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Abstract:

Punicic acid (PA) is a polyunsaturated fatty acid (18:3 n-5), which is classified as a conjugated linolenic

acid. PA is also referred as a "super CLnA" whose effect is even more potent than that of an ordinary CLnA. It is found
mainly in the seeds of pomegranate fruit (Punica granatum) and Trichoxanthes kirilowii and some other minor sources. It
possesses a wide array of biological properties including antidiabetic, antiobesity, antiproliferative, and anticarcinogenic
activity against various forms of cancer. In spite of this, PA has not been explored as a nutraceutical or as an ingredient of
food products which can be aimed at specific consumer target groups. This review details the various health-beneficial

properties of PA and explores the possibilities of its utilization as an active ingredient in various food products.
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Practical Application:

Punicic acid, with its wide array of health-beneficial properties, needs to be utilized as a

compound or as a main ingredient of pomegranate seed oil in various food formulations. This would not only add value

to the waste from the pomegranate industry, but also would contribute to waste management solutions.

Introduction

Pomegranate (Punica granatum L.) seeds are considered as waste
by fruit processing industries, but are also a treasure of phar-
maceutical and nutraceutical compounds (Ali and others 2014).
Pomegranate seed oil (PSO) consists of a complex array of fatty
acids approximately 80% of which are 18-carbon molecules with 3
alternating double bonds (also known as trienoic acids). Research
has shown that trienoic fatty acids, such as those that occur in PSO,
possess more potent physiological activity than dienoic fatty acids
(with two alternating double bonds, also referred to as conjugated
linoleic acid; CLA). The specific trienoic fatty acid found in PSO
is referred to as punicic acid (PA), which is a polyunsaturated fatty
acid (18:3 n-5), also called trichosanic acid, cs 9, trans 11, cis
13 acid with IUPAC name 9Z,11E,13Z-octadeca-9,11,13-
trienoic acid (Franzke and others 1982). PA has also been
known as a "super CLA," whose effect is more potent than
ordinary CLnA (Melo and others 2014; www.morretec.com,
http://extract-herb.com).

This review encompasses various aspects of PA, including its
occurrence, metabolism, biochemical, and health-beneficial prop-
erties. The possibilities of its application in food products has also
been discussed.
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Occurrence/Sources

PSO is one of the 6 plant components known that contain
conjugated fatty acids and with an exceptional amount of PA. It
is also found in bitter gourd (Momordica balsamina L.; Lotti and
others 1973), M. charantia (Mukherjee and Bhattacharya 2006),
Trichosanthes bracteata (Kittur and others 1993), T kirilowii (Yong
and others 1995), and snake gourd seed oil (T anguina; Lansky
and Newman 2007). The other sources of conjugated fatty acids
(Figure 1) are the seeds of pot marigold (- and B-calendic acid),
Calendula («-calendic acid), Catalpa (catalpic acid), and Jacaranda
(jacaric acid; Tanaka and others 2011). Conjugated fatty acids have
been shown to inhibit eicosanoid metabolism in the synthesis of
prostaglandins from arachidonic acid and this provides them with
natural anti-inflammatory properties (www.morretec.com).

Different varieties of pomegranates grown all over the globe
have been shown to possess as low as 6% and up to 24% (w/w)
oil in the seeds, with PA as one of the major components (70%
to 85%) of the oil which is synthesized in situ from linoleic acid
(Hopkins and Chisholm 1968; Hornung and others 2002; Lansky
and Newman 2007).

Iran is one of the major producers of pomegranates in the world.
The oil from the seeds of 5 different varieties of pomegranate were
analyzed and shown to possess >70% PA in the fatty acid fraction
of the seed oil (Habibnia and others 2012). Some 25 pomegranate
varieties from 2 different regions of Iran were studied for the
composition of the seed oils by Fadavi and others (2006). The
oil content ranged from 6.6% to 19.3% with linolenic acid (LnA)
(C18:3) as the major fatty acid (31.8% to 86.6%), followed by
linoleic (0.7% to 24.4%) and oleic acid (0.4% to 17.4%). The inter-
varietal differences in fatty acid compositions were shown and they
could be useful to establish chemotaxonomic differences. Dadashi
and others (2013) showed that the pomegranate seeds of 4 Iranian
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Figure 1-Various sources of conjugated linolenic acid (Tanaka and others 2011).

varieties (Abanmahi, Malas, Pust Sefid, and Shahvar) possessed oil
contents in the range of 13.5% to 16.9% with the highest content
in the Pust Sefid variety. The content of PA in these varieties was
in the range of 72.07% (Shahvar) to 73.31% (Malas).

Kyralan and others (2009) studied the seed oil content and fatty
acid composition of 15 pomegranate cultivars of Turkey. The oil
content was in the range between 13.95% and 24.13% (db) with
PA content in the range of 70.42% to 76.17%. Pande and Akoh
(2009) investigated 6 pomegranate cultivars from Georgia and re-
ported that the seeds had an average lipid content of 19.2% with
PA as the predominant fatty acid (83.4% in one of the varieties).
Soetjipto and others (2010) investigated the content and compo-
sition of fatty acids in seed oil of red and purple pomegranate
varieties from Indonesia. The total oil content of red and purple
pomegranate were 12.8% and 10.3% (dw), respectively. The PA
content of total lipid of purple PSO (0% to 25%) was higher than
that of red pomegranate (9% to 16%), while the neutral lipids
of red pomegranate showed higher PA contents (54% to 75%)
than the purple pomegranates (14% to 55%). Glycolipids of red
pomegranates contained PA (0% to 42%). The PA content of the
phospholipid fraction of red pomegranate was higher (0% to 22%)
than purple pomegranate (0% to 2%). In conclusion, the seed
oil of the purple variety was better than the red one. In general,
pomegranate seeds consist of 12% to 20% oil (PSO) on a weight
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basis. Elbandy and Ashoush (2012) also reported tocopherol-rich
PSO from Egypt with 88.4% polyunsaturated fatty acid.

Verardo and others (2014) studied the lipid composition of
pomegranate seeds from Israel, Spain, Turkey, Iran, and Tunisia.
The total lipid content of the pomegranate seeds varied between
approximately 8% and 16%. The PSO contained large amounts
of PA in the range of 74% to 85% of the total fatty acids. The
presence of 2 tocotrienols was identified and reported for the first
time in PSO.

