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Abstract
Cell-intrinsic early events involved in different trophic hormone-induced steroidogenesis in their respective 
steroidogenic cell type are very similar. For example, the activation of the cAMP-PKA signaling pathway in response to 
trophic hormone stimulation and, subsequently, cholesterol transport to the mitochondria to initiate steroidogenesis is 
common to them. Recently, we have found that an evolutionarily conserved protein, prohibitin-1 (PHB1), is regulated 
by Luteinizing Hormone (LH) in murine Leydig cells and plays a role in interconnected cell signaling and mitochondrial 
steps pertaining to testosterone production. Among the primary steroidogenic tissues, PHB1 expression levels are highest 
in the adrenal cortex (The Human Protein Atlas); however, its regulation and role in adrenocortical cells are virtually 
unknown. We investigated the regulation and the role of PHB1 in adrenocortical cells in vitro using human HAC15 and 
mouse Y-1 cell culture models. It was found that Adrenocorticotrophic Hormone (ACTH) stimulation upregulates PHB1 
levels in adrenocortical cells in a time-dependent manner. A similar effect on PHB1 levels was also observed in response 
to dibutyryl-cAMP stimulation, a cell-permeable analogue of cAMP (the second messenger for ACTH action). Moreover, 
manipulating PHB1 levels in adrenocortical cells affected mitochondria, lysosomes, and lipid droplet characteristics, 
modulated phospho-PKA and phospho-ERK1/2 levels, and altered corticosteroid production. This finding suggests that 
ACTH regulates PHB1 in adrenocortical cells and plays a role in corticosteroid production, which was previously unknown.  

1. � Introduction
Corticosteroids are an important class of steroid 
hormones, which are synthesized and produced by the 
adrenal glands of vertebrates in response to steroidogenic 
stimuli1. There are two main classes of corticosteroids, 
glucocorticoids and mineralocorticoids. The importance 
of corticosteroids is evident from their wide-ranging 
essential functions in the body’s physiology, including 
carbohydrate metabolism, stress response, regulation 
of salt balance, and immune functions1,2. In addition, 
adrenal glands produce adrenal androgens, such as 
Dehydroepiandrosterone (DHEA)1,2. The major regulator 

of glucocorticoids and adrenal androgen production is 
ACTH, produced by the pituitary gland and regulated 
by the hypothalamus and the central nervous system3. 
ACTH stimulation induces rapid synthesis and secretion 
of glucocorticoids and DHEA in adrenocortical cells. In 
addition, ACTH increases RNA and protein synthesis 
of steroidogenic enzymes and Steroidogenic Acute 
Regulatory protein (StAR)4. 

ACTH action on adrenocortical cells is mediated by 
its binding to cognate receptors (i.e., melanocortin-2 
receptor), a member of the G-Protein Coupled Receptor 
(GPCR) family present on the plasma membrane. ACTH 
binding to its receptors leads to the activation of cAMP-
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PKA signaling pathways and several phosphoprotein 
kinases, phosphorylation, and acute regulation of StAR4,5. 
ACTH action increases free cholesterol availability for 
steroidogenesis by modulating proteins involved in 
intracellular cholesterol homeostasis, such as cholesterol 
uptake, cholesterol ester hydrolase, and cholesteryl ester 
synthase4,5. Subsequently, the StAR protein transports the 
free cholesterol from the cytoplasm through the Outer 
Mitochondrial Membrane (OMM); however, its further 
transport to the Inner Mitochondrial Membrane (IMM), 
where steroidogenesis begins, remains unclear.  

Prohibitin-1 (PHB1) is a hallmark protein of the IMM, 
reportedly involved in various aspects of mitochondrial 
biology, including mitochondrial dynamics6. PHB1 and 
its homolog protein PHB2 form heterodimeric protein 
complexes in the IMM that are required for structural 
and functional integrity of the mitochondria7. Both PHBs 
belong to a group of proteins family, the PHB domain 
family, which are thought to function as lipid and protein 
scaffolds in the IMM that affect the lateral distribution of 
the membrane lipid and protein components8,9. 

