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Adropin is amultifunctional peptide hormone encoded by the ENHO (energy homeostasis

associated) gene. It plays a role in mechanisms related to increased adiposity, insulin

resistance, as well as glucose, and lipid metabolism. The low adropin levels are

strongly associated with obesity independent insulin resistance. On the other hand,

overexpression or exogenous administration of adropin improves glucose homeostasis.

The multidirectional, adropin-related effects associated with the regulation of metabolism

in humans also appear to be attributable to the effects of this peptide on the activity of

various elements of the endocrine system including adrenal cortex. Therefore, the main

purpose of the present study was to investigate the effect of adropin on proliferation

and secretory activity in the human HAC15 adrenal carcinoma cell line. In this study, we

obtained several highly interesting findings. First, GPR19, the main candidate sensitizer

of adrenocortical cells to adropin, was expressed in HAC15 cells. Moreover, GPR19

expression was relatively stable and not regulated by ACTH, forskolin, or adropin

itself. Our findings also suggest that adropin has the capacity to decrease expression

levels of steroidogenic genes such as steroidogenic acute regulatory protein (StAR) and

CYP11A1, which then led to a statistically significant inhibition in cortisol and aldosterone

biosynthesis and secretion. Based on whole transcriptome study and research involving

transforming growth factor (TGF)-β type I receptor kinase inhibitor we demonstrated that

attenuation of steroidogenesis caused by adropin is mediated by the TGF-β signaling

pathway likely to act through transactivation mechanism. We found that HAC15 cells

treated with adropin presented significantly higher proliferation levels than untreated

cells. Using specific intracellular inhibitors, we showed that adropin stimulate proliferation

via ERK1/2 and AKT dependent signaling pathways. We have also demonstrated that
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FIGURE 8 | Heatmap of overrepresented gene sets from GO BP (gene ontology–biological process) database, regulated by forskolin (A) and adropin (B) compared to

the control group. The graphs show only the GO groups above the established cut-off criteria (adjusted p < 0.05). Fold change values for each DEG were mapped

with the appropriate color. Gene symbols of DEGs are shown on the x scale.

was either completely absent for aldosterone (205.68 pg/ml)
or it resulted an increase of cortisol secretion (283.96 ng/ml).
These results confirm that adropin has the capacity to inhibit
adrenocortical steroidogenesis of HAC15 cells via the TGF-β
mediated pathway.

Adropin Stimulates the Proliferative
Activity of HAC15 Cells via ERK1/2 and
AKT, Independently of TGF Beta Mediated
Pathway
The effect of 10−8M adropin on the proliferation of HAC15
cells was determined by two independent methods. First, we
applied flow cytometry method involving cell labeling with BrdU
(Figure 11A). The measurement was made –at 24 and 48 h after

peptide administration. At 24 h post-adropin administration,
we observed no significant changes in the number of HAC15
cells vs. the untreated control group; however, after 48 h, the

proliferation rate of HAC15 cells incubated with adropin had

increased significantly (Figure 11A). The second method of

proliferation rate testing based on impedance measurement
of proliferating cells using the xCelligence (RTCA). This

method enables continuous, real-time proliferation assessment,
measured in 15-min intervals. Within 50 h from adropin

administration we observed again its stimulatory effect on

proliferation (Figure 11B) To verify whether the adropin

stimulatory effect on HAC15 cells proliferation depends on
ERK1/2 and AKT activation, we perform RTCA analysis in
the presence of pharmacological MEK1/2-dependent inhibitor
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FIGURE 9 | Gene set enrichment analysis affected by adropin compared to control group. (A) Enrichment map of gene sets regulated by adropin (red = activated,

blue = inhibited). The thickness of the connecting line corresponds to the level of gene matching to individual terms. (B) Enrichment plot of: “Signaling by TGF beta

receptor complex,” “Signaling by TGF beta family members,” “TGF beta receptor signaling activated by SMADs,” “SMAD2 SMAD3:SMAD4 heterotrimer regulates

transcription.” Each of the graphs shows the positive value of the enrichment score (ES) indicating activation of genes forming these processes under the influence of

adropin. (C) Interaction network between genes with the highest impact on the biological processes analyzed. Fold change values for individual genes are marked by

color scale.
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FIGURE 10 | Effect of TGF beta signaling inhibitor (LY-364947) on adropin dependent aldosterone (A) and cortisol (B) inhibition in HAC15 cells. Approximately 70%

confluent HAC15 cells seeded in 96-well plates were incubated with LY-364947 for 1 h prior to subsequent 24 h adropin treatment. Aldosterone and cortisol secretion

rates were statistically evaluated by the Kruskal–Wallis test followed by Dunn’s post hoc test. Groups sharing the same letter are not significantly different according to

