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Abstract
Pomegranate peel is an agro-industrial residue obtained after fruit processing with high total polyphenol (TP) content, making it an attractive by-
product for its reuse. Pomegranate peel extract (PPE) and its bioactive compounds have shown positive effects on obesity models. Effects on
favouring mitochondrial biogenesis and function have also been described. However, once phenolic compounds are extracted, their stability
can be affected by diverse factors. Microencapsulation could improve PPE stability, allowing its incorporation into functional foods.
Nevertheless, studies on the potential biological effects of PPE microparticles (MPPE) in obesity models are lacking. This study aims to evaluate
the effect of MPPE on brown adipose tissue (BAT) mitochondrial structure and function andmetabolic alterations related to obesity in mice fed a
high-fat diet (HFD). PPE was microencapsulated by spray drying using inulin (IN) as a wall material and physically–chemically characterised.
Eight-week-old male C57BL/6J mice (n 40) were randomly distributed into five groups: control diet (CD), HFD, HFDþ IN, HFDþ PPE (50mg/kg
per d TP) and HFDþMPPE (50mg/kg per d TP), for 14weeks. A glucose tolerance test and indirect calorimetry were conducted. Blood and
adipose tissue samples were obtained. MPPE supplementation prevented HFD-induced body weight gain (P< 0·001), fasting glycaemia
(P= 0·007) and total cholesterol rise (P= 0·001). MPPE resulted in higher BAT mitochondrial complex IV activity (P= 0·03) and prevented
HFD-inducedmitochondrial cristae alteration (P= 0·02). In conclusion, MPPE prevented HFD-induced excessive bodyweight gain and associated
metabolic disturbances, potentially by activating complex IV activity and preservingmitochondrial cristae structure in BAT inmice fed with a HFD.

Key words: Pomegranate peel extract: Microencapsulation: Obesity: Mitochondrial function: Mitochondrial cristae

More than half of the world’s population is overweight or obese, a
prevalence that is estimated to continue increasing(1). Obesity is
characterised by excessive and pathological expansion of adipose
tissue, with adipocytes hyperplasia and hypertrophy inducing sev-
eral adipose tissue alterations(2). One of them is the decline in mito-
chondrial mass, structure and function impairing energy
metabolism(3). Strategies that aim to reduce energy intake for the
prevention and treatment of obesity have shown its limited long-

term effectiveness(4). Therefore, new therapeutic approaches tar-
geting adipose tissue function and favouring energy expenditure
have become increasingly important(5). In this sense, brown adi-
pose tissue (BAT), characterised by having multilocular adipocytes
with numerousmitochondria, can dissipate energy as heat tomain-
tain body temperature (non-shivering thermogenesis)(6). Greater
BAT activity results in higher energy expenditure and is associated
with less central obesity(7). Cold has been described as the main

* Corresponding author: Diego F. Garcia-Diaz, email dgarcia@med.uchile.cl

Abbreviations: BAT, brown adipose tissue; CD, control diet; DPPH, 2,2-diphenyl-1-picrilhydrazil; EE, encapsulation efficiency; FRAP, ferric reducing antioxidant
power; GAE, gallic acid equivalents; HFD, high-fat diet; IN, inulin; MPPE, microparticles of pomegranate peel extract; OMA1, metalloendopeptidase 1; OPA1,
optic atrophy 1; ORAC, oxygen radical absorption capacity; OXPHOS, oxidative phosphorylation; PPE, pomegranate peel extract; TP, total polyphenols;
aw, water activity.
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thermogenic factor(8). Nevertheless, some bioactive compounds,
suchas polyphenols, have shown to activate non-shivering thermo-
genesis in BAT, favouring mitochondrial function and energy
expenditure(9).

Pomegranate (Punica granatum) is a fruit that belongs to the
family Punicaceae, whose global production amounts to two
million tonnes(10). It is frequently used for juice production, leav-
ing peels and seeds as a by-product of processing in a proportion
of 73 and 27 %, respectively(11). Agro-industrial residues are cur-
rently an economic and environmental problemwhose handling
is a pending issue in developing countries, making the by-prod-
ucts’ revalorisation highly necessary(12). Pomegranate peel could
be a worthy residue since it has a high polyphenol content(13,14).
The most abundant compounds in pomegranate peel are ellagi-
tannins, specifically punicalagin and ellagic acid(14).

Several studies have been conducted on the effectiveness of
pomegranate peel extract (PPE) and its bioactive compounds
in the prevention and treatment of obesity and associated co-
morbidities(15,16). PPE, its phenolic compounds and their metabolites
generated by gut microbiota have shown to favour biogenesis and
mitochondrial function among other beneficial metabolic effects in
obesity models(15,17,18). Thus, there is a growing interest in functional
foods development incorporating bioactive compounds from
PPE(19,20). However, a significant limitation is polyphenols’ stability
that can be affected by environmental conditions such as oxygen,
light and temperature(21). Also, the bioavailablity of ellagitannins is
very low and can be influenced by various factors such as the dietary
matrix, gut microbiota and digestive enzymes activity(22). Moreover,
tannins lend PPE a high astringencywhich could affect its acceptabil-
ity(23). One strategy to cope with these limitations is microencapsu-
lation. In this process, solid, gaseous or liquid substances are
surrounded by a wall material, resulting in stable particles in micro-
scale that can be incorporated into various matrices(22). The micro-
encapsulation method and wall material selection depend on the
compound to be encapsulated and the expected characteristics of
microparticles(24). Spray drying is the most common microencapsu-
lation technique used in the food industry, mainly because it is eco-
nomical, simple and feasible to scale(25). The polymer selected for
wall material will determine the release behaviour of the encapsu-
lated compound(24). Inulin (IN) has been described as a colonic
delivery biopolymer since it remains intact through the gastrointes-
tinal tract, releasing its content in the colon(26), which is the anatomi-
cal site where ellagitannins are metabolised(27).

