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1 | INTRODUCTION

Erin Faught |

Helio Santos | Mathilakath M. Vijayan

Abstract

The proopiomelanocortin (Pomc)-derived peptides, including adrenocorticotropic hor-
mone and a-melanocyte stimulating hormone (a-Msh), play both a central and a
peripheral role in modulating the stress response. The central role is predominantly
associated with nutrient homeostasis, while peripherally they play an important role in
the synthesis of glucocorticoids (GCs) in response to stress. Pomc mutations are a major
risk factor in the development of early-onset childhood obesity in humans. This is at-
tributed primarily to their central effects on melanocortin receptor dysfunction leading to
hyperphagia and reduced energy expenditure, while the peripheral mechanism con-
tributing to obesity has largely been unexplored. Here, we tested the hypothesis that
Pomc mutation-mediated adrenal insufficiency and the associated changes in GC
signaling contribute to postnatal adiposity using zebrafish as a model. We generated a
ubiquitous Pomc knockout zebrafish that mimicked the mammalian mutant phenotype of
adrenal insufficiency and enhanced adiposity. The loss of Pomc inhibited stress-induced
cortisol production and reprogrammed GC signaling by reducing glucocorticoid receptor
responsiveness, whereas the mineralocorticoid receptor (Mr) signaling was enhanced.
Larval feeding led to enhanced growth and adipogenesis in the Pomc mutants, and this
was inhibited by eplerenone, an Mr antagonist. Altogether, our results underscore a key
role for Mr signaling in early developmental adipogenesis and a possible target for
therapeutic intervention for early-onset childhood obesity due to Pomc dysfunction.
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hormone (Acth) from the pituitary, orchestrate the stress-induced GC

biosynthesis in the adrenal cortex (Charmandari et al., 2005; Nicolaides

The activation of the hypothalamus-pituitary-adrenal (HPA) axis is a
highly conserved response to stress in vertebrates leading to the pro-
duction of glucocorticoids (GCs) (Charmandari et al., 2005; Nicolaides
et al, 2015). The two key neuropeptides, the corticotropin-releasing

hormone (Crh) from the hypothalamus and the adrenocorticotropic

et al., 2015). The Acth is produced in the anterior pituitary from a pro-
hormone, the proopiomelanocortin (Pomc), which is enzymatically
cleaved by the pro-hormone convertases (Harno et al., 2018). Acth binds
to Mc2r, a G-protein coupled receptor, in the adrenal cortex to stimulate
GC synthesis (Charmandari et al., 2005; Nicolaides et al., 2015). The
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stress-induced GC production facilitates stress coping and allows the
control of circulating levels of the steroid to return to basal levels, both
mediated by activating either the glucocorticoid receptor (Gr) and/or the
mineralocorticoid receptor (Mr) (Charmandari et al., 2005; De Kloet
et al,, 1998; Nicolaides et al., 2015).

The critical role of Pomc in adrenal function is evident from studies
showing that mutations in Pomc lead to adrenal insufficiency and a loss of
stress-induced GC elevation (Charmandari et al., 2014). To a large extent,
the circulating GC levels dictate the activation of the corticosteroid
receptors, as Mr has a 10 x higher affinity for this steroid and hence basal
levels of GCs bind to Mr, whereas stress-induced and/or circadian peak in
this steroid preferentially activates the Gr (De Kloet et al., 1998, 2018).
Pomc mutations, which disrupt the Acth and a-Msh peptide synthesis,
have been associated with early developmental adrenal insufficiency, lack
of GC response to stress, obesity, and abnormal pigmentation in human
patients (Krude & Griiters, 2000; Krude et al., 1998). The obesity in Pomc
mutants is primarily associated with a dysfunction in the central mela-
nocortin system (Kihnen et al, 2019; Sweeney et al., 2023), as the
central Pomc-derived a-Msh is an agonist of the melanocortin 4 receptor
(Mc4r) and suppresses feeding (anorexigenic). The lack of a-Msh in the
Pomc mutants lead to an upregulation in the orexigenic peptide agouti-
related protein (Agrp), which stimulates hyperphagia and obesity
(Sweeney et al., 2023; Zhang et al.,, 2012).

While the role of hypothalamic-melanocortin system in the etiology
of childhood obesity has received attention (Faroogi et al., 2000; Krude &
Griters, 2000; Kiihnen et al., 2019), an understanding of the contribution
of peripheral signaling to increased adiposity in the Pomc mutants is
lacking. Given that basal GC levels preferentially activate Mr (De Kloet
et al., 1998, 2018), a key stimulator of postnatal adipogenesis in mammals
and zebrafish (Danio rerio) (Caprio et al., 2007; Faught & Vijayan, 2019),
we tested the hypothesis that Pomc mutation increases adiposity by
differentially modulating the corticosteroid receptor signaling using zeb-
rafish as a model. Zebrafish has two paralogs of pomc (pomca and pomcb)
(Gonzalez Nunez, 2003), but only pomca is functionally relevant for the
activation of the hypothalamus-pituitary-interrenal (HPI) axis (Shi
et al, 2019), which is analogous to the hypothalamus-pituitary-adrenal
(HPA) axis in mammals, as teleosts lack a discrete adrenal gland
(Mommsen et al., 1999). Although recent studies confirmed that Pomc
knockout showed interrenal insufficiency in zebrafish (Shi et al., 2019;
Yang et al.,, 2023), its role in the development of early adipogenesis has
not been addressed. Here we generated a Pomca knockout zebrafish,
that mimicked the phenotype exhibited by the Pomc mutants in humans
(Krude & Griiters, 2000; Krude et al., 1998), and our results indicate a key

role for Mr signaling in mediating the postnatal adiposity.
2 | METHODS

2.1 | Animal care and ethics

Tupfel long fin strain (TL) adult zebrafish were maintained in a re-

circulating system (Tecniplast, Italy) that was set to a 14 h light:10 h dark
photoperiod, and the water temperature was maintained at 28°C as

described previously (Faught & Vijayan, 2018). Fish were fed with dry
pellet food in the morning (10:30 AM, Gemma micro-500, Skretting,
Canada) and live Artemia culture in the evening (4:00 PM, San Francisco
Bay Brand, Inc.). For all experiments, 6-12-month-old male and female
zebrafish were used as breeders. For sample collection, the larvae were
euthanized with an overdose (4g/L) of NaHCO; buffered MS-222
(Tricaine methanesulfonate or TMS, Sigma). All the experiments described
in the present study were approved by the Institutional Animal Care
Committee (protocol number: AC21-0061) and was in accordance with

the guidelines of the Canadian Council for Animal Care.

