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Abstract

Background: The liver is the metabolic organ considered to contribute the most to maintaining body iron
homeostasis and is a regulator of body adaptation to fasting. Our previous studies implied a negative
relationship between iron and ghrelin in both mice and humans and indicated that ghrelin was able to
increase ferroportin 1 (Fpn1) expression in the spleen and macrophages through the GHSR/MAPK
pathway. However, it remains to be explored whether fasting or ghrelin has a functional effect on iron
homeostasis in the liver.

Methods: In this study, we examined the roles of fasting and ghrelin in modulating the protein expression
of Fpn1, transferrin receptor 1 (TfR1), and ferritin light chain (Ft-L), as well as the mRNA expression of
ghrelin, hepcidin, ghrelin O-acyltransferase (GOAT) and growth hormone secretagogue receptor 1 alpha
(GHSR1a) in mouse liver and cultured hepatocytes.

Results: Our in vivo results suggested that fasting significantly upregulated the mRNA expression of
ghrelin, GOAT and GHSR1a as well as the protein levels of ghrelin, Fpn1 and Ft-L, but not TfR1, in mouse
liver. Meanwhile, in cultured hepatocytes, ghrelin significantly increased the protein expression of Fpn1
but not Ft-L and TfR1 and significantly enhanced ERK phosphorylation. Furthermore, the pretreatment of
cultured hepatocytes with either a pERK inhibitor or a GHSR1a antagonist abolished the effects of ghrelin
on Fpn1 expression and ERK phosphorylation.

Conclusions: Our findings confirmed that fasting increases iron export in the liver by upregulating Fpn1
expression through the ghrelin/GHSR1a/MAPK signaling pathway.

Background

The liver is considered the central organ in maintaining body iron homeostasis because it is not only a
major iron storage compartment but also the site where hepcidin, the key peptide that controls iron export
and regulates iron metabolism, is synthesized [1]. In addition, the liver is considered a regulator of body
adaptation to fasting [2]. During fasting, profound changes occur in the liver to reduce energy use and
limit catabolism, including changes in hormones such as ghrelin [3]. Ghrelin, which is mainly produced
and secreted by P/D1 cells of the stomach and contains 28 amino acids [4], can be increased during
energy restriction and fasting and may affect appetite and eating behaviors [5]. This hormone functions
in the brain and regulates food consumption and glucose metabolism; therefore, it is related to body
weight changes and fattiness [6—9]. It is also observed to activate the orexigenic neural circuits and
modulate the systemic metabolism [8, 10], and it also functions in central and peripheral tissues,
promoting appetite, enhancing gastrointestinal tract motility, and exerting anti-inflammatory effects,
among others. Ghrelin has two forms and becomes active only after being acylated by ghrelin O-
acyltransferase (GOAT), which catalyzes the attachment of the eight-carbon fatty acid octanoyl to the
Ser3 side chain of the peptide ghrelin [11-13].
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Ghrelin enhances appetite and promotes food consumption during starvation [14-16]. Poor appetite is
one of the obvious clinical characteristics of iron deficiency anemia (IDA)[17] and perpetuates a state of
starvation [18, 19]. These characteristics were consistent with the finding that IDA might be attributable to
decreased ghrelin levels [20, 21], which suggested potential correlations between ghrelin and changes in
iron metabolism. An investigation in prepubertal children also observed significantly lower iron contents
and ghrelin levels in IDA groups than in healthy controls [22]. Another study on the changes of iron and
ghrelin in various different phases of IDA (hypoferritinemia/iron deficiency/iron deficiency anemia) in
children also confirmed that both iron content and ghrelin levels are decreased in the plasma and reached
their minimum levels in the last stage of IDA [23].

