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corticoids belong to the superfamily of steroid hormones that are
synthesized from the common precursor cholesterol. Adrenal gland-
derived glucocorticoids, e.g., cortisol in humans and corticosterone in
rodents, contribute to various processes essential for normal daily life.
Glucocorticoid deficiency, also referred to as primary adrenal insuf-
ficiency, therefore, often becomes evident early in life and can be
present with hypoglycemia, a failure to thrive, recurrent development
of infections, and neurological problems, such as seizures and coma.
The majority of congenital primary adrenal insufficiency cases are
caused by deleterious mutations in genes involved in the intracellular
mobilization of cholesterol and the subsequent conversion of choles-
terol into glucocorticoids. A significant number of glucocorticoid
deficiency cases, however, cannot be explained by known genetic
variations. This perspective highlights existing literature regarding the
importance of lipoprotein-derived cholesterol acquisition through
scavenger receptor class B, type I (SR-BI/SCARB1) for the mainte-
nance of an optimal adrenal glucocorticoid function in mice and
humans. On the basis of the reviewed findings, it is suggested that the
SCARBI1 gene should be included in the standard glucocorticoid
deficiency genetic screening panel to /) facilitate knowledge devel-
opment on the relative contribution of SR-BI-mediated cholesterol
acquisition to steroid hormone synthesis in humans and 2) open up the
possibility to reclassify glucocorticoid deficiency patients without a
currently known genetic cause for concomitant treatment optimiza-
tion.
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PRIMARY ADRENAL INSUFFICIENCY DEFICIENCY:
PATHOLOGY AND ESTABLISHED GENETIC CAUSES

Glucocorticoids belong to the superfamily of steroid hor-
mones that are synthesized from the common precursor
cholesterol. Adrenal gland-derived glucocorticoids, e.g.,
cortisol in humans and corticosterone in rodents, contribute
to various processes essential for normal daily life. Gluco-
corticoid deficiency, that is, primary adrenal insufficiency,
therefore, often becomes evident early in life and can be
present with hypoglycemia, a failure to thrive, recurrent
development of infections, and neurological problems, such
as seizures and coma (7).

Clinically, the majority of the primary adrenal insufficiency
cases can be attributed to the presence of an autoimmune
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reaction against the steroidogenic enzyme 2I1-hydroxylase
(CYP21A2), a condition also referred to as Addison’s disease
(4, 29). Patients negative for autoantibodies against CYP21A2
are generally subjected to a genetic screen to detect congenital
adrenal insufficiency. Characterization of the exact genetic
cause is important since different clinical congenital adrenal
insufficiency phenotypes require specific treatment strategies.
More specifically, a deleterious impact on proteins involved
in hormonal activation of the adrenals or the early steps in
adrenal cholesterol acquisition and steroidogenesis, that is,
melanocortin 2 receptor, steroidogenic acute regulatory pro-
tein (STAR/STARD1), and cholesterol side-chain cleavage
enzyme (P450scc/CYP11A1l) is solely associated with re-
duced glucocorticoid and mineralocorticoid levels (1, 8, 19,
20, 27), which can be effectively treated with standard
hormone replacement therapy. In contrast, human subjects
lacking a functional CYP21A2 protein (8, 15, 21, 23) not only
suffer from mineralocorticoid and glucocorticoid insufficiency,
but also frequently display clinical signs of hyperandrogenism,
which requires additional medical attention. Importantly, a
significant number of glucocorticoid deficiency cases cannot be
explained by known genetic variations (8). Identification of
potential novel screening candidates is, thus, of medical inter-
est.

