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Abstract

In this study, we investigated the anti-microbial, anti-inflammatory, and anti-lipogenic effects
of hemp (Cannabis sativa L.) seed hexane extracts, focusing on the Propionibacterium
acnes-triggered inflammation and lipogenesis. Hemp seed hexane extracts (HSHE) showed
anti-microbial activity against P. acnes. The expression of INOS, COX-2, and the subse-
quent production of nitric oxide and prostaglandin increased after infection of P. acnesin
HaCaT cells, however, upon treating with HSHE, their expressions were reduced. P. acnes-
induced expressions of IL-1f and IL-8 were also reduced. HSHE exerted anti-inflammatory
effects by regulating NF-kB and MAPKSs signaling and blunting the translocation of p-NF-kB
to the nucleus in P. acnes-stimulated HaCaT cells. Moreover, P. acnes-induced phosphory-
lation of ERK and JNK, and their downstream targets c-Fos and c-Jun, was also inhibited by
HSHE. In addition, the transactivation of AP-1 induced by P. acnes infection was also down-
regulated by HSHE. Notably, HSHE regulated inflammation and lipid biosynthesis via regu-
lating AMPK and AKT/FoxO1 signaling in IGF-1-induced inflammation and lipogenesis of
sebocytes. In addition, HSHE inhibited 5-lipoxygenase level and P. acnes-induced MMP-9
activity, and promoted collagen biosynthesis in vitro. Thus, HSHE could be utilized to treat
acne vulgaris, through its anti-microbial, anti-inflammatory, anti-lipogenic, and collagen-pro-
moting properties.

Introduction

Hemp (Cannabis sativa L.), also known as cannabis, has been an important plant used in die-
tary supplements, clothing, cosmetics, and medicines [1,2]. Hemp has also been used as a
medicament for the treatment of medical conditions such as rheumatic pain, intestinal consti-
pation, disorders of the female reproductive system, and malaria [3]. However, due to its hallu-
cinogenic effects, the use of cannabis has been legally restricted in almost all countries of the
world, except for some countries, such as the US that partially allow it for medicinal use. In
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US, with a doctor’s recommendation, the medical use of cannabis is legal in 29 states, the Dis-
trict of Columbia, and the territories of Guam and Puerto Rico. Seventeen other states allow
the medical use of cannabis with low THC/high CBD. Tetrahydrocannabinol (THC) is the
major psychoactive component of cannabis, even small amounts of which could be highly hal-
lucinogenic, while cannabidiol (CBD) is the non-psychoactive component of cannabis. THC
binds cannabinoid CB1 and CB2 receptors with high affinity and activates them, while CBD
has a very low affinity for both CB1 and CB2 receptors, and acts as an indirect antagonist of
these receptors [1,4]. THC is effective for relieving pain, inhibiting inflammation, and relaxing
muscle tension. Thus, it can be used for patients with multiple sclerosis, neurodegenerative
disorders, and severe pain. However, overdose of THC may cause serious mental side effects
of hallucinations [5,6]. On the contrary, hemp seed does not have any psychotropic chemical
components. Moreover, hemp is the only seed plant without any saturated fatty acids, contain-
ing mostly polyunsaturated fatty acids including linoleic acid and gamma-linolenic acid [7].

Acne vulgaris is observed in 85% of adolescents and refers to a disease that causes inflam-
mation of sebaceous glands attached to hairfollicles. Propionibacterium acnes (P. acnes), pres-
ent on normal skin, activates an immune response and changes the lipid composition of the
sebaceous glands [8,9]. P. acnes stimulates the inflammatory cytokines such as interleukin
(IL)-1B, IL-8, and leukotrienes by activating Toll-like receptors (TLRs) and induces the expres-
sion of enzymes such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-
2), causing chronic inflammation [10-12]. It also activates the nuclear factor kappa B (NF-«kB)
and mitogen-activated protein kinases (MAPKs) signals, and upregulates related genes to
carry out innate immunity.

Keratinocytes and dermal fibroblasts secrete matrix metalloproteinases (MMPs) which
mediate the digestion of many components of extracellular matrix (ECM) in response to exter-
nal stimuli such as bacterial infection, oxidative stress, and UV radiation. MMPs are classified
into five main subgroups, such as collagenases, gelatinases, stromelysins, matrilysins, and 5
membrane-type MMPs, based on their structure and substrate specificity. MMP-1 is a collage-
nase that digests fibrillar collagen via recognition of a hemopexin-like domain, while MMP-2
and MMP-9 are gelatinases that degrade a number of ECM components, such as type I and IV
collagen [13,14].

Human sebocytes are specialized sebum-producing epithelial cells that produce and release
lipid droplets. Sebum is an integral component of the epidermal barrier and its formation is
involved in the skin immune system. Excess sebum production causes acne by inducing an
inflammatory reaction under the proliferating skin microflora [15]. Peroxisome proliferator-
activated receptor gamma (PPARY) present in sebaceous gland cells regulates the lipid produc-
tion and lipid metabolism via modulation of the AMP-activated protein kinase (AMPK) signal.
AMPK is a serine/threonine kinase that plays a regulatory role in glucose and lipid metabolism
[16]. Activation of AMPK by phosphorylation down-regulates the expression of fatty acid
synthase (FAS) and sterol regulatory element-binding protein 1 (SREBP-1), by inhibiting
phosphorylation of mTOR [17,18]. Upon activation by insulin-like growth factor-1 (IGF-1),
protein kinase B (AKT) phosphorylates fork head box protein O1 (FoxO1) to enhance lipogen-
esis. FoxO1 is reported to directly bind and modulate PPAR-y function [19]. Additionally,
5-lipoxygenase induces the release of leukotriene (LT)-By, a pro-inflammatory lipid, which
promotes lipid synthesis in acne lesions. Thus, inhibition of 5-lipoxygenase may be an ideal
target for downregulation of inflammation and lipid accumulation in sebocytes [20,21].

Hemp seeds have been primarily used in nutraceutical and pharmaceutical industries, uti-
lizing their health-promoting properties and ideal nutrient content. However, information on
its anti-acne activity and underlying mechanism is limited. In this study, the ameliorative
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effects of hemp seed hexane extracts on P. acnes-induced inflammation in HaCaT cells and
IGF-1-stimulated lipogenesis in sebocytes were examined at the molecular and cellular level.

