
Lipid Abundance in Zebrafish Embryos Is Regulated
by Complementary Actions of the Endocannabinoid
System and Retinoic Acid Pathway

Daniel Fraher, Megan K. Ellis, Shona Morrison, Sean L. McGee, Alister C. Ward,
Ken Walder, and Yann Gibert

Metabolic Research Unit, Deakin University School of Medicine, Geelong 3217, Australia

The endocannabinoid system (ECS) and retinoic acid (RA) signaling have been associated with
influencing lipid metabolism. We hypothesized that modulation of these pathways could modify
lipid abundance in developing vertebrates and that these pathways could have a combinatorial
effect on lipid levels. Zebrafish embryos were exposed to chemical treatments altering the activity
of the ECS and RA pathway. Embryos were stained with the neutral lipid dye Oil-Red-O (ORO) and
underwent whole-mount in situ hybridization (WISH). Mouse 3T3-L1 fibroblasts were differenti-
ated under exposure to RA-modulating chemicals and subsequently stained with ORO and ana-
lyzed for gene expression by qRT-PCR. ECS activation and RA exposure increased lipid abundance
and the expression of lipoprotein lipase. In addition, RA treatment increased expression of CCAAT/
enhancer-binding protein alpha. Both ECS receptors and RA receptor subtypes were separately
involved in modulating lipid abundance. Finally, increased ECS or RA activity ameliorated the
reduced lipid abundance caused by peroxisome proliferator–activated receptor gamma (PPAR�)
inhibition. Therefore, the ECS and RA pathway influence lipid abundance in zebrafish embryos and
have an additive effect when treated simultaneously. Furthermore, we demonstrated that these
pathways act downstream or independently of PPAR� to influence lipid levels. Our study shows for
the first time that the RA and ECS pathways have additive function in lipid abundance during
vertebrate development. (Endocrinology 156: 3596–3609, 2015)

Obesity has become a global epidemic as it is estimated
that greater than 500 million people worldwide are

characterized as obese (1). Obese subjects are at a higher
risk of developing medical conditions such as type 2 dia-
betes, cardiovascular disease, fatty liver disease, gall
stones, or even cancer (2–5). However, current treatments
for obesity are often ineffective in preventing long-term
weight gain (3, 6). Therefore, it is essential to find effective
treatments for this condition.

Here, we have focused on two signaling pathways that
are associated with lipid metabolism, the endocannabi-
noid system (ECS) and the retinoic acid (RA) pathway.
The ECS consists of two primary ligands, N-arachi-
donoylethanolamine (anandamide) and 2-arachinodonyl-
glycerol (2-AG); and two definitive receptors, cannabi-

noid receptor type-1 (CB1) and cannabinoid receptor
type-2 (CB2) (7–10). The presence of a putative third re-
ceptor remains controversial (11, 12). The ECS has pre-
viously been shown to be involved in lipid metabolism and
adiposity independent of its well-known role in appetite
regulation. For example, the adipose tissue of obese rats
had increased CB1 expression (13). In addition, in vitro
studies have shown that ECS activation increased lipid
accumulation by increasing lipoprotein lipase activity
(14), increasing peroxisome proliferator–activated recep-
tor gamma (PPAR�) levels (15), and by decreasing the
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expression of adiponectin (16), an adipokine associated
with reducing lipid accumulation. Furthermore, circulat-
ing 2-AG levels were higher in human obese subjects than
in lean subjects (17).

RA is the major active derivative of vitamin A (retinol)
(18). Retinol is converted into retinaldehyde by the actions
of alcohol dehydrogenases or retinol dehydrogenases.
Retinaldehyde is in turn converted to RA by retinaldehyde
dehydrogenase. RA is a small molecule that can easily pass
through the cell membrane, being subsequently trans-
ported to the nucleus by cellular RA-binding proteins
where it binds the nuclear receptors, retinoic acid recep-
tors (RARs) (19, 20). These activated RARs influence
transcription by binding directly to DNA. Levels of RA are
regulated by its production via this process or degradation
by CYP26 enzymes (21). The exact role of RA signaling in
adiposity remains unclear. Several studies have reported
that RA decreased lipid abundances in both mice (22–24)
in cell lines (25, 26). However, complicating the effects of
RA on lipid metabolism, a study reported that RA in-
creased adiposity in rats (27) and other cell line studies
have shown that RA increased the differentiation of adi-
pocytes (28, 29). The increase of adiposity caused by RA
more closely resembles the outcome observed in humans,
in which treatment has been shown to increase body
weight, a common adverse effect associated with RA syn-
drome (30).

Zebrafish (Danio rerio) have become a common and
relevant model for the study of lipid biology (31–33). Im-
portantly, many aspects of lipid metabolism and associ-
ated genes are conserved between zebrafish and humans
(34). Zebrafish also have very low-density lipoproteins,
low-density lipoproteins, high-density lipoproteins and
the major classes of apolipoproteins (reviewed by Schlegel
and Gut) (35). A key advantage of studying zebrafish em-
bryos is that during development, the embryos rely on a
yolk for nutrition, eliminating any potential dietary vari-
ables. These attributes make the zebrafish an ideal model
for studying lipid biology and for identifying potential
therapeutic targets.