SCAVENGER RECEPTOR CLASS B TYPE I DEFICIENCY AS A
POTENTIAL GENETIC CAUSE OF PRIMARY ADRENAL
INSUFFICIENCY: INITIAL IN VIVO EVIDENCE FROM
STUDIES IN RODENTS

In vitro studies in human adrenocortical cells have indicated
that the cholesterol used for the production of glucocorticoids
is primarily acquired from circulating spherical lipid-protein
complexes, that is, low-density lipoproteins (LDL) and high-
density lipoproteins (HDL) (9). In support of this, hypolipi-
demic drug-mediated depletion of plasma lipoproteins is asso-
ciated with diminished adrenal lipid accumulation and the
induction glucocorticoid insufficiency in rats and mice (3, 13).
Cholesteryl ester stores are similarly deprived in adrenals from
HDL-deficient apolipoprotein Al knockout mice (24). Further-
more, isolated HDL deficiency in mice is also associated with
a marked impairment in the corticosterone response to ACTH
exposure (24). As such, HDL is considered the primary lipo-
protein cholesterol donor in rodents.

Scavenger receptor class B type I (SR-BI), encoded by the
SCARBI gene, acts as a functional HDL receptor in mice, as
it is able to bind HDL and subsequently transfer cholesteryl
esters to cells without parallel whole particle uptake (2). A
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relatively high basal expression of SR-BI is present in steroid-
producing tissues, such as the testis, ovary, and adrenals (18).
Importantly, within the adrenals, expression of SR-BI appears
to be restricted to cortical cells and is highly responsive to
ACTH exposure. More specifically, ACTH treatment of wild-
type mice increases total adrenal SR-BI expression, leading to
clustering of SR-BI proteins in circular or ovular structures
within adrenocortical cells (25). Because SR-BI deficiency in
murine adrenocortical cells almost completely eliminates the
ability of these cells to selectively take up cholesteryl esters
from HDL (22), it was hypothesized that SR-BI may be of
critical importance to acquire the cholesterol pool needed for
glucocorticoid synthesis by the adrenals in mice. To provide
experimental proof for this hypothesis, we and others made use
of a strain of genetically modified mice lacking a functional
SR-BI protein (SR-BI knockout mice), originally generated by
the group of Monty Krieger (26). Adrenals from SR-BI knock-
out mice are largely deprived of cholesteryl esters (11). In
accordance with the notion that these lipoprotein-derived cho-
lesterol stores are used for steroidogenesis, SR-BI knockout
mice fail to increase their plasma corticosterone levels to a
similar extent as wild-type controls upon an ACTH challenge
(5). In addition, the corticosterone response to inflammatory
(lipopolysaccharide exposure) and metabolic (food depriva-
tion) steroidogenic triggers is largely diminished as a result of
total body SR-BI deficiency (5, 11, 12). SR-BI knockout mice
are, therefore, more susceptible to inflammation and suffer
from fasting hypoglycemia (5, 11, 12). HDL particles in SR-BI
knockout mice are enlarged and contain a relatively high
amount of unesterified cholesterol (26). To exclude that the
change in HDL phenotype is the actual cause of the glucocor-
ticoid insufficiency observed in total body SR-BI knockout
mice, the adrenal transplantation technique originally de-
scribed by Karpac et al. (17) was used. As anticipated, repopu-
lation of bilaterally adrenalectomized wild-type mice with
SR-BI knockout adrenals can recapitulate the adrenal lipid
depletion and glucocorticoid insufficiency phenotype of total
body SR-BI knockout mice (14). In further support, Gilibert et
al. (6) have also detected the adrenal insufficiency phenotype
in mice with adrenal gland-specific SCARB1 gene targeting.

VALIDATION OF THE PHYSIOLOGICAL RELEVANCE OF SR-
BI FOR ADRENAL FUNCTION IN HUMANS

Humans, as opposed to rodents, express the cholesterol ester
transfer protein (CETP) that is able to exchange cholesteryl
esters from HDL particles with triglycerides from apolipopro-
tein B-containing very low-density lipoprotein and LDL.
Therefore, LDL represents the primary lipoprotein species
circulating in humans. Homozygous LDL receptor deficiency
in humans, that is, in familial hypercholesterolemia patients, is
associated with a decrease in plateau cortisol concentrations
during prolonged ACTH stimulation (16). LDL receptor-me-
diated cholesterol uptake from LDL has, therefore, long been
regarded as the driving force in the generation of substrate for
adrenal glucocorticoid production in humans.

