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under the peptide/PS treatments in complete cellular lysates (Figure 8A) results suggest the slight
activation of XBPIs, a transcription factor of the activation of IRE1-arm of UPR. Likewise, an increase
in the expression of chaperone BiP under peptides/PS treatments was registered, and this phenomenon
was more evident under the C-native treatment. Possibly, these modifications could be partly related to
a cellular compensatory response aimed to maintain protein homeostasis in ER (Figure 8A), as well as
critical functions in the physiology of β-cells. Importantly, when insulin concentrations were evaluated
in extracellular media, we found a diminution of the insulin levels upon treatment with the peptide/PS
mixtures (Figure 8B).

Figure 8. Unfolded protein response is activated under the treatment of hIAPP-derived peptides/PS
vesicles mixtures. (A) Effect of hIAPP-derived peptides/PS on the expression of XBP1s and binding
immunoglobulin protein (BiP) targets of unfolded protein response (UPR), as well as protein disulfide
isomerases (PDI) expression on complete cell lysates. Densitometry analysis of (BiP) and PDI
immunoblots, results are reported as means ± SD and expressed as % of control, ** p < 0.05. Aβ-peptide
was used as a control. β-actin was used as a loading control. (B) Insulin concentrations (ng/mL)
in extracellular media, * p < 0.1. (C) Under the same experimental conditions, the ER was purified
and the expression of sarco/endoplasmic reticulum Ca2+-ATPase-2 (SERCA2), PDI, and β-actin
were characterized. Polyvinylidene difluoride (PVDF) membranes were stained with Ponceau.
Densitometry analysis of PDI immunoblots; results are reported as means ± SD and expressed
as relative abundance; ** p < 0.05.

PDI is a chaperone that regulates folding of proinsulin, participates in disulfide bond formation,
and maintains ER redox homeostasis [44]. In our conditions, when total β-cell lysates were evaluated
under peptide/PS treatments, we did not find changes in PDI expression (Figure 8A). Constituting a
chaperone-protein with critical functions, high expression levels of PDI have been found in the ER
lumen, to a lower extend in the cytosol, and also in different cellular membranes. [45]. In addition,
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we have also detected PDI in the extracellular medium of β-cells treated with peptide/PS mixtures (data
not shown). However, more experimental evidence is required to establish a mechanistic proposal.

To dissect the role of PDI, we performed the isolation of ER of β-cells cultures, evaluating
sarco/endoplasmic reticulum Ca2+-ATPase-2 (SERCA2) and β-actin as controls of ER isolations.
Results indicated the isolation of pure ER-fractions (Figure S9). Then, under the same treatments
of hIAPP-peptides/PS-SUVs, we characterized the expression of PDI. We found that the PDI levels
diminished upon treatment with C-native/PS, as well as the levels of SERCA2 resident of ER (Figure 8C).
Results suggest that the affectation of SERCA2 and PDI under C-native/PS treatment might be related
to both their ER localization and the activation of UPR, affecting insulin secretion.

ER-lumen and the function of chaperones BiP and PDI are critical during proinsulin folding.
Considering our results, and in an attempt to characterize the effect of the PS vesicles and possibly trace
their cellular localization, confocal microscopy experiments were carried out. To this end, we prepared
PS and peptide/PS vesicles (30 μM) tagged with the green fluorescent probe BODIPY-Leu [46] (6 μM)
(referred to as BODIPY-Leu/PS and BODIPY-Leu/peptides/PS vesicles, respectively), with which
RIN-m5F cells were treated. In the first instance, our results demonstrated that BODIPY-Leu/PS
vesicles are internalized in RIN-m5F cells (Figure 9A–C, stained in green). Then, we used ER-tracker
(red staining) for characterize the colocalizing in ER sites (Figure 9D–I). Results suggest that the
system is located in the ER. Importantly, when we evaluated the localization of the BODIPY-Leu/PS
vesicles incubated with hIAPP-derived peptides (C-native and F23R variant) under a molar relationship
(1/2; peptide/vesicle), the BODIPY-Leu/PS signal was localized under C-native treatment in ER sites
(Figure 9J–L), however, the signal diminished slightly under F23R treatment (Figure 9M–O). In an
important way, C-native/PS treatment promoted the higher levels of cytotoxicity in the studied cells
(Figure 6G), affecting insulin secretion (Figure 8B). Moreover, these phenomena coincide with UPR
activation and affectation of localization of PDI and SERCA2 in the ER (Figure 8C). Therefore, it appears
that the localization of peptide/PS is a critical condition to induce the alterations in homeostasis of the
ER. This phenomenon was evidenced after treatment with the C-native/PS system, whereupon the
higher fluorescence signal of the BODIPY-Leu/PS vesicles along the ER very likely corresponds with
the alterations in localization of PDI, SERCA2, and the insulin secretion. This phenomenon was not
evident upon treatment with the F23R variant.

Therefore, our results suggest that the lipid-anionic electrostatic charge is a critical condition that
could modulate the UPR pathway and the conformational transition of IAPP-derived peptides. Thus,
a negative electrostatic-charge environment could be critical in insulin secretion as well. Interestingly,
the content of anionic lipids of β-cells and insulin secretory granules has been related to an altered
glucose-stimulated insulin exocytosis [17,43]. Therefore, a condition of metabolic overload also
has been associated with the biodisponibility of fatty acids [22], very likely contributing to the
deleterious phenomenon correlated with the concentration of anionic phospholipids, promoting
misfolded transitions on hIAPP. Having in mind this phenomenon, our group has generated new
materials of polymeric films of polyvinyl dimethylazlactone (PVDMA) and polyethylene imine (PEI) to
evaluate the effect of fatty acids on β-cell membranes [47] and diverse critical physiological functions.

In a complementary way, current results of our laboratory suggest that the induction of oligomers
at the C-native domain of IAPP accelerates β-sheet formation when treated with oleic acid/PC vesicles.
By contrast, when palmitic acid/PC vesicles are used, this result is not found (data not shown). Then,
considering that unsaturation and shorter fatty acids of phospholipids facilitate the curvature and
fluidity of membranes favoring their fusion [17], although increasing the risk of aggregation, there is a
subtle regulation in the conservation of the structure of the hIAPP. Moreover, a report reveals synergic
implications of free fatty acids and hIAPP in ER stress and apoptosis of islet β-cells [48]. In this context,
we have documented the role of metabolic overload by saturated fatty acids on proteostasis and its
impact on insulin secretion, specifically the dysregulation of targets that control intracellular calcium
homeostasis [22], as also documented in this report for SERCA2.
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Figure 9. BODIPY-Leu/PS vesicles (green) colocalize with ER-tracker (red). (A–C) Langerhans islet
β-cells (RIN-m5F cells) treated with BODIPY-Leu/PS vesicles. (D–F) Cells treated with ER-tracker.
(G–I) Cells treated jointly with BODIPY-Leu/PS vesicles and ER-tracker. (J–L) Effect of C-native
treatment on localization of BODIPY-Leu/PS vesicles and ER-tracker. (M–O) Effect of F23R peptide
treatment on localization of BODIPY-Leu/PS vesicles and ER-tracker. Scale bars correspond to 25 μm.