We have been interested in understanding the roles 
and regulation of PHB1, including its cell type-specific 
functions, such as adipocytes and pancreatic beta 
cells10,11. Recently, using a transgenic mouse model of 
PHB1 (Fabp4-PHB1-Tg), we have shown that PHB1 
plays a crucial role in lipid homeostasis, mediated 
through its mitochondrial functions12. Subsequent 
studies revealed that the male PHB1 transgenic mice 
exhibit significantly higher testosterone levels13. Further 
investigation showed that it was due to overexpression of 
PHB1 in Leydig cells, consistent with a report that Fabp4 
expressed in Leydig cells14. The role of PHB1 in Leydig 
cell steroidogenesis is further confirmed using PHB1-
manipulated cells13. Collectively, this evidence suggested 
an essential role of PHB1 in cholesterol processing and 
testosterone production. However, the potential role of 
PHB1 in corticosteroidogenesis is not explored, or at least 
has not been reported despite its very high expression 
levels in the adrenal cortex15. As the basic framework of 
pituitary-derived tropic hormones (i.e., ACTH, FSH, and 
LH)-induced steroidogenesis in different steroidogenic 
tissues is very similar, including early cell signalling events 
leading to cholesterol transport to mitochondria and 
initiation of steroidogenesis, it is conceivable that PHB1 
might play a role in ACTH-induced steroidogenesis in 
adrenocortical cells. Thus, we examined the effect of 

ACTH on PHB1 levels in model human HAC15 and mouse 
Y-1 adrenocortical cells16-18. In addition, we examined the 
effect of manipulating PHB1 levels in adrenocortical cells 
on ACTH-induced cellular responses. Here, we report 
that ACTH regulates PHB1 levels in adrenocortical 
cells, and PHB1 plays a role in glucocorticoid  
production. 

2. Materials and Methods

2.1 Materials 
Materials used in this study and their sources are pro-
vided in Table 1.

2.2 Methods

2.2.1 � Cell Culture and Treatment of 
Adrenocortical Cells

The murine adrenocortical Y-1 cells were cultured 
in ATCC recommended F12-K media supplemented 
with FBS to a final concentration of 2.5%, horse serum 
to a final concentration of 15%, and 1% penicillin and 
streptomycin mix at 37° C in 5% CO2 atmosphere. The 
human adrenocortical HAC15 cells were grown in ATCC 
recommended F12-Ham (DMEM/F12) culture media 
supplemented with 50 ml FBS and 5 mL ITS + Premix 
added in 500 mL media bottle and 1% penicillin and 
streptomycin mix at 37° C in 5% CO2 atmosphere. Cells 
were plated overnight in 6-well plate at 0.3 x 106/well 
density. The growth media was replaced with serum-
free media 6-8 hrs before the treatment. Cells were 
then treated with ACTH (15 nM) or dibutyryl cAMP 
(db-cAMP) (0.5 mM) for 2 hrs or various time points, 
as indicated/applicable. The dose and time of treatment 
were determined from previous studies18-20. 

2.2.2 Cell Transfection
The pCMV6-XL5 vector containing the human PHB1 
clone was obtained from Origene Technologies21,22. 
Glycerol stocks of PHB1 shRNA and scrambled control 
shRNA (shControl) were purchased from Dharmacon 
Inc. The bacterial transformation, culture, and plasmid 
preparation were performed as described previously13 or 
following the manufacturer’s protocol. Cell transfection 
was performed using the X-tremeGENE HP DNA 
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transfection reagent according to the manufacturer’s 
protocol. 

 2.2.3 Western Immunoblotting
At each time point (following ACTH or db-cAMP 
treatment), cells were harvested separately and processed 
for the preparation of cell lysates, as described in our 
recent study13. Cells in control groups (without ACTH 
or db-cAMP treatment) were processed concurrently. 
Subsequently, each protein sample (20 µg each) was 
loaded for electrophoresis on 12% SDS-PAGE and 
electro-transferred to Polyvinylidene Difluoride 
(PVDF) membranes13,16.  Then, the blots were blocked 
with 5% nonfat dry milk in TBS, 0.1% Tween-20 for 1 
h, and incubated with respective primary antibodies 
overnight at 4⁰C with gentle shaking. The following day, 
the membranes were washed in TBST for 3 x 10 min 
and incubated with horseradish peroxidase  secondary 
antibody for 1 h at room temperature. Membranes were 

washed again in TBST (3 x 10 min), and immunoreactivity 
of protein bands was detected by chemiluminescence 
reagent13,16. The images of protein bands were captured 
with a ChemiDoc system (Bio-Rad Laboratories).