Materials and methods
Preparation of hemp seed hexane extracts

Hemp seeds imported from Canada were purchased from an online Korean store called Noori-
won. The dried seeds were ground and soaked with three volumes of hexane for 24 h while
stirring. The extract was serially filtered using a No. 2 filter and a nylon filter (0.45 um) (both
from Whatman International Ltd., UK). The extraction procedure was repeated twice with the
residue. The solvent was evaporated using a rotary vacuum evaporator (Eyela, Japan) at 35°C.
Residual solvent was re-evaporated twice at 70°C for 10 min. To increase the solubility of
HSHE in the cell culture media, same volume of dimethyl sulfoxide (DMSO) was added to the
hexane-extracted hemp seed oil and mixed by vortexing at room temperature. All experiments
were performed under conditions that did not show toxicity by hemp seed hexane extract and
DMSO [22].

Microbial cultivation and anti-acne activity determination

Propionibacterium acnes (P. acnes, KCTC) was obtained from the Korean Culture Center of
Microorganisms, Seoul, Korea. P. acnes was grown anaerobically in solid and liquid Reinforced
Clostridial Medium (RCM) at 37°C for 72 h. P. acnes were harvested via centrifugation of the
cultures at 4,500 rpm for 15 min at 4°C. The resulting bacterial pellets were pooled, washed in
cold 1x PBS, and centrifuged again. Finally, the pooled bacterial pellets were resuspended in
serum free medium (bacterial concentration was 1.2X10° CFU/mL). The suspension was
heated at 80°C and the heat-killed bacteria were used for the stimulation experiments reported
previously by us [9].

To determine anti-acne activity of the HSHE, the culture of P.acnes was standardized using
microbiological No. 0.5 McFarland Standard’s solution according to the recommendations of
the Clinical Laboratory Standards Institute (CLSI) [23]. The anti-microbial effect of HSHE
was measured on agar medium. 200 pL cell suspension (10 cells/mL) was mixed with 100 pL
of HSHE diluted in RCM medium at 37°C for 30 min. The control was mixed with 100 pL
medium and reacted under the same conditions. Then, 100 uL of each mixture was spread on
the surface of RCM medium on a petri dish. Both control and experimental groups were incu-
bated at 37°C for 72 h.

Cell culture

The human keratinocyte (HaCaT) and human fibroblast cell lines (Hs68) were obtained from
the American Type Culture Collection (ATCC). The cells were incubated in complete Dulbec-
co’s modified Eagle’s medium (DMEM; Hyclone, Logan, UT, USA) containing 100 U/mL pen-
icillin, streptomycin (100 pg/mL), and 10% fetal bovine serum (FBS) at 37°C [24,25]. Primary
human sebocytes (Celprogen Inc., USA) were maintained in Human Sebocyte Complete
Growth Media purchased from the same vendor. For HSHE treatment, cells were seeded and
incubated overnight prior to the treatments. For the stimulation experiment, HaCaT and Hs68
cells were incubated with heat-killed P. acnes adjusted at the appropriate concentration in
serum free media for 24 h at 37°C in 5% CO,. After stimulation, the HaCaT cells were treated
with or without hemp seed hexane extracts for 24 h at 37°C in 5% CO,. Sebocytes were pre-
treated with or without hemp seed hexane extracts for 2 h. Then, 120 ng/mL IGF-1 was added
to each plate and the cells were incubated for 22 h [9].
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NO production measurement

The nitrite concentration in conditioned medium was measured as an indicator of NO pro-
duction according to the Griess reaction. Each supernatant (100 puL) was mixed with the same
volume of Griess reagent (1% sulfanilamide in 5% phosphoric acid and 0.1% naphthyl ethyle-
nediamine dihydrochloride in distilled water). The absorbance of the mixture was determined
with an ELISA reader (Sunrise, Tecan, Switzerland) at 570 nm [9, 26].

Enzyme-Linked Immunosorbent Assay (ELISA)

The effects of HSHE on IL-8 and prostaglandin E, (PGE,) productions in heat-killed P. acnes-
infected HaCaT cells and on the 5-lipoxygenase production in sebocytes, stimulated with IGF-
1, were measured with ELISA [27]. The IL-8 (BD Science, USA), PGE, (LSBio, USA) and
5-lipoxygenase (MyBioSource, USA) concentrations were calculated according to the standard
curve using standard in the ELISA kit.

Western blot analysis

Proteins were separated by 10% SDS-PAGE, and transferred onto polyvinylidene fluoride
membrane (Bio-Rad Laboratories, CA) [28]. After blocking for 2 h at room temperature, the
membranes were incubated overnight at 4°C with primary antibodies against iNOS, IL-1,
COX-2, IKKoa, IKKB, p-IKKa/B, IxBo, p-IkBa, NF-xB p65, p-NF-kB p65, p38, p-p38, ERK, p-
ERK, JNK, p-JNK, AKT, p-AKT, mTOR, p-mTOR, PPARy, FAS, AMPKoa, p-AMPKao, FoxOl,
and p-FoxO1 (Cell Signaling Technology, USA), SREBP1 (Novus Biologicals, Canada) and B-
actin (Santa Cruz Biotechnology, USA) which were diluted using manufacturers’ recommen-
dations [25,29]. The membranes were then washed in 1x TBST and incubated with the appro-
priate secondary antibody HRP-conjugated (1:5000) at room temperature for 1 h. Protein
bands were visualized using the Sensi-Q 2000 (Lugen, South Korea). The intensity of the
bands was analyzed using Image] and normalized against B-actin [30].

Transient transfection and luciferase assay

The effects of HSHE on AP-1 activity were assayed in a Luciferase Reporter Assay System
(Promega, Madison, WI, US) [8]. Upon reaching 60-70% confluency, the HaCaT cells were
washed in PBS and the cells were then transfected with AP-1-Luc reporter vector (Affymetrix,
Santa Clara, CA, US) using Fugene 6 (Promega, Madison, WL US), according to the manufac-
turer’s protocol. After the 24 h transfection, cells were infected with P. acnes, medium was
changed, and treated with various concentrations of hemp seed hexane extracts. The processed
cells were cultured for an additional 24 h. Cells were washed with PBS, lysed with lysis reagent,
and treated with the luciferase assay substrate. Luciferase activity was determined using the
luminometer (Infinite F200 PRO, Tecan, Miannedorf, Switzerland).

