Accepted Manuscript

ATP-binding cassette transporter G1 deficiency is associated with
mild glucocorticoid insufficiency in mice

Menno Hoekstra, Amber B. Ouweneel, Joya E. Nahon, Rick van
der Geest, Mara J. Kroner, Ronald J. van der Sluis, Miranda Van
Eck

PII: S1388-1981(18)30208-7

DOI: https://doi.org/10.1016/j.bbalip.2019.01.003
Reference: BBAMCB 58410

To appear in: BBA - Molecular and Cell Biology of Lipids
Received date: 9 August 2018

Revised date: 6 December 2018

Accepted date: 7 January 2019

Please cite this article as: Menno Hoekstra, Amber B. Ouweneel, Joya E. Nahon, Rick
van der Geest, Mara J. Kroner, Ronald J. van der Sluis, Miranda Van Eck , ATP-binding
cassette transporter G1 deficiency is associated with mild glucocorticoid insufficiency in

mice. Bbamcb (2019), https://doi.org/10.1016/j.bbalip.2019.01.003

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the

journal pertain.


https://doi.org/10.1016/j.bbalip.2019.01.003
https://doi.org/10.1016/j.bbalip.2019.01.003

ATP-binding cassette transporter G1 deficiency is associated with mild glucocorticoid

insufficiency in mice

Running title: ABCG1 deficiency diminishes the adrenal steroid function

Menno Hoekstra**, Amber B. Ouweneel”, Joya E. Nahon, Rick van der Geest, Mara J. Kroner,

Ronald J. van der Sluis, Miranda Van Eck

Division of BioTherapeutics, Leiden Academic Centre for Drug Research, Gorlaeus

Laboratories, Einsteinweg 55, 2333CC Leiden, The Netherlands

* Corresponding author:

Email: hoekstra@lacdr.leidenuniv.nl

Phone: +31-71-5276582

# equal contribution



ABSTRACT

OBJECTIVE: Since cholesterol is the sole precursor for glucocorticoid synthesis, it is
hypothesized that genetic defects in proteins that impact the cellular cholesterol pool may
underlie glucocorticoid insufficiency in humans. In the current study, we specifically focused on
the cholesterol efflux mediator ATP-binding cassette transporter G1 (ABCG1l) as gene

candidate.

METHODS: The adrenal transcriptional response to fasting stress was measured in wild-type
mice to identify putative novel gene candidates. Subsequently, the adrenal glucocorticoid

function was compared between ABCG1 knockout mice and wild-type controls.

RESULTS: Overnight food deprivation induced a change in relative mRNA expression levels of
cholesterol metabolism-related proteins previously linked to steroidogenesis, i.e. scavenger
receptor class B type | (+149%; P<0.001), LDL receptor (-70%; P<0.001) and apolipoprotein E (-
41%; P<0.01). Strikingly, ABCGL1 transcript levels were also markedly decreased (-61%;
P<0.05). In contrast to our hypothesis that decreasing cholesterol efflux would increase the
adrenal cholesterol pool and enhance glucocorticoid output, ABCG1 knockout mice as
compared to wild-type mice exhibited a reduced ability to secrete corticosterone in response to
an ACTH challenge (two-way ANOVA: P<0.001 for genotype) or fasting stress. As a result,
glucocorticoid target gene expression levels in liver and hypothalamus were reduced and blood
lymphocyte concentrations and spleen weights increased in ABCG1 knockout mice under fasting
stress conditions. This was paralleled by a 48% reduction in adrenal cholesteryl ester stores and
stimulation of adrenal NPC intracellular cholesterol transporter 2 (+37%; P<0.05) and

apolipoprotein E (+59%; P<0.01) mRNA expression.

