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Hormone-receptor signal transduction has been extensively studied in adrenal

gland. Zona glomerulosa and fasciculata cells are responsible for glucocorticoid

and mineralocorticoid synthesis by adrenocorticotropin (ACTH) and angiotensin

II (Ang II) stimulation, respectively. Since the rate-limiting step in steroidogenesis

occurs in the mitochondria, these organelles are key players in the process. The

maintenance of functional mitochondria depends on mitochondrial dynamics,

which involves at least two opposite events, i.e., mitochondrial fusion and fission.

This review presents state-of-the-art data on the role of mitochondrial fusion

proteins, such as mitofusin 2 (Mfn2) and optic atrophy 1 (OPA1), in Ang II-

stimulated steroidogenesis in adrenocortical cells. Both proteins are upregulated

by Ang II, and Mfn2 is strictly necessary for adrenal steroid synthesis. The

signaling cascades of steroidogenic hormones involve an increase in several

lipidic metabolites such as arachidonic acid (AA). In turn, AA metabolization

renders several eicosanoids released to the extracellular medium able to bind

membrane receptors. This report discusses OXER1, an oxoeicosanoid receptor

which has recently arisen as a novel participant in adrenocortical hormone-

stimulated steroidogenesis through its activation by AA-derived 5-oxo-ETE. This

work also intends to broaden knowledge of phospho/dephosphorylation

relevance in adrenocortical cells, particularly MAP kinase phosphatases (MKPs)

role in steroidogenesis. At least three MKPs participate in steroid production and

processes such as the cellular cycle, either directly or by means of MAP kinase

regulation. To sum up, this review discusses the emerging role of mitochondrial

fusion proteins, OXER1 and MKPs in the regulation of steroid synthesis in adrenal

cortex cells.

KEYWORDS

adrenocortical cells, mitofusin 2, oxoeicosanoids, MKP-3, protein kinases,
steroidogenesis, mitochondrial fusion, OXER1
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1 Introduction

Adrenal steroid hormones modulate a wide range of processes

which are central to the physiological response to stress, including

energy metabolism, immunity, electrolyte homeostasis, and fluid

balance. In humans, zona glomerulosa (ZG), zona fasciculata (ZF),

and zona reticularis (ZR) are the histologically distinct adrenal cortex

regions responsible for the production of mineralocorticoids,

glucocorticoids, and androgens, respectively. The main

signaling pathways in hormone regulation in the adrenal cortex,

extensively described as the “classical” pathways, are evoked by

adrenocorticotropin (ACTH), K+, and angiotensin II (Ang II) (1).

Adrenal steroid synthesis is mainly controlled by ACTH in ZF and

by Ang II, K+ and ACTH in ZG. ACTH activates the melanocortin 2

receptor (MC2R) (2), a G-protein-coupled receptor (GPCR) which

promotes cAMP production and activates protein kinase A (PKA) (3).

Ang II binds to the membrane angiotensin receptor type 1 (ATR1) (4,

5), a GPCR that increases diacylglycerol (DAG) and inositol

trisphosphate (IP3) production, which in turn promotes an increase

in cytosolic Ca2+. This leads to the activation of several isoforms of

protein kinase C (PKC) (3), a family of serine/threonine kinases widely

implicated in the control of cell growth, motility, and survival. In turn,

PKCs activate a wide spectrum of targets, including other kinases such

as protein kinase D or PKCµ, involved in steroidogenesis (6). In

addition, steroidogenic hormone cascades include the activity of

mitogen-activated protein kinases (MAPKs), a group of serine/

threonine kinases comprising ERKs, JNKs, and p38. Both cAMP/

PKA- and IP3/DAG-Ca
2+/PKC-dependent pathways ultimately enable

the activation of the rate-limiting step in steroid production, i.e.,

cholesterol transport from the outer (OMM) to the inner

mitochondrial membrane (IMM), where it is converted to

pregnenolone. This crucial step is mediated by steroidogenic acute

regulatory protein (StAR),a key mitochondrial protein (7, 8). One of

the most widely used models of adrenal cortex functions is the human

adrenocortical carcinoma cell line H295R. This cell line is a substrain

derived from NCI-H295 cells, which were originally isolated from the

adrenal gland of a 48-year-old female adrenal cancer patient (9).

H295R cells respond to Ang II, ACTH/cAMP and K+ by increasing

the production of aldosterone and other steroids (10).

In harboring the first step in the synthesis of all steroid

hormones, mitochondria are essential in highly specialized

steroidogenic cells. Mitochondrial functions have been associated

with their capacity to undergo fusion and fission processes which

lead to modifications in morphology and movement throughout the

cytoskeleton. High molecular weight GTPases, mitofusin (Mfn) 1

and 2, and optic atrophy 1 (OPA1) are essential modulators of

mitochondrial fusion in mammals, whereas dynamin-like related

protein 1 (Drp1) participates in mitochondrial fission. Although

ultrastructural morphological changes have long been observed in

the mitochondria of hormone-stimulated adrenal gland cells (11), a

possible role of mitochondrial fusion/fission in steroidogenesis has

more recently emerged in the study of adrenal cortex function.

Lipid metabolism is a complex pathway involving several

heterogeneous compounds, as lipids display a wide range of chemical

structures. One of the lipidic pathways involved in adrenal cortex
Frontiers in Endocrinology 02
steroidogenesis, arachidonic acid (AA) synthesis is principally

mediated by acyl-CoA synthetase type 4 (ACSL4), which has high

specificity for this long chain fatty acid (12). AA is known to take part

in StAR gene induction and, thus, steroidogenesis in murine MA-10

Leydig and H295R cells (13). Among other AA-derived metabolites

participating in hormonal signaling, oxoeicosanoids activate their

membrane receptor OXER1 in autocrine and paracrine manners and

participate in steroidogenesis in H295R cells (14, 15).

