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a b s t r a c t

This work describes the isolation and characterization of the hydrolysable tannin punicalagin, obtained
from the yellow peel of pomegranate (Punica granatum, belonging to the family Lythraceae). The natural
product was present as a mixture of a and b anomers, rapidly interconverting under acidic pH conditions.
A fast and efficient purification method was established using semi-preparative high performance liquid
chromatography (HPLC). The chemical structure of the molecule was confirmed as punicalagin based on
IR spectroscopy, 1H and 13C NMR, and MALDI-TOF mass spectrometry studies. The lowest energy con-
formations of the a and b anomers were calculated by quantum chemical methods, and their ratio
compared to the experimental value (experimental: a/b ¼ 2.2 to 2.5; calculated a/b ¼ 2.4, in aqueous
solution at acidic pH). The antioxidant activity of pure punicalagin was determined with a DPPH radical
scavenging assay (IC50 ¼ 1.9 ± 0.2 mg/mL) and was comparable to that of tannic acid (IC50 ¼ 1.3 ± 0.2 mg/
mL). Finally, we demonstrated that punicalagin, when used above a threshold concentration, was able to
precipitate bovine serum albumin (BSA), although less efficiently than tannic acid.

© 2017 Published by Elsevier B.V.
1. Introduction

The peel of pomegranate is a rich source of ellagitannins
including punicalagin [2, 3-(S) hexahydroxydiphenoyl-4, 6-(S, S)-
gallagyl-D-glucose], as well as lower amounts of punicalin [4, 6-(S,
S)-gallagyl-D-glucose]), gallic acid (GA), ellagic acid (EA) and EA-
glycosides (hexoside, pentoside, rhamnoside). Punicalagin is the
first most abundant component in pomegranate peel with high
molecular weight, and it was considered as a characteristic com-
pound of this part of the fruit [1e3]. Punicalagin is a water-soluble
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ellagitannins, found naturally under two anomeric structures a and
b (Fig. 1). It is listed into the chemical class of hydrolyzable tannins
[4,5]. Various potential therapeutic applications of punicalagin
have been proposed, resulting mostly from its high antioxidant
capacity, owing to the presence of sixteen phenolic hydroxyl groups
in its structure [1,2,4e9]. In particular, anti-proliferative [10], anti-
inflammatory [11,12], hepatoprotective [13], and antigenotoxic [14]
activities have been reported. These biological activities could also
be explained in part by the astringent properties of tannins, which
interact with proteins and alter their functions [8,15e19]. Various
chromatographic methodologies have been described for the
isolation of punicalagin from the crude extract of pomegranate
[2,9,10,20e22]. Most of them needed pre-purification steps and
column chromatography with different stationary phases and sol-
vent systems (C18, polyamides, cellulose, Sephadex LH-20 lipo-
philic, Diaion HP20 resin, silica gel, Amberlite XAD-16). Some of
them, like preparative HPLC [21] and high speed counter current

mailto:djalila.boudemagh@gmail.com
mailto:sylvain.broussy@parisdescartes.fr
mailto:sylvain.broussy@parisdescartes.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2017.11.129&domain=pdf
www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
https://doi.org/10.1016/j.molstruc.2017.11.129
https://doi.org/10.1016/j.molstruc.2017.11.129
https://doi.org/10.1016/j.molstruc.2017.11.129


Fig. 1. Structures of punicalagin and tannic acid.
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chromatography (HSCCC) [22], exhibited higher handling capacity
for large scale production. However, purities greater than 99% have
rarely been achieved with the above-mentioned methods.

The aims of our work were (i) to develop an efficient method for
the isolation of punicalagin from the yellow peel of pomegranate in
multi-milligram quantities and very high purity, (ii) to confirm its
structure by spectroscopic methods and to study its conformations
and (iii) to compare its antioxidant activity and protein-
precipitating capacity with a commercially available hydrolyzable
tannin (tannic acid, Fig. 1), and to explain the observed differences
based on structural and conformational information. Therefore, the
present article describes the purification of punicalagin in one step
from a crude extract of the yellow peel of pomegranate, using semi-
preparative HPLC. Different techniques, including MALDI-mass
spectrometry, 1H and 13C NMR, and IR spectroscopy, were
employed to confirm the chemical structure of isolated punicalagin,
as an equilibrating mixture of a and b anomers in aqueous solution.
Quantum chemical calculations were carried out to determine the
lowest energy conformations and to calculate the ratio of these two
anomers in aqueous solution. Moreover, the antioxidant activity of
isolated punicalagin was evaluated in an assay based on DPPH
radical scavenging [23,24]. Another assay was used to quantify the
amount of punicalagin precipitated by a standard protein, bovine
serum albumin (BSA) [25]. Both the antioxidant activity and the
protein precipitating-capacity of isolated punicalagin were
compared to those of tannic acid under the same assay conditions.
2. Experimental