CONCLUSION: ABCGL1 deficiency is associated with mild glucocorticoid insufficiency in mice.
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1. INTRODUCTION

The hypothalamus-pituitary-adrenal axis mediates the physiological response to stress. More
specifically, upon a physiological or psychological stress trigger, the hypothalamus starts
secreting corticotropin releasing hormone that can activate neuronal circuits in the pituitary to
produce adrenocorticotropic hormone (ACTH). Subsequently, ACTH travels via the bloodstream
to the adrenal glands where it binds to the melanocortin-2 receptor. The ACTH / melanocortin-2
receptor interaction initiates intracellular signaling events within adrenocortical cells that lead to
the synthesis of glucocorticoids. Glucocorticoids, i.e. cortisol in humans and corticosterone in
rodents, generate the actual biological stress response through modulation of gene transcription
in target tissues controlling metabolism and immunity. A failure to secrete proper amounts of
glucocorticoids is the underlying cause of Addison’s disease (primary adrenal insufficiency), that
is characterized by fatigue, muscle weakness, loss of appetite, weight loss, and abdominal pain

and a predisposition to loss of consciousness under stress conditions [1].

Glucocorticoids belong to the family of steroid hormones that are derived from the common
precursor cholesterol. Genetic association studies in human subjects suffering from primary
adrenal insufficiency have suggested that the majority of disease cases is related to a defect in
either the melanocortin-2 receptor or proteins involved in the intra-mitochondrial transport of
cholesterol towards the steroidogenic machinery or the subsequent conversion of cholesterol
into glucocorticoids [2]. However, a significant number of glucocorticoid deficiency cases cannot

be explained by known genetic variations [2].

The cellular cholesterol pool is generally maintained through balancing the acquisition of
cholesterol, i.e. the novo synthesis and lipoprotein-derived cholesterol uptake by the low-density

lipoprotein (LDL) receptor and scavenger receptor class B type | (SR-BI), with the (active) export



of cholesterol by locally-produced apolipoprotein E (APOE) and the ATP-binding cassette
transporters A1 (ABCA1) and G1 (ABCG1). Notably, studies by lllingworth et al. have shown that
disruption of the LDL receptor function in humans is associated with a slightly diminished cortisol
response to an ACTH challenge and a reduced basal rate of urinary free cortisol excretion [3].
Our studies in human carriers of a functional mutation in SR-BI have shown that a defect in the
cellular uptake of cholesterol from high-density lipoproteins (HDL) is also associated with a
diminished adrenal glucocorticoid output [4]. In further support of an essential role for SR-BI in
the supply of cholesterol to the glands, ACTH exposure is associated with a marked increase in
MRNA levels of SR-BI in adrenocortical cells [5], which translates into a concomitant increase in
SR-BI protein levels [6] and an enhanced HDL-cholesteryl ester clearance by the adrenals under
stress conditions, i.e. after exposure to lipopolysaccharide [7]. Moreover, adrenals from SR-BI
knockout mice are deprived of cholesteryl esters and secrete lower amounts of corticosterone in
response to a metabolic or inflammatory stress trigger [8-10]. In contrast to the decrease in
glucocorticoid output associated with an impaired cholesterol acquisition from lipoproteins,
studies in APOE knockout mice have shown that elimination of APOE-mediated cholesterol
efflux is actually associated with an increased ability of the adrenals to secrete glucocorticoids in
response to a variety of stress triggers [11,12]. These combined findings (1) highlight that it is of
critical importance to maintain the functional pool of cholesterol within the adrenals that is readily
available for use in the synthesis of glucocorticoids and (2) underscore that it is possible that
genetic defects in other cholesterol metabolism-related proteins may underlie currently

unexplained cases of glucocorticoid insufficiency in humans.

To uncover a potential influence on the adrenal glucocorticoid output of other proteins that are
generally involved in the control of cellular cholesterol homeostasis, we therefore first
investigated the transcriptional response to stress in C57BL/6 wild-type mice. In addition to the

anticipated changes in adrenal SR-BlI and APOE transcript levels, a marked fasting stress-



associated decrease in the adrenal mMRNA expression level of the cholesterol efflux protein ATP-
binding cassette transporter G1 (ABCG1) was detected. We followed up on this interesting initial
observation by studying the effect of total body ABCG1 deficiency on adrenal cholesterol levels

and glucocorticoid output in mice.



