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ABSTRACT
Objective:  It was aimed at determining which polyphenolic compound(s) in pomegranate mesocarp 
extract (PME) is liable for the antioxidant, anti-glycation and anti-CD36 activities.
Methods:  The PME was fractionated using liquid-liquid extraction method. The fractions were 
tested for their polyphenolic content, antioxidant potency, anti-glycation activity and anti-CD36 
potential. The metabolite compositions of PME and derived fractions were investigated in an 
untargeted manner using metabolomics in relation to its antioxidant and anti-glycation activities.
Results:  The ethyl acetate and n-butanol fractions of the pomegranate mesocarp demonstrated 
highest antioxidant and anti-glycation potencies. These fractions, represented by gallic and ellagic 
acids monomers, were enriched in tannins and phenolic acids. Orthogonal partial least squares 
discriminate analysis (OPLS-DA) modeling of ultra-performance liquid chromatography-mass 
spectrometry (UPLC-MS) metabolite profiles from the different pomegranate mesocarp fractions 
indicated that gallic and ellagic acids were potential contributors to the antioxidant and anti-glycation 
effects of the pomegranate mesocarp. At cellular level, the polyphenolic-rich crude extract as well 
as the ethyl acetate, n-butanol and aqueous residual fractions suppressed the protein expression 
of CD36. The anti-CD36 activity of these extracts and fractions was attributed to the presence of 
punicalagin, the ellagitannins that occurred in equal amount in the different fractions.
Conclusion: This work demonstrated the protective effect of the non-edible part of the pomegranate 
fruit and showed that gallic and ellagic acids account for the antioxidant and anti-glycation activities 
while punicalagin is liable for the anti-CD36 activity of PME.

Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder 
that affects at least 463 million people worldwide and is 
predicted to increase to 700 million by 2045 (1,2). This 
chronic disease occurs as a consequence of insufficient insu-
lin secretion and/or insulin resistance, which result in hyper-
glycemia. Sustained hyperglycemia contributes to the 
pathogenesis of diabetic complications such as neuropathy, 
nephropathy, retinopathy and cardiovascular disease (3). The 
excess of sugar that occurs in the hyperglycemic condition 
induces the glycation of proteins to form Schiff bases and 
Amadori products, which rearrange to dicarbonyls such as 
methylglyoxal (MGO) (4). Dicarbonyls eventually lead to 
the formation of harmful fluorescent and non-fluorescent 
advanced glycation end products (AGEs) (5). These glycated 
proteins bind to their corresponding receptors and induce 
an oxidative stress state by promoting an over-production 

of reactive oxygen species (ROS) and by decreasing the 
activity of the intrinsic antioxidant defence system (6). This 
condition in turn promotes the secretion of pro-inflammatory 
mediators, which culminates to the development of diabetic 
complications (7).

CD36 is a known AGEs receptor that is over-expressed 
in different cell types (8). The deleterious effects of 
AGEs-CD36 binding has been widely reported as the inter-
action potently induce inflammation, apoptosis of proximal 
tubular epithelial cell, liver fibrosis, platelet aggregation and 
occlusive thrombus formation (9–14). Being a multi-ligand 
receptor, CD36 is implicated in insulin resistance, athero-
sclerosis and dyslipidemia, due to its high binding affinity 
to additional ligands such as oxidized low-density lipopro-
teins, lipids and fatty acids (15). As such, binding of fatty 
acid metabolites to CD36 affects insulin-induced GLUT-4 
translocation leading to decreased rate of glucose uptake 
and thus, hyperglycemia (16).

© 2021 american college of nutrition

CONTACT mohamed a. farag  mohamed.alifarag@aucegypt.edu  Pharmacognosy Department, college of Pharmacy, cairo university, Kasr el aini st., P.B. 
11562, cairo, egypt; Vidushi s. neergheen  v.neergheen@uom.ac.mu Biopharmaceutical unit, centre for Biomedical and Biomaterials research, msiri Building, 
university of mauritius, réduit, republic of mauritius.

 supplemental data for this article is available online at https://doi.org/10.1080/07315724.2021.1978349.

https://doi.org/10.1080/07315724.2021.1978349

ARTICLE HISTORY
received 5 august 2021
accepted 2 september 2021

KEYWORDS
Pomegranate mesocarp extract; 
fractionation; oPls-Da modeling; 
anti-diabetic potency; 
punicalagin

http://orcid.org/0000-0001-5139-1863
mailto:mohamed.alifarag@aucegypt.edu
mailto:v.neergheen@uom.ac.mu
https://doi.org/10.1080/07315724.2021.1978349
https://doi.org/10.1080/07315724.2021.1978349
http://crossmark.crossref.org/dialog/?doi=10.1080/09500782.2019.1622711&domain=pdf&date_stamp=2019-7-2
http://www.tandfonline.com


JOURNAL OF ThE AMERICAN NUTRITION ASSOCIATION 37

Anti-CD36 compounds have been shown to decrease 
atherosclerotic lesions, to reduce postprandial hyperlipid-
emia and to increase insulin sensitivity (15). Moreover, 
insulin was shown to down-regulate the AGEs-induced 
CD36 over-expression in non-diabetic model. However, in 
diabetic model, suppression of CD36 by insulin did not 
occur, potentially due to impairment in the insulin signal-
ing pathway (17). This thus provides scope for novel 
research aiming at identifying naturally occurring com-
pounds with anti-CD36 activity in diabetics. We previously 
demonstrated that the pomegranate mesocarp extract 
(PME), which is a polyphenolic antioxidant-rich functional 
food, has the ability to down-regulate the expression of 
CD36 in the presence as well as the absence of AGEs. 
PME also demonstrated antioxidant ef fect  by 
down-regulating AGEs-induced ROS level in addition to 
basal ROS level. Moreover, in a multi-assay antioxidant 
system, PME was shown to exert high antioxidant activity 
(18). PME is rich in hydrolyzable tannins, mainly ellagi-
tannins, such as castalagin, casuarinin, granatin B, lager-
stannin C, pedunculagin I, pedunculagin II, punicalagin, 
punigluconin and ellagic acid derivatives (19). Punicalagin, 
which is the predominant compound in PME, has been 
reported to exert the highest antioxidant activity among 
different pomegranate polyphenols (19,20). It is thus of 
interest to determine whether punicalagin accounts for the 
antioxidant and anti-CD36 activities as well as the 
anti-glycation potency in PME.

The main objective of this study was to explore the 
metabolite compositions of pomegranate mesocarp extract 
and derived fractions in an untargeted manner using metab-
olomics and in relation to its antioxidant and anti-glycation 
activity, as well as to assess the anti-CD36 activities of the 
mesocarp fractions.

Materials and methods

Chemicals

3T3-L1 cell line was obtained from American Type Tissue 
Culture (ATCC). Dulbecco’s modified Eagle’s medium 
(DMEM), fetal bovine serum (FBS) and 3,3′,5,5′-tetramethyl-
benzidine (TMB) were from Thermo Fisher Scientific. All 
other chemicals were obtained from Sigma-Aldrich unless 
otherwise stated.

Preparation of pomegranate mesocarp fractions

The ripe fruits of Punica granatum L. (voucher number: 
MAU 0016480) were obtained from a domesticated plant in 
‘Mahebourg’ village, situated in the south-eastern part of 
Mauritius. The mesocarp was cleaned, freeze-dried and 
ground into a fine powder prior to extraction. The lyo-
philized mesocarp was exhaustively extracted by 70% meth-
anol (1:3, w/v) at 4 °C for 3 consecutive days. The filtrates 
were centrifuged and the supernatants were pooled together 
prior to concentration under reduced pressure followed by 
lyophilization. A total of 100 g of lyophilized mesocarp 

extract was dissolved in distilled water and sequentially 
extracted with dichloromethane (DCM), ethyl acetate (EtAc) 
and n-butanol (BUT). The organic fractions were dried using 
sodium sulfate salt. The fractions, including the residual 
aqueous (Aq) fraction were filtered, evaporated under 
reduced pressure and lyophilized to obtain 0.282 g of DCM, 
0.835 g of EtAc, 8.782 g of BUT and 89.421 g of Aq fractions. 
The crude extract and fractions were dissolved in dimethyl 
sulfoxide (DMSO) for subsequent assays.

Antioxidant activity of pomegranate mesocarp crude 
extract and fractions

The antioxidant capacities of the mesocarp crude extract 
and fractions were assessed using a multi antioxidant assay 
system. The control contained the extract vehicle instead of 
the sample and punicalagin was used as positive control. 
The chelating/scavenging activity of the sample in the dif-
ferent assays was calculated according to Equation (1) and 
results were expressed as mean AA50 (µg LP/mL).

