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Highlights
e  The adrenal gland lipidome is remodeled in obesity.
e Arachidonoyl groups are abundant in the adrenal gland phospholipidome and increase in
obesity.
e FADS2 is highly expressed in the adrenal gland and its expression is further increased in obesity.
e  FADS2 inhibition blunts adrenocortical steroidogenesis in primary adrenal gland cell cultures,

while arachidonic acid supplementation restores it.
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ACTH: adrenocorticotropic hormone; CE: cholesterol ester; Cer: ceramide, Chol: cholesterol, CL:
cardiolipin; DAG: diacylglycerol, DBI: double bond index; FADS2: Fatty Acid Desaturase 2; HexCer:
hexosylceramide; HFD: high-fat diet; LC-MS/MS: liquid chromatography tandem mass spectrometry; LI:
length index; LPA: lyso-phosphatidate; LPC: lyso-phosphatidylcholine; LPE: lyso-
phosphatidylethanolamine; LPE O-: ether-linked LPE; LPG: lyso-phosphatidylglycerol; LPI: lyso-
phosphatidylinositol; LPS: lyso-phosphatidylserine; ND: normal diet; PA: phosphatidic acid; PC:
phosphatidylcholine; PC O-: ether-linked PC; PCA: principal component analysis; PE:
phosphatidylethanolamine; PE O_ ether-linked PE; PG: phosphatidylglycerol; Pl: phosphatidylinositol; PS:
phosphatidylserine; PUFA: polyunsaturated fatty acid; SM: sphingomyelin; TAG: triacylglyceride; StAR:
Steroidogenic acute requlatory protein; Cypllal: Cytochrome P450 Family 11 Subfamily A Member 1; 3b-
HSD2: 3b-hydroxysteroid dehydrogenase type 2; Cyp2lal: Cytochrome P450 Family 21 Subfamily A
Member 1; Cyp11bl: Cytochrome P450 Family 11 Subfamily B Member 1; Cypl1b2: Cytochrome P450
Family 11 Subfamily B Member 2
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Abstract

Objective: Adrenocortical hormone levels increase in obesity, potentially contributing to development of
obesity-associated pathologies. Here we explored whether lipidomic remodeling of the adrenal gland
could mediate altered adrenocortical steroidogenesis during obesity.

Methods: Lipidomic analysis was performed in adrenal glands using shotgun mass spectrometry (MS), and
steroid profiling of sera by liquid chromatography tandem mass spectrometry (LC-MS/MS) from lean and
obese mice. Gene expression analysis was performed in adrenal glands and adrenocortical cell
populations. The role of Fatty Acid Desaturase 2 (FADS2) and arachidonic acid on steroid hormone
production was studied in primary adrenal gland cell cultures.

Results: Adrenal glands of obese mice displayed a distinct lipidomic profile, encompassing longer and
more unsaturated storage lipids and phospholipids compared to adrenal glands of lean mice.
Arachidonoyl acyl chains were abundant in the adrenal gland phospholipidome and increased upon
obesity. This was accompanied by increased Fads2 expression, the rate-limiting enzyme of arachidonic
acid synthesis, and enhanced plasma adrenocortical hormone levels. Inhibition of FADS2 in primary
adrenal gland cell cultures abolished steroidogenesis, which was restored by arachidonic acid
supplementation.

Conclusions: Our data suggest that the FADS2 — arachidonic acid axis regulates adrenocortical hormone
synthesis, while alterations in the content of arachidonoyl chains in the adrenal gland phopsholipidome

could account for disturbed adrenocortical hormone production.

Keywords: adrenal gland, obesity, shotgun lipidomics, arachidonic acid, FADS2, adrenocortical

hormones
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1. Introduction

Obesity increases the risk for type 2 diabetes mellitus, non-alcoholic steatohepatitis and cardiovascular
diseases [1, 2]. Elevated adrenal hormone levels are observed in obesity and could contribute to the
development of obesity-associated pathologies [3-8]. Aldosterone, the major regulator of blood volume
and pressure [9], is increased in the circulation in obesity, which can cause hypertension and
cardiovascular disease [4, 6, 7, 10, 11]. Circulating glucocorticoids, which can promote abdominal fat
deposition, are also elevated in animal models of obesity [4, 6, 12]. Moreover, elevated aldosterone and
glucocorticoid levels can promote insulin resistance [7, 13, 14]. However, the mechanisms underlying
adrenal function alterations during obesity remain largely obscure.