2. MATERIALS AND METHODS

2.1 Animals

All mice used in the experiments were generated from in-house breedings. Throughout the
experiments all mice were housed in the same climate controlled stable with a 12h/12h dark-light
cycle and handled identically. All animal work was approved by the Leiden University Animal
Ethics committee and performed in compliance with the Dutch government guidelines and the

Directive 2010/63/EU of the European Parliament.

To study the effect of fasting stress on adrenal glucocorticoid levels, ~12 week old C57BL/6 wild-
type mice were either fed a regular chow diet ab libitum (N=6) or deprived of food from 05:00 PM
onwards (N=6). At 9:00 AM the next morning, blood was drawn from the tail to obtain a basal
plasma corticosterone measurement. Subsequently, mice were sacrificed via cervical dislocation

and adrenals harvested for gene expression analysis.

To evaluate the effect of ABCGL1 deficiency on adrenal cholesterol homeostasis and
glucocorticoid output, we utilized male ABcG1 knockout mice and C57BL/6 wild-type controls.
At the age of 8-12 weeks old, groups of age-matched wild-type (N=9) and ABCG1 knockout
(N=6) mice were single-housed for 2 weeks. At 9:00 AM, blood was drawn from the tail to obtain
a basal plasma corticosterone measurement. Subsequently, mice were injected intraperitoneally
with 200 pg adrenocorticotropic hormone (ACTH; Tetracosactide; MT-Diagnostics Netherlands
BV) and bled at 1, 2, and 3 hours following the ACTH injection to measure the maximal plasma
corticosterone response [13-15]. After a two week recovery period, mice were subjected to food
deprivation from 5:00 PM to 9:00 AM the next morning. After anesthesia by subcutaneous
injection with a mix of 70 mg/kg body weight xylazine, 1.8 mg/kg bodyweight atropine and 350

mg/kg body weight ketamine, mice were bled via retro-orbital bleeding, sacrificed, and subjected



to whole body perfusion with PBS to facilitate collection of liver, spleen, brains, and adrenals.
During sacrifice, the hypothalamus was directly isolated from the brain tissue. Tissues were
stored at -20°C and/or fixed overnight in 3.7% neutral-buffered formalin solution (Formalfixx;
Shandon Scientific Ltd, UK). Additional groups of 10-12 week old age-matched male wild-type
(N=7) and ABCG1 knockout mice (N=7) were group-housed for the complete duration of their life
and sacrificed in the overnight fasted state for the purpose of obtaining more adrenal gland

specimens.

2.2 Blood and plasma analyses

Total white blood cells counts and the distribution over different subclasses of white blood cells
were routinely measured using an automated SYSMEX XT-2000iV Veterinary Heamatology
analyzer (SYSMEX Corporation). Corticosterone levels in tail blood plasma were determined
using the corticosterone 3H RIA Kit from ICN Biomedicals according to the protocol from the

supplier.

2.3 Adrenal lipid composition and histology

Lipids from adrenals were extracted using the method of Bligh and Dyer [16]. After dissolving the
lipids in 1% Triton X-100, unesterified cholesterol and cholesteryl ester contents were
determined using enzymatic colorimetric assays and expressed as micrograms per milligram of
protein. Seven micrometer cryosections were prepared on a Leica CM3050-S cryostat.
Cryosections were routinely stained with hematoxylin (Sigma) and Oil red O (Sigma) for neutral

lipid visualization.



2.4 Real-time quantitative PCR

Total RNA was isolated using guanidinium thiocyanate-phenol-chloroform extraction. Equal
amounts of RNA were reverse transcribed and subsequently real-time quantitative PCR analysis
was executed on the cDNA using an ABI Prism 7500 apparatus (Applied Biosystems, Foster
City, CA, USA) according to the manufacturer’s instructions. Acidic ribosomal phosphoprotein PO
(36B4), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), peptidylprolyl isomerase A
(PPIA), hypoxanthine guanine phosphoribosyl transferase (HPRT), and ribosomal protein L27

(RPL27) were used as housekeeping genes for normalization.