2.2.4 Transmission Electron Microscopy (TEM) 
The TEM analysis of adrenocortical cells cultured under 
different experimental conditions was performed  using 
a Philips CM10 at  80 kV at the Histomorphology & 
Ultrastructural Core Facility in the Department of 
Anatomy and Cell Sciences, University of Manitoba, as 
described previously13,16.  Briefly, cells were  harvested 
using 0.25% trypsin, followed by centrifugation at 1100 
rpm for 5 min.  The resulting cell pellets  were fixed 
with 3% glutaraldehyde in 0.1 M Sorensen’s buffer for 3 
hours.  Subsequently,  the cells were resuspended in 5% 
sucrose in 0.1 M Sorensen’s buffer and then embedded 
in EPONTM resin. Then, ultra-thin sections (100 nm) of 

Reagents Sources (Catalogue #)
Y-1 cells ATCC, Manassas, USA (CCL-79)
F-12K Thermo Fischer Canada

Horse serum Thermo Fischer Canada
Penicillin and streptomycin mix Thermo Fischer Canada

Fetal bovine serum Thermo Fischer Canada
HAC15 cells ATCC, Manassas, USA (CRL-3301)

Insulin, human transferrin, and 
selenous acid (ITS) premix Beckton Dickinson (354352)

 DMEM/F12 Thermo Fischer Canada
ACTH Sigma-Aldrich Canada

Db-cAMP Sigma-Aldrich Canada
All antibodies Cell Signaling Technology, Danvers, USA

pCMV6-XL5 PHB1 Origene Technology
shRNAs (shControl and shPHB1) Dharmacon Incorporation.

X-tremeGENE HP DNA transfection 
reagent Sigma-Aldrich Canada

Corticosterone DRG ELISA assay kit Cedarlane Canada

 ATCC – American type culture collection; ACTH – Adrenocorticotrophic hormone; Db-cAMP 
– Dibutyryl cyclic-adenosine mono phosphate; pCMV-XL5 PHB1 – Prohibitin-1 clone in human 
cytomegalovirus mammalian expression vector; shRNA – short hairpin ribonucleic acid (scrambled 
control and prohibitin-1); HAC15 – a clonal human adrenocortical cell line; Y-1 – a murine adre-
nocortical cell line; F-12K – Ham’s F-12K (Kaighn’s) Medium; DMEM - Dulbecco’s Modified Eagle’s 
Medium; ELISA - Enzyme-linked immunosorbent assay.

Table 1. Reagents used in the experiments and their sources
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adrenocortical cells were stained with uranyl acetate and 
counter stained with lead citrate for TEM analysis13,16.

2.2.5 Measurement of Corticosterone Levels 
Corticosterone  levels in Y-1 total cells were measured 
using a DRG ELISA kit (Catalogue # EIA-4164) with 
inter- and intra-assay coefficient variation (% CV) of 5.5–
6.3 and 2.4–4.0, respectively. The assay was performed 
according to the manufacturer’s instructions. 

2.2.6 Quantifications and Statistical Analysis
Quantification of Lipid Droplets (LDs) and mitochondrial 
numbers in the transmission electron micrographs of 
adrenocortical cells, as well as protein band densities in 
immunoblots, were performed using ImageJ software 
(https://imagej.nih.gov/ij/)16,23. All statistical analyses 
were performed using GraphPad Prism 6.2 software 
(La Jolla, CA). The Student’s t-test was performed for 
comparison between two experimental groups. Moreover, 
we performed an Analysis of Variance (ANOVA) with 
the Dunnett test to compare every mean to a control 
mean, whereas the Tukey test was performed for multiple 
comparisons24. A p-value of <0.05 was considered 
statistically significant in all analyses. Data are presented 
as means ± the Standard Error of the Mean (SEM). All 
experiments were repeated at least 3 times. 