A feature of obesity is dysregulation of lipid homeostasis in tissues, such as the adipose tissue and liver,
resulting in accumulation of storage lipids, i.e. triacylglycerides (TAG) in these tissues [15-18]. Moreover,
the chain length and saturation of lipid species in the adipose tissue and liver, as well as the serum
lipidome substantially change during obesity [16, 17, 19-22]. In the present study we investigated how
the lipid landscape of the adrenal gland changes upon diet-induced obesity and whether these changes
are involved in the regulation of adrenal hormone synthesis. We identified arachidonic acid as an
important phospholipid component in the adrenal gland. The rate-limiting enzyme of arachidonic acid
synthesis, FADS2, is highly expressed in the adrenal gland and its expression is up-regulated in the adrenal
glands of obese animals. Moreover, FADS2 inhibition in primary adrenal gland cell cultures abolished
adrenocortical hormone production and responsiveness to ACTH stimulation, while arachidonic acid
supplementation restored it. These data suggest an important role of the FADS2 - arachidonic acid axis in

adrenal hormone steroidogenesis.

2. Materials and Methods

2.1 Feeding experiments

Six-weeks-old male C57BL/6 mice were fed a normal diet (ND, D12450B, Research Diets, NJ, USA), or a
high fat diet (HFD, D12492, Research Diets, NJ, USA) for 20 weeks, as previously described [23-25]. At the
end of the feeding the mice were sacrificed and organs were isolated. Experiments were approved by the

Landesdirektion Sachsen, Germany.
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2.2 Lipid extraction for mass spectrometry lipidomics

Adrenal glands were homogenized in ammonium-bicarbonate buffer (150 mM ammonium bicarbonate,
pH 7) with TissuelLyser (Qiagen). Protein content was assessed using BCA Protein Assay Kit (Thermo
Fisher). Equivalents of 20 ug of protein were taken for mass spectrometry (MS) analysis. MS-based lipid
analysis was performed by Lipotype GmbH (Dresden, Germany) as described [17, 26]. Lipids were
extracted using a two-step chloroform (Sigma Aldrich) / methanol (Thermofisher Scientific, Darmstadt,
Germany) procedure [27]. Samples were spiked with internal lipid standard mixture containing:
cardiolipin 16:1/15:0/15:0/15:0 (CL), ceramide 18:1;2/17:0 (Cer), hexosylceramide 18:1;2/12:0 (HexCer),
lyso-phosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-phosphatidylethanolamine 17:1
(LPE), lyso-phosphatidylglycerol 17:1 (LPG), lyso-phosphatidylinositol 17:1 (LPI), lyso-phosphatidylserine
17:1 (LPS), phosphatidate 17:0/17:0 (PA), phosphatidylcholine 17:0/17:0 (PC), phosphatidylethanolamine
17:0/17:0 (PE), phosphatidylglycerol 17:0/17:0 (PG), phosphatidylinositol 16:0/16:0 (Pl),
phosphatidylserine 17:0/17:0 (PS), cholesterol ester 20:0 (CE), sphingomyelin 18:1;2/12:0;,0 (SM),
cholesterol D6 (Chol) (all Avanti Polar Lipids), triacylglycerol 17:0/17:0/17:0 (TAG) and diacylglycerol
17:0/17:0 (DAG) (both Larodan Fine Chemicals). Synthetic lipid standards were purchased from Avanti
Polar Lipids, Larodan Fine Chemicals and Sigma—Aldrich and all chemicals were analytical grade. After
extraction, the organic phase was transferred to an infusion plate and dried in a speed vacuum
concentrator (Martin Christ, Germany). The dry extract from the first step was re-suspended in 7.5 mM
ammonium acetate (Sigma Aldrich) in chloroform/methanol/propan-2-ol (Thermofisher Scientific) (1:2:4
V:V:V) and the second-step dry extract in 33 % ethanol of methylamine (Sigma Aldrich)/
chloroform/methanol (0.003:5:1 V:V:V) solution. All liquid handling steps were performed using Hamilton

Robotics STARIet robotic platform with the Anti Droplet Control feature for organic solvents pipetting.

2.3 MS data acquisition

Samples were analyzed by direct infusion on a QExactive mass spectrometer (Thermo Fisher Scientific)
equipped with a TriVersa NanoMate ion source (Advion Biosciences, Ithaca, NY). Samples were analyzed
in both positive and negative ion modes with a resolution of R(m/z=200=280000 for MS and Rm/z=200=17500
for MS/MS experiments, in a single acquisition. MS/MS was triggered by an inclusion list encompassing
corresponding MS mass ranges scanned in 1 Da increments [28]. Both MS and MS/MS data were
combined to monitor CE, DAG and TAG ions as ammonium adducts; PC, PC O-, as acetate adducts; and CL,

PA, PE, PE O-, PG, Pl and PS as deprotonated anions. MS only was used to monitor LPA, LPE, LPE O-, LPI
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and LPS as deprotonated anions; Cer, HexCer, SM, LPC and LPC O- as acetate adduct and cholesterol as

ammonium adduct of an acetylated derivative [29].