Adrenal cortex signal transduction also involves protein

phospho/dephosphorylation cascades. Many relevant tyrosine and

serine/threonine phosphatases such as SHP2 and PP1 participate in

hormone-stimulated steroidogenesis (13, 16–21). Another group

includes dual protein phosphatases which exhibit specificity for

MAPKs and are hence called MAPK phosphatases (MKPs) (22).

MKPs are involved in steroidogenesis in both human adrenocortical

H295R and murine Leydig cells through ERK1/2 dephosphorylation

and regulation (23–25). Recently, Ang II-upregulated MKP-3 has

been associated with the cellular cycle in H295R cells (25).

In this context, this review discusses the role of emerging

molecular pathways in the regulation of essential biological

processes such as steroid biosynthesis.
2 Hormone-regulated mitochondrial
fusion plays a role in adrenocortical
steroid synthesis

Research on mitochondria reorganization and morphology in

steroidogenic tissues dates back to the 1970s. Bornstein and

colleagues showed an increase in mitochondrial volume and dense

vesicularization of mitochondrial cristae in the rat adrenal gland after

corticotropin-releasing hormone administration, which may constitute

an early step in enhancing cellular steroidogenic capacity (11).

Interestingly, over a decade ago Li and Sewer proved a novel

mechanism through which ACTH regulates mitochondrial

movement in H295R cells (26), one of the first discoveries that

mitochondria are not merely static organelles in steroid biosynthesis.

Mitochondrial fusion and fission regulate mitochondrial network

connectivity and have high impact on the specific metabolic

requirements of each cellular type (27, 28). Fusion proteins Mfn1

and Mfn2 are located on the OMM, although Mfn2 is also present on

the endoplasmic reticulum membrane. In addition, IMM fusion

requires OPA1 exposure to the intermembrane space. Regarding

fission proteins, Drp1 is mainly located throughout the cytosol, and

a fraction of Drp1 localizes to the mitochondrial focal points indicating

future fission sites (29). Worth pointing out, the impairment of

mitochondrial function has been associated with the development of

several diseases (30–32).

In agreement with previous work in murine MA-10 Leydig cells

(33, 34), our group has recently explored the notion that mitochondrial

fusion may ensure full steroidogenesis in adrenocortical cells. We

showed for the first time that Ang II upregulates mitochondrial

fusion, as observed through immunofluorescence in H295R cells.

Ang II promotes a switch from punctuated toward more elongated

mitochondrial morphology −indicative of fusion−, and Mfn2
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expression increases after Ang II and K+ treatment in a time-dependent

manner (35). Nevertheless, whether Mfn2 is regulated at a

transcriptional and/or post-transcriptional level remains to be

established and further studies on transcription factors regulating

Mfn2 may prove of interest. Remarkably, Mfn2 has a key role in

H295R cell steroidogenesis, as its silencing by knock-down exerts an

inhibitory effect on Ang II-stimulated aldosterone synthesis (35).

Another mitochondrial fusion protein, OPA1 participates in

mitochondrial Ca2+ handling, particularly restraining Ca2+ uptake

(36), and is regulated by Ang II in H295R cells (35). OPA1

modulation involves alternative splicing, which renders at least

eight mRNA variants in humans and generates long (L-OPA1) and

short (S-OPA1) isoforms (37). Ang II favors early L-OPA1

isoforms, whereas S-OPA1 is observed at later time-points in

H295R cells. In addition, L-OPA1 seems to be required for IMM

fusion processes, while some S-OPA1 variants are dispensable (38).

Therefore, a balance between long and short isoforms over Ang II-

stimulation time may promote mitochondrial fusion (35). As

regards fission, Ang II favors a decrease in mitochondrial Drp1

levels, a widely described anti-fission event, with a concomitant

balance toward mitochondrial fusion (35).

In line with our previous results (33), we have demonstrated in

H295R cells that Mfn2 expression is strictly required for the

mitochondrial activation of ERK1/2 and its upstream kinase

MEK1/2 after Ang II stimulation. Ang II effects on mitochondrial

MEK and ERK rely on kinase phosphorylation rather than on total

kinase levels. Interestingly, Mfn2 expression is necessary for StAR

mitochondrial association even when the StAR sequence bears a

mitochondrial signaling peptide. As previously mentioned, Mfn2

knock-down decreases steroidogenesis in H295R cells (35), which

may be at least partly attributed to the role of Mfn2 in MEK, ERK

and StAR mitochondrial localization. Although the molecular

mechanisms underlying this process remain to be tested in

adrenocortical cells, mitochondrial fusion through Mfn2

expression and OPA1 and Drp1 regulation is strictly required for

Ang II steroid synthesis stimulation in H295R cells.

