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Diet and lifestyle have long been recognized as important
modifiers of health status. Modern scientific methods are
being used to uncover, demystify, and validate the benefits
of dietary constituents in health promotion. Likewise, many
different foods are currently being studied for their role in the
management of numerous disorders and conditions ranging
from metabolic and inflammatory disorders to cardiovas-
cular disease and cancer. Indeed, our best medicines may
ultimately turn out to be botanicals, sourced from the 150,000
to 200,000 edible plant species on earth. These compounds
are simply awaiting discovery and development. The concept
of functional foods is evolving with insights into the mecha-
nisms of action of a number of bioactive compounds found
in foods. In this regard, this special issue focuses its attention
on the emerging science of the pomegranate and its rich store
of bioactive phytochemicals.

The pomegranate’s ability to combat oxidative stress,
augment the activity of nitric oxide, and modulate inflam-
matory pathways serves as the scientific basis for much of
its recently discovered health benefits. As an example, a
balance between free radicals and antioxidants is necessary
for proper physiological function. If free radicals overwhelm
the body’s ability to regulate them, a condition known as
oxidative stress ensues. Downstream, free radicals adversely
alter lipid, protein, and DNA within cells, contributing to
the etiology of a number of common chronic diseases and
conditions associated with aging. The health benefits of
pomegranate juice and extracts is derived from a spectrum of
bioactive agents. In addition to the unique family of polyphe-
nols in the pomegranate called punicalagins, pomegranate

phytochemicals include anthocyanins, flavanols, and a seed
oil which can be converted to conjugated linoleic acid.
Among fruits, the hydrolysable tannin called punicalagin
is uniquely found in the pomegranate. This is the largest
polyphenol antioxidant with a molecular weight of over 1000
Daltons.These largemolecules are hydrolyzed in the intestine
and release ellagic acid into the bloodstream. Punicalagin,
punicalin, gallagic acid, and ellagic acid account for the
majority of the ellagitannins. The gut bacteria convert these
ellagitannins into urolithins which are small molecules with
antioxidant and other biological effects. Interestingly, the
relevance of newly identified compounds to the mechanisms
of action underlying the benefits of pomegranate juice and
extracts has become an important path for future exploration
and scientific investigation. To this end, purified extracts
have proven to be valuable tools to explore and understand
mechanisms of action of pomegranate juice.

The pomegranate occupies a prominent place in art, reli-
gious symbolism, and traditional medicine dating back thou-
sands of years. A look into our modern literature will point
to research from as far back as 1821. Rigorous investigation,
however, only began some 20 years ago. Within this special
issue both original research and review articles, covering
both mechanism of action and clinical investigations, are
included. From amechanismperspective, articles in this issue
evaluate the biological effects of urolithins and assess the role
of these gut-produced metabolites in potential mechanism-
of-action schemas for pomegranate activity. Additionally,
authors describe work with cancer models that are helping to
identify subcellular molecular mechanisms of action, such as
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the 𝛽-Catenin Signaling Pathway. From a clinical perspective,
authors have prepared analyses on such varied clinically rele-
vant topics as cardiovascular health, memory loss, immunity,
and cancer. As described by these investigators, although
pomegranate demonstrates promise across different patient
types, the underlying mechanisms of action are often similar
(e.g., protecting against the damaging effects of hypoxia).

It is our hope that this compilation of data will advance
our knowledge of this ancient fruit’s chemistry and further
its application to the most perplexing chronic diseases facing
mankind today.

Ari M. Mackler
David Heber

Edwin L. Cooper
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Memory dysfunction is a common complaint following heart surgery and may be related to a diffuse ischemic state induced by
microemboli dislodged during the procedure. Ischemia can induce damage by a number of mechanisms, including oxidative
stress. Because pomegranates contain a variety of polyphenols with antioxidant and other potentially beneficial effects, we tested
whether supplementation with a pomegranate extract before and after heart surgery could protect against postoperative cognitive
dysfunction. Patients undergoing elective coronary artery bypass graft and/or valve surgery were given either 2 g of pomegranate
extract (in 2 POMx pills) or placebo (pills containing no pomegranate ingredients) per day from one week before surgery to 6
weeks after surgery. The patients were also administered a battery of neuropsychological tests to assess memory function at 1
week before surgery (baseline), 2 weeks after surgery, and 6 weeks after surgery. The placebo group had significant deficits in
postsurgery memory retention, and the pomegranate treatment not only protected against this effect, but also actually improved
memory retention performance for up to 6 weeks after surgery as compared to presurgery baseline performance.

1. Introduction

Postoperative cognitive dysfunction (POCD) has been
observed in patients following surgery with general anesthe-
sia [1], especially following heart surgery [2].Thewell-known
case study of a patient who developed relatively severe and
permanent amnesia following open-heart surgery, presum-
ably due to ischemic hippocampal damage suffered during
the surgery, is a striking illustration of these deficits [3]. Coro-
nary artery bypass grafting (CABG) and valve replacement
surgery have been shown by a number of studies to induce
prolonged POCD [4–6]. Proposed mechanisms for POCD
following heart surgery include general hypoperfusion of the
brain (global ischemia), leading to critically low levels of
oxygen and glucose throughout the brain, and focal ischemia
due to microembolic particles released into the vasculature
during surgery [7]. Additionally, inhaled anesthetics have
been shown to induce the formation of amyloid-beta, a

potentially neurotoxic protein linked to Alzheimer’s disease
and acute cognitive deficits, in the brain [8–10].

Increasing evidence suggests that dietary manipulations
may reduce neuropathology and/or cognitive deficits in a
number of disease states. In particular, foods with high
concentrations of bioactive polyphenols have been shown to
be neuroprotective against rodent models of stroke [11] and
Alzheimer’s disease [12, 13]. These neuroprotective polyphe-
nols include epigallocatechin-3-gallate (green tea), curcumin
(turmeric), resveratrol (red wine, grape juice), quercetin
(grapefruit), and ellagic acid (raspberries, pomegranates).
For example, dietary supplementation of pregnant mice
with pomegranate juice was shown to protect against brain
damage in the hippocampus when the neonatal mice were
subjected to hypoxic-ischemic brain injury (a model of
insufficient blood supply to the brain during birth) [11]. In
other studies with transgenic mouse models of Alzheimer’s
disease, pomegranate juice reduced both neuropathology
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and behavioral deficits [12, 13]. The potential protective
mechanisms of polyphenols include antioxidant properties
and suppression of inflammatory and other pathways [14],
as well as inhibiting accumulation of amyloid-beta in the
brain [12]. Polyphenolic substances may also be transformed
into potentially beneficial metabolic by-products by colonic
microflora (microbes in the gut) [15]. It should be noted that
whole foods often contain several phenolic substances, and
research suggests that synergistic activity between multiple
polyphenols may prove more beneficial than treatment with
isolated polyphenols [16].

Pomegranate juice contains relatively high concentrations
of polyphenolic substances [17].Human studies have detected
these substances and their metabolic by-products in the
blood after oral administration [18–21], and data from rodent
studies suggests that they can positively affect the brain [11–
13, 22, 23]. Because of its neuroprotective and cardiovascular-
enhancing properties, and because it is relatively inexpensive
(compared to pharmaceuticals) and well tolerated, pre- and
postsurgical dietary supplementation with pomegranate may
prove to be effective in preventing or reducing post-operative
cognitive deficits.

Cardiac surgery patients are the ideal population to test
this hypothesis because of their relatively high risk of POCD.
It has been shown by several animal studies that both global
and focal ischemia can induce brain damage and learn-
ing/memory deficits (e.g., see [24]). Therefore, reduction of
the brain damage and/or dysfunction putatively caused by
cardiac surgery may prevent the associated cognitive deficits.

Although findings on cognitive declines have been con-
sistent in CABG and heart valve surgery research, preventive
or treatment options for cardiac surgery-related cognitive
dysfunction have not been examined extensively. In recent
years, there has been a great deal of emphasis on the beneficial
effects of pomegranate on health, including diseases of the
brain and the heart. Few studies, however, have explored the
impact of pomegranate on cognitive functions.Thus, the cur-
rent study is unique in its exploration of the effects of pomeg-
ranate on various health parameters and its effectiveness in
reducing cognitive declines (specifically memory) after heart
surgery.

Heart disease is the leading cause of death in the US and
is associated with cognitive declines. CABG and heart valve
surgery have been employed as treatments to help restore car-
diac functioning to an optimal level and have decreased mor-
tality rates associated with heart disease. However, there is
evidence of relatively long-term memory deficits in the post-
operative period [25]. Nutritional supplements can success-
fully moderate some of these heart disease risk factors, so we
speculated that theymight also ameliorate the negative cogni-
tive consequences of heart disease and surgical interventions
as well. Preventive options for the cognitive declines observed
after cardiac surgery have not been examined extensively.
The aim of the current study was to examine the impact of
pomegranate supplementation onmemory performance after
cardiac surgery. This was examined by comparing the results
of baseline neuropsychological tests for immediate memory,
delayed memory, and retention in treatment and placebo
groups to post-operative test results.

2. Materials and Methods

2.1. Subjects. The subjects were elective cardiac surgery
(CABG and/or valve repair/replacement) patients who were
recruited from the Loma Linda University International
Heart Institute at the time they presented for a preoperative
evaluation and scheduled surgery. Exclusion criteria included
less than 6 years of education, a history of previous cardiac
surgery, planned concomitant noncoronary procedures, his-
tory of allergy to pomegranates, history of head injury, neu-
rodegenerative disease or neurologic condition with known
cognitive impact (e.g., Alzheimer’s disease, muscular sclero-
sis), history of drug or alcohol abuse, DSM-IV psychiatric
disorder, active renal disease (serum creatinine concentration
>2.0mg per deciliter), active liver disease, or left ventricular
ejection fraction of less than 20%.

2.2. Treatment. Subjects were randomly assigned to the
pomegranate or placebo groups. Participants in the pome-
granate group (𝑛 = 5) were given two POMx (PomWonder-
ful, CA, USA) capsules (one in the morning and one in the
evening). Each 1 g capsule contained a concentrated blend of
the polyphenols derived from 240mL of pomegranate juice
(∼375mg punicalagins, 93mg anthocyanins, 29mg ellagic
acid, and 100mg other tannins). We chose a dose of two pills
per day because doses of 1-2 have proven safe and effective in
other human studies [20, 26–28]. Participants in the placebo
group (𝑛 = 5) were given two placebo capsules that looked
identical to the PomX pills but contained no pomegranate
ingredients.

2.3. Data Collection. Information was gathered on a num-
ber of biomedical risk factors and demographic variables,
including prior history of smoking, hypertension, cholesterol,
diabetes, education, and social support. An IQ estimate
was calculated using the sum of scaled scores from the
Wechsler Adult Intelligence Scale–III (WAIS-III; Wechsler,
1997) Vocabulary and Matrix Reasoning subtests (ERSET
operations manual).

The mean age of the pomegranate group was approxi-
mately 62.4 years, the mean number of years of education
was 15.3 years, and the mean estimated IQ was 100.6. The
mean age of the placebo group was approximately 70.2 years,
the mean number of years of education was 15 years, and the
mean IQ estimate was 106.6. CABG and valve replacement
surgerieswere equally represented in each group (seeTable 1).
Treatment began one week before surgery and continued
through 6 weeks after surgery. Trained graduate students in
psychology, or the licensed clinical psychologist associated
with this study, performed all cognitive assessments under
standardized conditions. All examiners and subjects were
blinded to treatment group.

2.4. Neuropsychological Tests. Tests to assess memory func-
tion were administered just prior to the first pomegranate pill
administration one week before surgery (baseline), 2 weeks
after surgery (short term), and 6 weeks after surgery (long
term). The memory tests included the WAIS-III Digit Span
subtest, Hopkins Verbal Learning Test-Revised (HVLT-R),
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Table 1: Demographic and perioperative data for the overall study sample by treatment group.

All Pomegranate Placebo Signif.
Age in years (mean ± standard deviation) 66.3 ± 8.9 62.4 ± 8.6 70.2 ± 8.1 𝑝 = .178

Years of education (mean ± standard deviation) 15.1 ± 1.96 15.3 ± 2.2 15.0 ± 2.0 𝑝 = .864

IQ estimate (mean ± standard deviation) 103.6 ± 17.0 100.6 ± 20.5 106.6 ± 14.4 𝑝 = .607

Gender (%) 𝜒2 = .444

Male 80 100 60
Female 20 0 40

Ethnicity (%) 𝜒2 = 1.00

Caucasian 60 60 60
Hispanic 20 20 20
Asian 20 20 20

Marital status (%) 𝜒2 = .444

Married 88.9 75 100
Single 0 0 0
Divorced 11.1 25 0
Widowed 0 0 0

Diabetes (%) 𝜒2 = .524

Yes 55.6 60 25
No 44.4 40 75

High cholesterol (%) 𝜒2 = .444

Yes 88.9 100 75
No 11.1 0 25

Hypertension (%) 𝜒2 = .167

Yes 77.8 100 50
No 22.2 0 50

Smoking history (%) 𝜒2 = .048

Yes 44.4 80 0
No 55.6 20 100

Surgery type (%) 𝜒2 = .444

CABG 60 60 60
Valve 30 40 20
CABG + valve 10 0 20

CPB minutes (mean ± standard deviation) 142.4 ± 48.1 151.3 ± 50.6 107.0 ± 0.0 𝜒2 = .491

Cross-clamp minutes (mean ± standard deviation) 104.5 ± 50.7 127.5 ± 44.4 58.5 ± 4.7 𝜒2 = .120

the Rey Complex Figure Test with recognition trial (RCFT),
the Logical Memory subtest of Wechsler Memory Scales
(WMS-III), and the Brief Visuospatial Memory Test-Revised
(BVMT-R).

The WAIS-III Digit Span subtest was administered as a
measure of working memory. It is comprised of a forward
digit span repetition task, in which the respondent repeats
back an increasingly long series of single-digit numbers and a
backward digit span repetition task, in which the respondent
repeats an increasingly long series of single-digit numbers in
reverse order. A total score is calculated based on the number
of correctly repeated number strings.

The HVLT-R assesses verbal learning and memory. It is a
list-learning task that consists of three immediate recall trials,
a 20-minute delayed recall trial and a recognition trial, con-
sisting of 12 words. There is an immediate recall score
(total of all three trials), learning score (highest of T2 or
T3 minus T1), delayed memory score which is the total

number of words recalled after the delay, and a recogni-
tion score which is the total number of words recalled in
a list of target words and distractors. A retention score
representing the percentage of information retained was
created using the following formula: {[(learning score −
delayed recall score)/learning score] × 100} − 100.

The RCFT assesses visuospatial memory. It consists of a
copy trial, an immediate recall trial (3 minutes), a delayed
recall trial (30 minutes), and a recognition trial. Scores
include a copy score (which reflects the accuracy of the
original figure and the time required to copy the figure),
immediate and delayed recall scores (assess the amount of
information retained over time), and the number of items
correctly and incorrectly identified on a recognition task.
A retention score representing the percentage of informa-
tion retained was calculated using the following formula:
{[(learning score − delayed recall score)/learning score] ×
100} − 100.
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TheWMS-III LogicalMemory subtest assesses contextual
verbal learning and memory. It consists of two stories that
are read out loud by the examiner. The first story is read
once and the second story is read twice. Participants are
to recall the stories immediately and after a 25–35-minute
delay and are given a yes/no recognition trial following
the delays. Scores include an immediate recall and delayed
recall (reflecting the amount of information retained over
time) for all the details of both stories, learning score
for the second story, and a recognition score. A retention
score representing the percentage of information retained
was created using the following formula: {[(learning score −
delayed recall score)/learning score] × 100} − 100.

The BVMT-R assesses visuospatial memory. It consists of
three trials in which a display of 6 figures is presented for 10
seconds and participants are required to draw the figures in
their correct locations on the page after each trial. They are
required to recall these figures after a 20-minute delay and are
given a yes/no recognition trial following the delays. Scores
include immediate recall (total of all trials), delayed recall,
learning, and recognition. A retention score representing the
percentage of information retained was created using the fol-
lowing formula: {[(learning score − delayed recall score)/
learning score] × 100} − 100.

Raw scores on the selected memory test variables were
converted into z-scores using normative data (taking into
account age and educational level), and average compos-
ite scores were calculated for immediate memory, delayed
memory, and retention by averaging the z-scores from
each test for each of these domains. Each patient’s short-
term (2 weeks after surgery) and long-term (6 weeks after
surgery) scoreswere thennormalized to their baseline (1week
before surgery) scores to assess whether scores improved
or deteriorated following surgery. Statistical analyses were
carried out using the SPSS (PASW Statistics 18) statistical
software package (SPSS, Inc., Chicago, IL, USA). A repeated-
measures between-groups analysis of variance (ANOVA)was
conducted using short- versus long-term working memory
data and composite scores for immediate memory, delayed
memory, and retention to examine differences between and
within groups at each post-operative time point.

3. Results and Discussion

3.1. Neuropsychological Tests. There were no significant dif-
ferences between groups on demographic factors such as
age, education, estimated IQ, or any of the surgical or
perioperative variables available on participants (see Table 1).
Pooling data across all four memory domains (working,
immediate, delayed, and retention) revealed a trend for
an improvement from presurgery baseline scores for the
pomegranate group at both short- and long-term time points,
whereas the placebo groupwas slightly impaired compared to
baseline at both time points (Figure 1). Additionally, pooling
data across both time points revealed a significant and
striking difference, in that retention was the memory domain
most severely impacted by the surgery. The pomegranate
treatment not only protected against this effect, but also
seemed to improve retention performance from presurgery
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Figure 1: Pooling data across all four memory domains revealed
a trend for an improvement from presurgery baseline scores for
the pomegranate group at both short- and long-term time points,
whereas the placebo group performed slightly worse than baseline
at both time points.

baseline performance (𝐹[3, 24] = 3.03, 𝑝 < .05; Figure 2).
When domain and time point were analyzed together, it
became clear that digit span (working memory), immediate
memory, and delayed memory all improved at least slightly
from baseline at both short- and long-term time points for
the pomegranate group. In contrast, scores for the placebo
group on these domains did not change significantly from
baseline (Figure 3). However, retention scores for the placebo
group were worse than baseline 2 weeks after surgery and
continued to decline for up to 6 weeks after surgery. In
contrast, retention scores for the pomegranate group were
significantly improved from baseline at both 2 and 6 weeks
after surgery (𝐹[1, 8] = 5.64, 𝑝 < .05; Figure 3).

These results suggest that the post-operative memory
dysfunction following heart surgery consists mostly of reten-
tion issues rather than problems with working memory,
immediate memory, or delayed memory. Retention scores on
these neuropsychological tests reflect howmuch information
is recalled relative to how much was actually learned and
thus provides a measure of memory consolidation. In con-
trast, working memory (digit span) scores reflect the ability
to attend and to maintain information for use in a task,
immediate memory scores reflect how much information is
learned in the short term, and delayed memory scores reflect
how much information is recalled relative to how much
information was actually presented.

3.2. Potential Mechanisms. The data also suggest that sup-
plementation with pomegranate polyphenols can protect
against surgery-induced retention deficits and may actually
improve memory retention even after heart surgery. The
specific mechanisms by which pomegranate polyphenols
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Figure 2: Pooling data across both time points revealed a specific
retentionmemory deficit in the placebo group after surgery, whereas
the pomegranate group’s performance across all domains improved
after surgery (∗𝑝 < .05).

affectmemory are currently unknown. In addition to the neu-
roprotective properties described above, pomegranates have
been shown to improve a number of cardiovascularmeasures,
including lipid metabolism and blood pressure. For example,
pomegranate juice reduced low-density lipoprotein (LDL)
aggregation, oxidative stress [14], serum angiotensin con-
verting enzyme, and systolic blood pressure in hypertensive
patients [29]. In patients with carotid artery stenosis, pome-
granate juice reduced LDL oxidation, atherosclerosis, and
systolic blood pressure [30]. In patients with ischemic coro-
nary heart disease, pomegranate juice (PJ) decreased stress-
induced ischemia but had no effect on blood sugar levels
or blood pressure [31]. Studies with diabetic patients have
shown that PJ decreased blood lipid oxidation, total choles-
terol, and LDL cholesterol with no effects on high-density
lipoprotein (HDL) or serum triacylglycerol [32]. A studywith
healthy volunteers showed that PJ decreased blood platelet
aggregation/clotting [33]. However, a study with chronic
obstructive pulmonary disease patients found no effects on
respiratory function or lipid profile. In animal studies, PJ was
shown to reduce LDL aggregation [14] and atherosclerosis
[34] in hypercholesterolemicmice and improved cardiac lipid
metabolism in a rat model of diabetes. It is possible that
some of the vascular effects of PJ are due to its effects on
nitric oxide synthase in the vasculature [34]. Also, PJ has been
shown to inhibit cytochrome P450 3A (CYP3A), an enzyme
involved in the regulation of blood vessel tone. However,
unlike grapefruit juice, pomegranate juice has not been
shown to inhibit drug clearance in humans by suppression of
CYP3A [35] orCYP2C9 [36].Moreover,multiple studies have
shown that PJ also has anticancer [27, 37] and antimicrobial
properties [38]. See Figure 4 for an illustration of potential
mechanisms for the protective actions of pomegranate after
open heart surgery.
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Figure 3: Working memory, immediate memory, and delayed
memory all improved at least slightly from baseline at both short-
and long-term time points for the pomegranate group. Scores for
the placebo group on these domains did not change significantly
from baseline. Retention scores for the placebo groupwere impaired
compared to baseline 2 weeks after surgery and continued to decline
for up to 6weeks after surgery. Retention scores for the pomegranate
group were significantly improved from baseline at both 2 and 6
weeks after surgery (𝑝 < .05).

3.3. Implications. The most important implication for
patients is that if we are able to offset the amount of memory
decline immediately after surgery, then their long-term
prognosis may be better. Alternatively, there are important
implications for both patients and healthcare personnel.
Several factors can prolong intensive care and length of hos-
pital stay, including intraoperative cerebral oxygen desat-
uration. If pomegranate is indeed targeting hypoxic mech-
anisms, then it may lead to shorter intensive care unit and
hospital stays, thereby decreasing hospital costs and costs to
the healthcare system. Another general implication for indi-
viduals is to increase engagement in health behaviors that
are easily incorporated into daily life, are relatively free of
negative side effects, and are comparatively inexpensive, to
limit the number of factors (e.g., hypertension, high choles-
terol, and smoking) that put them at greater risk for heart
disease necessitating cardiac surgery and the subsequent
cognitive deficits. Ultimately, continued research would lead
to better treatments that improve the outcome of cardiac
surgery and the cognitive well-being of the multitude of men
and women who undergo these types of surgeries.

4. Conclusions

Other studies using pomegranate have focused on its pro-
cardiovascular [14, 29–35], anti-cancer [27, 37], and antimi-
crobial [38] properties. In 2006, we were the first to
show that pomegranate can improve cognitive functions
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Figure 4: Pomegranates may protect the brain (and therefore memory) from the effects of open-heart surgery by a number of potential
mechanisms. General anesthesia can induce amyloid aggregation in the brain and the surgery can induce brain ischemia, both leading
to reactive oxygen species (e.g., free radicals). These insults may cause neuronal cell death (apoptosis), suppression of the birth of new
neurons (neurogenesis), vascular damage, and inflammation in the brain. Pomegranate’s antiapoptotic, antioxidant, anti-inflammatory, and
provascular (via nitric oxide synthase) properties may protect against those effects.

in mice [12]. In this study, we are the first to show that
pomegranate can improve cognitive functions in humans.We
have generated intriguing data suggesting that pomegranate
polyphenols may provide long-lasting protection from heart
surgery-induced memory retention deficits. We showed a
clear pattern of postsurgical memory improvement in the
pomegranate group across all of thememory domains that we
tested, with an especially strong and long-lasting protective
effect in the memory retention domain. It remains possible
that the extra statistical power provided by a larger sample
size may allow for the detection of statistically significant
improvements across the remaining memory domains as
well. It is also possible that extending the pre- and/or post-
surgical treatment regimen may provide added benefit.

4.1. Future Directions. The results of this study also raise
a number of other interesting questions. Although we did
not analyze neuropsychological data from other cognitive
domains, it is possible that one or more other mental fac-
ulties could be negatively impacted by heart surgery and/or
positively impacted by pomegranate treatment. Furthermore,
we initiated treatment before the heart surgery. It remains to
be seen whether starting treatment after surgery would have
strong (if any) effects and also whether the dose we chose was
the most effective dose. Would a larger dose provide more
benefits and/or would a smaller dose prove equally as effec-
tive? Also, pomegranates were chosen because of their high
polyphenolic content. Would other polyphenol-rich fruits

and vegetables have a similar effect?Will isolated polypheno-
lic compounds provide as many beneficial effects as the com-
bined range of compounds found in the whole fruit? Finally,
future studies should analyze additional information regard-
ing length of hospital stay, possible complications, preopera-
tive and postoperative use of medications like beta-blockers
and statins, and evaluation for delirium. Future clinical stud-
ies may provide the answers to these questions, and animal or
in vitro studies may help to elucidate the molecular mecha-
nisms behind the neuroprotective properties of polyphenols.
Finally, perhaps the most intriguing prospect raised by this
study is the possibility that dietary supplementation with
pomegranate polyphenols can improve cognition. If this
treatment can improve memory retention performance for
individuals who have undergone a surgical treatment shown
to cause a decline in performance, perhaps this treatment can
improve the cognitive function of healthy individuals.
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Despite increasing emphasis on the potential of dietary antioxidants in preventing memory loss and on diet as a precursor of
neurological health, rigorous studies investigating the cognitive effects of foods and their components are rare. Recent animal
studies have reported memory and other cognitive benefits of polyphenols, found abundantly in pomegranate juice. We performed
a preliminary, placebo-controlled randomized trial of pomegranate juice in older subjects with age-associated memory complaints
using memory testing and functional brain activation (fMRI) as outcome measures. Thirty-two subjects (28 completers) were
randomly assigned to drink 8 ounces of either pomegranate juice or a flavor-matched placebo drink for 4 weeks. Subjects received
memory testing, fMRI scans during cognitive tasks, and blood draws for peripheral biomarkers before and after the intervention.
Investigators and subjects were all blind to group membership. After 4 weeks, only the pomegranate group showed a significant
improvement in the Buschke selective reminding test of verbal memory and a significant increase in plasma trolox-equivalent
antioxidant capacity (TEAC) and urolithin A-glucuronide. Furthermore, compared to the placebo group, the pomegranate group
had increased fMRI activity during verbal and visual memory tasks.While preliminary, these results suggest a role for pomegranate
juice in augmenting memory function through task-related increases in functional brain activity.

1. Introduction

As people age, their risk for cognitive decline increases.
An estimated 40% of people 65 years and older have
age-associated memory impairment characterized by self-
perception of memory loss and a standardized memory test
score demonstrating lower objective memory performance
compared with young adults [1–3]. While genetic factors
play an important role in age-related memory decline, such
nongenetic lifestyle factors as diet and exercise contribute as
well [4]. In particular, a growing body of evidence indicates
that accumulation of oxidative damage to macromolecules
increases progressively during the aging process [5, 6] and
contributes to neurodegeneration in Alzheimer’s disease

[7]. Epidemiological studies have suggested a link between
antioxidant consumption and cognitive protection [8–11],
and studies using a rodent model of Alzheimer’s disease
suggest that tau phosphorylation occurs as a compensatory
response to oxidative stress [12]. Several clinical trials of
antioxidant use in subjects with normal aging or Alzheimer’s
disease suggest memory benefits [13–15], while others yielded
negative results [16–19].

While many fruits are rich in various antioxidants,
including ascorbic acid, carotenoids, and phenolics, com-
monly consumed fruits show large differences in antioxidant
capacity, as determined by the ferric reducing/antioxidant
power (FRAP) assay [20]. In particular, there is special
interest in the pomegranate polyphenols, which have been



2 Evidence-Based Complementary and Alternative Medicine

studied extensively in animal models of Alzheimer’s disease
[21, 22]. The emerging data on pomegranate fruits and their
inherent polyphenols suggest positive benefits ranging from
neuroprotective effects [23, 24] to staving off effects of senes-
cent neurodegeneration in animal models of Alzheimer’s
disease [25–27].

Previously, we found that pomegranate juice has the high-
est antioxidant capacity among fruit juices using five different
in vitro antioxidant assays [28]. In comparison, apple juice,
which is low in antioxidant capacity, was less effective than
pomegranate juice in affecting antioxidant capacity based on
FRAP assays in 26 elderly subjects consuming pomegranate
juice or apple juice over a 4-week period [29].

Overexpression of antioxidant enzymes or supplemen-
tation of some antioxidants appears effective in extending
the life span in several animal models [5, 6], and a few
studies have specifically found memory-enhancing effects of
polyphenols in mice [30, 31]. However, evidence for memory
enhancement from polyphenols in human-controlled trials is
limited. One preliminary study [15] found beneficial effects
of grape juice on memory in five older adults with age-
associated memory impairment compared to seven placebo
controls; to our knowledge this small study is the only
placebo-controlled human trial of polyphenols that assessed
memory change. Therefore, more well-controlled studies are
needed to determine potential beneficial effects of antiox-
idants that occur naturally in various food sources and to
elucidate the possible underlying mechanisms.

Moreover, studies that examine possible brain mecha-
nisms of polyphenol treatment in humans are limited. One
potential method for identifying mechanisms of recovery in
drug trials is functional magnetic resonance imaging (fMRI).
While structural MRI studies measure long-term changes in
metrics, such as cortical thickness and volume [32–34], fMRI
measures blood flow changes in response to memory chal-
lenge, which has proven to be effective in determining brain
differences among subjects with Alzheimer’s disease, mild
cognitive impairment, or nondemented subjects at risk for
Alzheimer’s disease [35–40]. Further, fMRI has proven to be
sensitive in measuring changes in neural activation patterns
among older subjects in response to memory-enhancing
drugs, such as donepezil [41] and memantine [42], with
results showing increased activation or restoration of resting-
state brain networks following treatment. One investigation
used fMRI to examine the effects of antioxidants (flavonoids)
in young healthy controls and demonstrated increased fMRI
activity to cognitive challenge with flavonoid administration
[43]; however, no studies to date have examined fMRI effects
of antioxidant therapy in older adults with or without mem-
ory complaints. To address this knowledge gap, we explored
potential neuroprotective effects derived from polyphenols
in pomegranate juice in older volunteers with mild memory
complaints in a placebo-controlled, randomized, and double-
blind trial and measured three aspects: (1) metabolites of
pomegranate juice using blood biomarkers; (2) effects of
pomegranate juice on memory performance; and (3) evi-
dence of functional MRI changes during memory activa-
tion. We hypothesized that pomegranate juice compared to
placebo would increase metabolites, improve memory, and

Table 1: Demographic and clinical characteristics of subjects at
baseline.

Characteristic
Mean (SD)

Pomegranate
(𝑛 = 15)

Placebo
(𝑛 = 13)

Mini-mental state examination 28.0 (1.5) 27.8 (1.5)
Age, y 63.1 (8.0) 62.0 (7.8)
Female, no. (%) 11 (73.3) 10 (76.9)
TEAC baseline 1712 (299) 1927 (461)
Buschke selective reminding test

Recall 85.0 (11.7) 86.5 (12.5)
Consistent long-term retrieval 52.8 (19.9) 55.8 (25.5)

increase task-related brain activation in the left and right
hemispheres for verbal and nonverbal memory tasks, respec-
tively. Together these metrics provide preliminary evidence
of bioavailability, clinical efficacy, and brain mechanisms of
pomegranate juice in older adults with memory complaints.

2. Methods

2.1. Subjects. Thirty-two volunteers were initially enrolled
into the study out of 39 who were screened; of these, 28
completed the clinical trial (Table 1). Subjects were recruited
via advertisements through local newspapers, flyers, posters,
lectures, and word-of-mouth. We specifically recruited non-
demented, older right-handed subjects with self-reported
age-related memory complaints. The subjects did not carry
a diagnosis of mild cognitive impairment (MCI) and were
screened using the mini-mental state examination (MMSE).
Subjects randomized to placebo versus control groups did
not differ in mean age, percentage of women, mean MMSE
scores, or baseline memory performance (Table 1). Potential
subjects were excluded who had documented neurological,
psychiatric, or major medical conditions, including heart
disease, diabetes, and gastrointestinal disease, that might
affect cognitive function or interfere with study procedures.
We also excluded subjects who routinely ate more than three
servings per day of fruits and vegetables or were taking
vitamin supplements, any medication, or dietary supplement
that interferes with the absorption of polyphenols. Potential
subjects participating in regular vigorous exercises other than
ordinary daily walks or who were unwilling to maintain a
sedentary lifestyle during the 28-day study were excluded,
as were those for whom MRI was contraindicated (e.g.,
claustrophobia, dental braces, or implanted ferromagnetic or
electronic devices). Seven potential subjects were screened
out based on one or more of these exclusion criteria.

Subjects were instructed that they would be removed
from the study if they failed to follow the prescribed low
polyphenol diet during the one-week run-in period based
on self-report in-person interview with a study dietitian.
The study was approved by the UCLA Institutional Review
Board; all subjects gave informed consent to participate in all
procedures and were reconsented for followup evaluations.
Funding for this study was provided by the UCLA Center
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for Human Nutrition from a “various donors” account. The
investigators were blind to the contributors to this fund,
and there was no communication or input from donors or
commercial entities at any stage of the study.

2.2. General Procedures. Following phone screening, vol-
unteers participated in an initial clinical evaluation, which
included an explanation of the study procedures, consent,
medical screening, MMSE, and routine CBC and chemistry
panel. Prior to the intervention phase, each subject met with
a registered dietitian and was instructed on a low polyphenol
diet, which required that they restrict their intake of several
fruits and vegetables, onions, tea, chocolate, and dried beans,
for oneweek prior to the baseline visit and for the duration for
the study. At baseline, subjects underwent neuroimaging and
neurocognitive testing (described later). We also acquired
blood samples to perform the antioxidant assay and to verify
compliancewith the protocol. Subjectswere then randomized
to either the pomegranate or placebo groups; investigators
and subjects were blind to group membership.

After these procedures, subjects were given a one-week
supply of 8-ounce containers of pomegranate or placebo
juice with instructions to consume 8 ounces of juice daily.
The pomegranate drink was the commercial PomWonderful
product. The flavor-matched drink contained sugar, citric
acid, and food color to match the calorie, taste, and color
of the juice. Each week, subjects returned their empty juice
containers to ensure compliance, picked up their juice supply
for the following week, and met briefly with the dietitian to
ensure compliancewith the lowpolyphenol diet. At the end of
the study (day 28), subjects again underwent neuroimaging,
cognitive assessment, and blood draws.

A placebo drink using sugars and natural colorings and
flavoring to imitate the taste and appearance of pomegranate
juice was used.The research personnel were blinded as to the
assignment of subjects to placebo or pomegranate juice.

2.3. Behavioral Testing Procedures. Each subject underwent
fMRI and brief memory testing immediately prior to begin-
ning the trial and following 28 days of pomegranate juice
or placebo. Subjects received a memory testing battery
and underwent functional MRI scanning on the same day.
Memory tests administered were the Buschke-Fuld selective
reminding task [44], from which we calculated two perfor-
mance measures, total items recalled and consistent long-
term retrieval; an experimental unrelated word pair asso-
ciates learning task [36], based on theWechslermemory scale
paired associates learning [45] in which we used identical
procedures to that used in the fMRI scan but with different
stimuli. We also obtained behavioral data from theMRI tasks
administered in the scanner (described below). Of the 28
subjects completing the study, 26 had behavioral data on both
occasions (two did not participate in one testing session; their
remaining behavioral data were eliminated from analysis).
Subjects were administered one of two alternate forms of
each task, with the order of forms counterbalanced across
subjects, to avoid practice effects. To assess changes in verbal
memory, we compared performance on total number of items

recalled (TR) on the Buschke-Fuld selective reminding task
(sum of all items recalled on all trials) and on the consistent
long term retrieval (CLTR) score (sum of items recalled in
consecutive trials without item repetition). The TR score
emphasizes immediate recall, while CLTR depends upon
memory consolidation processes. To determine memory
change, we first examine the 𝑡2 versus 𝑡1 difference in scores
within groups using a paired 𝑡-test. To determine whether
the treatment effects differed between groups, we then tested
for differences between the pomegranate juice and placebo
groups using a 2-group unpaired 𝑡-test. Because memory
performance in this age range is highly variable, we used time
2 minus time 1 difference scores as our dependent variables.
At baseline, there were no differences between groups on
either TR performance (two-tailed 𝑡 = .8; 𝑃 ≥ .4) or CLTR
(two-tailed 𝑡 = .5; 𝑃 > .9). For this reason our analysis did
not covary baseline performance; instead we performed a 𝑡-
test of group differences on the change scores.

2.4. Plasma Biomarkers. Plasma obtained from all sub-
jects prior to and at the end of the trial was tested for
TEAC and urolithin A-glucuronide. The trolox-equivalent
antioxidative capacity (TEAC) was determined using 2, 2-
azinobis(3-thylbenzo thiazoline-6-sulfonic-acid) diammo-
nium (ABTS) radical cations oxidized with by adding solid
manganese dioxide in 75mmol/L sodium/potassium phos-
phate (Na/K) buffer of pH 7. Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), a water-soluble ana-
log of vitamin E, was used as an antioxidant standard. Plasma
was diluted 1 : 20 inNa/K buffer pH 7. Diluted plasma samples
were assayed in four replicates. TEAC values were calculated
from the trolox standard curve (0–350𝜇mol/L) and expressed
as trolox equivalents (in mmol/L) [46]. Plasma urolithin A-
glucuronide was measured using high performance liquid
chromatography mass spectrometry (LC-MS) as described
previously [47]. Of all biomarker data across the two time
points, only three data points were missing (one placebo
subject, TEAC Day 0; two PJ subjects, UA-Glu day 28); the
calculations were therefore based on the remaining subjects.
PlasmaTEACwas equivalent between groups at baseline (𝑃 >
.17; see Table 1), so we calculated the percent change in TEAC
for each subject and compared the change scores.

2.5. MRI Procedures. Functional and structural images were
collected on a 3T Siemens Trio MRI scanner using a 32-
channel head coil. Structural MRI was collected using a
𝑇1-weighted magnetization prepared rapid gradient echo
(MPRAGE) volumetric scan sequence using axial acquisition
slicing, TR = 2.3 sec, TE = 2.93msec, field of view =
256×256mm2, flip angle= 8∘, resolution 160×192×192, voxel
size = 1.5mm3. Scans were reviewed to rule out subjects with
brain abnormalities (evidence of stroke, structural lesion, or
atrophy indicative of dementia).

Functional MRI was collected using a 𝑇2∗-weighted
echoplanar pulse sequence with a TR = 2.5 sec, TE =
35msec, field of view = 200 × 200mm, flip angle = 90∘,
collecting whole brain images with resolution = 64 × 64 ×
28, voxel size = 3mm3. For localization, image registration,
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and spatial normalization, we collected a coplanar, matched-
bandwidth, spin-echo echoplanar scan on each subject (TR =
5000ms, TE = 33ms, 128 × 128 matrix size). Experimental
tasks (described below) were presented via magnet compat-
ible video and audio system (Resonance Technologies, Inc,
Northridge, CA), which included video goggles with lenses
for vision correction optimized for each subject. Responses
were recorded and made using a button press. Stimuli were
presented via a Macintosh computer running MATLAB.

For the functional MRI tasks, subjects received computer
training of tasks prior to scan sessions. Two memory tasks
reported previously by our group were presented during
scanning: a verbal memory task (unrelated word-pair asso-
ciates learning) [36] and a visual memory task (spatial
navigation) [48]. Following 28 days of intervention (𝑡2), the
fMRI and behavioral testing procedures were repeated and
compared to 𝑡1 using alternate forms.

2.6. Verbal Memory Task. The unrelated word-pair task was
identical to that previously reported by Bookheimer et al.
[36]. Briefly, subjects were presented seven pairs of unrelated
words (e.g., table flower) in six learning blocks, interspersed
with baseline fixation and retrieval blocks. During each
learning block, subjects heard each word pair presented over
two seconds with a two-second interval before the next pair
(total block length = 28 sec). Following a 20-second fixation
baseline, they performed the retrieval task in which they were
presented the first word in each pair and asked to generate
the matching word. The word lists were matched for word
frequency, imageability, and form. Behavioral performance
was collected at the end of each scan and in an alternate form
administered outside the scanner to obtain a learning curve.
The total scan length was 9 minutes.

2.7. VisualMemory Task. The spatial navigation task involved
learning and recalling routes on a virtual map, while subjects
play the role of a “taxi driver.” During the encoding phase,
subjects watched and rewatched two sets of video clips. In
each video, subjects first saw the name of the imaginary town,
such as “Johnsberg,” then for 15 second blocks they saw a
first-person view of “driving” to a virtual town laid out in
5 × 5 block grids, to a storefront destination with unique
characteristics for specific storefronts, stopping for 3 seconds
before proceeding to a new store within the same town
starting from a different location. After each city, subjects
performed a 30-second distractor task where they pressed a
left or right button in response to a probe. This was repeated
while subjects learned 6 cities in total.

The fMRI data were then collected during memory
retrieval in three conditions. Subjects were asked to remem-
ber one of three characteristics about each storefront for
the separate tasks. Two conditions focused on the physical
features of the environment (specific stores-item task and
physical placement-location task). In condition 1, partici-
pants were asked to identify an appearance change of the
store (identification), such as signs, colors, and doors. In
condition 2, they were asked to identify the spatial location
change of the storewithin the town, relative to other buildings

(location identification), respectively. Condition 3 required
subjects to identify the store (source) for a specific item
that might be purchase there, requiring the participant to
encode the association between an item and a spatial location.
For this source task, subjects had to recall whether the
store was in the first or second town (memory for object-
location associations). Only the latter condition tapped into
the associative memory processes. The order of the three
conditions was counterbalanced across subjects.

2.8. fMRI Analysis. All functional data were analyzed
using FSL version 4.1.4 (FMRIB’s Software Library,
http://www.fmrib.ox.ac.uk/fsl). Preprocessing included
motion correction to the mean image, spatial smoothing
(Gaussian kernel FWHM = 5mm), and high-pass temporal
filtering (𝑡 > 0.01Hz). Subjects with head motion exceeding
an average of 2 voxels were removed from analysis. Twenty-
three (13 pomegranate juice, 10 placebo) subjects were
able to complete the visual memory fMRI task without
significant head motion, while for the verbal memory
task, eight pomegranate juice and nine placebo subjects
were able to complete both scanning sessions with high
quality images. Each functional scan was registered to its
corresponding coplanar high-resolution image with rigid
body transformations and to the MNI152 standard brain
using nonlinear transformation (12 degrees of freedom).
Additionally, a high-pass temporal filtering of 100 sec was
applied to the functional images. Individual preprocessing
and statistical analysis of each subject’s functional scan
was run using FSL FMRI Expert Analysis Tool (FEAT);
FEAT was then used to analyze data at the group level.
Without strong a priori hypotheses about region-specific
effects of polyphenols (other than presuming left versus
right hemispheric changes for verbal and visual memory
tasks, resp.), we corrected for multiple comparisons across
the entire brain using FSL’s FEAT, correcting at the cluster
level. FEAT uses an FWE (family-wise error) cluster-based
thresholding using random field theory to correct for
multiple comparisons across space. Thresholding defines
contiguous clusters; each cluster’s estimated significance
level from Gaussian random field-theory is compared with
the cluster probability threshold.

First, for both the verbal and visual memory tasks, we
contrasted task versus baseline for each subject at each time
point (before and after treatment). To minimize the number
of comparisons, we restricted our analysis to learn versus
baseline and recall versus baseline for the verbal memory
task and task versus baseline for each of the three visual
memory conditions, (item, source, and spatial). Next, for each
task, the individual subject data were entered into a second-
level analysis of within-group means for each contrast. To
test the hypothesis that pomegranate juice and placebo
groups differed in 𝑡2 versus 𝑡1 activation patterns, between-
group, between time point contrasts were generated using an
ANOVA model in FSL, cluster-corrected at 𝑍 > 2.0, 𝑃 =
.05, and corrected for multiple comparisons. Finally, for each
task, the individual subject data were entered into additional
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analyses of within-group between time point, and between-
group within time point.

3. Results

3.1. Peripheral Biomarkers. At baseline, the groups did not
differ in antioxidant levels (TEAC; 𝑡 = 1.37, 𝑃 > .17).
The pomegranate juice group had significantly higher TEAC
values after day 28 compared with baseline than the placebo
group (unpaired 𝑡 = 2.8, df = 25, 𝑃 < .05; Figure 1).
Similarly, plasma urolithin A-glucuronide increased signifi-
cantly in the pomegranate juice, but not in the placebo group
(unpaired 𝑡 = 3.75; df = 24, 𝑃 < .001). To evaluate
compliance, we identified the number of participants whose
urolithin A-glucuronide values increased versus remained
the same or less after day 28 across the groups. Two of
13 placebo subjects had increased urolithin A-glucuronide
values after 28 days versus 11 of 14 pomegranate juice subjects,
a difference that was significant (chi-square = 4.8; 𝑃 < .03).

3.2. Memory Performance. The within-group analysis of
changes following treatment found that, on average, the
pomegranate juice group performed significantly better at
𝑡2 compared with 𝑡1 (using alternate test forms; two-tailed
𝑡 = 2.8, 𝑃 = .017). For the placebo group, there was no
significant difference between 𝑡2 and 𝑡1 performance scores
(two-tailed 𝑡 = 1.1, 𝑃 > .3).

Between groups, the 𝑡2 versus 𝑡1 improvement in mem-
ory scores was significantly greater in the pomegranate juice
group compared to the placebo group on the total recall
measure (two-tailed 𝑡 = 2.3; 𝑃 = .029; Figure 2). Similarly on
consistent long-term retrieval the pomegranate juice group
recalled more items compared to the placebo group (two-
tailed 𝑡 = 2.4; 𝑃 = .022; Figure 2).

3.3. Imaging Results. Performance on the visual and verbal
memory tasks during scanning did not differ between groups
at either timepoint (all 𝑃 values >.1); thus subsequent
analyses of activation differences could not be attributed to
differential performance.

3.3.1. Visual Memory fMRI Task. Looking at within-group
means for both groups and at both time points, we found
significant activation in visual pathways including bilat-
eral occipital cortex extending into temporal fusiform and
parahippocampal gyrus, as well as activation in subcortical
region across the three task conditions, consistent with visual
memory processing and spatial navigation [48].

To test the hypothesis that brain activity during a visual
memory task increased for the treatment group exclusively,
we first performed a whole brain, voxel-wise ANOVA com-
paring the PJ and control groups on the 𝑡2 versus 𝑡1 contrast,
corrected for multiple comparisons and thresholded at 𝑍 >
2.0. Results of the ANOVA are shown in Figure 3; coordinates
of active brain regions are listed in Table 2. The pomegranate
group showed greater fMRI activation than the placebo group
in the 𝑡2 versus 𝑡1 contrast, located bilaterally in regions of the
basal ganglia and thalamus. At a lower threshold of 𝑍 = 1.7

(𝑃 < .05), additional regions in the left inferior frontal gyrus
and left middle frontal gyrus were recruited. In contrast and
as predicted, no brain regions were more active in 𝑡2 versus
𝑡1 for the placebo group compared to the pomegranate group
(no voxels exceeded threshold).

To further examine the effects of the PJ intervention
on visual memory, we performed a secondary analysis
com-paring the PJ versus placebo groups for the visual
memory versus control contrast at 𝑡2 only. This analysis
directly compares visual memory processing between groups
after treatment. The results of this analysis are shown in
Figure 4. Using unpaired 𝑡-tests for comparing patterns of
activation during the posttreatment scan between groups, the
pomegranate group showed significantly greater activation
than the placebo group in right occipital and right fusiform
regions, extending into parahippocampal cortex (Figure 4).
These regions are typically engaged during visual naviga-
tion memory tasks, indicating greater recruitment of visual
memory regions in the treatment group compared with the
placebo subjects. In contrast, and as expected, the placebo
group did not activate any brain regions significantly more
than the pomegranate group (no voxels exceeding threshold).

3.3.2. Verbal fMRI Memory Task. We first identified brain
regions activated during the verbal memory task compared
to the baseline condition across all subjects and time inter-
vals. Consistent with prior studies, the task verbal memory
activated a wide network of brain regions, including bilateral
occipital cortex, frontal lobe, and medial temporal lobe and
subcortical regions including thalamus, putamen, and the
hippocampus. Of note, for the verbal task, the pomegranate
group activated basal ganglia, thalamus, and hippocampus
in the posttreatment session and the placebo group did not
(Figure 5).

We then compared the group by time interaction of fMRI
activations for the PJ versus control group differences using
ANOVA, identifying brain regions that showed greater fMRI
activation signal after treatment, for 𝑡2 versus 𝑡1. For the
verbal learning versus control contrast, we found that the
PJ group showed significantly greater increases in activation
compared to the placebo group for 𝑡2 versus 𝑡1. Regions
showing differences were found in the left hemisphere,
including regions of the left occipital lobe and left fusiform
gyrus (𝑍 > 2.0, 𝑃 = .05, corrected for multiple comparisons),
shown in Figure 6 and listed in Table 3. By contrast, but as
expected, there were no regions in which the placebo group
showed greater activation than the pomegranate juice group
for 𝑡2 > 𝑡1.

To further examine treatment-related effects, we then
examined regions of brain activity greater for 𝑡2 versus 𝑡1
within groups using paired 𝑡-tests. Only the pomegranate
group showed significant differences in activation in the post-
treatment session compared to pretreatment for any brain
regions for the learn versus rest condition. Before treatment,
the PJ group showed significantly greater fMRI activation
in the left inferior temporal gyrus and right occipital lobe
compared to the first session (Figure 7). As predicted, the
placebo group did not show any regions with significantly
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Figure 1: Metabolite results. (a) The pomegranate juice group had significantly higher change in TEAC after day 28 compared with baseline
than the placebo group (∗unpaired 𝑡 = 2.8, df = 25, 𝑝 < .05). (b) Plasma urolithin A-glucuronide significantly increased in the pomegranate
juice group (∗∗paired 𝑡 = 3.93, df = 13, 𝑝 < .00064), but not in the placebo group (paired 𝑡 = 1.7, df = 11, 𝑝 > .09).
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Figure 2: Buschke selective reminding test results. (a) On the total recall measure, the 𝑡2 versus 𝑡1 change in memory scores was significantly
greater in the pomegranate juice group compared to the placebo group (mean change, number of items recalled: PJ = 7.7, placebo = −2.77;
𝑡 = 2.3; 𝑃 = .029). (b) Similarly, on the consistent long-term retrieval score the pomegranate juice group recalled more items compared to
the placebo group (mean change, number of items consistently recalled: PJ = 15.2, placebo = −9.7; 𝑡 = 2.4; 𝑃 = .022).

greater activation in the second session compared to the first.
It is important to note that between groups differences in
change over time could be due either to increases in the PJ
group or decreases in the placebo group at 𝑡2 relative to time
1. Within the PJ group, there was greater activation in 𝑡2
compared to 𝑡1 and no regions showed the reverse effect;
thus the PJ group clearly demonstrated an increase in MRI
activation following treatment. However, by examining the
reverse contrast (time 1 > time 2), we found that the placebo
group only also showed a decrease in fMRI activation at 𝑡2.

Therefore, theANOVAresults appear to reflect both increases
in the PJ group and decreases in the placebo group following
intervention.

4. Discussion

Our results support the hypothesis that polyphenols derived
from pomegranate juice may improve memory in older
persons with age-related memory decline. Figure 8 sum-
marizes our major findings integrating the hypothesized
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Figure 3: Visual memory fMRI task: between-groups 𝑇2 versus 𝑇1 ANOVA. Regions showing greater activation for 𝑡2 > 𝑡1, for the
pomegranate juice group > placebo group (group by time interaction), were found bilaterally in the basal ganglia and thalamus, including
caudate, putamen, and pallidum (ANOVA, 𝑍 > 2.0, 𝑃 = .05, corrected for multiple comparisons). Additional regions significant at an
uncorrected threshold (𝑍 > 1.7) are listed in Table 2.

mechanism for effects of pomegranate juice on polyphenol
metabolites, task-related cerebral blood flow, and memory
performance. Peripheral measures of TEAC and urolithin
A-glucuronide indicated that our subjects were compliant
with their regimen and that the dose administered was suffi-
cient to increase polyphenol metabolites. Moreover, memory
assessments indicated that subjects who drank 8 ounces
of pomegranate juice for a month experienced significant
improvements on a sensitive measure of memory perfor-
mance. As in fMRI studies of pharmacological interventions
in memory-impaired subjects, the pomegranate juice inter-
vention activated onlymemory-related brain regions, with no
increases in the control group and no decreases in activation
following intervention in the pomegranate juice group. Taken
together, these findings support the hypothesis that drinking
pomegranate juice may increase task-related brain activation
and improve memory ability in older adults with preexisting
mild memory complaints.

These findings are also consistent with animal studies
showing positive effects of polyphenols on memory labo-
ratory animals; previous studies have shown that combat-
ing oxidative stress through berry extract supplementation
attenuates age-related cognitive deficits in aged rodents [26,

27, 49, 50]. Joseph and coworkers found that such supple-
mentation reversed age-related deficits in working memory
performance in the Morris water maze [49]. Other studies
have shown that blueberry supplementation was effective in
reversing cognitive declines in object recognition [51] Possi-
blemechanisms for this effect of polyphenol supplementation
include antioxidant, direct effects on signaling to enhance
neuronal communication [50], and the ability to buffer
against excess calcium [50]. These animal studies showing
putative polyphenol antioxidant effects on cognitive led to
our choice of pomegranate juice as an intervention, given the
high polyphenol antioxidant properties of pomegranates [52].

The changes in fMRI activity in the pomegranate group
are consistent with results seen on pharmacological trials
in patients with mild cognitive impairment and Alzheimer’s
dementia. It is striking that both the verbal and nonverbal
memory tasks showed virtually exclusive increases in activity
following intervention (there were some parietal increases
for placebo). Saykin and colleagues [41] found that short-
term treatment with the cholinesterase inhibitor donepezil
enhanced frontal circuitry activity in patients with amnestic
mild cognitive impairment, and this increase in activation
was related to improved cognition. Such increases may occur
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Table 2: Spatial memory fMRI activation clusters. ANOVA results showing the coordinates of maximally activated voxels of clusters for
pomegranate juice group > placebo group for 𝑡2 greater than 𝑡1 (𝑍 > 2.0, corrected 𝑃 = 0.05). No regions were found for placebo >
pomegranate for 𝑡2 > 𝑡1.

Spatial memory task MNI coordinates (mm)
𝑥 𝑦 𝑧 𝑍 stat

𝑍 > 2.0

Subcortical regions
Right thalamus 18 −14 8 2.60
Right pallidum 22 −4 2 2.98
Right putamen 30 −20 0 3.51
Left thalamus −12 −14 10 3.44
Left pallidum −18 −4 −2 3.34
Left caudate −12 4 10 3.06

𝑍 > 1.7

Frontal Lobe
Left paracingulate gyrus, superior frontal gyrus −4 36 38 4.23
Left middle frontal gyrus −38 24 44 3.19
Left middle frontal gyrus −26 2 40 3.1
Left precentral gyrus −44 0 52 3.06
Left inferior frontal gyrus, pars opercularis −42 12 28 2.78
Left middle frontal gyrus, frontal pole −46 32 28 2.75

Subcortical
Right putamen 30 −20 0 3.49
Right pallidum 26 −20 0 3.25
Left pallidum −18 −6 0 3.15
LeftThalamus −16 −14 12 3.67
LeftThalamus −14 −18 0 3.39

(a) (b) (c)

(a)

(b)

(c)

(d) (e) (f) (d)(e)(f)
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Figure 4: Visual memory fMRI task: between-groups 𝑇2. Activations for time point, 𝑡2, for pomegranate > placebo. For the visual memory
task, at 𝑡2, between groups, pomegranate > placebo, there were significant activations in right lateral occipital cortex and fusiform gyrus
(unpaired 𝑡-test, 𝑍 > 2.0, 𝑃 = .05, corrected for multiple comparisons).
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Figure 5: Verbal memory fMRI task: within-group activations at 𝑡2.
Comparing the within-group results for time point 𝑡2, there were
activation similarities and differences in the placebo group ((a): top)
and the pomegranate group ((b): bottom). Only the pomegranate
group recruited the hippocampus, bilaterally (group mean: placebo,
𝑍 > 2.0, 𝑃 = .05, corrected for multiple comparisons, pomegranate,
𝑍 > 2.0, 𝑃 = .05, corrected for multiple comparisons).

because the subjects can better focus on the cognitive task
(increased cognitive effort) or alternatively may indicate
greater task-related increases in cerebral blood flow. This
fMRI method cannot distinguish between these possibilities;
however, changes in task strategy tend to produce both
task-related increases and decreases in fMRI signal [53, 54],
whereas an hypothesis of increased blood flow responses
would tend to predict only fMRI increases. Our data show
evidence that the PJ group showed increases in fMRI activa-
tion at 𝑡2 that were greater than those for placebo, with no
regions greater for the placebo group at time 2. However we
also found some regions in which the placebo group showed
reduced activation at 𝑡2 compared to 𝑡1. Thus the group
by time interaction appears to reflect both increases in the
experimental and decreases in the control group. Reduction
in activation with repeated testing in fMRI is a common
finding (e.g., [55]); however we can only conclude that there
is relatively greater fMRI activation among the PJ group as we
do not have absolute measures of cerebral blood flow.

Although the duration of our study was short, there is
evidence in the animal literature suggesting that antioxidant
use can affect cerebral blood flow, including task-related

CBF, acutely and over short time intervals as in the present
study. For example, Huang et al. [56] measured CBF, BOLD
response to forepaw stimulation, and oxygen metabolic rate
(CMRO2) in rats treated with the antioxidant methylene blue
USP; they found increases in task-related BOLD response
and CBF under normal breathing conditions; Bitner et al.
[57] found that antioxidant carbon clusters restored CBF in
an experimental traumatic brain injury model in rate under
hypotension. The antioxidant black cumin oil administered
over 10 weeks improved spatial cognition in a water maze
task in rats, a task reminiscent of our spatial navigation
task [58]. One recent study in humans found an increase in
BOLD activation during a simple attention-switching task in
subjects after 5 days of treatment with flavanol-rich cocoa
[43]. In addition, they performed a second, preliminary study
(𝑁 = 4) of acute flavanol administration during arterial spin
labeling (ASL)MRI, which provides a quantitativemeasure of
cerebral blood flow, finding increased CBF following flavanol
administration. Together, these studies suggest that antiox-
idants administered either acutely or chronically increase
cerebral blood flow and in one animal study also improved
spatial memory [55].

It is also notable that the regional distribution of increased
activations was largely specific to each task (i.e., left hemi-
sphere for verbal memory, right hemisphere for visual mem-
ory). Of the three conditions in the visual spatial navigation
task, the intervention significantly affected bold activation
pattern in the source memory task. The source task placed
particular emphasis on episodic memory, requiring subjects
to learn and retrieve novel associations between specific items
and the context in which they were encoded (i.e., episodic
memory). Similarly, the verbal memory task was designed to
tap associative encoding in the verbal domain. In the verbal
task, there were increases in left hemisphere regions after
treatment, and the pomegranate group showed activation in
the temporal lobe in the posttreatment session that was not
apparent in the placebo group. Associative, episodic memory
tasks rely particularly on temporal lobe systems, which are
critically involved in both age-related memory decline and
Alzheimer’s disease.

The two measures of the Buschke selective reminding
task are thought to assay different memory processes. In
this test, subjects hear a long list of words and repeat back
as many as they can recall; on subsequent trials they are
reminded only of those words they did not recall on the last
trial (hence, “selective” reminding). The total score reflects
all recalls across up to 10 trials until all words are recalled
consistently. By contrast, the consistent long-term retrieval
score only counts items once they are consistently recalled for
all subsequent trials (without reminders) and thus appears
to depend upon consolidation processes mediated by the
hippocampus. While the scores are not entirely independent
(high scores on total recall require consistent retrieval),
they are also not fully redundant, as it is possible to have
recall scores of up to 80 (approximately the mean of our
subjects’ performance) while never retrieving a memory
item consistently. The subjects in this study improved on
both measures suggesting that the intervention may affect
cognition broadly. Because our cognitive battery was limited
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Figure 6: Verbal memory fMRI task: between-groups𝑇2 versus𝑇1ANOVA. Regions showing greater activation for 𝑡2 > 𝑡1, for pomegranate
group > placebo group, were found in the left hemisphere in occipital polar regions (ANOVA, 𝑍 > 2.0, 𝑃 = .05, corrected for multiple
comparisons).