2.4 Data processing and downstream analysis

Data were analyzed with an in-house developed lipid identification software based on LipidXplorer [30,
31]. Data post-processing and normalization were performed using an in-house developed data
management system. Only lipid identifications with a signal-to-noise ratio > 5 and a signal intensity 5-fold
higher than in corresponding blank samples were considered for further data analysis. All downstream
analyses were performed in R (R Core Team 2019). The dataset was filtered by applying an occupational
threshold of 50%, meaning that lipids that were present in less than 50% of the samples in a group were
set to zero in that group. Dataset was log2-scaled before Principal Component Analysis (PCA). The
descriptive analysis was performed on the mol %-transformed dataset, i.e. picomol quantities were
divided by the sum of the lipids detected in the respective sample and multiplied by 100. Total carbon
chain length and double bonds plots result from grouping together all the lipids that present the same
number of carbon atoms (total length) or the same number of double bonds (degree of unsaturation) and
calculating the mean and standard deviation in each group of samples (ND and HFD). To further inspect
general trends in the degree of unsaturation and length of storage and membrane lipids under different
perturbations, the average weighted number of double bonds (Double Bond Index, DBI) and length
(Length Index, L), as previously described [32]. Statistical tests were performed on the mol %-transformed
data. First, normality was assessed by means of the Shapiro-Wilkinson test, and according to its result
either the Welch t-test or the Wilcoxon test was used. P-values were then adjusted following the
Benjamini-Hochberg correction. Significance was set at p<0.05. Analysis was done in R [33]. Plots were

generated using ggplot2 [34].

2.5 Steroid hormones measurements

Steroid hormones in plasma and cell culture supernatants were analyzed by liquid chromatography
tandem mass spectrometry (LC-MS/MS) as described elsewhere [35]. In brief, 50 to 100uL of mice plasma
or cell culture supernatants were extracted by solid phase extraction using positive pressure, followed by
a dry down under an gentle stream of nitrogen. Residues were reconstituted in 100 pL of initial LC mobile
phase and 10 pL were injected into the LC-MS/MS. Quantification of steroid concentrations was done by
comparisons of ratios of analyte peak areas to respective peak areas of stable isotope labeled internal

standards obtained in samples to those of calibrators.
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2.6 Sorting of adrenocortical cell populations

Adrenal glands were isolated and cleaned from the surrounding fat tissue and the adrenal cortex was
separated from the medulla under a dissecting microscope. The cortex was collected in a digestion buffer,
consisting of collagenase | and bovine serum albumin (both at 1.6 mg/ml concentration, Sigma-Aldrich,
Germany) dissolved in phosphate-buffered saline (PBS), and digested for 25 minutes at 37 °C while shaking
at 900 rpm. Dissociated cells were passed through a 22 G needle and then a 100 um cell strainer and
centrifuged at 300 x g for 5 minutes at 4 °C. Cells were then washed in MACS buffer (0.5 % BSA, 2 mM
EDTA in PBS) and endothelial cells (CD31*) and leukocytes (CD45*) were sequentially positively selected
using CD31 and CD45 MicroBeads (Miltenyi Biotec), respectively, according to manufacturer’s
instructions. Briefly, pelleted cells were resuspended in 190 ul MACS buffer, mixed with 10 ul CD31
MicroBeads, incubated for 15 minutes at 4 °C, washed with 2 ml MACS buffer and centrifuged at 300 x g
for 10 minutes. The cell pellet was resuspended in 500 pul MACS buffer and applied onto MS Column placed
on MACS Separator. The columns were washed and the flow-through was collected. CD31* cells were
positively sorted. The flow-through was centrifuged at 300 x g for 5 minutes, and the pelleted cells were
subjected to the same procedure using CD45 MicroBeads. The flow-through containing CD31'CD45"
adrenocortical cells was centrifuged at 300 x g for 5 minutes, and the pelleted cells were collected. CD45*

cells were positively sorted. Collected cell populations were kept for transcriptional analysis.