2.1. Plant materials

The pomegranates (Punica granatum) were collected from the
east of Setif, Algeria, during the months of October and November
2014. They were identified and authenticated. The yellow peels
were separated manually from the fruit and air-dried at room
temperature for 60 days, in the dark to prevent photo-oxidation. All
samples were then grounded using a coffee grinder.
2.2. General experimental procedures

Tannic acid, sodium dodecyl sulfate, 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH), a-cyano-4-hydroxycinnamic acid,
and tri-ethanolamine were purchased from Sigma-Aldrich Ltd.
Bovine serum albumin Fraction V (BSA) was purchased from
Eurobio (France). Analytical grade methanol, ethanol, trifluoro-
acetic acid (TFA), and HPLC grade acetonitrile were supplied from
Carlo Erba (France).

For MALDI mass spectrometry (MS) analysis, a mixture of 2 mL
matrix solution (a-cyano-4-hydroxycinnamic acid, in 50% acetoni-
trile aqueous solution) and 2 mL compound (approximately 50 mM
in acetonitrile aqueous solution) was loaded on a 96-well plate.
After evaporation of solvents, the sample was analyzed on a
Voyager-DE™ PRO Biospectrometry™ Workstation, PerSeptive
Biosystems. The spectrum was recorded over a mass range from
660 to 1500 Da, in negative ion mode. 1H and 13C NMR spectra were
recorded in D2O on Bruker Avance NMR spectrometers operating at
400 and 600 MHz (1H frequencies). A sample of 10 mg punicalagin
was dissolved in 500 mL of D2O. All spectra were referenced relative
to residual solvent peak. The IR spectrum of solid punicalagin was
recorded on a Perkin-Elmer Spectrum 65 FT-IR spectrometer. The
software Spectrum was used for the acquisition and analysis of
data. The semi-preparative HPLC was performed with a Shimadzu
Prominence HPLC system (SPD-20AV detector) equipped with a
reversed-phase C18 column (250mm� 10mm, 5 mm, Grace-Vydac)
and the analytical HPLC was performed with a Shimadzu Promi-
nence HPLC system (SPD-20A detector) equippedwith an analytical
reversed-phase C18 column (250 mm � 4.6 mm, 5 mm,
Phenomenex).
2.3. Preparation of the extract and isolation of punicalagin

Crude extract of Punica granatumwas prepared from the ground
sample according to a previously describedmethod [26] with slight
modifications. Approximately 20 g of the ground sample were
extracted with 200 mL of methanol using a homogenizer at room
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temperature for 24 h. During extraction, the sample container was
protected from light in order to prevent any photo-oxidation of the
extract. The supernatant was collected by filtration through a filter
paper (particle retention 5e13 mm), and the methanol was evapo-
rated under reduced pressure on a rotary evaporator at tempera-
tures below 30 �C. The resulting extract was then dissolved in
300 mL of water. After centrifugation (5 min, 2000 rpm 670 g) to
remove the pellet, the extract was filtered through a 0.45 mm sy-
ringe filter. The final extract was then lyophilized, yielding 9.2 g of a
fluffy brown powder. The punicalagin was purified by semi-
preparative HPLC: 100 mg of the crude extract were dissolved in
1 mL of water and injected into the column equilibrated with initial
chromatographic conditions. The mobile phase was a linear
gradient of eluent A (0.1% TFA aqueous) and eluent B (0.09% TFA in
70% aqueous acetonitrile). The gradient elution procedure was as
follows: 0e40 min, 0e50% B; 40e42 min, 50e100% B; 42e47 min,
100% B; 47e50min,100-0% B. The flow ratewas 2.0mL/min and the
effluent was monitored by UV detection at 254 nm. All peak frac-
tions of punicalagin were manually collected according to the
chromatogram and were analyzed by analytical HPLC with the
following gradient elution procedure: 0e30 min, 0e50% B;
30e35min, 50e100% B; 35e40min,100-0% B; followed by a 10min
re-equilibration before the next injection. The flow rate was 1.0 mL/
min, and 15 mL samples were injected. The effluent was monitored
by UV detection at 254 nm. The fractions which showed the pres-
ence of pure punicalagin were collected and lyophilized to give
23 mg (23% yield) of faint yellow to dark yellow powder of
punicalagin.