2.2 | Generation of pomc”" zebrafish

Homozygous mutants lacking pomca (pomc™”") were generated using
CRISPR/Cas? mutagenesis following the procedure described previ-
ously (Faught & Vijayan, 2018). Briefly, wildtype (WT) male and
female zebrafish were bred and the embryos at the one-cell stage
were injected with the sgRNA: TAATACGACTCACTATAGGAATCCG
CCGAAACGCTTCGTTTTAGAGCTAGAAA. Identification of homo-
zygous mutants were carried out as described earlier (Faught &
Vijayan, 2018). Briefly, mosaic founders were outcrossed to WT fish.
Embryos were collected and DNA was extracted (50 MM NaOH,
20 min at 95°C, and neutralized 1:1 with 100mM Tris, pH 7.5).
Extracted genomic DNA (gDNA) was amplified using site-specific
primers (F-gtaaaacgacggccagtCGCAGCCCCTGAACAGATAG, R-gtgt
cttCAGGACTTCATGAAGCC-TCC) using the following PCR condi-
tions: 95°C (5min), 40 cycles of 94°C (1 min), 57°C (1 min), 72°C
(30 s), final extension at 72°C (5 min), hold at 4°C. The PCR products
were sent for Sanger sequencing and analyzed using the Seq Scanner
2 Software (Applied Biosystems) to identify the mosaic founders.
Heterozygous fish were incrossed and WT, heterozygous, and
homozygous mutants were confirmed via capillary electrophoresis
fragment analysis (University of Calgary, Sequencing Core Facility). In
all cases, we used maternal zygotic mutants (incross of Pomca KO
(pomc™") siblings).

2.3 | Functional knockout confirmation
To check if the mutants generated were a functional knockout, we
performed the following tests.

2.3.1 | Immunohistochemical localization of Acth
and a-Msh

The pomc” larvae were subjected to immunohistochemistry (IHC) to
confirm the loss of Acth and a-Msh following histological techniques as
described earlier (Santos et al., 2008). The sections were incubated with
anti-Acth (ab74976, Abcam, rabbit polyclonal, 1:100) and anti-a-Msh
(ab123811, Abcam, rabbit polyclonal, 1:100) antibodies in a humid
chamber overnight at 4°C, followed by secondary antibody (anti-rabbit
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Alexa Fluor 488, 1:500) solution for 2 h at room temperature. The nucleus
was stained using DAPI. Slides that did not receive the primary antibody
were run as a negative control. Both the anti-Acth and anti-a-Msh pri-
mary antibodies have been previously validated in fish (Royan
et al., 2021). The slides were imaged immediately with a Leica DFC 345
FX fluorescent camera (Leica Microsystems). Zebrafish brain atlas
(https://zfin.org/zf_info/anatomy.html) was used as reference to identify

the different regions of the brain.

2.3.2 | Pigmentation

To assess the pigmentation, both WT and pomc™” larvae at 6 dpf were
euthanized (MS-222) and imaged immediately using a M165 Dis-
secting Scope (Leica). The pigment intensity was quantified in the
head region (between the eye and trunk as shown in Figure 1c) using
ImageJ (NIH) as described previously (Balamurugan et al., 2022).

2.3.3 | Stress-induced cortisol response

To assess stress-induced cortisol levels, both WT and pomc”” larvae were
subjected to an acute stressor as described previously (Faught &
Vijayan, 2018). Briefly, both genotypes were subjected to a physical
stressor (swirling stressor; 250 rpm for 1 min, 28°C) and the larvae were
euthanized at 5-, 10-, and 30-min post-stressor. A pool of 12 larvae per

sample (n = 8-12) were stored at -80°C for cortisol analysis later.

24 | Feeding study

Both WT and pomc™” larvae (50 larvae per trial, 4 independent trials)
were fed from 6 dpf onwards with Gemma micro 150 (Skretting) with
50% water (zebrafish system water) exchange daily. Equal amounts of
feed based on a previous study (Thompson et al., 2024) was provided
to each group daily.

2.5 | Hormone and drug treatments

2.5.1 | Cortisol

WT and pomc™ fish at 5 dpf were treated with cortisol (5 ug/mL,
hydrocortisone, Sigma) for 16 h, as described previously (Faught &
Vijayan, 2022). The next day (6 dpf), larvae were sampled and pro-
cessed for IHC (brain and liver sectioning for Gr and Mr IHC), tran-

script abundance and Western blot analysis (see below).

2.5.2 | Eplerenone

To confirm Mr signalling, WT and pomc™” larvae at 5 dpf were treated
with the Mr antagonist eplerenone (Sigma) (5 ug/mL) overnight as
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described previously (Faught & Schaaf, 2023) and the larvae were
sampled at 6dpf for the transcript abundance of Mr-responsive
genes. Furthermore, to test whether Mr is mediating the adiposity,
both WT and pomc™~ larvae were treated with eplerenone (5 ug/mL)
from 6 to 15dpf and growthassessed (see below). Water was re-
placed (50%) daily with the drug.

2.6 | Growth assessment
Growth assessment was carried out by sampling the larvae at 15 dpf
for weight and length, which was obtained by imaging using M165

Dissecting Scope (Leica).