Confocal microscope analysis and gelatin zymography

Confocal microscopic analysis for NF-«kB translocation and gelatin zymographic analysis of
MMP activity on Hs68 cells was performed as described in our previous report [9].

Collagen synthesis-promoting assay

Collagen contents in the ECM of Hs68 cells were determined by Sircol collagen assay (Bioco-
lor, UK) according to the manufacturer’s protocols. Collagen dye complexes formed in cell
supernatants were added to the Sircol staining reagent and precipitated in soluble non-binding
dyes. After centrifugation, the pellet was washed with ice-cold acid-salt wash reagent and
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reacted with alkali reagent. Samples were dispensed into a 96-well plate and the absorbance
was read at 570 nm. The amount of collagen was calculated based on a standard curve obtained
with the standard bovine type I collagen supplied with the kit [31].

Data analysis

Data was analyzed using the IBM Statistical Package for Social Sciences (SPSS, version 20). All the
data were presented as mean * standard deviation (SD) of triplicate experiments. One-way analy-
sis of variance (ANOVA) with a Duncan multiple-comparison test was utilized to determine the
statistical differences among groups. P-values <0.05 were considered statistically significant [32].

Results

Anti-microbial effect of hemp seed hexane extracts on P. acnes

At first, we investigated the anti-microbial effect of HSHE against P. acnes (Fig 1). P. acnes was
treated with 0, 15, 20 and 25% HSHE and the number of colonies was counted to examine
anti-microbial activity against P. acnes of HSHE. 15 and 20% HSHE showed approximately
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Fig 1. Effect of hemp seed hexane extracts against the growth of P. acnes. All data are presented as mean+SD of three independent experiments. *p<0.05 indicates
significant differences compared to control group.

https://doi.org/10.1371/journal.pone.0202933.9001
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59% and 99% of anti-microbial activity compared to control. At 20% HSHE, complete inacti-
vation of P.acnes was observed. Erythromycin (3 ppm), a conventional anti-microbial agent
for acne, showed approximately 67% anti-microbial activity (Data not shown). These results
suggest that HSHE is able to inactivate the growth of P. acnes.

Inhibitory effect of HSHE on P. acnes-induced inflammation in HaCaT cells

To investigate the effect of HSHE on the expression of inflammatory enzymes iNOS and
COX-2, and pro-inflammatory cytokine IL-1f, western blotting was performed with P.acnes-
infected HaCaT cells. As shown in Fig 2A, the expression of iNOS and COX-2 was enhanced
upon the stimulation of P. acnes, however, HSHE down-regulated the induced expression of
iNOS and COX-2. Moreover, the expression of P.acnes-induced IL-1B was significantly inhib-
ited at 0.6% HSHE. In addition, HSHE significantly suppressed the production of NO caused
by iNOS in P. acnes-infected HaCaT cells in a dose dependent manner (Fig 2B). At 0.6%
HSHE, about 40% of NO production was inhibited, compared to the P. acnes-induced inflam-
mation group. Prostaglandin E, (PGE,), which was generated by COX-2, was also notably
inhibited by HSHE (Fig 2C). The ELISA results showed that there was a reduction in pro-
inflammatory cytokine IL-8 secretion caused by HSHE (Fig 2D). These results indicate that
HSHE exert anti-inflammatory activity via regulating inflammation-related enzymes, their
products, and pro-inflammatory cytokine secretion.

Next, the anti-inflammatory effect of HSHE was investigated based on the NF-«B signaling
pathway (Fig 3). The expression levels of P.acnes-induced phosphorylated p-IKKa/f, p-IxB-a
and p-NF-kB were investigated in P. acnes-stimulated HaCaT cells. The expression of P.acnes-
induced phosphorylated IKKo/B, IxBo and NF-kB was significantly down-regulated by the
action of HSHE. These results suggest that anti-inflammatory activity of HSHE was involved
in suppression of NF-kB signaling pathway in P. acnes-stimulated HaCaT cells. In addition,
suppression of nuclear translocation of p-NF-xB in P. acnes-infected HaCaT cells by HSHE
was observed via confocal microscopy (Fig 4). The nuclear translocation and accumulation of
p-NF-«B in P. acnes-infected HaCaT cells were dramatically reduced upon treatment with
HSHE. These results suggest that HSHE exerts anti-inflammatory effects by regulating the NF-
kB signaling pathway and inhibiting p-NF-xB nuclear translocation.

Fig 5A shows the expression pattern of MAPK-related proteins in the presence of HSHE.
As shown in the western blot analysis, the expression of phosphorylated p38, extracellular sig-
nal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK) elicited by P.acnes infection
was significantly decreased upon HSHE treatment. The data indicate that HSHE inhibits phos-
phorylation of p38, ERK, and JNK, which are the major molecules of the MAPK signaling cas-
cade, causing an anti-inflammatory response. P. acnes infection induces the formation of ROS
in keratinocytes [14]. ROS generation in turn promotes the production of mitogen-activated
protein kinase (MAPK) cascades including ERK and JNK, which subsequently regulate the
activator protein 1 (AP-1) [33,34]. Increased AP-1 activity leads to MMPs activation and type I
procollagen reduction [8]. The transcriptional activity of AP-1 relies on c-Jun phosphorylation
and c-Fos expression [34-36]. Fig 5B shows the luciferase assay data; P. acnes-induced AP-1
promoter activity in HaCaT cells was decreased with HSHE, in a dose dependent manner.
Approximately 54% of the AP-1 promoter activity was inhibited by 0.15% HSHE, and in par-
ticular 0.6% HSHE treatment showed almost similar expression levels as the control.

