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1. Introduction

Cannabidiol (CBD) is a component of cannabis that is devoid of the typical psychotropic
effects of the plant caused by its better known relative, A9-tetrahydrocannabinol (THC) [1].
Whereas THC mediates its effects on the brain and peripheral tissue through activation of
the classical G-protein-coupled cannabinoid receptors, cannabinoid CB1 and cannabinoid
CB2 [2], CBD does not significantly activate either of these receptors [3]. CBD has also
been shown to antagonize the psychoactive effects of THC by blocking its conversion to the
more psychoactive 11-hydroxy-THC [4] and to have antipsychotic, anti-anxiety effects [5,
6]. In addition to its anxiolytic properties, cannabidiol has been shown to have analgesic [7],
anti-inflammatory [8, 9], anti-oxidant [10], and anti-cancer capabilities [10, 11].

Due to the increased availability of CBD-containing products after the recent legalization
of commercial hemp and the legalization and/or decriminalization of cannabis in many
US states, a growing number of individuals are exposed to CBD. Exposure is through
commercially available CBD-containing products and recreational marijuana use. 37 million
Americans aged 12 years or older reported using cannabis in 2018 [12]. Consumption of a
single 1g marijuana cigarette resulted in a blood serum CBD concentration of up to 56.1
ng/mL (0.178 pM) [13]. Individuals can be exposed to higher and more continuous doses
through prescribed medical treatments. For instance, CBD is now used in pharmaceutical
products, such as the first cannabinoid-based drug developed, Sativex, to treat neuropathic
pain in individuals with multiple sclerosis[14], rheumatoid arthritis [15], and cancer
unresponsive to opiates [7]. In addition, the widespread availability of CBD-containing
products across all 50 states has increased the overall exposure to CBD.
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The molecular targets of CBD have been studied in an attempt to determine the mechanisms
underlying its medicinal benefits. It is thought that CBD may mediate its effects by
interacting with a variety of non-endocannabinoid receptors [16], such as the GPR55
Receptor [17], serotonin 5HT1A receptors [18, 19], Adenosine A2A receptors [20], and

the vanilloid receptors TRPV1, TRPV2, TRPA1 [21]. However a growing body of evidence
indicates that many effects of CBD, notably its anti-inflammatory and anti-cancer actions,
can be inhibited by PPARYy antagonists suggesting that these actions may be PPAR-y-
dependent [22-28].

Peroxisome proliferator activated receptor gamma (PPAR-y) is a member of a family of
nuclear receptors containing three distinct subtypes: PPARa, PPARS and PPARy [29].
PPAR-y is primarily involved in the regulation of adipocyte differentiation and lipid

storage [30]. PPARs bind to DNA sequences and regulate the expression of target genes
after heterodimerizing with the retinoid X receptor (RXR) [31] PPARSs are endogenously
activated by unsaturated fatty acids such as linolenic acid, linoleic acid, petroselenic acid
and arachidonic acid [32]. PPARy is capable of binding and being activated by a wide
variety of structurally diverse ligands including organotins such as the biocide tributyltin
(TBT) [33], phthalates which are commonly found in plastics [34], and thioglitazones [35].
Thiazolidinediones are a class of pharmaceutical PPARy-selective agonists that includes the
drug rosiglitazone (ROSI), which was once used to treat insulin resistance and decrease
blood glucose levels in type 2 diabetes [36]. Like cannabidiol, PPARy ligands exhibit anti-
inflammatory actions, including the upregulation of anti-inflammatory cytokines and the
downregulation of pro-inflammatory cytokines and nitric oxide synthase (iNOS) expression
[37]. Other cannabinoids such as THC [38], ajulemic acid, a structural analog of a THC
metabolite [39], and the endocannabinoids anandamide and 2-arachidonoylglycerol (2-AG)
bind to PPARy [40] or have anti-inflammatory and other effects that can be inhibited with
PPAR-y antagonists [41, 42]. Taken together, these reports indicate that CBD, like other
cannabinoid and pharmaceutical PPARYy activators, may exert some of its physiological
effects via a PPARy-dependent mechanism.

