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Abstract: Modern research achievements support health-promoting effects of natural products and
diets rich in polyphenols. Pomegranate (PG) (Punica granatum L.) contain a considerable number of
bioactive compounds that exert a broad spectrum of beneficial biological activities, including
antimicrobial, antidiabetic, antiobesity, and atheroprotective properties. In this view, the reviewed
literature shows that PG intake might reduce insulin resistance, cytokine levels, redox gene
expression, blood pressure elevation, vascular injuries and lipoprotein oxidative modifications.
Lipid parameters corrective capabilities of PG-ellagitannins are also sufficiently reported to be
significantly effective in reducing hyperlipidemia (TC, LDL-C, VLDL-C, and TAGs), plasma HDL-
C concentrations, TC/HDL-C and LDL-C/HDL-C ratio. The health benevolent effects of
pomegranate consumption appear to be produced through the amelioration of adipose tissue
endocrine function, fatty acid utilization, GLUT receptor expression, paraoxonase activity
enhancement, PPAR and NF-kB modulation. Although the results from animal experiments are
encouraging, human findings published in this field are inconsistent and still limited in many points
of view. The present review discusses and provides a critical analysis of PG’s bioeffects on metabolic
syndrome components, type-2 diabetes, obesity, and dyslipidemia, as well as on some
cardiovascular-related diseases. A brief overview of the pharmacokinetic properties, safety, and
bioavailability of PG-ellagitannins is also included.

Keywords: Punica granatum L.; pharmacokinetic; metabolic disorders; dyslipidaemia; diabetes
mellitus; obesity; antihyperlipidemic; antihyperglycemic; atherosclerosis

1. Introduction

The major advances made in the history of humanity, particularly in the fields of transportation,
food security and telecommunication, have greatly facilitated the life of the 21st-century humans. As
a result of this materialistic evolution, humans have become more and more sedentary and
increasingly under stressful situations. Simultaneously, other non-healthy behaviours, such as sleep
deprivation, smoking, alcoholism, and non-nutritious dietary habits, have worsened the situation.
These lifestyle changes have largely impacted human health capital and are potentially incriminated
in the occurrence of numerous chronic illnesses, including cardio-metabolic and vascular diseases.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The above analysis explains, at least in part, the following worrying prevalence rates: in 2016,
nearly 1.9 billion adults are already diagnosed as overweight worldwide [1] and 650 million of them
are obese. In June 2021, alarming percentages concerning overweight and obesity rates (39% and 13%
of adults, respectively) have been communicated by the same organization. A simple comparison of
these rates with those registered in the middle of the 1970s, that were three times lower than today’s
[1], highlighted how much the world is at real risk of a global epidemic, especially as future
projections continue to increase in an exponential way. Another factor that complicates the situation
is childhood obesity, which is becoming more and more noticeable. This means more chances to
develop cardiovascular diseases, insulin resistance, psychological disorders, and ultimately
premature mortality.

According to the International Diabetes Federation [2], 415 million diabetics have been positively
diagnosed in 2015. Future projections are alarming and the federation predicts approximately 642
million diabetics by the year 2040 [3]. From an economic point of view, the global financial burden of
diabetes illnesses was estimated at approximately US $1.31 trillion in 2015 [4]. The estimations have
included all types of diabetes, 184 countries, adults aged between 20 and 79 years, direct and indirect
expenditures. This burden is expected to increase as the incidence of obesity continues to elevate.

Pharmacological treatments, including anti-obesity drugs, insulin-sensitizing molecules and
insulin-secretagogue agents, have provided solutions to these illnesses. However, pharmacovigilance
reports and case series studies [5,6] have signalled serious adverse effects related to the use of some
of these agents. In this context, troglitazone has been removed from the US market in March 2000 [5],
and the prescription of others is being questioned and largely restricted [7], particularly for reasons
related to hypoglycaemia or coma risk [8-10], [8-10] weight gain [11,12], cardiac events [13-15],
hepatic dysfunction [5,16], and nephrotoxicity [17].

A large body of evidence accumulated in the last decades supports the safety of natural nutrients
and their strong correlation with cellular homeostasis, chronic disease prevention, cognitive function,
and life quality improvement. Therefore, various research teams have focused their research interest
in identification and characterization bioactivities from natural compounds. Aromatic and medicinal
plants, such as pomegranate (PG), have been reported in the ethnomedicine literature to treat
microbial infections, diabetes mellitus, obesity and its-related metabolic abnormalities. Currently,
empirical arguments confirm these folk remedy applications and attribute to PG consumption strong
normoglycemic and anti-dyslipidemia properties.

The present review discusses the most relevant published in vitro and in vivo data related to the
anti-hyperglycaemic and anti-hyperlipidaemic regulatory effects of PG consumption. Relevant
clinical and pharmacokinetic studies performed in this order are also reviewed.

2. Pharmacokinetic and safety of ellagitannin constituents

Human investigations on the bioavailability of ellagitannins (ETs) and ETs-derivative nutrients
are relatively recent, since the first paper on ETs from PG was published in 2004 [18]. Related animal
studies are also recent and have been performed using mainly rats as an experimental model to
investigate ET biotransformation, absorption, and clearance [19].

3. Catabolism of ellagitannins

It is proven that under physiological conditions, ET polyphenols are subject to non-enzymatic
hydrolysis, involving the acidic degradation and the lysis by the intestinal bacteria. In colon area, the
resulting ellagic acid (EA) molecules are subjected to biochemical modifications, namely
dihydroxylation, decarboxylation, and lactone-ring cleavage to produce dibenzopyran-6-one
derivatives known as urolithins [20]. In this regard, analysis of human fecal culture has identified
urolithin A, thought to be produced from EA and related polyphenols [20]. However, glucuronide or
sulfate conjugates of this metabolite are not detected [20]. In the same context, a study from Cerda et
al., [19] demonstrated that rat intestinal microflora was able to transform ET-punicalagin to the
urolithin metabolites.
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Studies on jejunum and colon tissues [21] of Iberian pigs fed acorn ETs have demonstrated the
presence of EA compounds and their bioconversion products. These studies also revealed inter-
individual variability in terms of the rate and profile of metabolites produced, primarily because
catabolic physiological capacities are dependent on the composition and efficiency of gut microbial
organisms, which vary greatly between individuals.

