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ABSTRACT

Our laboratory initiated a comprehensive research program to investigate the phytochemical
composition and biological effects of several botanical based natural products including pomegranate
(Punica granatum), red maple (Acer rubrum), polyphenol-enriched maple (Acer saccharum) syrup
extract, and various phytocannabinoids (Cannabis sp.). We hypothesize that these bioactive natural
products can exert beneficial biological effects via their antioxidant and anti-inflammatory effects.

In Manuscript 1-4, we identified a series of phytochemicals from botanical extracts including
pomegranate, red maple, phenolic-enriched maple syrup extract (MSX) and evaluated their biological
activities for potential cosmeceutical and/or dermatological applications. In Manuscript 1 (published in
Journal of Functional Foods,; 2019, 54, 559-567), we evaluated the skin protective and antioxidative
effects of pomegranate phenolics [(i.e. punicalagin (PA) and ellagic acid (EA)] and their gut microbial
metabolite (i.e. urolithin A; UA) against oxidative stress induced by hydrogen peroxide (H,O,) in
human keratinocytes. In this study, we reported that a chemically standardized and commercial
available pomegranate extract (PE; Pomella™) and its phenolics including PA, EA, and UA exerted
protective effects against oxidative stress and cytotoxicity in human keratinocytes. In Manuscript 2
(Published in Food and Function; 2020, 11, 5105-5114), we investigated the antioxidative and
cytoprotective effects of a proprietary red maple leaves extract (commercially available as Maplifa™)
and its major phenolic compound, ginnalin A (GA), in human skin cells exposed to oxidative stress
inducers including H,O, and methylglyoxal (MGO). In this study, we reported that MaplifaTM and GA
exerted skin protective effects by down-regulation of reactive oxygen species and apoptosis-associated
caspase family proteins. In Manuscript 3 (Published in Dermatologic Therapy; 2020, el3426), we
reported that phenolic-enriched maple syrup extract (MSX) showed protective effects on human
keratinocytes against H,O, and MGO induced cytotoxicity and DNA damage. In Manuscript 4
(Published in Journal of Functional Foods; 2020, 75, 104208), we assessed the anti-elastase activity,
skin permeability, and cytoprotective effects of glucitol-core containing gallotannins (GCGs) from red
maple using biochemical-, computational-, and cell culture-based assays. This study reported that GCGs
from red maple are skin permeable elastase inhibitors with antioxidant and cytoprotective activities,

which supported potential cosmeceutical applications of Maplifa™.



In Manuscript 5-7, we investigated the anti-inflammatory effects of two inflammasome inhibitors,
namely, cannabidiol (CBD) and punicalagin (PA), and explored their mechanisms of action. In
Manuscript 5 (Published in Journal of Natural Products, 2020, 83, 2025-2029), we reported that
CBD's suppressive effect on the activation of NLRP3 inflammasome is associated with its modulation
of P2X7 receptor. In Manuscript 6 (Published in Cannabis and Cannabinoid Research, 2020, Online
ahead of print), we used network-based pharmacology analysis and computational docking approach to
study CBD’s molecular targets and signaling pathways that involved in the anti-inflammatory activity.
We reported that CBD’s anti-inflammatory effect can be associated with a series of molecular targets
including proteins and signaling pathways, which supported the utilization of CBD as a promising anti-
inflammatory natural product. In Manuscript 7 (To be submitted to Journal of Natural Products), we
evaluated the inhibitory effects of PA on NLRP3 inflammasome activation and its effects on
inflammasome activation related receptor (i.e. P2X7) with a cellular based model using human
monocytes. In addition, we evaluated the anti-inflammatory effects of PA in two different mouse
models of peritonitis. Our findings supported that PA's overall anti-inflammatory effects may be

attributed to its inhibitory effects on the activation of NLRP3 inflammasome.



ACKNOWLEDGMENTS
I would like to express my deep and sincere gratitude to my co-major professors, Drs. Navindra
Seeram and Angela Slitt. Thank you both for providing me the invaluable guidance and challenging me
to be a better scientist. To my committee members, Drs. Xinyuan Chen and Daniel Roxbury, for
providing expertise and consistently pushing my research to be better. To College of Pharmacy, for
offering a teaching assistantship and consistently support. To my lab mates, Dr. Hang Ma, and other lab
members for your continued guidance, support, and laughter that have been instrumental. To my family,

thank you for your constant support.

iv



PREFACE
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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 (H,0O,)-induced oxidative stress and cytotoxicity in
human keratinocyte HaCaT cells. PE, PA, and EA reduced the production of H,0,-induced ROS in
HaCaT cells by 1.03-, 1.37-, and 2.67-fold, respectively. PE, PA, and UA increased the viability of
H,0,-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 H,0,-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 H,0,-induced oxidative stress and

cytotoxicity in keratinocytes support their utilization as natural cosmeceuticals for skin health.

Keywords: Pomegranate, phenolics, keratinocytes, oxidative stress, cytotoxicity, skin protection



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 (O,), 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-kB) 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 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 (H,0,)-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 H,O,-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 (H,0O,), 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% fetal bovine serum (FBS) (Life
Technologies, Gaithersburg, MD, USA) at 37 °C in the presence of 5% CO,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 pg/mL for PE and 6.25-100 uM for the purified compounds; DMSO%

<0.1%).



2.3. Measurement of reactive oxygen species (ROS)

HaCaT cells were seeded in 96-well plates at 5x 10° 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 uM) was then added to the cells and incubated for 20 min. Cells were then were treated with 100 pL
H,O; (at concentrations of 50, 100, 200, 400, and 800 pM) 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 H,Ox-induced cytotoxicity in HaCaT cells

The viability of H,0,-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 5x10°
cells per well and allowed to attach for 12 h. Media was then removed and 100 pL of H,O, (at
concentrations of 50, 100, 200, 400, and 800 pM) was added and incubated for 24 h. Next, CTG 2.0
reagent (100 uL) 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 0.3x10° 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 H,O, (at 200 uM) 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 pL of binding buffer containing 5



pL of FITC-labeled Annexin-V and 5 puL 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).

2.6. Hoechst 33342 and propidium iodide PI double staining

HaCaT cells were seeded in 24 well plates at 0.5x10° 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 pL of fresh medium containing H,O, (200
uM) 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 pL) was added to the cells and incubated for 30
min in darkness. Next, PI staining buffer (300 pL) 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 5x10° 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 pL of fresh medium containing H,O, (200
uM) 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 (H,0;) induces the production of ROS and cytotoxicity in HaCaT cells

Hydrogen peroxide (H,0O,) is a common ROS produced in keratinocytes and its toxic effects
were examined in human keratinocytes HaCaT cells. Treatment of HO, (200 and 400 uM) significantly
elevated the production of ROS in HaCaT cells by 4.58-, and 9.01-fold, respectively (Fig. 1A). In
addition, H,O, (200, 400, and 800 pM) 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 HO, in HaCaT cells
were confirmed by morphological analyses using crystal violet and Hoechst 33342 staining methods
(Fig 1C). The nucleus of cells treated with H,O, (200-800 uM) had irregular shapes as compared to the
cells without H,O, treatment suggesting that treatments of H,O, (>200 pM) induced oxidative stress and

caused cell death in HaCaT cells.

Although excessive accumulation of H,0, 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 H,0, at various concentrations on 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 uM), treatment of H,O, was non-toxic;
however, H,O, at 200 uM or higher concentrations caused significantly cytotoxicity. Therefore, H,O, at
200 uM, was used as an inducer of oxidative stress and cytotoxicity in HaCaT cells for further

experiments.

3.2. PE, PA, and EA reduce H,O-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 pg/mL; Fig.

2A) and its phenolics including PA, EA, and UA (6.25-100 pM; Fig. 2B-D, respectively) did not induce



significant cytotoxicity in HaCaT cells. Therefore, PE (at 12.5, 25, and 50 ug/mL), PA, EA, and UA (at
12.5, 25, and 50 uM) 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 pg/mL) significantly reduced the production of H,O,-
induced ROS in HaCaT cells by 1.36-, 1.07-, and 1.03-fold, respectively, as compared to the H,O,-
treated group (Fig. 3A). In addition, PA and EA (12.5, 25, and 50 pM) reduced H,0O,-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
H,0,-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 H,O, 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 H,0;-induced oxidative stress in human neuroblastoma SH-SYS5Y 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 H,O-induced cytotoxicity in HaCaT cells



The protective effects of pomegranate phenolics against HO,-induced toxicity in HaCaT cells
were evaluated. Treatment with PE (25 and 50 pg/mL) significantly reduced H,0,-induced cytotoxicity
by increasing the viability of HaCaT cells by 85.6% and 89.9%, respectively, as compared to the H,O,-
treated group (Fig. 4A). Treatments of PA (25 and 50 puM) and UA (25 and 50 uM) also significantly
inhibited H,0,-induced cell death by 86.4% and 94.9% (Fig. 4B), and 90.0% and 90.0%, (Fig. 4D),
respectively, as compared to the H,O,-treated group. However, EA (12.5-50 uM) did not increase the
viability of H,O,-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, Gonzélez-Sarrias, Garcia-Conesa,
Tomas-Barberan, & Espin, 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-SYSY 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 H,O-induced apoptosis and necrosis in HaCaT

cells

The protective effects of pomegranate phenolics against H,O,-induced cytotoxicity were further
evaluated by analyses of the apoptotic and necrotic cell population. The treatment of H,O, increased the
percentage of apoptotic cells including early- and late-apoptotic cells by 2.65% and 10.7%, respectively,
as compared to the H,O,-untreated control group (Fig. 5). Treatments of PE (50 ug/mL), PA, and UA
(50 uM) significantly decreased the apoptotic cell population by 3.39%, 7.11%, and 8.26%, respectively,
as compared to the H,O,-treated group (Fig. 5). Interestingly, treatment of EA (50 uM) increased the
apoptotic cell populations by 52.9 % as compared to the H,O,-treated group (Fig. 5). The anti-necrosis

effects of pomegranate phenolics in HaCaT cells were further evaluated by morphological analyses
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using Hoechst 33342 and PI staining. Treatment of H,O,significantly increased the number of PI
positive cells as compared to the H,O,-untreated control cells, suggesting that H,O, induced HaCaT cell
necrosis (Fig. 6). The treatment of PE (50 pg/mL) significantly reduced the number of PI positive cells,
compared to the H,O,-treated cells, indicating that PE attenuated the H,O, -induced necrosis in HaCaT
cells. The treatment of PA, EA, and UA (50 uM) also reduced the number of PI positive cells as
compared to the H,O,-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 H,O,-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 H,O,-
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 the pomegranate phenolics may exert cytoprotective effects against H,O,-
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 H,0,

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 H,O, (200 pM) 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 H,O,-untreated control group
(Fig. 7A and B). PE (50 pg/mL), PA, and UA (50 uM) significantly reduced the levels of caspases-3/7
by 2.31-, 2.07-, and 2.68-fold, respectively, as compared to the H,O,-treated group (Fig. 7A). Although

the pomegranate phenolics showed a trend in reducing the levels of caspase-8, only PA (50 puM)
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significantly decreased the levels of capase-8 by 98.2% as compared to the H,O,-treated group (Fig.
7B). Treatments of H,O, 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 (Mcllwain, 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 H,O,-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 H,O,-
induced apoptosis by reducing the levels of caspases-3/7 and -9 in murine microglia BV-2 and human
neuronal SH-SYS5Y 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.

In summary, pomegranate phenolics showed protective effects against H,O,-induced oxidative
stress and cytotoxicity in human keratinocytes HaCaT cells. Pomegranate phenolics protected

keratinocytes by reducing H,0,-induced ROS production and cytotoxicity. In addition, pomegranate
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phenolics decreased H,O,-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 H,O, on viability of HaCaT cells and ROS production in HaCaT cells (A). HaCaT

Hoechst 33342 Crystal Violet

cells were incubated with H,O, at concentrations of 200 and 400 uM and then incubated with DMEM
containing 20 uM DCFDA. Fluorescence intensity of each well was measured at excitation and
emission wavelength of 485 and 525 nm, respectively. HaCaT cells were treated with H,O, at
concentrations of 50, 10, 200, 400, and 800 uM. Cell viability was measured by using CTG 2.0 assay
(B). Representative images of HaCaT cells exposed to H,O, 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.
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induction. Cells were incubated with DMEM containing 20 uM DCFDA after medium removal.
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Abstract

Phytochemicals from functional foods are common ingredients in dietary supplements and cosmetic
products for anti-skin aging effects due to their antioxidant activities. A proprietary red maple (4cer
rubrum) leaves extract (Maplifa™) and its major phenolic compound, ginnalin A (GA), have been
reported to show antioxidant, anti-melanogenesis, and anti-glycation effects but their protective effects
against oxidative stress in human skin cells remain unknown. Herein, we investigated the cytoprotective
effects of Maplifa™ and GA against hydrogen peroxide (H,0,) and methylglyoxal (MGO)-induced
oxidative stress in human keratinocytes (HaCaT cells). H,O, and MGO (both at 400 uM) induced
toxicity in HaCaT cells and reduced their viability to 59.2 and 61.6 %, respectively. Treatment of
Maplifa™ (50 pg/mL) and GA (50 pM) increased the viability of H,O,- and MGO-treated cells by 22.0
and 15.5 %, respectively. Maplifa™ and GA also showed cytoprotective effects by reducing H,0,-
induced apoptosis in HaCaT cells by 8.0 and 7.2 %, respectively. The anti-apoptotic effect of Maplifa™
was further supported by the decreased levels of apoptosis associated enzymes including caspases-3/7
and -8 in HaCaT cells by 49.5 and 19.0 %, respectively. In addition, Maplifa™ (50 pg/mL) and GA (50
uM) reduced H,0,- and MGO-induced reactive oxygen species (ROS) by 84.1 and 56.8 %, respectively.
Furthermore, flow cytometry analysis showed that Maplifa™ and GA reduced MGO-induced total
cellular ROS production while increasing mitochondria-derived ROS production in HaCaT cells. The
cytoprotective effects of Maplifa™ and GA in human keratinocytes support their potential utilization

for cosmetic and/or dermatological applications.

Keywords: Red maple (Acer rubrum), ginnalin A, keratinocytes, methylglyoxal, antioxidant, skin

protection
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1. Introduction

Botanical extracts from functional foods are common ingredients found in cosmeceutical products.
These botanical ingredients are used for topical applications, for e.g. as bioactives in cosmetics, as well
as for consumable products, such as dietary beauty supplements, i.e. as capsules or tinctures.' It has
been reported that several botanical extracts from functional foods are included in the top ten list of
botanical ingredients in anti-aging creams in 2010." Numerous published studies have also reported that
phytochemicals in botanical extracts show a wide range of biological activities including antioxidant,
anti-microbial, anti-inflammation, and anti-glycation effects,z’ 3 which contribute to their overall skin
beneficial effects.

Skin, the largest organ of the human body, is subjected to exposure of intrinsic oxidative stress
from several intra- and extra-cellular biochemical reactions including oxidation and glycation.” Both
extrinsic and intrinsic oxidative stress lead to excessive production of cellular reactive oxygen species
(ROS), which further lead to the impairment of skin cells by triggering cell survival signaling pathways
including cell necrosis and apoptosis.* Another contributing factor for the induction of skin cellular
oxidative stress is the process of glycation, a non-enzymatic reaction involving the metabolism of
glucose. In the glycolysis pathway, glucose is converted into pyruvate and a group of dicarbonyl
compounds, for e.g. glyoxal and methylglyoxal (MGO), which are formed as side products.’ These
dicarbonyl compounds are highly reactive and can interact with biomacro-molecules including protein,
lipids, and DNA, to form a class of complex and heterogeneous compounds known as advanced
glycation endproducts (AGEs). Both AGEs and its precursor, MGO, can exacerbate the production of
ROS and largely contribute to the occurrence and development of many skin disorders including skin
aging and inflammation.® Thus, inhibitors of AGEs and scavengers of reactive dicarbonyl species,
especially natural antioxidants, such as several polyphenols from botanical extracts, are considered as
promising management strategies for AGEs associated skin complications.®’

Our laboratory has had a long interest in investigating the biological effects of phytochemicals in
functional foods and botanical extracts. During the course of our studies, using a combination of in vitro
and in vivo assays, we developed an algorithm to screen the anti-aging effects of over thirty botanical

extracts, several of which showed promising neuroprotective effects including antioxidant, MGO
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scavenging capacity, anti-glycation, and anti-inflammatory activity.® In addition, some of the pure
constituents from these botanical extracts, for e.g. punicalagin and ellagic acid from a pomegranate
extract (Punica granatum; commercially available as Pomella®), showed anti-glycation effects and
protected human keratinocytes against ROS-induced cytotoxicity.” Our group has also reported on the
development of a proprietary phenolic-enriched botanical extract from red maple (Acer rubrum) leaves
(known as Maplifa™)'” as a botanical ingredient for dietary supplement and cosmeceutical applications.
Maplifa™ showed several skin beneficial effects including antioxidant, anti-glycation effects, and anti-
melanogenic activity.'” '' However, the protective effects of Maplifa™ and its major phenolic
compound, ginnalin A (GA), against oxidative stress in human keratinocytes remain unexplored. Herein,
we aimed to investigate the cytoprotective effects of Maplifa™ and GA against hydrogen peroxide

(H,0,) and MGO-induced oxidative stress in human keratinocytes HaCaT cells.

2. Materials and Methods
2.1. Chemicals and reagents

Maplifa™, a proprietary phenolic-enriched red maple leaves extract, was prepared with
protocols developed in our laboratory.' The phytochemical composition of Maplifa™ has been
extensively studied by our laboratory with over 100 phenolics identified." Maplifa™ was standardized
to ginnalin A (GA) content (c.a. 45%), which is the major phenolic compound present in the extract.'’
Methylglyoxal (MGO), hydrogen peroxide (H,0,), crystal violet powder, Hoechst 33342 staining agent,
dimethyl sulfoxide (DMSO), and 2',7'-dichlorofluorescin diacetate (DCFDA) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). MitoTracker™ Red CMXRos, and Annexin and propidium
iodide (PI) staining kits were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
MCellTiter-Glo® (CTG) 2.0 and caspase-Glo® assay kits (caspase- 3/7, -8, and -9) were purchased from
Promega (Fitchburg, WI, USA).
2.2. Cell culture and sample preparation

Human keratinocytes (HaCaT cells) were purchased from the American Type Culture
Collection (ATCC, Rockville, USA). HaCaT cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Life Technologies, Gaithersburg, MD, USA) supplemented with 10% fetal bovine

serum (FBS; GIBCO™ Grand Island, NY, USA) at 37 °C in the presence of 5% CO,. Stock solution of
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test samples were prepared in DMSO and diluted with cell culture medium without FBS to desired
concentrations (6.25-200 pg/mL for Maplifa™ and 6.25-200 uM for GA). The final percentage of
DMSO in the treatments groups was less than 0.2% and HaCaT cells in all of the control groups were
treated with medium containing 0.2% of DMSO.
2.3. Measurement of cell viability

The effects of Maplifa™ and GA on the viability of HaCaT cells were determined by the CTG 2.0
assay.'® The model for the H,O,-induced cell damage was according to our previously reported method
with minor modifications.” In brief, HaCaT cells were seeded in 96-well plates at 1x10* cells per well
and allowed to attach for 12 h. Media was then removed and cells were incubated with test samples for
12 h, following treatment of H,O, (400 uM) for 24 h. CTG 2.0 reagent was then added in each well and
the plate was kept at room temperature for 10 min. Luminescence intensity was recorded using a
Spectramax M2 plate reader (Molecular Devices, Sunnyvale, CA, USA). The MGO-induced cell
damage model was constructed similarly with minor modifications. HaCaT cells were seeded in 96-well
plates at 5x10° cells per well and allowed to attach for 12 h. After incubation, the cells were treated
with test samples for 2 h. The cells were washed with PBS twice and treated with MGO (400 uM) for
24 h, and then cell viability was measured using the CTG 2.0 assay.
2.4. Measurement of reactive oxygen species (ROS)

HaCaT cells were seeded in 96-well plates at 1x10* cells or 5x10° cells per well for H,0,-
induced or MGO-induced cell damage model, respectively, for 12 h. Next, cells were treated with test
samples for 12 h (in H,O,-induced model) or 2 h (in MGO-induced model). Then cell culture media
were removed and cells were washed twice with phosphate-buffered saline (PBS). Media containing a
fluorescent agent (DCFDA; 20 uM) were added to the cells and incubated for 20 mins. Next, HaCaT
cells were washed with PBS to remove excessive exogenous ROS and cells were treated with H,O, or
MGO (both at 400 uM) for 1 h or 24 h, respectively. Cellular fluorescence intensity was measured with
excitation and emission wavelengths of 485 and 525 nm, respectively, using a Spectramax M2 plate
reader (Molecular Devices, Sunnyvale, CA, USA).

2.5. Detection of cell apoptosis

Flow cytometric assays for the measurements of cell apoptosis were conducted as previously
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reported.” HaCaT cells were seeded in 6-well plates at 3x10° cells per well and allowed to attach for 12
h, followed by the treatment with test samples for 6 h. Cell culture media were then removed, and cells
were washed twice with PBS. Next, HO, (400 uM) was added to cells and incubated for 24 h, then
cells were harvested and stained with binding buffer containing Annexin and PI agents for 15 mins in
the dark. Cell suspensions were quantified using flow cytometry and data were analyzed using FlowJo
software.
2.6. Measurements of caspases-3/7, -8, and -9

Levels of caspases -3/7, -8, and -9 were measured as previously reported.9 HaCaT cells were
seeded in 96-well plates at 5x10° cells per well and allowed to attach for 12 h, followed by treatment of
test samples for 6 h. Media were then removed and cells were washed twice with PBS. Next, H,0,
(400 uM) was added and incubated for 24 h followed by adding caspase-Glo kit reagents. 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.
2.7. Detection of total and mitochondria-derived ROS

In the MGO-induced cell damage model, HaCaT cells were seeded in 6-well plates at 3x10° cells
per well and allowed to attach for 12 h. Cells were then treated with test samples for 2 h and washed
twice with PBS, before adding MGO (400 pM) for 24 h. Cells were then harvested and stained with
MitoTracker™ Red agents for 15 mins in dark. Cell suspensions were quantified using flow cytometry
(BD FACSCalibur, San Jose, CA, USA) and data were analyzed using FlowJo software (FlowlJo,
Ashland, OR, USA).
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 as significant.