To assess whether CBD could regulate another important PPAR-y-dependent process we
tested whether CBD promoted adipocyte differentiation in human and mouse multipotent
mesenchymal stromal stem cells (a.k.a., MSCs). We found that CBD induced adipogenesis
in MSCs by binding to and activating PPARy and that inhibition of PPAR-y with an
antagonist also inhibited the adipogenic effects of CBD. These data confirm that CBD

is a PPARy agonist and that PPARy activation may underlie the adipogenic effects of
cannabidiol. These results are consistent with the possibility that consumption or use of
CBD could lead to increased accumulation of white adipose tissue.

2. Materials and Methods

2.1. Chemicals

TBT, LG100268, dexamethasone, insulin, isobutylmethylxanthine, Nile Red, Hoechst
33342 were purchased from Sigma-Aldrich (St. Louis, MO). ROSI was purchased from
Cayman Chemical (Ann Arbor, MI). T0070907 was purchased from Enzo Life Sciences
(Farmingdale, NY). Formaldehyde was purchased from Thermo Fisher Scientific (Waltham,
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MA). 99% pure CBD crystals were purchased from CBDistillery and diluted to 200 mM in
DMSO for storage.

2.2. Cell Culture

hTERT immortalized adipose derived mesenchymal stem cells (ATCC SCRC-4000) were
purchased from ATCC (Manassas, VA) and stored at passage 4 in liquid N». Bone marrow—
derived multipotent MSCs from the long bones of C57BL/6J mice (MSCs) were purchased
at passage 6 (OriCell; Cyagen Biosciences, Santa Clara, CA) and stored at passage 8 or

9 in liquid N,. Bone marrow-derived human MSCs were purchased from Promocell (Lot
4297001) and stored in liquid No. Cells were maintained, as previously described [43], in
Dulbecco’s modified Eagle medium containing 10% calf bovine serum, 10 mM HEPES,

1 mM sodium pyruvate, 100 IU/mL penicillin, and 100 pg/mL streptomycin. MSCs were
plated at 15,000 cells/cm? in 12-well cell culture plates. For standard adipogenesis assays,
cells were allowed to attach and acclimate for 24 hours prior to 48 hours of chemical
treatment (day —2 through day 0). Specific ligands [200 nM ROSI, 50 nM TBT, 200 nM
LG268 or CBD (100 nM - 10 uM)] were dissolved in DMSO and administered every 3 days
throughout the duration of the assay. Antagonist assays were performed in parallel under
the same conditions, but the antagonist T0070907 (100 nM-1 pM) or DMSO vehicle control
was added every 12 hours. The amount of dimethyl sulfoxide (DMSQO) vehicle was kept at
<0.1% in all assays. No changes in cell viability were observed at the chemical doses used in
this study.

2.3. Adipogenesis and Staining

Once they reached 100% confluency, cells were induced to differentiate with an adipose
induction cocktail (500 uM isobutylmethylxanthine, 1 uM dexamethasone, and 5 pg/mL
insulin) in minimal essential medium a containing 15% fetal bovine serum, 10 mM HEPES,
2 mM I-glutamine, 100 1U/mL penicillin, and 100 ug/mL streptomycin as we described [44].
Cells were replenished with fresh media, differentiation factors, and chemical ligands every
3 days, then fixed in buffered 3.7% formaldehyde. Cells were differentiated over the course
of 14 days for murine MSC cell lines and 21 days for human MSCs.

Nile Red (1 ug/mL) was used to stain neutral lipids and Hoechst 33342 (1 pg/mL) to stain
DNA. Cells were fixed with 3.7% formadehyle, washed once with PBS for 1 minute, and
maintained at 4°C in PBS overnight to remove residual phenol red. For each biological
replicate, Nile Red relative fluorescence units (RFU) was measured relative to Hoechst RFU
using a SpectraMax Gemini XS spectrofluorometer (Molecular Devices, Sunnyvale, CA)
using SoftMax Pro (Molecular Devices) [45].