Here, we aim to determine how modulations of the ECS
or RA pathways affect lipid deposition and the expression
of lipid-associated genes during zebrafish embryogenesis.
We demonstrate that both pathways can reduce lipid lev-
els and identify for the first time an additive effect of the
ECS and RA pathway on lipid abundance. In addition, we
establish the specific receptors for each pathway are in-
volved in influencing lipid deposition during embryogen-
esis, notably identifying a role for CB2 activity, which has
not previously been directly associated with regulating
lipid accumulation in vivo. Therefore, we propose that the
abilities of these pathways to influence lipid abundance at

the receptor level provide ideal targets for obesity thera-
peutics. To further understand the position of the ECS and
RA pathway within the signaling cascades controlling
lipid levels, we blocked the activity of PPAR�, a critical
gene involved in multiple aspects of lipid metabolism, in-
cluding stimulating fatty acid transport and lipoprotein
lipase (Lpl) expression (36, 37). Cotreatment with either
an ECS activator or exogenous RA was sufficient to re-
store the decreased lipid abundance caused by PPAR� in-
hibition, indicating that these pathways act either down-
stream or independently of PPAR� signaling. This work
points to potential therapeutic targets for the treatment of
obesity. Importantly, the additive effects suggest that com-
binational approaches might alleviate possible harmful
off-target effects caused by treatments that alter the
pathways.

Materials and Methods

Experimental animals
Zebrafish were reared and staged at 28.5°C in E3 embryo

media according to Kimmel et al (38). All zebrafish studies were
approved by the Deakin University Animal Welfare Committee
(AWC 81–2011).

Oil-Red-O staining
Embryos were stained with Oil-Red-O (ORO) according to a

protocol adapted from Schlegel et al (33). Staining occurred for
75 minutes followed by two 10-minute rinses in 60% 2-propa-
nol. Representative embryos were used for photography, n � 25,
replicated at least twice. Widths of ORO bands were measured
using Cell Sens Dimension (Olympus). Statistical analysis was
performed using IBM SPSS Statistics version 21. Comparisons
were made with an Independent Samples t test, significance was
applied when P � .05; n � 7. Due to low sample sizes in some
instances, nonparametric statistical analysis was performed for
this experiment and subsequent experimental analyses. A
Kruskal-Wallis test was performed to assess differences in groups
(P � .001). Cases were selected and were run through a Mann-
Whitney U Test and significance was assessed at P � .05. Non-
parametric statistical analysis closely reflected the results ob-
tained using Independent Samples t tests; therefore, significance
was determined according to Independent Samples t tests.

Whole-mount in situ hybridization
Embryos were fixed in 4% PFA-PBS overnight at 4°C and

then transferred to and stored in 100% methanol at �20°C.
Whole-mount in situ hybridization using digoxigenin-labeled ri-
boprobes was performed as described (39). The following probes
were used: CCAAT/enhancer-binding protein alpha (40), fatty
acid–binding protein 11a (41), lipoprotein lipase (41), peroxi-
some proliferator–activated receptor gamma (42), prosper ho-
meobox 1 (43), retinaldehyde dehydrogenase 2 (44), cannabi-
noid receptor 1 (45), and cytochrome P450 26a1 (46). Area of
expression was measured using Cell Sens Dimension (Olympus).
Statistical analysis was performed using IBM SPSS Statistics ver-
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sion 21. Comparisons were made with an Independent Samples
t test, significance was applied when P � .05; n � 5; replicated
at least twice.

Quantitative real-time PCR analysis
Total RNA was extracted from cells using RNeasy columns

(QIAGEN). cDNA was generated from total RNA using Super-
script First-Strand Synthesis System for RT-PCR (Invitrogen Life
Technologies). Gene expression levels were measured using Fast-
Start Universal SYBR Green Master (Roche Australia) on an
Mx3005P cycler (Stratagene), and cDNA concentration was
normalized to OliGreen using a Quant-iT OliGreen ssDNA As-
say Kit (Invitrogen).

Chemical treatments
(�)-WIN 55,212-2 mesylate (Win), Rimonabant (Rimo),

4-diethylaminobenzaldehyde (DEAB), BMS 753, BMS 614,
BMS 961, CD 2665, oleamide, AM 630, bisphenol A diglycidyl
ether (BADGE), and Rosiglitazone (Rosi) were dissolved into
dimethyl sulfoxide in a stock solution of 10mM. RA and HU 308
were dissolved into ethanol in a stock solution of 100mM and
10mM, respectively. Solutions were stored at �20°C. Embryos
were placed into 25 mL of E3 medium in 50-mL tubes. Appro-
priate volumes of chemicals were added directly to the medium
and tubes were placed horizontally in an incubator at 28.5°C.
BMS 753, BMS 614, BMS 961, CD 2665, oleamide and AM 630
were purchased from Tocris Bioscience (Bristol). Rimo was pur-
chased from Cayman Chemical; DEAB, BADGE, and RA were
purchased from Sigma-Aldrich. Rosi was purchased from
Molekula Limited. A dose response was performed for each
chemical to assess the appropriate concentration so that there
were no toxic effects on the embryos.

