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KEY WORDS Abstract The adipose tissue of mammals represents an important energy-storing and endocrine organ,
and its dysfunction is relevant to the onset of several health problems, including non-alcoholic fatty liver
disease (NAFLD). However, whether treatments targeting adipose dysfunction could alleviate NAFLD
has not been well-studied. Adrenomedullin 2 (ADM2), belonging to the CGRP superfamily, is a protec-
tive peptide that has been shown to inhibit adipose dysfunction. To investigate the adipose tissue-specific
effects of ADM2 on NAFLD, adipose-specific ADM2-overexpressing transgenic (aADM2-tg) mice were

Non-alcoholic fatty liver
disease;

Adipose tissue;

Lipid metabolism;

Adrenomedullin 2;

Ceramide; developed. When fed a high-fat diet, aADM2-tg mice displayed decreased hepatic triglyceride accumu-
HIF2q; lation compared to wild-type mice, which was attributable to the inhibition of hepatic de novo lipogen-
ACER2 esis. Results from lipidomics studies showed that ADM2 decreased ceramide levels in adipocytes through

the upregulation of ACER2, which catalyzes ceramide catabolism. Mechanically, activation of adipocyte
HIF2« was required for ADM2 to promote ACER2-dependent adipose ceramide catabolism as well as to
decrease hepatic lipid accumulation. This study highlights the role of ADM2 and adipose-derived
ceramide in NAFLD and suggests that its therapeutic targeting could alleviate disease symptoms.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD), characterized by
increased hepatic lipid accumulation, is the most common liver
disease worldwide'~. There has been a rising trend in the prev-
alence of NAFLD, paralleled with a worldwide increase in
metabolic syndrome, ranging from simple fatty liver to more
severe non-alcoholic steatohepatitis (NASH)**. In Asia, the risk
factors of NAFLD progression include sedentary lifestyle, diet,
genetics, aging, diabetes, insulin resistance, and obesity’”’. Un-
fortunately, the pharmacological therapies against NAFLD are
still limited to date®.

Fatty liver, marked by the increased triglyceride deposition in
the liver, reflects an input/output imbalance of hepatic free fatty
acids. The adipose tissue of mammals is well-recognized collec-
tively as an organ for lipid storage’, and its dysfunction is linked
to NAFLD. In clinical studies involving MRI and liver biopsy in
humans, liver inflammation and fibrosis are positively associated
with visceral adipose mass'”''. The secretion of lipids, adipo-
kines, and proinflammatory cytokines from adipocytes, and adi-
pose macrophage infiltration have been shown to collectively
contribute to the onset of NASH”, which makes the communica-
tion between adipose tissue and the liver a crucial area of inves-
tigation. Thus, exploring their interaction will facilitate the
understanding of NAFLD onset.

As a group of sphingolipid species, ceramides are synthesized
from three different pathways: de novo synthesis, sphingomyelin
hydrolysis, and salvage pathways'>'?. The ceramides are gener-
ated from the various synthesizing pathways under different
physiological and pathophysiological conditions, while ceramide
overproduction during this process causes lipotoxicity, endo-
plasmic reticulum/mitochondrial stress, inflammation, and dysre-
gulation of hepatic lipid metabolism'*'*. Additionally, ceramide
can also promote NAFLD indirectly through induction of dysli-
pidemia, given its actions in promoting lipid synthesis and very
low-density lipoprotein secretion within the liver'>'”. In studies
with rodents, inhibition of ceramide biosynthesis or activation of
ceramide degradation ameliorates insulin resistance, atheroscle-
rosis, and steatohepatitis'>' %520,