3. Results and discussion

3.1. Maplifa™ and GA reduced H,0,.and MGO-induced cytotoxicity in HaCaT
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Prior to evaluating the protective effects of Maplifa™ and GA, their range of non-cytotoxic
concentrations in HaCaT cells were determined by the CTG 2.0 cell viability assay. Maplifa™ and GA,
at concentrations ranging from 6.25-100 pg/mL and 6.25-100 pM, respectively, did not induce
cytotoxicity in HaCaT cells (cell viability >96.0%; Fig. 1). Next, concentrations of 12.5, 25, and 50
pg/mL (for Maplifa™) and 12.5, 25, and 50 pM (for GA) were selected for further evaluation.
Hydrogen peroxide (H,O,; reactive oxygen species) and methylglyoxal (MGO; reactive carbonyl
species) were used as oxidative inducers and their cytotoxic effects were evaluated in HaCaT cells.
H,0, (at 400 uM) induced cytotoxicity by decreasing viability of HaCaT cells to 59.2% (Fig. 2A).
Similarly, treatment of MGO (400 pM) reduced viability of HaCaT cells to 61.6% (Fig. 2B). Maplifa™
and GA showed cytoprotective effects by increasing the viability of HaCaT cells exposed to H,O, (Fig.
2A and B) and MGO (Fig. 2C and D). Both Maplifa™ (12.5, 25, and 50 ug/mL) and GA (12.5, 25, and
50 uM) increased the viability of H,O, challenged cells by 11.1-21.5% and 13.8-21.0%, respectively.
Maplifa™, at the highest test concentration (50 pg/mL), maintained 89.7% viable cells as compared to
the control group, while GA at 12.5, 25, and 50 pM, maintained cell viability at 85.9%, 91.7%, and
93.9%, respectively. The ameliorative effect of Maplifa™ and GA in H,0,-treated HaCaT cells was
further supported by morphological analysis with crystal violet staining methods (Fig. 2E). Exposure to
H,0, impaired the integrity of cell nuclei which was shown as deformable shapes of stained nuclei
whilst the treatment of Maplifa™ (50 pg/mL) and GA (50 uM) redeemed the normal shape of cell
nuclei. Similarly, exposure to MGO (at 400 uM) led to significant morphological changes of HaCaT
cells. However, Maplifa™ (50 pg/mL) and GA (50 uM) did not change the shape of cell nuclei as
compared to the MGO-treated group.

Hydrogen peroxide, one of the most common form of ROS, has been utilized as an inducer of
oxidative stress and cytotoxicity in experimental models.'* Previously reported studies support that
H,0;-induced cell death can be ameliorated by dietary hydrolyzable tannins including ellagitannins (e.g.
punicalagin) and gallotannins (e.g. penta-O-galloyl-B-D-glucose) in human skin cells.” > MGO, a
byproduct formed during the oxidation of glucose and a precursor of AGEs, is also considered as a
detrimental factor for skin cells as it exacerbates oxidative stress induced skin cytotoxicity, which

further leads to many diabetes related dermatological complications.” To date, a few studies have shown
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that MGO-induced cell death in human keratinocytes can be alleviated by some synthetic compounds,'®
'7 but there have been no prior reports to show that natural maple-derived phenolics exert protective
effects in HaCaT cells. It is possible that Maplifa™ and GA counteracted the MGO-induced toxicity in
HaCaT cells by their antioxidant capacity. This is supported by our previous report that the inhibitory
effects of Maplifa™ and GA against the formation of MGO-induced glycation were attributed to their

" Therefore, we further

antioxidant capacity rather than their ability to directly scavenge MGO.
evaluated the antioxidant activity of Maplifa™ and GA in the HaCaT cells.
3.2. Maplifa™ and GA reduced H,0;. and MGO-induced production of ROS in HaCaT

To further understand the cytoprotective of Maplifa™ and GA in HaCaT cells against cellular oxidative
stress, we evaluated whether MaplifaTM and GA can diminish H,0,- and MGO-induced production of
ROS. HaCaT cells responded to the oxidative stimulation of H,O, by producing cellular ROS by 8.2-
fold as compared to the control group. Maplifa™ (at 12.5, 25, and 50 pg/mL) showed cytoprotective
effect in the HaCaT cells by reducing the production of H,O,-induced ROS by 81.2, 84.1, and 84.1%,
respectively. Similarly, treatment of GA (12.5, 25, and 50 uM) effectively reduced the level of ROS in
HaCaT cells by 78.8, 82.7, and 86.0%, respectively, compared to the H,O,-treated group. In addition,
the protective effects of Maplifa™ and GA against MGO-induced oxidative stress in HaCaT cells were
evaluated. MGO (400 pM) elevated the production of ROS in HaCaT cells by 2.2-fold as compared to
the control group (Fig. 3C and D). Treatment with Maplifa™ (12.5, 25, and 50 pg/mL) alleviated
MGO-induced oxidative stress by reducing the level of ROS in HaCaT cells by 41.2, 51.3, and 54.7%,
respectively, while treatment with GA (12.5, 25, and 50 uM) also reduced ROS production by 14.2,
52.4, and 56.8%, respectively. This effect was further supported by the morphological analysis of
confocal images of cells stained with DCFDA agent (Fig. 3E).

Although our laboratory has reported that GA reduced the production of H,O,-induced ROS in
murine melanoma B16F10 cells,' this is the first study to show GA’s antioxidant effects against ROS-
induced stress in human keratinocytes. The cytoprotective effects of red maple phenolics including GA
have been associated with its modulation of antioxidant related genes and proteins."” For instance, GA
was reported to have chemopreventive effects mediated by its activation of antioxidant related signaling

pathways including [NAD(P)H quinone dehydrogenase 1; (NQO1)], heme oxygenase-1 (HO-1), and
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nuclear factor erythroid 2-related factor 2 (Nrf2) in colon cancer cells.”” Notably, the transcription
factor, Nrf2, has been reported to play a pivotal role in the protective effects of several phenolic
compounds against oxidative stress’’. In addition, Nrf2 has been reported to regulate the antioxidant
effects of phenolic compounds by the mediation of redox-sensitive anti-inflammatory signaling
pathways including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)*> .
Therefore, it is possible that GA’s antioxidant activity is attributed to its mediation of antioxidant and
anti-inflammatory transcription factors including Nrf2 and NF-kB. However, further studies are
warranted to confirm this.

3.3. Maplifa™ and GA alleviated H,O,-induced apoptosis in HaCaT cells

The cytoprotective effects of Maplifa™ and GA in HaCaT cells against H,O»-induced apoptosis were
evaluated by flow cytometry analysis. The rate of apoptotic cells in the control group was 6.9 %, which
was elevated to 21.4 % after exposure to H,0, (400 uM; Fig. 4). Maplifa™ (50 um/mL) and GA (50
uM) showed anti-apoptosis effects by reducing the population of apoptotic cells by 8.0 and 7.2%,
respectively, as compared to the H,O,-treated group (Fig. 4B). The population of viable cells in the
control group was reduced from 86.8% to 60.8% after exposure to H,0, (400 uM), and both Maplifa™
(50 um/mL) and GA (50 uM) showed protective effects by increasing the population of viable cells to
82.4 and 78.1%, respectively (Fig. 4C). In contrast to the pro-apoptotic effect induced by the H,0,
stimulation, no significant increase of apoptotic cells was observed in the MGO-treated group
(Supplementary Materials; Fig. S1), suggesting that the keratinocytes responded to H,O,- and MGO-
induced oxidative stress via different pathways. It has been observed that MGO can cause apoptosis in
HaCaT cells with a longer incubation time (48 h),'® thus, further studies on the mechanisms of MGO-
induced cell death, and whether Maplifa™ and GA can mitigate these detrimental effects were explored.
3.4. Maplifa™ down-regulated activity of enzymes caspase-3/7 and -8 in HaCaT cells

The anti-apoptotic effect of Maplifa™ and GA were further investigated by measuring their effects on
the level of apoptosis-related enzymes, caspases-3/7, -8, and -9 in HaCaT cells. Stimulation with H,0,
significantly increased the level of caspases-3/7 (by 1.92-fold) and -8 (by 19.5%) as compared to the
control group, while not affecting caspase 9 (Fig. 5). Maplifa™ counteracted H,O,-induced

upregulation of caspases-3/7 and -8 level by 49.5 and 19.0%, respectively, while GA only reduced
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caspase-3/7 (by 48.1%). No significant changes of caspase-9 were observed in the Maplifa™ and GA
treated groups (Fig. 5).

Caspases are checkpoint proteases responsible for the initiation of cell death (apoptosis) and
their activation can be triggered by H,O, and other oxidative stress inducers >* Results from our study
show that caspases-3/7 and -8, caspase isoforms which mediate cell death via the extrinsic pathway of
apoptosis, were elevated by the stimulation of H,O, in HaCaT cells, and diminished by the treatment of
Maplifa™ and GA. This suggested that Maplifa™ and GA may protect HaCaT cells against apoptosis
triggered by extracellular ligands binding to cell-surface death receptors.25 This is in agreement with our
previously reported study showing that punicalagin, the major polyphenol in a pomegranate fruit extract,
protected HaCaT cells from H,0,-induced apoptosis though the modulation of caspases-3/7 and -8
level.’ Conversely, caspase-9, the initiator of apoptosis that senses endogenous oxidative stress, was not
affected by stimulation with H,O, in the HaCaT cells. Since studies have shown that caspase-9
activation is involved in the UV- and ROS-induced apoptosis of human keratinocytes,”® %’ further
studies are warranted to delineate the signaling pathways of oxidative stress induced apoptosis in
human keratinocytes.

3.5. Maplifa™ and GA decreased total ROS production but increased mitochondria-derived ROS
production in MGO-stimulated HaCaT cells

It is possible that Maplifa™ and GA protected HaCaT cells against MGO-induced cell death via their
antioxidant activity, rather than through anti-apoptotic effects. This is because MGO did not induce
apoptosis in HaCaT cells suggesting that ROS may play a critical role in MGO’s cytotoxic effects.
Although DCFDA is a common chemical probe used for the measurement of ROS as shown in the
aforementioned section (Fig. 3), it only provides qualitative information on the production of cellular
oxidants in the fluorescent based assay'®. Therefore, we further characterized the antioxidant effects of
Maplifa™ and GA on MGO-induced production of both total ROS and mitochondria-derived ROS in
HaCaT cells with quantitative flow cytometry assays. The total cellular ROS was measured with
fluorescent dye DCFDA and stimulation by MGO (400 pM) significantly increased fluorescent
intensity by 13.5-fold compared to the control group. Treatment of Maplifa™ (50 pg/mL) and GA (50

uM) counteracted MGO-induced total ROS production by 31.2 and 23.6%, respectively (Fig. 6). In
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addition, MGO increased specific fluorescent intensity for mitochondria-derived ROS by 30.9%,
compared to control group. However, Maplifa™ and GA did not prevent MGO-stimulated production
of mitochondria-derived ROS (Fig. 6C). In order to confirm this effect, a mitochondria-specific probe,
namely, MitoSOX™, was applied to assess the levels of mitochondria-derived ROS in HaCaT cells (Fig.
7). ROS level, generated from mitochondria, increased by 30.9% in the MGO-treated group and was
further increased by the treatment of Maplifa™ and GA (by 1.1- and 1.2-fold, respectively). Results
from detection by both ROS tracker Green and MitoSOX™ methods confirmed that Maplifa™ and GA
enhanced the production of mitochondria-derived ROS in cells stimulated with MGO.

ROS-induced intracellular and extracellular oxidative stress is a key factor for skin cellular
damage, which leads to skin cell death and greatly contributes to skin aging process.”® Evidence from
extensive studies have demonstrated that antioxidants including many dietary natural products exert
skin protective effects by reducing ROS production in skin cells.”> ** Our previously reported study was
in agreement with this proposition as phenolics from pomegranate extract alleviated H,O,-induced
cytotoxicity in HaCaT cells through reducing the production of cellular ROS.? Similarly, Maplifa™ and
GA reduced the production of MGO-induced total ROS, which may contribute to their overall
cytoprotective effects in HaCaT cells. Maplifa™ and GA also increased the levels of specific
mitochondria-derived ROS in MGO-treated cells, which seemed contradictory to the results from the
measurement of total production of ROS. However, this effect may be justified by the fact that ROS
plays complex dual roles in prooxidant and antioxidant pathways. Studies have shown that ROS can
also serve as a stress signal that triggers various redox-sensitive signaling pathways, which may lead to
protective functions against oxidative stress in microorganism.’' For instance, mitochondria produced
ROS is crucial for Caenorhabditis elegans to maintain normal lifespan and increased ROS production
even prolonged their lifespan.®> ** Therefore, it is possible that treatment of Maplifa™ and GA may
boost mitochondria oxidative phosphorylation, and consequently trigger signaling pathways as a
response to simulation by MGO in HaCaT cells. However, further investigations on the mechanisms of

Maplifa™ and GA’s protective effects against MGO-induced oxidative stress are warranted.

In summary, the cytoprotective effects of Maplifa™ and GA against H,0,-and MGO-induced

oxidative stress in human keratinocytes were evaluated. MaplifaTM and GA ameliorated H,0,-and
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MGO-induced cell death and cellular ROS production. Furthermore, the cytoprotective effects
Maplifa™ and GA were attributed to their anti-apoptotic activity by reducing the population of
apoptotic cells and downregulating the levels of apoptosis related enzymes including caspases-3/7 and -
8 in the H,0,-challenged cells. Maplifa™ and GA displayed distinct effects in the MGO-induced
oxidative stress model as they diminished the total ROS production whilst increasing the level of
mitochondria-derived ROS. Findings from this study support the potential skin beneficial effects of
Maplifa™ and GA. To develop Maplifa™ and GA as bioactive ingredients for cosmeceutical and/or

dermatological applications, further investigations on their mechanisms of action are warranted.
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Fig. 1 Effect of Maplifa™ and GA on viability of HaCaT cells. HaCaT cells were treated with (A)
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viabilities were measured using CTG2.0 assay.
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Fig. 2 Effects of MaplifaTM and GA on the viability of HaCaT cells insulted with H;O, or MGO.
(A and C) Maplifa™ (12.5, 25, and 50 pg/mL) or (B and D) GA (12.5, 25, and 50 pM) was
incubated with HaCaT cells for 12 h. Then cells were insulted with H,O, (400 uM) or MGO (400
uM) and further incubated for 24 h. (E) Representative microscopic images of H,O,-insulted
HaCaT cells treated with Maplifa™ or GA. HaCaT cells were stained with crystal violet. “p <
0.01 and ###p < 0.001 as compared with control group; *p <0.05, **p <0.01, and ***p <0.001 as

compared with model group.
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treated with (A and C) Maplifa™ (12.5, 25, and 50 pg/mL) for 12 h or (B and D) GA (12.5, 25,
and 50 uM) for 2 h. Then cells were incubated with DMEM containing DCFDA (20 uM) for 20
mins, followed by exposure of HO, or MGO (both at 400 uM) for 1 h or 24 h, respectively. ROS
level was measured by cellular fluorescence intensity with excitation and emission wavelengths of
485 and 525 nm, respectively. (E) Representative fluorescent images of H,O,- and MGO-insulted
HaCaT cells treated with Maplifa™ or GA. *p < 0.01 and **p < 0.001 as compared with control

group; **p <0.01 as compared with model group.
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Fig. 6 Effects of Maplifa™ and GA on MGO-induced production of mitochondria-derived ROS.
HaCaT cells were treated with Maplifa™ (50 pg/mL) or GA (50 pM) for 2 h, followed by
exposure of MGO (400 uM) for 24 h. Next, the cells were incubated with 20 pM DCFDA for 20
mins. After the cells were washed, 5 uM MitoSOX™ reagent working solution was added and
incubated for 10 mins and the cells were assayed by flow cytometry (A). The frequency of ROS
positive cells (B) and frequency of mitochondria-derived ROS positive cells were quantified (C)
with FlowJo. *p < 0.05 and "p < 0.001 as compared with control; **p < 0.01 as compared with

model goup.
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Fig. 7 Effects of Maplifa™ and GA on MGO-induced production of mitochondria-derived ROS.
HaCaT cells were treated with Maplifa™ (50 pg/mL) or GA (50 uM) for 2 h, followed by
exposure of MGO (400 puM) for 24 h. Next, the cells were incubated with 5 pM MitoSOX™
reagent working solution for 10 mins and assayed by flow cytometry (A). Intensity of
mitochondria-derived ROS measured by Tracker Red were quantified with FlowJo (B). "p < 0.05

and "*p < 0.001 as compared with control group.
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Abstract

Introduction: Reactive carbonyl species including methylglyoxal (MGO) are oxidation metabolites of
glucose and precursors of advanced glycation end products (AGEs). They are important mediators of
cellular oxidative stress and exacerbate skin complications. Published data supports that certain
phenolic compounds can exert cellular protective effects by their antioxidant activity. A phenolic-
enriched maple syrup extract (MSX) was previously reported to show protective effects against AGEs-
and MGO-induced cytotoxicity in human colon cells but its skin protective effects remain unknown.
Objective: The protective effects of MSX were evaluated against hydrogen peroxide (H,0O,)- and
MGO-induced cytotoxicity in human keratinocytes (HaCaT cells). Methods: Cellular viability and
antioxidant activity were evaluated by the luminescent cell viability CellTiter-Glo® assay and the
reactive oxygen species (ROS) assay, respectively. A single-cell gel electrophoresis (Comet assay) was
used to measure the strand breaks in the DNA of HaCaT cells. Results: MSX (at 50 pg/mL)
ameliorated H,O,- and MGO-induced cytotoxicity by increasing cell viability by 21.5 and 25.9%,
respectively. MSX reduced H,O,- and MGO-induced ROS production by 69.4 and 56.6%, respectively.
MSX also reduced MGO-induced DNA damage by 47.5%. Conclusion: MSX showed protective
effects against H,O,- and MGO-induced cytotoxicity in HaCaT cells supporting its potential for

dermatological and/or cosmeceutical applications.

Key words: Maple syrup extract; phenolics, methylglyoxal; keratinocytes; antioxidant; DNA integrity
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1 INTRODUCTION

Skin aging and skin complications associated with many systemic disorders such as diabetes are
linked to the accumulation of a group of proteins known as advanced glycation endproducts (AGEs)
(Ahmed, 2005; Gkogkolou & Béhm, 2012). The formation of AGEs is a non-enzymatic process in
which reducing sugar molecules e.g. glucose, interact with free amino acids of biological
macromolecules including protein, DNA, and lipids to form covalent-bond Maillard reaction products.
This Maillard reaction leads to the generation of a group of unstable compounds known as Schiff bases
(aldehyde- or ketone-like chemicals in which the carbonyl moiety is replaced by an imine or
azomethine group), which can further undergo a series of chemical rearrangements to form stable keto-
amine adducts known as Amadori products. Both Schiff bases and Amadori products react with amino
acids of proteins to form cross-linked protein complexes and undergo multi-step reactions including
oxidation, dehydration, and polymerization to form late stage AGEs. During the formation of AGEs,
glucose and Amadori products are oxidized to generate highly reactive dicarbonyl chemicals including
3-deoxyglucosone (3-DG), glyoxal (GO), and methylglyoxal (MGO) (Desai & Wu, 2007). These
reactive dicarbonyl species (RCS) are regarded as metabolites of sugar molecules and are known to
exacerbate the formation of AGEs. As the precursors of AGEs, RCS can induce intracellular oxidative
stress and cause damage to human dermal cells including fibroblasts and keratinocytes, which can
further lead to accelerated skin aging (Roberts, Wondrak, Laurean, Jacobson, & Jacobson, 2003).
Therefore, AGEs inhibitors have immense potential for the management of skin complications
including those associated with diabetes mellitus (Ahmed, 2005). Considerable research efforts have
been directed towards the development of AGEs inhibitors for the treatment of AGE-mediated skin
complications associated with diabetes mellitus (Rahbar, Kumar Yernini, Scott, Gonzales, & Lalezari,
1999). Several synthetic chemicals, including aminoguanidine, are promising AGEs inhibitors but many
have failed drug approval due to their adverse effect profile (Abdel-Rahman & Kline Bolton, 2002;
Nilsson, 1999). Conversely, natural products, including several food-derived phenolic compounds (e.g.
curcumin, epigallocatechin gallate, and flavonoids including kaempferol, luteolin, quercetin, naringenin,
and rutin) are generally regarded as safe and have been reported to inhibit AGEs formation (Wu, Huang,

Lin, & Yen, 2011; Wu & Yen, 2005). In addition, a growing body of data suggests that these phenolic
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AGE-inhibitors can exert protective effects on keratinocytes by reducing cellular oxidative stress (Babu,
Sabitha, & Shyamaladevi, 2006; Huang et al., 2007).

Our laboratory has initiated a research program focused on the identification of AGE inhibitors
from several medicinal plants and functional foods (foods that provide health benefits in addition to
macro- and micronutrients) (Liu et al., 2014, 2017; Liu et al., 2016; Ma et al., 2016; Ma et al., 2018,
2015; Sun et al., 2016; Zhang, Ma, Liu, Yuan, & Seeram, 2015). Among these natural products, we
reported that phenolic-enriched extracts of pomegranate fruit (Punica granatum) and red maple leaves
(Acer rubrum) showed potent inhibitory effects against AGEs formation and protected human
keratinocytes against oxidative stress induced cytotoxicity (Liu et al., 2014; Ma et al., 2016; Liu et al.,
2019). In addition, we also reported that a polyphenol-enriched maple syrup extract (MSX) showed
inhibitory activity against AGEs formation and protective effects against AGEs- and MGO-induced
cytotoxicity in normal human colon cells (Liu et al., 2017). MSX has also been reported to show a
diverse range of biological activities including antioxidant, anti-diabetic, anti-inflammatory and anti-
neuroinflammatory effects (Liu et al., 2017; Ma et al., 2016; Nahar, Driscoll, Li, Slitt, & Seeram, 2014;
Zhang et al., 2014) but its skin protective effects in human keratinocytes remain unknown. Herein, we
evaluated the protective effects of MSX against hydrogen peroxide (H,0,)- and MGO-induced
cytotoxicity, as well as its antioxidant and cellular DNA protection activities in human keratinocytes

(HaCaT cells).