Cell Culture
Mouse 3T3-L1 fibroblasts were cultured in 10% CO2 at 37°C

in growth media consisting of DMEM (4.5 g/L glucose; Invitro-
gen), 10% (v/v) heat-inactivated fetal bovine serum (Thermo
Scientific), and antibiotics (100 U/mL penicillin and 100 mg/mL
streptomycin; Life Technologies). Cells were induced to differ-
entiate 3 days after reaching confluence (day 0), by supplement-
ing growth media with 4nM insulin (Humulin; Eli Lilly),
0.25mM dexamethasone (Sigma-Aldrich) and 0.5mM 1-methyl-
3-isobutyl-xanthine (Sigma-Aldrich). Differentiation media was
refreshed every 2 days during differentiation. At 4 and 7 days
post differentiation, cells were treated with growth media plus
insulin only. At 9 days post differentiation, cells were treated
with only growth media. Cell treatments began 3 days prior to
differentiation and continued through to 10 days post differen-
tiation. Treatments were refreshed when growth media was
changed. Rosi and berberine were used at 10�M and 3�M, re-
spectively. The 3T3-L1 cell line was authenticated by phenotypic
and genotypic analysis and the ability to differentiate into adi-
pocytes (performed February 2015). We extracted the ORO by
incubating cells in 100% isopropanol for 15 minutes. We then
removed the supernatant and placed it into a 96-well plate and
read absorbance at 492nM using a Bio-Rad xMark Microplate
Spectrophotometer.

Mitochondria staining
Mitotracker Deep Red FM (Invitrogen) stock solution was

prepared by dissolving 50 �g into 94 �L of dimethyl sulfoxide.
Stock solution was stored in the dark at �20°C. Embryos were
treated with a working solution of 4 �L stock solution dissolved
into 10 mL of embryo media in the dark for 2 hours at 28.5°C.
Embryos were assessed for fluorescent puncta, labeling mito-
chondria, using a UV source with an red fluorescent protein
filter.

Oxygen consumption assay
Oxygen consumption rate was assessed using the Seahorse

XF24 Flux Analyzer (Seahorse Bioscience). Embryos were
placed into a 24-well XF24 islet capture microplate and analyzed
at 28.5°C. Basal rate measurements were performed in triplicate
(at 5-min intervals) and three maximal rates were measured fol-
lowing exposure to 1�M carbonyl cyanide-4-(trifluorome-
thoxy)phenylhydrazone (Sigma-Aldrich).

Results

ECS and RA pathway influence lipid abundance in
developing zebrafish embryos

Treatment with the CB1 and CB2 agonist (�)-WIN
55,212-2 mesylate (Win), the CB1 inverse agonist Rimo,
exogenous RA, and the RA synthesis inhibitor DEAB from
26 hours post fertilization (hpf) until 55 hpf were used to
modify the activity of the ECS and RA pathway in ze-
brafish embryos. This timing of treatment was chosen be-
cause it coincides with the initial detection of neutral lipids
in the developing embryo, but is late enough in embryo-
genesis to avoid potential developmental effects; doses
were determined by performing a dose response (Supple-
mental Table 1). To determine the amount of lipid present
in developing zebrafish embryos, fish were stained with
Oil-Red-O (ORO), a stain of neutral lipids. In control
embryos, the stain was located in the forebrain, around the
eye, underneath the otic vesicle, and in the developing
vasculature (Figure 1A–C; blue and black brackets, ar-
rowhead, arrow). Exposure to 6nM RA expanded the lo-
calization and produced a more dense ORO stain in these
areas (Figure 1, D–F; blue and black brackets, arrowhead,
arrow), whereas blocking the production of RA with
10�M DEAB reduced lipid amounts to diffuse spots above
the eye and completely absent posterior to the eye (Figure
1, G–I, pound sign, arrowhead, arrow). Similarly, increas-
ing ECS activity with treatment with 0.3�M Win caused
an expansion of the stained area and a more intense ORO
staining (Figure 1, J–L; blue and black brackets, arrow-
head, arrow) and decreasing ECS activity with 3�M Rimo
decreased the area and intensity of ORO staining in the
embryos (Figure 1, M–O; blue and black bracket, arrow-
head, arrow). To further assess the expansion or decrease
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of the area of ORO staining, the
width of the ORO-stained bands lo-
cated below the eye were measured
(Figure 1P). Fitting with the ob-
served changes of overall ORO stain
previously described, RA- and Win-
treated embryos showed a larger
width of the ORO band below the
eye, whereas DEAB- and Rimo-
treated embryos had bands that were
decreased in size (Figure 1P). To con-
firm that the decreases in ORO stain
caused by DEAB and Rimo treat-
ment were not due to toxic effects,
we modulated the pathways with
both the activators and the inhibitors
(ie, an RA � DEAB or Win � Rimo
treatment). Because two full treat-
ments of the pathways would cause
toxic effects, we performed com-
bined doses at concentrations below
the full treatments. A combined 50%
dose of RA and DEAB or combined
60% dose of Win and Rimo did not
affect lipid deposition in the treated
embryos (Supplemental Figure 1,
A–F). Therefore, we conclude that
the ECS and RA pathway have roles
in modulating lipid abundance dur-
ing embryogenesis.