3 Lipid mediators and the
oxoeicosanoid receptor 1 (OXER1)
regulate adrenocortical cells steroid
production and migration

Hormonal stimulation of steroid synthesis in ZF and ZG cells,

as well as in testicular Leydig cells, entails AA release (39). AA is

metabolized via the lipoxygenase (LOX) (40, 41), epoxygenase (42),

and cyclooxygenase (43) pathways to produce a range of bioactive

metabolites. LOX products of AA metabolism can be detected in rat

and bovine cultured adrenal and rat Leydig cells following

stimulation with ACTH, Ang II and luteinizing hormone (LH)

respectively (44–47). The LOX pathway transforms AA into

hydroperoxyeicosatetraenoic acids, hydroxyeicosatetraenoic acids

and oxoeicosatetraenoic acids (HpETEs, HETEs and oxo-ETEs,

respectively) (44). 5-HETE and 5-HpETE, produced by the action

of 5-lipoxygenase (5-LOX), exert a positive effect on steroid

biosynthesis by stimulating StAR promoter activity (48). 5-oxo-
Frontiers in Endocrinology 03
ETE is produced through 5S-HETE oxidation by selective enzyme

5-hydroxyeicosanoid dehydrogenase (5-HEDH) (49). Regarding

these metabolites, OXER1 is an oxoeicosanoid receptor of the

leukotriene receptor family belonging to the GPCR superfamily

(50–52) whose cloning, putative agonists, cellular expression (50,

51, 53–56) and function (52, 55–58) have only been scarcely

documented over the last two decades. 5-HpETE and 5-oxo-ETE

are OXER1 ligands with the highest affinity and triggering the

strongest response. OXER1 expression has been detected in human

steroidogenic tissues (adrenal, testis, ovary, placenta) (50),

eosinophils, neutrophils, monocytes, basophils, and macrophages

(52, 56, 57), and in cultured prostate, breast, ovarian, and kidney

cancer cells (54, 55, 58). OXER1 expression also correlates with the

functional effects reported for oxo-derivatives of AA, especially 5-

oxo-ETE, in these cell types. These studies suggest that OXER1

participates in inflammatory and allergic responses and contributes

to the growth and spread of human tumors.

Given the regulation of StAR protein expression by the LOX

products of AA (48), our group studied OXER1 participation in

physiological processes such as steroidogenesis, cell proliferation and

migration. First, the results revealed the presence of OXER1 in H295R

cells. Through a pharmacological approach and the application of

molecular biology tools (14, 15), our work also demonstrated that the

activation of cAMP-dependent and independent pathways promotes

StAR protein induction and steroidogenesis through a process that

involves, at least in part, the autocrine or paracrine activation of

OXER1, which implies an increase in ERK1/2 phosphorylation.

Increasing evidence hints at the involvement of 5-oxo-ETE and

OXER1 in cell proliferation and migration (59, 60). 5-oxo-ETE

promotes cell growth and survival in breast and prostate cancer cells

(55, 58), while OXER1 silencing reduces cell viability (54). In our

studies, although 5-oxo-ETE did not affect H295R cell growth, OXER1

overexpression caused an increase in cell proliferation which was

further boosted by 5-oxo-ETE and blocked by 5-LOX inhibition. 5-

oxo-ETE also increased themigratory capacity of H295R cells but failed

to induce the production of metalloproteases 1, 2, 9 and 10. 5-oxo-ETE

caused significant activation of ERK and p38, while its pro-migratory

effect was reduced by pharmacological inhibition of MEK/ERK1/2, p38

and PKC. ERK activation by this oxoeicosanoid was reduced by pan-

PKC inhibitor GF109203X but not by classical PKC inhibitor Gö6976,

which suggests the involvement of novel PKCs in this effect. Even

though H295R cells exhibit phosphorylation of serine 299 in PKCd, a
readout for this novel PKC activation, treatment with 5-oxo-ETE failed

to single-handedly induce additional PKCd activation (61). It may be

thus speculated that lipoxygenase products −through autocrine and/or

paracrine actions and their binding to OXER1−may be involved in the

fine-tuning of cellular functions, supporting general regulation by

major players.
4 MKPs expression and function in
adrenocortical steroidogenic cells

MKPs are dual activity phosphatases which dephosphorylate both

phospho-threonine and phospho-tyrosine residues of MAPK family
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members and thus regulate their activity (62). MAPKs are known to

play a key role in cell proliferation, apoptosis, and steroid synthesis,

among others, and MKPs may be thus regarded as potential regulators

of these processes (63, 64). At least three isoforms of the MKP family

have been detected, i.e., MKP-1 (DUSP1), MKP-2 (DUSP4) andMKP-

3 (DUSP6), and their expression, regulation and function have been

analyzed in steroid-producing cells.

MKP-1 is a nuclear enzyme able to dephosphorylate ERK1/2,

JNK1/2, and p38. MKP-1 was the first MKP to be characterized in

steroid-producing cells such as adrenocortical cells. Sewer and

Waterman demonstrated that a permeable cAMP analog promoted

an increase in both MKP-1 mRNA and protein levels in H295R cells

(65). Our group showed that ACTH/cAMP also increase MKP-1

mRNA and protein levels in a rapid and transient fashion in murine

adrenocortical Y1 cells (66). In addition, increased intracellular Ca2+

levels and PKA activation exert synergic effects on ACTH-mediated

MKP-1 gene expression, which suggests PKC participation (66). As

ACTH triggers JNK and ERK activation (67, 68), it has been

postulated that ACTH-dependent MKP-1 induction participates in

ERK dephosphorylation (66). Moreover, Sewer and Waterman

demonstrated that, through ERK dephosphorylation, MKP-1

regulates the expression of the hCYP17 gene, which encodes 17 a-
hydroxylase, in H295R cells. This findings unveil the role of MKP-1 in

steroidogenic gene regulation in the adrenal cortex (69). Furthermore,

in bovine adrenal glomerulosa cells, Ang II promotes transient ERK

and p38 phosphorylation and an increase in MKP-1, mainly due to

mRNA stabilization (70). In these cells, MKP-1 overexpression

reduces the effect of Ang II on ERK1/2 phosphorylation and

aldosterone production (70).