3.  Results

3.1 � ACTH Regulates PHB1 Levels in 
Adrenocortical Cells 

Recently, we have reported that PHB1 is an LH-regulated 
protein in Leydig cells (steroidogenic cells in the testis) 
and plays a role in testosterone production13. This finding 
prompted us to investigate if ACTH regulates PHB1 
protein levels in adrenocortical cells, since the basic 
framework of steroidogenesis is similar in steroidogenic 
cells in the testis and the adrenal glands16,17. The stimulation 
of human HAC15 and mouse Y-1 adrenocortical cells 
with ACTH increased PHB1 protein levels in a time-
dependent manner, especially an acute upregulation was 
observed in both cell lines at early time points (e.g. 1 h) 
(Figure 1 A, C). To further confirm the acute regulation 
of PHB1 protein in adrenocortical cells, we repeated 
the experiment with dibutyryl cyclic-AMP (db-cAMP), 

a cell permeable analogue of cAMP, which mimics 
ACTH action in adrenocortical cells13,16,25. As expected, a 
similar and more sustained increase in PHB1 levels was 
observed in response to db-cAMP in both adrenocortical 
cell lines (Figure 1 B, D). Our finding of an acute rise in 
PHB1 levels earlypoint following ACTH or db-cAMP 
stimulation compelled us to examine whether PHB1 
is regulated at the translational level in adrenocortical 
cells. For this, we stimulated HAC15 and Y-1 cells with 
db-cAMP in the presence of Cycloheximide (CHX), a 
protein synthesis inhibitor13. An inhibition of the acute 
increase in PHB1 protein level (in response to db-cAMP 
stimulation) was observed in both cell types (Figure 1 E, 
F), suggesting that PHB1 is regulated at the translational 
level in adrenocortical cells. This data suggests that 
ACTH regulates PHB1 protein levels in adrenocortical c 
ells.

3.2 � Altering PHB1 Levels in Adrenocortical 
Cells Affects Steroidogenic Features 

PHB1 plays a role in mitochondrial biology and lipid 
homeostasis6-9,26-29, which appears to be interrelated. 
For example, we have shown that PHB1 overexpression 
in adipocytes increases mitochondrial biogenesis and 
adipose tissue mass12, whereas PHB1 knockdown in 
adipocytes was found to decrease adipose tissue mass30. 
Moreover, we have found that manipulation of the 
PHB1 level or its phosphorylation-dependent function 
in Leydig cells affects cholesterol homeostasis and 
mitochondrial features13. Therefore, we examined the 
effect of PHB1 overexpression and knockdown on the 
ultrastructure (e.g., lipid droplets and mitochondrial 
features) of adrenocortical cells using Transmission 
Electron Microscopy (TEM) after confirming intended 
changes in PHB1 levels by immunoblotting (Figure 2). 
An increase in mitochondrial (p < 0.05) and lysosome 
numbers (p < 0.01) were observed in adrenocortical cells 
overexpressing PHB1 compared with vector transfected 
control cells (Figure 3). In contrast, shRNA-mediated 
PHB1 knockdown increased lipid droplet number and 
size (p < 0.01), as well decreased mitochondrial number 
(p < 0.05) and caused structural abnormality (e.g., poor 
mitochondrial cristae organization) (Figure 4). However, 
no difference was found in lysosome number and size 
(not shown). In addition, a sign of autophagy/lipophagy 
(e.g., autophagosome/lipophagosome) were observed in 

https://imagej.nih.gov/ij/
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Figure 1.  PHB1 is an ACTH-regulated protein in adrenocortical cells. (A-D) Representative 
immunoblots showing time-dependent effect of ACTH (A and C) or db-cAMP (B and D) 
on PHB1 expression levels in HAC15 and Y-1 adrenocortical cells. Tubulin blot is shown 
as a loading control. Quantification of band intensities are shown with histograms (lower 
panel). Data are presented as mean ± SEM (n=3). (E and F) Representative immunoblots 
showing the effect of cycloheximide (CHX) treatment on ACTH-induced changes in PHB1 
levels in HAC15 and Y-1 adrenocortical cells. *p <0.05, **p < 0.01 between ACTH and 
ACTH + CHX.
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adrenocortical cells after PHB1 knockdown (Figure 3). 
Taken together, this data indicates that PHB1 plays a role 

in lipid/cholesterol homeostasis and processing, and in 
the regulation of mitochondrial features in adrenocortical 
cells.