Table 3: Verbal memory fMRI activation CLusters. ANOVA results
showing the coordinates of maximally activated voxels of clusters
for pomegranate juice group > placebo group for 𝑡2 greater than 𝑡1
(𝑍 > 2.0, corrected 𝑃 = 0.05). No regions were found for placebo >
pomegranate for 𝑡2 > 𝑡1.

Verbal memory task MNI coordinates (mm)
𝑥 𝑦 𝑧 𝑍 stat

Brain region
Occipital lobe

Left occipital pole −14 −98 16 3.97
Left fusiform gyrus −18 −90 −4 3.55
Left lingual gyrus −16 −76 −6 2.82
Left lateral occipital −32 −80 −2 2.54

in this preliminary study, however, we cannot tell if other
aspects of cognition are affected by pomegranate juice. Thus,
future studies should examine the effects of pomegranate
juice or extract using amore comprehensive cognitive battery
of tests.

Based on this work and the work on animals, we hypoth-
esize that polyphenols (and other antioxidants) enhance rest-
ing and task-related cerebral blood flow. Increased metabolic
activity should improve cognitive processing efficiency, in
this case during memory tasks, increasing memory perfor-
mance. If correct, we would predict a correlation between
the magnitude of increased task-related activation in these
brain regions and the degree of memory improvement after
treatment. In our study, the number of subjects completing
the fMRI procedures without head motion was smaller than

that of those completing the memory tests; with the reduced
sample size we were unable to make these direct correlations.
Further studies with larger samples will allow us to test this
model more directly.

Other limitations of this study include the small sample
size and brief treatment duration. Thus our results should
be considered preliminary and should be validated in a
larger scale, multicenter study. Because the functional MRI
measure is a relative one and not a direct measure of cerebral
blood flow, reduced base-line blood flow could provide an
alternative explanation for the results. Differences between
groups in the 𝑇2 versus 𝑇1 comparison could be due to
either increases in task-related blood flow relative to 𝑇1
in the pomegranate group or to decreases in blood flow
at 𝑇2 in the placebo group. Future studies could measure
cerebral blood flow quantitatively using either H15

2
Opositron

emission tomography or arterial spin-labeled MRI. In this
study our regional hypotheses were limited to hemispheric
specificity for verbal versus visual tasks, given the lack of prior
studies in humans. Accordingly we corrected our results for
multiple comparisons across thewhole brain,whichmayhave
been overly conservative. Future studies with larger N’s could
target specific regions of interest in relation to treatment-
related memory changes.

In summary, this preliminary randomized placebo-con-
trolled, double-blind trial of pomegranate juice in older
adults with mild memory complaints suggests that 8 ounces
of pomegranate juice taken daily over one month improve a
sensitive measure of verbal memory and alter neural activity
during a visual sourcememory task.Thepresence of polyphe-
nol metabolites validated compliance with the experimental
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Figure 7: Verbal memory fMRI task: activations for the pomegranate group for 𝑡2 > 𝑡1. For the pomegranate group in the verbal memory
task, there were significant activations between sessions, in the left inferior temporal gyrus and right occipital lobe (paired 𝑡-test between
time points, 𝑍 > 2.0, 𝑃 = .05, corrected for multiple comparisons). No regions were more active for 𝑡2 versus 𝑡1 in the placebo group.
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Figure 8: Summary of study results. Our data suggest that the antioxidant properties of pomegranate produce increased task related cerebral
blood flow, with lateralized effects for verbal versus visual memory challenge, which in turn increased cerebral blood flow facilitates memory
performance. Metabolic measures confirm the increase in polyphenols among the experimental group.
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regimen and efficacy of pomegranate juice in releasing
polyphenols. fMRI results suggest that the mechanisms of
change may involve increases in task-related cerebral blood
flow, particularly during associative encoding tasks. Future
studies are needed to validate these results within larger
samples and determine the long-term effects of pomegranate
juice on a range of comprehensive cognitive functions.
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The discovery and development of natural products with potent antioxidant, anti-inflammatory, and antiapoptotic properties have
been one of the most interesting and promising approaches in the search for the treatment of many neurodegenerative diseases
including ischemic stroke. Serum/glucose deprivation (SGD) has served as an excellent in vitro model for the understanding
of the molecular mechanisms of neuronal damage during ischemia and for the development of neuroprotective drugs against
ischemia-induced brain injury. Recent studies suggested that pomegranate (Punica granatum L.) or its active constituents exert
pharmacological actions such as antioxidant, anti-inflammatory, and neuroprotective properties. Therefore, in this study we
investigated the possible protective effects of different extracts of pomegranate against SGD-induced PC12 cells injury. Initially,
the cells were pretreated with different concentrations of pulp hydroalcoholic extract (PHE), pulp aqueous extract (PAE) and
pomegranate juice (PJ) for 2 h and then deprived of serum/glucose (SGD) for 6 and 12 h. SGD caused a significant reduction in
cell viability (measured by the MTT assay) after 6 and 12 h, as compared with control cells (𝑃 < 0.001). Pretreatment with PHE,
PAE, and PJ significantly and concentration-dependently increased cell viability following SGD insult for 6 and 12 h. A significant
increase in DNA damage (measured by the comet assay) was seen in nuclei of cells following SGD for 12 h (𝑃 < 0.001). In control
groups, no significant difference was seen in DNA damage between PHE, PAE, and PJ-pretreated and vehicle-pretreated PC12 cells
(𝑃 > 0.05). PHE, PAE, and PJ pretreatment resulted in a significant decrease in DNA damage following ischemic insult (𝑃 < 0.001).
This suppression of DNA damage by PHE, PAE and PJ was found to be concentration dependent. These data indicate that there is
a cytoprotective property in PHE, PAE, and PJ under SGD condition in PC12 cells, suggesting that pomegranate has the potential
to be used as a new therapeutic strategy for neurodegenerative disorders.

1. Introduction

In spite of remarkable promotion in the prevention and
treatment of cerebral ischemia, stroke still remains one of
the most important causes of death and cripple in the aged
population [1]. Designing the neuroprotective drugs and
studying the cytoprotective effects of valid component could
be done with an efficient in vitro model like serum/glucose

deprivation (SGD) neuronal damage which could character-
ize the molecular mechanism of brain injury during cerebral
ischemia [2, 3].

Punica granatum L., (family Punicaceae), is a fruit-
bearing deciduous shrub or small tree growing between five
and eight meters tall. The pomegranate is native to the region
of Persia and the western Himalayan range [4] and has
been cultivated in Iran, Mediterranean region, California,
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and many other regions [5]. In Ayurvedic medicine the
pomegranate is considered “a pharmacy unto itself ” and is
used as an antidiabetic, antiparasitic agent and to heal gas-
trointestinal disorders such as aphthae, diarrhea, and ulcers
[6]. Recently, it has been shown that pomegranate possesses
several pharmacological activities such as antioxidant [6–8],
anticarcinogenic [7, 8], and anti-inflammatory properties [9].
It is documented that consumption of pomegranate appears
to correlate with treatment and preventing widespread range
of diseases such as cancer [7, 8], diabetes [10], cardiovas-
cular disease [11, 12], rheumatoid arthritis, and ulcerative
colitis [9]. The neuroprotective effects of pomegranate have
been shown in hypoxic-ischemic brain injuries [13, 14], A𝛽-
induced oxidative stress and learning and memory deficits,
and also H

2
O
2
-induced oxidative stress in PC12 cells [15].

Since it has been shown that Punica granatum has
many beneficial consequences correlatingwith its antioxidant
effect, we decided to study its protective effect against the
SGD-induced PC12 cells injury.

2. Material and Methods

2.1. Cell Line and Reagents. A PC12 cell line was obtained
from Pasteur Institute (Tehran, Iran). High glucose
Dulbecco’s modified Eagles medium (DMEM, 4.5 g/L),
glucose-free DMEM (0 g/L), and fetal calf serum (FCS)
were purchased from Gibco (Carlsbad, CA). The Folin-
Ciocalteu reagent, the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium (MTT), and other cell culture
materials were purchased from Sigma (St. Louis, MO).
Low melting point (LMP) agarose and normal melting
point (NMP) agarose were obtained from Fermentas
(Glen Burnie, MD). Other chemicals mainly ethylene
diamine tetraacetic acid disodium salt (Na

2
EDTA),

Tris (hydroxymethyl) aminomethane (Trizma base), t-
octylphenoxy polyethoxyethanol (Triton X-100), dimethyl
sulfoxide (DMSO), sodium lauroyl sarcosinate (sarkosyl,
SLS), and ethidium bromide were purchased from Merck
(Darmstadt, Germany).

2.2. Cell Culture. PC12 cells were cultured in high glucose
DMEM (4.5 g/L) supplemented with 10% FCS and 100
units/mL of penicillin/streptomycin. All cells were main-
tained in a humidified atmosphere (90%) containing 5%CO

2

at 37∘C.

2.3. Induction of Cell Death by Serum/Glucose Depriva-
tion. For SGD-induced cytotoxicity, PC12 cells were seeded
overnight and then were subjected to SGD for 6 and 12 h
by replacing the standard culture medium (high glucose
DMEM, 4.5 g/L) with the glucose-free DMEM (0 g/L), sup-
plemented with 100U/mL penicillin and 100U/mL strepto-
mycin [16].

2.4. Preparation of Pulp Hydroalcoholic Extract (PHE),
Pulp Aqueous Extract (PAE) and Pomegranate Juice (PJ).
Pomegranate fruits were collected from Saveh region (center

of Iran) and authenticated by herbarium of Ferdowsi Univer-
sity of Mashhad (Mashhad, Iran; voucher specimen no. 311-
0203-1).

The pulps and peels of pomegranate were washed, dried,
and crushed to a powder with an electric microniser. The
powdered pulps were then shaken with ethanol (70%) and
water for 2 days. The resulting extracts were then filtered and
concentrated under reduced pressure to get pulp hydroalco-
holic extract (PHE) and pulp aqueous extract (PAE), respec-
tively. The yield was found to be about 36% w/w. To obtain
pomegranate juice extract (PJ), the seeds were separated and
ground to obtain juice. The juice was then filtered and dried
under reduced pressure (yielding 4.1%w/w). The extracts
were kept at −20∘C until use.

Stock solutions of PHE and PAE were prepared in
dimethyl sulfoxide (DMSO), and desired concentrationswere
made from the stock using complete medium. Stock and
working solutions of PJ were prepared in complete medium.

2.5. Total Phenolics Measurement. The total phenolics con-
centration of PHE, PAE, and PJ was determined by the
Folin-Ciocalteu method as previously described [17]. Briefly,
50mg of the dried extract was extracted with 100mL of
acidified methanol : water (60 : 40 v/v, 0.3% HCl) before sub-
sequent filtration. 100𝜇L of filtrate was then mixed with
equal amounts of the Folin-Ciocalteu reagent, while 2.0mL
of sodium bicarbonate was added and mixed thoroughly.
Absorbance was measured at 750 nm, and the values were
derived from a standard curve prepared using tannic acid (0–
1.0mg/mL in acidifiedmethanol : water) after 2 hours. Values
were expressed as tannic acid equivalents (TAE, mg/g dry
mass).

2.6. Cell Proliferation (MTT) Assay. MTT was used to
identify viable cells which reduce it to a violet formazan
[18]. PC12 cells (5000/well) were seeded out in 96-well
tissue culture plates, and after 24 h, the cells were pretreated
with PHE, PAE and PJ (6.25–800 𝜇g/mL) for 2 h and then
incubated simultaneously for another 6 or 12 h in serum and
glucose free (SGD) condition.These doses were chosen based
on IC

50
(concentration of 50% inhibition) calculated from

earlier experiments. Blank and solvent controls were treated
identically. At 6 and 12 h after SGD insult, MTT solution
in phosphate-buffered saline (PBS, 5mg/mL) was added
to a final concentration of 0.05%. After 2 h, the formazan
precipitate was dissolved in DMSO containing 10% glycine
buffer (pH = 10.5). The microplates were then gently shaken
in the dark for 30min, and the absorbance at 570 and 620 nm
(background) wasmeasured using a StatFAX303 plate reader.

All experiments were carried out in triplicate; the per-
centage of viable cells was calculated as the mean ± SEMwith
controls set to 100%. Morphological deformations of the cells
were also examined.

2.7. Single Cell Gel Electrophoresis (SCGE, Comet) Assay. The
alkaline SCGE assay was conducted based on the method
described previously [19]. Briefly, PC12 cells (3 × 105) were
incubated for 2 h with three different concentrations of PHE,
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PAE, andPJ (6.25, 400, and 800𝜇g/mL) and subjected to SGD
for 12 h in which the same treatments were applied. After
removing themedium, the cells were washed three timeswith
cold PBS, harvested and centrifuged at 3000 rpm for 5min at
4∘C.Thepellets were then resuspended in PBS at a cell density
of 1 × 105. For the comet assay, 100𝜇L NMP agarose was
quickly layered on conventional slides, covered with a cover
slip, and then the slides were placed on ice to allow agarose
to gel. 10 𝜇L of the cell suspension, prepared as above, was
mixed with 100𝜇L LMP agarose, and themixture was quickly
layered over the NMP agarose layer after removal of the
cover slip. Finally, another layer of LMP agarose was added
on top. The slides were immersed immediately in a chilled
lysing solution (pH = 10) made up of 2.5M NaCl, 100mM
Na
2
EDTA, 10mM Trizma, 1% sarkosyl, 10% DMSO, and 1%

triton X-100 and kept at 0∘C in the dark overnight. Then,
the slides were placed on a horizontal gel electrophoresis
platform and covered with a prechilled alkaline solution
made up of 300mM NaOH and 1mM Na

2
EDTA (pH >

13). They were left in the solution in the dark at 0∘C for
40min and then electrophoresed at 0∘C in the dark for 30min
at 25V and approximately 300mA. The slides were rinsed
gently three times with 400mM Trizma solution (adjusted
to pH 7.5 by HCl) to neutralize the excess alkali, stained
with 50𝜇L of 20𝜇g/mL ethidium bromide and covered with
a cover slip. For comet analysis, 150 nuclei were randomly
selected from three replicated slides (50 nuclei on one
slide), examined and photographed through a fluorescence
microscope (Nikon, Japan), at 400x magnification equipped
with an excitation filter of 520–550 nm and a barrier filter of
580 nm. Undamaged cells resemble an intact nucleus without
a tail, and damaged cells have the appearance of a comet.
The percent of DNA in the comet tail (% tail DNA), which
is an estimation of DNA damage, was analyzed using the
computerized image analysis software (CASP software). The
experiments were done as triplicate.

2.8. Statistical Analysis. The results are presented as themean
± standard error (SEM).The values were compared using the
one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test for multiple comparisons.The 𝑃 values less than
0.05 were considered to be statistically significant.

3. Results

3.1. Total Phenolics Content of PHE, PAE and PJ. Polyphenols
including hydrolysable tannins and ellagitannins account for
the main known antioxidant properties of pomegranate [20].
The PHE, PAE, and PJ were found to contain 353±8, 224±5,
and 119±6mg/L total polyphenolics expressed as tannic acid
equivalents (TAE, mg/g of TAE), respectively.

3.2. PHE, PAE, and PJ Dose-Dependently Inhibit SGD-
Induced Cell Death. To examine the probable toxic effects of
pomegranate extracts, PC12 cells were incubated with high
concentrations of PHE, PAE, and PJ (800𝜇g/mL) alone, and
the viability was determined 6 and 12 h after treatment. No

significant toxic effect on cell viability was seen following
treatment with these extracts for 6 and 12 h (Figures 1–3).

SGD caused a significant reduction in cell viability after
6 and 12 h, as compared with control group (Figures 1–3).
As shown in Figures 2(a)-2(b), treatment with PHE resulted
in significant and concentration-dependent increase in cell
viability following ischemic insult for 6 h (𝑃 < 0.05 at
100 𝜇g/mL) and 12 h (𝑃 < 0.01 at 200𝜇g/mL).

A significant and concentration-dependent increase in
cell viability was seen following treatment with PAE after
ischemic insult for 6 h (𝑃 < 0.05 at 200𝜇g/mL) and 12 h
(𝑃 < 0.01 at 400𝜇g/mL) (Figures 1(a)-1(b)). Pretreatment
with PJ also significantly and dose-dependently decreased
SGD-induced cell death following 6 and 12 h (𝑃 < 0.01 at
400 𝜇g/mL and 𝑃 < 0.01 at 800𝜇g/mL, resp., Figures 3(a)-
3(b)).

3.3. PHE, PAE, and PJ Significantly Decrease SGD-Induced
DNA Damage. In this study, %tail DNA was measured as an
indicator of DNA damage. The results showed that exposure
of PC12 cells to SGD significantly increased DNA fragmenta-
tion (DF), compared with control cells (𝑃 < 0.001, Figure 4).
A significant decrease in SGD-inducedDFwas seen following
pretreatment with high doses (400, 800𝜇g/mL) of PHE, PAE,
and PJ (𝑃 < 0.001, Figure 4).

4. Discussion

Ischemic stroke is a third leading cause of death and a major
cause of disability in industrialized countries. Currently,
therapeutic options for treatment of stroke are limited,
and much more attempts are being made to identify novel
neuroprotective agents with antiapoptotic properties [23, 24].

Oxidative damage and induction of apoptotic cell death
is a characteristic feature of many neurodegenerative dis-
eases including ischemic stroke [25]. In this study, the
protective effect of Punica granatum (pomegranate) against
serum/glucose deprivation- (SGD-) induced cell death in
PC12 cells is investigated here for the first time. We showed
that pomegranate exhibits no cytotoxicity on PC12 cells
at used concentrations (up to 800𝜇g/mL). Moreover, we
found that pretreatment with different pomegranate extracts
significantly decreased cell loss and DNA damage under
SGD condition in a concentration-dependent manner, which
showed that neuroprotective activity of pomegranate proba-
bly mediated through attenuation of DNA damage.

SGD is regarded as a reliable model mimicking the
effects of ischemia in vitro. Lorenz et al. compared the
validity of SGD in vitro, with permanent middle cerebral
artery occlusion (MCAO) in vivo. SGD for 4 h induced half-
maximal neuronal cell death, while MCAO for the same
period resulted in significant neuronal loss, suggesting the
validity of SGD as a suitable stroke-like in vitro model [26].
In our study, about 50% and 65% cell losses were seen under
SGD condition for 6 h and 12 h, respectively, which are in
agreement with previous reports [16, 26, 27]. The previous
studies also correspond to our findings that SGD for 18 or
24 h caused significant DNA fragmentation in the nuclei of
PC12 cells [28, 29] suggesting apoptotic/necrotic cell death.
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Figure 1: Effects of pulp aqueous extract (PAE) on PC12 cells viability exposed to SGD (serum/glucose deprivation) for 6 and 12 h. The
percentage cell viability (quantitated by MTT assay) was normalized against the control (0 𝜇M). Mean and SEM of the three independent
experiments were shown. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001 as compared with control.
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Figure 2: Effects of pulp hydroalcoholic extract (PHE) on PC12 cells viability exposed to SGD (serum/glucose deprivation) for 6 and 12 h.
The percentage cell viability (quantitated byMTT assay) was normalized against the control (0 𝜇M).Mean and SEM of the three independent
experiments were shown. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001 as compared with control.

It is generally believed that pathophysiological basis of
many neurodegenerative disorders such as ischemic stroke
is probably mediated through glutamate excitotoxicity, over-
production of oxygen free radicals (ROS), and resulting
oxidative damage to cellular macromolecules, including
membrane lipids, proteins andnucleic acids, neuroinflamma-
tion, and induction of delayed cell death or apoptosis [30].

P. granatum has potent antioxidant and anti-
inflammatory properties. According to previous studies,
pomegranate is an important source of polyphenols including
phenolic acids, ellagic tannins (punicalin, punicalagin,
gallagic, and ellagic acid), flavnoids (anthocyanins, catechins,
rutin, epigallocatechin-3-gallate), and anthocyanins
(delphinidin, cyaniding, and pelargonidin) [31–33], which
possess potent antioxidant and radical scavenger properties

[21, 34, 35]. Recent studies have shown that neuroprotection
afforded by pomegranate could be attributed to the
antioxidant or other properties of these phenolic compounds.
Therefore, the total phenolic concentration of PHE, PAE,
and PJ was determined by the Folin-Ciocalteu method. The
results indicated that PHE displayed the highest amount
of polyphenol compounds (353mg/g as TAE) rather than
PAE (224mg/g) or PJ (119mg/L). These results in agreement
with previous reports showed that pomegranate peels and
pulps have higher total phenolics and antioxidant activity
than juice [36, 37]. Yasoubi at al. also identified that the
concentration of phenolics in the pomegranate peel extracts
depends on the polarity of solvent. It was shown that more
phenolic materials are present in the alcoholic extract than
in aqueous extract [38]. It has been shown that hydrolyzable
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Figure 3: Effects of PJ (pomegranate juice) on PC12 cells viability exposed to SGD (serum/glucose deprivation) for 6 and 12 h.The percentage
cell viability (quantitated by MTT assay) was normalized against the control (0𝜇M). Mean and SEM of the three independent experiments
were shown. ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001 as compared with control.

tannins (HT) account for about 92% of pomegranate
antioxidant activity [39]. The predominant pomegranate
HT is punicalagin, which is responsible for about half of
pomegranate total antioxidant capacity [40, 41] but its water
solubility has been reported to be very low (about 0.2–1.0%)
[42]. Both flavonoids and tannins are also most abundant in
pomegranate pulp extracts (i.e. PHE and PAE). Our study
demonstrated that PHE has the most potent protective effect
against SGD than PAE and PJ, which could be as a result of
the higher phenolic contents with less water solubility such
as ellagic tannins like gallic acid and punicalagin [43]. On
the other hand, the protective effects of PJ against SGD could
be explained as the consequence of anthocyanins, which are
the water-soluble pigments responsible for the bright red
color of pomegranate [32, 44].

As mentioned, pomegranate has appreciable antioxidant
and free radical scavenger properties. Therefore, the pro-
tective activity of pomegranate against SGD seen in this
study probably mediated through attenuation of oxidative
damage. These findings are in agreement with other reports
on PC12 cell line, showing that the ethanol extract of P.
granatum mitigated H

2
O
2
-induced oxidative stress in PC12

cells. In addition, the extract inhibited learning and mem-
ory deficits and neuronal cell death caused by A𝛽-induced
oxidative stress in mouse hippocampus, and it also improves
behavior and decreases hippocampal amyloid load in a
mousemodel of Alzheimer’s disease [15, 45]. Polyphenol-rich
pomegranate juice also protected the neonatal mouse brain
against hypoxic-ischemic injury via caspase-3 inhibition
[14]. It has been shown that pomegranate flowers (PGFs)
supplementation decreases oxidative stress and ameliorates
impairment in learning and memory performances in dia-
betic rats [46].

Punicalagin extracted from PJ and pomegranate peel
inhibits LDL oxidation and atherosclerosis development in
mice [47]. Daily supplementation with pomegranate in diet
could also control sign and symptoms in patients with

rheumatoid arthritis due to its antioxidant potency [48]. It
is shown that pomegranate constituents afford chemopre-
vention against hepatocarcinogenesis through antioxidant
properties [49].

The flavonoid rich fractions of pomegranate fruit extract
have also been shown to exert antiperoxidative effect
by decreasing the concentrations of malondialdehyde and
hydroperoxides and enhancing the activities of enzymes cata-
lase, superoxide dismutase, glutathione peroxidase, and glu-
tathione reductase in the liver [50, 51]. It is concluded that the
antioxidative characteristics of pomegranate unique phenolic
compounds, punicalagin and gallic acid, could be related,
at least in part, to their stimulatory effect on macrophage
paraoxonase 2 (PON2) expression, a phenomenonwhichwas
shown to be associated with activation of the transcription
factors PAPR-𝛾 and AP-1 [22]. The other mechanisms that
could be attributed to pomegranate protective effects aremast
cell stabilizing and anti-inflammatory actions. The Punica
granatum potency in ameliorating colitis is attributed to its
ellagic acid rich fraction [21]. Other studies have shown
that prodelphinidins which are present in pomegranate fruit
inhibit cyclooxygenase-2 (COX-2) and lipoxygenase activ-
ity and production of prostaglandins E

2
(PGE
2
) in vitro

suggesting the anti-inflammatory properties of pomegranate
[52]. Recently it has been shown that pomegranate extract
inhibited the expression of inflammatory cytokines IL-1𝛽
and IL-6 in adjunctive periodontal therapy [53]. NF-𝜅B
is an important transcriptional regulator of inflammatory
cytokines gene expression and plays a crucial role in immune
and inflammatory responses. It has been shown that pretreat-
ment with pomegranate extract inhibited the degradation
of I𝜅B𝛼 and nuclear translocation of NF-𝜅B in KU812 cells
[54]. Antioxidant potency of a methanolic pomegranate fruit
peel extract (PPE) and its relation with antiproliferative and
apoptotic effects on MCF-7 human breast cancer cells have
been evaluated, and the results showed that it has significant
antioxidant and apoptotic effects [55]. The hydroxybenzoic
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Figure 4: Representative micrographs of comets from PC12 cells of different treatment groups (top panel); %tail DNA (as an indicator of
DNA damage) induced by serum/glucose deprivation (SGD) in PC12 cells after 12 h (bottom panel). Cells were pretreated with different
concentrations of pulp hydroalcoholic extract (PHE), pulp aqueous extract (PAE), and pomegranate juice (PJ). All data were represented as
the means ± SEM of three independent experiments. ∗∗∗𝑃 < 0.001 as compared with SGD.
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Figure 5: Schematic representation of the protective effects of
pomegranate extracts against serum/glucose deprivation- (SGD-)
induced PC12 cells injury. SGDmay induce mitochondrial dysfunc-
tion, calcium overload, overproduction of reactive oxygen species
(ROS), and resulting oxidative damage to cellular macromolecules,
includingmembrane lipids, proteins andDNA, neuroinflammation,
and induction of cell death. Antioxidant (by scavenging of free
radicals or upregulation of paraoxonase 2 expression, leading
to inhibition of oxidative damage) [21, 22], anti-inflammatory,
neuroprotective, and antiapoptotic properties (by inhibition of
cyclooxygenase 2 expression, leading to decreased production of
prostaglandins and by decreased transcription of proinflammatory
cytokines such as tumor necrosis factor 𝛼 (TNF-𝛼), interleukin 6
(IL-6), and IL-1𝛽 through the modulation of PPAR-𝛾, NF-𝜅B, AP-1,
or MAPK signaling) [6, 9, 14] of pomegranate phytochemicals may
block these pathways. PAE: aqueous extract of pomegranate peel and
pulp, PHE: hydroalcoholic extract of pomegranate peel and pulp, PJ:
pomegranate juice, ↓: activation, ⊥: inhibition.

acid constituents of pomegranate (gallic and ellagic acids)
induced p53/p21 expression, G1 arrest and apoptosis in
bladder cancer cells [56], as well as human DU-145 prostate
cancer cell line [57]. In addition, it has been shown that
pomegranate juice metabolites, ellagic acid and urolithin
A, synergistically inhibit cell proliferation and induce cell
cycle arrest and apoptosis in DU-145 and PC-3 androgen-
independent prostate cancer cells [58]. It is also reported
that other active constituents of pomegranate like proantho-
cyanidins and anthocyanidins have anticarcinogenic effects
through antiangiogenic, antimutagenic activities [59, 60] and
inhibition of cyclooxygenase activity, nitric oxide production,
and epidermal growth factor receptors [61]. A recent study
also provides evidence that pomegranate phytochemicals
exert chemoprevention against diethylnitrosamine-induced
rat hepatocellular carcinoma through antiproliferative and
proapoptotic mechanisms by modulating NF-𝜅B andWnt/𝛽-
catenin signaling pathways [62].

At last, we conclude that Punica granatum has pro-
tective effects against SGD-induced cytotoxicity in PC12
cells through its antioxidant activity and subsequent DNA

damage, suggesting its antiapoptogenic properties. But fur-
ther studies are needed to elucidate the possible underlying
mechanisms of these beneficial effects (Figure 5), as well as
whether substances in pomegranate extract may be useful in
stroke should be considered.
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Over the past decade, pomegranate (Punica granatum) is entitled as a wonder fruit because of its voluminous pharmacological
properties. In 1830, P. granatum fruit was first recognized in United States Pharmacopeia; the Philadelphia edition introduced
the rind of the fruit, the New York edition the bark of the root and further 1890 edition the stem bark was introduced. There
are significant efforts and progress made in establishing the pharmacological mechanisms of peel (pericarp or rind) and the
individual constituents responsible for them. This review provides an insight on the phytochemical components that contribute
too antihyperglycemic, hepatoprotective, antihyperlipidemic effect, and numerous other effects of wonderful, economic, and eco-
friendly pomegranate peel extract (PP).

1. Introduction

The family Punicaceae contains a single genus, Punica,
and two species the most predominant species is Punica
granatum (pomegranate), and the less predominant is Punica
protopunica (Socotran pomegranate), atypical to the island of
Socotra.

In spite of its wide prehistoric background, the pome-
granate has attained relatively few universally recognized
names as mentioned in Table 1 [1].

1.1. Scientific Classification. Pomegranate (Punica granatum)
has been placed under the subclass Rosidae, order Myrtales,
along with other fruits such as guava and feijoa [2]. It is an
evergreen or deciduous and spiny plant with multiple trunks
and small slender leaves with tiny stems that is believed to
have originated in Iran then moved to the Himalayas in
northern India. Heterostylous funnel-shaped red flowers are
characteristic to this plant and are found either in singles or
in clusters of up to five [3]. The fruit is almost round in shape
with a crown at the base created by the calyx.The skin is tough
and leathery in texture, yellow or deep pink/red in color, and
about 2 to 5 inches in width.The interior of the fruit contains
white spongy membranous walls that form compartments

containing sacs packed with a fleshy, juicy, red or whitish
pulp. Each sac holds an angular, soft or hard seeds which are
usually red or white in colour. About 52% of the mass, of the
entire fruit is represented by these seeds [1].

Pomegranate peels or skin or rind (PP) are underesti-
mated as an agricultural waste, though it is part of an ancient
fruit with exceptionally rich ethnomedical applications and
astringent properties. PP acts as ecofriendly waste because of
its numerous uses such as reducing agent in making silver
nanoparticles. PP also used for cattle feed and extraction of
natural dyes [4].

1.2. Historical Uses of Punica granatum. Many researchers
have focused on the biological waste part of this wonder fruit,
pomegranate, for the purpose of discovering many mirac-
ulous effects for human health. The potential therapeutic
properties of PP are wide-ranging and include treatment
and prevention for cancer [5, 6], cardiovascular disease [7],
diabetes [8], dental conditions [9], and erectile dysfunction
[10], protection from ultraviolet (UV) radiation [10], and
antimicrobial [11]. Other potential applications include infant
brain ischemia, Alzheimer’s disease [8], male infertility,
arthritis [10], dermal wounds [11], and obesity [10] (Figure 1).
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Figure 1: Principal therapeutic effects of pomegranate peel.

Table 1: Few commonly renowned vernacular names of Punica
granatum.

Country Recognized name
Roman Carthage (Punica)

Italian Melogranato, melogranogranato, pomogranato,
or pomopunico

Spanish Granada (the fruit), granado (the plant)
Dutch Granaatappel
French Grenade
German Granatapfel
India Dadima or dalima or dalim or Anar
Persian Dulim or dulima
Guatemala Granad
Indonesia Gangsalan
Samoan Limoni
Brazilian Roma, romeira, or romazeira
Thailand Tab tim
Malaya Delima

In order to facilitate further investigation and utilization,
we summarized the research achievements on phyto-chemi-
cal components that contribute for anti-hyperglycemic, anti-
lipidemic, and hepato-protective effects of Punica granatum
peel waste till date.

1.3. Proximate Physicochemical Composition/Nutritional Val-
ues of PP. Studies have shown that PP is highly nutritive
and contains important raw materials like crude fibers,
protein, and carbohydrates. The compositions of some of the
ingredients are tabulated in Table 2 [12].

Another study showed that the chemical composition of
pomegranate bagasse (the dried part of the fiber that remains

Table 2: Nutrient content of pomegranate peel per 100 g [12].

Composition Content
Total solid 94.50
Moisture 5.40
Total sugars 17.70
Reducing sugars 4.34
Protein 4.90
Crude fiber 16.30
Fat content 1.26
Ash 3.40

once the juice is extracted) powder contains protein, fat, ash,
total dietary fiber, insoluble dietary fiber, and soluble dietary
fiber of 10.94, 20.86, 2.55, 50.29, 30.41, and 19.88 g/100 g,
respectively [13]. However, the quantification of many com-
ponents such as vitamins, minerals, and other pharmacolog-
ical properties has to be evaluated in detail.

2. Phytochemicals/Active Constituents

During the ancient era, significant efforts and progress were
made in establishing the pharmacological mechanisms of PP
and the individual constituents responsible for them. PP is
known to possess diverse phytochemicals, most of which are
observed to have therapeutic properties. The major chemical
constituents along with their bioactivity are tabulated in
Table 3. Figure 2 depicts the structure of all these chemical
constituents of Table 3.

Punicalin and punicalagin are the major constituents
of pericarp ranging up to 0.2% of the total amount. The
brilliant red colour of peel is attributed to anthocyanidins
and flavan-3-ols. Flavones and flavonols constitute the major
flavonoids of peel.Themethanolic extract of dried PP showed
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Table 3: Active constituents and their biological activity of Punica peel.

Compound Bioactivity Reference
Major tannins of pomegranate peel

Casuarinin Antiviral, antioxidant [14]
Corilagin Antihypertensive, antineoplastic [14–16]
Ellagic acid [EA] Antineoplastic, skin whitening [17, 18]
Gallic acid Antimutagenic, anti-inflammatory, antiviral, antioxidant [17, 19]
Methyl gallate Antioxidant [20]
Granatin A Antioxidant, anti-inflammatory [21]
Granatin B Antioxidant, anti-inflammatory [21, 22]
Pedunculagin Antineoplastic, antioxidant [14]
Punicalagin Antioxidant, antihypertensive, anti-hyperglycemic [22–24]
Punicalin Antioxidant, anti HIV, anti-hyperglycemic [21–23]

Major flavonoids of pomegranate peel
Catechin Antineoplastic, antioxidant [25]
Cyanidin Antioxidant [26]
Epicatechin Antineoplastic [25]
Epigallocatechin 3-gallate Antineoplastic [25]
Flavan-3-ol Antineoplastic [25]
Kaempferol Antioxidant, anti-inflammatory [27]
Kaempferol-3-0-glucoside Antioxidant [27]
Kaempferol-3-0-rhamnoglycoside Antihypertensive [27]
Luteolin Antioxidant, antioxidant [27]
Luteolin-7-0-glucoside Antioxidant [27]
Naringin Antiviral, antibacterial [28]
Pelargonidin Antiviral, antibacterial [26]
Quercetin Antiviral, antioxidant, antineoplastic [29]
Rutin Antiviral, antioxidant, antihypertensive [29]

Major alkaloids of pomegranate peel
Pelletierine Antioxidant [30, 31]
Valoneic acid dilactone Antidiabetic [32]

the presence of high content of phenolic compounds (44.0%)
along with other constituents [34]. Phenolic acids such as
caffeic acid, fumaric acid, chlorogenic acid and p-coumaric
acid are present in the pericarp [17]. The amount of ellagic
acid in fruit peel of 12 varieties examined by Akbarpour et al.
[33] fluctuates considerably with a maximum of 50mg/100 g
(Syah-e-saveh) and a minimum of 10mg/100 g (Rabbab and
Shishe-Kap) (Table 4). Gil et al. [23] reported that the amount
of total phenolics in peel was evidently higher than arils of
pomegranate fruit [33, 35].

BenNasr et al. [36] have described that PP has ellagic acid
(EA), ellagitannins and gallic acid. PP contains hydroxyben-
zoic acids such as gallagic acid, EA, and EA glycosides [17].
Anthocyanidins are principally cyanidin, pelargonidin and
delphinidin [26] and flavonoids such as kaempferol, luteolin,
and quercetin [27]. Murthy et al. [37] quantified methanolic
extract of PP using HPLC and reported the presence of gallic
acid (34.03%) and catechin (3.31%).

Studies on PP were undertaken to investigate the changes
in the major chemical composition during fruit maturation
in two Israeli commercial varieties, “Wonderful” and “Rosh-
Hapered”. The result of the study revealed the levels of total

phenolic antioxidant activity and hydrolysable tannins were
reduced during maturation, while the anthocyanin level
increased. This knowledge could help establish the optimum
harvest date ensuring the maximum nutritional properties of
PP [38]. The results of Turkish researchers showed that the
levels of total phenolic compounds changed depending on
cultivars and fruit parts. In all cultivars, the highest levels of
total phenolic content were obtained from the peel extracts.

3. Physical Properties

Twelve pomegranate (Punica granatum L.) cultivars from
different regions of Iranwere analyzed for their physical prop-
erties by Akbarpour et al. [33]. The amount of EA ranged 10–
50mg/100 g in different varieties of PP. The highest amount
of EA was found in Syah-e-Saveh variety (50mg/100 g).

4. Validated Pharmacological
Properties of Pomegranate Peel

4.1. Antioxidant Activity. Superfluous generation of the free
radicals is proved to instigate and aggravate many human
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Figure 2: Structures of polyphenolic compounds found in pomegranate peel (Punica granatum) (figures were sketched using ChemSketch
software alias Marvin Sketch).
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Table 4: Amount of EA in different varieties of peel [33].

S. no Variety Thickness
(mm)

Antioxidant activity
(mmol/100 g)

Amount of ellagic acid
(mg/100 g)

1 Rabbab 6.01 229.67 10.00
2 Malas-e-Yazd 4.06 234.33 30.00
3 Malas-e-Saveh 1.92 440.50 20.00
4 Shishe-Kap 2.53 303.83 10.00
5 Khazar-e-Bardeskan 2.10 640.17 25.00
6 Naderi 2.91 225.17 30.00
7 Alak 2.62 463.50 20.00
8 Abdandan 2.13 284.93 37.75
9 TabriziPoost 2.57 374.38 32.50
10 Syah-e-Saveh 1.60 314.89 50.00
11 Syah-e-Badrood 2.33 327.63 40.00
12 Lamsari-e-Behshahr 1.727 705.50 45.00

ailments like arthritis, cancer, Alzheimer’s disease, Parkin-
son’s disease, AIDS and diabetic complications [51, 52].
Reports indicate that plants rich in anthocyanin, flavonoids
and polyphenols are observed to be effective in scavenging
the free radicals [53, 54]. Total antioxidant activity of 12
different varieties was determined by FRAP (ferric reducing
antioxidant power) method described by Akbarpour et
al. are enlisted in Table 4 and it ranged from 225.17 to
705.50mmol/g. According to Akbarpour et al. [33] study, the
highest antioxidant activity level was detected in “Lamsari-
e-Behshahr” and the lowest in “Naderi”. The same study has
revealed that the antioxidant activity of peel is higher than
that of juice and this difference is attributed to the presence
of pomegranate peel tannins [38].

The first report on antioxidant property of PP using in
vitro models was elucidated by Singh et al. [55]. The meth-
anolic extract of peels showed 83% and 81% antioxidant
activity at 50 ppm using the 𝛽-carotene-linoleate and 2,2-
diphenyl-2-picrylhydrazyl (DPPH) model systems, respec-
tively. Similar group also showed 56, 58, and 93.7% inhibition
using the thiobarbituric acid (TBA)method, hydroxyl radical
scavenging activity, and serum low-density lipoprotein LDL
oxidation, respectively, at 100 ppm [56]. Owing to this prop-
erty, the studies can be further extended to exploit PP for their
possible application in the preservation of food products as
well as their use as health supplements and nutraceuticals.

Additional studies have also shown that PP had the
highest antioxidant activity among the peel, pulp, and seed
fractions of 28 kinds of fruits commonly consumed in China
as determined by FRAP assay [57]. A mixture of ethanolic,
methanolic and acetone PP extract had markedly higher
antioxidant capacity than the pulp extract in scavenging
capacity against superoxide anion, hydroxyl, and peroxyl
radicals as well as inhibiting CuSO

4
-induced LDL oxidation.

The contents of total phenolics, flavonoids and Proantho-
cyanidinswere also higher in peel extract than in pulp extract.
The large amount of phenolics contained in peel extract may
contribute to its strong antioxidant ability [46].

Al-Mustafa and Al-Thunibat [58] have revealed the anti-
oxidant activity of some Jordanian medicinal plants used
traditionally for treatment of diabetes. They were catego-
rized PP under high antioxidant potential plants.The activity
investigated in methanolic and aqueous extract was DPPH-
TEAC IC

50
365 ± 5.0mg/gGAE, 2,2-azinobis-(3-ethylben-

zothiazoline-6-sulfonic acid) (ABTS)-IC
50

6.9 ± 0.1 𝜇g/mL;
and DPPH-TEAC IC

50
267.1 ± 3.5mg/gGAE; and ABTS+-

IC
50
9.8 ± 0.1 𝜇g/mL, respectively. Among all the plants cho-

sen by traditional healers, methanolic and aqueous extracts
of PP both were having potent radical scavenging activity.
Methanolic extract of PP exhibited the highest phenolic
content (103GAEmg/g) among all their experimental plants.

In a recent study [59], the antioxidant activity of meth-
anolic extract of PP on brain of normal rats demonstrated
that it reduced lipid peroxidation and nitric oxide in both
serum and brain tissue homogenate, having an effect on
the scavenging capacity of superoxide anion and hydrogen
peroxide.

Pan et al. [60] described a continuous (CUAE) and pulsed
ultrasound-assisted (PUAE) method for the extractions of
antioxidants from PP since there is a great demand for devel-
oping efficient extraction methods in order to reduce extrac-
tion time and increase the yield and activity of functional
antioxidants. Cumulatively, all these observations suggest the
potential antioxidant activity of PP (Table 5).

4.2. Antihyperglycemic Effect. Over the past decade, sig-
nificant progress has been made in establishing the anti-
hyperglycemic pharmacological mechanism of PP and the
individual compounds responsible for it. Various solvent
extracts of PP appear to have anti-diabetic property. On
their Jordanian medicinal plants survey, native authors have
revealed 61% traditional healers recommend PP for diabetes
treatment [58]. Similar kind of studies done by the authors
in India also revealed the uses of PP by traditional healers
(vaidya) (49%) and anti-hyperglycemic effect using in vitro
glucose oxidase method [61].
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Table 5: Overview of antioxidant pomegranate studies.

Assays Effect Reference
Trolox Equivalent Antioxidant
Concentration (TEAC) Aqueous extract Prodelphinidinshowed active antioxidant activity [39]

Phospho-molybdenum complex Methanolic extract revealed lowest antioxidant activity followed by ethyl acetate,
acetone, and water extract [40]

DPPH and ABTS radicals Remarkable free radical-scavenging power [41]
DPPH and ABTS radicals Robust antioxidant activity [42]
DPPH and ABTS radicals Extraordinary free radical-scavenging power [43]
FRAP Peel had superior antioxidant activity than pulp and seed [44]
FRAP Seed exhibited lower antioxidant activity as compared to peels [45]

DPPH and ABTS radicals Methanolic extract of PP exhibited the highest phenolic content and free
radical-scavenging power [46]

The first report on the antidiabetic properties of PP using
an in vivomodel was elucidated by Nogueira and Pereira, fol-
lowed by Zafar and Singh and Nozire and Serpil, reproduced
by several other studies [47–50, 62–66].

Diabetic rats treated with 0.43 g/kg B.W. of aqueous peel
extract for four weeks displayed significantly lowered blood
sugar level and increased number of 𝛽 cells which relatively
help in intensification of insulin level [47]. The mechanis-
tic anti-diabetic activity of the extract is by stimulation,
regeneration, and increased number of 𝛽 cells, by protecting
pancreatic tissue and subsequent release of insulin. Also,
it may increase the stimulation and activation of insulin
receptor [47].

Oral administration of aqueous extract of PP at doses
of 50 and 100mg/kg for 21 days brought down the fasting
blood glucose, total serum cholesterol (TC), triglycerides
(TG), serum low density lipoprotein cholesterol (LDL-c),
VLDL-C (very low-density lipoprotein cholesterol) and tissue
LPO (lipid peroxidation) levels together with boost on high-
density lipoprotein cholesterol (HDL-c), GSH (glutathione)
content and antioxidant enzymes in contrast with diabetic
control group.These authors recommended the uses of aque-
ous extract of the peel as a dietary supplement in the cure
and inhibition of chronic diseases categorized by aggravated
antioxidant status and diminished glucose metabolism [48].

The same group emphasized on oral administration of
the aqueous-ethanolic extract of PP which led to signifi-
cant blood glucose lowering effect in normal, glucose-fed
hyperglycemic in their another report on alloxan-induced
diabetic rats. This report suggested that the effect can be due
to increased peripheral glucose utilization or retardation of
intestinal glucose absorption may also be partly responsible
for inhibition of hyperglycaemia in glucose-fed rats [49].

Althunibat et al. [50] had shown in their study on STZ-
(streptozotocin-) induced diabetic rats that intraperitoneal
(i.p.) administration of 10 and 20mg/kg BW of PP for four
weeks significantly enhanced the activities of antioxidant
enzymes in liver, kidney, and RBC. The methanolic extract
of PP (75 and 150mg/kg, daily) inhibits glucose level in
alloxan-induced diabetic wistar rats. The extract also caused
a significant reduction in malondialdehyde (MDA), a lipid
peroxides marker, in diabetic rat tissues and elevated the total

serum antioxidant capacity in a dose-dependent manner.
Phytochemical investigation demonstrates that the gallic acid
in the methanolic extract of peels is mainly responsible for
this activity [8]. This group suggested that the effect may be
due to the presence of terpenoids such as ursolic acid and
oleanolic acid, which may help to scavenge the free radicals
generated during diabetes (Table 6).

4.3. Antihyperlipidemic Effect. Alterations in lipid profile are
one of the most common complications in diabetes mellitus
and affects 40% of all diabetic patients [51]. A comparative
study was carried out by Cheng et al. (2004) [67] to elucidate
the hypolipidemic effect of crude PP and polyphenolic
extract. Male Sprague-Dawley (SD) rats were fed with a high-
fat diet to induce hyperlipidemia and the treatment was
carried out for 28 days. The results revealed decrease in the
levels of TC/HDL-c ratio and serum LDL-c levels concluding
PP polyphenolic extract is effective in lowering serum and
hepatic lipids (Table 6).

4.4. Hepatoprotective Effects. Recent in vivo animal studies
have evaluated the hepatoprotective effects of pomegranate,
however, the exact mechanism and significant compounds
have not yet been described.

The effects of continuous administration of PP on experi-
mentally induced liver fibrosis in rats have been examined by
Toklu et al. [68]. The levels of serum aspartate aminotrans-
ferase (AST), lactate dehydrogenase (LDH), and alanine
aminotransferase (ALT) were ascertained in order to evaluate
liver functions and the amount of tissue damage. The AST,
LDH, ALT, and cytokine levels in the serum, which were ele-
vated in liver fibrosis models, were found to be considerably
reduced and brought to near-normal levels after PP treat-
ment. Similarly, the increase in hepatic collagen levels was
also diminished leading to an improvement in the structure
and functions of the liver. It was thus ascertained that PP
possesses certain hepato-protective properties making it an
important therapeutic agent in the treatment of fibrosis and
oxidative damage [68, 69].

Previous work showed that feeding of rats with PP pro-
vided protective effect against carbon tetra chloride (CCl

4
)

toxicity [55]. Studies in rats with CCl
4
-induced liver damage
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Table 6: Overview of in vivo Punica peel studies for diabetes and its complications.

Preclinical
trial In vivo studies Day/week

Nature of peel
extract/dosages
(per kg BW/day)

Outcome
Statistically
significant
results?

Reference

Diabetes Albino Wistar rats 28/4 Aqueous/0.42 g
Lowering of blood sugar
level and increased number
of 𝛽 cells

Yes [47]

Diabetes Albino Wistar rats 10/1.3 Methanolic/200mg

Increase of the activities of
antioxidant enzymes
catalase, superoxide
dismutase, glutathione
peroxidase,
glutathione-S-transferase,
and glutathione reductase,
in liver and kidney

Yes [48]

Diabetes Albino Wistar rats 15/2.3 Methanolic/200mg

Improvement of hepatic,
cardiac, and renal LPO and
serum T3, T4, insulin, and
glucose concentrations

Yes [49]

Hyperlipidemic Sprague-Dawley rats 28/7 Methanolic/5%,
10%, 15%

Reduction of total
cholesterol,
LDL-cholesterol,
triglycerides.
VLDL-cholesterol H

Yes [50]

Diabetes Albino Wistar rats 28/7 Methanolic/10mg,
20mg

Increase of the activities of
antioxidant enzymes
catalase, superoxide
dismutase, glutathione
peroxidase,
glutathione-S-transferase,
and glutathione reductase,
in liver and kidney

Yes [50]

Diabetes Albino Wistar rats 42/6 Methanolic/75mg
and 150mg

Increase of the activities of
antioxidant enzymes
catalase, superoxide
dismutase, glutathione
peroxidase, and decreased
LPO level in hippocampal
and cortex region of brain

Yes [8]

Diabetes Albino Wistar rats 21/3 Methanolic/200mg
and 400mg

Reduction of aldose
reductase, amylase, PTP1B
inhibition assay

Yes [32]

demonstrated pretreatment with PP enhanced or maintained
the free radical scavenging activity of the hepatic enzymes
catalase, superoxide dismutase, and peroxidase and resulted
in 54% reduction of lipid peroxidation values compared to
controls confirming the antioxidant property of the PP [50].

A discrete investigation in rats with CCl
4
-induced liver

damage demonstrated pretreatment with PP extract boosted
the free radical scavenging activity of the hepatic enzymes
superoxide dismutase, and catalase, and showed 54% decline
in lipid peroxidation as compared to controls [69].

Hepatocellular carcinoma (HCC), a common and fatal
cancer, is majorly driven by oxidative stress. The effect of
pomegranate emulsion (PE) on DENA-induced hepatocar-
cinogenesis, which mimics HCC in humans, was examined
in an animal model. Robust chemopreventive activities were
reported owing to reduction in the incidence, size, volume

and multiplicity of the hepatic nodules. In addition, PE also
alleviated lipid peroxidation and oxidation of proteins in the
liver. The report thus suggests and supports the use of pome-
granate-derived agents in the treatment and prevention of
HCC in humans [70].

5. Mechanisms of Action

A recent study by Jain et al. [32] has shown the probable
mechanism of action of PP. They have isolated and purified
a compound Valoneic acid dilactone (VAD) from the meth-
anolic extract of Punica granatum (MEPG). MEPG-(400,
370mg/kg, p.o.) and VAD-(25, 50mg/kg, p.o.) treated groups
have shown very minimal acinar damage and adequate
number of pancreatic islets. Their findings suggest that some
pancreatic 𝛽-cells are still surviving to exert their insulin
releasing effect. In diabetic condition,weight loss arises due to
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the impairment in insulin action in the conversion of glucose
into glycogen. The catabolism of fats does not occur as there
is an inhibition of lipolysis due to its unavailability which
is because of destruction in beta cells. VAD and MEPG
were found to inhibit the alpha amylase activity which is
a carbohydrate-hydrolysing enzyme, thus decreases post-
prandial hyperglycemia and improves glucose metabolism.
The extracts VAD and MEPG were found to inhibit PTP1B
activity which showed increase in insulin receptor tyrosine
phosphorylation which mimicked in vivo action of insulin
thereby decreased plasma glucose levels in a dose-dependent
manner. The findings of their studies such as, blood glucose
levels, oral glucose tolerance test, body weight, mortality
and histopathology were in correlation with each other and
indicate that MEPG and VAD could be beneficial in man-
agement of diabetes and associated complications. VAD was
observed to be amore powerful inhibitor of aldose reductase,
𝛼-amylase, and protein tyrosine phosphatase PTP1B, when
compared to MEPG because of its polyphenolic nature.

6. Toxicity Studies/Safety/Adverse Effects

There are relatively none in vivo or in vitro studies reporting
the toxic or adverse effect of the PP on any of the mammalian
system. The LD

50
of the aqueous extract of PP in mice was

found to be 1321 ± 15mg/kg i.p. [71].

7. Conclusion

Industries have moved towards usage of naturally derived
compounds, biologics as they are easily extractable and can
be cultured in labs. Amongst these sources, ecofriendly
[4] Punica granatum peel has showed effectiveness due to
the array of compounds present in it. These compounds
have good antioxidant activity and also serve as excellent
nutritional supplements. This review highlights the work
that has been done in the recent past on the PP, which
includes anti-hyperglycemic [8], hepatoprotective [56], and
anti-hyperlipidemic effects [67]. These experiments have
shown productive results both in in vivo and in vitro domains.
Hence more labs are moving towards PP as a suitable
therapeutic agent in various diseases.

8. Future Direction

Despite the documented roles in nutrition, there are very few
phytochemical studies. The actions of mechanism of these
compounds are still not very clearly understood, however, it
is predicted that the mechanisms are quite complicated since
there may be numerous factors involved in it.

There is a dearth in the field of pharmacodynamics and
pharmacokinetics or safety aspects of the PP. There have
been very few studies pertaining to the molecular aspects of
PP, which is clearly evident by the sequence of information
available in the public domains. Even though PP is rich
in healing properties, due to the lacunae in many aspects,
there is an urgent requirement for further investigations to
delineate its precise mechanisms and possible therapeutic
values, particularly in the field of diabetes mellitus.
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The health benefits attributed to pomegranate have been associated with its high content in polyphenols, particularly ellagitannins.
This is also the case for other ellagitannin-containing fruits and nuts including strawberry, raspberry, blackberry, walnuts,
and muscadine grapes. The bioavailability of ellagitannins and ellagic acid is however very low. These molecules suffer
extensive metabolism by the gut microbiota to produce urolithins that are much better absorbed. Urolithins circulate in
plasma as glucuronide and sulfate conjugates at concentrations in the range of 0.2–20 𝜇M. It is therefore conceivable that
the health effects of ellagitannin-containing products can be associated with these gut-produced urolithins, and thus the
evaluation of the biological effects of these metabolites is essential. Recent research, mostly based on in vitro testing, has
shown preliminary evidence of the anti-inflammatory, anticarcinogenic, antiglycative, antioxidant, and antimicrobial effects of
urolithins, supporting their potential contribution to the health effects attributed to pomegranate and ellagitannin-rich foods.
The number of in vivo studies is still limited, but they show preventive effects of urolithins on gut and systemic inflammation
that encourage further research. Both in vivo and mechanistic studies are necessary to clarify the health effects of these
metabolites. Attention should be paid when designing these mechanistic studies in order to use the physiologically relevant
metabolites (urolithins in gut models and their conjugated derivatives in systemic models) at concentrations that can be reached
in vivo.

1. Introduction

The health effects of pomegranate and pomegranate juice
have been associated withthe high content in antioxidant
polyphenols [1] and particularly in ellagitannins (punicala-
gins). This is also the case for many other ellagitannin-
containing fruits and nuts such as strawberry, raspberry,
blackberry, walnuts, and muscadine grapes [2, 3].

Both ellagic acid and ellagitannins have shown relevant
biological effects in animal models and human studies
which suggests potential preventive effects against chronic
diseases such as cancer, diabetes, cardiovascular diseases, and
neurodegenerative diseases [4]. These effects are associated

with a multitarget action that involves antioxidant, anti-
inflammatory, and anticarcinogenic effects [2, 5]. It is well
established that ellagitannins and ellagic acid absorption
is very low and that the unabsorbed compounds are fur-
ther metabolized to urolithins by the gut microbiota in
the colon [6–10]. This poor bioavailability and the extensive
gut catabolism suggest that urolithins rather than ellagitan-
nins or ellagic acid may be the actual bioactive molecules
[7, 11].

Urolithins are dibenzopyran-6-one derivatives with dif-
ferent hydroxyl substitutions. Chemically they can be con-
sidered a combination of coumarin and isocoumarin (benzo-
coumarins) (Figure 1).They are produced from ellagic acid by
the gut microbiota through the loss of one of the two lactones
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Figure 1: Chemical structure of urolithin A, a benzocoumarin.

present in ellagic acid (lactonase/decarboxylase activity) and
by successive removals of hydroxyls (dehydroxylase activi-
ties) [12] (Figure 2).

Urolithins are not commonmolecules in nature, but they
have been reported in plants rich in ellagitannins, as it is the
case of Tamarix nilotica flowers [13] and Punica granatum
leaves that contain urolithin M-5 (3,4,8,9,10-pentahydroxy-
dibenzo[b,d]pyran-6-one) [14]. They have also been found
in some herbivore-derived products, such as the castoreum
produced by beavers [15], a product of interest for the
perfume industry, and thePteropi faeces (faeces of the squirrel
Trogopterus xanthipes) that are used in traditional Chinese
medicine [16]. Urolithins are also relevant constituents of
shilajit, a soil-derived medicinal product used in Ayurvedic
medicine [17].

The name urolithin was first given to two metabolites
isolated from the renal calculus of sheep (Trifolium sub-
terraneum has been reported as the cause of clover stone
and might be a relevant source of ellagitannins) that were
named urolithin A and urolithin B [18]. These two molecules
coincided with pigments I and II previously described from
castoreum and beaver glands [15].

The intake of large amounts of ellagitannins, and particu-
larly of punicalagin, from Terminalia oblongata by cattle was
associated with hepatotoxicity and nephrotoxicity [19]. How-
ever, the subchronic oral administration of large amounts
of pomegranate ellagitannins was not toxic to rats where
these compounds were found to be extensively metabolized
to urolithins [20].

Since urolithins are ellagitannin-derived catabolites that
can be absorbed and reach different tissues in the body, they
have been suggested as the molecules potentially respon-
sible for the biological effects observed as a consequence
of the consumption of pomegranate or other ellagitannin-
containing foods [3, 7, 9, 11]. Here we review the state of the
art in urolithin metabolites production by gut microbiota,
their absorption, tissue distribution and pharmacokinetics,
the cell andmolecular mechanisms for their biological effects
reported so far using different in vitromodels, and the in vivo
evidence in animals and humans.

2. Urolithins Chemical Nature,
Detection, and Identification

Urolithins constitute a whole metabolic family produced
by the opening and decarboxylation of one of the lactone
rings of ellagic acid and the sequential removal of hydroxyls
from different positions (Figure 2). After decarboxylation the
first metabolite is urolithin M-5 (pentahydroxy-urolithin),
and from this, several tetrahydroxy-urolithin isomers are
produced by removal of one hydroxyl group from different
positions (urolithin D, urolithinM-6). Trihydroxy-urolithins
(urolithin C, urolithin M-7) were then produced after the
removal of a second hydroxyl and dihydrox- urolithins
(urolithin A and isourolithin A) after the removal of a
third one. Monohydroxy-urolithin (urolithin B) was also
detected, particularly in those cases in which isourolithin A
was produced (Figure 2). Further degradation of urolithins
to remove the second lactone ring has not been reported
so far, although it should not be discarded. Urolithins show
characteristic UV spectra that can be used for the identi-
fication of different hydroxyl-substitution patterns on the
urolithin nucleus, as well as the further conjugation with
methyl, glucuronic acid, or sulfate [21]. The UV spectra of
urolithins in methanol exhibit two major absorption bands
in the region of 240–400 nm (Figure 4). These are referred to
as band I (300–380 nm) and band II (240–280 nm). In many
cases, an additional band III (between 280 and 300 nm) is also
observed. Unfortunately, bands I and II cannot be associated
with a specific ring of the urolithin nucleus [21]. Two groups
of urolithinUV spectra were distinguished after a study of the
plots of the different spectra: urolithins with a hydroxyl in the
9-position and those without hydroxylation in the 9-position
(Figure 4). The occurrence of the hydroxyl at position 9, as is
the case of isourolithin A, produces a hypsochromic shift in
band I and an increase in the absorption of band II, displaying
a maximum around 256 nm, which is the main absorption
band of the spectrum of urolithins with a hydroxyl in the 9-
position. Conjugation with glucuronic acid or sulfate also has
measurable effects on the UV spectrum, and could be used as
a diagnostic method for urolithin metabolites identification.