2.4. DPPH radical scavenging activity

The DPPH radical scavenging activity of isolated punicalagin and
tannic acid were assayed following a previously described method
with recommendations given in Ref. [24]. The DPPH radical stock
solution (100 mg/mL, 254 mM) was prepared in ethanol and the
natural products stock solutions were prepared inwater (1mg/mL).
The reactions were carried out in the dark at 25 �C in 1 mL final
volume (900 mL ethanol þ 100 mL water), containing 20 mg DPPH
radical (51 mM) and 0e100 mg natural product. The absorbance was
read at 517 nm after 30 min incubation. The absorbance of control
experiments without natural product was used to calculate the %
inhibition.

2.5. Evaluation of protein precipitating capacity

The BSA solution (1 mg/mL) was prepared in 0.2 M acetate
buffer containing 0.17 M NaCl, and the pH was adjusted to 4.9 with
NaOH. Solutions of tannic acid and punicalagin (ranging from 0.10
to 1.0 mg) were prepared in distilled water. The capacities of tannic
acid and punicalagin to form an insoluble complex with BSA were
assayed according to the protein precipitationmethod of Hagerman
and Butler [25]. Briefly, after precipitation and isolation of the
tannin-BSA complex, the precipitate was dissolved in a SDS/trie-
thanolamine solution and then reacted with FeCl3. The complex
formed between tannin and Fe3þ was measured by UV absorption
at l ¼ 510 nm.

3. Computational details

A conformational search on a and b anomers of punicalagin was
carried out with the algorithm BEST in the program Catalyst [27]
implemented in Discovery Studio [28]. The lowest energy
conformer was selected for further ab initio geometry optimization
(in water with the PCM solvation model) at the indicated level of
theory in GAMESS [29]. Default parameters were chosen, except for
OPTTOL ¼ 5.10�4 (for all levels) and QMTTOL ¼ 10�4 (for the HF/6-
31 þ G(d) level only). IR frequencies were calculated at the HF/6-
31G level to confirm the identification of an energy minimum (no
imaginary frequencies). The thermal Gibbs free energies correc-
tions were also computed at 298.15 K at the HF/6-31G level. They
were found very close for the two anomers (relative energies of
0.112 kcal/mol) and were neglected for the calculations of anomer
populations. Frequency calculations and thermochemical analysis
were not achieved for higher levels of theory because of the high
computational cost. The anomer populations were calculated from
the total free energy in water (sum of electronic energy and sol-
vation energy) using the Boltzmann equation. Graphical repre-
sentations were done with Discovery Studio.

4. Results and discussion

4.1. Isolation of punicalagin

The pomegranate peel polyphenols are mainly extracted by
methanol or combinations of methanol with other organic solvents
by conventional extraction techniques [26]. In our procedure, the
dry powder was first extracted with methanol. The yield of the
extract was high (50%), probably due to the recovery of both low
and high molecular weight compounds. Then, it was solubilized in
water and centrifuged, in order to isolate the more polar com-
pounds (hydrolyzable tannins) and to remove the insoluble, less
polar compounds. After lyophilization, the crude extract of pome-
granate yellow peel was analyzed by HPLC. It contained several
compounds (Fig. 2, top). The punicalagin content of the crude
extract was 59% based on the ratio of peak areas at 254 nm. The
retention times of a and b punicalagin were 20.82 and 19.33 min,
respectively.

We then used semi-preparative HPLC to purify the crude extract.
Punicalagin was isolated in very high purity (>99% based on HPLC
analysis at 254 nm, Fig. 2, bottom) by a single column chroma-
tography. Moreover, the yield of the isolated punicalagin was 23%
from the methanol extract, on a 100 mg scale. Therefore, our
method is convenient to obtain rapidly multi-milligram quantities
of pure compound.