2.7 | Gr and mr immunohistochemistry

To assess the Gr and Mr immunofluorescence in the brain and liver,
cross-sections of larvae were obtained as described above. The
sections were confirmed by checking under a dissection microscope
using ZFIN larval anatomy tool as reference to confirm different
areas (https://zfin.org/zf_info/anatomy.html). Following that, the
sections were dewaxed and hydrated. Sections were not run through
any antigen retrieval protocol for both Gr and Mr antibodies. The rest
of the procedure were as described earlier in the IHC section for Acth
and a-Msh. Briefly, the sections were treated with 1% SDS in PBS
(5 min), followed by blocking with 1% bovine serum albumin (BSA) in
PBST (PBS with 0.005% Tween 20) with 5% normal goat serum
(20 min). Following blocking, the sections were incubated with the
antibodies in a humid chamber overnight at 4°C. The next day, sec-
tions were washed with PBST and incubated with secondary anti-
body (anti-rabbit Alexa Fluor 488, 1:500) for 2 h at room tempera-
ture. The nucleus was stained using DAPI. Slides that did not receive
the primary antibody were run as a negative control. Both anti-Gr
and anti-Mr antibodies were previously validated (Faught &
Vijayan, 2018). The slides were imaged with a Leica DFC 345 FX

fluorescent camera (Leica Microsystems).

2.8 | Nile red staining

To assess the amount of lipid accumulated in the WT and pomc™” larvae,
both groups were subjected to Nile red fluorescent staining as described
previously (Thompson et al., 2024). Briefly, WT and pomc”” larvae at
15 dpf were euthanized, incubated with Nile red solution (0.1 pug/mL) for
30 min and imaged immediately with a Leica DFC 345 FX fluorescent
camera (Leica Microsystems). The abdominal and subcutaneous lipid
accumulating regions including the abdominal visceral (AV), pancreatic
visceral (PV), subcutaneous appendicular loose (AL) and abdominal truncal
(AT) adipocytes were imaged (Supporting Information S1: Figure S3).
ImageJ (NIH) was used for quantifying the fluorescent intensity or relative
fluorescence units (RFU) as described previously (Balamurugan
et al,, 2022; Thompson et al., 2024).
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2.9 | Western blot performed as described previously (Faught & Vijayan, 2018). The

membranes were probed with either anti-trout Gr (1:1000) or anti-
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- zebrafish Mr (1:500) primary antibodies overnight at 4°C followed by
PAGE) and Western blot analysis for zebrafish Gr and Mr were goat anti-rabbit IgG secondary antibody (1:2000; Bio-Rad) for 2 h at
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room temperature as described previously (Faught & Vijayan, 2018).
The image of the full blot is shown in Supporting Information S1:

Figure S2.

2.10 | Triglyceride and glycerol measurement

The samples were homogenized as mentioned above and the tri-
glyceride and glycerol concentrations were measured using a com-
mercial kit (Sigma) as described previously (Faught & Vijayan, 2019;
Thompson et al., 2024).

2.11 | RNA extraction, cDNA synthesis and gPCR

WT and pomc'/' larvae at 6 and 15 dpf were euthanized using an
overdose of MS-222 and were flash frozen on dry ice and stored at
-80°C. TRIzol reagent (Invitrogen) was used for total RNA extraction
following the manufacturer's instructions. The quality and quantity of
the extracted RNA (260/280 and 260/230 ratios) were measured
using a Nanodrop 2000 spectrophotometer (Thermo Scientific). A
total of 1 ug RNA was treated with DNase | (Thermo Scientific),
followed by cDNA synthesis using High-Capacity cDNA reverse
transcription kit (Applied Biosystems) following manufacturer's
instruction. SS Advanced SYBR green (Bio-Rad) and QuantStudio 3
Real-Time PCR system (Applied Biosystems) was used for quantifying
transcript abundance. The forward and reverse sequence of the
primers used for qPCR are shown in Table 1. The gPCR cycle con-
ditions used were: 94°C for 2 min, followed by 40 cycles at 95°C for
30, primer-specific annealing temperatures for 30s, and 10 min at
72°C. For data normalization, b-actin was run as the housekeeping

reference genes. Primer validation (via Sanger sequencing), and
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optimization were carried out before gPCR. To verify the absence of
primer dimers or artifacts for each primer set, a melt curve analysis
(65°C to 95°C (5 s) was performed for each run. All samples were run
in duplicates and negative controls (nuclease-free water instead of
cDNA) were run for each gene. Data were analysed and the relative

AACT method as

transcript abundance was assessed using the 2~
described previously (Thompson et al., 2024). All transcripts shown in

the manuscript are from cDNA obtained from larval total RNA.

2.12 | Statistical analysis

For comparing two groups, Student's t test was used, while for
multiple comparisons, one-way ANOVA followed by Tukey's post hoc
test was carried out and p < 0.05 was considered significant. Whole
larval cortisol data were analyzed using two-way ANOVA followed by
Tukey's multiple comparison test (p<0.05). PRISM version 7
(GraphPad Inc.) software was used for statistical analysis and for
generating graphs. All data are represented as mean+SEM with
overlayed data points (in bar graphs). Data sets that failed to meet the
assumptions of normality and homoscedasticity were transformed
before statistical analysis, but all data sets shown in the graphs are
untransformed data.

3 | RESULTS

3.1 | Lack of pomca reflects interrenal insufficiency
As the lack of Pomca led to interrenal insufficiency in zebrafish (Shi
et al., 2019), we edited pomca (pomc”") at exon 3 by CRISPR/Cas9