3. Bioavailability, Metabolism, and Tissue
Distribution of Pomegranate Ellagitannins
and Their Metabolites

Due to the potential health effects and the expectation
raised by the high antioxidant activity of pomegranate juices
that was thought to be due to punicalagins, punicalins and
other ellagitannins [1, 22], a sensible step in the research
was the determination of the absorption and metabolism of
these compounds in animals and humans. The first study
testing the bioavailability of pomegranate ellagitannins was
carried out on rats, and this showed that after the intake of
large amounts of pomegranate husk ellagitannins, the main
metabolites detected in plasma and urine were urolithins
A, B, and C (Figure 2) and smaller amounts of ellagic
acid-dimethyl ether glucuronide [6]. Interestingly, a small
amount of punicalagin was also detected in plasma and urine,
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Figure 2: Gut microbiota metabolism of ellagitannins and ellagic acid.

particularly after a long period of intake, but this has not
been confirmed in further studies in humans inwhich dietary
relevant amounts of pomegranate ellagitannins were supplied
[7].

Urolithin A was produced from ellagic acid, punicalagin,
and an ellagitannin-rich walnut extract by fecal microbiota
from six volunteers, demonstrating for the first time the
production of urolithins by human gut microbiota [12]. In
addition, a large interindividual variability was observed in
this ex vivo experiment [12] in agreement with the results
observed in vivo [7] suggesting that differences in the micro-
biota composition affect urolithin production and therefore

the potential health effects after consumption of ellagitannin-
rich foods [12]. No correlation between urolithin production
from ellagitannins and equol production from isoflavones
was observed [12], and this indicated that different bacterial
strains are involved in the gut metabolism of isoflavones and
ellagitannins.

The Iberian pig was used as a model to study urolithin
production from ellagitannins. This particular pig feeds on
oak acorns that are very rich in ellagitannins, and this
model was used to evaluate ellagitannin metabolism and
tissue distribution [23] and to help in understanding the
ellagitannin metabolism in humans. This study showed that
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Figure 3: Sequential production of urolithins in the gut.

different urolithins were produced in the gut starting with
tetrahydroxy-urolithin through the removal of one of the
lactone rings of ellagic acid, and by sequential removal of
hydroxyls to end with urolithins A and B (Figure 3). The
analysis of plasma and urine samples showed that urolithin
A glucuronide and sulfate were the main metabolites, with
urolithinC andB glucuronides and sulfates asminormetabo-
lites. Ellagic acid dimethyl ether glucuronide was also a
significantmetabolite.The analysis of the gall bladder and bile
showed that tetrahydroxy-urolithin was absorbed in the first
portion of the gut, and was detected in the liver, where it was
conjugated and excreted with the bile to the small intestine.
An entero-hepatic recirculation was clearly revealed in this
animal model study [23]. Regarding the tissue distribution,
urolithin metabolites only accumulated in the urine bladder
and the gall bladder where they reached high concentrations,
but they did not accumulate in any of the analyzed tissues
(muscle, adipose tissue, kidney, liver, heart, etc.) [23].

The occurrence of low concentrations or urolithin met-
abolites in mouse prostate gland after pomegranate ellagi-
tannins intake [24] and in human prostate after the intake
of pomegranate juice and walnuts [25] has been reported.
This last study is the only one available on the evaluation of

the occurrence of ellagitannin metabolites in human tissues
(prostate biopsies), and the occurrence of urolithin A glu-
curonide (2 ng/g tissue) and traces of urolithin B glucuronide
and ellagic acid dimethyl ether was reported [25].

There are no studies on the pharmacokinetics and tissue
distribution of urolithins after their direct intake in humans.
There is, however, indirect evidence of both aspects after
the intake of ellagitannins or ellagic acid-rich food products.
In the case of pomegranates or derived beverages, it is
well established that ellagitannins are not absorbed when
dietary doses are ingested and that the released ellagic acid
is absorbed in the first part of the gastrointestinal tract
and is detected as such in plasma with 𝐶max concentrations
around 100 nM with 𝑇max 1 hour after the intake [10, 26].
Ellagic acid conjugates have also been detected, and these
includemethyl ether and glucuronyl and sulphate conjugates.
The most common metabolite found in urine and plasma
is ellagic acid dimethyl ether glucuronide, which involves
the methylation by COMT and then the glucuronidation
by glucuronyl-transferase [3, 7]. The peak plasma levels of
urolithin A were 14–25 𝜇M depending on the volunteers.
These metabolites started to appear in plasma 6–8 hours
after the intake, which confirms urolithin production in the



Evidence-Based Complementary and Alternative Medicine 5

O
O

246

200 250 300 350 400

m
AU

0

100

200

300 280

305

356

Band IBand IIIBand II

𝜆 (nm)

Urolithin A

HO OH

(a)

O
O

256

200 250 300 350 400

m
AU

0

500

1000

1500

2000

2500

302
329

Band IBand IIIBand II

𝜆 (nm)
Isourolithin A

HO

OH

(b)

Figure 4: UV characteristic spectra of urolithins.

colon [7], and persisted in urine and plasma 48–72 hours
after the ellagitannins intake showing an active enterohepatic
recirculation [3, 7, 9, 12].

Seeram et al. [24] described the pharmacokinetics and
tissue distribution of urolithins in mice after oral or intra-
peritoneal administration of chemically synthesized urolithin
A (human equivalent dose, HED ∼85mg for a 70 kg person).
Urolithin A peaked in plasma after 2 h and reached the
highest concentrations in the prostate followed by the small
intestine and colon, with a peak at 4 h [24]. Urolithin A,
urolithin A sulfate, and methyl-urolithin A were mainly
detected in the prostate gland whereas urolithin A glu-
curonide was primarily detected in liver and kidney tissues.
Other studies with animal models, including rats and pigs,
confirmed the urolithin production in the colon, and the
sequential loss of hydroxyls when the metabolites advance in
the intestinal tract [3, 12].

González-Sarŕıas et al. [25] reported the occurrence of
urolithin metabolites and ellagic acid dimethyl ether glu-
curonide in prostate biopsies after the intake of pomegranate
juice. This is the only study carried out so far to evaluate the
occurrence of urolithin metabolites in human tissues. The
concentration detected in the prostate gland was however
low, although higher concentrations should not be discarded,
as suggested by a parallel study carried out in rats [25] and
also in agreement with the results obtained by Seeram et al.
[24].

4. Production of Urolithins by
Different Animals

The production of urolithins from ellagitannins has been
reported in different animals (Table 1). Those animals that
feed on bark and wood, as is the case of beavers and squirrels,
produce urolithins in their gut, and they are present in their
feces and in excretions/secretions as is the case of castoreum.

In addition, ruminants that feed on ellagitannin-rich fod-
ders (oak leaves, Trifolium subterraneum, etc.) also produce
urolithins that circulate in plasma as conjugated derivatives
and are excreted in urine and feces. The production of
urolithins in the rumen of cattle has been demonstrated, and
isourolithin A and urolithin B were the main metabolites
observed, while urolithin A seems to be mainly produced
in the intestine [31]. The kinetics of the production of the
different metabolites suggests that urolithin B production
from isourolithin A is more favored than its production from
urolithin A that seems to be an end product. The occurrence
of urolithins in milk seems likely, although it has not been
demonstrated so far.

In monogastric animals, urolithins are produced in rat,
mouse, and pig and in all these cases the main metabolite
present in feces, urine, and plasma is urolithin A and its
glucuronide and sulfate conjugates. Urolithins C and B are
less frequent, but they have also been detected together with
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Table 1: Production of urolithins as ellagitannin metabolites in different animals and humans.

Animal production Ellagitannin source Metabolites References
Rat (Rattus norvegicus) Pomegranate husk Uro A, Uro B, Uro C [6, 20]
Rat (Rattus norvegicus) Ellagic acid Uro A [27]
Rat (Rattus norvegicus) Oak-flavored milk Uro A, Uro B, Uro C [28]
Rat (Rattus norvegicus) Pomegranate extract Uro A [29]

Rat (Rattus norvegicus) Geraniin (from Geranium thunbergii) Uro A, Uro M-6, Uro M-7,
Uro M5 [30]

Mouse (Mus musculus) Pomegranate extract Uro A [24]
Mouse (Mus musculus) Pomegranate husk Uro A [21]

Beaver (Castor canadensis) Wood Uro A; Uro B [15]
[21]

Complex-toothed squirrel (Trogopterus
xanthipes) Unknown Uro A [16, 21]

Sheep (Ovis aries) Trifolium subterraneum Uro A, Uro B [18]
Sheep (Ovis aries) Quebracho Uro A ∗

Cattle (Bos primigenius) Young oak leaves Uro A, IsoUro A, Uro B [31]
Pig (Sus scrofa domesticus) Acorns Uro A, Uro C, Uro D, Uro B [23]

Humans (Homo sapiens) Pomegranate juice Uro A, Uro C, Isouro A,
Uro B

[7, 9, 25,
32]

Humans (Homo sapiens) Pomegranate extract Uro A, UroB, Uro C [10]

Humans (Homo sapiens) Walnuts Uro A, Uro B, Uro C [8]
[25]

Humans (Homo sapiens) Strawberry Uro A, Isouro A, Uro B,
Uro C [8, 33]

Humans (Homo sapiens) Raspberry Uro A, IsoUro A, Uro B [8, 34]
Humans (Homo sapiens) Blackberry Uro A, Uro C ∗

Humans (Homo sapiens) Cloudberry Uro A ∗

Humans (Homo sapiens) Oak-aged red wine Uro A [8]
Humans (Homo sapiens) Tea Uro A [35]
Humans (Homo sapiens) Nuts Uro A, Isouro A, Uro B [36]
Uro A (urolithin A); Uro B (urolithin B); Uro C (urolithin C); Uro D (urolithin D); Isouro A (isourolithin A); Uro M-5 (urolithin M-5); Uro M-6 (urolithin
M-6); and Uro M-7 (urolithin M-7). ∗Tomás-Barberán et al., unpublished results.

small amounts of isourolithin A (Table 1). The same behavior
is observed in humans after the intake of pomegranates,
walnuts, tea, muscadine grapes, strawberries, raspberries,
blackberries, cloudberries, oak acorns, and oak-aged red
wine. Urolithins will also be eventually produced after the
intake of all ellagitannin-containing foods and medicinal
plants as is the case of camu camu (Myrciaria dubia), arctic
bramble, rose hip, sea buckthorn, cranberry, Geranium, and
oak-aged spirits (whisky, etc.).

The studies to evaluate urolithin production in other
animals, including birds and insects, are very limited [21],
but the evidence so far indicates that they do not produce
urolithins from ellagitannins. In insects, ellagitannins are
hydrolyzed to release ellagic acid, which is detected in feces.
This was shown in the acorn beetle (Thorectes lusitanicus)
[21]. Indirect evidence shows that honeybees harvesting
nectar containing ellagitannins hydrolyze them to release
ellagic acid during honey maturation [37], but no urolithins
are detected suggesting that honeybee microbiota is not able

to metabolize ellagic acid to produce urolithins. In termites
feeding on wood, ellagitannins are hydrolyzed to ellagic acid,
and then hydroxyls are removed to produce nasutins, and
it seems that termite microbiota does not have the ability
of removing the lactone ring of ellagic acid to produce
urolithins [21]. It has been reported that the hemolymph of
some Australian termites of the genus Nasutitermes contains
nasutin A that is also present in feces, but no urolithin was
detected [38].

In birds the only study available was done with green-
finches (Carduelis chloris) that were fed for 2 weeks with
blackberries. Feces were collected and analyzed, and only
ellagic acid was detected [21].

These results show that urolithins are generally produced
by mammals after the intake of ellagitannins. There is,
however, interindividual variability that has been suggested
to be associated with different gut microbiota composition,
and thismeans that the health effects observed after the intake
of pomegranates and other ellagitannin-containing food can
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Table 2: Biological effects of urolithins assayed on human cell lines.

Test compound Activity Test model Dose/duration Effect Ref.

UA, UB, UC, UD Antioxidant
PMA
DCFH-DA
HL-60 cells

0.04–137 𝜇M, 0.5 h Inhibit cellular injury caused by
ROS [39]

UA, UB Antioxidant DMNQ
SK-N-MC cells 0.1–20 𝜇M, 0.5 h Increase cell survival [40]

UA, UB Estrogenic
Anti-estrogenic MCF-7 cells 0.1–40 𝜇M, 7 d

Induction of cell proliferation
(estrogenic)/inhibition of cell
proliferation in the presence of
estradiol (anti-estrogenic)

[41]

UA, UB Antimalarial THP-1 stimulated with
haemozoin or TNF-𝛼 25 𝜇M, 48 h Inhibit the release and expression

of MMP-9 [42]

UA, UB Anti-inflammatory CCD18-Co/THP-1
stimulated with TNF-𝛼 5–40 𝜇M, 48 h

Decrease fibroblasts migration
and monocyte adhesion to
fibroblasts

[43]

UA, UB Anti-inflammatory CCD18-Co stimulated with
IL-1𝛽 0.1–40 𝜇M, 18 h Inhibit PGE2 production and

mPGES-1 and COX-2 expression [44]

UA, UB, UAG, UBG Anti-inflammatory HAOEC/THP-1 stimulated
with TNF-𝛼 1–20 𝜇M, 4–24 h Inhibit monocyte adhesion and

endothelial cell migration [45]

UA, UB, UC, UD Anticancer 22Rv1 EROD assay 6.75–50 𝜇M, 0.5, 24 h Inhibit CYP1B1 and CYP1A1
activity [46]

UA, UB Anticancer Caco-2 cells 40 𝜇M, 24–96 h Cell cycle arrest in S and G2/M
phases [47]

UA Anticancer HEK T293 cells Wnt
luciferase assay

0.2–200 𝜇g/mL
48 h Wnt pathway inhibition [48]

UA, UB, UC, UD Anticancer HT-29 cells 25–70 𝜇M Apoptosis induction and CYP1
activity inhibition [49]

Caco-2: human colon carcinoma cell line; CCD18-Co: human colon fibroblast cell line; CYP1A1: cytochrome P450, family 1, member A1; CYP1B1: cytochrome
P450, family 1, member B1; DCFH-DA: 2,7-dichlorodihydrofluorescein diacetate; DMNQ: 2,3-dimethoxy-1,4-naphthoquinone; EROD: ethoxyresorufin-O-
deethylase assay; HAOEC: human aortic endothelial cell line; HEK T293: human embryonic kidney cell line; HL-60: promyelocytic leukaemia cells; HT-29
human colon carcinoma cell line; MCF-7: human breast cancer cell line; PGE2: prostaglandin E2; PMA: phorbol 12-myristate-13-acetate; SK-N-MC: human
neuroblastoma cells; THP-1: human acute monocytic leukaemia cell line; UA: urolithin A; UAG: urolithin A glucuronide; UB: urolithin B; UBG: urolithin B
glucuronide; UC: urolithin C; UD: urolithin D; 22Rv1: human prostate carcinoma cell line.

be modulated by the occurrence of specific microbiota to
produce urolithins [50, 51].

5. Biological Activity of Urolithins

The bioavailability and metabolism studies clearly indicate
which metabolites should be tested and at what concentra-
tions in the mechanistic studies to understand the biological
activity of pomegranate ellagitannins. A combination of
punicalagin, ellagic acid and urolithins should be tested
in those studies using models of gastrointestinal tract cells
where they can reach concentrations around several hundred
𝜇M (for punicalagin and ellagic acid) and tens 𝜇M for
urolithins.

The health effects attributed to urolithins based on studies
carried out in vitro are numerous and diverse, from anti-
malarial properties or topoisomerase inhibitors to quenchers
of bacterial quorum sensing. In general, the number of
publications regarding each biological activity is still very
limited, although these studies are generally carried out using

a suitable physiological concentration range, in the order of
submicromolar-low micromolar concentrations, similar to
those that urolithins can reach in the gut and plasma after
the ingestion of ellagitannin-rich foods (Table 2). Fromall the
studies carried out in vitro, it is important to highlight a recent
study inwhich the biological effects of urolithin glucuronides,
the major circulating metabolites in plasma after ingestion
of ellagitannin-rich foods, were explored in human aortic
endothelial cells [45]. This type of study is still very scarce,
although highly desirable, when studying the mechanism
of action of polyphenols or their metabolites outside the
gastrointestinal tract, as polyphenols and their gutmicrobiota
metabolites are glucuronidated by Phase II enzymes after
absorption, and they are found in this conjugated form in the
circulatory system and peripheral tissues.

5.1. Antioxidant Activity. Given the high antioxidant proper-
ties of ellagitannin-rich foods, as is the case of pomegranate
[1], one of the first activities that had been explored for
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urolithins was their antioxidant capacity. The first available
study reported that urolithin A had an antioxidant capacity
42-times lower than that of its precursor punicalagin when it
was tested in the DPPH assay and 3,500 times lower when it
was tested in theABTS assay [7].These results were consistent
with the concentrations of urolithins necessary to reach an
IC
50

in several antioxidant assays (DPPH, xanthine-XOD,
and PMS-NADH) that were above 100 𝜇M [29]. However,
using the ORAC assay, all urolithins tested exhibited potent
antioxidant properties compared with those of ascorbic acid,
urolithin A being the most potent among them [29]. In a
similar study, in which the antioxidant activity of a large
number of polyphenols and their metabolites produced
in vivo was compared by the ORAC method, the antioxidant
activity of urolithin A was one of the most powerful, only
beaten by some proanthocyanidin oligomers, catechin, epi-
catechin and 3,4-dihydroxyphenyl acetic acid [52]. Using a
cell-based method, in which the transport through the cell
membrane was considered, Bialonska et al. [39] determined
that urolithinC showed the highest antioxidant power (IC

50
=

0.16 𝜇M) whereas urolithin A showed an IC
50
of 13.6 𝜇M, still

in the range of the plasma concentrations achievable in vivo
but in a lesser degree than its precursor ellagic acid (1.1𝜇M)
or vitamin C (1.9 𝜇M) [39]. In neuronal cells in which an
oxidative stress was induced, urolithin B (0.5–20 𝜇M) and
urolithin A (10 𝜇M) exhibited a protective effect increasing
cell survival [40]. In general, it is assumable that urolithins
have higher antioxidant capacity than was originally thought
but the antioxidant capacity depends on the measurement
method and needs to be studied inmore detail andwith other
in vivomethods given the importance of free radicals inmany
diseases.

5.2. Estrogenic Modulators. In the last few years, there
has been an increasing interest in the study of the estro-
genic/antiestrogenic activity of plant-derived compounds
(phytoestrogens) due to their potential benefits as part of the
diet, that is, regulation of cholesterol levels or maintenance
of the bone density after menopause. Many polyphenols
(isoflavones, flavanones, estilbenes, etc.) show phytoestro-
genic effects. In some cases, dietary polyphenols may be
the precursors of the so-called enterophytoestrogens that
are produced by the colon microbiota by catabolism of
the original phenolics. The potential activity of urolithins
as enterophytoestrogens has recently been investigated [41].
In this work, structure-activity studies revealed that the
urolithins A and B had specific molecular characteristics that
made these molecules potentially able to bind with the 𝛼-
and 𝛽-estrogenic receptors (ER) [41]. The ER Competitive
Binding Assays showed that both urolithins had an affinity
for the ER𝛼 and ER𝛽 receptors, that urolithin A bound more
effectively than urolithin B, and that the affinitywas higher for
the ER𝛼 than for the ER𝛽 receptor. Using a proliferation assay
with cells sensitive to estrogens (E-screen) urolithins A and
B exhibited estrogenic activity (in the absence of estradiol)
and antiestrogenic activity (in the presence of estradiol) in a
similar fashion to other known phytoestrogens [41].

5.3. Anti-Inflammatory-Related Activities

5.3.1. Antimalarial Activity. In an attempt to clarify whether
the properties of the sun-dried rind of immature Punica
granatum, that is, used as an anti-malarial herbal rem-
edy, are at least in part due to urolithins, their activity
inhibiting the MMP-9 enzyme (directly involved in the
pathogenesis of malaria) was tested. Urolithins A and B at
concentrations of 25𝜇M inhibited the release of MMP-9 and
its mRNA expression, in hemozoin and TNF-𝛼 stimulated
monocytic cells [42]. These results indicated that the anti-
malarial properties of pomegranate rindmay partly be due to
urolithins.

5.3.2. Histone Acetylation Status. Histone acetylation/
deacetylation status plays an important role in inflammation
since it is associated with the activation/deactivation of
transcription factors as NF-𝜅B and AP-1, directly implicated
in inflammation. One of the mechanisms by which urolithins
exert their anti-inflammatory activity could be the inhibition
of histone acetyltransferases (HAT) as in fact has been
demonstrated for 5 𝜇M urolithin A and B that were able of
inhibiting HAT activity [53].

5.3.3. Anti-Inflammatory Effects on Human Colon Fibroblasts.
Colon fibroblasts have an important role in the gut immune
response and can be exposed to significant quantities of
colon dietary metabolites. Following ellagitannins intake,
urolithin A and urolithin B as well as traces of ellagic
acid can be found in the intestine. Thus, cultured human
colon fibroblasts stimulated with proinflammatory cytokines
were exposed to a mixture of urolithins A and B and
ellagic acid at concentrations representative of those that
may be found in vivo (5–40𝜇M) [43]. Urolithin A and,
most significantly, the mixture of metabolites were able to
inhibit the migration capacity of the fibroblasts and the
adhesion of monocytes to the fibroblasts giving evidence
of a potential amelioration of inflammation in the colon
cells [43]. Further molecular insights into these responses
revealed that these effects were concomitant with a significant
downregulation of the levels of prostaglandin-E2 (PGE2),
PAI-1, and interleukin 8 (IL-8) as well as of other key
regulators of cell migration and adhesion (Table 2).The study
of the individual metabolites indicated that urolithin A was
the most active compound. In addition to the inhibition of
PGE2, urolithin A and also urolithin B were able to inhibit
the expression of the two major enzymes responsible for the
synthesis of prostaglandins under inflammatory conditions
(mPGES-1 and COX-2) whereas ellagic acid did not show
any effect [44]. The anti-inflammatory effects of urolithins
may be mediated through regulation of the transcription
factor NF-𝜅B since both urolithins are able to inhibit the
activation of this factor and also exhibit an inhibitory effect
on the mitogen-activated protein kinase pathways (MAPK
pathways), c-Jun (urolithin A), and p38 (urolithins A and B)
[44].
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5.3.4. Anti-Inflammatory Effects on Human Endothelial Cells.
The anti-inflammatory effects of urolithin glucuronides have
recently been investigated by Giménez-Bastida et al. [45].
Using cytokine-induced human aortic endothelial cells, this
study explored the effects of physiologically relevant con-
centrations (low 𝜇M range, 1–20𝜇M) of urolithin A and
B glucuronides (the main metabolites detected in human
plasma after the oral intake of ellagitannin-containing foods
[7]) on two early atherosclerotic events: monocyte adhesion
to endothelial cells and endothelial cell migration. The main
outcome of this research was that urolithin A glucuronide,
the most abundant circulating conjugate after the intake
of ellagitannins, exhibited the highest anti-inflammatory
activity. Urolithin A glucuronidemoderately but significantly
inhibited monocyte adhesion to the endothelial cells as well
as the migration capacity of these endothelial aortic cells
[45]. These effects were associated with a moderate but
significant regulation of the levels of several key molecular
markers associatedwith the atherosclerotic process: (i) down-
regulation of chemokine (C-C motif) ligand 2 (CCL2), (ii)
downregulation of plasminogen activator inhibitor-1 (PAI-1),
and (iii) regulation of several growth factors. These results
were, in some cases, comparable to those observed for the
corresponding aglycone urolithin A and suggested that the
glucuronidation of urolithin A does not entirely eliminate
the activity of the aglycone and that the glucuronide may
contribute to the beneficial effects against cardiovascular
diseases attributed to the consumption of pomegranate (or
pomegranate juice) [22] and other ellagitannin-containing
foods [2].

5.4. Anticarcinogenic-Related Activities

5.4.1. Topoisomerase II and CK2 Inhibitors. The anticarcino-
genic activity of urolithins is one of the most explored so far.
Urolithins seem to exert anticarcinogenic activity by affecting
numerous molecular pathways [5]. Urolithins are inhibitors
of the CK2 enzyme, a ubiquitous protein kinase implicated
in a wide variety of cell functions that when altered lead
to processes like inflammation and cancer. Using submi-
cromolar concentrations in in silico screening, urolithin A
was discovered to be a potent and selective CK2 inhibitor
(IC
50

= 0.39 𝜇M) [54]. Urolithin M5 and another synthetic
urolithin (never detected as an ellagic acid or ellagitannin
metabolite in animals) showed topoisomerase inhibitory
activity at concentrations below 1 𝜇M, showing an even
more potent activity than that of the chemotherapeutic drug
doxorubicin. The molecular mechanism of action toward
human topoisomerase II seems to be the competition with
ATP for the ATP binding pocket of the human enzyme [55].

5.4.2. Human Prostate Cells. The human prostate gland is
one of the organs where urolithins can be detected after
the consumption of pomegranate juice and walnuts [25]. In
prostate cancer cells, urolithins (A, B, C, and D) inhibited
CYP1B1 activity (a target in prostate cancer chemopreven-
tion) in a dose ranging from 1.15 𝜇M (urolithin A) to 137 𝜇M

(urolithin D) whereas higher concentrations were needed
for CYP1A1 activity inhibition (12.4–2,907 𝜇M). The changes
in 𝑉max and 𝐾

𝑚
parameters with increasing concentrations

of CYP1B1 inhibitor suggested an uncompetitive inhibition
for urolithin A. The lack of changes for these parameters,
however, suggested a noncompetitive inhibition for urolithin
B. Furthermore, the decrease in CYP1B1 activity exerted
by urolithins was accompanied by a decrease in CYP1B1
expression [46].

5.4.3. Anticancer Effects against Human Colon Cancer Cells.
The in vitro studies conducted in colon cancer cells are of
great relevance since it is in this portion of the GI tract where
urolithins are produced and can reach bioactive concentra-
tions. A mixture of urolithin A, urolithin B, and ellagic acid,
at concentrations representative of those attainable in the
intestine through the diet, inhibited the proliferation of the
human colon cancer Caco-2 cells [47]. This inhibition was
mostly mediated through an S and G

2
/M cell cycle arrest in

association with the modulation of the expression of genes
involved in cell cycle regulation (CCNB1 and CCNB1IP1)
and in cancer development, such as the oncogenes K-Ras
and c-Myc, the tumor suppressors DUSP6 and Fos, and the
growth factors receptors FGFR2 and EGFR [47].These results
are concomitant with a general regulation of the ERK1/2
signaling pathway. Another pathway that may be a target for
urolithins is the Wnt pathway. Using a luciferase reporter
of the canonical Wnt pathway in HEK T293 colon cells,
Sharma et al. [48] showed that urolithin A was able to
inhibit Wnt signaling with an IC

50
of 39 𝜇M whereas ellagic

acid showed an IC
50

of 63 𝜇M, concentrations that can be
achieved in the colon after pomegranate or ellagitannin-
rich foods consumption [48]. Kasimsetty et al. [49] also
tested and compared the effects of urolithins on human colon
cancer HT-29 cells, and found that urolithins A, B, C, and
D were able to induce apoptosis in a concentration range
between 25 and 50𝜇M, whereas much higher concentrations
(∼500𝜇M) were necessary to promote cell cycle arrest.
Urolithins A, B, C, and D also inhibited CYP1 activity (by
approximately 50%) using concentrations in the range of
50 to 75 𝜇M. All these results suggest that regular dietary
consumption of ellagitannin-containing foods, which can
yield and maintain 𝜇M concentrations of urolithins in the
colon, may have a protective effect against colon cancer
development.

5.5. Protein Glycation Inhibitors. Theproduction of advanced
glycation end products is a secondary effect of hyperglycemia
that has a significant role in the cardiovascular complica-
tions associated with diabetes and also with Alzheimer’s
disease. Urolithins A and B (1𝜇M) showed significant
antiglycative activity that increased when increasing the
concentrations up to 10𝜇M in the case of urolithin A.
The same increase was not observed for urolithin B [40].
This activity, however, was not related to their antioxidant
activity (measured as ABTS) or to their glyoxal-binding
capacity.
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5.6. Antimicrobial Activity through the Inhibition of Quorum
Sensing. Quorum Sensing (QS) is a bacterial communica-
tion mechanism that responds to small molecules or auto-
inducers and by which bacteria are able to detect popula-
tion density, regulate gene expression, and control several
key processes related to the infection progression such as
virulence, biofilm formation, andmotility. An important area
of recent research focuses on finding natural compounds
able to inhibit QS that may pose an efficient alternative to
the use of antibiotics against pathogen infections. Dietary-
derived polyphenol metabolites present in the intestine may
contribute to reduce the ability of pathogens to invade the
intestine through inhibition of their QS capacity. Urolithins
A and B have been shown to reduce biofilm biomass and
swimming motility of the enteropathogen Yersinia entero-
colitica at concentrations as low as 4 𝜇M [56]. These effects
were associated with a significant reduction of the levels of
the bacteria autoinducers acylhomoserine lactones (AHLs)
released by the bacteria to the culture media and were
accompanied by the alteration of the expression levels of
genes critically involved in the synthesis of lactones (yenI
and yenR) and the synthesis of the flagella (flhDC, fliA,
and fleB) [56]. These results suggest that the microbiota-
derived metabolites urolithin A and urolithin B may exert
antipathogenic effects in the colon against Y. enterocolitica
and may contribute to maintain the microbial equilibrium in
the gut.

6. The In Vivo Evidence

The poor bioavailability of ellagitannins, and ellagic acid
derivatives as well as their extensive metabolism in the
gastrointestinal tract has raised the question whether these
parent molecules, found as such in the food, were the
real active compounds systemically that could be related
to the health benefits exerted by pomegranate juice and
other ellagitannin-containing foodstuffs. Our group reported
for the first time the occurrence of urolithins in humans
after consuming pomegranate juice [7]. These metabolites
reached micromolar concentrations in the bloodstream,
and we launched the hypothesis that linked the potential
systemic biological effects of pomegranate juice ingestion
with urolithins rather than with the polyphenols present
in pomegranate juice [7] or other ellagitannin-containing
foodstuffs such as walnuts, strawberries, and raspberries [8].

The first direct in vivo evidence regarding the biological
activity of urolithins was also reported by our group five
years later after launching the above hypothesis. Larrosa et
al. [29] reported the anti-inflammatory and prebiotic effects
of the most significant urolithin metabolite (urolithin A)
in a rat model of ulcerative colitis. The rats received a
standard chow supplemented eitherwith 250mg/kg/day of an
ellagitannin-rich pomegranate extract (PE) (HED ∼2.5 g in a
70 kg person) or with 15mg/kg/day of synthetic urolithin A
(UroA) (HED ∼154mg in a 70 kg person) for 25 days before
inducing colon inflammation with dextran sodium sulfate
(DSS).The pomegranate extract contained 35% punicalagins,
13% punicalin, 4.5% ellagic acid glycosides, and 8.9% free

ellagic acid. Taking into account that urolithin A is the main
metabolite produced after pomegranate intake, the objective
of that study was to evaluate a possible direct effect of
urolithin A ingested as synthetic compound and to compare
this effect with that exerted by the in vivo generated urolithin
A after pomegranate extract consumption. A number of
measurements were carried out, including the evaluation
of colon tissue damage, microbiota changes, antioxidant
status, prostaglandin E2 (PGE2), nitric oxide production,
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS), prostaglandin E synthase (PTGES), gene expression
in colon mucosa (microarrays and RT-PCR) and polyphe-
nol metabolism (LC-MS-MS). The administration of both
pomegranate extract and urolithin A for 25 days before the
induction of inflammation was reported to be safe according
to serobiochemical analysis and evaluation of the animals.
Both pomegranate extract and urolithin-A decreased the
anti-inflammatory markers iNOS, COX-2, PTGES and PGE2
in colonic mucosa. However, the anti-inflammatory activity
exerted by 15mg/kg urolithin A at both colonic and sys-
temic levels was relatively stronger than that produced by
250mg/kg pomegranate extract. Only urolithin A was able
to preserve the colonic architecture. However, pomegranate
extract but not urolithin A decreased oxidative stress in
plasma and colon mucosa (TBARs and FRAP methods).

Regarding gene expression analyses in the colon mucosa
of a rat model of ulcerative colitis, the expression of 2,058
and 6,996 genes was found to be significantly modified by
the consumption of the pomegranate extract and urolithin A,
respectively. From those, a total of 667 genes were commonly
regulated both by the pomegranate extract and urolithin
A. These genes were used for Functional Analyses using
the Ingenuity Pathways Analysis (IPA, Ingenuity Systems,
Redwood City, CA, USA). Figure 5 shows the main top
functions and diseases that were most significant to the
gene expression altered by the intake of the pomegranate
extract or urolithin A. Of note, some of the main functions
and disorders detected were associated to colon cancer
development, for example, “cell death,” “cell proliferation,”
“cancer,” “gastrointestinal disease,” “organismal survival,” and
“cell cycle.”

Using the Canonical Pathways Analysis tool of IPA, it
was also possible to identify the main pathways from the
IPA library that were most significant to the gene expression
data analyzed. Figure 6 shows themainmolecules specifically
involved in signaling pathways, transcription regulation, cell
growth, cell cycle, and apoptosis for which deregulation has
been implicated in cancer development and whose transcript
levels were significantlymodulated by urolithin A (upregu-
lated in red, downregulated in green).The differentmolecules
are depicted in their corresponding cellular compartment,
and reported interactions between them are indicated by
arrows.This figure illustrates the complexity of the molecular
mechanisms that may be triggered in a cell as a response to
the exposure to a potential bioactive compound, for example,
urolithin A. It should be noted that among the changes
detected, some important tumor suppressors such as p53 and
Rb1 were upregulated whereas the antiapoptotic genes BclXL
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Figure 5: Common top ten functions and diseases identified by
functional analysis (IPA, Ingenuity Pathways Analysis; Ingenuity
Systems, Redwood City, CA, USA) and that were most significant
to gene expression altered by the intake of pomegranate extract
or Urolithin A in the colon mucosa of a rat model of ulcerative
colitis (gene expression data from Larrosa et al. [29]). Black bars:
pomegranate extract. Grey bars: urolithin A. A Fischer’s exact test
was used to calculate aP-value determining the probability that each
function or disease assigned to the data was due to chance. We set
a threshold at P value ≤ 0.05 (dashed line) which corresponds to a
False Discovery Rate (FDR) ≤ 5% of false positives. Note: On the y-
axis, the significance is expressed as the minus log (10-based) of the
P values. The higher the bar, the lower the P value and hence the
more significant for the enrichment of the function/disease.

and Akt were downregulated by urolithin A. These changes
were also observed after treatment with the pomegranate
extract. These results are indicative of in vivo molecular
modulation in the colonmucosa cells in response to urolithin
A or pomegranate extract that may be associated with the
prevention or reduction of malignant changes and cancer
development. In support of these results, in vitro studies using
human colon cancer cells Caco-2 also reported the inhibition
of these cells proliferation and a cell cycle block by urolithinA
(Table 2). In addition, many of those genes involved in these
functions were found to be modulated by urolithin A in the
human cells [47].

Our group also reported for the first time the in vivo
prebiotic effect of pomegranate extract and urolithin A
[29]. Both pomegranate extract and urolithin A modulated
favorably the gut microbiota in healthy rats (before inflam-
mation) which could contribute to the protective effects
of pomegranate juice and urolithin A against the further
induced colon inflammation. In the case of urolithin A, the
effect was unequivocally due to synthetic metabolite orally
administered and could be associated to the inhibition of
some specific gut microbiota species to favor the growing of
some (beneficial) microbial groups such as lactobacilli and
bifidobacteria. In the case of pomegranate extract, the same
explanation could be also given, but a prebiotic effect exerted
by other compounds present in the extract (fibers, sugars,
etc.) could not be ruled out [29].

The second study dealing with the in vivo evidence of
urolithins was carried out by Ishimoto et al. [57]. These
authors reported the acute (24 h) anti-inflammatory effect
of urolithin A on carrageenan-induced paw edema in mice.
In this case, urolithin A (300mg/kg; HED ∼1.5 g in a 70 kg
person) was orally administered to mice at 1 or 6 h before the
injection of carrageenan. The inflammatory effect was eval-
uated for 24 h after carrageenan injection by measuring the
hind paw volume. Unfortunately no inflammatory markers
were measured in this study. The authors claimed a rapid
absorption of urolithin A which peaked at 1 h in mice [57].
However, this was not in agreement with a previous study
dealing with the pharmacokinetic and tissue distribution
of urolithins where urolithin A peaked in plasma after 2 h,
being almost undetectable after 6 h [24]. Ishimoto et al.
[57] described a high antioxidant activity of urolithin A in
mouse plasma using the ORAC method and suggested that
this activity could be correlated with the anti-inflammatory
effects. These results were not in agreement with those of
Larrosa et al. [29] who suggested that anti-inflammatory
effects of urolithin A were not mediated by its antioxidant
activity since no significant antioxidant effects in plasma and
colon of rats were found (TBARs and FRAP methods). In
addition, Cerdá et al. [7] did not observe any increase in the
antioxidant status of human plasma after the intake of 1 L of
pomegranate juice for 5 days (ABTS and DPPH methods).
Perhaps, the high dose of urolithin A assayed by Ishimoto
et al. [57] as well as the specific use of the ORAC method
to measure the antioxidant activity could be behind this
apparent controversy.Overall, the human extrapolation of the
results obtained by Ishimoto et al. [57] could be doubtful due
to their assay conditions. These authors assayed a single dose
of 1.5 g HED of urolithin A which raises safety concerns in
contrast to the assay conditions approached by Larrosa et al.
[29].

7. Outlook and Further Research

Urolithins can reach significant concentrations in the human
body after the intake of ellagitannin-containing products;
however, the direct biological activity of urolithins has been
scarcely studied so far. In this regard, these metabolites could
be themissing link to explain the health benefits associated to
the consumption of ellagitannin-containing products such as
pomegranate. There are a number of urolithins produced by
the human gut microbiota. Some studies reveal the relevant
turnover of these metabolites in the human body, with a high
urine excretion, significant concentration in the bloodstream,
and also disposition in the human prostate gland. To date,
only two studies (animal models) have described the in
vivo anti-inflammatory [29, 57] and possible cancer chemo-
preventive activities [29] of the most abundant urolithin
produced in humans, urolithin A. In addition to this limited
evidence, the direct in vivo activity of the rest of urolithins is
not yet known, and thus more animal studies are needed. In
vitro studies with specific cell models and specificmetabolites
(type of urolithin and conjugates such as glucuronides or
sulfates) are useful to unravel mechanisms. In this context,
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Figure 6: Graphical representation of main genes involved in signaling pathways, transcription regulation, cell growth, cell cycle, and
apoptosis for which deregulation has been implicated in cancer development. Genes depicted in red color were upregulated and genes
represented in green color were downregulated in the colon mucosa of rats following the consumption of urolithin A, (Larrosa et al. [29]).
Analyses were carried out using the Canonical Pathways Analysis tool of Ingenuity Pathways Analysis (Ingenuity Systems, Redwood City,
CA, USA).

appropriate concentrations and type of metabolites should be
carefully chosen to draw relevant conclusions from these in
vitromodels.

The evaluation of urolithins in humans could be more
difficult. Although these metabolites are produced in the
human gut, the administration of synthetic urolithins to
humans can raise safety concerns since these metabolites are
not found as such (at least in relevant concentrations) in

foodstuffs, and therefore they cannot be considered as dietary
compounds. In this regard, the toxicological evaluation of
urolithins in animal models is also missing.
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[44] A. González-Sarŕıas, M. Larrosa, F. A. Toms-Barberán, P.
Dolara, and J. C. Espı́n, “NF-𝜅B-dependent anti-inflammatory
activity of urolithins, gut microbiota ellagic acid-derived
metabolites, in human colonic fibroblasts,” British Journal of
Nutrition, vol. 104, no. 4, pp. 503–512, 2010.
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Pomegranates have been known for hundreds of years for their multiple health benefits, including antimicrobial activity.The recent
surge in multidrug-resistant bacteria and the possibility of widespread global virus pandemics necessitate the need for additional
preventative and therapeutic options to conventional drugs. Research indicates that pomegranates and their extracts may serve as
natural alternatives due to their potency against a wide range of bacterial and viral pathogens. Nearly every part of the pomegranate
plant has been tested for antimicrobial activities, including the fruit juice, peel, arils, flowers, and bark. Many studies have utilized
pomegranate peel with success.There are various phytochemical compounds in pomegranate that have demonstrated antimicrobial
activity, but most of the studies have found that ellagic acid and larger hydrolyzable tannins, such as punicalagin, have the highest
activities. In some cases the combination of the pomegranate constituents offers the most benefit. The positive clinical results on
pomegranate and suppression of oral bacteria are intriguing and worthy of further study. Much of the evidence for pomegranates’
antibacterial and antiviral activities against foodborne pathogens and other infectious disease organisms comes from in vitro cell-
based assays, necessitating further confirmation of in vivo efficacy through human clinical trials.

1. Introduction: Pomegranates and Their
Effects on Human Bacteria

Pomegranates (Punica granatum L.) have a long history of
antibacterial use dating back to biblical times. Egyptians used
pomegranates to treat a number of different infections [1]. It
was utilized as a traditional remedy for thousands of years
under the Ayurvedic system of medicine, with extracts from
the rind of the fruit and bark of the tree being effective against
diarrhea and dysentery [2]. Over the years there have been
many small studies undertaken in different areas of the world
on the bactericidal effects of pomegranates on a number of
highly pathogenic and drug-resistant strains. These studies
normally determine bactericidal potency of different extracts
of the pomegranate plant against a range of different bacteria,
utilizing disc diffusion assays or minimum inhibitory con-
centration (MIC). Methanol extracts of the fruit, especially
the peel, exhibit the broadest antibacterial activity [3–8]
(Table 1), which can vary depending on the pomegranate
variety tested [9]. Methanol extracts of pomegranate are high

in hydrolyzable tannins (punicalins and punicalagins), ellagic
acid, a component of ellagitannins, and gallic acid, a compo-
nent of gallotannins [10] (Figure 1). Mass spectrometry data
shows that pomegranate contains oligomeric ellagitannin
with a degree of polymerization of up to 5 core glucose units
[11]. These molecules may be the most potent antibacterial
compounds in pomegranate. However, other compounds
also have activity and may contribute synergistically as
mixtures to bring about the effects, including anthocyan-
ins (pelargonidin-3-galactose and cyanidin-3-glucose) and
flavonols (quercetin and myricetin) [8].

2. Evidence for Pomegranate in Controlling
Bacteria That Affect the Human Body

2.1. Effects on Enteric Bacteria. Enteric bacteria can be either
probiotic and exert beneficial effects on the gut microflora,
or they can be pathogenic and cause life-threatening infec-
tions and disease. Pomegranate has positive effects on both
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Table 1: Effect of pomegranate extracts on growth of bacteria that influence human health.

Bacteria Pomegranate extract Growth inhibition (−) or promotion (+) Citation
Enteric

Escherichia coli O157:H7 Peel, bark − [2, 12]
Salmonella Typhi Peel − [14, 15]
Salmonella Typhimurium Peel − [21]
Salmonella enterica serovars Peel [19]
Vibrio cholerae Peel − [16, 17]
Yersinia enterocolitica Peel − [7]
Shigella spp. Peel − [16, 18]
Shigella sonnei Peel − [21]
Listeria monocytogenes Peel, dried juice powder − [7, 19, 20]
Staphylococcus aureus Peel, juice, and POMx − [19, 21, 22, 25]
Clostridium spp. POMx

Probiotic
Bifidobacterium spp. POMx + [24]
Lactobacillus spp. POMx + [24]
Bifidobacterium breve POMx + [25]
Bifidobacterium infantis POMx + [25]

Wound
Pseudomonas aeruginosa Peel, flower extract − [27–29]
Staphylococcus aureus Peel − [27–29]
Escherichia coli Peel − [27–29]
Klebsiella pneumoniae Peel − [27–29]
Salmonella Anatum Peel − [27–29]
Salmonella Typhimurium Peel − [27–29]
Streptococcus pneumoniae Peel − [27–29]

Oral
Staphylococcus aureus Peel − [30]
Staphylococcus epidermidis Peel − [30]
Streptococcus mutans Peel − [30, 31]
Streptococcus salivarius Peel − [30]
Streptococcus sanguis Peel − [31]
Streptococcus mitis Peel − [31]
Porphyromonas gingivalis Peel − [32, 33]
Aggregatibacter actinomycetemcomitans Peel − [32]
Prevotella intermedia Peel − [33]
Proteus spp. Peel − [34]

Drug resistant
Methicillin-resistant Staphylococcus aureus Peel − [35–41]
Acinetobacter baumannii Peel − [42]
Helicobacter pylori Peel − [43]

probiotic and pathogenic bacteria. It also shows promise in
food preservation by protecting against pathogenic bacteria
that can cause food poisoning.

2.1.1. Inhibition of Enteric Pathogenic Bacteria. Many food-
borne bacteria cause serious gastrointestinal infections, such
as enterohemorrhagicEscherichia coli (E. coli)O157:H7which
can lead to hemorrhagic diarrhea. These infections can be
life-threatening to young children and the elderly.There is an
incentive to find alternative control measures, such as plant

and herbal extracts, especially in lesser-developed countries
where traditional antibiotics may not be readily available.
In Thailand, a study was undertaken in which extracts of
pomegranate were tested for their antibacterial activity
against different strains of E. coli, including 3 strains of E. coli
O157:H7 [12]. Growth inhibition zones, using the agar disc
diffusion method, ranged from 7 to 17mm. An aqueous
extract of pomegranate was highly effective against E. coli
O157:H7 with MIC and minimal bactericidal concentra-
tion (MBC) values of 0.19 and 0.39mg/mL, respectively.
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In another Thai study, an ethanolic extract of pomegranate
had MICs of 0.49 to 1.95mg/mL and MBCs of 1.95 to
3.91mg/mL against E. coli O157:H7 [13]. This extract exhib-
ited both bacteriostatic and bactericidal activities, indicating
that it may be an effective adjunct treatment for E. coli
O157:H7 infection.

Pomegranate has exhibited bactericidal activity against
other food and waterborne pathogenic bacteria including
Salmonella Typhi (S. Typhi)[14, 15], Vibrio cholerae [16, 17],
Yersinia enterocolitica [7], Shigella spp. [16, 18], and Listeria
monocytogenes (L. monocytogenes) [7, 19, 20]. Typhoid fever
(causal agent, S. Typhi) is a life-threatening enteric infection
that can be transmitted by consuming food or drinking
water contaminated with feces from an infected person. It
is more common in less industrialized countries. Extracts of
pomegranate fruit pericarp were tested by agar well diffusion
and found to be highly active when compared to a reference
concentration-response curve for ampicillin [14]. In another
study which screened plants of importance in the Ayurvedic
system of medicine, strong antibacterial activity was exhib-
ited by themethanol extracts of pomegranate [15].V. cholerae,
the cause of cholera infections, is most commonly acquired
from feces-infected drinking water. In one study examining
bactericidal activity of plants used by Peruvian people to
combat cholera, pomegranate peel extract and tea infusions
were effective [17]. Shigella spp. are an important cause of
diarrhea and dysentery in the Mexican population. In one
study, ethanolic pomegranate extracts exhibited greater anti-
bacterial activity than the antibiotic chloramphenicol, but

lower activity than trimethoprim [18]. Shigella sonnei showed
the highest susceptibility to the extracts.

Pomegranate extract was evaluated in several studies for
the ability to decontaminatemeat surfaces andmaintain food
quality. A pomegranate peel extract at 250 𝜇g/mL was most
effective at inhibiting antibiotic resistant strains of Salmonella
Typhimurium (S. Typhimurium) and Staphylococcus aureus
(S. aureus) on meat surfaces and improved sensory evalua-
tions of quality [21]. In another study, dipping raw chicken
breasts in 0.02% pomegranate fruit juice solution reduced
protein oxidation, inhibited microbial growth, and increased
sensory acceptability for up to 12 days of refrigerated storage
at 4∘C [22]. Dried pomegranate juice powder was heated to
100 degrees C for 0, 30, 60, or 120 minutes and added at 2%
(wt/wt) to ground top round beef to determine if heat would
alter the antilisterial activity of the powder [20].Themeat was
then cooked and inoculatedwith individualL.monocytogenes
strains. Samples of meat stored at 5∘C were taken at days 1,
8, 14, and 21 and plated on media for evaluation of bacterial
growth. All the heat-treated pomegranate juice powder treat-
ments significantly inhibited growth of all five L. monocyto-
genes strains in refrigerated ground cooked beef by 1.80 to
4.61 log CFU/g at day 21, suggesting that heating does not
impact the antilisterial activity of pomegranate. In another
study, an 80% methanolic pomegranate peel extract resulted
in a >1 log(10) reduction of L. monocytogenes in fish during
storage at 4∘C [7]. One study examined the effectiveness
of pomegranate peel to inhibit growth of L. monocytogenes,
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S. aureus, and Salmonella enterica in cheese at room tem-
perature (∼23∘C) [19]. The pomegranate treatment increased
the stability of cheese against lipid oxidation, improving shelf
life. A pomegranate sour sauce had an antimicrobial effect
when mixed with lettuce, spring onion, and parsley, either
inoculated with S. aureus and E. coli O157:H7 or containing
the naturally existing bacterial flora [23].

2.1.2. Beneficial Effects on Enteric Probiotic Bacteria.
Preservation and/or enhancement of probiotic bacteria in
the gut is important formaintaining gastrointestinal health. A
hydrolyzable tannin-rich pomegranate by-product (POMx)
incubated with faecal bacteria resulted in formation of the
dibenzopyranone-type urolithins which enhanced the
growth of Bifidobacterium spp. and Lactobacillus spp. [24]. In
another study, POMx significantly enhanced the growth of
Bifidobacterium breve and Bifidobacterium infantis while
inhibiting the growth of pathogenic clostridia and Staphyl-
ooccus aureus [25]. The effects of individual pomegranate
ellagitannins were evident but less pronounced than the
tannin mixture in the POMx formulation.

Pomegranate extract had a beneficial effect on rumen
bacterial populations in lactating cows [26]. The peel extract
was fed at levels of 1, 2, or 4% on voluntary intake. The sup-
plementation had a significant positive dose-dependent effect
on the entire ruminal bacterial community, as determined
by automated ribosomal intergenic spacer analysis. In cows
fed at the 4% extract level, there were significant increases in
digestibility of dry matter, crude protein, and neutral deter-
gent fiber, as well as milk yields.

2.2. Enhancement ofWoundHealing. Pomegranate skin prep-
arations hold promise in increasing the rate ofwoundhealing.
Pomegranate peel (5% methanolic extract) prepared as an
ointment was applied to guinea pig wounds daily for 12 days
[27]. The treatment significantly enhanced wound healing by
increasing collagen, DNA and protein synthesis as well as
contraction rate and tensile strength. The extract exhibited
significant antibacterial activity against wound bacteria,
including strains of Pseudomonas aeruginosa, S. aureus, E.
coli,Klebsiella pneumoniae (K. pneumoniae), SalmonellaAna-
tum, S. Typhimurium, and Streptococcus pneumoniae. There
were no toxic effects noted from use of the skin ointment.
Another study using the methanolic extract of pomegranate
peels formulated into a 10% (wt/wt) water-soluble gel showed
similar enhancements inwound healing in aWistar ratmodel
compared to a commercial topical antibacterial product [44].
The group treated with 5.0% gel had a 59.5% increase in
contraction of the skin, a 2-fold increase in collagen content,
and positive microscopic changes to the skin. Participant’s
wounds were completely healed after 10 days, compared to
16–18 days for the group receiving a blank control gel. The
activity was postulated to be due to the high phenolic content
(44%) in the peel extract.

Pomegranate flower extracts also hold promise for aug-
menting wound healing. A diethyl ether flower extract was
applied to wounds in alloxan-induced diabetic rats at a
dose of 200mg/kg/day [28]. The extract-treated diabetic

rats showed significant reduction in the wound area when
compared with the control. Another study in which flower
extracts of pomegranate were applied to wounds resulted in
decreased wound size compared to the control group and
a significant increase in the rate of wound contraction and
collagen turnover [29].

2.3. Reductions in Oral Bacteria. Studies suggest a role for
pomegranate extracts in reducing and preventing pathogenic
dental bacteria and reducing the risk of plaque, gingivitis, and
periodontal disease. Many of these studies are human clinical
trials.

2.3.1. In Vitro Antibacterial Activity against Oral Bacteria.
The effects of three different concentrations of a methanolic
pomegranate peel extract at 4mg/mL, 8mg/mL, and
12mg/mL on growth of dental bacteria were compared using
the disc diffusion method [30]. All concentrations of the
pomegranate extract had antibacterial activity against S.
aureus and S. epidermidis. Extract concentrations of 8mg/mL
and 12mg/mLwere effective against L. acidophilus, S. mutans,
and S. salivarius. The extract did not inhibit Actinomyces
viscosus. In another similar in vitro study, ethanol and water
extracts of pomegranate both had inhibitory effects against
S. mutans and Porphyromonas gingivalis (P. gingivalis) [32]. A
Brazilian in vitro study investigated the antimicrobial effect of
a pomegranate-based oral gel (made from an extract of dried
peel combined with Carbopol, water, and triethanolamine)
against Streptococcus sanguis, Streptococcus mitis, and S.
mutans [31]. The MICs required to inhibit adherence of the
bacteria to glass were assessed using increasing and doubled
concentrations of the diluted solution of the pomegranate
gel at concentrations ranging from 1 : 1 to 1 : 1024. The MICs
of adherence of pomegranate gel against the bacteria were
1 : 16 for S. mutans and S. sanguis and 1 : 128 for S. mitis. These
results suggest that pomegranate gel might be useful in the
control of adherence of different bacteria in the oral cavity.
In other in vitro studies, pomegranate extract also inhibited
strains of periodontal bacteria, Aggregatibacter actinomycete-
mcomitans, P. gingivalis, Prevotella intermedia [33],Klebsiella,
E. coli, and Proteus spp. [34].

2.3.2. Clinical Studies on Prevention of Dental Plaque. Several
clinical trials have explored the effectiveness of pomegranate
extract rinses on reductions in oral plaque [33, 34]. In one
trial, the amount of plaque accumulation was measured at
days 0 and 5 in thirty periodontally healthy volunteers who
refrained from all mechanical oral hygiene measures for 4
days and instead used either pomegranate extract, chlorhex-
idine, or a placebo rinse twice daily [33]. At day 5, those
volunteers using the pomegranate extract had significantly
less plaque buildup (𝑃 < 0.05) than those using the placebo
rinse. The pomegranate extract prevented as much plaque
as the chlorhexidine rinse. These results on pomegranate’s
effect on plaque reduction are supported by another human
trial in which pomegranate extract rinse was compared to
chlorhexidine and placebo rinse [34]. After 24 hours with-
out tooth brushing, plaque samples were taken from sixty
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healthy, younger patients between the ages of 9 and 25 who
wore orthodontic appliances. Dental plaque samples were
plated on media for 48 hours, and the number of colony
forming units per milliliter (CFU/mL) showed that the
pomegranate extract rinse was effective against dental plaque
microorganisms, decreasing the CFU/mL by 84%, similar
to chlorhexidine (79% inhibition), and significantly different
from the control rinse (11% inhibition). Authors speculated
that the ellagitannin and punicalagin may be responsible for
the antibacterial activity of the pomegranate extract rinse.

2.3.3. Clinical Studies on Gingivitis. Gingivitis is an inflam-
mation of the gums in response to bacterial plaque biofilms
adhering to tooth surfaces. If left untreated, gingivitis may
progress to periodontal disease and subsequent tooth loss.
There is an incentive to use alternative plant-based prepara-
tions as an adjunctive tomechanical therapy in the prevention
and treatment of gingivitis, due to the health risks imposed by
long-term use of chemical and pharmaceutical preparations
and the lack of available dental care in lesser-developed coun-
tries. Results of a randomized clinical study of 40 patients
with chronic gingivitis showed that significant improvements
were obtained in the group that used a pomegranate extract
gel along with mechanical debridement for 7 days when
compared with patients using only control gel or mechanical
debridement for the 7-day test period [45]. Another placebo-
controlled human clinical trial of 32 young adults examined
salivary measures relevant to oral health and gingivitis after
using a pomegranate extract mouth rinse three times per
day for 4 weeks or a placebo rinse [46]. Compared to the
control group, those participants using the pomegranate rinse
had reduced total protein associated with presence of plaque-
forming bacteria, reduced activities related to cell injury,
reduced levels of the sucrose-degrading enzyme alpha-glu-
cosidase, and increased activity of the enzyme ceruloplasmin,
which protects against oral oxidative stress. Based on these
results, the authors suggest the possibility of using pomegran-
ate extracts in oral health products such as toothpaste and
mouthwashes.

2.3.4. Clinical Study on Periodontitis. A clinical study was
undertaken to test pomegranate peel extract impregnated
into biodegradable chips for use subgingivally as an adjunct to
scaling and root planning for maintenance of periodontal
disease [47]. The pomegranate chips or placebo chips were
implanted in 20 patients with gum pocket depths of 5–8mm.
Level of bacterial attachment, bleeding, and gingival and
plaque indexes were initially measured and again at 3 and 6
months. After 3months, the pomegranate treatments resulted
in decreased plaque and significant decreases in pocket depth
and bacterial attachment compared to placebo. A marker of
inflammation (IL-1beta) was also lower at 3 and 6 months
compared to baseline.

2.4. Inhibition of Antibiotic-Resistant Bacteria. Methicillin-
resistant Staphylococcus aureus (MRSA) is any strain of S.
aureus that has become resistant to beta-lactam antibiotics,
including the penicillins and the cephalosporins. These

MRSA strains are not necessarily more virulent than antibi-
otic-susceptible strains of S. aureus, but they are more dan-
gerous because they do not respond to first-line antibiotics.
MRSA can cause life-threatening infections in people with
weakened immune systems, especially in lesser-developed
countries where antibiotics are not readily available, and
in hospitals and nursing homes. There is evidence from a
number of in vitro experiments that pomegranate extracts
moderately to strongly inhibit cultured MRSA strains [35–
41]. In one study, ethanolic extracts of pomegranate were
effective at inhibiting 35 hospital isolates of MRSA at MICs
of 0.2–0.4mg/mL [36]. In another study, an extract of high-
tannin pomegranate polyphenols at 1 and 5mg/mLwas found
to cause 1.1–2.3 log

10
CFU/mL reduction of the two MRSA

strains after 2 hours at 37∘C, and to undetectable levels
in most strains within 24 hours [39]. Scanning electron
microscopy of the bacteria showed that the pomegranate
extract caused alterations in the bacterial cell walls after 2
hours of treatment.

Multidrug-resistant Acinetobacter baumannii (A. bau-
mannii) is considered to be one of the most difficult bacterial
infections to treat. A. baumannii survives for prolonged
periods under a wide range of environmental conditions and
causes serious infection outbreaks in hospitals. It is very
difficult to control due to antibiotic resistance, so the need for
alternative approaches is under investigation. Pomegranate
extract was tested as a resistance-modifying agent of the
antibiotic novobiocin against A. baumannii using a growth
inhibition assay [42]. Pomegranate extract at 250𝜇g/mL sig-
nificantly enhanced the antibacterial activity of novobiocin at
1 𝜇g/mL (1/8×MIC) against A. baumannii.

Helicobacter pylori (H. pylori) is the causal agent of
stomach ulcers, which if left untreated can lead to stomach
cancer. However, the bacteria are becoming resistant to the
antibiotics used to treat ulcers, making this condition difficult
to cure. Disc diffusionwas utilized to test the in vitro suscepti-
bility of H. pylori isolated from patients with gastroduodenal
complications to a pomegranate methanol extract [43]. The
pomegranate extract exhibited strong activity against H.
pylori with a mean inhibition zone diameter of 39mm at
100 𝜇g disc−1. Pomegranate peel extracts from nine Iranian
cultivars were further assayed against the H. pylori isolates.
The results demonstrated that most all cultivars showed
significant in vitro anti-H. pylori activity with the mean
inhibition zone diameter ranging from 16 to 40mm at
50𝜇g disc−1.

2.4.1. Enhancement of Antibiotic Susceptibility. Pomegranate
enhanced the activity of antibiotics against MRSA in one
study [48]. Synergistic activity between a methanolic pome-
granate extract and the antibiotics chloramphenicol, gen-
tamicin, ampicillin, tetracycline, and oxacillin ranged from
38% to 73% against clinical isolates of MRSA. The bacteri-
cidal activity of the pomegranate extract (0.1 × MIC) with
ampicillin (0.5 × MIC) was assessed and determined to
be synergistic. This combination increased the lag time to
bacterial growth by three hours over that of ampicillin alone
and resulted in a 99.9% reduction in MRSA. The mechanism
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of action of the pomegranate extract was to either inhibit
the MRSA NorA efflux pump or to enhance the influx of the
antibiotic.