Adrenomedullin 2 (ADM2), also known as intermedin (IMD),
is an endogenous peptide that belongs to the calcitonin gene-
related peptide (CGRP) superfamily. The ADM2 gene is located
in the distal 22q13.33 region of the long arm of human chromo-
some 22 and encodes a pre-secretory peptide containing 148
amino acid residues®'. The members of CGRP) superfamily have
a conserved molecular structure, a disulfide ring structure
composed of 6 amino acid residues””. Calcitonin receptor and
calcitonin receptor-like receptor (CRLR) are G protein-coupled
receptors (GPCRs) shared by members of the CGRP superfam-
ily. Previous results have shown that ADM2 can activate down-
stream signals of CRLR, but cannot activate downstream signals
of CT, indicating that CRLR is an endogenous receptor of
ADM2%. Recently, Babin’s group reported that Adrenomedullin
2/intermedin is a slow off-rate, long-acting endogenous agonist of
the adrenomedullin, G protein-coupled receptor’. ADM2 is
widely expressed throughout the body, including in the adipose

tissue, kidneys, intestine, colon, rectum, and ovaries, and it is
especially highly expressed in the circulatory system. However,
plasma levels of ADM2 are relatively low?, indicating that
ADM?2 may act in an autocrine or paracrine manner, regulating
organ perfusion and hormone secretion®”. Previous studies,
including by our group, have reported that ADM2 treatment re-
duces atherosclerosis by inhibiting foam cell formation and
improving dyslipidemia®®*’, and enhances beiging of white adi-
pose tissue directly in an adipocyte-autonomous manner and
indirectly through M2 macrophage polarization®®. ADM2 has
functions in the cardiovascular, lymphatic, and nervous systems
by activating three heterodimeric receptors comprising the class B
GPCR CLR and a RAMP-1, -2, or -3 modulatory subunit’*,
ADM?2 has positive inotropic and positive inotropic effects in
Mianyang and rats”’. ADM2 can directly enhance myocardial
contractility by increasing intracellular calcium concentration in a
PKA and PKC-dependent manner’’. However, whether ADM2
has a protective effect on NAFLD development is still unknown.

ADM2 is expressed in the adipose tissue and is downregulated
during obesity in mice®'. The plasma level of ADM2 is negatively
associated with the body mass index and HOMA-IR index in
humans, indicating that ADM2 may inhibit metabolic syndrome
by targeting the adipose tissue. Moreover, elevated adipocyte-
derived ceramide and ectopic lipid deposition are very important
pathogenic factors. It is important to search for local interventions
with endogenous factors within the adipose tissue, and further
investigate how they inhibit molecular mechanisms. Herein, we
have utilized adipose-specific ADM2 transgenic (aADM2-tg)
mice to study the role and dissect the mechanisms of ADM2 in
adipose ceramide generation and NAFLD development. Our re-
sults suggest that the activation of adipocyte HIF2« is required for
ADM?2 induction. Mechanistically, we found that adipocyte
ADM2-activated HIF2« ameliorated NAFLD by activating cer-
amide catabolism. Particularly, Acer2, encoding a key enzyme that
hydrolyzes ceramides to sphingosines and free fatty acids in
alkaline conditions, and which was confirmed as the target gene of
HIF2a'®, was significantly activated. This study highlights the role
of ADM2 and adipose-derived ceramide in NAFLD and provides
a new strategy and potential drug candidate for the treatment of
NAFLD.