PPE microparticles (MPPE) have been studied as ingredients
for developing functional foods(19,20), but studies of their meta-
bolic effects, especially in obesity models, are lacking.
Therefore, this study aims to evaluate the effect of MPPE on
BAT mitochondrial structure and function and metabolic altera-
tions related to obesity in mice fed a high-fat diet (HFD).

Methods

Pomegranate peel extract microencapsulation

The PPE was obtained from dried and ground pomegranate
peel (var. Wonderful, Maule Region, Chile) under optimal con-
ditions by solid–liquid extraction using ethanol–water as
solvents (Cea I. and García P., unpublished results). It was then

microencapsulated by spray drying using IN ORAFTI GR™ with
a polymerisation degree in the range of 2–60 (ALFA® Group) as
thewall material. The resulting solutionwas fed into amini Spray
Dryer B-290 equipment (Büchi) with optimal experimental con-
ditions determined in preliminary assays: PPE/IN ratio, 1:2·1;
inlet air temperature, 166°C; air flow rate, 600 litres/h; aspiration
percentage, 100 % and feed flow, 5 %. The encapsulation effi-
ciency (EE) was determined, for which the superficial total poly-
phenols (TP) content was evaluated as follows: 2 ml of methanol
was added to 200mg of MPPE and centrifuged at 2700 g for
6 min. For the total experimental TP content, 1·6 ml of distilled
water was added to 200 mg of MPPE and subjected to a thermo-
regulated bath (60°C, 1 min). Then, it was sonicated for 10 min to
dissolve the microparticle completely. Subsequently, 0·4ml of
methanol was added and sonicated for 10 min. Finally, the sol-
ution was centrifuged at 2700 g for 6 min at 30°C. EE for TP was
calculated according to the equation:

EE %ð Þ ¼ total TP� superficial TPð Þ=100ð Þ � total TP

Chemical characterisation of pomegranate peel extract
and microparticles of pomegranate peel extract

Total polyphenols and punicalagin content. The TP content
of PPE and MPPE was determined by using the Folin–Ciocalteu
method(28). The sample’s absorbance was measured spectro-
photometrically at 765 nm in a 10 mm optical path cuvette and
determined by using the Lambda 25 software (Perkin-Elmer®).
The results were expressed as mg of gallic acid equivalents
(GAE) per g according to a calibration curve. Punicalagin was
determined by using a punicalagin standard (≥98 % HPLC,
Sigma-Aldrich) by HPLC-DAD, as described elsewhere(29), and
expressed as mg/g. For MPPE, polyphenols were extracted from
microparticles before the determination of punicalagin and TP as
described above for EE.

Antioxidant capacity. The antioxidant capacity was deter-
mined by using threemethods: oxygen radical absorption capac-
ity (ORAC), ferric reducing antioxidant power (FRAP), and the
free radical 2,2-diphenyl-1-picrilhydrazil (DPPH) method.
(i) ORAC: a standard curve was performed with different con-
centrations of the standard (0, 12·5, 25, 50, 100 μM Trolox).
The measurement was carried out with a spectrofluorometer
at 37°C, with an excitation λ of 493 nm and an emission λ of
515 nm. The results were expressed as μmol of Trolox equiva-
lents/g(30,31). (ii) FRAP: a 10:1:1 FRAP solution was prepared with
300mmol/l acetate buffer pH 3·6, tripyridyltriazine reagent and
20mmol/l aqueous solution of ferric chloride hexahydrate.
Absorbance was measured at 593 nm in a 10 mm optical glass
cuvette by using the software Lambda 25 (Perkin-Elmer®). The
results were expressed as mg Trolox equivalents/g according
to a calibration curve(32). (iii) DPPH: known concentrations of
the DPPH reagent dissolved in methanol (0·035 and 0·20 mM)
were used. The sample’s absorbance was measured in a UV
absorption spectrophotometer at 517 nm in a 10 mm optical
glass cuvette. The results were expressed as mg/g(33). Before

2 F. Echeverria et al.
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MPPE antioxidant capacity assays, TP was extracted from the
microparticles as described above for EE determination.

Physical characterisation of microparticles of pomegranate
peel extract

Morphology and particle size. The morphology of MPPE was
studied by high-resolution scanning electron microscopy, using
an INSPECT-F50 microscope (Thermo Fisher Scientific) oper-
ated at 3·00 kV. The samples were coated with gold/palladium
in a 108 manual sputter coater (Ted Pella Inc.) coupled to an
MTM-20 thickness controller (Ted Pella Inc.). The particle size
was determined by laser light scattering in a Mastersizer X
(Malvern Instruments). Themicroparticles were dispersed in iso-
propyl alcohol (1:7 w/w) at room temperature with constant stir-
ring. The instrument was operated with a 2 mW He–Ne laser
beam (k= 633 nm) and a 45-mm lens (size range 0·05–80 μm),
considering a pumping level of 80, 50 % agitation, 100 % laser
power and obscuration of at least 20 %. The average particle size
was expressed as the Sauter mean diameter (D[3,2]).