mutagenesis to generate a knockout (Figure 1a and Supporting

FIGURE 1 Lack of Pomca reflects interrenal insufficiency. (a) Schematics of the Pomca knockout (pomc™””) showing the 14 bp deletion (red
letters) in the exon 3 of the Pomca gene. The white box on either end represents the 5'-3’ upstream and downstream sequences, respectively,
and the introns are represented as black lines and exons as a black box; (b) Anatomical view of wildtype, and pomc™” larvae at 6 days post-
fertilization (dpf) showing where the histological sections were obtained for identification of the hypothalamus and pituitary regions. The top
panel shows the cross-section of brains stained with hematoxylin and eosin (I and Il) and the bottom panels are immunostained for Acth (Il and
1V) and a-Msh (V and VI); Tectum (Tt), tegmentum (Tg) and hypothalamus (Hp). White arrows indicate Acth- and a-Msh-positive cells. Asterisk (*)
denotes the cranial cavity. The rectangle in the insert indicates the hypothalamic and pituitary regions that were magnified. -1l (bar 20 um),
I1-VI (bar 10 um) and Insert (bars 40 um). The Acth and a-Msh immunoreactivity is absent in the pomc”” larvae; (c) Representative image of 6 dpf
larva showing reduced pigmentation in the pomc” larvae (arrowhead) compared to WT (left panel); (d) Quantification of larval pigmentation
between the genotypes at 6 dpf (t test, n = 20 larvae per group, ***p < 0.001); (e)The acute cortisol response to a physical stressor (1 min at
250 rpm) was inhibited in the 4 dpf pomc™" larvae (symbols with different letters are significantly different (2-way ANOVA; n = 8-12, each a pool
of 12 larvae); (f) bars represent significant differences in the transcript abundance of mc2r, star, p450ssc, nr3c1, nr3c2, and hsd11b2 in WT and
pomc™” larvae at 6 dpf (t test, n = 6-7, each a pool of 12 larvae, *p < 0.05, **p < 0.01, ***p < 0.001); (g) Anatomical view of wildtype and pomc™”
larvae at 6 dpf showing glucocorticoid receptor (Gr) and mineralocorticoid receptor (Mr) immunoreactivity in the control (i and iii and ii and iv)
and cortisol (v and vii and vi and viii) treated groups in the hypothalamus. The panel on the left side shows the anatomy and cross-section of the
body stained with Hematoxylin and Eosin (H&E) and the area inside the box indicate where the zoomed images of the brain were acquired to
evaluate the immunostaining for Gr and Mr expression (white arrows and *); (h) Cross-section of WT (i, iii, v and vii) and pomc™” (i, iv, vi and viii)
larvae liver at 6 dpf showing Gr and Mr immunoreactivity with and without cortisol treatment. The panel on the left side shows the anatomy and
cross-section of the body stained with H&E to indicate where the zoomed images of the liver were acquired to evaluate the immunostaining for
Gr and Mr expression; white arrows indicate Gr- and Mr-positive hepatocytes; spinal cord (SC), notochord (N), muscles (M), head kidney (HK),
anterior intestine (I), yolk sac (YS) and liver (L). Bars: 10 um (i-viii) and 50 um for the trunk stained with H&E. The transcript abundance and
cortisol levels are from whole larvae.
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TABLE 1 List of primers used for qPCR.
Gene name Accession number Forward primer (5’'-3’) Reverse primer (5'-3’)
B-actin NM_181601 2 TGTCCCTGTATGCCTCTGGT AAGTCCAGACGGAGGATG
nr3c1 NM_001020711.3 ACAGCTTCTTCCAGCCTCAG CCGGTGTTCTCCTGTTTGAT
nr3c2 NM_001100403.1 CCCATTGAGGACCAAATAC AGTAGAGCATTTGGGCGTTG
igf1 NM_131825.2 CCACGATCTCTACGAGCACA TCGGCTCGAGTTCTTCTGAT
igf2 NM_001001815.1 TGCAGGTCATTCCAGTGATG TAGCCTCTGAGCAGCCTTTC
igflra NM_152968.1 GTTTGACGAGACGCAGCCTTAC CAAAGGGAGGAGGGAAATGTGT
igflrb NM_152969.1 CGGATGCGTCGGATGTGTGT GTCTGGCGGAAATAACAAATGAGT
igf2r NM_001039627.2 ACCCCTGTCCTCAAGTAACAGAT TTGCACACCGTCAGTACAAAAG
Ipl NM_131127.1 ACAATTGACCCAACTGCTGA GGTTCTTCGAGGGTCCGAAA
fasn XM_056470098.1 GGAGCAGGCTGCCTCTGTGC TTGCGGCCTGTCCCACTCCT
elovl2 NM_001040362.1 CACTGGACGAAGTTGGTGAA TTGAGGACACACCACCAGA
dgat2 NM_001030196.1 CCATACTTGCTGCATATTCC ATGTCATGATAAACTGCAGC
ppary NM_131467.1 TGCCGCATACACAAGAAGAG ATGTGGTTCACGTCACTGGA
fkbp5 NM_213149.1 GTGTTCGTCCACTACACC TCTCCTCACGATCCCACC
hsd11b2 NM_212720.2 TGCTGCTGGCTGTACTTCAC ATCCAACTTCTTTGCTG
Lepa NM_001128576.1 TCGTCAGAATCAGGGAACAC CCCAATGATGAGCGTTGGA
Lepb NM_001030186.3 GATGAGCACTTCCAGATGTC TGTCTATGTTGAGGCAGAGC
Crh NM_001007379 CACCGCCGTATGAATGTAGA GAAGTACTCCTCCCCCAAGC
crhrl XM_056453349.1 CAGTCATCATCAACTACCTGGG AGCTGAACCACGAACCA
mc2r NM_180971.1 CTCCGTTCTCCCTTCATCTG ATTGCCGGATCAATAACAGC
mc3r NM_180972 CTGATTCTCCAGCAGGGACG ACCACAGCCGAGATGACAAG
mc4r NM_173278 AGCCCTCTCATGGTGACAGA CGATGGCTGCAATCACAAGG
Star NM_131663.1 TCAAATTGTGTGCTGGCATT CCAAGTGCTAGCTCCAGGTC
p450ssc NM_152953 AGGGCCATCACCCCAATAG CCAGGCCTTCCCTTCTTTTAG
Agrp NM_001328012.1 CACAGACTCACTGCCTGAAA TAGCCTCTGAGCAGCCTTTC
npy NM_131074.2 CAAGCGCTGACACCTTAAT GATGAGATCACCATGCCAAATG

Information S1: Figure S1). The homozygous mutants lacked Acth and
a-Msh immunoreactivity in the pituitary gland of zebrafish larvae
(Figure 1b). The mutant larvae also showed hypopigmentation com-
pared to the WT larvae (Figure 1c,d). Furthermore, the pomc™”” larvae
were unable to elicit an acute stress-induced cortisol elevation
(Figure 1e), which was evident in the wildtype larvae with a functional
HPI axis (Alsop & Vijayan, 2008; Faught & Vijayan, 2018), confirming
a secondary interrenal insufficiency. Among the HPI axis-related
genes we tested, mc2r, p450ssc, nr3c1 and nr3c2 transcripts were
significantly higher, whereas star, and hsd11b2 were significantly
lower in the pomc™”” group compared to the WT larvae (Figure 1f). The
target tissue Gr and Mr immunoreactivity in the brain and liver
remained unchanged in both genotypes (Figure 1g,h). As teleosts lack
aldosterone, it has been shown that cortisol acts both as a GC and a
mineralocorticoid (Baker & Katsu, 2017; Kiilerich et al, 2011;

McCormick et al., 2008). So, we tested whether cortisol stimulation
modulated the corticosteroid receptor expression in the Pomc mu-
tants. Indeed, treating larvae with cortisol led to an increase in the Gr
and Mr immunoreactivity in the brain (Figure 1g) and liver (Figure 1h),

irrespective of the genotype.