In accordance with the assumption that the CETP — LDL —
LDL receptor pathway is able to effectively shuttle away
cholesterol originating from HDL particles, introduction of
human CETP in total body SR-BI knockout mice reverses the
accumulation of cholesteryl ester-enriched HDL particles (10,
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12). Supplying SR-BI knockout mice with the alternative
CETP — LDL — LDL receptor cholesterol metabolism path-
way does not, however, overcome the glucocorticoid insuffi-
ciency (12). This latter observation for the first time high-
lighted that the HDL/SR-BI-axis is possibly also of importance
for adrenal functioning in the human situation. Follow-up
studies in human carriers of the functional P297S mutation in
the SCARBI gene that, similarly as SR-BI knockout mice,
exhibit elevated plasma HDL-cholesterol levels (28) were,
therefore, executed. P297S carriers exhibit a reduced adrenal
glucocorticoid function, as evident from the significant de-
crease in urinary 17-ketogenic steroid and 17-hydroxysteroid
excretion (28). In addition, the increase in free cortisol levels
upon ACTH exposure is 43% lower in P297S mutants, as
compared with wild-type (nonmutated) SR-BI protein-carrying
controls (28). Symptoms associated with an impaired adrenal
glucocorticoid function, that is, fatigue, dizziness and fainting,
are also frequently reported by heterozygous P297 mutation
carriers (28). Thus, it can be appreciated that the cholesterol
pool used for adrenal glucocorticoid production in humans is
also generated by SR-BI-mediated uptake of lipoprotein-asso-
ciated cholesteryl esters.

CONCLUDING REMARKS

Although the concept highlighted in this perspective, that is,
that SR-BI is essential for an optimal adrenal cholesterol
acquisition in both rodents and humans, may not be particu-
larly ground-breaking in the eyes of lipidologists, the potential
clinical implication appears to be not fully recognized within
the endocrinology field. Actual detection of a functional mu-
tation in the SCARBI1 gene may possibly help physicians
choose the best treatment approach for patients with glucocor-
ticoid insufficiency, since absence of SR-BI is hypothesized to
globally reduce the adrenal steroidogenesis rate. However, it
should be acknowledged that the overall endocrinological
impact of SCARBI mutations in humans remains largely
unknown because the number of thoroughly examined human
SR-BI deficiency cases is low. Therefore, it is suggested that
the SCARBI1 gene should be included in the standard gluco-
corticoid deficiency genetic screening panel to /) facilitate
knowledge development on the relative contribution of the
SR-BI-mediated cholesterol acquisition to steroid hormone
synthesis in humans and 2) open up the possibility of reclas-
sifying glucocorticoid deficiency patients without a currently
known genetic cause for concomitant treatment optimization.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author.

AUTHOR CONTRIBUTIONS

M.H. drafted manuscript; edited and revised manuscript; approved final
version of manuscript.

REFERENCES

1. Achermann JC, Meeks JJ, Jeffs B, Das U, Clayton PE, Brook CG,
Jameson JL. Molecular and structural analysis of two novel StAR
mutations in patients with lipoid congenital adrenal hyperplasia. Mol
Genet Metab 73: 354357, 2001. doi:10.1006/mgme.2001.3202.

2. Acton S, Rigotti A, Landschulz KT, Xu S, Hobbs HH, Krieger M.
Identification of scavenger receptor SR-BI as a high density lipoprotein
receptor. Science 271: 518520, 1996. doi:10.1126/science.271.5248.518.

) AJP-Endocrinol Metab « doi:10.1152/ajpendo.00069.2020 - www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Leids Univers Medisch Centrum (132.229.026.234) on January 19, 2021.


https://doi.org/10.1006/mgme.2001.3202
https://doi.org/10.1126/science.271.5248.518

E104

3.

10.

11.

12.

13.

14.

15.

Almeida H, Magalhdes MM, Serra TA, Hipdlito-Reis C, Magalhaes
MC. Ultrastructural and biochemical alterations produced in rat adrenal
cortex by 4-aminopyrazolopyrimidine. J Ultrastruct Mol Struct Res 97:
1-9, 1986. doi:10.1016/S0889-1605(86)80002-7.