Recently, following peptidomimetic design strategies, research has been developed to find a way
to inhibit the formation of β-sheet structures in segments of an important series of polypeptides and
proteins as a therapeutic way to fight amyloid disease. There is still a field of action in amyloidogenesis
design. Although prolines residues in rIAPP promote disordered structures, results of coincubation of
rIAPP and hIAPP suggest that rat amylin does not block β-sheet and also forms its own β-sheet, most
probably on the outside of the human fibrils [49], revealing the complex behavior in the development
of an amyloid fibril inhibitor. We and other authors have documented that it is critical to consider
the impact of lipid environment. In the light of our results, the F23R variant of IAPP showed a low
propensity to form β-sheet structures even under the effect of zwitterionic lipids. However, anionic
charge of lipid vesicles and degree of solvation were factors for the modulation of β-sheet formation of
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the F23R and I26A variants, as well as in the C-native segment of IAPP, all associated to the cytotoxicity
phenomena of β-cells. In conclusion, our results show the potential implications of modulating the
structure and stability of IAPP for the design of analog therapeutics based on peptides and proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/9/1201/s1,
Figure S1. Incubation with SUVs composed of phosphatidylcholine does not induce conformational transitions on
the N-native segment (1KCNTATCATQRLANFLVHSS20) of hIAPP. Figure S2. Effect of PC-LUVs on the secondary
structure of peptides derived from hIAPP. Figure S3. Displacement of peptides on the z-axis of PC-bilayers
(MSD) obtained by short simulations. Figure S4. Mixtures of LUVs/SUVs composed of PS facilitate the formation
of β-sheet structures. Figure S5. The cationic lipid surface is not a critical factor for β-sheet aggregation on
hIAPP segments. Figure S6. Displacement of peptides on the z-axis of PS-bilayers (MSD) obtained by short
simulations. Figure S7. Effect of SUVs composed of 1-palmitoyl-2-oleoyl-sn-glycerol (POPG) on the structure of
IAPP variants. Figure S8. Effect of lysophosphatidic acid incubation on the secondary structure of C-native (A),
F23R variant (B), and N-native (C). Figure S9. Characterization of several fractions obtained during endoplasmic
reticulum (ER) isolation.
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Abstract: Pomegranate (Punica granatum) is a well-established folklore medicine, demonstrating benefits
in treating numerous conditions partly due to its antimicrobial and anti-inflammatory properties.
Such desirable medicinal capabilities are attributed to a high hydrolysable tannin content, especially
punicalagin. However, few studies have evaluated the abilities of pomegranate to promote oral healing,
during situations such as periodontal disease or trauma. Therefore, this study evaluated the antioxidant
and in vitro gingival wound healing effects of pomegranate rind extract (PRE) and punicalagin, alone
and in combination with Zn (II). In vitro antioxidant activities were studied using DPPH and ABTS
assays, with total PRE phenolic content measured by Folin–Ciocalteu assay. PRE, punicalagin and
Zn (II) combination effects on human gingival fibroblast viability/proliferation and migration were
investigated by MTT assay and scratch wounds, respectively. Punicalagin demonstrated superior
antioxidant capacities to PRE, although Zn (II) exerted no additional influences. PRE, punicalagin and
Zn (II) reduced gingival fibroblast viability and migration at high concentrations, but retained viability
at lower concentrations without Zn (II). Fibroblast speed and distance travelled during migration were
also enhanced by punicalagin with Zn (II) at low concentrations. Therefore, punicalagin in combination
with Zn (II) may promote certain anti-inflammatory and fibroblast responses to aid oral healing.

Keywords: pomegranate; punicalagin; tannins; gingiva; fibroblasts; antioxidant; wound healing

1. Introduction

Wound healing is a complex process, involving a chain of well-orchestrated biochemical and
cellular events that effect the repair of diseased or damaged tissues. Healing is mainly achieved through
four precise and programmed phases: homeostasis, inflammation, proliferation and remodeling.
These phases must occur in an orderly and suitable timeframe which is essential to normal healing,
although disruption to these mechanisms by various factors may cause delayed or non-healing to
occur [1].

Wounds within the oral cavity can be caused by many factors, including trauma, periodontal
disease and surgery. Although the oral cavity harbors a wide variety of commensal microbial
species [2], its distinct environment with continuous salivary flow helps prevent contamination and
infection [3,4]. Furthermore, although oral and dermal wounds proceed through similar stages of
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healing, oral wounds are characterized by rapid healing with minimal scar formation, mediated in
part via enhanced fibroblast and keratinocyte repair responses [5,6]. However, despite such superior
healing properties, oral wounds are common and yet difficult to protect using conventional wound
dressing approaches; and therefore are susceptible to microbial contamination and further trauma,
such as during mastication [7]. For the treatment of the oral wounds, antibiotics, corticosteroids,
non-steroidal anti-inflammatory drugs (NSAIDs) and disinfectants, such as chlorhexidine, have
all been used to accelerate the healing process and prevent patient disconformity [8]. However,
these drugs are commonly associated with various side effects, such as gastrointestinal damage,
discoloration, dysgeusia and excessive sensitivity in the oral mucosa [9]. Therefore, alternative
pharmaceutical therapies are needed for the promotion of oral wound healing, which overcome these
issues. Natural compounds and formulations may offer such promise, as many have had strong
historical roles in the treatment of many different diseases and conditions worldwide. As a result,
natural products are favored by modern societies and consumer acceptance is high [10,11]. Indeed,
it has been suggested that medicinal plants have more efficacious healing properties and less adverse
effects than the other more synthetic pharmaceutical chemicals [12,13].

Pomegranate (Punica granatum), a part of the punicaceae family native to the Middle East, is a
well-established folklore medicine, and mainly cultivated in Iran, India, USA and most of the near and far
eastern countries. It has been used in the treatment of dysentery, diarrhoea and stomatitis in traditional
medicine in many cultures which is documented in Egyptian Papyrus of Ebers [14,15]. Recent studies
have shown that pomegranate demonstrates benefits in treating numerous conditions, due to its
anticancer, antimicrobial, anti-inflammatory and antioxidant properties [16]. The different parts of
the pomegranate have rich sources of secondary metabolites with potential biological activities [17].
The fruit exocarp (rind) is particularly abundant in hydrolysable tannins, in particular punicalagin,
which is a large (mw 1,084.71 g/mol) molecule comprised of gallagic acid and ellagic acid linked via
a glucose moiety (Figure 1) [18,19]. These compounds have been attributed as being the primary
sources of bioactivity responsible for the desirable medicinal properties of pomegranate, including
their dermal wound healing efficacies [19–24]. Indeed, from our previous work, pomegranate rind
extract (PRE) and punicalagin itself have been shown to exhibit potent anti-inflammatory, antimicrobial
and antiviral activities, which can be further potentiated by combination with Zn (II) ions [25–28].
Zn (II) itself also has a prominent role in all stages of wound repair, regulating immuno-inflammatory
cell, endothelial cell, keratinocyte and fibroblast responses [29,30]. Indeed, the importance of Zn (II) to
successful wound repair outcomes is supported by studies correlating delayed healing with deficient
Zn (II) levels and enhanced repair following the topical application of Zn-containing compounds.
Thus, it may be hypothesized that PRE and punicalagin supplementation with Zn (II) can promote
additional beneficial wound healing effects. However, whereas beneficial PRE and punicalagin effects
on dermal wound healing are supported in the literature, no studies have to date examined whether
PRE and punicalagin could offer similar therapeutic wound healing benefits within the oral cavity.
Therefore, the purpose of the present study was to evaluate the potential of PRE and punicalagin,
with and without Zn (II), used to promote the healing of oral wounds caused by periodontal disease
or trauma. Specifically, PRE, punicalagin, Zn (II) alone and Zn (II) in combination with PRE and
punicalagin were assessed for their in vitro antioxidant activities, in addition to their effects on the
viability, proliferation and migration of human primary gingival fibroblasts.
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Figure 1. The chemical structure of punicalagin.

2. Materials and Methods

2.1. Materials

Pomegranates were obtained from a local supermarket and were of Spanish origin.
Punicalagin (≥98%), [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide] (MTT), 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid diammonium salt (ABTS), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), Folin–Ciocalteu (F-C) reagent, potassium persulphate, (±)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox); dimethylsulfoxide (DMSO), ascorbic acid and sodium
carbonate (Na2CO3) were all obtained from Sigma-Aldrich (Gillingham, UK). Zinc sulfate heptahydrate
(ZnSO4·7H2O), potassium hydrogen phthalate, Dulbecco’s Modified Eagle Medium (DMEM), fetal calf
serum (FCS), L-glutamine and antibiotics/antimycotics were obtained from ThermoFisher Scientific
(Loughborough, UK).

2.2. Preparation of Pomegranate Rind Extract (PRE)

The rind of the pomegranates was peeled with a scalpel and cut to approximately 2 cm2 pieces.
The net weight of the rind was 300 g. This was blended (25%) w/v in deionized water in a standard
blender until visibly homogenous. The blended rind in deionized water was boiled for 10 min and
centrifuged (×4) using a Heraeus Multifuge 3S/3S-R centrifuge (5980× g at 4 ◦C for 30 min), before
filtration through a Whatman 0.45 μm nylon membrane filter. The collected solution was freeze
dried, protected from light and stored at −20 ◦C until required. The desired concentration of PRE
was prepared in pH 4.5 phthalate buffer and sterilized by using a 0.45 μm Millex-FG syringe-driven
filter [26]. Punicalagin concentrations were determined by HPLC (Thermo LCQ classic LCMS with ESI
source) according to method of Seeram et al. [31]; and found that 1 mg/mL PRE contains approximately
17 μg punicalagin.