4.2. Identification of purified punicalagin, structural confirmation
and conformational study by quantum chemical calculations

The structure of the isolated punicalagin was determined by
various spectroscopic techniques. IR data exhibited stretching vi-
brations at 3380 cm�1 (OH) and 1717 cm�1 (CO) absorption bands,
besides other stretching at 1319 and 1057 cm�1, among other sig-
nals. These values were in good agreement with previously pub-
lished data [30]. The MALDI-MS spectrum of the compound
confirmed the presence of punicalagin, with an m/z peak at 1084
(Fig. 3). Another m/z peak at 800 indicated the subsequent frag-
ment ion of punicalin. The presence of punicalin in the spectrum
was due to punicalagin degradation under the high energy condi-
tions used in the analysis. This is consistent with the published
literature [20], which showed that MS analysis of punicalagin
resulted in partial conversion into punicalin (M-H- at m/z 799).
Therefore, the MS analysis of the isolated punicalagin confirmed its
high purity.

In addition, 1H NMR and 13C NMR analyses of the isolated
punicalagin matched the previously reported spectral data ac-
quired in D2O solutions at acidic pH [31]. 1H and NOESY spectra
obtained in our study are shown in the Supporting information. The
NOESY spectrum was similar to the ROESY spectrum, which was
also recorded.

We carried out computational studies on punicalagin a and b



Fig. 2. Analytical HPLC chromatogram of the crude extract of pomegranate yellow peel (top) and of pure punicalagin anomers (bottom) isolated from the crude extract, after
purification by semi-preparative HPLC. Peaks of the a and b anomers of punicalagin are indicated, and were identified by comparison of their retention times with a commercial
standard of punicalagin anomers.

Fig. 3. MALDI mass spectrum, in the negative ionization mode, of purified punicalagin, at m/z ¼ 1084 (molecular ion). The most intense peak at m/z ¼ 800 corresponds to the
subsequent fragment ion of punicalin.
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anomers to identify their lowest energy conformers. The NMR data
was used to validate each step. An initial set of conformations was
generated with the algorithm BEST in the program Catalyst [27].
Unlike tannic acid, punicalagin is a very rigid molecule, with very
few rotatable bonds, and it is therefore a good candidate for
conformational studies. The lowest energy conformers obtained
had the glucose in a chair conformation, in agreement with 1H NMR
coupling constants. Moreover, these conformers matched the NOE
correlations (H5/H6b and H4/H6a for each anomer, see the
Supporting information). Also, the large upfield shift of H6b

compared to H6a could be explained by the proximity of the ellagic
acid. The a and b punicalagin anomer conformations were subse-
quently optimized by ab initio quantum chemical calculations,
starting at the HF/6-31G level of theory. The population of each
anomer was calculated from their energy difference. A better
agreement with experimental results was obtained by increasing



Table 1
Calculated total (E) and relative energies (DE) and corresponding proportions of a
and b anomers of punicalagin in water (PCM solvation model) at the indicated level
of theory.

Punicalagin anomer E (Hartrees) DE (kcal/mol) Population %

HF/6-31G
a �4078.20995 0 97.2
b �4078.20589 2.55 2.8
HF/6-31G(d)
a �4079.93381 0 88.2
b �4079.93191 1.19 11.8
HF/6-31 þ G(d)
a �4080.04553 0 71.0
b �4080.04468 0.53 29.0

Fig. 5. DPPH radical scavenging activity of punicalagin and tannic acid. The error bars
are standard deviations from triplicate experiments.
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the basis set size to 6-31þ G(d), as summarized in Table 1. The ratio
a/b reached 2.4, in the range of ratios observed at acidic pH: 2.2 to
2.5 (reference [31] and our results). This computational study
concerned only one conformer of each anomer and was achieved at
a relatively low level of theory. However, the good agreement with
experimental results (in particular NOESY NMR and equilibrium
constant) indicate that the optimized conformations displayed in
Fig. 4 are likely among the lowest energy conformers on the po-
tential energy surface.