4. Absorption and bioavailability of ellagitannins

Scientific experiments conducted to investigate the ability of PG compounds to penetrate the
intestinal lumen and to achieve human blood, suggest the bioavailability of EA at the following
concentrations : 31.9 ng/mL [18] and 33 ng/mL [22]. These values are achieved in a post-ingestion
time of 1 h and the reported quantities are eliminated at T-max of 4 h. Additionally, ET-punicalagin
molecules were detected at a concentration of 30 pg/mL, in a rat animal model [19]. However,
polyphenols or related hydrolysis products from other species like raspberries were not able to
achieve the plasma circulation of healthy volunteers [23]. The production capacity of urolithins and
their absorption capabilities, present a great variability and many factors have been proposed to
explain this variability; such as molecule physicochemical characteristics (the chemical structure,
degree of lipophilicity, solubility, etc.), and the individual specificities (microbiota composition,
intestinal pH, etc.).

5. Biodistribution and clearance of ellagitannins

Urolithins tissue accumulation outcomes are in favor of an important deposition in the colon
and prostate organs [24]. However, the capabilities of ET metabolites including punicalagin, to
achieve and to accumulate in other organs such as the liver and kidney are very limited [19].
Moreover, others investigators did not report any detection [21]. This last publication did not suggest
any deposition of these molecules in the brain, adipose, and muscle tissues. The distribution and/or
deposition abilities of PG-ETs may be influenced by organ cells biochemical characteristics, such as
the selective properties and/or permeability (e.g. in the brain, the blood-brain barrier could limit the
access of these molecules to the intraneuronal compartment), the general structure of the ET-molecule
(which gives it or not a susceptibility to resist the hepatic catabolism reactions), and personal blood
transport performance.

In terms of clearance, punicalagin metabolites are detected in wurine under 6-H-
dibenzo[b,d]pyran-6-one derivative forms [19]. Indeed, feces and urine investigations were able to
quantify around 3-6 % of the total polyphenols ingested (0.6 to 1.2 g, daily). The authors hypothesized
the quasi-biotransformation of these compounds into undetectable molecules or a possible
accumulation in non-investigated tissues [19]. Furthermore, clearance of ETs-polyphenols from other
sources have been also studied, and the post-ingestion of 35 g of walnuts excretion analysis, showed
the presence of urolithin A, without any detection of its sulfate or glucuronide derivatives [20].
However, feces elimination of urolithins glucuronide forms is confirmed in another study [21], thing
which is in agreement with the discussed inter-individual variability in terms of absorption rat, gut-
microbiota composition and ETs-microflora degradation abilities.

6. Safety of pomegranate and pomegranate products

Although traditional remedy literature supports PG utilization and its capacities to ameliorate
health performances, some toxicological evaluations indicated cellular components alteration and
nuclear damages after PG administration. According to Tripathi and Singh [25], the concentration
required to kill 50% of snail Lymnaea acuminate (LC50) using PG bark was fixed at 22.42 mg/l and
vary in a dose- and time-dependent manner. In addition, recombinogenic, mutagenic, and clastogenic
effects, have been observed in mice after whole PG fruit consumption [26], suggesting that PG may
contain toxic substances, most likely, the alkaloids ingredients [25].
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Conversely, in vivo data [27], have been recently published attributing an antigenotoxic actions
of PG fruit administered at different concentrations (87.5, 175, 350, and 700 mg/kg of b.w).
Additionally, 21 days of subacute toxicity assays, also did not reveal any toxicity markers. Moreover,
an embryo toxicity study [28] showed that the hydroalcoholic extract of PG fruit was safe at a dose
less than 0.1 mg per embryo, and its intraperitoneal administration lethal dose 50 (LD50), is reached
only in high dose (731.1 mg/kg). Furthermore, Jahromi et al, [29], suggest the fact that the
administration of the following doses : 0.5, 1.9 and 7.5 mg/kg of PG peel extract, did not provoke
any toxic signs or behavioral disorder symptoms. Also, data from this paper, do not suggest any
cholesterol, glucose, or hepatic enzyme disturbances.

PG pure dietary-compounds and metabolites, such as punicalagin and EA have been also
investigated for their toxicity and safety properties [30,31]. In a 90-day subchronic experiment [30],
1.25, 2.5, and 5% doses of EA, have been given to F344 rats as a powdered basal diet to evaluate its
bio-alteration potential. Outcomes from this study did not show any toxic effects or supplementation-
related clinical signs. Moreover, 37 days repeated oral administration of a 6% ETs-punicalagin did
not produce any liver or kidney toxicity [31]. Furthermore, this compound is not only safe but also
can protect the hippocampal HT22 cells and H9¢2 cardiomyocytes from glutamate and doxorubicin-
induced toxicity [32,33]. In vitro and in vivo toxicological examinations of PG-seed oil, a rich source
of punicic acid concluded that this treatment was neither mutagenic nor clastogenic, and the post-
mortem analysis did not reveal any cellular abnormalities [34]. In this experiment, the no observed
adverse effect concentration was fixed at 4.3 g/ kg/ day.

In all, PG or PG pure chemical intake seems to be safe, and the doses expected to have toxic
effects, are much higher than those reported in ethnomedicine remedies and than those currently
used for healing purposes.

7. Pomegranate consumption and obesity

This pathology has a multifactorial etiology, which includes genetic, epigenetic, and
environmental roots. Indeed, the unlimited access to a diet often rich in fat, and poor in fibres, with
a considerable reduction of physical activity, in addition to the in utero epigenetic modifications,
represent the major elements underlying the obesity epidemic.