2.4. RNA Isolation and Real-Time RT-gPCR Analysis of Gene Expression

Differentiated adipocytes were lysed with TriPure (Roche, Basel, Switzerland). Total RNA
extracted with chloroform (Fisher Chemical, PA), precipitated with isopropanol (Fisher
Chemical, PA). Complementary DNA was synthesized from 1 pg total RNA using reverse
transcriptase (Roche), according to the manufacturer’s instructions. Gene expression was
assessed with real-time quantitative polymerase chain reaction (qQPCR) using SYBR™
Green PCR Master Mix (Thermo Fisher Scientific, MA) on a Roche LightCycler 480 I1
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(Roche). Cycle threshold values were quantified as the second derivative maximum using
LightCycler software (Roche). The 2-44Ct method [46] was used to analyze RT-qPCR data
and determine relative quantification. Standard propagation of error was used throughout for
each treatment group [47]. The data were normalized to a housekeeping gene, the ribosomal
protein 36B4, and compared to 0.1% DMSO vehicle for standard assays or a 0.1% DMSO
vehicle plus T0070907 for antagonist assays. Error bars represent the SEM from three to
four biological replicates, calculated using standard propagation of error [47]. Each assay
was conducted at least twice.

2.5. Transient Transfection Assays

Nuclear receptor activation by CBD was tested using the luciferase reporter tk-(ApoAl)x4-
luc, pCMX-B-galactosidase [48] and fusion constructs to nuclear receptor ligand-binding
domains for human PPARy and RXRa [49]. Transient transfections were performed as
described [50] in COS7 cells (ATCC® CRL-1,651™). Briefly, COS7 cells were seeded

in Dulbecco’s Modified Eagle Medium (DMEM; HyClone) containing 10% CBS at a
density of 15,000 cells per well in 96-well tissue culture plates. After becoming 90%
confluent approximately 24 hours after seeding, cells were transfected in Opti-MEM®
using Lipofectamine® 2000 reagent (Invitrogen™; Life Technologies), according to the
manufacturer’s recommended protocol. One microgram of effector plasmid, five micrograms
of reporter, and five micrograms of pCMX-f-galactosidase [48] transfection control
plasmids per 96-well plate and incubated overnight. Cells were then treated with ligands or
vehicle control in DMEM containing 10% resin charcoal stripped FBS for an additional 24
hours[51]. In transient transfection assays, the control compounds ROSI (PPARy agonist),
LG268 (RXR agonist), and TBT (PPARy and RXR agonist) were tested from 10710 M to
10~° M, whereas CBD was tested up to 10™* M to account for its weaker capacity as an
agonist. Cells were lysed in 165 pl of lysis buffer [25 mM Tris-phosphate (pH 7.8), 15%
glycerol, 2% 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS), 1%
lecithin, 1% bovine serum albumin (BSA), 4 mM ethylene glycol-bis(B-aminoethyl ether)-
N, N, N’, N’-tetraacetic acid (EGTA), 6 mM Magnesium Chloride (MgCl,), 1 mM
dithiothreitol (DTT), 1 mM and 4-(2- aminoethyl)benzenesulfonyl fluoride hydrochloride
(AEBSF)]. 24 h after adding the ligands to the media, media was removed and lysis

buffer added, then cells were placed on a shaker at room temperature for 30 min. For
luciferase assays, 100 pl of luciferase solution [4.28 mM magnesium carbonate hydroxide
pentahydrate ((MgCO3)4Mg(OH)25H20), 10.68 mM magnesium sulfate (MgSO4), 80
mM Tricine (pH 7.8), 0.4 mM ethylendinitrilo tetraacetic acid (EDTA) (pH 8.0), 5 mM
DTT, 0.15 mg/mL Coenzyme A, 0.5 mM adenosine triphosphate (ATP), and 0.5 mM
D-Luciferin] and 50 pl of the lysate from each well was transferred to a well in a nontreated,
white, flat-bottom, polystyrene, 96-well plate (Costar). The plate was shaken for 30 s at