2 MATERIALS AND METHODS
2.1 Materials

A standardized food grade phenolic-enriched maple syrup extract (MSX), which contains over
90% of phenolic compounds (determined by High-performance liquid chromatography, liquid
chromatography-mass spectrometry, and nuclear magnetic resonance methods), was prepared in our
laboratory as previously reported (Li & Seeram, 2010, 2011; Liu, Ma, & Seeram, 2016; Zhang et al.,
2014). Our previous phytochemical characterization studies of MSX led to the isolation and
identification of several phenolic sub-classes including lignans, gallic acid derivatives and other
phenolic acids, coumarins, and stilbenes (Zhang et al., 2014). However, lignans are the major type of

phenolics present in MSX. Other minor constituents in MSX include ash (ca. 2.21%), fiber (ca. 11%),
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minerals (ca. 788.6 mg/100g), amino acids (ca. 31.7 mg/100g), organic acids (ca. 796.9 mg/100g), and
vitamins (ca. 16670.7 mg/100g) (Zhang et al., 2014). Methylglyoxal (MGO), hydrogen peroxide (H,0,),
crystal violet staining agent, trypsin solution, dimethyl sulfoxide (DMSO), and 2',7'-dichlorofluorescin
diacetate (DCFDA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco BRL (Ground
Island, NY, USA). A luminescent cell viability CellTiter-Glo® (CTG 2.0 assay) kit was purchased from
Promega (Fitchburg, WI, USA). Comet assay kit was purchased from TREVIGEN (Gaithersburg, MD,
USA).
2.2 Cell culture and cell viability
Human keratinocytes (HaCaT cells) were obtained from American Type Culture Collection

(Manassas, VA, USA). HaCaT cells were maintained in DMEM supplemented with 5% FBS at 37 °C
under an atmosphere of 5% CO,. Cellular viability was assessed using the luminescent cell viability
CellTiter-Glo® (CTG 2.0 assay). Briefly, HaCaT cells were seeded at 5x10* cells/mL to 50-60%
confluency in a 96-well microplate. HaCaT cells were exposed to the test compounds at different
concentrations (6.25 — 100 pg/mL) for 24 h. Then the CTG 2.0 agent was added in a 1:1 ratio with
existing media and mixed for 5 min on an orbital shaker prior to luminescence measurement using a
plate reader (Spectramax M2, Molecular Devices, Sunnyvale, CA, USA).
2.3 Effect of MSX on H,O, or MGO induced cell toxicity

HaCaT cells were seeded at 5x10* cells/mL to 60% confluency in a 96-well microplate. After 12 h
incubation, cells were pre-treated with different concentrations of MSX (12.5, 25, and 50 pg/mL) for 2
h. Cells were washed with PBS twice and treated with H,O, (400 uM) or MGO (400 pM) and then cell
viability was determined using the CTG 2.0 assay.
2.5 Crystal violet staining

Crystal violet staining solution was prepared by dissolving 5 g of crystal violet powder into 100 mL
20% aqueous ethanol. HaCaT cells seeded at 25x10* cells/mL to 80% confluency in 6-well plates.
Cells were fixed with 75% ethanol for 15 min at room temperature and incubated with staining solution
for 10 min, followed by washing with PBS for 5 times. Images were captured with a fluorescence

microscope cells imaging system (EVOS; Invitrogen, Waltham, MA, USA).
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2.6 Reactive oxygen species (ROS) assay
HaCaT cells were seeded at at 5x10* cells/mL to 50-60% confluency in a 96-well microplate.

After 12 h incubation, cells were pre-treated with MSX (12.5, 25, and 50 pg/mL) for 2 h and medium
was replaced with fresh medium containing DCFDA (20 uM). Then cells were treated with H,O, (400
uM) or MGO (400 uM) for 24 h. The fluorescence signals were read at excitation and emission
wavelengths of 485 and 525 nm, respectively, using a plate reader (Spectra Max M2 spectrometer,
Molecular Devices, Sunnyvale, CA, USA).
2.7 Comet assay

Comet assay, a single-cell gel electrophoresis that is used to measure the strand breaks in the DNA
of HaCaT cells, was performed according to the instructions of the manufacturers (Trevigen,
Gaithersburg, MD, USA). Briefly, HaCaT cells were seeded at about 5x10* cells/mL to yield 70-90%
confluence in a 6-well plate. Cells were pre-treated with MSX (50 pg/mL) for 2 h and then washed with
PBS twice followed by treatment of H,O, (400 uM) or MGO (400 uM) for 24h. Cells were then
collected and combined with melted LM Agarose (a 1% low melting agarose in PBS that is designed for
the Comet assay) at a ratio of 1:10 (v/v). Then the respective suspensions were transferred onto comet
slides and incubated with cell lysis at 4 °C for 12 h. The slides were immersed into alkaline unwinding
solution for 20 min and subjected to electrophoresis in an alkaline electrophoresis solution at 21 volts
for 30 min. Slides were fixed in 75% ethanol and stained in diluted SYBR GOLD solution (1:3000).
SYBR GOLD is a cyanine dye that exhibits higher binding affinity to nucleic acids including double- or
single-stranded DNA. Comet images were captured with EVOS fluorescence microscope and the
percentage of tailed cell DNA were analyzed with CASP software program (Konca et al., 1981).
2.8 Statistical analysis

All data was expressed as the mean + the standard error of the mean (S.E.M.). 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). A threshold of p value < 0.05 was

considered the cut-off for statistical significance of results.

3 RESULTS AND DISCUSSION

3.1 MSX ameliorates H,O,- and MGO-induced cytotoxicity
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Reactive carbonyl species exacerbate cellular oxidative stress and suppress cell viability (Desai &
Wu, 2007). Therefore, we first evaluated whether MSX can reduce H,0O,- and MGO-induced toxicity
in HaCaT cells. As shown in Figure 1 A, MSX at concentrations ranging from 6.25 — 100 pg/mL did
not affect cell viability of HaCaT cells (viability > 98.0%), and concentrations of 12.5, 25, and 50
pg/mL were selected for further evaluations. Both H,0, and MGO (at 400 uM) significantly induced
cytotoxicity by reducing cell viability by 59.2 and 61.7%, respectively. Treatment of MSX (12.5, 25,
and 50 pg/mL) increased the viability of cells exposed to H,O, by 11.0, 14.1, and 21.5%, respectively,
as compared to the model (H,O,-treated) group (Figure 1 B). MSX also reduced MGO-induced
cytotoxicity by increasing cell viability by 25.9% at concentration of 50 pg/mL (Figure 1 C). This
protective effect was further supported by data obtained from crystal violet staining assay. Treatment of
MSX maintained the normal shape of cell nuclei, as compared to H,0, and MGO challenged cells,
which had irregular shaped nuclei (Figure 1 D). This finding is in agreement with our previously
reported study showing that phenolics from a commercially available standardized pomegranate fruit

extract (Pomella®) attenuated H,0-induced cytotoxicity in HaCaT cells (Liu et al., 2019).

3.2 MSX reduces H,0,- and MGO-induced cellular reactive oxygen species (ROS)

Hydrogen peroxide (H,0,) and MGO induce cytotoxicity in HaCaT cells by mediating the
production of cellular reactive oxygen species (ROS) (Roberts et al., 2003). Levels of ROS in HaCaT
cells were elevated by 8.18- and 2.24-fold when cells were stimulated by H,0, (200 uM) and MGO
(400 uM), respectively, as compared to the control group. Treatment of MSX reduced the production
of ROS in cells exposed to H,O, and MGO in a concentration dependent manner. MSX (12.5, 25, and
50 pg/mL) reduced H,0,- and MGO-induced ROS production by 44.4, 59.0, and 69.4%, and 34.9, 51.3,
and 56.6%, respectively, as compared to the model group (Figure 2). This is in agreement with our
previously reported studies showing that MSX exerts cytoprotective effects by attenuating cellular ROS
in normal human colon CCD-18Co cells (Liu et al., 2017) and murine microglial BV-2 cells (Ma, et al.,

2016).

3.3 MSX maintains MGO-induced cellular DNA damage
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Reported studies suggested that MGO can bind to nucleotides and induce DNA chain fracture in
human skin cells (Roberts et al., 2003). The protective effects of MSX against H,O,- and MGO-
induced DNA damage were evaluated in the Comet assay. As shown in Figure 3 A, MGO (400 uM)
significantly increased the levels of fractured DNA chain in HaCaT cells (by 73.9%) and the treatment
of MSX (50 uM) maintained the integrity of DNA structures in HaCaT cells with a lower percentage of
tailed DNA (47.5%; Figure 3 A lower panel). Treatment of H,O, (400 uM) did not result in DNA
damage in HaCaT cells as shown in the comet assay (Figure 3 B), suggesting that different
mechanism(s) are involved in the oxidative stress induced cell damage. This difference was in
agreement with our previously reported observation where H,O, induced cell apoptosis (Liu et al., 2019)
while MGO did not show apoptotic effects in HaCaT cells (data not shown). Although several
synthetic small molecules including penicillamine (Roberts et al., 2003) and N-acetylcysteine (Yang et
al., 2014) are reported to show protective effects, to the best of our knowledge, this is the first report
showing that a polyphenol-enriched natural product extract protects the integrity of DNA in HaCaT

cells from MGO induced damage.

TRANSLATIONAL THERAPEUTIC IMPLICATIONS OF OUR RESEARCH

A growing body of basic pharmacological research support the utilization of several natural
polyphenols to combat AGEs-mediated dermatological dysfunctions and skin disorders induced by
oxidative stress (Ho & Wang, 2013; Jeanmaire, Danoux, & Pauly, 2001). Several of these polyphenols
are found in plant based-diets including in fruits, vegetables, grains, and plant-derived beverages (Khan,
Liu, Wang, & Sun, 2020). Therefore, because of their inherent lack of toxicity and natural origin, these
polyphenols show great promise for preventive and therapeutic effects against skin aging, skin damage
and cutaneous toxicity, including ulcer, burns, and wounds (Dziato et al., 2016). Moreover, several
clinical studies support the skin protective effects of polyphenols and their dermatological applications
(Gianeti, Mercurio, & Maia Campos, 2013; Mirnezami, Jafarimanesh, Rezagholizamenjany,
Alimoradian, & Ranjbaran, 2020; Palmer & Kitchin, 2010). The skin protective effects of dietary
polyphenols as well as their therapeutic potential for the treatment of skin disorders have been reviewed
in several articles (Daniyal et al., 2019; Dzialo et al., 2016; Svobodova, Psotova, & Walterova, 2003;

Zillich, Schweiggert-Weisz, Eisner, & Kerscher, 2015). For instance, the skin protective effects of

57



honey, a natural sweetener, has been supported by empirical evidence and modern scientific studies
(Bogdanov, Jurendic, Sieber, & Gallmann, 2008; Saranraj & Sivasakthi, 2018). Published data suggest
that honey is suitable as a remedy for skin conditions including wounds and burns (Burlando & Cornara,
2013; McLoone, Warnock, & Fyfe, 2016). Apart from bioactives including amino acids, vitamins,
minerals, and phenolics, some honey, for e.g. Manuka honey, has been reported to contain MGO, which
partially contributes to its antimicrobial activity (Alvarez-Suarez, Gasparrini, Forbes-Hernandez,
Mazzoni, & Giampieri, 2014). To date, the skin protective effects of maple syrup, a plant derived
natural sweetener, are unknown. Therefore, we evaluated the cytoprotective effects of a phenolic-
enriched maple syrup extract (MSX) on human keratinocytes HaCaT cells against oxidative and
glycative stress induced cytotoxicity. MSX at non-toxic concentrations (ranging from 6.25 — 100
pg/mL) reduced H,0,- and MGO-induced cytotoxicity and production of ROS in HaCaT cells. Results
from the Comet assay showed that MSX can protect the integrity of DNA of HaCaT cells from MGO-
induced DNA damage. It is possible that the protective effects of MSX in skin cells are involved with
several molecular pathways, such as activation of extracellular signal-regulated kinases (ERK) 1/2
phosphorylation, which was observed in our previously reported study (Liu et al., 2017). Further
studies on the underlying mechanism(s) of the skin protective effects of MSX are warranted. In
summary, the findings from the current study support the protective effects of MSX in keratinocytes

and its potential for dermatological and/or cosmeceutical applications.
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ABSTRACT

Glucitol-core containing gallotannins (GCGs) from the red maple (Acer rubrum) species have been
reported to exhibit skin beneficial activities but their inhibitory effects on elastase remain unclear. Herein,
we evaluated a series of GCGs for their anti-elastase activity, skin permeability, and cytoprotective effects
in human keratinocytes HaCaT cells. GCGs’ anti-elastase effects were enhanced as their number of galloyl
groups increased which contributed to the formation of more stable protein-ligand complexes. In addition,
GCGs were predicted to have moderate skin permeability with ginnalin A (GA) showing favorable
permeability in the PAMPA model and cell uptake assay. Moreover, GA, ginnalin B, and maplexin F (at 50
uM) alleviated H,0O,-induced reactive oxygen species in HaCaT cells by 70.8, 92.8, and 84.6%,
respectively. In conclusion, red maple GCGs are skin permeable elastase inhibitors with antioxidant
activity, which may contribute to their overall skin beneficial effects and support their potential for

cosmeceutical applications.

Keywords: red maple; glucitol-core containing gallotannin; ginnalin A; elastase; anti-wrinkle; antioxidant

Abbreviations

AAAPVN: N-Succinyl-Ala-Ala-Ala-p-nitroanilide; CTG: Cell Titer-Glo 2.0 assay; EGCG

epigallocatechin gallate; GA: ginnalin A; GB: ginnalin B; GC: ginnalin C; GCGs: glucitol-core containing
gallotannins; GLA: gallic acid; GT: gallotannins; HPLC: high-performance liquid chromatography; MF:
maplexin F; MJ: maplexin J; PAMPA: parallel artificial membrane permeability assay; PGG: pentagalloyl

glucose; PYG: pyrogallol; ROS: reactive oxygen species; TA: tannic acid
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1 Introduction

Gallotannins (GTs), a class of polyphenols formed by the esterification of gallic acid(s) and a
polyol carbohydrate moiety (e.g. glucose), are common phytochemicals used in traditional medicine
systems. They have been reported to show numerous pharmacological activities including antioxidant
(Zhao et al., 2005), anti-microbial (Engels et al., 2009), anti-cancer (J. Zhang, Li, Kim, Hagerman, & Lii,
2009), anti-diabetic (J. Zhang et al., 2009), and anti-inflammatory (Kiss & Piwowarski, 2016) effects. In
addition, pre-clinical studies showed that GTs exert skin protective effects via various mechanisms
including prevention of UV-induced skin damage (Svobodova, Psotovd, & Walterova, 2003), down-
regulation of skin hyperpigmentation (Goenka, Ceccoli, & Simon, 2019), and anti-proliferation of skin
cancer cells (Ho, Chen, Lin-Shiau, & Lin, 2002). Due to these potential promising skin beneficial effects,
plant extracts containing GTs are widely used as bioactive ingredients in skin care products (Choubey,
Varughese, Kumar, & Beniwal, 2015). Our research group has had a long interest in identifying
phytochemicals from medicinal plants for their cosmeceutical and dermatological applications (Liu et al.,
2020, 2019; Sheng et al., 2020). This led to the discovery of a series of unique GTs, namely, glucitol-core
containing gallotannins (GCGs), from the red maple (Acer rubrum) species (C. Li & Seeram, 2018; Wan et
al., 2012; Yuan, Wan, Liu, & Seeram, 2012; Y. Zhang, Ma, Yuan, & Seeram, 2015). Biological evaluations
of these GCGs showed several skin beneficial activities including anti-melanogenic effects in murine
melanoma B16F10 cells (Ma et al., 2017) and cytoprotective effects against oxidative stress in human
keratinocyte HaCaT cells (Liu et al., 2020). In addition, GCGs have been reported to show inhibitory
effects on the formation of advanced glycation endproducts (AGEs) (Ma, Liu, et al., 2016), which are
biomarkers that contribute to aging-related skin conditions including sagging and wrinkling (Gkogkolou &
B6hm, 2012; Ichihashi, Yagi, Nomoto, & Yonei, 2011).

Apart from AGEs, the formation of skin wrinkles can be exacerbated by the loss of skin elasticity
due to hyperactivity of elastase (Imokawa & Ishida, 2015). Pancreatic elastase, also known as elastase 1
(ELA1) or chymotrypsin-like elastase family, member 1 (CELAL1), is a serine-type protease expressed in
the basal layers of epidermis (Talas, Dunlop, Khalaf, Leigh, & Kelsell, 2000). It catalyzes the reaction of
breaking down elastin protein by cleaving peptide bonds on the carboxyl-terminal end of amino acids with

an alkyl side chain (Mecham et al., 1997). Elastase, along with metalloproteases and cysteine proteases, are
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the major proteases for the degradation of tissue elastin. Elastin is a polymeric protein consisting of
tropoelastin monomers that account for 2 to 4% of the total protein content of the skin tissue (Rosenbloom,
Abrams, & Mecham, 1993). It is an essential protein for maintaining skin’s mechanical structures by
resuming the shape of skin after physical stretching or contracting. Declining elastin level in skin tissue can
lead to the loss of skin structural integrity and consequently result in the formation of skin wrinkle
(Imokawa, 2009). Although elastin is a long-lasting protein with a half-life of over 70 years (Toyama &
Hetzer, 2013), its degradation can be exacerbated by both environmental stress (e.g. ultraviolet radiation)
and intrinsic factors, such as the overexpression of elastase. Inhibitors of elastase, especially from herbal
extracts, have been reported to show ameliorative effects against elastase-associated wrinkle formation
(Tsukahara et al., 2006a), and are considered as active anti-wrinkle ingredients for cosmetic products (K. K.
Lee, Kim, Cho, & Choi, 1999; Liyanaarachchi, Samarasekera, Mahanama, & Hemalal, 2018). Several
tannin-rich plants have been screened for anti-elastase activity (Piwowarski, Kiss, & Koztowska-
Wojciechowska, 2011), however, the inhibitory effects of GTs on elastase remain unclear. Moreover,
although GTs are common phytochemicals used in skin care products, their cosmeceutical properties, such
as the skin permeability, are not well characterized. Herein, GTs including GCGs (ginnalins A-C and
maplexins F-J) previously isolated by our group from red maple leaves, along with two common GTs
including pentagalloyl glucose (PGG) and tannic acid (TA), as well as GTs’ structural building unit, gallic
acid (GLA), and a gut microbial metabolite of GTs, namely, pyrogalloyl (PYG), were evaluated for their
anti-elastase activity. The structure-activity relationship and mechanisms of elastase inhibition of the GGCs
were studied. In addition, the skin permeability of GCGs and their protective effects in human
keratinocytes HaCaT cells against oxidative stress are reported here.

2 Materials and Methods

2.1. Chemicals

Red maple glucitol-core containing gallotannins (GCGs) including ginnalin A (GA; contains 2 galloyls),
ginnalin B (GB; contains 1 galloyl), ginnalin C (GC; contains 1 galloyl), maplexin F (MF; contains 3
galloyls), and maplexin J (MJ; contains 4 galloyls) were isolated from the red maple species or chemically
synthesized as previously reported (Ma et al., 2015; Y. Zhang et al., 2015). Pentagalloyl glucose (PGG;

contains 5 galloyls) was isolated from Rhus species as reported (Ma et al., 2012). Tannic acid (TA; contains
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10 galloyls), gallic acid (GLA), pyrogallol (PYG), epigallocatechin gallate (EGCQ), elastase from porcine
pancreas (EC 254-453-6), elastase substrate (N-Succinyl-Ala-Ala-Ala-p-nitroanilide; AAAPVN), 2°,7’-
dichlorofluorescin diacetate (DCF-DA), dimethyl sulfoxide (DMSO), and analytical grade methanol and
acetonitrile were purchased from Sigma Aldrich (St. Louis, MO, USA). Tris-HCI buffer (pH 8.8) was
purchased from Teknova (Hollister, CA, USA).

2.2. Elastase inhibition assay

Test samples were dissolved in DMSO at 10 mg/mL and diluted to desired concentrations with Tris-HCI
buffer (pH adjusted to 7.2; DMSO < 5%). A reaction mixture of test sample (30 pL) and elastase solution
(100 pL; 0.3 U/mL) in Tris-HCI buffer was incubated in a 96-well plate at 37 °C for 10 min. Then substrate
AAAPVN (40 pL; 0.25 mg/mL) was added to each well at timed intervals. The reaction mixture was
incubated at room temperature for 5 min and absorbance was recorded at wavelength of 410 nm by a
micro-plate reader (SpectraMax M2, Molecular Devices Corp., operated by SoftmaxPro v.4.6 software,
Sunnyvale, CA, USA). Control group had buffer solution (30 pL) in place of the test sample. The elastase
inhibitory activity was expressed as inhibition% and was calculated as follows: inhibition% =100 X [(Cs -
Co) - (S5 - Sp)1/(Cs - Cp), where Cy is the absorbance of the reagent blank in 0 min, S, is the absorbance of
the samples in 0 min, Cs is the absorbance of the reagent blank in 5 min, and Ss is the absorbance of the
samples in 5 min.

2.3. Kinetics of elastase inhibition

The inhibition type of ginnalin A (GA) and maplexins J (MJ) was determined by the Lineweaver—Burk plot
using previously reported method (Ma et al., 2015). Briefly, two concentrations around the ICs, value of
each sample (dissolved in Tri-HCI buffer; DMSO < 5%) were selected and their inhibition rates on elastase
were evaluated with substrate AAAPVN in a range of concentrations from 125 to 1000 uM.

2.4. Molecular docking

Crystal structure of porcine pancreatic elastase complexed with a potent peptidyl inhibitor was retrieved
from Protein Data Bank (PDB ID: 3HGP). The X-ray crystal structure of 3HGP with a resolution of 0.94 A.
UCSF Chimera was applied to remove solvent (water) molecule, non-complexed ions, and ligand.
Canonical SMILES files of GLA, GA, MJ, and PGG were acquired from PubChem to generate their

chemical structure. The 3D structure of these molecules was constructed using Molecular Operating
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Environment (MOE). PDBQT format for both 3HGP and these molecules was prepared using Autodock
4.2 algorithm and Autodock Tools 1.5.6 was used to perform the molecular docking. AutoDock was used
to generate the coordinates for each docked conformation along with information on clustering and
interaction energies. The estimated free energy of binding was calculated according to the equation.
Estimated free energy of binding = [(1) + (2) + (3) - (4)], where (1) is the final intermolecular energy, (2) is
the final total internal energy, (3) is the torsional free energy, and (4) is the unbound systems. The ligand-
target complex with lowest binding energy was analyzed using Discovery Studio 4.5 (Accelrys Inc., San
Diego, CA, USA).