Expression of genes associated
with lipid metabolism are
altered by ECS- and RA-
signaling modulation

To further examine the effects
that the ECS and the RA pathway
have on lipid metabolism in the de-
veloping embryo, we analyzed the
expression of metabolic- and lipid-
associated genes using WISH. A later
window of treatment, from 50 to 72
hpf, was chosen because the relevant
genes are more highly and broadly
expressed during this period. Given
that a later timing of treatment was
selected, the dosage of treatments
needed to be increased to maintain
effectiveness in the older embryos.
We observed that the expression of
lpl, a gene involved in processing lip-
ids contained within lipoproteins,

Figure 1. The effects of modulating RA signaling and the ECS on lipid abundance. Embryos treated
from 26–55 hpf with 6nM RA (D–F) showed expanded and denser ORO stain around the eye (blue
and black brackets, arrow, arrowhead) and in the vasculature (F) whereas embryos treated with
10�M DEAB (G–I) showed decreased ORO (black brackets, arrow, arrowhead) and an absent domain
of ORO stain (pound sign) compared with control embryos (A–C). Embryos treated with 0.3�M Win
(J–L) showed increased ORO stain (blue and black brackets, arrow, arrowhead) and embryos treated
with 3�M Rimo (M–O) showed decreased ORO stain (blue and black brackets, arrow, arrowhead).
The width of the bands of ORO stain under the eye was measured (P, black brackets). RA- and Win-
treated embryos had significantly higher widths of bands, whereas DEAB- and Rimo-treated embryos
had significantly lower band widths. *, P � .05.
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was altered by the modulation of the pathways. In em-
bryos treated with 10nM RA from 50 to 72 hpf, lpl ex-
pression was increased (Figure 2B), whereas 15�M DEAB
treatment decreased lpl expression (Figure 2D). In addi-
tion, embryos exposed to 0.4�M Win showed an increase
in lpl expression (Figure 2J) whereas those exposed to
4�M Rimo showed a decrease (Figure 2L). Given that lpl
was expressed primarily in liver, we wanted to account for
potential effects on liver size from our chemical treat-
ments. Therefore, we analyzed the expression of proxI, a
transcription factor expressed in developing hepatocytes
of zebrafish (47, 48). The expression of proxI was not
altered by any of the treatments (Figure 2, F, H, N, and P).
Changes in lpl and proxI expression were quantified by
measuring the area of staining from WISH. RA-treated
embryos showed a trend of increase in lpl expression
whereas DEAB-treated embryos showed a significant de-
crease (Figure 2Q). Embryos treated with Win showed a
significant increase in lpl expression whereas embryos
treated with Rimo showed a decrease (Figure 2S). The
expression of proxI was not changed by any of the treat-

ments (Figure 2, R and T). The expression of CCAAT/
enhancer-binding protein alpha (c/ebp�), a transcription
factor that regulates energy homeostasis and adipogenesis
(49, 50), was increased in embryos treated with 10nM RA
and decreased with 15�M DEAB treatment (Figure 2, V
and X). Furthermore, fatty acid–binding protein 11a
(fabp11a), a gene involved in lipid mobilization, was more
highly expressed in embryos treated with 10nM RA and
had lower expression in embryos treated with 15�M
DEAB (Figure 2, D� and F�). However, embryos treated
with 0.4�M Win or 4�M Rimo did not exhibit a change
of c/ebp� or fabp11a expression compared with controls
(Figure 2, Y–B�, G�–J�).

Given that alteration of ECS and RA signaling resulted
in modified lipid accumulation and gene expression, it was
important to assess the metabolic activity of the embryos.
Fluorescently staining the mitochondria of embryos re-
vealed that the treatments did not change the number of
mitochondria (Supplemental Figure 2, A–E). In addition,
no effect on the oxygen consumption rate of embryos was

Figure 2. RA signaling and the ECS influence genes associated with lipid metabolism. Embryos treated from 50–72 hpf with 10nM RA (B)
showed increased area of lpl expression, whereas embryos treated with 15�M DEAB (D) showed decreased expression compared with control
embryos (A and C). E–H, These treatments did not alter the expression of proxI. Embryos treated with 0.4�M Win (J) showed increased area of lpl
expression whereas embryos treated with 4�M Rimo (L) showed decreased expression compared with control embryos (I and K). M–P, These
treatments did not modify proxI expression. Q–T, Measuring the relative area of expression in square pixels supported altered expression trends
that were observed. Embryos treated from 50–72 hpf with 10nM RA showed increased area of c/ebp� expression (V, arrowhead), whereas
embryos treated with 15�M DEAB showed decreased expression (X compared with U and W) control embryos. Embryos treated with 0.4�M Win
or 4 �M Rimo did not show changed c/ebp� expression compared with controls (Y–B�). Embryos treated from 50–72 hpf with 10nM RA showed
increased area of fabp11a expression (Z, arrow), whereas embryos treated with 15�M DEAB showed decreased expression (B� arrow) compared
with (Y and A�, arrow) control embryos. Win- or Rimo-treated embryos did not show a change in fabp11a expression (G�–J�).
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observed at either basal or maximal respiratory capacities
following treatment (Supplemental Figure 2, F and G).