Physiopathological aspects of this energetic imbalance are illustrated in the hormono-metabolic
change that occurs in the adipose tissue, due to its exposure to nutritional affluence that exceeds the
organism’s spending. In fact, the abdominal hypertrophy is accompanied by a qualitative and
quantitative change in hormonal products produced from the endocrine organ. This is exemplified
in the increase of pro-inflammatory genes activation (TNF-a, IL-6, etc.), and the reduction of the
mRNA and protein insulin-sensitizing molecules (adiponectin) expression. This resulting
simultaneous chronic inflammatory and the hypo-adiponectinemia state, are associated with a
sustainable decrease in myocyte glucose uptake, low fatty acid -oxidation, and excessive glucose
production. The activated form of the fatty acids, the acyl-COA, can activate a family of kinases
(PKC), and through this pathway, participate in the enzymatic phosphorylation process of
serine/threonine residues of insulin receptor substrate. This event alters the insulin signaling
transduction (PI3 kinase and MAP kinase pathways) and thereby contributes to the development of
the insulin resistance phenomena. The metabolic repercussions of such pathological situation exceed
the adipocyte territory, to affect the energetic functioning of the myocyte, hepatocyte, and the cellular
homeostasis of all peripheral insulin-dependent tissues.

The reversible nature of obesity permits to the hygienic-dietary measures to restore metabolic
homeostasis and prevents, at least, in some circumstances, the onset of other obesity-related
pathologies. The nutritional component of this approach may be reinforced by the improvement of
the organism antioxidant and anti-inflammatory status. This can be achieved through the
consumption of vegetables and fruits with a low glycemic index, hydrogen atom transfers abilities,
electron donor capacities, and chelate transition metals capabilities. The fruit of PG was proposed as
a candidate that responds to these kinds of dietary requirements.
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Experimental evidence attributed to PG intake anti-obesity and anti-diabetic capacities (Tables
1 and 2). According to Vroegrijk et al., [35], diet supplementation with PG-seed oil proved its potent
to reduce body weight, body fat mass, and to increase peripheral insulin sensitivity, in C57Bl/J6 mice.
These findings reinforce the previous observations made by Lei et al., [36], which found a significant
lowering effect on the main lipid parameters, including plasma total cholesterol (TC) concentration,
triglycerides (TG) content, and TC/HDL-C ratio. Moreover, enzymes involved in lipid metabolism,
such as acyl-CoA oxidase, carnitine palmitoyltransferase-1, as well as nuclear receptors such PPAR-
«, have been positively influenced by PG flower constituents [37]. Furthermore, data from Oliveira
et al., [38], showed the decrease in body weight after 30 days of feeding with PG extract, without any
effect on plasma glucose concentration. However, opposite findings concerning feed intake and
weight gain tendencies, have been published by Shabtay and colleagues [39]. Similarly, PG peel
extract did not modify body weight gain and did not alleviate inflammation in an animal model of
obesity (Balb/c mice) [40]. Nutrigenomic variability, in which individual genetic differences can
influence the biological response to phytochemical nutrients, may explain the reported inconsistency.
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Table 1. Summary of the most relevant human and animal findings related to the anti-hyperlipidemic effects of PG consumption.

Population / PG dose and
Group disease PG part or product duration HDL LDL TC VLDL HDL-C LDL-C VLDL-C TG Ref
induction
Clinical studies ( the values are expressed as mean + SD)
.. 150 ml/day, . . . .
Treated group PG juice ni ni 218.73+42.81° ni 49.27+8.06* 127.27+24.222 ni 171.18+78.922
Hypertensive for 2 weeks 1)
Placeb subjects
g:;zpo ! _ _ ni ni 187.00£30.27° ni 40.40+6.91°  109.40225.82 ni 165.60+124.32°
800 mg twice
Treated group Dvslipidemi PG-seed oil daily, for 4 ni ni ni ni 1.38+0.44" ni ni 2.75+1.40°
ys P! emic weeks [42]
Placebo patients
_ _ ni ni ni ni 1.25+0.26° ni ni 3.12+1.59°
group
PG 400 ml daily, 130.48+32.29 . . . .
Treated group et TV 550512010 209.68+39.10* ni ni ni ni 170.68+187.10+
PG juice for 5 weeks :
Placeb COPD 116.06+29.14 (431
aceno _ _ 56.7520.81 RS 201.34432.640 ni ni ni ni 137.91%778.22°
group a
120 m], for 1
Treated group A PG juice 0 ml, for ni ni 4.7+0.7 ® ni 1.1+0.1° 2.9+0.8° ni 1.3+0.3°
Obese patients month 4]
Placeb besit
acebo ovesty _ - ni ni 4.8:0.6° ni 1.2:0.2° 2.9:0.5" ni 1.2:0.5"
group
PGE: 1g/day
Treated group PGE+ Simvastatin :2 ni ni 202:29+ ni 45211+ 129415+ ni 187+138+
Simvastatin Omg/day, for 2
months
P1
:;ib(’ Hyper- - - i ni 192135+ ni 46212 123427+ ni 110£19+
group chol;:::::::mic PGE: 1g/day [45]
PGE + Simvastatin :
Treated i i 208 £40° i 47+13 2 13537 2 i 129443+
reated group Simvastatin 20 mg/day, for ni ni 08 +40 ni 3 35+3 ni 3
1 month
Pl
acebo B ~ ni ni 198 55+ ni 46419+ 123438 » ni 144371+
group
0.7 mM of
lyphenol:
Treated group PG Juice POYPRENO'S, 50641080  100£33.1°  167.3+43.5° ni ni ni ni 167.3 £86.3°
Hemodialysis 3 times/week,
. [46]
patients for 1 year
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group
240 ml/day,
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Treated group
Control+
Treated group

