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Abstract

Pomegranate phenolics have been reported to exert skin beneficial effects but their mechanisms of 

action remain unclear. Herein, we investigated a standardized commercial pomegranate extract 

(PE; Pomella®) and its phenolics including punicalagin (PA), ellagic acid (EA), and urolithin A 

(UA) for their protective effects against hydrogen peroxide (H2O2)-induced oxidative stress and 

cytotoxicity in human keratinocyte HaCaT cells. PE, PA, and EA reduced the production of H2O2-

induced ROS in HaCaT cells by 1.03-, 1.37-, and 2.67-fold, respectively. PE, PA, and UA 

increased the viability of H2O2-stimulated HaCaT cells by 89.9, 94.9, and 90.0%, respectively. PE, 

PA, and UA reduced apoptotic cell populations by 3.39, 7.11, and 8.26%, respectively. In addition, 

PE, PA and UA decreased H2O2-stimulated caspase-3 level by 2.31-, 2.06-, and 2.68-fold, 

respectively. The ameliorative effects of this PE and its phenolics against the H2O2-induced 

oxidative stress and cytotoxicity in keratinocytes support their utilization as natural cosmeceuticals 

for skin health.
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1. Introduction

Epidermis, the outermost layer and protective barrier of skin, is mainly composed of 

keratinocytes (80–95%) (Baroni et al., 2012; Feingold, 2007). Keratinocytes are constantly 

exposed to many harmful stimuli including extrinsic insults (e.g. UV-exposure, smoking, and 

pollutants) (D’Orazio, Jarrett, Amaro-Ortiz, & Scott, 2013; Rinnerthaler, Bischof, Streubel, 

Trost, & Richter, 2015) and intrinsic stresses (e.g. toxins, oxidation, and glycation) 

(Gkogkolou & Bohm, 2012). Both extrinsic and intrinsic factors can lead to cellular 

oxidative stress through the formation of reactive oxygen species (ROS) including 

superoxide anion radical (O2
•−), and hydroxyl radical (OH•−) in keratinocytes (Farage, 

Miller, Elsner, & Maibach, 2008; Poljsak, Dahmane, & Godic, 2012). Although the 

generation of ROS is a biologically inevitable process and cells have developed complex 

antioxidant mechanisms, oxidative stress occurs when ROS levels exceed the antioxidant 

capacity of cells. Excessive production of ROS can impair the integrity of the structure of 

keratinocytes, which further leads to the loss of cellular functions and eventually causes cell 

death. Compromised keratinocytes are directly associated with the skin aging process and 

many aging-related skin symptoms including dehydration (Sengupta et al., 2010), irritation 

(Lawrence, Dickson, & Benford, 1997), laxity (Yaar & Gilchrest, 2001), and the formation 

of wrinkles (Blume-Peytavi et al., 2016). Therefore, the use of natural product antioxidant 

interventions, including dietary phenolics, to counteract ROS-induced oxidative stress in 

keratinocytes has attracted research interest for cosmeceutical and/or dermatological 

applications (Filip et al., 2011; Rahman, Biswas, & Kirkham, 2006).

Previous published studies using in vitro and in vivo models support the skin protective 

effects of bioactive compounds from pomegranate (Punica granatum) fruit. A pomegranate 

fruit extract was reported to show antioxidant effects in immortalized human keratinocytes 

by decreasing UVB-induced cytotoxicity and intracellular glutathione content (Zaid, Afaq, 

Syed, Dreher, & Mukhtar, 2007). Similarly, a pomegranate fruit extract [standardized to 30% 

punicalagins (PA), a characteristic ellagitannin in pomegranate] showed protective effects 

against UVA- and UVB-induced damage in human fibroblasts by reducing inflammatory and 

oxidative stresses (Pacheco-Palencia, Mertens-Talcott, & Talcott, 2008). A pomegranate fruit 

extract was also reported to show photochemopreventive effects in normal human 

keratinocytes against UVA-mediated activation of transcription factor (signal transducer and 

activator of transcription 3; STAT3), protein kinase B (Akt), and extracellular signal-

regulated kinase and the UVB-mediated activation of mitogen-activated protein kinase 

(MAPK) and nuclear factor kappa-light-chain-enhancer of activated B (NF-κB) pathways 

(Syed et al., 2006). The photochemopreventive effects of that pomegranate extract were 

further supported by an in vivo study wherein it’s oral delivery (by dissolving pomegranate 

extract in drinking water; 0.2%, wt/vol) protected mouse skin from UVB radiation by 

mediating the UVB-induced signaling pathways (Khan, Syed, Pal, Mukhtar, & Afaq, 2012). 