2.5 Data analysis

Statistical analysis was performed using Graphpad Instat software (San Diego, USA,
http:/www.graphpad.com). Normality of the experimental groups was confirmed using the
method of Kolmogorov and Smirnov. The significance of differences was calculated using a two-
tailed unpaired t-test or two-way analysis of variance (ANOVA) where appropriate. Probability

values less than 0.05 were considered significant.



3. RESULTS

To uncover the possible relevance of individual proteins in the maintenance of the adrenal
steroidogenic cholesterol pool, we investigated the effect of stress induction on adrenal mMRNA
expression levels of proteins that are generally recognized as active players in cellular
cholesterol metabolism. Our previous studies in mice have indicated that overnight food
deprivation is an important metabolic stress trigger, as fasting is associated with a highly
reproducible increase in plasma corticosterone levels [8,9,10,13,14,17]. We therefore quantified
adrenal relative mRNA expression levels in C57BL/6 wild-type mice that were either subjected to
overnight fasting or, as a control, were provided a regular chow diet ad libitum. Overnight fasting
did effectively increase plasma corticosterone levels (319+69 ng/ml for fasted mice versus
140£35 ng/ml for controls; P<0.05). In accordance with the notion that SR-Bl-mediated uptake of
cholesteryl esters from HDL is a quantitatively important cholesterol acquisition route under high
steroidogenic pressure conditions, the increase in adrenal glucocorticoid output was paralleled
by a significant rise in adrenal SR-BI relative mRNA expression levels (+149%; P<0.001; Figure
1A). The expression of the low-density lipoprotein receptor (LDLR) was, however, markedly
decreased (-70%; P<0.001; Figure 1A) in response to food deprivation. No apparent change
was detected in the expression levels of HMG-CoA reductase (HMGCR) that facilitates rate-
limiting step in de novo cholesterol synthesis (Figure 1A). This fits with the previous observations
by lllingworth et al. and Laue et al. that treatment of human hypercholesterolemic subjects with
mevinolin, an inhibitor of HMGCR activity, does not affect corticosteroid production by the
adrenal cortex during prolonged ACTH stimulation [18,19]. As evident from Figure 1B, adrenal
APOE expression levels were significantly lower in mice in the fasting state (-41%; P<0.01). A
fasting-associated minor decrease in ABCALl expression levels failed to reach significance

(Figure 1B). In contrast, fasting stress was associated with a marked >2.5-fold decrease in
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adrenal ABCG1 transcript levels (P<0.05; Figure 1B). It can thus be suggested that
adrenocortical cells, in response to a stress trigger, lower their APOE-mediated (passive) efflux
of cholesterol and predominantly block their active efflux of cholesterol via ABCGL1 to guarantee

that sufficient levels of unesterified cholesterol are available for the production of glucocorticoids.

Given that the extent of fasting stress-induced lowering in the expression of ABCG1 (-61%) was
even greater than in that of APOE (-41%) and that ABCGL1 is expressed at relatively high levels
in human adrenal glands [20], we verified whether ABCG1 deficiency impacts the adrenal
glucocorticoid output. As can be appreciated from Figure 2A, total body ABCG1 knockout mice
as compared to C57BL/6 wild-type mice exhibited a reduced overall glucocorticoid response to
an ACTH challenge (two-way ANOVA: P<0.001 for genotype). Plasma corticosterone levels
increased to ~600 ng/ml after intraperitoneal ACTH administration and remained at the similar
high level during the full course of the challenge (3 hours) in wild-type mice (Figure 2A). The
plateau concentration reached in ABCG1 knockout was, however, only ~450 ng/ml.
Furthermore, ABCG1 knockout mice were not able to maintain this maximal level of
glucocorticoid output until the end of the test (Figure 2A). More specifically, at three hours after
ACTH administration, plasma corticosterone levels in ABCG1 knockout mice were only 62% of
those observed in C57BL/6 mice (P<0.01; Figure 2A). To further validate that ABCG1 knockout
mice suffer from mild glucocorticoid insufficiency, we also subjected the two types of mice to
overnight fasting stress. In line with our ACTH response outcome, plasma corticosterone levels
also tended to be lower in overnight fasted ABCG1 knockout mice than in overnight fasted wild-
type mice (P=0.13; Figure 2B). The 22% lowering in plasma corticosterone levels under fasting
stress conditions coincided with a similar decrease in hepatic mMRNA expression levels of the
metabolic glucocorticoid-sensitive gene 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2; -
20%; P<0.01; Figure 2C). In addition, the hepatic expression of the glucocorticoid receptor target