3.2 | Lack of pomc increases postnatal Mr
responsiveness

To test if the loss of pomca affects corticosteroid receptor respon-
siveness, we assessed Gr and Mr protein expression and their target
genes response in the unstimulated and cortisol-stimulated WT and
Pomc mutants. As seen with the IHC, the whole larvae Gr (Figure 2a)
and Mr (Figure 2b) unstimulated protein expression did not show a
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genotype effect. However, cortisol stimulated the corticosteroid receptor activation. To test this, we measured the transcript abun-
receptor protein expression in both genotypes. The Gr protein ex- dance of their target genes in zebrafish. Previous studies have shown
pression was lower (Figure 2a), whereas the Mr protein expression that the leptin paralogs (lepa and lepb) are an excellent readout for Mr
was higher (Figure 2b) in the pomc™” larvae compared to the wildtype, activation, along with fkbp5 and 11bhsd2 as readouts for Gr activa-

suggesting a possible genotype-specific differential corticosteroid tion in zebrafish larvae (Faught & Vijayan, 2019, 2020; Gans
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et al., 2021). Despite the absence of any change in the corticosteroid
receptor protein expression between the genotypes, the transcript
abundance of fkbp5 and 11bhsd2 were lower (Figure 2c) whereas the
lepa and lepb were higher (Figure 2d) in the pomc™~ larvae confirming
differential receptor responsivity. This was further evident in the
cortisol-stimulated larvae, where the higher receptor protein ex-
pression reflected a higher transcript abundance of their respective
responsive genes. However, the cortisol-induced fkbp5 gene ex-
pression was attenuated (Figure 2e), whereas the cortisol-induced
lepa gene expression was strengthened (Figure 2f) in the pomc”
larvae compared to the WT, pointing to a reduced Gr- and enhanced
Mr-responsiveness. So, to confirm if indeed the upregulation of lep
paralogs were due to Mr signaling, we treated the larvae with
eplerenone, a Mr-specific antagonist in zebrafish (Faught &
Schaaf, 2023; Pippal et al., 2011). Eplerenone abolished the lepa and
lepb upregulation (Figure 2g) in the pomc™” zebrafish larvae.

3.3 | Lack of pomca enhances postnatal growth

As early onset childhood obesity is a hallmark of the Pomc mutants,
we investigated whether enhanced postnatal growth was also the
case in our zebrafish model. For this, we assessed growth and lipid
accumulation 9 days (at 15 dpf) after the commencement of larval
feeding as described previously (Faught & Vijayan, 2019). Both
genotypes had similar basal cortisol levels at 15 dpf (Figure 3a), but

the pomc””

larvae were longer (Figures 3b,c) and 50% heavier
(Figure 3d) post-feeding. We measured the feeding-related peptide
to assess whether the heavier body mass may be associated with
hyperphagia. There were no significant changes in the transcript
abundance of orexigenic neuropeptides agrp and npy (Figure 3e),
while the transcript abundance of key melanocortin receptors,
including mc3r and mc4r, involved in feeding suppression was higher
in the pomc™”” larvae (Figure 3e). Also, we did not observe any sig-
nificant changes in either the total protein content (Figure 3f) or
genes (Figure 3g) involved in regulating the lean body mass, including

the igfs and their receptors (Wood et al., 2005), leading us to the
hypothesis that the higher larval mass in the Pomc mutants may be

due to enhanced lipid accumulation.

3.4 | Lack of pomca enhances postnatal adiposity

We tested for increased adiposity in these mutants by using a com-
bination of Nile red imaging, metabolite measurement and transcript
abundance of adipogenic genes post-feeding. The lack of Pomc
increased the overall lipid droplet accumulation in the visceral
(abdominal and pancreatic visceral) and subcutaneous (appendicular
and abdominal truncal) adipocytes (Figure 4a). This was also accom-
panied by elevated triglyceride (Figure 4b) and glycerol levels
(Figure 4c) in the pomc™” larvae compared to the WT. Furthermore,
the corresponding regulation of key genes involved in adipogenesis,
including the upregulation of fasn and pparg and the downregulation
of the lipolytic gene Ipl (Figure 4d), indicate a developmental pro-

gramming effect favoring postnatal adiposity in the pomc™" fish.

3.5 | Lack of pomc-induced adiposity is mr-
mediated

Consequently, we tested whether the increased adiposity seen in the
pomc mutants is due to enhanced Mr responsiveness. We tested this
by treating the larvae with eplerenone (Ep) during the feeding period
with the prediction that the Mr antagonist would inhibit the pomc”"-
induced body mass gain and lipid accumulation. Our WT and pomc™”
responses were like that observed previously in the absence of
eplerenone (Figures 2d,g, 3c,d, and 4b-d), so we are showing the
results as % change from control (WT and pomc™”). Eplerenone
treatment during the 9 days of feeding resulted in no change in the
lepa and lepb transcript abundance in larvae lacking Pomca
(Figure 5a), whereas in the absence of the Mr antagonist, there was
an upregulation in lepa and lepb in the pomc”” fish (Figure 2d,g).