Moreover, the skin protective effects of pomegranate phenolics are supported by a double-

blind and placebo-controlled human clinical trial (Kasai, Yoshimura, Koga, Arii, & 

Kawasaki, 2006), in which the oral consumption of an ellagic acid (EA)-enriched 

pomegranate extract showed ameliorative effect against UV radiation-induced sun burn at a 

dosage of 100 mg/day. In addition, this pomegranate extract also showed inhibitory effects 
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of pigmentation in human skin cells (Kasai et al., 2006). Interestingly, the gut microbial 

metabolites of pomegranate ellagitannins, namely, urolithins, have also been reported to 

show skin lightening effects by reducing the melanin production in murine melanoma cells 

(Wang, Chang, Hsu, & Su, 2017). However, the protective effects of pomegranate fruit 

extracts, their constituent phenolics (such as punicalagins and ellagic acid), and their gut 

microbial metabolites (such as urolithin A; UA) against hydrogen peroxide (H2O2)-induced 

oxidative stress in human keratinocytes HaCaT cells and their mechanisms of action remain 

unclear.

Our laboratory has initiated a program to systematically investigate the phytochemical 

composition of pomegranate and has identified over 100 phenolic compounds from various 

aerial parts of pomegranate (Liu & Seeram, 2018; Yuan et al., 2012; Yuan, Wan, Ma, & 

Seeram, 2013). In addition, our group has investigated a standardized pomegranate fruit 

extract (PE; Pomella®) and its phenolics, PA, EA and urolithins, for their neuroprotective 

effects against Alzheimer’s disease (Yuan et al., 2016) and their anti-neuroinflammatory 

(DaSilva et al., 2017) and anti-glycation (Liu et al., 2014) effects. Herein, using human 

HaCaT keratinocytes, we investigated the skin protective effects of this PE and its phenolics 

(PE, EA and UA) by evaluating their capacity to reduce H2O2-induced ROS production and 

toxicity, as well as their potential mechanisms of action by investigating their anti-apoptosis 

and -necrosis effects, and effects on caspases-3/7, −8, and −9 enzymes. The ameliorative 

effects of the pomegranate phenolics in human keratinocytes support their utilization as 

natural cosmeceuticals for skin health.

2. Materials and Methods

2.1 Chemicals and reagents

Pomegranate fruit extract (PE; Pomella®) was kindly provided by Verdure Sciences 

(Noblesville, IN, USA). The PE was standardized to punicalagins (PA; c.a. 30%) and ellagic 

acid (EA; c.a. 2.3%) and has been extensively chemically characterized by our laboratory 

(Yuan et al., 2012; Yuan, Wan, Ma, & Seeram, 2013; Ahmed et al., 2014; Yuan et al., 2016). 

PE contains a total polyphenol content (as gallic acid equivalents) of 61.5% (Ahmed et al., 

2014). PA and EA were purchased from Sigma Chemical Co. (St. Louis, MO, USA). 

Urolithin A (3,8-dihydroxy-6H-dibenzo [b, d] pyran-6-one; UA) was synthesized in our 

laboratory using a reported protocol (Yuan et al., 2013). Hoechst 33342, crystal violet, 

propidium iodide (PI), dimethyl sulfoxide (DMSO), hydrogen peroxide (H2O2), and 2’,7’-

dichlorouorescin diacetate (DCFDA) were purchased from Sigma Chemical Co. (St. Louis, 

MO, USA). CellTiter-Glo® (CTG) 2.0 assay kit was purchased from Promega (Fitchburg, 

WI, USA). Alexa Fluor® 488 Annexin V/Dead cell apoptosis kit was purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Caspase-Glo® assay kits for caspase- 3/7, 

−8, and −9 were purchased from Promega (Fitchburg, WI, USA).

2.2. Cell culture and sample preparation

Human keratinocyte HaCaT cells were purchased from the American Type Culture 

Collection (ATCC, Rockville, USA) and maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) (Life Technologies, Gaithersburg, MD, USA) supplemented with 10% 
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fetal bovine serum (FBS) (Life Technologies, Gaithersburg, MD, USA) at 37 °C in the 

presence of 5% CO2 at constant humidity. Test samples were dissolved in DMSO as stock 

solution and then diluted with cell culture medium to the desired concentrations (6.25–100 

μg/mL for PE and 6.25–100 μM for the purified compounds; DMSO% < 0.1%).