gene fibroblast growth factor 21 (FGF21) was 57% lower in ABCG1 knockout mice (P<0.01;
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Figure 2C). Glucocorticoids stimulate hypothalamic neuropeptide Y (NPY) mRNA levels during
food deprivation [21]. In accordance with a general reduction in the extent of cellular
glucocorticoid signaling as a result of adrenal ABCG1 deficiency, NPY mRNA expression was
significantly lower (-23%; P<0.05) in hypothalamus specimens from ABCG1 knockout mice as
compared to those isolated from wild-type mice (Figure 2D). Blood lymphocyte concentrations
as well as relative spleen weights were markedly increased in ABCG1 knockout mice (Figures
2E & 2F), which highlights that ABCG1 deficiency is probably not only associated with a
diminished metabolic glucocorticoid action but also a reduction in the immunosuppressive

glucocorticoid activity.

To provide insight into the potential mechanism underlying the impaired ability of the ABCG1
knockout adrenals to secrete an equally high level of corticosterone as compared to their wild-
type counterparts, we isolated adrenals from wild-type and ABCG1 knockout mice, in the
overnight fasting stressed state, for biochemical analysis. ABCG1 deficiency did not have an
effect on absolute adrenal weights (Figure 3A). Since total body weights also did not differ
between ABCG1 knockout mice and wild-type controls (data not shown), the body weight
corrected adrenal weights were also virtually identical in the two groups of mice, 0.030+0.003%
for ABCG1 knockout mice (N=13) versus 0.030+0.004% for wild-type mice (N=16), respectively.
Given that intra-mitochondrial transport of cholesterol and the subsequent step-wise conversion
of cholesterol into glucocorticoids are considered rate-limiting for the secretion of corticosterone,
a potential effect of ABCG1 deficiency on the mRNA expression of genes crucially involved in
these processes was determined. Relative mMRNA expression levels of proteins that respectively
facilitate the intra-mitochondrial cholesterol flux (STARD1) and subsequent conversions of
cholesterol into pregnenolone (CYP11Al), pregnenolone into progesterone (HSD3B2),
progesterone into deoxycorticosterone (CYP21A1), and deoxycorticosterone into corticosterone

(CYP11B1) were all within the normal range in ABCG1 knockout adrenals (Figure 3B). As such,

12



it seems that a defect in the actual steroidogenic process probably does not underlie the ABCG1

deficiency-associated glucocorticoid insufficiency.

Given that we hypothesized that ABCG1 plays a quantitative role in maintaining cellular
cholesterol homeostasis, we subsequently determined the impact of total body ABCG1
deficiency on adrenal cholesterol homeostasis. As evident from Figure 4A, quantification of
tissue cholesterol levels showed that ABCG1 deficiency did not execute a major effect on
adrenal unesterified cholesterol levels. Strikingly, a marked 48% reduction in the adrenal
cholesteryl ester pool could be observed in ABCG1 knockout mice. The difference in adrenal
levels of esterified cholesterol, however, failed to reach statistical significance due to the large
intra-group variation (P=0.10; Figure 4B). Importantly, histochemical staining of adrenal sections
with Oil red O could verify that ABCG1 deficiency was indeed associated with a significant
change in neutral lipid accumulation. Sections of wild-type adrenals contained large Oil red O-
positive lipid vacuoles, whilst only relatively small lipid droplets were visible in sections of

ABCG1 knockout adrenals (Figure 4C).