Apart from pomegranate, CLnA are also found in tung oil,
catalpa seed oil, balsam pear seed oil, and cherry seed oil (Takagi
and Itabashi 1981). a-Eleostearic acid (EA) and PA are the 2
typical conjugated trienoic fatty acid isomers of conjugated LnA
(CLnA) found in seed oils. Bitter gourd (M. charantia) and snake
gourd (Trichosanthes anguina) are 2 common vegetables of Asia and
widely consumed by the Indian and other Asian populations. The
oil from M. charantia seeds is rich in a-EA acid, while T anguina
oil is rich in PA. The differences in the effectiveness of these oils
are assigned to their antagonistic cis-transmolecular arrangement
of the CLnA. o-EA is more effective than PA due to its high
trans content (Saha and others 2012a). Jing and others (2012)
studied the composition of fatty acids form the oil of the seeds
of T. kirilowii Maxim from 4 different geographical locations and
concluded that the T kirilowii seeds were especially rich in PA,
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and their contents were not influenced by geographical location;
the minute variations in some proximate compositions may be
caused by ecological, temperature, climate, technical, and cultural
conditions.

Yuan and others (2011) studied the distribution pattern of lipids
and CLnA contents in T. kirilowii, pomegranate, and bitter melon
seed oils. The oil from 3 pomegranate (Sanbaiyu, Qingpiruanzi,
and Tianluzi) and 6 bitter melon cultivars (Changbai, Many-
ouqing, Bingchengyihao, Kaihua-1, Kaihua-2, and Qingfeng)
from China were shown to be rich in CLnA with PA as the
main CLnA in T kirilowii and pomegranate, while o-EA was pre-
dominant in bitter melon. Natural resources of CLnA, especially
edible T kirilowii seed, could be a potential dietary source of CLA,
following CLnA metabolism.

Biosynthesis of CLnA

CLA is an 18-carbon fatty acid with 2 alternating double
bonds. PSO consists of a variety of fatty acids; about 80% of
these are 18 carbon molecules with 3 alternating double bonds.
These are called trienoic fatty acids which, in general, possess a
more potent physiological activity than the dienoic fatty acids
(Pomegranate . . . The Fabled Fruit™; www.morretec.com/img/
Pomegranate_Brochure.pdf). The specific trienoic fatty acid in
PSO is referred to as PA. In lab rats, it was found that PA was
converted to the CLA rumenic acid (9Z11E-CLA, Tsuzuki and
others 2006).

PA is derived from linoleic acid (18:2Acis9, cis12) by a fatty
acid conjugase which converts a cis-A12 double bond into a
conjugated trans-cis-double-bond system (http://www.metacyc.
org/META/new-image’type = PATHWAY &object = PWY-
5374).

Biosynthesis of PA was studied by Hornung and others (2002)
who speculated the involvement of (11, 14)-linoleoyl desat-
urase activity for the conversion of a cis-double-bond at po-
sition 812 into a cis-trans double-bond system. The 2 ¢cDNAs
from pomegranate seeds encoding for these enzymes were cloned,
sequenced, and expressed in Saccharomyces cerevisiae. The anal-
ysis of the fatty acids produced by recombinant yeast points
out that one of the cDNA codes for §12-acyl-lipid-desaturase,
while the other codes for (1,4)-acyl-lipid-desaturase that con-
verts the cis-double-bond at the §12-position of linoleic acid or
y-LnA, but not «-LnA, into a conjugated cis-trans double-bond
system.

Iwabuchi and others (2003) described the biosynthesis of CLnA
with the help of conjugases, which modify the existing double
bond to produce the conjugated double bonds with or without
introducing a new double bond (Figure 2). The cDNAs from
T kirilowii and P granatum, designated as TkFac and PgFac, re-
spectively, were isolated, which encoded a class of conjugases to
form trans- 8§11, cis- 613 double bonds. TkFac and PgFac thus
showed to have both A12-oleate desaturase and conjugase activ-
ities, and support the concept that fatty acid-modifying enzymes
might have originated from fatty acid desaturases. Expression of
TkFac and PgFac in Arabidopsis seeds resulted in accumulation of
PA up to 10% (w/w) of the total seed oil. Even in yeast cells grown
without exogenous fatty acids, TkFac and PgFac expression re-
sulted in PA accumulation accompanied by 16:2 §9cis,12cis, and
18:2 §9cis,12cis production. Thus, the products from TkFac and
PgFac are bifunctional enzymes with both conjugase and § 12-
oleate desaturase activities. Also, 16:2 §9cis, 12cis, and 18:3 §9cis,
12cis, 15cis, as well as 18:2 §9cis, 12cis, may be potential substrates
for the conjugases to form trans- 611 and cis- §13 double bonds.
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Effect of Extraction Procedure

The extraction of PSO was carried out using hexane (Elbandy
and Ashoush 2012; Dadashi and others 2013), supercritical CO,
(SC-COy) extraction (Guangmin and others 2009; May 2014),
and cold press (Habibnia and others 2012; Ali and others 2014).
The PSO extracted by cold-pressing possessed superior physico-
chemical properties and quality as compared to that extracted
with organic solvents (Ali and others 2014). The method results
in extraction of a highly nutritious oil without environmental im-
pacts. In SC-CO, extraction, the extraction pressure was shown
to be the dominant factor to affect the PSO yield (Guangmin and
others 2012), and the PSO possessed high contents of PA and
y-tocopherol which were slightly increased by increasing extrac-
tion pressure and temperature. Sargolzaei and Moghaddam (2013)
developed an effective intelligent system for predicting the effects
of temperature and pressure on PSO yield by SC-CO, process
and reported that properly developed back-propagation neural
network and radial basis function neural network could be used
as successful predicting tools for SC-CO; oil extraction. Ahangari
and Sargolzaei (2012) reported the superiority of PSO extracted
with hexane over SC-CQO; and subcritical propane extracted PSO.
SC-CO; and subcritical propane could extract only 59% and 77%
of the total PSO (extracted with Soxhlet extraction using hexane),
respectively.