2.3. Determination of Total Phenolic Content

The Folin–Ciocalteu (F-C) colorimetric assay was used to quantify the total phenolic content
in PRE, according to method by Ainsworth and Gillespie [32]. Briefly, 0.5 mg/mL PRE samples
were prepared and 200 μL 10% (v/v) F-C reagent was added to 100 μL of the prepared PRE samples,
followed by the addition of 800 μL 700 mM Na2CO3. Samples were incubated at room temperature
for 2 h. After the incubation period, 200 μL of each sample was added to 96-well plates and the
absorbance values read at 760 nm on a plate reader (Fluostar Optima, BMG Labtech, Aylesbury, UK).
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The concentration of phenolic compounds in the PRE was shown as tannic acid equivalents (TAE) per
gram of freeze-dried sample.

2.4. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Assay

The DPPH assay was used to evaluate the scavenging of stable radicals by PRE, punicalagin,
Zn (II) and PRE and punicalagin in combination with Zn (II), as previously described [33]. Briefly,
samples were initially prepared in 0.2 mM DPPH solution and two-fold serial dilutions made in 96-well
plates for each sample. Plates were wrapped in foil and incubated for 30 min at room temperature.
After 30 min, the absorbance values of each sample were read at 515 nm as above, versus samples
containing only DPPH (negative control), with ascorbic acid used as a positive control. The % of the
radical scavenging activities of each sample was calculated as follows:

% DPPH scavenging = 100 × [1 − (ODsample/ODcontrol)

The concentration of each sample which scavenged 50% of the initial DPPH radicals generated
was calculated by interpolating the [(Abs of the sample) − (Abs sample blank)] into a calibration
curve generated by the DPPH absorbance values at different sample concentrations. All assays were
performed on 3 separate occasions, with each experiment including 3 replicates.

2.5. The 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic-acid (ABTS) Radical Scavenging Assay/Trolox
Equivalent Antioxidant Activity (TEAC)

The antioxidant potential of PRE, punicalagin, Zn (II) and PRE and punicalagin in combination
with Zn (II), was also assessed using the ABTS/TEAC assay, based on the study by Re et al. [34].
This assay is based on the ability of compounds to scavenge the ABTS radical, produced by the
reaction between 7 mM ABTS and 2.45 mM potassium persulphate. The ABTS solution was prepared
and diluted to a final absorbance of 0.7 ± 0.2 at 734 nm obtained using a plate reader, as described
above. The antioxidant capacities of PRE and punicalagin (both 0.5 mg/mL) and 0.1 mM Zn (II) were
determined. Trolox (0–400 μg/mL) was used as a positive control and to express the data as Trolox
equivalent antioxidant capacity (TEAC). All assays were performed on 3 separate occasions, with each
experiment including 3 replicates.

2.6. Cell Culture

Human primary gingival fibroblasts were obtained from the American Type Cell Culture Collection
(ATCC, Manassas, VA, USA). Gingival fibroblasts were cultured in DMEM supplemented with 10%
heat-inactivated FCS, 1% L-glutamine (2 mM) and 1% antibiotic/antimycotic solution. Cells were
incubated at 37 ◦C in a humidified atmosphere of 5 % CO2. The passage number of cells used in all
experiments was between 2 and 7.

Samples were prepared fresh on the day of treatment. Different concentrations of PRE
(0.1–100 μg/mL), punicalagin (0.1–10 μg/mL), ZnSO4.7H2O (0.1 mM) and PRE and ZnSO4·7H2O
(0.1 mM), punicalagin and ZnSO4·7H2O (0.1 mM) were prepared. Freeze-dried PRE, Zn (II) and
punicalagin were firstly dissolved in phthalate buffer pH 4.5 to make the stock solutions, and then filtered
using 0.2 μm Minisart syringe filters made of acrylic resin, methacrylate butadiene styrene (Sartorius
Stedim Biotech GmbH, Göttingen, Germany), under sterile conditions. Compound concentrations
were further prepared in DMEM containing 1% FCS, 1% L-glutamine and 1% antibiotics/antimycotics.
Control culture medium was also supplemented with 1% phthalate buffer pH 4.5 to negate any
influences on cellular activities by the buffer itself.

2.7. Cell Viability and Proliferation

The effects of PRE, punicalagin, Zn (II) and PRE and punicalagin in combination with Zn (II) on
gingival fibroblast viability and proliferation were determined MTT assay [35]. Gingival fibroblasts
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were seeded into 96-well plates at a density of 2.5 × 103 cells/well and cultured at 37 ◦C/5% CO2 for
24 h. After 24 h, the media was changed to serum-free DMEM and the cells cultured for a further 24 h.
Cells were subsequently treated with various concentrations of the samples for 24, 48 and 72 h, with
media changes every 24 h. At each time point, 25 μL MTT (5 mg/mL in phosphate buffered saline,
PBS) was added to each well and cultured at 37 ◦C/5% CO2 for 4 h. After 4 h incubation, the MTT was
discarded and each well treated with 100 μL pure DMSO, followed by further incubation at 37 ◦C/5%
CO2 for 30 min, with light protection. The absorbance values of each well were then read at 570 nm.
Sample effects on cell viability and proliferation were expressed as % viable cells versus untreated
controls, which were arbitrarily assigned a viability of 100%. All assays were performed on 3 separate
occasions, with each experiment including 6 replicates.

2.8. Cell Migration and Wound Repopulation

The effects of PRE, punicalagin, Zn (II) and PRE and punicalagin in combination with Zn (II),
on fibroblast migration were assessed for the ability to stimulate in vitro scratch wound repopulation,
as previously described [36]. Gingival fibroblasts were seeded into 24-well plates at a density of
2.5 × 104 cells/well and cultured at 37 ◦C/5% CO2 for 48 h. After 48 h, the media was changed to
serum-free DMEM and the cells cultured for a further 24 h. Serum-free DMEM was removed and
scratch wounds made using sterile pipettes. Fibroblasts were subsequently treated with different
concentrations of test sample, with untreated cells in serum-free media serving as negative controls.
Cell migration and wound repopulation were monitored by automated time-lapse microscopy, using
a Cell-IQ® Automated Cell Culture and Analysis System (Chip-Man Technologies Ltd., Tampere,
Finland), at 37 ◦C/5% CO2. Digital images taken every 20 min over a 48 h period, using Cell-IQ
Analyser™ Software, whilst ImageJ® Software (Version 1.49, https://imagej.nih.gov/ij/), were used to
quantify cell migration parameters, including: cell displacement (Td), overall velocity (Td/t), distance
travelled (Tt) and migratory speed (Tt/t). Each experiment was performed on 3 separate occasions,
with each experiment including 3 replicates.

2.9. Statistical Analysis

Data values were expressed as the average ± standard error of the mean (SEM). Statistical analysis
of antioxidant data was performed using the Duncan’s multiple range test. Statistical analysis of
gingival fibroblast viability, proliferation and migration was performed by one-way ANOVA with
Tukey’s multiple comparison post-test. Statistical analyses were performed using the GraphPad Prism,
Version 8.00 (GraphPad Software, San Diego, CA, USA). Significance was considered at p < 0.05.

3. Results

3.1. Total Phenolic Content

The quantitative determination of the total phenolic content of PRE was expressed in μg TAE per
g of freeze-dried PRE. The results showed that, on average, freeze-dried PRE contained 496 mg TAE/g.

3.2. Antioxidant Activities Using DPPH and ABTS Assays

The antioxidant capacities of PRE, punicalagin and their combination with 0.1 mM Zn (II) were
assessed using both the DPPH and ABTS assays (Figure 2). The results of the DPPH assay are expressed
as % of DPPH inhibition and IC50 values (the sample concentration needed to inhibit 50% of the initial
DPPH free radical flux). All samples studied showed a dose-dependent response in the % of free
DPPH inhibition. PRE (10.69 ± 0.44%) and PRE in combination with 0.1 mM Zn (II) (8.1 ± 0.27%) were
required at higher concentrations than the ascorbic acid positive controls (8.31 ± 0.64%), to induce 50%
inhibition. However, punicalagin (6.04 ± 0.29%) and its combination with 0.1 mM Zn (II) (6.99 ± 0.20%)
required lower concentrations than the ascorbic acid controls. While there was a slight difference
between the compounds and their Zn (II) combinations, no statistically significant differences were
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observed (p > 0.05). The ABTS assay showed similar patterns of antioxidant capabilities to the DPPH
assay. Punicalagin and punicalagin with 0.1 mM Zn (II) exhibited significantly higher TEAC values
than PRE and PRE with 0.1 mM Zn (II) (p < 0.001). Similarly, 0.1 mM Zn (II) addition did not cause any
significant change in the antioxidant scavenging activities of PRE or punicalagin (p > 0.05).