 Scavenging chelating inhibitory activity A A A/ / (%) (( ) / )� � �0 1 0 1000  (1)

Where A0 is absorbance of reaction mixture only and 
A1 is absorbance of reaction mixture with the sample.

Ferric reducing antioxidant power (FRAP) assay
The ability of the mesocarp crude extract and fractions to 
reduce ferrous ions was assayed using the method adapted 
from Benzie et  al. (21). The FRAP reagent was freshly pre-
pared by mixing 20 mL of 10 mM 2,4,6-tri(2-pyridyl)-s-triazine 
(TPTZ) in 40 mM HCl and 20 mL of 20 mM ferric chloride 
in 200 mL of 0.25 M sodium acetate buffer (pH 3.6) followed 
by warming at 37 °C. The final reaction mixture comprised 
150 μL of distilled water, 1.5 mL of FRAP reagent and 50 μL 
of sample. The absorbance was read at 593 nm against a 
blank. Ferric reducing ability was calculated with respect to 
ferrous sulfate standard curve and results expressed in mmol 
Fe2+/g LP.

Oxygen radical absorbance capacity (ORAC) assay
The protective capacity of the mesocarp crude extract and 
fractions in suppressing 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (AAPH)- induced decay in fluorescence of 
fluorescein was evaluated by the method adapted from 
Huang et  al. (22) with modifications. The reaction was 
carried out in phosphate buffer (75 mM, pH 7.4). Briefly, 
25 μL of each sample was incubated with 150 μL of 83 nM 
of fluorescein sodium at 37 °C for 20 min in a 96-well black 
microplate. The fluorescence kinetic was measured at exci-
tation and emission wavelengths of 485 and 530 nm, respec-
tively for 2 h 15 min at 37 °C immediately after addition of 
25 μL of 153 mM AAPH. The results were based on the area 
under the curve (AUC) of fluorescence decay over time and 
compared with a calibration curve of Trolox. Results were 
expressed in mmol Trolox/g LP.
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2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 
(ABTS) radical scavenging assay
The method described by Re et  al. (23) with modification 
in the volumes was used. ABTS radicals (ABTS·+) was pre-
pared by dissolving ABTS in 2.45 mM potassium persulphate 
to a final concentration of 7 mM and allowing the reaction 
mixture to stand in dark at room temperature for 16 h. 
ABTS·+ formed was then diluted to an absorbance of 0.700 
(± 0.02) at 734 nm, after which 50 µL of different concen-
trations of the samples was incubated with 1.5 mL of the 
diluted ABTS·+ solution for 6 min at 30 °C. Absorbance was 
then measured at 734 nm. The scavenging activity of ABTS·+ 
was calculated according to Equation (1) and results were 
expressed as mean AA50 (μg LP/mL).

2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging  
assay
The method described by Duan et  al. (24) was used. Briefly, 
0.1 mL of different concentrations of the samples was incu-
bated with 2.9 mL of 0.1 mM methanolic DPPH radicals 
(DPPH·) at 25 °C for 30 min in the dark. The absorbance 
was measured at 517 nm. Scavenging activity of DPPH· was 
calculated according to Equation (1) and results were 
expressed as mean AA50 (μg LP/mL).

Iron (II) (Fe2+) chelating assay
The chelating potential was assayed as described by Dorman 
et  al. (25). Briefly, 200 μL of different concentrations of the 
samples was mixed with 50 μL of 0.5 mM iron (II) chloride. 
Following addition of 750 µL distilled deionized water, the 
reaction mixture was incubated for 5 min at room tempera-
ture, after which 50 μL of 2.5 mM ferrozine was added. The 
absorbance was measured at 562 nm before and after the 
addition of ferrozine. The chelating activity was calculated 
according to Equation (1) and results were expressed as 
mean AA50 (μg LP/mL).

Superoxide radical (O2·−) scavenging assay
O2·− scavenging by the mesocarp crude extract and fractions 
was determined as described by Kumar et  al. (26) with 
some modifications in volume and concentration. A total 
of 0.25 mL of different concentrations of the samples was 
mixed with 1 mL of 156 μM nitroblue tetrazolium (NBT) 
solution and 1 mL of 200 μM reduced β-nicotinamide ade-
nine dinucleotide (NAD). The reaction was initiated fol-
lowing addition of 0.3 mL of 60 μM phenazine methosulphate 
solution (PMS). The absorbance was measured at 560 nm 
after incubation at 25 °C for 30 min. The scavenging activity 
was calculated according to Equation (1) and results were 
expressed as mean AA50 (μg LP/mL).

Anti-glycation activity of pomegranate mesocarp crude 
extract and fractions

Bovine serum albumin (BSA) glycation using different gly-
cating agents was performed according to Sompong et  al. 

(5) and Wang et  al. (27) with modifications. Under sterile 
conditions, 10 mg/mL of BSA was incubated at 37 °C for 
15 days with glucose (500 mM), ribose (100 mM) or MGO 
(25 mM) in phosphate buffer saline (PBS) (pH 7.4) in the 
presence or absence of 0.1 and 1 mg/ml of mesocarp crude 
extract and fractions. The reaction mixture was then used 
for assessment of levels of fluorescent AGEs, fructosamine, 
protein carbonyl content and AOPP.

Determination of AGEs formation
Formation of AGEs was spectrofluorometrically measured 
at an excitation and emission of 360 and 460 nm, respec-
tively. The level of fluorescent AGEs produced was expressed 
as a percentage of unglycated BSA (28).

Determination of amadori products
Level of Amadori products was determined by incubating 
10 µL of reaction mixture with 100 µL 0.5 mM NBT (in 
100 mM carbonate buffer, pH 10.4) at 37 °C. Absorbance 
was measured at 530 nm after 10 min and 15 min. Results 
were expressed in mM of 1-deoxy-1-morpholino-D-fructose 
(1-DMF) (29).

Quantification of protein carbonyl
Accumulation of protein carbonyl was quantified using the 
enzyme-linked immunosorbent assay (ELISA) method (30). 
Briefly, 96-well ELISA plate (NUNC Maxisorp) was coated 
with 100 μL of 10 μg/mL protein sample and incubated over-
night at 4 °C. After 45 min incubation with a solution of 
0.04 mg/mL of 2,4-dinitrophenylhydrazine (DNP), the pro-
teins were probed with an anti-DNP antibody for 1 h, fol-
lowed by horseradish peroxidase conjugated secondary 
antibody for another 1 h. TMB substrate was then added 
and allowed to oxidize for 10 min. The reaction was stopped 
by the addition of 2 N hydrochloric acid, and absorbance 
was measured at 450 nm and 570 nm. Results are expressed 
as a percentage of vehicle treatment only.

Quantification of advanced oxidation protein products 
(AOPP)
AOPP level was quantified by addition of 10 µL of acetic 
acid to 100 µL sample. The optical density was measured 
at 340 nm and concentration of AOPP was calculated with 
respect to chloramine-T in presence of 1.16 M potassium 
iodide standard curve. Results were expressed in µM 
chloramine-T equivalent per total protein concentra-
tion (31).

Cell culture of 3T3-L1

The mouse embryo 3T3-L1 preadipocyte was cultured in 
DMEM containing 25 mM glucose, 10% FBS, 2 mM 
L-glutamine, 100 µg/mL streptomycin, 100 U/mL penicillin 
and 0.5 µg/mL amphotericin B. The cell culture condition 
was in a humidified 5% CO2 incubator at 37 °C.
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Dimethylthiazol diphenyl tetrazolium (MTT) assay
A concentration of 10 µg/mL of mesocarp crude extract was 
previously demonstrated as the highest nontoxic concentra-
tion to the preadipocytes following 24 h treatment18. In this 
line, the potential cytotoxic effect of the 10 µg/mL of meso-
carp fractions on preadipocytes was evaluated by the MTT 
and the lactate dehydrogenase release assays. Briefly, cells 
were plated overnight in 96-well plate at 1 × 104 cells/well. 
The cells were then treated with 10 µg/mL of mesocarp 
crude extract and fractions as well as punicalagin for 24 h. 
Following the treatment time, 200 µL of 0.5 mg/mL MTT 
solution was added to each well. After 3 h of incubation, 
100 µL of DMSO was added and the absorbance was read 
at 590 nm and 690 nm. Results were expressed as percentage 
of control cells treated with vehicle only (32).