Yuan and others (2013) optimized ultrasound-assisted extrac-
tion of PSO and obtained the best yield with a solid-liquid ratio
of 1:12 g/mL and an ultrasonic extraction temperature of 51°C
at 70 W for 40 min. The PSO yield was 18.75% and the major
fatty acids were PA (64.73%), linoleic acid (9.68%), and oleic acid
(8.91%). Tian and others (2013) studied the ultrasonic-assisted
extraction of PSO with various solvents. The yield of PSO was
high with petroleum ether, followed by n-hexane, ethyl acetate,
diethyl ether, acetone, and isopropanol. With petroleum ether,
other variables like solid:solvent ratio, ultrasonic power, tempera-
ture, and time used for extraction were also optimized by response
surface methodology. The yield of ultrasonic-assisted extraction
of PSO was higher than by Soxhlet or supercritical fluid extrac-
tion, and the composition of PSO obtained by these methods was
significantly different.

Abbasi and others (2008) studied the effect of different extrac-
tion methods on the total phenolic contents of the oil extracted
from pomegranate seeds of the Malas variety from Iran and re-
ported that combination of SC-CO, and different operational
conditions resulted in extraction of varying amounts of phenolic
compounds in PSO. Increases in pressure, temperature, and vol-
ume of modifier (water, ethanol, or hexane) resulted in decreased
total phenolic contents of the extracted oils.

Biological Properties

Recent studies indicate that the potent therapeutic and preven-
tive properties of PA may help the human body to fight against
cancers, obesity, diabetes, and heart disease. The following sections
describe various aspects of health-beneficial properties of PA.

Antidiabetic and antiobesity properties

Arao and others (2004a) reported on the hypolipemic activity
of PA using human hepatoma HepG2 cells. PA significantly de-
creased apolipo protein B100 secretion, which is a constituent of
low-density lipoprotein (LDL) and very low-density lipoprotein
(VLDL) and acts as signals for their binding and internalization,
when compared with a-LnA. The uptake of 1*C-oleate into newly
synthesized triacylglycerol (TAG) was also better decreased by PA

© 2015 Institute of Food Technologists®
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Figure 2-Schematic representation of the reaction catalyzed and products formed by conjugases and desaturases, (1) stearic acid, (2) (9Z) oleic acid,

(3) (92, 122) linoleic acid, (4) (9Z, 12Z, 15Z) a-linolenic acid, (5a) (9Z, 11E,

represents either acid or ester (Lesot and others 2011).

than by a-LnA treatment, indicating the possible application of
PA as a dietary hypolipemic constituent.

In OLETF (Otsuka Long Evans Tokushima Fatty) rats, which
are a specific strain of rats for studying type II diabetes with obe-
sity, it was observed that these rats remained relatively lean when
PA was added to the diet and the fat cells could undergo pro-
grammed cell death when exposed to PA (Arao and others 2004b;
Nishimura and others 2007). PA has also been shown to reduce
fasting blood sugar levels in streptozotocin (STZ)-induced (Ban-
ihani and others 2013) but not in Alloxan-induced type-II dia-
betic rats (Jelodar and others 2007), and to prevent diet-induced
obesity and insulin resistance. In mice fed with a high-fat diet
(HFD) with or without 1% PSO for 12 wk, to induce obesity
and insulin resistance, PSO-fed mice were not only found leaner
than those without PSO, but they had improved insulin sen-
sitivity  (http://www.healthhabits.ca/2011/03/30/punicic-acid-
prevents-obesity-insulin-resistance/).

The protection offered by PSO against diet-induced obesity and
insulin resistance was shown to be independent of changes in food
intake or energy expenditure. By employing hyper-insulinemic
euglycemic clamp technology, it was also shown that PSO did not
affect liver insulin sensitivity but improved peripheral neuropathy
sensitivity (Vroegrijk and others 2011).

Peroxisome proliferator-activated receptor (PPAR)y is a nuclear
receptor, mainly present in adipose tissues, regulating the storage
of fatty acids, metabolism of glucose, and molecules targeted by
many antidiabetic agents. Bassaganya-Riera and others (2011a) de-
scribed PPARs as molecular targets for obesity-related diseases and
disorders and showed the need for the search for natural PPAR
agonists for obesity management, in view of the side effects of
available PPAR y agonistic drugs (such as Avandia). As compared
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13E) a-eleostearic acid, and (5b) (92, 11E, 13Z) punicic acid. Here, X1

to the synthetic analogs, plant-derived compounds possess better
safety aspects and act through multiple molecular targets, thus PA
could be a candidate for regulating blood sugar levels and control-
ling intestinal inflammation. PA has also been shown to improve
immune system development, helps in maintaining or enhancing
the levels of CD4" and CD8" T lymphocyte, increasing immune
response against viruses, and preventing or ameliorate type II dia-
betes and obesity (Bassaganya-Riera 2011; Yuan and others 2015).
Hence PA, by virtue of its PPARy agonist characteristics, could
be promoted as a prophylactic and therapeutic molecule (Anusree
and others 2014).

In wild-type CD-1 mice, McFarlin and others (2009) showed
that feeding PSO along with a HFD could reduce the concen-
tration of leptin and enhance the concentration of adiponectin
more than the HFD controls. The body weight, percentage weight
gain, and insulin were also shown to be reduced by PSO. Possi-
bly, PSO may reduce weight gain via the pathway mediated by
leptin/adiponectin and insulin. Hence, PSO consumption may
reduce the risk of type II diabetes, but risk for cardiovascular dis-
eases (CVD) did not change as it does not aftect energy intake,
cholesterol profile, or biomarkers of systemic inflammation.