2.7 Primary adrenal cell culture and treatment

Adrenal glands were isolated from wild-type C57BL/6 mice, they were cleaned from the surrounding fat
tissue and incubated in collagenase buffer (1.6 mg/ml collagenase type I, 1.6 mg/ml BSA) for 45 minutes
at 37 °C, while shaking at 900 rpm. Dissociated cells were passed through 22 G needle and a 100 pm cell
strainer and centrifuged at 300 x g for 5 minutes at 4 °C. Cells of a pool of two adrenals originating from
one mouse were distributed in four 0.2 % gelatin-precoated wells of a 96-well plate in DMEM/F12
supplemented with 1 % FBS, 50 U/mL penicillin and 50 pg/mL streptomycin. Two hours after seeding 10
UM  FADS2 inhibitor (Tocris, Wiesbaden-Nordenstadt, Germany) or same amount of carrier
(dimethylsulfoxide, DMSQO) were added without changing the medium. In some experiments medium was
additionally supplemented with 150 uM arachidonic acid (Sigma Aldrich, Germany) or same amount of
solvent (endotoxin-free water). In some experiments, the medium was changed 18 hours later and the
cells were incubated with or without 10 ng/mL Adrenocorticotropic hormone (ACTH) in the presence of
either 10 uM Fads2 inhibitor or DMSO for 60 minutes. Supernatants were collected for steroid hormone

measurement and cell lysates were collected for transcriptional analysis.
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2.8 Transcriptional analysis

RNA was isolated from frozen tissues with the TRI Reagent (MRC, Cincinnati, USA) after mechanical tissue
disruption or from cells with the RNeasy Mini Kit (Qiagen, Dusseldorf, Germany) according to
manufacturer’s instructions. RNA obtained with Tri Reagent was subsequently extracted with Chloroform
and the NucleoSpin RNA, Maxi kit (Macherey-Nagel, Diren, Germany). Reverse transcription was
performed with the iScript cDNA Synthesis kit (Biorad, Munich, Germany) and cDNA was analyzed by qPCR
using the SsoFast Eva Green Supermix (Bio-Rad, Munich, Germany), a CFX384 real-time System C1000
Thermal Cycler (Bio-Rad) and the Bio-Rad CFX Manager 3.1 software. Primers used are listed in

Supplementary Table 1.

2.9 Statistical analysis
Data were analyzed with a Mann-Whitney U test or a one-way ANOVA with post-hoc Tukey’s test for

multiple comparisons with p<0.05 set as a significance level using the GraphPrism 7 software.

3. Results

3.1 Adrenal glands from lean and obese mice presented distinct lipidomic profiles.

We first asked whether obesity affects the adrenal gland lipidome. To this end, mice were fed for 20 weeks
a ND or HFD and shotgun lipidomics was performed in isolated adrenal glands. HFD-feeding led to a
significant increase of the body weight (not shown) [24, 25, 36]. PCA was performed on the whole
lipidome (Figure 1A), non-storage lipids, i.e. phospholipids and their ether-linked versions (PC, PE, PC O-,
PE O-, PI, PG, PS, PA), lysolipids (LPA, LPC, LPE, LPE O-, LPG, LPI, LPS), sphingolipids (SM), DAG and
cardiolipins (Figure 1B), and storage lipids (CE and TAG) (Figure 1C) [17, 37-40]. Whole and non-storage
lipidomes of adrenal glands from lean and obese mice segregated along the first principal component
(PC1) and the topology of the samples was strikingly similar (Figure 1A,B), while storage lipids regrouped
with statistical significance along the second principal (PC2) (Figure 1C), suggesting that non-storage lipids
were mainly responsible for the grouping of the whole lipidome according to the diet.

Yet, it was storage lipids (TAG and CE) that constituted the largest portion of the identified lipids in the
adrenal glands (86.98 + 5.43 % in mice on ND and 90.12 + 1.93 % in mice on HFD), while membrane lipids
accounted for 12.64 + 5.22 % and 9.63 + 1.89 % and lysolipids for 0.38 + 0.23 % and 0.24 + 0.06 % of all

identified lipids in the adrenal glands of mice under ND and HFD, respectively (Table 1). Hence, the total
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amounts of storage, membrane lipids and lysolipids did not substantially differ in the adrenal glands of
lean and obese mice. Also at the lipid class level there were no significant differences between the adrenal
glands of lean and obese mice (Table 2, Supplementary Figure 1). The most abundant non-storage lipid

class was PC followed by cholesterol and PE (Table 2, Supplementary Figure 1).