2. Materials and methods
2.1.  Animals

The transgenic mouse line with adipocyte-specific overexpression
of the ADM?2 gene (aAADM2-tg mice) was generated on a C57BL/6J
background with the human ADM?2 gene driven by the adiponectin
(Adipoq) gene promoter (H11-Adipoq-hADM2-Wpre-PolyA mice,
Strain No. TO059304). The mice were purchased from
GemPharmatech (Nanjing, China) as described previously>*2.
Hif2a™™ mice were previously described'®. To achieve adipocyte-
specific disruption, Hif2a™ mice were crossed with mice
harboring Cre-recombinase under the control of the adiponectin
promoter to obtain Hif2a**%"° mice'>*. 8—10 weeks male
aADM2-tg(+/+) and their WT littermates(—/—) mice, Hif2a"*P°
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and Hif2a™ mice were housed with a 12-h light/dark cycle. Ani-
mals were fed ad libitum with either a chow diet or a high-fat diet
(D12492, Research Diets). Surgery and implantation of osmotic
minipumps: As previously reported**, mice were anesthetized with
isoflurane. A 1-cm incision was made in the back skin and mice were
implanted subcutaneous injection with an Alzet osmotic minipump
(model 1002) filled with vehicle or ADM2. Before implantation, the
pumps were filled with a test agent and then placed in a Petri dish
with sterile 0.9% saline (NS) at 37 °C for at least 4 h before im-
plantation to prime the pumps. For the knockdown experiment of the
Acer2 gene, the Acer2-shRNA sequence (shRNA_ID:Acer2.3550:
5'-ACAGTGTTGTGTTGAGGATCAA-3') was cloned into LV-
miRE-EGFP vector. Lentivirus was produced in HEK293T cells
and concentrated by ultracentrifugation at 25,000 rpm for 2.5 h.
Eight-week-old aADM2-tg mice were administered with recombi-
nant lentivirus expressing Lenti-ShAcer2 or Vector into the
epididymal fat pad of the mice (1 x 107 infection unit per mouse),
respectively, as previously reported'”. All mice were randomly
assigned to experimental groups, and the groups did not present any
differences in body weights before the treatments. All mice were
housed within a SPF facility and no mice were excluded from the
analysis. All animal experiments were approved by the Animal
Research Ethics Committees.

2.2.  Materials

Human adrenomedullin2/intermedin (ADM2) and ADM?2 anti-
body were from Phoenix Pharmaceuticals (Belmont, CA, USA).
The anti-F4/80 (D2S9R) (Cat#70076S, RRID: AB_2799771), the
anti-Histone H2A.X (Cat#7631, RRID: AB_10860771), the anti-
ATGL (Cat#2138, RRID: AB_2167955), anti-HSL (Cat#4107,
RRID: AB_2296900), and anti-phospho HSL (Ser660) (Cat#4126,
RRID: AB_490997) were purchased from Cell Signaling (Dan-
vers, MA, USA). The anti-ACER?2 rabbit polyclonal antibody
(Cat#PAS5-39016; RRID: AB_2555608) was purchased from
Invitrogen (CA, USA). The anti-HIF2« rabbit polyclonal antibody
(Cat# NB100-122; RRID: AB_10002593) was purchased from
Novus (CO, USA). The anti-HIF1a rabbit polyclonal antibody
(Cat#20960-1-AP, RRID: AB_10732601) was purchased from
Proteintech (Rosemont, IL, USA). The anti-B-actin mouse
monoclonal antibody (Cat#A3854, RRID: AB_262011) and
peroxidase-conjugated goat anti-mouse IgG (Cat#A4416, RRID:
AB_258167) were purchased from Sigma—Aldrich (St. Louis,
MO, USA), and the peroxidase-conjugated goat anti-rabbit IgG
(Cat#ZB2301, RRID: AB_2747412) was purchased from Zhong-
shan Golden Bridge Biotechnology (Beijing, China).

2.3.  Cell culture

2.3.1.  Isolation and culture of primary adipocytes

As previously reported™, mature adipocytes were isolated from
epididymal fat pads of C57BL/6 mice aged 6—8 weeks. The
epididymal fat pads were minced and incubated at 37 °C for 1 h in
1 mg/mL type I collagenase. Packed adipocytes were washed for
twice and diluted in serum-free Dulbecco’s modified Eagle’s
medium (DMEM) to generate a 10% (v/v) cell suspension.