RT and placed in Dynatech ML3000 luminometer. Luminescence for the reporter was
measured with luminometer ML3000 (version 3.07) software. For p-galactosidase assay,
100 pl of B-galactosidase solution [60 mM sodium phosphate dibasic (Na,HPO4), 40 mM
sodium phosphate monobasic (NaH,PQO,4), 10 mM potassium chloride (KCI), and 1 mM
magnesium chloride (MgCl,), 0.3% B-Mercaptoethanol, and 0.5-3 mg/mL o-nitrophenyl p-
D-galactopyranoside (ONPG)] and 50 pl of the cell lysate was transferred to a clear, 96-well
plate (Thermo Fisher Scientific, MA). The plates were placed on a shaker for 30 seconds

Biochem Pharmacol. Author manuscript; available in PMC 2022 March 12.
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and allowed to incubate at room temperature for 15 minutes. A Versamax microplate reader
(Molecular Devices) was used to measure absorbance at a wavelength of 405 nm using
SOFTmaxPRO 4.0 software.

2.6. Statistical Analysis

GraphPad Prism 7.0 (GraphPad Software, Inc.) was used to perform statistical analysis for
all datasets. A one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc

test was performed to compare the different concentrations of CBD to the vehicle and an
unpaired t-test was performed to compare the positive controls ROSI, TBT, LG268 to the
vehicle in adipogenesis assays. In antagonist assays, treatment groups without T0070907
were compared to a corresponding treatment group treated with T0070907 using a student’s
t-test. P < 0.05 was considered statistically significant.

3. Results

3.1. CBD activates PPARy but not RXRa to induce adipogenesis in human and mouse
model in vitro

Accumulated studies showed the effects of CBD may be mediated through a variety of
non-endocannabinoid receptors; however, nuclear receptors such as PPARy and RXRa were
not well-studied. We tested the effects of CBD on PPAR+y and its heterodimeric partner,
RXR in transient transfection assays using luciferase reporter genes. Statistically significant
activation of human and mouse PPARYy started from 100 nM CBD, which was similar in
potency to the positive control, 100 nM ROSI, albeit with much lower efficacy (Figure
1A,1C). However, CBD showed no activity toward RXRa (Figure 1B, 1D). In addition,
compare to ROSI, we noticed CBD has the same maximal effect at 100 nM but with a
lower efficacy which suggests that CBD is a potential and partial agonist of PPAR~y. With
the presence of 100 nM ROSI or CBD, CBD and ROSI still showed a dose dependent
response in both human and mouse PPAR (Figure 1E, 1F). PPAR-y is known to be a key
regulator of adipogenesis. Therefore, we tested whether CBD promoted adipogenesis by
activating PPARy by testing the ability of CBD to induce adipogenesis in MSCs and if any
activity observed could be inhibited by co-treatment with the selective PPARy antagonist,
T0070907. In human cells, CBD showed a dose-dependent effect on adipogenesis which
was suppressed by 100 nM T0070907 (Figure 1G). In mouse cells, both 5 and 10 yM CBD
increased adipogenesis; 100 nM T0070907 significantly suppressed this induction (Figure
1H).

3.2. CBD enhanced adipogenesis by increasing expression of lipogenic genes

During adipogenesis, increased expression of adipogenic markers such as PPARy2,

fatty acid binding protein-4 (FABP4), and fat-specific protein-27 (FSP27) promote lipid
accumulation. We performed adipogenesis assays on human MSCs using CBD (2.5, 5, or
10 uM), compared with 100 nM ROSI, 50 nM TBT, or 100nM LG268 as positive controls.
In hMSCs, Nile Red staining revealed a dose-dependent increase in lipid accumulation

by CBD (Figure 2A). Expression levels of mMRNAS encoding three adipogenic genes,
PPARG2, FABP4, and FSP27 were increased by both CBD and the PPAR-y agonist, ROSI,
whereas TBT and LG268 failed to increase expression of PPARy2 mRNA (Figure 2B-D).