2.3. Measurement of reactive oxygen species (ROS)

HaCaT cells were seeded in 96-well plates at 5×103 cells per well for 12 h and then 

incubated with test samples (at aforementioned concentrations) for 12 h. Next, medium was 

removed and cells were washed twice with phosphate-buffered saline (PBS). Medium 

containing fluorescent probe (DCFDA; 20 μM) was then added to the cells and incubated for 

20 min. Cells were then were treated with 100 μL H2O2 (at concentrations of 50, 100, 200, 

400, and 800 μM) for 1 h followed by measuring fluorescence intensity of each well with 

excitation and emission wavelengths of 485 and 525 nm, respectively, using a Spectramax 

M2 plate reader (Molecular Devices, Sunyvale, CA, USA).

2.4 Measurement of H2O2-induced cytotoxicity in HaCaT cells

The viability of H2O2-treated HaCaT cells was measured by a CTG 2.0 assay using a 

previously reported method (Ma et al., 2016; Ma et al., 2018). HaCaT cells were seeded in 

96-well plates at 5×103 cells per well and allowed to attach for 12 h. Media was then 

removed and 100 μL of H2O2 (at concentrations of 50, 100, 200, 400, and 800 μM) was 

added and incubated for 24 h. Next, CTG 2.0 reagent (100 μL) was added in each well and 

shaken at 200 rpm for 2 min on an orbital shaker. The plate was then kept at room 

temperature for 10 min after which luminescence intensity was recorded using a Spectramax 

M2 plate reader. Morphological analysis was conducted to evaluate cell damage with crystal 

violet staining method. Cells were fixed in 70% ethanol for 15 min after which medium was 

removed. Staining solution (0.05% w/v) was added to each well and incubated for 20 min. 

Then the staining solution was removed and cells were washed with PBS for three times. 

The morphological changes of cells were observed by an EVOS Cell Imaging System 

(Invitrogen, Waltham, MA, USA).

2.5. Detection of apoptosis and necrosis (flow cytometry assay)

HaCaT cells were seeded in 6-well plates at 0.3×106 cells per well and allowed to attach for 

12 h followed by treatment of test samples (at aforementioned concentrations) for 6 h. The 

medium was then removed and cells were washed twice with PBS. Next, cells were treated 

with H2O2 (at 200 μM) and incubated for 24 h. Detection of apoptosis was performed 

according to the previously reported method (Zhang et al., 2017). Cells were then harvested 

and suspended in 500 μL of binding buffer containing 5 μL of FITC-labeled Annexin-V and 

5 μL of propidium iodide (PI) followed by incubation in the dark for 15 min. Then the 

population of apoptotic and necrotic cells were measured by flow cytometry (BD 

FACSCalibur, San Jose, CA, USA) and data were analyzed using software FlowJo (LLC, 

Ashland, Oregon, USA).

Liu et al. Page 4

J Funct Foods. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6. Hoechst 33342 and propidium iodide PI double staining

HaCaT cells were seeded in 24 well plates at 0.5×105 cells per well and allowed to attach for 

12 h followed by treatment of test samples (at aforementioned concentrations) for 6 h. 

Medium were then removed and cells were washed twice with PBS. Next, 300 μL of fresh 

medium containing H2O2 (200 μM) were added to cells and incubated for 24 h. Medium 

were then removed and cells were washed twice with PBS. Hoechst 33342 staining buffer 

(300 μL) was added to the cells and incubated for 30 min in darkness. Next, PI staining 

buffer (300 μL) was added to the cells and incubated for 30 min in darkness. The 

morphological changes of the nucleus of the cells were observed by an EVOS Cell Imaging 

System with a fluorescence microscope (Invitrogen, Waltham, MA, USA).

2.7. Measurements of caspases −3/7, −8, and −9 levels

HaCaT cells were seeded in 96-well plates at 5×103 cells per well and allowed to attach for 

12h. Cells were then treated with test samples (at aforementioned concentrations) for 6 h. 

Media were then removed and cells were washed twice with PBS. Next, 100 μL of fresh 

medium containing H2O2 (200 μM) was added and incubated for 24 h followed by addition 

of 100 uL of caspase-Glo reagent (for measurement of caspases-3/7, −8, and −9, separately). 