Moisture and water activity. The moisture content of MPPE
was determined according to the AOAC 930.15 method
(1996). Water activity (aw) was determined at 20°C by using
the WAM-1 aw meter (MRC Ltd).

Animals and diets

Eight-week-old male C57BL/6J mice (from the Departamento de
Nutricion Animal Facility, Universidad de Chile) were randomly
distributed into five experimental groups (n 8 per group): (a)
control diet (CD); (b) HFD; (c) HFDþ IN; (d) HFDþ INþ PPE
(HFDþ PPE) and (e) HFDþMPPE. Animals (two per cage)
were housed in a temperature-controlled room with a 12-h
light/dark cycle and allowed free access to drinking water and
diet: CD (D12328; 11 % energy as fat) or HFD (D12330; 58 %
energy as fat), Research Diets Inc. The detailed nutritional com-
position of the diets is presented in Table 1. PPE or MPPE sup-
plementation was given through diet in doses of 50 mg/kg per d
of TP. This dose is based on previous studies(34) and is equivalent
to 4·1 mg/kg per d in humans(35), which is safe and achievable in
the human population(36). Supplemented diets were prepared
weekly and kept at −20°C. Diet preparation consisted of mixing
the HFDwith PPE or MPPE, in sufficient amounts to reach the TP
dose according to the TP content of PPE and MPPE previously
determined by the Folin–Ciocalteu method, and also in accor-
dance with the daily dietary intake record. IN was added accord-
ing to the IN content of MPPE. HFD and reformulated diets did
not significantly differ in energy content. Treatment was con-
ducted for 14 weeks. Weekly control of body weight and diet
intake was performed throughout the whole period. The energy
efficiency of body weight was calculated as the total weight
gained (mg)/kJ consumed. In the 14th week, the animals were
fasted (6–8 h), anaesthetisedwith ketamine (91 mg/kg) and xyla-
zine (9 mg/kg) and euthanised. Blood samples were obtained by
cardiac puncture for further determinations. Also, epidydimal
white adipose tissue and interscapular BAT were obtained. All
animal procedures in this study were conducted according to
ARRIVE Guidelines for Reporting Animal Research(37). This

protocol (CBA #1070) was approved by the institutional
Bioethics Committee for Research in Animals (Facultad de
Medicina, Universidad de Chile).

Intraperitoneal glucose tolerance test

In week 10, mice were fasted (6 h) and injected intraperitoneally
with a glucose load (1·5 g/kg in 0·9 % NaCl). They were locally
anaesthetised in the tail with lidocaine, and a blood sample was
taken at 0, 15, 30, 60 and 120min after glucose administration(38).
Glycaemia (mmol/l) values were obtained with a glucometer
(Roche Diagnostics).

Indirect calorimetry

In week 12, four animals per groupwere submitted to an indirect
calorimetry test. Each animal was placed in a different acrylic
chamber (259 (depth), 234 (width), 209 (height) mm), without
food or water. Levels of O2 and CO2 both inside and outside
the chamber were measured in sampling periods of 3 min for
6 h by using the OxyLetPro System PhysioCage (Harvard
Apparatus). The respiratory quotient was obtained, and energy
expenditure was calculated according to the equations:

Respiratory quotient ¼ CO2 production

O2 consumption

Energy expenditure ðkcal=dper kg bodyweight3=4Þ
¼ ð3�815þ ð1�232� respiratory quotientÞÞ

�O2 consumption� 1�44

Serum parameters

Before euthanasia and after a 6-h fast, blood was drawn from the
tail veins of the animals to obtain glycaemia by using a glucometer
(Roche Diagnostics). Insulin levels in serum were determined
with an ELISA (Thermo Scientific™) according to the manufac-
turer’s instructions. Insulin resistance was evaluated through the
homoeostasis model assessment index(39). Total cholesterol
(TC), HDL-cholesterol and TAG serum levels were determined
by using colorimetric kits (FUJIFILMWakoDiagnostics) according
to the manufacturer’s instructions. Serum levels of aspartate trans-
aminase and alanine transaminase (ALT)were also determined by
using spectrophotometric kits (Wiener Lab.).

Mitochondrial complex IV and citrate synthase activities

Mitochondriawere isolated fromaBATpool (threemiceper group)
by homogenisation and differential centrifugation, according to
Cannon and Nedergaard(40). Briefly, the tissue was homogenised
in a 0·25 M sucrose solution and centrifuged at 8500 g at 4°C for
10min. The lipid layer was removed and the pellet was resus-
pended in a sucrose solution with 2% fatty acid-free bovine serum
albumin and centrifuged at 800 g at 4°C for 10min. The supernatant
was centrifuged three consecutive times at 8500 g at 4°C for 10min,
discarding the supernatant and resuspending the pellet in sucrose
solution with 2% fatty acid-free bovine serum albumin. The final
sample was resuspended in 100 μl of the buffer. Isolated
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mitochondriawere used to assessmitochondrial function. Complex
IV and citrate synthase activities were determined by using
MitoCheck® kits 700990 and 701040, respectively (Cayman
Chemical), according to the manufacturer’s instructions.