Stimulatory effect of HSHE on in vitro collagen synthesis

Collagen biosynthesis plays a critical role in wound healing and skin regeneration. To investi-
gate the effects of HSHE on collagen production in P.acnes-infected dermal fibroblast, the
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Fig 2. Inhibitory effects of hemp seed hexane extracts on P. acnes-induced inflammation in HaCaT cells. (A) Effects of hemp seed hexane
extracts (HSHE) on iNOS, COX-2 and IL-1p expression in P. acnes-stimulated HaCaT cells. The expressions of iNOS, COX-2, and IL-1p were
analyzed with Image] and normalized against B-actin. (B) Effects of HSHE on NO production in P. acnes-stimulated HaCaT cells. ELISA results
demonstrate that HSHE reduced PGE, (C) and IL-8 (D) in P. acnes-infected HaCaT cells. ELISA results demonstrate that HSHE reduced in P.
acnes-infected HaCaT cells. All data are expressed as mean + SD. *P<0.05 compared with P. acnes treated cells only.

https://doi.org/10.1371/journal.pone.0202933.9002

collagen levels were assessed in the supernatant of P.acnes-infected Hs68 cells. As shown in Fig
6A, HSHE increases collagen production, compared to the group infected with P.acnes alone,
which shows its potential to improve wound healing and skin regeneration processes. More-
over, HSHE inhibited the MMP-9 activity in P.acnes-infected Hs68 cells, as shown in gelatin
zymography (Fig 6B). About 40% of MMP-9 activity was inhibited compared to the P. acne-
treated Hs68 cells at 0.15% HSHE. These results suggest that HSHE is able to reduce ECM
damage caused by P. acnes infection.

Inhibitory effects of HSHE on lipogenic signals in sebocytes

To investigate the anti-lipogenic effects of HSHE exerted via regulating lipogenic signaling
pathway, IGF-1 was treated in order to trigger the lipid production in cultured human sebo-
cytes. As indicated in Fig 7, upon stimulation by IGF-1, the expression of p-AMPKa was
slightly reduced, whereas the expression levels of p-mTOR, PPARy, SREBP1, and FAS
increased. However, addition of HSHE enhanced the expression of p-AMPKo, but the extracts
reduced the expression of p-mTOR, PPARy, SREBP1, and FAS. These results indicate that
HSHE has a suppressive effect on intracellular lipid synthesis in sebocytes.

Moreover, HSHE regulated the intracellular lipogenesis through the AKT/FoxO1 signaling
as shown in Fig 8. The Akt pathway, which is downstream of the insulin signaling, plays a cru-
cial role in adipocyte differentiation. Phosphorylation of FoxO1 is mediated by p-AKT,
thereby modulating PPARY activity to induce lipogenesis [16]. The expression of phosphory-
lated AKT and FoxO1 was increased in IGF-1-treated sebocytes, however, HSHE inhibited the
phosphorylation of AKT and FoxO1; suggesting down-regulation of intracellular lipid
production.

5-lipoxygenase promotes the inflammatory response as well as lipid synthesis in the seba-
ceous glands through leukotriene (LT)-B,4 production catalyst [20]. Approximately 73%
5-lipoxygenase was inhibited at 0.3% HSHE treatment compared to the group treated with
IGF-1 alone (Fig 9). Therefore, HSHE might down-regulate inflammation and lipid synthesis
in sebaceous glands by reducing the 5-lipoxygenase levels.

Discussion

Acne vulgaris is a chronic inflammatory disease with multifactorial pathogenesis, though the
mechanisms underlying the pathogenesis and subsequent development are not yet completely
elucidated. Inflammation and lipogenesis are the major factors involved in acne onset. The fac-
tors that regulate inflammation and sebum production are being extensively studied in order
to identify novel therapeutic strategies for acne treatment.

P. acnes directly causes inflammation of keratinocytes [37]. P. acnes-infected keratinocytes
activate TLRs and induce the secretion of inflammatory cytokines and chemokines such as
TNF-o, IL-1f, and IL-8 through the expression of inflammatory enzymes. The activity of TLRs
also activates the NF-xB and MAPK signaling processes [38], and the activated NF-kB then
enters the nucleus, inducing gene transcription involved in the inflammatory responses. When
excess sebum is produced in the sebaceous glands, symbiotic skin microbes including P. acnes
easily grow and activate inflammation in acne lesions by enhancing the level of inflammatory
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Fig 3. Hemp seed hexane extracts effectively inhibit the NF-kB signaling pathway in P. acnes-treated HaCaT cells.
The expression of p-IKKa/B, p-IxB-o. and p-NF-«B were analyzed with Image] and normalized against B-actin. Results
are expressed as mean + SD. *P<0.05 compared with P. acnes treated cells only.

https://doi.org/10.1371/journal.pone.0202933.g003

molecules such as COX-2, iNOS, and pro-inflammatory cytokines [20,39,40]. In addition, der-
matitis inflammation induces ECM damage by inhibiting collagen biosynthesis and activating
MMP activity, resulting in the suppression of skin regeneration in acne skin [41].

P. acnes - + +

Hemp seed hexane
extracts (%)

DAPI
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Merge

Fig 4. Effect of hemp seed hexane extracts on p-NF«B p65 nuclear translocation in P. acnes-induced HaCaT cells. Inmunofluorescence staining for p-NF-«B (red)
in P. acnes-exposed HaCaT cells without and with 0.6% HSHE. Nuclei are stained with DAPI (blue). HSHE reduced the nuclear translocation and accumulation of p-
NF-«B, which was induced by P. acnes. Scale bar = 20 pm.

https://doi.org/10.1371/journal.pone.0202933.9004
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Fig 5. Hemp seed hexane extracts effectively inhibit the MAPK signaling pathway in P. acnes-treated HaCaT cells. (A) The expression of p-p38, p-ERK, and p-
JNK were analyzed with Image] and normalized against B-actin. (B) Transcriptional activation of AP-1 was analyzed by luciferase reporter assay. AP-1 signaling was
down-regulated by HSHE in HaCaT cells. Results are expressed as mean + SD. *P<0.05 compared with P. acnes treated cells only.

https://doi.org/10.1371/journal.pone.0202933.g005
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Fig 6. Stimulatory effect of hemp seed hexane extracts on in vitro collagen synthesis. (A) Effect of HSHE on
collagen production in P. acnes-induced Hs68 cells. (B) Effect of HSHE on P. acnes-induced MMP-9 activity
(gelatinase) on zymographic gel. The expression of MMP-9 was analyzed with ImageJ and normalized against P. acnes
treated cells only. All data are expressed as mean + SD. *P<0.05 compared with P. acnes treated cells only.