Plates were then incubated at room temperature for 30 min and the luminescence intensity of 

each well was read using a Spectramax M2 plate reader.

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, 

CA, USA). Data are expressed as the mean value ± standard deviation (S.D.) obtained from 

triplicates of experiments. The significance of differences was determined using a two-way 

analysis of variance (ANOVA) followed by a post hoc Student-Newman–Keuls multiple 

comparison test (SNK). P < 0.05, P < 0.01, or P < 0.001 was determined to be significant.

3. Results and Discussion

3.1. Hydrogen peroxide (H2O2) induces the production of ROS and cytotoxicity in HaCaT 
cells

Hydrogen peroxide (H2O2) is a common ROS produced in keratinocytes and its toxic effects 

were examined in human keratinocytes HaCaT cells. Treatment of H2O2 (200 and 400 μM) 

significantly elevated the production of ROS in HaCaT cells by 4.58-, and 9.01-fold, 

respectively (Fig. 1A). In addition, H2O2 (200, 400, and 800 μM) significantly induced 

cytotoxicity by decreasing the viability of HaCaT cells to 70.0, 51.8, and 6.6%, respectively 

(Fig. 1B). The toxic effects of H2O2 in HaCaT cells were confirmed by morphological 

analyses using crystal violet and Hoechst 33342 staining methods (Fig 1C). The nucleus of 

cells treated with H2O2 (200–800 μM) had irregular shapes as compared to the cells without 

H2O2 treatment suggesting that treatments of H2O2 (>200 μM) induced oxidative stress and 

caused cell death in HaCaT cells.

Although excessive accumulation of H2O2 is harmful for skin cells, studies have also 

showed that moderate levels of ROS is important for cellular signaling and proliferation 

(Ray, Huang, & Tsuji, 2012). Therefore, the effects of H2O2 at various concentrations on 
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HaCaT cells were evaluated, first. Our results from the cell viability and staining assays 

were in agreement with published data (Ray et al., 2012) showing that at lower 

concentrations (50 and 100 μM), treatment of H2O2 was non-toxic; however, H2O2 at 200 

μM or higher concentrations caused significantly cytotoxicity. Therefore, H2O2 at 200 μM, 

was used as an inducer of oxidative stress and cytotoxicity in HaCaT cells for further 

experiments.

3.2. PE, PA, and EA reduce H2O2-induced ROS production in HaCaT cells

Prior to the investigation of the protective effects of PE and the pure pomegranate phenolics 

on HaCaT cells, the non-toxic concentrations of test samples were determined. PE (6.25–

100 μg/mL; Fig. 2A) and its phenolics including PA, EA, and UA (6.25–100 μM; Fig. 2B–D, 

respectively) did not induce significant cytotoxicity in HaCaT cells. Therefore, PE (at 12.5, 

25, and 50 μg/mL), PA, EA, and UA (at 12.5, 25, and 50 μM) were selected for the 

evaluation of their protective effects in HaCaT cells. Next, the protective effects of PE and 

the pomegranate phenolics against oxidative stress in HaCaT cells was evaluated. Treatment 

of PE (12.5, 25, and 50 μg/mL) significantly reduced the production of H2O2-induced ROS 

in HaCaT cells by 1.36-, 1.07-, and 1.03-fold, respectively, as compared to the H2O2-treated 

group (Fig. 3A). In addition, PA and EA (12.5, 25, and 50 μM) reduced H2O2-indcued ROS 

production by 1.50-, 1.38-, 1.37-fold and 2.85-, 2.80-, and 2.67-fold, respectively, as 

compared to the H2O2-treated group (Fig. 3B and C). Although a trend was observed for 

UA, the reduction of ROS production was not significant at the test concentrations (Fig. 3D).

Our results showed that PE and its phenolics including PA and EA had promising 

antioxidant effects against H2O2 in HaCaT cells. This is in agreement with a previously 

reported study showing that that PA attenuated ROS production in primary human epidermal 

keratinocytes stimulated by an airborne particulate matter (Seok, Lee, Kim, & Boo, 2018). 