The antibiotic activity of ciprofloxacin was enhanced
by a methanolic pomegranate peel extract against resistant
strains of extended-spectrum beta-lactamase-producing E.
coli, K. pneumoniae, and metallo-beta-lactamase-producing
P. aeruginosa [49]. Synergy with ciprofloxacin was observed
in 19 of 49 strains (FIC of 0.125–0.5 for ciprofloxacin) possibly
due to the bacterial efflux pump inhibitor activity of the
pomegranate tannins.

2.5. Influence on Bacterial Quorum-Sensing Mechanism.
Quorum sensing is an intercellular signalingmechanismused
by bacteria to communicate as a colony about critical survival
issues such as availability of nutrients, defense against other
microorganisms, virulence, and biofilm formation. Bacte-
ria produce and detect signaling molecules important for
pathogenic bacteria during infection of a host to coordinate
their virulence in order to escape the immune response of
the host and establish a successful infection. Interference
of quorum-sensing signals is a strategy for disease control.
Pomegranate inhibited quorum-sensing signals in two bacte-
rial strains, interfering with purple pigment production and
bacterial swarming motility in Chromobacterium violaceum
andP. aeruginosa, respectively [50, 51].The inhibition of these
particular processes may be due to direct or indirect inter-
ference on quorum-sensing by pomegranate polyphenols or
the interactive effect of different compounds present in the
extract.

3. Introduction: Pomegranates and Their
Effects on Human Viruses

Limited studies have been conducted on the antiviral activi-
ties associated with pomegranate and its extracts. The fruit’s
antiviral effects have been reported against clinically rele-
vant influenza virus, herpes virus, poxviruses, and human
immunodeficiency (HIV-1) virus [52–54]. The hydrolyzable
tannins and anthocyanins are the main compounds associ-
ated with the beneficial effects of pomegranate consumption
on other health effects “including antibacterial” [55], andmay
be responsible for the antiviral activity. In one study, among
four flavonoid compounds associated with pomegranates
(ellagic acid, caffeic acid, luteolin, and punicalagin), only
punicalaginwas shown to have inhibitory effects on influenza
virus [56]. Natural antimicrobials from plant extracts have
become increasingly popular for use as alternative antivi-
rals [57–60]. The increased research and need for such
alternatives are based on the many advantages of natural
plant antimicrobials. These include the absence of reported/
observed toxic effects at recommended doses along with
additional benefits such as antioxidant, anticancer, anti-
inflammatory, and antimicrobial properties [3, 10, 39, 52, 53,
56, 61–64]. It is possible that pomegranate juice and extracts
could be potentially useful in inhibiting viruses transmitted
via infected food products, bodily fluids, and so forth.

4. Evidence for Pomegranate in Controlling
Viruses That Affect the Human Body

4.1. Inhibition of Nonenveloped Clinically Relevant Foodborne
Viral Pathogens. Recent studies indicate that viruses cause an
estimated 59% of all foodborne illnesses (5.5 million), 27%
of hospitalizations, and 12% of deaths in the United States
alone [65]. Foodborne virus outbreaks are gaining immense
attention due to their increased incidence and scope of illness.

The epidemiologically significant foodborne viruses
include human noroviruses, hepatitis A virus, rotaviruses,
Aichi virus, hepatitis E virus, astroviruses, adenoviruses,
parvoviruses, and other human enteroviruses and small
round structured viruses [66]. Among the foodborne viruses,
human noroviruses are the main cause of viral gastroenteri-
tis outbreaks worldwide [65, 67, 68]. Human noroviruses
(HNoVs) belong to the family of Caliciviridae, being
nonenveloped and round in shape with a diameter of 27 to
40 nm. There are currently five genogroups based on nucleic
acid sequence analysis, of which primarily genogroup I and
frequently genogroups II and IV are associated with human
norovirus outbreaks. Earlier studies indicated that HNoVs
are estimated to be solely responsible for up to 2.3 million
infections, 50,000 hospitalizations, and 300 deaths per year
in the US alone [69].

As HNoVs cannot be grown in cell culture, cultivable
surrogates such as feline calicivirus (FCV-F9) [70], bacte-
riophage MS2 [71], and murine norovirus (MNV-1) [72] are
used in infectivity assays to study antiviral or inactivation
effects, though the more recently cultivable Tulane virus
is also being researched [73]. HNoVs can be transmitted
from person to person, through food, aerosols, water, and
contact with fomites [74]. They are reported to have a low
infectious dose of 10 to 100 viral particles with symptoms
including nausea, vomiting, diarrhea, abdominal pain, and
low-grade fever.The infection is self-limiting in healthy indi-
viduals and lasts for up to 72 hours. However, newly emer-
gent strains (such as genogroup II.4) have become highly
virulent and life-threatening especially to the elderly and
immunocompromised [68]. Currently, there are no known
vaccines available to prevent norovirus infection or disease
onset. In addition, there is no effective treatment option
available besides rehydration therapy.

The effectiveness of natural remedies such as pomegran-
ate juice and extracts as alternatives for the treatment or
prevention of foodborne norovirus infections needs to be
explored more aggressively. Recently, pomegranate juice and
polyphenols were shown to have significant antiviral effects
against foodborne viral surrogates, FCV-F9, MNV-1, and
bacteriophage MS2 [75]. These researchers showed that the
juice could decrease low titers (∼5 log

10
PFU/mL) of FCV-

F9, MNV-1, and MS2 by 2.56, 1.32, and 0.32 log
10

PFU/mL,
respectively, after 1 hour at room temperature and high titers
(∼7 log

10
PFU/mL) by 1.20, 0.06, and 0.63 log

10
PFU/mL.

The most potent effect was on FCV-F9 after treatment with
8, 16, or 32mg/mL of pomegranate polyphenol (extracted
from fresh pomegranate fruit-POM obtained from POM
Wonderful). After 1 hour at room temperature, low and high
titers of FCV-F9 were completely undetectable. Following
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1-hour incubation with 4, 8, or 16mg/mL pomegranate
polyphenol, low initial titers of MNV-1 were reduced by 1.30,
2.11, and 3.61 log

10
PFU/mL and high initial titers by 1.56,

1.48, and 1.54 log
10
PFU/mL, respectively. The titer reduction

effect of pomegranate against MNV-1 is notable in that this
surrogate is considered to be more appropriate than FCV-
F9 by some researchers. Bacteriophage MS2 at low initial
titers was reduced by 0.41, 0.45, and 0.93 log

10
PFU/mL and

at high initial titers by 0.32, 0.41, and 0.72 log
10
PFU/mL after

incubation with 4, 8, or 16mg/mL of pomegranate polyphe-
nol, respectively. Overall effectiveness of pomegranate on
reduction of virus titer rankings was FCV-F9 > MNV-1 >
MS2 for the tested low-titer viruses (5 log

10
PFU/mL), while

for the high-titer viruses (7 log
10
PFU/mL), the effectiveness

rankings were FCV-F9 > MS2 > MNV-1 [75]. Pomegranate
juice contains total phenolics of 3.6mg/mL [55]; therefore,
pomegranate polyphenols were tested at a similar concentra-
tion (4mg/mL) and exhibited consistently greater antiviral
effects than that of pomegranate juice against all viruses at
both high and low titers [75]. This difference may be due to
variability in composition and bioavailability of polyphenols
in juice versus those extracted in pure form. In addition, the
antiviral effects are not pH-dependent, as no differences in
bioactivity were noted when juice pH was changed from 3.4
to 7.0. Given that MNV-1 is quite resistant to most treatment
conditions, including pH and heat [73], but inhibited by
pomegranate juice and its polyphenols, it is possible that
additional research will reveal a role for pomegranate as
a natural alternative for treating and/or preventing human
norovirus infections.

Comparison of the effects of cranberry juice, grape juice,
and orange juice on the infectivity of foodborne viral surro-
gates revealed that the titer reduction for FCV-F9, MNV-1,
andMS2 followed the order of cranberry juice> pomegranate
juice > grape juice > orange juice in general, with the excep-
tion that grape juice had a greater effect on high-titer FCV-
F9 than cranberry juice [75].

When the time-dependent effects of pomegranate juice
and polyphenols at 2 and 4mg/mL against foodborne viral
surrogates were further studied, varied titer reduction rates of
FCV-F9, MNV-1, and MS2 over 1 hour at room temperature
were obtained [59]. There were no significant differences in
titer reductions when comparing different brands of com-
mercial pomegranate juice; however, titer reduction levels
were affected by different storage times. For all three viruses,
≥50% of the total reduction was found to be achieved within
20 minutes. Interestingly, upon immediate mixing with
pomegranate juice or 2 or 4mg/mL pomegranate polyphe-
nols, FCV-F9 was reduced by 1.35, 1.97, and 2.39 log

10

PFU/mL, respectively, with further reductions of 1.74, 2.02,
and 2.68 log

10
PFU/mL within the next 20 minutes. Com-

pared to FCV-F9, bacteriophage MS2 and MNV-1 titers were
not significantly reduced using this experimental regime.
These results indicate an in vitro effect of pomegranate against
human norovirus surrogates; however, further in vivo work
is necessary to determine if clinically relevant therapeutic or
preventive uses are viable.

Konowalchuk and Speirs [76] found that<1% of 3 log PFU
poliovirus/0.05 mL survived after storage at 4∘C for 24 hours

in pomegranate juice, though the mechanism of action was
unknown. Poliovirus is transmitted through the fecal-oral
route in a manner similar to other enteroviruses, being a
nonenvelopedRNAvirus. As preventivemeasures, poliovirus
vaccines are available.

4.2. Mechanism of Action against Human Norovirus Surro-
gates. In order to understand the mechanism of action, the
host cell monolayers for the respective viruses were treated
with pomegranate juice and polyphenols prior to or after
infection, where reduced infectivity of FCV-F9 and MNV-
1 was obtained [75]. Greater effects in titer reduction were
observed when the treatment was performed prior to infec-
tion (corresponding to attachment/adsorption stage) than
after infection (corresponding to replication stage), suggest-
ing that pomegranate juice and its polyphenols may play a
role in preventing virus binding to the host cell receptors by
blocking the cell surface receptors or the virus surface ligands.
It was postulated that further work using transmission elec-
tron microscopy may determine if these polyphenols cause
structural damage to the virus or virus capsid.

Recently, a cranberry-pomegranate juice blend was
shown to reduce the specific binding ability of human NoV
P particles to salivary human histoblood group antigens
(HBGAs) using an enzyme-linked immunosorbent assay
(ELISA), where the binding pattern is reported to correspond
with the probability of infection [77]. HBGAs are complex
carbohydrates present on red blood cell surfaces, themucosal
epithelium of respiratory, genitourinary, and digestive tracts
and as free oligosaccharides in saliva, intestinal contents,
milk, and blood. These researchers reported that cranberry
juice at concentrations of 10 and 100% and cranberry-
pomegranate at concentrations of 1% to 100% were found
to reduce the binding of human NoV strains specifically to
certain types of human HBGAs, in agreement with the study
by Su et al. [75] that used infectivity plaque assays. Li et al.
[77] also postulated that the interaction of plant polyphe-
nolic compounds with the viral capsid protein may cause
irreversible damage or reversible blocking of certain regions/
areas of the capsid protein.

4.3. Inhibition of Other Clinically Relevant Viruses. Pome-
granate extracts have also shown antiviral effects against
influenza virus, HIV-1 and poxviruses [52, 53, 76]. Influenza
virus continues to be a major cause of morbidity and
mortality each year with 31,000 deaths reported yearly in the
US, despite access to vaccines [52]. However, frequent recom-
bination events and viral evolution necessitate the change
in vaccine composition requiring administration of new
vaccines yearly. Researchers have shown that pomegranate
polyphenols were virucidal against influenza A virus, sup-
pressed the replication of the virus in host cells, and inhibited
agglutination of chicken red blood cells caused by the virus
using real-time polymerase chain reaction, a plaque assay,
and a median tissue culture infective dose 50% hemaggluti-
nation assay [52].They also showed that among four polyphe-
nols (ellagic acid, caffeic acid, luteolin, and punicalagin),
punicalagin was found to be the most effective anti-influenza
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component, blocking replication of influenza virus RNA and
inhibiting agglutination of chicken red blood cells by the
virus.

Sundararajan et al. [78] also showed that the acidity
of pomegranate juice and concentrated liquid pomegranate
extract (POMxl) solutions contributed to rapid anti-influenza
activity, whereas pomegranate polyphenol (PP) powder
(POMxp) did not. A 5-minute treatment at room temperature
with 800 𝜇g/mL PP was shown to result in at least a 3 log titer
reduction of influenza viruses PR8 (H1N1), X31 (H3N2), and a
reassortant H5N1 virus derived from a human isolate. Loss of
hemagglutinating activitywas reported to accompany the loss
of influenza infectivity, with decreased antibody binding to
viral surface molecules after treatments with PP. Viral struc-
tural damage was also reported using electron microscopic
analysis of PP-treated viral particles. However, they found
that the antiviral activity was less against avian isolates of
one coronavirus and reassortant H5N1 influenza viruses.
Kotwal [54] suggested that pomegranate juice can neutralize
the infectivity of diverse enveloped viruses and a number
of subtypes of a given enveloped virus, indicating potential
for development as a treatment option that can be broadly
effective against pandemic viruses like HIV, potentially pan-
demic viruses like influenza, and some carcinogenic viruses.
It was shown that influenza A/HK/x31(H3N2), influenza
A/Vietnam/1203/04 (H5N1), and a reassortant x31 containing
the NS gene segment of an H5N1 isolate were inactivated
when treated for 5 minutes at 37∘C with pomegranate juice
[54].

In 2003, the AIDS pandemic was reported to claim
30 million lives that resulted in ∼14,000 new HIV-1 global
infections daily [53]. In the absence of vaccines, antiretroviral
chemotherapeutics have been used to decrease HIV-1 symp-
toms mainly in developed countries. Neurath et al. [53]
showed that HIV-1 entry inhibitors from pomegranate juice
are adsorbed onto corn starch, block HIV-1 binding to
CD4 and CXCR4/CCR5 host cell receptors, and inhibit
infection by primary virus clades A to G and group O. These
researchers showed the potential of producing anti-HIV-1
microbicides from naturally safe food sources.

4.4.Mechanisms of Action of Other Polyphenols. Several other
mechanisms of antiviral activity have been proposed for
nonpomegranate polyphenols, which could offer valuable
insights for researchers studying the antiviral mechanisms
related to pomegranate consumption. Haslam [79] suggested
that plant polyphenols exert a direct action on the viral
particles, inhibiting the adsorption of the virus to the host cell
receptors. One study found that proanthocyanidin A-1 inhib-
ited viral attachment and penetration and affected the late
stages of herpes simplex virus type 2 infection [80]. Liu et al.
[81] determined that the inhibitory effect of tea polyphenols is
through multiple mechanisms of action, including inhibiting
HIV-1 reverse transcriptase and protease activity, blocking
gp120-CD4 interaction by binding to cellular CD4molecules,
and destroying viral particles. Further studies are needed to
identify additional antiviral mechanisms of action associated
with pomegranate and its constituents.

5. Conclusions

There are a number of studies on pomegranate and their
antimicrobial activities against bacteria and viruses, with
mechanisms of actions including pH-independent bacterial
and viral growth inhibition, effects on bacterial cell signal-
ing, reductions in viral infectivity and binding to host cell
receptors, and structural damage to viruses. However, many
of the study results are based on in vitro and cell-based
assays. Therefore, the applicability of the results to human
health ismainly focused on diseases and infections that occur
topically, such as those in the oral cavity or on the skin surface.
It is difficult to extrapolate in vivo effects on infection from
in vitro results using unmetabolized pomegranate juice or
compounds onmicrobes. In addition, it is difficult to compare
results of studies that do not standardize the treatment
extracts for the active components. Standard procedures
should be adopted by the pomegranate industry that utilize
the same quantification methods. A method for determining
ellagitannin levels using a novel pomegranate standard has
been published, which could be helpful in addressing this
issue [82, 83].The current studies do support potential benefit
of pomegranate extracts in food preservation and decontami-
nation.This application could be particularly useful in lesser-
developed countries where food sanitation can easily be
compromised. Results of the studies on antibacterial benefits
of pomegranate extracts against dental bacteria and infec-
tions hold promise because they are clinically-based. Addi-
tional larger-scale trials should be conducted to confirm the
benefits.
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Pomegranate fruit presents strong anti-inflammatory, antioxidant, antiobesity, and antitumoral properties, thus leading to an
increased popularity as a functional food and nutraceutical source since ancient times. It can be divided into three parts: seeds, peel,
and juice, all of which seem to have medicinal benefits. Several studies investigate its bioactive components as a means to associate
themwith a specific beneficial effect and develop future products and therapeutic applications. Many beneficial effects are related to
the presence of ellagic acid, ellagitannins (including punicalagins), punicic acid and other fatty acids, flavonoids, anthocyanidins,
anthocyanins, estrogenic flavonols, and flavones, which seem to be its most therapeutically beneficial components. However, the
synergistic action of the pomegranate constituents appears to be superior when compared to individual constituents. Promising
results have been obtained for the treatment of certain diseases including obesity, insulin resistance, intestinal inflammation, and
cancer. Althoughmoderate consumption of pomegranate does not result in adverse effects, future studies are needed to assess safety
and potential interactions with drugs thatmay alter the bioavailability of bioactive constituents of pomegranate as well as drugs.The
aim of this review is to summarize the health effects and mechanisms of action of pomegranate extracts in chronic inflammatory
diseases.

1. Introduction

Pomegranate (Punica granatum), an ancient fruit-bearing
deciduous shrub, is the predominant member of two species
comprising the Punicaceae family [1]. It is a native of the
Himalayas in northern India, but it has been cultivated and
naturalized throughout the Middle East, the entire European
Mediterranean region, the drier parts of southeast Asia,
northern and tropical Africa, and to some extent the United
States, specifically California and Arizona [2]. Pomegranate’s
fruit is a large berry characterized by the presence of thin
membranes in its interior, which allow the suspension of
numerous arils, each surrounded by juice-containing sacs.
The fruit can be divided into three parts: the seeds and the
juice, which represent about 3 and 30% of the fruit weight,

respectively, and the peels, which include the mentioned
inner network of membranes [1] with distinct chemical
compositions and potential medical benefits.

Pomegranate extracts have been used since ancient times
to treat several conditions including parasitic and microbial
infections, diarrhea, ulcers, aphthae, hemorrhage, and res-
piratory complications [3, 4]. Modern applications include
hormone replacement therapy and oral hygiene as well
as the treatment immune suppression and cardiovascular
complications [5]. Moreover, other therapeutic properties
such as antitumor, anti-inflammatory, antiviral, antibacterial,
antidiarrheal, and antiobesity are currently under inves-
tigation. Although pomegranate has been consumed and
used as a medicinal food in the Middle East for thousands
of years, it has recently gained popularity in the United
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States [6]. The high antioxidant activity of pomegranate
when compared to other fruits and antioxidant beverages,
along with its anti-inflammatory and antiobesity proper-
ties, has increased the interest in investigating its potential
nutraceutical and functional food applications. The number
of scientific publications on pomegranate and its health-
promoting benefits has increased significantly in the last
decade. A PubMed search on November 23, 2012, retrieves
677 publications related to pomegranate, 619 of which have
been published within the last ten years and 425 in the last
five. Moreover, several pomegranate-containing products,
including 100% juices, pomegranate-containing beverages,
liquid and powdered polyphenolic extracts of pomegranate,
and skin care products containing pomegranate extracts or
seed oils, have been recently introduced in the United States
market and are being advertised for their beneficial health
effects [6]. Therefore, studying the bioactive components of
pomegranate and linking them with specific mechanisms of
action and health effects holds promise for future therapeutic
development of pomegranate-derived natural products. The
aim of this review is to summarize the health effects and
mechanisms of action of pomegranate extracts in chronic
inflammatory diseases.

2. Chemical Composition of Pomegranate

Over the last decade, there has been significant progress
in investigating the mechanisms of action of pomegranate
components in health and disease. Extracts of all the different
parts of the fruit seem to have medicinal benefits [1]. Inter-
estingly, recent studies report that even the bark, roots, and
leaves of the pomegranate plant also have therapeutic prop-
erties [7].The goal of most of the recent pomegranate studies
is to identify its therapeutic constituents. Ellagic acid, ellag-
itannins (including punicalagins), punicic acid, flavonoids,
anthocyanidins, anthocyanins, estrogenic flavonols, and
flavones appear to be the most therapeutically beneficial
pomegranate components [8], specially ellagitannins, which
release ellagic acid when hydrolyzed. Tables 1, 2, 3, and 4
summarize the chemical composition for each of the different
parts of the pomegranate fruit.

The pomegranate peels make up about 60% of the fruit,
and they are rich in many compounds such as phenolics,
flavonoids, ellagitannins (including punicalagins), proantho-
cyanidin compounds, complex polysaccharides, and many
minerals including potassium, nitrogen, calcium, magne-
sium, phosphorus, and sodium [2]. However, its biologi-
cal properties are mainly associated with the presence of
flavonoids and tannins. The peel is the part of the fruit with
the highest antioxidant activity, which is in line with its
high content of polyphenols [9, 10]. Moreover, pomegranate
peels also show higher antioxidant capacity in vitro when
compared to other fruits such as mangos, bananas, and
coconuts [11]. Ellagitannins present in the pomegranate peel
include punicalagin and punicalin, both of which contain
the polyphenolic chemical compound gallagic acid, which is
the building block for several tannins. Punicalagin can be
found in the seeds, peels, and juice of pomegranate, and it
is unique to pomegranate. Both punicalagin and punicalin

can be hydrolyzed to ellagic acid, a natural phenol with high
antioxidant activity, thus prolonging the release of this acid
into the blood [8]. Antioxidants are important since they
have several important biological properties such as anti-
inflammatory and antiaging protection against cholesterol
and atherosclerosis [12].

Pomegranate juice is a rich source of polyphenols, tan-
nins, anthocyanins, including vitamin C, vitamin E, coen-
zyme Q10, and lipoic acid [13]. Its main antioxidative com-
pounds are anthocyanins and ellagic acid derivatives, which
are the main constituents of the juice, giving the fruit its
color [7]. Moreover, anthocyanins have been associated with
prevention of cardiovascular disease, obesity, and diabetes
[14]. Some differences regarding the phenolic composition
are found between natural and commercial juices as well as
between juices obtained from the arils alone or from the
whole fruit [7]. Nevertheless, pomegranate juice is still the
main source for pomegranate ingestion, and its antioxidant
levels are greater than in other natural juices [15, 16].

Although pomegranate seeds, which represent about 3%
of the fruit weight, have a low polyphenol content and in vitro
antioxidant capacity, they contain other components thatmay
contribute to pomegranate’s health benefits [10, 17]. They are
a rich source of lipids, and their oil, which constitutes 12–20%
of total seed weight, contains a unique fatty acid profile char-
acterized by high concentration of fatty acids such as linoleic
acid (LA) and linolenic acid (LN), as well as other lipids
including punicic, oleic, stearic, 𝛼-eleostearic, 𝛽-eleostearic,
catalpic, gadoleic, arachidic, behenic, and palmitic acids LN
(Table 1). Interestingly, punicic acid, which is a conjugated
isomer unique to pomegranate oil, constitutes 70–76% of the
seed oil. Moreover, seed oil also contains minor amounts of
other conjugated trienes such as eleostearic acid and catalpic
acid [13]. Other minor components are sterols, steroids,
and cerebrosides in the seed oil [8, 18] and proteins, fibers,
vitamins, and minerals in the whole seed [13].

The relationship between the chemical composition of
pomegranate and its respective therapeutic effects is still
not fully understood. However, significant progress has been
made in the last decade in the establishment and iden-
tification of chemicals responsible for certain pharmaco-
logical mechanisms. Although ellagic acid, which presents
both antioxidant [19] and anticarcinogenic [20] proper-
ties, is thought to be the main compound responsible for
pomegranate health beneficial effects, recent studies suggest
that the synergistic action of several pomegranate con-
stituents is superior to ellagic acid alone in the suppression of
prostate cancer [21, 22]. Therefore, and although ellagic acid
is at the forefront of pomegranate research, one needs to be
cautious and avoid ignoring other compounds present within
pomegranate juice, peel, and seeds. Moreover, the health
effect of pomegranate can vary due to geographical region,
harvesting, and season, which can alter the fruit composition
[23]. Regardless of its composition, not all pomegranate-
derived compounds elicit beneficial effects when ingested
since some of them might not be metabolized and absorbed.
Therefore, there is a need to study the metabolism and
bioavailability of the pomegranate mixtures.
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Table 1: Chemical constituents of the pomegranate fruit: fatty acids.

Constituent Chemical structure Pomegranate fruit
part

Punicic acid
(9Z,11E,13Z-octadeca-9,11,13-trienoic acid)

O

HO Seed

Linoleic acid (cis, cis-9,12-octadecadienoic
acid) 18

12 9
O

OH
Seed

𝛼-Linolenic acid
(cis,cis,cis-9,12,15-octadecatrienoic acid)

O
18 12 915

OH
Seed

𝛾-Linolenic acid
(all-cis-6,9,12-octadecatrienoic acid)

O
18

12 9 6 OH
Seed

Stearic acid (octadecanoic acid)
O

OH Seed

Palmitic acid (hexadecanoic acid)
O

OH Seed

Palmitoleic acid (hexadec-9-enoic acid)

O
OH Seed

Oleic acid ((9Z)-octadec-9-enoic acid)
O

OH
Seed

𝛼-Eleostearic acid
((9Z,11E,13E)-octadeca-9,11,13-trienoic acid)

O
HO Seed

Catalpic acid
((9E,11E,13Z)-octadeca-9,11,13-trienoic acid)

O
HO Seed

Caproic acid (hexanoic acid)
O

OH Seed

Caprylic acid (octanoic acid)
O

OH Seed

Capric acid (decanoic acid)
O

OH Seed

Lauric acid (dodecanoic acid)
O

OH Seed

Myristic acid (tetradecanoic acid)
O

OH Seed

Gadoleic acid ((9Z)-9-icosenoic acid)

O
OH

9

20

Seed

Behenic acid (docosanoic acid) O
HO

Seed

Arachidic acid (icosanoic acid)
O

OHH3C Seed



4 Evidence-Based Complementary and Alternative Medicine

Table 2: Chemical constituents of the pomegranate fruit: minerals.

Constituent Chemical structure Pomegranate fruit part
Iron 26Fe Seed, juice
Copper 29Cu Seed, juice
Sodium 11Na Seed, juice
Magnesium 12Mg Seed, juice
Potassium 19K Seed, juice
Calcium 20Ca Seed, juice
Zinc 30Zn Seed, juice
Manganese 25Mn Seed, juice
Phosphorus 15P Seed, juice

3. Pomegranate Constituent Bioavailability

The high antioxidant capacity of pomegranate has been
mostly attributed to its high levels of polyphenolic com-
pounds, especially ellagitannins. However, little is known
about the metabolism and bioavailability of ellagitannins
from food sources. Therefore, there is a need to provide
a link between these compounds and the health effects
related to antioxidant activity. Several human trials, as well
as animal studies, have studied the bioavailability, absorption,
and metabolism of pomegranate. In a case study, 31.9 ng/mL
of ellagic acid and its metabolites were detected in the plasma
of an individual subject one hour after the ingestion of 180mL
pomegranate juice. Plasma was cleared 4 hours after con-
sumption, suggesting that ellagic acid from food is absorbed
in humans [24]. In a follow-up study, the rapid absorption
and plasma clearance of ellagitannins was confirmed, as
well as the persistent excretion of urolithin metabolites
in the urine up until 48 hours after pomegranate juice
ingestion [25], which present significant antioxidant and anti-
inflammatory properties in vitro [26, 27]. Furthermore, no
difference in bioavailability was found between pomegranate
juice, liquid extract, or powdered extracts as indicated by
the levels of ellagic acid and its metabolites in plasma [28].
In contrast, no ellagic acid, punicalagin, anthocyanins, or
any of their degradation products was found in plasma
13 days after the administration of 1 L pomegranate juice
containing 4.37 g/L punicalagins and 0.49 g/L anthocyanins
for 5 days [29]. However, pomegranate juice metabolites
including urolithin A, urolithin B, and a third undetermined
metabolite were discovered in the plasma. Moreover, these 3
metabolites were present in the urine after 24 hours along
with an aglycone metabolite corresponding to each of the
plasmametabolites. Based on the timing of the appearance of
themetabolites in plasma and urine samples, which occurred
3-4 days after juice ingestion, and along with previous work
on punicalagin bioavailability in rats [30, 31], the authors
suggested colonic microbial metabolism of pomegranate
juice polyphenols. Finally, healthy individuals were placed
on a polyphenol- and antioxidant-free diet from 3 days
prior the administration of a 800mg capsuled pomegranate
extract containing 330.4mg punicalagins and 21.6mg ellagic
acid [32]. Results from this third study also demonstrate a
significant increase in the levels of ellagic acid in plasma

1 hour after extract administration, as well as an increased
antioxidant capacity 0.5, 1, and 2 hours after ingestion.

Using an acorn-fed Iberian pigs model system, 31 ellagi-
tanninmetaboliteswere found, but only urolithinA, urolithin
B, dimethyl ellagic acid, and their metabolites were detected
in plasma [33]. Urolithin metabolites are also absorbed in
mouse models, with high levels accumulated in the prostate,
the colon, and other intestinal tissues [34]. In line with
these animal studies, urolithin A glucuronide, urolithin
B glucuronide, and dimethylellagic acid were detected in
human prostate tissues 3 days after the administration of
pomegranate juice [35]. Therefore, it seems that ellagitannins
are hydrolyzed in the stomach, where some ellagic acid
is absorbed into circulation. The rest of ellagic acid is
metabolized to urolithin derivatives by colonic microflora,
and the less polar urolithin derivatives are then absorbed
into circulation and further metabolized to glucuronides [6].
Therefore, pomegranate polyphenolic compounds may exert
their effects in different ways: they might be absorbed and
enter the bloodstream acting directly as antioxidants, or they
can be digested by the gut microflora resulting in other
biologically active compounds.

4. Mechanisms of Action and Health Effects

The adult human gut contains about 100 trillion microbial
organisms [36]. The composition of the human gut micro-
biota has been associated with both health improvement
and the development of several diseases since changes in
its composition can modulate the induction of regulatory
versus effector immune responses at the mucosal surfaces.
Commensal bacteria provide the host with colonization
resistance against pathogens, stimulate the host immune
system, prevent food allergies and tumors, produce vita-
mins, metabolize cholesterol and other lipids, and increase
mineral bioavailability [37, 38]. However, the overgrowth
of these normally beneficial bacteria can cause acute and
chronic intestinal diseases and has also been associated with
cancer, aging, and obesity [39]. Ellagitannins contained in
pomegranate interact with the gut microflora. Pomegranate
byproducts and punicalagins inhibit the growth of cer-
tain pathogenic Clostridia species, Staphylococcus aureus,
and Pseudomonas aeruginosa but increase the growth of
Bifidobacterium breve and Bifidobacterium infantis as well
as the production of short chain fatty acids [37, 40],
which have been shown to elicit beneficial effects through
the activation of peroxisome proliferator-activated recep-
tors (PPARs). PPARs are the receptors for endogenous
lipid molecules (i.e., prostaglandins or hydroxy-containing
PUFA such as 12/15-hydroxyeicosatetraenoic (HETE), 13-
hydroxyoctadecadienoic (HODE)) and molecular targets
for drugs against type 2 diabetes [41–43] and represent
promising new targets for the treatment and prevention of
inflammatory disorders [44, 45]. PPARs are ligand-induced
transcription factors that belong to the nuclear hormone
receptor superfamily with 48 members identified in the
human genome. They regulate gene expression by binding
with Retinoid X Receptor (RXR) as a heterodimeric part-
ner to specific DNA sequence elements named Peroxisome
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Table 3: Chemical constituents of the pomegranate fruit: Anthocyanins, tannins and phenols.

Constituent Chemical structure Pomegranate fruit part

Anthocyanins

Cyanidin 3,5-diglucoside

OH
OH

OH

OH
OH

OH

OH

OH

HO

HO
OH

O+

O
O

O

O

CL−

Seed, peel, juice

Delphinidin 3-glucoside

OH
OH

OH
OH

OH
OH HO

HO

HO

OO

O
Seed, peel, juice

Cyanidin 3-glucoside

OH
OH

OH
OH

OH HO
HO

HO

OO

O
Seed, peel, juice

Pelargonidin 3-glucoside

OH

OH
OH

OH HO
HO

HO

OO

O

OCH3

OCH3 Seed, peel, juice

Tannins

Gallagyl-type
tannins

Punicalin (4,6-(S,S)-
Gallagyl-D-glucose)

OHHO

HO

HO

HO OH

OH

OHOH

OH

OH
OHHO

O

OO

O

O

O
O

O
O

Seed, peel, juice

Punicalagin (2,3-(S)-
hexahydroxydiphenoyl-
4,6-(S,S)-gallagyl-D-
glucose)

O
O

O
O

O
O

O O
O

OO

O
O

OH

OH OH

OH

OH

HO

HO OHOH

OH

HO
HO

HO
HO

HO
HO

HO

Seed, peel, juice
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Table 3: Continued.

Constituent Chemical structure Pomegranate fruit part

Tannins

Ellagic acid
derivatives

Ellagic acid glucoside
O

O

O

O

O

O

OH

OH

OHOH

HO

HO

HO

H
H

H H

H

Seed, juice

Ellagic acid
(2,3,7,8-tetrahydroxy-
chromeno[5,4,3-
cde]chromene-5,10-
dione)

O
O

O
O

OH

OH

HO

HO Seed, juice

Other hydrolyzable
tannins

Galloyl glucose

O

OO

OH
OH

OH

OH

OHHO
HO

Juice

Phenols

Gallic acid
(3,4,5-trihydroxybenzoic
acid)

O OH

OH
OHHO

Juice

Caffeic acid
(3-(3,4-dihydroxyphenyl
2-propenoic acid)

O

OH
HO

HO
Juice

Catechin ((2R,3S)-2-
(3,4-dihydroxyphenyl)-
3,4-dihydro-2H-
chromene-3,5,7-triol)

O

OH

OH

OH
OH

HO
Peel, juice

Proliferator Response Element (PPRE) [46]. PPARs are the
main modulators of lipid and carbohydrate metabolism [47].
Functionally, PPARs regulate inflammation, immunity, and
metabolism [48]. There are three known PPAR isoforms: 𝛼,
𝛽 or 𝛿, and 𝛾, which differ in their tissue distribution and
functional activity [49]. PPAR𝛼 is important in the clearance
of circulating or cellular lipids via the regulation of gene
expression involved in lipid metabolism in liver and skeletal
muscle [50]. PPAR 𝛽/𝛿 is involved in lipid oxidation and
cell proliferation [51], whereas PPAR𝛾 promotes adipocyte
differentiation to enhance blood glucose uptake [50]. More-
over, ligand-induced activation of PPAR𝛾 can antagonize
the activity of proinflammatory transcription factors such
as nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-𝜅B), signal transducer and activator of transcription
(STAT), and activator protein (AP)-1 [52] (Figure 1). Both
PPAR𝛾 and PPAR𝛿 serve as targets for the treatment of
inflammatory and immune-mediated diseases because of the
role they play in maintaining homeostasis and suppressing
inflammation [53, 54]. Their activation and expression is
controlled by a diverse set of natural and synthetic molecules,

including nutrients, nonnutrient endogenous ligands, and
drugs (i.e., thiazolidinediones (TZDs) and fibrates) [55].
However, rosiglitazone and other PPAR𝛾 agonists of the
TZD class of antidiabetic drugs are unlikely to be adopted
by gastroenterologists due to associated side effects [56]
including hepatotoxicity, weight gain, fluid retention leading
to edema, and congestive heart failure [57]. Therefore, the
use of natural therapeutics able to activate PPARs is a safer
alternative to TZDs. In this regard, the administration of
PPARs naturally occurring agonists holds promise for the
treatment of a wide range of diseases including obesity,
diabetes, and intestinal inflammation [55, 58–60].

4.1. Pomegranate Constituents in the Prevention of Obe-
sity and Insulin Resistance. Naturally occurring compounds
that simultaneously activate PPAR𝛼, PPAR𝛽/𝛿, and PPAR𝛾
are promising therapeutic approaches to treat metabolic
syndrome, obesity, and diabetes since they reduce serum
triglyceride and glucose levels, improve insulin sensitivity,
and increase the levels of the high-density lipoprotein (HDL)
[61]. Pomegranate seed oil activates PPAR𝛾 in mice, thus
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Table 4: Chemical constituents of the pomegranate fruit: sugars, organic acids, and antioxidants.

Constituent Chemical structure Pomegranate fruit part
Sugars

Glucose

OOHOH

OH OH

H
HO

Seed, peel, juice

Fructose

O
OH

OH
HO

HO

HO
Seed, peel, juice

Sucrose
O

O

O

OH
OH

OH

OH
HO

CH2OH CH2OH

CH2OH

Seed, peel, juice

Sorbitol

OH

OH

OHOH

OH

HO Seed, peel, juice

Organic acids

Citric acid
(2-hydroxypropane-1,2,3-tricarboxylic acid)

OOO
OH

OH
HO OH

Juice

Malic acid (hydroxybutanedioic acid)

O

O

HO
OH

OH

Juice

Tartaric acid (2,3-dihydroxybutanedioic acid)

O

O

OH

OH

OH

HO Juice

Isocitric acid
(1-Hydroxypropane-1,2,3-tricarboxylic acid)

O
O

O

OH

OH

OH

HO
Juice

Antioxidants

Ascorbic acid or vitamin C ((5R)-[(1S)-1,2-
dihydroxyethyl]-3,4-dihydroxyfuran-2(5H)-one)

OO

HO

HO

HO
H

OH

Juice
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Table 4: Continued.

Constituent Chemical structure Pomegranate fruit part
Antioxidants

Vitamin E (𝛼-tocopherol)
O

HO
Juice

resulting in an alteration of adiposity, lower leptin levels, and
increased adiponectin when fed a high-fat diet (HFD) [62].
PPAR reporter activity data demonstrated a dose-dependent
increase in the ability of punicic acid to activate PPAR 𝛼 and
𝛾 in 3T3-L1 cells [62]. Furthermore, the similar patterns of
PPAR 𝛼 and 𝛾 activation by punicic acid and pomegranate
seed oil suggested that the effects of pomegranate seed oil on
PPAR 𝛼 and 𝛾 reporter activities were mediated by punicic
acid. Punicic acid robustly bound and activated PPAR 𝛼
and 𝛾, thus upregulating PPAR 𝛼 and its responsive genes
(Stearoyl-CoA desaturase-1, SCD1; Carnitine palmitoyltrans-
ferase 1, Cpt-1; and acyl-coenzyme A dehydrogenase) as well
as PPAR 𝛾-responsive genes expression (CD36 and Fatty Acid
Binding Protein4, FABP4) in intra-abdominal white adipose
tissue while suppressing expression of the inflammatory
cytokine tumor necrosis factor 𝛼 (TNF-𝛼) and NF-𝜅B acti-
vation. Moreover, these changes in gene expression cor-
related with improved fasting glucose concentrations and
glucose-normalizing abilities in mice treated with punicic
acid.Overall, dietary punicic acid ameliorated obesity-related
inflammation and insulin resistance by activating PPAR
𝛾, repressing TNF-𝛼 expression and NF-𝜅B DNA-binding
activity in white adipose tissue and liver. However, the loss
of PPAR 𝛾 in immune cells impaired the ability of punicic
acid to modulate glucose homeostasis and obesity-related
inflammation, thus suggesting that punicic acid ameliorates
metabolic and inflammatory changes associated with obesity
through a PPAR 𝛾-dependent mechanism [62] (Figure 1).
In line with these results, pomegranate seed oil has been
found to inhibit TNF-𝛼-induced neutrophil hyperactivation
and protect from experimental colonic inflammation in rats
by targeting the p38MAPKinase/Ser345-p47phox axis [63]
(Figure 2).

High-fat-diet- (HFD-) fed mice treated with pomegran-
ate seed oil resulted in decreased body weight and fat mass
in CD-1 mice when compared to the control group, although
no differences were reported regarding the leanmass between
both groups [64]. Moreover, pomegranate seed oil adminis-
tration improved glucose intolerance in HFD-fed mice, thus
reducing type II diabetes risk. In line with these results,
catalpic acid decreased the accumulation of abdominal white
adipose tissue, improved glucose tolerance, and upregulated
adipose PPAR𝛼 in two different mouse models of obesity
[62]. Moreover, catalpic acid also increased HDL cholesterol
and decreased triacylglycerol and insulin levels in plasma
[65]. These changes were associated with an upregulation
of PPAR𝛼 and its responsive genes in white adipose tissue
of mice fed catalpic acid-supplemented diets. In contrast
to punicic acid that modulates obesity comorbidities such

as insulin resistance, diabetes, or systemic inflammation,
catalpic acid has a direct effect in reducing adipose tissue
accumulation. The treatment of diabetic mice with PPAR𝛼
agonists also normalizes circulating fatty acid and triacyl-
glycerol levels and decreases myocardial fatty acid oxidation
[66]. Therefore, the use of pomegranate-derived compounds
and fatty acids holds promise as prophylactic interventions
for obesity and diabetes since some of them are PPAR𝛼 and
PPAR𝛾 activators that contribute to correct the abnormalities
of lipid metabolism and regulate inflammatory responses.
Mounting evidence demonstrates that pomegranate-derived
compounds including punicic acid and catalpic acid can
act on pharmacologic targets such as PPARs and elicit
their therapeutic properties in mice. Specifically, punicic
acid can be used to regulate blood sugar levels and control
intestinal inflammation, whereas catalpic acid can be used for
antiobesity and lipid-lowering applications (Figure 1).

Other pomegranate constituents have been investigated
individually or in combination in relation to their lipid-
normalizing effects. HFD-fed obesemice treated with dietary
gallic acid, linolenic acid, or their mixture showed a body
weight loss of 12.8%, 6.8%, and 12.20% after 7 weeks,
respectively [67]. Moreover, obese mice showed decreased
total cholesterol, triacylglycerols, HDL cholesterol, and low-
density lipoprotein (LDL) cholesterol when compared to
control mice regardless of the treatment. Therefore, these
results suggest that gallic acid and linolenic acid present lipid-
lowering effects and may protect patients from obesity and
other hyperlipidemia-related diseases.

4.2. Pomegranate Constituents in Diabetes Prevention. Obe-
sity is associated with a number of chronic diseases such
as type II diabetes, cardiovascular disease, chronic kidney
disease, nonalcoholic fatty acid liver disease, and various
types of cancers. In this regard, the effects of pomegranate
in some of these disorders are also under investigation [55].
During type II diabetes, cells become increasingly insensitive
to insulin. Such decreased physiological insulin levels become
less effective at lowering the blood sugar levels by triggering
the uptake of glucose into cells as an energy source.The levels
of insulin required to elicit this same effect increase as the
condition worsens, thus enhancing the insulin production in
the pancreas.However, insulin resistance cannot be overcome
in advanced stages of the diseases, thus resulting in extremely
elevated levels of circulating glucose and insulin. Recent
studies obtained promising results regarding the use of
pomegranate for the treatment and prevention of type II
diabetes [68, 69]
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Figure 1: Anti-inflammatory and antiobesity effects of pomegranate constituents. Punicalin and punicalagin are able to increase the bacterial
production of short chain fatty acids (SCFAs) by inducing the growth and metabolism of commensal bacteria. SCFAs are then absorbed and
activate peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾), which blocks the transcription of pro-inflammatorymolecules byNF-𝜅B, AP-1
and STAT, thus resulting in anti-inflammatory effects. PPAR𝛾 can also be activated by fatty acids including linoleic acid, punicic acid, catalpic
acid, and stearic acid in both epithelial cells and macrophages. Such fatty acids are also able to activate PPAR𝛼 resulting in lipid-lowering and
antiobesity effects.

Obesity is associated with the infiltration of two pheno-
typically and functionally distinct subsets of macrophages
(F4/80hi and F4/80lo) into adipose tissue and a phenotypic
switch from an M2 anti-inflammatory phenotype to an M1,
pro-inflammatory phenotype [70]. PPAR 𝛾 is differentially
expressed in F4/80hi versus F4/80lo ATM subsets, and its
deficiency favors a predominance of M1 markers and impairs
M2markers expression inwhite adipose tissue.Moreover, the
accumulation of F4/80hi macrophages in adipose tissue of
obese mice has also been associated with increased severity
of colitis and impaired glucose tolerance [71]. Therefore,
targeting macrophages arises as a therapeutic approach

against obesity-related inflammation and insulin resis-
tance. In line with these results, macrophages treated with
pomegranate juice standardized to a polyphenol concen-
tration of 75mmol/L for 90 minutes showed a decreased
degradation of oxidized LDL as well as reduced macrophage
cholesterol synthesis and oxidative stress [72]. Moreover, the
intake of pomegranate juice by diabetic patients results in
decreased macrophage uptake of oxidized LDL and reduced
serum oxidative stress, an unusually high level of oxida-
tion that may result in damage to vital biomolecules and
thereby increases disease risk [73]. Other studies showed
how polyphenols and flavonoids, both of which are present
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Punicalagin
Anthocyanins
Flavonols
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Arachidonic
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COX-2
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NF-𝜅B

NF-𝜅B

Epithelial cell

Punicic acid

Figure 2: Anticarcinogenic effects of pomegranate constituents. Several pomegranate constituents including anthocyanins, phenols,
ellagitannins (punicalin, punicalagin), and other tannins can reduce the expression of cyclooxygenase 2 (COX-2) through an NF-𝜅B and
MAPK pathways dependence. Such components can inhibit phosphatidylinositide 3-kinases (PI3K), protein kinase B or Akt, or NF-𝜅B
directly and result in decreased transcription of inflammatory genes such as tumor necrosis factor 𝛼 (TNF-𝛼), interleukin 6 (IL-6), and IL-1𝛽
among others. They can also inhibit MAPK-induced phosphorylation of ERK1/2, JNK1,2,3 and p38 which finally result in the inhibition of
activation protein 1 (AP-1), another transcription factor regulating the expression of pro-inflammatorymolecules. InhibitedCOX-2 expression
leads to reduced cell proliferation and apoptosis as well as decreased production of prostaglandins, which are important inflammatory
mediators.

in pomegranate juice, are able to inhibit LDL oxidation by
the protection of LDL from cell-mediated oxidation [74,
75]. In line with these results, the modulation of PPAR𝛾
by pomegranate juice resulted in reduced oxidative stress
in macrophages in vitro [76]. However, this effect was
abrogated by PPAR𝛾 inhibition and was also observed after
macrophages were incubated with punicalagin and gallagic
acid, two of pomegranate’s polyphenols. Several parts of
the pomegranate have demonstrated hypoglycaemic effects
in vivo. However, their activity profiles are slightly differ-
ent. Pomegranate peel methanolic extracts containing 7.5%
of gallic acid and 54.6% of ellagic acid along with other
minor components did not alter insulin levels but lowered
glucose levels in normoglycaemic healthy rats [77]. The
administration of alloxan increased serum glucose levels
and reduced serum insulin. However, alloxan administra-
tion along with pomegranate peel extract normalized such

alterations [78]. Hypoglycaemic activity in streptozotocin-
induced diabetes has been reported due to treatment with
pomegranate seed methanol extract in rats [79]. Moreover,
pomegranate seed oil has also been associated with improved
insulin sensitivity in rodent animals [13, 64, 79]. Three
human clinical trials have been performed with diabetic
patients to assess the effect of pomegranate juice on plasma
lipid and oxidation profiles. The effect derived from the
administration of 50mL of pomegranate juice per day during
three months was evaluated in diabetic and healthy individ-
uals [73]. Treated diabetic patients showed decreased serum
HDL cholesterol, increased triglyceride levels, and increased
values of hemoglobin A1C. Moreover, insulin levels were
slightly lower in diabetic patients, and C-peptide, which is
a proinsulin metabolite marker for endogenously secreted
insulin, was decreased in patients’ serum, thus indicating
improved insulin sensitivity. Oxidative stress was decreased
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after a 4-week consumption of 50mL of pomegranate juice
per day [80]. This effect was attributed to increased serum
HDL-associated paraoxonase/arylesterase 1 (PON1) stability
and activity, an enzyme that is part of the HDL complex.
Pomegranate juice concentration intake during 8 weeks
showed decreased total cholesterol, LDL cholesterol, and
LDL/HDL ratio [69]. Researchers did not report any adverse
effect during any of these long exposures to pomegranate.

4.3. Modulation of Gut Inflammation by Pomegranate Seed
Oil Components. Inflammation is a natural process within
the innate immune response for the maintenance of normal
tissue function [81]. It is the response to foreign stimuli and
leads to tissue healing in normal physiological processes.
However, it can become chronic and excessive inflammation
if such process is dysregulated. This alteration is usual, and
it is the basis for a variety of severe diseases in the gut
including inflammatory bowel disease and inflammation-
related colorectal cancer. PPAR𝛾 and 𝛿 are recognized as
central inhibitors of intestinal inflammation in DSS colitis
[82]. Activation of PPAR𝛾 and 𝛿 by dietary punicic acid has
been shown to ameliorate intestinal inflammation in two
mouse models of IBD in mice [60]. Punicic acid ameliorated
DSS-induced colitis and spontaneous panenteritis in IL-
10−/− mice. However, punicic acid was not effective in IL-
10−/−micewith established severe inflammatory lesions such
as rectal prolapses and PPAR𝛾: IL-10 DKmice.Therefore, the
loss of PPAR𝛾 in immune and epithelial cells impairs the abil-
ity of punicic acid to ameliorate experimental colitis. Colonic
expression of PPAR𝛿 and its responsive gene angiopoietin-
like 4 was upregulated in IL-10−/−mice that received punicic
acid preventively. Interestingly, these findings are in line with
increased PPAR𝛿 reporter activity induced by punicic acid in
vitro in intestinal epithelial cells and macrophages. However,
the downregulation of TNF𝛼 in the colons of punicic-acid-
fed mice and M1 macrophages treated with punicic acid is
in line with the PPAR𝛾-dependent anti-inflammatory effects
of this compound. At a cellular level, the loss of PPAR𝛾
in macrophages completely abrogated the anti-inflammatory
activity of punicic acid, whereas its deletion in intestinal
epithelial cells or thewhole body deletion of PPAR𝛿 impaired,
but did not completely abrogate, the beneficial effects of
punicic acid in the gut. Wild-type M1 classically activated
macrophages showed suppressed TNF𝛼 and MCP-1 expres-
sion after punicic acid treatment, whereas these suppressive
effects were not seen in PPAR𝛾 or PPAR𝛿 null macrophages.
Therefore, punicic acid ameliorated IBD by downregulat-
ing inflammation in mucosal immune and epithelial cells
through a PPAR𝛾- and 𝛿-dependent mechanism (Figure 1).

Necrotizing colitis (NEC) is a devastating disease asso-
ciated with severe and excessive intestinal inflammation,
and it is the major cause of morbidity and mortality in
premature infants. Although its etiology is unknown, it
is thought that the combination of intestinal immaturity,
high immunoreactivity of the intestinal mucosa, and genetic
predisposition results in the development of NEC [83]. Gut
bacteria play a crucial role in the development of immune
function, and they are thought to be implicated in the
predisposition and causal pathway for NEC [84]. Several

studies have associated the presence of certain organisms
and an increased risk of NEC [85, 86], although candidate
organisms differ. Bacterial diversity inNECpathways appears
to be different from healthy individuals. Specifically, they
present reduced Firmicutes and a bloom in Proteobacteria
before NEC onset, and Enterobacteriaceae also seems to
be associated with NEC [87]. Therefore, it seems that gut
microbial contributions to NEC are mediated by changes in
commensal community relationships. A recent study showed
that supplementation of pomegranate seed oil into milk
formula reduces the incidence and severity of NEC in rats
[88]. Moreover, the administration of pomegranate seed oil
protects against NEC in a neonatal rat model. Pomegranate
seed oil supplementation markedly reduced the incidence of
NEC from 61% to 26% and the severity of ileal damage. Since
the supplementation of formula with 1.5% of pomegranate
seed oil significantly increased conjugated linoleic acid levels
but had no effect in other fatty acids such as CLA and
arachidonic acid, the authors concluded that conjugated
linoleic acid was the responsible for the protective effects of
pomegranate. An increased expression of proinflammatory
cytokines including IL-6, IL-8, and TNF𝛼 was seen in the
ileum of NEC rats when compared with controls. However,
the supplementation of pomegranate seed oil reduced these
values. Pomegranate was also able to reduce IL-23 and IL-
12, both of which contribute to intestinal inflammation by
inducing a T helper 17 (Th17) and Th1 response. Therefore,
pomegranate seed oil seemed to protect against NEC by
downregulating the inflammatory response in the developing
intestinal mucosa. Pomegranate seed oil is a rich source of
fatty acids, which can be metabolized by gut microflora.
Pomegranate administration activated the metabolism of
punicic acid in the intestine of immature rats, thus resulting
in the preservation of the intestinal architecture. Overall,
pomegranate seed oil beneficial effects in NEC models are
associatedwith improved enterocyte proliferation, protection
of intestinal architecture, and reduced expression of pro-
inflammatory cytokines.

4.4. Anticarcinogenic Effects of Pomegranate. Colorectal can-
cer (CRC) is the third most commonly diagnosed cancer in
the United States [89]. IBD is among the top three high-risk
conditions for CRC. Among ulcerative colitis (UC) patients,
one of the two main manifestations of IBD, the relative risk
of developing CRC correlates with the extent and duration
of disease [90]. Moreover, in patients with IBD, this risk
increases by 0.5–1.0% yearly after 8–10 years [91]. In this
regard, the anticarcinogenic activities of pomegranate are also
under investigation. In vitro studies using different cancer cell
lines demonstrated that pomegranate juice, seeds, and oil can
inhibit cancer cell invasiveness and proliferation, cause cell
cycle disruption, induce apoptosis, and inhibit tumor growth
[92]. Moreover, the combination of different parts of the
fruit seems to be more effective than each single extract [21].
Two studies demonstrated that pomegranate fruit extracts
can inhibit cell growth and induce apoptosis by modulating
the proteins that regulate apoptosis in mice implanted with
prostate cancer PC-3 cell line [93, 94]. Several studies have
shown a correlation between enhanced cyclooxygenase 2
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(COX-2) expression and increase in cell proliferation [95].
COX-2 is a key enzyme for the conversion of arachi-
donic to prostaglandins, which are important inflammatory
mediators. The treatment of HT-29 colon cancer cells with
NS398, a COX-2 inhibitor, resulted in inhibition of prolifer-
ation [96, 97]. Pomegranate juice and punicalagin decreased
COX-2 expression in HT-29 cells in a dose-dependent man-
ner. Pomegranate juice seemed to be more effective, most
likely due to significant interactions with other bioactive
polyphenols such as anthocyanins and flavonols. Some stud-
ies have concluded that COX-2 expression in HT-29 cells is
NF-𝜅B dependent. In this line, pomegranate juice has been
shown to reduce COX-2 expression through the inhibition
of phosphatidylinositide 3-kinases (PI3K) and protein kinase
B or Akt, both necessary for NF-𝜅B activation [95, 98].
However, in this case, the inhibition ofNF-𝜅Bbywortmannin
only partially decreased COX-2 expression. Therefore, other
signaling pathways might be important in the modulation
of COX-2 expression in HT-29 cells along with the NF-
𝜅B pathways. The authors suggested the MAPK pathways
(ERK1/2, p38, and JNK1,2,3) as potential candidates for this
role since MAPK has been shown to mediate COX-2 expres-
sion in several studies [99, 100] (Figure 2). Pomegranate has
been also shown to reduce lipoxygenase, an enzyme that
catalyzes the conversion of arachidonic acid to leukotrienes,
which are also key inflammatory mediators [101]. There-
fore, pomegranate ingestion alters eicosanoid biosynthesis.
Specifically, flavonoids extracted from pomegranate seed oil
(0.015% polyphenols, 65.3% punicic acid, 4.8% palmitic acid,
2.3% stearic acid, 6.3% oleic acid, and 6.6% linoleic acid)
showed a 31–44% inhibition of sheep cyclooxygenase and 69–
81% inhibition of soybean lipoxygenase. Flavonoids extracted
from pomegranate juice showed 21–30% inhibition of soy-
bean lipoxygenase though no significant inhibition of sheep
cyclooxygenase. Even though pomegranate juice may not
be an inhibitor of cyclooxygenase-catalyzed prostaglandin
formation, itmay still have an indirect role in the inhibition of
inflammation. Pomegranate can also suppress inflammatory
cytokine expression [1, 96] as well inhibit matrix metallo-
proteinases (MMPs) in colon cancer cells [96, 102]. MMPs
are a subgroup of collagenase enzymes expressed in arthritic
joints and involved in the degradation and catabolism of
extracellular joint matrix. The downregulation of MMP
expression has also been seen in osteoarthritis chondrocytes
pretreated with pomegranate fruit extract, thus suggesting
the prevention of collagen degradation which results in joint
destruction inhibition in osteoarthritis patients [103].

Another pro-inflammatory pathway that can be down-
regulated by pomegranate administration is NF-𝜅B. Con-
stitutive activation of NF-𝜅B has been identified in some
cancer cell lines [104], thus leading to inflammation and
cell proliferation by the upregulating the transcription of
collagenase, cell adhesion molecules, and pro-inflammatory
cytokines such as TNF-𝛼, IL-1, IL-2, IL-6, and IL-8 [105].
Treatment with pomegranate extracts may be successful
in the therapeutic treatment of inflammatory disease and
cancer since they have been shown to decrease the pro-
duction of IL-6 and IL-8 and inhibit NF-𝜅B in human
mast cells and basophils. The powder extract used in

this study contained on average 86.0% ellagitannins, 2.5%
ash, 3.2% sugars, 1.9% organic acids as citric acid equiva-
lents, 0.8% nitrogen, and 1.2% moisture. The approximate
percent distribution of pomegranate polyphenols in the
extract was as follows: 19% ellagitannins as punicalagins
and punicalins, 4% free ellagic acid, and 77% oligomers
composed of 2–10 repeating units of gallic acid, ellagic acid,
and glucose in different combinations. [106].Moreover, treat-
ment with urolithin A decreases certain pro-inflammatory
markers including iNOS, COX-2, prostaglandin E syn-
thase, and prostaglandin E2 in a colon cancer model
[107]. Recent studies also indicate that pomegranate extracts
inhibit angiogenesis by downregulating vascular endothelial
growth factor in MCF-7 breast cancer and human umbil-
ical vein endothelial cell lines. The pomegranate extracts
employed in such study include pomegranate fermented juice
(pomegranate “wine”) polyphenols, pomegranate pericarp
polyphenols, cold-pressed pomegranate seed oil, supercriti-
cal fluid extracted pomegranate seed oil, pomegranate seed
oil polyphenols, and unsaponified pomegranate seed oil
fraction [108]. Another study showed how the pretreatment
with dietary pomegranate oil inhibited the incidence and
multiplicity of colonic adenocarcinomas in azoxymethane-
induced colorectal cancer in rats [109]. Interestingly, the
inhibition of tumor incidence correlated with increased
expression of PPAR𝛾 protein in the nontumor mucosa. All
these effects described in the different studies contribute to
the anti-inflammatory activity of pomegranate as well as its
cancer treatment potential. Many studies have observed that
the extract or the juice of pomegranate is more beneficial in
terms of anticarcinogenic activity than individual or purified
ingredients. Therefore, the chemical synergy when using
extracts could explain the inhibition of multiple targets at the
same time and consequently greater likelihood for producing
cancer chemopreventive effects.

5. Pomegranate Safety and Drug Interactions

Pomegranate and its constituents have been safely consumed
by humans for severalmillennia. Nevertheless, several animal
studies and human clinical trials have investigated the toxicity
of pomegranate. No adverse side effects have been noted in
any of these studies, therefore considering safe to consume
the fresh fruit or pomegranate juice in general. No toxic
effects were seen after the repeated consumption of the
polyphenol antioxidant punicalagin by rats, which were
confirmed by histopathological analyses of their organs [31].
Pomegranate juice administration in an acute or subchronic
approach resulted in no adverse effects in rats [110], and
no mutagenicity or acute toxicity was seen in rats fed with
pomegranate seed oil during 28 days (0 to 150,000 ppm
which resulted in a mean intake of 0 to 14,214mg/kg body
weight/day) [111]. The no observable adverse effect level
(NOAEL)was 4.3 g pomegranate seed oil/kg bodyweight/day
(= 50,000 ppm). In rats and mice, the oral LD

50
(lethal

dose or dose required to kill 50% of the tested population)
of pomegranate fruit extract standardized to 30% puni-
calagin was greater than 5 g/kg body weight, whereas the
intraperitoneal LD

50
for rats was 217mg/kg body weight and
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187mg/kg for mice [110]. These values suggest that a healthy
human individual may consume pomegranate juice, oil, or
powdered extracts in moderation without high risk. In line
with these results, no adverse effects or changes in renal or
liver function parameters were reported during a clinical trial
in 86 human overweight volunteers, which demonstrated the
safety of tableted pomegranate fruit extract administration in
amounts up to 1,420mg/day during 28 days [112]. Moreover,
the consumption of pomegranate juice for up to 3 years did
not show any toxic effect in 10 patients with carotid artery
stenosis [74]. Although any of these studies has reported any
detrimental side effect, it is still not clear whether this safety
extends to all extracts or pure compounds that may be used
as dietary supplements in a more concentrated form.