Electron microscopy

Fixed BAT (2·5 % glutaraldehyde) was dissected into bundles of
fibres, washed four times with 0·1 M sodium cacodylate buffer
and stained with 2 % osmium tetroxide in 0·1 M sodium cacody-
late buffer for 2 h. Samples were then washed with water and
stained with 1 % uranyl acetate for 2 h. Stained samples were
dehydrated on an acetone dilution series and embedded in
Epon resin. Finally, 80-nm sections were cut, mounted on elec-
tron microscopy grids and examined on a Tecnai G2 T12 trans-
mission electron microscope operated at 80 kV (Philips-FEI).
The mitochondrial size was calculated as the mean area of each
organelle(41). Mitochondria cristae parameters were evaluated
manually by trained personnel, as previously described(42).
Classification of mitochondria cristae was determined as indi-
cated in previous work(43). Morphometric analyses were per-
formed by using ImageJ software(41).

Statistical analysis

Five experimental groups were considered in this protocol
design: treated group (HFDþMPPE), negative control (CD),
positive control (HFD), wall material control (HFDþ IN) and
encapsulation control (HFDþ PPE). The sample size was calcu-
lated considering body weight as the critical variable, statistical
power of 80 % and a significance level of 0·05, resulting in n 8
animals per group(44). PPE and MPPE characterisation results
were presented as mean values and standard deviations.

Results regarding the animal model were expressed as medians
and interquartile ranges. Datawere analysed by a Kruskal–Wallis
followed byDunn’s post hoc test. All statistics were performed by
using Graphpad Prism 6.07 software.

Results

Microparticles of pomegranate peel extract presented a
high encapsulation efficiency and regular spherical shapes

The results of the chemical and physical characterisation of PPE
and MPPE are presented in Table 2. PPE and MPPE presented a
high TP and punicalagin contentwith elevated antioxidant activity
as shown by FRAP, DPPH and ORAC results. MPPE presented a
high EE (75·58 (SD 2·01) %) and low aw (0·20 (SD 0·005)) (Table 2).
Fig. 1 shows the scanning electron microscopy microphotograph
and particle size distribution of MPPE. Microparticles presented
regular and spherical shapes with a tendency to agglomeration
(Fig. 1(a) and (b)). The surface of the particles was porous, unin-
dented and smooth, with most of the particles ranging from 1 to
10 μm. Sauter mean (D[3,2]) was 3·53 μm, and size distribution
was unimodal (Fig. 1(c)).

Microparticles of pomegranate peel extract prevented
excess body weight gain

Body weight (Fig. 2(a)) was higher in the HFD group than in the
CD group fromweek 2 until the end of the treatment (P< 0·001).
HFDþ IN and HFDþ PPE also presented higher body weight
compared with the CD group from weeks 6 and 7, respectively
(Fig. 2(a)). Although HFDþMPPE showed a trend for higher
body weight gain compared with the CD group, the difference
was not significant (Fig. 2(b) and Table 3). As shown in Table
3, the HFD group showed less dietary intake compared with

Table 1. Nutritional composition of diets

CD D12328 HFD D12330

g/100 g % Energy g/100 g % Energy

Protein 16·8 16·4 23·0 16·4
Carbohydrate 74·3 73·1 35·5 25·5
Fat 4·8 10·5 35·8 58·0
kJ/g 17·0 – 23·3 –

Ingredient g kJ g kJ

Casein, 80 mesh 228 3816 228 3816
DL-Methionine 2 0 2 0
Maltodextrin 10 170 2845 170 2845
Maize 835 13 975 175 2929
Sucrose 0 0 0 0
Soyabean oil 25 941 25 941
Coconut oil, hydrogenated 40 1506 333·5 12 558
Mineral mix S10001 40 0 40 0
Sodium bicarbonate 10·5 0 10·5 0
Potassium citrate, 1 H2O 4 0 4 0
Vitamin mix V10001 10 167 10 167
Choline bitartrate 2 0 2 0
FD&C yellow dye #5 0·1 0 0 0
FD&C blue dye #1 0 0 0·05 0
FD&C red dye #40 0 0 0·05 0
Total 1366·6 23 250 1000·1 23 257

CD, control diet; HFD, high-fat diet.
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the CD group but a higher energy intake (P= 0·02). HFDþ IN
and HFDþMPPE also had a higher energy intake than the
CD group did (Table 3). Nonetheless, the HFDþMPPE group
showed a lower energy efficiency compared with the other
HFD-fed groups (P= 0·001), trending to gain less weight per
kJ consumed (Table 3). Also, the weight of epididymal adipose
tissue was higher in HFD-fed groups (P= 0·001) than in CD.

HFDþMPPE had no difference compared with the control
group (Table 3). The relation between BAT and epididymal
fat was lower in HFD and HFDþ IN (P= 0·002) than in
CD (Table 3). Daily theoretical TP intake (mg/kg per d) in
PPE-treated groups was estimated at 46·02 (18·61) for
HFDþ PPE and 50·46 (3·39) for HFDþMPPE, showing no dif-
ference between these groups (Table 3).