2.3.2.  Isolation and culture of primary hepatocytes

As previously reported®®, mice were anesthetized with 1%
Nembutal (7 pL/g body weight) and injected intraperitoneally
with 1000 IU heparin. After laparotomy, the portal vein was
cannulated. The liver was perfused with 20 mL pre-warmed

D-Hanks buffer, followed by 20 mL of 0.02% collagenase (Sig-
ma—Aldrich, St. Louis, MO, USA) at a flow rate of 2 mL/min.
After perfusion, liver tissues were removed and washed with
20 mL D-Hanks Buffer. The capsule of the liver was removed, and
hepatic tissues dispersed and incubated in 20 mL of 0.01%
collagenase in a shaking water bath for 15 min. The cell sus-
pension was then filtered through two layers of 70 pm nylon mesh,
centrifuged at 500 rpm, and washed twice with DMEM to remove
tissue dissociation enzymes, damaged cells, and non-parenchymal
cells. Dispersed hepatocytes were counted and seeded at a con-
centration of 10° cells/100 mm dish, containing 10 mL high
glucose DMEM supplemented with 10% FBS. Cells were cultured
at 37 °C in a humidified atmosphere of 5% CO,. The culture
medium was changed daily.

2.3.3.  Culture and differentiation of 3T3-LI cells

As previously reported®’, 3T3-L1 cells (American Type Culture
Collection) were cultured in growth medium, high-glucose
DMEM, supplemented with 10% FBS, 100 units/mL penicillin,
and 100 units/mL streptomycin. Two days post—confluence, cells
were induced to differentiate with a standard cocktail consisting of
a growth medium with 1 mmol/L dexamethasone, 10 mg/mL
bovine insulin, and 0.25 mmol/L 3-isobutyl-1-methylxanthine.
After 3 days in the differentiation medium, the cells were treated
with a growth medium containing 10 mg/mL bovine insulin for 3
days and then maintained in a growth medium alone. Cells were
considered mature adipocytes 8 days after the induction of
differentiation.

2.4.  Histology

Fresh tissues were excised, fixed in 4% paraformaldehyde, and
paraffin-embedded. Sections were stained with H&E. Histological
scoring for liver NAFLD was read blinded to the experimental
design using H&E staining. The degree of steatosis, ballooning,
and lobular inflammation was evaluated according to previously
published criteria based on the conclusions of the American As-
sociation for the Study of Liver Disease (AASLD)*. The NAS
consists of the sum of steatosis, ballooning, and lobular inflam-
mation. For Oil Red O staining, 7 pm cryosections were prepared
on O.C.T-embedded frozen liver sections. Slides were fixed in 4%
(v/v) paraformaldehyde for 1 h, rinsed in ddH,O, and stained for
15 min in freshly prepared Oil Red O in 60% isopropanol.

2.5.  Immunofluorescence and immunohistochemistry

For immunofluorescence, as previously reported®”, primary he-
patocytes and adipocytes mice were was fixed in 4% para-
formaldehyde for 10 min, the cells were blocked in 1% BSA in
PBS for 1 h at room temperature. They were then washed in 1x
PBS/0.1% Tween-20 three times for 5 min each. And then incu-
bated overnight at 4 °C with antibodies accordingly. They were
then washed in 1X PBS/0.1% Tween-20 three times for 5 min
each. Cells were then incubated at room temperature for 1 h with
the secondary antibodies. The nuclei were visualized by staining
with Hoechst 33258 for 10 min. The lipid droplets were visualized
by staining with Lipidtox deep green (Invitrogen-H34475) for
10 min. Photomicrographs were taken under a confocal laser-
scanning microscope (Leica, Germany). For immunohistochem-
istry, the tissue was fixed in 4% paraformaldehyde, dehydrated,
embedded in wax, and sectioned at 7 pum. Paraffin-embedded
sections were de-waxed, re-hydrated, and rinsed in PBS. After
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boiling for 10 min in 10 mmol/L sodium citrate buffer (pH 6.0),
the sections were blocked in 1% BSA in PBS for 1 h at room
temperature, then incubated overnight at 4 °C with antibodies
accordingly. They were then washed in 1 x PBS/0.1% Tween-20
three times for 5 min each. Tissue sections were then incubated at
room temperature for 1 h with the secondary antibodies. And then
proceed with the substrate reaction according to the instructions.