An investigation by Dogan et al. suggested that while children suffering from IDA showed lower levels of
serum hepcidin and ghrelin than healthy children, iron treatment significantly elevated the hepcidin and
ghrelin levels in the serum of IDA children [24]. In our previous study, a statistically significant negative
correlation was also found between iron levels and ghrelin in the serum [25]. Based on these findings, we
hypothesized that ghrelin may modulate the balance of iron homeostasis under physiological conditions.
In this study, we examined the effects of fasting and of ghrelin on the protein or mRNA expression of
ghrelin, GHSR1q, GOAT, ferroportin 1 (Fpn1), transferrin receptor 1 (TfR1) and ferritin light chain (Ft-L) in
the liver and/or cultured hepatocytes. Moreover, we examined the roles of GHSR1a antagonist and
phosphorylated-extracellular regulated protein kinase (pERK) inhibitor in the expression of Fpn1 and
pPERK in cultured hepatocytes. Our results demonstrated that fasting or ghrelin was able to increase Fpn1
expression via the ghrelin/GHSR1a/MAPK signaling pathway in the liver and cultured hepatocytes.

Materials And Methods
Animals and Materials

Unless otherwise stated, all chemicals and reagents used in this study were purchased from Sigma (St.
Louis, MO, USA). Ghrelin was obtained from BioVision (4990 - 1000, CA, USA). All mice were supplied by
the animal experimental center of Nantong University. All mice used were housed in stainless steel cages
with 55%-60% relative humidity at 21 + 2 °C with alternating 12-hr periods of light and dark. All animal
handling procedures were conducted in accordance with guidelines approved by the Laboratory Animal
Ethics Committee of Nantong University.

Animal Fasting Treatment

Eight-week-old male C57BL/6J mice were assigned randomly by weight to groups and were fasted for 0,
6, or 24 hr prior to tissue samples collection. The mice were anesthetized intraperitoneally with 1%
pentobarbital sodium (40 mg/kg body weight) and received myocardial perfusion using phosphate
buffered saline (PBS), after which liver tissues were collected for measurements.

Isolation and Culture of Mouse Hepatocytes
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Cultured hepatocytes were obtained from male C57BL/6J mice by a two-step collagenase IV perfusion
procedure [26]. Livers from C57BL/6 mice were first perfused with preperfusion buffer via the portal vein
for 15 min, followed by 0.1 mg/mL collagenase IV dissolved in enzyme buffer at 37 °C until the liver
capsule was incised. After a sufficient amount of time (approximately 20 min) for liver tissue digestion,
the thick fibrous connective tissues were discarded. The suspension was filtered and centrifuged to
collect the hepatocytes. Then, the hepatocytes were seeded in six-well plates (~ 2 x 10° cells/well) and
cultured in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum, penicillin (100 units/ml),
and streptomycin (100 pg/ml) and cultured at 37 °C in a 5% CO2 incubator. For ghrelin treatment, cultured
hepatocytes were incubated with ghrelin (100 nM) or PBS (control) for 0.5-3 hr, and then the cells were
washed with PBS and lysed to obtain RNA or proteins.

Total RNA Extraction and Semiquantitative and Quantitative
Real-time PCR (q-PCR)

Total RNA was isolated and extracted from tissues and cells were using the Trizol extraction method. A
total of 1 xg of RNA was reverse transcribed by the HiScript Il Q RT SuperMix for gPCR (+ gDNA wiper) Kit
according to the manufacturer’s instructions to obtain cDNA. g-PCR was performed using the FastStart
Universal SYBR Green Master Mix (Vazyme Biotech Co., Ltd., China) in an LC96 instrument (Roche,
Switzerland). The primer sequences (Sangon Biological Engineering Technology & Services Co.,
Ltd.,Shanghai, China)[25] used in this study are listed below (Table 1). The CT values of each target gene
were normalized to those of B-actin in each group. Finally, the relative expression of mRNA was
determined using the 2 22CT method.