https://doi.org/10.1371/journal.pone.0202933.9006
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Fig 7. Regulation of intracellular lipogenesis through AMPK signals in IGF-1-induced sebocytes. The expression of p-AMPKo, p-mTOR, SREBP1, and FAS was
analyzed with Image] and normalized against B-actin. Results are expressed as mean + SD. *P<0.05 compared with IGF-1 treated cells only.

https://doi.org/10.1371/journal.pone.0202933.9007

Hemp seed hexane extracts used in this study were obtained by hexane extraction to yield
oil fractions. Hemp seed hexane extracts contained high level polyunsaturated fatty acids
including linoleic acid, oleic acid, cis-11-eicosenoic acid, and palmitic acid, y-linolenic acid,
arachidic acid, palmitoleic acid and heneicosanoic acid (Data not shown) in this investigation.
Linoleic acid has been known to be a significant constituent of the extracellular lipid matrix of
stratum corneum [42]. Moreover, sebum of acne-prone skin was deficient in linoleic acid [43].
In addition, linoleic acid and y-linolenic acid possess anti-inflammatory and anti-microbial
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Fig 8. Regulation of intracellular lipogenesis through the AKT/FoxO1 signals in IGF-1-induced sebocytes. The expression
levels of p-AKT and p-FoxO1 were analyzed with Image] and normalized against B-actin. Results are expressed as mean + SD.
*P<0.05 compared with IGF-1 treated cells only.

https://doi.org/10.1371/journal.pone.0202933.g008
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All data are expressed as mean + SD. *P<0.05 compared with IGF-1 treated cells only.
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activities, which inhibit inflammatory responses via the inactivation of NF-xB and AP-1 [41].
Therefore, major components HSHE, including linoleic acid and y-linolenic acid, might be
contributable for the improvement of acne vulgaris.

In this study, HSHE treatment suppressed the induction of inflammatory enzymes iNOS
and COX-2 and their products NO and PGE, caused by P. acnes infection. The secretion of
inflammatory cytokines IL-1f and IL-8 was also reduced by HSHE. In addition, HSHE inhib-
ited the phosphorylation of IKK, IxB, NF-kB, p38, JNK, and ERK, regulating NF-«xB and
MAPK signal pathways in P. acnes-induced HaCaT cells. HSHE could promote collagen syn-
thesis in vitro and inhibit MMP-9 activity. These results suggest that HSHE might be beneficial
in aiding the skin regeneration process on inflamed acne lesions.

PPARy, which is highly abundant in adipose tissue, is known to be activated by IGF-1, lino-
leic acid, and cholesterol, leading to lipogenesis in sebaceous glands [44]. The expression of
PPARYy is inhibited by AMPK, a major regulator of glucose and lipid metabolism [44,45].
When AMPK is phosphorylated, it reduces the expression of sterol regulatory factor binding
protein-1 (SREBP-1), which is responsible for fatty acid synthesis through the mammalian
target of rapamycin (mTOR), inhibiting the fatty acid synthase (FAS) and acetyl-CoA carbox-
ylase (ACC). AKT pathway, a sub-cascade of insulin signaling, is implicated in adipocyte dif-
ferentiation and FoxO1 regulation. AKT-mediated phosphorylation of FoxO1, resulting in its
translocation from nucleus to cytoplasm, blocks the gene transcription involved in glucose
production as well as in lipolysis [16,46]. In this investigation, HSHE reduced the expression
of SREBP1 and FAS by activating IGF-1-induced AMPK in sebocytes. Phosphorylation of
mTOR was also inhibited by HSHE. In addition, phosphorylation of FoxO1 by activated AKT
was reduced.

Our results demonstrate, for the first time, the underlying mechanism of anti-inflammation
and anti-lipogenesis in sebocytes by HSHE and further unravel the mechanism of anti-acne
vulgaris as depicted in Fig 10.

Clinical data showed that enhanced expression of COX-2 and PGE, in acne skin was associ-
ated with increase in the secretion of pro-inflammatory cytokines. Moreover, sebocyte lipo-
genesis as well as inflammatory reactions could be modulated by PPAR signals, suggesting the
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interplay between lipo-inflammation and lipid signaling [47]. Thus, a strategy for blocking the
inflammatory response as well as lipogenesis in sebocytes seems to be an ideal treatment for
the improvement of acne lesions. Systemic treatment of acne patients with a 5-LOX inhibitor
and PG inhibitor reduces the inflammatory acne lesions and the synthesis of sebum lipids
[20,48]. Thus, HSHE seems to be the superior treatment for acne, overcoming the limitation of
antibiotic resistance and retinoids, and the risk of side effects. In conclusion, this study con-
firmed the promising anti-acne activity of HSHE, evidenced by anti-P. acnes, anti-inflamma-
tion, anti-lipogenesis, and pro-collagen synthesis activities. Thus, HSHE could be utilized
conventionally for the development of safe and effective anti-acne agents.

Acknowledgments
This work was supported by Soonchunhyang University.

Author Contributions
Formal analysis: Solee Jin.
Supervision: Mi-Young Lee.

Writing - original draft: Solee Jin.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202933  August 27, 2018 16/19


https://doi.org/10.1371/journal.pone.0202933.g010
https://doi.org/10.1371/journal.pone.0202933

@° PLOS | ONE

Ameliorative effect of hemp seed on acne

Writing - review & editing: Mi-Young Lee.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Nissen L, Zatta A, Stefanini |, Grandi S, Sgorbati B, Biavati B, et al. Characterization and antimicrobial
activity of essential oils of industrial hemp varieties (Cannabis sativa L.). Fitoterapia. 2010; 81:413—
419. https://doi.org/10.1016/].fitote.2009.11.010 PMID: 19969046

Deferne JL, Pate DW. Hemp seed oil: A source of valuable essential fatty acids. Journal of the Interna-
tional Hemp Association. 1996; 3:4-7.