. Bednarek J, Furmaniak J, Wedlock N, Kiso Y, Baumann-Antczak A,

Fowler S, Krishnan H, Craft JA, Rees Smith B. Steroid 21-hydroxylase is
a major autoantigen involved in adult onset autoimmune Addison’s disease.
FEBS Lett 309: 51-55, 1992. doi:10.1016/0014-5793(92)80737-2.

. CaiL, Ji A, de Beer FC, Tannock LR, van der Westhuyzen DR. SR-BI

protects against endotoxemia in mice through its roles in glucocorticoid
production and hepatic clearance. J Clin Invest 118: 364-375, 2008.
doi:10.1172/JCI31539.

. Gilibert S, Galle-Treger L, Moreau M, Saint-Charles F, Costa S,

Ballaire R, Couvert P, Carrié A, Lesnik P, Huby T. Adrenocortical
scavenger receptor class B type I deficiency exacerbates endotoxic shock
and precipitates sepsis-induced mortality in mice. J Immunol 193: 817—
826, 2014. doi:10.4049/jimmunol.1303164.

. Gupta RK, Khera S, Kanitkar M. Familial glucocorticoid deficiency.

Med J Armed Forces India 67: 6971, 2011. doi:10.1016/S0377-1237(11)
80021-3.

. Guran T, Buonocore F, Saka N, Ozbek MN, Aycan Z, Bereket A, Bas

F, Darcan S, Bideci A, Guven A, Demir K, Akinci A, Buyukinan M,
Aydin BK, Turan S, Agladioglu SY, Atay Z, Abali ZY, Tarim O, Catli
G, Yuksel B, Akcay T, Yildiz M, Ozen S, Doger E, Demirbilek H, Ucar
A, Isik E, Ozhan B, Bolu S, Ozgen IT, Suntharalingham JP, Acher-
mann JC. Rare causes of primary adrenal insufficiency: genetic and
clinical characterization of a large nationwide cohort. J Clin Endocrinol
Metab 101: 284-292, 2016. doi:10.1210/jc.2015-3250.

. Higashijima M, Nawata H, Kato K, Ibayashi H. Studies on lipoprotein

and adrenal steroidogenesis: I. Roles of low density lipoprotein- and high
density lipoprotein-cholesterol in steroid production in cultured human
adrenocortical cells. Endocrinol Jpn 34: 635-645, 1987. doi:10.1507/
endocrj1954.34.635.

Hildebrand RB, Lammers B, Meurs I, Korporaal SJ, De Haan W,
Zhao Y, Kruijt JK, Pratico D, Schimmel AW, Holleboom AG, Hoek-
stra M, Kuivenhoven JA, Van Berkel TJ, Rensen PC, Van Eck M.
Restoration of high-density lipoprotein levels by cholesteryl ester transfer
protein expression in scavenger receptor class B type I (SR-BI) knockout
mice does not normalize pathologies associated with SR-BI deficiency.
Arterioscler Thromb Vasc Biol 30: 1439-1445, 2010. doi:10.1161/
ATVBAHA.110.205153.

Hoekstra M, Meurs I, Koenders M, Out R, Hildebrand RB, Kruijt JK,
Van Eck M, Van Berkel TJ. Absence of HDL cholesteryl ester uptake in
mice via SR-BI impairs an adequate adrenal glucocorticoid-mediated
stress response to fasting. J Lipid Res 49: 738745, 2008. doi:10.1194/
j1lr.M700475-JLR200.

Hoekstra M, Ye D, Hildebrand RB, Zhao Y, Lammers B, Stitzinger
M, Kuiper J, Van Berkel TJ, Van Eck M. Scavenger receptor class B
type I-mediated uptake of serum cholesterol is essential for optimal
adrenal glucocorticoid production. J Lipid Res 50: 1039-1046, 20009.
doi:10.1194/j1r.M800410-JLR200.