Table 2. Chemical and physical characterisation of encapsulated and non-encapsulated pomegranate-peel extract
(Mean values and standard deviations)

System

Superficial TP
(mg GAE/g)

Total TP
(mg GAE/g)

Total PU
(mg PU/g)

FRAP
(μmol TE/g)

DPPH
(μmol TE/g)

ORAC
(μmol TE/g)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

PPE – 139·28 2·4 105·5 2·5 3512·7 136·3 9235·1 162·4 1126·6 47·9
MPPE 4·53 0·44 18·55 0·43 7·54 0·3 97·4 3·29 413·4 16·1 232·9 19·5

EE (%) EY (%) Moisture (%) aw Sauter mean
(D[3,2]) (μm)Mean SD Mean SD Mean SD Mean SD

MPPE 75·58 2·01 76·31 3·12 2·36 0·19 0·20 0·005 3·53

TP, total polyphenols; GAE, gallic acid equivalents; PU, punicalagin; FRAP, ferric reducing antioxidant power; TE, Trolox equivalents; DPPH, free radical 2,2-diphenyl-1-picrilhydrazil;
ORAC,oxygen radical absorption capacity; PPE, pomegranate peel extract;MPPE,microparticles of pomegranate peel extract; EE, encapsulation efficiency; EY, encapsulation yield; aw,
water activity.

Fig. 1. Morphology and particle size distribution of microparticles obtained under optimal conditions. (a) Microparticle morphology at 3000×; (b) microparticle morphol-
ogy at 6000×; (c) particle size distribution in μm.
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Microparticles of pomegranate peel extract prevented
glucose intolerance and total cholesterol increase

At the end of the treatment (week 14), HFD and HFDþ IN
groups had higher glycaemia (P= 0·007) compared with the
CD group (Table 4). HFPþ PPE and HFDþMPPE showed no
significant differences compared with the control group.
Homoeostasis model assessment index was calculated to evalu-
ate insulin resistance. Insulin levels and homoeostasis model
assessment index were significantly higher in the HFD than in
the CD group (P= 0·005) (Table 4). The other experimental
groups had no significant difference with the control group
(Table 4). MPPE supplementation also prevented TC increase,
showing no significant difference as compared with the CD
group (Table 4). On the other hand, HDL-cholesterol was higher
(P= 0·006) in PPE-treated groups (Table 4). No difference
between groups was observed in TAG, aspartate transaminase
and ALT serum levels (Table 4).

An intraperitoneal glucose tolerance test was conducted in week
10 (Fig. 3) to assess glucose tolerance.HFDandHFDþ INpresented

higher glycaemic response than the control group did at times 30, 60
and 120 min (Fig. 3(a)). HFDþ PPE also showed higher glycaemia
(P= 0·009) than shown by the CD group at 120 min (Fig. 3(a)).
HFDþMPPE showed no significant difference compared with the
CD group in response to an intraperitoneal glucose load (Fig. 3(a)
and (b)).

Microparticles of pomegranate peel extract supplementation
resulted in higher mitochondrial complex IV activity and
prevented high-fat diet-induced mitochondrial cristae
alteration, with no difference in energy expenditure

Mitochondrial functionwas evaluatedbymeansof assaying complex
IV activity and citrate synthase activity in BAT-isolated mitochondria
(Fig. 4). The HFDþMPPE group presented the highest complex IV
activity in relation to the CD group (P= 0·03), while the HFDþ PPE
had no significant effect (Fig. 4(a)). However, no differences were
found in citrate synthase activity (Fig. 4(b)). As mitochondrial com-
plex IV activity increased in the HFDþMPPE group and mitochon-
drial complexes activity depended on mitochondrial cristae, we

Table 3. General parameters per experimental group (4–8 mice per experimental group)†
(Medians and interquartile ranges (IQR))

CD HFD HFDþ IN HFDþPPE HFDþMPPE

Median IQR Median IQR Median IQR Median IQR Median IQR

Final body weight (g) 27·30 1·58 36·60** 2·90 37·00** 2·00 34·60* 3·15 35·25 1·37
Dietary intake (g/d) 2·97 0·45 2·65* 0·28 2·73 0·11 2·57 0·30 2·76 0·26
Energy intake (kJ/d) 50·62 7·61 61·50* 6·49 62·30* 2·43 57·99 6·69 62·80* 5·77
Energy efficiency (mg/kJ) 7·49 7·78 31·92* 7·95 35·98** 9·41 37·45** 10·71 32·64 6·52
Epididymal adipose tissue (g) 0·53 0·23 1·85* 0·81 2·05*** 0·45 1·70* 1·16 1·85 0·77
BAT (g) 0·07 0·02 0·09 0·03 0·10 0·05 0·09 0·03 0·12 0·04
BAT/epididymal adipose tissue 0·14 0·07 0·04** 0·04 0·05** 0·03 0·05 0·05 0·07 0·07
TP theoretical intake (mg/kg per d) – – – 46·02 18·61 50·46 3·39

CD, control diet; HFD, high-fat diet; IN, inulin; PPE, pomegranate peel extract; MPPE, microparticles of pomegranate peel extract, BAT, brown adipose tissue; TP, total polyphenols.
Median value was significantly different from that of the CD group: * P < 0·05, ** P < 0·01.
† Some animals were not included in the analysis, either by the nature of the methodology or outlier detection. Data were analysed using the Kruskal–Wallis test, followed by Dunn’s
post-test. TP theoretical intake was analysed with Mann–Whitney U test.