3.3 � Manipulation of PHB1 Levels in 
Adrenocortical Cells Affects ACTH-
Induced p-PKA and p-ERK1/2 Levels 

Many studies have shown that PHB1, in addition to 
role in mitochondrial biology and lipid homeostasis, 
plays a role in the modulation of membrane signaling. 
For example, we have shown that the phosphorylation 
of PHB1 plays a role in PI3K-Akt and MAPK-ERK1/2 
signaling10,21,22. Moreover, PHB1 has been reported to 

Figure 2.  Representative immunoblots showing validation of 
PHB1 overexpression and knockdown in Y-1 adrenocortical 
cells. Tubulin blots are shown as loading control (n = 3).

Figure 3.  Transmission electron micrographs showing the effect of PHB1 overexpression on mitochondrial and 
lysosomal characteristics in Y-1 adrenocortical cells (upper panel and middle panel). Histograms showing quantification 
of mitochondrial numbers and lysosome numbers (lower panel). Data are presented as mean ± SEM (7-10 cells were 
counted in each group). Mt – mitochondria, Ld – lipid droplets and Ly – lysosomes.
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undergo phosphorylation in many cell types in response 
to growth factors and hormonal stimulation21,22,31-34 
and antigen-stimulated immune signaling pathways 
in different immune cell types35,36. Thus, we examined 
the phosphorylation levels of PKA and ERK1/2 in 
PHB1 manipulated adrenocortical cells because of their 
established roles in mediating the effects of trophic 
hormones in steroidogenic cells13,17. First, we examined 
the cAMP-PKA signaling pathway because of its central 
role in mediating the ACTH response in adrenocortical 
cells37. For this, we determined the phospho-PKA (p-PKA) 

levels in adrenocortical cell lysates by immunoblotting 
using a phospho-specific antibody. An increase in p-PKA 
level was found in cells overexpressing PHB1 compared 
to control experimental group (Figure 5), which was 
abrogated after PHB1 knockdown (Figure 5). We also 
examined the phospho-ERK1/2 (p-ERK1/2) levels in 
PHB1-manipulated adrenocortical cells because of their 
role in steroidogenesis13,17, and several studies have 
reported that PHB1 modulates MAPK-ERK1/2 signaling 
in different cell/tissue types10,32,33. The p-ERK1/2 level 
was also increased in PHB1 overexpressing cells, which 

Figure 4.  Transmission electron micrographs showing the effect of shRNA-mediated PHB1 knockdown on 
mitochondrial and lipid droplet characteristics in Y-1 adrenocortical cells (upper panel and middle panel). Histograms 
showing quantification of mitochondrial numbers and lipid droplet area (lower panel). Data are presented as mean ± SEM 
(n =3). Mt – mitochondria; Ld – lipid droplets; Ly – lysosomes.
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was reversed by PHB1 knockdown (Figure 5). Together, 
this data suggests a potential involvement of p-PKA and 
p-ERK1/2 in mediating PHB1’s role in adrenocortical 
cells.

3.4 � PHB1 Plays a Role in Glucocorticoid 
Production by Adrenocortical Cells 

Finally, to determine the functional relevance of PHB1 
in adrenocortical cells, we examined the effect of 

Figure 5.  Immunoblots showing the effect of PHB1 overexpression on the phosphorylation of PKA (A) and ERK (B) with/
without steroidogenic stimulation (upper panel) and their reversal by PHB knockdown. Quantification of band intensities are 
shown with histograms. Data are presented as mean ± SEM (n =3). Con – control; Ox – PHB1 overexpression; Kd – PHB1 
knockdown.

Figure 6.  Histograms depict the effect of PHB1 overexpression and knockdown on corticoid production from 
adrenocortical cells in response to db-cAMP. Data are presented as mean ± SEM (n =3). – and + indicate without or 
with db-cAMP stimulation, respectively. Vec – vector control; Ox – PHB1 overexpression; Kd – shRNA-mediated PHB1 
knockdown; Sc – scrambled control shRNA. 
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PHB1 overexpression and knockdown on db-cAMP-
induced glucocorticoid production by adrenocortical 
cells. PHB1 overexpression increased db-cAMP-
induced corticosterone production (p < 0.05; Figure 6), 
whereas its knockdown decreased db-cAMP-induced 
corticosterone production (p < 0.05; Figure 6) respective 
to their control groups. In addition, a significant decrease 
in corticosterone production was observed after PHB1 
knockdown under basal condition (i.e., independent of 
db-cAMP stimulation) when compared with its control 
group (p < 0.05) (Figure 6). Together, this data suggests 
that PHB1 plays a role in glucocorticoid production by 
adrenocortical cells.