Lactate dehydrogenase assay
Lactate dehydrogenase (LDH) leakage from cells treated with 
10 µg/mL of mesocarp crude extract/fractions and puni-
calagin was assessed by mixing 50 µL of supernatant, 50 µL 
183 µM Tris (pH 8), 50 µL 204 mM lithium lactate and 50 µL 
of a mixture of 65 mM of INT (dissolved in DMSO), 29 mM 
of PMS and 5.5 mM NAD in a ratio of 1:1:23. The mixture 
was incubated for 10 min in dark and the absorbance was 
read at 490 nm. Cytotoxicity results were expressed as per-
centage of control.

Measurement of intracellular ROS production
The intracellular ROS level in preadipocytes was evaluated 
following 24 h treatment with 10 µg/mL of mesocarp crude 
extract/fractions and punicalagin. Following treatment in 
96-well plate, cells were washed and 100 µL of 10 µM of 
dichloro-dihydrofluorescein diacetate (DCFH-DA) was added 
to each well and incubated for 45 min in a humidified atmo-
sphere at 37 °C. Fluorescence was measured at excitation and 
emission wavelengths of 485 and 520 nm, respectively (33).

Western blotting
Cells were seeded in 6-well plate overnight at a density of 
3 × 105 cells per well. Following 24 h treatment with meso-
carp crude extract/fractions or punicalagin, cells were 
washed twice with PBS and lysed by addition of lysis buffer 
(25 mM Tris pH 8.3, 10 mM potassium chloride, 1 mM eth-
ylenediaminetetraacetic acid (EDTA) and 1% Triton X-100) 
containing protease inhibitor. The concentration of protein 
was determined using the Bicinchoninic assay. A total of 
5 µg of total protein was subjected to Western blotting. Goat 
anti-CD36 (AF2519 (1:1000, 0.2 µg/mL) (R&D Systems)) and 
mouse β-actin (sc-47778 (1:10000, 20 ng/mL) (Santa Cruz 
Biotechnology Inc.)) were incubated overnight at 4 °C. 
Immunoreactive bands were detected by 1 h incubation with 
anti-goat (HAF017 (1:1000) (R&D Systems)) and anti-mouse 
(sc-2005 (1:10000) (Santa Cruz Biotechnology Inc.)) 
HRP-conjugated antibodies. Results were analyzed using 
Image Lab software (Bio-Rad Laboratories, Inc). The relative 
protein expression was normalized to β-actin.

Total phenolics assay
Total phenolic content was quantified using the 
Folin-Ciocalteu method (34). A total of 0.25 mL of extract 
was mixed with 3.5 mL of distilled water and 0.25 mL of 
Folin-Ciocalteu reagent. After 3 min, 1 mL of 20% sodium 
carbonate solution was added. The reaction mixture was 
incubated at 40 °C for 40 min, after which the absorbance 
was read at 685 nm against a blank. The total phenolic 
content was calculated with respect to gallic acid standard 
curve and results expressed in mg of gallic acid equivalent 
(GAE)/g lyophilized powder (LP).

Total flavonoids assay
The aluminum chloride (AlCl3) method was used to estimate 
the total flavonoid content (35). A total of 150 μL of 5% 
aqueous sodium nitrite, 500 μL of extract and 2 mL of dis-
tilled water were incubated for 5 min. A total of 150 μL of 
10% aqueous AlCl3 was then added, and to which 1 mL of 
1 M sodium hydroxide was added and the mixture was made 
up to 5 mL with distilled water. The absorbance was mea-
sured at 510 nm against a blank. Total flavonoid content 
was calculated with respect to quercetin standard curve and 
results expressed in mg of quercetin equivalent (QE)/g LP.

Hydrolyzable tannin assay
The method of Saad et  al. (36) with slight modifications 
was adapted to quantify the hydrolyzable tannin content. 
The reaction mixture contained 5 mL of 2.5% (w/v) potas-
sium iodate previously incubated at 30 °C for 7 min and 
1 mL of extract. The absorbance was read at 550 nm after 
2 min of incubation at 30 °C against blank. Hydrolyzable 
tannin was calculated with respect to tannic acid standard 
curve and results expressed in mg of tannic equivalent 
(TAE)/g LP.

High-resolution ultra-performance liquid chromatography-
mass spectrometry (UPLC-ESI–QTOFMS) metabolites 
analysis.  The lyophilized pomegranate mesocarp extract/
fractions were mixed with 5 mL methanol (MeOH) 
containing umbelliferone (10 μg/mL) as internal standard, 
using a Turrax mixer (11,000 rpm) for five 20 s periods, 
separating each period with 1 min intervals to prevent 
heating, then the extracts were vortexed vigorously and 
centrifuged at 3000 rpm for 30 min to remove debris and 
filtered using 22 μm pore size filter. An aliquot of 500 μL 
of each sample was placed on a (500 mg) C18 cartridge 
preconditioned with MeOH and H2O. Samples were then 
eluted using 5 mL MeOH, the eluent was evaporated 
under a nitrogen stream, and the collected dry residue 
was resuspended in 500 μL MeOH. Three microliters of 
the supernatant were used for UPLC-MS analysis.

Chromatographic separation was completed on ACQUITY 
UPLC system (Waters, Milford, MA) equipped with an HSS 
T3 column (100 × 1.0 mm, particle size 1.8 µm; Waters) using 
the exact conditions cited in Characterization of compounds 
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was performed by the generation of the candidate formula 
with a mass accuracy limit of 10 ppm, and also considering 
RT (retention time), MS2 data and reference literature (37,38).

Statistical analyses
Regression analysis was performed to calculate the dose 
response relationship of standard solutions used for calibra-
tion. Statistical analysis was achieved using the GraphPad 
Software (USA) (Prism, version 5.01). Significant differences 
were determined using one-way ANOVA (P < 0.05) followed 
by Tukey’s tests or Dunnett’s multiple comparison. Linear 
regression plots were generated and correlations were com-
puted as Spearsman’s correlation coefficient.

For mass spectrometry data processing for multivariate 
data analysis, an investigative analysis of the processed 
UPLC-MS data was achieved by principal component anal-
ysis (PCA) followed by applying supervised pattern recog-
nition i.e. orthogonal partial least squares discriminate 
analysis (OPLS-DA) performed on the UPLCMS scaled data 
using SIMCA-P software (Version 14.0, Umetrics, Umeå, 
Sweden). OPLS-DA was employed to model the metabolite 
differences among the different extracts. The OPLS-DA 
model performance was assessed by monitoring R2 and Q2 
values, where R2 expresses the goodness of model fit, 
whereas Q2 indicates the extent of model predictability. All 
variables were mean centered and scaled to Pareto variance 
according to the protocol characterized in Issa et  al. (39).

Results

Antioxidant activity of pomegranate mesocarp crude 
extract and fractions

The antioxidant capacity of the pomegranate mesocarp frac-
tions in terms of FRAP and ORAC values are shown in 
Figure 1. Punicalagin served as positive control being major 
in pomegranate mesocarp (19). The highest ORAC value 

was detected in the ethyl acetate fraction (Figure 1a) while 
the n-butanol fraction showed the highest FRAP value 
(Figure 1b). Different concentrations of each sample were 
used to assess their ABTS•+, DPPH• and O2

•ˉ scavenging 
and iron (II) chelating activity. The mesocarp crude extract 
and fractions as well as punicalagin showed dose dependent 
activities whereby the concentration at 50% antioxidant 
activity (AA50) is shown in Table 1. Punicalagin demon-
strated the highest radicals scavenging activity (Table 1). 
The n-butanol fraction was the most potent free radicals 
scavenger and iron (II) chelator followed by the ethyl acetate 
fraction. The aqueous residual fraction has generally com-
parable antioxidant activity to that of the crude extract, 
whereas DCM fraction was the least potent fraction. 
Pearson’s correlations demonstrated that the antioxidant 
activities of the mesocarp fractions from the six monitored 
antioxidant assays was significantly (P < 0.01) correlated to 
their polyphenolic content (Table S1).

Anti-glycation activity of pomegranate mesocarp crude 
extract and fractions

To assess the anti-glycation activity of the mesocarp crude 
extract and fractions, 0.1 mg/mL or 1 mg/mL of each sample 
and punicalagin was incubated with BSA and the glycating 
agents glucose, ribose or MGO. Levels of fluorescent AGEs, 
Amadori products, protein carbonyl and AOPP were eval-
uated after 15 days.