Hoekstra M, Korporaal SJ, Li Z, Zhao Y, Van Eck M, Van Berkel TJ.
Plasma lipoproteins are required for both basal and stress-induced adrenal
glucocorticoid synthesis and protection against endotoxemia in mice. Am
J Physiol Endocrinol Metab 299: E1038-E1043, 2010. doi:10.1152/
ajpendo.00431.2010.

Hoekstra M, van der Sluis RJ, Van Eck M, Van Berkel TJ. Adrenal-
specific scavenger receptor BI deficiency induces glucocorticoid insuffi-
ciency and lowers plasma very-low-density and low-density lipoprotein
levels in mice. Arterioscler Thromb Vasc Biol 33: e39-e46, 2013. doi:10.
1161/ATVBAHA.112.300784.

Hsieh S, White PC. Presentation of primary adrenal insufficiency in
childhood. J Clin Endocrinol Metab 96: E925-E928, 2011. doi:10.1210/
jc.2011-0015.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

SR-BI: A CANDIDATE GENE IN GLUCOCORTICOID INSUFFICIENCY

Illingworth DR, Lees AM, Lees RS. Adrenal cortical function in ho-
mozygous familial hypercholesterolemia. Metabolism 32: 1045-1052,
1983. doi:10.1016/0026-0495(83)90075-6.

Karpac J, Ostwald D, Bui S, Hunnewell P, Shankar M, Hochgesch-
wender U. Development, maintenance, and function of the adrenal gland
in early postnatal proopiomelanocortin-null mutant mice. Endocrinology
146: 2555-2562, 2005. doi:10.1210/en.2004-1290.

Landschulz KT, Pathak RK, Rigotti A, Krieger M, Hobbs HH.
Regulation of scavenger receptor, class B, type I, a high-density lipopro-
tein receptor, in liver and steroidogenic tissues of the rat. J Clin Invest 98:
984-995, 1996. doi:10.1172/JCI118883.

Matsuura H, Shiohara M, Yamano M, Kurata K, Arai F, Koike K.
Novel compound heterozygous mutation of the MC2R gene in a patient
with familial glucocorticoid deficiency. J Pediatr Endocrinol Metab 19:
1167-1170, 2006. doi:10.1515/JPEM.2006.19.9.1167.

Metherell LA, Naville D, Halaby G, Begeot M, Huebner A, Niirnberg
G, Niirnberg P, Green J, Tomlinson JW, Krone NP, Lin L, Racine M,
Berney DM, Achermann JC, Arlt W, Clark AJ. Nonclassic lipoid
congenital adrenal hyperplasia masquerading as familial glucocorticoid
deficiency. J Clin Endocrinol Metab 94: 3865-3871, 2009. doi:10.1210/
j.2009-0467.

Miller WL, Auchus RJ. The molecular biology, biochemistry, and
physiology of human steroidogenesis and its disorders. Endocr Rev 32:
81-151, 2011. doi:10.1210/er.2010-0013.

Out R, Hoekstra M, Spijkers JA, Kruijt JK, van Eck M, Bos IS, Twisk
J, Van Berkel TJ. Scavenger receptor class B type I is solely responsible
for the selective uptake of cholesteryl esters from HDL by the liver and the
adrenals in mice. J Lipid Res 45: 2088-2095, 2004. doi:10.1194/jlr.
M400191-JLR200.

Perry R, Kecha O, Paquette J, Huot C, Van Vliet G, Deal C. Primary
adrenal insufficiency in children: twenty years experience at the Sainte-
Justine Hospital, Montreal. J Clin Endocrinol Metab 90: 3243-3250,
2005. doi:10.1210/jc.2004-0016.

Plump AS, Erickson SK, Weng W, Partin JS, Breslow JL, Williams
DL. Apolipoprotein A-I is required for cholesteryl ester accumulation in
steroidogenic cells and for normal adrenal steroid production. J Clin Invest
97: 26602671, 1996. doi:10.1172/JCI118716.

Rigotti A, Edelman ER, Seifert P, Igbal SN, DeMattos RB, Temel RE,
Krieger M, Williams DL. Regulation by adrenocorticotropic hormone of
the in vivo expression of scavenger receptor class B type I (SR-BI), a
high-density lipoprotein receptor, in steroidogenic cells of the murine
adrenal gland. J Biol Chem 271: 33545-33549, 1996. doi:10.1074/jbc.271.
52.33545.