Additional mMRNA expression analysis was employed to delineate why a genetic defect in the
cholesterol efflux gene ABCG1 was not paralleled by an increase in cellular cholesterol levels,
but rather decreased adrenal cholesterol stores. Adrenal relative mRNA expression levels of
HMGCR, SR-BI, and the LDL receptor were not different between ABCG1 knockout and wild-
type mice (Figure 5A), which implies that the reduction in adrenal cholesterol stores was not
secondary to a change in the rate of adrenal cholesterol acquisition. Cholesterol (de-
)esterification rates were likely also not affected as judged from the unchanged MmRNA
expression levels of ACAT1 and HSL (Figure 5B). Interestingly, APOE levels were significantly
elevated in ABCG1 knockout adrenals (+59%; P<0.01; Figure 5C), suggesting a possibly higher
rate of adrenocortical cell cholesterol efflux. In agreement, the expression levels of the major

cholesterol efflux protein ABCAL also tended to increase in response to ABCG1 deficiency
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(+48%; P=0.10; Figure 5C). Several studies have indicated that ABCG1, similarly to ABCAL and
APOE, plays a role in the plasma membrane cholesterol flux [22-25]. The upregulation of APOE
and ABCA1 expression may thus serve as a compensatory response to restore the cholesterol
flux across the plasma membrane. However, findings from Tarling et al. have highlighted that
murine ABCG1 is probably primarily acting intracellularly, i.e. on early and late endosomes and
lysosomes [26,27]. We therefore also investigated a potential effect of ABCG1 deficiency on the
expression levels of lysosomal cholesterol transport genes. ABCGL1 deficiency was not
associated with a change the adrenal relative mRNA expression levels of NPC intracellular
cholesterol transporter 1 (NPC1) that is regarded the main transporter of cholesterol across the
lysosomal limiting membrane (Figure 5D). Strikingly, ABCG1 knockout adrenals did — however —
exhibit a significant 37% increase (P<0.05; Figure 5D) as compared to wild-type adrenals in the
relative mRNA expression levels of NPC2 that plays an obligate role in transport cholesterol

through the lysosomal lumen [28].
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4. DISCUSSION

In the current study we show for the first time that ABCG1 knockout mice suffer from mild
glucocorticoid insufficiency, which is associated with smaller lipid-droplets in the adrenocortical
cells. The observation that the amounts of cholesterol used for steroidogenesis and storage in
the cholesteryl ester pool are reduced as a result of ABCG1 deficiency can be conceived as
remarkable, since ABCG1 is generally thought to play a role in the efflux of cholesterol from

cells.

We observed that fasting stress is associated with an increase in adrenal relative mRNA
expression levels of SR-BI, whilst adrenal mMRNA expression levels of genes associated with
cholesterol efflux (i.e. APOE and ABCG1) are significantly reduced in response to food
deprivation. In light of the fact that the steroidogenic machinery needs a relatively high amount of
unesterified cholesterol to produce glucocorticoids under (fasting) stress conditions, it is not
surprising that adrenals increase their expression levels of SR-Bl to facilitate uptake of
exogenous cholesterol from HDL, the primary lipoprotein circulating in mice. Furthermore, a
decrease in the rate of cellular cholesterol efflux would theoretically also translate into a higher
availability of cholesterol for use in steroidogenesis. The parallel 70% decrease in mMRNA
expression levels of the LDL receptor may in this light seem counterintuitive as this is a primary
receptor for cellular uptake of cholesterol from non-HDL lipoproteins, i.e. very-low-density
lipoprotein (VLDL) and LDL. However, our previous adrenal transplantation studies in total body
LDL receptor knockout mice have shown that LDL receptor-mediated cholesterol uptake is

actually linked to a reduction in the overall glucocorticoid output [14].

An unexpected finding from our studies was that deletion of the cholesterol efflux transporter