Fig. 2. Body weight evolution. (a) Body weight gain in time (weeks); (b) AUC of body weight gain. CD, control diet; HFD, high-fat diet; IN, inulin; PPE, pomegranate peel
extract; MPPE, microparticles of pomegranate peel extract. Values are medians and interquartile ranges of body weight (g) for 4–8 mice per experimental group. Some
animals were not included in the analysis because of outlier detection. In panel (a), differences (P< 0·05) from the CD group are indicated by Greek symbols, σ: HFD
different fromCD;ω: HFD andHFDþ PPE different fromCD;Φ: HFD, HFDþ IN and HFDþPPE different fromCD;Φ: HFD andHFDþ IN different fromCD. In panel (b),
differences from the CD group are indicated by * (P< 0·05) and ** (P< 0·01). Data were analysed using the Kruskal–Wallis test, followed by Dunn’s post-test. , CD;

, HFD; , HFDþ IN; , HFDþ PPE; , HFDþMPPE.
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evaluated mitochondrial morphology and cristae structure in this
group. The representative images of BAT mitochondria are shown
in Fig. 5(a)–(c), which correspond to CD, HFD and HFþMPPE,
respectively. Regular and irregular mitochondrial cristae are shown
in Fig. 5(h) and (i). No differences inmitochondrial size ormitochon-
drial cristae number were found between CD, HFD and
HFDþMPPE groups (Fig. 5(d)–(f)). However, mitochondria cristae
lengthdecreased (Fig. 5(g)) and that ofmitochondrial irregular cristae
increased (Fig. 5(j)) in the HFD group in comparison with the CD
group (P= 0·02). Interestingly,HFDþMPPEgroupshowednoalter-
ations in mitochondrial cristae length or structure (Fig. 5(g) and (j)).
Finally, although energy expenditure showed a trend toward higher
values in PPE-treated groups, it was not significant (data not shown).

Discussion

The results of this study showed promissory outcomes of MPPE
treatment. We evaluated the effect of MPPE on metabolic altera-
tions related to obesity induced by anHFD inmice.We found that

MPPE prevented excessive bodyweight increase, glucose intoler-
ance and TC rise. Also, we evaluated BATmitochondrial structure
and function. MPPE increased mitochondrial complex IV activity
and preserved regular mitochondrial cristae. Prior mice supple-
mentation, PPE and MPPE were obtained and characterised.
The TP content of extracts highly depends on the extractionmeth-
odology and fruit cultivar. The PPE TP content obtained in this
study (139·28 (SD 2·4) mg GAE/g) was similar to that reported
before for the same cultivar but extracted by ultrasonic-assisted
extraction (129mg GAE/g)(45). However, the antioxidant capacity
of PPE was higher than previously described for DPPH in
Wonderful cultivars (1115–2910 μmol Trolox equivalents/g)(46).
EE was near 76%, similar to what reported before for MPPE of
73·1 %(47). EE represents the amount of phenolics trapped in
themicroparticles, influenced by operational and formulation var-
iables. In this sense, literature reported that inlet air temperatures
above 160°C and extract/wall material rates in the range
of 1:2–1:3 allowed reaching the higher EE values(19), as
observed in this research. Besides, MPPE TP content (18·55

Table 4. Serum parameters per experimental group (4–8 mice per experimental group)†
(Medians and interquartile ranges (IQR))

CD HFD HFDþ IN HFDþPPE HFDþMPPE

Median IQR Median IQR Median IQR Median IQR Median IQR

Final glycaemia (mmol/l) 5·24 2·61 7·55* 2·11 7·55* 2·05 6·27 1·58 5·58 0·85
Insulin (μIU/ml) 88·05 52·01 245·80** 192·40 114·01 30·22 91·10 42·44 130·80 51·23
HOMA-IR 23·57 16·11 85·62** 94·62 35·04 20·02 29·02 17·21 29·42 13·33
TC (mmol/l) 3·14 0·78 4·78** 1·34 4·96** 1·42 5·00* 1·05 3·96 1·33
HDL-cholesterol (mmol/l) 2·37 1·44 3·21 0·30 3·73 0·85 3·89* 0·76 4·10* 1·00
TAG (mmol/l) 0·73 0·57 1·00 0·37 0·73 0·19 0·73 0·47 0·77 0·37
AST (U/I) 7·31 7·80 4·06 5·48 9·22 6·61 9·28 16·72 3·19 6·73
ALT (U/I) 0·47 0·61 0·47 0·76 1·11 1·11 0·58 1·28 0·50 0·87

CD, control diet; HFD, high-fat diet; IN, inulin; PPE, pomegranate peel extract; MPPE, microparticles of pomegranate peel extract; HOMA-IR, homoeostatic model assessment for
insulin resistance; TC, total cholesterol; AST, aspartate transaminase; ALT, alanine transaminase.
Median value was significantly different from that of the CD group: * P < 0·05, ** P < 0·01.
† Some animals were not included in the analysis, either by the nature of the methodology or outlier detection. Data were analysed using the Kruskal–Wallis test, followed by Dunn’s
post-test.
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fromCD. In panel (b), differences from the CD group are indicated by * (P< 0·05) and ** (P< 0·01). Data were analysed using the Kruskal–Wallis test, followed by Dunn’s
post-test. , CD; , HFD; , HFDþ IN; , HFDþPPE; , HFDþMPPE.
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(SD 0·43) mgGAE/g) was lower than that observed for MPPE elab-
orated by spray drying with maltodextrin (69·7–287·3mg
GAE/g)(19). This fact could be explained by the type and concen-
tration of the wall material that influenced core material volatility
throughout crust formationduring drying and, therefore, retention
of the active compounds within the microparticle(48). However,
TP retention, defined as a relation between the amount of active
compounds in microparticles and the active compound in the
infeed solution(49), was 77·8% (data not shown). These TP losses
could be explained by the quick contact of polyphenols with hot
air and oxygen during crust formation(19). However, these values
are among the expected losses due to spray drying(49).