CB1, CB2, RAR�, and RAR� receptors influence
lipid deposition

Zebrafish possess two RAR subtypes, RAR� and
RAR�, but there is no RAR� in the zebrafish genome. To
determine the relative influence of each subtype on lipid
deposition, embryos were treated with 0.03�M BMS 753
(selective RAR� agonist), 0.4�M BMS 614 (selective
RAR� antagonist), 0.25�M BMS 961 (selective RAR�

agonist), or 8�M CD 2665 (selective RAR� antagonist)
from 26 to 55 hpf and stained with ORO. Treatment with

the RAR� agonist increased the area of ORO staining
(Figure 3, E and F; arrowhead, bracket, arrow), whereas
treatment with the RAR� antagonist decreased the density
and area of ORO staining (Figure 3, I and J; arrowhead,
bracket, arrow). Treatment with the RAR� agonist or an-
tagonist showed similar effects on lipid deposition as the
RAR�-specific modulators, but these effects were not as
strong as in the embryos exposed to RAR� (Figure 3, M,
N, Q, and R; arrowhead, bracket, arrow). To identify the
influence of each of the ECS receptors on lipid abundance,
we treated embryos from 26 to 55 hpf with 3.5�M ole-
amide (selective CB1 agonist), 3�M Rimo (a selective CB1
inverse agonist), 3.5�M HU 308 (a selective CB2 agonist),

Figure 3. Modulation of RARs and cannabinoid receptors alter lipid levels in zebrafish embryos. (E, arrowhead; F, arrow, bracket) Treatment with
the RAR� agonist (0.03�M BMS 753) from 26–55 hpf increased ORO stain, whereas treatment with the RAR� antagonist (0.4 �M BMS 614) (I
and J) decreased ORO stain compared with control embryos (A and B). M and N, Treatment with the RAR� agonist (0.25�M BMS 961) from 26–
55 hpf increased ORO stain, whereas treatment with the RAR� antagonist (8 �M CD 2665) (Q and R) decreased ORO stain. Treatment with the
CB1 agonist (3.5�M oleamide) (G and H) from 26–55 hpf increased ORO stain, whereas treatment with the CB1 inverse agonist (3�M Rimo) (K
and L) decreased ORO stain compared with control embryos (C and D). Treatment with the CB2 agonist (3.5 �M HU 308) (O and P) from 26–55
hpf increased ORO stain, whereas treatment with the CB2 inverse agonist (3.5�M AM 630) (S and T) decreased ORO stain.
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or 3.5�M AM 630 (a selective CB2 inverse agonist) and
stained with ORO. Both of the CB1 and CB2 agonists
showed a moderate expansion of the lipid deposition,
whereas they both increased the intensity of ORO stain,
with the CB2 agonist–treated embryos having a strong
increase (Figure 3, G, H, K, L, O, P, S, and T; arrowhead,
bracket, arrow). This suggests that both CB and RA re-
ceptors influence lipid abundance during embryogenesis.

Increased ECS or RA signaling reversed the effects
of modulating PPAR� signaling

PPAR� is an essential component of adipose develop-
ment (36), so we sought to determine potential interac-
tions between the ECS and/or RA pathways and ppar�.
Modulation of the ECS and RA pathway did not affect the
expression of ppar� during embryonic development (Sup-
plemental Figure 3). When embryos were treated with
4�M bisphenol A diglycidyl ether (BADGE), a PPAR�

antagonist (51) from 26 to 55 hpf, a decrease in ORO
staining was detected (Figure 4, C and D). Embryos that
were treated with both 4�M BADGE and 5nM RA or
0.3�M Win had higher ORO staining compared with
BADGE-alone-treated embryos, a level of staining com-
parable to control embryos (Figure 4, E–H). Furthermore,
under the same conditions, lpl expression was reduced in
BADGE-treated embryos and this effect was ameliorated
by concurrent treatment with RA or Win (Figure 4, K–L
and Q). Furthermore, we increased PPAR� activity with
the agonist Rosi. We performed a dose response and de-
termined that 10�M Rosi increased lpl expression in em-
bryos treated from 26 to 55 hpf (Figure 4, N and M). When
embryos were treated with both 10�M Rosi and 10�M
DEAB or 3�M Rimo, the expression of lpl returned back
to the level of control embryos (Figure 4, M–P and R). We
also observed an increase in c/ebp� expression in embryos
treated with Win or RA and BADGE compared with em-
bryos treated only with BADGE (data not shown). These
data suggest that the ECS and RA pathway can rescue a
lack of a functional or decreased overactive PPAR� sig-
naling and that they act either downstream or indepen-
dently of PPAR� in controlling lipid abundance.