2.6.  Biochemical and immunological assays

Plasma ALT, AST, cholesterol, and triglyceride levels were
quantified using commercial kits (BioSino Bio-Technology and
Science, Beijing, China) according to previous protocols'®.
Approximately 20 mg of liver tissue was accurately weighed,
homogenized in triglyceride cracking liquid, and centrifuged at
2,000 rpm for 5 min at 4 °C. The supernatant was collected to
quantify hepatic cholesterol and triglyceride levels. Hepatic total
cholesterol and triglyceride concentrations were quantified,
normalized to the corresponding weight, and then expressed as
milligrams of lipid per gram of tissue weight.

2.7.  qPCR and RNA-Seq profiling

Total RNA from tissues or cells was isolated using TRIzol
(Invitrogen, Darmstadt, Germany), following the manufacturer’s
instructions. One pg of RNA was reverse-transcribed using a
5 x All in one RT MasterMix (Cat# G490, AMB), and real-time
PCR was performed. Calculation normalization was performed
to 18s RNA. One pg of total RNA was used for library prepa-
ration. The poly(A) mRNA isolation was performed using
Oligo(dT) beads. Then libraries with different indexes were
multiplexed and loaded on an Illumina HiSeq/Illumina
Novaseq/MGI2000 instrument for sequencing using a 2 x 150
paired-end (PE) configuration according to the manufacturer’s
instructions.

2.8.  Western blotting analysis

The adipose tissues and liver were lysed in RIPA buffer with
protease and phosphatase inhibitors, and then the protein extracts
were resolved by SDS—PAGE electrophoresis and transferred
onto polyvinylidene difluoride (PVDF) membranes. Membranes
were blocked with 5% skimmed milk for 1 h at room temperature
and then incubated with primary antibodies and HRP-conjugated
secondary antibodies. The blots were visualized with chem-
iluminescence, and the densitometry of the blots was detected
using a LI-COR Odyssey Fc imager (LI-COR Biosciences,
Lincoln, NE, USA).

2.9.  Metabolomics analysis

Lipidomics analysis was performed according to previously
published protocols'®. For the plasma lipidomics analysis, 50 pL
of serum was extracted with 200 pL of cold chloroform: meth-
anol (2:1) solution containing 1 umol/L LM6002 (Avanti Polar
Lipids, Alabaster, AL) as the internal standard. For the lip-
idomics analysis of adipose tissue, approximately 20 mg of ad-
ipose tissue was homogenized with 200 pL of H,O and then
extracted with 1000 mL of cold chloroform: methanol (2:1) so-
Iution containing 1 pmol/L. LM6002 (Avanti Polar Lipids,
Alabaster, AL, USA) as an internal standard. After vortexing for
1 min, the sample was incubated at room temperature for 30 min

and subsequently centrifuged at 13,000 rpm for 20 min at 4 °C.
The lower organic phase was collected and evaporated. The
organic residue was dissolved in 50 mL of isopropanol: aceto-
nitrile (1:1) solution. Samples were analyzed by Eksigent LC100
coupled with AB SCIEX Triple TOF 5600 system. All of the
lipid molecules were identified through the acknowledged data-
base Lipidmaps (http://www.lipidmaps.org) and the comparison
with the standards (including retention time, parent ion mass, and
MS/MS fragmentations). Peak extraction and integration were
performed with PeakView1.2 software (AB SCIEX, Washington
D.C., USA). Partial least squares discriminant analysis (PLS-DA)
and variable importance for the projection (VIP) score were
carried out using MetaboAnalyst 6.0 (http://www.metaboanalyst.
ca). For quantitation of sphingolipid metabolites, the data was
analyzed by MultiQuant2.1 software (AB SCIEX, Washington
D.C., USA).