Table 1

Primer Sequences
Name (mouse species)  Primers used in PCR (from 5' to 3')
ghrelin forward TCCAAGAAGCCACCAGCTAA
ghrelin reverse AACATCGAAGGGAGCATTGA
GHSR1a forward CTATCCAGCATGGCCTTCTC
GHSR1a reverse AAGACGCTCGACACCCATAC
GOAT forward ATTTGTGAAGGGAAGGTGGAG
GOAT reverse CAGGAGAGCAGGGAAAAAGAG
hepcidin forward GCACCACCTATCTCCATCAACA
hepcidin reverse TTCTTCCCCGTGCAAAGG
B-actin forward AAATCGTGCGTGACATCAAAGA
B-actin reverse GCCATCTCCTGCTCGAAGTC

Western Blot Analysis
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Proteins from cells or tissue were extracted and homogenized with RIPA lysis buffer (Beyotime, PRC) and
sonicated by a sonifier [27]. The BCA (Pierce, Rockford) detection method was employed to determine the
protein contents. A sample containing 30 xg of protein was loaded and run in each well of SDS-PAGE
gels. The membranes were incubated with primary antibodies (1:1000) for TfR1 (Life Technology), Fpn1
(Novus), Ferritin-L (Proteintech), pERK against 42/44 (Cell Signaling Technology), ERK (Cell Signaling
Technology), ghrelin (Abcam), and GHSR1a (Abcam) at 4 °C overnight. Blots were then performed with a
secondary antibody of goat anti-rabbit or anti-mouse IRDye 800 CW at 1:10000 dilution (Li-Cor, Lincoln
Co., Ltd., USA) at room temperature for 1 hr. The gray values of the specific blots were scanned and
analyzed with ImagedJ software. B-Actin monoclonal antibody (Sigma, 1:10000) was used as a loading
control.

Immunofluorescence

Liver samples were fixed using 10% neutral formaldehyde and embedded in paraffin. The specimens were
sectioned at a thickness of 5 um, then blocked for 2 hr in blocking TBS buffer containing 3% bovine
serum albumin (BSA), and finally incubated with GHSR1a primary antibody (1:400) at 4 °C overnight.
Immunoreactivity was examined by incubation with Alexa Fluor 488-conjugated secondary antibody at
1:400 (Invitrogen) at room temperature for 1 hr. Finally, 5 mg/ml Hoechst 33342 was added for nuclei
staining for 15 min. Specimens were mounted with 50% glycerin, and the fluorescence signals were
detected using an SP8 confocal laser scanning microscope (Leica, Germany).

Immunohistochemistry

Liver samples were fixed with 10% neutral formaldehyde and embedded in paraffin. The specimens were
sectioned at a thickness of 5 pm and then incubated at 58 °C for 3 hr followed by xylene treatment for
dewaxing, hydrated through an alcohol gradient, and washed with PBS. A microwave was used to repair
the antigens at 650 W for 20 min, and the samples were then cooled to room temperature. Then, the cells
were exposed to 3% H,0, and normal goat serum for 10 min to block the activity of endogenous catalase
and nonspecific binding. Finally, the slice specimens were incubated with ghrelin antibody (Cell Signaling
Technology, 1:250) overnight at 4 °C. Ghrelin immunoreactions were detected with the enhanced biotin-
streptavidin immunoperoxidase technique. Diaminobenzidine was used as the chromogenic substrate,
followed by hematoxylin counterstaining. Five slices of each group were chosen for determining the
distribution and expression of ghrelin in the liver under a light microscope. Five visual fields were selected
randomly in each slice for statistical analysis by ImageJ software (Media Cybernetics, Silver Spring,
USA).

Statistical Analysis

Statistical analyses were executed with GraphPad Prism 7.0 software. All the data are presented as the
mean + SEM. The variation between the means in each group was analyzed by one-way analysis of
variance (ANOVA), and Tukey’s post hoc test was then performed for multiple comparisons. A probability
value of p<0.05 was considered statistically significant.
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Results
GHSR1a was expressed in the mouse liver and hepatocytes

As a G-protein-coupled receptor, GHSR is present mainly existed in the hypothalamus and pituitary [9, 28].
Two isoforms of GHSR have been reported [29], GHSR1a [30, 31] and GHSR1B [32, 33]. However, GHSR1a
is responsible for ghrelin-induced endocrine effects and some nonendocrine effects. Here, we first
examined whether GHSR1a is expressed in mouse liver and cultured hepatocytes. The results of g-PCR
and Western blot analyses both confirmed that the liver (Fig. 1, A and B) and cultured hepatocytes (Fig. 1,
C and D) expressed GHSR1a mRNA and protein, although at lower levels than the hypothalamus.