FIGURE 2

Lack of Pomca increases postnatal mineralocorticoid receptor (Mr) responsiveness. (a) Representative Western blot of 6 dpf

larvae showing glucocorticoid receptor (Gr) protein expression (~90 kDa: lanes 1-2 WT, lanes 3-4 WT +F (cortisol), lanes 5-6 pomc™", Lanes
7-8 pomc”” +F). The original unprocessed blot images are shown in the supplemental file (Supporting Information S1: Figure S2). The lower blot
shows b-actin expression as a loading control. The bar graph below represents the semi-quantitative image of the Gr band intensity (n = 6, each a
pool of 12 larvae, bars with different letters are significantly different, one-way ANOVA, p < 0.05); (b) Representative Western blot of 6 dpf
larvae showing Mr protein expression (~110 kDa: lane 1 WT, lanes 2-3 WT +F, lanes 4-5 pomc™", lanes 6-7 pomc” ™+ F). The lower blot shows p-
actin expression as a loading control. The bar graph shows below represents the semi-quantitative image of the Mr band intensity (n =4, each a
pool of 12 larvae, bars with different letters are significantly different, one-way ANOVA, p < 0.05); (c) Shows the transcript abundance of Gr-
responsive genes, fkbp5 and hsd11b2 in 6 dpf WT and pomc™” larvae. Bars with asterisk (*) are significantly different (t test, *p < 0.05 and
***p <0.001, n=6-7, each a pool of 12 larvae); (d) Represent the transcript abundance of Mr-responsive genes, lepa and lepb in 6 dpf WT and
pomc™” larvae. Bars with asterisk (*) are significantly different (t test, *p < 0.05, n = 6-7, each a pool of 12 larvae); (e) Shows the transcript
abundance of Gr-responsive gene fkbp5 either without or with cortisol (F) and (f) Shows the transcript abundance of Mr-responsive gene lepa
either without or with cortisol (F) in 6 dpf WT and pomc™~ larvae; bars with different letters are significantly different (one-way ANOVA, p < 0.05,
n=7-14, each a pool of 12 larvae); (g) Shows the transcript abundance of Mr-responsive genes, lepa and lepb following eplerenone (Ep)
treatment in WT and pomc™~ fish at 6 dpf (t test, n = 5-7, each a pool of 5-8 larvae, ***p < 0.001). The transcript abundance and Western blot
results are from the whole larvae.
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FIGURE 5 Pomc-induced adiposity is mineralocorticoid receptor (Mr) mediated. To test if the adiposity phenotype in pomc™” larvae is due to
enhanced Mr responsiveness, both WT and pomc”” larvae were treated with eplerenone (Ep) for 9 days (5 ug/mL; replenished 50% daily)
from day 6 and sampled at 15 dpf. The WT and pomc™ without Ep were set as 100% to indicate the percent change due to Ep treatment in both
the genotypes. (a) Bar graph showing percent change in the transcript abundance of lepa and lepb following Ep treatment in WT and pomc™
larvae (t test, n =4-7, each a pool of 5-8 larvae, *p < 0.05); (b) Shows the percent change in length following Ep treatment for 9 days (t test,
n=15-24 larvae; ***p < 0.0001); (c) Represent percent change in body weight in both WT and pomc™~ larvae following Ep treatment (t test,
n=6, 5-7 larvae per group; ***p < 0.0001); (d) Shows the percent change in total triglycerides post Ep treatment in WT and pomc™ larvae at 15 dpf
(t test, n =6, 5-7 larvae per group; *p < 0.05); (e) Bars represent the percent change in whole larval glycerol content in WT and pomc™” larvae at 15 dpf
following a 9 day Ep treatment (t test, n= 6, 5-7 larvae per group; *p < 0.05); (f) Percentage change in the transcript abundance of pparg following Ep
treatment (n = 6-7, each a pool of 5-7 larvae, **p < 0.001); (g) Percentage change in the transcript abundance of Ip/ following Ep treatment (n = 6-7, each
a pool of 5-7 larvae, **p < 0.001). The transcript abundance and metabolite changes are from the whole larvae.

Furthermore, while a loss of Pomca resulted in an increase in the the pomc™”” fish with eplerenone and assessed the triglyceride and
larval length (Figure 3c) and mass (Figure 3d), there was a reduction in glycerol levels as well as the transcript abundance of target genes
larval length (Figure 5b) and mass (Figure 5c) in pomc™” larvae treated involved in adipogenesis. Similar to the above results, treatment of
with eplerenone. To test whether the enhanced growth seen in the pomc”” fish with eplerenone resulted in a lowering of triglyceride

pomc™” fish was due to Mr effect on lipid accumulation, we treated (Figure 5d) and glycerol levels (Figure 5e), whereas both these
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metabolites were higher in the larvae lacking Pomca in the absence of
eplerenone (Figure 4b-c). Also, changes in the molecular markers of
adipogenesis, including downregulation of pparg (Figure 5f), and up-
regulation of Ipl (Figure 5g) with eplerenone in the pomc” larvae
points to a developmental programming effect of Mr activation on
lipid synthesis.

4 | DISCUSSION

Our results underscore the key role of stress axis activity in regulating
peripheral control of adiposity in zebrafish larvae. The lack of Acth
and the associated inactivity of the stress-induced cortisol production
in the Pomc mutants reprogram corticosteroid signaling to promote
postnatal adiposity in larval zebrafish (Figure 6). Indeed, Mr activation
by cortisol has been shown to increase adipogenesis and lead to
obesity in mammalian models (Hulse et al., 2022; Parasiliti-Caprino

et al, 2022) and also to increase lipid accumulation in postnatal
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zebrafish (Faught & Vijayan, 2019). Thus, the enhanced Mr respon-
siveness of the Pomca mutants played a role in the postnatal adi-
posity seen in the zebrafish larvae, as this response was completely
abolished by Mr antagonism. Although most studies have associated
Pomc mutations and the associated early-onset childhood obesity
with central dysregulation of the melanocortin four receptor system
(Farooqi et al., 2000; Krude & Griiters, 2000; Kiihnen et al., 2019) our
results underscore Mr activation as a novel peripheral signal con-
tributing to postnatal adiposity in zebrafish lacking Pomc.