In STZ-induced diabetes, Saha and Ghosh (2012) studied the
effect of PA and eleostearic acid (ESA) against oxidative stress, in-
flammatory challenge, and aberration in erythrocyte morphology.
Both isomers showed potent antioxidant and anti-inflammatory
activity against STZ-induced stress, significantly reduced lipid per-
oxidation, and restored levels of superoxide dismutase (SOD), cata-
lase, and glutathione peroxidase (GPx), and reduced glutathione
(GSH) and nitric oxide (NO) synthase level in pancreas, blood, and
erythrocyte lysate. In addition, CLnA treatment reversed the STZ-
induced changes of ferric-reducing antioxidant power of plasma,
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restored the levels of tumor necrosis factor (TNF)-a and inter-
leukin (IL)-6 in blood and expression of hepatic NF-kappa B
(p65). PSO has also been shown to inhibit the expression of pro-
inflammatory cytokines (such as IL-6, IL-8, IL-23, IL-12, and
TNF-«a) through PPAR y and § modulation (Colombo and others
2013). In STZ- and nicotinamide-induced diabetic male Sprague—
Dawley rats, PA exhibited antidiabetic properties by increasing
serum insulin levels; however, the high glucose, TAG, LDL, and
total cholesterol (TC) levels were unaffected (Nekooeian and oth-
ers 2014). PA did not affect lipid peroxidation, but it could reduce
the diabetes-induced oxidative stress by increasing the levels of
GPx. Thus, in this model of type-II diabetes, PA could increase
insulin secretion, but did not affect the fasting glucose levels. The
authors assign this phenomenon to insulin resistance which plays
a crucial role in the progression of type-II diabetes and abnormal
functioning of mitochondria (Anusree and others 2015).

Hypolipidemic properties

The low content of PA in pomegranate and T. kirilowii seeds
led Koba and others (2007) to attempt the production of PA-
containing transgenic oil. The cDNA encoding a conjugase from
T. kirilowii that converts linoleic acid to PA was isolated and in-
troduced into Brassica napus. Even though the content of PA was
very low in the resulting GM rapeseed oil (GMRO), it reduced the
adipose tissue weight in mice. Both PSO and GMRO increased
carnitine-palmitoyl transferase activity in hepatic and brown adi-
pose tissues. Thus, dietary GMRO, with 0.25% PA by wt in the
diet, reduced body fat mass, and altered hepatic lipid metabolism
in mice. The effect of GMRO was shown to be higher than that
of PSO.

Yuan and others (2009a) studied the effect of ®-ESA and PA on
lipid metabolism and body fat in ICR mice. A 6-wk feeding trial
with the diet supplemented with 1% a-ESA, PA, a mixture of CLA
isomers (predominantly ¢9, t11- and t10, ¢c12-CLA), or «-LnA (as
TAG) showed that the CLA-containing diet significantly decreased
the perirenal and epididymal adipose tissue weight and significantly
increased hepatic tissue wt. But none of the diets showed any
lipemic effects with unaltered total-, HDL-, and LDL-cholesterol
(LDL-C) and TAGs level. Mice fed on «-ESA or PA showed a
significantly decreased hepatic TAGs content, while this parameter
was increased significantly in mice given dietary CLA. Thus, body
fat weight and hepatic TAG level are aftected difterently by CLA
and CLnA.

Elbandy and Ashoush (2012) reported the hypolipidemic and
antioxidative effects of PSO and defatted seed residues. The in-
creased levels of TC, TAG, LDL-C, risk ratio, atherogenic index,
and lipid peroxidation induced by feeding an atherogenic diet to
animals were reversed with a diet supplemented with PSO, seed
residue, and their mixture. Improved lipid profile of plasma, an
increase in level of reduced glutathione, a reduction in malondi-
aldehyde level (MDA) and reduced TC, TG, LDL-C levels were
also observed in this group of animals.

Interventional studies with 3 g of PA fed to healthy young
human subjects for 28 d did not result in any effect on weight re-
duction or serum lipid profile. The urinary 8-iso-prostaglandin
F2a level increased significantly, but there was no significant
effect on cholesterol-reactive proteins, insulin, glucose, and in-
sulin resistance (Yuan and others 2009b). However, in a double-
placebo clinical trial with 400 mg of PSO, given twice per day for
4 wk to hyperlipidemic subjects, it showed its anti-atherogenic
effect on lipid profiles including TAG and the TAG: HDL-C ra-
tio (Mirmiran and others 2010). Effects of PA was studied on fat
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accumulation and glycemic control in rats fed on an obesogenic
diet by Miranda and others (2013). Rats fed with 0.5% PA for
6 wk on a moderately HFD did not show any significant change
in adipose tissue weights, but glycemic value and fructosamine
(product from the degradation of advanced glycation end prod-
ucts) levels in the PA group decreased significantly. No changes
were observed in the liver, skeletal muscle composition, insulin
resistance, or PPAR activation. Thus, dietary supplementation of
PA did not lead to decreased fat accumulation in adipose tissue,
liver, or skeletal muscle, or to improved glycemic control. The
authors posed an alert on PA supplementation-induced hypoplasia
due to the antiproliferative effect on hepatocytes and cautioned
for proposing PA as a functional ingredient.

Anti-inflammatory and related activities

PA exerts anti-inflammatory effect through inhibition of
TNF-a-induced priming of NADPH oxidase by targeting the
p38MAPKinase/Ser345-p47phox-axis and myeloperoxidase re-
lease. Thus, PA could be a novel alternative therapeutic strat-
egy in inflammatory diseases, such as inflammatory bowel diseases
(IBD) (Boussetta and others 2009). For IBD, absence of effective
treatment necessitates the need for alternative therapeutic options.
PPARy has been chosen as a potential target for novel therapeutics
against IBD, and various compounds were tested to identify natu-
ral PPARy agonists using computational docking for assessing the
binding between compounds and PPAR. By these techniques,
a-ESA was identified as a natural PPAR agonist. In a mouse
model, ESA reduced macrophage infiltration and significantly
hampered the progression of IBD through PPAR-dependent and
PPAR -independent mechanisms and the study provided a nonin-
vasive tool for the screening of PPARc (Lewis and others 2011).
Bassaganya-Riera and others (2011b) studied the mechanism of
immunoregulation in the amelioration of experimental IBD in
immune cell-specific PPARy null, PPARS knockout, and wild-
type mice and concluded that PA regulates macrophage and T-cell
function through PPAR Y - and §-dependent mechanisms to ame-
liorate IBD and could be helpful in treatment of IBD (Yuan and
others 2015).