In addition, EA has also been reported to show protective effects in HaCaT cells against 

UVA-mediated oxidative stress by regulation of antioxidant genes such as HO-1 and Nrf-2 

(Hseu et al., 2012). However, to date, the effects of urolithins, the gut microbial metabolites 

of ellagitannins, on HaCaT cells have not been reported. In this study, we observed that 

compared to PA and EA, UA had lower antioxidant effects which is agreement with a 

previous study reporting that the antioxidant capacities of urolithins were less potent than 

ellagitannins in a panel of biochemical assays (Ito, 2011). Similar to our observations, a 

study showed that EA but not UA reduced H2O2-induced oxidative stress in human 

neuroblastoma SH-SY5Y cells (Gonzalez-Sarrias, Nunez-Sanchez, Tomas-Barberan, & 

Espin, 2017). However, it should be noted that urolithins have been reported to show cellular 

antioxidant effects in other cell types including bladder T24 cells and human liver carcinoma 

HepG2 cells (Qiu et al., 2013; Wang et al., 2015). This may due to differences in the redox 

activities of urolithins which could be influenced by different bioassays systems (Kallio et 

al., 2013). Therefore, further studies are warranted to elucidate the mechanisms of 

antioxidant effects of urolithins in skin cells.

3.3. PE, PA, and UA reduce H2O2-induced cytotoxicity in HaCaT cells

The protective effects of pomegranate phenolics against H2O2-induced toxicity in HaCaT 

cells were evaluated. Treatment with PE (25 and 50 μg/mL) significantly reduced H2O2-
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induced cytotoxicity by increasing the viability of HaCaT cells by 85.6% and 89.9%, 

respectively, as compared to the H2O2-treated group (Fig. 4A). Treatments of PA (25 and 50 

μM) and UA (25 and 50 μM) also significantly inhibited H2O2-induced cell death by 86.4% 

and 94.9% (Fig. 4B), and 90.0% and 90.0%, (Fig. 4D), respectively, as compared to the 

H2O2-treated group. However, EA (12.5–50 μM) did not increase the viability of H2O2-

treated HaCaT cells (Fig. 4C). Although UA did not show potent antioxidant effects in the 

aforementioned assay, it protected HaCaT cells against oxidative stress in HaCaT cells. This 

may possibly be explained since urolithins may exert cytoprotective effects by different 

mechanisms. For example, urolithins have been reported to regulate cell proliferation by as 

endocrine-disrupting molecules with estrogenic and/or antiestrogenic activities (Larrosa, 

González-Sarrías, García-Conesa, Tomás-Barberán, & Espín, 2006). UA has also been 

reported to increase the viability of neonatal rat cardiomyocytes in a myocardial ischemia/

reperfusion injury model through regulation of PI3K/Akt pathway (Tang et al., 2017). In 

addition, our group reported that urolithins increased the cell viability of differentiated 

human neuronal SH-SY5Y cells by down-regulating the levels of inflammatory stress and 

related cytokines (DaSilva et al., 2017). However, the underlying mechanism(s) of the 

protective effects of urolithins in skin cells in the current study are not clear warranting 

further investigations.

3.4. PE, PA, and UA show protective effects against H2O2-induced apoptosis and 
necrosis in HaCaT cells

The protective effects of pomegranate phenolics against H2O2-induced cytotoxicity were 

further evaluated by analyses of the apoptotic and necrotic cell population. The treatment of 

H2O2 increased the percentage of apoptotic cells including early- and late-apoptotic cells by 

2.65% and 10.7%, respectively, as compared to the H2O2-untreated control group (Fig. 5). 

Treatments of PE (50 μg/mL), PA, and UA (50 μM) significantly decreased the apoptotic cell 

population by 3.39%, 7.11%, and 8.26%, respectively, as compared to the H2O2-treated 

group (Fig. 5). Interestingly, treatment of EA (50 μM) increased the apoptotic cell 

populations by 52.9 % as compared to the H2O2-treated group (Fig. 5). The anti-necrosis 

effects of pomegranate phenolics in HaCaT cells were further evaluated by morphological 

analyses using Hoechst 33342 and PI staining. Treatment of H2O2 significantly increased 

the number of PI positive cells as compared to the H2O2-untreated control cells, suggesting 

that H2O2 induced HaCaT cell necrosis (Fig. 6). The treatment of PE (50 μg/mL) 

significantly reduced the number of PI positive cells, compared to the H2O2-treated cells, 

indicating that PE attenuated the H2O2 -induced necrosis in HaCaT cells. The treatment of 