ABCG1 in mice did not increase adrenal cholesterol levels, but rather decreased adrenal
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cholesterol stores and lowered the ability of adrenals to secrete glucocorticoids in response to
ACTH exposure or fasting stress. Given that we did not observe a parallel change in the
expression of key genes involved in steroidogenesis and cholesterol (de-)esterification it is
anticipated that the ABCG1 deficiency-associated glucocorticoid insufficiency and cholesteryl
ester deprivation are secondary to a reduction in the relevant intracellular (unesterified)
cholesterol substrate pool. Based upon the fact that gene expression levels of SR-BI, HMGCR,
and the LDL receptor as well as plasma cholesterol levels (data not shown) were not different
between wild-type and ABCG1 knockout mice, it is also unlikely that the glucocorticoid
insufficiency is related to disrupted cholesterol acquisition by adrenocortical cells. We detected a
significant increase in the mMRNA expression levels of the lysosomal cholesterol transport protein
NPC2 in ABCG1 knockout mice. In fibroblasts in culture, NPC2 facilitates cellular cholesterol
efflux [29]. Mechanistic studies by Boadu et al. have indicated that NPC2 specifically facilitates
the ABCAl-mediated flux of cholesterol from the (endo)lysosomal compartment towards the
plasma membrane for subsequent removal by exogenous acceptors APOA1 and HDL [30]. In
agreement with a critical role for NPC2 in lysosomal cholesterol efflux, deletion of NPC2
functionality is associated with accumulation of cholesterol in the lysosomal compartment
[31,32]. NPC2 is a regulatory target of the nuclear oxysterol receptor liver X receptor (LXR), that
plays an important role in the pathway for the removal of excess cholesterol from the body
(reviewed in [33-35]). Rigamonti et al. have shown that exposure to the synthetic LXR agonists
T0901317 and GW3965 stimulates the expression of NPC2 in human macrophages [36].
Interestingly, in addition to the observed increase in mRNA expression of NPC2, also relative
MRNA expression levels of respectively APOE and ABCA1, two other LXR-responsive genes,
were significantly higher or tended be increased in ABCG1 knockout adrenals as compared to
wild-type adrenals. It is therefore tempting to speculate that absence of ABCG1 leads to
activation of LXR in the adrenals. Importantly, previous in vitro and in vivo findings have
suggested that the LXR activation status is negatively correlated with the rate of cholesterol
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storage and hormone formation in steroidogenic cells and tissues. More specifically, disruption
of in vivo LXR functionality in LXRalpha/beta double knockout mice is associated with adrenal
accumulation of both unesterified and esterified cholesterol, an increased adrenocortical cell
glucocorticoid secretion and higher plasma corticosterone levels [37]. In contrast, treatment with
LXR agonists reduces cellular cholesterol levels and lowers progesterone secretion in cultured
human luteinized granulosa cells [38]. Notably, studies in which the function of the membrane-
associated (late) endosomal cholesterol transport protein StAR related lipid transfer domain
containing 3 (MLN64/ STARD3) was eliminated have proven that mitochondria rely for a large
part on lysosomes for the acquisition of the cholesterol substrate used for steroidogenesis [39].
When taking these combined findings into account, ‘it is hypothesized that, within ABCGL1
knockout adrenals, LXR activation stimulates the NPC2 / ABCAl-mediated transport of
cholesterol from lysosomes towards the plasma membrane for subsequent efflux, thereby
depriving the lysosomal cholesterol pool that can be used for cholesteryl ester storage or
MLNG64-mediated transfer to the mitochondria for subsequent use in steroidogenesis. Studies by
Karuna et al. have suggested that ABCG1 mediates the cellular efflux of the endogenous LXR
ligand 27-hydroxycholesterol [40]. As such, the apparent ABCG1 deficiency-associated
activation of LXR and reduction in the glucocorticoid output can theoretically be secondary to
adrenal 27-hydroxycholesterol accumulation. However, in light of the imaging findings from
Tarling et al. that - in mice - ABCG1 primary localizes to early and late lysosomes [26,27], it is
also tempting to speculate that, while NPC2 seems to donate cholesterol to ABCAL1 for
trafficking towards the plasma membrane and efflux to exogenous acceptors, ABCG1 actively
supplies lysosomal cholesterol to MLN64 for subsequent mitochondrial delivery. It should be
acknowledged that our current working model regarding the impact of ABCG1 deficiency on
adrenal cholesterol homeostasis is based solely on changes in the mRNA expression levels of a
set of cholesterol metabolism-related genes. Although studies by Koussounadis et al. have
implied that differentially expressed mRNAs are more likely than non-differentially expressed
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MRNAs to translate into concordant behavior at the protein level [41], it is clear that dedicated
(more mechanistically oriented) cholesterol flux follow-up studies are warranted to uncover how

ABCGL1 deficiency exactly impacts adrenocortical cell cholesterol homeostasis.