Emerging evidence supports the utility of zebrafish as an ex-
cellent model for obesity and other metabolic disorders (Faillaci
et al., 2018; Zang et al., 2018), and our Pomca knockout zebrafish
mimics the early-onset adiposity phenotype seen in humans (Baker
et al., 2005; Krude et al., 1998; Kiihnen et al., 2019). We generated
the Pomca knockout (pomc”) using CRISPR/Cas9 gene editing
resulting in a 14 base pair deletion of pomca gene. Previous studies
have confirmed that Pomca and not Pomcb contribute to the acti-
vation of the HPI axis (Kwan et al., 2016; To et al., 2007), and this was

\
O 1O m:{{ Jo
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8 Ipl
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FIGURE 6 Schematic representation of Mr activation as a possible peripheral mechanism leading to adiposity in Pomc mutants. The left
panel shows the hypothalamus-pituitary-interrenal (HPI) axis function in the wildtype larvae leading to normal growth post-feeding. The right
panel shows that the loss of Pomc leads to a lack of Acth and this leads to a reduced Gr responsiveness and an enhanced Mr responsiveness,
which regulates adipogenic genes, including pparg, Ipl and fasn, leading to adiposity. Acth, Adrenocorticotropic hormone; Crh, Corticotropin-
releasing hormone; fasn, Fatty acid synthase; Gr, Glucocorticoid receptor; Ipl, Lipoprotein lipase; Mr, Mineralocorticoid receptor; Pomc,
Proopiomelanocortin; ppary, Peroxisome proliferator-activated receptor gamma.
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supported by the pomca” that lacked a stress-induced cortisol
response in zebrafish (Shi et al., 2019; Yang et al., 2023). We gen-
erated maternal-zygotic mutants to limit the effects of maternally
derived-mRNA from heterozygous mothers (Faught & Vijayan, 2018),
and the loss-of-function was confirmed by multiple endpoints. Our

/- was functional, as IHC revealed the complete loss of both

pomc
Acth and a-Msh immunoreactivity in the pituitary gland of the zeb-
rafish larvae. The functional relevance of the knockout was further
supported by a significant reduction in the pigmentation of the larvae
(Figure 1c,d), which is associated with a lack of a-Msh production in
the pituitary (Shi et al., 2019). Furthermore, the pomc™” larvae were
unable to elicit an acute stress-induced cortisol elevation, a response
that is seen in the wildtype larvae with a functional HPI axis (Alsop &
Vijayan, 2008; Faught & Vijayan, 2018), confirming a secondary
interrenal insufficiency due to the Pomc mutation. The lack of
changes in the unstressed whole body cortisol levels in the mutants
supports the maintenance of basal interrenal steroidogenesis even in
the absence of trophic hormones and may include changes in steroid
biosynthesis and cortisol catabolism (Ehrhart-Bornstein et al., 1998).
The modulation of genes encoding star and p450scc and the down-
regulation of hsd11b2 transcripts (Figure 1f) support changes in
cortisol production and catabolism and may have played a role in the
maintenance of basal cortisol levels, especially given that whole-body
cortisol levels were measured. Despite the lack of change in basal
cortisol levels between the genotypes, the transcript abundance of
nr3c1 and nr3c2 were higher in the mutants, suggesting a possible
upregulation of corticosteroid receptor signalling. However, this was
not reflected in the Gr and Mr immunoreactivity in the brain
(Figure 1g) and liver (Figure 1h) or the larval protein expression
(Figure 2a,b) pointing to possible changes in mRNA stability/turnover
for the higher transcript abundance in the mutants.

We have previously shown that cortisol treatment affects Gr
turnover in the fish liver by modulating the Gr mRNA transcript
abundance and protein expression (Sathiyaa & Vijayan, 2003; Vijayan
et al., 2003). So, we tested whether there were any differences in
corticosteroid receptor responsivity in the WT and pomc™”” following
cortisol exposure. Interestingly, the cortisol-induced Gr protein ex-
pression seen in the WT larvae was reduced in the pomc”", whereas
the Mr protein expression was enhanced (Figure 2a,b), indicating a
differential regulation of the corticosteroid receptor expression in the
pomc™” larvae. A similar differential expression of both Gr and Mr was
seen in humans associated with HPA axis dysregulation and adrenal
insufficiency (Klok et al, 2011; Medina et al, 2013; Webster
et al., 2002), suggesting that the corticosteroid receptor dysregula-
tion associated with adrenal insufficiency may be a conserved
response. We tested whether the differential expression of the
receptors in the mutants were a reflection of altered receptor
responsiveness by measuring the transcript abundance of Gr- and
Mr-responsive genes that were validated previously in zebrafish
(Faught & Vijayan, 2019, 2020; Gans et al., 2021). Despite the
absence of any change in the corticosteroid receptor protein ex-
pression between the genotypes, the transcript abundance of

Gr-responsive genes fkbp5 and 11bhsd2 were lower whereas the

Mr-responsive genes lepa and lepb were higher in the pomc”” larvae
confirming differential receptor responsivity. This was further evident
in the cortisol-stimulated larvae, where the higher receptor protein
expression reflected a higher transcript abundance of their respective
responsive genes; however, the attenuated cortisol-induced fkbp5
and the enhancement of cortisol-induced lepa gene in the pomc””
larvae compared to the WT, supports a differential activation of the
receptors leading to enhanced MR-responsiveness. To confirm that
Mr signalling was indeed enhanced in the pomc”” zebrafish, we
treated the larvae with eplerenone, a potent Mr antagonist (Faught &
Schaaf, 2023; Pippal et al., 2011), which completely abolished the
upregulation of lep transcripts, confirming an enhanced Mr activation
in the pomc”” fish. These results led us to the hypothesis that en-
hanced Mr activation in the Pomc mutants as a peripheral mechanism
stimulating adipogenesis.