Some studies have reported detrimental interactions
between pomegranate and other drugs. For instance, recent
studies have investigated the effect of pomegranate on
cytochrome P450, the hepatic enzyme system involved in
the metabolism of drugs and other xenobiotics along with
endogenous substrates. Food-drug or drug-drug interactions
can lead to the inhibition of specific CYP enzymes, thus
resulting altered oral bioavailability and effectiveness or
toxicity of the drug. Some studies showed that pomegranate
juice inhibits cytochrome P450 enzymes CYP2C9 [113]
and CYP3A [114] in vitro and increases levels of absorbed
tolbutamide and carbamazepine, thus altering drug phar-
macokinetics. A decrease in liver CYP450 and increased
sleepy effects of pentobarbital was reported after a 4-week
administration of pomegranate juice in mice [115]. More-
over, pomegranate juice also inhibited CYP3A using human
microsomes [113, 116].

Although results show that a moderate intake of
pomegranate is safe and does not result in any side effect,
there is still a need to further study the interactions between
pomegranate and other drugs as well as the effects of a long
exposure and the safety of pure compounds.

6. Computer-Aided Drug Discovery

Computer-aided drug discovery has become a crucial com-
ponent of many drug discovery studies. Compared with the
traditional physical large-scale, high-throughput screening of
thematic compound libraries, which is very costly and yields
mixed results, computer-aided drug discovery is more cost-
effective. Structure-based virtual screening techniques have
been widely used in several discovery efforts since they allow
the screening of thousands of compounds within a collective
of large compound libraries in a cost-effective manner [117],
such as the discovery of anti-inflammatory drugs against
inflammatory bowel disease [118]. The basic procedure of
SBVS is to sample binding geometry for compounds from
large libraries into the structure of receptor targets by using
molecular modeling approaches. Each compound is sampled
in thousands to millions of possible poses and scored on the
basis of its complementarity to the receptor. Of the hundreds
of thousands of molecules in the library, tens of top-scoring
predicted ligands are subsequently tested for activity in exper-
imental assays [119]. In an effort to expedite the mechanisms
underlying the beneficial effects of pomegranate constituents,

Figure 3: Representative binding mode of the most stable docked
orientation of catalpic acid and punicic acid with peroxisome
proliferator-activated receptor 𝛾 (PPAR𝛾). The PPAR𝛾 model is
shown in ribbon mode. Catalpic acid and punicic acid poses
generated by AutoDock Vina are colored in blue and magenta,
respectively. Rosiglitazone is colored in yellow.

structure-based virtual screening can complement tradi-
tional experimental methods for identification of potential
targets for each of these compounds. We have successfully
established a protocol for screening fatty acid compounds
against PPAR 𝛾 as a means to identify novel agonists, which
can be later verified through in vitro assays (Figure 3)
[59, 120]. Computer-aided drug discovery approaches have
been used in pharmaceutical investigation for about two
decades. Using reverse docking approach, researchers should
be able to identify potential targets for each pomegranate
compound. Moreover, structure-based virtual screening on
knowndrug targets would provide an opportunity for de novo
identification of natural active compounds.

7. Conclusions

There is strong evidence that pomegranate elicits amelio-
rating health effects in several diseases. When considering
the pomegranate therapeutic studies along with the research
investigating the bioavailability of its compounds, one can
conclude that pomegranate’s bioactive constituents can be
absorbed and exert their biological activity. However, this
fruit contains hundreds of different bioactive compounds,
thus requiring a better understanding of the beneficial effects
elicited by each compound and not the fruit as a whole.
Moreover, some studies report that the administration of
combinations of bioactive compounds has increased activity
when compared to single compounds. Therefore, there is a
need to further study possible synergistic effects between
pomegranate’s bioactive components through isobolograms
in the context of ligand-binding assays and factorial designs
in animal models. In this regard, the integration of compu-
tational and experimental nutritional immunology research
represents a cost, and time-efficient approach for the discov-
ery of novel interactions and mechanisms underlying such
activities.

Many of the pomegranate’s beneficial effects have been
widely related to the presence of ellagic acid and ellagitan-
nins, especially punicalagins, punicalins, and gallagic acid.
However, anthocyanins as well as pomegranate’s distinct and
unique fatty acid profile also contribute to the reported
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health effects. Interestingly, several effects of pomegranate are
mediated by the activation of PPAR pathways by conjugated
trienes derived from seed oil. Some studies suggest that
pomegranatemetabolitesmay also contribute to its therapeu-
tic effects along with the components of the fruit. In line with
these findings, pomegranate has been suggested to stimulate
probiotic bacteria thus enhancing their beneficial effects
and fighting bacterial infections. Therefore, gut microflora
seems to be important for pomegranate therapeutic activi-
ties. Pomegranate is safe at high doses in humans. So far,
pomegranate has been shown to elicit beneficial effects for the
treatment of obesity, diabetes, inflammation-related diseases
such as IBD and NEC, and several types of cancer, as well as
cardiovascular complications. However, there is still a need to
identify individual active ingredients of pomegranate as well
as further explore synergistic preventive effects in laboratory,
animal models, and human clinical studies.
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Ellagitannins (ETs) from pomegranate juice (PJ) are bioactive polyphenols with chemopreventive potential against prostate cancer
(PCa). ETs are not absorbed intact but are partially hydrolyzed in the gut to ellagic acid (EA). Colonic microflora can convert
EA to urolithin A (UA), and EA and UA enter the circulation after PJ consumption. Here, we studied the effects of EA and UA
on cell proliferation, cell cycle, and apoptosis in DU-145 and PC-3 androgen-independent PCa cells and whether combinations
of EA and UA affected cell proliferation. EA demonstrated greater dose-dependent antiproliferative effects in both cell lines
compared to UA. EA induced cell cycle arrest in S phase associated with decreased cyclin B1 and cyclin D1 levels. UA induced
a G2/M arrest and increased cyclin B1 and cdc2 phosphorylation at tyrosine-15, suggesting inactivation of the cyclin B1/cdc2 kinase
complex. EA induced apoptosis in both cell lines, while UA had a less pronounced proapoptotic effect only in DU-145. Cotreatment
with low concentrations of EA and UA dramatically decreased cell proliferation, exhibiting synergism in PC-3 cells evaluated by
isobolographic analysis and combination index.These data provide information on pomegranate metabolites for the prevention of
PCa recurrence, supporting the role of gut flora-derived metabolites for cancer prevention.

1. Introduction

Prostate cancer (PCa) is the second most common cancer
and the second leading cause of cancer-related death in men,
with over 300,000 cases diagnosed annually in the United
States [1] with an increasing incidence worldwide due to the
growth and aging of the global population [2]. Approximately
30 percent of men treated for PCa with surgery or radiation
have evidence of recurrent disease, and in a subset of men,
levels of prostate-specific antigen (PSA) continues to rise
after treatment [3]. Under these circumstances, rising PSA
represents tumor growth, and men with shorter doubling
times of PSA value are presumed to have more rapidly
growing tumors [4, 5]. A phase II study examining the effects
of pomegranate juice (PJ) in men with rising PSA following
surgery or radiation for PCa demonstrated that consumption

of 8 ounces of PJ significantly increased the PSA doubling
time, from 15 to 54 months, suggesting an inhibitory action
of PJ metabolites on PCa cell growth [6].

PJ aswell as pomegranate extract (PE) contains a family of
several high molecular weight (ca.1000 Dalton) hydrolyzable
tannins (e.g., punicalagin, punicalin) called ellagitannins
(ETs) which have received increasing attention for their
potential as nontoxic chemopreventive dietary agents for
severalmalignancies, including PCa [7]. ETs are not absorbed
intact in the human gastrointestinal tract, but are hydrolyzed,
generating different metabolites including ellagic acid (EA),
which appears in the circulation between 30 minutes and
5 hours after consumption of PJ or PE [8, 9]. Through the
action of human colonicmicroflora, EA is partially converted
into metabolites including hydroxy-6H-benzopyran-6-one
derivatives, primarily urolithin A (UA) (Figure 1). EA andUA
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Figure 1: Chemical structures of the major pomegranate ET, punicalagin (occurs as a pair of anomers hence referred to as punicalagins), and
its metabolites, EA and UA.

are both absorbed, transported in the blood, conjugated in
the liver, and excreted in glucuronidated form in the urine
between 12 and 56 hours after PJ consumption [10, 11].

Accumulating experimental evidence has demonstrated
that PE inhibits tumor angiogenesis [12], delays the transition
from androgen-dependent to androgen-independent pheno-
type, and induces apoptosis through a nuclear factor-kB-
dependent mechanism in vitro and in tumor tissue excised
from castrated severe combined immunodeficiency (SCID)
mice with Los Angeles Prostate Cancer-4 (LAPC-4) human
PCa xenografts [13]. Previous in vitro studies have shown
that pomegranate metabolites, EA and UA, inhibited PCa
cell proliferation [14, 15] and affected multiple signaling
pathways in several cell types [16–18]. For instance, UA

decreased both activity and expression of tumor-specific
cytochrome P450, CYP1B1, in 22Rv1 PCa cells [19], while
EA induced apoptosis via a caspase-dependent pathway [15]
and cell cycle arrest in G1 phase involving cyclin-dependent
kinase inhibitory protein p21 [20]. Furthermore, EA showed a
selective antiproliferative activity for cancer cell lines without
affecting the viability of human non neoplastic cells [21, 22].
Other in vitro studies demonstrated that specific compo-
nents of PJ inhibited both the growth and the migration
of hormone-dependent and hormone-refractory PCa cell
growth and their chemotaxis toward stromal cell-derived
factor 1𝛼 (SDF1𝛼) [23].

Cell cycle progression is tightly regulated by different
cellular proteins which include the cyclin-dependent kinases
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(CDKs) and their regulatory cyclin partners [24]. Like other
forms of cancer, PCa tumor cells have acquired mutations
to genes that directly regulate the cell cycle, resulting in
an unrestrained cell proliferation [25–28]. Indeed, loss or
attenuation of G2/M checkpoint, controlled by cyclin B1/cdc2
(Cdk1) complex, has been shown to be closely involved
in neoplastic transformation [24] and deregulated overex-
pression of cyclin D1 might be related to the evolution of
androgen-independent disease in PCa [29, 30]. Therefore,
treatment of tumor cells usually results in the breakdown
of the cell cycle machinery leading to the inhibition of
cell proliferation and induction of apoptosis. In order to
improve our understanding on the mechanisms of action of
PJmetabolites in androgen-independent PCa cancer cells, the
present in vitro study was designed to elucidate the effects
of EA and its main microflora-derived metabolite, UA, on
cell proliferation, cell cycle distribution, apoptosis, and on the
expression of cell cycle-related control proteins. Furthermore,
we examined the antiproliferative effect of cotreatment of EA
and UA to evaluate their potential synergistic, additive or
antagonistic interaction.

2. Materials and Methods

2.1. Chemicals and Antibodies. Ellagic acid was purchased
from Sigma (St. Louis, MO, USA), while urolithin A was syn-
thesized in our laboratory as described previously [9]. Both
chemicals were dissolved in DMSO and stored at −20∘C.The
antibodies against cyclin B1, cyclin D1, p-cdc2 (Tyr.15), and
𝛽-actin were purchased from Cell Signaling (Beverly, MA,
USA). The CellTiter-Glo Luminescent Cell Viability Assay
kit was purchased from Promega Corporation (Madison,
WI, USA). The Annexin V Cell Apoptosis Detection kit was
obtained from BD Pharmingen (San Diego, CA, USA).

2.2. Cell Culture. Androgen-independent PCa cell lines, DU-
145 and PC-3, were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). Both cell lines
were maintained in RPMI-1640medium complemented with
10% fetal bovine serum, 2% L-glutamine, and 1% penicillin-
streptomycin (Gibco-BRL, Frederick, MD, USA). Cells were
used below passage 20, maintained at 37∘C in a humidified
5% CO

2
at 37∘C, and subcultured at 1 : 4 by trypsinization

for 4min at 37∘C (Gibco-BRL). Before each experiment, cells
were switched to complete RPMI phenol red-free medium,
and the control groups were treated with appropriate amount
of DMSO.

2.3. Cell Growth Inhibition Assay and Combination Data
Analysis. Cell proliferation was determined using CellTiter-
Glo (ATP) assay (Promega) according to the manufacturer’s
instructions. Briefly, cells were seeded into 96-well opaque-
walled plates at a density of 12,000 cells per well in 100𝜇L of
RPMI phenol red-free complete medium. After 24 hours, the
medium was carefully removed and the cells were treated in
complete medium for 24, 48, 72, 96, and 120 hours with EA
(from 15 to 60 𝜇mol/L), UA (from 15 to 90 𝜇mol/L) or DMSO
only.The effects of cotreatments of EA andUAwere evaluated

at 72 hours by treating PC-3 cells with EA (from 1.875 to
30 𝜇mol/L) and UA (from 5 to 180𝜇mol/L). The tested con-
centrations were consistent with other in vitro studies [14, 15,
21]. The amount of DMSO was normalized in all treatments.
At the indicated time point, cells were kept for 30 minutes
at room temperature, and 100 𝜇L of the assay reagent was
added into each well. The content was mixed for 2 minutes
using an orbital shaker to induce cell lysis. After 10 minutes
of incubation at room temperature, the luminescence was
read using a Microplate Reader (SpectraMax Gemini EM,
Molecular Devices, Sunnyvale, CA, USA). The calculations
for the IC

40
and IC

50
were then performed. Combination

effect was evaluated by determining the combination index
(CI) using the isobologram equation derived by Chou and
Talalay [31]. In general, a CI value <0.9 indicates synergism, a
value between 0.9 and 1.1 indicates additivity, and a CI value
>1.1 indicates antagonism. In the isobologram, 𝐷

1
and 𝐷

2

represent the doses of EA and UA alone required to produce
the inhibition of cell growth by 40 percent (IC

40
), and 𝑑

1
and

𝑑
2
are the doses of EA and UA in combination required to

produce the same effect (IC
40
). The area on the right side of

IC
40

additive line represents the antagonist effect, while the
left side represents the synergic effect.

2.4. Protein Extraction and Western Blot Analysis. DU-145
and PC-3 were plated on 60mm dishes in complete RPMI
phenol-red-free medium. Cells were treated with different
concentrations of EA (15, 30, and 45 𝜇mol/L) or UA (30,
60, and 90𝜇mol/L) for 48 and 72 hours. After treatment,
cells were washed with cold PBS, harvested, and cell lysates
were prepared in RIPA buffer (50mM Tris HCl pH 7.4,
150mMNaCl, 2mM EDTA, 1% Triton, and 0.1% SDS), con-
taining protease inhibitors cocktail (1% v/v) (Sigma-Aldrich),
phosphatase inhibitors cocktail (1% v/v) (Sigma-Aldrich),
and 20mMN-ethylmaleimide (Sigma-Aldrich), for 40min at
4∘C.Cell lysateswere centrifuged for 10minutes at 14,000 rpm
at 4∘C, and the supernatants were collected. Cell lysates were
analyzed for protein content by using BCA protein assay with
bovine serum albumin as standard. Lysates were then mixed
with 4X LDS buffer (Invitrogen) and heated for 10min at
70∘C.

A total of 55–65𝜇g of whole-cell protein lysates was
separated using 4–12% SDS-PAGE (NUPAGE, Invitrogen),
transferred to PVDF membrane, and blocked for 1 hour in
5% milk in T-TBS, containing 0.1% Tween-20 (Sigma). The
PVDF membranes were incubated overnight at 4∘C with the
different primary antibodies in 5% milk in T-TBS and then
treated with specific horseradish peroxidase-conjugated anti-
rabbit or anti-mouse secondary antibodies. 𝛽-Actin was used
as the internal loading control. Densitometric measurements
of the bands in western blot analysis were performed using
Quantity One software (Bio-Rad).

2.5. Cell Cycle Analysis. DU-145 and PC-3 cells were plated
in 100mmdishes in red phenol-free RPMI complete medium
and treated with or without different concentrations of EA or
UA for 48, 72, and 96 hours. Following 2 minutes incubation
in trypsin, both adherent and floating cells were collected.
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A number of 1 × 106 cells were then spun down and washed
once with cold PBS. Each pellet was resuspended in 500𝜇L
of hypotonic PI staining solution containing 0.1% (w/v)
sodium citrate, 0.3% (v/v) Triton X-100, 0.1mg/mL PI, and
0.02mg/mL ribonuclease A. Samples were kept in the dark
at 4∘C for 20 minutes before acquisition. Acquisition was
performed on a FACScan flow cytometer with CellQuest
software. A total of 20,000 events per sample were acquired.
Data analysis was performed using ModFit LT software
(Verity Software House, Inc., Topsham, ME, USA).

2.6. Detection of Apoptosis

2.6.1. Annexin V/PI Staining. DU-145 and PC-3 cells were
plated in 100mm dishes in red phenol-free RPMI complete
medium and then treated with or without the different con-
centrations of EA (15, 30, and 45𝜇mol/L) or UA (30, 60, and
90𝜇mol/L) for 48 and 72 hours. After treatments, both adher-
ents and floating cells were collected. A number of 1× 106 cells
were separated by centrifugation, and the pellet was washed
once with cold PBS. Apoptotic cells were identified with
Annexin V-FITC and PI double staining, using the Annexin
V Cell Apoptosis Detection Kit, BD Pharmingen (San Diego,
CA, USA), according to the manufacturer’s instructions.
After staining, samples were incubated in the dark for 20
minutes at 4∘C, and flow cytometric analysis was performed.
Data acquisition and analysis were performed with FACScan
cytometer (Becton Dickinson, San Jose, CA, USA) using
CellQuest software. Cells in early stages of apoptosis were
Annexin V positive and PI negative, whereas cells in late
stages of apoptosis were both Annexin V and PI positive.

2.7. Statistical Analysis. All data are reported as mean ± SD
and are representative of at least three independent experi-
ments. Statistical analysis was performed using ANOVA and
Tukey’s post hoc with Statistica software (Stat Soft Inc., Tulsa
OK, USA). The difference between groups was considered
statistically significant at 𝑃 < 0.05.

3. Results

3.1. EA and UA Differently Inhibit Cell Proliferation of DU-145
and PC-3 Prostate Cancer Cells. The sensitivity of cell growth
inhibition in the presence of increasing concentrations of EA
(from 15 to 60𝜇mol/L) and UA (from 15 to 90 𝜇mol/L) was
examined at 24, 48, 72, 96, and 120 hours in DU-145 and PC-
3, two androgen-independent PCa cell lines. The treatments
with EA and UA decreased cell growth in both cell lines in
a time-dependent and dose-dependent manner (Figure 2).
However, the tested concentrations of EA and UA exhibited
differential effects in the two cell lines. Following treatments
with EA, the IC

50
at 96 hourswas 23.02±2.2 𝜇mol/L inDU145

cells, while in PC-3 the IC
50
was obtained at a concentration

of 48.33±1.2 𝜇mol/L at 48 hours, and 14.5±1.5 𝜇mol/L at 96
hours (Figures 2(a) and 2(c)). Following treatments with UA,
at 96 hours IC

50
was 74.79 ± 2.4 𝜇mol/L (Figure 2(b)) in DU-

145 cells, while in PC-3UAdid not reach 50 percent inhibition
of cell growth at the tested concentrations (Figure 2(d)).

These data indicate that PC-3 cells were more sensitive
than DU-145 to EA treatments, while UA treatments exhib-
ited stronger antiproliferative effects in DU-145 compared to
PC-3 cells.

3.2. EA andUA Induce Cell Cycle Arrest in S andG2/MPhases.
The observed differences of EA and UA treatments on cell
proliferation suggested different mechanisms of action of
these two compounds. By using FACScan flow cytometer,
we first investigated whether EA and UA could affect the
cell cycle. Following treatments with 30 and 45 𝜇mol/L
of EA for 72 hours, both DU-145 and PC-3 showed a
significant increase of cells in the S phase compared to the
DMSO control (DMSO control versus EA 30 𝜇mol/L, in
DU-145 cells, 17.10 ± 1.8% versus 30.7 ± 0.4%; in PC-3 cells,
5.7 ± 0.7% versus 29.8 ± 1.1%, both 𝑃 < 0.01 versus control).
On the other hand, treatment with 60 and 90 𝜇mol/L of UA
induced a significant cell accumulation in G2/M phase (UA
90 𝜇mol/L, in DU-145, 51.2±2.8%; in PC-3 cells, 62.9±2.6%,
both 𝑃 < 0.01 versus control (Figure 3)). The treatment with
EA resulted in a reduction in the percentage of cells in the G1
and G2, while UA resulted in a reduction in the percentage
of cells in G1 and S phase. These events were observed at 48,
72, and 96 hours indicating that the effects of EA and UA on
cell cycle persisted over 96 hours.

In order to study the molecular mechanisms involved in
the observed effects of EA and UA on cell cycle, the changes
in cyclin D1, cyclin B1, and cdc2 phosphorylation at tyrosine-
15 were investigated by western blot. The activation of
cyclin B1/cdc2 complex (also called mitosis promoting factor
(MPF)) is a necessary cell cycle step to promote the entrance
into mitosis from the G2 phase, and the cyclin B1/cdc2 com-
plex is controlled by a series of reversible phosphorylations
of cdc2 [32]. Phosphorylation of cdc2 at threonine-161 by
cdk-activating kinase (CAK) and dephosphorylation of cdc2
at tyrosine-15 by the cdc25C phosphatase are required for
the MPF activation [33]. On the other hand, if tyrosine-15
phosphorylation of cdc2 by Wee/Mik1/Myt1 tyrosine kinases
occurs, MPF remains inactive leading to G2/M cell cycle
arrest [34, 35]. Following treatments for 48 and 72 hours,
at concentrations of 30, 60, and 90𝜇mol/L, UA induced
cdc2 phosphorylation at tyrosine-15 and an accumulation of
cyclin B1 (Figure 4(a)), consistent with the observed G2/M
cell cycle arrest. On the other hand, at concentrations of
15, 30, and 45 𝜇mol/L, EA treatments induced a decrease of
cyclin B1 and cyclin D1 expression, consistent with S-phase
arrest, with no evidence of tyrosine-15 phosphorylation of
cdc2 (Figure 4(b)). Taken together, these data demonstrate
that EA and UA have distinct effects on the modulation of
cell cycle regulatory proteins leading to arrest the cell cycle in
two different phases.

3.3. Effect of EA and UA on Apoptosis. We further examined
the effect of EA and UA on apoptosis using the Annexin V-
FITC/PI double staining method. Following treatments of
DU-145 cells with 15, 30, and 45𝜇mol/L of EA for 72 hours,
the percentage of cells in early and late stages of apoptosis
increased in a concentration-dependent manner, compared
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Figure 2: EA and UA inhibited proliferation of DU-145 and PC-3 cells. Cells were seeded into 96-well opaque-walled plates at a density of
12,000 cells. After 24 hours, cells were treated for 24, 48, 72, 96, and 120with 0, 15, 30, 45, and 60𝜇mol/L of EA orwith 15, 30, 60, and 90𝜇mol/L
of UA. Following treatments with EA, in DU-145 the IC

50
at 96 hours was 23.02±2.2 𝜇mol/L, while in PC-3 the IC

50
was 48.33±1.2 𝜇mol/L at

48 hours and 14.5±1.5 𝜇mol/L at 96 hours (a, c). Following treatments with UA, in DU-145 the IC
50
value at 96 hours was 74.79±2.4 𝜇mol/L

(b), while in PC-3, UA did not inhibit the cell growth of 50 percent. Each experiment was performed in triplicate, and the results represented
the means ± SD; ∗significantly different from DMSO control, 𝑃 < 0.05.

to control (DMSO control versus EA 45𝜇mol/L, 7.14±0.46%
versus 38.82 ± 0.36%, 𝑃 < 0.001), while treatments of DU-
145 with 30, 60 and 90𝜇mol/L of UA resulted in a less
pronounced proapoptotic activity compared to EA (Figure 5),
with no significant differences among the tested concentra-
tions (DMSO control versus UA 90𝜇mol/L, 7.14 ± 0.46%
versus 14.24 ± 0.9, 𝑃 < 0.01). In PC-3 cells, EA treatment
resulted in a significantly increased number of apoptotic
cells only at the highest concentration tested (DMSO control
versus EA 45𝜇mol/L, 16.05 versus 5.89 ± 0.23%, 𝑃 < 0.01),
while the highest concentration tested of UA did not cause

significant apoptosis (DMSO control versus UA 90𝜇mol/L,
7.72% versus 5.72%, NS).

3.4. Cotreatment of EA and UA Synergistically Inhibit PC-
3 Cell Proliferation. Since EA and UA caused a different
cell cycle and apoptosis responses, we further investigated
the combination of different doses of UA and EA on PC-3
cell proliferation seeking evidence of a synergistic, additive,
or antagonistic interaction. We first evaluated the effect of
increased concentrations of UA (from 15 to 180 𝜇mol/L)
alone or in combination with 7.5 𝜇mol/L of EA at 72 hours.
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Figure 3: EA and UA induce cell cycle arrest in S and G2/M phases. Representative flow cytometry histograms of cell cycle alterations at 72 h
treatments of PC-3 and DU-145 with EA (30 and 45𝜇mol/L) and UA (60 and 90 𝜇mol/L) (a). Effects of 30 𝜇mol/L EA and 90 𝜇mol/L UA on
cell cycle at 48, 72, and 96 h, expressed as the mean of three experiments ± SD of relative cell population (%) (b); ∗significantly different from
S-phase in DMSO/control at 72 h, 𝑃 < 0.01; Xsignificantly different from S phase in DMSO/control at 96 h, 𝑃 < 0.01; #significantly different
from G2/M phase in DMSO/control at 48, 72, and 96 h, 𝑃 < 0.01.

As showen in the Figure 6(a), none of the tested doses
of UA induced the IC

50
. However, treatments with low

concentrations of EA and UA in combination significantly
decreased cell proliferation compared to control, as well as
compared to the individual doses of EA andUA (Figure 6(a)).
Furthermore, PC-3 cells were treated for 72 hours with
different concentrations of EA (from 1.875 to 30𝜇mol/L) and
UA (5 to 180 𝜇mol/L), alone or in combination. Since the
maximal inhibition of cell growth in PC-3 cells achieved

with UA was 40 percent at a concentration of 158𝜇mol/L,
we used the IC

40
for the isobolographic analysis of synergy

rather than the typical IC
50
.Therefore, the IC

40
was calculated

and the synergistic effect was evaluated using isobolographic
analysis.The results of the isobologram equation, using three
different concentrations of EA and UA, each dose inhibiting
PC-3 cell growth by 40 percent (IC

40
), demonstrated a

synergistic inhibitory interaction of EA and UA as shown in
the Figure 6(b), with a mean of three CI equal to 0.658±0.05.
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Figure 4: Effect of EA and UA on protein expression of cell cycle regulatory molecules. DU-145 cells were cultured as described Section 2
and treated with 30, 60, and 90𝜇mol/L of UA or with 0, 15, 30, and 45𝜇mol/L of EA (b) for 48 and 72 hours. Representative western blots
from 3 independent experiments showing the different effects of EA and UA on cyclin B1, Cyclin D1, and phospho-cdc2 at Tyrosin-15 (a, b).
Quantification of bands was performed by densitometric analysis (c, d). Data are reported as mean of three independent experiments ± S.D;
∗significantly different from DMSO/control, 𝑃 < 0.01; ∗∗significantly different from DMSO/control, 𝑃 < 0.001.

4. Discussion

PJ as well as PE contains hydrolyzable ETswhich act to inhibit
cancer cell growth [36]. These ETs, when ingested, are
hydrolyzed rapidly in the intestine and lead to a rise in
EA in the blood that begins 30 minutes after consumption
and lasts several hours [8, 9]. EA is partially converted in
the intestine into other bioactive metabolites, including UA
which is metabolized by phase II enzymes and excreted in
human urine for up to 48 hours after consumption of PJ
[8, 10, 11]. In an animal model, following oral administration
of synthesized UA, high levels of UA were detected in mouse
prostate tissue [14] suggesting a potential role of UA for
prostate health. However, the bioavailability and metabolism
of ET metabolites present in pomegranate, as well as in
other fruits, are dependent on colonic microflora, and full
understanding of these variables is the subject of ongoing

investigations. The ET have multiple targets of action in
PCa including NF-𝜅B activation, angiogenesis, and androgen
synthesis [12, 13, 37]. Therefore, similar to other botanicals,
the biological activity does not result from a single ET but
is the product of multiple tannins found in the natural
product. In turn, these ETs have multiple effects. However,
the ingested and absorbed ETs are not the only potential
source of biological activity. Aswith soy isoflavones and green
tea, the metabolic products of gut bacterial metabolism also
demonstrate antiproliferative activity in cancer cells [38–40].

The possibility of a synergy between ingested PJ phy-
tochemicals and metabolites of the microbiome is a novel
concept not previously explored and inspired the present
analysis of the antiproliferative actions of EA and its major
metabolite UA.

In this work, we demonstrated that EA and UA both
inhibit androgen-independent PCa cell proliferation in
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Figure 5: Effect of UA and EA on apoptosis. PC-3 and DU-145 cells were cultured to 85% of confluence in 100mm dishes and treated with
increasing concentrations of EA or with UA for 72 hours. Adherent and floating cells were collected. Cells were double stained with Annexin
V/PI and subjected to flow cytometry assay. Representative Annexin V/PI flow cytometry of PC-3 and DU-145 treated with DMSO control,
EA 45 𝜇mol/L, and UA 90 𝜇mol/L (a). Percentage of apoptotic cells of PC-3 and DU-145 treated for 72 hours with 15, 30, and 45 𝜇mol/L of EA
or with 30, 60, and 90 𝜇mol/L of UA (b, c). The data are mean ± SD of three independent experiments; ∗significantly different from DMSO
control, 𝑃 < 0.01.

a time- and dose-dependent manner. However, the mech-
anisms of action of UA and EA were characterized by their
ability to modulate different intracellular molecular targets,
ultimately inducing a distinct effect on cell cycle control
and apoptosis. G1/S and G2/M checkpoints are key steps to
modulate the passage of cells through the cell cycle and a
loss in these checkpoints is critical for the carcinogenesis
process [41, 42]. Our experiments showed that UA induced
cell cycle arrest in G2/M phase as a predominant mechanism

with virtually no effect on apoptosis, while, in addition to
cell cycle arrest in S phase, EA also exhibited a significant
pro-apoptotic activity in both cell lines with a greater effect
in DU-145. In fact, treatments of DU-145 with 45𝜇mol/L
of EA for 72 hours induced 38.82 ± 0.36% of apoptosis
(versus control 7.14 ± 0.46%), while in PC-3 the percentage
of apoptotic cells was 16.05 ± 0.41% (versus control
5.89 ± 0.23%) as shown by Annexin V/PI double staining.
This difference in apoptotic response between these two
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Figure 6: Synergistic effect of EA and UA on proliferation in PC-3 cells. Cells were seeded into 96-well opaque-walled plates at a density of
12,000 cells. After 24 hours, cells were treated for 72 hwith 15, 30, 60, 90, 150, and 180𝜇mol/L of UA or with 7.5𝜇mol/L alone or in combination
(a). The data are mean ± SD of three experiments; ∗significantly different from DMSO/control, 𝑃 < 0.01; Xsignificantly different from EA
7.5𝜇mol/L,𝑃 < 0.001. Isobologram analysis of the effect of cotreatments of three concentrations of EA andUA, andmean of their combination
index (CI) calculating using the classic isobologram equation derived by Chou and Talalay. In the isobologram,𝐷

1
and𝐷

2
represent the doses

of EA (𝐷
1
) and UA (𝐷

2
) alone, required to produce the IC

40
, and 𝑑

1
and 𝑑

2
are the doses of EA and UA in combination required to produce

the same effect (IC
40
). The area on the left side of IC

40
additive line represents a synergistic effect (b).

cell lines likely represents the underlying difference in their
molecular components as showen by previous in vitro studies
demonstrating that DU-145 and PC-3 respond differently to
the proapoptotic stimulus, even though both DU-145 and
PC-3 are androgen-independent cell lines [43, 44]. Skjøth
and Issinger suggested that an impairment of PTEN/AKT
pathway, together with low p38MAP kinase, found in PC-3
cells, could be responsible for the observed resistance of
PC-3 cells to the induction of apoptosis, whereas a functional
PTEN/AKT pathway, as found in DU145, would facilitate
the entry of cells into apoptosis [44]. Molecular analysis
of selected cell cycle regulatory proteins showed that the
effects of UA and EA on G2/M and S phases were associated
with a different expression kinetics of cell cycle regulatory
molecules such as cyclin D1, cyclin B1, and phosphorylation
of cdc2 at tyrosine-15. During the G2/M checkpoint, cdc2
binds to cyclin B1 forming the cyclin B1/cdc2 complex
which is the principal enzymatic activity responsible
for the initiation of mitosis [45, 46]. However, the complex
formation is not sufficient to regulate the initiation ofmitosis.
Dephosphorylation of cdc2 at the tyrosine-15 site through
cdc25c phosphatase is a crucial event for activation of this
complex while cdc2 phosphorylation at tyrosine-15 induces
its inactivation [47, 48]. In our experiments, we demonstrated
that accumulation of cells at G2/M phase by UA treatments
for 48 and 72 hours was associated with a persistent increase
in cdc2 phosphorylation at tyrosine-15 strongly suggesting
the inhibition of cyclin B1/cdc2 complex and therefore the
arrest in the G2 phase. This was also confirmed by the
presence of cyclin D1 protein expression, which is commonly
accumulated in G2 phase, maintained in G1, and suppressed
in S phase [49, 50]. Our results are congruent with previous

studies demonstrating that other dietary botanical agents,
such as apigenin and sulforaphane, inhibit the cyclin B1/cdc2
complex by increasing phosphorylation of cdc2 despite
elevated levels of cyclin B1 [49, 50]. On the other hand,
consistent with the accumulation of cells in S phase, EA
decreased the expression of cyclin D1 and cyclin B1, with
no evidence of increased levels of cdc2 phosphorylation at
tyrosine-15. Cyclin D1, together with its binding partners
CDK4 and CDK6, promote cell cycle progression [51, 52], but
recent studies demonstrated that cyclin D1 may also function
as transcriptional modulator by regulating the activity of
several transcription factors independently of CDK4 activity
[53]. The overexpression of Cyclin D1 is a common event in
cancer cells and can be caused either by a gene amplification
or by a defective regulation at the posttranslational level
[54, 55].

Therefore, the importance of cyclin D1 in cancer makes
it an attractive target for chemoprevention, and several natu-
rally derived compounds may induce cyclin D1 degradation
in cancer cells [56].

These effects of EA andUAon cell cycle control and apop-
tosis might therefore explain the different antiproliferative
activity of individual doses of EA and UA, as well as the
synergistic effect of low concentrations of EA and UA in
combination in PC-3 cells.

In fact, as shown in Figure 6(a), 7.5 𝜇mol/L of EA com-
bined with 15𝜇mol/L of UA finally induced cell growth
inhibition of 50 percent, while none of the tested doses of
UA induced the IC

50
.The potential synergistic effect between

EA and UA was further investigated and confirmed by the
isobolographic analysis and by the calculation of theCIwhich
was less than 0.9 (0.658 ± 0.05) as shown in Figure 6(b).
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5. Conclusions

In a phase II clinical trial, PJ led to a prolongation of doubling
time of rising serum PSA in men with recurrent PCa,
consistent with a direct effect of PJ metabolites on PCa cell
growth [3].

The interpretation of increased serum PSA levels is
complicated by potential origin of PSA from both normal
cells and PCa cells, while a rising PSA level confirmed over
severalmonths inmenwith recurrent PCa derives exclusively
from PC cells, and PSA levels are used as an indicator
of disease progression [57]. The complex nature of human
PCa and the lack of clear biomarkers make primary pre-
vention studies of nutrition interventions extremely difficult.
Therefore, the challenge in the prevention of PCa recurrence
is the inhibition of androgen-independent tumor growth
after primary treatment. However, because of the diversity
of advanced PCa and its capacity to adapt to changing
conditions, targeting a single pathway may not ensure long-
term effects since PCa cells may activate surrogate kinases
or alternative pathways. In turn, cancer cells may develop
resistance to targeted inhibitors. Consequently, inhibition of
multiple pathways may be an encouraging strategy to avoid
adverse effects connected with target redundancy.

In the present study, we report that PJ metabolites
inhibit cell proliferation of PCa cells through two distinct
mechanisms of action, and they may interact synergistically
to inhibit androgen-independent PCa cell growth. This syn-
ergism suggests that the potential chemopreventive source
of PJ may also be deriveed from the products of gut flora
metabolism which can further amplify the antiproliferative
effects of specific bioactive components contained in PJ.
Furthermore, our results provide additional insight into the
mechanisms of action of PJ metabolites for the prevention of
PCa recurrence.

Abbreviations

EA: Ellagic Acid
ET: Ellagitannins
PJ: Pomegranate juice
PE: Pomegranate Extract
PCa: Prostate Cancer
UA: Urolithin A.
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Currently, NASA has plans for extended space travel, and previous research indicates that space radiation can have negative effects
on cognitive skills as well as physical andmental health.With long-term space travel, astronauts will be exposed to greater radiation
levels. Research shows that an antioxidant-enriched diet may offer some protection against the cellular effects of radiation and may
provide significant neuroprotection from the effects of radiation-induced cognitive and behavioral skill deficits. Ninety-six C57BL/6
mice (48 pomegranate fed and 48 control) were irradiated with proton radiation (2Gy), and two-month postradiation behaviors
were assessed using a battery of behavioral tests to measure cognitive and motor functions. Proton irradiation was associated with
depression-like behaviors in the tail suspension test, but this effect was ameliorated by the pomegranate diet. Males, in general,
displayed worse coordination and balance than females on the rotarod task, and the pomegranate diet ameliorated this effect.
Overall, it appears that proton irradiation, which may be encountered in space, may induce a different pattern of behavioral deficits
in males than females and that a pomegranate diet may confer protection against some of those effects.

1. Introduction

Astronauts have traveled outside Earth’s atmosphere into
lower Earth orbit and beyond for decades. However, these
individuals are constantly exposed to ionizing radiation that
may have deleterious effects on motor and cognitive abilities,
as well as physical and mental health [1, 2] via increased
oxidative stress [3, 4]. With plans to extend space travel
beyond lower Earth orbit for longer durations (i.e., manned
expeditions to Mars), radiation exposure will increase. A
diet rich with polyphenols (which have antioxidant and
other biologically beneficial properties) may confer enough
protection to maintain the complex cognitive and fine motor
skills required by astronauts.

Phytochemicals, including the phenols, terpenes, and
organosulfurs, are nonnutritive, bioactive compounds com-
monly found in plants and animals and are known for
their protective properties. Phytochemicals not only protect
the plants that produce them against metabolic and envi-
ronmental disease but also, when consumed, can provide

numerous health benefits to humans [5, 6]. Foods contain-
ing phytochemicals have been shown to ameliorate cogni-
tive and behavioral deficits resulting from various diseases
[7, 8]. These findings have often been attributed to the
antioxidant, antiapoptotic, and anti-inflammatory properties
of phytochemicals [9]. Some fruits, for example, contain
polyphenols that can impart extensive protective properties
against damage from oxidative stress, neuroinflammation,
and cognitive/behavioral deficits induced by radiation and/or
aging [10–12].

Pomegranates (Punica granatum) have a high polyphenol
concentration, and the juice may have 2-3 times greater
antioxidant capacity compared to other antioxidant sources
such as red wine or green tea [13–22]. Pomegranate
polyphenols include flavonoids (i.e., quercetin) and tannins
(i.e., punicalagins and ellagitannins). Flavonoids and tannins
have specifically been shown to decrease oxidative stress by
deactivating reactive oxygen species [19] and scavenging
free radicals [19, 22]. Although these isolated pomegranate
polyphenols have antioxidant properties when acting
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individually, research suggests that the whole range of
polyphenols found in pomegranates combines synergistically
to prevent oxidative stress-induced damage. Indeed, one
study analyzing the antiapoptotic properties of pomegranate
juice found the whole juice to be more effective than any one
isolated component [18]. Furthermore, pomegranate juice
has been found to ameliorate both amyloid-𝛽 plaque load as
well as associated spatial learning deficits in a mouse model
for Alzheimer’s disease [23].

Altogether, this evidence suggests that the polyphe-
nols found in pomegranates could provide an effective
therapy against radiation-induced neurological and cogni-
tive/behavioral deficits. No studies to date have looked at the
radioprotective effects of pomegranate antioxidants; however,
the evidence indicates that antioxidants may be beneficial
in ameliorating the negative effects of ionizing radiation.
Therefore, this study explores the putative protective effects
of pomegranate juice on radiation-induced cognitive and
behavioral deficits.

2. Methods

Male and female C57BL/6 mice (4-month old) were obtained
from Charles River laboratory and housed approximately 3–
6 per cage. All mice were maintained on a 12-hour light/dark
schedule and fed standard rodent chow ad libitum. All
animals were treated in accordance with the requirements of
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals, as well as the specifications stipulated
by the Loma Linda University Institutional Animal Care and
Use Committee.

Male and female mice were separated into the following
groups: pomegranate/no pomegranate, radiation/no radia-
tion (yielding a total of 8 groups). Forty-eight animals were
started on a diluted pomegranate juice diet and continued
on this diet throughout the experiment. Pomegranate juice
(PomWonderful) was purchased from local grocery stores
and kept refrigerated at 4∘C throughout the experiment. The
juice was diluted 1 : 20 with filtered water and administered
through the animal’s water bottles. The amount of polyphe-
nols that each mouse consumed per day was estimated to be
∼0.6mg, which is roughly equivalent on a mg/kg basis to a
human drinking two 8-ounce glasses of PJ per day. Forty-
eight animals received sugar water that mimicked the sugar
content of the diluted PJ.

After three weeks, the mice were subjected to irradiation
or sham treatment. Half of the mice were placed into well-
ventilated acrylic boxes and irradiated with a whole body
radiation beam of proton radiation (150MeV/n) at a dose
of 2Gy for 5 minutes at the Loma Linda University Protons
Treatment Facility. The sham treatment animals were placed
in the boxes for an amount of time equivalent to that of
the radiation group, but no radiation was administered. The
mice were not anesthetized, but movement was limited to
comfortable breathing during proton irradiation. Eight weeks
after irradiation, the mice were subjected to a battery of
behavioral tests designed to assess a wide variety of cognitive
and motor functions over a 2-week time span.

2.1.WaterMaze Testing for Spatial Learning andMemory. The
water maze is the standard test of learning andmemory abili-
ties in rodents [23, 24].This test of spatial navigation requires
the animal to learn the location of a hidden (submerged)
platform in a pool of water using visual cues from around
the room. The water maze consisted of a metal pool (110 cm
diameter) filled with water made opaque with white tempera
paint. The pool contained a round platform (11 cm diameter)
that the animal could step on to escape the water. For each
trial, an animal was released nose against the wall into the
pool at one of four release points and allowed to swim to
the platform. The animals were given 10 trials per day. All
trials lasted a maximum of 60 s. When an animal did not find
the platform in the allotted 60 s, the experimenter manually
guided the mouse to the platform. An overhead camera
recorded the animals’ swim paths by a computerized tracking
system (Noldus Ethovision), allowing for quantification of
distance, latency, proximity to target, and swimming speed.
Each animal received 10 trials on four consecutive days,
making a total of 40 trials per animal. Trials were performed
in blocks of 5 each day (2 trials per block), with approximately
30min intervals between blocks. As performance improves,
escape latency and swim path length generally decrease.

2.2. Cued Water Maze. This is a control task for assessing
sensorimotor and/or motivational deficits that could affect
performance during the spatial phase. For this phase, the
surface of the escape platform was visible (1 cm above the
surface of the water), and a pole was placed on top of
the platform to make its location even more obvious. The
platform’s location varied from trial to trial.The animals were
released into the pool opposite to the location of the platform
and were allowed to remain on the platform for 5 s.

2.3. Spatial Water Maze. For this task, the surface of the
escape platform was submerged 1 cm below the surface of
the opaque water, so the mouse had to find the platform
based on its relationship to the spatial cues rather than direct
visualization. The location of the platform changed each day
for 3 days. After finding the platform, the animals were
allowed to remain on it for 5 s. At the beginning of the next
day, the animals were given a “probe” trial in which the
platform was removed from the water maze, and the animal
was allowed to search the pool for 60 s. The amount of time
spent searching the probe quadrant was measured, as well as
the total number of times that the animal crossed over the
former location of the platform. An hour later, the platform
was placed back into the pool in its new location, and the next
set of 10 trials was administered.

2.4. Elevated Zero Maze Testing for Anxiety-Like Behaviors.
The elevated zero maze consisted of a plastic ring, 100 cm
outer diameter, 10 cm wide, with 35 cm walls enclosing 2
opposing quadrants and elevated off the floor.The room lights
were dimmed and halogen lights directly illuminated the
open spaces of the maze. Animals were initially placed in the
center of one of the open spaces, and their activity was mon-
itored for the duration of five minutes. The percent amount
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Figure 1: Proton radiation was associated with increased
depression-like behaviors and pomegranate juice ameliorated
that effect; ∗𝑃 < .03.

of time spent within an enclosed space was calculated. Each
animal received 2 trials, with the 2nd trial being conducted
48 hours after the 1st.

2.5. Open Field Testing for General Activity Levels/Movement
Patterns. In the open field test, animals were placed in a
49 cm × 36 cm opaque open-topped plastic bin and allowed
to explore for the duration of thirty minutes while the move-
ments of each animal were recorded by an overhead camera
and analyzed by a computerized tracking system (Noldus
Ethovision). Various parameters were analyzed, including
the distance the animal moved and the percent time spent
moving. Each animal received 2 trials, with the 2nd trial being
conducted 48 hours after the 1st.

2.6. Tail Suspension Testing for Depression-Like Behaviors. In
the tail suspension test, mice were suspended by the tail with
adhesive tape that was attached approximately 1 cm from the
tip of the tail. The other end of the tape was wrapped around
a hook embedded in the center of the ceiling of a wooden
box measuring 19 cm × 21 cm and 40 cm in height. When
suspended, the animal’s rostral end was approximately 20 cm
from the floor of the device. The box was enclosed on all
sides except one (for viewing), and the room lighting and
sound were kept to a minimum in order to diminish visual
and acoustical disturbances. In addition, the nature of the box
kept each animal visually isolated. While the mouse tried to
escape its position, two assistants blinded to treatment group
individually rated the mouse on immobility and agitation for
the duration of 6 minutes.The time that the animal remained
immobile during the final 4 minutes of a 6-minute duration
was recorded [25]. Each animal received one 6-minute trial.
Immobility was operationally defined as a complete lack of
movement on the part of the mouse [26]. The animal was

counted as immobile even if it was still swinging back and
forth from a previous struggle but was now completely still in
its voluntarymovements.The animalwas also rated immobile
if it was curled up, appearing to rest while holding its front
paws to its back paws, but was not currently struggling or
moving.

2.7. Rotarod Testing for Sensorimotor Coordination/Balance.
The accelerating rotarod (Columbus Instruments) is a test of
sensorimotor coordination and balance. It consisted of a 3 cm
diameter rotating horizontal cylinder. The mouse was placed
onto the cylinder and had to continuously walk forward to
avoid falling. Latency to fall off was the dependent variable.
Performance over days of testing was a measure of motor
learning. The mice were tested every other day for 3 days.
Three blocks of 2 consecutive trials were administered per
day: 2 stationary trials (at 5 RPM steady), 2 trials that started
at 5 RPM and accelerated by 3 RPM every 5 s, and 2 trials that
started at 5 RPM and increased by 3 RPM every 3 seconds.
Each steady trial lasted up to 60 s, and each accelerating trial
lasted up to 120 s. There was approximately from 45 minutes
to an hour between trials.

2.8. Statistical Analyses. All statistical analyses were carried
out using SPSS. A mixed design ANOVA with 3 between-
subjects variables (gender, pomegranate, and radiation) and
1 repeated measure (test day) was conducted on behavioral
data. To control for sphericity and compound symmetry
due to repeated measures in the test day (10 trials), the
Huynh-Feldt correction to the degrees of freedom was used
to determine the 𝑃 value. When appropriate, univariate
ANOVAs were used. An 𝛼 level of 0.05 was used for all
tests of statistical significance. An a priori power analysis was
conducted using G∗Power 3.1 to determine the number of
animals necessary per group to reach a minimum power of
80% [27].

3. Results

There were no effects of radiation or pomegranate treatment
for the water maze (cued and spatial learning). The most
striking interaction between radiation and pomegranate
treatment on behavior was observed in the tail suspension
test (Figure 1), which provides an assessment of depression-
like behaviors. Irradiated control-fed mice exhibited more
depression-like behaviors (i.e., the mice gave up sooner) than
nonirradiated control-fed mice, but radiation did not have
this effect on pomegranate-fed mice (𝐹(1, 82) = 4.92, 𝑃 <
.03). There was no difference in the performance of males
versus females on this test.

Radiation and pomegranate treatment had gender-
specific effects in the elevated zeromaze test (Figure 2), which
provides an assessment of anxiety-like behaviors through
exploration of an anxiety-provoking environment (𝐹(1, 82) =
9.19, 𝑃 < .004). Overall, pomegranate-treated mice spent
more time in the dark quadrants compared to control-treated
mice (𝐹(1, 82) = 7.12, 𝑃 < 0.01). Normal (nonirradiated
control fed) females spent more time hiding in the dark
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Figure 2: Control females spent more time in the dark than control males (suggesting heightened anxiety). (a) Radiation induced more
exploration of the open quadrants in females (suggesting reduced anxiety and/or abnormal exploratory behavior), but this effect was blocked
by pomegranate. (b) Interestingly, radiation did not affectmales’ performance, but pomegranate consumption in nonirradiatedmales induced
behavior similar to those of females; ∗𝑃 < 0.004.

quadrants than normal males (𝐹(1, 82) = 7.67, 𝑃 < 0.008),
suggesting heightened anxiety in females as compared to
males. Radiation induced more exploration of the open
quadrants in females, suggestive of abnormally low anxiety
and/or an abnormal increase in exploratory behavior. This
effect of radiation in females was blocked by the pomegranate
treatment. However, both radiation and pomegranate treat-
ment induced more time spent hiding in the dark quadrants
for male mice, and thus more female-like behavior.The effect
of pomegranate on these behaviors in males was attenuated
by radiation exposure.

Radiation had no effect on rotarod performance, which
provides an assessment of sensorimotor coordination and
balance. In general, males performed more poorly (fell off
more quickly) than females (𝐹(1, 82) = 4.15, 𝑃 < .05).
Pomegranate treatment improved the performance of males
to that of females (Figure 3), although it did not further
improve the performance of females (𝐹(1, 82) = 4.20, 𝑃 <
.05). Finally, radiation had no effect on the open field test,
which provides an assessment of overall activity levels and
patterns. Pomegranate treatment, however, increased the
total distance traveled for male mice, but not female mice
(𝐹(8.75, 708.94) = 2.23, 𝑃 < 0.03; Figure 4).

4. Discussion

The purpose of this study was to explore the putative
protective effects of pomegranate juice on radiation-induced
behavioral deficits in both male and female mice. Indeed,
our findings demonstrated that mice exposed to radiation
displayed more depression-like behaviors than nonirradiated
mice but that pomegranate juice blocked this deficit. Tests

thatmeasure the latency for an animal to stop struggling in an
inescapable situation are often used to measure depression-
like behaviors in animal models [26]. Other studies have
also reported the amelioration of depression-like behavior
in animals receiving pomegranate treatment. Pomegranate
extract successfully reduced depression-like behaviors in
mice demonstrating ovariectomy-induced depression-like
symptoms [28]. In addition, pomegranate seed extract
was found to decrease depression-like behaviors similar to
imipramine (an antidepressant drug) treatment in young and
old mice [29].

Depression is associated with increased oxidative stress
and decreased antioxidant enzyme activity, leading to sub-
sequent DNA damage [30]. Furthermore, depression may
occur in response to neuroinflammation, increased oxidative
stress, decreased neurogenesis, and/or increased apopto-
sis [4]. Specifically, radiation-induced suppression of hip-
pocampal neurogenesis in rodents has led to depression-like
behavior [31], suggesting that the incidence of depression
may increase with radiation exposure and its associated
oxidative stress induction. Thus, the antioxidant and anti-
inflammatory properties of pomegranate may have blocked
this effect of radiation on depression-like behaviors.

This study also demonstrated gender specific differences
in anxiety-like behaviors and some interesting interactions
of radiation and pomegranate juice. Control females demon-
strated greater anxiety-like behaviors compared to control
males on the zero maze test, spending more time in the
dark enclosed quadrants. Other studies have also shown
that C57BL/6 female mice spend more time in the dark
enclosed arms of the elevated plus maze compared to males
[32, 33]. The elevated plus maze is a test of anxiety-like
behavior for mice and is analogous to the elevated zero maze.
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Figure 3: Radiation did not affect rotarod performance. Males fell
off the rotating beam faster than females, but pomegranate treatment
improved their performance to that of females; ∗𝑃 < 05.
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Figure 4: Radiation had no effect on the open field test.
Pomegranate treatment increased the total distance traveled formale
mice, but not female mice (data shown only for males); ∗𝑃 < 0.03.

Interestingly, radiation inducedmore exploration of the open
quadrants (suggesting abnormally low anxiety levels and/or
increased risky behavior) in the female mice of our study.
Pomegranate treatment blocked this effect of radiation on
female behavior. Both radiation and pomegranate treatment
increased hiding in the enclosed quadrants for male mice,
and pomegranate treatment seemed to induce a “female-like”
behavioral response in males.

One study reported that exercise-induced elevated levels
of hippocampal neurogenesis were correlated with increased
anxiety-like behavior on the O-maze (analogous to the
zero maze), the open field, and dark/light box, but that

radiation attenuated this effect, leading to reduced anxiety-
like behaviors in mice, thus suggesting a direct connection
between hippocampal neurogenesis and anxiety [34]. It is
possible that the antioxidant and anti-inflammatory effects
of pomegranate may have ameliorated deleterious effects of
radiation on hippocampal neurogenesis in our female mice.
Dietary polyphenols have actually been shown to stimulate
neurogenesis in the hippocampus [35, 36]. Interestingly,
polyphenols found in green tea dose-dependently produced
an anxiolytic effect on mice, reducing the amount of time
spent in the enclosed areas of the elevated-plus maze [37].

Our findings also demonstrated that pomegranate juice
treatment led to gender-specific behavioral changes even in
the absence of radiation-induced deficits. Although radiation
had no detectable effects on sensorimotor coordination and
balance, females performed significantly better thanmales on
the rotarod task [33]. Pomegranate treatment improved the
rotarod performance of males to that of females. Again, even
though radiation had no effect on the open field test, which
provides an assessment of overall activity levels and patterns,
pomegranate treatment increased the total distance traveled
for male mice, but not female mice, suggesting an effect
on exploratory behaviors. Interestingly, most of the gender-
specific effects of pomegranate treatment functioned tomake
the performance of males more similar to the performance of
females. Such an effect might be explained by the presence of
phytoestrogens in pomegranates [38, 39].

We did not detect a significant effect of radiation or
pomegranate treatment on spatial learning and memory as
measured by the water maze, but this is consistent with the
literature on spatial learning and proton irradiation. One
study measured male rats irradiated with a proton beam at
0, 1.5, 3, and 4Gy and did not see any behavioral differences
in spatial learning and memory at any dose [40]. This is
in contrast to research on heavy atomic nuclei and high
energy level particle (HZE) radiation. Even low doses ofHZE,
such as 56-Fe, have been shown to cause spatial learning
deficits in the water maze [41]. Furthermore, these deficits
have been ameliorated by antioxidants found in fruits such
as strawberries and blueberries [41], suggesting that HZE
particle radiation may cause more extensive hippocampal
damage via oxidative stress than proton radiation and that
antioxidants may be protective against radiation-induced
hippocampal damage.

5. Conclusion

Our findings suggest that pomegranate therapy may provide
protection against radiation-induced changes in affective
behaviors, and some of these effects may be gender specific.
Furthermore, pomegranates may provide gender specific
benefits to sensorimotor coordination. Our findings thus
highlight the importance of understanding gender differ-
ences in the effects of radiation as well as pomegranate
treatment.Women have been part of the space program since
its inception and comprise ∼11% of the astronauts who have
flown in space. Previous research has demonstrated that radi-
ation affects males and females somewhat differently; specific
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Figure 5: Pomegranates may protect the brain (and therefore behavior) from the effects of radiation by a number of potential mechanisms.
Particles can strike DNA, causing damage and apoptosis. Particles can also strike water molecules, generating reactive oxidative species that
cause inflammation, vascular damage, and suppressed neurogenesis. Pomegranate’s neuroprotective, antioxidant, anti-inflammatory, and
provascular (via nitric oxide synthase) properties may protect against these effects.

health issues for space travel highlight gender differences
in bone loss, orthostatic response, and disease risk, indi-
cating differential effects of the space environment on men
and women [42–44]. Altogether, pomegranate consumption
seems to induce beneficial effects, and the possible underlying
mechanisms should be explored to better understand their
putative benefits (Figure 5).
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Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death worldwide, and chemoprevention represents
a viable approach in lowering the mortality of this disease. Pomegranate fruit, an abundant source of anti-inflammatory
phytochemicals, is gaining tremendous attention for its wide-spectrum health benefits.We previously reported that a characterized
pomegranate emulsion (PE) prevents diethylnitrosamine (DENA)-induced rat hepatocarcinogenesis though inhibition of nuclear
factor-kappaB (NF-𝜅B). Since NF-𝜅B concurrently induces Wnt/𝛽-catenin signaling implicated in cell proliferation, cell survival,
and apoptosis evasion, we examined antiproliferative, apoptosis-inducing and Wnt/𝛽-catenin signaling-modulatory mechanisms
of PE during DENA rat hepatocarcinogenesis. PE (1 or 10 g/kg) was administered 4 weeks before and 18 weeks following DENA
exposure. There was a significant increase in hepatic proliferation (proliferating cell nuclear antigen) and alteration in cell cycle
progression (cyclinD1) due toDENA treatment, and PE dose dependently reversed these effects. PE substantially induced apoptosis
by upregulating proapoptotic protein Bax and downregulating antiapoptotic protein Bcl-2. PE dose dependently reduced hepatic
𝛽-catenin and augmented glycogen synthase kinase-3𝛽 expression. Our study provides evidence that pomegranate phytochemicals
exert chemoprevention of hepatic cancer through antiproliferative and proapoptotic mechanisms by modulating Wnt/𝛽-catenin
signaling. PE, thus, targets two interconnected molecular circuits (canonical NF-𝜅B and Wnt/𝛽-catenin pathways) to exert
chemoprevention of HCC.

1. Introduction

Hepatocellular carcinoma (HCC), the major primary malig-
nant tumor of the liver, is one of the most life-threatening
human cancers in the world, resulting in almost one million
deaths every year [1]. There has been a drastic surge (70%
increase) in the incidence of HCC in the United States during
the last quarter century with nearly 29,000 new cases and
more than 20,000 deaths expected to occur in 2012 alone
[2]. Lack of effective diagnostic tools for early detection and
limited treatment options for patients with advanced HCC

contribute to a dismal prognosis coupled with high mortality
for this disease. A critical need exists for the discovery
and development of novel preventive as well as therapeutic
strategies to combat the current morbidity and mortality
associated with HCC [3–6].