2.5. Skin permeability and stability

GTs’ skin permeability was evaluated by computational experiment (SwissADME) using previously
reported method (Daina, Michielin, & Zoete, 2017). Simplified molecular input line entry specification
(SMILES) files of each compound were generated by ChemDraw (PerkinElmer Inc.; Waltham, MA, USA)
and their skin permeability were predicted by SwissADME (http://www.swissadme.ch/) with parameters
including Log Py, Log SEsor), Log Sy and Log Kp (cm/s, skin permeation). GA, which is the most
abundant GCG in red maple plant parts, was selected as a representative GCG for further evaluation of its
skin permeability in a biochemical based assay, namely, the parallel artificial membrane permeability assay
(PAMPA). Supplies for PAMPA assay including preloaded support plate, deep well plates, and skin plates,
as well as PAMPA test reagents including Prisma HT buffer, positive controls (verapamil, piroxicam,
progesterone, and atenolol) were obtained from Pion Inc (Billerica, MA, USA). The stability of GA under
conditions of basic and acidic environments, ultraviolet (UA) radiation, and heat was measured by HPLC-
diode array detector (DAD) analyses using a Hitachi Elite LaChrom system according to published method
(Singh et al., 2013). Briefly, GA was incubated in different conditions including basic (pH = 13; 0.1 M
HCI), acidic (pH =1; 0.1 M NaOH), oxidation (3% H,0,); UV light, heat (heating chamber at 60 °C) for 1
h and was analyzed by HPLC to determine the degradation. The HPLC-DAD analyses was performed with
an Alltima C;g column (250%4.6 mm, 5um) and a solvent system consist of 0.1% trifluoroacetic acid in
water (A)/methanol (B) was used as the mobile phase using a linear gradient as follows: 0-30 min 90-5% A;
30-31 min, 5-90% A; 31-38 min, 5% A with a total run time of 38 min, a flow rate of 0.8 mL/min.

2.6. Cell culture and viability
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Human keratinocytes (HaCaT cells) were purchased from the American Type Culture Collection (ATCC,
Rockville, USA). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Life
Technologies, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (FBS; Gibico, Grand
Island, NY, USA) at 37 °C with 5% CO,. Test compounds were prepared in DMSO (10 mM) and diluted to
desired concentrations with cell culture medium. The viability of HaCaT cells treated with test compounds
(at 10, 100, and 1000 uM) were determined with the Cell Titer-Glo 2.0 assay (CTG; Promega Corp,
Madison, WI, USA) CTG 2.0 with previously reported method (Ma, DaSilva, et al., 2016). By measuring
luminescence intensity using a Spectramax M2 plate reader (Molecular Devices, Sunnyvale, CA, USA).
2.7. Measurement of reactive oxygen species (ROS)

Levels of cellular oxidative stress were evaluated by reactive oxygen species (ROS) assay with DC-FDA
agent as previously reported (Liu et al., 2019). Briefly, HaCaT cells were seeded in 96-well plate and
allowed to grow for 12 h following incubation with test compounds for 12 h. Cells were then washed with
phosphate-buffered saline (PBS) and incubated with a fluorescent agent (DCF-DA; 20 uM) in culture
medium for 20 min. Next, cells were treated with H,O, (400 uM) for 1 h and cellular ROS levels were
determined by measuring fluorescence intensity with excitation and emission wavelength of 485 and 525
nm, respectively, using a Spectramax M2 plate reader (Molecular Devices, Sunnyvale, CA, USA).
Morphological evaluation of cells stained with DCF-DA agent was analyzed by confocal images captured
with a fluorescence microscope cells imaging system (EVOS; Invitrogen, Waltham, MA, USA).

2.8. Sample preparation for cell uptake assay

Cellular uptake of GA by HaCaT cells were evaluated with high-performance liquid chromatography with
a diode-array detector (HPLC-DAD) method using reported method with modifications (Hsu, Weng, Lin,
& Chien, 2007). Briefly, HaCaT cells were seeded in 9 mm petri dishes for 12 h to reach a confluency of
80% and GA (at 50 uM) was added and incubated with cells for 2 h. Next, cell culture medium (1.5 mL)
was carefully collected at 1, 2, 4, 8, and 24 hours and centrifuged at 12000 g/min for 10 min to obtain
supernatant. The supernatant was then freeze dried for HPLC analysis for extracellular GA level. For
intracellular level of GA, cells were treated with GA (at 50 pM) for 24 h and then washed with cold PBS
(2x) to remove remaining extracellular GA. Cells were then collected in culture medium (2 mL) and

centrifuged at 12000 g/min for 10 min to obtain cell pellets. Cell pellets were suspended in PBS buffer and
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placed in a freezer (at -80C) for 15 mins followed by thawing at 37 C for 5 min for three cycles. Then the
cell lysate was centrifuged at 12000 g/min for 10 mins at 4 C and freeze dried for HPLC analysis.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA).
Data were expressed as the mean value + standard deviation (SD). 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

3.1. GTs inhibit elastase enzyme activity

The structures of GTs including GCGs are varied in the number of galloyl groups attached to a polyol
carbohydrate (e.g. glucose or glucitol; Figure 1). A trend of enhanced inhibitory effect on elastase activity
was observed when the number of galloyl groups on GTs increased. GCGs with 1 galloyl [ginnalin B (GB)
and ginnalin C (GC)] or 2 galloyls (GA) showed inhibitory effects at concentrations of 31.25-1000 pM
with a range of inhibition rate from 7.5-68.6, 2.5-19.4, and 5.7-59.5%, respectively. GCGs including
maplexins F and J (MF and MJ, with 3 and 4 galloyls, respectively) showed enhanced inhibitory effects
with inhibition rates of 38.6-86.3 and 28.4-87.9%, at concentrations from 1.25-1000 uM, respectively. The
inhibitory effect of pentagalloyl glucose (PGG; 5 galloyls) was comparable to MJ with an inhibition rate of
80.3% at 1000 pM. Tannic acid (TA), a large GT with 10 galloyls, had the most potent inhibitory effect
with inhibition rates ranging from 70.2-98.8%, at concentrations of 31.25-1000 puM, respectively. In
addition, gallic acid (GLA), which contains 1 galloyl group without any attachment to a sugar core, along
with a gut microbial metabolite of GTs, namely, pyrogallol (PYG), showed weak inhibitory effects on
elastase. PYG (at 31.25-1000 pM) had inhibition rates of 6.6-38.2%, respectively, whilst GLA showed a
minimum inhibitory activity (inhibition < 15% at 31.5 uM). The structure-activity relationship of GTs on
elastase inhibition was further analyzed by comparing their ICsy values (Table 1). Moderate elastase
inhibitors including GB and GA had an ICs, values of 617.4 and 810.6 pM, respectively. The ICs, values of
GTs with 3-5 galloyls (MF, MJ, and PGG) ranged from 237.5 to 262.3 uM, respectively. TA with 10
galloyls had the strongest inhibitory effect with an ICs, value of 16.1 uM, which was 10-fold stronger than

the positive control epigallocatechin gallate with 1 galloyl group (EGCG; ICso = 160.7 uM). In addition,
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another positive control, namely, oleanolic acid (a pentacyclic triterpenoid which does not contain any
galloyl groups), had similar anti-elastase activity with an ICs, value of 163.1 uM, which was in agreement
with published data (K. K. Lee, Cho, Park, & Choi, 2001). GLA, GC, and PYG had weak inhibitory
activities with ICs, values greater than 1000 uM. Furthermore, two GCGs including GA (the most abundant
GCQG in the red maple plant used as a representative compound) and MJ (a red maple GCG with the most
potent anti-elastase activity) were selected to further study the mechanism of inhibitory effects on elastase
by determining their enzyme inhibition mode with kinetic assay. Lines generated in the Lineweaver-Burk
plot intersected at the X-axis, suggesting that GA and MJ were noncompetitive inhibitors of elastase
(Figure 2). Therefore, GA and MJ may inhibit the activity of elastase by binding to the allosteric site of
enzyme protein.

3.2. GTs bind to elastase protein

Molecular docking was conducted to study the interactions between elastase enzyme and red maple GCGs
including GA and MJ, along with GLA and PGG. An X-ray crystal structure of elastase from protein data
bank (PDB ID: 3HGP) was used for docking (Figure 3A). Estimated free energy of binding of test
compounds and elastase was predicted (Figure 3B). GA and MJ had an estimated free binding energy of -
4.86 and -1.62 Kcal/mol, respectively, while GLA and PGG showed binding energy of -3.53 and -0.11
Kcal/mol, respectively. In addition, molecular interactions between elastase and test compounds were
explored. GLA, as the structural basic unit of GCGs, was able to interact with elastase enzyme primarily by
forming hydrogen bonds between its hydroxyl groups and protein residues including GLY-A:184, ASN-
A:132, THR-A:162, and ASN-A:133. A pi-sigma bond between the benzyl ring of GLA and protein
residue VAL-A:163 was formed to enhance the ligand-protein interactions (Figure 3C). Further binding
analysis showed that hydroxyl bonds on the galloyl group at 2-position of GA formed conventional
hydrogen bonds with the THR-A:41 residue of elastase enzyme (Figure 3D). Similarly, two hydrogen
bonds were formed between hydroxyl groups of galloyl moiety (at 6-position of GA) and elastase’s ASP-
A:97 and ARG-A:217A residues. Additionally, the stabilization of the GA-elastase complex was facilitated
by forming pi-cation and pi-sulfur bonds with residues ARG61 and CYS42, respectively, as well as by van
der Waals force with protein residues including ALA-A:99A, ASP-A:98, GLA-A:192, and GLY-A193.

Similar molecular interactions were observed between MJ and elastase enzyme (Figure 3E). For instance,
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hydrogen bonds were formed between hydroxyl groups at two galloyl moieties (positions 4 and 6) of MJ
and protein residues ALA-A:152, LEU-A:151, GLU-A:70, and TRP-A:38 (Figure 3E). A pi-alkyl bonds
was also formed between benzyl ring of MJ (at position 6) and residue LUE-A:73. Given that MJ has two
more galloyl groups than GA, it formed additional van der Waals bonds (VAL-A:67, GLN-A34, HIS-A:40,
ALA-A:39, GLN-A:150, GLN-A:153, SER-A:36A, SER-A:37, ARG-A:65A, and TYR-A:82) to stabilize
the ligand-protein complex. Furthermore, the binding mode of GCGs to elastase was compared to that of
PGG. Although similar hydrogen bonds were formed between hydroxyl groups of PGG and amino acid
residues of elastase enzyme (at residues ANS-A:204 and GLY-A:127), PGG also had additional hydrogen
bonds formed between its carbonyl groups and protein residues ASN-A:132 and ILE-A:129, as well as its
glucose core and residue ALA-A:131 (Figure 3F). Although MJ and PGG share some structural similarities,
they had different torsional energy (7.46 v.s. 9.25, respectively) which was the major contributor that led to
their distinctive overall binding energy. This may account for the observation that although MJ has 1 less
galloyl group compared to PGG, they both had comparable inhibitory effects on elastase.

3.4. Red maple GCGs are skin permeable

To further evaluate red maple GCGs’ potential for cosmeceutical applications, their permeability on skin
barrier was first predicted in silico. The skin permeability coefficient (Log Kp; cm/s) of test compounds
were obtained by SwissADME computational model with a multiple linear regression of factors correlated
with physicochemical properties including molecular weight, Log Po/w, molecular size, and lipophilicity
(Figure 4A). Based on Log Kp prediction, the more negative the coefficient value, the less skin permeable
is the compound. GLA and PYG, as the ‘structure building scaffold’ and metabolite of GTs, respectively,
had moderate Log Kp (-6.84 and -6.7 cm/s, respectively), whilst large GTs including PGG and TA were
unlikely to be able to penetrate skin barrier. GCGs and EGCG (the positive control in the elastase inhibition
assay) had comparable Log Kp (ranging from -9.25 to -9.56, vs -8.27 cm/s), which are less permeable when
compared to some known skin permeable drugs (Chen, Chen, Huang, & Chang, 2018). Notably, EGCG has
been reported to show desirable skin penetration and retention for cosmetic applications with ex vivo
assays using fresh human skin model and static Franz diffusion assay (Dal Belo, Gaspar, Maia Campos, &
Marty, 2009). Therefore, we further evaluated the skin penetration and skin cell uptake capacity of GA, the

most abundant GCG in red maple leaves extract, with experimental methods including parallel artificial
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membrane permeability assay (PAMPA) and a cell uptake assay. In the PAMPA assay, GA’s skin
permeability was evaluated based on its experimental -Log P. values, and compared to several drugs
including atenolol (-Log P, value = 9.87), verapamil (-Log P. value = 4.86), and progesterone (-Log P,
value = 4.22) were used as controls (at pH = 7.4) representing high, medium, and low skin permeability,
respectively. GA had -Log P, values of 4.64 and 4.76 at pHs 6.5 and 7.4, respectively, suggesting that it has
a moderate skin permeability (Figure 4B and C). In addition, GA was evaluated for its cell uptake capacity
in HaCaT cells (Figure 4B and C). HPLC analysis showed that GA (at 100 pg/mL) was detectable in
human keratinocyte HaCaT cells after a treatment period up to 4 h (Figure 4D). To evaluate whether GA
was stable in the conditions of biological evaluation systems used herein, we performed forced degradation
assay using HPLC-DAD analyses (Figure S3 in the Supplementary Material). GA was stable in conditions
including acidic environment (in 0.1 M HCI), oxidation (in 3% H,0,), UV radiation, and heat at 60°C with
degradation percentages of 2.4, 2.7, 2.8, and 2.9%, respectively (Figure 4E). GA was less stable in the basic
condition (0.1 M NaOH) with a degradation percentage of 35.2%.

3.3. Red maple GCGs protect human keratinocytes against oxidative stress

To further study the skin protective effects of GCGs for their potential cosmeceutical applications, cellular
assays were used to evaluate GTs’ antioxidant effects in human keratinocytes HaCaT cells. First, cytotoxic
effects of all GTs at concentrations of 10, 100, and 1000 uM in HaCaT cells were assessed (Figure 5). Red
maple GCGs including GB, GC, GA, and MF were nontoxic to HaCaT cells and the median inhibition
concentrations (ICsg) values were 247.1, >1000, 730.2, 429.1 uM, respectively. In addition, apart from TA,
other GTs, GLA, and PRG showed minimum toxicity to HaCaT cells at low concentration (10 uM).
Cytotoxic effects of GTs in HaCaT cells were observed at higher concentrations. ICs, values of large GTs
(with 4 or more galloyls) including MJ, PGG, and TA were 16.7, 70.1, and 9.8 uM, respectively. The
antioxidant effects of GTs were evaluated at nontoxic concentrations (10 and 50 pM) against H,O, induced
generation of ROS in HaCaT cells. The level of ROS was elevated when cells were exposed to H,O, (400
uM; as the model group). Red maple GCGs including GA, MF, and MJ (at 10 and 50 pM) ameliorated
H,0;-induced oxidative stress by reducing ROS level to 47.1-92.8 %, 58.4-84.6 %, and 16.4-35.4 %,
respectively (Figure 6A). In addition, GA showed protective effects by reducing H,0,-indcued ROS

generation by 47.1 and 92.8 %, respectively (at 10 and 50 uM). The cytoprotective effects of red maple
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GCGs were supported by the morphologic analysis of cells stained with a fluorescent probe DCFDA.
Microscope images showed that the treatment of red maple GCGs reduced the fluorescent intensity of cells
stained with DC-FDA (Figure 6B). Other GTs did not significantly reduce H,0,-indcued ROS generation
in HaCaT cells.
4. Discussion

We showed that GTs including GCGs from red maple leaves inhibited the activity of elastase and
their anti-elastase effect appeared to be correlated with the number of galloyl moieties in their chemical
structure with a higher number of galloyls in the GTs resulting in more potent inhibition of elastase. This
structure-activity relationship (SAR) is in agreement with our previously reported SAR studies of GCGs on
anti-a-glucosidase (Ma et al., 2015), anti-tyrosinase (Ma et al., 2017), anti-glycation (Ma, Liu, et al., 2016),
and anti-proliferative activities (Gonzalez-Sarrias, Ma, Edmonds, & Seeram, 2013; Gonzalez-Sarrias, Yuan,
& Seeram, 2012). For instance, GCGs with 1 galloyl (e.g. GB and GC) only had a moderate inhibitory
effect on the formation of AGEs, whilst GCGs with multi-galloyls (e.g. GA, MF, MJ) showed more potent
anti-glycation activity. A similar SAR effect was observed in the evaluation of GCGs’ anti-tyrosinase effect,
in which GA, MF, and MJ (with 2-4 galloyls) showed more potent inhibitory effects as compared to GB
and GC (both containing 1 galloyl). Apart from these enzymatic assays, this SAR effect has also been
observed in cell-based models in which GCGs with 2 or more galloyls had superior anti-proliferative
effects against the growth of tumorigenic cells as compared to single-galloyl GCGs (Gonzalez-Sarrias et al.,
2013, 2012). In the current study, mechanistic investigation with molecular docking of the elastase-ligand
complex suggested that enhanced inhibitory effects of GCGs including GA and MJ may be attributed to
their capacity to form stronger molecular forces to stabilize the enzyme-ligand complex leading to
inhibition of elastase. Taken together, our data suggest that GCGs were able to bind to specific biding site
on elastase enzyme and inhibited the activity of elastase in specific mode (i.e. noncompetitive inhibition for
GA and MJ). This is in contrast to the non-specific protein precipitating effects generally known for tannins,
which is supportive for developing GCGs as potential elastase inhibitors for cosmeceutical applications. In
addition, the SAR analyses revealed that TA, the largest GT (MW = 1701.19 g/mol) evaluated in this study,
was the most potent elastase inhibitor with an ICs, value superior to other GTs (16.1 vs. 237.5-617.4 uM).

However, several potential safety concerns regarding TA’s development for cosmeceutical applications
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remain to be addressed. First, TA may cause skin irritation, redness, and pain according to its material
safety data sheets (MSDS). In addition, toxicity of oral administration of TA has been reported in
toxicological studies with animal models (Boyd, 1965; Ma, Liu, et al., 2016; Rayudu, Kadirvel, Vohra, &
Kratzer, 1970). Conversely, our group has recently reported that consumption of a red maple leaves extract
containing high level of GCGs at an oral dosage of 8 g/kg/body weight did not induce acute toxicity in
mouse (L. Li et al., 2020). Therefore, the development of a GCGs enriched proprietary red maple leaves
extract, namely, Maplifa®, as a potential bioactive ingredient for cosmeceutical applications shows promise.
In addition, Maplifa® showed anti-elastase activity (inhibited elastase by 6.55 to 86.75%, at concentrations
from 62.5 to 1000 pg/mL; Figure S1 in the Supplementary Material) and skin permeability (with -Log Pe
value of 4.2 and 4.1 at pH of 7.4 and 6.5, respectively in the PAMPA assay; Figure S2 in the
Supplementary Materials). However, further safety evaluations including chronic and skin-specific toxicity
studies on these GCGs with in vivo models are warranted.

Elastase inhibitors are considered as a viable option to protect elastin from degradation and reduce
formation of skin wrinkle. For instance, N-phenethylphosphonyl-L-leucyl-L-tryptophane (NPLT), a
chemically synthesized small molecule, was reported to show potent inhibitory effect on skin fibroblast
elastase and suppress wrinkle formation in hairless mice skin tissue received UV irradiation (Tsuji,
Moriwaki, Suzuki, Takema, & Imokawa, 2007). In addition, further investigation showed that some herbal
extracts including ginger (Zingiber officinale) had similar inhibitory activity, as compared to NPLT, on
fibroblast-derived elastase and were able to reduce UV-B irradiation induced wrinkle formation in hairless
mouse model (Tsukahara et al., 2006b). Although GCGs showed inhibitory effect on elastase, it is still
unknown whether they can inhibit the formation of skin wrinkle, which is included in our future planned
studies of GCGs and Maplifa® for their skin protective effects.

Elastase inhibitors may require the capacity to penetrate skin barrier to reach to the inner layers of
skin tissue for desirable biological effects. Therefore, in the cosmetic industry, skin permeability is a
critical factor to consider for the development of elastase inhibitors as topical skin care products. In fact,
the interpretation of skin permeability of natural products-based elastase inhibitors is hindered by several
challenges including 1) complexity of skin tissue due to its highly ordered intercellular lipid matrix of the

stratum corneum, and, 2) broad range of structural diversity of natural products. Herein, we further
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predicted the skin permeability of GCGs, along with EGCG (a known elastase inhibitor), with in silico
algorithm SwissADME. Skin permeability related physico-chemical parameters including lipophilicity
(Log P.u), water solubility (Log Sgsor), and skin permeability coefficient (Log Kp) were compared
between the GCGs and EGCG. EGCG, which has been reported as a skin penetrable natural product (Dal
Belo et al., 2009; Shetty et al., 2017), had similar skin permeability coefficient as compared to GCGs
including GA, GB, GC, MF, and MJ (Log Kp =-8.27 vs. -9.56 to -8.87, respectively; Figure 4A). Notably,
the size of GTs including PGG and TA are too large to penetrate skin barrier as predicted by SwissADME,
which makes them less suitable for further cosmeceutical development. Similar studies have been
previously reported to show the physico-chemical properties of gallic acid derivatives by quantitative
structure—activity relationship (QSAR) modeling and in silico ADMET analysis (Yadav, Khan, & Negi,
2012). These gallic acid derivatives varied in numbers of methylated groups on the galloyl group and
different linear side chains. They showed favorable skin permeability with a Log Kp ranging from -3.39 to
-0.48 cm/s, as compared to the standard range for 95% of known drugs with Log Kp from —8.0 to —1.0
cm/s. Given that the Log Kp values of GCGs are close to —8.0 cm/s, which is on the edge of skin permeable
parameter, we further evaluated the skin penetration capacity of GA, the most abundant and representative
GCG in Maplifa®, with biochemical based assays. Data obtained from PAMPA assay showed that GA is
skin penetrable (Figure 4A), which is in agreement with the prediction from the aforementioned
SwissADME analysis. In addition, GA was stable in various conditions including acidic environment, UV
radiation, and heat, suggesting that GA did not release degradation products (e.g. gallic acid) in the
bioassays, which is supportive for its further development as a potential cosmeceutical ingredient. It is
notable that PYG, a gut microbial metabolite of gallic acid and GTs, showed the most favorable skin
penetration ability from the SwissADME prediction. This pattern has also been observed from our
previously reported study, in which gut microbial metabolites of polyphenols, namely, equol (from
metabolism of isoflavone daidzein), enterodiol, and enterolactone (from metabolism of lignans including
secoisolariciresinol) were more membrane permeable as compared to their parent compounds (Johnson et
al., 2019). In addition, polyphenol gut microbial metabolites including equol, enterodiol, and enterolactone
showed promising anti-neuroinflammatory effect (Johnson et al., 2019). Although PYG only showed

weaker inhibitory effect on elastase activity as compared to GTs, it is possible that being a bioavailable
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metabolite of GTs, it may exert other skin protective effect. Therefore, GTs, GLA, and PYG were further
assessed for their cytoprotective effect in human keratinocyte HaCaT cells.