Regarding MPPE morphology and size, the absence of cracks
on the particle surface could increase the bioactive compounds
trapped inside. A similar particle morphology has been reported
for gallic acid microparticles elaborated with IN as wall
material(50). Particle size depends on the process and feed
parameters. Larger particle sizes have been reported for MPPE
elaborated by spray drying with maltodextrin (10 μm)(19). Also,
the aw (0·20 (SD 0·005)) was ranged between 0·2 and 0·4, which
is usually described as a range where encapsulated compounds
could reach their higher stability during storage(51).

PPE and MPPE were given to HFD-fed mice in sufficient
amounts through their diet to reach 50mg/kg per d of TP for
14weeks. Results showed that supplementation with MPPE pre-
vented excessive weight gain in mice fed on HFD. Although we
didnot finddata regarding the effect ofMPPEonbodyweight, other
authors have reported beneficial effects of supplementation with
PPE or its metabolites on limiting body weight increment(52,53).
Nevertheless, the effect on body weight is still controversial.
Zhang et al.(54) reported thatmice supplementedwithpomegranate
extract alone or in combinationwith IN (non-encapsulated) had no
difference in final body weight compared with the non-treated
group. Also, tannins have been described as antinutrients because
they can bind to proteins and other nutrients impairing their bio-
availability(55). Nevertheless, microencapsulation prevents these
possible interactions since it protects the encapsulated bioactive

compounds(56); thus, the limitation of MPPE on body weight incre-
ment is probably not an antinutritional consequence. Epididymal
adipose tissue weight, which is considered a visceral fat pad,
was also higher in HFD-fed groups than in CD, except for
HFDþMPPE. Although there were no differences in BAT weights,
only HFD and HFDþ IN presented a lower relation between BAT
and epididymal fat weights comparedwith CD, which supports the
fact that body composition changes were also partially prevented
by MPPE supplementation.

Serumparameterswere also evaluated. PPE,microencapsulated
or not, showed no differences with CD group in terms of final gly-
caemia or homoeostasis model assessment index and higher levels
of HDL-cholesterol compared with the other groups. MPPE also
prevented excessive TC increase. Previous studies reported similar
serum lipid levels and fasting glycaemia in animal obesity mod-
els(52,57). These results are also consistentwith human data reported
by Grabež et al.(58), who studied for 8 weeks the effect of PPE
supplementation on subjectswith diabetesmellitus type 2, resulting
in higher HDL-cholesterol levels and improved long-term
glycaemic control. PPE-treated groups also prevented glycaemia
increase in response to a glucose load, as previously reported(57).
Concordantly, ameta-analysis evaluating the effect of products con-
taining ellagitannins and anthocyanins on cardiometabolic bio-
markers reported that ellagitannins intake resulted in several
benefits: reduction in TC, waist circumference, LDL-cholesterol,
TAG and glucose levels in obese/overweight subjects(59).

Regarding HFD-induced alterations in mitochondrial func-
tion and cristae structure, no differences were found between
the CD group and HFD-fed groups in citrate synthase activity
(a marker of mitochondrial density(60)) or mitochondrial size
(a marker of mitochondrial dynamics(61)). However, HFD-
MPPE presented a higher complex IV activity which is consid-
ered a marker of increased oxidative phosphorylation system
(OXPHOS) activity(62). As the OXPHOS activity depends on
the mitochondrial cristae integrity(63), we evaluated mitochon-
drial cristae structure by electron microscopy. The most
remarkable finding was that mitochondria of the HFD group
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Fig. 4. Mitochondrial activity. (a) Complex IV activity (%); (b) citrate synthase activity (μmol/min per mg protein). CD, control diet; HFD, high-fat diet; IN, inulin; PPE,
pomegranate peel extract; MPPE, microparticles of pomegranate peel extract. Values are medians and interquartile ranges for 2–3 samples per experimental group.
Some animals were not included in the analysis by the nature of the methodology. Differences from the control group are indicated by * (P< 0·05). Data were analysed
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presented a minor mitochondrial cristae length and a higher
percentage of mitochondria with aberrant cristae compared
with the control group. Abnormal mitochondrial cristae struc-
ture in adipose tissue was associated with low OXPHOS activ-
ity and thermogenic instability in a genetic mice model with
the metalloendopeptidase (OMA1) gene ablation(64). The loss
of mitochondrial OMA1 alters mitochondrial optic atrophy 1,
one of the factors that control mitochondrial dynamics and
cristae structure(64,65). The administration of a pomegranate
extract with 40 % punicalagin prevented optic atrophy 1
decrease in heart mitochondria of mice fed with an HFD(15).
On the other hand, abnormal cristae structure is associated
with oxidative stress and toxic accumulation of reactive oxy-
gen species(66). Mice supplemented with MPPE had no

difference with the CD group in the percentage of irregular
BAT mitochondrial cristae, while the HFD group showed a
higher percent of aberrant cristae (>50 %). It has been
reported that pretreatment with punicalagin in HepG2 cells
exposed to 250 μM palmitate for 24 h prevents loss of mito-
chondrial membrane potential and production of reactive
oxygen species by inducing the transcription factor NF-E2-
related factor 2 pathway(67). The protective effect of MPPE
observed in this study agrees with its high TP content and anti-
oxidant activity. Following an exhaustive literature search, we
did not find studies on polyphenols and mitochondrial cristae
structure maintenance in BAT. However, other authors have
reported that pomegranate peel polyphenols and their metab-
olites increase mitochondrial activity in different tissues(15,53).