In a rat model of necrotizing enterocolitis (NES), PSO
was able to suppress the occurrence of NES and normalizing
inflammatory biomarkers (TNF-« and ILs) in the ileum, at 1.5%
of the diet (Coursodon-Boyiddle and others 2012). Spilmont
and others (2013) demonstrated effective anti-inflammatory and
anti-oxidative properties of PA and showed that the consumption
of PSO at 5% of the diet improved bone mineral density and
prevented trabecular micro-architecture impairment in mice by
osteoclastogenesis inhibition and osteoblastogenesis improvement.
PSO also downregulated the expression of specific osteoclast dif-
ferentiation markers and RANK-RANKL downstream signaling
targets in osteoclast-like cells. PA also elicited significant increase
in alkaline phosphatase, matrix mineralization, and transcrip-
tional levels of major osteoblast lineage markers involving the
Wnt/B-catenin signaling pathways in osteoblast-like cells. PSO
also inhibited pro-inflammatory factors expression and stimulated
anti-inflammatory ones, and thus offers promising alternatives
in nutritional management of age-related bone complications
(Spilmont and others 2013).

Calder (2013) reported that saturated fatty acids promote gene
expression in relation to inflammation and immune responses,
while n-3 fatty acids (eicosapentaenoic and docosahexaenoic
acids), isomers of CAL, and PA suppress the expression of inflam-
matory genes (encoding cytokines, chemokines, cyclooxygenase,
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NO synthase, and metalloproteinases). The fatty acids exert anti-
inflammatory actions by inhibiting the activation of NF-kappa-B,
and PPAR« and y. Thus, a number of fatty acids modify ex-
pression of genes involved in development, differentiation, and
function of cells involved in inflammation and immunity.

Viladomiu and others (2013) explored the activation of PPARy
by CLnA, PA, EA, and abscisic acid and other natural compounds
to suppress colitis by directly modulating the host immune re-
sponse. As the pathogenesis of IBD is a consequence of interac-
tions among the immune system, the commensal microbiota and
the host genotype manipulation of gut microbiota and local pro-
duction of microbial-derived metabolites by pre- and probiotics
and dietary fibers could be a promising means of prophylactic and
therapeutic intervention against gut inflammation. Modification
of the gut microbiome by diet can modify the induction of reg-
ulatory compared with effector immune responses at the mucosa
and improve health outcomes. Short-chain fatty acids produced in
the colon by the gut microflora activate PPAR y and thus modulate
the complications of IBD.

Yamasaki and others (2006) studied the influence of PSO on
immune response and lipid metabolism in C58BL/6N mice and
showed that PSO promoted the production of immunoglobulins
(Ig) G and M, but not IgA, in mouse splenocytes without affecting
the balance of B- and T-cell populations. PSO also increased the
levels of 9cis, 11trans CLA in serum, liver, and adipose tissue of
experimental animals in a dose-dependent manner.

In genetically obese db/db mice and in a model of diet-induced
obesity in PPARy expressing and tissue-specific PPARy null
mice, PA caused a dose-dependent increase in PPAR« and y
receptor activity in 3T3-L1 cells and bound weakly to the ligand-
binding domain of human PPARy. Dietary PA also decreased
fasting plasma glucose levels, improved the glucose-normalizing
ability, suppressed NF-kappa-B activation and TNF-« expression,
and upregulated PPAR«- and y -responsive genes in skeletal mus-
cle and adipose tissue. Loss of PPARy impaired the ability of
dietary PA to improve glucose homeostasis and to suppress in-
flammation. Thus, PA can bind and activate PPARy levels and
increase PPAR y-responsive gene expression. The loss of PPAR y
in immune cells impairs its ability to ameliorate diabetes and in-
flammation (Hontecillas and others 2009).

Anticancer properties

Various forms of cancer affect a large population in the world,
out of which colon cancer is one of the major causes of death.
Kohno and others (2004) described that administration of PSO
inhibits progression of azoxymethane-induced colonic adenocar-
cinomas and reduction of multiplicity of carcinomas. Prostate can-
cer is the second highest cancer affecting the world population.
While studying the effect of CLnA and CLA, CLnAs have been
shown to be more cytotoxic to tumor cells than CLA (Igarashi
and Miyazawa 2000). Lansky and others (2005a) studied the in-
hibitory effects of PA and other compounds (ellagic acid, caffeic
acid, and luteolin) against in vitro invasion of human prostate can-
cer (PC-3) cells or proliferation of DU 145 cells. Individually, all
these compounds significantly inhibited invasion and proliferation
of prostate cancer cells, but, interestingly, various combinations of’
active fractions of pomegranate, including PSO, exhibited syner-
gistic effects against invasion and proliferation of prostate cancer
cells (Lansky and others 2005b).

The proliferation of prostate cancer is stimulated by endoge-
nous steroid hormone, and aromatase (CYP19) and 5a-reductase
(SRD5A) are the key enzymes which help in the synthesis of
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these hormones. In hormone-dependent prostate cancer (LNCaP)
and steroidogenesis (human adrenocortical H295R)) cell models,
Gasmi and Sanderson (2009) showed that PA inhibited steroido-
genesis by inhibiting aromatase in H295R cells. Gasmi and
Sanderson (2010) also showed the growth inhibitory, an-
tiandrogenic, and pro-apoptotic effects of epigallocatechin
gallate, delphinidin chloride, kaempferol, and PA in androgen-
dependent LNCaP cells. PA and other compounds inhibited
dihydrotestosterone-stimulated cell growth, androgen receptor nu-
clear accumulation, and the expression of the androgen receptor-
dependent genes, prostate-specific antigen (PSA), and type I
steroid 5 ar-reductase. These compounds also induced DNA frag-
mentation. PA in particular induced intrinsic apoptosis through
a caspase-dependent pathway, thus effectively inhibited growth in
androgen-dependent LNCaP cells, which may be mediated by
both antiandrogenic and pro-apoptotic mechanisms. Gasmi and
Sanderson (2013) studied the cytotoxic- and apoptosis-inducing
activities of 7 dietary C-18 trienoic fatty acids (including PA)
against human prostate cancers, and they concluded that their cy-
totoxic potency was related to the degree of conformational sim-
ilarity to PA and ranked these fatty acids according to cytotoxic
potency. Wang and others (2014) showed that PA, in combination
with luteolin and ellagic acid, inhibit the metastasis and progres-
sion of prostate cancer.