PA, EA, and UA (50 μM) also reduced the number of PI positive cells as compared to the 

H2O2-treated cells. Among the pomegranate phenolics, UA showed the highest anti-necrotic 

effects in HaCaT cells. Flow cytometry analyses showed that PE and the pomegranate 

phenolics had different effects in the H2O2-stimulated HaCaT cells. PA and UA showed anti-

apoptotic effects in HaCaT cells while EA increased the population of apoptotic cells. This 

is in agreement with the observation from the CTG assay in which PA and UA, but not EA, 

increased the viability of H2O2-treated cells. This is not surprising since it has been well 

established that EA shows anti-proliferative effects in several cell lines by modulations of 

apoptosis-related pathways (Chung et al., 2013; Wang et al., 2016; Zhao et al., 2017). In 

addition, PE (which contains both PA and EA) showed anti-apoptotic effects suggesting that 

Liu et al. Page 7

J Funct Foods. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the pomegranate phenolics may exert cytoprotective effects against H2O2-induced oxidative 

stress in an additive and/or synergistic manner. Notably, apart from PA and EA, our group 

reported that over seventy phenolic compounds, which may also show antioxidant effects, 

have also been identified from the PE, a standardized pomegranate extract (Pomella®), used 

in this study (Liu & Seeram, 2018). Thus, it is possible that other compounds present in PE 

may also contribute to its overall cytoprotective effects in HaCaT cells.

3.5. PE, PA, and UA inhibit Caspase-3 content of HaCaT cells induced by H2O2

To further investigate the mechanisms of the anti-apoptotic effects of pomegranate 

phenolics, their effects on the levels of apoptosis-associated enzymes including caspases 

−3/7, −8, and −9, were evaluated in HaCaT cells. Treatment of H2O2 (200 μM) stimulated 

HaCaT cells and increased the levels of capases-3/7 and −8 by 6.1- and 1.2-fold, 

respectively, as compared to the H2O2-untreated control group (Fig. 7A and B). PE (50 μg/

mL), PA, and UA (50 μM) significantly reduced the levels of caspases-3/7 by 2.31-, 2.07-, 

and 2.68-fold, respectively, as compared to the H2O2-treated group (Fig. 7A). Although the 

pomegranate phenolics showed a trend in reducing the levels of caspase-8, only PA (50 μM) 

significantly decreased the levels of capase-8 by 98.2% as compared to the H2O2-treated 

group (Fig. 7B). Treatments of H2O2 and the pomegranate phenolics did not affect the level 

of capase-9 in HaCaT cells (Fig. 7C). Caspases are a family of cysteine proteases that 

regulate programmed cell death processes including apoptosis, pyroptosis, and necroptosis 

(McIlwain, Berger, & Mak, 2015). Down-regulation of caspases activities is a plausible 

mechanism to prolong the life of skin cells against oxidative stress (He, Huang, Block, 

Hong, & Chignell, 2005; Yang et al., 2015). Our data showed that PE, PA, and UA 

decreased the levels of H2O2-activated caspases 3/7 in HaCaT cells. This is in agreement 

with a previous study showing that PE reduced the gene expression of caspase 3 in 

SKU-1064 human skin fibroblast cellsafter exposure to UV radiation (Pacheco-Palencia, 

Noratto, Hingorani, Talcott, & Mertens-Talcott, 2008). In addition, our group has reported 

that urolithins mitigated H2O2-induced apoptosis by reducing the levels of caspases-3/7 and 

−9 in murine microglia BV-2 and human neuronal SH-SY5Y cells (DaSilva et al., 2017). 

However, in the current study, PE and its phenolics did not reduce the levels of caspase-9 in 

HaCaT cells, suggesting that the pomegranate phenolics, especially urolithins, may display 

anti-apoptotic and -necrotic effects in various cell lines via modulation of different 

pathways. Further studies are warranted to elucidate the mechanism(s) of pomegranate 

phenolics on skin cells.