Zuardi AW. History of cannabis as a medicine: a review. Rev Bras Psiquiatr. 2006; 28:153—-157. PMID:
16810401

Ben AM. Cannabinoids in medicine: A review of their therapeutic potential. J Ethnopharmacol. 2006;
105:1-25. https://doi.org/10.1016/}.jep.2006.02.001 PMID: 16540272

Badowski ME. A review of oral cannabinoids and medical marijuana for the treatment of chemotherapy-
induced nausea and vomiting: a focus on pharmacokinetic variability and pharmacodynamics. Cancer
Chemother Pharmacol. 2017; 80:441-449. https://doi.org/10.1007/s00280-017-3387-5 PMID:
28780725

Croxford JL, Pryce G, Jackson SJ, Ledent C, Giovannoni G, Pertwee RG, et al. Cannabinoid-mediated
neuroprotection, not immunosuppression, may be more relevant to multiple sclerosis. J Neuroimmunol.
2008; 193:120-129. https://doi.org/10.1016/j.jneuroim.2007.10.024 PMID: 18037503

Leizer C, Ribnicky D, Poulev A, Dushenkov S, Raskin |. The composition of hemp seed oil and its poten-
tial as an important source of nutrition. J Nutraceut Func Med Foods. 2000; 2:35-53.

Ryu AR, Lee MY. Chlorin e6-mediated photodynamic therapy promotes collagen production and sup-
presses MMPs expression via modulating AP-1 signaling in P. acnes- stimulated HaCaT cells. Photo-
diagnosis and Photodyn Ther. 2017; 20: 71-77.

Wang YY, Ryu AR, Jin S, Jeon YM, Lee MY. Chlorin e6-mediated photodynamic therapy suppresses P.
acnes-induced inflammatory response via NFkB and MAPKs signaling pathway. PLoS One. 2017; 12:
€0170599. https://doi.org/10.1371/journal.pone.0170599 PMID: 28118375

Shan J, Fu J, Zhao Z, Kong X, Huang H, Luo L, et al. Chlorogenic acid inhibits lipopolysaccharide-
induced cyclooxygenase-2 expression in RAW264.7 cells through suppressing NF-kappaB and JNK/
AP-1 activation. Int Immunopharmacol. 2009; 9:1042—-1048. https://doi.org/10.1016/j.intimp.2009.04.
011 PMID: 19393773

Gao 'Y, Jiang W, Dong C, Li C, Fu X, Min L, et al. Anti-inflammatory effects of sophocarpine in LPS-
induced RAW 264.7 cells via NF-kB and MAPKSs signaling pathways. Toxicol In Vitro. 2012; 26:1-6.
https://doi.org/10.1016/j.tiv.2011.09.019 PMID: 21978812

Jeong JW, Hwang SJ, Han MH, Lee DS, Yoo JS, Choi IW, et al. Fucoidan inhibits lipopolysaccharide-
induced inflammatory responses in RAW 264.7 macrophages and zebrafish larvae. Mol Cell Toxicol.
2017; 13:405-417.

Bai S, Thummel R, Godwin AR, Nagase H, Itoh Y, Li L, et al. Matrix metalloproteinase expression and
function during fin regeneration in zebrafish: analysis of MT1-MMP, MMP2 and TIMP2. Matrix Biol.
2005; 24:247-260. https://doi.org/10.1016/j.matbio.2005.03.007 PMID: 15935631

Jeon YM, Lee HS, Jeong D, Oh HK, Ra KH, Lee MY. Antimicrobial photodynamic therapy using chlorin
e6 with halogen light for acne bacteria-induced inflammation. Life Sciences 2015; 124: 56-63. https://
doi.org/10.1016/j.Ifs.2014.12.029 PMID: 25623849

Kim SY, Hyun MY, Go KC, Zouboulis CC, Kim BJ. Resveratrol exerts growth inhibitory effects on
human SZ95 sebocytes through the inactivation of the P13-K/Akt pathway. Int J Mol Med. 2015;
35:1042-1050. https://doi.org/10.3892/jmm.2015.2098 PMID: 25672876

Park JY, KimY, Im JA, You S, Lee H. Inhibition of adipogenesis by oligonol through Akt-mTOR inhibition
in 3T3-L1 adipocytes. Evid Based Complement Alternat Med. 2014; 2014:11.

Ge Y, Chen J. Mammalian target of rapamycin (mTOR) signaling network in skeletal myogenesis. J Biol
Chem. 2012; 287:43928-43935. https://doi.org/10.1074/jbc.R112.406942 PMID: 23115234

Hahn-Windgassen A, Nogueira V, Chen CC, Skeen JE, Sonenberg N, et al. Akt activates the mamma-
lian target of rapamycin by regulating cellular ATP level and AMPK activity. J Biol Chem. 2005;
280:32081-32089. https://doi.org/10.1074/jbc.M502876200 PMID: 16027121

Wu W, Tang S, ShiJ, Yin W, Cao S, Bu R, et al. Metformin attenuates palmitic acid-induced insulin
resistance in L6 cells through the AMP-activated protein kinase/sterol regulatory element-binding pro-
tein-1c pathway. Int J Mol Med. 2015; 35:1734-1740. https://doi.org/10.3892/ijmm.2015.2187 PMID:
25891779

PLOS ONE | https://doi.org/10.1371/journal.pone.0202933  August 27, 2018 17/19


https://doi.org/10.1016/j.fitote.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19969046
http://www.ncbi.nlm.nih.gov/pubmed/16810401
https://doi.org/10.1016/j.jep.2006.02.001
http://www.ncbi.nlm.nih.gov/pubmed/16540272
https://doi.org/10.1007/s00280-017-3387-5
http://www.ncbi.nlm.nih.gov/pubmed/28780725
https://doi.org/10.1016/j.jneuroim.2007.10.024
http://www.ncbi.nlm.nih.gov/pubmed/18037503
https://doi.org/10.1371/journal.pone.0170599
http://www.ncbi.nlm.nih.gov/pubmed/28118375
https://doi.org/10.1016/j.intimp.2009.04.011
https://doi.org/10.1016/j.intimp.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19393773
https://doi.org/10.1016/j.tiv.2011.09.019
http://www.ncbi.nlm.nih.gov/pubmed/21978812
https://doi.org/10.1016/j.matbio.2005.03.007
http://www.ncbi.nlm.nih.gov/pubmed/15935631
https://doi.org/10.1016/j.lfs.2014.12.029
https://doi.org/10.1016/j.lfs.2014.12.029
http://www.ncbi.nlm.nih.gov/pubmed/25623849
https://doi.org/10.3892/ijmm.2015.2098
http://www.ncbi.nlm.nih.gov/pubmed/25672876
https://doi.org/10.1074/jbc.R112.406942
http://www.ncbi.nlm.nih.gov/pubmed/23115234
https://doi.org/10.1074/jbc.M502876200
http://www.ncbi.nlm.nih.gov/pubmed/16027121
https://doi.org/10.3892/ijmm.2015.2187
http://www.ncbi.nlm.nih.gov/pubmed/25891779
https://doi.org/10.1371/journal.pone.0202933