4. Discussion
Here, we report that PHB1 is an ACTH-regulated 
protein found in adrenocortical cells and plays a role in 
glucocorticoid production. This protein seems to play a 
role in cholesterol homeostasis, mitochondrial biology, 
and modulating steroidogenic cell signaling pathways. 
Thus, we report a previously unknown function of 
PHB1 in mediating ACTH-induced steroidogenesis in 
adrenocortical cells. Our findings in adrenocortical cells 
from two different species (i.e., human and mouse), along 
with our recent discovery of PHB1 role in testosterone 
production in Leydig cells13, would suggest that its 
role in steroidogenesis is likely conserved in different 
steroidogenic cell types. 

Abundant mitochondria and cholesterol containing 
Lipid Droplets (LDs), the two characteristic features 
of steroidogenic cells, are relatively more profound in 
glucocorticoid producing cells of the adrenal cortex 
amongst all steroidogenic cell types1,2. Our findings 
of substantial changes in LD areas and mitochondrial 
numbers in PHB1-manipulated adrenocortical cells 
imply that PHB1 plays a role in intracellular cholesterol 
homeostasis and mitochondrial dynamics. We have 
recently reported that PHB1 and its homolog protein 
PHB2 contains Cholesterol-Recognition Amino Acid 
Consensus (CRAC) motifs and binds cholesterol13. 
Moreover, we have previously shown that PHB1 contains 
lipid-binding motifs22, and many PHB family members 
have been reported to bind cholesterol and be involved in 
lipid homeostasis at the organismic level38-40. In addition, 
PHB1 interacts with CD36 (a SR-B1-related protein) 

and plays a role in adipocyte lipid transport30. Moreover, 
PHB1 has been reported to be present in LD membrane41. 
Thus, the role of PHB1 in cholesterol homeostasis may 
include cholesterol uptake by steroidogenic cells, its 
storage in LDs, and transport to the mitochondria for 
subsequent utilization in steroidogenesis. Notably, the 
mechanism by which cholesterol is transported from the 
OMM to the IMM is unclear. Our findings of an IMM 
protein PHB1 (which forms a large heterodimeric protein 
complex with PHB2 spanning IMM) in two different 
steroidogenic cell types are a step forward. Importantly, 
an alteration in LD and mitochondrial features in PHB1 
manipulated adrenocortical cells under basal conditions 
(i.e., independent of ACTH stimulation) signify that 
these changes are due to adrenocortical cell-specific 
alterations of PHB1. The manipulation of PHB1 levels 
in adrenocortical cells may change adrenocortical cell-
specific attributes pertaining to steroidogenesis and 
ACTH-induced cell signaling events.  

The findings, along with current knowledge in 
literature11,12,30, indicate that the mitochondrial attributes 
of PHB1 contribute to the cell type-specific functions 
of PHB1 in lipid homeostasis in adipocytes12,30 and 
steroidogenic cells13, which further supports our 
conclusion that PHB1 plays a multifaceted role in 
adrenocortical cells. Altered cholesterol homeostasis and 
reduced glucocorticoid production from adrenocortical 
cells in response to PHB1 knockdown strengthens 
the role of PHB1 in corticosteroidogenesis. A better 
understanding of the relationship between cholesterol 
and PHB1 in steroidogenesis is anticipated to shed light 
on the relationship between cell-extrinsic and -intrinsic 
factors and events involved in steroidogenesis.

In this study, we have used only in vitro models. 
Further investigations using in vivo experimental 
approaches, such as adrenocortical cell-specific transgenic 
mouse models of PHB1, are necessary to confirm the 
physiological and pathological significance of our 
findings. However, the findings of the present study are 
consistent with our recent discovery in transgenic mouse 
models of PHB1 in testosterone production in vivo13. The 
molecular mechanisms involved in the interplay between 
PHB1 and cholesterol in steroidogenesis, including cell 
compartment specific functions are yet to be determined. 
Future studies focusing on these issues will enhance our 
understanding of PHB1’s role in the interplay between 
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mitochondria and cholesterol in the biosynthesis and 
production of steroid hormones, a fundamental aspect of 
mammalian physiology. 
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