At both concentrations tested, punicalagin, ethyl acetate, 
n-butanol and aqueous residual fractions, along with the 
crude extract, significantly counteracted (P < 0.001) the glu-
cose-, ribose- and MGO-induced increase in fluorescent 
AGEs level (Figure 2). No alteration in the fluorescent AGEs 
level was observed in the presence of the DCM fraction. 
Punicalagin afforded highest protection by suppressing the 
formation of fluorescent AGEs at both concentrations tested. 
Among the mesocarp fractions, n-butanol fraction demon-
strated highest inhibitory action, with a remarkable decrease 

Figure 1. antioxidant activity of the pomegranate mesocarp crude extract and fractions in terms of (a) orac and (b) fraP values. Dcm, dichloromethane 
fraction; etac, ethyl acetate fraction; But, n-butanol fraction; aq, residual aqueous fraction; PG, punicalagin; lP, lyophilized powder. Bars represent mean ±  
sem mmol fe2+/g lP of three independent assays performed in triplicate. significance was assessed using one-way anoVa followed by tukey post hoc; different 
letters between columns represent significant difference (P < 0.05) between samples.
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Table 1. antioxidant activity of the pomegranate mesocarp crude extract and fractions.

extract

ic50 values (µg/ml lP)

aBts•+ scavenging DPPh• scavenging o2
•− scavenging fe2+ chelation

crude 2.37 ±
 0.07c

6.87 ±
 0.55c,d

18.14 ±
 1.05b,c

29.76 ±
 1.62c

Dcm 39.71 ±
 2.45 d

190.27 ±
 17.54e

229.76 ±
 19.97d

127.39 ±
 10.04d

etac 1.86 ±
 0.14 b c

5.06 ±
 0.24b,c

12.39 ±
 0.80a

11.80 ±
 1.98b

But 1.26 ±
 0.08 a b

3.733 ±
 0.30a,b

10.23 ±
 1.22a

5.95 ±
 0.61a

aq 2.75 ±
 0.13 c

7.85 ±
 0.83d

21.60 ±
 0.89c

26.44 ±
 1.62c

PG 1.03 ±
 0.18 a

3.02 ±
 0.34a

12.88 ±
 0.27a,b

21.40 ±
 2.62c

Dcm, dichloromethane fraction; etac, ethyl acetate fraction; But, n-butanol fraction; aq, residual aqueous fraction; PG, punicalagin; lP, lyophilized powder.
Data represent mean ic50 ± sem of three independent assays performed in triplicate. significance was assessed using one-way anoVa followed by tukey post 

hoc; different superscripts between rows in individual columns represent significant difference (P < 0.05) between extracts.

Figure 2. effect of (a) 1 mg/ml and (b) 0.1 mg/ml of pomegranate mesocarp crude extract and fractions on formation of fluorescent aGes in Bsa exposed to 
glucose, ribose and methylglyoxal. Glu, glucose; riB, ribose: mGo, methylglyoxal; Dcm, dichloromethane fraction; etac, ethyl acetate fraction; But, n-butanol 
fraction; aq, residual aqueous fraction; PG, punicalagin; lP, lyophilized powder. Data expressed as mean values ± sem of three independent assays performed 
in duplicate. significance was assessed using one-way anoVa; *P < 0.05, ***P < 0.001 (vs. Bsa); ###P < 0.001 (vs. Bsa + Glu); oooP < 0.001 (vs. Bsa + riB); ϕϕϕ P < 0.001 
(vs. Bsa + mGo).
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in fluorescent AGEs level in MGO-glycated BSA at 1 mg/
mL (Figure 2a).

With the exception of the DCM fraction, the different 
mesocarp fractions and punicalagin dose dependently sup-
pressed the formation of Amadori products in glucose-, 
ribose- and MGO-glycated BSA (Figure 3). At 1 mg/mL, 
level of Amadori products was significantly (P < 0.001) lower 
than their glycated counterparts. In addition, 0.1 mg/mL of 
punicalagin as well as the ethyl acetate and n-butanol frac-
tions significantly suppressed the formation of Amadori 
products in BSA exposed to the three glycating agents. At 
the same concentration, the crude extract and aqueous resid-
ual fraction did not show any significant activity against 
BSA glycosylation, while both samples significantly inhibited 

BSA ribosylation as demonstrated by the reduced Amadori 
products

While glucose induced only a 9.6% increase in protein 
carbonyl level (Figure 4a(i)), ribose and MGO elevated the 
accumulation of protein carbonyl by 74.3% and 93.8%, respec-
tively (Figure 4b(i) and c(i)). In glucose-glycated BSA, puni-
calagin at both concentrations in addition to the crude extract 
and ethyl acetate fraction at 1 mg/mL significantly (P < 0.05) 
suppressed accumulation of protein carbonyl. In the ribose- 
and MGO-glycated BSA, with the exception of the DCM 
fraction, all the fractions in addition to punicalagin signifi-
cantly (P < 0.001) inhibited accumulation of protein carbonyl.

Glucose induced a 4.2 folds accumulation in AOPP level 
in BSA (Figure 4a(ii)). At both concentrations tested, 

Figure 3. effect of pomegranate mesocarp crude extract and fractions on fructosamine level in Bsa exposed to (a) glucose, (b) ribose and (c) methylglyoxal. 
Glu, glucose; riB, ribose: mGo, methylglyoxal; Dcm, dichloromethane fraction; etac, ethyl acetate fraction; But, n-butanol fraction; aq, residual aqueous fraction; 
PG, punicalagin; lP, lyophilized powder. Data expressed as mean values ± sem of three independent assays performed in duplicate. significance was assessed 
using one-way anoVa; *P < 0.05, **P < 0.01, ***P < 0.001 (vs. Bsa); #P < 0.05, ###P < 0.001 (vs. glycating agent at 1 mg/ml); oP < 0.05, ooP < 0.01, oooP < 0.001 (vs. 
glycating agent at 0.1 mg/ml).
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n-butanol fraction and punicalagin induced a non-significant 
decrease in the level of AOPP while only 1 mg/mL of ethyl 
acetate fraction demonstrated a non-significant decrease in 
AOPP level. In ribosylated BSA, the level of AOPP was 51.6 
folds higher than that of unglycated BSA (Figure 4b(ii)). 
While the DCM fraction did not show any activity at both 
concentrations, the crude extract as well as the ethyl acetate, 
n-butanol and aqueous residual fractions significantly 
(P < 0.05) reduced the level of AOPP. In the case of 
MGO-glycated BSA, the level of AOPP was 133.5 folds 
higher than native BSA. With the exception of the DCM 
fraction, all the other fractions, the crude extract and puni-
calagin significantly (P < 0.05) inhibited AOPP level at 
1 mg/mL.

Cellular protective effect pomegranate mesocarp crude 
extract and fractions and punicalagin

Following 24 h treatment with 10 μg/mL of the fractions, no 
significant cell death was observed compared to control 
cells, as demonstrated by the MTT and LDH release assays 
(Figure 5a). Since the crude extract has the ability to 
down-regulate the basal ROS level production (18), the effect 
of the mesocarp fractions on the production of this 
pro-oxidant was investigated following 24 h of incubation. 
Interestingly, ethyl acetate and n-butanol fractions (P < 0.01) 
maintained the ability to reduce the basal ROS level (Figure 
5b). When treated with 10 μg/mL of the crude extracts and 
the fractions, the ethyl acetate, n-butanol and aqueous resid-
ual fractions down-regulated the expression of CD36 (Figure 
5c). Relative to the control, the DCM fraction increased the 
expression of CD36 by at most 0.5 folds.

Cell viability assays demonstrated no cytotoxicity induced 
by punicalagin (Figure 6a). Interestingly, punicalagin sig-
nificantly (P < 0.05) promoted the mitochondrial metabolic 
activity as demonstrated using the MTT assay (Figure 6a(i)). 
Treatment of cells with 10 µg/mL of punicalagin significantly 
decreased ROS level (P < 0.001) and down-regulated the 
expression of CD36.

Polyphenolic content of pomegranate mesocarp crude 
extract and fractions

The polyphenolic content was determined in terms of total 
phenolics, total flavonoids and hydrolyzable tannins levels 
(Table 2). The total phenolic content of pomegranate meso-
carp fractions ranged between 40.09 to 639.11 mg GAE/g 
LP, with the highest level observed in the n-butanol fraction. 
In contrast, DCM fraction had the lowest phenolic content. 
The n-butanol and ethyl acetate fractions of the mesocarp 
were the richest in flavonoids. Both fractions had higher 
phenolic and flavonoid contents compared to the crude 
extract. The n-butanol, ethyl acetate and aqueous residual 
fractions had comparable levels of hydrolyzable tannins to 
that of the crude extract. The lowest hydrolyzable tannins 
content among the fractions was observed in the DCM 
fraction, with a value of 115.33 mg TAE/g LP.