Our observed phenotypic changes in the pomc”~ zebrafish,
including the lack of Acth and cortisol response to stress and
abnormal pigmentation, support a conserved phenotype akin to that
seen in the human Pomc mutants (Gregoric et al., 2021; Krude &
Gruters, 2000; Krude et al., 1998). As early onset childhood obesity is
a hallmark of the Pomc mutants, we investigated whether enhanced
postnatal adiposity was also the case in our zebrafish model and is
associated with enhanced Mr signaling. In this context, we deter-
mined the growth of pomc”” after the commencement of feeding
from day 6 to day 15 as reported previously (Faught & Vijayan, 2019).
The pomc™” larvae were longer and heavier compared to the wildtype
at 15 dpf, and this growth phenotype was also seen in juveniles and
adult pomc”” zebrafish and corresponded with hyperphagia (Shi
etal., 2019; Yang et al., 2023). While we did not measure feed intake,
the absence of any changes in the transcript abundance of orexigenic
neuropeptides agrp and npy, and a higher abundance of mc3r and
mc4r in the pomc™”” larvae argue against hyperphagia for higher body
mass (Soengas et al., 2018). Also, the lack of any significant changes
in total protein content or the genes involved in regulating lean body
mass, including the igfs and their receptors (Wood et al., 2005), all of
which were upregulated in the MC4R mutants (Soengas et al., 2018)
suggest that the increased body weight is not due to lean body mass
in the larval fish in the present study. This led us to the hypothesis
that the higher larval mass in the Pomc mutants may involve
peripheral control of adipogenesis. To this end, we first tested lipid
accumulation using a combination of Nile red imaging, metabolite
measurement and transcript abundance of adipogenic genes post-
feeding. The lack of Pomc increased the overall lipid droplet accu-
mulation in the visceral and subcutaneous adipocytes indicating
2019; Minchin &

Rawls, 2017). This was accompanied by elevated triglyceride and

enhanced adipogenesis (Elemans et al,
glycerol levels, further supporting adiposity as a contributing factor
for the heavier body mass in the pomc™” larvae. The corresponding
regulation of the adipogenic genes (Elemans et al., 2019; Faught &
Vijayan, 2019; Flynn et al., 2009; Thompson et al., 2024), including
the upregulation of fasn and pparg and the downregulation of the
lipolytic gene Ipl, indicate a developmental programming effect

favoring adipogenesis in the pomc™~ fish.
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Until recently, a physiological role for Mr signaling in teleost was
unknown (Baker & Katsu, 2017; Faught & Vijayan, 2018; Sakamoto
et al., 2016). The discovery of a physiological role for Mr in zebrafish
indicated that cortisol-Mr activation has an anabolic role, including
increasing postnatal adiposity (Faught & Vijayan, 2019, 2020). As we
observed a differential corticosteroid receptor signaling among the
pomc 7~ zebrafish, we tested if the adipogenesis phenotype that we
observed has any association with enhanced Mr responsiveness. To
this end, eplerenone treatment completely abolished the adipogenic
phenotype that we observed in the pomc ”~ group. The reduction in
body length and weight in the mutants in the presence of eplerenone
supports a role for Mr in specifically promoting excess growth in the
pomc mutant. To test whether this growth was associated with adi-
posity, we measured changes in triglyceride and glycerol levels, which
clearly indicated that the excess mass was associated with Mr-
mediated lipid accumulation. Further confirmation of a role for Mr in
the pomc™” - mediated adiposity was evident from the regulation of the
molecular markers of adipogenesis (Guo et al., 2008; Lefterova
et al., 2014; Weinstock et al., 1997), including pparg, and Ipl with
eplerenone, pointing to a developmental programming effect of Mr
activation on lipid synthesis. Together, these results underscore a key
role for Mr signalling in promoting adipogenesis in the Pomc mutants,
and the mode of action involves an upregulation in Mr responsiveness.

As the basal cortisol levels preferentially activate Mr due to its
higher affinity for the ligand (De Kloet et al., 1998, 2018), our results
emphasize an important role for this receptor during early develop-
ment, where lipid accumulation is essential to support the increased
energy demand for rapid growth (Flynn et al., 2009; Quinlivan &
Farber, 2017). For instance, there is a critical window during early
development when the zebrafish embryo and larvae are hypor-
esponsive to stress just before the onset of the first feed (Alsop &
Vijayan, 2008; Nesan & Vijayan, 2013). We posit that this period may
favor basal cortisol-mediated Mr activation in promoting lipid syn-
thesis to support the rapid growth phase that is evident post-first
feed. Thus, the GC-Mr signaling may have evolved as an anabolic
facilitator to support the early growth trajectory, while the evolution
of Gr coincided with a demand for energy substrate mobilization for
stress coping and stress recovery (Faught & Vijayan, 2020). Conse-
quently, the differential activation of the two receptors by GCs may
play an important role in the modulation of lipid metabolism during
early development. The mechanism by which Pomc mutation leads to
enhanced Mr responsiveness remains to be elucidated. However,
there is some evidence that a loss of Pomc may alter the adrenal
corticosteroid profile in mice (Linhart & Majzoub, 2008). For instance,

pomc'/ )

mice showed secondary hyperaldosteronism, which was
independent of Acth, suggesting that a loss of Pomc may alter the
steroid milieu to favor Mr signaling. Although teleosts lack aldoster-
one, 11 deoxycorticosterone functions as a ligand for Mr activation
(Arterbery et al., 2011) and may be modulated by Pomc dysfunction
to enhance Mr signaling. Another, possibility may be that the adrenal
inactivity due to Pomc dysfunction eliminates the circadian cortisol
rhythm, which plays an important role in the regulation of cortico-

steroid receptor sensitivity (Lightman et al., 2020).
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5 | TRANSLATIONAL PERSPECTIVE

From a biomedical perspective, the conserved phenotype we see in
our pomc”” model to the human Pomc mutants (Krude & Grii-
ters, 2000; Kihnen et al., 2019), provides a tractable model to
facilitate potential drug discovery to prevent childhood obesity
associated with adrenal insufficiency. While the role of the hypo-
thalamic melanocortin system in the etiology of childhood obesity is
well studied (Faroogi et al., 2000), it remains to be seen whether
Mc4r and Mr may be acting additively or synergistically to promote
adipogenesis. The adipogenic role of Mr appears to be conserved, as
mammalian studies have also highlighted the role of Mr in lipid reg-
ulation and adiposity (Parasiliti-Caprino et al., 2022). Our finding that
eplerenone treatment reduced the early onset adipogenesis in zeb-
rafish larvae underpins Mr as a possible target for therapeutic
intervention in early childhood obesity due to Pomc dysfunction and

adrenal insufficiency.
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