Control+

Volunteers at
high CVD risk

by adding 10%
of lipid in the
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extract of PG
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PG peel
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500 ml/day,
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8
0.2
Treated group High PG juice mL/animal, 7858:4.79+  19.38+10.34°  135.83+13.9°  37.87+5.36° ni ni ni 189.33 £ 26.81 2
for30 d
cholesterol diet or 30 days 169.93% [55]
Control + ~ 67.70+2.34 2 SLo0e 267+31.78°  29.37+1.18° ni ni ni 146.83 % 5.88 °
200 “:ig;;"r 30 1.54£0.208 058+0.118  1.93+0.191 0.23 £0.06 ni ni ni 1.05 £0.17
3 f
Treated group High PGME 00me, for30 4 594068 021+0.057  1.63+0125  0.100.028 ni ni ni 0.91+0.12
. day [56]
cholesterol diet 100 me. for 30
dga’y 0.91:0.117 0.17 +0.049 1.04 £0.159 0.07 +0.026 ni ni ni 0.46 +0.15
Control + 0mg 21640150  0.68+0.050  255+0211  0.27£0.072 ni ni ni 117 +0.13

Abbreviations. TC: total cholesterol; TG: triglycerides; HDL: high-density lipoprotein; HDL-C: high-density lipoprotein-cholesterol; LDL: low-density lipoprotein; LDL-C: low-density lipoprotein-
cholesterol; VLDL: very low-density lipoprotein; VLDL-C: very low-density lipoprotein-cholesterol; ni: not investigated; a: mg/dl; b: mmol/l; COPD: chronic obstructive pulmonary disorder;

PGME: PG mesocarp extract. CHD: ischemic coronary heart disease; c: (mg %); CVD: cardiovascular diseases; COPD: chronic obstructive pulmonary disease; STZ: streptozotocin.
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8. Type 2 diabetes and pomegranate consumption

Various innate factors (genetic), such as some nucleotide gene polymorphisms or acquired
factors (environmental) like food misbehavior, in addition to the in utero epigenome changes
(methylation, acetylation, etc.), play a determining role in the pathophysiology of insulin resistance.
The interconnectivity of metabolic pathways allows this pathological mechanism to influence, not
only the incidence of type 2 diabetes but also the cardiovascular and hepatic diseases (atherosclerosis
and non-alcoholic fatty liver disease, respectively). The increase in circulating free fatty acids and
serum pro-inflammatory cytokines (TNF-a, IL-6, etc.) which accompanies the abdominal
hypertrophy, interfere with insulin-substrate-receptor signaling cascade. Such event disrupts insulin
signal transduction, and thereby its anabolic effects. This is reflected on the one hand, by the decline
in peripheral glucose uptake, and glycogen synthesis. On the other hand, by the enhancement of free
fatty acids releases and hepatic glucose production improvement. Faced with the resulting
hyperglycemia, the islets of Langerhans try to compensate the growing insulin demand through the
hyperinsulinism phenomena. This temptation restores and maintains, at least temporarily, the
cellular energetic equilibrium. However, the persistence of the insulin resistance process leads
progressively to the exhaustion of the (-insular function. Then, the resulting glucolipotoxicity state
pushes the transition from a non-pathological situation of glucose intolerance to a potentially
deleterious type 2 diabetes.

To prevent, or at least, to attenuate such fatal consequences, natural molecules with an aromatic
nucleus and hydroxyl groups, should be envisaged, particularly in light of associated anti-diabetic
medication toxic effects (as discussed earlier). PG-polyphenols have been well documented in the
folk medicine literature to have anti-diabetic effects. In fact, this plant may act through numerous
mechanisms, including PPAR-y activity modulation [37,57-60], resistin protein degradation [61],
adiponectin gene expression [62], a-glucosidase enzymatic activities inhibition [63,64], Glut-4 mRNA
expression [59], and [3-mass regeneration [65].

In this context, Parmar et al., [63], reported that short-term treatment with PG peel extract, may
reduce a-amylase activity, serum glucose concentration, and lipid peroxidation content. The
achieved hypoglycemic effects appear to be associated with the increase in insulin secretion
capacities, as this hormone was found in plasma at high levels compared to the control group. These
results are consistent with those published by Li et al., [64]. This paper demonstrated the ability of PG
flowers to normalize postprandial hyperglycemia and to inhibit the catalytic activity of the a-amylase
in a dose-dependent manner. Additionally, Vroegrijk and coworkers [35], proved that PG-seed oil
treatment can improve peripheral insulin sensitivity in a C57Bl/J6 mice. Furthermore, a-glucosidase
and a-amylase assays show the capacity of PG leaves extract to inhibit these enzymes. Enzymatic
inhibition of pancreatic lipase enzyme was also reported [66]. However, contradictory findings
related to the anti-hyperglycemic potential of PG have been also published [40,67]. These papers
did not suggest any significant change after PG treatment. Also, fasting blood glucose and pancreatic
[-mass were not improved.

PG preparations and pure PG-related constituents have been also investigated for their
metabolic effects. These include, juice [68], punic acid [69], EA [70], punicalagin [71] and catalpic acid
[72]. Outcomes from these studies indicate that these molecules exert numerous antidiabetic and
biological effects.

PPAR-v is a subtype nuclear receptor which is predominantly expressed in the adipose tissue
[73,74]. Its capability to exert physiological functions, such as adipocyte differentiation [74], lipid
accumulation [75], lipoprotein lipase mRNA expression [76], proinflammatory gene repression and
resistin gene downregulation [77], have made this receptor a privileged target for anti-diabetic drugs.
The genes under PPAR-y control are thought to be incriminated in the development of insulin
resistance and type 2 diabetes progression.