Figure 4. effect of 1 mg/ml and 0.1 mg/ml of pomegranate mesocarp crude 
extract and fractions on (i) protein carbonyl and (ii) aoPP levels in Bsa exposed 
(a) glucose, (b) ribose and (c) mGo. Glu, glucose; riB, ribose: mGo, methyl-
glyoxal; Dcm, dichloromethane fraction; etac, ethyl acetate fraction; But, 
n-butanol fraction; aq, residual aqueous fraction; PG, punicalagin; lP, lyophilized 
powder. Data expressed as mean values ± sem of three independent assays 
performed in duplicate. significance was assessed using one-way anoVa; 
*P < 0.05, **P < 0.01, ***P < 0.001 (vs. Bsa); #P < 0.05, ##P < 0.01, ###P < 0.001 (vs. 
glycating agent at 0.1 mg/ml); oP < 0.05, ooP < 0.01, oooP < 0.001 (vs. glycating 
agent at 1 mg/ml).
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Ultra-performance liquid chromatography-mass 
spectrometry (UPLC-MS) metabolite profiles of 
pomegranate mesocarp fractions and their markers as 
analyzed by multivariate data analyses

Identification of the metabolite composition in pomegranate 
mesocarp crude extract and fractions was accomplished 
using non-targeted UPLC coupled to high resolution 
qTOF-MS. Metabolite profiles derived from UPLC-MS total 
ion chromatograms of the five extract/fractions of pome-
granate mesocarp are presented in Figure 7. Metabolite 
assignments were made by comparing retention times rela-
tive to external standard and high resolution molecular mass 
and tandem mass spectra (exact mass and fragmentation 
pattern in negative ion mode) compared to reference liter-
ature and phytochemical dictionary of natural products 
database (40).

The crude extract of pomegranate mesocarp revealed the 
presence of a total of 45 chromatographic peaks belonging 
to hydrolyzable tannin and organic acid classes (Table 3). 
Ellagic and gallic acids and their derivatives were the major 

detected metabolites in addition to (iso)citric acid. Ellagic 
acid was identified from its [M − H]− m/z 301 and MS2 
fragments m/z 283, 245, 229, and 185 whereas gallic aid 
[M − H]− at m/z 169 yielded MS2 ion fragment ions at m/z 
125. Ellagic and gallic acids have formerly been reported 
from pomegranate pericarp and juice (19,20,41,42,49). (Iso)
citric acid [M − H]− at m/z 191 with MS2 fragments m/z 173 
and 111 is reported in pomegranate juice (41,50). Punicalagin 
consisting of gallagic acid, ellagic acid and hexose sugar, 
was also detected in the crude extract. It was identified from 
its [M − H]− m/z at 1083. Punicalagin isomers yielded MS2 
fragments at m/z 781 (loss of ellagic acid), m/z 601 (loss 
of a gallagic acid moiety) and m/z, 301 (loss of 
Hexahydrodiphenoyl (HHDP)), Moreover, punicalagin occurs 
in two natural isomeric forms viz., α and β anomers (42,51). 
This is consistent with our data that revealed the presence 
of these two isomers in peaks 11 and 15 in pomegranate 
methanol crude extract. The major metabolite class detected 
in pomegranate mesocarp fractions was that of hydrolyzable 
tannins (Figure 8) in addition to some phenolic as well as 
organic and fatty acids (Table 3 and 4). Metabolites were 

Figure 5. effect of pomegranate mesocarp crude extract and fractions on (a) cell viability assessed by (i) mtt and (ii) lDh, (b) ros production and (c) cD36 
protein expression. Dcm, dichloromethane fraction; etac, ethyl acetate fraction; But, n-butanol fraction; aq, residual aqueous fraction. Data expressed as 
mean ± sem of three independent experiments performed in triplicate. significance was assessed using one-way anoVa followed by Dunnett’s multiple 
comparison test; #P < 0.05, # #P < 0.01 (vs. control). Densitometry values are expressed relative to control and normalized against β-actin. Blots are representative 
of three independent experiments.
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eluted in descending polarity order, where phenolics were 
eluted first followed by their glycosides and fatty acids were 
eluted at last.

To identify metabolite markers unique for each fraction, 
fraction UPLC-MS metabolite profiles were modeled using 

multivariate data analysis as X variable against each other 
and in relation to its biological effect as Y variable i.e., 
antioxidant and anti-glycation effects. Multivariate data anal-
ysis is employed to facilitate drug discoveries from plant 
extracts to avert the dereplication or isolation effort of a 

Figure 6. effect of punicalagin on (a) cell viability assessed by (i) mtt and (ii) lDh, (b) ros production and (c) cD36 protein expression. PG, punicalagin. Data 
expressed as mean ± sem of three independent experiments performed in triplicate. significance was assessed using one-way anoVa followed by Dunnett’s 
multiple comparison test; *P < 0.05, **P < 0.01, ***P < 0.001 (vs. control). Densitometry values are expressed relative to control and normalized against β-actin. 
Blots are representative of three independent experiments.

Table 2. Polyphenolic content of the pomegranate mesocarp crude extract and fractions.

extract tPc mg Gae/g lP tfc mg Qe/g lP htc mg tae/g lP

crude 404.06 ±
 6.79c

365.15 ±
 5.67b

685.45 ±
 28.73a

Dcm 40.09 ±
 1.66d

50.82 ±
 7.71c

115.32 ±
 6.15b

etac 557.46 ±
 3.66b

684.49 ±
 20.61a

773.81 ±
 32.63a

But 639.11 ±
 13.52a

754.72 ±
 25.30a

800.94 ±
 32.29a

aq 415.84 ±
 9.36c

353.36 ±
 11.93b

690.39 ±
 29.50a

Dcm, dichloromethane fraction; etac, ethyl acetate fraction; But, n-butanol fraction; aq, residual aqueous fraction; tPc, total phenolic content; tfc, total fla-
vonoid content; htc, hydrolyzable tannin content; Gae, gallic acid equivalent; Qe, quercetin equivalent; tae, tannic acid equivalent; lP, lyophilized powder.

Data represent mean ± sem of three independent assays performed in triplicate. significance was assessed using one-way anoVa followed by tukey post hoc; 
different letters between rows in individual columns represent significant difference (P < 0.05) between extracts.
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known compound (54). Metabolite abundance dataset was 
modeled against the bioactivity data to detect metabolites 
that mediate antioxidant and anti-glycation effects. OPLS-DA 
modeling was established to explore the potential correlation 
between UPLC-MS derived metabolomes of the five tested 
samples (X variables) to their antioxidant and anti-glycation 

potential (Y variables). The established OPLS-DA model 
(Figure 9) was validated for its performance to correlate the 
metabolite profiles of different specimens with their anti-
oxidant and anti-glycation activities. These were demon-
strated in the observed FRAP, Fe2+ chelating, ABTS•+ radical 
scavenging and DPPH• radical scavenging assays as well as 

Figure 7. representative uPlc-ms chromatogram of pomegranate mesocarp crude extract and fractions in negative ion mode. rt: retention time; Dcm, 
dichloromethane fraction; etac, ethyl acetate fraction; But, n-butanol fraction; aq, residual aqueous fraction.



JOURNAL OF ThE AMERICAN NUTRITION ASSOCIATION 47

Ta
bl

e 
3.

 m
et

ab
ol

ite
s 

id
en

tifi
ed

 f
ro

m
 u

Pl
c-

m
s 

an
al

ys
is

 o
f 

po
m

eg
ra

na
te

 m
es

oc
ar

p 
ex

tr
ac

t 
in

 n
eg

at
iv

e 
io

n 
m

od
e.

Pe
ak

as
si

gn
m

en
t

rt
Pr

ec
ur

so
r 

 
io

n 
(m

/z
)

er
ro

r 
(p

pm
)

m
s 

(m
/z

)
m

ol
ec

ul
ar

 
fo

rm
ul

a
Pr

od
uc

t 
io

ns
 m

s/
m

s
cl

as
s

re
fe

re
nc

e

1.
m

al
ic

 a
ci

d
0.

67
4

13
3.

01
47

−
3.

56
13

4.
02

2
c 4h

6o
5

11
1,

 1
04

, 9
2,

 7
1

or
ga

ni
c 

ac
id

(4
1)

2.
(is

o)
ci

tr
ic

 a
ci

d 
i

0.
74

8
19

1.
02

05
−

6.
28

19
2.

02
78

c 6h
8o

7
17

3,
 1

11
, 8

7,
 1

29
, 8

5,
 5

7
or

ga
ni

c 
ac

id
(4

2,
43

)
3.

h
h

D
P 

he
xo

si
de

0.
77

9
48

1.
06

25
−

0.
08

48
2.

06
97

c 20
h

18
o

14
30

1,
 2

75
, 2

57
, 2

29
, 2

03
el

la
gi

ta
nn

in
(4

1,
42

)
4.