2.10.  Bioinformatics analysis

For RNA-Seq data analysis, raw reads were filtered to include
only those with a median Phred quality score of >20 and trimmed
with cutadapt v1.9.1 to remove adapter sequences. RNA-Seq reads
were subsequently aligned to the mouse reference genome
(version mm9) using subread 1.5.1 with default parameters.
Unique reads were kept and annotated to RefSeq genes using
featureCounts. Only genes with an FPKM value of >0.1 in all
samples were kept for downstream analysis. Differential expres-
sion analysis was performed using limma and determined using a
cutoff significance level of FDR <0.05. Functional enrichment
analysis was performed with DAVID using the pathways related to
metabolism from the KEGG database annotation™*’. RNA-Seq
datasets are available for download from the Sequence Archive
with accession number GSE267858.

2.11.  Statistical analyses

The data were analyzed using GraphPad Prism 9.0 software
(GraphPad Software, San Diego, CA, USA) and IBM SPSS 24.0
(IBM Corporation, Armonk, NY). Data are expressed as
mean =+ standard error of mean (SEM) and statistically analyzed
by Student’s #-test, or Mann—Whitney U as appropriate, and one-
way ANOVA with Tukey’s post hoc test. Significance was set at
P < 0.05. P values are presented in the indicated figures.

3. Results

3.1. Adipose ADM?2 improves NAFLD independent of adipocyte
lipolysis

To determine the effect of adipose ADM2 on NAFLD, wild-type
(WT) and aADM2-tg mice were challenged with a high-fat diet
(HFD) for 8 weeks. The decreased accumulation of lipid in the
liver was observed in aADM2-tg mice via oil red O and H&E
stainings of liver sections (Fig. 1A). Furthermore, histological
assessment showed that aADM2-tg mice displayed improved
steatosis, ballooning, inflammation, as well as a lower NAFLD
Activity Score (NAS) (Fig. 1B—E). The liver and body weight
ratios were decreased in aADM2-tg mice (Fig. 1F). The mRNA
and protein levels of Adm?2 were specifically increased in the white
adipose tissue (WAT) of aADM2-tg mice, with no changes in
macrophages, liver, and skeletal muscle (Supporting Information
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Figure 1

Adipose ADM2 improves NAFLD. WT and aADM2-tg mice were fed an HFD for 8 weeks. (A) H&E, oil red O staining and F4/80

markers of representative liver sections (n = 6), Scale bars, 100 pm. (B) Histological scoring for steatosis (n = 6). (C) Histological scoring for
hepatocellular ballooning (n = 6). (D) Histological scoring for hepatocellular inflammation (n = 6). (E) Histological scoring (n = 4). (F) Liver
and body weight ratio of mice (n = 6). (G) Hepatic triglyceride content of mice (n = 6). (H) Hepatic total cholesterol content of mice (n = 6). (I)
Plasma level of ALT (n = 6). (J) Plasma level of AST (n = 6). (K) Hepatic expression of mRNAs encoded by hepatic fatty acid transport and
lipogenesis-related genes. (L) Hepatic expression of mRNAs encoded by hepatic fatty acid $-oxidation-related genes. (M) Hepatic expression of
mRNAs encoded by inflammatory cytokine and chemokine genes. All data are presented as the mean + SEM. Two-tailed Student’s r-test (G—K,
M) and Mann—Whitney U test (B—F, L): *P < 0.05, **P < 0.01 compared to the WT mice.

Fig. S1A and S1B). No significant increase in plasma ADM?2 level
was observed in aADM2-tg mice (Fig. S1C), which excluded the
mechanism of a direct action of adipose ADM2 on the liver
through an endocrine manner. The body weight of aADM2-tg
mice was decreased compared to controls (Fig. S1D), while the
food intake was not altered (Fig. S1E), which is consistent with
our previous report that adipose ADM2 protected against HFD-
induced obesity”".