Biochem Pharmacol. Author manuscript; available in PMC 2022 March 12.
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In mMSCs, 2.5 uM CBD did not increase lipid accumulation after a 14-day adipogenesis
assay but 5 and 10 uM CBD did (Figure 2E). All of three doses of CBD increased PPARy2
MRNA levels but FABP4 and FSP27 genes responded to CBD only at 10 uM (Figure 2F-H).
TBT and LG268 did not induce PPAR~y2 expression in hMSCs or mMSCs (Fig 2B & 2F).

3.3. CBD showed no effects on lipolysis or expression of lipolysis genes during
adipogenesis

During adipogenesis, cells utilize both lipogenic and lipolytic pathways to acquire fatty
acids and reach a net balance to accumulate fat content. Although ROSI induced the
expression of the lipolysis genes, adipose triglyceride lipase (PNPLA2) and hormone-
sensitive lipase (LIPE), CBD treatment did not alter expression of PNPLA2 or LIPE mRNAs
in human MSCs (Figure 3C-D). We measured the free fatty acid content in the culture
medium by the end of 14-day adipogenesis assay and found that ROSI and TBT groups
showed increased free fatty acid level in the medium whereas the 10 pM CBD treated
group accumulated less compared to controls (Figure 3A). To examine lipolytic function,
isoproterenol was added to induce lipolysis in adipocytes differentiated with DMSO, 100
nM ROSI, 50 nM TBT, or 100nM LG268. Isoproterenol increased free fatty acid levels
in the culture medium whereas CBD showed no differences responding to isoproterenol
(Figure 3B). Similarly, CBD did not affect lipolysis gene expression or free fatty acid
accumulation in the culture medium of mMSCs (Figure 3E-H).

3.4. The PPARy antagonist TO070907 suppressed CBD-induced lipogenic gene
expression in both human and mouse MSCs

After excluding the association between CBD-induced PPARy activation and lipolysis,

we next tested whether the expression of lipogenesis genes, FABP4, FSP27 and PPARG2
in response to CBD treatment was dependent on PPARy by treating with the PPAR~y
antagonist, TO070907. ROSI and TBT induced the expression of lipogenesis genes in
hMSCs and served as positive controls. 5 and 10pM CBD induced expression of the
lipogenesis genes which were significantly suppressed by co-treatment with the PPARy
antagonist (Figure 4A-C). Lipogenesis genes were also induced by ROSI and CBD in
mMSCs. In our study, we observed that T0070907 was able to suppress the effects of ROSI
and CBD close to the baseline suggesting PPARy plays a dominant role in CBD induced
lipogenesis gene expression. Collectively, these observations indicate that CBD can promote
adipogenesis by regulating lipogenesis but not lipolysis in both human and mouse MSCs.

4. Discussion

The purpose of this study was to determine the effects of cannabidiol on adipogenesis in
mouse and human MSCs and whether this can be attributed to PPARy activation. We found
that CBD activates PPARYy in transient transfection assays and promoted the differentiation
of human MSC’s into adipocytes. The action of CBD could be inhibited by co-treatment
with the PPAR-y antagonist T0070907. These results are consistent with previous findings
which showed that CBD promoted differentiation of mouse 3T3-L1 preadipocytes into
adipocytes [52]. CBD had a stronger adipogenic effect in the human adipose-derived MSCs
than in mouse MSCs. This suggests that although mouse body weight did not change to

Biochem Pharmacol. Author manuscript; available in PMC 2022 March 12.
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a significant extent following 30 mg/kg CBD exposure [53], this might not be the case

for humans exposed to CBD in commercial products with concentrations above 5 UM. In
addition, the mouse study did not examine body composition (% fat vs % lean); and we
previously demonstrated that the obesogen tributyltin could elicit increased white adipose
tissue weight without increasing total body weight [44]. Other PPARy activators, such as
rosiglitazone and pioglitazone, were associated with human weight gain [36, 54] and the
gene expression analyses showed that CBD-induced adipogenesis genes including PPARG2,
FABP4, and FSP27. Taken together, these studies indicated that CBD acts as a weak PPARy
agonist in MSCs and up-regulates target genes, resulting in an increase in adipogenesis.