In conclusion, we have shown that ABCG1 deficiency is associated with reduced adrenal
cholesterol levels and mild glucocorticoid insufficiency in mice. Since recent studies by de Aguiar
Vallim et al. have shown that within the lungs the function of ABCGL1 is similar in mice and
humans [42], our mouse data highlight that is of interest to investigate whether variations in the
activity of the ABCG1 gene/protein also associate with an altered adrenal glucocorticoid function

in humans.
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FIGURE LEGENDS

Figure 1: Fasting stress alters the adrenal mRNA expression profile of cholesterol
metabolism-related proteins in C57BI/6 wild-type mice. Relative mRNA expression levels of
proteins involved in the acquisition (A) and efflux (B) of cholesterol were measured in adrenals of
C57BL/6 mice subjected to overnight food deprivation (black bars) and compared to those of ad
libitum-fed control mice (white bars). Data represent means+SEM of 6 mice per group. * P<0.05,

** P<0.01, *** P<0.001.

Figure 2: ABCGL1 deficiency is associated with mild glucocorticoid insufficiency in mice.
(A) Plasma corticosterone levels measured over time after an intraperitoneal injection with
ACTH. (B) Plasma corticosterone levels measured in the overnight fasted state. (C) Hepatic
relative mMRNA expression levels of the glucocorticoid-sensitive genes HMGCS2 and FGF21. (D)
Relative mRNA expression levels of the glucocorticoid target gene NPY in hypothalamus. (E)
Blood lymphocyte concentrations. (F) Spleen weights as percentage of total body weight. White
bars/symbols represent data from wild-type mice and black bars/symbols those from ABCG1
knockout mice. Data represent means+SEM of respectively 9 and 6 (panels A-D) and 16 and 13
(panels E and F) wild-type and ABCG1 knockout mice per group. * P<0.05, ** P<0.01, ***

P<0.001.

Figure 3: ABCGL1 deficiency does not alter adrenal weights or adrenal relative mRNA
expression levels of steroidogenic genes. Adrenal weights (A) and relative mRNA expression
levels of the indicated genes involved in adrenal steroidogenesis (B) were measured in the

overnight fasting state. White bars represent data from wild-type mice and black bars those from
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ABCG1 knockout mice. Data represent means+SEM of respectively 16 and 13 (panel A) and 9

and 6 (panel B) wild-type and ABCG1 knockout mice per group.

Figure 4: ABCG1 deficiency is associated with a trend to a reduction in adrenal
cholesteryl ester stores. (A) Adrenal free cholesterol (FC) and cholesteryl ester (CE) levels.
Data represent means+SEM of 9 wild-type mice (WT; white bars) and 6 ABCG1 knockout mice
(ABCG1 KO; black bars). (B) Representative images of adrenal sections showing Oil red O-
stained neutral lipid stores in adrenocortical cells (400x magnification). Note that ABCG1
deficiency is associated with the presence of only relatively small cholesteryl ester-containing

lipid droplets.

Figure 5: ABCGL1 deficiency is associated with significant alterations in the adrenal mRNA
expression profile of cholesterol metabolism-related proteins. Relative mRNA expression
levels of genes involved in cholesterol acquisition (A), cholesterol (de-)esterification (B),
cholesterol efflux (C), and lysosomal cholesterol handling (D) were measured in adrenals of
mice under fasting stress conditions. Data represent means+SEM of 9 wild-type mice (white

bars) and 6 ABCG1 knockout mice (black bars). * P<0.05, ** P<0.01.
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HIGHLIGHTS

e ABCG1 deficiency is associated with reduced adrenal cholesterol ester storage
¢ ABCG1 knockout adrenals exhibit an increase in (lysosomal) cholesterol efflux genes

e ABCG1 deficiency is associated with mild glucocorticoid insufficiency in mice
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