3.2 The chain length and saturation of adrenal gland lipids changed upon obesity.

Next, the total acyl chain length and degree of unsaturation (number of double bonds) of the adrenal
gland storage (CE, TAG) and non-storage lipids was analyzed. TAG species with 50 to 54 carbon atoms
(Supplementary Figure 2A) and one to four double bonds (Supplementary Figure 2B) in their acyl chains
were highly abundant (mol % > 10). Adrenal glands of HFD-fed mice presented a significant increase in
long (with a total acyl chain length of 54 carbon atoms) and unsaturated (with four, five and more than
six double bonds) TAG species. In contrast, adrenal glands from ND-fed mice showed a larger amount of
TAG species containing shorter acyl chains (with 48 and 50 carbon atoms) with one or two double bonds
(Supplementary Figure 2A,B). To identify whether differences between diets affected the overall mean
weighted length and unsaturation level of storage and non-storage lipids, the DBI and the LI were
calculated. Storage lipids in the adrenal glands of obese mice showed a significantly higher DBI compared
to lean mice (Supplementary Table 2). Hence, upon HFD feeding TAG in the adrenal glands became overall
longer and more unsaturated.

Similar analysis was conducted for non-storage lipids. Most non-storage lipids contained a cumulative of
34 to 38 carbon atoms (Supplementary Figure 2C) and one, two, four or five double blonds in their acyl
chains (Supplementary Figure 2D). Similarly to what was found for TAG, adrenal glands from HFD-fed mice
showed a significant increase in longer non-storage lipids compared to adrenal glands from ND-fed mice,
while shorter non-storage lipid species were more abundant in the adrenal glands of ND-fed mice
(Supplementary Figure 2C). Also in non-storage lipids, the increase in length correlated with an increase
in the number of double bonds: lipid species with 4 double bonds were more abundant in the adrenal
glands from obese mice, while lipid species with one double bond were more abundant in the adrenal
glands from lean mice (Supplementary Figure 2D). In accordance, membrane lipids in the adrenal glands
of HFD-fed mice had significantly higher DBl and LI compared to ND-fed mice (Supplementary Table 2). In
summary, membrane lipids, similarly to storage lipids, were significantly longer and more unsaturated in

the adrenal glands of obese mice.
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3.3 20:4 groups were abundant in the phospholipidome of the adrenal gland and increased upon
obesity.

In order to further understand the obesity-associated changes in the lipidome of the adrenal gland, we
analyzed the acyl chain composition of non-storage lipids and cholesterol esters. In this analysis, the
amount (as mol %) of the acyl groups was calculated within each lipid class. Strikingly, 20:4, was one of
the most abundant acyl chain within CE and many phospholipid classes, i.e. PC, PC O-, PE, PE O-, PG and
PI (Figure 2). Moreover, the amount of CE, PC, PE and PG lipids containing 20:4 was increased in the
adrenal glands of obese compared to lean mice (Figure 2). Other abundant acyl chains were palmitic acid
(16:0) in DAG and PC, stearic acid (18:0) in PC, PE, Pl and PS, and 18:1 fatty acids in CE, DAG, PG and PS. In
contrast, polyunsaturated fatty acids (PUFAs) other than arachidonic acid, such as 22:4, 22:5 and 22:6,
were much less abundant than 20:4 in the adrenal gland phospholipidome (Figure 2).

Next, the specific acyl chain composition of PC and PE, which were both found to be rich in 20:4 (Figure
2), was analyzed. Strikingly, the most abundant PC species were 16:0_20:4 and 18:0_20:4, and the latter
increased upon HFD (Figure 3A). In PE, the most abundant species were 18:0 20:4 and these also
increased upon HFD (Figure 3B). We hypothesized, that the abundance and increase upon HFD of 20:4 in
PC and PE, could indicate a role of arachidonic acid (20:4(n-6), all-cis-5,8,11,14-eicosatetraenoic acid) in
the adrenal gland function in the lean and obese state. We focused on arachidonic acid and not its isomer
20:4 (n-3) eicosatetraenoic acid (all-cis-8,11,14,17-eicosatetraenoic acid), since the latter is, in contrast to

arachidonic acid, very little incorporated into the tissue lipidome [41].

3.4 FADS2 was strongly expressed in the adrenal glands and its expression was upregulated upon
obesity.

We then sought to investigate the mechanism underlying the abundance of 20:4 in the adrenal gland
lipidome. Arachidonic acid is endogenously synthesized from the essential fatty acid linoleic acid (all-cis-
9-12-18:2) and is then esterified to form phospholipids [42-45]. The A-6-desaturase FADS2 catalyzes the
rate-limiting conversion of linoleic acid to y-linolenic acid (all-cis-6,9,12—18:3) [42-44]. We first examined
Fads2 mRNA expression in the adrenal glands and compared it to different tissues. Following the liver, the
adrenal gland was the tissue with the highest Fads2 expression, followed by the kidney and the brain.
Other tissues, such as the spleen, white and brown adipose tissue, lung, heart, skeletal muscle, and testis
showed lower Fads2 mRNA levels (Figure 4A). We also examined Fads2 expression in different cell

populations of the adrenal cortex, i.e. adrenocortical (CD31°CD457), endothelial (CD31*) cells and
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leukocytes (CD45*) and found that the CD31°CD45" adrenocortical cell population displayed the highest
Fads2 expression among these cell populations (Figure 4B).