(is
o)

ci
tr

ic
 a

ci
d 

ii
0.

90
4

19
1.

01
97

0.
14

19
2.

02
7

c 6h
8o

7
17

3,
 1

11
, 8

7,
 1

29
, 8

5,
 5

7
or

ga
ni

c 
ac

id
(4

2,
43

)
5.

G
al

lo
yl

 h
ex

os
e

0.
97

1
33

1.
06

71
0.

06
33

2.
07

43
c 13

h
16

o
10

16
9,

 1
25

, 7
1,

 5
9

ga
llo

ta
nn

in
(4

1,
42

)
6.

G
al

lo
yl

 h
ex

os
e 

de
riv

at
iv

e
0.

97
7

42
1.

06
17

1.
91

42
1.

06
17

c 15
h

18
o

14
33

1,
 1

69
, 1

25
, 8

8,
 5

9
ga

llo
ta

nn
in

7.
G

al
lic

 a
ci

d
1.

20
2

16
9.

01
41

0.
77

17
0.

02
14

c 7h
6o

5
12

5,
 9

7,
 7

9,
 6

9,
 5

1
or

ga
ni

c 
ac

id
(1

9,
41

)
8.

G
al

la
gy

l-h
ex

 (
Pu

ni
ca

lin
)

1.
35

8
78

1.
05

33
−

1.
59

78
2.

06
15

c 34
h

22
o

22
72

1,
 6

01
, 5

75
, 4

49
, 3

01
, 2

99
, 

27
3,

 2
71

, 2
45

el
la

gi
ta

nn
in

(1
9,

41
)

9.
m

et
hy

l (
is

o)
ci

tr
ic

 a
ci

d 
i

1.
37

8
20

5.
03

57
−

1.
26

20
6.

04
29

c 7h
10

o
7

15
9,

 1
24

, 1
11

, 8
7,

 6
7

or
ga

ni
c 

ac
id

10
.

G
al

lo
yl

-h
h

D
P-

he
xo

se
 (

co
ril

ag
in

)
1.

54
63

3.
07

3
0.

77
63

4.
08

01
c 27

h
22

o
18

48
1,

 3
01

, 2
75

, 2
49

, 1
69

, 1
25

el
la

gi
ta

nn
in

(1
9,

41
,4

2)
11

.
h

h
D

P-
ga

lla
gy

l-h
ex

os
e 

(P
un

ic
al

ag
in

)
1.

64
9

10
83

.0
59

5
0.

16
10

84
.0

66
4

c 48
h

28
o

30
10

83
, 7

81
, 6

01
, 5

75
, 4

63
, 3

01
el

la
gi

ta
nn

in
(1

9,
41

,4
2)

12
.

Bi
s-

h
h

D
P-

he
xo

se
 (

Pe
du

nc
ul

ag
in

 i
)

1.
67

4
78

3.
06

82
0.

84
78

4.
07

53
c 34

h
24

o
22

78
3,

 4
81

, 4
63

, 3
01

, 2
75

, 2
49

el
la

gi
ta

nn
in

(1
9,

41
,4

2)
13

.
G

al
lo

yl
-h

h
D

P-
D

h
h

D
P-

he
x 

 
(g

ra
na

tin
 B

)
2.

24
5

95
1.

07
51

−
0.

03
95

2.
08

18
c 41

h
28

o
27

90
7,

 7
83

, 7
64

, 7
45

, 6
05

, 4
81

, 
42

5,
 3

01
, 2

98
.9

8,
 2

75
el

la
gi

ta
nn

in
(1

9,
42

)

14
.

Bi
s-

h
h

D
P-

he
xo

se
  

(P
ed

un
cu

la
gi

n 
i) 

is
om

er
2.

26
5

78
3.

06
84

0.
7

78
4.

07
54

c 34
h

24
o

22
78

3,
 4

81
, 4

63
, 3

01
, 2

75
, 2

49
el

la
gi

ta
nn

in
(1

9,
41

,4
2)

15
.

h
h

D
P-

ga
lla

gy
l-h

ex
os

e 
 

(P
un

ic
al

ag
in

)
2.

53
4

10
83

.0
6

−
1.

02
10

84
.0

68
c 48

h
28

o
30

10
83

, 7
81

, 6
01

, 5
75

, 3
01

, 2
75

el
la

gi
ta

nn
in

(1
9,

41
,4

2)

16
.

D
ig

al
lo

yl
-g

al
la

gy
l-h

ex
os

e
2.

71
3

10
85

.0
75

4
−

0.
18

10
86

.0
82

4
c 48

h
30

o
30

10
85

, 9
33

, 7
83

, 7
65

, 6
33

, 6
31

, 
60

1,
 4

69
, 4

51
, 4

25
, 3

01
el

la
gi

ta
nn

in
(4

1)

17
.

el
la

gi
c 

ac
id

 d
er

iv
at

iv
e/

  
Gr

an
at

in
 a

2.
74

1
79

9.
06

33
0.

41
80

0.
07

05
c 34

h
24

o
23

47
9,

 3
01

, 2
99

, 2
75

, 2
73

el
la

gi
ta

nn
in

(1
9,

44
)

18
.

G
al

lo
yl

-h
h

D
P-

he
xo

si
de

 (
co

ril
ag

in
)

2.
81

5
63

3.
07

39
−

1.
1

63
4.

08
13

c 27
h

22
o

18
30

1,
 2

75
, 2

49
, 1

69
el

la
gi

ta
nn

in
(1

9,
41

,4
2)

19
.

m
et

hy
l g

al
la

te
2.

87
2

18
3.

02
99

0.
16

18
4.

03
71

c 8h
8o

5
12

4,
 7

8
el

la
gi

ta
nn

in
(4

4)
20

.
G

al
lo

yl
-b

is
-h

h
D

P-
he

xo
si

de
 

(c
as

ua
rin

in
)

2.
93

1
93

5.
07

98
0.

04
93

6.
08

68
c 41

h
28

o
26

91
7,

 8
73

, 7
83

, 6
59

, 6
33

, 6
15

, 
57

1,
 4

81
, 4

19
, 3

65
, 3

29
, 3

01
, 

29
9,

 2
75

, 2
49

el
la

gi
ta

nn
in

(1
9,

42
)

21
.

Br
ev

ifo
lin

 c
ar

bo
xy

la
te

2.
98

4
29

1.
01

49
−

0.
66

29
2.

02
21

c 13
h

8o
8

24
7,

 2
19

, 1
91

, 1
73

, 1
47

, 1
45

el
la

gi
ta

nn
in

(1
9,

42
)

22
.

Br
ev

ifo
lin

2.
98

8
24

7.
02

49
−

0.
03

24
8.

03
21

c 12
h

8o
6

21
9,

 1
91

, 1
73

, 1
47

, 1
45

el
la

gi
ta

nn
in

(4
4)

23
.

D
ig

al
lo

yl
-h

h
D

P-
he

x 
 

(P
ed

un
cu

la
gi

n 
ii)

3.
13

5
78

5.
08

49
−

0.
35

78
6.

09
18

c 34
h

26
o

22
63

3,
 6

15
, 4

83
, 4

19
, 3

13
, 3

01
, 

27
5,

 2
49

, 1
69

el
la

gi
ta

nn
in

(1
9,

42
)

24
.

u
nk

no
w

n
3.

28
1

81
3.

07
92

0.
52

81
4.

08
61

c 35
h

26
o

23
65

1,
 4

79
, 3

00
.9

9,
 2

98
.9

8,
 2

75
el

la
gi

ta
nn

in
–

25
.

G
al

lo
yl

-h
h

D
P-

he
xo

si
de

 (
co

ril
ag

in
)

3.
29

9
63

3.
07

35
0

63
4.

08
06

c 27
h

22
o

18
46

3,
 3

01
, 2

75
, 2

49
, 1

69
el

la
gi

ta
nn

in
(1

9,
41

,4
2)

26
.

u
nk

no
w

n
3.

31
6

30
5.

06
98

9.
9

30
6.

07
68

c 8h
18

o
12

14
7,

 9
6.

96
, 7

9.
96

, 5
9

–
27

.
u

nk
no

w
n

3.
37

2
32

3.
04

1
−

0.
51

32
4.

04
83

c 14
h

12
o

9
19

1,
 1

75
, 1

61
, 1

47
, 1

31
, 1

19
, 

10
5

–

28
.

el
la

gi
c 

ac
id

-o
-h

ex
os

id
e

3.
46

2
46

3.
05

22
−

0.
58

46
4.

05
94

c 20
h

16
o

13
30

1,
 2

57
, 2

29
el

la
gi

ta
nn

in
(1

9,
41

,4
2)

29
.