Phenolic molecules from PG may modulate PPAR-y activities [37,57-60]. The observed
antidiabetic effects PPAR-y related activation is believed to be produced in two different ways
depending on the ligand molecule. The first one is through PPAR-v selective agonist actions (without


https://doi.org/10.20944/preprints202310.0019.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2023 do0i:10.20944/preprints202310.0019.v1

10

any activation of the associated PPAR-y adipogenic factors (DRIP205/TRAP220)), which terminate
by an improvement of insulin sensitivity [57]. This proved a solution to weight gain frequently
observed with the full activator’s antidiabetic pharmacological drugs. The second pathway implies a
different mechanism and consists of inhibiting PPAR-y activation to prevent the associated
undesirable adipogenesis effects. Authors, attributed this activity to quercetin, a flavonoid found in
PG [78,79]. Consequently, PG appears to exert a dual function, in which the agonist PPAR-y activities
appear to be weak, in comparison to the PPAR-y antagonistic actions [57]. In this view, Mueller and
Jungbauer [57], showed that PG fruit extract (standardized on 40% of EA) was the highest PPAR-y
antagonist among fifty extracts positively screened for their PPAR-y antagonism activity. The
findings related to this kind of modulation are in agreement with the reported in vitro [37,58,59] and
in vivo [37,59,60] studies. Therefore, natural selective PPAR-y agonists or in contrast PPAR-y
antagonists should be targeted to replace the thiazolidinedione’s utilization and to reduce adipose
tissue hypertrophy.

Clinical studies performed in this field are mainly carried out using PG juice and their outcomes
are largely inconsistent. In this regard, although Parsaeyan et al., [80], have demonstrated that daily
supplementation of 200 ml of PG juice for six weeks, can reduce fasting blood sugar, unexpected
findings suggest that PG juice did not modify the insulin secretory performances or hormone
sensitivity [44]. This suggests the fact that the supplement may contain insulin-like compounds and
can act through non-insulin mechanisms, especially as it was able to alleviate inflammatory response.
Furthermore, arguments with statistical power comes from a systematic literature review and meta-
analysis of seven trials to indicate the fact that PG intake did not show any significant effects on
glycemic markers [81].

In all, data from pure compounds seems to be consistent, while outcomes from extracts or
products both on animal and human studies are conflicting. This can be explained by the probable
interactions that could occur between different PG-bioactive substances that contain each
extract/product, and which may potentiate and/or attenuate the cellular effect and the biological
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Figure 1. The Anti-hyperlipidemic and normoglycaemic molecular mechanisms of PG
phytochemicals active compounds. As summarized, PG nutrients are able to reduce resistin protein,
a-glucosidase, and redox-sensitive gene expression, as well as, to increase adiponectinemia and to
ameliorate cellular glucose uptake. Inhibitory effects against enzymes involved in lipid metabolism,
including carnitine palmitoyltransferase I, acyl-coenzyme A oxidase, and lipoprotein lipase, are also
proposed. Furthermore, secondary metabolites from PG organisms could improve blood pressure,
inflammatory state, and the antioxidant enzymatic capabilities as well as to modulate PPAR-y
activities. Abbreviations. GILM: genes involved in lipid metabolism; CPT1: carnitine
palmitoyltransferase 1; ACO: acyl-coenzyme A oxidase; LPL: lipoprotein lipase; redox SG: redox-
sensitive genes; GAA: the gene that codes for a-glucosidase; AOX genes: antioxidant genes; CAT:
catalase; GSH: glutathione; GLUT-4: glucose transporter-4; ADIPOQ: adiponectin gene; NF-«B:
nuclear factor-kappa B; PPAR-y : peroxisome proliferator-activated receptor gamma.
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Table 2. Summary of the main effects of PG intake on type 2 diabetes, obesity and cardiovascular diseases.

Animal model/ Disease or PG part or Dose and period of treatment Findings Ref
population/ cell line induction of the product
disease

PG intake effect on obesity and diabetes mellitus

3
i)
=3
=
0
s
s
=
T
=
(]
T
=
=
=3
w
o
=
(=]
N
<
o
—
)
m
m
0
)
m
=
m
=
m
O
)
(]
(%)
=3
1]
=
-
o
(2]
=
o
o
@
=
N
(=]
N
w

Male C57B1/J6 mice High-fat diet PG-seed oil 1%, for 12 weeks | body weight; | body fat mass; < liver insulin sensitivity; 1 peripheral insulin [35]
sensitivity; < food intake; < energy expenditure.
Male CD-1 mice High-fat diet PG-seed oil 61.79 mg/day, for 14 weeks | weight gain; | body weight; | absolute weight gain; | percentage of weight gain; < [62]
lean mass; <> cholesterol profile; | leptin; 1 adiponectin.
Zucker diabetic fatty Genetic 500 mg/kg/day, for 6-weeks | plasma glucose; < fasting serum glucose; 1 cardiac PPAR-y mRNA expression; 1
rats manipulation GLUT-4 mRNA; 1 mRNA expression of inhibitor-kBa.
Zucker lean rats - PG flower extract > plasma glucose; < fasting plasma glucose. [59]
Human THP-1-derived - 50ug/ml, for 48 h 1 PPAR-y gene expression; { PPAR-y-dependent mRNA expression.
macrophage cells 1 lipoprotein lipase activity.
Swiss albino male mice  Alloxan injection PG peel extract 200 mg/kg/day, for 10 days | plasma glucose; | a-amylase activity; | water consumption; | lipid peroxidation; 1 [63]
plasma insulin.
Male albino rats Alloxan injection PG peel aqueous 0.43g/kg BW, for 4-weeks | blood glucose; 1 insulin level; 1 3-cells regeneration. [65]
extract
Male Sprague Dawley Alloxan injection PG seed 60 g/ kg/day, for 15 days > serum glucose; < fasting blood glucose; < size of islets; < islets density; <
rats percent of (3-cells in each islet; <> number of islets. [67]
albino rats Alloxan injection PG flower extract 300 or 4000r 500 mg/kg. | blood glucose.
Sampling time: at 1 and [82]
2h.
Zucker diabetic fatty Genetic 250,500, and 1000 mg/kg/day, | postprandial hyperglycemia; | a-glucosidase activity (IC50: 1.8 pg/ml);
rats manipulation PG flower extract for 2 | plasma glucose levels after sucrose loading.
weeks. 200 pl, for 5 min for the [64]

in vitro assay.