Prior to the evaluation of their cytoprotective effect, GTs, along with GLA and PYG, were assayed
to determine their non-toxic range of concentrations to HaCaT cells. TA showed considerable cytotoxicity
as it significantly decreased the viability of HaCaT cells (by 46.9 %) at the lowest test concentration (10
uM). Conversely, GCGs were not only non-toxic to HaCaT cells (at concentration of 10 pM with cell
viability greater than 97.2 %), but were also able to exert cytoprotective effect against H,O,-induced
oxidative stress. This is in agreement with our previously reported study showing that Maplifa® and its
major polyphenol, GA, alleviated oxidative stress induced toxicity in HaCaT cells (Liu et al., 2020).
Therefore, it is possible that other GCGs (e.g. ginnalins B and C, and maplexins) in Maplifa® share a
similar mechanism of antioxidant activity as GA. For instance, other GCGs may be able to alleviate H,O,-
induced oxidative stress in HaCaT cells by modulating the total ROS production and mitochondria-derived
ROS production (Liu et al., 2020). However, further studies are warranted to confirm this. Additionally,
other research groups have also reported skin beneficial effects of GCGs. For instance, GA was reported to
protect human keratinocyte (HEKO0O1 cells) from tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis via the mediation of reactive oxygen/nitrogen species (C. S. Lee et al., 2011).
Moreover, it was reported that GCGs including maplexin E (ME) and MF were able to protect ceramide by
the inhibition of its degradation enzyme (namely, ceramidase) (Kamori et al., 2016). ME and MF also
increased the production of ceramide, which is a critical component of the stratum corneum that maintains
skin tissue integrity (Kamori et al., 2016). In addition, GCGs including GB showed protective effect on
human epidermal keratinocytes PHK16-0b cells via the modulation of cell proliferation/differentiation and
upregulation of gene notch homolog 1 (NOTCH1), which is a key biomarker of keratinocyte differentiation
(Kato et al., 2019). Therefore, the findings from our current study, along with data from studies reported by
other groups, support that GCGs showed skin protective effects and have the potential to be further
developed as bioactive ingredients for skin care products. Nevertheless, further studies are warranted to
evaluate whether GCGs are able to show skin beneficial effects, such as the prevention of skin wrinkle

formation, using in vivo models.

80



In summary, a collection of GTs including GCGs, PGG, and TA, along with their structure basic
unit, GLA, and GTs’ gut microbial metabolite, PYG, showed inhibitory effects on the activity of elastase.
The inhibition capacity of GTs on elastase was enhanced when the number of galloyl moieties increased.
This SAR observation was supported by mechanistic studies with molecular docking. In addition, GCGs
could penetrate skin barrier based on in silico modeling, and GA showed favorable skin permeability in the
PAMPA assay and stability. Moreover, some GCGs showed cytoprotective effects against oxidative stress
induced toxicity in human keratinocytes HaCaT cells at non-toxic concentrations. Overall, the findings
from this study add to the growing body of evidence supporting the skin beneficial effects of GCGs from
red maple and their potential utilization as bioactive cosmeceuticals for skin care products.
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Figure 1. Chemical structures of GTs including GCGs (ginnalins A-C and maplexins F-J), pentagalloyl

glucose (PGQG), and tannic acid (TA), as well as their structural building moiety gallic acid (GLA) and

microbial metabolite pyrogallol (PYG), as well as their inhibitory effects on elastase enzyme. Inhibition

values are shown as mean + standard deviation (SD) from three independent experiments.
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Figure 2. Kinetic assay to determine the inhibition mode of GCGs including GA and MJ on elastase
enzyme by plotting the Lineweaver—Burk plots. GA and MJ at two concentrations (ranging from 150-900
uM; close to their ICsy value) were incubated with elastase and substrate AAAPVN (1-1000 uM) at 37C

for 30 min.
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Figure 3. Molecular docking of elastase protein (A) and ligands including GLA, GA, MJ, and PGG. The
free binding energy between protein and ligand was estimated (B). Top potential ligand binding sites for
GLA (C), GA (D), MJ (E), and PGG (F) and the binding molecular forces were obtained via Site Finder

module with MOE.
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Figure 4. Skin permeability of GTs predicted by the SwissADME tool based on their physico-chemical
properties including Log Kp, Log Po/w, Log S(ESOL), and Log S(Ali) (A). The skin permeability of GA
verified by biochemical experimental assays including PAMPA (B and C) and cellular uptake assay with

human keratinocyte HaCaT cells (D). Degradation of GA in various conditions (E).
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Figure 5. Cytotoxicity of GTs (at concentrations of 10, 1000, and 1000 uM) including GA, GB, GC, MF,
MIJ, PGG, and TA, along with their chemical structure unit, GLA, and gut microbial metabolite, PYG, was

evaluated in human keratinocytes HaCaT cells by the MTS assay.
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Figure 6. Cytoprotective effects of red maple GTs against H,O,-induced oxidative stress in HaCaT cells.
Cells were treated with GTs (10 and 50 pg/mL) for 2 h and then incubated with DMEM containing
DCFDA (20 uM) for 20 min, followed by exposure of H,O, (400 uM) for 1 h. The ROS level was
measured by cellular fluorescence intensity with excitation and emission wavelengths of 485 and 525 nm,
respectively (A). Representative fluorescent images of H,O,-exposed HaCaT cells treated with GCGs (B).

*p <0.05; **p < 0.01; *** p <0.001 as compared with the model group.
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Table 1. Inhibitory effects of GTs on elastase activity.

Compound # of galloyl group I1Csy (uM)*
gallic acid (GLA) 1 n.d.’
ginnalin B (GB) 1 617.4+49
ginnalin C (GC) 1 n.d.
ginnalin A (GA) 2 810.6 7.2
maplexin F (MF) 3 250.8 +3.2
maplexin J (MJ) 4 237.5+£3.9
pentagalloyl glucose (PGG) 5 262.3+4.7
tannic acid (TA) 10 16.1+1.4
pyrogallol (PYG) 0 n.d’
epigallocatechin gallate (EGCG)® 1 160.7 £3.8
oleanolic acid® 0 163.1£2.5

“IC,, values are shown as mean + S.D. from three replicates of experiments.
®1.d.= not determined as the ICsp values are greater than 1000 pM.

‘Served as a positive control.
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ABSTRACT: Cannabidiol (CBD), a phytocannabinoid, has been reported to have anti-inflammatory
effects associated with NLRP3 inflammasome activation, but its mechanism of anti-inflammasome action
remain unclear. Herein, we report CBD’s effect on NLRP3 inflammasome activation and its modulation of
P2X7, an inflammasome activation-related receptor, in human THP-1 monocytes. CBD (0.1, 1 and 10 pM)
exerted anti-inflammasome activity in LPS-nigericin stimulated THP-1 monocytes by reducing media IL-
1B concentration (by 63.9, 64.1, and 83.1%, respectively), which was similar to the known NLRP3
inflammasome inhibitors, oridonin and MCC950 (16.9 vs. 20.8 and 17.4% respectively; at 10 pM). CBD
(10 uM) decreased nigericin-alone and nigericin-lipopolysaccharide induced potassium efflux by 13.7 and
13.0 %, respectively in THP-1 monocytes, strongly suggesting P2X7 receptor modulation. Computational
docking data supported the potential for CBD binding to the P2X7 receptor via interaction with GluA 72
and VAL 173 residues. Overall, the observed CBD suppressive effect on NLRP3 inflammasome activation
in THP-1 monocytes was associated with decreased potassium efflux, as well as in silico prediction of
P2X7 receptor binding. CBD inhibitory effects on the NLRP3 inflammasome may contribute to the overall

anti-inflammatory effects reported for this phytocannabinoid.

KEYWORDS: cannabidiol (CBD), anti-inflammation, NLRP3 inflammasome, P2X7 receptor, THP-1

monocytes, molecular docking
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INTRODUCTION

Inflammation is an immune response to harmful stimuli and can be mediated by several biological
pathways including the activation of inflammasomes, intracellular proteins complexes which serve as
signaling platforms to regulate the production of pro-inflammatory cytokines interleukin-1 (IL-1B).! One
of the most characterized and clinically implicated inflammasome protein complex is known as the NLRP3
inflammasome, which contains members of the nucleotide-binding oligomerization domain-like receptor
(NLR) and pyrin domain containing receptor 3. Activation of NLRP3 inflammasome can be triggered in
macrophages by inflammatory stimuli in two steps: 1) stimulation by multiprotein complex assembles,
known as pathogen-associated molecular patterns (PAMPs) including lipopolysaccharide (LPS), to
synthesize and mature pro-inflammatory cytokine IL-1B;’ 2) a secondary stimulation by stimulus nigericin
to induce the assembly and activation of inflammasome complex.4 As a response to detrimental stimuli,
activation of inflammasomes leads various forms of inflammatory cell death including pyroptosis and
necroptosis, and further leads to numerous auto-inflammatory or autoimmune diseases.” Activation of the
NLRP3 inflammasome has been linked to a group of purinergic type 2 receptors including the P2X7
receptor, a ligand-gated ion channel modulating intracellular K" efflux.’ It has been reported that nigericin,
an activator of NLRP3 inflammasome, can bind to P2X7 and increase the permeability of plasma
membrane for K™ flux, which further facilitates the secretion of IL-lB.6 Therefore, P2X7 receptor has
attracted interest as a potential therapeutic target and growing research efforts have been directed towards
investigating small molecules as anti-inflammatory agents through the blockade of P2X7.”

Cannabidiol (CBD) is a phytocannabinoid with several reported beneficial pharmacological effects
including antioxidant, anti-diabetic, anti-cancer and anti-inflammatory effects.® Published studies have
reported that CBD ameliorated several inflammatory associated diseases including diabetes and diabetic
complications, hypertension, ischemia-reperfusion injury, and neurodegenerative diseases through
modulation of key pro-inflammatory transcription factors including NF-kB, iNOS, and TNFa.”'? Recently,
published data suggest that the anti-inflammatory effects of CBD are associated with the regulation of
inflammasome activation.'"'> For instance, CBD was reported to show hepatoprotective effects against
nonalcoholic steatohepatitis in a mice model.'> Further in vitro studies in murine RAW264.7 macrophages

demonstrated that CBD’s anti-hepatitis effect was involved with the NLRP3 inflammasome pathway.'
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However, the effects of CBD on the activation of NLRP3 inflammasome in human THP-1 monocytes and
its mechanisms of action remain unclear. Herein, the inhibitory effects of CBD on inflammasome
activation were evaluated and compared to the known NLRP3 inflammasome inhibitors, namely, oridonin
(a diterpenoid from Rabdosia rubescens)"> and MCC950 (a synthetic inhibitor; see Chart 1 for the
chemical structures of CBD, oridonin, and MCC950).14 In addition, CBD’s effects on the modulation of the

P2X7 receptor, as a function of intracellular K* flux, in human THP-1 monocytes were investigated.

RESULTS AND DISCUSSION
CBD inhibited LPS-induced IL-1f secretion in THP-1 monocytes

Prior to the evaluation of the anti-inflammasome activity of CBD, its effects on the viability of THP-1
monocytes with and without the presence of lipopolysaccharide (LPS) were assessed. Treatment of CBD
(0.1, 1, 10, and 100 uM) did not induce significant cytotoxicity in THP-1 monocytes as it maintained cell
viability at 96.5, 97.6, 103.1, and 99.9%, respectively, as compared to the control group (Supporting
Information). Similarly, in the presence of LPS (100 ng/mL), no signs of cytotoxicity were observed with
the treatment of CBD (0.1 - 100 uM; cell viability > 97%; Supporting Information). Next, the anti-
inflammatory effects of CBD in THP-1 monocytes were evaluated. Stimulation by LPS significantly
increased the concentration of IL-1B and TNF-a in THP-1 monocytes by 38.7-fold (from 1.3 - 51.2 pg/mL)
and 93.1-fold (from 6.9 - 647.2 pg/mL), respectively, compared to the control group. Treatment of CBD
(0.1, 1, and 10 uM) decreased the LPS-induced seretion of IL-1p to 41.2, 43.5, and 32.9 pg/mL,
respectively, while not affecting the level of TNF-a (Figure 1).

It has been reported that CBD can modulate inflammatory responses by both up- and down-
regulation of inflammatory cytokines in murine RAW264.7 macrophages. Treatment of hemp oil
containing CBD (10.6 uM) significantly increased several inflammatory cytokines including IL-1a, IL-6,
IL-27, and TNF-o in murine RAW264.7 macrophages.'”” Conversely, CBD (25 pM) showed anti-
inflammatory activity by effectively reducing LPS-induced production of the pro-inflammatory cytokine,
TNF-a, in RAW264.7 macrophages.'® In the current study, CBD reduced the level of the pro-inflammatory
cytokine, IL-1B, while not affecting TNF-a in LPS stimulated THP-1 monocytes, supporting its anti-
inflammatory effect. The selective inhibitory effect on IL-18 by CBD (0.1 - 10 uM) suggested that this

effect could be associated with the activation of the NLRP3 inflammasome, a multiprotein complex that is
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responsible for the cleavage and production of IL-1p. Therefore, CBD’s inflammasome-specific inhibitory
effects were further evaluated in human monocytes.
CBD inhibited LPS-nigericin induced activation of NLRP3 inflammasome

Specific inhibition of NLRP3 inflammasome activation by CBD was evaluated by measuring LPS-
nigericin induced IL-1P in THP-1 monocytes. Stimulation by LPS and nigericin significantly induced the
production of IL-1B as compared to the LPS-alone treated group (492.1 vs. 51.2 pg/mL). Stimulation by
LPS-nigericin also increased the concentration of TNF-a as compared to the LPS-alone treated group
(957.6 vs. 647.2 pg/mL), indicating that the stimulation by LPS-nigericin activated the NLRP3
inflammasome (Figure 2). CBD (0.1, 1, and 10 uM) reduced the concentration of IL-1p to 177.5, 176.9,
and 83.0 pg/mL, respectively, as compared to the LPS-nigericin treated group (Figure 2A). At equivalent
concentrations of 10 uM, CBD showed similar inhibitory activity to the known NLRP3 inflammasome
inhibitors, oridonin and MCC950 (16.9 vs. 20.8 and 17.4 %, respectively; Figure 3A). As expected, CBD,
oridonin, and MCC950 (all at 10 uM) did not inhibit the LPS-nigericin induced elevation of TNF-a (661.9,
777.2, and 957.6 vs 957.6 pg/mL, respectively; Figure 2B), suggesting that CBD, similar to oridonin and
MCC950, was a specific inhibitor of NLRP3 inflammasome activation.

Previously reported studies have shown that the anti-inflammatory effects of CBD may be

attributed to its ability of deactivating the NLRP3 inflammasome.' "'

CBD was shown to suppress the
expression of several inflammasome-related genes in human gingival mesenchymal stem cells.'" This effect
was supported by western blot analysis showing that CBD was able to suppress the expression of proteins
including NALP3, IL-18, and CASP1 in the same cell line. However, the level of inflammasome-specific
pro-inflammatory cytokines, such as IL-1f, was not examined. It was also reported that CBD showed
hepatoprotective and anti-inflammatory effects by regulation of NFkB and NLRP3 inflammasome
pathways in murine RAW264.7 macrophages.'> However, solely using murine RAW264.7 macrophages to
evaluate CBD’s anti-inflammasome activity is insufficient to delineate its inhibitory effects since these
cells do not release mature IL-1B nor do they express apoptotic proteins with a caspase-activating recruiting

domain,'” which are critical factors for the activation of NLRP3 inflammasome. Therefore, the utilization

of human THP-1 monocytes has been adopted by other researcher to investigate anti-inflammasome
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activity.'® This is the first report to show that CBD, similar to the known NLRP3 inflammasome inhibitors,
oridonin and MCC950, selectively reduced the secretion of IL-1f in human THP-1 monocytes.
CBD alleviated LPS and nigericin stimulated increase of intracellular potassium but did not affect
intracellular calcium in THP-1 monocytes

The anti-inflammasome activity of CBD was further evaluated by assessment of its effects on P2X7
receptor, a ligand-gated cation channel, which modulates the level of intracellular potassium (K ") in THP-1
monocytes. Stimulation by nigericin, a K'/H" ionophore, led to the formation of cell membrane pore and
increased K efflux in THP-1 monocytes as the intensity of fluorescent dye Green-2 increased as shown by
cell flow cytometry. Incubation of THP-1 monocytes with nigericin (1, 5, and 10 puM) led to increased
release of intracellular K' by 18.9, 14.0, and 17.9 %, respectively, as compared to the control group (Figure
3). This effect was alleviated by the treatment of CBD (10 uM) by reducing nigericin (1, 5, and 10 pM)-
induced K efflux by 11.0, 9.1, and 13.7 %, respectively.

Inflammatory stimuli, such as LPS, can potentiate nigericin induced cell membrane pore formation,
which increases the cell membrane permeabilization for K* efflux.” To verify the modulatory effects of
CBD on the P2X7 receptor, LPS (100 ng/mL) was co-incubated with nigericin in THP-1 monocytes,
followed by CBD treatment. The level of intracellular K* in THP-1 monocytes was determined by
measuring the fluorescent intensity of Green-2 dye with flow cytometry. Stimulation by LPS-nigericin
increased intracellular K by 27.5 % as compared to the control group and CBD (1 and 10 uM) alleviated
LPS-nigericin induced intracellular K" efflux by 9.2 and 13.3 %, respectively (Figure 4).

In addition, the effect of CBD on intracellular calcium (Ca") was evaluated with flow cytometry.
Stimulation by nigericin (10 uM) effectively increased the permeability of cell membrane as it increased
the cell uptake of fluorescent dye Fluo-3 and intracellular Ca* in THP-1 monocytes by 84.3% comparing to
the control group. However, a modulatory effect of CBD (1, 10, and 100 uM) on intracellular Ca* in THP-1
monocytes was not observed (Supporting Information). CBD’s anti-inflammatory effects have been
reported to be linked to its up-regulation of intracellular Ca” in RBL-2H3 mast cells leading to cell
activation via yet-to-be identified receptors.”’ Therefore, further studies on whether CBD’s modulation of
cellular ion channels in various cell lines can contribute to its anti-inflammasome effects are warranted.

CBD and nigericin interacted with P2X7 receptor
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Molecular modeling was used to study the interactions between CBD and the P2X7 receptor to
predict possible binding sites. The most favorable binding pocket was identified by comparing the
calculated free binding energy in different binding modes. As depicted in Figures 5SA and B, the most
suitable binding site of CBD was at the upper body, between the head and left flipper of the P2X7 receptor,
with the lowest free binding energy of -6.62 kcal/mol. CBD was able to bind to the P2X7 receptor by
forming hydrogen bond between its hydroxyl group and residue Glu 172 and the stabilization of the CBD-
P2X7 complex may be facilitated by forming a pi-sigma covalent bond between the aromatic ring of CBD
and residue VAL 173 of the receptor (Figure 5C).

In summary, the anti-inflammasome activity of CBD and its modulatory effects on the P2X7
receptor in human THP-1 monocytes were investigated. CBD is a specific inhibitor for the activation of
NLRP3 inflammasome and showed similar inhibitory potency as the known NLRP3 inflammasome
inhibitors, oridonin and MCC950 (at 10 uM). Findings from this study suggest that the anti-inflammasome
effect of CBD was associated with its modulation of the P2X7 receptor in THP-1 monocytes. Additional
studies of CBD on cellular signaling pathways involved with the modulation of P2X7 receptor are

warranted to further elucidate the mechanisms of its anti-inflammasome activity.

MATERIAL AND METHODS
Chemical and reagents

Cannabidiol (CBD) was purchased from Sigma Chemical Co. (St. Louis, MO, USA). CellTiter-Glo®
(CTG) 2.0 assay kit was purchased from Promega (Fitchburg, WI, USA). Dimethyl sulfoxide (DMSO),
nigericin, phorbol 12-myristate 13-acetate (PMA), and phosphate-buffered saline (PBS) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA).
Cell culture and differentiation

Human THP-1 monocytes were purchased from the American Type Culture Collection (ATCC,
Rockville, USA). The cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium
supplied with 10% fetal bovine serum (FBS) (Gibco, Life Technologies, Gaithersburg, MD, USA) and 1%

P/S solution (100 U/ml
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penicillin, 100 pg/ml streptomycin (Gibco, Life Technologies, Grand Island, NY, USA). THP-1
monocytes were differentiated by incubation with phorbol 12-myristate 13-acetate (PMA; 25 nM) for 48
hours. After that, PMA was removed and cells were cultured with PMA free medium for another 24 hours.
Cell viability assay

Cytotoxicity of CBD in THP-1 monocytes was measured by using a CTG 2.0 assay.”’ Briefly,
differentiated THP-1 monocytes were seeded into a 96-well plate at 1x10” cells per well and incubated with
PMA free complete medium for 24 hours. Cells were then treated with CBD at concentrations of 0.1, 1, 10,
and 100 uM with the presence or absence of LPS (100 ng/mL) for 24 hours. CTG 2.0 reagent (100 pL) was
then added in each well and incubated for 10 min at room temperature. Luminescence intensity was
measured using a Spectramax M2 microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Measurement of IL-15 and TNF-o.