MKP-2 is also a nuclear enzyme displaying broad substrate

specificity. It is induced by several stimuli and exhibits slower

induction kinetics than MKP-1 in several tissues (63, 71). In an

alternative steroidogenic system, LH/cAMP significantly increase

mRNA levels in murine MA-10 Leydig cells, leading to MKP-2

protein accumulation through PKA-dependent but ERK-

independent post-translational modifications which increase

protein half-life (24). Furthermore, MKP-2 heightens the

stimulatory effect of cAMP on the induction of CYP11A1, which

encodes the P450scc enzyme (24), playing a role in cAMP-

dependent steroid production.

MKP-3 is a cytoplasmic enzyme well recognized as a highly

specific phosphatase for phospho-ERK1/2 (72). The human DUSP6

gene produces 2 variants of MKP-3: the widely studied full-length

or long transcript (MKP-3L) consisting of 3 exons, and the short

transcript (MKP-3S), which lacks the second exon. Although the L/

S ratio is known to greatly vary across tissues and cells (73), the

expression levels and biochemical and functional characteristics of

both isoforms remain to be elucidated, particularly in steroidogenic

tissues. Given that Ang II triggers ERK1/2 phosphorylation in a

transient fashion in H295R cells (74), our group conducted studies

on MKP-3L and MKP-3S expression in this cellular model. Our

results revealed both variants’ expression in basal conditions and

their upregulation by Ang II. Both messengers were rapidly induced

by Ang II stimulation, although the expression of MKP-3L mRNA

was higher than that of MKP-3S. Ang II also promoted a rapid
Frontiers in Endocrinology 04
increase in both proteins’ levels in a time frame compatible with

ERK1/2 dephosphorylation (25).

Even when MKP-3 is highly specific for phosphorylated ERK1/

2, it has also been reported to interact with and dephosphorylate

Forkhead box protein O1 (FOXO1) transcription factor in mouse

liver cells (75). This event leads to FOXO1 nuclear translocation

and its subsequent activation for the expression of several FOXO1-

dependent genes (76–78). In agreement, in adrenocortical H295R

cells, Ang II induces transient FOXO1 phosphorylation and

translocation to the nucleus and p21 induction, whereas MKP-3

knock-down reduces both FOXO1 translocation and p21 induction

(25). Collectively, the preceding data on MKP-3 may foster more

thorough studies of MKP-3 regulation of FOXO1 and its putative

impact on adrenocortical cell proliferation.
5 Discussion and concluding remarks

Although adrenocortical steroid production has been extensively

studied and revised, this review discusses some of the latest and less

widely described mechanisms involved in hormone regulation of

adrenocortical cells. In this regard, Ang II transduction signaling

promotes a variety of molecular mechanisms that finely tune steroid

hormone production. As shown in Figure 1, signal transduction

pathways in adrenocortical cells may interact at different signaling

levels, and mitochondrial fusion arises as an essential event in full

steroid production. Ang II-stimulated steroidogenesis is also mediated

by an increase in intracellular AA which is converted into eicosanoids

to activate OXER1 and further increase StAR expression, steroid

synthesis, and cell migration. Given the undoubted relevance of

phospho/dephosphorylation cascades in hormone-dependent

signaling, we have reviewed here the regulation of MKPs expression

in adrenocortical cells. Particularly, we highlight the hormonal

regulation of MKP-1 and MKP-3 in adrenocortical cells and the

putative action of these phosphatases in the expression of

steroidogenic enzymes. We have also discussed the potential impact

of MKP-3 on cell cycle regulation. In conclusion, despite the extensive

evidence of adrenocortical cell hormone signaling pathways, molecular

mechanisms recently described support the notion that the regulation

of adrenal cortex metabolism deserves to be further explored.
6 Future perspectives

Regarding mitochondrial fusion, further studies on the

mechanisms controlling Mfn2 expression may prove of great

interest. Indeed, Mfn2 levels regulate physiological processes such as

steroid synthesis, and Mfn2 downregulation has been extensively

associated with the onset of human diseases and tumorigenic

processes. To date, no information about a correlation between Mfn2

expression and adrenocortical tumor development has been reported.

Regulation of OPA1 and Drp1 in adrenal cells requires more

exploration, as these proteins are essential for a proper mitochondrial

fusion/fission balance. These results may fuel interesting future studies

on mitochondrial dynamics in adrenal tissue.
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The biological functions of AA-derived lipid mediators remain

poorly understood. Because of their characteristics, they can have

single-handed effects or else act through receptors, which represents

a challenge in discriminating the pathways that mediate their effects

on the regulation of cellular functions. Although little is known

about the signal transduction pathways initiated by in vivo OXER1

activation, studies have been conducted using inhibitory

compounds acting differentially on targets after receptor

activation or antagonists. The application of high-throughput

techniques, the development of specific agonists and antagonists,

and the manipulation of gene expression will allow progress in

this direction.

Regarding the role of MKPs in steroidogenic tissues, further

studies will be necessary to define the possible involvement of MKP-

3 in steroid production induced by Ang II. Moreover, our group

aims to elucidate not only the participation of MKP-3 in cell

proliferation and steroidogenesis but also the relevance of each

MKP-3 variant in these processes.
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FIGURE 1