Dunn’s test.

of ERK1/2 (U0126) and PI3/AKT inhibitor (LY294002). We
have also investigated the potential role of TGF beta-dependent
pathway in HAC15 cells proliferation using LY-364947 inhibitor
(Figure 11B). In the presence of ERK1/2 and PI3/AKT inhibitors,
adropin induced HAC15 cells proliferation was completely
inhibited (adropin+U0126 and adropin+ LY294002 in relation
to adropin group on Figure 11B left side). On the other hand,
the presence of LY-364947 in the culture medium did not
significantly suppress the stimulating effects of adropin (adropin
+ LY-364947 in relation to adropin group on Figure 11B right
side). These data suggest that adropin stimulate HAC15 cells via
ERK1/2 and AKT dependent mechanism independently of TGF
beta mediated pathway.

GPR19 Expression Is Elevated in Human
Adrenocortical Carcinoma. High Level of
GPR19 Could Constitute a Negative
Prognostic Factor of Disease Progression
Due to the significant stimulatory role of the adropin-GPR19
system in the proliferation of human derived adrenocortical
carcinoma cell line (HAC15), mediated by ERK1/2 and AKT
dependent mechanism, we undertook the analysis regarding the
clinical significance of the obtained results. According GEPIA
(Gene Expression Profiling Interactive Analysis) (33) web server
for cancer and normal gene expression profiling based on RNA-
seq data, expression of GPR19 in normal human organs is the
highest in brain and testis. These observations are consistent
with the data deposited in the NCBI database (https://www.ncbi.
nlm.nih.gov/gene/2842). According to GEPIA and NCBI data,
expression of GPR19 in normal adrenal gland is relatively low,
but it’ s strongly rising in adrenal carcinoma (0.37 in normal
adrenal vs. 9.69 in adrenal carcinoma according to GEPIA)
(Figure 12A). Expression analysis of our normal adrenal samples
in relation to adrenocortical carcinoma (N = 13/group) showed
that the expression of the adropin precursor gene–ENHOwas not

regulated in the study groups (Figure 12B). Expression ofGPR19
was significantly increased in adrenocortical carcinoma, which is
in line with previously reported GEIPA data. According Kaplan–
Meier survival analysis of data received from TCGA, expression
of ENHO gene do not have a significant impact on the survival
profile of patients with adrenocortical carcinoma (logrank p
= 0.27) (Figure 12C), however elevated expression of GPR19
leads to a statistically significant decrease in survival (logrank
p = 0.0008), suggesting that high expression of GPR19 could
constitute a negative prognostic factor of disease progression.

DISCUSSION

Adropin is a newly identified metabolic hormone expressed inter
alia in the liver and brain. It plays a role in mechanisms related
to increased adiposity, insulin resistance, as well as glucose and
lipid metabolism (1). Adropin is a secretory signal peptide which
has been shown to alter whole body glucose and lipid metabolism
after administration in mice and rats, and it also activates
signaling pathways involved in glucose and lipid metabolism in
mammalian cell lines (34, 35).

To verify our hypothesis that adropin plays an important
role in adrenocortical hormone biosynthesis, we selected the
human adrenal cell model based on the HAC15 cell line because
HAC15 cells secrete mineralocorticoids, glucocorticosteroids,
and adrenal androgens. While numerous experiments have been
carried out on NCI-H295 cells, our in vitro research model with
HAC15 cells seems to be more valuable because, unlike NCI-
H295 cells, HAC15 adrenocortical cells react to some extent to
corticotropin stimulation and also have good forskolin response
(36, 37).