@° PLOS | ONE

Ameliorative effect of hemp seed on acne

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zouboulis CC. Zileuton, a new efficient and safe systemic anti-acne drug. Dermatoendocrinol. 2009;
1:188-192. PMID: 20436887

Byrum RS, Goulet JL, Snouwaert JN, Griffiths RJ, Koller BH. Determination of the contribution of cystei-
nyl leukotrienes and leukotriene B, in acute inflammatory responses using 5-lipoxygenase- and leukotri-
ene A, hydrolase-deficient mice. J Immunol. 1999; 163:6810-6819. PMID: 10586081

Jeong M, Cho J, Shin JI, Jeon YJ, Kim JH, Lee SJ, et al. Hempseed oil induces reactive oxygen spe-
cies- and C/EBP homologous protein-mediated apoptosis in MH7A human rheumatoid arthritis fibro-
blast-like synovial cells. J Ethnopharmacol. 2014; 154:745-752. https://doi.org/10.1016/j.jep.2014.04.
052 PMID: 24814038

Al-Mariri A, Safi M. The antibacterial activity of selected labiatae (Lamiaceae) essential oils against bru-
cella melitensis. Iran J Med Sci. 2013; 38:44-50. PMID: 23645957

Lee H, Park JB, Bae HC, Ryu WI, Shin JJ, Son SW. Toluene induces early growth response-1 depen-
dent thymic stromal lymphopoietin expression in human keratinocytes. Mol Cell Toxicol. 2016; 12:
273-279.

Lee H, Park JB, Ryu WI, Kim JH, Shin JJ, Son SW. Chloroform induces cystein-rich 61, a mediator of
collagen homeostasis via early growth response-1 dependent pathway in human skin dermal fibro-
blasts. Mol Cell Toxicol. 2016; 12:337-343.

Dhupal M, Kim CS, Ignacio RMC, Tripathy D, Kim SK. Effects of small black soybean product germi-
nated with sulfur on immuno-redox status in C57BL/6 mice. Mol Cell Toxicol. 2017; 13: 115-124.

Lee NR, Lee JS, Baek SY, Kim DH, Gu A, Kim SY et al. Effect of house dust mite on neutrophil apopto-
sis by cytokine secretion in lymphocytes. Mol Cell Toxicol. 2016; 12:371-379.

Kim JH, Ryu AR, Kang MJ, Lee MY. Berberine-induced changes in protein expression and antioxidant
enzymes in melanoma cells. Mol Cell Toxicol. 2016; 12:53-61.

Won J, Kim JE, Choi DH, Han MW, Lee DH, Kang SC et al. Effects of compounds isolated from a Litsea
japonica fruit extract on the TNF-a signaling pathway and cell viability. Mol Cell Toxicol. 2016; 12:37—
44,

Ko JW, Shin NR, Park SH, Lee IC, Ryu JM, Cho YK, et al. Ssanghwa-Tang, a traditional herbal formula,
suppresses cigarette smoke-induced airway inflammation via inhibition of MMP-9 and Erk signaling.
Mol Cell Toxicol. 2017; 13:295-304.

Hirayama K, Yokota H, Onai R, Kobayashi T, Kumata T, Kihara K, et al. Detection of matrix metallopro-
teinases in canine mammary tumours: analysis by immunohistochemistry and zymography. J Comp
Pathol. 2002; 127:249-256. PMID: 12443732

Zhang JH, Shangguan ZS, Chen C, Zhang HJ, Lin Y. Anti-inflammatory effects of guggulsterone on
murine macrophage by inhibiting LPS-induced inflammatory cytokines in NF-kB signaling pathway.
Drug Des Devel Ther. 2016; 10:1829-1835. https://doi.org/10.2147/DDDT.S104602 PMID: 27330276

Tsai HH, Lee WR, Wang PH, Cheng KT, Chen YC, Shen SC. Propionibacterium acnes-induced iNOS
and COX-2 protein expression via ROS-dependent NF-kB and AP-1 activation in macrophages. J Der-
matol Sci. 2013; 69:122—131. hitps://doi.org/10.1016/j.jdermsci.2012.10.009 PMID: 23178030

Yoon JY, Kwon HH, Min SU, Thiboutot DM, Suh DH. Epigallocatechin-3-gallate improves acne in
humans by modulating intracellular molecular targets and inhibiting P. acnes. J Invest Dermatol. 2014;
133: 429-440.

Luo Q, Yan X, Bobrovskaya L, Ji M, Yuan H, Lou H, et al. Anti-neuroinflammatory effects of grossamide
from hemp seed via suppression of TLR-4-mediated NF-kB signaling pathways in lipopolysaccharide-
stimulated BV, microglia cells. Mol Cell Biochem. 2017; 428:129-137. https://doi.org/10.1007/s11010-
016-2923-7 PMID: 28224333

Lawrence T, Willoughby DA, Gilroy DW. Anti-inflammatory lipid mediators and insights into the resolu-
tion of inflammation. Nat Rev Immunol. 2002; 2:787-795. https://doi.org/10.1038/nri915 PMID:
12360216

Shibata M, Katsuyama M, Onodera T, Ehama R, Hosoi J, Tagami H. Glucocorticoids enhance Toll-like
receptor 2 expression in human keratinocytes stimulated with Propionibacterium acnes or proinflamma-
tory cytokines. J Invest Dermatol. 2009; 129:375-382. https://doi.org/10.1038/jid.2008.237 PMID:
18704103

Zouboulis CC, Seltmann H, Alestas T. Zileuton prevents the activation of the leukotriene pathway and
reduces sebaceous lipogenesis. Exp Dermatol. 2010; 19:148—150. https://doi.org/10.1111/j.1600-
0625.2009.00929.x PMID: 19645854