Scheme of the signal transduction pathways triggered by Ang II and OXER1 in adrenocortical cells. Ang II interacts with the AT1R and promotes the
activity of PLC which leads to the activation of members of the PKC superfamily, particularly PKCa, e and d. Ang II favors the increase in Mfn2
expression, driving mitochondrial fusion. This event enables mitochondrial activation of MEK and ERK and proper localization of StAR, to achieve full
steroid production. In line, Drp1 decreases in mitochondria, leaning the balance toward mitochondrial fusion. Through an ACSL4/AA- dependent
mechanism, Ang II promotes an increase in oxoeicosanoids. These compounds may activate, in an autocrine and paracrine way, OXER1 on the cell
membrane. Signal transduction involves ERK1/2 and p38 phosphorylation dependent on PKCe and d, and a further increase in StAR expression,
steroid synthesis, and cell migration. Simultaneously, activated AT1R by Ang II leads to ERK and FOXO1 phosphorylation and an increase in MKP-3
levels. Later, MKP-3 dephosphorylates p-ERK and p-FOXO1 to promote FOXO1 nuclear translocation and its subsequent activation of p21 protein
expression. Dashed and solid arrows indicate indirect and direct activation, respectively.
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14. Cooke M, Di Cónsoli H, Maloberti P, Cornejo Maciel F. Expression and function
of OXE receptor, an eicosanoid receptor, in steroidogenic cells. Mol Cell Endocrinol
(2013) 371:71–8. doi: 10.1016/J.MCE.2012.11.003

15. Dattilo M, Neuman I, Muñoz M, Maloberti P, Cornejo Maciel F. OxeR1
regulates angiotensin II and cAMP-stimulated steroid production in human H295R
adrenocortical cells. Mol Cell Endocrinol (2015) 408:38–44. doi: 10.1016/
J.MCE.2015.01.040

16. Paz C, Cornejo MacIel F, Mendez C, Podesta EJ. Corticotropin increases protein
tyrosine phosphatase activity by a cAMP-dependent mechanism in rat adrenal gland.
Eur J Biochem (1999) 265:911–8. doi: 10.1046/j.1432-1327.1999.00759.x

17. Rocchi S, Gaillard I, van Obberghen E, Chambaz EM, Vilgrain I.
Adrenocorticotrophic hormone stimulates phosphotyrosine phosphatase SHP2 in
bovine adrenocortical cells: phosphorylation and activation by cAMP-dependent
protein kinase. Biochem J (2000) 352 Pt 2:483–90.

18. Poderoso C, Paz C, Gorostizaga A, Cornejo Maciel F, Mendez CF, Podesta EJ.
Protein serine/threonine phosphatase 2A activity is inhibited by cAMP in MA-10 cells.
Endocr Res (2002) 28:319–23. doi: 10.1081/erc-120016803

19. Cooke M, Orlando U, Maloberti P, Podestá EJ, Maciel FC. Tyrosine phosphatase
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33. Duarte A, Castillo AF, Podestá EJ, Poderoso C. Mitochondrial fusion and ERK
activity regulate steroidogenic acute regulatory protein localization in mitochondria.
PloS One (2014) 9(6):e100387. doi: 10.1371/journal.pone.0100387

34. Duarte A, Poderoso C, Cooke M, Soria G, Cornejo Maciel F, Gottifredi V, et al.
Mitochondrial fusion is essential for steroid biosynthesis. PloS One (2012) 7(9):e45829.
doi: 10.1371/JOURNAL.PONE.0045829

35. Helfenberger KE, Castillo AF, Mele PG, Fiore A, Herrera L, Finocchietto P, et al.
Angiotensin II stimulation promotes mitochondrial fusion as a novel mechanism
involved in protein kinase compartmentalization and cholesterol transport in human
adrenocortical cells. J Steroid Biochem Mol Biol (2019) 192:105413. doi: 10.1016/
J.JSBMB.2019.105413

36. Fülöp L, Szanda G, Enyedi B, Várnai P, Spät A. The effect of OPA1 on
mitochondrial Ca2+ signaling. PloS One (2011) 6(9):e25199. doi: 10.1371/
JOURNAL.PONE.0025199

37. Del Dotto V, Fogazza M, Carelli V, Rugolo M, Zanna C. Eight human OPA1
isoforms, long and short: what are they for? Biochim Biophys Acta Bioenerg (2018)
1859:263–9. doi: 10.1016/J.BBABIO.2018.01.005

38. Anand R, Wai T, Baker MJ, Kladt N, Schauss AC, Rugarli E, et al. The i-AAA
protease YME1L and OMA1 cleave OPA1 to balance mitochondrial fusion and fission.
J Cell Biol (2014) 204:919–29. doi: 10.1083/JCB.201308006

39. Didolkar AK, Sundaram K. Arachidonic acid is involved in the regulation of
hCG induced steroidogenesis in rat leydig cells. Life Sci (1987) 41:471–7. doi: 10.1016/
0024-3205(87)90223-2

40. Dix CJ, Habberfield AD, Sullivan MHF, Cooke BA. Inhibition of steroid
production in leydig cells by non-steroidal anti-inflammatory and related
compounds: evidence for the involvement of lipoxygenase products in
steroidogenesis. Biochem J (1984) 219:529–37. doi: 10.1042/BJ2190529

41. Jones DB, Marante D, Williams BC, Edwards CRW. Adrenal synthesis of
corticosterone in response to ACTH in rats is influenced by leukotriene A4 and by
frontiersin.org