Figure 2. Antioxidant capabilities of PRE and punicalagin alone and in combination with 28.76 μg/mL
(0.1 mM) Zn (II). (a) % DPPH antioxidant scavenging capacities at different sample concentrations.
(b) TEAC values obtained for each sample, based on the finding of the ABTS assay. Values are presented
as the mean ± SEM (n = 3). TEAC, Trolox equivalent antioxidant capacity. Values followed by the same
capital letter within the same column are not significantly different (p > 0.05) between the compounds
analyzed by Duncan’s multiple range test. * ND; not determined.

3.3. Effects on Gingival Fibroblast Viability and Proliferation

The effects of PRE, punicalagin, Zn (II) and PRE and punicalagin in combination with Zn (II) on
fibroblast viability and proliferation, were determined by MTT assay (Figure 3). According to the
data obtained, 1 mM Zn (II) significantly reduced fibroblast viability and proliferation at all time-
points (p < 0.001), while lower Zn (II) concentrations did not exhibit such decreases at 24 or 48 h
(p > 0.05). When fibroblasts were treated with PRE or punicalagin alone, both showed dose-dependent
decreases in cell viability from 24 h onwards, at the highest concentrations of PRE (100 μg/mL) and
punicalagin (10 μg/mL) examined (p < 0.001). In contrast, lower concentrations of neither PRE nor
punicalagin influenced cell viability, versus untreated negative controls (NC, p > 0.05). However,
PRE and punicalagin combined with 0.1 mM Zn (II) significantly reduced fibroblast viability (p < 0.001),
although treatment with 0.1 mM Zn (II) alone did not decrease viability (p > 0.05).
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Figure 3. Effects of PRE (0.1–100 μg/mL), punicalagin (0.1–10 μg/mL) and 28.76 μg/mL (0.1 mM) Zn
(II) alone and in combination with Zn (II), on human gingival fibroblast viability and proliferation
at 24, 48 and 72 h, as determined by MTT assay. Values are presented as the mean % ± SEM (n = 3).
Mean values with an “a” letter was significantly different than the untreated negative controls (p< 0.001).

3.4. Effects on Gingival Fibroblast Migration and Wound Repopulation

The effects of PRE, punicalagin, Zn (II) and PRE and punicalagin in combination with Zn (II) on
fibroblast migration and wound repopulation were evaluated using the in vitro scratch wound assays,
with cell displacement (Td), overall velocity (Td/t), distance travelled (Tt) and the migratory speed (Tt/t)
of the gingival fibroblasts monitored. PRE (100 μg/mL) and punicalagin (10 μg/mL) reduced gingival
fibroblast migration and wound repopulation, significantly decreasing fibroblast speed compared to
untreated controls (p < 0.001, Figures 4 and 5). In contrast, lower PRE and punicalagin concentrations
increased the speed, cell displacement, overall velocity and distance travelled. However, no significant
differences in these cellular parameters were determined versus untreated controls (all p > 0.05).

Fibroblasts treated with 0.1 mM Zn (II) did not show any significant differences compared to
untreated controls (p > 0.05, Figures 4 and 6). However, the combination of 0.1 μg/mL punicalagin and
0.1 mM Zn (II) induced a significant increase in cell speed and distance travelled, versus untreated
controls (p < 0.001). Likewise, although there was a significant decrease in fibroblasts treated only
with punicalagin at the highest concentration (10 μg/mL), when combined with 0.1 mM Zn (II), this
inhibitory effect was not observed (p > 0.05).
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Figure 4. Representative time-lapse microscopy images of gingival fibroblast migration and wound
repopulation at 48 h, following treatment with PRE and punicalagin (0.1–10 μg/mL) alone and with
28.76μg/mL (0.1 mM) Zn (II). White dashed lines show original scratch wounds at 0 h. Scale bar= 100μm.
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Figure 5. Effects of PRE (0.1–100 μg/mL) and punicalagin (0.1–10 μg/mL) on human gingival fibroblast
scratch wound migration parameters, over 48 h. (a) Cell displacement (Td), (b) overall velocity (Td/t),
(c) distance travelled (Tt), and (d) migration speed (Tt/t). Values are presented as the mean ± SEM
(n = 3, * p < 0.05).

Figure 6. Effects of PRE (0.1–10μg/mL) and punicalagin (0.1–10μg/mL) in combination with 28.76μg/mL
(0.1 mM) Zn (II), on human gingival fibroblast scratch wound migration parameters, over 48 h. (a) Cell
displacement (Td), (b) overall velocity (Td/t), (c) distance travelled (Tt), and (d) migration speed (Tt/t).
Values are presented as the mean ± SEM (n = 3, * p < 0.05, ** p < 0.01).

4. Discussion

In light of its folklore medicinal status, crude pomegranate extracts and its constituent compounds,
such as punicalagin, have received much biomedical attention given the considerable evidence
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supporting their efficacy against a wide range of diseases and conditions, ascribed to its various
anticancer, antimicrobial, anti-inflammatory and antioxidant bioactivities [16]. Although numerous
studies have previously endorsed the beneficial effects of PRE and punicalagin and advocated their
application in the treatment of impaired wound healing responses in skin [19–24], a clinical area which
has largely been overlook from a wound healing viewpoint are the potential abilities of PRE and
punicalagin within the oral cavity, when tissue damage is commonly caused by periodontal disease and
trauma. Indeed, periodontal diseases, comprising gingivitis and periodontitis, are regarded as being
the most common disease of mankind, leading to huge economic burdens for healthcare providers
worldwide [37]. As prevalence is also associated with risk factors such as age and diabetes, projections
estimate further escalations in incidence with ever-increasing age demographics and diabetic rates
worldwide. Although a wide array of therapeutic entities are available, these predominantly possess
antibiotic, antimicrobial or anti-inflammatory properties, thereby indirectly promoting periodontal
healing through the eradication of dental plaque/bacterial biofilm accumulation and/or the exacerbation
of chronic inflammatory responses [8,37]. Furthermore, despite the development of a plethora of
antibiotic and non-antibiotic-based drug delivery approaches to counteract microbial accumulation,
biofilm formation or the inflammation associated with periodontal disease, few agents have fully
progressed to routine clinical use [38,39]. Thus, in addition to addressing the side effects commonly
associated with such therapeutics, the development of efficacious pharmaceutical options with
established potent antimicrobial, anti-inflammatory and pro-healing properties, such as pomegranate,
could meet a significant clinical and public health need in reducing the prevalence and severity of such
conditions on a global scale.

The bioactivities of pomegranate extracts are generally attributed to its phenolic contents.
Although the whole fruit comprises a large number of phenolic compounds, including anthocyanins,
gallotannins, hydroxycinnamic acids, hydroxybenzoic acids and hydrolysable tannins. Compared to
other parts of the fruit, pomegranate rind is known to contain the highest levels of bioactive
polyphenolics, especially hydrolysable tannins such as punicalagin, which are responsible for the
antioxidant activities of the PRE [18,40–43]. Indeed, potent antioxidant activity could play an important
role in periodontal wound healing, as chronic inflammation, excessive reactive oxygen species (ROS)
production and oxidative stress are key contributors to the host connective tissue damage associated
with periodontal disease pathology [44,45]. In this study, it was shown that the total polyphenol content
of the aqueous extract of PRE was 496 mg TAE/g freeze dried pomegranate rind. This result is similar
to study by Malviya and Jha [46], who quantified the total polyphenol content of pomegranate rind
using different solvents and found that water extract had the highest value, 435 mg TAE/g pomegranate
rind. Furthermore, in this study, the antioxidant activity was evaluated using DPPH and ABTS assays.
In both assays, punicalagin showed significantly higher antioxidant activity than PRE when at the
same concentration as punicalagin, although addition of Zn (II) did not cause any significant changes
in the ROS scavenging capacities of punicalagin and PRE, probably due to the stability of the Zn
(II) ion in respect of redox reactions. Seeram et al. [47] found that pomegranate juice had higher
antioxidant activity than punicalagin when they used the same concentrations of pomegranate juice
and punicalagin and suggested a synergistic/additive activity of polyphenols than only one compound
for this result. However, it is very difficult to assess the antioxidant activity, using a single method,
since it can provide only basic information about antioxidant activity but using different methods
can give more detail. There could be differences between the results because of extract and sample
preparation, selection of endpoints and expression of results [48]. That said, it has been suggested
that there is a correlation between the phenolic contents and antioxidant properties of PRE, with the
most abundant polyphenol being punicalagin [46,49,50]. Thus, as the antioxidant assay data in this
study provided a dose-dependent response, this may further imply that polyphenols are responsible
for the antioxidant activity in PRE and punicalagin. Indeed, punicalagin showed higher antioxidant
activity than PRE at the same concentrations in both DPPH and ABTS assays, as PRE contains a range
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of non-phenolic compounds. Therefore, it may be suggested that the antioxidant activity of PRE could
be attributed to its punicalagin content, in line with previous findings [18,40–43,50].