Saklatvala J. The p38 MAP kinase pathway as a therapeutic target in inflammatory disease. Curr Opin
Pharmacol. 2004; 4:372-377. https://doi.org/10.1016/j.coph.2004.03.009 PMID: 15251131

PLOS ONE | https://doi.org/10.1371/journal.pone.0202933  August 27, 2018 18/19


http://www.ncbi.nlm.nih.gov/pubmed/20436887
http://www.ncbi.nlm.nih.gov/pubmed/10586081
https://doi.org/10.1016/j.jep.2014.04.052
https://doi.org/10.1016/j.jep.2014.04.052
http://www.ncbi.nlm.nih.gov/pubmed/24814038
http://www.ncbi.nlm.nih.gov/pubmed/23645957
http://www.ncbi.nlm.nih.gov/pubmed/12443732
https://doi.org/10.2147/DDDT.S104602
http://www.ncbi.nlm.nih.gov/pubmed/27330276
https://doi.org/10.1016/j.jdermsci.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23178030
https://doi.org/10.1007/s11010-016-2923-7
https://doi.org/10.1007/s11010-016-2923-7
http://www.ncbi.nlm.nih.gov/pubmed/28224333
https://doi.org/10.1038/nri915
http://www.ncbi.nlm.nih.gov/pubmed/12360216
https://doi.org/10.1038/jid.2008.237
http://www.ncbi.nlm.nih.gov/pubmed/18704103
https://doi.org/10.1111/j.1600-0625.2009.00929.x
https://doi.org/10.1111/j.1600-0625.2009.00929.x
http://www.ncbi.nlm.nih.gov/pubmed/19645854
https://doi.org/10.1016/j.coph.2004.03.009
http://www.ncbi.nlm.nih.gov/pubmed/15251131
https://doi.org/10.1371/journal.pone.0202933

@° PLOS | ONE

Ameliorative effect of hemp seed on acne

40.

M.

42,

43.

44,

45.

46.

47.

48.

Levy LL, Zeichner JA. Management of acne scarring, part |l: a comparative review of non-laser-based,
minimally invasive approaches. Am J Clin Dermatol. 2012; 13:331-340. https://doi.org/10.2165/
11631410-000000000-00000 PMID: 22849351

Chang CS, Sun HL, Lii CK, Chen HW, Chen PY, Liu KL. Gamma-linolenic acid inhibits inflammatory
responses by regulating NF-kappaB and AP-1 activation in lipopolysaccharide-induced RAW 264.7
macrophages. Inflammation. 2010; 33:46-57. https://doi.org/10.1007/s10753-009-9157-8 PMID:
19842026

McCusker MM, Grant-Kels JM. Healing fats of the skin: the structural and immunologic roles of the
omega-6 and omega-3 fatty acids. Clin Dermatol. 2010; 28:440-451. https://doi.org/10.1016/j.
clindermatol.2010.03.020 PMID: 20620762

Jung JY, Kwon HH, Hong JS, Yoon JY, Park MS, Jang MY, et al. Effect of dietary supplementation with
omega-3 fatty acid and gamma-linolenic acid on acne vulgaris: a randomised, double-blind, controlled
trial. Acta Derm Venereol. 2014; 94:521-525. https://doi.org/10.2340/00015555-1802 PMID:
24553997

Kim M, Cho HJ, Jeong YJ, Chung IK, Magae J, Chang YC. 4-O-methylascochlorin suppresses differen-
tiation of 3T3-L1 preadipocytes by inhibiting PPARy expression through regulation of AMPK/mTOR sig-
naling pathways. Arch Biochem Biophys. 2015; 583:79-86. https://doi.org/10.1016/j.abb.2015.07.007
PMID: 26271443

Ouchi N, Kobayashi H, Kihara S, Kumada M, Sato K, Inoue T, et al. Adiponectin stimulates angiogene-
sis by promoting cross-talk between AMP-activated protein kinase and Akt signaling in endothelial cells.
J Biol Chem. 2004; 279:1304—-1309. https://doi.org/10.1074/jbc.M310389200 PMID: 14557259

Tzivion G, Dobson M, Ramakrishnan G. FoxO transcription factors; Regulation by AKT and 14-3-3 pro-
teins. Biochim Biophys Acta. 2011; 1813:1938-1945. https://doi.org/10.1016/j.bbamcr.2011.06.002
PMID: 21708191

Ottaviani M, Camera E, Picardo M. Lipid mediators in acne. Mediators Inflamm. 2010; 2010:858176
https://doi.org/10.1155/2010/858176 PMID: 20871834

Sato T, Shirane T, Noguchi N, Sasatsu M, Ito A. Novel anti-acne actions of nadifloxacin and clindamycin
that inhibit the production of sebum, prostaglandin E(2) and promatrix metalloproteinase-2 in hamster
sebocytes. J Dermatol. 2012; 39:774-780. https://doi.org/10.1111/j.1346-8138.2012.01525.x PMID:
22394009

PLOS ONE | https://doi.org/10.1371/journal.pone.0202933  August 27, 2018 19/19


https://doi.org/10.2165/11631410-000000000-00000
https://doi.org/10.2165/11631410-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22849351
https://doi.org/10.1007/s10753-009-9157-8
http://www.ncbi.nlm.nih.gov/pubmed/19842026
https://doi.org/10.1016/j.clindermatol.2010.03.020
https://doi.org/10.1016/j.clindermatol.2010.03.020
http://www.ncbi.nlm.nih.gov/pubmed/20620762
https://doi.org/10.2340/00015555-1802
http://www.ncbi.nlm.nih.gov/pubmed/24553997
https://doi.org/10.1016/j.abb.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26271443
https://doi.org/10.1074/jbc.M310389200
http://www.ncbi.nlm.nih.gov/pubmed/14557259
https://doi.org/10.1016/j.bbamcr.2011.06.002
http://www.ncbi.nlm.nih.gov/pubmed/21708191
https://doi.org/10.1155/2010/858176
http://www.ncbi.nlm.nih.gov/pubmed/20871834
https://doi.org/10.1111/j.1346-8138.2012.01525.x
http://www.ncbi.nlm.nih.gov/pubmed/22394009
https://doi.org/10.1371/journal.pone.0202933