Persistent oxidative stress and unresolved inflammation
are two primary driving forces behind the development and
exacerbation of HCC [7–9]. Lingering infection with hepati-
tis B virus (HBV) and hepatitis C virus (HCV) represents the
major risk factor forHCC [10]. Chronic liver disease has been
proposed to be a predisposing factor for at least 80% of HCC
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cases [11]. As a matter of fact, any condition that is linked to
development of fibrosis and cirrhosis is strongly associated
with the occurrence of HCC. In response to hepatocyte
injury due to various factors, including inflammation and
oxidative stress, hepatic stellate cells and portal fibroblasts
undergo activation and transformation, resulting in fibrosis
and ultimately cirrhosis [12]. Under these circumstances, the
surviving hepatocytes proliferate to regenerate the injured
liver. This cellular proliferation in the background of sus-
tained inflammation and oxidative stress embodies a driving
force for hepatic tumorigenesis [13]. Identification of cellular
pathways necessary for the proliferation and survival of
malignant cells in HCC not only aids in understanding
the pathophysiology, diagnosis, and progression, but also
provides a valuable tool in designing effective prevention and
intervention of the disease. One such relevant pathway is
the Wnt/𝛽-catenin signaling cascade which plays a decisive
role in cell fate, favoring cell proliferation over apoptosis.
Accumulating evidence has shown that the canonicalWnt/𝛽-
catenin pathway is frequently activated in HCC and respon-
sible for initiation and progression of the disease [13–16],
and this pathway could be an attractive and viable target for
chemoprevention and therapy of HCC [17–19].

The pomegranate (Punica granatum, Punicaceae), a
unique, mystical, and distinctive fruit, is a native of the
Himalayas in India and extensively cultivated in India, Israel,
Spain, and United States. In addition to its ancient historical
uses, pomegranate is used in several systems of medicine
for a wide variety of ailments [20, 21]. The “superfruit”
pomegranate is receiving substantial importance because
of its powerful antioxidant and anti-inflammatory proper-
ties attributed to polyphenolic components (such as antho-
cyanins), hydrolysable tannins (e.g., ellagitannins and gal-
lotannins), and condensed tannins (proanthocyanidins) [22–
26]. Pomegranate constituents have been shown to possess
exceptional health effects, such as protection against and/or
treatment of cancer, neurodegenerative diseases, inflam-
mation, ulcers, diabetes, dental ailments, high cholesterol,
cardiovascular disease, obesity, bacterial infections, erectile
dysfunction, and male infertility (reviewed in [27, 28]).
Pomegranate extracts and purified phytochemicals suppress
the proliferation of human breast, prostate, lung, and colon
cancer cells in vitro as well as prevent and/or treat breast, skin,
lung, colon, and prostate tumors in preclinical animalmodels
(reviewed in [24, 29–31]). Several phase II clinical trials
have linked oral consumption of pomegranate juice with
significant prolongation of prostate-specific antigen (PSA)
doubling time for men with prostate carcinoma with no
accompanying serious adverse effects [32, 33].

Although pomegranate products have shown promising
antitumor activities in various organs of animals, the chemo-
preventive potential of pomegranate has not been investi-
gated against the preclinical model of hepatic tumorigenesis
until very recently. Our laboratory has provided evidence, for
the first time, that pomegranate-derived phytoconstituents
exert a significant chemopreventive efficacy against dietary
hepatocarcinogen diethylnitrosamine (DENA)-induced liver
tumorigenesis in rats by potent antioxidant mechanisms
mediated by upregulation of hepatic antioxidant and phase

2 genes [34]. Very recently, we have shown that suppression
of the inflammatory cascade through modulation of nuclear
factor-kappaB (NF-𝜅B) signaling pathway represents a novel
mechanism of liver tumor inhibitory effects of pomegranate
phytochemicals against experimental hepatocarcinogenesis
[35]. It is well known that NF-𝜅B, the cardinal regulator
of inflammation, acts as a hub for a number of intercon-
nected signaling pathways implicated in malignancy, such
as cell proliferation, cell survival, differentiation, apoptosis,
invasion, angiogenesis, and metastasis [36]. Emerging evi-
dence strongly suggests that NF-𝜅B may exhibit oncogenic
potential by coordinately activating the canonical Wnt/𝛽-
catenin signaling pathway [37–39]. Functional proteomics
analysis revealed that enhanced expression of Wnt-1 protein
associated with NF-𝜅B might be an important mechanism
of hepatitis B- and C-related HCC [40]. Based on multiple
targets of NF-𝜅B and the possibility of crosstalk between NF-
𝜅B andWnt/𝛽-catenin signaling pathways as well as previous
reports from this laboratory [34, 35], we have hypothesized
that (i) pomegranate-mediated chemoprevention of exper-
imental hepatocarcinogenesis could be achieved by inhibi-
tion of abnormal hepatocyte proliferation and promotion
of apoptosis; and (ii) antiproliferative effects pomegranate
phytochemicals may be linked to suppression of activated
Wnt/𝛽-catenin signaling. The current study was therefore
initiated to investigate the extent of cell proliferation and
apoptosis during DENA-induced chemical rat liver carcino-
genesis in the presence or absence of pomegranate treatment.
The involvement of Wnt/𝛽-catenin signaling under the same
experimental condition has also been examined by monitor-
ing the expression of several key components of this pathway
as a possiblemechanism of pomegranate chemoprevention of
experimental hepatic malignancy.

2. Materials and Methods

2.1. Materials. Pomegranate emulsion (PE) was purchased
fromRimonest Ltd., Haifa, Israel.We previously provided the
detailed description of the preparation of this formulation
[34]. The chemical analyses of this product showed the
presence of mixed octadecatrienoic acids, sterols and steroids
(such as 17-𝛼-estradiol), tocol, 𝛾-tocopherol in the lipid phase
and caffeic acid, corilagin, ellagic acid, ferulic acid, gallic acid,
5-hydroxymethylfurfural, protocatechuic acid, punicalagins
(A and B), and trans-p-coumaric acid in the aqueous phase
[34]. Paraformaldehyde was procured from Ted Pella Inc.,
Redding, CA. Primary antibodies, such asmousemonoclonal
proliferating cell nuclear antigen (PCNA, sc-56), rabbit poly-
clonal cyclin D1 (sc-753), mouse monoclonal Bax (sc-70407),
mouse monoclonal Bcl-2 (sc-7382), rabbit polyclonal 𝛽-
catenin (sc-7199), rabbit polyclonal glycogen synthase kinase-
3𝛽 (GSK-3𝛽, sc-9166), 𝛽-actin (sc-47778), and mouse and
rabbit ABC staining systems were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). TdT-FragEL DNA
fragmentation detection assay kit was procured from EMD
Biosciences, Inc. (San Diego, CA). Pierce BCA protein assay
kit was obtained from Thermo Scientific (Rockford, IL).
Quick RNAmini Prep kit and Verso cDNA synthesis kit were
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purchased from Zymo Research Corporation (Irvine, CA)
andThermo Scientific (Waltham, MA), respectively.

2.2. In Vivo Experimental Protocol and Tissue Harvesting.
Liver tissue used for all assays in this study was harvested
from our previously published chemopreventive study in
which male Sprague-Dawley rats (Harlan Laboratories, Indi-
anapolis, IN) fed with oral PE at a dose of 1 or 10 g/kg body
weight exhibited 26 or 50% inhibition of hepatic nodule
incidence, respectively [34]. The animal experimentation
was carried out at the Northeast Ohio Medical University
(Rootstown, OH) following the animal protocol approved by
the Institutional Animal Care and Use Committee. In brief,
following an acclimatization period (7 days), the animals
were randomly divided into five groups. While group A
animals were maintained as untreated normal control, group
B animals were administered with a sham emulsion (Rimon-
est Ltd., Haifa, Israel) via oral gavage at a dose of 10 g/kg
three times/week (Monday, Wednesday, and Friday). Three
other animal groups (groups C, D, and E) were similarly fed
with PE at 1 g/kg (groups C) or 10 g/kg (groups D, and E).
The aforementioned oral feeding was continued for 4 weeks,
and then hepatocarcinogenesis was initiated in animals from
groups B, C and D by single intraperitoneal (i.p.) injection
of DENA (200mg/kg). Following a recovery period of two
weeks, phenobarbital (PB, a well-known promoter of rat
liver carcinogenesis) was introduced in the drinking water of
DENA-exposed animals at a concentration of 0.05% (w/v).
Oral feeding of rats with PE or sham emulsion was continued
till the end of the animal experiment. All animals were
sacrificed 18 weeks following the DENA administration, that
is, 22 weeks after commencement of the study. Liver tissues
from various rat groups were collected and either preserved
in paraformaldehyde for immunohistochemical work or
immediately snap frozen in liquid nitrogen, stored at –70∘C,
and used for molecular studies as described in the following.

2.3. Immunohistochemical Determination. Serial sections of
liver tissue were prepared using a cryostat (Leica Microsys-
tems, Nussloch, Germany) and used for immunohistochem-
ical analysis of PCNA, cyclin D1, Bax, Bcl-2, 𝛽-catenin, and
GSK-3𝛽 protein expressions following our published meth-
ods [41]. The presence of apoptotic cells in liver sections was
detected by TdT-FragEL DNA fragmentation detection assay
kit following the manufacturer’s protocol, as we described
earlier [42].The immunohistochemical slides were visualized
under a light microscope, and 1,000 hepatocytes/animal
were analyzed. The labeling index (LI) and apoptotic index
(AI) were expressed as the number of PCNA-positive and
apoptotic cells per 100 hepatocytes, respectively. All other
immunohistochemical results were expressed as percentage
of immunopositive cells.

2.4. Western Blot Analysis. Frozen liver tissue samples were
homogenized in ice-cold RIPA lysis buffer (containing
50mM Tris-HCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 40mM NaF, 10mM NaCl, 10mM Na

3
VO
4
, 1 mM

phenylmethanesulfonyl fluoride, and 10mM dithiothreitol)

to produce a 10% w/v tissue homogenate. The sample
was then centrifuged at 4∘C at 14,000×g for 20min. The
supernatant was collected, and protein concentration was
estimated using the Pierce BCA protein assay kit following
the accompanying instructions. Equal amounts of protein
samples were loaded and run on a 10% Tris-HCl gel (Bio-Rad
Laboratories, Hercules, CA), transferred onto a nitrocellulose
membrane, and separately probed with anti-cyclin D1, anti-
𝛽-catenin, anti-GSK-3𝛽, or anti-𝛽-actin (all 1 : 1000 dilution)
antibody. The transferred proteins were visualized by an
enhanced chemiluminescence detection system (Thermo Sci-
entific, Rockford, IL) and analyzed using a Kodak analyzer.
Loading of equal amounts of protein was ensured by 𝛽-actin.

2.5. Gene Expression Studies. Total RNA from∼20mg of liver
sample was extracted using Quick RNA mini Prep kit as per
the vendor’s protocol. Complementary DNA (cDNA) was
synthesized from 1 𝜇g of total RNA using the Verso cDNA
synthesis kit following the manufacturer’s instructions. Poly-
merase chain reaction (PCR) was performed using specific
primers for rat cyclin D1, 𝛽-catenin, GSK-3𝛽, and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) using following
primer pairs: cyclin D1 sense: 5-GCGTACCCTGACACC-
AATCT-3; antisense: 5-GGCTCCAGAGACAAGAAA-
CG; 𝛽-catenin sense: 5-GCCAGTGGATTCCGTACTGT-
3; antisense: 5-GAGCTTGCTTTCCTGATTGC; GSK-3𝛽
sense: 5-CAAGCAGACACTCCCTGTGA-3; antisense: 5-
GTGGCTCCAAAGATCAGCTC; GAPDH sense: 5-AGA-
CAGCCGCATCTTCTTGT-3; and antisense: 5-TACTCA-
GCACCAGCATCACC-3. These primer sequences were
designed utilizing the Primer3 program and synthesized by
Eurofins MWG Operon (Huntsville, AL). The PCR products
were analyzed by agarose gel electrophoresis and visualized
using ethidium bromide staining. GAPDH was used as the
housekeeping gene.

2.6. Statistical Analysis. All quantitative data reported here
are presented as mean ± standard error of mean (SEM).
Significant differences among various animal groups were
detected by one-way ANOVA with post hoc analysis per-
formed by the Student-Neuman-Keuls test. A 𝑃 value less
than 0.05 was considered statistically significant. Statistical
analysis and graphical representation of data were performed
using SigmaStat 3.1 software (Systat software, Inc., San Jose,
CA).

3. Results

3.1. Antiproliferative Cellular Mechanism of Pomegranate
in DENA-Induced Hepatocarcinogenesis. As shown in
(Figure 1(A)a–d), the immunohistochemical staining depicts
the differential expression levels of the proliferative marker,
PCNA, in liver sections obtained from the various experi-
mental rat groups. Near to complete absence of PCNA-
positive cells was observed in both normal control
(Figure 1(A)a) and only PE-treated (10 g/kg) (figure not
shown) groups. An increase in hepatic PCNA expression was
contrastingly observed in animals treated with DENA alone
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Figure 1: Effects of PE on PCNA expression during DENA-initiated hepatocarcinogenesis in rats. (A) Representative immunohistochemical
localization of PCNA (magnification: 100x). Arrows indicate immunohistochemical staining of PCNA. Several groups are (a) normal control;
(b) DENA control; (c) PE 1 g/kg plus DENA; and (d) PE 10 g/kg plus DENA. (B) Quantification of PCNA-positive cells based on 1,000
hepatocytes per animal and 4 animals per group. Each bar represents the mean ± SEM (𝑛 = 4). a𝑃 < 0.001 as compared with normal
group; b𝑃 < 0.001 as compared with DENA control.

(Figure 1(A)b), while PE treatment (1 g/kg) in conjunction
with DENA exposure resulted in insignificant decreases in
PCNA-positive expression (Figure 1(A)c). These elevated
PCNA levels were shown to be subsequently reversed
in the sections obtained from rats treated with PE at
10 g/kg in addition to DENA treatment (Figure 1(A)d).
Figure 1(B) represents the quantitative analysis performed
on the immunohistochemical data, which shows significant
(𝑃 < 0.001) elevation in the frequency of PCNA expressing
hepatocytes (PCNA LI) in the DENA-treated animals
comparing to the normal control. In comparison to the
DENA-control rats, PE treatment is shown to decrease the
number of PCNA-positive cells. Nevertheless, a significant
(𝑃 < 0.001) reduction was only achieved in rats treated with
PE at the highest dose of 10 g/kg.

3.2. Differential Expression of Cell Cycle Specific Gene—Cyclin
D1—in the Presence and Absence of Pomegranate Treatment in
Hepatocarcinogenesis. Represented in Figure 2(A)a–d is the
immunocytochemical data depicting the expression of cell
cycle specific gene cyclin D1 in hepatic sections procured
from several experimental animals. Cyclin D1 was found to
be highly expressed in the DENA-control rats (Figure 2(A)b),
whereas this observation was not made in the rat liver
sections obtained from the normal control (Figure 2(A)a)
as well as PE control (figure not shown) groups. A drastic
reduction in the numbers of cyclin D1 immunoreactive cells
was recorded in rats treatedwith PE at 10 g/kg (Figure 2(A)d).
The subsequent quantitative analysis performed denotes a
significant (𝑃 < 0.001) increase in the percentage of cyclin

D1-positive cells in the rats administered with DENA with
respect to the normal control rats (Figure 2(B)). Elevated
immunohistochemical expression of cyclin D1 was signif-
icantly (𝑃 < 0.001) abrogated only in the rats treated
with PE, at the highest dose of 10 g/kg, when compared
to the DENA-challenged rats, although reduction in the
percentage of immunopositive cells was noted in all PE-
treated groups. These data are further confirmed utilizing
Western blotting technique and RT-PCR (Figures 2(C) and
2(D)). Hepatic cyclin D1mRNA and protein expression levels
were clearly upregulated in the DENA-treated animals, while
PE treatment at both doses was found to consistently decrease
transcriptional and translational levels of cyclin D1.

3.3. Proapoptotic Potential of Pomegranate in DENA-Evoked
Hepatocarcinogenesis. The DNA fragmentation assay per-
formed on the rat liver sections indicated almost no apop-
totic cells in both the normal control group (Figure 3(A)a)
and PE-administered group (figure not shown). Animals
exposed to DENA alone (Figure 3(A)b) were similarly found
to have absolutely no immunopositive cells which, upon
treatment with PE at both doses, was found to be increased
(Figure 3(A)c-d). Interestingly, a substantial increase in
apoptotic cells was noticed in liver sections obtained from
animals treated with PE at 10 g/kg (Figure 3(A)d). Quantita-
tive analysis of immunohistochemical data revealed that the
frequency of apoptotic cells were significantly (𝑃 < 0.001)
elevated in the rats subjected to PE treatment at 10 g/kg in
comparison to the animals administered with DENA alone
(Figure 3(B)).
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Figure 2: Effects of PE on cyclin D1 expression during DENA-mediated hepatocarcinogenesis in rats. (A) Representative immunohisto-
chemical localization of cyclin D1 (magnification: 100x). Arrows indicate immunohistochemical staining of cyclin D1. Several groups are (a)
normal control; (b) DENA control; (c) PE 1 g/kg plus DENA; and (d) PE 10 g/kg plus DENA. (B) Quantification of cyclin D1-positive cells
based on 1,000 hepatocytes per animal and 4 animals per group. Each bar represents the mean ± SEM (𝑛 = 4). a𝑃 < 0.001 as compared with
normal group; b𝑃 < 0.001 as compared with DENA control. (C) RepresentativeWestern blot indicating protein expression levels of cyclin D1
in various experimental groups and (D) representative RT-PCR analysis of cyclin D1 expression in various groups of rats. Total hepatic RNA
was isolated, subjected to reverse transcription, and resulting cDNA was subjected to RT-PCR analysis using specific primer sequence. The
GAPDH was used as the housekeeping gene.

3.4. Regulation of Apoptosis-Related Proteins by Pomegranate
during Experimental Rat Liver Carcinogenesis. Liver sections,
obtained from the different experimental rat groups, were
immunostained for the proapoptotic protein Bax and the
antiapoptotic protein Bcl-2, and the results are shown in
Figure 4(A)a–f. Sections from rats exposed to DENA alone
were shown to have very limited expression of the proapop-
totic protein Bax (Figure 4(A)a), while treatment with PE at
1 g/kg (Figure 4(A)b) and 10 g/kg (Figure 4(A)c) reflected an
increase in the expression of Bax. In stark contrast, immunos-
taining for the antiapoptotic protein, Bcl-2, in the DENA-
control liver sections yielded very high expression levels of
the protein (Figure 4(A)d) which was subsequently reduced
with PE exposure at both doses (Figure 4(A)e-f). Figures 4(B)
and 4(C) represent the affirmative corresponding quantitative
analysis of the immunohistochemical data associated with
Bax and Bcl-2, respectively. Although an increase in the
proapoptotic protein Bax is seen in the PE-treated (1 g/kg)
rats, significant (𝑃 < 0.001) increases in the percentage
of Bax-positive cells were clearly observed in the animals

exposed to the highest dose of PE (10 g/kg), when com-
pared to the DENA-exposed rats (Figure 4(B)). Figure 4(C)
indicates a very high expression of the antiapoptotic protein
Bcl-2 in the hepatocytes of DENA-control rats as well as in
those of PE-treated (1 g/kg) animals; however, treatment with
PE at the highest dose (10 g/kg) significantly (𝑃 < 0.001)
decreased the increased expression of Bcl-2. A significant
(𝑃 < 0.001) elevation in the Bax/Bcl-2 ratio was observed
in the liver tissue harvested from the PE-treated (10 g/kg) rats
in comparison to the DENA-exposed animals (Figure 4(D)).

3.5. Reversal of DENA-Mediated Induction of Hepatic 𝛽-
Catenin Expression by Pomegranate. Based on immunohis-
tochemical analysis,variations in the nuclear and cytoso-
lic expressions of 𝛽-catenin were clearly observed in the
liver sections harvested from several groups of animals
(Figure 5(A)a–d). Expression of immunopositive cells was
clearly absent in sections obtained from both the normal
control (Figure 5(A)a) as well rats treated with only PE
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Figure 3: Effects of PE on apoptosis in DENA-initiated hepatocarcinogenesis in rats. (A) Representative immunohistochemical localization
of apoptotic cells (magnification: 100x). Arrows indicate immunohistochemical staining of apoptotic cells. Several groups are (a) normal
control; (b) DENA control; (c) PE 1 g/kg plus DENA; and (d) PE 10 g/kg plus DENA. (B) Quantification of immunopositive cells based on
1,000 hepatocytes per animal and 4 animals per group. Each bar represents the mean ± SEM (𝑛 = 4). a𝑃 < 0.001 as compared with DENA-
control group.

(figure not shown).Highly elevated frequency of both nuclear
and cytosolic 𝛽-catenin-positive cells was recorded in rats
exposed to DENA (Figure 5(A)b). In comparison, the rats
treated with different doses of PE (1 g/kg and 10 g/kg) had
decreased expression of nuclear as well as cytosolic expres-
sion of 𝛽-catenin (Figures 5(A)c and 5(A)d). Interestingly,
the decrease was more pronounced in the animals treated
with the higher dose of PE. The corresponding quantitative
analysis presented in Figures 5(B) and 5(C) confirms our
immunostaining data, indicating a significant (𝑃 < 0.001)
increase in nuclear and cytosolic 𝛽-catenin expression in
DENA-control rats, compared to the normal control, respec-
tively. Treatment with PE at 1 g/kg did not significantly reduce
the elevated levels of 𝛽-catenin at both the nuclear and
cytosolic front; however, PE treatment at 10 g/kg significantly
(𝑃 < 0.05) decreased both nuclear and cytosolic 𝛽-
catenin expression. Further confirmation of these results was
shown utilizing Western blotting method as well as RT-
PCR technique (Figures 5(D) and 5(E), resp.). The former
shows elevated protein levels of 𝛽-catenin in the DENA-
administered rats in comparison to the normal control rat
livers, while PE administration reversed this condition and
brought down the high expression of𝛽-catenin. Liver samples
from the different experimental groups, subjected to RT-PCR
analysis, depicted a highmRNA expression level of 𝛽-catenin
in the DENA-control rat livers, while markedly decreased
expression was witnessed with PE treatment, especially at the
highest dose of 10 g/kg. Interestingly, the basal transcriptional
(data not shown) and translational (Figure 5(D)) levels of 𝛽-
catenin were unaltered by the highest dose of PE.

3.6. Pomegranate-Mediated Modulation of Hepatic GSK-
3𝛽 Expression in Experimental Rat Liver Carcinogenesis.
Represented in Figure 6(A)a–e is the immunohistochem-
ical staining of GSK-3𝛽 in rat liver sections from the
various experimental groups. The normal control group
demonstrated very low expression of GSK-3𝛽 (Figure 6(A)a).
A moderate increase in the expression of GSK-3𝛽 was
observed in the DENA-control group (Figure 6(A)b), while
treatment with PE at 1 g/kg did not alter the expression
of GSK-3𝛽 (Figure 6(A)c). However, treatment with PE at
10 g/kg depicted a substantial elevation in the number of
immunopositive cells for GSK-3𝛽 (Figure 6(A)d). An ele-
vated expression of GSK-3𝛽 was also observed in the PE-
control liver sections (Figure 6(A)e) compared to normal
control as well. The corresponding immunohistochemical
analysis of percentage of immunopositive cells is represented
in Figure 6(B). The quantitative expression of GSK-3𝛽 in the
DENA-control group was significantly (𝑃 < 0.001) greater
compared to that observed in the normal group. Treatment
with PE at 10 g/kg significantly (𝑃 < 0.001) elevated the num-
bers of GSK-3𝛽-immunopositive cells compared to DENA-
control, whilst PE treatment at the lower dose did not change
expression levels. Interestingly, a significant (𝑃 < 0.001)
increase in GSK-3𝛽 levels was noticed in PE-control animals
in comparison to the normal control. Our immunohisto-
chemistry data provide support to the Western blot analysis
of GSK-3𝛽 protein levels in liver samples collected from
the experimental animals (Figure 6(C)). The protein level
of GSK-3𝛽 was slightly increased in DENA-administered
animals compared to the normal, while treatment with PE
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Figure 4: Effects of PE on Bax and Bcl-2 expressions during DENA-mediated hepatocarcinogenesis in rats. (A) Immunohistochemical
detection of Bax and Bcl-2 expression in the presence or absence of PE. (a)–(c) Representative immunohistochemical localization of Bax
(magnification: 100x). Arrows indicate immunohistochemical staining of Bax. (d)–(f) Representative immunohistochemical localization of
Bcl-2 (magnification: 100x). Arrows indicate immunohistochemical staining of Bcl-2. Several groups are ((a) and (d)) DENA control; ((b)
and (e)) PE 1 g/kg plus DENA; and ((c) and (f)) PE 10 g/kg plus DENA. (B) Quantification of Bax-positive cells based on 1,000 hepatocytes
per animal, and 4 animals per group. Each bar represents the mean ± SEM (𝑛 = 4). a𝑃 < 0.001 as compared with DENA control. (C)
Quantification of Bcl-2-positive cells based on 1,000 hepatocytes per animal and 4 animals per group. Each bar represents the mean ± SEM
(𝑛 = 4). a𝑃 < 0.001 as compared with DENA control. (D) Quantification of Bax/Bcl-2 ratio of positive cells based on 1,000 hepatocytes per
animal and 4 animals per group. Each bar represents the mean ± SEM (𝑛 = 4). a𝑃 < 0.001 as compared with DENA control.

at both doses as well as PE control resulted in upregu-
lated protein expressions of GSK-3𝛽. The mRNA analysis
of the liver samples harvested from the experimental rats
was performed by the technique of RT-PCR, and results
are depicted in Figure 6(D). The data are in affirmative of
our immunohistochemical and Western data, conclusively
exhibiting slightly elevated gene expression levels of GSK-3𝛽
in DENA-exposed animals than in normal-control animals.
PE treatment at 10 g/kg was noted to have elevated mRNA
expression of GSK-3𝛽 comparing to DENA-control animals.

A conspicuous upregulation of GSK-3𝛽 expression at both
protein (Figure 6(C)) and mRNA (data not shown) was
visible following treatment with the highest dose of PE
compared to normal control.

4. Discussion

We have recently shown that a complex pomegranate prod-
uct (PE) containing a wide spectrum of phytoconstituents
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Figure 5: Effects of PE on 𝛽-catenin expression during DENA-evoked hepatic preneoplasia in rats. (A) Representative immunohistochemical
localization of 𝛽-catenin in nucleus ((b), (c), and (d); red arrows) and cytosol ((b), (c), and (d); black arrows) (magnification: 100x). Several
groups are (a) normal control; (b) DENA control; (c) PE 1 g/kg plus DENA; and (d) PE 10 g/kg plus DENA. (B) Quantification of nuclear
𝛽-catenin-immunopositive cells in rat livers of several experimental groups. One thousand hepatocytes were counted per animal and the
results were based on 4 animals per group. Each bar represents the mean ± SEM (𝑛 = 4). a𝑃 < 0.001 as compared to normal group; b𝑃 < 0.05
as compared to DENA control. (C) Quantification of cytoplasmic 𝛽-catenin-immunopositive cells in rat livers of several experimental groups.
One thousand hepatocytes were counted per animal, and the results were based on 4 animals per group. Each bar represents the mean ± SEM
(𝑛 = 4). a𝑃 < 0.001 as compared to normal group; b𝑃 < 0.05 as compared to DENA control. (D) Representative Western blot indicating
protein expression levels of 𝛽-catenin in various experimental groups and (E) representative RT-PCR analysis of 𝛽-catenin expression in
various groups of rats. Total hepatic RNA was isolated, subjected to reverse transcription, and resulting cDNA was subjected to RT-PCR
analysis using specific primer sequence. The GAPDH was used as the housekeeping gene.



Evidence-Based Complementary and Alternative Medicine 9

(a)

(A)

(b)

(B)

(e)

(c)

(C)

(d)

(D)

0

1

2

3

4

5

6

7

a

DENA POM1
+ DENA 

POM10
+ DENA

POM10
control

Normal

b

a

D
EN

A

PO
M

1+
 D

EN
A

 

PO
M

10
 +

 D
EN

A

PO
M

10
 co

nt
ro

l

N
or

m
al

𝛽-actin
D

EN
A

PO
M

1+
 D

EN
A

 

PO
M

10
 +

 D
EN

A

N
or

m
al

GSK-3𝛽GSK-3𝛽

G
SK

-3
𝛽

-p
os

iti
ve

 ce
lls

 (%
)

GAPDH

Figure 6: Effects of PE on GSK-3𝛽 expressions during DENA-evoked hepatic preneoplasia in rats. (A) Representative immunohistochemical
localization ofGSK-3𝛽 (magnification: 100x) in different rat groups. Several groups are (a) normal control; (b)DENAcontrol; (c) PE 1 g/kg plus
DENA; (d) PE 10 g/kg plus DENA; and (e) PE 10 g/kg control. (B) Quantification of hepatic GSK-3𝛽-immunopositive cells. One thousand
hepatocytes were counted per animal, and the results were based on 4 animals per group. Each bar represents the mean ± SEM (𝑛 = 4).
a𝑃 < 0.001 as compared to normal group; b𝑃 < 0.001 as compared to DENA control. (C) Representative Western blot indicating protein
expression levels of GSK-3𝛽 in various experimental groups and (D) representative RT-PCR analysis of GSK-3𝛽 expression in various groups
of rats. Total hepatic RNAwas isolated, subjected to reverse transcription, and resulting cDNAwas subjected to RT-PCR analysis using specific
primer sequence. The GAPDH was used as the housekeeping gene.

afforded a striking chemoprevention against chemically
induced hepatocarcinogenesis in rats [34]. It is plausible that
various phytochemicals present in PE may target several
interconnectedmolecular pathways to inhibit liver tumorige-
nesis. Supporting this possibility, we have provided evidence
that PE simultaneously target Nrf2-regulated redox signal-
ing and NF-𝜅B-mediated inflammatory pathway to achieve
chemoprevention of experimental hepatocarcinogenesis [34,
35]. In the present study, we set ourselves at the aim of
investigating additional and related mechanisms as regards
to our previous findings to provide a comprehensive under-
standing of pleiotropicmechanisms of action of pomegranate
phytochemicals in preventing liver cancer.

Cell proliferation plays a fundamental role in the multi-
step carcinogenesis process, including initiation, promotion,
and progression, and is considered to be an important
mechanism for the pathogenesis of HCC [43]. Hence, explo-
ration of agents that can affect abnormal proliferation of

hepatocytes may be of immense value in the prevention of
HCC. PCNA functions as a cofactor of DNA polymerase
and thus is directly involved in DNA replication. The pos-
itive expression of PCNA is considered a common index
for hepatocyte proliferation at late G1- and early S-phase.
PCNA represents an important cellular marker for assessing
the proliferation during hepatocarcinogenesis [44]. In our
study, the expression of PCNA was examined immuno-
histochemically in livers from several animal groups. The
elevated expression of PCNA, resulting in a drastic increase
in PCNA LI, in the liver sections of DENA-treated animals
indicates accelerated cell proliferation during an early phase
of rat liver tumorigenesis, which supports our previous
observations [41, 42]. Significant decreases in the number
of PCNA-positive hepatocytes and consequently PCNA LI
due to PE treatment clearly indicate a decrease in hepatocyte
proliferation, possibly through inhibition of DNA synthesis
during experimental hepatocarcinogenesis. It is mostly likely
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that the antiproliferative mechanisms of pomegranate phy-
tochemicals eventually contributed to inhibition of DENA-
induced tumorigenesis, as we previously observed [34]. Our
data are in agreement of several studies reported from other
laboratories showing in vitro and in vivo antiproliferative
effects of various pomegranate phytochemicals in several
cancer models [24, 45].

CyclinD1, a cell cycle regulatory protein, is responsible for
the transition fromG1- to S-phase [46]. As cyclinD1 possesses
a critical role for cell cycle progression, dysregulated expres-
sion of cyclin D1 gene may contribute to cellular genomic
instability and malignancy [47]. Elevated expressions of
cyclin D1 gene and protein disrupting G1/S regulatory point
of the cell cycle have been found to lead abnormal cell pro-
liferation during DENA-induced sequential hepatocarcino-
genesis in rats [48–50]. As increased expression of cyclin D1
protein has been found in HCC patients [51] and correlated
with poor overall survival inHCCpatients [52], it can be used
as a prognostic marker and therapeutic target. The results of
our immunohistochemical as well as Western blot analysis
clearly demonstrate an upregulation of cyclin D1 protein
expression in the livers isolated from DENA control animals.
These findings are supported by the increased expression of
cyclin D1 gene following DENA treatment. Collectively, our
data underscore the critical role of cell cycle regulatory pro-
tein in DENA hepatocellular carcinogenesis in rats under our
experimental conditions. Interestingly, a similar transcrip-
tional or translational upregulation of cyclin D1 in response
to DENA exposure in rodents has been reported by various
other laboratories [53–55]. A near normal level of cyclin D1
expression was observed due to PE treatment. Reversal of
dysregulation of a critical checkpoint of the cell cycle could
be one of the possible mechanisms of pomegranate-mediated
inhibition of heptotumorigenesis, and it underscores the
value of targeting a cell cycle progression protein to achieve
chemoprevention of hepatocellular cancer.

Apoptosis or programmed cell death, a highly pre-
served cellular mechanism, is involved in tissue homeostasis
through targeted elimination of singe cells without disrupting
physiological function of a tissue. Apoptosis is marked by
distinct morphological alterations characterized by cytoplas-
mic as well as nuclear condensation, DNA fragmentation,
phosphatidylserine externalization, and plasma membrane
blebbing [56]. Dysregulation of apoptosis disturbing the
balance between cell proliferation and cell death contributes
to development and progression of hepatic malignancy [57,
58]. Apoptosis detection in tumor mass has emerged as an
important diagnostic tool and induction of tumor cell death
by apoptosis has been accepted as one of the fundamental
objectives of liver cancer therapy [59]. Promotion of apop-
tosis in tumor-target tissues has been identified as a novel
mechanismof potential chemopreventive drug. In the present
study, DNA fragmentation was detected to identify cells
undergoing apoptosis. Our results show an extremely low
order of DNA fragmentation in DENA-exposed rat livers
indicating apoptosis evasion. PE treatment showed a drastic
increase in the formation of DNA fragments which provides
substantial evidence of induction of cell death by apoptosis
and consequently reduction of proportion of transformed

hepatocytes in DENA-treated animals. Our data showing
apoptosis induction during experimental hepatocarcinogen-
esis in rats by pomegranate phytoconstituents are concordant
with a large number of studies showing proapoptotic effects
of pomegranate-derived agents in various in vitro and in vivo
preclinical cancer models [reviewed in ref. [31]].

The apoptotic signal in hepatocytes is believed to be
transmitted through the complex interaction of intercellular
proteins.The transcription factor NF-𝜅B andmembers of the
Bcl-2 family consisting of both proapoptotic and antiapop-
totic proteins contribute to the regulation of apoptosis in hep-
atocytes [58]. Many of the genetic alterations of HCC lead to
an imbalance in the proapoptotic and antiapoptotic proteins
of the Bcl-2 family [60].The antiapoptotic proteins, including
Bcl-2 and Bcl-xL, are known to inhibit mitochondrial apop-
totic pathway by blocking the release and oligomerization of
proapoptotic proteins and are overexpressed inHCC [61]. On
the other hand, proapoptotic members of the Bcl-2 family,
such as Bax, Bad, and Bid, initiate mitochondrial apoptosis
by facilitating pore formation and cytochrome 𝑐 release from
the inner mitochondrial membrane with subsequent activa-
tion of caspases resulting in cell death. These proapoptotic
members are downregulated in HCC [62]. An alteration in
Bax/Bcl-2 ratio plays a crucial role in deciding whether a cell
should switch towards proliferation or apoptosis [63]. Our
present study revealed that PE registered an increase in the
expression of proapoptotic gene Bax and decrease in the level
of antiapoptotic gene Bcl-2, resulting in an extraordinary
surge in Bax/Bcl-2 ratio. Based upon these results, it is clear
that pomegranate bioactive phytochemicals induce intrinsic
apoptosis and facilitate elimination of transformed cells
during hepatocellular carcinogenesis by targeting the Bcl-2
family members.

The Wnt/𝛽-catenin signaling pathway is implicated in
liver physiology and pathology through regulation of various
fundamental cellular events, including proliferation, differ-
entiation, survival, inflammation, oxidative stress, morpho-
genesis, and regeneration [15, 64, 65]. In canonical Wnt
pathway, themultifunctional protein𝛽-catenin represents the
key signaling intermediate. Under normal physiological con-
ditions, free cytoplasmic 𝛽-catenin undergoes degradation
through a coordinated action of a multiprotein destruction
complex consists of GSK-3𝛽, adenomatous polyposis coli,
casein kinase 1𝛼 (CK1𝛼), and Axin [66]. It is known that 𝛽-
catenin is first phosphorylated at serine-45 by CK1𝛼, facil-
itating its subsequent phosphorylation at serine-33, serine-
37, and threonine-41 by GSK-3𝛽 [67, 68]. The phosphory-
lated 𝛽-catenin first undergoes ubiquitination by the cellular
E3 ubiquitin ligase complex and then degradation by 26S
proteasome [69]. In the event of Wnt ligands binding with
the transmembrane Frizzled (FZD) receptor and coreceptor
low-density lipoprotein receptor-related protein 5 or 6 (LRP
5/6), activation of the canonical Wnt pathway is initiated.
In this process, FZD recruits cytoplasmic scaffolding protein
Dishevelled (Dvl) which subsequently recruits Axin and
GSK-3𝛽 to LRP 5/6 [70]. Consequently, LRP 5/6 is phospho-
rylated by CK1𝛼 and GSK-3𝛽, resulting in disruption of the
formation of the destruction complex and inhibition of GSK-
3𝛽-mediated phosphorylation of 𝛽-catenin. The net result is
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the stabilization and accumulation of 𝛽-catenin in the cytosol
followed by its translocation to the nucleus. Once inside
the nucleus, 𝛽-catenin interacts with transcription factor T-
cell factor/lymphoid enhancer factor and eventually activates
the transcription of various Wnt target genes implicated
in a number of important biological functions, including
proliferation (e.g., c-myc), cell cycle control (e.g., cyclin
D1), apoptosis (e.g., survivin), and inflammation (e.g., COX-
2) [71–74]. Aberrant constitutive activation of the Wnt/𝛽-
catenin pathway leads to uncontrolled cell proliferation,
growth, and survival, promoting various human malignan-
cies, including HCC [13, 16]. Emerging evidence based on
experimental as well as clinical observations indicate the
involvement of activated Wnt/𝛽-catenin signaling at var-
ious stages of hepatic neoplasia, making it an attractive
and viable target for prevention and treatment of HCC
[reviewed in refs. [17–19]]. Accumulation of 𝛽-catenin in
the cytoplasm and nucleus has previously been reported
during stepwise progression of DENA-initiated hepatocar-
cinogenesis in rats [75] and DENA/PB-mediated HCC in
mice [76]. Our immunohistochemical study also reveals that
hepatocytes from DENA-control animals exhibit a marked
overexpression of 𝛽-catenin in the cytoplasm and/or nucleus,
confirming activation of Wnt/𝛽-catenin signaling pathway
at an early stage of DENA hepatocarcinogenesis in rats.
The accompanying Western blot and RT-PCR data provide
further support to our observation regarding induction of the
canonical Wnt/𝛽-catenin pathway. A dose-dependent inhibi-
tion of 𝛽-catenin expression in transcriptional and transla-
tional levels by pomegranate constituents clearly underscores
the impairment of the canonical Wnt/𝛽-catenin oncogenic
signaling in rat liver carcinogenesis.

Reduced expression ofGSK-3𝛽mRNAhas been observed
in human hepatic cancer linked to HCV infection [77].
HBV-X protein upregulated 𝛽-catenin with an inactivation
of GSK-3𝛽 in liver cancer [78]. Targeted downregulation of
𝛽-catenin protein has been associated with increased GSK-
3𝛽 protein expression in HCC [79]. A parallel induction of
hepatic GSK-3𝛽 protein following pomegranate treatment
has been an interesting finding of our study which indicates
possible degradation of 𝛽-catenin protein via upregulation
of GSK-3𝛽. The activation of GSK-3𝛽 may be responsible,
at least in part, for the attenuation of oncogenic Wnt/𝛽-
catenin signaling and its effect on downstream gene expres-
sion. While the involvement of GSK-3𝛽 in downregulation
of 𝛽-catenin protein following pomegranate treatment is
apparent from this study, it is not clear how pomegranate
phytochemicals affect the expression of 𝛽-catenin at the
transcriptional level and may suggest other mechanisms.
Pomegranate bioactive compounds may have direct effects
on transcriptional regulation of𝛽-catenin andGSK-3𝛽 genes.
This is in line with a recent study that shows reduction
in mRNA expressions of 𝛽-catenin and GSK-3𝛽 in human
hepatocarcinoma cells following treatment with nimbolide, a
natural compoundderived fromneem tree [80]. Additionally,
methylated chrysin, a constituent of pepper tree leaves, has
been found to abrogate the elevated expression of 𝛽-catenin
mRNA in preneoplastic lesions induced byDENA in rats [81].
Although emerging studies have provided credible evidence

on the potential of a gamut of bioactive food components in
the prevention and treatment of various neoplastic diseases
by targeting the wingless signaling [reviewed in [82–84]],
very limited information is available on chemoprevention of
HCC by inhibiting activated Wnt/𝛽-catenin signaling path-
way using nutraceuticals and dietary components [reviewed
in [19]].

5. Conclusion

The results of our present study undoubtedly establish that
pomegranate bioactive constituents suppress cell prolifera-
tion (PCNA), regulate cell cycle progression (cyclin D1), and
induce programmed cell death (apoptosis) during DENA-
initiated andPB-promoted hepatic tumorigenesis in Sprague-
Dawley rats. Pomegranate-mediated apoptogenic signal dur-
ing experimental hepatocarcinogenesis may be transmit-
ted through up-relegation of proapoptotic protein Bax and
downmodulation of antiapoptotic protein Bcl-2. We also
present data that show, for the first time, that pomegranate
phytochemicals diminish cell proliferation and survival pos-
sibly through blockade of activated canonical Wnt/𝛽-catenin
signaling in hepatocarcinogen-exposed animals.The interfer-
ence of Wnt/𝛽-catenin signaling may be achieved, at least in
part, through degradation of 𝛽-catenin protein, the cardinal
effector of Wnt pathway, by up-regulation of GSK-3𝛽. This
is further supported by the diminished hepatic expression
of cyclin D1, a 𝛽-catenin-dependent target gene, and an
indicator of activation of Wnt/𝛽-catenin pathway. Thus, our
study provides encouraging preclinical evidence and novel
mechanism of targeting activated Wnt/𝛽-catenin signaling
by pomegranate products to achieve chemoprevention of
hepatocellular cancer. Previously, we have shown modula-
tion of the NF-𝜅B pathway by pomegranate constituents in
DENA hepatocarcinogenesis in rats [35]. As functional cross
regulation between the NF-𝜅B and Wnt/𝛽-catenin signaling
pathways has emerged as a pivotal mechanism for the regu-
lation of a diverse array of genes involved in tumorigenesis,
including HCC [37–40], results reported here in conjunction
with our earlier communication [35] indisputably estab-
lish the “proof-of-principle” of simultaneously targeting two
interconnected molecular circuits, namely, canonical NF-
𝜅B and Wnt/𝛽-catenin pathways, to achieve prevention of
hepatocellular cancer (summarized in Figure 7). Obviously,
these do not exclude the possibility of other mechanisms.
Overall, our present results based on a clinically relevant
model of liver cancer coupled with an excellent safety
profile of pomegranate bioactive substances may facilitate
the development of pomegranate-derived agents as complex,
synergistic drug for the prevention and therapy of liver
cancer, which represents a complex disease.
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Multiple strands of research provide growing evidence that diet, nutrition, and life style play a role in the development and the
course of urological diseases. Numerous micronutrients and polyphenols found in soy, green tea, and many fruits and vegetables
have been described to impact diseases including erectile dysfunction, benign prostatic hyperplasia, and prostate cancer. However,
oftentimes these reports lack both a scientific rationale and supportive evidence base. The efficacy of pomegranate, on the other
hand, in the modulation of central biological processes like inflammation, hypoxia, and oxidative stress that are important in the
pathogenesis of urological maladies has been robustly demonstrated in preclinical in vitro and in vivo studies. Moreover, clinical
trials have further supported its use in the treatment of several diseases, in particular in the management of prostate cancer. Herein,
we critically review the scientific knowledge about the current role and future prospects for the use of pomegranate extracts in the
therapy of erectile dysfunction, benign prostatic hyperplasia, and prostate cancer.

1. Introduction

As men age, there are inevitable changes that occur in
the genitourinary tract that increase their risk of develop-
ing urological diseases such as ED (erectile dysfunction),
prostatitis, BPH (benign prostatic hyperplasia), and PCA
(prostate cancer). An autopsy study reported an incidence of
BPHof only 8 percent inmen during the fourth decade of life,
while 50 percent of men have pathological BPH between ages
51 and 60 [1]. Likewise, data from the Massachusetts Male
Aging Study (MMAS) have demonstrated an increase in the
incidence of ED with each decade of age, rising from 12.4
cases per 1000 men years (95% CI 9.0 to 16.9) in men aged
40–49 to 46.4 cases per 1000 men years (95% CI 36.9 to 58.4)
in men aged 60–69 years [2].

In the past years, there is a growing body of literature that
supports the role of environmental and other life style factors
in impacting pathological alterations of the genitourinary
tract. For example, Asian men usually have a significantly
lower incidence of and mortality from prostate cancer when

compared with men in Western Europe and North America.
These differences frequently are mitigated after immigration
to Western countries after only one generation [3]. Authors
have suggested that this finding is a result of westernization,
and adoption of western lifestyle and nutrition habits [4].The
increase in incidence of prostate cancer in Asian countries [5]
along with a growing economy in these countries supports
the hypothesis that there are both environmental and genetic
influences which impact the development of prostate cancer.

Modifiable lifestyle and nutrition habits and the long
latency of many problems of men’s health make them ideal
candidates for prevention as well as complementary treat-
ment strategies. Moreover, urological patients have a high
desire to get alternative and complementary treatments. A
meta-analysis has demonstrated that 30% of prostate can-
cer patients are using complementary alternative medicine
(CAM) in addition to their standard treatments [6]. In search
for new treatment and prevention approaches, research has
suggested that reduction of oxidation and inflammation may
improve health outcomes. Increasing evidence suggests that
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some of these risks appear to be reduced by nutritional
interventions thatmay help support themaintenance ofmen’s
health in general and the lower urinary tract in particular
(reviewed in [7]).

Current dietary recommendations emphasize increasing
the daily consumption of fruits and vegetables from diverse
sources such as citrus fruits, cruciferous vegetables, and
green and yellow vegetables.There are potent phytochemicals
in edible plants, which may have health benefits through
antioxidation, inhibition of inflammation, and via gene-
nutrient interactions. In order to explain preventive as well
as therapeutic effects of nutrition components, investigators
have focused on the antioxidative effects of plant polyphenols
[7]. Extracts derived from pomegranate (Punica granatum)
have been intently studied over the past decade. Preclinical
and clinical studies provide evidence of their antiproliferative
properties andmodulatory effects on inflammatory pathways
[8]. Herein, we will provide an overview on the current
preclinical and clinical knowledge of the mode of action and
the use of pomegranate in the prevention and treatment of
ED, BPH, and PCA.

2. Biological Rational for the Use of
Pomegranate Extracts in the Treatment
of Urological Diseases

Pomegranate phytochemicals have been shown to be effective
in reducing oxidative stress and to modulate inflammatory
pathways [9, 10]. The rationale for the use of pomegranate in
prevention and treatment of ED, BPH, and PCA, therefore,
depends on the influence of inflammation and hypoxia on the
pathogenesis of these diseases.

BPH is a urological disease that is characterized histo-
logically by glandular hyperplasia in the periurethral and
transition zones of the prostate, and clinically by obstructive
and irritative lower urinary tract symptoms (LUTS) [11].
Accumulating evidence suggests that inflammation may be
involved in the development of BPH/LUTS [12]. In rodent
models, induced prostatic inflammation has been shown to
contribute to prostatic hyperplasia [13, 14], and in humans,
inflammatory infiltrates are frequently observed in prostate
tissue specimens from men with BPH [15, 16]. Moreover, the
presence or degree of inflammation has been found to be
correlated with prostate size [16, 17], severity of LUTS [18],
and greater risk of developing acute urinary retention [19].
Given these observations suggesting that inflammation may
contribute to BPH/LUTS, it is plausible to hypothesize that
anti-inflammatory agents may reduce the severity of lower
urinary tract symptoms associated with BPH.

In 1863, Rudolf Virchow firstly made a link between
inflammation and cancer when he noted “lymphoreticular
infiltrates” within neoplastic lesions. It has been estimated
that about 15% of cancers may be attributed to infectious
agents and to the concomitant inflammation that is a major
component of chronic infections [20]. Balkwill and Manto-
vani have labeled genetic damage as the “match that lights
the fire” and inflammation as the “fuel that feeds the flames”
[20]. Chronic inflammation is common in the prostate of
men with advanced ages and can be found in approximately

80–98% of prostate biopsies [21, 22]. Evidence supports the
role of proliferative inflammatory atrophy as a precursor
to prostatic intraepithelial neoplasia and invasive prostate
cancer [23]. The risk of prostate cancer may be reduced with
the prophylactic intake of anti-inflammatory drugs. Meta-
analyses, for example, have shown a ∼15–20% risk reduction
in patients who are using anti-inflammatory pharmaceuticals
such as nonsteroidal anti-inflammatory drugs (NSAIDs) or
aspirin on a regular basis [3, 24, 25]. However, the chronic
use of NSAIDs and aspirin is limited by its associated side
effects, including gastric ulcers, renal insufficiency, and in
the case of COX-2 inhibitors, with cardiovascular events
(reviewed in [26]). Prostate cancer is a slow-growing disease
and, therefore, it will be mandatory to find prevention
strategies which are effective in decreasing inflammation
without causing side effects when used in the long term.

Inflammation is inextricably linked with hypoxia and
an occurrence of reactive oxygen species (ROS). Evidence
supports that inflammation and secondary ROS play impor-
tant roles in prostate carcinogenesis [27]. An imbalance in
the intracellular production and clearance of ROS results
in oxidative stress, which in turn leads to an increased
risk of DNA damage and other epigenetic changes [28].
As in other cancer types, oxidative stress, low levels of
antioxidative enzymes, and defective DNA repair of oxidative
DNAdamage have been implicated in prostate carcinogenesis
[3, 29].

In the past few years, it has become increasingly apparent
that the nitric oxide (NO)/cyclic guanosine monophosphate
(cGMP) pathway has a major influence on the pathogen-
esis of both LUTS and ED. LUTS is one of the most
important risk factors for the development of ED. A study
of Germany has shown that 72.2% of men with ED had
LUTS compared to only 37.7% without ED. In a multiple
logistic regression analysis, age, diabetes, hypertension, pelvic
surgery, and LUTS were all independent risk factors for the
development of ED [30]. In both conditions, an increase
of smooth muscle tension is thought to play a central role
in the pathophysiology. The NO/cGMP pathway is one of
the major regulators of smooth muscle contractility of the
lower urinary tract and the penile corpora cavernosum and
spongiosum. NO is a neurotransmitter of the vegetative
nervous system. It is released, that is, by sexual stimulation
from nonadrenergic, noncholinergic (NANC) neurons that
innervate the corpus cavernosum of the penis [31]. The
expression of NO is dependent on the presence of oxygen
and reduced nicotinamide-adenine dinucleotide phosphate
(NADPH) and is catalyzed by the NO synthase (NOS).
NO activates the intracellular guanylate cyclase, the enzyme
that further controls the conversion of 5-GTP to 3, 5-
cGMP. The accumulation of intracellular cGMP triggers a
cascade, leading to decreased intracellular calcium levels and
subsequent relaxation of smooth muscles of various organs,
including the arteries and the lower urinary tract [32–34].
BPH and ED are both diseases that become increasingly
prevalent as patients age, and in consequence, are often
accompanied with disorders that also occur more frequently
in advanced ages like diabetes mellitus, hypertension, arte-
riosclerosis, and hypercholestrolemia. All of these covariates
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Figure 1: Potential modulatory effects of pomegranate extracts on central biological processes that have a crucial role in the pathogenesis of
erectile dysfunction (ED), benign prostatic hyperplasia (BPH), and prostate cancer (PCA).

have been well described as risk factors of ED. Moreover,
it has been demonstrated that these factors are associated
with an increase in the intracavernosal expression/activity of
reduced NADPH-oxidase, an enzyme that generates super-
oxide (O

2

∙−) [35]. O
2

∙− is a highly reactive radical that can
interrupt the physiological function of NO due to its ability
to react with NO to form peroxynitrite (PN). NO as well
as PN is able to mediate smooth muscle relaxation of the
corpus cavernosum, but PN is much less potent compared to
NO [36]. Recent phase III studies demonstrating the efficacy
of phosphodiesterase (PDE) inhibitors in the treatment of
LUTS and ED [37–40] have highlighted the crucial role of
a functional intact NO/cGMP pathway for both urological
disorders. On overview of potential effects of pomogranate
on diverse biological mechanisms is shown in Figure 1.

3. Preclinical Evidence for
the Use of Pomegranate Extracts in
Men’s Urologic Health

3.1. Prostate Cancer. The most striking evidence for the
biological activity of pomegranate extracts was demonstrated
in prostate cancer cells. In vivo and in vitro studies have shown
that pomegranate extracts are capable of inhibiting tumor cell
proliferation, migration, and invasion, while also inducing
apoptosis. For example, only 70microg/mL of pomegranate
extract was needed to suppress the growth of LNCaP prostate
cancer cells by 50%, whereas normal prostate cells (hPrECs)

were considerably less affected (ED
50

250 g/mL) [41]. Incu-
bation of LNCaP cells over 24 h at various concentrations
revealed that punicic acid, a fatty acid present in pomegranate
seeds, was able to stimulate apoptosis in a caspase-dependent
manner [42]. Koyama et al. [43] examined the relationship
between POMx- (POM Wonderful LLC, Los Angeles, CA,
USA), a pomegranate extract with standardized ellagitannin
content (37% punicalagins by HPLC), induced apoptosis
and the insulin growth factor (IGF)/insulin growth factor
binding protein- (IGFBP-)3 system in LAPC4 prostate cancer
cell lines. Cultivation with POMx and IGFBP-3 had addi-
tive effects on apoptosis induction and growth inhibition.
Western blot analyses of the proapoptotic c-Jun kinase (JNK)
and the growth inductors of the mTOR pathway indicated
a downregulation of the mTOR pathway and an increase in
JNK expression.

Moreover, in addition to causing prostate cancer cell
death, pomegranate extracts have been reported to increase
cell adhesion and decrease cell migration, processes impor-
tant for metastatic spread. For example, treatment of prostate
cancer with pomegranate extracts resulted in an upregulation
of genes involved in cell adhesion (E-cadherin, intercellu-
lar adhesion molecule 1 (ICAM-1)) while genes that are
important for cell migration (hyaluronan-mediated motility
receptor (HMMR) and type I collagen) were downregu-
lated. Furthermore, cytokines that are known mediators of
inflammation (IL-6, IL-12p40, and IL-1𝛽) and are capable of
chemoattracting cancer cells via the SDF/CXCR4 axis were
downregulated by pomegranate extracts [44].
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Our institution has demonstrated the inhibitory effects
of pomegranate extracts on inflammatory pathways [10]. The
nuclear factor-kappaB (NF-𝜅B) is an important predictor
of prostate cancer biochemical recurrence [45, 46] and is
activated in castration-resistant prostate cancer (CRPC) [47].
Our investigations have demonstrated that inhibition of
NF-𝜅B is necessary for the maximal proapoptotic effect of
pomegranate extracts. Moreover, these studies also showed
that pomegranate extracts not only inhibit the activation of
NF-𝜅B, but also delay the emergence of castration resistance
in a xenograft model through reduced proliferation and
increased apoptosis.These resultswere further supported by a
recent study that comparatively analyzed proteomic patterns
of treated and untreated DU145 cells [48]. After treatment
with pomegranate extracts, 11 proteins were deregulated in
treated DU145 cells. Three proteins were upregulated and
eight proteins were downregulated. Among the proteins that
were downregulated after treatment with pomegranate was
valosin containing protein (VCP (p97)). Elevated expression
of VCP is known to be a prognostic factor for tumor
progression and metastasis of PCA [49]. Of note, VCP
belongs to the ATPase superfamily and is involved in the
ubiquitin/proteasome-mediated degradation of I𝜅B-𝛼, the
endogenous inhibitor of NF-𝜅B.Therefore, VCP is capable of
regulating the activation of NF-𝜅B [50]. Thus, the decreased
expression of VCP could be onemechanism that may explain
the NF-𝜅B-inhibitory effect and consequently the proapop-
totic and antiandrogen effects of pomegranate extracts.

Finally, remarkable results on the tumor growth
inhibitory properties of pomegranate extracts were recently
reported by Adhami and colleagues [51]. The transgenic
adenocarcinoma of the mouse prostate (TRAMP) model
is one of the most relevant models to humans because
mice uniformly spontaneously develop orthotopic prostate
tumors following the onset of puberty [52]. In their study,
Adhami et al. [51] supplemented drinking water with 0.1%
and 0.2% of pomegranate extracts, comparable to 250 to
500mL of pomegranate juice. In the control group, 100% of
mice developed palpable tumors after 20 weeks compared
with only 30 and 20% in the 0.1 and 0.2% pomegranate
extract-supplemented groups, respectively. The median
life expectancy was 43, 73, and 92 weeks in the control,
0.1%, and 0.2% groups, respectively. Unlike the control
group, none of the mice in the pomegranate-extract-
treated groups developed metastases, and all tumors were
without any evidence of poorly differentiated features. In
concordance with previous in vitro studies, the authors
reported a simultaneous and significant inhibition of the
IGF-I/Akt/mTOR pathways in the PCA resulting from
treatment with prostate extracts.

3.2. Erectile Dysfunction. In an effort to search for markers
of oxidative stress in arteriogenic ED and to investigate
the protective role of dietary antioxidants, Zhang et al.
[53] developed atherosclerosis-induced ED in rabbits by
balloon deendothelialization of the iliac arteries. Analogous
to the situation in patients with atherosclerosis, they found

a decreased erectile tissue blood flow, diminished intracav-
ernosal perfusion pressures, and impaired metabolic waste
clearance from the erectile tissues. Moreover, they detected
an accumulation of oxidatively modified byproducts and an
upregulation in levels of superoxide-dismutase and aldolase
reductase, both of which are known to be oxidation-sensitive
genes. Contrarily, in the pomegranate-extract-treated group
animals had an increased intracavernosal blood flow, smooth
muscle relaxation, and erectile activity compared to controls.
However, the erectile activity of the pomegranate-treated
group did not normalize to the level of age-matched animals
without arteriosclerosis. The authors concluded from their
study that antioxidative therapy appears to act promptly
on molecular and ultrastructural alterations rather than on
anatomical structures like erectile tissue fibrosis. Addition-
ally, they suggested that long-term consumption of antioxida-
tive dietary improves ED by protection of NO bioavailability.
Similar results were reported by Azadzoi et al. [54] who also
reported an increased intracavernosal blood flow, improve-
ment of erectile response, and smoothmuscle relaxation in an
animalmodel. Furthermore, they found, opposite to Zhang et
al., that long-term intake of pomegranate extracts also helped
to prevent erectile tissue fibrosis in the treated ED group.

4. Clinical Evidence for the Efficacy of
Pomegranate Extracts in Urological Diseases

4.1. Prostate Cancer. A number of clinical studies have pro-
vided evidence of biologic activity of pomegranate extracts
in human prostate cancer. In a phase II study, the effects
of daily consumption of 8 oz. of pomegranate juice on PSA
progression in 46 men with a biochemical recurrence after
surgery or radiation were assessed [55]. Eligible patients
had a detectable PSA >0.2 and <5 ng/mL and s Gleason
score ≤7. The clinical endpoints of the study were safety,
effect on serum PSA, serum-induced in vitro proliferation
and apoptosis induction of LNCaP cells, serum lipid per-
oxidation, and serum nitric oxide levels. During the study
period, no serious adverse events were reported. There was
a statistically significant prolongation of the PSA doubling
time from a mean of 15 months at baseline to 54 months
after treatment (𝑃 < 0.001). The effects of patient sera
following pomegranate consumption on proliferation and
apoptosis induction on LNCaP prostate cancer cells in vitro
were measured. Proliferation assays demonstrated a mean
decrease of proliferation by 12% (𝑃 = 0.0048) between sera
at baseline and after 9 months of pomegranate consumption.
In the same assay system, apoptosis increased by 17.5% (𝑃 =
0.0004) after cultivation with the same patient media. In
addition, susceptibility against oxidative stress, measured by
the content of serum lipid peroxides, significantly decreased
following pomegranate juice consumption. This was the
first clinical study to provide evidence beyond preclinical
investigations of the biologic activity of pomegranate juice
consumption on recurrent prostate cancer.