Assessment of PRE and punicalagin effects on human gingival fibroblasts alone and in combination
with Zn (II) showed no stimulation of fibroblast proliferation over the 72 h culture period. In contrast,
PRE and punicalagin significantly reduced fibroblast viability at high concentrations (100 μg/mL
and 10 μg/mL respectively) and when applied with Zn (II). Similar findings have been reported
with other natural compounds and extracts, such as propolis, where despite its antimicrobial and
antioxidant properties mediated through its polyphenol constituents, it can promote significant
fibroblast cytotoxicity when co-administered with Zn (II) [51]. Furthermore, numerous studies have
demonstrated the anti-proliferative or cytotoxic activities of PRE and punicalagin against a wide
range of cancer cell types [22,52–55] and fibroblasts [56]. Similarly, although many studies have
shown the stimulatory effects of Zn (II) on keratinocyte proliferation [29,31], negligible or inhibitory
effects on fibroblast proliferative responses have been identified for Zn (II) [57,58]. However, such
responses are likely to be concentration dependent, as fibroblasts are reported as being resistant to Zn
(II) cytotoxicity <500 mM [59], as evident here.

Further studies evaluated PRE and punicalagin effects on gingival fibroblast migration and wound
repopulation alone and in combination with Zn (II), via the analysis of relevant parameters including
cell migration speed, cell displacement, overall velocity and distance travelled, over 48 h in culture.
High concentrations of PRE (100 μg/mL) and punicalagin (10 μg/mL) significantly inhibited fibroblast
migration and wound repopulation, presumably as a consequence of the cytotoxic effects identified
above. However, lower PRE and punicalagin concentrations maintained or enhanced fibroblast
migration and wound repopulation, equivalent to untreated controls. Furthermore, despite Zn (II)
alone exerting no effects on fibroblast wound repopulation, 0.1 μg/mL punicalagin combined with
0.1 mM Zn (II) induced significant increases in cell speed and distance travelled, versus untreated
controls; whilst 0.1 mM Zn (II) supplementation also attenuated the inhibitory effects of punicalagin
(10 μg/mL) on cell speed. Such stimulatory effects on cell migration are significant, as previous
studies have mostly described the inhibitory effects of PRE and punicalagin on cell motility/invasion,
for instance, in cancer cells [22,52,53]. However, as Zn (II) and Zn-containing compounds can
significantly enhance fibroblast migration and wound closure in vitro and in vivo [29,31,60], Zn (II)
may actually be the key mediator of the increased fibroblast migratory responses identified herein.

Fibroblasts play a pivotal role in mediating wound healing responses, from initial cellular
migration, proliferation and cytokine/growth factor production to subsequent extracellular matrix
(ECM) synthesis/remodeling, wound contraction and closure. Thus, as wound repopulation is
acknowledged to be dependent on the induction of both migratory and proliferative responses [61],
the data presented herein would suggest that punicalagin and Zn (II) primarily promote oral fibroblast
migration, rather than proliferation, in light of the absence of stimulated fibroblast proliferative
responses induced by these concentrations alone or in combination. However, although oral and
dermal wounds proceed through similar stages of healing, oral wounds are well- characterized
by minimal inflammatory and angiogenic responses, rapid healing and minimal scar formation; unlike
dermal wounds [5,6], with such superior healing responses attributed to the specialized genotypic
and phenotypic properties of fibroblasts residing within oral tissues. In contrast, in non-healing skin
wounds, such cellular responses are impaired, leading to failed wound closure [62]. Thus, fibroblast
viability and induced proliferative and migratory responses are key events in normal repair processes,
although differences in the responses of oral and dermal fibroblasts to specific PRE or punicalagin
concentrations may be a consequence of the well-established differences in proliferative and migratory
capabilities which exist between these distinct fibroblast populations [6].

Although the positive dermal wound healing activities of PRE and punicalagin have been
recognized for some time [19–24], our findings are the first to report on the potential wound healing
benefits of punicalagin in combination with Zn (II) to oral wounds caused by periodontal disease
or trauma, in terms of alleviating ROS levels and oxidative stress and by stimulating gingival
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fibroblast migration. Whereas such particular antioxidant and pro-migratory responses could benefit
gingival repair processes, it remains to be determined whether PRE or punicalagin alone or with
Zn (II) supplementation possess any bactericidal, bacteriostatic or anti-biofilm properties versus the
pathogenic Gram-negative bacterial species commonly associated with the initiation and progression
of periodontal disease, such as Porphyromonas gingivalis [63], as established with microflora from
other clinical situations [16,25,40,46]. However, such antimicrobial properties are currently under
investigation. As uncontrolled biofilms initiate and sustain the inflammatory and resident connective
tissue cell destruction in periodontal tissues, the therapeutic limitation or eradication of microbial
biofilm accumulation by PRE or punicalagin would undoubtedly help inhibit the development and
progression of periodontal disease evoking further tissue reparative responses.

5. Conclusions

Although pomegranate (Punica granatum) extracts and its bioactive constituents, such as
punicalagin, have been used since ancient times to treat a broad range of diseases and conditions, only
now have studies begun to assess its therapeutic potential for the treatment of wounds within the oral
cavity, such as those manifested during periodontal disease or trauma. Both PRE and punicalagin were
shown to possess potent antioxidant capabilities, whilst punicalagin combined with Zn (II) further
induced human gingival fibroblast migration and wound repopulation responses, but exerted no
stimulatory effects on fibroblast proliferation. Therefore, purified punicalagin in combination with
Zn (II) may offer potential benefits as a natural compound-based therapy, aiding wound healing
mechanisms within the oral cavity.
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Abstract: The study aimed to test the hypothesis that monomethyl branched-chain fatty acids (BCFAs)
and a lipid extract of Conidiobolus heterosporus (CHLE), rich in monomethyl BCFAs, are able to
activate the nuclear transcription factor peroxisome proliferator-activated receptor alpha (PPARalpha).
Rat Fao cells were incubated with the monomethyl BCFAs 12-methyltridecanoic acid (MTriA),
12-methyltetradecanoic acid (MTA), isopalmitic acid (IPA) and 14-methylhexadecanoic acid (MHD),
and the direct activation of PPARalpha was evaluated by reporter gene assay using a PPARalpha
responsive reporter gene. Furthermore, Fao cells were incubated with different concentrations of
the CHLE and PPARalpha activation was also evaluated by using the reporter gene assay, and by
determining the mRNA concentrations of selected PPARalpha target genes by real-time RT-PCR.
The reporter gene assay revealed that IPA and the CHLE, but not MTriA, MHD and MTA, activate the
PPARalpha responsive reporter gene. CHLE dose-dependently increased mRNA concentrations of
the PPARalpha target genes acyl-CoA oxidase (ACOX1), cytochrome P450 4A1 (CYP4A1), carnitine
palmitoyltransferase 1A (CPT1A) and solute carrier family 22 (organic cation/carnitine transporter),
member 5 (SLC22A5). In conclusion, the monomethyl BCFA IPA is a potent PPARalpha activator.
CHLE activates PPARalpha-dependent gene expression in Fao cells, an effect that is possibly mediated
by IPA.

Keywords: branched-chain fatty acids; Conidiobolus heterosporus; peroxisome proliferator-activated
receptor α; lipid metabolism; fatty acid oxidation; hepatocyte

1. Introduction

The peroxisome proliferator-activated receptor alpha (PPARalpha) is a transcription factor that
belongs to the superfamily of nuclear hormone receptors and is predominantly expressed in tissues
with high rates of fatty acid oxidation. PPARalpha can be activated by micromolar concentrations
of a variety of peroxisome proliferators including synthetic agonists, such as fibrates, a class of
hypolipidemic drugs, and natural agonists, such as fatty acids (e.g., dietary ω-3 polyunsaturated fatty
acids (PUFAs), like arachidonic acid (AA), linoleic acid (LA) or α-linolenic acid (ALA)), eicosanoids
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and their derivatives [1–3]. Upon activation, PPARalpha upregulates the expression of a large set
of target genes involved in fatty acid uptake, transport and oxidation through binding to a specific
sequence, called peroxisome proliferator response element (PPRE), in the regulatory region of these
genes [4]. In addition, PPARalpha inhibits several proinflammatory genes through a negative crosstalk
with the key regulator of inflammation, nuclear factor-kappa B, especially in the vasculature [5]. Owing
to this, PPARalpha activators exhibit lipid-lowering and atheroprotective effects, thereby reducing the
risk of developing cardiovascular diseases (CVDs) [6].