THP-1 monocytes were seeded at a density of 5x10* cells per well in 48-well plate and differentiated
with PMA (25 ng/mL). For the evaluation of LPS-induced cytokines secretion, CBD at concentrations of
0.1, 1, 10, and 100 uM were incubated with cells for 1 hour followed by adding LPS (100 ng/mL). After
incubation of 24 hours, the cell culture supernatant was collected for the measurement of IL-1f3 and TNF-a.
The in vitro anti-inflammasome activity of CBD was evaluated by measuring the concentrations of LPS-
and nigericin-induced cytokines with previously reported method.”> THP-1 monocytes were treated with
LPS (100 ng/mL) for 4 hours, followed by treatment of CBD (0.1, 1, 10, and 100 uM) for 1 hour. Then,
nigericin (10 pM) was incubated with the cells for 1 hour and the cell culture supernatant was collected.
The levels of IL-1B and TNF-a were determined using specific ELISA kits (BioLegend, San Diego, CA,
USA).

Intercellular potassium and calcium measurement

THP-1 monocytes were seeded at a density of 5x10° cells per well in 6-well plates. The
differentiated THP-1 monocytes were incubated with CBD (10 uM) for 30 mins prior to incubating with
nigericin (10 pM) for 30 mins. To measure the intracellular potassium or calcium, fluorescent dye Green-2
or Fluo-3 (Abcam; Cambridge, MA, USA) was added into each well and incubated for 30 mins, followed
by washing with PBS. Level of intercellular potassium in THP-1 monocytes was measured by flow

: 23
cytometric assay.
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Molecular Docking
The 3D structural coordinates of CBD were obtained from the human metabolome database
(www.HMDB.ca). Biovia Discovery Studio Visualizer 4.5 was used to convert to the PDB file format. The
structural coordinates of P2X7 receptor were retrieved in PDB format from the RCSB protein data bank
(www.rcsb.org; PDB ID: 5UI1L). AutodockTools 1.5.6 was used to perform molecular docking with
Autodock 4.2 algorithm.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA).
Data were shown as mean + standard deviation (S.D). One-way analysis of variance with multiple
comparisons and Student-Newman-Keuls (SNK) test were performed. A p-value that less than 0.05 was

defined as a statistical significance between the two groups.
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Supporting Information

Data for the effects of CBD on the viability of THP-1 monocytes and the intracellular calcium in THP-1 are
available free of charge via the Internet at http://pubs.acs.org.
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Chart 1. Chemical structure of CBD, oridonin, and MCC950 (A); Chemical structures shown in 3D model

(B).

Cannabidiol (CBD) Oridonin MCC950
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Figure 1. Effects of CBD on the LPS-induced secretion of cytokines IL-1f (A) and TNF-a (B) in THP-1
monocytes. Cells were treated with CBD (0.1, 1, and 10 pM) and incubated for 1 hour. LPS (100 ng/mL)

was incubated for 24 hours and the supernatant was collected. The concentration of IL-1$ and TNF-o were

determined using ELISA kits.
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Figure 2. CBD’s specific inhibition of NLRP3 inflammasome. LPS (100 ng/mL) was added to THP-1
monocytes for 4 hours followed by the treatment of CBD (0.1, 1, and 10 uM), oridonin (10 uM), or
MCC950 (10 uM) for 1 hour. Nigericin (10 uM) was then added and incubated for 1 hour. Supernatant

was collected and measured for the level of IL-1B (A) and TNF-a (B) using ELISA Kkits.
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Figure 3. Effects of CBD and nigericin on intracellular potassium in THP-1 monocytes. Nigericin (1, 5,
and 10 uM) was added to THP-1 monocytes for 30 mins followed by the treatment of CBD (10 uM) for 30
mins. The cells were stained with ion potassium Green-2 AM dye and the fluorescent intensity was

measured by flow cytometry.
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Figure 4. Effects of CBD on LPS-nigericin stimulated intracellular potassium in THP-1 monocytes. LPS
(100 ng/mL) was added to THP-1 monocytes for 4 hours followed by the treatment of CBD (1 and 10 uM)
for 1 hour. Nigericin (10 pM) was then added and incubated for 1 hour. The cells were stained with ion

potassium Green-2 AM dye and the fluorescent intensity was measured by flow cytometry.
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Figure 5. Interactions between CBD and the P2X7 receptor predicted by molecular docking. CBD binds to
the P2X7 receptor at a site located at the head and left flipper of the P2X7 receptor’s upper body (A).
Enlarged view of CBD at the binding site in the P2X7 receptor (B). Illustration of types of interaction

between CBD and the P2X7 receptor.
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Figure S1. CBD did not affect on the viability of THP-1 monocytes treated with (A) or without LPS (B).
Monocytes were treated with CBD (0.1, 1, 10, and 100 uM) for 24 hours with or without the stimulation

by LPS (100 ng/mL). Cell viability was determined using a CTG 2.0 assay.
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(100 ng/mL) was added to THP-1 monocytes for 4 hours followed by the treatment of CBD (1, 10, and 100
uM) for 1 hour. Nigericin (10 uM) was then added and incubated for 1 hour. The cells were stained with

ion calcium Fluo-3 dye and the fluorescent intensity was measured by flow cytometry.
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Abstract

Introduction: Published pre-clinical and clinical studies support the anti-inflammatory activity of
cannabidiol (CBD) but the molecular targets (e.g. genes and proteins) that are involved in its mechanisms
of action remain unclear. Herein, a network-based pharmacology analysis was performed to aid in the

identification of potential molecular targets for CBD’s anti-inflammatory activity.

Materials and Methods: Target genes and proteins were obtained from several online databases including
Swiss target prediction, Online Mendelian Inheritance in Man, and the DrugBank database. A compound-
target-disease network was constructed with Cytoscape tool and a network of protein-protein interactions
was established with the Search Tool for the Retrieval of Interacting Genes/Proteins database. Lead
proteins identified from the compound-target-disease network were further studied for their interactions
with CBD by computational docking. In addition, biological pathways involved in CBD’s anti-
inflammatory activity were identified with the gene ontology enrichment and the Kyoto Encyclopedia of

Genes and Genomes analysis.

Results: A panel of proteins including cellular tumor antigen p53, NF-kappa-B essential modulator, TNF
receptor, transcription factor p65, NF-kappa-B p105, NF-kappa-B inhibitor alpha, inhibitor of nuclear
factor kappa-B kinase subunit alpha, and epidermal growth factor receptor were identified as lead targets
involved in CBD’s anti-inflammatory activity. This finding was further supported by molecular docking
which showed interactions between the lead proteins and CBD. In addition, several signaling pathways
including tumor necrosis factor, toll-like receptor, mitogen-activated protein kinases, nuclear factor kappa-
light-chain-enhancer of activated B cells, and nucleotide-binding oligomerization domain-like receptors

were identified as key regulators in the mediation of CBD’s anti-inflammatory activity.

Conclusion: A network-based pharmacology analysis identified potential molecular targets and signaling
pathways for CBD’s anti-inflammatory activity. Findings from this study add to the growing body of data

supporting the utilization of CBD as a promising anti-inflammatory natural product.

Keywords: cannabidiol (CBD); anti-inflammation; network pharmacology; NF«kB; target identification;

drug-diseases network

Abbreviations used:

AGEs = advance glycation endproducts DAYVID = Database for Annotation,

ALS = amyotrophic lateral sclerosis Visualization and Integrated Discovery
CASP8 = cysteine-aspartic acid protease-8 EGFR = epidermal growth factor receptor
CBD = cannabidiol GO = Gene Ontology

CDS = cytosolic DNA-sensing IBD = inflammatory bowel disease

CLRs = C-type lectin receptors
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IKK-a/B/y = inhibitors of nuclear factor kappa-B

kinase subunit alpha/beta/gamma

IL-1 = interleukin-1

IxBa = NF-kappa-B inhibitor alpha

KEGG = Kyoto encyclopedia of genes and
genomes

MAPK = mitogen-activated protein kinase
NAFLD = nonalcoholic fatty liver diseases
NFxB = nuclear factor kappa-light-chain-
enhancer of activated B cells

NFxB p10S5 = nuclear factor NF-kappa-B p105
subunit

NFkB p65 = transcription factor p65

NLRs = nucleotide-binding oligomerization
domain-like receptors

PPI = protein-protein interaction

RAGE = receptor for advance glycation
endproducts

RLRs = retinoic acid-inducible gene-I-like
receptors

STATS3 = signal transducer and activator of
transcription 3

STRING = search tool for the retrieval of
interacting genes/proteins

TCR = T-cell receptor

TLR = toll-like receptor

TNFRSF1A = tumor necrosis factor receptor
superfamily member 1A

TNFa = tumor necrosis factor alpha
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Introduction

Inflammation is a vital immune response to combat harmful stimuli, irritants, cell damage, and
tissue injury.' These stimuli trigger a series of physiological consequences including increased blood
flow, dilation of capillary blood vessels, and impaired vascular permeability, which can further lead to
numerous cell and tissue dysfunctions. Inflammation mediated pathological progressions are regulated
by complex immune systems involving different immune cells and various signaling pathways.> Among
these various regulatory mechanisms, one of the most studied signaling pathway is the signal
transduction of nuclear factor kappa-light-chain-enhancer of activated B cells (NFKB).3 NFkB is a
complex of proteins with five family members including NF-kB1 (subunit p50), NF-kB2 (subunit p100),
RelA (subunit p65), RelB, and c-Rel. These proteins are usually formed in dimers (e.g. p5S0-p65 dimer)
to enable a wide range of biological functions and mediate the inflammation processes, such as
coordinating the expression of multiple inflammatory genes. NF«kB is considered as a central mediator
for inflammation responses. NF-kB can be collectively regulated by its upstream signal transduction
cascade including inhibitors of nuclear factor kappa-B kinase subunit alpha, beta, and gamma (also
known as IKK-a/B/y), which are associated with the propagation of cellular response to inflammation.’
Activation of the NFkB pathway also leads to a cascade of downstream signaling including the
expressions of several proinflammatory cytokines including IL-1B and tumor necrosis factor alpha
(TNF-a). The NF«B pathway in the inflammation process is an example showing that the regulation of
inflammation is orchestrated by complex mechanisms involving multiple genes, proteins, and signaling
pathways. Therefore, identification of molecular targets for the development of anti-inflammatory
agents as therapeutics for inflammatory mediated diseases remains a challenge.

A promising preventive and/or therapeutic strategy against inflammatory mediated disorders is
immunomodulation by natural products from medicinal plants.* Cannabis (Cannabis sativa) has been
widely used in empirical and traditional remedies for various inflammation related ailments.>® Notably,
the anti-inflammatory activity and related molecular targets of a major phytocannabinoid in Cannabis,
namely, cannabidiol (CBD), is supported by several reported studies. For instance, CBD showed anti-

neuroinflammatory effects in murine microglial cells through the downregulation of the NF-«xB
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pathway and upregulation of transcription factors including signal transducer and activator of
transcription 3 (STAT3).” CBD’s anti-inflammatory effects in microglial cells are also supported by
other studies, which showed that CBD’s anti-inflammatory activity was associated with its modulation
of downstream transcriptional events including the regulation of gene expression and transcription.®’
Additionally, functional subsets of genes and genes networks, such as molecular and cellular functions,
of CBD’s anti-inflammatory effects, were identified by bioinformatic analysis tools including Ingenuity
Pathway Analysis, Database for Annotation, Visualization and Integrated Discovery (DAVID)
bioinformatics resources, and Kyoto Encyclopedia of Genes and Genomes (KEGQG) analysis.g’9 These
findings suggest that CBD’s anti-inflammatory activity is mediated by a complex combination of
multiple molecular targets, rather than certain individual proteins.

In addition to experimental ‘omic’ methods, computational modeling of biological pathways
and molecular interactions has been developed as a ‘network’ approach for a broad view of the
interactions between ligands and their multiple-targets.'®"' The network-based pharmacology approach
has been used to predict molecular targets including genes and proteins, protein-protein interactions,
and signaling pathways for drug candidates.'® A computational pharmacology network analysis has
been reported to aid in the identification of CBD’s pharmacological targets.'” This network analysis
utilized a combination of chemogenomics-knowledgebase network analysis and integrated in silico
modeling for the identification of three human neuro-related rhodopsin-like G-protein-coupled
receptors as CBD’s molecular targets. However, to date, a network analysis approach has not been
utilized for the prediction of potential molecular targets that are related to CBD’s anti-inflammatory
activity. Herein, the aims of the current study are to: 1) identify putative genes and proteins that
contribute to CBD’s anti-inflammatory activity; 2) explore the interactions between CBD and
inflammation-related proteins; 3) analyze signaling pathways that are involved in CBD’s anti-

inflammatory activity.

Materials and methods
Target Prediction
Potential targets for CBD’s anti-inflammatory effects were obtained from several online databases

including the Swiss Target Prediction database (http://www.swisstargetprediction.ch/), the Online
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Mendelian Inheritance in Man (OMIM, http://www.omim.org/), and the DrugBank database
(https://www.drugbank.ca/). Human target connexins were obtained from the interactive protein
database (DIP; http://dip.doe-mbi.ucla.edu). All of the tested targets were transformed into the UniProt
database in the protein ID format using the Retrieve/ID mapping tool (http://www.uniprot.org/).
Construction of Network and Topology Analysis

To elucidate the relationship between CBD and its anti-inflammatory targets, CBD and target genes and
enriched pathways were imported into Cytoscape 3.6.1 software (http://www.cytoscape.org/) to build a
"component-target-disease" network. Then the topological parameters of the network analysis were
calculated to identify key nodes. Among the topologic parameters, closeness centrality (a measure of
how close a molecule is to other nodes)" and betweenness centrality (the number of nonredundant
shortest paths traveling through a node in the network)'* were used as crucial factors to describe the
most influential nodes in the network. Thus, the nodes of degree and betweenness centrality that are two
times higher than the median value of the total nodes, and the nodes of closeness centrality are higher
than the median value of the total nodes were selected as the hubs for the anti-inflammatory activity.
Molecular Docking

The 3D structural coordinates of CBD were obtained from the human metabolome database
(www.HMDB.ca) and the PDB files were generated with Biovia Discovery Studio Visualizer 4.5. The
structural coordinates of target proteins were retrieved in PDB format from the RCSB protein data bank
(www.rcsb.org). Chimera 1.11.2 was applied to delete the solvent and ligands from the target proteins.
AutodockTools 1.5.6 was used to perform molecular docking with Autodock 4.2 algorithm. Biovia
Discovery Studio Visualizer 4.5 was applied to analyze the interactions between CBD and target
proteins. Binding energies of CBD and its target proteins were obtained from parameters including
intermolecular energy (1), internal energy (2), torsional free energy (3), and unbound system's energy
(4). The total binding energy was calculated as energy of binding = [(1) + (2) + (3) - (4)].

PPI Network and Cluster Analysis

The hub targets from the aforementioned screening process were further imported into the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING) database (http://string-db.org/) database to

explore the interactions between the known and predicted proteins. The topological parameters of mean
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and maximum degrees of freedom in PPI network were analyzed with Cytoscape 3.6.1 software, and
then the network was analyzed with the MCODE plug-in for cluster analysis.

Enrichment Analysis for Target Proteins

The plug-in ClueGO in Cytoscape 3.6.1 software was used to perform the Gene Ontology (GO)
including cell component, molecular function, and biological process enrichment and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway annotation. The localization of the biological
and molecular functions of the proteins was identified based on high confidence with a P value (< 0.01)

calculated by the two-side hypergeometric test method.

Results and discussion
Protein Targets and Topological Parameters

Potential targets for CBD’s anti-inflammatory activity were obtained from several databases.
CBD’s protein targets were identified through the Swiss Target Prediction database and inflammation
related genes and protein targets were obtained through the OMIM and DrugBank databases. An
interactive network of CBD’s anti-inflammatory activity was constructed through network
pharmacological analysis (Fig. 1). The red triangle represents CBD and the circles are proteins for
pharmacological targets of CBD (in yellow), inflammation (in violet), and protein-protein interaction
(in cyan-blue). The yellow rectangles represent proteins targets that are directly involved with CBD and
inflammation pathways. Through the analysis of this "compound-target-disease" interactive network,
100 protein targets are affected by CBD and 570 protein targets are affected by inflammation. Among
these protein targets, 20 proteins are common targets shared by CBD and inflammation-related
pathways (as shown in yellow triangles; Fig. 1). Analysis of the topological parameters of all nodes in
the network showed that the median of degree, betweenness centrality, and closeness centrality values
are 1, 0, and 0.19641626, respectively. The thresholds of topological parameters were setup as degree
value (> 2), betweenness centrality (> 0), and closeness centrality values (> 0.19641626) and a total of
44 potential targets for CBD’s anti-inflammatory activity were obtained (Supplementary Table S1).
Targets with degree value greater than 10 are listed in Table 1. The protein target with the highest
degree was cellular tumor antigen p53 (p53; 58 degree), followed by NF-kappa-B essential modulator

(as known as inhibitor of NFkB kinase subunit gamma; IKK-y), TNF receptor-associated factor 6
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(TRAF6), transcription factor subunit p65 (NFxB p65), nuclear factor NF-kappa-B p105 subunit (NFxB
p105), NF-kappa-B inhibitor alpha (IkBa), inhibitor of nuclear factor kappa-B kinase subunit alpha
(IKKa), and epidermal growth factor receptor (EGFR) with comparable degrees (21, 20, 19, 19, 18, 18,
and 17, respectively).

Notably, several proteins among the identified CBD’s anti-inflammatory targets, namely, IkBa,
IKKo, IKKB, and KKy are the key regulators of the upstream NF«B signal cascade.” NFkB is in the
inactivated state when IkBa masks the nuclear localization signals of NF-kB and sequesters NF«kB in
the cytoplasm. Phosphorylation of IkBa proteins by IxB kinase including IKKa, IKKf, and KKy lead to
the activation of NFkB via allowing it to enter into the cell nucleus from the cytoplasm. Therefore,
given that IkB and IxB kinase are the top predicted protein targets, it is possible that CBD’s anti-
inflammatory effects are primarily associated with the NFkB signal cascade. This is in agreement with
in vitro experimental data from several previously reported studies. In these studies, CBD showed anti-
inflammatory effects by the inhibition of NFkB pathways in BV-2 microglial cells,” PC12 neuronal
cells,'”” and RAW264.7 murine macrophage cells.'® To further validate the prediction of CBD’s target
proteins, computational docking was performed to evaluate the interactions between CBD and lead
target proteins (top 16 proteins in Table 1).
Computational Docking Analysis

Computational docking revealed the interactions between CBD and the lead target proteins
(top 16 from the protein targets analysis in Table 1). CBD can fit into the binding pocket of the target
proteins and interact with protein amino acid residues by forming interactions including van der waals
force, conventional hydrogen bonding, carbon hydrogen bonding, pi-donor hydrogen bonding, and pi-
sigma, pi-alkyl, pi-anion, amide-pi stacked, and pi-sulfur forces (Fig. 2). In addition, the binding
affinities between CBD and lead target proteins were ranked by their predicted free energy of binding
and inhibition constant (Table 2). Proteins IKKf and mitogen-activated protein kinase (MAPK) 14 had
the lowest binding energy (-7.99 and -7.35 kcal/mol, respectively) and inhibition constant (1.4 and 4.1
uM, respectively). Comparably, pS3, which had the highest degree in the ‘compound-target-disease’
network, also had a third ranked low binding energy and inhibition constant (-6.08 kcal/mol and 35.0

uM, respectively).

126



The utilization of computational docking as a complementary approach to validate the
prediction of target proteins for CBD’s neurophysiological effects has been reported.'? In addition,
molecular docking has also been used to evaluate the interactions between lupenone, a natural anti-
inflammatory agent, and its predicted target proteins.'” In the current study, data from the computational
docking study supported the prediction of CBD’s anti-inflammatory target proteins. Four of the top 6
proteins including p53, TRAF6, p65, and IkBa, with lower binding affinity, matched within the top 6
lead target proteins predicted in Table 1. Additionally, findings from computational docking are
supported by reported experimental studies. For instance, CBD had the second lowest free binding
energy and inhibition constant with protein mitogen-activated protein kinase 14 (MAPK 14, also known
as p38-a), which is a protein known as a mediator for cellular responses to external proinflammatory
signals.18 Animal experimental studies have reported that CBD exerted anti-inflammatory effects by the
regulation of p38-a pathway in mouse models of type I diabetic cardiomyopathy'® and alcohol-induced
steatosis.'® Nevertheless, further biological investigations are warranted to validate other predicted
target proteins for CBD’s anti-inflammatory activity.