RA inhibits adipocyte differentiation in adult
mammalian 3T3-L1 fibroblasts

Our embryological data clearly points to an effect from
RA in increasing lipid abundance (Figures 1–4). There-
fore, we decided to investigate the influence of RA on
adipocyte differentiation. Several authors have published
conflicting data regarding the role of RA in adult adi-
pocyte differentiation (23, 25, 28, 29). Much of the con-
fusion stems from varying effects caused by RA in different
experimental designs, possibly due to temporal alterations

in RA signaling to act as a pro- or antiadipogenic agent
(28). To tackle these apparent opposing results, we ex-
plored the influence of RA signaling on adipocyte differ-
entiation within the context of a mature cell model to
compare with our embryonic zebrafish model.

Therefore, we differentiated mouse 3T3-L1 fibroblasts
under RA and DEAB exposure. We chose a mammalian
cell model to expand the relevance of the data and because
mouse 3T3-L1 fibroblasts are an established cell line for
adipocyte differentiation. Cells were continually treated
from 3 days prior to differentiation to 10 days post dif-
ferentiation, when they were stained with ORO (Figure
5A). Vehicle control cells showed spherical morphology
and high ORO staining (Figure 5B). Cells treated with
10�M DEAB or the positive control, Rosi, both had high
levels of ORO stain comparable with vehicle cells (Figure
5, C and E). Cells treated with 1�M RA or the negative
control, berberine, showed reduced ORO staining (Figure
5, D and F). Quantification of ORO stains revealed that
RA and berberine decreased ORO staining to approxi-
mately 25 and 26% of vehicle-treated cells, respectively
(Figure 5G). Furthermore, RA decreased the expression of
Lpl, C/ebp�, C/ebp�1, and Ppar�, whereas DEAB in-
creased the expression of these genes (Figure 5, H–K).
These results suggest that RA signaling inhibits differen-
tiation of adipocytes in mature cell types when treatment
is prior to differentiation, contrary to the effects on lipid
abundance observed during embryogenesis.

Combined suboptimal doses of ECS and RA
modulators have additive effects on lipid
abundance in developing zebrafish embryos

Given that modulation of both the ECS and RA signal-
ing influenced lipid abundance in zebrafish embryos, we
investigated the effects of combining treatments. To es-
tablish complimentary actions of the two pathways, em-
bryos were treated at a 60% dosage of full treatments,
which were the doses used in the previous ORO experi-
ment from 26 to 55 hpf (RA, 6nM, Win, 0.3�M, and
Rimo, 3�M), except for DEAB, which had to be reduced
because the 60% dosage still decreased ORO stain, so a
full dose of DEAB was 5�M. The 60% treatments were
chosen because they were low enough that chemical ex-
posure to an individual treatment did not influence lipid
deposition on its own and combined doses did not cause
developmental delays or have toxic effects on the embryos;
these were considered suboptimal doses. Embryos treated
with 60% doses of Win and RA (Figure 6, C and E) did not
show a change in lipid deposition compared with control
embryos (Figure 6A), whereas the full doses increased
ORO staining as we previously observed (Figure 6, B and
D). However, combined 60% doses of Win and RA in-
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Figure 4. Exogenous RA and ECS activation ameliorates the effects from modulating PPAR� activity. C and D, Treatment with 4�M BADGE from 26–55
hpf reduced ORO stain compared with control embryos (A and B). Embryos treated with 4�M BADGE and 5nM RA (E and F) or 4�M BADGE and 0.3�M
Win (G and H) showed a level of ORO stain higher than the BADGE-alone treated embryos, more comparable with control embryos. J, Embryos treated
with 4�M BADGE had reduced lpl expression compared with control embryos (I). Embryos treated with 4�M BADGE and 5nM RA (K) or 4�M BADGE
and 0.3�M Win (L) had a restored expression of lpl. Q, BADGE-treated embryos had a reduced area of lpl expression compared with control embryos,
which was restored with treatment RA or Win. N, Embryos treated with 10�M Rosi had increased lpl expression compared with controls (M). O and P,
Embryos treated with 10�M Rosi and 10�M DEAB or 3�M Rimo had lpl expression comparable to controls. R, Area of lpl expression was significantly
increased in Rosi-treated embryos, whereas it was unchanged in Rosi-and–DEAB- or Rimo-treated embryos. *, P � .05 compared with control; #, P � .05
compared with BADGE treatment; �, P � .074 compared with BADGE treatment.
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creased ORO staining in the embryos (Figure 6F). Simi-
larly, the combined 60% Rimo and DEAB doses were
sufficient to decrease lipid deposition compared with con-
trol embryos, similar to the full doses, that was not seen
when embryos were treated with a 60% dose of only one
of the chemicals (Figure 6, G–L). The area of expression of
lpl was measured after treatment with the corresponding
60% doses of RA (full dose, 10nM), Win (full dose,
0.4�M) and Rimo (full dose, 4�M) from 50 to 72 hpf. A
50% dose of DEAB (full dose, 15�M) was used as a sub-
optimal treatment because a DEAB 60% dose was still
sufficient to reduce lpl expression. These treatments re-
vealed that the combined 60% treatment with Win and
RA increased expression whereas the 60% doses alone did
not (Figure 6M). The combined 60% dose of Rimo and

50% dose of DEAB was sufficient to decrease lpl expres-
sion in embryos but the individual treatment did not de-
crease expression (Figure 6N). To assess a synergistic ef-
fect, the area of lpl expression was measured in embryos
that were treated with combined full doses (Figure 6, M
and N). The full combination treatments were still signif-
icantly different from controls, but were not significantly
different from the combination treatments. This reveals an
additive effect, and not a synergistic effect, of the two
pathways.