https://doi.org/10.3389/fendo.2016.00017
https://doi.org/10.1126/science.1325670
https://doi.org/10.1002/cphy.c130050
https://doi.org/10.1038/351233a0
https://doi.org/10.1038/351230a0
https://doi.org/10.1210/en.2006-0794
https://doi.org/10.1016/S0021-9258(19)70620-6
https://doi.org/10.1016/S0021-9258(19)70620-6
https://doi.org/10.1016/S0021-9258(18)46930-X
https://doi.org/10.1016/J.MCE.2003.12.020
https://doi.org/10.1016/0303-7207(94)90277-1
https://doi.org/10.1016/0303-7207(94)90277-1
https://doi.org/10.1002/AR.1092340212
https://doi.org/10.1006/geno.1998.5268
https://doi.org/10.1210/en.2011-2108
https://doi.org/10.1016/J.MCE.2012.11.003
https://doi.org/10.1016/J.MCE.2015.01.040
https://doi.org/10.1016/J.MCE.2015.01.040
https://doi.org/10.1046/j.1432-1327.1999.00759.x
https://doi.org/10.1081/erc-120016803
https://doi.org/10.1194/jlr.M015552
https://doi.org/10.3389/fendo.2016.00060
https://doi.org/10.1081/erc-120016816
https://doi.org/10.1081/erc-120016816
https://doi.org/10.1042/BJ20082234
https://doi.org/10.1210/en.2011-0021
https://doi.org/10.1210/en.2012-2032
https://doi.org/10.1016/J.HELIYON.2020.E03519
https://doi.org/10.1210/EN.2010-0044
https://doi.org/10.1016/J.TCB.2017.02.006
https://doi.org/10.1016/J.IT.2017.08.006
https://doi.org/10.1016/J.IT.2017.08.006
https://doi.org/10.1042/EBC20170104
https://doi.org/10.1042/EBC20170104
https://doi.org/10.1038/NG1341
https://doi.org/10.1016/J.REDOX.2017.01.013
https://doi.org/10.1002/1873-3468.14077
https://doi.org/10.1371/journal.pone.0100387
https://doi.org/10.1371/JOURNAL.PONE.0045829
https://doi.org/10.1016/J.JSBMB.2019.105413
https://doi.org/10.1016/J.JSBMB.2019.105413
https://doi.org/10.1371/JOURNAL.PONE.0025199
https://doi.org/10.1371/JOURNAL.PONE.0025199
https://doi.org/10.1016/J.BBABIO.2018.01.005
https://doi.org/10.1083/JCB.201308006
https://doi.org/10.1016/0024-3205(87)90223-2
https://doi.org/10.1016/0024-3205(87)90223-2
https://doi.org/10.1042/BJ2190529
https://doi.org/10.3389/fendo.2023.1175677
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Mori Sequeiros Garcia et al. 10.3389/fendo.2023.1175677
lipoxygenase intermediates. J Endocrinol (1987) 112:253–8. doi: 10.1677/
JOE.0.1120253

42. Wang X, Shen CL, Dyson MT, Yin X, Schiffer RB, Grammas P, et al. The
involvement of epoxygenase metabolites of arachidonic acid in cAMP-stimulated
steroidogenesis and steroidogenic acute regulatory protein gene expression. J
Endocrinol (2006) 190:871–8. doi: 10.1677/JOE.1.06933

43. Wang X, Dyson MT, Jo Y, Stocco DM. Inhibition of cyclooxygenase-2 activity
enhances steroidogenesis and steroidogenic acute regulatory gene expression in MA-10
mouse leydig cells. Endocrinology (2003) 144:3368–75. doi: 10.1210/EN.2002-0081

44. Hirai A, Tahara K, Tamura Y, Saito H, Terano T, Yoshida S. Involvement of 5-
lipoxygenase metabolites in ACTH-stimulated corticosteroidogenesis in rat adrenal
glands. Prostaglandins (1985) 30:749–67. doi: 10.1016/0090-6980(85)90005-X

45. Nadler JL, Natarajan R, Stern N. Specific action of the lipoxygenase pathway in
mediating angiotensin II-induced aldosterone synthesis in isolated adrenal glomerulosa
cells. J Clin Invest (1987) 80:1763–9. doi: 10.1172/JCI113269

46. Omura M, Hirai A, Tamura Y, Yoshida S. Transformation of arachidonic acid
by 5- and 15-lipoxygenase pathways in bovine adrenal fasciculata cells. Prostaglandins
Leukot Essent Fatty Acids (1990) 40:93–102. doi: 10.1016/0952-3278(90)90150-J

47. Mele PG, Dada LA, Paz C, Neuman I, Cymeryng CB, Mendez CF, et al.
Involvement of arachidonic acid and the lipoxygenase pathway in mediating
luteinizing hormone-induced testosterone synthesis in rat leydig cells. Endocr Res
(1997) 23:15–26. doi: 10.1080/07435809709031839

48. Wang XJ, Dyson MT, Jo Y, Eubank DW, Stocco DM. Involvement of 5-
lipoxygenase metabolites of arachidonic acid in cyclic AMP-stimulated
steroidogenesis and steroidogenic acute regulatory protein gene expression. J Steroid
Biochem Mol Biol (2003) 85:159–66. doi: 10.1016/S0960-0760(03)00189-4

49. Powell WS, Gravelle F, Gravel S. Metabolism of 5(S)-hydroxy-6,8,11,14-
eicosatetraenoic acid and other 5(S)-hydroxyeicosanoids by a specific dehydrogenase
in human polymorphonuclear leukocytes. J Biol Chem (1992) 267:19233–41.