The current study has several objectives: (1) to determine
the impact of adropin on the proliferation rate of HAC15
adrenocortical cells with analysis of ERK1/2, AKT signaling
pathway contribution in this process, (2) to evaluate the role of
the adropin in the regulation of primary physiological function
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FIGURE 11 | The role of adropin in HAC15 cell proliferation. (A) Flow cytometry study on the contribution of adropin (10−8 M concentration) in stimulation of HAC15

cell proliferation, measured at 24 and 48 h after peptide administration. (B) Effect of ERK 1/2, AKT and TBRI kinase inhibitors on adropin-induced HAC15 cell

proliferation using xCelligence Real-Time Cell Analyzer–RTCA (B). The RTCA chart presents mean normalized cell index (NCI) +-SD.

in adrenocortical cells (i.e., mineralocorticoid and glucocorticoid
secretion), (3) to examine the response of HAC15 adrenocortical
cells to treatment with adropin, forskolin, and ACTH at the gene
and protein level, (4) to assess how administration of adropin
changes the expression of key genes involved in steroidogenesis,
and (5) to evaluate clinical significance of the obtained results by
analysis of ENHO and GPR19 gene expression in human normal
adrenals in relation to adrenocortical carcinoma.

To our knowledge, the current study is the first to examine
the direct effect of adropin on the regulation of adrenocortical
steroidogenesis. We have shown that exposure to adropin
significantly inhibits the basal and angII or forskolin stimulated
secretion of aldosterone and cortisol by HAC15 cells. Adropin
reduced also the secretion of adrenocortical hormones in Y1–
mouse adrenocortical carcinoma cell lines as well as in primary
human adrenal carcinoma cell culture, proving its universal
mechanism of inhibiting the secretion of adrenal hormones from
tumor derived adrenocortical cells. Thus, adropin belongs to
the group of biologically active peptides that directly inhibit
adrenocortical steroidogenesis. Other peptides in this group

include bursal anti-steroidogenic peptide (BASP) (38); atrial
natriuretic peptide (ANP) (39); B-type natriuretic peptide (BNP)
(40); and thyrotropin (TRH) (41).

We also proved that adropin-mediated adrenal
steroidogenesis inhibition occurs by suppressing expression
of the StAR protein and CYP11A1 gene, which are involved
in the initial stages of steroidogenesis. The steroidogenic
acute regulatory protein (StAR) and side-chain cleavage
enzyme (CYP11A1) catalyze the first and rate-limiting step of
steroidogenesis. StAR enables cholesterol translocation into
the inner mitochondrial membrane (IMM), where CYP11A1
transforms cholesterol to pregnenolone (42).

We also evaluated the molecular aspects of inhibition of
steroidogenesis by adropin in HAC15 cells through global
gene expression analysis using a microarray approach. HAC15
cells exposed to adropin showed altered expression of genes
that regulate biological processes such as cell cycle regulation
and immune response; however, the overall expression profile
was characterized by a relatively weak modulation, which is
reflected by a low number of genes above the cut-off values
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FIGURE 12 | Expression of ENHO and GPR19 in clinical samples. (A) Profile of GPR19 expression in normal and tumor samples from GEPIA (Gene Expression

Profiling Interactive Analysis) database. (B) Expression of ENHO and GPR19 in normal and tumor samples of human adrenal gland. (C) Kaplan–Meier survival analysis

of 92 cases of adrenocortical carcinoma obtained from TCGA database. Expression data for ENHO and GPR19 were divided into group with high (above median) and

low expression (bellow median). Statistical differences were determined by the Mann–Whitney U non-parametric test compared to normal adrenals. ***p < 0.001.

in the volcano plot. Further analysis with GSEA revealed that
adropin induces the expression of a gene cluster associated
with the TGF-β signaling pathway. This observation allowed us
to suggest that adropin-mediated inhibition of steroidogenesis
may occur through the activation of the TGF-β signaling
pathway. Accordingly, TGFβ appears to be a negative regulator
of adrenocortical steroidogenesis. In this context, other studies
have shown that TGFβ inhibits adrenal hormone biosynthesis in
sheep (43) and bovine primary cultures of adrenocortical cells
(44). Furthermore, Liakos et al. observed that TGFβ1 significantly
inhibits forskolin-induced steroid 11β-hydroxylase activity and
CYP11B1 mRNA levels, as well as angiotensin II-induced
aldosterone synthase activity and CYP11B2 mRNA levels in
the human adrenocortical tumor cell line NCI-H295R (45).
Another study demonstrated that TGF-β1 inhibits progesterone
and estradiol production by trophoblast cells; however, these
inhibitory effects were diminished if the cholesterol transport and
aromatization steps were bypassed, suggesting that the action of
TGF-β1 on steroid production is exerted at the level of cholesterol
transport and aromatase activity (46). Consistent with these
reports, other studies have confirmed that TGF-β1 downregulates
StAR expression and decreases progesterone production in
cultured human granulosa cells (47). Treatment with TGF-β1
activates the Smad2/3 and ERK1/2 signaling pathways. Based on