In preclinical murine models, pomegranate juice (P]) and/or
pomegranate extracts (PE) inhibited growth and angiogenesis of
prostate tumors. Luteolin and ellagic acid (from PJ) and PA to-
gether exhibited inhibitory effects on prostate cancer growth, an-
giogenesis, and metastasis. P] and/or PE significantly prolonged
the PSA doubling time in prostate cancer patients (Wang and
Green 2014).

PA also inhibited breast cancer cell proliferation in both
estrogen-responsive and estrogen nonresponsive cell lines (Gross-
mann and others 2010). In the cell lines of MDA-MB-231
(estrogen-insensitive) and MDA-ERa7 (estrogen-sensitive, de-
veloped from MDA-MB-231), proliferation was inhibited,
while apoptosis (via PKC) through a disrupted mitochondrial
membrane potential was induced in these cell lines. The eftects
were secondary to the pro-oxidative effects of PA, as these were
abolished by incubation with tocotrienol. In another study, @-EA
was shown to be more effective in inhibiting proliferation of
breast cancer cell lines than PA (Tran and others 2010). In another
study, Costantani and others (2014) showed the cytotoxic effect of
the polar compounds present in 80% aqueous methanolic extract
of PSO on breast cancer cell lines (MCF-7 and MDA-MB-231)
along with anti-inflammatory and antioxidant eftect. Based on
the data, these effects seem to be exerted in a synergistic manner.

PA inhibited the proliferation of bladder carcinoma T24 in a
dose-dependent manner and induced apoptosis (Wang and others
2013). Asghari and others (2012) reported that administration of
PSO in dyslipidemic patients did not affect serum TNE

Tanaka and others (2011) showed that CLnA could inhibit col-
orectal tumorigenesis through modulation of apoptosis by a de-
crease of Bcl-2 protein in various human cancer cell lines, increase
the expression of PPAR Yy and upregulate gene expression of p53.
Thus, CLnA could have potential use as a nutraceutical and as an
ingredient in functional and health-beneficial food formulations.

Hora and others (2003) demonstrated the skin
cer chemo-preventive efficacy of PSO in a CD1 mouse
model against 7, 12-dimethylbenzanthracene-induced and 12-
O-tetradecanoylphorbol 13-acetate (TPA)-promoted skin can-
cer. Overall, PSO significantly decreased the tumor incidence,

can-
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multiplicity, and TPA-induced ornithine decarboxylase activity
which plays an important role in the development of skin cancer;
thus, PSO could be a safe and effective chemo-preventive agent
against skin cancer.

Pro- and antioxidant activities

Mukherjee and others (2002) reported the antioxidative and
hypolipemic activities of PA in a rat model. PA, when fed to
rats at 0.6%, 1.2%, and 2.4% for 14 wk, increased weight more
with 0.6% and 1.2% PA-fed rats than the control. Plasma TC
and LDL-C were significantly lower in the groups fed with 2.4%
PA. The pro-oxidant and antioxidant behaviors at 1.2% and 0.6%
levels of PA, respectively, was demonstrated by measuring lipopro-
tein oxidation susceptibility and plasma lipid peroxidation. The
atherogenic index ratio [(TC/HDL-C)-1] and LDL-C/HDL-C
ratio were significantly reduced at the 0.6% and 2.4% PA levels.
This dual behavior of PA may probably be because of the fact
that in PA isomer, the total ¢is and frans molecular configuration
increased with an increase in the amount of PA from 0.6% to 2.4%
via 1.2%. The authors proposed that inhibition of hydroperoxide
formation by PA might have been either due to the lowering of
free radical generation or peroxidation. Alternatively, with possible
biohydrogenation (addition of free radical to one of the conju-
gated double bonds of PA), formation of conjugated dienes could
be the possible reason for the antioxidant activity (Figure 3). Yuan
and others (2009b) demonstrated that feeding PA from T. kirilowii
seed kernels (containing 3 g PA) in healthy young humans for
28 d caused increased lipid peroxidation and this observation ini-
tiated the need to elucidate the mechanism and consequences of
the increased lipid peroxidation on PA supplementation.

Using the green method of laser ablation, Sadrolhosseini and
others (2014) synthesized and characterized gold nanoparticles in
PSO. Mizrahi and others (2014) prepared a nano-droplet formu-
lation of PSO (nano-PSO) to find its eftect in Alzheimer’s disease
patient. TeMHu2ME199K mice modeling for genetic prion dis-
ease, when treated with nano-PSO, significantly delayed disease
onset in asymptomatic mice and could postpone disease aggrava-
tion in the sick mice. Thus, nano-PSO possesses neuroprotective
effects via its antioxidant properties.

Protection against sodium arsenite (SA) toxicity

SA causes severe oxidative stress in rats. Saha and Ghosh (2009,
2010) demonstrated the ameliorative role of @-EA and PA against
SA-induced oxidative stress and DINA damage. SA caused lower-
ing of the activities of catalase, SOD, GPx, and GSH in plasma,
liver, and erythrocyte lysate, while the activity of NO synthase
in plasma and liver was increased. Administration of CLnA iso-
mers led to restoration of all the altered parameters and reduction
in lipid peroxidation and leakage of transaminases from liver to
blood. @-EA was a more potent antioxidant than PA against ox-
idative DNA damage. CLnA isomers also synergistically reversed
the SA-induced oxidative stress in erythrocyte membrane disin-
tegrity (Saha and others 2012b). The levels of various SA-induced
oxidative markers and inflammatory markers expression, platelet
aggregation, lipid peroxidation, protein oxidation, DNA damage,
and altered expression of liver X receptor-a were restored after
treatment with a-EA and PA. Morphology and fluidity of the
erythrocyte membrane were significantly improved indicating the
synergistic antioxidant and anti-inflammatory effects of the 2 iso-
mers, against induced perturbations and membrane disintegrity.
CLnA isomers could also synergistically ameliorate SA-induced
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renal oxidative stress by reducing the arachidonic acid content of
renal lipids (Saha and Ghosh 2013).