Fasting induced ghrelin, GHSR1a, and GOAT mRNA
expression in the liver

To investigate whether and how fasting affects the ghrelin/GHSR system, mice were fasted for 0, 6 or 24
hr, and the livers were collected to measure the expression of ghrelin, GHSR1a, GOAT and hepcidin (Fig. 2,
A-D). The g-PCR results demonstrated that ghrelin (Fig. 2A) and GOAT mRNA (Fig. 2C) were significantly
increased after fasting. Compared with the control group, the mRNA expression of ghrelin, GOAT and
GHSR1a (Fig. 2B) all increased significantly after fasting for 24 hr. The Western blot results also
suggested that ghrelin protein expression in the liver was increased after fasting for 6 and 24 hr (Fig. 3, A
and B). Furthermore, immunohistochemistry analysis showed that ghrelin protein was mainly expressed
around the veins in the liver (Fig. 3C). In addition, GSHR1q, which was mainly located on the membrane,
was also increased in the liver after 24 hr of fasting (Fig. 3D). These results confirmed that although
ghrelin is mainly expressed in the stomach, it may also be expressed in other tissues, which was
consistent with the results in the previous study [34].

Fasting or Ghrelin Induced Fpn1 and pERK Expression in both the Liver and Cultured Hepatocytes

To determine whether fasting or ghrelin treatment affects the iron-related proteins in the liver or cultured
hepatocytes, we then explored the role of fasting or ghrelin treatment in the expression of the three pivotal
proteins involved in the mediation of cellular iron related proteins, namely, Fpn1, TfR1, and Ft-L. The
Western blot results demonstrated that the expression levels of Ft-L (Fig. 4, A and B; E and F) and Fpn1
(Fig. 4, A and C; E and G) in mouse liver were increased after fasting, while the TfR1 protein levels
remained unchanged (Fig. 4, A and D; E and H). Western blot analysis also demonstrated that 24 hr of
fasting significantly increased ERK phosphorylation, while 6 hr of fasting failed to induce any change
(Fig. 5). Meanwhile, in vitro treatment of cultured hepatocytes with 10”7 M ghrelin for 0.5 hr or 1 hr also
induced significant increases in Fpn1 expression (Fig. 6, A and D) and ERK phosphorylation (Fig. 6, B and
F). However, the expression of Ft-L (Fig. 6, A and C) and TfR1 (Fig. 6, A and E) in cultured hepatocytes
treated with ghrelin did not change at any time point tested.
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Ghrelin-induced Increases in ERK Phosphorylation and Fpn1 Expression could be Suppressed by GHSR1a
Antagonist or MAPK Signaling Pathway Inhibitor

To clarify the possible mechanisms by which fasting and ghrelin regulate Fpn1 expression, we further
studied the effects of a GHSR1a antagonist (D-(lys-3)-GHRP-6) and a pERK inhibitor (U0126) on the
phosphorylation of ERK and the expression of Fpn1 and Ft-L. Cultured hepatocytes were pretreated with
D-(lys-3)-GHRP-6 at 100 nM or U0126 at 10 «M for 1 hr, followed by 10~ 7 M ghrelin. The results indicated
that D-(lys-3)-GHRP-6 significantly inhibited the ghrelin-stimulated upregulation of both pERK (Fig. 7, A
and B) and Fpn1 (Fig. 7, C and D) expression but did not change Ft-L expression (Fig. 7, C and E). U0126
also suppressed ghrelin-induced increases in both pERK (Fig. 7, F and G) and Fpn1 (Fig. 7, H and I)
expression in cultured hepatocytes, although there were no differences in the expression of Ft-L or TfR1
(Fig. 7,Hand J).

Discussion

Our previous study confirmed that fasting or ghrelin upregulates Fpn1 expression in both the spleen and
cultured macrophages through the ghrelin/GHSR/MAPK signaling pathway. Here, we investigated
whether ghrelin also influences iron homeostasis in the liver, which is the key tissue for iron storage and
regulation under physiological conditions [35]. Therefore, fasting- or ghrelin-induced changes in iron-
related proteins were determined in both the liver and cultured hepatocytes.