D
ig

al
lic

 a
ci

d
3.

64
4

32
1.

02
49

0.
87

32
2.

03
22

c 14
h

10
o

9
16

9,
 1

25
ga

llo
ta

nn
in

(4
5)

30
.

D
ig

al
lo

yl
-h

h
D

P-
he

xo
si

de
  

(P
ed

un
cu

la
gi

n 
ii)

3.
65

6
78

5.
08

36
0.

09
78

6.
09

15
c 34

h
26

o
22

63
3,

 6
15

, 4
83

, 4
19

, 3
13

, 
30

0.
99

, 2
75

, 2
49

, 1
69

el
la

gi
ta

nn
in

(1
9,

42
)

31
.

Br
ev

ifo
lin

3.
83

5
24

7.
02

48
0.

04
24

8.
03

21
c 12

h
8o

6
21

9,
 1

91
, 1

73
, 1

47
, 1

45
el

la
gi

ta
nn

in
(4

4)
32

.
G

al
lo

yl
-h

h
D

P-
D

h
h

D
P-

he
xo

si
de

  
(G

ra
na

tin
 B

)
3.

88
3

95
1.

07
55

−
0.

74
95

2.
08

25
c 41

h
28

o
27

93
3,

 4
63

, 3
01

, 2
73

, 2
45

, 1
69

el
la

gi
ta

nn
in

(1
9,

42
)

(C
on
tin

ue
d)



48 P. RAMLAGAN ET AL.

33
.

Ph
yl

la
ne

m
bl

in
in

 a
 (

1-
o

-g
al

lo
yl

- 
2,

4-
te

tr
ah

yd
ro

xy
 

di
be

nz
of

ur
an

di
ca

rb
ox

yl
- 

he
xo

se
)

3.
98

4
61

5.
06

25
0.

99
61

6.
06

94
c 27

h
20

o
17

46
3,

 3
01

, 1
69

el
la

gi
ta

nn
in

(4
6)

34
.

m
et

hy
l b

re
vi

fo
lin

 c
ar

bo
xy

la
te

4.
04

7
30

5.
03

07
−

1.
32

30
6.

03
8

c 14
h

10
o

8
27

3,
 2

45
, 2

29
, 2

17
, 1

73
, 1

45
el

la
gi

ta
nn

in
(4

4)
35

.
Pe

la
rg

on
iin

 a
4.

12
6

92
5.

09
52

0
92

6.
10

25
c 40

h
30

o
26

61
5,

 3
01

, 2
75

, 2
73

, 2
47

el
la

gi
ta

nn
in

(4
7)

36
.

D
ig

al
lo

yl
-h

h
D

P-
he

xo
si

de
  

(P
ed

un
cu

la
gi

n 
ii)

4.
15

78
5.

08
37

0.
37

78
6.

09
13

c 34
h

26
o

22
63

3,
 6

15
, 4

63
, 4

19
, 3

13
, 3

01
, 

27
5,

 2
49

, 1
69

el
la

gi
ta

nn
in

(1
9,

42
)

37
.

te
tr

ag
al

lo
yl

he
xo

se
4.

23
2

78
7.

09
96

0.
88

78
8.

10
65

c 34
h

28
o

22
63

5,
 6

17
, 4

83
, 4

65
, 4

47
, 4

21
, 

31
3,

 2
95

, 2
77

, 2
35

, 1
69

, 1
25

ga
lli

ta
nn

in
(4

2)

38
.

el
la

gi
c 

ac
id

-p
en

to
si

de
4.

23
6

43
3.

04
07

1.
5

43
4.

04
79

c 19
h

14
o

12
30

1,
 3

00
el

la
gi

ta
nn

in
(1

9,
41

)
39

.
el

la
gi

c 
ac

id
 d

eo
xy

he
xo

se
4.

27
8

44
7.

05
68

0.
53

44
8.

06
39

c 20
h

16
o

12
30

1,
 3

00
el

la
gi

ta
nn

in
(1

9,
41

,4
2)

40
.

el
la

gi
c 

ac
id

 i
4.

55
6

30
0.

99
68

7.
43

30
2.

00
4

c 14
h

6o
8

30
1,

 2
83

, 2
45

, 2
29

, 2
16

, 2
00

, 
18

5,
 1

73
, 1

61
, 1

45
, 1

29
, 1

17
el

la
gi

ta
nn

in
(1

9,
41

,4
2)

41
.

u
nk

no
w

n
4.

62
4

96
5.

08
9

1.
22

96
6.

09
63

c 42
h

30
o

27
96

5,
 9

33
, 8

05
, 6

63
, 6

15
, 4

63
, 

30
1

el
la

gi
ta

nn
in

(4
8)

42
.

el
la

gi
c 

ac
id

 i
i

4.
81

8
30

0.
99

89
0.

31
30

2.
00

62
c 14

h
6o

8
30

1,
 2

83
, 2

45
, 2

29
, 2

16
, 2

00
, 

18
5,

 1
73

, 1
61

, 1
45

, 1
29

, 1
17

el
la

gi
ta

nn
in

(1
9,

41
,4

2)

43
.

el
la

gi
c 

ac
id

 i
ii

4.
95

3
30

0.
99

86
1.

3
30

2.
00

59
c 14

h
6o

8
30

1,
 2

83
, 2

45
, 2

29
, 2

16
, 2

00
, 

18
5,

 1
73

, 1
61

, 1
45

, 1
29

, 1
17

el
la

gi
ta

nn
in

(1
9,

41
,4

2)

44
.

G
al

lic
 a

ci
d 

de
riv

at
iv

e
4.

97
7

50
7.

11
42

0.
59

50
8.

12
14

c 23
h

24
o

13
31

3,
 2

35
, 2

20
, 1

69
, 1

25
, 5

9
ga

llo
ta

nn
in

–
45

.
7-

h
yd

ro
xy

co
um

ar
in

 g
lu

cu
ro

ni
de

5.
02

9
33

7.
05

64
0.

08
33

8.
06

38
c 15

h
14

o
9

30
7,

 2
61

, 2
31

, 2
17

, 2
01

, 1
89

, 
17

6,
 1

61
, 1

45
, 1

15
–

h
h

D
P, 

h
ex

ah
yd

ro
di

ph
en

oy
l.

Ta
bl

e 
3.

 (
co

nt
in

ue
d)

.

Pe
ak

as
si

gn
m

en
t

rt
Pr

ec
ur

so
r 

 
io

n 
(m

/z
)

er
ro

r 
(p

pm
)

m
s 

(m
/z

)
m

ol
ec

ul
ar

 
fo

rm
ul

a
Pr

od
uc

t 
io

ns
 m

s/
m

s
cl

as
s

re
fe

re
nc

e



JOURNAL OF ThE AMERICAN NUTRITION ASSOCIATION 49

levels of fluorescent AGEs, Amadori products, protein car-
bonyl and AOPP for 20 iterations.

The ethyl acetate and n-butanol fractions were posi-
tioned on the left side of the plot (negative PC1 values), 
whereas on the right side, the pomegranate mesocarp 
crude extract, in addition to the DCM and aqueous frac-
tions segregated (positive PC1 values) (Figure 9a). The 
validity of the UPLC-MS based OPLS model was assessed 
by calculating Q2 and R2 values of the models and were 
found greater than 0.4 and near 1. Commutation indicative 
analysis of 20 iterations presented reference distribution 
of R2/Q2 amounts and therefore exhibited statistical sig-
nificance of these parameters, with the models showing a 
regression line crossing zero, with negative Q2 which 
denotes the model’s justification (Supplementary Figures 
S1 and S2).

Discussion

Pomegranate mesocarp extract (PME) is known for its rich-
ness in polyphenols and is reported to exert high antioxidant 
capacity as well as anti-CD36 activity (18). PME was thus 
fractionated using DCM, ethyl acetate and n-butanol. The 
moderately polar solvents, ethyl acetate and n-butanol, were 
more effective in extracting phenolics, flavonoids and hydro-
lyzable tannins from the pomegranate mesocarp than the 
non-polar DCM. This is in line with findings of Šavikin 
et  al. (55), whereby the non-polar fraction contained a lower 
phenolic content compared to the ethyl acetate, n-butanol 
as well as the aqueous fractions. This indicates the abun-
dance of polar polyphenolic compounds in the pomegranate 
mesocarp, as previously reported (55). The ethyl acetate and 
n-butanol fractions of pomegranate mesocarp had higher 
levels of phenolics and flavonoids compared to the crude 

extract due to the purification and concentrations of the 
polyphenolic compounds throughout the fractionation 
step (56).