To determine whether there were interactions between
the two pathways, we monitored the expression of genes
in one pathway while modulating the other. RA activity
can be indirectly observed by measuring the expression of
aldh1a2, an enzyme involved in RA production, or

Figure 5. RA signaling influences adipocyte differentiation. (A) Timing of treatment: treatment of cells began 4 days after seeding and 3 days
before differentiation was initiated. Treatment was given for 10 days. B–F, Mouse 3T3–L1 fibroblasts were stained with ORO after 10 days of
differentiation treatment and 13 days of chemical treatment. C, Cells treated with 10�M DEAB had similar amounts of ORO to control cells (B)
and 10�M Rosi-treated positive control cells (E). D, 1�M RA-treated cells had a much reduced ORO stain, which was similar to the 3�M berberine-
treated negative control cells (F). G, Quantification of ORO shows a significantly decreased amount of lipid in RA and berberine-treated cells.
Quantitative RT-PCR showed that DEAB increased the expression of Lpl (H), C/ebp� (I), C/ebp�1 (J), and Ppar� (K), whereas RA treatment
decreased expression of the genes.
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cyp26a1, a gene that targets RA for degradation and that is
up-regulated in presence of RA. However, treatment with
WinandRimodidnot influence theexpressionofaldh1a2or
cyp26a1 (Supplemental Figure 4, A–P). Similarly, RA and
DEAB treatments did not alter the expression of cb1 (Sup-

plemental Figure 4, Q–T). Therefore, we were unable to es-
tablish a direct interaction of the two signaling pathways.
Althoughaninteractionwasnotobserved, theseexperiments
confirmed that the RA and ECS pathways have additive ef-
fects on lipid abundance and lipid metabolism.

Figure 6. RA signaling and the ECS show combinatorial effects. (B) A full dose of Win from 26–55 hpf increased ORO stain, whereas a 60% dose
(C) had no effect compared with control embryos (A). D, Full RA treatment increased ORO stain, whereas a 60% dose (E) had no effect. F, A
combined 60% dose of the both Win and RA caused an increase in ORO stain. H, A full dose of Rimo decreased ORO stain, whereas a 60% dose
(I) showed no effect compared with control embryos (G). J, A full dose of DEAB treatment decreased ORO stain, whereas a 60% dose (K) showed
no effect on ORO stain. L, A combined 60% dose of Rimo and DEAB showed a decrease in ORO stain. M, Combined 60% doses and full doses of
RA and Win caused an increase of lpl expression, whereas 60% treatment alone did not cause an increase. N, Combined treatments of both full
and 50% DEAB and 60% Rimo caused a decrease of lpl expression, whereas respective treatments alone did not cause a significant decrease.
*, P � .05 compared with control.
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Discussion

This study has shown that both the ECS- and RA-signaling
pathway influence lipid abundance during zebrafish em-
bryogenesis and that these actions can be combined to
produce an enhanced effect. This combined effect, espe-
cially the effect that is caused in an additive manner of
suboptimal doses, was important to establish because cur-
rent clinical use of therapeutics that modulate these path-
ways are associated with toxic effects, which, in the case
of Rimo has prevented its approval as an appetite regula-
tor (52, 53). We further demonstrated that these pathways
ameliorated the decrease of lipid levels caused by PPAR�

inhibition, suggesting they lie downstream or are indepen-
dent of this important regulator.

A key finding from this study was that the ECS and RA
pathway could influence lipid deposition in vivo during
embryogenesis. The activation of both the ECS and RA
pathway led to an up-regulation of the lipoprotein lipase
gene, which fits with the observed increases in lipid abun-
dance marked by ORO, as lipoprotein lipase processes
lipids within lipoproteins. A higher amount of lipoprotein
lipase may therefore be required to process the increased
abundance of lipids present in the embryos. Activation of
the ECS has been shown to enhance increase Lpl expres-
sion (14) and lipogenesis in vitro (54), whereas ECS inhi-
bition causes an increase in fatty acid oxidation (55). In-
creased lipogenesis could explain the increased lipid
abundance detected in the embryos under ECS-activating
treatments. It is unlikely that the increased lipid abun-
dance is due to a decrease in fatty acid oxidation in our
model, given that we did not detect a difference in oxygen
consumption in the Win-treated embryos. In addition, it
cannot be ruled out that the increased lipid abundance was
caused by an increase of lipid trafficking from the yolk to
the body. Furthermore, activation of the ECS has been
shown to enhance adipocyte differentiation in vitro with
corresponding increases in Ppar� expression (56, 57). It
should be noted that in our model we were not measuring
the presence or absence of adipocytes specifically, as in
zebrafish they do not fully differentiate until 8 dpf at the
earliest (31), although we were analyzing the presence of
c/ebp� and ppar�, which could suggest the relative pres-
ence of preadipocyte cells.