Moreover, Fads2 expression was increased in the adrenal glands of HFD — fed mice (Figure 4C), which
stood in accordance with increased levels of arachidonoyl chains in phospholipids in the adrenal glands of
obese mice (Figure 2 and 3). We also asked whether increased Fads2 expression in obese animals is a
unique feature of the adrenal gland. While Fads2 expression was increased in the liver it was reduced in
the white adipose tissue of obese mice (data not shown) suggesting a tissue-specific regulation of Fads2
expression during obesity. Furthermore, enhanced Fads2 expression in the adrenal gland of obese animals
was associated with elevated plasma levels of corticosterone (ND: 39.08 + 5.133, HFD: 67.17 + 10.27; p=
0.044) and its precursors, 11-deoxycorticosterone (ND: 0.3236 + 0.08384, HFD: 1.181 + 0.3481; p=0.0383)
and progesterone (ND: 0.1288 + 0.02318, HFD: 0.8091 £ 0.2164; p=0.0016).

3.5 Adrenocortical hormone production was blocked by FADS2 inhibition and restored by arachidonic
acid supplementation.

Having identified high Fads2 expression and abundance of arachidonoyl chains in the adrenal gland, as
well as increase of both during obesity correlating with increased adrenocortical steroidogenesis, we set
out to investigate whether the FADS2-arachidonic acid axis contributes to adrenal steroidogenesis. To this
end, primary adrenal cell cultures were treated with a FADS2 inhibitor and subsequently stimulated with
ACTH. ACTH efficiently increased progesterone, 11-deoxycorticosterone, corticosterone and aldosterone
production, while FADS2 inhibition abolished the production of all the aforementioned steroid hormones
in cells stimulated or not with ACTH (Figure 5A-D). FADS2 inhibition did not affect cell viability (data not
shown). Moreover, the effect of FADS2 inhibition on steroidogenesis was not due to decreased mRNA
expression of steroidogenic enzymes (Steroidogenic acute regulatory protein (StAR), Cytochrome P450
Family 11 Subfamily A Member 1 (Cyp1lal, Cholesterol side-chain cleavage enzyme), 3b-hydroxysteroid
dehydrogenase type 2 (3b-HSD2), Cyp21al (21-hydroxylase), Cyp11bl and Cypl11b2). In fact, mRNA
expression of all the aforementioned steroidogenic enzymes was increased upon FADS2 inhibition
(Supplementary Figure 3), perhaps due to a compensatory response to low steroid hormone synthesis in
the cells treated with the FADS2 inhibitor. Finally, to confirm if the inhibition of adrenal steroidogenesis
results specifically from decrease in arachidonic acid levels, we examined whether arachidonic acid
supplementation could restore adrenocortical hormone production in cultured cells under FADS2
blockage. Indeed, arachidonic acid supplementation counteracted the effect of FADS2 inhibition restoring

progesterone, 11-deoxycorticosterone, corticosterone and aldosterone production (Figure 5E-H),
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suggesting that FADS2-dependent arachidonic acid biosynthesis is required for steroidogenesis in the

adrenal gland.

4. Discussion

During obesity adrenocortical hormone serum levels rise [3, 4, 6, 46, 47], which contributes to
complications such as insulin resistance and hypertension [7, 10, 11, 13, 48]. The molecular mechanisms
mediating the elevated adrenocortical hormone production during obesity have been little investigated.
Here, we explored such mechanisms by analyzing the lipidomic landscape of the adrenal gland in lean and
obese mice, which led to the identification of FADS2 and arachidonic acid as determinants of
adrenocortical steroidogenesis.