siRNA-mediated knockdown approaches and pharmacological
inhibitors, those authors showed that activation of the Smad3
and ERK1/2 signaling pathways are needed for the TGF-β1–
induced downregulation of StAR expression and a decrease
in progesterone production. These results provide important
insights into the molecular mechanisms that mediate TGF-β1–
regulated StAR expression and progesterone production (47).
Park et al. (48) found that the inhibitory effect of TGF-β1 on
testicular steroidogenesis occurs through the cross-talk of TGF-
b1/ALK5-activated Smad3 with orphan nuclear receptor Nur77.
Consequently, Smad3 indirectly regulates the promoter activity
of steroidogenic genes. These findings provide a molecular
mechanism for TGF-β1-mediated repression of testosterone
production in testicular Leydig cells (48).

Adrenocortical cells possess TGFβl receptors (mainly type
I: TGFBR1 and type III: TGFBR3), which increase in number
in response to ACTH treatment. Binding of mature TGFβl to
its adrenocortical cell receptors causes numerous intracellular
biochemical events resulting in inhibited cortisol production.
Two important targets negatively regulated by TGFβl are
angiotensin II receptors and the steroid 17a-hydroxylase
(cytochrome P-45017) enzyme (49).

Currently, it is accepted that adropin exerts its biological
role through activation of the GPR19 receptor, which belongs
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to the G-protein-coupled receptor family (GPCR) (50). The
current model of GPCR signaling includes three main pathways:
(1) the classical pathway, where appropriate ligand binding
leads to downstream activation of G protein and other effector
molecules, (2) arrestin signaling via ligand-regulated scaffolds
(51), and (3) transactivation of protein serine/threonine kinase
receptors (PS/TKRs), including TGFBR1, through the receptors
of GPCR agonists, a mechanism first described by Ullrich
in 1996 (52, 53). Our results suggest that adropin exerts its
inhibitory effect on HAC15 cell steroidogenesis by binding
to the GPR19 receptor and then stimulating the TGF-β-
dependent pathway via transactivation. Based on experiments
using the TGFβl kinase inhibitor, we confirmed that attenuation
of steroidogenesis caused by adropin is mediated by the
TGF-β signaling pathway, confirming the adropin-dependent
transactivation mechanism. Other GPCR agonists such as
thrombin (54), factor X (55), LPA (56) and endothelin-1 (57)
lead to time-dependent activation of the TGF-β dependent
signaling pathway. Previous research has shown that in
vascular smooth muscle cells thrombin transactivation of the
TGFBR1 based on cytoskeletal reorganization that activates
Ras homolog member A (RhoA)/Rho-associated, coiled-coil
containing protein kinase (ROCK) signaling, triggering the
activation of integrin-dependent signaling and finally activating
the large latent complex which holds TGF-β near the cell surface
with the potential for activation of TGFBR1 (54, 58). Although
our microarray study showed that adropin did not affect the
expression of the RhoA/ROCK genes in the HAC15 cells, their
expression was relatively high (data not shown), indicating that
this intracellular mechanism of TGFBR1 transactivationmay also
occur in the HAC15 cell line. However, this hypothesis requires
further study for confirmation.

We used the GSEA approach to identify numerous genes
with increased expression due to activation of the TGF-β
dependent pathway; however, we also identified genes that lead
to increased TGF-β signaling pathway activity. Previous research
has shown that silencing the dachshund family transcription
factor 1 (DACH1) in H295R cells increases aldosterone
production by suspending the TGF-β signaling pathway, whereas
overexpression of DACH1 caused decreasing in aldosterone
biosynthesis by activating the TGF-β dependent pathway (59). In
the context of our study, incubation of HAC15 cells with adropin
significantly stimulated DACH1 gene expression (fold = 1.64,
adj. p = 0.04), which in turn may boost the inhibitory effect of
TGF-β on HAC15 cell steroidogenesis.