Although it is common that natural products from dietary supplements are used topically for 

skin health, consumable applications of dietary supplements have also been developed for 

dermatological and cosmetic purposes (Szyszkowska, Lepecka-Klusek, Kozlowicz, 

Jazienicka, & Krasowska, 2014). The beneficial effects of oral consumption of PE on skin 

has also been supported by a human clinical study (Adhami, Khan, & Mukhtar, 2009), 

however, the underlying mechanisms remained unclear. Overall, our study supports the 

possibility that pomegranate phenolics may exert protective effects in human HaCaT skin 

cells by reducing oxidative stress. A limitation of the current study is that the bioavailability 

of pomegranate phenolics in skin cells and tissue were not explored but this will be pursued 

in our future studies.
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In summary, pomegranate phenolics showed protective effects against H2O2-induced 

oxidative stress and cytotoxicity in human keratinocytes HaCaT cells. Pomegranate 

phenolics protected keratinocytes by reducing H2O2-induced ROS production and 

cytotoxicity. In addition, pomegranate phenolics decreased H2O2-induced apoptotic cell 

population and down-regulated the level of caspases-3/7 in HaCaT cells. These results 

suggest that pomegranate phenolics may be utilized as natural antioxidants for 

cosmeceutical applications for skin health.
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Fig. 1. 
Effects of H2O2 on viability of HaCaT cells and ROS production in HaCaT cells (A). 

HaCaT cells were incubated with H2O2 at concentrations of 200 and 400 μM and then 

incubated with DMEM containing 20 μM DCFDA. Fluorescence intensity of each well was 

measured at excitation and emission wavelength of 485 and 525 nm, respectively. HaCaT 

cells were treated with H2O2 at concentrations of 50, 10, 200, 400, and 800 μM. Cell 

viability was measured by using CTG 2.0 assay (B). Representative images of HaCaT cells 

exposed to H2O2 for 24 h and then stained with crystal violet and Hoechst 33342 (C). 

Significance was defined as compared with control group: ***P < 0.001. The values 

presented are the means ± S.D.

Liu et al. Page 13

J Funct Foods. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Effects of PE and pomegranate phenolics on viability of HaCaT cells. HaCaT cells were 

incubated with PE (A), PA (B), EA (C), and UA (D) for 24 h. Cell viability was measured 

by CTG 2.0 assay. Values are presented as means ± S.D. from three replicates.
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Fig. 3. 
Effects of PE and pomegranate pheonlics on ROS production in HaCaT cells exposed to 

H2O2. HaCaT cells were incubated with PE (A), PA (B), EA (C), and UA (D) for 12 h 

before H2O2 induction. Cells were incubated with DMEM containing 20 μM DCFDA after 

medium removal. Fluorescence intensity of each well was measured at excitation and 

emission wavelength of 485 and 525 nm, respectively. Significances were defined as 

compared with control group: ###P < 0.01; compared with the H2O2-treated group: ***P< 

0.001. Values are presented as means ± S.D. from three replicates.
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Fig. 4. 
Effects of PE and pomegranate phenolics on cell viability of HaCaT cells exposed to H2O2. 

HaCaT cells were incubated with PE (A), PA (B), EA (C), and UA (D) for 12 h before H2O2 

induction. Cell viability was measured by using CTG 2.0 assay. Significances were defined 

as compared with control group: ##P < 0.01; compared with the H2O2-treated group: *P< 

0.05, **P< 0.01, ***P< 0.001. Values are presented as means ± S.D. from three replicates.
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Fig. 5. 
Effects of PE and pomegranate phenolics on apoptosis of HaCaT cells induced by H2O2. 

The apoptotic cell populations (annexin V+/PI− and annexin V+/PI+) of HaCaT cells with 

or without treatments of PE, PA, EA, and UA were quantified by gated patterns in double 

stains (A). HaCaT cells stained with annexin V-FITC/PI and assayed by flow cytometry (B). 

Significances were defined as compared with control group: ##P < 0.001; compared with the 

H2O2-treated group: *P < 0.05, ***P < 0.001.
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Fig. 6. 
Effects of PE and pomegranate phenolics on necrosis of HaCaT cells induced by H2O2. 

Fluorescence microscopy shows representative pictures of HaCaT cells treated with PE, PA, 

EA, and UA. HaCaT cells were stained with Hoechst 33342 and PI.
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Fig. 7. 
Effects of PE and pomegranate phenolics on cellular caspase 3/7 (A), caspase 8 (B) and 

caspase 9 (C) in HaCaT cells exposed to H2O2. HaCaT cells were incubated with PE, PA, 

EA, and UA for 12 h before H2O2 induction. Significances were defined as compared with 

control group: ##P < 0.01; compared with H2O2-treated group: *P< 0.05, **P< 0.01, ***P< 

0.001. Values are presented as means ± S.D. from three replicates.
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