Apart from the abovementioned PPARalpha activators, the tetramethyl branched-chain,
isoprenoid-derived fatty acids phytanic acid (3,7,11,15-tetramethylhexadecanoic acid) and pristanic acid
(2,6,10,14-tetramethylpentadecanoic acid) as well as their CoA-thioesters were shown to be high-affinity
natural ligands and potent activators of PPARalpha [7–10]. In addition, the feeding of phytol, which is
metabolized to phytanic acid following absorption from the intestine, was found to activate PPARalpha
in tissues of mice [11]. Branched-chain fatty acids (BCFAs) are primarily saturated fatty acids,
both even-carbon- and odd-carbon-numbered, with one or more methyl branches, accordingly called
mono- or multimethyl BCFAs, respectively. The branching is mainly at the penultimate (iso) or next
to the penultimate carbon atom (anteiso). BCFAs belong to the minor fatty acids in food and are
found in ruminant products (dairy and beef) due to synthesis by ruminal microorganisms [12,13];
they are also present at significant levels in fermented foods of animal (shrimp paste, fish sauce)
and nonanimal origin (sauerkraut) [13,14]. In addition, BCFAs occur naturally in bacterial lipids
and in several fungi [15,16]. As early as 1967, Tyrrell described the composition of fatty acids in
various species of the fungal genus Conidiobolus and reported proportions of BCFAs of up to 73% of
total fatty acids [17]. Among these Conidiobolus species, the Conidiobolus heterosporus Drechsler 1953,
first described by Tyrrell in 1971, belonging to the phylum Zygomycota, contains 53% of the total fatty
acids as BCFAs, with the main BCFA being 12-methyltridecanoic acid (MTriA, iso-C14:0) (33% of total
fatty acids), 12-methyltetradecanoic acid (MTA, anteiso-C15:0) (13%), 14-methylpentadecanoic acid
(=isopalmitic acid, IPA, iso-C16:0) (6%) and 14-methylhexadecanoic acid (MHD, anteiso-C17:0) (1%) [18].
In contrast to the multimethyl BCFAs phytanic acid or pristanic acid, the BCFA species contained in
Conidiobolus heterosporus, like MTriA, MTA, IPA and MHD, are monomethyl BCFAs. Whether these
monomethyl BCFAs are also able to activate PPARalpha, however, is currently unknown.

Therefore, the present study aimed to test the following two hypotheses: First, based on the
structural similarity between multimethyl BCFAs and monomethyl BCFAs, we tested the hypothesis that
monomethyl BCFAs are potent PPARalpha activators. Second, due to the high amount of monomethyl
BCFAs in Conidiobolus heterosporus lipids, we tested the hypothesis that a lipid extract of Conidiobolus
heterosporus (CHLE) also activates PPARalpha and thereby induces the expression of PPARalpha target
genes. To test these two hypotheses, we treated rat Fao hepatoma cells, a frequently used cell line to
investigate the ability of different substances to activate the PPARalpha pathway, with the monomethyl
BCFAs MTriA, MTA, IPA and MHD, in isolated form and with various concentrations of the CHLE and
tested their ability to activate PPARalpha by determining PPARalpha transactivation and induction of
PPARalpha target genes. As a positive control, we used WY-14643, a synthetic agonist of PPARalpha,
and two PUFAs, LA and ALA, both of which are naturally occurring PPARalpha agonists [2].

2. Materials and Methods

2.1. Submerged Cultivation of Conidiobolus heterosporus, Fungal Lipid Extraction and Preparation of Fatty
Acid Methyl Esters

Conidiobolus heterosporus Drechsler 1953, which belongs to the phylum Zygomycota, order
Entomophtorales, family Ancylistaceae and the genus Conidiobolus, was obtained from Centraalbureau
voor Schimmelcultures (CBS 138.57; Utrecht, Netherlands), and grown in submerged cultures following
a previously described method [19]. For the precultures, 100 mL of yeast extract (3 g/L) and malt
extract (30 g/L) (YM) medium (Merck KGaA, Darmstadt, Germany) in 250 mL Erlenmeyer flasks was
used. After 3 days, the precultures were homogenized for 30 s at 9800 rpm using an Ultra Turrax
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homogenizer (IKA, Staufen, Germany). For the main cultures, 20 mL of the homogenized suspension
was used to inoculate 200 mL of YM medium in 500 mL Erlenmeyer flasks. The cultivations were
carried out in an Ecotron incubation shaker (25 mm shaking diameter, 150 rpm, 24 ◦C) (Infors GmbH,
Einsbach, Germany) for 5 days. For harvesting, the fungal mycelium was separated from the culture
broth by vacuum filtration with a Buchner funnel (110 mm) and a DP 595 cellulose filter paper (Albet
LabScience, Dassel, Germany).

Total lipids were extracted by the Soxhlet method. After saponification of 150 mg CHLE with
4 mL 0.5 M NaOH in methanol (80 ◦C, 10 min), free fatty acids were converted into their corresponding
fatty acid methyl esters (FAMEs) by addition of 3.5 mL boron trifluoride-methanol solution (20%)
and heating to 80 ◦C for 5 min as described previously [19]. After addition of 1 mL n-hexane and
incubation at 80 ◦C for 1 min, 3 mL saturated NaCl solution was added. The organic phase was dried
over anhydrous sodium sulfate overnight.

2.2. Analysis of Fatty Acid Composition

The fatty acid composition of the fungal lipid extract was determined by using an Agilent 7890A
gas chromatograph (Agilent Technologies, Waldbronn, Germany), equipped with a model 5975C mass
spectrometry detector (Agilent Technologies), under the following conditions: carrier gas, helium
(5.0); constant flow rate, 1.2 mL/min; inlet temperature, 250 ◦C; split ratio, 10:1; septum purge flow
rate, 3 mL/min; 30 m × 0.25 mm i.d., 0.25 μm BP21 (FFAP) column (SGE Europe Ltd, Milton Keynes,
UK); temperature program, 40 ◦C (3 min) and 5 ◦C/min to 240◦C (12 min); scan mode, TIC; scan range,
m/z 33–400; electron ionization energy, 70 eV; source temperature, 230 ◦C; quadrupole temperature,
150 ◦C; transfer line temperature, 250 ◦C. The identification of the fatty acids was carried out by
the comparison of retention indices with the reference standard Supelco 37 component FAME mix
(Sigma-Aldrich, Taufkirchen, Germany). To determine the fatty acid composition, all FAME peak areas
were summed up, set to 100%, and the results were expressed as a relative percentage for each fatty
acid. The fatty acid composition of the CHLE is listed in Table 1.

2.3. Chemical Reagents

Ham’s F12 medium, fetal calf serum (FCS), gentamycin and Trizol were purchased from Invitrogen
(Karlsruhe, Germany). WY-14,643; the isolated fatty acids LA (≥99% pure), ALA (≥99% pure),
IPA (≥98% pure), MTriA (≥98% pure), MHD (≥98% pure) and MTA (≥98% pure); and the MTT
(3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide; Thiazole Blue) stock solution were
obtained from Sigma-Aldrich (Steinheim, Germany).

2.4. Cell Culture

The rat hepatoma Fao cell line [20] was obtained from the European Collection of Cell Cultures
(ECACC Cat. No. 89042701; Salisbury, UK) and grown in Ham’s F12 medium supplemented with 10%
FCS and 0.5% gentamycin at 37 ◦C and humidified atmosphere of 95% air and 5% CO2. Fao cells were
seeded either in 24-well culture plates (Greiner Bio-One, Frickenhausen, Germany) at a cell density of
2.1 × 105 per well for cell viability assay and qPCR analysis or in 96-well culture plates at a cell density
of 17 × 104 per well.

2.5. Cell Treatments

After reaching 70–80% confluency, cells were treated with either CHLE, WY-14,643 or various
isolated fatty acids (LA, ALA, MTriA, MTA, IPA or MHD) for 24 h at the concentrations indicated.
Incubation media containing isolated fatty acids were prepared by diluting the fatty acid stock solutions
(100 mM in ethanol) with low-serum Ham’s F12 medium (0.5% FCS) as described previously [21]. Prior
to adding CHLE into the incubation media, an aliquot of the stock solution (100 mM in ethanol, based
on the molecular weight of an average triglyceride of 850) was evaporated under a nitrogen stream
and dissolved in 0.03 N NaOH at room temperature to saponify triglycerides and bidistilled water.
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Afterwards, the saponified CHLE was diluted in low-serum Ham’s F12 medium (0.5% FCS) (pH 7-8).
WY-14,643 was added to the low-serum medium from a 100 mM stock solution dissolved in DMSO.
Cells treated with the vehicle alone (DMSO for WY-14,643, ethanol for isolated fatty acids, low-serum
medium for CHLE) were used as controls and contained the same vehicle (ethanol) concentration
(ethanol: 0.5 % (v/v); DMSO: 0.05% (v/v)). After addition of either CHLE, isolated fatty acids or
WY-14,643 to the medium, the medium was gently mixed at RT to ensure complete solubility of the
added substances. No signs of precipitation could be observed.