Recently, Paller et al. [56] published a multicenter phase
II clinical trial of men with localized prostate cancer to
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receive either 1 or 3 g of POMx pills. POMx is a standard-
ized pomegranate (Punica granatum L., Wonderful variety)
polyphenol extract developed for use as a dietary supplement
and which has received “Generally Recognized as Safe”
status. Each capsule contained up to 1000mg of polyphe-
nol extract, which delivers pomegranate polyphenols in an
amount equivalent to approximately 8 oz of pomegranate
juice.The extract is well characterized, product specifications
have been established, and batch analyses data confirm that
the product is consistent in quality and free of microbial
or chemical contaminants. It contains the same compounds
found in pomegranate juice, differing only in having lower
anthocyanidins and significantly higher proportional con-
tent of pomegranate polyphenols, primarily punicalagin and
isomers, but the levels in food or supplement products are
limited to the amount found in 8 oz of 100% juice. The
study cohort of 104 patients was stratified according to their
baseline PSA doubling time (PSADT) and Gleason score.
The primary endpoint of the study was a detection of a 6-
month on-study increase in PSADT. PSADT lengthened from
11.9 months at baseline to 18.8 months after treatment in the
intention to treat group (𝑃 < 0.001); however, there was
no evidence of dose-response impact on PSADT between
the two dosage groups (𝑃 = 0.554). A decline in PSA was
observed in 13% of patients. Again, there were no severe side
effects of the treatment; however, mild diarrhea was reported
in 1.9% of the low-dose group and 13.5% in the high-dose
group. This study confirmed previously reported findings,
but in a more heterogeneous patient cohort (31% of patients
in this study had PSA >5 ng/mL with up to 32 ng/mL). A
major limitation of this study was the high dropout rate
of 42% of patients before the protocol definition of PSA
progression or the 18 months of followup were reached. The
most important reason for premature discontinuation of the
trial was uncertainty of the patient and/or the investigator
in case of PSA progression. Collectively, 70% of the study
population remained on study medication for 12 months,
judged to be sufficient enough to provide an adequate patient
number to reliably examine PSADT.

Major criticisms of these two phase II studies have been
the lack of placebo control, the lack of a dose-response
effect, and the lack of prostate tissue to correlate PSA
change with in vivo biological effects. Moreover, the fact
that a prior placebo-controlled trial found 73% of men on
placebo on a similarly designed study had longer on-study
PSADT than prestudy [57] makes interpreting these data
challenging. Several clinical studies have been performed to
address these deficiencies. A follow-up multicenter, phase
III, double-blind, placebo controlled study of pomegranate
juice extract (NCT00060086) in 180 men with biochemically
recurrent prostate cancer has recently been completed, with
the results anticipated in the first quarter of 2013. Addition-
ally, a randomized, placebo-controlled clinical trial of POMx
daily for up to 4 weeks prior to radical prostatectomy in
order to obtain prostate tissue was conducted to objectively
measure whether pomegranate extracts and their metabolites
were systemically absorbed and accumulated in the prostate
[58]. The primary study outcome was the difference between
arms in prostate 8-hydroxydeoxyguanosine (8-OHdG) levels.

8OHdG is formed as the result of oxidative damage to the
DNA base 2-deoxyguanosine (dG) and is a major product
of DNA oxidation. This study gave for the first time clini-
cal evidence for the accumulation of pomegranate extracts
in benign and malignant prostate tissues. Urolithin A (3,
8-dihydroxy-6H-dibenzo[b,d]pyran-6-one), a metabolite of
ellagic acid, punicalagin, and the ellagitannin extract that
are all ingredients of pomegranate, was more often detected
(𝑃 = 0.031) with higher levels in the POMx arm compared
to placebo-treated patients (𝑃 = 0.007). In both benign and
malignant prostate tissues, there was an inverse correlation
between Urolithin A and the levels of oxidative DNA damage
as measured by 8-OHdG levels. POMx reduced benign
prostate tissue 8-OHdG by 33% (𝑃 = 0.003) in men with
organ-confined disease. This was (a) a modest size study and
(b) the time of treatment was within 4 weeks very short. As
discussed in the previous sections, it has been suggested that
the effects of pomegranate extracts become evident in long-
term use by its ability to reduce chronic oxidative stress.Thus,
the most important finding of this study was the proof of
metabolite accumulation in the prostate and the strong trend
for its association with reduced 8-OHdG in both benign and
malignant tissues.

Another point of criticism to the studies above is the
use of PSADT as a surrogate parameter for standard clinical
outcomes such as survival. A retrospective study presented
at the ASCO Meeting 2012 has shown that PSADT may
increase even in the absence of therapy, possibly in part due
to the duration of PSA followup [59]. The findings of these
investigations challenge the use of PSA kinetics in single-arm
studies that do not have a placebo-controlled comparator.

In summary, the current clinical trials provide ample
evidence for the biological activity of pomegranate extracts in
prostate cancer. This conclusion has to be emphasized in the
light of other alternative treatments with agents like celecoxib
or rosiglitazone that did not improve the mean PSADT when
compared to a placebo control group in randomized clinical
trials [57, 60].

4.2. Erectile Dysfunction. One study investigated the
improvement of ED in 60 sexually active, healthy males
aged 21–70 years [61]. Inclusion criteria included mild-to-
moderate ED, as indicated (17–25 points of the International
Index of Erectile Function (IIEF) questionnaire [62]), and a
stable monogamous relationship with a consenting female
partner. The study was designed as a crossover clinical trial.
Patients were assigned to two groups that either received
8 oz of pomegranate juice or placebo for a total of 28
days. After a washout period of two weeks, the placebo
group switched to the active treatment and vice versa.
At the end of the second period, subjects were evaluated
with the IIEF questionnaire again. An improvement in
Global Assessment Questionnaire (GAQ) was the primary
endpoint and a change of the erectile function domain in
the IIEF questionnaire was the secondary endpoint. The
authors observed a trend towards an improvement of GAQ
associated with the consumption of pomegranate juice
treatement (𝑃 = 0.058). The secondary efficacy endpoint,
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Table 1

Trial name Intervention Outcome Project
finish date

Effects of plant extracts
on semen quality
(NCT01357044)

Pomegranate
versus placebo

Primary outcome measures:
(i) count of motile sperm per ejaculate (time frame: up to two years)
(designated as safety issue: no)
Secondary outcome measures:
(i) morphology: percentage of morphologically abnormal sperm in the ejaculate
(time frame: up to two years) (designated as safety issue: no)
If we find an increase in the primary outcome measure in data from participants
receiving plant extracts and not in those receiving placebo tablets, we wish to
further investigate whether sperm morphology also improves when consuming the
plant extracts, for example, whether the percentage of abnormal sperm in an
ejaculate decreases in the group of participants receiving the active plant extracts

October
2012

Study of POMELLA
extract to treat prostate
cancer (NCT01100866)

Pomegranate
versus placebo

Primary outcome measures:
(i) tissue collection and bioanalysis of the specimens collected (time frame: tissue
collected on day 31 (after 30 days of study treatment)) (designated as safety issue:
no)
Prostate tissue are collected at radical prostatectomy. These specimens are used to
explore the effects of treatment on the expression of the proliferation markers,
enzymes, hormones, receptors, and cell signaling proteins known to influence
prostate cancer progression

December
2013

Pomegranate Juice in
treating patients with
recurrent prostate
cancer
(NCT00060086)

Pomegranate
juice versus
placebo

Primary outcome measures:
(i) clinical efficacy, in terms of overall response rate, measured by serum
prostate-specific antigen (PSA) levels every 3 months (time frame: evaluated every 3
months for 18 months) (designated as safety issue: no)

December
2012

Extension to study of
effects of pomegranate
extract on rising PSA
levels after primary
therapy for prostate
cancer (NCT00732043)

Pomegranate
extract versus

placebo

Primary outcome measures:
(i) the primary outcome variable will be the mean PSA doubling time at the end of
12, 24, 36, and 48 months (time frame: 48 months) (designated as safety issue: no)
Secondary outcome measures:
(i) the mean change in PSA doubling time from baseline to end of treatment (time
frame: 48 months) (designated as safety issue: no)
(ii) response rates in positive and negative PSA doubling times with a clinically
significant positive doubling time is defined as >150% of baseline (time frame: 48
months) (designated as safety issue: no)
(iii) overall efficacy responses categorized as objective response, progressive disease,
and stable disease (time frame: 48 months) (designated as safety issue: no)
(iv) measures of tolerability (adverse events) and toxicity (clinical chemistries, etc.)
(time frame: 48 months) (designated as safety issue: yes)

January
2015

A pilot study to
evaluate the effect of
pomegranate juice on
semen parameters in
healthy male volunteers
(NCT01595308)

Pomegranate

Primary outcome measures:
(i) change in sperm counts (time frame: baseline and 6 months) (designated as
safety issue: no)
The primary outcome will be change in sperm counts relative to baseline with and
without POM
Secondary outcome measures:
(i) change in sperm count (time frame: 6 months) (designated as safety issue: no)
The secondary outcome will be change in sperm counts relative to baseline with and
without POM

May 2012

Open-label extension
study of the effects of
pomegranate extract
on rising PSA after
primary therapy for
prostate cancer
(NCT00731848)

Pomegranate
liquid extract

Primary outcome measures:
(i) the within-subject difference between the PSA doubling time from the end of
double-blind placebo treatment to the end of open-label pomegranate extract
treatment (time frame: 12 months) (designated as safety issue: no)
Secondary outcome measures:
(i) the effect of treatments on response rates for positive PSA doubling times
(greater than 150% baseline), for negative posttreatment PSA doubling time (i.e.,
declining PSA), and for changes in absolute PSA values (time frame: 12 months)
(designated as safety issue: no)

January
2015

For more information go to: http://clinicaltrials.gov/.
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an upgrading of the erectile function domain of the IIEF
questionnaire, was not reached. The study was limited in
being a small sample size trial with relatively short-term use
of pomegranate extracts for treatment of ED; nevertheless,
there was a signal for an efficacy of pomegranate extracts
to improve mild-to-moderate ED. Further randomized
controlled trials that are better powered to assess the efficacy
of pomegranate extracts in ED therapy are, therefore, needed.
In addition to this clinical trial, studies have examined the
efficacy of pomegranate extracts to improve maladies that
are typical risk factors for the development and progress of
ED, including hypertension and the ability to inhibit serum
angiotensin converting enzyme [63]. The management of
these well-defined risk factors is an important factor in the
overall management of ED.

4.3. Benign Prostate Hyperplasia (BPH). There is currently no
completed clinical study evaluating the effect of pomegranate
extracts in the treatment of BPH. However, a previous
clinical trial provided justification for clinical testing in
subjects with BPH [55]. In this study, nitric oxide metabolites
were measured to evaluate the level of antioxidant activity
in patients treated with pomegranate juice. Compared to
baseline, there was a 23% increase in serum nitric oxide
metabolites measured in patients serum at 9 months (𝑃 =
0.0085) with two-thirds of patients assayed having an increase
compared to baseline. As described above, the increase inNO
levels appears to be a key factor in lowering the tension of
smooth muscle of the lower urinary tract via the NO/cGMP
pathway and subsequently improving LUTS symptoms. Fur-
thermore, the neoadjuvant POMx pill study [58] demon-
strated that POMx reduced 8-OHdG in both benign as well
as malignant prostate tissue. The data suggesting decreasing
oxidative damage with simultaneous increase in serum NO
content support the study of the use of pomegranate extract
in order to improve LUTS. Thus, a randomized, double-
blind, placebo-controlled pilot study evaluating the efficacy
of POMx on BPH-related LUTS is currently under way at our
institution.

5. Overview of Registered, Ongoing Clinical
Trials Evaluating the Effects of Pomegranate
Extracts on Urological Diseases

See Table 1.

6. Summary

The biological processes of inflammation, hypoxia, and
oxidative stress have a crucial function in the natural biology
of men’s urological diseases including ED, BPH, and PCA.
In vitro and in vivo preclinical experiments provide evidence
supporting that pomegranate extracts are able to (i) inhibit
proliferation, invasion, metastatic spread, development of
castration-resistant PCA growth, and angiogenesis, (ii) mod-
ulate inflammatory pathways, and (iii) reduce oxidative
stress. Clinical biologic activities of pomegranate have been
tested in subjects with PCA and ED. Further randomized,

double-blind, controlled trials are under way and will be
completed soon.
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Several biological activities of pomegranate have been widely described in the literature, but the anti-inflammatory effect in the
gastrointestinal tract has not been reviewed till now. The aim of the present paper is to summarize the evidence for or against the
efficacy of pomegranate for coping with inflammatory conditions of the gastro-intestinal tract. The paper has been organized in
three parts: (1) the first one is devoted to the modifications of pomegranate active compounds in the gastro-intestinal tract; (2)
the second one considering the literature regarding the anti-inflammatory effect of pomegranate at gastric level; (3) the third part
considers the anti-inflammatory effect of pomegranate in the gut. In vivo studies performed on the whole fruit or juice, peel, and
flowers demonstrate antiulcer effect in a variety of animal models. Ellagic acid was the main responsible for this effect, although
other individual ellagitannins could contribute to the biological activity of the mixture. Different preparations of pomegranate,
including extracts from peels, flowers, seeds, and juice, show a significant anti-inflammatory activity in the gut. No clinical studies
have been found, thus suggesting that future clinical studies are necessary to clarify the beneficial effects of pomegranate in the
gastrointestinal tract.

1. Introduction

Punica granatum L. (pomegranate, Family Lythraceae) is a
deciduous tree distributed throughout the world. Pomegran-
ate (PG) fruit, in the form of extract of juice, is widely
promoted to consumers since the nineties as medicinal food
in the United States and Europe; as a consequence, a large
number of pomegranate-containing products have recently
been introduced into the USA and European market and are
widely sponsored as healthy products.

PG is used in the traditional medicine of different Asian
cultures for the treatment of a variety of ailments. In India,
Tunisia, and Guatemala, dried PG peels are decocted and
employed both internally and externally as astringents and
germicides and used for treating aphthae and diarrhoea. In
Ayurvedic medicine the plant, described under its Sanskrit
name “dadima” (fruit), is considered as a “blood purifier”
and used to cure parasitic infections (for a review, see [1]),
and the decoction of the root is considered helpful against
fevers and chronic debility due to malaria. Punica granatum

L. fruit rind is traditionally used in the eastern province
of Orissa (India), an area endemic for both Plasmodium
falciparum and Plasmodium vivax, against malaria; in this
regard, the beneficial effect of the fruit rind of PG for
the treatment of malaria has been recently ascribed to the
antiparasitic activity [2] and to the inhibition of the proin-
flammatory mechanisms involved in the onset of cerebral
malaria [3].

The biological activity of PG has beenwidely investigated,
including in vitro, in vivo, and clinical studies. The bene-
ficial effects are mostly the cardiovascular protective role,
neuroprotective activity, hypoglycemic effect, and anticancer
properties, in particular against prostate, colon, and breast
cancer; the anticancer effect is limited only to in vitro and
animal studies [1, 4, 5].

The gastrointestinal tract represents an important barrier
between the human hosts and microbial populations. One
potential consequence of host-microbial interactions is the
development of mucosal inflammation, which can lead to
gastritis and ulcer.
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Gastritis is defined as inflammation of the gastricmucosa.
There are several etiological types of gastritis, differing for
clinical manifestations and pathological features. Gastritis
can be caused by endogenous and exogenous factors, includ-
ing acid, pepsin, stress, and noxious agents such as alcohol,
nonsteroidal anti-inflammatory drug (NSAIDs), Helicobac-
ter pylori (H. pylori) infection, and smoking. H. pylori,
a Gram-negative bacterium that colonizes the stomach of
humans and primates, is the most responsible pathogen
for these inflammatory processes. H. pylori infection in
humans represents a serious public health concern: the
WHO classifies this bacterium as a Type 1 carcinogen.
The clinical course of H. pylori infection is highly variable
and is influenced by both microbial and host factors. The
pattern and distribution of gastritis strongly correlate with
the risk of clinical duodenal or gastric ulcers, mucosal
atrophy, gastric carcinoma, or gastric lymphoma. It has been
demonstrated that gastric epithelial cells, after H. pylori
infection, show higher levels of cytokines including IL-
1𝛽, IL-6, TNF-𝛼, and IL-8, a potent neutrophil-activating
chemokine that apparently plays a central role in gastric
diseases [6, 7]. H. pylori strains carrying the Cag-PAI (Cag
Pathogenicity Island) induce a far stronger IL-8 response
than Cag-negative strains, and this response depends on
activation of NF-𝜅B and the early-response transcription
factor Activating Protein-1 (AP-1) [8]. IL-21 is constitutively
expressed in gastric mucosa as well and is more abun-
dant in biopsy specimens from H. pylori-infected patients
[9].

Inflammatory bowel diseases (IBDs), among which
Crohn’s disease (CD) and ulcerative colitis (UC), are the
most common inflammatory-related diseases in the gut;
IBDs occur in response to genetic or environmental fac-
tors and are characterized by the uncontrolled response of
the intestinal immune system against the normal enteric
microflora, leading to abdominal pain and chronic diarrhoea.
All components of the gut, including the epithelial barrier,
the mucosal immune system, and stromal/supportive cells,
participate in the intestinal immune response. Immune and
nonimmune cells, that is, epithelial, endothelial, mesenchy-
mal, and nerve cells, exchange regulatory signals via the
production ofmediators (cytokines, growth factors, adhesion
molecules, etc.), which facilitate and amplify cell interactions
and inflammation [10].

Epithelial cells, in response to a proinflammatory stim-
ulus, that is, TNF𝛼 and bacteria, release several cytokines
and induce the expression of NF-𝜅B related genes such as
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS) and metalloprotease-9 (MMP-9) [11]. The integrity
of the epithelial barrier is reduced thus favouring pathogen
infections. NF-𝜅B is highly involved in the control of the
transcription of the inflammatory mediators.

Anti-inflammatory properties of PG and its major com-
ponents have been widely described in the literature (for
a review, see [12]). For example, cold pressed PG seed oil
has been shown to possess anti-inflammatory activity since
it inhibited in vitro both cyclooxygenase and lipoxygenase
enzymes. In addition, the acetone extract of whole PG fruit
inhibited phosphorylation of several cytokines released by

UV-B-irradiated keratinocytes, and the mechanism underly-
ing this effect was found to be NF-𝜅B-dependent [13].

Although some papers describe the beneficial effects of
this fruit against gastro-intestinal inflammation, surprisingly
this has not been reviewed till now.

The aimof the present paper is to summarize the evidence
for or against the efficacy of PG for addressing inflammatory
conditions of the gastro-intestinal tract.

The paper will be divided in three parts: (1) the first one
will be devoted to the modifications of PG active compounds
in the gastro-intestinal tract, with particular attention to
the intestinal metabolites; (2) the second one considers the
literature regarding the anti-inflammatory effect of PG and
individual compounds at gastric level; (3) the third part
considers the anti-inflammatory effect of PG and individual
compounds in the gut, taking into account also the main
metabolites which are formed by microbial biotransforma-
tion after PG consumption.

2. Pomegranate Composition and Metabolism
in the Gastrointestinal Tract

PG has been shown to contain more than 100 different
phytochemicals, and a substantial part of them contributes to
the antioxidant activity elicited by the extracts [14]. However,
several variables, such as the harvesting season, soil, and the
kind of extract, can deeply affect chemical composition and
consequently the biological activity.

Ellagitannins (ETs) and anthocyanins (ANs) represent
the most abundant polyphenols in PG juice. ETs constitute
a complex class of polyphenols characterized by one or
more hexahydroxydiphenoyl (HHDP) moieties esterified to
a sugar, usually glucose. ETs content in PG juice is around
1500–1900mg/L [15]. This part of the fruit contains several
ETs typical of PG such as punicalagins, and other minor
tannins including punicalin and gallagic acid. Punicalagins
are unique to PG, and possess amolecular weight greater than
1000. During the juice processing, the whole fruit is pressed,
and ETs are extracted into PG juice in significant amount,
reaching levels over 2 g/L [15]. PG fruit contains also a small
amount of free ellagic acid (EA), and it has been estimated to
be around 15mg/L in fresh arils [15].

ETs are quite stable under the physiological conditions of
the stomach. The acid conditions (HCl, pH 1.8–2.0) and the
gastric enzymes do not hydrolyse the native ETs to ellagic
acid, and no degradation of ETs has been observed. The
stomach seems to be a location for the absorption of free
EA, but ETs are not absorbed [16]. PG ETs release EA in
the gut, and this compound is poorly absorbed in the small
intestine; conversely, EA is largely metabolized by human
gut microflora in the intestinal lumen into urolithins, such
as urolithins A and B, and urolithin-8-methyl ether [17,
18]. These metabolites reach relevant plasma concentrations
(3–5𝜇M) after PG juice consumption [19]. The absorbed
metabolites are conjugated with glucuronic acid and/or
methylated to give ether derivatives [16].

In addition to ETs, PG fruit is an important source of ANs
as well; these include the 3-glucosides and 3,5-diglucosides
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of delphinidin, cyanidin, and pelargonidin [15, 20]. The total
amount of ANs in PG fruit is higher in fresh arils than in
the frozen ones (306 versus 172mg/L, resp.), and in single-
strength commercial juice than in commercial juice from
concentrate (387 versus 162mg/L, resp.) [15].

The pH of the stomach (1-2) ensures that ANs are
maintained as the flavylium cation, which is the most stable
formofANs.The stability ofANs under the gastric conditions
has been confirmed by in vitro studies [20, 21]. Conversely,
the neutral pH of the small and large intestines makes ANs
much less stable, and these molecules are converted into
a variety of metabolites [22]. Several studies reported that
exposure of different ANs to gut microflora resulted in rapid
deglycosylation and demethylation to the corresponding
aglycones. The aglycones were unstable at neutral pH and
rapidly degraded to their corresponding phenolic acids and
aldehydes through cleavage of the C-ring. Similar results
were obtained after incubation of free and acylated ANs with
human faecal microbiota [23, 24]. It has been proposed that
the decrease of anthocyanin concentration after pancreatin
bile salt digestion (as a simulation of small intestine digestion)
could be partially explained by the transformation of the
flavylium cation to the chalcone at the neutral pH [20];
however these hypotheses need to be confirmed by in vivo
studies.

3. Effect of Pomegranate in
Gastric Inflammation

There are no clinical studies in the literature investigating the
beneficial effect of PG in the stomach.The anti-inflammatory
activity of PG at gastric level has been evaluated mainly by
in vivo studies, and few in vitro studies deal with the anti-H.
pylori activity of PG extracts and individual compounds. For
a better comprehension of the effects of PG in modulating
gastric inflammation, in the following paragraph the in vivo
studies have been organized according to the inflammatory
challenge applied to induce gastritis in animal models.

3.1. In Vitro Studies. A small number of studies report
that PG is able to treat H. pylori infection. Methanol peel
extract of PG exhibited a remarkable anti-H. pylori activity
in vitro, as shown by the size of inhibition zone in the disk
diffusion method, which was comparable to the reference
compound metronidazole (MIC 8𝜇g/mL) [25]. In another
study the methanolic extract of PG fruit rind exhibited high
activity against H. pylori strains (39mm inhibition zone
for 100 𝜇g disc−1) in comparison with other plant extracts
[26]; in particular eight among nine PG cultivars showed
high activity against this bacterium (mean of inhibition zone
diameter ranging from 16 to 40mm at 50 𝜇g disc−1). Strong
anti-H. pylori activity of PG ethanolic extract from pericarp
has been also documented, and the highest zone of inhibition
(16.5mm) was found at 2.5mg disc−1 [27].

Indeed, further studies with PG extracts alone and com-
bined with drugs commonly used for H. pylori eradication
should be carried out before considering PG as effective
antimicrobial agent.

3.2. Animal Studies

Ethanol-Induced Gastritis. Ethanol-induced ulcers are the
result of a direct effect of ethanol on gastric mucosa, mostly
due to its capacity to induce necrosis of superficial gastric
epithelial cells and erosion [28]. An in vivo study showed
that PG fruit rind methanolic extract showed a significant
reduction in the ulcer index (UI) in ethanol-induced gastritis
in rats; the extract, when tested at 250mg/kg and 500mg/kg,
inhibited UI by 21% and 63%, respectively, whereas the
reference compound ranitidine (50mg/kg) showed 51% inhi-
bition. Rats treated with 500mg/kg of PG extract were also
protected from intraluminal bleeding [29]. In another study,
the hydroalcoholic extract (methanol : water 80 : 20) from
dried flowers of PG significantly reduced the UI (−87.5%
at 980mg/kg), whereas the half dose (490mg/kg) and
omeprazole (20mg/kg) exhibited 65% and 49.6% inhibition,
respectively [30].

Some biochemical parameters, such as superoxide dis-
mutase (SOD), catalase, tissue lipid peroxidation, and glu-
tathione peroxidase (GSH-PX), were reduced in animals
treated with acetylsalicylic acid and returned at the basal
levels in animals that received the fruit rind methanolic
extract [29]. PG tannins significantly inhibited ethanol-
inducedmucosal injury in a dose-dependentmanner, and the
effect was ascribed to the decrease of lipid peroxidation as
well as NO levels and to the modulation of both SOD and
GSH-PX in gastric mucosa [31].

Gharzouli et al. demonstrated that aqueous extract of
PG peel (AEP) shows a gastroprotective effect in rats
with ethanol-induced gastric lesions [32]. The simultaneous
administration of ethanol and AEP significantly decreased
gastric lesions and UI (from −53.7% to −76.9%).

Among the pure compounds, Beserra et al. demonstrated
that the oral pretreatment with EA (3, 10, and 30mg/kg)
significantly reduced gastric injury by 59, 79, and 70%, respec-
tively, whereas the inhibitory effect by ranitidine (50mg/kg)
was −83% [33].

Nonprotein sulfhydryls (NP-SH) are antioxidant com-
pounds involved in the maintenance of gastric integrity.They
control the cascade of inflammatory cytokines and promote
detoxification and excretion of ROS produced mainly by
noxious agents and stress. Pretreatment with EA (3 and
10mg/kg) significantly increased the NP-SH content in rats
thus suggesting a protective role of EA against ethanol-
induced gastritis [33].

TNF-𝛼 released by monocytes/macrophages plays a key
role in initiating the cascade of other proinflammatory
cytokines, including IL-1𝛽, IL-6, and IFN-𝛾, which are impor-
tant biomarkers in gastric inflammation. Rats subjected to
ethanol-induced ulcer after treatment with EA (10mg/kg)
showed levels of TNF𝛼 significantly lower than the ethanol-
treated group (11.1 ± 1.1 versus 6.2 ± 1.0 pg/mL, resp.) [33].

NO is considered to be one of the most important
defensive endogenous agents in the gastric mucosa. Pre-
treatment with inhibitors of NO synthase such as L-NAME
has been demonstrated to worsen the ethanol-induced ulcer.
Rats pretreated with L-NAME increased the severity of
the gastric lesions induced by ethanol, whereas treatments
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with L-arginine, in the absence or in the presence of EA,
significantly attenuated the deleterious effect of L-NAME
(−22% and −19.6%, resp.). When EA was coadministrated
with L-arginine, the gastroprotective effect was found 2-fold
higher (−39%) with respect to EA alone [33].

NSAIDs-Induced Gastritis. Nonsteroidal anti-inflammatory
drugs (NSAIDs), such as acetylsalicylic acid, indomethacin,
and ibuprofen, are commonly used as analgesics in many
acute and chronic inflammatory conditions. Acetylsali-
cylic acid interferes with gastric protective mechanisms,
such as mucus and bicarbonate secretion, surface epithe-
lial hydrophobicity, and mucosal blood flow. Acetylsalicylic
acid mainly interferes with the biosynthesis of cytopro-
tective prostaglandins through the inhibition of cyclooxy-
genase (COX); this effect results in an over production
of leukotrienes and other products of the 5-lipoxygenase
pathway.

PG hydroalcoholic extract (methanol 70%) from pow-
dered rind showed a significant UI reduction in rats treated
with 400mg/kg acetylsalicylic acid. The inhibitory effect
showed by PG extract, at 250 and 500mg/kg, was−22.4% and
−74.2%, respectively, whereas ranitidine (50mg/kg) showed
44.7% inhibition [29]. In another study, the hydroalcoholic
extract (methanol : water 80 : 20) obtained from powdered
flowers of PG, when tested at 980mg/kg and 490mg/kg,
inhibited ulceration by 83.9% and 73.8%, respectively, thus
suggesting that PG flowers contain compounds with a dose-
dependent gastric protective effect [30].

Prostaglandins produced by COX-1, mainly PGI
2
and

PGE
2
, are essential for gastric mucosa protection. The

ulcerogenic effect of NSAIDs seems to be related to the
inhibition of endogenous prostaglandin synthesis, although
it has also been established that indomethacin modifies
other protectivemechanisms of the gastricmucosa, including
gastric secretion and the permeability of the gastric mucosal
barrier [34]. Indomethacin is known to increase leukotriene
C
4
and reduces PGE

2
levels. Enhancement of leukotriene

synthesis results in damaging effects, which may induce
mucosal vasoconstriction, and enhances NSAIDs-induced
injury [35].

Hydroalcoholic (methanol : water 80 : 20) extract from
powdered flowers of PG (980mg/kg) showed significant pre-
vention of gastric lesions in indomethacin-treated rats, higher
inhibition of ulceration (83.9%), and reduced gastric acid
secretion in comparison with omeprazole 20mg/kg (69.5%).
Although pure compounds were not tested during this study,
the authors suggest that the anti-ulcerogenic activity of the
extract may be due to the presence of saponins, tannins, and
flavonoids [30].

The treatment with EA (3, 10, and 30mg/kg) significantly
decreased UI by 82, 74, and 77%, respectively, whereas the
inhibitory effect, after treatmentwith cimetidine (100mg/kg),
was 88% [33]. Leukotriene B

4
(LTB
4
) contributes to the

NSAID gastric injury by promoting intense chemotaxis of
the neutrophils and leukocyte adherence to the vascular
endothelium. Plasma levels of LTB

4
were also reduced with

the treatment of EA (3, 10, and 30mg/kg), but levels of
prostaglandin E

2
(PGE
2
) in gastric mucosa were not affected

[33]. In another study, treatment with EA or omeprazole for
3 days significantly upregulated the mucosal PGE

2
level by

2.0- and 1.6-folds, with respect to the untreated group [36]. In
the same study, indomethacin-administered mice increased
mucosal myeloperoxidase (MPO) activity on the third day.
Treatment with EA (7mg/kg once daily for 3 days, orally)
and omeprazole significantly reduced MPO activity by 77.9%
and 68,1%, respectively. Ulceration significantly depleted the
expression of gastric COX-1. In this study, COX-2 expression
was not significantly modified by indomethacin treatment;
conversely, EA significantly increased COX-1 and COX-2
expression in the ulcerated group [36].

The same study investigated the effect of EA on indo-
methacin-induced cytokines release in the gastric mucosa.
Indomethacin administration increased the release of several
cytokines, including TNF-𝛼 (1.8-fold), IL-1𝛽 (1.9-fold), and
decreased IL-4 (2.3-fold), IL-10 (1.2-fold), VEGF (1.7-fold),
EGF (1.6-fold), and HGF (1.5-fold), whereas IL-6 secretion
was not affected. EA (7mg/kg) significantly reduced the
proinflammatory cytokines (TNF-𝛼, IL-1𝛽, and IL-6) release
by 1.9-, 1.5-, and 1.6-folds, respectively; a significant increase
was seen for the anti-inflammatory cytokines IL-4 and IL-
10 levels and growth factors (VEGF, EGF, and HGF) levels.
When EA was administrated to the animals, it was able to
decrease TNF𝛼, IL-1𝛽, and IL-6 release, and an increase of IL-
4 and IL-10was observed.WhenEAwas given followingCOX
inhibitor pretreatment (celecoxib, NS398), the protective
effect was partially missed [36].

Acetic Acid-Induced Gastritis. No studies dealing with the
effect of PG extracts on acetic acid-induced gastritis are
present in the literature, whereas some studies on the
pure compound EA occur. Treatment with EA (3, 10, and
30mg/kg) for 14 days did not reduce the ulcerated area
caused by application of acetic acid, but showed a sig-
nificant reduction in the ulcer thickness (−21,3%, −25,6%,
and −26,2%, resp.) in comparison to the vehicle group.
Cimetidine significantly reduced the ulcerated area and the
thickness of the ulcer by 33.4% [33].

In acetic acid ulcer model the plasma levels of TNF𝛼
were significantly lower in animals treated with EA at the
dose of 3mg/kg with respect to the control group (8.8 versus
19.3 pg/mL, resp.) [33]. IL-4 is an anti-inflammatory cytokine
able to exacerbate, if excessively released, the inflammatory
injury in the stomach. It has been demonstrated that ulcera-
tion drastically increased the plasma levels of IL-4 by 6-fold,
and co-administration with EA significantly suppressed the
increase by 65.0%, 60.6%, and 44.2% at 3mg/kg, 10mg/kg,
and 30mg/kg, respectively [33]. In a similar fashion, ulcer-
ation increased the plasma levels of IL-6 by 12.5-fold as
compared to the control group, and EA significantly inhibited
IL-6 levels by 75%, 73%, and 48% at 3mg/kg, 10mg/kg, and
30mg/kg, respectively.The same trendwas observed for IFN-
𝛾. Acetic acid ulceration significantly increased the levels of
IFN-𝛾 by 7.2-fold, as compared to the control group. Pre-
treatment with the three concentrations of EA significantly
inhibited the IFN-𝛾-induced gastritis by 83.8%, 63%, and
54%. IL-1𝛽, IL-10, and VEGF levels were undetectable on the
14th day of ulcer induction in this model of gastritis [33].
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Pylorus-Ligated Gastritis. The hydroalcoholic (methanol :
water 80 : 20) extract of PG flowers demonstrated significant
reduction in volume of gastric acid secretion and total acidity
of gastric juice in rats with pylorus-ligated gastritis, whereas
pH of gastric juice increased. Administration of the extract
(980mg/kg) was found to reduce the volume of gastric
acid up to 40.0% as compared to the control group; the
reduction of the gastric volume (−24.4%) was present also
when the extract was given at the lower dose (490mg/kg)
[30]. In another study, PG tannins significantly increased the
secretion of adherent mucus and free mucus, but did not
affect the free acidity, total acidity, gastric juice volume, and
gastrin pepsin activity induced by pylorus ligation [31].

PG hydroalcoholic extracts (ethanol 50%) from peel
(100mg/kg), rind (500mg/kg), and seed (500mg/kg) signif-
icantly decreased the mucosal injury at the 6th day of treat-
ment, showing the antiulcer effect [37]. In the same study, EA
reduced gastric acid secretion to 65–70% in pylorus-ligated
rats after intraperitoneal administration at 5 and 10mg/kg,
although the effect was not statistically significant. On the
contrary, acidity was significantly reduced by EA (5mg/kg)
treatment [38].

Gastric Ischemia/Reperfusion. Gastric ischemia induced for
20 minutes by bleeding from the carotid artery produced
a marked reduction of gastric mucosal blood flow (GMBF)
up to 40–50% of basal values. The GMBF then increased
over basal values during 15 minutes reperfusion, reaching
a maximum of 140–160% before gradually returning to the
basal levels. Rats treated with EA (6mg/mL) or SOD (15000
unit/kg/hr) did not show any differences in GMBF with
respect to the control group [39].

Reduction of hemorrhagic lesions following gastric
ischemia/reperfusion significantly started at 3mg/mL of
EA. The increased levels of lipid peroxidation induced by
ischemia/reperfusion was significantly inhibited when ani-
mals were pretreated with either EA (6mg/mL) or SOD
(15000 unit/kg/hr), the inhibition being 78.3% and 82.6%,
respectively [39].

In another study, topical application of NH
4
OH (60mM)

produced a persistent reduction of gastric potential difference
in the stomach made ischemic by bleeding and resulted
in hemorragic damage 1 hr later. The development of gas-
tric lesions induced by NH

4
OH plus ischemia was dose-

dependently inhibited by preexposure of the mucosa to
EA (1–6mg/mL), and a significant effect was observed at
concentrations above 3mg/mL [30].

Stress-Induced Gastritis. No studies investigating the effect
of PG extracts against stress-induced gastritis have been
published so far. Murakami et al. report that EA significantly
inhibited the occurrence of stress-induced gastric lesions at
5mg/kg [38], whereas the effect of the other pure compounds,
including ETs and ANs, was not investigated.

4. Effect of Pomegranate in
Intestinal Inflammation

Anti-inflammatory properties of PG and its major compo-
nents have been widely described in the literature (for a

review, see [12]). However only few papers reported the effect
on intestinal inflammation, and, surprisingly, no clinical
studies are present in this regard. In the following paragraph,
the in vitro and in vivo anti-inflammatory effect of Punica
granatumL. extracts and individual compounds at the intesti-
nal level will be reviewed and discussed.

4.1. In Vitro Studies

PG Juice and Peel/Husk Extract. The anti-inflammatory effect
of PG on an in vitro intestinal model was firstly described
in 2006 in a study investigating the molecular mechanisms
underlying its antitumoral properties [40]. It was demon-
strated that pretreatment of a colon cancer cell line with
commercial PG juice (6–50 𝜇g/mL), total pomegranate tan-
nins (TPT, 30–200𝜇g/mL), and punicalagin (25–200𝜇g/mL)
inhibited AKT activity, NF-𝜅B activation, and COX-2 expres-
sion induced by TNF𝛼 [40]. PG juice showed the highest
activity on these parameters with respect to TPT and the
pure component, indicating that more than a single bioactive
compound contributes to the biological activity exerted by
the extract. Using a different cellularmodel (human intestinal
Caco-2 cells), Romier-Crouzet et al. demonstrated that the
pretreatment with a polyphenolic aqueous extract from PG
peels (PomH) reduced many inflammatory mediators [41].
The extract, at the concentration of 50 𝜇M (expressed as
total phenols), significantly inhibited the secretion of the
chemokine IL-8 and the production of NO upon stimu-
lation by IL-1𝛽 or a mixture of proinflammatory stimuli.
It also exhibited an inhibitory effect on the secretion of
PGE
2
by COX-1 as well as COX-2 in response to IL-1𝛽

stimulation [41]. Authors explained this anti-inflammatory
activity with the inhibition of NF-𝜅B activation and ERK-1/2
phosphorylation; both systems are implicated in IL-8, NO,
and PGE

2
expression [41]. The same group demonstrated

that pretreatment with PG husk extract (PomH, 100 𝜇g/mL)
and its pure ellagitannin punicalagin (50 𝜇M) could modify
transcription levels of the genes encoding for IL-6 and MCP-
1 in differentiated Caco-2 cells treated with a mixture of
proinflammatory stimuli (IL-1𝛽, TNF-𝛼, IFN-𝛾, and LPS)
[42]. No effect was seen in the absence of proinflammatory
conditions and on IL-8 expression, while PomH as well
as punicalagin decreased the secretion of IL-8, IL-6, and
MCP-1 [42]. A direct interaction between punicalagin and
cytokines was also demonstrated, thus suggesting that PomH
ETs could interact with the proinflammatory cytokines in the
gut lumen, decreasing the intercellular communication and
limiting the local and systemic inflammation [42].

PG Metabolites and Urolithins. Phenolic compounds con-
tained in PG extracts are of particular importance during
intestinal inflammation. In fact, it was demonstrated that only
a very small percentage of polyphenols ingested with diet
are absorbed in the small intestine, while the majority of
them remain in the gut lumen, where they counteract and are
metabolized by gut microbiota. In this regard, it was shown
that, after a digestion in vitro, ANs, phenolic compounds, and
vitamin C present in PG juice diminish their solubility, com-
promising the amount of compounds that can be absorbed
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by intestinal cells and their bioavailability [20]. However, this
permanence of phenolic compounds ingested with PG in the
intestinal lumen enhances the interactions with gut micro-
biota. Many scientific evidence points out the importance of
human gut microbiota toward health improvement and the
genesis of various diseases. In fact beneficial bacteria species,
as Bifidobacterium and Lactobacillus, constitute an important
barrier against the overgrowth of external and internal
pathogenic strains, whose prevalence causes chronic and
acute bowel diseases and has been associated with aging and
cancer [43]. For this reason, themodulation of gutmicrobiota
by dietary supplements and food intake is of key importance
to the maintenance of physiological balance. In this regard, a
commercial PG dietary supplement derived from extraction
of residual material from juice production (PomX) and puni-
calagin demonstrated a selective toxicity toward intestinal
pathogenic bacteria as compared to probiotic bacteria [44]. In
particular, PomX, as well as punicalagin and EA, significantly
inhibited Clostridium and Staphylococcus aureus growth.
Punicalagin showed an inhibitory effect also against the
growth of Escherichia coli and Pseudomonas aeruginosa (IC

50

9.2 and 3.2 𝜇M, resp.). Probiotic lactobacilli were unaffected
by PG components, while the positive effect on bifidobacteria
was species-specific [44]. Possible explanations of themecha-
nisms underlying the antimicrobial effect against pathogenic
bacteria have been hypothesized: (i) tannins could create
stable complexes with proteins or with physiological metal
ions essential for bacteria survival; (ii) polyphenols might
decrease the pH of intestinal environment, favouring the
growth of probiotic instead of pathogenic bacteria [44]. The
long permanence (up to 56 hrs in the colon before excretion
[45]) of PG ellagitannins and the interaction with gut micro-
biota lead to the formation of many metabolites, that could
explicate different biological activities at this level. Through
in vitro batch-culture fermentation system the effect of PomX
extract and punicalagin on the growth of gut bacteria and the
production of active metabolites was investigated. PomX, but
not punicalagin, significantly enhanced the growth of total
bacteria, as well as beneficial bifidobacteria and lactobacilli,
being the effect in contrast with previous results [46]. The
extract also increased the production of short chain fatty
acids, acetate, butyrate, and propionate [46], compounds
that are related to inhibition of preneoplastic proliferation
and acceleration of conversion of cholesterol into bile acids
[43]. As concerns the metabolism of PG ellagitannins, while
punicalagin was not detected in the fermentation media at
any collection time, after 10 hrs of incubation with PomX
there was a pick of ellagic acid (EA) that disappeared when
dibenzopyranones urolithins A, C, and D appeared [46].
Urolithin B was not detected in small intestine, suggesting
that ETs metabolism occurs in the colon as well, and the for-
mation of this compound is the last step of ETs metabolism.

Both urolithins C and D as well as urolithin A demon-
strated a high antioxidant activity in vitro (IC

50
0.16, 0.33,

and 13.6 𝜇M, resp. for urolithin C, D, and A) [47], but what
are the effects of PG metabolites on intestinal inflammation?
In the first study, the antiphlogistic effects of EA (50𝜇M)
were evaluated in Caco-2 differentiated cells treated with a
mixture of proinflammatory stimuli (IL-1𝛽, TNF-𝛼, IFN-𝛾,

and LPS) on secretion and mRNA expression of different
inflammatory biomarkers (IL-6, IL-8, MCP-1, and IL-10).
EA decreased only MCP-1 and IL-8 secretion, but the effect
was not statistically significant, and no effect on the mRNA
levels of these cytokines was observed [48]. Nevertheless,
in the same study, EA downregulated the transcription of
some genes involved in intestinal inflammation, as STAT-3, a
transcription factor responsible for the persistent activation
of NF-𝜅B [48]. In another study, EA, urolithins A and B,
and a mixture of them, at a concentration achievable in the
intestinal lumen after PG consumption (10𝜇M for EA and
40 𝜇M for urolithins), inhibited the growth of Caco-2 cancer
cells, deactivating the ERK-signalling pathway [49]. Opposite
results were obtained in human normal colon fibroblast cell
line CCD18-Co treated with IL-1𝛽, as a proinflammatory
stimulus, and with different concentrations (1–10𝜇M) of EA
and urolithins A or B since neither urolithins nor EAwas able
to decrease the phosphorylation of p-ERK1/2 [50]. Myofi-
broblasts in the colon mucosa play an important role in the
intestinal inflammatory response even by releasing PGE

2
. In

the same study it was shown that urolithin A decreased PGE
2

production, downregulating COX-2 and mPGES-1 expres-
sions but not their enzymatic activity. Reduction of PGE

2

production by urolithins could be explained by the inhibition
of NF-𝜅B activation and p38 MAPK pathway [50]. No
anti-inflammatory effects were seen with EA [50]. Authors
hypothesized that the anti-flogistic activity demonstrated by
urolithinsmight be due to a receptor-mediated effect, because
no metabolites were found in cell media or intracellular
extracts after incubation of cells with urolithins A, B or
EA [50]. Using the same cellular model of human colon
fibroblasts treated with IL-1𝛽 or TNF-𝛼 as proinflammatory
stimuli and urolithins A (40 𝜇M), B (5 𝜇M) or EA (1𝜇M), it
was demonstrated that all these metabolites inhibit two criti-
cal processes of inflammatory response: fibroblast migration
and monocyte adhesion. A mixture of urolithins A, B and
EA completely abolished IL-1𝛽 induction by PGE

2
, and this

activity was mainly due to urolithin A [51], in agreement with
another previous study [50]. The effect was not maintained
when TNF𝛼 was used as a stimulus, thus indicating that
PG metabolites could explain their action by a challenge-
dependent pathway [51]. PAI-1 is another molecule deeply
associated with inflammatory status of the intestinal mucosa,
whose expression is highly induced by IL-1𝛽 and TNF𝛼 and
is strictly related to fibroblast migration. The metabolites
mixture and urolithin A downregulated PAI-1 expression and
exerted also a preventive effect inhibiting some factors of
the PDGF family, known to be involved in cell migration
[51]. During inflammation, the presence of cytokines such
as IL-1𝛽 and TNF-𝛼 induces the expression of chemokines,
in particular IL-8, and adhesion molecules (e.g., ICAM-1
and VCAM-1) in colonic subepithelial myofibroblasts, thus
favouring monocyte infiltration and adhesion. The mixture
of metabolites reduced monocyte migration inhibiting IL-8
secretion induced by TNF𝛼 and ICAM-1 and VCAM-1 levels
after stimulation with IL-1𝛽 [51].

4.2. Animal Studies. There are two main standardized meth-
ods to produce an experimental animal model of IBD: (i) oral
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administration of dextran sulphate sodium (DSS) in drinking
water; (ii) intracolonic administration of trinitrobenzene
sulfonic acid (TNBS). The use of DSS method mimics the
development of UC, while symptoms manifested after TNBS
treatment present the clinical and morphological features of
CD.

In a rat model of DSS-induced UC, oral administration
of EA using colonic delivering microsphere (containing 1–
10mg/kg of EA) significantly reduced the severity of colonic
lesions and the shortness of colonic length. This activity
could be accounted by the antioxidative action of EA, as
demonstrated by the decreased myeloperoxidase (MPO)
activity and lipid peroxidation in the colonic mucosa of
animals treated with EA microspheres [52]. These results
were confirmed in another study, which showed that a
PG hydroalcoholic extract (100–200mg/kg) from flowers as
well as the ellagic acid-rich fraction attenuated DSS-induced
UC in mice, reducing colonic MPO activity and oxidative
markers [53]. In addition to the antioxidant effect, another
mechanism proposed for the anti-ulcerative properties of
EA was the stabilization of mast cells. Mast cells play an
important role in phlogistic processes by releasing many
proinflammatory factors, as histamine. DSS administration
in mice was also associated with an increase in histamine
content in colonic tissue, indicating mast cell degranulation.
Hydroalcoholic extract of PG (methanol : water 3 : 1) and its
ellagic acid-rich fraction significantly attenuated the DSS-
induced increase in the histamine level, suggesting a capacity
to stabilize mast cells degranulation [53]. The molecular
mechanisms underlying the anti-inflammatory activity of
EA in the gut were clarified in a study devoted to the
effect of this polyphenol on colon carcinogenesis [54]: EA
(60mg/kg), administered per os for 30 weeks in a rat model
of colon cancer, reduced inflammatory status decreasing the
expression and the production of COX-2, iNOS, IL-6, and
TNF-𝛼 through the inhibition of NF-𝜅B system [54]. The
same mechanism was confirmed in two studies analysing the
anti-flogistic effect of EA in TNBS-induced colitis in rats: (i)
in the first it was demonstrated that administration of EA
(10-20mg/kg) by gavage before and after induction of acute
colitis diminished the severity and extension of the intestinal
injuries and inhibitedMPO activity, in agreement with previ-
ous studies [52, 53]. It was also shown that treatment with EA
was able to reduce the neutrophilic infiltration and to increase
the production of mucus in globet cells. All these anti-
inflammatory effects might be explained by the reduction of
the expression of COX-2 and iNOS, through the inhibition
of NF-𝜅B-mediated transcriptional activation and preventing
p38, JNK and ERK-1/2 MAPKs phosphorilation [55]; (ii) the
second study analysed EA effect in a model of chronic colitis.
Chronic oral administration of a commercial PG fruit extract
(250–500mg/kg) with or without the enrichment with EA
(10mg/kg) was able to reduce inflammatory symptoms and
histological injuries, diminishing MPO activity, TNF-𝛼 pro-
duction, and reducing COX-2 and iNOS expression through
the inhibition of MAPKs and NF-𝜅B, but not PPAR-𝛾-
signalling pathways [56].

In a rat model of UC induced by 2,4-dinitrochloroben-
zene (DNCB) and acetic acid, intragastric administration of

an aqueous extract from PG peel (200–800mg/kg) relieved
diarrheic and ulcerative symptoms, decreasing MPO activity,
lipid peroxidation, IL-1𝛽, and TNF-𝛼 [57].

In another study, the PG peel extract (PPE) demonstrated
also to downregulate the expression of inflammatory genes
(COX-2, IL-6, and IL-1𝛽) in colonic and adipose tissues from
obese mice fed with a high-fat diet [58]. The same extract
possessed also a prebiotic effect, modulating gut microbiota
toward bifidobacteria [58], which are bacteria showing high
anti-flogistic activity in the intestinal tract [59]. Moreover, it
was demonstrated in vitro that gut bacteria could contribute
to the anti-inflammatory effects of PG extracts through
their capacity to metabolize polyphenols to bioavailable and
biological active urolithins [50]. To assess whether anti-
flogistic properties seen with PPE were due to ETs content or
to their microbiota-derived urolithins, a rat model of DSS-
induced colitis was fed with PG peel extract (250mg/kg)
or urolithin A (15mg/kg) for 25 days before administration
of DSS. In rats fed with PPE and urolithins A, the number
of bifidobacteria and lactobacilli increased, and the effect
was maintained after DSS administration only in urolithin
A-fed group. Both PPE and urolithin A increased also the
count of Clostridium probiotic strains and maintained it after
colitis induction, preventing the colonization and invasion of
colonic tissue by pathogenic enterobacteria [60]. Treatment
with PPE andurolithinA exerted the same anti-inflammatory
effects, downregulating PGE

2
production as well as iNOS

induction and NO levels; however, in the case of PPE, these
properties seemed not to be enough to protect the colonic
architecture [60]. Another interesting aspect is the evaluation
of metabolic fate of PPE after microbiota metabolism. In
fact PG metabolism in rats with colitis was shown to be
different from those without colon inflammation: the phe-
nolic profile of faeces of PPE-fed rats showed the presence
of ellagic acid and even punicalagin contained in PPE and
traces of urolithin A, while only urolithins were found in
faeces of healthy PPE-fed rats [60]. The low metabolism
exerted by gut microbiota in an inflammation context is
an important consideration studying the effects of phenolic
compounds. In fact, as previously demonstrated, in the pres-
ence of an inflammatory status they can reach, without any
metabolic transformation, the intestinal lumen and directly
exert their anti-inflammatory activity. In conclusion, the anti-
inflammatory properties shown by PG in the IBD model
could be explained by a synergic activity of urolithins, the
main active compound responsible for PG anti-inflammatory
effects in healthy subjects, with ETs and EA; however, the
increase in prebiotic bacteria by both PPE and urolithin A
or both these hypotheses taken together cannot be excluded
[60].

Pomegranate seed oil (PSO) is predominantly composed
of triglycerides containing unsaturated fatty acids, as con-
jugated linolenic acids, oleic acid, linolenic acid, palmitic
acid, and stearic acid. The major conjugated linolenic acid
in PSO (representing 60 to 80% of total fatty acids) is
punicic acid (PuA). Increasing evidence suggested that fatty
acids with conjugated double bonds, such as PuA, exert
beneficial effects in inflammation and some types of cancer
[61, 62]. Different in vivo studies assessed the effects of
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PG seed oil and PuA on intestinal inflammation. Oral
administration of PuA (800 𝜇g/mL) or PG seed oil (2%)
before TNBS injection in a colitis rat model ameliorated
ulceration status and tissue damage, limiting neutrophil acti-
vation and lipid peroxidation [63]. Molecular mechanisms
underlying these anti-inflammatory effects were clarified by
in vitro studies on human neutrophils. PuA (10 𝜇M) exerted a
strong anti-oxidant activity, inhibiting TNF-𝛼-induced ROS
and NADPH oxidase production by neutrophils, through
the inhibition of p47phox phosphorilation and p38 MAPK
activation [63]. Treatment with PuA prevented also TNF-
𝛼 and bacterial fMLP-induced neutrophil degranulation,
resulting in reduced MPO release and lower tissue injuries
[63]. In another study it was demonstrated that pretreatment
with PuA (45–80mg/die) to an IL-10−/− IBD mice model
ameliorated clinical symptoms, while it was not able to exert
any effect if administered after IBD development [64]. PuA
upregulated colonic PPAR-𝛿 activation and suppressed TNF-
𝛼 and MCP-1 expressions. Since effects of PuA disappeared
in IL-10 and PPAR-𝛾 or -𝛿 double-knock-out mice, it was
hypothesized that the pure compound exerted its action
through PPAR-𝛾 and -𝛿 pathways [64]. This conclusion was
in agreementwith previous results demonstrating that PPARs
represent important targets of dietary lipids, mediating the
maintenance of intestinal homeostasis. Moreover, PPAR-𝛾
expression results also in therapeutic benefits in the DSS
colitis model [65], producing the same effects seen with PuA.
PSO was shown to be effective also in a model of necrotizing
enterocolitis (NEC). This disease is the major cause of mor-
bidity andmortality in premature infants and is characterized
by a dysregulation of inflammatory cytokines in the intestinal
mucosa and an impaired production of mucins (as Muc2)
and trefoil factors (Tff) by lamina propria. Treatment with
PSO (1.5% w/w) of a neonatal model of NEC rats reduced the
incidence and severity of necrotizing colitis, protecting the
epithelial barrier and preserving the intestinal integrity [66].
PSO decreased IL-6, IL-8, IL-23, IL-12, and TNF-𝛼 mRNA
levels as well and downregulated the inflammatory response
in the developing intestinal mucosa [66].

Antidiarrhoeal Effects. Diarrhoea is one of the major symp-
toms of IBDs, mainly caused by inflammation and an
increased intestinal transit leading to a reduction in water
and electrolytes absorption. Two studies described the in vivo
antidiarrhoeal effect of PG. Intraperitoneal injection of an
aqueous extract of PG peels (100–400mg/kg) as well as orally
administration of a crude methanolic extract from PG rind
(200–400mg/kg) diminished diarrhoea induced by castor oil
administration in a rat model [67, 68]. PG aqueous extract
reduced in a dose-dependent way intestinal weight and
motility, inhibiting also the spontaneous and acetylcholine-
induced ileum contractions. Hypothesis formulated for this
antidiarrhoeal activity included (i) an increase of reabsorp-
tion of water and NaCl, reducing intestinal motility and (ii)
a decrease of cytosolic calcium, either by inhibiting Ca2+
influx or Ca2+ release from intracellular stores, resulting in
relaxation of rat ileal smoothmuscle [68]. On the other hand,
PG methanolic extract exerted a potent antioxidant activity
(IC
50

11.7 𝜇g/mL) and significantly scavenged nitric oxide

(IC
50

12.5 𝜇g/mL), a molecule involved in the diarrhoeal
effect induced by castor oil. Retardation of intestinal transit
demonstrated by PG crude extract might be explained with
an increased absorption of water and electrolyte, resulting in
a diminished number of wet faeces [67].

5. Conclusions

Few in vitro studies have been performed with PG peel
extracts to evaluate anti-H. pylori activity. These extracts
are able to reduce significantly the growth of this pathogen,
which is considered the aetiological agent mainly responsible
for human gastritis.

In vivo studies performed on the whole fruit or juice, peel,
and flowers demonstrate high antiulcer effect in a variety of
animal models. EA was found to be the main component
responsible for this effect, although other individual ETs,
which have not yet been studied, could contribute to the
biological activity of the mixture. With the exception of EA,
the effect of the pure compounds at the gastric level was not
investigated; this should be carefully considered for the future
studies, since these molecules appear to be unmodified at the
gastric level. Conversely, the positive effect of EA has been
widely demonstrated, and the effect is corroborated by other
studies performed on other plants: ethanolic extract from
Ficus glomerata fruit (FGE) contained 0.36% w/w of EA and
showed significant dose-dependent anti-ulcerogenic effect
in different models of induced gastritis (pylorus ligation,
ethanol, and cold stress) [69]; moreover, the hydroalcoholic
extract ofAnogeissus latifolia (50% alcohol) containing 0.25%
w/wof EAhas been shown to possess gastroprotective activity
[70] due to the presence of EA. In addition, methanol stem
bark extract of Lafoensia pacari containing 23.4% of EA
showed gastroprotective and ulcer-healing effects in animal
models strictly associated to the presence of great amounts
of EA in the extract [71], and an improvement of the gastric
symptoms in patients with H. pylori gastritis was observed
[72]. The mechanism of action by which EA shows antiulcer
activity is partially attributed to the inhibitory effect on the
gastric H+, K+-ATPase, in addition to the anti-H. pylori
activity [38].

Unfortunately, no clinical studies coping with the anti-
inflammatory activity of PG at the gastric level have been
found, thus suggesting that the effect of the extracts and
individual compounds in this area need to be elucidated. In
particular, it is necessary to draw clinical trials considering
the effects of PG extracts in patients with H. pylori-induced
gastritis, alone or in combination with antibiotics.

Different preparations of PG, including extracts from
peels, flowers, and seeds, in addition to the juice, show a
significant anti-inflammatory activity in the gut. From all
the studies taken into consideration in the present paper,
some conclusions can be drawn. First of all, the pure
compounds occurring in PG fruits seem to act through
different pathways. Oil derived from PG seeds and its major
component PuA could inhibit the expression of proinflam-
matory cytokines (such as IL-6, IL-8, IL-23, IL-12, and
TNF-𝛼) through the modulation of PPAR-𝛾 and -𝛿. This is
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not true for PG peel extracts, as well as their components
punicalagins and EA, since they do not show any effect on
PPAR signalling; conversely, the main effect is due to the
inhibition of the expression and secretion of several inflam-
matory mediators (i.e., IL-6, IL-8, MCP-1, iNOS, COX-2,
and PGE

2
). The inhibitory effect is ascribed to the inhibition

of the NF-𝜅B pathway and involves the MAPKs system as
well. This effect was confirmed both in vitro and in vivo
for the extracts and the pure compound punicalagin, while
contradictory results were found for EA, since it seems to
be effective only in studies performed in vivo. This might
be explained considering the metabolic fate of PG phenolic
compounds. In fact, different studies demonstrate a strong
interaction between gut microbiota and PG polyphenols
(i.e., EA) that are metabolized by intestinal microflora to
urolithins. These metabolites themselves could modulate gut
microbiota, enhancing the growth of beneficial strains in
spite of pathogenic ones. Among urolithins, urolithins A
has been shown to possess a significant anti-inflammatory
activity both in vitro and in vivo, thus suggesting that this
compound, and not its precursor EA, could be the main
responsible for the anti-inflammatory properties observed
with PG extracts in the gut. However it has been also
showed that the inflammatory status alters the composition of
intestinalmicrobiota, changing itsmetabolic capacity and the
bioavailability of phenolic compounds [60].This statement is
corroborated by observation that, after consumption of PG
extract, the phenolic profile of faeces obtained from healthy
and DSS-fed rats is deeply changed: in normal conditions
EA and punicalagin are completely metabolized to urolithins
A, whereas in inflammatory conditions they can be found
unmodified in the colon [60]. This suggests that biological
effects of urolithins, and consequently PG, could be strictly
related to the composition of individual microbiota and to
the intestinal inflammatory status. For this reason, although
the studies reported herein seem to recommend PG con-
sumption to prevent or treat gastrointestinal inflammation,
future clinical studies on anti-inflammatory activity at the
gastrointestinal tract are necessary to clarify the beneficial
effects of PG for human health.
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The current paper summarizes the antioxidative and antiatherogenic effects of pomegranate polyphenols on serum lipoproteins
and on arterial macrophages (two major components of the atherosclerotic lesion), using both in vitro and in vivo humans and mice
models. Pomegranate juice and its by-products substantially reduced macrophage cholesterol and oxidized lipids accumulation,
and foam cell formation (the hallmark of early atherogenesis), leading to attenuation of atherosclerosis development, and its
consequent cardiovascular events.