4.3. DPPH radical scavenging activity and protein precipitating
capacity of tannic acid and punicalagin

The interesting biological properties of punicalagin have been
mainly explained by its antioxidant activity. Therefore, we assayed
the antioxidant activity of our isolated punicalagin and compared it
with previously published results. The DPPH radical is intensely
colored and is sufficiently stable (at room temperature and in the
dark) to carry out colorimetric radical scavenging experiments, and
thereby to quantify the antioxidant activity of compounds [23,24].
Isolated punicalagin and commercial tannic acid were assayed in
ethanol. Kinetic measurements (up to 60 min) were initially carried
out, indicating that the reactions were essentially finished after
30 min, even for the lowest concentrations of natural products.
Therefore, a 30 min incubation time was chosen. For 20 mg/mL
(51 mM) solutions of DPPH radical, almost complete radical scav-
enging was achieved for both compounds above 5 mg/mL
Fig. 4. Lowest energy conformations of a (left) and b (right) anomers of punicalag
concentrations. The IC50 values were 1.9 ± 0.2 mg/mL (approxi-
mately 2 mM) for punicalagin and 1.3 ± 0.2 mg/mL (approximately
1 mM) for tannic acid (Fig. 5). A previous report on tannic acid
indicated a strong quenching activity at 15 mg/mL, but the IC50 was
not measured and the assay conditions were different (for example
the initial absorbance value at 517 nm, A517, was higher than 2,
whereas it was kept at 0.5 in our work) [32]. Previous studies on
punicalagin reported IC50 values of 16.7 mg/mL [9], 17.1 mg/mL [10],
26 mg/mL [33] and 109.53 mg/mL [34]. The assay conditions were
different, which may explain the differences in IC50 values (use of
buffered methanol at pH 7.4 or high initial concentrations of DPPH
radical for example). The last value of 109.53 mg/mL corresponded
to an IC50 of approximately 100 mM, and seemed very high to
scavenge 50% of a DPPH radical solution at 60 mM. Nevertheless, we
demonstrated herein that both punicalagin and tannic acid are very
efficient antioxidant compounds in ethanol solutions.

The tannin content of a sample is often determined by a pre-
cipitation assay, which is based on the capacity of tannins to
interact with proteins in a manner that results in the formation of
insoluble aggregates [25]. Few studies describe the interaction of
in. Geometries were optimized ab initio at the HF/6-31 þ G(d) level of theory.
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punicalagin with proteins. The binding interaction (without pre-
cipitation) of punicalagin with BSA [8] and with salivary proteins
[16] was studied by fluorescence and STD-NMR. The ability of the
natural product to actually precipitate BSA [33] and salivary pro-
teins [19] was also studied recently. Interestingly, wine poly-
saccharides were able to disrupt the interaction between
punicalagin and salivary proteins [19]. An ED50 of 0.31 mmol
(0.34 mg) was measured for the interaction between punicalagin
and BSA (this value is indicative, but will strongly depend on the
assay conditions used) [33].

We studied the BSA-precipitating capacity of punicalagin and
tannic acid following a previously described procedure based on UV
absorbance of an iron-tannin complex [25]. Our results confirmed
that punicalagin has the ability to precipitate BSA. We also found
that the relationship between the quantity of precipitate (propor-
tional to the absorbance values measured) and the tannin con-
centrations was nearly linear over the range from 0.1 to 1.0 mg
tannin (correlation coefficients are given in Fig. 6). Moreover,
compared to tannic acid, punicalagin has a lower BSA precipitation
capacity (Fig. 6). This observation can be explained by the structural
differences existing between punicalagin and tannic acid. Indeed,
the size, conformational flexibility, and number of binding sites
(hydrophobic and hydrogen bonding sites) of the tannin molecules
have a large influence on their protein-precipitation capacities
[35,36]. Tannic acid presents more phenolic hydroxyl groups and
ester bonds than punicalagin, and therefore more potential binding
sites to the protein (Fig. 1). It is also much more flexible than
punicalagin, which could favor binding to multiple proteins and
their subsequent precipitation. The standard curves for commercial
tannic acid and punicalagin did not pass through the origin. The y
intercept were - 0.14 and - 0.08 respectively, which suggests that
there exist a threshold level required for BSA precipitation. This
observation is consistent with previous reports on hydrolyzable
tannins [25,37,38].

5. Conclusions

In this study, we have established a rapid method for the
isolation of pure punicalagin (a and b anomers) from yellow peel of
pomegranate fruit with high yields. The spectroscopic character-
ization was achieved by mass spectrometry, IR and NMR, and
matched previously reported results, confirming the identity of the
natural product. In addition, we carried out a conformational
Fig. 6. BSA precipitation capacity of punicalagin and tannic acid. *The assay procedure
was the same as described in method [25]. The error bars are standard deviations from
triplicate experiments.
search followed by quantum chemical calculations to identify low
energy conformers of each punicalagin anomer. These conformer
structures were in good agreement with the NMR data.

Punicalagin can be used in appropriate in vitromodels for health
related studies. Here, the antioxidant activity and BSA-precipitating
capacity of isolated punicalagin was confirmed. Through compari-
son with commercial tannic acid under the same assay conditions,
we showed that punicalagin had a similar antioxidant activity, but a
lower ability to precipitate BSA. Our studies suggest that the dif-
ference between the chemical structures of two compounds was
responsible for their different interaction with the protein.
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