Adult albino rats Streptozotocin PG seed extract 150, 300 and | blood glucose in time and dose-dependent manner. [83] S‘
treatment 600 mg/kg, for 2, 4,8 and 12 h E;

3T3-L1 pre-adipocytes Punicic acid 1.25,2.5,5and 10 uM 1 PPAR-a and v activity; | fasting plasma glucose; 1 glucose normalizing [84] 8
- capabilities; | NF-kB activation; | TNF-a expression. ©

ovariectomized mice Surgical 30 mg/kg/day, for 12 weeks | serum resistin concentrations. ES
intervention PG fruit extract ]

3T3-L1 adipocytes - 50 and 100 pg/mL, for 9 and 12 | resistin protein secretion; <> resistin mRNA expression; 1 intracellular resistin =4
h degradation; < adiponectin secretion. [61] §_

Ellagic acid 20, 40, and 70 uM, for 12h | resistin protein secretion; «» adiponectin secretion; | intracellular resistin time- K’;

dependently. §

Punicic acid 5and 10 uM, for Sh < resistin molecule secretion. =

=

©
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C57BL/6] obese mice
male and female ICR
mice

Zucker diabetic fatty
rats

Zucker diabetic fatty
rats
HepG2 cell line
Type 2 diabetic and
hyperlipidemic patients

Calves

Calves
Balb/c mice

Male wistar rats

J774.A1 macrophages

Human coronary
artery endothelial cells

Low-density-
lipoprotein receptor-
deficient mice
(LDLR-/-mice)

High-fat diet

High-fat diet

Genetic
manipulation

Genetic
manipulation

Diabetes mellitus
and
hyperlipidemia

High-fat feeding

High lipid diet

High shear stress

Genetic
manipulation and
high-cholesterol
diet

Catalpic acid

PG leaf extract

PG flower extract

PG flower extract

PG juice

Polyphenols PG
extract

PG peel
PG peel extract

PG peel extract

PG juice

PG juice

PG juice

1g/100g, for 78 days
400 or 800 mg/kg daily, for 5
weeks

500 mg/ kg daily, for 6 weeks

500 mg/kg/day, for 6 weeks

10, 50 and 100 pg/ml, for 48h

40 g/day of concentrated PG
juice, for 8 weeks

5 or 10 g/day (0,15, and 30 mg
of gallic acid equiv/kg/day),
for 70 days

Ad libitum, for 2 months
0.2% (6 mg/day/mouse), for 4
weeks

50, 100, 200, and 300mg/kg, for
23 days

| insulin; | fasting blood glucose; 1 glucose normalizing ability; | abdominal white
adipose tissue storage; 1 PPAR-a expression; 1 HDL-C; | TG.

| body weight; | energy intake; | TC; | TG; | TC/HDL-C ratio; | glucose; | fat
absorption; | appetite.

1 TG; | TG; | fatty acids; | fatty acids transport proteins; | PPAR-; | acyl-CoA
oxidase; | 5 -AMP-activated protein kinase-a-2; | carnitine palmitoyltransferase-1; |
acetyl-CoA carboxylase mRNA.
| TG; | lipid droplets; t PPAR-a; 1 acyl-CoA oxidase; 1 carnitine
palmitoyltransferase-1; | gene expression of stearoyl-CoA desaturase-1;
> fatty acids and TG synthesis; < fatty acids and TG hydrolysis; « fatty acids and
TG uptake.

1 PPAR-o; T Acyl-CoA oxidase mRNA.

| TG; | LDL-C; | LDL-C/HDL-C; | TC/HDL-C; <~TG; <> HDL-C.

< on body weight or intake, during the first 30 postnatal days, but are | after this
period; <> glucose concentration; «» 3-hydroxybutyrate; | fat digestion; < dry
matter; < starch digestibility; <> organic matter.

1 feed intake; T weight gain tendency.
> weight gain; < glycaemia; <> glucose tolerance; | TC; | LDL-C; < IL-1p, IL-6 and
COX-2in the liver; | IL-1pB, IL-6 and COX-2 both in in the gastrointestinal tract and
visceral adipose tissue.
| body weight; | TC; | LDL-C; | alkaline phosphatase; | TG; 1 HDL-C;
| AST; | ALT.

Pomegranate intake and cardiovascular diseases

75 mmol/L, for 90 min

7-14 pl of PG juice, for 24h.

31 pl/day (0.875 umol of total
polyphenols), for 24 weeks

1 Ox-LDL degradation by 40%; <> on macrophage degradation of native LDL; <
macrophage cholesterol efflux capacities; | macrophage cholesterol biosynthesis (by
50%).
| the activation of redox-sensitive genes (ELK-1 and p-JUN); 1 eNOS expression.

| the activation of redox-sensitive genes (ELK-1 and p-JUN); 1 eNOS expression; |
the progression of atherosclerosis lesions in mice.

[72]

[36]

[85]

[37]

[86]

[38]

[39]

[40]

[49]

[87]

[88]

[88]
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Carotid artery stenosis
subjects

Apolipoprotein E-
deficient mice
Apolipoprotein E-
deficient mice
J774A.1 macrophage
J774A.1 macrophage
Wistar albino rats

Zucker diabetic fatty
rats

carotid artery
stenosis

Genetic
manipulation

Genetic
manipulation

High-fat diet

Genetic
manipulation

PG juice

PG juice

PG byproduct

PG juice
PG peel extract
Ellagic acid

Punicalagin

PGEF extract

50 ml, for 1 or 3 years

31 pL of PJ/d (0.875 mmol of
total polyphenols/d ), for 2
months
17 or 51.5 pg of gallic acid
equiv/kg/day, for 3 months
10 or 50 pmol/L of total
polyphenols, for 18 h
10-50 puM of total polyphenols,
for 18 h
50 or 100 mg/kg, for 6 weeks
1mg/kg, for 6 weeks
7mg/kg, for 6 weeks

500 mg/kg, for 6 weeks

| carotid intima-media thickness; 1 PON 1 activity; | LDL basal oxidative state; |
LDL susceptibility to oxidation; | antibodies against ox-LDL; 1 total antioxidant
status; | antibodies against oxidized LDL; | systolic blood pressure.