1. Polyphenolic Flavonoids and
Cardiovascular Diseases

Polyphenolic flavonoids compose the largest and the most
studied group of plant phenolics. Over 4000 different
flavonoids have been identified to date. Flavonoids are
grouped into anthocyanins and anthoxanthins. Antho-
cyanins are glycosides of anthocyanidin, and they are the
most important group of water-soluble plant pigments,
responsible for the red, blue, and purple colors of flowers
and fruits. Anthoxanthins are colorless or colored white-
to-yellow, and include flavonols, flavanols, flavones, flavans,
and isoflavones. Flavonoids are powerful antioxidants, and
their activity is related to their chemical structure [1,
2]. Plant flavonoids can act as potent inhibitors of low-
density lipoprotein (LDL) oxidation [3, 4] or of macrophage
oxidation [5]. Dietary consumption of flavonoids was shown
to be inversely related to morbidity and mortality from
coronary heart disease (CHD) [6]. Moreover, an inverse
association between flavonoid intake and subsequent occur-
rence of ischemic heart disease, or cerebrovascular disease
was shown [7, 8]. Reduced morbidity and mortality from
cardiovascular diseases, in spite of high intake of saturated
fat among French, the so-called French paradox [9], has
been attributed to the regular intake of red wine in the diet.
Dietary consumption of flavonoid-rich nutrients, as well as
pure flavonoids, was shown to attenuate the progression

of atherosclerosis in animals [10]. Reduced development of
atherosclerotic lesion areas in the atherosclerotic apolipopro-
tein E-deficient (E0) mice was demonstrated following
consumption of red wine [11, 12] licorice root extract [13,
14], grape powder [15], or ginger extract [16].

2. Pomegranate Juice (PJ) Polyphenols
Inhibit the Development of
Atherosclerotic Lesion

The pomegranate tree, which is said to have flourished in the
Garden of Eden, has been extensively used as a folk medicine
in many cultures [17, 18]. Edible parts of pomegranate fruits
(about 50% of total fruit weight) comprise 80% juice and
20% seeds. Fresh juice contains 85% moisture, 10% total
sugars, 1.5% pectin, ascorbic acid, and polyphenols.

Content of soluble polyphenols in PJ varies within
the limits of 0.2%–1.0%, depending on the variety, and
includes mainly anthocyanins (such as cyanidin-3-glycoside,
cyanidin-3, 3-diglycoside, and delphindin-3-glucoside) and
anthoxanthins (such as catechins, ellagic tannins, and gallic
and ellagic acids) [19, 20]. Ellagic acid and hydrolysable
ellagitannins are both implicated in protection against
atherogenesis, along with their potent antioxidant capacity.
Punicalagin is the major ellagitannin in PJ, and this com-
pound is responsible for the high antioxidant activity of this
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juice. As a major source for polyphenolics, PJ was shown
to be a very potent antioxidant against LDL oxidation and,
in parallel, to inhibit atherosclerosis development in mice
and in humans [21–23]. In vivo studies were conducted
first in order to evaluate whether the active antioxidant
components of PJ are absorbed. Recent studies examined the
bioavailability and metabolism of punicalagin in the rat as
an animal model [24, 25]. Two groups of rats were studied.
One group was fed with standard rat diet (n = 5), and
the second one with the same diet plus 6% punicalagin
(n = 5). The daily intake of punicalagin ranged from 0.6–
1.2 g. Glucuronides of methyl ether derivatives of ellagic acid
and punicalagin were detected in plasma. 6H-Dibenzo [b, d]
pyran-6-one derivatives were also observed in the plasma,
especially during the last few weeks of the study. In urine,
the main metabolites observed were the 6H-dibenzo [b, d]
pyran-6-one derivatives, and were present as aglycones or as
glucuronides. It was concluded that since only 3%–6% of the
ingested punicalagin was detected as such or as metabolites
in urine and feces, the majority of this ellagitannin has to
be converted to undetectable metabolites or accumulated in
nonanalysed tissues. Only traces of punicalagin metabolites
were detected in liver or kidney. In humans, following con-
sumption of PJ (180 mL) containing 25 mg of ellagic acid and
318 mg of hydrolysable ellagitannins (as punicalagin), ellagic
acid was detected in human plasma 1 hour after ingestion
at a maximum concentration of 32 ng/mL, and by 4 hours
it was completely eliminated [26]. Thus, active components
of PJ are indeed absorbed, and subsequently affect biological
processes which are related to atherogenesis protection.
Upon analyzing the influence of the physiological conditions
in the stomach and small intestine on pomegranate bioactive
compounds bioavailability using an in vitro availability
method, it was demonstrated that pomegranate phenolic
compounds are available during digestion in a high amount
(29%). Nevertheless, due to pH, anthocyanins are largely
transformed into nonred forms or degraded [27].

2.1. Studies in Atherosclerotic Mice. PJ supplementation
to the atherosclerotic E0 mice reduced the size of their
atherosclerotic lesion and the number of foam cells in their
lesion [28], in comparison to control placebo-treated E0

mice that were supplemented with water. We also analyzed
the therapeutic potency of PJ by its administration to E0

mice with already advanced atherosclerosis. Atherosclerotic
E0 mice at 4 months of age, were supplemented for 2
months with 31 μL of PJ (equivalent to 0.875 μmoles of total
polyphenols/mouse/day, which is equivalent to about one
glass-8Oz/human/day), and were compared to age-matched
placebo-treated mice. PJ supplementation to 4-month-old
E0 mice was still able to inhibit the progression of the
disease, as it reduced the mice atherosclerotic lesion size
by 17%, in comparison to atherosclerotic lesion of the age-
matched placebo-treated mice (Figures 1(a) and 1(b)) [29].
These results were further confirmed by de Nigris et al
[30], who demonstrated that oral administration of PJ to
hypercholesterolemic LDL-receptor deficient mice at various
stages of the disease reduced significantly the progression

of atherosclerosis. Thus, PJ exhibits preventive, as well as
therapeutic effects against atherosclerosis.

2.2. Studies in Humans. Measurements of the arterial stiff-
ness of the common carotid arteries in 73 patients with
at least one cardiovascular risk factor that consumed PJ
(Wonderful variety, 240 mL/day for one year) showed trends
to increased elasticity in the PJ-treated group versus the
placebo-treated group (who received beverage of similar
caloric content, flavor and color, unpublished data). The
effect of a daily consumption of PJ for 3 months on myocar-
dial perfusion in 45 patients who had CHD was also studied.
Patients were randomly assigned into one of two groups: a PJ
group (240 mL/day) or a placebo group. The experimental
and control groups showed similar levels of stress-induced
ischemia at baseline. After 3 months however, the extent
of stress-induced ischemia decreased in the pomegranate
group, but increased in the control group. This benefit was
observed without changes in cardiac medications, blood
sugar, hemoglobin A1c, body weight, or blood pressure,
in either group [31]. We next investigated the effects of
PJ consumption by patients with carotid artery stenosis
(CAS) on carotid lesion size, in association with changes in
oxidative stress [32]. Ten patients were supplemented with
PJ for up to one year, and nine CAS patients that did not
consume PJ served as a control group. Blood samples were
collected before treatment and after 3, 6, 9, and 12 months
of PJ consumption. Patients’ carotid intima-media thickness
(CIMT) was compared between the PJ group and the control
group. While in the control group (no PJ) CIMT increased
by 10% after 1 year, PJ consumption resulted in a significant
CIMT reduction, by up to 35%. Analysis of the mean CIMT
(of the left and right common carotid arteries) before and
during PJ consumption revealed a gradual reduction of 13%,
22%, 26%, and 35%, as observed after 3, 6, 9, and 12
months of PJ consumption, respectively, in comparison to
baseline values (“0 time”, Figure 1(c)). On examination of the
internal carotid arteries, flow velocities were calculated at the
stenotic sites, and expressed by peak systolic velocity (PSV)
and end diastolic velocity (EDV). The ultrasound outcome
data were the change over time in maximal IMT, which was
measured in the same preselected carotid artery segments.
Twelve months of PJ consumption, resulted in PSV reduction
by 12% and 28% in the left and the right carotid arteries,
respectively. Mean carotid EDV of both left and right carotid
arteries gradually decreased, by 16%, 20%, 31%, and 44%,
after 3, 6, 9, and 12 months of PJ consumption, respectively.

A randomized, double-blind trial assessed the influence
of PJ consumption on anterior and posterior CIMT progres-
sion rates in subjects at moderate risk for coronary heart
disease. Subjects were men (45 to 74 years old) and women
(55 to 74 years old) with one or more major CHD risk factors
and baseline posterior wall CIMT of 0.7 to 2.0 mm, without
any significant stenosis. Participants consumed 240 mL/day
of PJ (n = 146), or a control beverage (n = 143) for up to 18
months. No significant difference in overall CIMT progres-
sion rate was observed between PJ and control treatments.
In exploratory analyses however, in subjects in the most
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Figure 1: Pomegranate juice (PJ) consumption attenuates atherosclerotic lesion development in the atherosclerotic apolipoprotein E-
deficient (E0) mice (a)-(b), or in patients with carotid artery stenosis (CAS, c). Twenty E0 mice, 4-month-old, with advanced atherosclerosis,
or 10 patients with severe CAS were supplemented with PJ concentrate (12.5 μL/mouse/day or 50 mL/day, resp.) for 9 weeks or for 1 year,
respectively. Photomicrographs of typical foam cells from 6 months old E0 mice administered a placebo (a) or PJ (b) are presented. Effect
of PJ consumption on human common carotid artery intima media thickness (IMT, c) is shown. ∗P < 0.01 (mean ± SEM, after PJ versus
before PJ consumption).

adverse tertiles for baseline serum lipid peroxides, triglyc-
erides (TGs), high-density lipoprotein (HDL) cholesterol,
TGs/HDL cholesterol, total cholesterol/HDL cholesterol, and
apolipoprotein-B100, those in the PJ group had significantly
less anterior wall and/or composite CIMT progression versus
control subjects. These results suggest that in subjects at
moderate CHD risk, PJ consumption had no significant
effect on overall CIMT progression rate but slowed CIMT
progression in subjects with increased oxidative stress and
disturbances in the TG-rich lipoprotein/HDL axis [33].

3. Antioxidative Properties of PJ

3.1. Antioxidative Capacity of PJ in Comparison to other Juices.
PJ was shown to possess an antioxidant activity that was
three times higher than the antioxidant activity of green tea
[19]. The antioxidant activity was higher in juice extracted
from whole pomegranate than that of juice obtained from
arils only, suggesting that the processing extracts some of the
hydrolyzable tannins present in the fruit rind into the juice.

We have demonstrated that PJ contains a higher concen-
tration of total polyphenols (5 mmol/L) in comparison to
other fruit juices (orange, grapefruit, grape, cranberry, pear,
pineapple, apple, and peach juices which contain only 1.3–
4 mmol/L of total polyphenols, Figure 2(a)). Determination

of free radicals scavenging capacities of various juices
revealed that PJ was the most potent one, whereas orange
juice, grapefruit juice, and peach juice demonstrated very
low free radicals scavenging capacities (Figure 2(b)). The
antioxidant potency of commonly consumed polyphenol-
rich beverages in the USA was also compared [34]. Total
polyphenol content in these beverages was evaluated by
gallic acid equivalents determination. This study applied five
tests of antioxidant potency: (1) trolox equivalent antioxi-
dant capacity (TEAC), (2) total oxygen radical absorbance
capacity (ORAC), (3) free radical scavenging capacity by
2, 2-diphenyl-1-picrylhydrazyl (DPPH), (4) ferric reducing
antioxidant power (FRAP), and (5) inhibition of LDL
oxidation. The beverages included several different brands as
follows: apple juice, acai juice, black cherry juice, blueberry
juice, cranberry juice, Concord grape juice, orange juice,
red wines, iced tea beverages (black tea, green tea, white
tea), and the major PJ available in the U.S. market. An
overall antioxidant potency composite index was calculated
by assigning each test equal weight. PJ had the greatest
antioxidant potency composite index among the beverages
tested, and was at least 20% greater than any of the other
beverages tested. Antioxidant potency, ability to inhibit LDL
oxidation, and total polyphenol content were consistent in
classifying the antioxidant capacity of the polyphenol-rich
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Figure 2: Fruit juices total polyphenols concentration and free radical scavenging capacities. Total polyphenol concentration of various
juices was determined using quercetin as a standard (a). Free radical scavenging capacity was analyzed by the DPPH assay and is given as %
of absorbance reduction by 1 μL/mL of juice after 5 minutes of incubation. Results are given as mean ± S.D of three different experiments.

beverages in the following order: PJ > red wine > Concord
grape juice > blueberry juice > black cherry juice, acai juice,
cranberry juice > orange juice, iced tea beverages, apple juice.
Although in vitro antioxidant potency does not prove in vivo
biological activity, there was a consistent clinical evidence of
antioxidant potency for the most potent beverage antioxi-
dants with PJ and red wine being most potent. Furthermore,
we have recently compared the antioxidative properties
of 35 beverages, and found that 100% Wonderful-variety
pomegranate and 100% black currant juices were both, the
most potent antioxidants in vitro and in vivo, as they inhib-
ited copper ion-induced LDL oxidation by up to 94% and
AAPH-induced serum lipid peroxidation by up to 38% [35].

The most potent antioxidant activity of PJ could be
related to its high polyphenolic flavonoid content, as well
as, to the specific type of potent polyphenols present in PJ
(specific hydrolyzable tannins).

3.2. Contribution of PJ Constituents to Its Antioxidative
Properties. Several polyphenolic fractions were isolated from
PJ, including gallic acid, ellagic acid, tannins, total PJ
anthocyanins, and specific anthocyanins, such as cyanidin-3-
0-β-glucopyranoside, cyanidin-3,5-di-0-β-glucopyranoside,
delphinidin-3-0-β-glucopyranoside, and pelargenin-3-0-β-
glucopyranoside. The total anthocyanin and tannin frac-
tions exhibited a dose-dependent antioxidative effect against
copper ion-induced LDL oxidation. In the AAPH-induced
LDL oxidation process, both fractions exhibited weaker
antioxidative properties in comparison to the copper ion-
induced LDL oxidation. These results suggest that the antho-
cyanins and tannins possess in addition to their free radical
scavenging capabilities, also transition metal ion chelation
properties. The tannin fraction was more potent than the
anthocyanin fraction in inhibiting LDL oxidation, and the
IC50 of the tannins was half that of the anthocyanins. Both PJ,
ellagic and gallic acids and the anthocyanins delphinidin-3-
0-β-glucopyranoside, pelargonidin-3-0-β-glucopyranoside,

cyanidin-3-0-β-glucopyranodise, and cyanidin-3, 5-di-0-β-
glucopyranoside inhibited copper ion-induced LDL oxida-
tion in a dose-dependent manner. Upon comparing the
effects of ellagic acid to gallic acid, gallic acid was more
potent inhibitor of LDL oxidation (IC50 of 2.1 μg/mL for
gallic acid, versus 16 μg/mL for ellagic acid). Similarly,
the anthocyanins delphinidin-3-0-β-glucopyranoside and
cyanidin-3-0-β-glucopyranodise were more potent antiox-
idants against LDL oxidation than ellagic acid, with IC50

of 3.0, 2.0, and 16 μg/mL, respectively. When comparing
the antioxidative properties of the specific PJ anthocyanins,
pelargonidin-3-0-β-glucopyranoside and cyanidin-3, 5-di-0-
β-glucopyranoside were less potent than delphinidin-3-0-β-
glucopyranoside or cyanidin-3-0-β-glucopyranodise (IC50 of
13 μg/mL versus 2-3 μg/mL). A similar pattern was noted
for the free radical scavenging capabilities of the above PJ
fractions.

4. PJ Consumption Reduces Serum
Oxidative Stress

4.1. Serum Lipid Peroxidation. Human plasma obtained
from healthy subjects after 2 weeks of PJ consumption
(50 mL PJ concentrate/day, equivalent to 1.5 mmol total
polyphenols) demonstrated a small but significant (P < 0.01)
16% decreased susceptibility to free radical-induced lipid
peroxidation, in comparison to plasma obtained prior to PJ
consumption, as measured by lipid peroxides formation, or
by total antioxidant status (TAS) in serum. To determine
the effect of increasing or decreasing the dosages of PJ on
plasma lipid peroxidation, and to analyze PJ capability to
maintain its effect after termination of juice consumption,
three subjects were further studied. Supplementation of
20 mL of PJ concentrate/day for one week resulted in a
significant decrease of 11% in plasma lipid peroxidation,
compared to plasma obtained prior to PJ consumption.
Supplementation of 50 mL PJ concentrate/day for one more
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week exhibited a further 21% decrease in plasma lipid per-
oxidation. However, a further increase in the supplemented
PJ to 80 mL of PJ concentrate/day for an additional one
week did not further inhibit plasma susceptibility to lipid
peroxidation. Gradual decreasing of the PJ dosage in these
3 subjects down to 40 mL/day for one week, and then to
20 mL/day for additional two weeks, did not significantly
affect plasma lipid peroxidation, which remained low in
comparison to the levels obtained after supplementation of
80 mL of PJ concentrate/day. Two weeks after cessation of PJ
supplementation, the reduced rate of plasma susceptibility to
lipid peroxidation was sustained. After a further 4 weeks with
no PJ consumption, plasma lipid peroxidation returned to
the higher values obtained before PJ consumption.

The effect of PJ consumption by patients with CAS
on their serum oxidative state was also measured [32]. A
significant (P < 0.01) reduction in the concentration of
antibodies against Ox-LDL by 24% and 19% was observed
after 1 and 3 months of PJ consumption, respectively, (from
2070± 61 EU/mL before treatment to 1563± 69 and 1670±
52 EU/mL after 1 and 3 months of PJ consumption, resp.).
TAS in serum from these patients was substantially increased
by 2.3 fold (from 0.95 ± 0.12 nmol/L at baseline, up to
2.20 ± 0.25 nmol/L after 12 months of PJ consumption).
These results indicate that PJ administration to patients
with CAS substantially reduced their serum oxidative status
and could thus inhibit plasma lipid peroxidation. The
susceptibility of the patient’s serum to free radical-induced
oxidation decreased after 12 months of PJ consumption by
62% (Figure 3(a)). The effect of PJ consumption on serum
oxidative state was recently measured also in patients with
noninsulin dependent type 2 diabetes mellitus. Consump-
tion of 50 mL of PJ per day for a period of 3 months
resulted in a significant reduction in serum lipid peroxides
and TBARS levels by 56% and 28%, respectively [36].

PJ consumption exhibited antioxidative effects also when
administered to E0 mice [28]. The basal oxidative state,
measured as lipid peroxides in serum of control E0 mice
(that did not consume PJ), increased gradually during aging
from 260 nmol/mL of serum at 6 weeks of age, to 309
and 535 nmol/mL of serum after 9 and 14 weeks of age,
respectively. Following PJ consumption, the extent of serum
lipid peroxidation by the free radical AAPH was markedly
reduced, as compared to that observed in serum from
the placebo mice, and this effect was PJ concentration-
dependent (Figure 3(b)). Similarly, serum TAS was higher in
E0 mice that consumed PJ, in comparison to control mice,
and this effect was again juice concentration-dependent [28].

4.2. Serum LDL and HDL Oxidation. Consumption of PJ for
1 and 2 weeks by healthy volunteers increased the resistance
of their LDL to copper ions-induced oxidation, as shown by
a prolongation of the lag time required for the initiation of
LDL oxidation, by 29% and 43%, in comparison to LDL
obtained prior to juice consumption [28]. Similarly, the
resistance of their HDL to copper ion-induced oxidation also
gradually increased after PJ consumption, as shown by a
prolongation in the lag time required for the initiation of

HDL oxidation from 37±2 minutes to 45±6 minutes before
and 2 weeks after PJ consumption, respectively.

PJ consumption by patients with CAS resulted in a
significant reduction in the basal level of LDL-associated
lipid peroxides by 43%, 89%, 86%, and 90% after 3, 6, 9, and
12 months of PJ consumption, respectively, and in parallel,
it increased the resistance of LDL to copper ion-induced
oxidation [32]. This was demonstrated by reduced formation
of lipid peroxides in LDL during its incubation with copper-
ions (by 40%, 49%, 57%, and 59% after 3, 6, 9, and 12
months of PJ consumption, respectively, Figure 3(c)). PJ con-
sumption also decreased the propensity of LDL derived from
E0 mice to copper ion-induced oxidation (Figure 3(d)). In
E0 mice that consumed 6.25 μL/mouse/d or 12.5 μL/mouse/d
of PJ concentrate for a period of 3.5 months, LDL oxidation
by copper ions was delayed by 100 minutes and by 120
minutes, respectively, in comparison to LDL obtained before
juice administration. Determination of the extent of LDL
oxidation by the lipid peroxides assay revealed a significant
inhibition after PJ consumption (Figure 3(d)). Furthermore,
the progressive increase with age in the susceptibility of the
mice LDL to oxidation was significantly attenuated by PJ
consumption, in a dose-dependent manner [28].

4.3. Serum Paraoxonase 1 (PON1). The increased resistance
of LDL and of HDL to oxidation after PJ administration
to healthy subjects or to patients with CAS could have
also resulted from increased serum HDL-associated paraox-
onase1 (PON1) activity. Indeed, a significant 18% increase in
serum PON1 activity was monitored in healthy subjects after
PJ consumption for a period of 2 weeks [28]. In CAS patients,
serum PON1 arylesterase activity significantly increased by
11%, 42%, 49%, and 83% after 3, 6, 9, and 12 months of
PJ consumption, respectively [32], and in patients with type
2 diabetes mellitus it significantly increased by 12% after
PJ consumption for 3 months [36]. In another study from
our group, we analyzed thirty patients with type 2 diabetes
mellitus. Ten male patients and 10 female patients received
concentrated Wonderful variety of PJ (WPJ, 50 mL/day for
4 weeks), while another group of 10 male patients received
pomegranate by-product extract (WPOMxl, 5 mL/day for
6 weeks) [37]. There were no significant effects of WPJ
or WPOMxl consumption on fasting blood glucose or
hemoglobin A1c levels. After 4 weeks of WPJ consumption
by male patients, basal serum oxidative stress was signifi-
cantly decreased by 35%, whereas serum concentration of
sulfhydryl (SH) groups (antioxidant marker) was signifi-
cantly increased by 25%. In male patients that consumed
WPOMxl and in female patients that consumed PJ, a similar
pattern was observed, though to a lesser extent.

The effect of consuming the polyphenol-richest bever-
ages (Wonderful-variety pomegranate juice, black currant
juice, Concord grape juice, acai juice blend, and red wine)
by healthy subjects was further analyzed in vivo for a short
term (after 2 hours, and after 1 week of consumption) [35].
Consumption of these antioxidant rich beverages (especially
Wonderful-variety pomegranate juice and black currant
juice) increased serum SH groups level already after 2 hours,
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Figure 3: Pomegranate juice (PJ) consumption reduces serum or LDL oxidation in patients with carotid artery stenosis (CAS) and in
the atherosclerotic E0 mice. Effect of PJ supplementation to CAS patients (for 1 year) or to E0 mice (for up to 14 weeks) on (a and b) the
susceptibility of serum to radical-induced lipid peroxidation, and on (c and d) copper ion-induced LDL oxidation is shown. ∗P < 0.01 (mean
± SD, after PJ versus before PJ consumption in humans) and #P < 0.01 (mean ± SD, PJ (12.5 μL/mouse/day) versus placebo in mice).

and more so, after 1 week (Figure 4(a)). After 1 week
of consumption, black currant juice or Wonderful-variety
pomegranate juice significantly increased serum SH groups
concentration by 11% or 8%, respectively (Figure 4(a)). In
contrast, consumption of the other beverages for 2 hours
or for one week had no statistically significant effect on
serum SH groups’ concentration (Figure 4(a)). We next
analyzed the effects of selected polyphenols-rich beverages
consumption by healthy subjects (2 hours or 1 week con-
sumption) on serum PON1 catalytic activity (Figure 4(b))
[35]. Two hours after consumption of the selected beverages,
serum PON1 lactonase activity was not significantly affected
(Figure 4(b)). However, after 1 week of consumption, black
currant juice significantly increased serum PON1 activities
by 20%, and Wonderful-variety PJ significantly increased it
by 5% (Figure 4(b)).

Association of PON1 with HDL stabilizes the enzyme.
In diabetic patients, PON1 dissociates from HDL and,
as a consequence, it is less biologically active. We thus

investigated the effects of PJ and POMxl consumption on
PON1 association with HDL in diabetic patients [37]. HDL-
associated PON1 arylesterase, paraoxonase, and lactonase
activities increased significantly after PJ consumption, by 34–
45%, as compared to the baseline levels. In male patients that
consumed POMxl, and in female patients that consumed
PJ, a similar pattern was observed, although to a lesser
extent. PON1 protein binding to HDL was significantly
increased by 32% following PJ consumption (Figure 5(a)),
while the level of PON1 in the lipoprotein deficient serum
(LPDS) decreased by 62% (Figure 5(a)), suggesting that PJ
consumption resulted in increased free PON1 binding to
the HDL. A similar trend of increased PON1 protein asso-
ciation with HDL was observed in males following POMxl
consumption, as after 4 weeks of POMxl consumption,
HDL-bound PON1 protein increased by 17%, as compared
to baseline values (Figure 5(b)). The above results were
confirmed also in in vitro study where serum from diabetic
patients was incubated with PJ or with punicalagin, or with
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Figure 4: Pomegranate juice (PJ) or black currant juice consumption by healthy subjects, for a short term, decreases serum oxidative stress
and increases PON1 activity. Six healthy subjects consumed 250 mL/day of pomegranate juice (PJ, POM Wonderful), black currant juice
(Knudsen), Red Wine (Mondavi), Grape Juice (Lakewood), or Acai Juice (Naked) for up to one week, followed by one week of washout.
Blood samples were collected before and after 2 hours or one week of beverages consumption. (a) Serum SH groups’ concentration. (b)
Serum paraoxonase 1 (PON1) lactonase activity (towards dihydrocoumarin) were determined. The individual results, as well as, the mean
± SD for each treatment at the different time points are shown. ∗P < 0.01 versus time 0.
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Figure 5: Pomegranate juice (PJ) or whole pomegranate fruit extract (POMxl) increase PON1 binding to HDL. Twenty patients with type
2 diabetes mellitus participated in the study. Ten male patients received concentrated PJ (50 mL/day for 4 weeks) while another group of 10
male patients received POMxl (5 mL/day for 6 weeks). (a) Blood samples were collected from both groups before (0 time) and 4 weeks after
PJ consumption, or (b) 4 weeks after POMxl consumption. The HDL or LPDS fractions were isolated from the blood samples of 4 patients
by density gradient ultracentrifugation. The HDL fractions (25 μg protein) or LPDS fractions (20 μL) were loaded on 10% acrylamide gel,
and PON1 protein bands were visualized using mouse anti-human PON1 antibody. PON1 bands and densitometric analysis of the PON1
bands are shown. This is a representative experiment out of four. ∗P < 0.01 versus time 0.

no addition (control) for 2 hours at 37◦C. Then, HDL was
isolated from the serum by ultracentrifugation, and Western
blot analysis was performed. After serum incubation with PJ
(18 μg GAE/mL) or with punicalagin, the protein content
of HDL-bound PON1 significantly increased by 36% and
by 14%, respectively, as compared to control serum. Upon
increasing the concentration of PJ or punicalagin up to 36 μg
GAE/mL, HDL-bound PON1 protein further increased, and
it was 62% or 83% higher than that observed in control
serum (no PJ), respectively [37].

We thus conclude that PJ, as well as, POMxl consumption
by diabetic patients contributes to PON1 stabilization, by
increasing its association with HDL, and therefore, enhanc-
ing PON1 catalytic activities. The ratio between HDL-
associated PON1 and free PON1 gradually decreased as the
extent of HDL oxidation increased. The antioxidants vitamin
E or PJ inhibited the oxidation-mediated redistribution of
PON1 in serum. Indeed, PJ or its purified major polyphenols
punicalagin, gallic acid, or ellagic acid, all increased PON1
binding also to HDL. Furthermore, PON1 associated more
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efficiently with HDLs isolated from diabetic patients after
PJ consumption versus patient HDLs isolated prior to PJ
consumption [38].

Similarly to the results obtained in humans, a significant
43% increase in serum PON1 activity was also observed in
E0 mice after PJ consumption for a period of 2 months,
in comparison to serum PON1 activity observed in the
placebo-treated mice [29]. The increase in serum PON1
activity may be a direct effect of PJ, as well as an effect
secondary to PJ-mediated reduction in lipid peroxides, as it
was previously demonstrated that paraoxonase is inactivated
by oxidized lipids [39], and its activity is preserved by
antioxidants, such as PJ, red wine, or the licorice root-
derived isoflavan glabridin. The above increment in PON1
catalytic activities could have resulted also from PJ-induced
increment in liver PON1 expression. Indeed, PON1 protein
and mRNA expression, as well as PON1 gene promoter
activation, were significantly increased in hepatocytes cell
line (HuH7) following incubation with PJ or its major
polyphenols punicalagin, or gallic acid (GA), and this
effect was dose-dependent (Figure 6(a)) [40]. This effect
of PJ polyphenols was mediated, at least in part, via the
transcription factor PPARγ, as addition of PJ polyphenols to
HuH7 cells in the presence of the PPARgamma antagonist
GW9662, significantly decreased the stimulatory effect of PJ
polyphenols on PON1 expression (Figure 6(b)) [40].

In accordance with the above increased PON1 mRNA
expression, PJ, punicalagin, and GA increased the hepato-
cytes-secreted PON1 activity (in the presence of HDL from
PON1KO mice) by 2.7 and 1.9 fold, respectively, compared
to control untreated cells (Figure 6(c)). Functionally, the
secreted PON1 exhibited biological activity, as it protected
LDL from copper ion-induced oxidation (Figure 6(d)) [40].

5. PJ Reduces Macrophage Atherogenicity

Oxidative stress has been implicated in the pathogenesis
of atherosclerosis [41, 42], leading to the oxidation of
lipids, not only in LDL, but also in arterial macrophages
[43, 44]. We have previously shown that “lipid-peroxidized
macrophages” exhibit atherogenic characteristics, including
increased ability to oxidize LDL and to take up oxidized LDL
(Ox-LDL) [45].

We thus studied the effect of dietary consumption of
PJ by E0 mice on macrophage atherogenicity, including
macrophage lipid peroxidation and subsequently macro-
phage activities related to foam cell formation, such as
cell-mediated oxidation of LDL and cellular uptake of
lipoproteins.

5.1. Macrophage Oxidative Stress. We have demonstrated
that human monocyte derived macrophages (HMDM)
isolated from patients with type 2 diabetes mellitus after
consumption of PJ for 3 months, as well as, the carotid
lesion derived after endarterectomy from CAS patients that
consumed PJ (Figure 7(a)), and also mouse peritoneal
macrophages (MPM) isolated from E0 mice after consump-
tion of PJ concentrate (12.5 μL/mouse/day, equivalent to
0.35 μmoles of total polyphenols) for a period of 3.5 months

(Figure 7(b)), contained less lipid peroxides, in comparison
to carotid lesion from patients that did not consume PJ,
or to MPM from the placebo-treated E0 mice, respectively
[28, 32]. Incubation of the human carotid lesion or of E0

MPM with LDL (100 μg of protein/mL) for 18 hours under
oxidative stress (in the presence of copper ions) revealed that
PJ consumption resulted in 43% and 82% reduced capacity
of the lesion or the macrophages to oxidize LDL, respectively.
The mechanism responsible for this effect was associated
with inhibition of the translocation to the macrophage
plasma membrane of the NADPH oxidase cytosolic factor p-
47, and hence, inhibition of NADPH oxidase activation and
of superoxide anion release from the macrophages.

Similarly to the in vivo studies, preincubation of J774A.1
macrophages with increasing concentrations of PJ dose-
dependently reduced macrophage oxidative stress, as mea-
sured by total peroxides level (Figure 7(c)). Recently, we
have demonstrated that unique complex sugars and/or
phenolics in PJ also contribute to PJ-induced reduction of
macrophage oxidative stress [46]. Increasing concentrations
of the PJ sugar fractions resulted in a dose-dependent
decrement in J774A.1 macrophage cell line peroxide levels,
up to 72%, compared to control cells. On the contrary,
incubation of the cells with white grape juice sugar fraction
at the same concentration resulted in a dose-dependent
increment in peroxide levels up to 37%. On the molecular
basis, PJ-induced reduction in macrophage oxidative stress
could result from the effect of PJ on the transcription
of redox sensitive genes. The activation of the oxidative
stress responsive transcription factor, Nuclear Factor kappa-
B (NFκ-B), has been linked with a variety of inflammatory
diseases, including atherosclerosis. Extensive research in the
last few years, reviewed by Aggarwal and Shishodia [47], has
shown that the pathway that activates NFκ-B can be inhibited
by phytochemicals, including those present in pomegranate,
thus providing a beneficial effect against atherosclerosis
development. It was demonstrated that pomegranate wine
(PJ fermented with yeast and dealcoholized) inhibits oxi-
dation of endothelial cells induced by TNF-α, and acts
as a potent inhibitor of NFκ-B activation in these cells
[48]. Pomegranate fermented juice and pomegranate cold
pressed seed oil flavonoids were also shown to inhibit
eicosanoid enzyme activity [49]. Flavonoids extracted from
pomegranate cold pressed seed oil showed 31–44% inhibi-
tion of sheep cyclooxygenase and 69–81% inhibition of soy-
bean lipoxygenase. Flavonoids extracted from pomegranate
fermented juice also showed 21–30% inhibition of soybean
lipoxygenase. Recently, it was demonstrated that PJ decreased
the activation of the redox-sensitive genes ELK-1 and p-
JUN and increased eNOS expression in cultured endothelial
cells which were exposed to shear stress, as well as in
atherosclerotic-prone areas of hypercholesterolemic mice
[30].

PJ-mediated reduction in the transcription of several key
redox enzymes, including cyclooxygenase, lipoxygenase, and
NO synthase could be the result of intracellular oxidation
suppression. Through this mechanism, as well as via the sup-
pression of lipoxygenase-catalyzed leukotriene formation, PJ
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Figure 6: Pomegranate Juice (PJ) polyphenols upregulated paraoxonase 1 (PON1) expression in hepatocytes, via PPARγ, resulting in the
secretion of biologically active PON1. (a) PON1 mRNA expression in human hepatoma cell line (HuH7) that were incubated with increasing
concentrations (17–70 μg of gallic acid equivalents (GAE)/mL) of PJ, or its polyphenols: punicalagin, gallic, or ellagic acids, for 24 hours at
37◦C. (b) PON1 mRNA expression in HuH7 cells, untreated (Control) or treated with pomegranate or its major polyphenols, in the absence
or presence of the PPARγ antagonist GW9662 (50 μmol/L). (c) Secreted PON1 arylesterase activity was measured in the medium from
control cells, or from pomegranate polyphenols-treated cells in the presence of HDL from PON1 knockout (KO) mice. (d) LDL was oxidized
by copper ions in presence of conditioned medium from untreated (Control-CM) and from gallic acid treated cells (Gallic acid-CM). Results
are expressed as mean ± SD of three different experiments. ∗P < 0.01 versus control.

may act also as an anti-inflammatory agent, in addition to its
major role as antioxidant.

5.2. Macrophage Paraoxonase 2 (PON2). Whereas PON1 is
expressed mainly in the liver and is present in the circulation,
PON2 is expressed in most tissues, including macrophages,
but it is not present in the circulation [50, 51]. PON2, like
PON1 however, was shown to protect against atherosclerosis
development [52]. This effect could be attributed to PON2-
induced reduction in macrophage oxidative stress [50, 51,
53], as well as, in triglyceride accumulation [53, 54]. We
next questioned the association between PJ polyphenolics,
macrophage oxidative stress, and cellular PON2 expression,
in relation to the activation of specific PON2 transcrip-
tion factors [55]. Incubation of J774A.1 macrophages with

PJ (0–50 μmol/L of total polyphenols) dose-dependently
increased PON2 mRNA (Figure 8(a)), protein expression,
and lactonase activity (Figure 8(b)) and reduced macrophage
oxidative stress. These effects could be attributed to the
PJ unique polyphenols, punicalagin, and gallic acid. PJ
polyphenol-induced upregulation of PON2 was inhibited by
40% upon using the PPARγ antagonist GW9662. Accord-
ingly, the PPARγ ligand, rosiglitazone, dose-dependently
stimulated macrophage PON2 expression by up to 80%.
Inhibition of AP-1 activation (with SP600125) attenuated PJ-
induced upregulation of PON2 by 40%. Similarly, incubation
of macrophages with PJ polyphenols in the presence of
GW9662 or SP600125 significantly reduced their capacity to
protect macrophages against oxidative stress [55]. We thus
conclude that the antioxidative characteristics of PJ unique
phenolics punicalagin and gallic acid could be related, at
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Figure 7: Pomegranate juice (PJ) reduces oxidative stress in carotid artery stenosis (CAS) patients’ lesion, and in macrophages. Effect of PJ
consumption by CAS patients on lipid peroxides content in human carotid lesions (a), and the effect of PJ consumption by E0 mice on lipid
peroxides content in their mouse peritoneal macrophages (b). J774A.1 macrophage cell line was incubated with increasing concentrations
of PJ for 20 hours at 37◦C, followed by cellular oxidative stress analysis measured as DCFH oxidation (c).∗P < 0.01 (mean±SD versus 0 time
in humans, and PJ versus placebo in the mice study), #P < 0.01 cell incubation with PJ versus control cells (without PJ).

least in part, to their stimulatory effect on macrophage PON2
expression, a phenomenon which was shown to be associated
with activation of the transcription factors PAPRγ and AP-
1.We next analyzed the role of PON2 in the antiatherogenic
properties of PJ. Consumption of PJ by C57BL/6 mice
(Figure 8(c)), or by PON1KO mice significantly upregulated
PON2 expression in MPM [56]. Unlike the inhibitory effects
of PJ consumption in C576BL/6 MPM or in PON1KO
MPM on macrophage oxidative stress (as measured by
the cells’ ability to oxidize LDL), in PON2KO mice, PJ
consumption had a nonsignificant effect, on LDL oxidation
rate by the cells (Figure 8(d)). These results indicate that
PJ-induced reduction in macrophage oxidative stress is
mediated mostly by PJ-induced macrophage PON2 (but not
PON1) overexpression.

5.3. Macrophage Cholesterol Metabolism. Macrophage cho-
lesterol accumulation and foam cell formation are the
hallmark of early atherogenesis. Cholesterol accumulation
in macrophages can result from impaired balance between
external and internal cholesterol sources. LDL, which under-
goes oxidative modification, is an important external source
for macrophage accumulated cholesterol.

Ox-LDL is taken up by macrophages at enhanced rate via
scavenger receptors [57, 58], which, unlike the LDL receptor,
are not down regulated by intracellular cholesterol content
[59], and therefore lead to accumulation of cholesterol in the
cells. Macrophage cholesterol from internal sources origins
from cholesterol biosynthesis. The enzyme 3-hydroxy-3
methylglutaryl coenzyme A (HMGCoA) reductase catalyzes
the rate limiting step in cholesterol biosynthetic pathway
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Figure 8: Pomegranate juice (PJ) upregulates macrophage paraoxonase 2 (PON2) expression and reduces macrophage oxidative stress. (a)
and (b) In vitro studies. J774A.1 macrophages were incubated with increasing concentrations (0–50 μmol polyphenols/L) of PJ for 20 hours.
Then, PON2 mRNA expression (a), as well as PON2 lactonase activity towards dihydrocoumarin (b) were determined. (c) and (d) In vivo
studies. C57BL/6 mice, as well as PON1knockout (KO) mice, or PON2KO mice, consumed PJ (200 μg of gallic acid equivalents/mouse/day)
for 1 month, and the mice peritoneal macrophages (MPM) were harvested. MPM PON2 mRNA expression (c) and the cells’ ability to oxidize
LDL in the presence of copper ions were measured (d). ∗P < 0.01 (incubation in vitro with PJ versus without PJ), #P < 0.01 (after PJ versus
before PJ consumption).

[60], and it is subjected to a negative feedback regulation by
the cellular cholesterol content. In addition to cellular uptake
of lipoproteins and to cholesterol biosynthesis, macrophage
cholesterol accumulation can also result from a decreased
efflux of cholesterol from the cells [61].

Since PJ was shown to inhibit macrophage foam cell
formation and the development of atherosclerotic lesions,
we analyzed the effect of PJ consumption on cellular
processes that lead to macrophage cholesterol accumulation.
We have demonstrated that the cellular uptake of Ox-LDL,

measured as cellular lipoprotein binding, cell-association,
and degradation, by MPM derived from E0 mice that
consumed 12.5 μL of PJ concentrate/mouse/day for a period
of 2 months, was significantly reduced, by 16%, 22%, and
15%, respectively, in comparison to Ox-LDL binding, cell-
association, and degradation obtained by MPM from control
E0 mice. Similarly, PJ consumption by patients with type 2
diabetes mellitus significantly decreased the extent of Ox-
LDL cellular uptake by their HMDM (by 36%) [36]. Cellular
cholesterol esterification rate (another atherogenic property
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of macrophages) in MPM isolated from PJ-treated mice
was found to be 80% lower compared with age-matched,
placebo-treated mice. Finally, PJ treatment significantly
increased, by 39%, cholesterol efflux from macrophages
compared with the cholesterol efflux rate from MPM
harvested from the placebo-treated mice. Taken together, all
these antiatherogenic effects lead to reduced accumulation of
cholesterol in macrophages.

In vitro studies clearly show that PJ exhibit direct
antiatherogenic effects on macrophages. Preincubation of
J774A.1 macrophages with PJ resulted in a significant
(P < 0.01) reduction in Ox-LDL degradation by 40% [62].
On the contrary, PJ had no effect on macrophage degra-
dation of native LDL and also not on macrophage choles-
terol efflux. Macrophage cholesterol biosynthesis however,
was inhibited by 50% after cell incubation with PJ. This
inhibition, unlike statin action, was not mediated by an effect
on HMGCoA reductase along the cholesterol biosynthetic
pathway.

5.4. Macrophage Triglyceride Metabolism. Triglycerides are
an independent risk factor for atherosclerosis [63]. Macro-
phage foam cells isolated from atherosclerotic lesions contain
not only cholesteryl esters and unesterified cholesterol, but
also substantial amount of triglycerides [64]. Triglyceride
accumulation in macrophages increases oxidative stress and
cellular necrosis, thus further contributing to foam cell
formation [65]. The effect of PJ on macrophage triglyc-
eride metabolism was recently studied [66]. Upon incuba-
tion of J774A.1 macrophages with PJ (0–50 μM), a dose-
dependently decrease (by up to 30%) in cellular triglyceride
content (Figure 9(a)), and in triglyceride biosynthesis rate
(Figure 9(b)) were observed. Similarly, punicalagin, the
major PJ polyphenol, inhibited MPM triglyceride biosyn-
thesis rate by 40%. Triglyceride hydrolytic rate however
was not significantly affected by PJ or punicalagin. The
activity of diacylglycerol acyltransferase 1 (DGAT1, the
rate limiting enzyme in triglycerides biosynthesis) was
significantly inhibited, (by ∼50%), in J774A.1 macrophages
that were treated with 50 μM of PJ or with punicalagin,
with no significant effect on DGAT1 mRNA or protein
expression. Both PJ and punicalagin increased (by∼1.7 fold)
MPM PON2 mRNA expression, and PON2 was previously
shown to inhibit DGAT1 activity [53]. Addition of PJ
or punicalagin (50 μmol/L) to microsomes from PON2KO
MPM still resulted in a significant reduction in DGAT1
activity, by ∼50%, suggesting a direct, non-PON2-mediated
effect of PJ on macrophage triglycerides [66]. Similarly to
the in vitro study, we have recently demonstrated that PJ
consumption by C57BL/6 mice, by PON1KO mice, or by
PON2KO mice resulted in a significant reduction in MPM
triglyceride content by 17%, 16%, and 23%, respectively
(Figure 9(c)), and this effect was associated with a significant
reduction in macrophage triglyceride biosynthesis rate by
27%, 28%, or 22%, respectively (Figure 9(d)) [56].

This study demonstrates that PJ beneficial effects on
macrophage triglyceride metabolism are direct effect of
PJ, which are not mediated via PJ-induced stimulation of
macrophage PON2.

We conclude that PJ protects the macrophages against
oxidative stress by increasing PON2 expression, suppress-
ing Ox-LDL uptake by macrophages, inhibiting cellular
cholesterol and triglyceride biosynthesis, or stimulation of
HDL-mediated cholesterol efflux from the cells. All these
effects could lead to attenuation in cellular cholesterol and
triglyceride accumulation, and foam cell formation.

6. Antiatherogenic Effects of Pomegranate
By-Products

Pomegranate extract prepared from the whole fruit contains
an approximately 20-fold increased antioxidant activity in
comparison to the level in the pomegranate aril juice [67].
The antioxidant level in the pomegranate whole extractis
directly correlated with the content of hydrolyzable tannins
(in which punicalagin is predominant), while no such
correlation was found for the level of anthocyanins [67].

A product of total pomegranate tannins (TPT) contain-
ing 85% punicalagin, 1.3% ellagic acid, and a small amount
of ellagic acid glycosides was purified from the pomegranate
husk extract prepared by Dr. Navindra P. Seeram from the
laboratory of Dr. David Heber at UCLA, USA [68]. On a
similar polyphenol weight basis (10 μg/mL), TPT was more
potent than vitamin E or PJ when analyzed as a free radical
scavenger. TPT reduces the absorbance in the DPPH solution
by 75% in comparison to 62% and 48% reduction obtained
by a similar total polyphenol content of PJ or by vitamin E,
respectively. LDL oxidation induced either by copper ions
or AAPH, was dose-dependently inhibited by TPT, with an
IC50 of 2.1 and 1.4 μg/mL, respectively. Macrophage oxidative
status was also substantially decreased by 50% on using
80 μmol/mL of TPT polyphenols. At a similar concentration,
punicalagin was found to be even more potent than TPT in
all the above assays.

The antioxidative properties of pomegranate polyphenol
extract powder, as well as of pomegranate fiber powder were
also analyzed. The pomegranate fiber powder polyphenol
concentration was 8-fold lower, as compared to the polyphe-
nols in the pomegranate extract powder (200 ± 6 nmol/mg
versus 1580±138 nmol/mg, resp.). The pomegranate extract
was significantly more potent than the fiber powder in both
scavenging of free radicals and in reducing macrophage
oxidative stress.

The effects of a pomegranate liquid by-product (PBP,
which includes the whole pomegranate fruit left over after
juice preparation), on atherosclerosis development in E0

mice were studied [69]. Consumption of PBP (17 or 51.5 mg
gallic acid equivalents/kg/day) by the mice resulted in a
significant reduction in atherosclerotic lesion size by up to
57% (Figure 10(a)). PBP consumption significantly reduced
the extent of Ox-LDL uptake by the mice MPM by up
to 19% (Figure 10(b)). Furthermore, MPM lipid peroxide
content decreased by up to 42% (Figure 10(c)), after PBP
consumption, in association with increment in PON2 lac-
tonase activity by up to 50% (Figure 10(d)), as compared to
MPM from the placebo mice. Similar results were observed
also in vitro. Treatment of J774A.1 macrophages with PBP
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Figure 9: Pomegranate juice (PJ) protects macrophages from triglyceride accumulation: in vitro and in vivo studies. (a) and (b) In vitro
studies: J774A.1 macrophages were incubated with increasing concentrations (0–50 μmol polyphenols/L) of PJ, for 20 hours. Cellular
triglyceride content (a) and macrophage triglyceride biosynthesis rate (b) were determined. (c) and (d) In vivo studies: C57BL/6 mice,
as well as PON1knockout (KO) mice, or PON2KO mice, consumed PJ (200 μg of gallic acid equivalents (GAE)/mouse/day) for 1 month, and
the mice peritoneal macrophages (MPM) were then harvested. Cellular triglyceride content (c) and macrophage triglyceride biosynthesis
rate (d) were determined. ∗P < 0.01 (incubation in vitro with PJ versus without PJ), #P < 0.01 (after PJ versus before PJ consumption).

(10 μmol/L or 50 μmol/L of total polyphenols), significantly
decreased both cellular total peroxide content and Ox-LDL
uptake. We thus conclude that PBP significantly attenuates
atherosclerosis development by its antioxidant properties.

Next, we performed ex vivo and in vitro studies, in
which we compared the antiatherogenic properties of whole
pomegranate fruit powder by- product (POMxp) to those
of pomegranate by-product POMarils+seeds powder. Per
mg powder, the POMxp contained 90-fold higher concen-
trations of polyphenols than the POMarils+seeds. Admin-
istration of 10 mg total polyphenols/kg/d of POMxp or of
POMarils+seeds aqueous extract to E0 mice for 2 months,
demonstrated that POMxp polyphenols are more potent

than POMarils+seeds polyphenols in reducing oxidative
stress. The amount of total peroxides in MPM from the mice
that consumed POMarils+seeds, or POMxp was decreased
by 14% or by 24%, respectively, as compared to MPM
from placebo-treated mice (Figure 11(a)). Furthermore, the
amount of superoxide anion released from MPM derived
from E0 mice that consumed POMxp or POMarils+seeds
was lower by 39% or by 14%, respectively, as compared to
placebo MPM. This effect was associated with inhibition of
MPM-mediated LDL oxidation by 18% or 31%, respectively
(Figure 11(b)).

The extent of Ox-LDL uptake by MPM from mice that
consumed POMxp, but not by MPM from the mice that
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Figure 10: Pomegranate by-product (PBP) consumption by E0 mice attenuates atherosclerotic lesion development, in association with
reduction in Ox-LDL uptake, and in macrophage oxidative stress, and on elevation in cellular paraoxonase 2 (PON2) activity. E0 mice
consumed PBP (17 or 51.5 mg gallic acid equivalents (GAE)/kg/day) for 3 months. Control mice received only water (placebo). At the end
of the study, the mice aortas, as well as, the mice peritoneal macrophages were harvested. (a) Atherosclerotic lesion size determination. (b)
The extent of Ox-LDL (25 μg of protein/mL, labeled with FITC) uptake by the mice macrophages was determined using flow cytometry. (c)
Macrophage lipid peroxides level. (d) Macrophage PON2 lactonase activity towards dihydrocoumarin. Results are expressed as mean ± S.D
of three different determinations. ∗P < 0.01 versus Placebo.
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(d) HDL- Mediated Cholesterol Efflux

Figure 11: Increased in vivo antiatherogenic properties of whole pomegranate powder by-product (POMxp) versus pomegranate arils+seeds
by-product (POM arils+seeds): studies in peritoneal macrophages from the atherosclerotic E0 mice. E0 mice (6 weeks old) consumed for 2
months 10 mg total polyphenols/kg/day of POMxp (dissolved in water), or of POM arils+seeds. Control mice received only water (placebo).
At the end of the study, the mice peritoneal macrophages (MPM) were harvested. (a) Macrophage total peroxides content was determined by
the DCFH assay. (b) The cells were incubated with LDL (100 μg protein/mL) in the presence of copper ions, and the extent of LDL oxidation
was measured by the TBARS assay. (c) The extent of Ox-LDL (25 μg of protein/mL, labeled with FITC) uptake by the mice macrophages was
determined using flow cytometry. (d) The mice macrophages were prelabeled with [3H]-cholesterol for 1 hour. Then, the cells were washed,
and further incubated for 3 hours at 37◦C without or with HDL (100 μg of protein/mL). The extent of HDL-mediated cholesterol efflux was
determined. Results are given as mean ± S.D of three different determinations. ∗P < 0.01 versus placebo.

consumed POMarils+seeds, was significantly reduced by
13%, as compared to Ox-LDL uptake by the placebo MPM
(Figure 11(c)). Furthermore, consumption of POMxp or
of POMarils+seeds by the E0 mice significantly stimulated
HDL-mediated cholesterol efflux from the mice MPM by
74% and by 31%, respectively, (Figure 11(d)), indicating

that the polyphenols in POMxp are more potent than the
polyphenols in the by-product prepared from the arils+seeds
in attenuation of macrophage cholesterol accumulation and
foam cell formation. Similar results were observed in vitro
upon adding POMxp or POMarils+seeds (10 mg gallic acid
equivalents/mL) to J774A.1 macrophages, with 53% or
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Figure 12: The effect of pomegranate extracts consumption by E0 mice on atherosclerotic lesion development and on the mice peritoneal
macrophages atherogenicity. Fifty male E0 mice (6 weeks old) were divided into five groups of 10 mice each. The placebo group received only
water. The other four groups received in their drinking water 200 μg gallic acid equivalents (GAE)/mouse/day of: PJ, POMxp, POMarils, or
POMflower for a 3-month period. At the end of pomegranate extracts consumption, the mice peritoneal macrophages (MPM), as well as
the mice aortas were harvested. (a) Atherosclerotic lesion size in the mice aortas. (b) Macrophage total peroxides content was determined
by the DCFH assay. (c) The extent of Ox-LDL (25 μg of protein/mL, labeled with FITC) uptake by the mice macrophages was determined
using flow cytometry. (d) The mice macrophages were prelabeled with [3H]-cholesterol for 1 hour. Then, the cells were washed and further
incubated for 3 hours at 37◦C without or with HDL (100 μg of protein/mL). The extent of HDL-mediated cholesterol efflux was determined.
Results are given as mean ± S.D of three different determinations. ∗P < 0.01 versus Placebo.

27% reduction in Ox-LDL uptake by the cells, respectively.
Upon adding 41 μg of gallic acid equivalents/mL of POMxp
or POMarils+seeds to the cells, HDL-mediated cholesterol
efflux was significantly stimulated by 147% and by 52%,
respectively.

We next analyzed the antiatherogenic properties of the
pomegranate fruit various parts including: peels (POMxp),
arils (POMarils), and flowers (POMflower), in comparison
to the whole pomegranate juice (PJ) [70]. After consump-
tion of PJ, POMxp, or POMflower by the atherosclerotic
E0 mice (200 μg of GAE/mouse/day, for 3 months), the
atherosclerotic lesion area was significantly decreased by
44, 39, or by as much as 70%, respectively, as compared
to lesion area observed in the placebo-treated group (Fig-
ure 12(a)). POMarils consumption however, attenuated

the lesion size by only 6% (Figure 12(a)). POMflower
consumption reduced serum lipids and glucose levels by 18–
25%. PJ, POMxp, POMflower, or POMarils consumption
by the E0 mice resulted in a significant decrement by
53, 35, 27, or 13%, respectively, in MPM total peroxides
content (Figure 12(b)) and significantly increased cellular
PON2 activity, as compared to placebo-treated mice. The
cellular uptake rates of Ox-LDL by E0 MPM (Figure 12(c))
were significantly reduced following the consumption of
PJ (by 15%), or POMxp (by 10%). PJ and to a lesser
extent POMarils consumption significantly stimulated HDL-
mediated cholesterol efflux from MPM by 69% or by 28%,
respectively (Figure 12(d)), whereas POMxp or POMflower
consumption had no significant effect. We thus conclude that
attenuation of atherosclerosis development by some of the
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Figure 13: Major pathways by which pomegranate polyphenols inhibit macrophage foam cell formation and atherosclerosis development.
Pomegranate polyphenols are the most potent antioxidants, and they directly inhibit LDL oxidation (#1). Pomegranate increases
paraoxonase1 (PON1) liver expression and serum activity, thereby increasing hydrolysis of already formed lipid peroxides in oxidized
LDL (Ox-LDL) (#2). Pomegranate polyphenols protect macrophages from cholesterol accumulation by several mechanisms: decrement
in cholesterol influx, by inhibition of Ox-LDL uptake via the cells scavenger receptor CD36 (#3), or by inhibition of cholesterol biosynthesis
rate (#4), or by stimulation of HDL-mediated cholesterol efflux from macrophages (#5). PJ polyphenols upregulate macrophage paraoxonase
2 (PON2) expression (#6), leading to reduction in macrophage oxidative stress (#7), and inhibition of reactive oxygen species (ROS),
or reactive nitrogen species (RNS) production and release from the cells, which can lead to inhibition of LDL oxidation by the cells
(#8). Pomegranate polyphenols also inhibit macrophage triglyceride (TG) biosynthesis rate (#9), thus reducing also TG accumulation in
macrophages. Altogether, these antiatherogenic effects of PJ attenuate macrophage conversion into foam cells, and the development of
atherosclerotic lesion (#10). CE, cholesterol ester; UC, unesterified cholesterol; TG, triglycerides, SR, scavenger receptor, (+), stimulation;
(−), inhibition.

pomegranate extracts and in particular POMflower could be
related to their combined beneficial effects on macrophage
atherogenic properties.

7. Perspectives and Future Directions

Our current view on the major pathways by which
pomegranate polyphenols and pomegranate by-products
reduce macrophage foam cell formation and the develop-
ment of advanced atherosclerosis is summarized in Figure 13.
Pomegranate fruit polyphenols (either in PJ or in the
pomegranate by-products) protect against lipid peroxidation
in serum, by direct interaction of pomegranate polyphenols
with LDL, or indirect by increasing serum PON1 stabil-
ity (HDL-association) and its catalytic activities, resulting
in the hydrolysis of serum lipid peroxides. Moreover, PJ
has a remarkable effect on macrophage atherogenicity.
Pomegranate polyphenols were shown to reduce macrophage
oxidative stress, secondary to pomegranate polyphenols-
induced upregulation of macrophage PON2. PON2 inhibits
the formation and release of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) in macrophages, thus
preventing macrophage oxidation and the oxidation of LDL
by the cells.

PJ was shown to attenuate the accumulation of choles-
terol in macrophages due to: (a) inhibition of cellular choles-
terol biosynthesis, (b) inhibition of cellular Ox-LDL uptake,
and (c) stimulation of HDL-mediated cholesterol efflux from
macrophages. Furthermore, PJ also protects macrophages
from triglyceride accumulation. Like PJ, pomegranate by-
products were similarly shown (both ex vivo and in vitro)
to reduce macrophage oxidative stress and to attenuate
macrophage cholesterol accumulation and atherosclerotic
lesion development.

All these antioxidative and antiatherogenic effects of
pomegranate polyphenols were clearly demonstrated in vitro,
as well as in vivo in humans and in the atherosclerotic
apolipoprotein E-deficient mice. Dietary supplementation of
PJ rich in polyphenols to patients with severe carotid artery
stenosis or to atherosclerotic mice resulted in a significant
inhibition in the development of the atherosclerotic lesions,
and this may be attributed to the protection of lipids in
arterial wall as well as in serum LDL against oxidation.
The preferred pomegranate product in terms of biological
potency and consequent health benefits is the pomegranate
juice (PJ) from the whole fruit. Since combination of
antioxidants, as exist in PJ can provide a wider range of free
radicals scavenging capacities than an individual antioxidant,
clinical and nutritional studies in humans should be directed



18 Evidence-Based Complementary and Alternative Medicine

towards the use of combinations of several types of dietary
antioxidants, including combinations of flavonoids together
with other nutritional antioxidants, such as vitamin E and
carotenoids. It is also important to use reliable biological
markers of oxidative stress and to identify populations
suitable for antioxidant treatment, as antioxidants treatment
may be beneficial only in subjects which are under oxidative
stress.

Abbreviations

PJ: Pomegranate juice
LDL: Low density lipoprotein
HDL: High density lipoprotein
PON1: Paraoxonase 1
PON2: Paraoxonase 2
CHD: Coronary heart disease
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E0: Apolipoprotein E deficient
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TEAC: Trolox equivalent antioxidant capacity
ORAC: Oxygen radical absorbance capacity
DPPH: 2,2-Diphenyl-1-picrylhydrazyl
FRAP: Ferric reducing antioxidant power
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hydrochloride
TAS: Total antioxidant status
SH: Sulfhydryl
LPDS: Lipoprotein deficient serum
GAE: Gallic acid equivalents
GA: Gallic acid
PON1KO: PON1 Knockout
Ox-LDL: Oxidized LDL
MPM: Mouse peritoneal macrophages
NFκ-B: Nuclear factor kappa-B
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HMDM: Human monocytes derived
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DGAT1: Diacylglycerol acyltransferase 1
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