We found that HFD feeding reshaped the adrenal gland lipidome. Storage and non-storage lipids became
longer and more unsaturated upon HFD-feeding, as previously observed in other tissues, such as the
adipose tissue and skeletal muscle [17, 49]. Strikingly, 20:4 was among the most abundant acyl chains in
CE and several phospholipid classes. This stands in accordance with previous findings, showing high
amounts of arachidonic cholesterylesters in rat adrenal glands [50]. 18:0_20:4 PC and PE species were
particularly abundant in the adrenal gland lipidome and their levels increased even more upon HFD
feeding. PCand PE, which constitute the majority of the eukaryotic phospholipidome, are among the most
abundant phospholipids in the endoplasmatic reticulum and mitochondrial membranes [38, 51-54] and
are both important stores of arachidonoyl residues [45, 49, 54, 55]. Abundance of PUFA, such as 20:4, in
phospholipids constructing phospholipid layers increases membrane fluidity, in contrast to saturated fatty
acids, which make membranes more rigid [56, 57]. Hence, membrane fluidity of the adrenal gland cells,
encompassing more unsaturated phospholipids and in specific more lipid species with 20:4 acyl chains,
might be greater in HFD-fed animals. Membrane fluidity can determine enzymatic activity and secretory
functions [39, 56-58]. Steroid hormones are rapidly synthesized from cholesterol through a cascade of
enzymatic reactions taking place in the mitochondria and the endoplasmatic reticulum [59]. Moreover,
the activity of the enzymes involved in steroid biosynthesis depends on the membrane fluidity of these
organelles [60, 61]. Hence, increased membrane fluidity due to higher abundance of arachidonoyl
residues in PC and PE could contribute to enhanced adrenocortical hormone synthesis in obese animals.
Arachidonic acid predominantly derives from endogenous synthesis from the essential fatty acid linoleate
[42, 43, 45]. The first and rate-limiting step of arachidonic acid biosynthesis is the conversion of linoleate

to y-linoleate, which is catalyzed by FADS2 [62, 63]. FADS2 deficiency leads to loss of arachidonoyl chains
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in the phospholipidome of different tissues including the adrenal glands [62]. Moreover, single nucleotide
polymorphisms in the FADS2 promoter were associated with lower arachidonic levels in serum
phospholipids in humans [64]. FADS2 deficiency was reported to lead to a non-canonical conversion of
linoleate to eicosatrienoic acid (w6-20:3), which substituted arachidonic acid in phospholipids thereby
critically changing the structure and function of endoplasmatic reticulum and Golgi membranes [65].
Moreover, FADS2 deficient female and male mice are sterile, which is attributed to changes in the
membrane fluidity of gonadal cells due to the loss of PUFA acyl groups, which are replaced by shorter and
more saturated acyl chains [62, 63], while sterility can be overcome by diet supplementation with
arachidonic, eicosapentaenoic and docosahexaenoic acids [62, 66].

We found that FADS2 was highly expressed in the adrenal gland compared to other tissues, such as the
lung, heart, brain, spleen, kidney, testis, skeletal muscle and adipose tissue, standing in accordance with
a previous report [67]. Moreover, FADS2 expression was regulated during obesity in a tissue-specific
manner: in the adrenal glands and liver it increased, while in the adipose tissue it decreased. Along the
same line, increased A-6-desaturase activity was previously associated with obesity, insulin resistance,
steatohepatitis and non-alcoholic fatty liver disease [68-71], while its inhibition protected against liver
steatosis and inflammation [72-74].

Arachidonic acid can be converted to the endocannabinoid anandamide, which was previously found to
be increased in the adrenal glands of HFD-fed mice [42, 75]. However, gene expression of Fatty acid amide
hydrolase (Faah), the enzyme converting arachidonic acid to anandamide [76, 77], was not altered upon
HFD feeding (data not shown). Moreover, the content of lipids in arachidonoyl chains can also be
influenced by the release of arachidonic acid from phospholipids via Phospholipase A2 [42, 45]. Among
several genes encoding for different Phospholipase A2 isoforms, we found Pla2g5 and Pla2g4a highly
expressed in the adrenal gland but their expression was not altered during obesity (data not shown).
These findings collectively suggest that the increased content of arachidonoyl chains in the adrenal gland
lipidome primarily relies on FADS2-mediated arachidonic acid synthesis.

Finally, we showed that FADS2 inhibition abolished adrenocortical steroidogenesis, which was restored
by administration of exogenous arachidonic acid, thereby revealing a decisive role of the FADS2 —
arachidonic acid axis in enabling steroidogenesis. This knowledge could be therapeutically harnessed for
the management of aberrant adrenocortical hormone production in diseases, such as Cushing’s syndrome

or hyperaldosteronism [78, 79].
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In conclusion, we demonstrated metabolic disease-driven lipidomic remodeling and particularly
alterations in the FADS2-arachidonic acid axis in the adrenal gland. These findings contribute to a deeper

understanding of the molecular mechanisms governing adrenocortical hormone production.
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Table 1. Lipidome composition of adrenal glands in ND- and HFD-fed mice.