Protein-Protein Interaction (PPI) Network Analysis and Cluster Analysis of Hub targets

The identified potential targets were imported into the STRING database. A protein-protein
interaction (PPI) network of protein targets for CBD’s inflammation activity was obtained with 44
nodes (target protein; shown as circles) and 288 edges (PPI; shown as lines; Fig. 3). In addition, the
clustering of the target interaction network was further analyzed by the Cytoscape software MCODE
plug-in to obtain two sub-networks (Fig. 4 A and B), which represent possible independent pathways
that contributed to the overall anti-inflammatory effects of CBD. In this PPI network, target proteins
including STAT3, RAC-alpha serine/threonine-protein kinase (also known as AKT1), tumor necrosis
factor receptor superfamily member 1A (TNFRSF1A), and cysteine-aspartic acid protease-8 (CASP8)
had greater number of degrees (as shown in a darker color) suggesting that they may play a pivotal role
in the anti-inflammatory effects of CBD. This is in agreement with reported experimental studies. For
instance, CBD was reported to exert anti-inflammatory effects by the down-regulation of the pro-
inflammatory STAT1 pathway and the activation of anti-inflammatory STAT3 pathway in murine

microglial BV-2 cells.” In addition, CBD’s anti-inflammatory effects were reported to be associated
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with the up-regulation of AKT phosphorylation in a mouse model of experimental autoimmune
encephalomyelitis.”* However, further studies are needed to elucidate the roles of other pathways in the
predicted PPI network.
Enrichment analysis for GO biological processes and KEGG signaling pathway analysis

A panel of 44 potential targets was analyzed by the ClueGO plug-in for systematical analysis
of the enrichment of biological functions and biological processes. There were 155 biological processes
that were enriched (P value < 0.01) and they were related to cellular response to the interleukin-1 (IL-1)
and IL1-mediated signaling pathways (Table 3). For the molecular functions, 11 biological processes (P
value < 0.01) were related to histone deacetylase binding and enhancer binding (Table 3). For the cell
components, 5 biological processes (P value < 0.01) were strongly related to IxkB kinase complex and
CDA40 receptor complex (Table 3). In addition, KEGG analysis revealed that a total of 71 pathways
related to CBD’s anti-inflammatory activity were found to be enriched with the protein targets (P value
< 0.01; shown in Fig. 5). The KEGG analysis of CBD’s anti-inflammatory activity revealed several
related signaling pathways including TNF, toll-like receptor (TLR), retinoic acid-inducible gene-I-like
receptors (RLRs), MAPK, C-type lectin receptors (CLRs), IL-17, NFxB, T-cell receptor (TCR),
cytosolic DNA-sensing (CDS), adipocytokine, nucleotide-binding oligomerization domain-like
receptors (NLRs), neurotrophin, B cell receptor, chemokine, and advance glycation endproducts
(AGE)-receptor for AGE (RAGE). Notably, some of these signaling pathways are known to be
associated with a specific anti-inflammation mechanism, namely, the inflammasome pathway, which is
responsible for the maturation and secretion of pro-inflammatory cytokines IL-1B.2' Our group has
previously reported that the inhibitory effect of CBD on NLRP3 inflammasome activation is associated
with its modulation of a purinergic receptor, namely, P2X7 receptor, which regulates several signaling
pathways to release proinflammatory cytokines.”” Published studies have also reported that the
activation of signaling pathways including TLR,* TCR,* NLRs,” and RAGE® are closely related to
the regulation of inflammasome activation. Therefore, multiple signaling pathways may be involved in
CBD’s anti-inflammasome activity, which contribute to CBD’s overall anti-inflammatory activity.
Additionally, the drug-target association network also suggested that CBD had significant correlations

with several inflammatory mediated diseases including hepatitis B and C, herpesviruses infection,

128



various type of cancers (e.g. lung cancer, pancreatic cancer, prostate cancer, bladder cancer, myeloid
leukemia, colorectal cancer, and melanoma), nonalcoholic fatty liver diseases (NAFLD), inflammatory
bowel disease (IBD), and amyotrophic lateral sclerosis (ALS) (Fig. 5). These findings are supported by
several pre-clinical investigations of CBD as interventions for the aforementioned inflammatory
diseases including hepatitis,27 viral infections,28 cancers,””>? liver diseases,’! IBD,32’33 and ALS.*
Further experimental studies using ‘-omic’ approaches (e.g. genomics, proteomics, and metabolomics)
with in vitro and in vivo models are warranted to verify the biological effects of predicted protein
targets.”> Several challenges still remain before CBD’s therapeutic applications for inflammatory
mediated diseases can be fully explored, due to: 1) only limited data from clinical trials are available;**
¥ 2) CBD may exert anti-inflammatory activity via multiple pharmacological targets (e.g. the
endocannabinoid system);***' 3) further mechanistic studies of CBD’s pharmacological effects are
warranted. It should be noted that the current study solely focused on the analysis of CBD’s network for
anti-inflammatory effects. However, there are numerous other phytochemicals, including over a
hundred phytocannabinoids, such as tetrahydrocannabinol (THC), present in cannabis extracts. Similar
to CBD, these phytochemicals (phytocannabinoids and non-phytocannabinoids), may also be involved
in the modulation of the pharmacological targets identified herein, and contribute to the overall anti-
inflammatory effects of cannabis extracts. Therefore, it is possible that CBD and other phytochemicals
including THC in cannabis extracts, exert pharmacological effects in a complementary, additive, and/or

synergistic manner, but further studies are warranted to confirm this.

In summary, a network based pharmacological analysis was utilized to predict the potential
molecular targets for CBD’s anti-inflammatory activity which revealed the NFkB cascade as one of its
primary anti-inflammatory mechanism of action. In addition, target proteins including p53, IxBa, IKKs,
and MAP kinases, as well as signaling pathways including STAT3, AKT1, TNF, TLR, RLRs, and
MAPK were linked to CBD’s anti-inflammatory activity. These molecular targets may contribute to
CBD’s overall anti-inflammatory activity and its potential therapeutic applications for several
inflammatory mediated diseases. Although further biological experiments are warranted to validate
these molecular targets, our findings add to the growing body of data supporting the utilization of CBD

as a promising anti-inflammatory natural product.
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Fig. 1 Cannabidiol-target-inflammation network created by software Cytoscape
(http://www.cytoscape.org). All target proteins are represented by their UniProt IDs. Red triangle: CBD;
yellow circles: CBD’s pharmacological target proteins; violet circle: proteins related to inflammation;
cyan-blue circle: protein-protein interaction; yellow rectangles: proteins targets that are directly

involved with CBD and inflammation pathways.
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Fig. 3 Interaction network (created by software Cytoscape) of potential target proteins for CBD’s anti-
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TABLES
Table 1. Topological parameters of potential targets for CBD’s anti-inflammatory activity in the

“Compound-Target-Disease” network.

betweenness  closeness

UniProt ID  Protein Name Degree
centrality centrality

P04637 Cellular tumor antigen p53 0.3046 0.3012 58

QI9Y6K9 NF-kappa-B essential modulator 0.0648 0.2502 21

QI9Y4K3 TNF receptor-associated factor 6 0.0643 0.2377 20

Q04206 Transcription factor p65 0.0323 0.2513 19

P19838 Nuclear factor NF-kappa-B p105 subunit 0.0472 0.2468 19

P25963 NF-kappa-B inhibitor alpha 0.0426 0.2471 18
Inhibitor of nuclear factor kappa-B kinase subunit

015111 0.0196 0.2340 18
alpha

P00533 Epidermal growth factor receptor 0.0591 0.2427 17

P31749 RAC-alpha serine/threonine-protein kinase 0.0457 0.2653 13
Inhibitor of nuclear factor kappa-B kinase subunit

014920 0.0241 0.2456 13
beta

P05412 Transcription factor AP-1 0.0404 0.2321 13

Q99558 Mitogen-activated protein kinase 14 0.0246 0.2300 13

P09874 Poly [ADP-ribose] polymerase 1 0.1020 0.2864 12

Q16665 Hypoxia-inducible factor 1-alpha 0.0332 0.2254 12

P24385 G1/S-specific cyclin-D1 0.0347 0.2441 10

Q99759 Mitogen-activated protein kinase 3 0.0279 0.1993 10
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Table 2. Interactions between CBD and target proteins. Free energy of binding and inhibition constant

predicted by computational docking.

UBPOCPBD i Name preERem ol ot
(Ki; pM)
014920-3BRT Inhibitor of nuclear factor kappa-B kinase subunit -7.99 1.4
Q99558-4IDT Mitogen-activated protein kinase 14 -7.35 4.1
P04637-1AIE Cellular tumor antigen p53 -6.08 35.0
P25963-11KN NF-kappa-B inhibitor alpha -5.82 53.7
Q9Y4K3-11B6 TNF receptor-associated factor 6 -5.74 62.3
Q04206-1NFI Transcription factor p65 -5.66 71.5
P00533-1MOX  Epidermal growth factor receptor -5.64 73.9
Q9Y6K9-3BRV  NF-kappa-B essential modulator -5.36 117.8
P31749-1UNQ RAC-alpha serine/threonine-protein kinase -5.34 121.0
Q99579-202V Mitogen-activated protein kinase 3 -5.34 122.6
P09874-2COK Poly [ADP-ribose] polymerase 1 -4.88 264.4
Q16665-1H2K Hypoxia-inducible factor 1-alpha -4.41 581.3
O15111-3BRT Inhibitor of nuclear factor kappa-B kinase subunit o -4.32 686.9
P19838-IMDI Nuclear factor kappa-B p105 subunit -4.23 799.9
P24385-5VZU  G1/S-specific cyclin-D1 -3.44 3010
P05412-1JUN Transcription factor AP-1 -3.41 3180
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Table 3. The functional analysis of identified compound-related targets by gene ontology (GO) analysis
and KEGG signaling pathway analysis.

Term P Value
Ontology Source GOID GOTerm Corrected .Wlth

Bonferroni

step down
GO _BiologicalProcess GO:0070498 interleukin-1-mediated signaling pathway 2.56E-13
GO _BiologicalProcess GO0:0071347 cellular response to interleukin-1 7.48E-12
GO _BiologicalProcess G0:0043123 PO sfuye regulation of I-kappaB kinase/NF-kappaB 1.83E-11

signaling
GO _BiologicalProcess ~ GO:0070555 response to interleukin-1 4.43E-11
GO _BiologicalProcess  GO:0009612 response to mechanical stimulus 1.57E-09
GO _BiologicalProcess GO0:0033209 tumor necrosis factor-mediated signaling pathway 6.06E-09
GO _BiologicalProcess  G0O:0038061 NIK/NF-kappaB signaling 6.28E-09
GO _BiologicalProcess GO:1902895 positive regulation of pri-miRNA transcription by 3 38E-08
RNA polymerase I1
GO_BiologicalProcess GO0:0035666 TRIF-dependent toll-like receptor signaling pathway  6.22E-08
GO_BiologicalProcess GO:0038095 Fc-epsilon receptor signaling pathway 8.02E-08
GO_MolecularFunction ~ GO:0042826 histone deacetylase binding 2.81E-06
GO_MolecularFunction  G0O:0035326 enhancer binding 1E-05
GO MolecularFunction  GO:0000980 v/ Polymerase I distal enhancer sequence- 3.95E-05
- specific DNA binding
GO_MolecularFunction  GO:0051879 Hsp90 protein binding 0.000357
GO_MolecularFunction  GO:0097110 scaffold protein binding 0.000576
GO_MolecularFunction  GO:0032813 tumor necrosis factor receptor superfamily binding 0.00121
GO_MolecularFunction  GO:0033613 activating transcription factor binding 0.001913
GO_MolecularFunction  GO:0005123 death receptor binding 0.001915
GO_MolecularFunction ~ GO:0051059 NF-kappaB binding 0.002589
GO_MolecularFunction  GO:0001102 JA polymerase [T activating transcription factor ) 067,
- binding

GO_CellularComponent G0:0035631 CD40 receptor complex 0.000252
GO_CellularComponent GO:0008385 TkappaB kinase complex 0.000297
GO _CellularComponent GO:1902554  serine/threonine protein kinase complex 0.000316
GO_CellularComponent GO:0031264 death-inducing signaling complex 0.000402
GO_CellularComponent GO:0045178 basal part of cell 0.001531
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(i)

(iii)

Figure S1. Divided view of Figure 1 ‘cannabidiol-target-inflammation network’.
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Figure S2. Enlarged view (i) of Figure 1 ‘cannabidiol-target-inflammation network’.

143

“ P:uﬂ’ ‘ (.50 ’ ) ’\ . |
e " ) S




Figure S3. Enlarged view (ii) of Figure 1 ‘cannabidiol-target-inflammation network’.
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Figure S4. Enlarged view (iii) of Figure 1 ‘cannabidiol-target-inflammation network’.
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Figure S5. Enlarged view (iv) of Figure 1 ‘cannabidiol-target-inflammation network’.
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Table S1 Total Analysis of Topological Parameters of Potential Targets in “Compound-Target-

Disease” Network

UniProt ID  Protein Name betweenpess closene.ss Degree
centrality centrality

P04637 Cellular tumor antigen p53 0.304623 0.301269 58
QI9Y6K9 NF-kappa-B essential modulator 0.064826 0.250219 21
Q9Y4K3 TNF receptor-associated factor 6 0.064373 0.237797 20
Q04206 Transcription factor p65 0.032397 0.251323 19
P19838 Nuclear factor NF-kappa-B p105 subunit 0.047215 0.24686 19
P25963 NF-kappa-B inhibitor alpha 0.042616 0.247181 18
Ol15111 Inhibitor of nuclear factor kappa-B kinase subunit alpha 0.0196 0.234086 18
P00533 Epidermal growth factor receptor 0.059172 0.24276 17
P31749 RAC-alpha serine/threonine-protein kinase 0.045702 0.265363 13
014920 Inhibitor of nuclear factor kappa-B kinase subunit beta 0.024162 0.24569 13
P05412 Transcription factor AP-1 0.040425 0.232179 13
Q99558 Mitogen-activated protein kinase kinase kinase 14 0.024606 0.230024 13
P09874 Poly [ADP-ribose] polymerase 1 0.102009 0.286432 12
Q16665 Hypoxia-inducible factor 1-alpha 0.033271 0.225475 12
P24385 G1/S-specific cyclin-D1 0.034723 0.244111 10
Q99759 Mitogen-activated protein kinase kinase kinase 3 0.027914 0.19937 10
P35968 Vascular endothelial growth factor receptor 2 0.041569 0.240709 9
P25445 Tumor necrosis factor receptor superfamily member 6 0.045595 0.233415 9
P19438 Tumor necrosis factor receptor superfamily member 1A 0.028184 0.200704 9
P41182 B-cell lymphoma 6 protein 0.035707 0.236025 8
P04150 Glucocorticoid receptor 0.038264 0.19979 8
P41279 Mitogen-activated protein kinase kinase kinase 8 0.059232 0.255262 7
Q13546 Receptor-interacting serine/threonine-protein kinase 1 0.092458 0.247181 7
P25025 C-X-C chemokine receptor type 2 0.01742 0.239899 7
015350 Tumor protein p73 0.008025 0.230676 7
Q9HCN6 Platelet glycoprotein VI 0.075039 0.208715 7
Q86WV6 Stimulator of interferon genes protein 0.014639 0.237006 6
Q14790 Caspase-8 0.011827 0.2194 6
P25024 C-X-C chemokine receptor type 1 0.010408 0.239496 5
Q13191 E3 ubiquitin-protein ligase CBL-B 0.010508 0.238095 5
Ql4164 Inhibitor of nuclear factor kappa-B kinase subunit epsilon 0.00502 0.209482 5
Q03164 Histone-lysine N-methyltransferase 2A 0.011844 0.206972 5
P06396 Gelsolin 0.013998 0.20014 5
P40763 Signal transducer and activator of transcription 3 0.005449 0.25266 4
Q16236 Nuclear factor erythroid 2-related factor 2 0.010508 0.233511 4
P17535 Transcription factor jun-D 0.00414 0.198468 4
Q15078 Cyclin-dependent kinase 5 activator 1 0.040275 0.283865 3
P13569 Cystic fibrosis transmembrane conductance regulator 0.007011 0.238693 3
Continued

P60900 Proteasome subunit alpha type-6 0.006862 0.235343 3
Q30201 Hereditary hemochromatosis protein 0.024302 0.234279 3
P35228 Nitric oxide synthase, inducible 0.007011 0.23332 3
P49281 Natural resistance-associated macrophage protein 2 0.007011 0.23332 3
P55957 BH3-interacting domain death agonist 0.004674 0.209945 3
P35869 Aryl hydrocarbon receptor 0.007011 0.198399 3

147



CHAPTER 7

MANUSCRIPT 7
To be submitted to

Journal of Natural Products

In vitro, in silico, and in vivo evaluation of the inhibitory effects of punicalagin, the major

pomegranate (Punica granatum) polyphenol, on NLRP3 inflammasome activation

Chang Liu, Hang Ma,* Angela L. Slitt,* and Navindra P. Seeram*
Department of Biomedical and Pharmaceutical Sciences, College of Pharmacy, University of Rhode

Island, Kingston, RT 02881, USA

*Authors to whom correspondence should be addressed

Hang Ma, Phone: +1(401)-874-7654; Email: hang_ma@uri.edu

Angela L. Slitt, Phone: +1(401)-874-5020; Email: angela_slitt@uri.edu

Navindra P. Seeram, +1(401)-874-9367; Email: nseeram@uri.edu

7 Greenhouse Rd, Kingston, RI 02881, USA; Department of Biomedical and Pharmaceutical Sciences,

College of Pharmacy, University of Rhode Island

148



Abstract

Punicalagin (PA), the major polyphenol in pomegranate (Punica granatum), has been reported to show
anti-inflammatory effects but its inhibitory effects on the inflammasome remain unclear. Herein, we
evaluated PA’s effects on the inhibition of the NLRP3 inflammasome and inflammasome activation-
related receptor (P2X7) using in vitro, in silico, and in vivo models. PA inhibited the NLRP3
inflammasome by reducing IL-f in lipopolysaccharide (LPS) and nigericin stimulated human monocyte
THP-1 cells. PA’s inhibitory effects on the NLRP3 inflammasome were supported by its down-
regulation of the levels of cellular caspase-1, pyroptosis, mRNA and protein expression of IL-,
caspase-1, and NLRP3. In addition, surface plasma resonance assay and molecular docking analysis
showed that PA binds to the P2X7 receptor and interacts with the amino acids of the P2X7 protein. In
vivo studies using two different mouse models of peritonitis (stimulated by either LPS or monosodium
urate) showed that PA (50 mg/kg i.p.) exerted anti-inflammatory effects by reducing the levels of
cytokines including IL-1p and TNF-a. The current data suggest that PA's anti-inflammatory effects on
the NLRP3 inflammasome may contribute toward the overall anti-inflammatory effects reported for the

pomegranate fruit.

KEYWORDS: Pomegranate (Punica granatum), polyphenol, Punicalagin, inflammation, NLRP3

inflammasome, P2X7
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INTRODUCTION

Inflammation is a complex physiological response to invading pathogens and tissue injury. It is
characterized by several physiopathological manifestations including vasodilatation, plasma
extravasations, cell migration, and activation of coagulation cascades (Goldstein, Snyderman, & Gallin,
1992). Inflammation is closely associated with numerous diseases including atherosclerosis,
Alzheimer's disease, Parkinson’s disease, rheumatoid arthritis, and cancers (Davis, Wen, & Ting, 2011;
Kotas & Medzhitov, 2015; Libby, 2012; Saltiel & Olefsky, 2017). Studies have revealed that
inflammation can be exacerbated by the activation of a series of intracellular proteins complexes
detecting pathogenic microorganisms and sterile stressors known as the inflammasome (Davis et al.,
2011; Petrilli, Papin, & Tschopp, 2005). The inflammasome consists of several important components
including the nucleotide-binding domain, leucine rich repeat containing proteins (also known as NOD-
like receptors, NLRs) and AIM2-like receptors (ALRs) (Gross, Thomas, Guarda, & Tschopp, 2011;
Petrilli et al., 2005). NLRP3, an NLR-subset inflammasome, has been recognized for its crucial role in
host defense against pathogens, which is involved in a wide variety of acute and chronic inflammation-
driven diseases(Jin & Flavell, 2010; Schroder, Zhou, & Tschopp, 2010). Upon sensing various stimuli,
inflammasome complexes are formed by binding to pro-caspase-1 homotypically via its own caspase
activation and recruitment domain (CARD) or via an adaptor protein, namely, apoptosis-associated
speck-like protein containing CARD (ASC)(Latz, Xiao, & Stutz, 2013). One of the most potent
activators of the NLRP3 inflammasome is extracellular ATP acting at the purinergic P2X7
receptor(Franceschini et al., 2015). Upon activation, NLRP3 inflammasome complexes mediate
proteolytic cleavage and release of the pro-inflammatory cytokines, IL-1f and IL-18, which further
induce a wide variety of pathological events linked to inflammation(Man, Karki, & Kanneganti, 2017).
For example, NLRP3 activation initiates an inflammation related programmed cell death, known as
pyroptosis, which contributes to numerous diseases including cardiovascular diseases, immune
disorders, infectious diseases and cancers (Ma et al., 2018; Man et al., 2017). Therefore, the NLRP3
inflammasome is considered as a potential therapeutic target for inflammation-related diseases(Shen et
al., 2018). Several NLRP3 inflammasome inhibitors have been reported to show beneficial effects for

NLRP3-related diseases in animal models(Shao, Xu, Han, Su, & Liu, 2015). For instance, MCC950 is a
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synthetic selective inhibitor of NLRP3 and has been reported to show anti-inflammatory activities in a
LPS-induced mouse peritonitis model and experimental autoimmune encephalomyelitis(Coll et al.,
2015). In addition, CY-09, another synthetic inhibitor of NLRP3, has been shown to specifically inhibit
NLRP3 inflammasome both in vitro and in vivo(Lamkanfi & Dixit, 2017). Another promising NLRP3
inflammasome inhibitor is OLT1177, which is being studied in a phase II clinical trial for arthritis
therapy(Kliick et al., 2019; Marchetti et al., 2018). However, while most of these aforementioned
NLRP3 inflammasome inhibitors are synthetic in origin, there is paucity of data on NLRP3
inflammasome inhibitors from natural products.

Our laboratory has been involved in a comprehensive research program to investigate the
phytochemical composition and biological effects of several botanicals including the pomegranate
(Punica granatum) fruit (Pantuck et al., 2006; N. P. Seeram, S. M. Henning, Y. Zhang, M. Suchard, Z.
Li, & D. Heber, 2006)(DaSilva et al., 2019; Yongqiang Liu & Navindra P Seeram, 2018; Loren, Seeram,
Schulman, & Holtzman, 2005; Tao Yuan et al., 2012; Tao Yuan, Wan, Ma, & Seeram, 2013). For
instance, we reported that a pomegranate fruit extract shows potential protective effect against
Alzheimer’s disease in an aged animal model due to its anti-neuroinflammatory and anti-glycation
effects(Ahmed, Subaiea, Eid, Li, Seeram, & Zawia, 2014; T. Yuan et al., 2016). The pomegranate fruit
is known to be a rich source of polyphenols among which punicalagin (PA) is the predominant
phytochemical (Adams, Zhang, Seeram, Heber, & Chen, 2010; Y. Liu & N. P. Seeram, 2018).
Published studies have shown that PA exerts anti-inflammatory effects against inflammatory bowel
disease, diarrhea, and ulcers(Shah, Parikh, Patel, Patel, Joshi, & Gandhi, 2016; Xu et al., 2017).
However, it is not clear whether the anti-inflammatory effects of PA are associated with its inactivation
of the NLRP3 inflammasome. Herein, we evaluated the inhibitory effects of PA on the activation of
NLRP3 and its NLRP3 anti-inflammatory activity using a combination of in vitro, in silico and in vivo

(two separate animal models of peritonitis induced by LPS and monosodium urate) models.