The antioxidant propensity of the mesocarp fractions is 
attributed to their polyphenolic composition as demonstrated 
by their strong correlation. Polyphenols act as reducing 
agents to scavenge free radicals. In this process, the com-
pounds get oxidized, which results in the generation of new 
radicals that are stabilized by the resonance of the aromatic 
nuclei due to electrons delocalization in the compounds 
(57,58). The H-donating hydroxyl group is also an essential 
structural characteristic that modulates the antioxidant 
potential of polyphenolic compounds (57). Thus, the higher 
the number of aromatic rings and hydroxyl groups in a 
compound, the greater is its antioxidant capacity (59). As 
such, the presence of compounds with several hydroxyl 
groups, such as gallic acid, pyrogallol, methyl gallate, bre-
vifolin carboxylic acid in addition to complex compounds 
with at least 2 aromatic rings and several hydroxyl groups, 
such as tellimagrandin I, trigalloyl glucose, ellagic acid and 
tetra galloyl glucose in the ethyl acetate, n-butanol and/or 
aqueous residual fractions are accountable for the high anti-
oxidant activities of these fractions. The polyphenols listed 
in Table 4 are the discriminatory metabolites that are 
responsible for differentiation and segregation of the differ-
ent fractions. In addition to these compounds, punicalagin, 
gal loyl hexoside, granatin B, pedunculagin I, 
galloyl-bis-HHDP-hexoside, casuarinin, brevifolin, corilagin 
and other unknown ellagitannins occur in almost equal 
amounts in the ethyl acetate, n-butanol and aqueous 
fractions.

The glycation capacity of the three glycating agents, glu-
cose, ribose and MGO, were evaluated by monitoring levels 
of fluorescent AGEs, Amadori products, protein carbonyl 

Figure 8. chemical structures of discriminatory compounds identified in P. granatum mesocarp extract/fractions.
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and AOPP levels. Ribose, being a more reactive unstable 
aldofuranose molecule, produced 7.4 folds higher level of 
fluorescent AGEs level than in the aldopyranose 
glucose-glucated BSA, making ribose more susceptible to 
react with amino groups of proteins (60). As compared to 
glucose, ribose also induced the accumulation of a higher 
level of protein carbonyl in BSA, indicating that the process 
of conversion of Amadori product to dicarbonyls in ribo-
sylated BSA was faster than in glycosylated BSA. Being a 
dicarbonyl, MGO produces fewer intermediate products, as 
indicated by the level of Amadori products, to produce 
fluorescent AGEs (4). Different pomegranate mesocarp poly-
phenolic compounds, such as gallic acid, ellagic acid and 
punicalagin have been shown to exert anti-glycation activity 
(61,62). The free radical scavenging and metal chelating 
activities of the mesocarp fractions are the potential mech-
anisms through which they exert the anti-glycation activity 
as free radicals produced during the early stages of glycation 
participate in the glycation reaction (63). Polyphenols with 
at least 2 hydroxyl groups has been reported to exert 
anti-glycating activity by trapping MGO (64). As such, the 
presence of gallic acid, pyrogallol, methyl gallate, brevifolin 
carboxylic acid, tellimagrandin I, trigalloyl glucose, ellagic 
acid and tetra galloyl glucose in the ethyl acetate, n-butanol 
and/or aqueous residual fractions potentially account for 
the anti-glycation potency of these fractions. Moreover, the 
presence of vicinal hydroxyl group increases the activity of 
the polyphenolic compound (65). Polyphenolic compounds 

also bind to proteins and thus prevent the interaction of 
the glycating agents due to the competitive binding of the 
polyphenolic compounds to the amino groups (66). The 
increase in AOPP level in BSA during the glycation process 
and the ability of polyphenolic compounds to suppress its 
formation have previously been shown (67). This indicates 
that other polyphenolic compounds present different samples 
potentially suppress AOPP formation by different 
mechanisms.

OPLS-DA score plot (Figure 9A) and loading plot (Figure 
9B) explained the discrimination of samples in terms of 
metabolites mediating for its segregation. Examination of 
the loadings plot suggested that MS signals of ellagic and 
gallic acids together with jasmonic and trihydroxy octade-
cenoic acids contributed the most in extract/fractions dis-
crimination (Figure 9B). Ellagic and gallic acids were found 
to be enriched in the ethyl acetate fraction and n-butanol 
fraction (negative PC1 score values) whereas the DCM frac-
tion was augmented in jasmonic and trihydroxy octadece-
noic acids with positive score plot in OPLS loading plot 
(Figure 9B). Such results are expected as DCM employs 
non-polar solvent in extraction and to encompass oxylipids 
versus abundance of phenolics in the polar n-butanol frac-
tion. The distant clustering of ethyl acetate and n-butanol 
fractions was mostly attributed to the abundance of ellagic 
and gallic acids in these fractions and suggests that within 
the examined samples of pomegranate mesocarp segregation 
in OPLS-DA is largely influenced by ellagic and gallic acid 

Figure 9. orthogonal partial least squares discriminate analysis (oPls-Da) of pomegranate mesocarp crude extract and its different fractions based on uPlc/
ms data: (a) score plot of Pc1 vs. Pc2 scores. (b) loading plot for Pc1 & Pc2 contributing metabolites and their assignments. the metabolome clusters are 
located at the distinct positions in two-dimensional space described by two vectors of principal component 1 (Pc1) = 25% and Pc2 = 25%.
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monomers. Ellagic and gallic acids have been reported to 
exhibit in vitro antioxidant activity (20,49) and control car-
bohydrate metabolism and hepatic glucose homeostasis via 
different mechanisms (68). Such reports might rationalize 
the high antioxidant and anti-glycation activities of the ethyl 
acetate and n-butanol fractions favoring for extraction of 
polar phenolic compounds and inclusion of these fractions 
in nutraceuticals used for sugar metabolic disorders. The 
OPLS-DA modeling of UPLC-MS metabolite profiles from 
the five fractions suggested that gallic and ellagic acids are 
potential contributors to the antioxidant and anti-glycation 
effects of the pomegranate mesocarp.

At cellular level, the polar polyphenolic-rich mesocarp frac-
tions demonstrated antioxidant and anti-CD36 activities. These 
fractions were rich in antioxidant molecules, thus indicating 
that the decrease in ROS level below the basal level is liable 
to the presence of the polyphenolic compounds such as gallic 
acid, pyrogallol, methyl gallate, brevifolin carboxylic acid, tel-
limagrandin I, trigalloyl glucose, ellagic acid and tetra galloyl 
glucose (discriminatory metabolites responsible for differenti-
ation and segregation) as well as punicalagin, galloyl hexoside, 
granatin B, pedunculagin I, galloyl-bis-HHDP-hexoside, casu-
arinin, brevifolin, corilagin and other unknown ellagitannins 
(occurring in similar quantity) in the ethyl acetate, n-butanol 
and aqueous fractions. Unlike gallic and ellagic acids which 
are present in a large variety of plants, punicalagin is found 
in very few plants, including pomegranate. Since punicalagin 
is present in the polyphenolic-rich fractions and these fractions 
demonstrated good antioxidant and anti-CD36 activities, it 
was of interest to determine whether punicalagin mediate 
these activities. Interestingly, punicalagin demonstrated higher 
ability to reduce ROS level, as a consequence of the presence 
of several aromatic ring containing many hydroxyl groups 
(57–59). Moreover, punicalagin maintained the ability to sup-
press the expression of CD36 suggestive that it contributes to 
the anti-CD36 activities exerted by the ethyl acetate, n-butanol 
and aqueous fractions. The high antioxidant, anti-glycation 
and anti-CD36 of punicalagin indicate this polyphenolic com-
pound is a promising therapeutic for the management 
of T2DM.

Conclusion

Our collective data showed that the high antioxidant and 
anti-glycation activities of the pomegranate crude extract as 
well as the ethyl acetate, n-butanol and aqueous residual 
fractions are attributed to their richness in phenolics, fla-
vonoids and hydrolyzable tannins. The loading plots sug-
gested that ellagic acid and gallic acid contributed to 
discrimination of the extract/fractions. In this line, the ethyl 
acetate and n-butanol fractions, which were enriched in 
these two compounds, demonstrated highest antioxidant and 
anti-glycation activities. At cellular level, a nontoxic dose of 
the polyphenolic-rich extract/fractions reduced the basal 
ROS level as well as down-regulated the protein expression 
of the AGEs receptor, CD36. The presence of punicalagin, 
in equal amount, in the extract/fractions is liable for this 
suppression in CD36 expression. This work demonstrated 

the protective effect of the non-edible part of the pome-
granate fruit and the involvement of different compounds 
in potentially exerting several anti-diabetic activities.
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