Rigotti A, Trigatti BL, Penman M, Rayburn H, Herz J, Krieger M. A
targeted mutation in the murine gene encoding the high density lipoprotein
(HDL) receptor scavenger receptor class B type I reveals its key role in
HDL metabolism. Proc Natl Acad Sci USA 94: 12610-12615, 1997.
doi:10.1073/pnas.94.23.12610.

Tsiotra PC, Koukourava A, Kaltezioti V, Geffner ME, Naville D,
Begeot M, Raptis SA, Tsigos C. Compound heterozygosity of a frame-
shift mutation in the coding region and a single base substitution in the
promoter of the ACTH receptor gene in a family with isolated glucocor-
ticoid deficiency. J Pediatr Endocrinol Metab 19: 1157-1166, 2006.
doi:10.1515/JPEM.2006.19.9.1157.

Vergeer M, Korporaal SJ, Franssen R, Meurs I, Out R, Hovingh GK,
Hoekstra M, Sierts JA, Dallinga-Thie GM, Motazacker MM, Holle-
boom AG, Van Berkel TJ, Kastelein JJ, Van Eck M, Kuivenhoven JA.
Genetic variant of the scavenger receptor BI in humans. N Engl J Med
364: 136-145, 2011. doi:10.1056/NEJM0a0907687.

Wingyvist O, Karlsson FA, Kampe O. 21-Hydroxylase, a major autoan-
tigen in idiopathic Addison’s disease. Lancet 339: 1559-1562, 1992.
doi:10.1016/0140-6736(92)91829-W.

) AJP-Endocrinol Metab « doi:10.1152/ajpendo.00069.2020 - www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Leids Univers Medisch Centrum (132.229.026.234) on January 19, 2021.


https://doi.org/10.1016/S0889-1605%2886%2980002-7
https://doi.org/10.1016/0014-5793%2892%2980737-2
https://doi.org/10.1172/JCI31539
https://doi.org/10.4049/jimmunol.1303164
https://doi.org/10.1016/S0377-1237%2811%2980021-3
https://doi.org/10.1016/S0377-1237%2811%2980021-3
https://doi.org/10.1210/jc.2015-3250
https://doi.org/10.1507/endocrj1954.34.635
https://doi.org/10.1507/endocrj1954.34.635
https://doi.org/10.1161/ATVBAHA.110.205153
https://doi.org/10.1161/ATVBAHA.110.205153
https://doi.org/10.1194/jlr.M700475-JLR200
https://doi.org/10.1194/jlr.M700475-JLR200
https://doi.org/10.1194/jlr.M800410-JLR200
https://doi.org/10.1152/ajpendo.00431.2010
https://doi.org/10.1152/ajpendo.00431.2010
https://doi.org/10.1161/ATVBAHA.112.300784
https://doi.org/10.1161/ATVBAHA.112.300784
https://doi.org/10.1210/jc.2011-0015
https://doi.org/10.1210/jc.2011-0015
https://doi.org/10.1016/0026-0495%2883%2990075-6
https://doi.org/10.1210/en.2004-1290
https://doi.org/10.1172/JCI118883
https://doi.org/10.1515/JPEM.2006.19.9.1167
https://doi.org/10.1210/jc.2009-0467
https://doi.org/10.1210/jc.2009-0467
https://doi.org/10.1210/er.2010-0013
https://doi.org/10.1194/jlr.M400191-JLR200
https://doi.org/10.1194/jlr.M400191-JLR200
https://doi.org/10.1210/jc.2004-0016
https://doi.org/10.1172/JCI118716
https://doi.org/10.1074/jbc.271.52.33545
https://doi.org/10.1074/jbc.271.52.33545
https://doi.org/10.1073/pnas.94.23.12610
https://doi.org/10.1515/JPEM.2006.19.9.1157
https://doi.org/10.1056/NEJMoa0907687
https://doi.org/10.1016/0140-6736%2892%2991829-W