Two major processes in adipogenesis are lipogenesis and lipolysis which contribute to a net
balance of triglyceride accumulation in fat cells. Lipogenesis is the processes of fatty acid
synthesis and subsequent triglyceride synthesis, which take place in both liver and adipose
tissues [55]. FABP4 encodes the fatty acid binding protein found in adipocytes. Fatty acid
binding proteins binds long-chain fatty acids and other hydrophobic ligands to perform fatty
acid uptake, transport, and metabolism [56]. Fat-specific protein 27 (FSP27) was reported to
promote lipid droplet expansion by lipid trafficking at lipid droplet contact sites [57]. These
two lipogenesis markers were positively regulated by PPARy to enhance adipogenesis [58].
ROSI induced FABP4 and FSP27 expression which was abolished by PPARy agonist as
many reported. Our data showed that 10 uM CBD induced FABP4 and FSP27 expression
(~3 fold and ~6 fold, respectively) in human MSCs. We also observed similar induction of
FABP4 and FSP27 expression (~10 fold and ~7 fold, respectively) in mouse MSCs. Those
effects of CBD were all suppressed by the PPARy antagonist, TO070907, suggesting that
PPAR-y responds to CBD and further promotes lipogenesis. Surprisingly, we found that
CBD showed no effects on lipolysis genes, PNPLA2 and LIPE, which were induced by
ROSI in our study and in other reports [59]. We confirmed this observation by validating the
lipolysis capacity of adipocytes matured by treating MSCs with CBD, ROSI, TBT, and LG.
However, the strong lipolysis inducer, isoproterenol, induced lipolysis well in all groups,
including CBD groups, which showed no changes in lipolysis gene expression. We therefore
inferred that CBD regulated lipogenesis but not lipolysis during adipogenesis in both human
and mouse MSCs.

Several studies have suggested CBD can act as an agonist for PPARy[60-62]. For example,
Fellous T’s group use mice bone marrow derived mesenchymal stem cells to examine

the effects of CBD including adipocytes regulatory genes and insulin induced AKT
phosphorylation[62]. Our findings revealed a similar effect of CBDs and further tested the
effects of both murine and human models. In addition, our data excluded the effects of CBD
in lipolysis and re-enforced the role of lipogenesis in CBD-induced adipogenesis.

Taken together, our findings indicate that CBD has the ability to promote adipogenesis in
mouse and human MSCs and that this may be the result of it inducing lipogenesis that is not
balanced by lipolysis. Our findings will help in understanding possible unexpected effects
resulting from the widespread use of CBD in both recreational cannabis and in personal care
products.

Biochem Pharmacol. Author manuscript; available in PMC 2022 March 12.
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Figure 1. CBD bound to PPARy and induce adipogenesisin human and mice M SC.
(A) The ability of CBD to activate PPARy and RXRa was assessed in COS7 cells

transiently transfected with luciferase reporter plasmid and either human PPAR~y and (B)
RXRa. (C) The ability of CBD to activate PPARy and RXRa was assessed in COS7

cells transiently transfected with luciferase reporter plasmid and either mouse PPARy

and (D) RXRa.. (E) The ability of CBD or ROSI to activate PPAR-y with the presence

of ROSI or CBD, respectively, was assessed in COS7 cells transiently transfected with
luciferase reporter plasmid and either human PPARy and (F) mouse PPARy. The PPAR~y
activators ROSI and TBT were used as positive controls for activation of PPARy, while the
RXR activators LG268 and TBT were used as positive controls for activation of RXRa.
Luciferase values were normalized to B-galactosidase transfection values to account for
transfection efficiency. Triplicates for each chemical and concentration were averaged and
plotted with £ SEM bars. (G) A standard adipogenesis assay was performed in human and
(H) mouse MSC:s in the presence of adipogenesis cocktail (MDI). Cells were treated with
CBD (5uM or 10uM), a 100 nM ROSI, or 50 nM TBT, positive control with or without
PPARy antagonist, 100 nM T0070907. All treatment groups were compared to 0.1% DMSO
(vehicle). Lipid accumulation is shown as the ratio between fluorescence units (RFU) of
Nile Red and Hoechst, which were used to quantify lipid content and the number of cells
per well, respectively. Each bar represents the average of 3 replicates + SEM *P < 0.05,
**P < 0.01 and ***P < 0.001 compared to control; f P < 0.05, ff P < 0.01 and fff P <