The involvement of CB2 in controlling lipid abundance
was unexpected, given that CB1 has been posited as the
key receptor influencing lipid metabolism (17, 56, 58),
whereas CB2 has been primarily identified as being in-
volved in inflammation (59, 60). However, it has been
shown that CB2 is expressed in mature human adipocytes
(61). In addition, obese patients have higher circulating
2-AG levels (17), which has an equally high affinity for the

CB2 receptor as it does for the CB1 receptor (62), indi-
cating that a possible increase in CB2 activity is associated
with total lipid levels. Furthermore, lipid production was
shown to be induced by selective CB2 signaling in human
sebocytes, which led to an increase in Ppar� expression
(63). Our data are the first to demonstrate that the CB2
receptor can influence lipid abundance in vivo indepen-
dent of the activity of CB1. Also, there should be no non-
specific activation of CB1 because the concentration of the
selective CB2 agonist used in this study, Hu 308, was far
below the binding affinity for CB1 (64). Therefore, we
conclude that CB2 in conjunction with CB1 can influence
lipid abundance in zebrafish during embryogenesis.

Because of the conflicting results reported on the effects
of RA, having both pro- and antiadipogenic properties
(23, 25, 28, 29), we performed an analysis of RA treatment
on 3T3-L1 cells. Our results supported the findings by
Kuri-Harcuch et al (25) showing an inhibition in adi-
pocyte differentiation in 3T3-F442A cells. In line with
their results, we saw this effect to be the strongest when
cells were treated prior to differentiation. These results
create an apparent contradiction to the effects that we
observed when we treated our zebrafish embryos, where
RA exposure caused an increase in lipid levels and c/ebp�,
fabp11a, and lpl expression. However, the inhibitory ef-
fects of RA fit more with results reported by Berry et al
(23), where RA was shown to prevent adipocyte differen-
tiation in diet-induced obese mice through an increase in
expression of Kruppel-like factor 2, Sox9, and Pref-1. The
discrepancy of the effect of RA on lipid abundance could
be an outcome of differences between mature adult cell
lines and the cells of an embryo. For example, Li et al (65)
showed that the neckless zebrafish mutant, which lacks a
functional aldh1a2, had reduced lipid content in the pha-
ryngeal arches due to cranial neural crest fate changes.
Furthermore, RA is required at an early stage to differen-
tiate embryonic stem cells into mature adipocytes (66).
These previously reported findings and our results suggest
differing roles for RA to enhance lipid abundance during
embryogenesis and to inhibit adipocyte differentiation in
mature cells. To further assess whether RA truly acts dif-
ferently during embryogenesis and in the adult organism,
other species could be studied during development under
exposure to RA. Furthermore, adult zebrafish could be
monitored under exposure to RA to understand whether
this is a species-specific effect.

There has been only one previous publication to show
a link between these the ECS and RA signaling. It was
identified that RAR� binds to the promoter of Cb1 in
mouse hepatocytes and when activated increased its ex-
pression (67). However, that study did not investigate
lipid quantity or lipid-associated gene expression in liver
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cells. In our analysis, we were unable to observe a direct
interaction with regard to changes in gene expression
caused by modulation of either of the pathways. However,
for monitoring the ECS, the expression of one receptor
may not suggest a change in overall signaling activity, as
the expression of a single receptor within a complex sig-
naling pathway is not a comprehensive indicator of the
activity of that pathway. Although, the combined influ-
ence on lipid abundance suggests a potential interaction,
but it is possible that these two pathways work indepen-
dently to influence the expression of lpl and c/ebp� and
increase lipid abundance in the developing embryo.

Another interesting outcome of our study was that the
two pathways ameliorated the negative effects caused by
PPAR� inhibition. Because PPAR� plays a role in lipid
metabolism, our aim was to determine the effects of the
two pathways on lipid abundance with regard to PPAR�.
Given that modulation of the ECS or RA signaling showed
no effects on ppar� expression, but were able to increase
ORO stain and lpl expression, these two pathways either
act downstream or independently of PPAR� signaling. In-
terestingly, it has been shown in human primary adi-
pocytes that activation of PPAR� with Rosi decreased the
expression of CB1 (68). Therefore, in our model, it is pos-
sible that decreased PPAR� activity increased cb1 expres-
sion, which, combined with the ECS agonist, could have
led to the increased lipid content.

The demonstrated effects on lipid abundance and gene
expression caused by the interaction between the ECS and
RA signaling may lead to a re-evaluation of the therapeutic
potential of these drugs. Our results suggested that these
pathways are viable targets to treat obesity. Additional
experiments involving adult zebrafish or rodents could be
conducted in the future to further elucidate the interac-
tions of these pathways in mature and mammalian mod-
els. However, prior to now, associated toxic effects and
other adverse effects have prevented the use of these drugs
in humans (52, 53). Therefore, a dual prescription of these
treatments at lower doses may be used to limit lipid abun-
dance in obese patients while avoiding the off target/ad-
verse effects associated with full posology of these drugs.
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