The available published data indicate that adropin exerts a
stimulating effect on the proliferative activity of a variety of
cells. Among other mechanisms, it has been shown that adropin
stimulates 3T3-L1 (fibroblasts) and rat primary preadipocyte
cell proliferation via the ERK1/2 and AKT signaling pathways.
(34). Adropin stimulate proliferation inmesenchymal-likeMDA-
MB-231 cells by MAPK/ERK1/2 signaling pathway which is
essential for the upregulation of E-cadherin and accompanying
phenotypic changes in human breast cancer cells (11). Moreover,
adropin upregulates—both in vitro and in vivo—the expression of
eNOS in endothelial cells. Furthermore, endothelial cells exposed
to adropin show increased proliferation and migration, higher

capillary-like tube formation rates, decreased permeability,
and less TNF-alpha induced apoptosis (8). By contrast, Sato
et al. demonstrated that in human aortic smooth muscle cells
(HASMCs), adropin suppressed cell migration and proliferation
without inducing apoptosis via ERK1/2 and Bax downregulation
(60). It is important to emphasize that our results showed that
exposing HAC15 cells to adropin stimulates the proliferative
activity of HAC15 cells via ERK1/2 and AKT mediated pathway
(Figure 11B). Moreover, the stimulatory effect of adropin on the
proliferation of these cells was long-lasting, persisting throughout
the entire time (50 h after administration) the cells were cultured
in the presence of the peptide.

Because of stimulatory effect of the adropin on proliferation
of human derived adrenocortical carcinoma cell line occurred via
ERK1/2 and AKT dependent mechanism, we decided to analyse
the clinical significance of the obtained results. According to
the GEPIA data and our results, the expression of GPR19 was
significantly elevated in adrenocortical carcinoma in relation to
normal adrenal. Considering the stimulatory roles of adropin
on HAC15 cell proliferation, we can assume that elevated
expression of the GPR19 may indirectly cause a speed-up rate
of proliferation in adrenocortical carcinoma. This suggestion
seems to be confirmed in Kaplan–Meier survival analysis of
91 adrenocortical carcinoma samples from TCGA database.
Increased expression of GPR19 leads to a statistically significant
decrease in survival, suggesting that high expression of GPR19
could constitute a negative prognostic factor of adrenocortical
carcinoma disease progression, however this aspect require
further studies.

Most of the results discussed in this paper are based on
experiments involving the administration (both in vivo and
in vitro) of exogenous adropin. The physiological role of this
peptide in the body remains an open question. Experiments on
adropin knockout mice (AdrKO) provide some information in
this respect, with published data showing that adropin prevents
insulin resistance, dyslipidemia, impaired glucose tolerance, and
loss of T lymphocytes (3, 61). The role of GPR19, the putative
adropin receptor, is also debatable and not fully understood. In
this respect, Martin (62) performed a study to evaluate agonist-
independent constitutive signaling of several GPCR receptors.
Using this method, the GPR19 receptor was classified as a “non-
responder,” with “revealed patterns that suggest either a lack of
constitutive signaling or an unresolved triggering condition (i.e.,
agonist dependent)” (62). The identification of a specific adropin
antagonist would possible provide a better understanding of the
role of this peptide in cells, organs, and in the entire body.

CONCLUSIONS

In this study, we investigated the influence of exogenous adropin
on proliferation and steroidogenesis in the human HAC15
adrenal carcinoma cell line. We found that exposing HAC15 cells
to adropin decrease the secretion of aldosterone and cortisol by
HAC15 cells. This effect was accompanied by inhibition of both
StAR and CYP11A1 expression. Bioinformatic analysis based on
microarray data suggests that adropin-mediated inhibition of

Frontiers in Endocrinology | www.frontiersin.org 17 October 2020 | Volume 11 | Article 561370

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Stelcer et al. Adropin Effect on HAC15 Cells

adrenocortical hormone biosynthesis involves activation of the
TGF-β signaling pathway likely to act through transactivation
mechanism.We also found that HAC15 cells treated with adropin
presented significantly higher proliferation rate than untreated
cells. Using specific intracellular inhibitors, we showed that
adropin stimulated proliferation occurs via ERK1/2 and AKT
dependent signaling pathways. GPR19 expression was elevated in
human adrenocortical carcinoma in relation to normal adrenals.
High level of GPR19 could constitute a negative prognostic factor
of disease progression.
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