RESULTS AND DISCUSSION

PA inhibits IL-1f secretion in LPS-nigericin treated THP-1 monocytes.
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We determined the levels of inflammasome-dependent cytokine IL-1p and inflammasome-independent
cytokine TNF-a in human THP-1 monocytes. PA exhibited inhibitory effects on IL-1p secretion, but
had no effects on TNF-a production (Fig.1A). We next sought to investigate the inhibitory effects of PA
at the doses of 0.01-100 uM on NLRP3 inflammasome activation using :1) pre-treatment of PA
followed by LPS-induced inflammation (i.e. PA exposure for 1 h followed by LPS for 4 h), and, 2)
LPS-induced inflammation followed by PA exposure (i.e. LPS exposure for 4 h followed by PA for 1 h).
Interestingly, pre-treatment with PA before LPS-induced inflammation inhibited IL-1p secretion and
also suppressed TNF-o secretion (Fig. 1B). However, treatment with PA after LPS-induced
inflammation specifically suppressed IL-1f secretion but had no effects on TNF-a production (Fig. 1B).
To confirm whether PA could block NLRP3 activation, we compared it to a known broad-spectrum
natural product inhibitor of NLRP3 inflammasome, namely, oridonin, in the NLRP3 activation assay.
Oridonin reduced the concentration of extracellular IL-1B to 187.6 pg/mL as compared to the LPS-
nigericin treated group (833.3 pg/mL). At equivalent concentrations of 10 uM, PA reduced the
concentration of extracellular IL-1p levels to 331.7 pg/mL (Fig. 1C). In addition, PA showed stronger
inhibitory activity to cellular IL-1f levels than oridonin (719.5 pg/mL vs 2785.5 pg/mL; Fig. 1D),

suggesting that PA was a specific inhibitor of NLRP3 inflammasome activation.

PA specifically inhibited NLRP3 inflammasome activation in LPS-nigericin treated THP-1 monocytes.

Next, we studied the mechanism of how PA blocked NLRP3 activation by assessment of its effects on
NLRP3 inflammasome components. Caspase-1, known as IL-1B3-converting enzyme, is responsible for
the processing of inactive pro-IL-1f to active IL-1B. Stimulation by LPS/nigericin, leads to the increase
of active-cellular and active-extracellular caspase-1 to 1.53- and 1.42-fold, respectively, as compared to
the control group (Fig. 2A and B). These effects were alleviated by treatment with PA (10 puM) by
reducing the amount of active-cellular and active-extracellular caspase-1 to 55.1% and 62.0 %,
respectively. In addition to the processing of IL-1B, caspase-1 also triggers pyroptosis, an
inflammasome activation-induced cell death, in the macrophages in response to LPS/nigericin. To
verify the modulatory effects of PA on caspase-1 activation-mediated cell pyroptosis, we measured the

levels of lactate dehydrogenase (LDH), termed as a biomarker of cell pyroptosis. Stimulation by
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LPS/nigericin led to an increase of LDH by 4.56-fold as compared to the control group, and PA (10 uM)
alleviated the release of LDH by 64.2% (Fig. 2C).

In addition, the effects of PA on the mRNA and protein levels of IL-1B, Caspase-1, and NLRP3
were evaluated with qRT-PCR and Western blotting, respectively. Stimulation by LPS/nigericin leads
to increased mRNA levels of il-1p, caspase-1, and nlrp3 by 633.0-, 1.50-, and 2.07-fold, respectively, as
compared to the control group. Treatment with PA (10 uM) decreased the mRNA levels of il-1f,
caspase-1, and nlrp3 to 223.2-, 0.54-, and 1.10-fold, respectively (Fig. 2D-F). This effect was supported
by Western blot analysis showing that PA (10 uM) suppressed the expression of proteins including

Caspase-1, NLRP3 in the LPS-nigericin treated THP-1 monocytes (Fig. 2G).

PA inhibited LPS-nigericin-induced mitochondrial damage and mito-ROS production in LPS-nigericin
treated THP-1 monocytes.

Mitochondrial damage and mito-ROS production are known as the upstream signaling events of
NLRP3 activation. We further evaluated the activities of PA on mitochondrial damage and mito-ROS
production in the LPS-nigericin treated THP-1 cells by flow cytometry and confocal microscopy. The
levels of mito-derived ROS in THP-1 cells were assessed by using a mitochondria-specific probe,
namely, MitoSOX™.  Stimulation by LPS/nigericin leads to increased mito-ROS by 10.9-fold, as
compared to the control group. Treatment with PA (10 uM) decreased the mito-ROS by 43.5% as
compared to the LPS-nigericin treated THP-1 cells (Fig. 3A and B). Results from confocal microscopy
also confirmed the inhibitory effects of PA (10 uM) on LPS-nigericin induced mito-ROS production
(Fig. 3C). In addition to mito-ROS production, we also evaluated the mitochondrial damage using mito-
Tracker red probe. As expected, stimulation by LPS-nigericin caused mitochondrial damage, whereas

treatment with PA (10 uM) alleviated the effects on mitochondrial damage (Fig. 3D).

PA interacted with the P2X7 Receptor.
Activation of the NLRP3 inflammasome has been linked to a purinergic type 2 receptor called P2X7, a
ligand-gated ion channel modulating intracellular K* efflux and Ca” influx. Nigericin binds to P2X7 and

increases the permeability of the plasma membrane, which further facilitates the secretion of IL-1p. We
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then investigated the interactions between PA and P2X7 receptor to predict their possible binding sites.
We calculated the free binding energy in different binding modes to find the most suitable binding
pocket. As shown in Fig 4A, the most suitable binding site of PA was at the upper body, between the
head and left flipper of the P2X7 receptor, with the lowest free binding energy of —4.61 kcal/mol. We
next analyzed the binding parameters between PA and P2X7 receptor using surface plasma resonance
(SPR) assay. PA at five concentrations (3.9, 7.8, 15.6, 31.2, and 62.5 uM) were used to observe PA-
associated affinity with the P2X7 receptor. The kD, calculated using BiaEvolution software, was 4.24 x
10° M (Fig. 4B). As shown in Fig. 4C, PA was able to bind to the P2X7 receptor by forming
hydrogen bonds between its hydroxyl group and residues including LYS145 and IIE147. In addition,
hydrogen bonds were also formed between its carbonyl groups and residues including GLN116 and
SER165. The stabilization of the PA-P2X7 complex may be facilitated by Pi-Pi T shaped and Pi-Alkyl

bonds between the aromatic ring of PA and residue TRP167 (Fig. 4C).

PA affected the levels of inflammasome-panel genes in LPS-nigericin treated THP-1 monocytes.

To further elucidate the effects of PA on inflammasome-related genes, the inflammasome panel genes
were assessed with Geneplex assay. We first examined the expressions of inflammasomes including
NLRP1, AIM2, NLRP3, NLRP4, NLRCS5, NLRP5, NLRP6, and NLRP9 (Fig. 5B). Stimulation by
LPS/nigericin led to increased AIM2 and NLRP3 by 6.27- and 1.51-fold, respectively, as compared to
the control group. Treatment with PA (10 uM) decreased AIM2 and NLRP3 to 3.70- and 1.11-fold,
respectively, as compared to the control group (Fig. SA and B). Next, we explored the expressions of
inflammasome signaling-related genes (Fig. 5C). Stimulation by LPS/nigericin led to increased CCL-2,
PSTPIP1, TNF, CASPS5, IKBKB, P2X7R, and BRIC3 by 20.8-, 85.4-, 72.04-, 70.5-, 9.9-, 9.7-, and
77.36-fold, respectively, as compared to the control group. Treatment with PA (10 pM) decreased the
CCL-2, PSTPIP1, TNF, CASP5, and BRIC3 to 14.2-, 59.5, 50.4, 42.9, and 60.0-fold, respectively, as

compared to the control group (Fig. SA and C).

PA suppresses NLRP3-dependent inflammation in vivo
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We next examined whether PA could inhibit NLRP3 inflammasome activation in vivo. Previous studies
have shown that the induction of IL-1f by intraperitoneal (i.p.) injection of LPS and MSU are NLRP3
inflammasome dependent(Coll et al., 2015; Latz, Xiao, & Stutz, 2013). Therefore, these two
inflammasome inducers were delivered to animals in separate experiments to induce IL-1f (Fig. 6A).
Mice were pre-treated with PA (50 mg/kg) one hour before i.p. injection of LPS and were
assessed two hours later. Pre-treatment with PA reduced serum concentrations of IL-1p and TNF-a,
indicating the anti-inflammatory effects of PA in vivo (Fig. 6B and C). In addition, pre-treatment with
PA reduced peritoneal concentrations of IL-1p, while it did not considerably decrease the amount of
TNF-q, indicating that PA was able to specifically inhibit NLRP3 inflammasome activation in the
peritoneal cavity (Fig. 6D and E).
In the second experiment, mice were pre-treated with PA (50 mg/kg) before i.p. injection of
MSU and were assessed six hours later. As expected, serum concentrations of IL-1f3 and TNF-a were
significantly increased in the MSU-induced peritonitis mouse model. Treatment with PA (50 mg/kg)
significantly alleviated MSU-induced IL-1B production, while it did not considerably decrease the
amount of TNF-a (Fig. 6F and G), indicating that PA was able to specifically inhibit serum IL-1p in the
MSU-induced peritonitis mouse model. These results indicated that PA prevents acute inflammation via

inhibition of NLRP3 inflammasome.

Conclusion

In summary, we evaluated the anti-inflammasome activity of PA and its mechanisms of action
using in vitro, in silico, and in vivo models. PA inhibited the expression of NLRP3 and its downstream
components including caspase-1 and IL-1f indicating that PA is a specific inhibitor for the activation of
the NLRP3 inflammasome (in vitro and in vivo). The underlying mechanisms of PA on the regulation of
NLRP3 inflammasome were associated with its modulatory effects on the P2X7 receptor. In addition,
PA exerted anti-inflammatory effects in two separate mouse models of peritonitis by specifically
inhibiting peritoneal IL-1f induced by LPS and serum IL-1f induced by MSU. PA's inhibitory effects

on the NLRP3 inflammasome may contribute to the anti-inflammatory effects reported for this
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polyphenol and, overall, for the whole pomegranate fruit, supporting the further investigation of this

natural product for the potential management of inflammation-related diseases.

EXPERIMENTAL SECTION
Reagents
Monosodium urate (MSU), phorbol 12-myristate 13-acetate (PMA), dimethyl sulfoxide (DMSO),

lipopolysaccharides (LPS; from Escherichia coli O55:B5), nigericin, and oridonin were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). MitoSOX and MitoTracker™ Red was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Punicalagin (PA) was previously isolated and
identified by our laboratory from pomegranate fruit extract (Jean-Gilles et al., 2013; Navindra P Seeram,
Susanne M Henning, Yanjun Zhang, Marc Suchard, Zhaoping Li, & David Heber, 2006). Oridonin was
purchased from Cayman Chemical Co. (Ann Arbor, MI, USA).
Cell Culture and Differentiation

Human monocyte THP-1 cells were purchased from the American Type Culture Collection (ATCC,
Rockville, MD, USA). Cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
supplied with 10% fetal bovine serum (FBS) (Gibco, Life Technologies; Gaithersburg, MD, USA) and
1% penicillin/streptomycin solution (100 U/mL penicillin and 100 pg/mL streptomycin; from Gibco,
Life Technologies; Grand Island, NY, USA). THP-1 monocytes were differentiated using PMA using
our previously reported method (Liu, Ma, Slitt, & Seeram). In brief, cells were cultured in medium
containing PMA (25 nM) for 48 h. PMA was then removed and cells were cultured in PMA free
medium for 24 h.
Inflammasome Activation Assay

NLRP3 Inflammasome activation assay was according to our previously reported method (Liu, Ma,
Slitt, & Seeram). THP-1 monocytes were seeded at a density of 5 x 10* cells per well in a 48-well plate
and differentiated with PMA (25 ng/mL). Differentiated THP-1 monocytes were treated with LPS (100
ng/mL) for 4 h, followed by treatment with compound (10 uM) for 1 h. Then, nigericin (10 pM) was

incubated with the cells for 1 h, and the cell culture supernatant was collected. The levels of IL-1p and
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TNF-a were determined using specific ELISA kits (BioLegend, San Diego, CA, USA). LDH and
caspase-1 were determined by using commercial kits from Promega (Fitchburg, WI, USA).
Western Blotting

The harvested cells were homogenized in an ice-cold RIPA buffer containing protease inhibitor.
Protein concentration was determined by Bicinchoninic Acid (BCA) protein assay kit (Thermo Fisher,
Waltham, MA, USA). Equal amounts of the protein were separated by 10% precast polyacrylamide gel
(BIO-RAD, Hercules, CA, USA), transferred to polyvinylidene fluoride (PVDF) membranes, and
probed with the primary antibodies against human caspase-1 (D7F10) (1 : 1,000), human NLRP3
(D2PSE) (1 : 1,000), or human B-Actin (13ES) (1: 1,000) overnight at 4 °C, followed by appropriate
horseradish peroxidase (HRP)-linked secondary antibodies for 2 hours at room temperature. The
immuno-reactive proteins were detected with Pierce ECL Western blotting substrate (cytiva,
Marlborough, MA, USA) and visualized by ChemiDoc MP imaging system. The expression levels of -
actin were used to normalize the expression of target genes.
Animals

Male C57BL/6J mice (4-6 weeks old) were purchased from The Jackson Laboratory. All mice
were housed in a room under a 12 h light/dark cycle and fed under experimental conditions with a
temperature of 22-24 °C and humidity of 50 = 5%. All animal experiments protocols were approved by
the Animal Care Committee of the University of Rhode Island.
LPS and MSU-Induced Peritonitis

After one week acclimation, C57BL/6 mice were injected intraperitoneally (i.p.) with 50 mg/kg
PA (dissolved in vehicle containing 90% PBS and 10% DMSO) or vehicle control (DMSO/PBS) 1 h
before i.p. injection of 10 mg/kg LPS or PBS. After for 2 h mice were sacrificed and 5 ml ice-cold PBS
were used to wash the peritoneal cavities. In the model of MSU-induced peritonitis, C57BL/6 mice
were injected intraperitoneally (i.p.) with MSU crystals (1 mg dissolved in 0.5 mL of PBS). Before
injection of MSU, PA (50 mg/kg; dissolved in vehicle solvent containing 90% PBS and 10% DMSO)
were injected intraperitoneally. After 6 h, the mice were killed and the blood was collected and serum
was isolated. IL-1p and TNF-a levels in serum or peritoneal lavage fluid were measured by specific

ELISAs.
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qRT-PCR

RNA was extracted from the cells using RNAqueous®-Micro Kit (Thermo Fisher, Waltham, MA, USA)
according to the manufacturer’s instruction. SuperScript® IV Reverse Transcriptase was used to RT
reaction and TagMan® Fast Advanced Master Mix was used to quantitative analysis. To analyze the

accuracy of the PCR reaction, the melt curves were used. To evaluate the expressions of genes, 2-“Ct

values were calculated. The mRNA expression values of nlrp3, il1P, and caspasel were normalized to
that of GADPH. The primer sequences for nlrp3 (Hs00918082), il1B (Hs01555410), caspasel
(Hs00354836), and house-keeping GADPH (Hs02786624) were designed and synthesized by Applied
Biosystems (Foster City, CA, United States).

Flow cytometry

THP-1 cells were seeded and differentiated in 6-well plates at 0.5x10° cells for 48 h. The cells were
treated then with LPS (100 ng/mL) for 4 h, followed by treatment with PA (10 uM) for 1 h. Then,
nigericin (10 uM) was incubated with the cells for 1 h. The cells were then harvested and suspended in
500 pL of FACS buffer containing 5 pM Mito-SOX followed by incubation in the dark for 15 min.
Then the cells were measured by flow cytometry (BD FACSCalibur, San Jose, CA, USA) and data were
analyzed using software FlowJo (LLC, Ashland, Oregon, USA).

Confocal microscopy

THP-1 cells were seeded in 3 mm perti dish at 0.5x10° cells. The differentiated THP-1 cells were
treated then with LPS (100 ng/mL) for 4 h, followed by treatment with PA (10 uM) for 1 h. Then,
nigericin (10 uM) was incubated with the cells for 1 h. Hoechst 33342 staining buffer (300 pL) was
added to the cells and incubated for 30 min in darkness. Next, Mito-Tracker Red or MitoSOX staining
buffer was added to the cells and incubated for 30 min in darkness. Cells were then subjected to Nikon
Eclipse Ti2 inverted confocal microscope (Nikon, Minato City, Tokyo, Japan).

Geneplex assay

Gene expression analysis was conducted on RNA samples using a custom QuantiGene Luminex xMAP
gene expression panel (Thermo Fisher, Waltham, MA, USA). The multiplex assay was performed
according to the manufacturer’s protocols and mean fluorescence intensity (MFI) was quantified using a

Bio-rad Bio-plex 200 instrument (Hercules, CA, USA). The expression of transcripts involved in
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inflamasome activation were measured in THP-1 cells using a customized QuantiGene panel. The genes
were included PYCARD, MEFV, PSTPIP1, NLRX1, RAGE, NLRP9, P2X7R, NLRP4, NLRC5, NLRP3,
NLRPS5, AIM2, CASP1, CASPS5, HSPY90AA1, IKBKB, NFKB1, TNF, CASP4, CXCLI1, TXNIP, MYDS&8,
BIRC3, CCL2, and NLRP6.
Surface Plasmon Resonance

Human P2RX7/P2X7 Protein (Recombinant His-T7) was purchased from LSBio (Seattle, WA,
USA). SPR binding measurements were conducted on a Biacore T200 instrument (GE Healthcare;
Marlborough, MA, USA). All experiments were performed at 25 °C using carboxymethylated CM 5
chips. Immobilization of P2X7R protein on the surface of the chip was performed by injection of
protein solution (20 pg/mL) in sodium acetate buffer (10 mM; pH 4.5) for 20 min at a flow rate of 2
pL/min. Approximately 7800 RU of P2X7R protein was immobilized on the flow cell 2. The flow cell 1
without any modification was used as a reference to adjust the system baseline. PA was prepared at
concentrations of 3.9, 7.8, 15.6, 31.2, and 62.5 uM.
Molecular Docking
The structures of punicalagin were obtained from the human metabolome database (www.HMDB.ca).
Molecular Operating Environment (MOE) was applied to build the 3D structure of punicalagin. The
structural coordinates of the P2X7 receptor with a resolution of 3.40 A were retrieved in PDB format
from the RCSB protein data bank (www.rcsb. org; PDB ID: SU1L). Chimera 11.3 was applied to delete
the water molecules, solvent, non-complexed ions, and ligand of SU1L. AutodockTools 1.5.6 was used
to perform molecular docking with the Autodock 4.2 algorithm. Discovery Studio 4.5 (Accelrys Inc.,
San Diego, CA, USA) was applied to analyze the interactive residues.
Statistical analyses
Data are presented as average values + standard deviation (SD) from multiple individual experiments
each carried out in triplicate or as mean + SD. Non-linear regression analysis of inhibitor vs. normalized
response (variable slope) was performed using Graphpad Prism8 (GraphPad Software, La Jolla, CA,
USA). One-way analysis of variance with multiple comparisons and Student-Newman-Keuls test were

performed. A p-value less than 0.05 was defined as statistical significance between the two groups.
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Figure 1. (A) Cytokines IL-1B and TNF-a changes in LPS-primed (100 ng/mL, 4 h) THP-1 cells after
incubation of compound library followed by induction of nigericin (10 pM, 1 h). Each dot indicates one
test compound. Compound that specific reduced IL-1p not TNF-a was recognized as possible NLRP3
inflammasome inhibitor. Oridinin was used as a positive control. Baseline for IL-18 and TNF-a were
478ng/mL and 600 pg/mL, respectively. (B) Analysis of IL-1p and TNF-a release in the PA-pretreated
or treated LPS-primed THP-1 cells followed by the induction of nigericin. IL-1f release in the
supernatant (C) and cell lysate (D) from the PA-treated LPS-primed THP-1 cells followed by the

induction of nigericin.
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Figure 2. Analysis of cellular active-caspase 1 (A) and extracellular active caspase-1 (B) in the PA-
treated LPS-primed (100 ng/mL, 4 h) THP-1 cells followed by the induction of Nigericin (10 pM, 1 h).
(C) LDH release in the PA-treated LPS-primed (100 ng/mL, 4 h) THP-1 cells followed by the induction
of nigericin (10 uM, 1 h). THP-1 cells were stimulated and treated with PA as indicated, mRNA levels
of il-1f (D), caspase-1 (E), and nlrp3 (F) and protein levels of caspase-1, and nlrp3 (G) were

determined using qRT-PCR and western blotting, respectively.
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Figure 3. (A-C) THP-1 cells were stimulated and treated with PA as indicated, mito-SOX intensity was

determined using Flow cytometry and confocal microscopy, respectively. The results were qualified by

FlowJo. (D) Mito-Tracker staining was apply to analyze cellular mitochondrial distribution in the PA-

treated LPS-primed (100 ng/mL, 4 h) THP-1 cells followed by the induction of nigericin (10 uM, 1 h).
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Figure 4. Interactions between PA and the P2X7 receptor predicted by molecular docking. (A) PA
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body and enlarged view of PA showed at the binding site in the P2X7 receptor. (B) Surface plasmon

resonance (SPR) analysis of PA interaction with P2X7. (C) Illustration of types of interactions between

CBD and the P2X7 receptor.
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Figure 5. (A-C) Effects of PA on the genes involved in the inflammasome activation. Differentiated
THP-1 cells were induced by LPS (100 ng/mL, 4 h) followed by the incubation with PA for 1 hour.
Nigericin (10 uM) was added and incubated for another 1 hour. The cells were lysed and the genes
included PYCARD, MEFV, PSTPIP1, NLRXI, RAGE, NLRP9, P2X7R, NLRP4, NLRCS5, NLRP3,
NLRPS5, AIM2, CASP1, CASPS5, HSP90AA1, IKBKB, NFKBI, TNF, CASP4, CXCL1, TXNIP, MYDS§8,

BIRC3, CCL2, and NLRP6 were measured using Geneplex assay.
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Figure 6. (A) The mice were intraperitoneally injected with PA (50 mg/kg) or oridonin (20 mg/kg).
Next, the mice were intraperitoneally injected with LPS (10 mg/kg) or MSU (1 mg/mouse). The serum
and peritoneal fluid were collected and IL-1B and TNF-a in the serum or peritoneal cavity were
determined. Treatment of PA inhibited serum IL-1f (B) and TNF-a (C) and peritoneal fluid IL-1§ (D)
but didn't affect peritoneal fluid TNF-a (E). Besides, treatment of PA also inhibited serum IL-1p (F) but

didn't affect serum TNF-a (G).
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