1 PONT1 activity; | MPM lipid peroxide; | Ox-LDL MPM uptake; | MPM cholesterol
esterification; T macrophage cholesterol efflux; | macrophage Ox-LDL uptake; |
cholesterol esterification; | atherosclerosis lesions size.
| atherosclerotic lesion size; | cellular lipid peroxide; | glutathione levels; 1 POM-2
lactonase activity; | Ox-LDL uptake.
| cellular total peroxide; | Ox-LDL uptake.

1 expression and enzymatic activity of PON-2; t PPAR-y and AP-1 activation; |
macrophage oxidative status; | Ox-LDL uptake.

| TG, | LDL-G; | VLDL-C; | TAGs; 1 HDL-C; 1 GR; 1 SOD; 1 CAT; t GSH; | MDA; 1
PON-1 activities; | LDH activity; 1 TNF-o; 1 CD36.
| cardiac fibronectin expression; | collagen I and IIl mRNAs; | expression of

endothelin -1; | endothelin receptor a; | c-jun and inhibitor-kB{ expression; 1
inhibitor-kBea; | LPS-induced NF-kB activation.

[89]

[90]

1]

[58]

[92]

[93]

13

Abbreviations. <: no effect; |: decrease; 1: increase; TC: total cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TG: triglycerides; VLDL: very

low-density lipoprotein; VLDL-C: very low-density lipoprotein cholesterol; TAGs: triacylglycerols; ox-LDL: oxidized LDL; LDLR_/_: low-density-lipoprotein receptor-deficient; CAS:

atherosclerotic patients with carotid artery stenosis; MPM: mice peritoneal macrophages; COX-2: cyclooxygenase-2; TGCOX-2: transgenic mice COX-2; PPAR: peroxisome proliferator-activated

receptor; NF-kB: nuclear factor-kappa B; LPS: lipopolysaccharide; PON: paraoxonase; eNOS: endothelial nitric oxide synthase; TNF-a: tumor necrosis factor a; ALT: alanine transaminase; AST:

aspartate transaminase; GLUT: glucose transporter; GSH: glutathione; SOD:
malondialdehyde; AP1: activator protein 1.

superoxyde dismutase; GR: glutathione reductase; CAT: catalase; CD36; cluster of differentiation 36; MDA:
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9. Atheroprotective activities and antidyslipidemic effects of pomegranate consumption

Vascular cell dysfunction and arterial endothelial tissue activation are thought to be the first
events in the atherogenic process. The increase in endothelial permeability observed in such
circumstances permits to LDL and LDL-C to migrate from the vascular compartment to the intima
domain. In this area, these lipoproteins establish molecular interactions with matrix proteoglycans
using their Apo-B100, and then will be subjected to post-translational biochemical modifications, in
particular oxidative modifications. The local endothelial hypertrophy that occurs because of this non-
physiological accumulation stimulates through chemotactic signalling pathways the recruitment of
macrophages; cells specialized in the clearance of cellular debris. In parallel, complex phenomena,
involving a decrease of reverse cholesterol efflux capacity, migration and proliferation of smooth
muscle cells, activation of metalloproteases, and installation of a local pro-inflammatory secretory
profile, act in a concomitant manner towards the fragilization of the arterial wall and conditioning
the anatomical development and clinical expression of atherosclerosis. These series of deleterious
events is thought to be associated with dyslipidemia, visceral obesity, and diabetes mellitus.

These medical conditions are considered majors modifiable risk factors for atherosclerosis.
Therefore, safe strategies aimed at correcting atherosclerosis-related metabolic abnormalities, are of
paramount importance as they could restore vascular homeostasis. This may be achieved through
polymedication and lifestyle amelioration. To ensure this goal, functional food containing vitamins,
phenols, and polyphenols compounds, may be added to this global approach. In this regard, an
extensive amount of data has been raised to support the anti-atherogenicity potent of PG-diet intake.

Poly-molecular substances from PG exhibit a range of beneficial biological activities in the
vascular microenvironment and may act on a series of risk factors that impair the endothelial
anatomy and function. Nutrients isolated from PG, such as ellagic acid can suppress pro-matrix
metalloproteinases and prevent their interaction with the imprisoned arterial intima LDL molecules
[94]. This fact, contribute to inhibit one of the first events involved in the pathogenesis of
atherosclerosis. Moreover, punicalagin compound, gallic acid and its derivatives are able to stimulate
and to promoter paraoxonase-1 activity in a HuH7 hepatocyte cells [95]. The preventive
atherosclerosis effects related to PG consumption, may be also achieved through eNOS expression
improvement [88], and mRNA paraoxonase-1 transcription [89,90,95].

Placebo

150 ml/day, for 2-weeks
1 g/day, for 2 months

"] 150 mday, for 2 weeks
1 g/day, for 1 months

" 1g/day, for 2 months

7] 400 mt aily, for 5 weeks
j 240 ml/day, for 3 months

:l 1g/day, for | month
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Figure 2. Pomegranate bioeffects on human lipid parameters. A. Pomegranate consumption effect on
total cholesterol. B. Pomegranate impac on plasma HDL-C concentration. C. Pomegranate intake and
plasma triglycerides concentration. D. The modulatory effect of pomegranate supplementation on
plasma LDL-cholesterol level. All values are reported as mean + SD.