0.001 compared to control). One-way analysis of variance (ANOVA) statistical test and a
Dunnett’s post-hoc test were performed to compare the different concentrations of CBD to
DMSO.
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Figure 2. CBD enhanced adipogenesis and induced lipogenesis genein human and mouse M SC.
(A) A standard adipogenesis assay was performed in human MSC in the presence of

adipogenesis cocktail (MDI). Cells were treated with CBD (2.5uM, 5, or 10uM), a 100 nM
ROSI, 50 nM TBT, or 100nM LG268 positive control. All treatment groups were compared
to 0.1% DMSO (vehicle). Lipid accumulation is shown as the ratio between fluorescence
units (RFU) of Nile Red and Hoechst, which were used to quantify lipid content and the
number of cells per well, respectively. Each bar represents the average of 3 replicates =
SEM. (B) gRT-PCR validation of lipogenesis genes, PPARG2, (C) FABP4, and (D) FSP27,
of human MSC differentiated adipocytes. (E) A standard adipogenesis assay was performed
in the mouse MSC. (F) gRT-PCR validation of lipogenesis genes, PPARG2, (G) FABP4, and
(H) FSP27, of mouse MSC differentiated adipocytes. For qRT-PCR analyses, measured Ct
values were normalized to 36B4 and graphed relative to the control treatment. Error bars
represent SEM *P < 0.05, **P < 0.01 and ***P < 0.001). Data analyzed using either an
unpaired t-test or a one-way ANOVA followed by Dunnett’s post hoc analysis.
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Figure 3. CBD did not affect lipolysisin human or mouse M SC.
(A) The cultured medium of human MSC at the end of adipogenesis or (B) 24 hours

post-isoproterenol treatment after 14-day adipogenesis were collected to measure free fatty
acids levels. (C) gRT-PCR validation of lipolysis genes, PNPLA2 and (D) LIPE, of human
MSC differentiated adipocytes. (E) The cultured medium of mouse MSC at the end of
adipogenesis or (F) 24 hours post-isoproterenol treatment after 14-day adipogenesis were
collected to measure free fatty acids levels. (G) gRT-PCR validation of lipolysis genes,
PNPLAZ2 and (H) LIPE, of mouse MSC differentiated adipocytes. For gRT-PCR analyses,
measured Ct values were normalized to 36B4 and graphed relative to the control treatment.
Error bars represent SEM *P < 0.05, **P < 0.01 and ***P < 0.001). Data analyzed using
either an unpaired t-test or a one-way ANOVA followed by Dunnett’s post hoc analysis.
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Figure 4. CBD-induced adipogenesis was inhibited by PPARy antagonist T0O070907 in human

and mouse M SCs.

(A) gRT-PCR validation of lipogenesis genes, FABP4, (B) FSP27, and (C)PPARG2 of
human MSC differentiated adipocytes. (D) gRT-PCR validation of lipogenesis genes,
FABP4, (E) FSP27, and (F)PPARG2 of mouse MSC differentiated adipocytes. For gRT-PCR
analyses, measured Ct values were normalized to 36B4 and graphed relative to the control
treatment. Error bars represent 3 replicates + SEM *P < 0.05 (**P < 0.01 and ***P < 0.001
compared to control; f P < 0.05, ff P < 0.01 and fff P < 0.001 compared to control). Data
analyzed using either an unpaired t-test or a one-way ANOVA followed by Dunnett’s post

hoc analysis.
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