50. Hosoi T, Koguchi Y, Sugikawa E, Chikada A, Ogawa K, Tsuda N, et al.
Identification of a novel human eicosanoid receptor coupled to g(i/o). J Biol Chem
(2002) 277:31459–65. doi: 10.1074/JBC.M203194200

51. Jones CE, Holden S, Tenaillon L, Bhatia U, Seuwen K, Tranter P, et al.
Expression and characterization of a 5-oxo-6E,8Z,11Z,14Z-eicosatetraenoic acid
receptor highly expressed on human eosinophils and neutrophils. Mol Pharmacol
(2003) 63:471–7. doi: 10.1124/MOL.63.3.471

52. Hosoi T, Sugikawa E, Chikada A, Koguchi Y, Ohnuki T. TG1019/OXE, a galpha
(i/o)-protein-coupled receptor, mediates 5-oxo-eicosatetraenoic acid-induced
chemotaxis. Biochem Biophys Res Commun (2005) 334:987–95. doi: 10.1016/
J.BBRC.2005.06.191

53. Patel P, Cossette C, Anumolu JR, Gravel S, Lesimple A, Mamer OA, et al.
Structural requirements for activation of the 5-oxo-6E,8Z, 11Z,14Z-eicosatetraenoic
acid (5-oxo-ETE) receptor: identification of a mead acid metabolite with potent agonist
activity. J Pharmacol Exp Ther (2008) 325:698–707. doi: 10.1124/JPET.107.134908

54. Sundaram S, Ghosh J. Expression of 5-oxoETE receptor in prostate cancer cells:
critical role in survival. Biochem Biophys Res Commun (2006) 339:93–8. doi: 10.1016/
J.BBRC.2005.10.189

55. O’Flaherty JT, Rogers LAC, Paumi CM, Hantgan RR, Thomas LR, Clay CE, et al.
5-Oxo-ETE analogs and the proliferation of cancer cells. Biochim Biophys Acta (2005)
1736:228–36. doi: 10.1016/J.BBALIP.2005.08.009

56. Sturm GJ, Schuligoi R, Sturm EM, Royer JF, Lang-Loidolt D, Stammberger H,
et al. 5-Oxo-6,8,11,14-eicosatetraenoic acid is a potent chemoattractant for human
basophils. J Allergy Clin Immunol (2005) 116:1014–9. doi: 10.1016/J.JACI.2005.08.001

57. Jones CE. The OXE receptor: a new therapeutic approach for asthma? Trends
Mol Med (2005) 11:266–70. doi: 10.1016/J.MOLMED.2005.04.007

58. Sarveswaran S, Ghosh J. OXER1, a G protein-coupled oxoeicosatetraenoid
receptor, mediates the survival-promoting effects of arachidonate 5-lipoxygenase in
prostate cancer cel ls . Cancer Lett (2013) 336:185–95. doi : 10.1016/
J.CANLET.2013.04.027

59. Fukano Y, Okino N, Furuya S, Ito M. A label-free impedance-based whole cell
assay revealed a new G protein-coupled receptor ligand for mouse microglial cell
Frontiers in Endocrinology 07
migration. Biochem Biophys Res Commun (2016) 478:624–30. doi: 10.1016/
J.BBRC.2016.07.119

60. Kalyvianaki K, Drosou I, Notas G, Castanas E, Kampa M. Enhanced OXER1
expression is indispensable for human cancer cell migration. Biochem Biophys Res
Commun (2021) 584:95–100. doi: 10.1016/J.BBRC.2021.11.024

61. Neuman I, Cooke M, Lemiña NA, Kazanietz MG, Cornejo Maciel F. 5-oxo-ETE
activates migration of H295R adrenocortical cells via MAPK and PKC pathways.
Prostaglandins Other Lipid Mediat (2019) 144:106346. doi : 10.1016/
J.PROSTAGLANDINS.2019.106346

62. Kidger AM, Keyse SM. The regulation of oncogenic Ras/ERK signalling by dual-
specificity mitogen activated protein kinase phosphatases (MKPs). Semin Cell Dev Biol
(2016) 50:125–32. doi: 10.1016/j.semcdb.2016.01.009

63. Boutros T, Chevet E, Metrakos P. Mitogen-activated protein (MAP) Kinase/
MAP kinase phosphatase Regulation : roles in cell growth, death, and cancer.
Pharmacol Rev (2008) 60:261–310. doi: 10.1124/pr.107.00106.261

64. Shillingford SR, Bennett AM. Mitogen-activated protein kinase phosphatases:
no longer undruggable? Annu Rev Pharmacol Toxicol (2023) 63:617–36. doi: 10.1146/
ANNUREV-PHARMTOX-051921-121923

65. Sewer MB, Waterman MR. Adrenocorticotropin/cyclic adenosine 3′,5′-
monophosphate-mediated transcription of the human CYP17 gene in the adrenal
cortex is dependent on phosphatase activity. Endocrinology (2002) 143:1769–77.
doi: 10.1210/endo.143.5.8820

66. Bey P, Gorostizaga AB, Maloberti PM, Lozano RC, Poderoso C, Maciel FC, et al.
Adrenocorticotropin induces mitogen-activated protein kinase phosphatase 1 in Y1
mouse adrenocortical tumor cells. Endocrinology (2003) 144:1399–406. doi: 10.1210/
en.2002-220987

67. Watanabe G, Pena P, Albanese C, Wilsbacher LD, Young JB, Pestell RG.
Adrenocorticotropin induction of stress-activated protein kinase in the adrenal
cortex. vivo J Biol Chem (1997) 272:20063–9. doi: 10.1074/jbc.272.32.20063

68. Le T, Schimmer BP. The regulation of MAPKs in Y1 mouse adrenocortical
tumor cells. Endocrinology (2001) 142:4282–7. doi: 10.1210/endo.142.10.8441

69. Sewer MB, Waterman MR. CAMP-dependent protein kinase enhances CYP17
transcription via MKP-1 activation in H295R human adrenocortical cells. J Biol Chem
(2003) 278:8106–11. doi: 10.1074/jbc.M210264200

70. Casal AJ, Ryser S, Capponi AM, Wang-Buholzer CF. Angiotensin II-induced
mitogen-activated protein kinase phosphatase-1 expression in bovine adrenal
glomerulosa cells: implications in mineralocorticoid biosynthesis. Endocrinology
(2007) 148:5573–81. doi: 10.1210/en.2007-0241