Antinephrotoxic activity

In a rat model, Boroushaki and others (2010) studied the effect
of PSO against hexachlorobutadiene (HCBD, a potent nephro-
toxin in rodents)-induced nephrotoxicity. HCBD-induced rats
showed elevation in the levels of serum creatinine and urea and
urinary glucose and protein, followed by a decrease in thiol con-
tent and an increase in TBARS in kidney homogenates, which
were reverted back by pretreatment with PSO. In another model,
PSO exhibited nephroprotective effects against mercury-induced
free radical-mediated oxidative nephrotoxicity (Boroushaki and

others 2014).

Lipid peroxidation

PA has been shown to increase lipid peroxidation in young hu-
man subjects, as shown by increased urinary 8-iso-PGF2a (IP,
formed from arachidonic acid) by approximately 50% without in-
fluencing C-reactive protein or IL-6 (Yuan and others 2009b). IP
is further metabolized to 2, 3 dinor in peroxisomes. CLA is prefer-
entially B-oxidized in peroxisomes and may impair IP catabolism
in peroxisomes. Hence, the increase of IP as a sole result of CLA
intake may indicate peroxisomal oxidation of PA and may not be
a marker of lipid peroxidation (Iannone and others 2009).

Interactions with estrogen

PA has been described to be an antiestrogen on estrogen recep-
tors (ERs; ICs for Era 7.2 and 8.8 uM for ERb) with a slight
preference toward the ERa subset (Tran and others 2010). How-
ever, PA seems to be exhibiting a dual behavior with activation of
both ERs at lower concentrations, while at higher doses it antag-
onizes both receptors. Thus, PA may be exploited as a selective
ER modulator.

Nutrient—nutrient interactions

Xanthigen is a mixture of fucoxanthin (from brown seaweed)
and PA, which has been traditionally used for lipid-lowering ef-
fects and is shown to cause significant fat loss in human sub-
jects (Abidov and others 2010). In vitro, the 2 molecules show
some degree of synergism in pro-fat loss eftects. Choi and others
(2014) reported the possible attenuation of HFD-induced obesity
by xanthigen (1%) in C57BL/6N mice. The food efficiency ra-
tio and body weight were significantly reduced compared to the
HFD-fed control, followed by a significant decrease in weights of
epididymal and retroperitoneal adipose tissues and the liver and
serum LDL-cholesterol. Thus, xanthigen could be considered in
the development of a functional “health food” for the ameliora-
tion of obesity-related parameters. In human subjects, Ching and
others (2012) described the mechanism of TAG-lowering effects
of xanthigen and showed that xanthigen effectively suppressed the
accumulation of lipid droplets in adipocytes in a dose-dependent
manner, when compared with fucoxanthin or PA alone. It down-
regulates the levels of adipogenesis transcription factors PPAR Yy,
CCAAT/enhancer-binding protein (C/EBP) g, and C/EBP §, as
well as fatty acid synthase (a key enzyme for adipogenesis). Xan-
thigen upregulates NAD T -dependent histone deacetylase (SIRT1)
and activates AMP-activated protein kinase (AMPK) signaling in
differentiated 3T3-L1 adipocytes. Xanthigen may also activate in-
sulin trigger signaling and result in Akt-dependent phosphoryla-
tion of forkhead/winged helix O (FoxO) 1 and FoxO3a.
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Figure 3—Possible mechanisms of antioxidant activity of PA (Mukherjee and others 2002).

Metabolism of PA

Tsuzuki and others (2004) described that PA was converted to
rumenic acid (9Z11E-CLA) in a rat model, indicating that part
of the bioactivity of PA could be due to ¢9t11 CLA. In a study
with 28 d of PA intervention showed that CLA levels rose from
0.05% to 0.06% of total fatty acids (control) to 0.23% in the PA
intervention group. Even PA was detected in circulation, suggest-
ing only its incomplete metabolism into ¢9t11 CLA. Tsuzuki and
others (20006) further demonstrated that, although CLnA is slowly
absorbed in the rat intestine, it is quickly converted to CLA.
Even a-EA was also shown to be converted to 9211E-CLA in
rats through a §13-saturation reaction, thus producing a positional
and geometrical isomer. Comparatively, the rate of absorption was
LnA > CLA >a-ESA = PA. However, the conversion ratio of
a-ESA was higher than that of PA. In a mouse model also, Yuan
and others (2009¢) showed that both a-EA and PA are slowly
absorbed and a fraction of these fatty acids is quickly converted
to 9Z11E-CLA. In rats fed with PA, the levels of PA and CLA
in liver and plasma were higher than in heart, kidney, and adipose
tissue, with lowest accumulation found in the brain. Thus, the
metabolite of PA, namely, 9¢, 11t-CLA, by virtue of possessing
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an array of biological activities, makes PA a potent candidate in
functional food preparations and nutraceuticals (Yuan and others
2009d).

In a mouse model, Yuan and others (2009¢) demonstrated the
influence of 1% each of «-ESA and PA on fatty acid composition
in various tissues and was compared with a CLA mixture (cis9,
trans11-, and trans10, cis12-18:2). The content of 18:2n-6 was
significantly decrased in the heart and adipose tissues and total and
n-6 PUFA concentrations were significantly lowered in adipose
tissue by @-ESA, PA, and CLA. However, the contents of 22:6n-3
and total n-3 PUFAs were significantly increased in the liver, kid-
ney, and heart by PA alone. On the other hand, supplementation
with CLA significantly reduced 22:6n-3 in the liver, kidney, and
heart and the content of 20:4n-6 was significantly decreased in the
liver and kidney, but not by «-ESA and PA. Thus, o-ESA, PA,
and CLA have differential effects on 22:6n-3 and 20:4n-6 contents
in mouse tissues. In healthy young humans supplemented with
3 g PA per day for 28 d, Yuan and others (2009f) demonstrated
that the proportion of PA was increased both in plasma (0% to
0.47%) and red blood cell membranes (RBCMs, 0% to 0.37%).