Pomegranate juice supplementation was also tested for possible atheroprotective effects.
According to Burgermeister et al., PG juice products may modulate paraoxonase-2 (PON 2)
activities in a PPAR-y depending pathways [96], and one year of supplementation, may be effective
in increasing plasma paraoxonase activity and serum total antioxidant status by 83% and 130%,
respectively [89]. PG juice treatment could also improve lactonase activity and paraoxonase enzyme
stability, as well as HDL-associated paraoxonase arylesterase form, in comparison to the
unsupplemented group [80,97]. This last claim is of fundamental importance because enzymatic
stability and biological activities of PON 1 improve when this enzyme is bound to HDL. Additionally,
this preparation modulates paraoxonase-2 activity in a PPAR-y-related signaling cascades [96]. In
in vivo experiment using apolipoprotein E-deficient mice, showed the fact that this product when it
is added to diet, may increase macrophage cholesterol efflux and protect LDL against oxidative
alterations [90], an initiating event and a crucial step in the atherosclerosis development.
Bioprotective effects illustrated in attenuating LDL oxidation, macrophage cholesterol biosynthesis
reduction [87], and redox-sensitive gene inactivation [88].

Arterial protection mediated by PG substances may also occur through non-enzymatic
mechanisms, involving a significant reduction of VCAM-1, ICAM-1, and E-selectin molecules [41].
Furthermore, TG/HDL-C ratio, a predictor element for cardiovascular diseases [98], has been
observed to be significantly reduced after PG-seed oil treatment [99]. These observations and others
suggest cardiomyocyte and coronary artery protection of PG supplementation. However, effect on
reverse cholesterol efflux are improbable, as investigators [41,48,80,86,100] did not find any
significant amelioration of serum HDL-C concentration (Figure 3) and apolipoprotein-A level,
compared to the placebo group.

10. Antidyslipidemic effects of pomegranate and pomegranate products

Hypercholesterolemia and hypertriglyceridemia states appear to be independent risk factors for
chronic diseases, like diabetes mellitus and atherosclerosis [101]. According to Soliman et al., [92], PG
peel and PG-ETs polyphenols were significantly effective in reducing hyperlipidemia (TC, LDL-C,
VLDL-C, and TAGs), as well as in improving plasma HDL-C concentrations in a Balb/c mice.
Investigators have evaluated this potent in human subjects [48,80,86]. In fact, Esmaillzadeh and
colleagues [86], demonstrated that daily consumption of concentrated PG juice for 8 weeks, may
regulate lipid parameters in type 2 diabetes and dyslipidemic population. This regulation is
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exemplified mainly in the decrease of serum TC and LDL-C concentrations, as well as TC/HDL-C
and LDL-C/HDL-C ratio. Similar results have been reported in Parsaeyan’s study [80], in which short-
term treatment (6 weeks) with 200 ml of PG juice, resulted in a diminution of plasma TC and serum
LDL-C levels. Identical results have been obtained in a medium-term supplementation (eight weeks),
exemplified in a significant reduction in plasma TC, LDL-C, LDL-C/HDL-C, and TC/HDL-C ratio
[100]. However, contradictory outcomes are also published, and did not suggest any changes in lipid
profile after PG intervention [48].

The lack of long-term supplementation, and the low number of participants, are the main
limitations of the reported clinical data. The last issue has been overcome by a fixed-effect meta-
analysis, which included 12 studies (a total of 545 individuals) [102]. Unfortunately, it did not suggest
any significant effect of PG intake or PG-derived products on serum lipid profile.

11. Insulin resistance, blood pressure, and pomegrnate consumption

The reduction of nitric oxide molecules, insulin resistance, oxidative stress, obesity, type 2
diabetes and its vascular complications, are thought to be the major leading causes of vascular
dysfunction and cardiovascular abnormalities development. The vasodilator effect and tubular
sodium reabsorption performances mediated by insulin hormones are found to be altered in such
pathological conditions. This is aggravated by the vasoconstrictive effect exercised by misused free
fatty acids, contributing to blood pressure abnormalities.

In vitro and in vivo evidence [103-107], have been sufficiently accumulated to push many
research teams to investigate the antihypertensive properties of PG in human conditions
[41,46,47,48,89,108,109]. Outcomes from these clinical interventions are in favour of an improvement
of vascular function, lipid metabolism homeostasis maintaining, and blood pressure normalization.
A systematic review and meta-analysis performed by Sahebkar and coworkers [110], come to a
conclusion confirming these health-promoting capacities. Authors suggest, a significant beneficial
impact of PG juice supplementation on both diastolic and systolic blood pressure, for doses ranging
from 150 ml to 500 ml per day, and for periods between 4 weeks and 18 months. From a mechanistic
point of view, inhibition of angiotensin-converting enzymatic activities [104,111], and tubular
degeneration protection [105], are among the proposed operative actions of PG biochemical
components. However, the included studies have limitations, regarding the number of subjects
recruited [47,89], lack of certain anthropometric measurements (age, gender, BMI) [46,47,89], and
non-investigation of the main lipid parameters (LDL-C, HDL-C, TC, and TG) [47,89,108]. Concerns
which could provide a more or less broad view of the health status of subjects enrolled, and thereby
help to make a reliable interpretation of the obtained results.

12. Conclusion

The expansion of obesity prevalence influences the incidence of obesity-related pathologies,
such as non-alcoholic fatty liver disease, diabetes mellitus, and cardiovascular abnormalities.
Therefore, taking measures aimed at reducing and/or limiting the progression of obesity and its
pathological consequences, is of crucial importance and should be a public health priority. As we
reviewed, a considerable amount of research has been published and are largely conflicting. The
reported inconsistency is associated, on the one hand, with the variability of the plant part used (as
there is an asymmetric distribution of the bioactive compounds), cultivar,

geographical area and its related bioclimatic and edaphic characteristics. On the other hand,
even if we achieve to standardize the fruit, results are sensitive to other factors related to the in vivo
conditions, mainly plasma bioavailability, organ accessibility and nutrigenomics considerations. All
in all, there are substantial arguments that support the medicinal value of PG and PG-active
substances against metabolic syndrome components. Effective management of this group of
metabolic abnormalities implies the adoption of global therapeutics strategies, in which hygienic-
dietary recommendations, and lifestyle modification, should be take a central place.
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