Table 1. Fatty acid composition of the Conidiobolus heterosporus lipid extract.

Fatty Acids 1 Area (%)

Branched-chain fatty acids (BCFAs) 52.7
iso-C14:0 (MTriA) 33.0
anteiso-C15:0 (MTA) 13.1
iso-C16:0 (IPA) 5.9
anteiso-C17:0 (MHD) 0.7

Straight-chain fatty acids 39.5
C12:0 0.3
C13:0 1.4
C14:0 5.4
C14:1 0.1
C15:0 4.8
C16:0 7.8
C16:1 0.6
C17:0 0.4
C18:0 1.3
C18:1 1.7
C18:2 0.7
C18:3 (γ-linolenic acid) 0.8
C20:0 0.2
C20:1 0.2
C20:2 0.3
C20:3 1.1
C20:4 9.4
C20:5 0.4
C22:0 0.2
C22:1 0.3
C22:2 0.3
C23:0 0.1
C24:0 1.4
C24:1 0.3
Sum of saturated straight-chain fatty acids 23.3
Sum of monounsaturated straight-chain fatty acids 3.2
Sum of polyunsaturated straight-chain fatty acids 13.0

Total others 7.8
1 Only fatty acid methyl esters in quantities greater 0.1% were considered.

2.6. Cell Viability Assay

Cell viability after treatment with either CHLE or isolated fatty acids was assessed by the MTT
assay [22]. Briefly, after removing the incubation media, 5 mg/mL MTT stock solution dissolved in
PBS (140 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.8 mM KH2PO4; pH 7.4) was added to each well,
and cells were incubated at 37 ◦C for 4 h. Subsequently, the MTT/PBS solution was removed, and the
formazan crystals generated during the incubation period were dissolved by adding isopropanol in
0.04 N HCl. After the crystals were completely dissolved, the solution was transferred into a 24-well
plate, and its absorbance was measured at the wavelength of 540 nm using an Infinite 200 M microplate
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reader (Tecan, Männedorf, Switzerland). Cell viabilities are expressed as percentage of control cells,
which was set to 100%.

2.7. Transient Transfection and Dual Luciferase Reporter Assay

After reaching 70–80% confluency, cells were transiently transfected with 50 ng of a 3X ACO-PPRE
vector (containing three copies of consensus PPRE from the ACO promoter in front of a luciferase
reporter gene) and pGL4.10 vector as negative control using FuGENE 6 transfection reagent (Roche
diagnostics, Mannheim, Germany) for 12 h according to the manufacturer’s protocol. Cells were also
co-transfected with 5 ng of pGL4.74 Renilla luciferase (encoding the Renilla luciferase reporter gene;
Promega, Mannheim, Germany), which was used as internal control reporter vector to normalize
for differences in transfection efficiency (Promega). After transfection, cells were treated with
either WY-14643; the isolated fatty acids LA, ALA, MTriA, MTA, IPA or MHD; or the CHLE at the
concentrations indicated or vehicle alone for 24 h. Afterwards, cells were washed with PBS and lysed
with lysis buffer (Promega). Luciferase activities were determined with Beetle-Juice and Renilla-Juice
Kits from PJK (Kleinblittersdorf, Germany) in a Mithras LB940 luminometer (Berthold Technologies,
Bad Wildbad, Germany). For control of background luminescence, Firefly and Renilla luciferase
activities were also determined in the lysates of nontransfected control cells and subtracted from
luminescence of transfected cells. Data were normalized for transfection efficiency by dividing Firefly
luciferase activity of the 3X ACO-PPRE plasmid by that of Renilla luciferase activity of the co-transfected
pGL4.74 Renilla luciferase plasmid. Results represent normalized luciferase activities and are shown
relative to cells transfected with pGL4.10 vector and treated with the vehicle only, which was set to 1.

2.8. Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction (qPCR)

After treatment, the media were discarded, the cells were washed once with PBS and total RNA
was isolated using Trizol reagent according to the manufacturer’s protocol. Total RNA (1.2 μg) was
reverse-transcribed using 60 U M-MuLV reverse transcriptase in a Biometra Thermal Cycler (Whatman
Biometra, Göttingen, Germany). The cDNA was stored in aliquots at −20 ◦C. Subsequent real-time
RT-PCR analysis of selected PPARalpha target genes and reference genes and calculation of gene
expression data was performed as described recently in detail [23]. The normalization factor was
calculated as the geometric mean of expression data of the three most stable out of six tested potential
reference genes (CANX, MDH1, ACTB, RPL13, TOP1 and ATP5B). Means and SD were calculated from
normalized expression data for cells of the same treatment group. The mean of the vehicle control
cells was set to 1, and the mean and SD of the treated cells were scaled proportionally. Features of
gene-specific primer pairs are listed in Supplementary Table S1.

2.9. Statistics

Statistical analysis was performed using the Minitab statistical software (Release 13, Minitab Inc.,
State College, PA, USA). Normal distribution of variables was tested with the Anderson–Darling test.
Since all data showed normal distribution, the effects of different concentrations of CHLE, isolated fatty
acids and WY-14643 in comparison to control treatment were analyzed by Student’s t-test. Post-hoc
analysis was performed using Fisher’s multiple comparison test. Means were considered significantly
different from control at p < 0.05. Data are means ± SD calculated from three independent experiments.
In each independent experiment, all treatments were represented in 4 (qPCR) and 8 (reporter assay,
MTT assay) wells (representing the numbers of technical replicates per treatment).

3. Results

3.1. Effects of Isolated Fatty Acids and CHLE on Cell Viability of Rat Fao Cells

Incubation with either isolated BCFAs or straight-chain fatty acids for 24 h did not impair cell
viability up to a concentration of about 200 μM, with the exception of MTriA, as demonstrated by the
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MTT assay (Figure 1A). Cell viability of Fao cells was, however, not reduced by 24 h incubation with
the monomethyl BCFA MHD up a concentration 500 μM, the highest concentration tested (Figure 1A).
Cell viability of Fao cells was not reduced by 24 h incubation with CHLE up to a concentration of
500 μM (Figure 1B)

Figure 1. Effects of isolated fatty acids (A) and Conidiobolus heterosporus lipid extract (CHLE) (B) on cell
viability of Fao cells. Fao cells were treated either without (vehicle) or with different concentrations of
linoleic acid (LA), α-linolenic acid (ALA), isopalmitic acid (IPA), 12-methyltridecanoic acid (MTriA),
14-methylhexadecanoic acid (MHD), 12-methyltetradecanoic acid (MTA) or CHLE for 24 h, and cell
viability was measured by the MTT assay. Bars represent means ± SD of three independent experiments.
(A) The dashed line indicates the vehicle control (=100%). * p < 0.05 compared with vehicle control.

3.2. Effects of Isolated Fatty Acids and CHLE on PPARalpha Transactivation

Using a PPARalpha-responsive reporter gene, we studied the effect of CHLE and isolated fatty
acids contained in the CHLE on PPARalpha transactivation. As shown in Figure 2, the synthetic
PPARalpha agonist WY-14,643 markedly increased the luciferase activity of the PPARalpha-responsive
reporter gene about 12-fold compared to vehicle control (p < 0.05). IPA, one of the main monomethyl
BCFAs of the CHLE, increased the luciferase activity of the reporter gene about 3.5-fold (p < 0.05),
while the other monomethyl BCFAs, namely MTriA, MHD and MTA, did not (Figure 2). Treatment of
cells with CHLE increased the luciferase activity of the PPARalpha-responsive reporter gene about
4-fold compared to vehicle control (p < 0.05). The straight-chain fatty acids LA and ALA increased the
luciferase activity of the reporter gene about 4- and 3-fold, respectively, compared to vehicle control
(p < 0.05, Figure 2).