The proportion of cis9, trans11-18:2 was also increased in plasma
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(0.05% to 0.23%) and in RBCM (0.03% to 0.17%). Thus, PA
can be incorporated into plasma and RBCM with simultaneous
increase in cis9, trans11-18:2, presumably by a saturation reaction.
These data provide the lead for application of CLnA as functional
food ingredients, which could be strategically used for benefi-
cial modification of the fatty acid composition of animal tissues
and substantiate the possibility of making the sources of PA as a
potential dietary source of CLAs.

Caco-2 cells (a validated model of the intestinal barrier), have
been shown to take up various CLnA at difterent rates and convert
them into CLA with varying efficiencies depending on the struc-
ture of the 6§13 double bond (Schneider and others 2013). The
distribution of CLnA between neutral lipids and phospholipids
may be linked to their number of trans double bonds; the higher
the number, the higher was the accumulation in the neutral lipid
fraction.

Using multiparous southern Khorasan (Iran) cross-bred goat
models fed with 6% and 12% of pomegranate seed pulp (PSP, dry
matter basis) for 45 d, Modaresi and others (2011) showed an in-
crease in milk fat concentration without affecting milk fat yield,
protein concentration, and solids-not-fat concentration. The goats
fed on 12% PSP showed a modified milk fatty acid profile, includ-
ing CLA, PA, and vaccenic acids. Thus, PSP could be used as a
replacement for cereals and other energy-rich dietary supplements
by virtue of its high fat content.

Food Applications

Pomegranate seed and peel remain as by-products after process-
ing the fruit into juice. Cam and others (2013) incorporated peel
and seed oil into ice cream to improve its functional properties.
Incorporation of the peel phenolics resulted in significant changes
in the pH, total acidity, and color, with improvements in antiox-
idant and antidiabetic activities, and phenolic content, whereas
replacement of milk fat with PSO increased the conjugated fatty
acid content. Thus, it might provide the health benefits with func-
tional properties of punicalagins and other molecules from peel and
PA from PSO. Lucci and others (2015) proposed the utilization
of pomegranate whole seed ethanolic extract (PSEE) as a nu-
traceutical/functional food ingredient with the aim of exploiting
its antioxidant and antiproliferative properties against hormone-
dependent prostate carcinoma and human breast cancer cell lines.
Hence, PSEE could be promoted as a value-added ingredient in
formulations of products to prevent diseases, especially cancer.

In order to avoid the use of synthetic antioxidants, Devatkal and
others (2010) used the extracts of fruit by-products, such as kinnow
rind powder (KRP) and pomegranate rind and seed powder (PRP
and PSP) in goat meat patties. The overall antioxidant effect was in
the order of PRP > PSP > KRP and no significant differences in
sensory parameters were noted among the patties. This highlights
the potential of using these fruit by-products as natural antioxidants
in meat products. Keskekoglu and Uren (2014) incorporated 0.5%
(w/w) pomegranate seed extract in beef and chicken meat balls,
which were cooked using oven-roasting, pan-cooking, charcoal-
grilling, and deep-fat frying. The pomegranate seed extract could
reduce the formation of heterocyclic aromatic amines in both the
products to varying degrees and thus may provide a safer product
than the control.

PSO has been incorporated as a functional ingredient by the
juice and beverage industries with PSO-in-water emulsion as base
(Mohagheghi and others 2011). The effect of varying the con-
centration of gum Arabic with a constant oil phase content was
investigated for turbidity loss rate, emulsion stability index, and
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droplet size distribution. The results demonstrated that the pre-
pared beverage emulsions behaved as Newtonian fluids, and this
opens up new vistas to produce comparatively stable PSO-in-water
emulsions for their use in beverages as a functional agent. Goula
and Adamopoulos (2012) optimized various parameters for the
encapsulation of PSO using skimmed milk powder as encapsulat-
ing agent, which may provide another route for the application of
PSO by food industries.

Toxicity

Meerts and others (2009) studied the safety and toxicologi-
cal aspects of PSO by in vitro and in vivo tests. No mutagenicity
or clastogenicity of PSO was observed in the absence and pres-
ence of metabolic activation up to 5000 pg/plate (Ames test) or
333 pug/mL (chromosome aberration test). No significant findings
were revealed at 2 g PSO/kg body weight in acute oral toxicity
studies. Thus, the LD50 cut-off value could be considered to be
higher than 5 g/kg body weight according to the OECD 423
test guideline and no classification or labeling for oral toxicity is
required for PSO. In 28-d dietary toxicity studies, PSO was ad-
ministered at concentrations as high as 150000 ppm (mean intake
of 1.42 and 1.37 g PSO/kg body weight per day in male and
female rats, respectively). At 150000 ppm, increased liver func-
tion enzymes (aspartate and alanine aminotransferases and alkaline
phosphatase) were detected in plasma followed by increased liver-
to-body weight ratios. These effects might have been due to a
physiological response to the very high dose of PA. Thus, tox-
icologically, these data may not be relevant as PA/PSO do not
constitute a part of the normal diet, and also at such a higher dose.
The no observable adverse effect level (NOAEL) of PA was re-
ported at 50000 ppm as PSO, which is equivalent to 4.3 g PSO/kg
body weight/day.

Conclusion

Pomegranate per se has attracted human attention due to its
array of health benefits, including antioxidant, anticancer, anti-
inflammatory, and antidiabetic and also many other properties.
The peel, membranes, and seeds are inadvertently produced by
the processing industries (known as “Marc”; Qu and others 2010),
which becomes a burden in terms of environmental pollution, ow-
ing to its high biological oxygen demand, and it is used as either
cattle feed or is discarded. The above description focuses on the
health-beneficial aspects of seeds as seed oil with a high content
of PA. This, in turn, could be utilized for the development of
health-beneficial (including food) products, targeted for precise
consumers in particular and also general consumers. A cursory
survey of the literature reveals that it has not yet moved food in-
dustries to see it as a functional ingredient. The exploitation of
PSO by industries would not only pave a mode for waste utiliza-
tion but also toward the development of value-added products.
PSO with a very high concentration of NOAEL, does not have
any safety issues. Only 1 or 2 reports describing the pro- and
antioxidant role of PA at different concentrations may be neces-
sary to start its judicious incorporation in food products; and such
products developed with PA may then be evaluated for their health
benefits. Studies pertaining to the stability of PA in food products
could be another line of future research.
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