71. Keyse SM. Dual-specificity MAP kinase phosphatases (MKPs) and cancer.
Cancer Metastasis Rev (2008) 27:253–61. doi: 10.1007/S10555-008-9123-1

72. Zhao Y, Zhang ZY. The mechanism of dephosphorylation of extracellular
signal-regulated kinase 2 by mitogen-activated protein kinase phosphatase 3. J Biol
Chem (2001) 276:32382–91. doi: 10.1074/jbc.M103369200

73. Furukawa T, Yatsuoka T, Youssef EM, Abe T, Yokoyama T, Fukushige S, et al.
Genomic analysis of DUSP6, a dual specificity MAP kinase phosphatase, in pancreatic
cancer. Cytogenet Cell Genet (1998) 82:156–9. doi: 10.1159/000015091

74. Natarajan R, Yang D-C, Lanting L, Nadler JL. Key role of P38 mitogen-activated
protein kinase and the lipoxygenase pathway in angiotensin II actions in H295R
adrenocortical cells. Endocrine (2002), 295–301. doi: 10.1385/ENDO:18:3:295

75. Wu Z, Jiao P, Huang X, Feng B, Feng Y, Yang S, et al. MAPK phosphatase-3
promotes hepatic gluconeogenesis through dephosphorylation of forkhead box O1 in
mice. J Clin Invest (2010) 120:3901–11. doi: 10.1172/JCI43250

76. Xing Y-Q, Li A, Yang Y, Li X-X, Zhang L-N, Guo H-C. The regulation of
FOXO1 and its role in disease progression. Life Sci (2018) 193:124–31. doi: 10.1016/
j.lfs.2017.11.030

77. Huang H, Tindall DJ. Dynamic FoxO transcription factors. J Cell Sci (2007) 120
(Pt 15):2479–87. doi: 10.1242/jcs.001222

78. Roy SK, Srivastava RK, Shankar S. Inhibition of PI3K/AKT and MAPK/ERK
pathways causes activation of FOXO transcription factor, leading to cell cycle arrest and
apoptosis in pancreatic cancer. J Mol Signal (2010) 5:10. doi: 10.1186/1750-2187-5-10
frontiersin.org

https://doi.org/10.1677/JOE.0.1120253
https://doi.org/10.1677/JOE.0.1120253
https://doi.org/10.1677/JOE.1.06933
https://doi.org/10.1210/EN.2002-0081
https://doi.org/10.1016/0090-6980(85)90005-X
https://doi.org/10.1172/JCI113269
https://doi.org/10.1016/0952-3278(90)90150-J
https://doi.org/10.1080/07435809709031839
https://doi.org/10.1016/S0960-0760(03)00189-4
https://doi.org/10.1074/JBC.M203194200
https://doi.org/10.1124/MOL.63.3.471
https://doi.org/10.1016/J.BBRC.2005.06.191
https://doi.org/10.1016/J.BBRC.2005.06.191
https://doi.org/10.1124/JPET.107.134908
https://doi.org/10.1016/J.BBRC.2005.10.189
https://doi.org/10.1016/J.BBRC.2005.10.189
https://doi.org/10.1016/J.BBALIP.2005.08.009
https://doi.org/10.1016/J.JACI.2005.08.001
https://doi.org/10.1016/J.MOLMED.2005.04.007
https://doi.org/10.1016/J.CANLET.2013.04.027
https://doi.org/10.1016/J.CANLET.2013.04.027
https://doi.org/10.1016/J.BBRC.2016.07.119
https://doi.org/10.1016/J.BBRC.2016.07.119
https://doi.org/10.1016/J.BBRC.2021.11.024
https://doi.org/10.1016/J.PROSTAGLANDINS.2019.106346
https://doi.org/10.1016/J.PROSTAGLANDINS.2019.106346
https://doi.org/10.1016/j.semcdb.2016.01.009
https://doi.org/10.1124/pr.107.00106.261
https://doi.org/10.1146/ANNUREV-PHARMTOX-051921-121923
https://doi.org/10.1146/ANNUREV-PHARMTOX-051921-121923
https://doi.org/10.1210/endo.143.5.8820
https://doi.org/10.1210/en.2002-220987
https://doi.org/10.1210/en.2002-220987
https://doi.org/10.1074/jbc.272.32.20063
https://doi.org/10.1210/endo.142.10.8441
https://doi.org/10.1074/jbc.M210264200
https://doi.org/10.1210/en.2007-0241
https://doi.org/10.1007/S10555-008-9123-1
https://doi.org/10.1074/jbc.M103369200
https://doi.org/10.1159/000015091
https://doi.org/10.1385/ENDO:18:3:295
https://doi.org/10.1172/JCI43250
https://doi.org/10.1016/j.lfs.2017.11.030
https://doi.org/10.1016/j.lfs.2017.11.030
https://doi.org/10.1242/jcs.001222
https://doi.org/10.1186/1750-2187-5-10
https://doi.org/10.3389/fendo.2023.1175677
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	New insights into signal transduction pathways in adrenal steroidogenesis: role of mitochondrial fusion, lipid mediators, and MAPK phosphatases
	1 Introduction
	2 Hormone-regulated mitochondrial fusion plays a role in adrenocortical steroid synthesis
	3 Lipid mediators and the oxoeicosanoid receptor 1 (OXER1) regulate adrenocortical cells steroid production and migration
	4 MKPs expression and function in adrenocortical steroidogenic cells
	5 Discussion and concluding remarks
	6 Future perspectives
	Author contributions
	Funding
	Acknowledgments
	References