3.3. Effect of CHLE on the mRNA Concentration of PPARalpha Target Genes

Treatment with CHLE increased the mRNA concentrations of the PPARalpha target genes solute
carrier family 22 (organic cation/carnitine transporter), member 5 (SLC22A5), acyl-CoA oxidase
(ACOX1), carnitine palmitoyltransferase 1A (CPT1A) and cytochrome P450 4A1 (CYP4A1) in a
dose-dependent manner (p < 0.05, Figure 3). The strongest increase was observed for CYP4A1,
which was increased 6-fold by 500 μM CHLE compared to control (p < 0.05, Figure 3). As expected,
the synthetic PPARalpha agonist WY-14,643 caused a markedly stronger induction of all PPARalpha
target genes investigated when compared to CHLE (p < 0.05, Figure 3).
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Figure 2. Effects of isolated fatty acids, Conidiobolus heterosporus lipid extract (CHLE) and synthetic
PPARalpha agonist WY-14,643 on PPARalpha transactivation in Fao cells. Fao cells were transiently
transfected with a 3X ACO-PPRE vector and a Renilla luciferase expression vector for normalization
using FuGENE6. After transfection, cells were treated either without (vehicle) or with different isolated
fatty acids (50 μM each), CHLE (500 μM) or WY-14,643 (50 μM) for 24 h. Afterwards, cells were lysed,
and luciferase activities were determined by dual luciferase assay. Bars represent means ± SD of three
independent experiments. * p < 0.05 compared with vehicle control.

Figure 3. Effects of Conidiobolus heterosporus lipid extract (CHLE) on relative mRNA levels of the
PPARalpha target genes SLC22A5, ACOX1, CPT1A and Cyp4A1 in Fao cells. Fao cells were treated
either without (vehicle) or with CHLE at two different concentrations (200 and 500 μM) or WY-14,643
(50 μM) for 24 h, and mRNA levels were determined by qPCR. Bars represent means ± SD of three
independent experiments. * p < 0.05 compared with vehicle control.

4. Discussion

In the present study, we tested the hypothesis that both isolated monomethyl BCFAs and CHLE,
which is rich in monomethyl BCFAs, activate the nuclear transcription factor PPARalpha and CHLE
induces the expression of PPARalpha target genes in rat Fao cells. Our data from the reporter gene
assay clearly show that the monomethyl BCFA IPA and the CHLE are potent activators of PPARalpha.
Moreover, we found that CHLE induces the expression of known PPARalpha target genes involved
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in fatty acid metabolism, like ACOX1, CPT1A, CYP4A1 and SLC22A5, in a dose-dependent manner.
Compared with WY-14,643 the extent of activation of PPARalpha by IPA and CHLE was lower, but this
is not surprising given that WY-14,643 is a high-affinity synthetic ligand of PPARalpha and such
ligands typically cause a stronger stimulation of PPARalpha transactivation than naturally occurring
ligands [2].

Several studies are available reporting that tetramethyl BCFAs, like phytanic acid, pristanic acid
and their CoA-thioesters, as well as the synthetically produced short-chain BCFA valproic acid, cause
PPARalpha activation [9,24,25]. However, to our knowledge, there is no study available exploring the
effect of the monomethyl BCFAs MTriA, MTA, IPA and MHD on PPARalpha activation in isolated
form. Thus, our study shows for the first time that the monomethyl BCFA IPA, which makes up
about 6% of total fatty acids of CHLE, significantly stimulates PPARalpha transactivation, indicating
that IPA is responsible for the effect of the CHLE. A few studies are available investigating the effect
of a mixture of different BCFAs in laboratory animals. For instance, Shirouchi et al. [26] showed
that feeding 5% porpoise oil, which contains 15.5% BCFAs (including the monomethyl BCFA IPA),
to obese rats alleviates hepatic triglyceride accumulation and increases serum adiponectin levels, effects
that are known to be mediated by PPARalpha activation [27]. The decrease of hepatic triglyceride
accumulation in response to PPARalpha activation is mechanistically explained by the physiological
function of the proteins encoded by many PPARalpha target genes, including those considered in the
present study as indirect markers of PPARalpha activation. The enzymes encoded by ACOX1, CPT1A
and CYP4A1 are directly involved in peroxisomal, mitochondrial and microsomal fatty oxidation
pathways, respectively, and induction of these genes causes a decrease of hepatic triglyceride levels
due to an increased oxidation of fatty acids [4]. SLC22A5 encodes the novel organic cation transporter
OCTN2, which mediates carnitine uptake into tissues. Because carnitine is essential for the transport
of long-chain fatty acids into the mitochondrial matrix, where mitochondrial fatty acid oxidation takes
place, genetic defects of this carnitine transporter result in decreased intracellular carnitine levels and
an impaired fatty acid oxidation [28]. A limitation of the abovementioned study [26] is that porpoise oil
also contains ω-3 PUFAs, which are also known to be activators of PPARalpha. Thus, the contribution
of BCFAs to the effect of porpoise oil in this study remains unclear. In another study, it was reported
that rat pups receiving milk substituted with BCFAs (including IPA) showed an increased intestinal
expression of the anti-inflammatory interleukin-10 (IL-10) compared with pups receiving no BCFAs
and a reduced incidence of necrotizing enterocolitis [29], which is indicative of an anti-inflammatory
action of BCFAs in the intestine. This effect might be also mediated by activation of PPARalpha by
the BCFAs, because upregulation of IL-10 has been reported to occur in response to administration
of WY-14,643 [30]. In addition, the anti-inflammatory effect of BCFAs in the neonatal rat intestine
might be also explained by the well-known negative crosstalk of PPARalpha with critical inflammatory
signaling pathways such as nuclear factor-kappa B [5].

In summary, the observation of the present in vitro study that the monomethyl BCFA IPA is an
activator of PPARalpha may provide an explanation for the PPARalpha-mediated effects of BCFA-rich
diets in in vivo studies [26,29]. Nevertheless, other fatty acids, particularly PUFAs like LA, AA and
ALA (all of which were present in the CHLE), are naturally occurring PPARalpha activators [1,2].
Thus, not only LA and ALA, used as further positive controls in the reporter gene assay, but also AA
may have also contributed to the PPARalpha-dependent effects of CHLE or BCFA-rich diets. In any
case, the results of the present study suggest that dietary supplementation of CHLE might be a useful
approach to induce the beneficial effects associated with PPARalpha activation like lipid lowering and
reduction of CVD risk.

Considerations with regard to the use of BCFA-rich sources as a dietary supplement have to
include the induction of possible adverse effects. In this context, it should be noted that various feeding
studies in rats, lambs and steers did not observe any toxic or adverse effects after treatment with
different BCFAs [31–33]. In contrast, adverse effects including teratogenic, hepatotoxic, neurotoxic
and proapoptotic effects have been reported for valproic acid, which is also used as an antiepileptic
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drug, but only at extremely high concentrations [34,35]. Such effects might be also, at least partially,
explained by the activation of PPARalpha, because administration of synthetic PPARalpha activators
to rodents was found to cause hepatic peroxisome proliferation, hypertrophy, hyperplasia and even
hepatocarcinogenesis [36], with this last condition being attributed to induction of oxidative stress
and an imbalance between apoptosis and cell proliferation [37]. Apart from this, clinical observations
in patients with peroxisomal disorders like Zellweger syndrome or Refsum’s disease and studies
employing corresponding mouse models have shown that elevated concentrations of BCFAs are
associated with a high level of toxicity [38,39]. However, it has to be considered that in such
cases the BCFA concentrations in blood markedly exceed those achieved by dietary supplementation.
Proapoptotic effects were also found for naturally occurring BCFAs, like MTA [40,41]. Such proapoptotic
effects however were found to occur in tumor cells, an effect that is probably beneficial. Collectively,
it can be stated that more studies are required for the evaluation of safety aspects of BCFA-rich sources
as food supplements.

5. Conclusions

This study shows for the first time that the monomethyl BCFA IPA and the CHLE are able to
induce PPARalpha activation in cultured hepatocytes. These findings indicate that lipid extracts from
fungi, such as CHLE, are a source of PPARalpha-activating biomolecules which might be considered
as dietary supplements to induce beneficial effects associated with PPARalpha activation, like lipid
lowering and reduction of CVD risk, provided that no safety concerns exist. In light of recent evidence
showing that administration of BCFAs in neonatal rats increases the expression of anti-inflammatory
cytokines and reduces the incidence of necrotizing enterocolitis, an anti-inflammatory action of BCFAs
in the intestine might be postulated, which is likely mediated by the well-established negative crosstalk
of PPARalpha activation with critical inflammatory signaling pathways. Regarding adverse effects
reported from the use of synthetic PPARalpha activators in rodents, potential safety issues associated
with BCFA-rich sources as food supplements have to be thoroughly evaluated.
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