Storage lipids Membrane lipids Lysolipids

(% mean * Sd) (% mean % Sd) (% mean % Sd)
ND 86.98 +5.43 12.64 £5.22 0.38+0.23
HFD 90.12+£1.93 9.63+1.89 0.24 £ 0.06

Table 2. Lipid class abundance in adrenal glands from ND- and HFD-fed mice

pmol/ug protein
(Aver % SD) ND HFD
CE 246.59 + 68.57 280.49 +41.86
Cer 0.86£0.16 1.27 £0.35
Chol 37.03+5.65 37.12 +3.64
CL 1.35+£0.27 1.44 £0.31
DAG 12.84 £ 8.06 10.26 +3.26
HexCer 0.0781 £0.0186 0.0646 £0.0089
LPA 0.00430 £ 0.00398 0.00628 +0.00148
LPC 3.98+1.25 3.49 £0.47
LPE 0.91+0.2 0.84 £0.11
LPE-O 0.33+£0.12 0.28 +£0.05
LPG 0.0171 £0.0053 0.0246 £0.0075
LPI 0.0876 £ 0.0123 0.1330 £0.0188
LPS 0.0287 £0.0139 0.0395 £0.0052
PA 0.0198 £ 0.0200 0.0304 £0.0149
PC 68.54 + 6.82 70.56 +12.32
PC-O 2.07 £0.15 1.95 £0.27
PE 24.72 +£5.09 29.84 +7.06
PE-O 18.23+2.49 17.84 £1.65
PG 0.869 £ 0.067 0.766 +0.406
Pl 12.15+1.94 13.3 £2.76
PS 5.9+0.49 5.73 £0.72
SM 5.29+0.75 5.56 £0.75
TAG 1306.32 £ 767.16 1583.34 +338.58
Total 3496.45 +1473.05 4128.73 +698.88
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Figure legends

Figure 1. Principal component analysis on lipids of adrenal glands of lean and obese mice
Principal component analysis (PCA) performed on all lipids (A), membrane and lyso-lipids (B) and storage

lipids (C) in adrenal glands from mice fed for 20 weeks a ND or a HFD, n=7-8.

Figure 2. Acyl chain profile of non-storage lipids and cholesterol esters

Lipids in adrenal glands from lean and obese mice were grouped according to the acyl chain within each
lipid class (mol % is relative to the lipid class). Only the features with a mean abundance > 5 mol % are
shown. The mean mol % * standard deviation are shown, n=7-8; * p-value<0.05; ** p-value<0.01; *** p-

value<0.001.

Figure 3. Species composition of PC and PE classes
PC (A) and PE (B) lipid species in adrenal glands of lean and obese mice. Only the species with a mean
abundance > 1 mol % are shown. The mean mol % * standard deviation are shown, n=7-8; * p-value<0.05;

** p-value<0.01; *** p-value<0.001.

Figure 4. Fads2 expression in different tissues and adrenocortical cell populations, and the adrenal
glands of lean and obese mice.

A. Relative mRNA level of Fads2 in different tissues of 8-week old wild-type mice. Data are shown as mean
27-ACt. B. Relative Fads2 expression in CD31°CD45°, CD31* and CD45" cell populations of the murine
adrenal cortex. Data are shown as mean = SEM, n=6, * p-value<0.05; **** p-value<0.0001. C. Relative
Fads2 expression in adrenal glands from lean and obese mice. Expression of Fads2 in adrenal glands of
ND-fed mice was set to 1. Data are shown as mean + SEM, n=5-6, ** p-value<0.01. For all assays Thp

expression was used as an internal control.

Figure 5. Effect of FADS2 inhibition on adrenocortical hormone production

A-D. Progesterone, 11-deoxycorticosterone, corticosterone and aldosterone levels in supernatants of
primary adrenal gland cell cultures treated for 18 h with FADS2 inhibitor (FADS2i, 10 uM) or DMSO and
then stimulated for 1 h with ACTH (10 ng/mL) or carrier (PBS) in the presence of FADS2 inhibitor or DMSO.
The cell medium was changed after the 18 h incubation with FADS2 inhibitor or DMSO. Data are shown

as mean = SEM, n=12, * p-value<0.05; **** p-value<0.0001. BLD — below detection limit. E-H.
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Progesterone, 11-deoxycorticosterone, corticosterone and aldosterone levels in supernatants of primary
adrenal gland cell cultures treated for 18 h with FADS2 inhibitor (10 uM) or DMSO in the presence of

arachidonic acid (AA) (150 uM) or carrier (endotoxin-free water).
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