(a)

(b)

(c)

*

*

*
*

(j)

Irr
eg

ul
ar

 c
ris

ta
e

(%
)

80

60

40

20

0

CD
HFD

HFD + 
MPPE

(h) (i)

M
ito

ch
on

dr
ila

l c
ris

ta
e 

pe
r

m
ito

ch
on

dr
ia

l a
re

a 
(n

o.
/�

m
2 )

To
ta

l c
ris

ta
e 

le
ng

th
 p

er
  

m
ito

ch
on

dr
ia

l a
re

a 
(�

m
/�

m
2 ) 1520

15

10

5

0

10

5

0

CD
HFD

HFD + 
MPPE CD

HFD

HFD + 
MPPE

(f) (g)

(d) (e)

M
ito

ch
on

dr
ia

l s
iz

e
(  

m
2 )

M
ito

ch
on

dr
ia

l c
ris

ta
e

(n
o.

)

16

14

12

2.0

1.5

1.0

0.5

0.0

10

8
CD

HFD

HFD + 
MPPE

CD
HFD

HFD + 
MPPE

Fig. 5. Mitochondrial structure and size. (a) Control diet (CD) representative image of brown adipose tissue (BAT)mitochondria (4200X – 20500X); (b) high-fat diet (HFD)
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Nevertheless, MPPE have been studied mainly as functional
ingredients(19,20) without considering a biological validation. In
the present study, MPEE showed more promising results than
non-encapsulated PPE did, including the prevention of exces-
sive body weight gain and the increase in mitochondrial com-
plex IV activity, even though TP intake did not differ between
PPE- and MPPE-treated groups. The study results suggest that
the preservation of the mitochondria cristae structure in BAT
could have an essential role in preserving body weight, TC
and in the prevention of insulin resistance in mice fed with an
HFD and supplemented with MPPE.

Regarding microencapsulation effect, IN and pomegranate
extract supplementations have shown more significant meta-
bolic effects when administered combined than alone, probably
due to the prebiotic effect of both components(54,68). In order to
determine that the effects were due to microencapsulation and
not to the combination of INþ PPE, we included encapsulation
control groups (HFDþ IN and HFDþ PPE). In this sense, IN is a
polysaccharide that remains stable in its passage through the
upper part of the gastrointestinal tract(26,69). Once the micropar-
ticle reaches the colon, it releases its content allowing PPE poly-
phenols to be metabolised by the gut microbiota into urolithins,
which have been identified as ellagitannins bioactive metabo-
lites(27). Urolithin A has shown that it prevents body weight
increase by enhancing non-shivering thermogenesis in BAT
and energy expenditure, mediated by an elevation of triiodothy-
ronine in BAT in mice fed with an HFD(53). Urolithin A adminis-
tration also increases skeletal muscle mitochondrial biogenesis
markers in humans(17).

There aremany studies on the positive health effects of PPE and
ellagitannins(15,18,52). However, no studies are there on the biologi-
cal effect of MPPE on obesity models. Nevertheless, other bioactive
compounds such as curcumin have shown higher bioavailability
when administered encapsulated than as a free compound, which
could impact thepolyphenol’s biological activity(70). Thus,microen-
capsulation of PPE offers many advantages: (i) it improves the sta-
bility of encapsulated compounds against environmental factors
(light, oxygen and temperature), preventing a decrease in the shelf
life of the product that contains them(21); (ii) the encapsulation
improves the bioaccessibility of bioactive compounds and possibly
their bioavailability, avoiding bonding and interaction with other
nutrients or food matrix components(22,56) and (iii) it allows target-
ing the bioactive compounds to a specific anatomical size(71). In this
case, to the colon, where ellagitannins are metabolised by gut
microbiota(27); (iv) it allows masking flavours (e.g. tannins astrin-
gency) thatmaybeunpleasant for the consumer(19,56) and (v) it ena-
bles diverse applications considering the micro size and low aw of
the microparticles(19,21,56). These advantages could potentiate the
described effects for human health.

In conclusion, polyphenols can be extracted from an agro-
industrial residue (i.e. pomegranate peel) and microencapsu-
lated to obtain stable microparticles with high EE, which can
be incorporated into different matrices in standardised and vali-
dated doses. In this study, MPPE prevented HFD-induced body
weight gain and associated metabolic disturbances, potentially
by triggering BAT mitochondrial complex IV activity and pre-
serving mitochondrial cristae morphology in mice. However,
the role of urolithins and other potential metabolic pathways

regarding the effect of MPPE should be further analysed.
These results are pioneers in this matter and correspond to an
initial approach to describing the effect MPPE had on an obesity
model. It is necessary to conduct a clinical trial to assess the
effects of MPPE on humans.
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