and body mass during
four weeks of treatment, the researchers found no significant differences among the groups [24]. In
another study [30], the effect of a water daily intake of 30% sucrose on food intake and weight was
evaluated in male Wistar rats. At the end of the treatment, food intake and biochemical indicators
showed that sugar water reduced the balanced food intake by more than 90%; therefore, sugar water
consumption could cause malnutrition in the long term, as it causes a reduction in the nutrient-rich
food intake. This result agrees with a previous study in rats [31], which showed that sugar water
intake with 12% sucrose decreased balanced food intake by 47.54%, suggesting a sucrose
concentration-dependent effect. Another explanation is that the elevated insulin levels in the brain
cause a decrease in the intake of food [32]. Pomegranate extracts have been reported to decrease body
mass in animal models fed a high-fat, high-calorie diet [33-35]. Possible mechanisms of action could
be the inhibition of pancreatic lipase, thereby increasing the excretion of fats in feces [36], improving
mitochondprial function [37], control of AMP-activated protein kinase (AMPK), lipolysis in adipose
tissue, and stimulating fatty acid oxidation in the liver [38]. In this study the Ctrl+MP] group had a
minor increase in body mass. While MP] reduced weight gain in control rats (Figure 2), probably due
to the mechanisms mentioned, more research is required to determine why MPJ did not reduce body
mass in the 30% sucrose-treated groups.

Cardiovascular disorders are among the leading causes of death and disability globally and
hypertension, has a high worldwide prevalence and is the leading risk factor for developing cardio-
and cerebrovascular disorders [39]. In this study, all groups receiving 30% sucrose water developed
diastolic and systolic hypertension. MPJ treatment significantly (p < 0.05) decreased systolic and
diastolic pressures (Figure 3) in the treated groups. Pomegranate juice compounds have an
antihypertensive effect [16,40] so MPJ] may have an inhibitory effect on angiotensin-converting
enzyme [41,42] may reduce oxidative stress, improve mitochondrial function, and reduce chronic
sympathetic nervous system activation in the paraventricular nucleus [43] and/or enhance nitric
oxide/cGMP pathway signaling, as well as increase nitric oxide synthase bioactivity [44].

Pomegranate juice has been generally shown to have a hypoglycemic effect in human and
rodents [45-47]. However, other studies in humans show no effect [48]. In this study, a trend of
decreasing serum glucose levels was observed in the two higher MPJ-treated groups (Figure 4,
MetS+MPJ2 and MetS+MPJ3) as time progressed. As MPJ is a pomegranate juice-based product, the
action mechanisms should be similar to those previously found for fresh PJ, such as enhancing insulin
secretion (without changing fasting glucose) [49] and increasing insulin sensitivity [50,51]. Ellagic
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acid (an essential component of pomegranate juice) is also known to up-regulate Glut-4 and PPAR-y
and increase insulin sensitivity conferred by pioglitazone [52]. Punicalagin has improved
hyperglycemia, insulin, glutathione, and catalase activity levels in the streptozotocin-induced
diabetic murine heart [53]. Pomegranate juice inhibits the action of resistin (a cytokine implicated in
insulin resistance in obese subjects) [50,51], decreases inflammation, inhibits a-glucosidase and a-
amylase, and maintains [3-cell integrity [46].

Carotid atherosclerosis is a growing health problem; it is calculated that by 2020, 27.6% of adults
aged 30-79 years will have carotid intima-media thickening worldwide, equivalent to 1,066.70 million
people [54]. Diabetes, smoking, and hypertension are the most frequent risk factors for increased
carotid intima-media thickness and carotid plaque [54], so this problem is closely related to MetS. In
this study, serum triglyceride levels (Figure 7) significantly differed between the groups that did not
receive 30% sucrose and those that did. Our results showed an excellent hypotriglyceridemic effect.
Reports on the impact of pomegranate on triglycerides vary depending on the fraction or part of the
pomegranate studied. For example, researchers reported increased triglyceride levels after
administering pomegranate seed oil [55] while pomegranate seeds did not affect plasma triglyceride
levels in other study [56]. In a study conducted by our research group, pomegranate juice diluted in
water administered to diabetized CD-1 mice fed a high-fat diet had a hypotriglyceridemic effect [57].
It was also observed that MPJ] administered orally in women with acute coronary syndrome for 30
days decreased triglyceride levels [23]. These results agree with those of Mirmiran et al. [58]; they
supplemented subjects with hypertriglyceridemia with pomegranate seed oil capsules for four
weeks, and a significant decrease in triglyceride levels, triglyceride/HDL ratio, and HDL cholesterol
was found. In the last week, the MetS+ MP] treatment had lower total cholesterol than MetS alone
(Figure 5). Previous reports suggest that pomegranate may have a hypocholesterolemic effect during
continuous and prolonged administration, as confirmed by a study in mice fed a high-fat diet and
supplemented with pomegranate juice (300 ul/day) for 24 weeks. At week 12, a significant difference
(p<0.05) was observed versus the group fed a high-fat diet and not supplemented with pomegranate
[59]. Similarly, a study with commercial pomegranate juice for 14 weeks demonstrated a significant
(p<0.05) reduction in total cholesterol in CD-1 mice [56]. The MP]J-treated groups had no discernable
trend for HDL-c levels (Figure 6). Low HDL-c levels correlate with an elevated risk of coronary
atherosclerosis [60]. The LDL-c levels were different from what was expected (due to sucrose,
elevated levels were expected). The Ctrl group had higher LDL-c levels than the other groups, when
hypothetically the groups with induced MetS should have higher levels. There are reports on the
beneficial effect of pomegranate flower, seed and peel on these lipoproteins (increase of HDL-c and
reduction of the total cholesterol/HDL-c ratio). In addition, a concentrated product based on
pomegranate juice reduced LDL-c [61]. Pomegranate appears to regulate lipid metabolism by
reducing oxidative damage, particularly lipid peroxidation. This effect is closely tied to enhancing
cellular antioxidant capacity, including boosting levels of reduced glutathione (GSH) and total
antioxidant capacity (TAC), as well as the activities of various antioxidant enzymes like glutathione
peroxidase (GPx), glutathione reductase (GR), glutathione-S-transferase (GST), superoxide
dismutase (SOD), and catalase (CAT). When cells face oxidative stress, they trigger the expression of
genes for phase II detoxifying enzymes, largely through activating the Nrf2 transcription factor. Nrf2
moves into the nucleus, binding to response element promoters and prompting the transcription of
phase II detoxifying enzymes such as SOD, HO-1, NQO-1, and y-GCL. Research indicates that
punicalagin and pomegranate extracts containing 40% punicalagin can activate Nrf2 and its
downstream antioxidant enzymes. Therefore, pomegranate extracts have the potential to activate
phase 2 enzymes, mitigating oxidative damage [21].

5. Conclusions

Daily MP] supplementation in an animal model with MetS induced with 30% sucrose, had a
palliative effect, as it was able to reduce systolic and diastolic blood pressure, glucose, triglycerides
and cholesterol, preventing development of chronic diseases associated to MetS.
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