Several primary iron metabolism-related proteins are expressed in the liver and hepatocytes, including
Fpn1, TfR1 and ferritin (Ft). TfR1 is an important receptor that contributes to cellular iron uptake. Fpn1 is
the only distinct cellular iron exporter known to date. There are two isoforms of Ft, both responsible for
iron storage but with different functions: Ft heavy chains (Ft-H) are associated with iron utilization, while
Ft light chains (Ft-L) are more related to cellular iron storage [36]. In this study, Fpn1 and TfR1 were
investigated as markers of changes in iron uptake and release, while Ft-L was examined as an iron
content marker in the liver/hepatocytes.

In our study, we observed that 6 or 24 hr of fasting significantly upregulated the mRNA expression of
ghrelin, GHSR1a, and GOAT as well as the protein levels of Fpn1 and Ft-L in mouse liver. However, TfR1
expression increased after fasting for 6 hr and decreased after 24 hr. The increases in Ft-L and Fpn1
expression suggested that fasting enhanced both iron storage and iron export in the liver. Fpn1is a
hepcidin receptor in the membrane, and the hepcidin/Fpn1 complex was first formed and then
internalized into the cell and further degraded; therefore, the amount of Fpn1 protein decreased [37, 38].
However, there were no changes in hepcidin mRNA after fasting at any time point, suggesting that
hepcidin may not play a prominent regulatory role in liver Fpn1 expression under fasting conditions.

As ghrelin expression increased and was mainly distributed around the veins, and the membrane-bound
receptor GSHR1a also increased in the liver after fasting for 24 hr, we hypothesized that the effect of
fasting on Fpn1 and Ft-L expression in the liver might be regulated by the binding and activation of the
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ghrelin/GHSR1a system. To determine whether these changes in iron metabolism related proteins were
induced by the activation of GHSR1a in the liver by ghrelin, primary cultured hepatocytes were pretreated
with GHSR1a inhibitor, and the protein expression levels of Fpn1, Ft-L, and TfR1 were examined.
Treatment with ghrelin for 0.5 or 1 hr showed a significant increase in Fpn1 expression in cultured
hepatocytes. However, ghrelin failed to impact TfR1 or Ft-L expression. Furthermore, ghrelin-induced Fpn1
upregulation was suppressed by the GHSR1a antagonist D-(lys-3)-GHRP-6. These findings proved the
involvement of the ghrelin/GHSR1a pathway in the regulation of Fpn1 expression in cultured
hepatocytes.

ERK is a protein-serine/threonine kinase that can activate nuclear transcription factors and is involved in
cell proliferation, differentiation and cell death [39-42]. It has been confirmed that the proliferative role of
ghrelin is related to the activation of its downstream MAPK signaling cascade in multiple types of cells
[43, 44]. Our previous investigation also suggested that Fpn1 expression increased after ERK
phosphorylation in the spleen/macrophages [25]. To determine whether ghrelin also increases the
expression of Fpn1 through the GHSR1a/MAPK signaling pathway in cultured hepatocytes, we explored
the role of ghrelin in ERK phosphorylation in the presence or absence of a MAPK signaling pathway
inhibitor (U0126). The results showed that ERK phosphorylation in cultured hepatocytes was significantly
enhanced after ghrelin treatment for 1 hr, while pretreatment with the pERK inhibitor U0126 suppressed
the positive role of ghrelin in the expression of Fpn1 and phosphorylation of ERK. Together with the
identification results from PCR and Western blot analyses showing that GHSR1a is expressed in the liver
and cultured hepatocytes, all of these results confirm the hypothesis that ghrelin increases Fpn1
expression through the GHSR/MAPK signaling pathway in the liver/hepatocytes. In summary, we
confirmed that ghrelin significantly affects iron homeostasis in mouse liver by modulating iron-regulating
proteins, as fasting or ghrelin upregulated Fpn1 expression via activation of the GHSR/MAPK signaling
pathway. However, the reason that fasting and ghrelin do not affect TfR1 expression in the spleen and
liver both in vivo and in vitro remains to be investigated further.
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Name (mouse species)  Primers used in PCR (from 5' to 3')

ghrelin forward TCCAAGAAGCCACCAGCTAA
ghrelin reverse AACATCGAAGGGAGCATTGA
GHSR1a forward CTATCCAGCATGGCCTTCTC
GHSR1a reverse AAGACGCTCGACACCCATAC
GOAT forward ATTTGTGAAGGGAAGGTGGAG
GOAT reverse CAGGAGAGCAGGGAAAAAGAG
hepcidin forward GCACCACCTATCTCCATCAACA
hepcidin reverse TTCTTCCCCGTGCAAAGG
b-actin forward AAATCGTGCGTGACATCAAAGA
b-actin reverse GCCATCTCCTGCTCGAAGTC
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Figure 1

mRNA and protein expression of GHSR1a in the liver and hepatocytes. Expression of GHSR1a mRNA and
protein (~44 kD) in hypothalamus (the positive control) and liver (A, B), hepatocytes (C, D) in wild mice
was determined by gRT-PCR and Western blot analysis as described in Materials and Methods section.
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Figure 2

The mRNA expression of total ghrelin, GOAT, and GHSR1a in the liver was induced significantly after
fasting. The total ghrelin (A), GHSR1a (B), GOAT (C), and hepcidin (D) mRNAs in mouse liver were tested
by g-PCR before fasting (control) and after fasting for 6 or 24 hr. The relative mRNA expression was
relative to B-actin. Data are presented as the mean + SD (n = 7). *p < 0.05, ***p < 0.001 versus control.
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Figure 3

Fasting significantly increased the total protein expression of ghrelin in mouse liver. The total ghrelin level
in mouse liver was detected by Western blotting (A, B) and IHC (C) before (the control) and after 6 or 24 hr
of fasting. The GHSR1a distribution in the liver was detected using IF (D) before (the control) and after 6
or 24 hr of fasting as described in the Materials and Methods section. Data are presented as the mean +

SD (n = 5). *p < 0.05, **p<0.01, and ***p < 0.001 versus control.
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Figure 4

Fasting significantly increased the protein expression of Fpn1 and Ft-L in the liver. The protein levels of
Ft-L (B, F), Fpn1 (C, G), and TfR1 (D, H) in mouse liver were measured by Western blotting before fasting
(control) and after fasting for 6 (A) or 24 hr (B). Data are presented as the mean + SD (n = 6~7). *p < 0.05,

**p < 0.01, and ***p < 0.001 versus control.
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Figure 5

Fasting significantly enhanced ERK phosphorylation in the liver after fasting for 24 hr. The expression of
PERK in mouse liver was detected by Western blotting before (the control) and after 6 (A, C) or 24 hr (B, D)
of fasting as described in the Materials and Methods section. Data are presented as the mean + SD (n =
7~8).*p < 0.05, **p < 0.01, and ***p < 0.001 versus control.
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Figure 6

Ghrelin significantly increased the expression of Fpn1 but had no effect on Ft-L and TfR1 protein
expression in hepatocytes in vitro. The expression levels of Ft-L (A, C), Fpn1 (A, D), TfR1 (A, E), ERK and
PERK (B, F) protein in hepatocytes treated with 0.1 yM ghrelin for 0.5, 1, and 3 hr were measured by
Western blot analysis. Data are presented as the mean + SD (n = 6~7). *p < 0.05, **p < 0.01 versus
control.
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Figure 7

GSHR1a inhibitor D-(lys-3)-GHRP-6 or pERK inhibitor (U0126) significantly suppressed ghrelin-induced
Fpn1 upregulation in hepatocytes, while Ft-L and TfR1 were not affected by ghrelin. Hepatocytes were
pretreated with 100 nM D-(lys-3)-GHRP-6 for 1 hr or 10 uM U0126 for 6 hr, followed by treatment with
ghrelin (10-7 M) for another 0.5 hr. The phosphorylation of ERK (A and B, F and G) and the expression of
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Fpn1 (C and D, H and I) and Ft-L (C and E, H and J) were detected by Western blotting. Data are presented
as the means + SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 versus control.
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