Next, the hepatic lipid contents in the WT and aADM2-tg mice
were examined further. Compared to controls, the hepatic tri-
glyceride and total cholesterol contents were decreased in
aADM2-tg mice (Fig. 1G and H). The plasma levels of ALT and
AST were also decreased in samples from aADM?2-tg mice
(Fig. 1I and J), indicating improved hepatic function. The plasma
levels of triglyceride and total cholesterol were also decreased in
aADM2-tg mice (Fig. SIF and S1G). Furthermore, the mRNA
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expression of genes involved in fatty acid transport and anabolism
(Srebpl, Cidea, Cd36, Fabpl, Fabp4, Fasn, Scdl, and Elovi6),
triglyceride synthesis (Dgat2), and the lipid-droplet coat (Plin2)
were all substantially reduced in aADM?2-tg mice, compared to
controls (Fig. 1K). By contrast, the mRNA expression of genes
involved in fatty acid (-oxidation, such as AcoxI, Acsll, and
Acaala, were moderately elevated in aADM2-tg mice compared
to control mice (Fig. 1L). Moreover, the expression levels of in-
flammatory cytokines, such as 7Tnfa, Ccl2, and F4/80, were
significantly lower in aADM?2-tg mice compared to control mice
(Fig. IM). Consistent with this, the immunohistochemical staining
of liver slices also showed a significant reduction in F4/80 positive
cells, a macrophage infiltration marker, in the liver (Fig. 1A). The
hepatic and plasma levels of glycerol and NEFA were not changed
in aADM2-tg mice (Fig. SIH—S1K). The expression levels of
adipose lipolysis genes, Argl, Hsl, Mgl, and Perilipin, and the
expression of ATGL and HSL phosphorylation protein levels,
remain unchanged (Fig. SIL and S1M), indicating that ADM2
does not affect adipocyte lipolysis. Furthermore, we observed
smaller epididymal adipocyte size(Fig. S1N), which is consistent
with the previous report’’. In addition, hepatic steatosis is also
influenced by energy expenditure and exercise levels. However,
we did not observe significant changes in energy metabolism and
exercise levels in aADM2-tg mice (Supporting Information Fig.
S2A—S2C). These results indicated that adipose ADM?2
improved 8-week HFD-induced NAFLD through inhibition of
hepatic de novo lipogenesis.

3.2.  ADM?2 decreases adipose and plasma ceramide levels

Using lipid metabolomics, we examined the lipid profiles in
epididymal WAT (eWAT) (Supporting Information Fig. S3A) to
identify novel lipid mediators regulated by adipose ADM2 in the
aADM2-tg mice placed on an HFD for 8 weeks. Partial least
squares discriminant analysis (PLS-DA) indicated that the eWAT
of aADM2-tg mice had a distinct lipid metabolic pattern
compared with WT mice (Fig. 2A). Analysis using the variable
importance in projection (VIP) score identified that ceramides
were among the top compounds that accounted for the metab-
olomic differences between groups (Fig. 2B).

The relative abundance of C16:0, C18:0, C24:0, and C24:1
ceramide was decreased in eWAT of aADM2-tg mice (Fig. 2C),
with C14:0, C16:0, and C24:1 dihydroceramide also being
decreased (Fig. 2D). In addition to eWAT, the lipid metabolomics
in the subcutaneous WAT (scWAT) and plasma of aADM2-tg mice
also displayed a distinct lipid metabolic pattern compared with
WT mice, with marked decreases in the relative levels of C16:0,
C18:0, C24:0, and C24:1 ceramide (Fig. 2E and G), decreases in
C16:0, C18:0, and C24:1 dihydroceramide in scWAT (Fig. 2F),
and decreases in C16:0, C24:0, and C24:1 dihydroceramide in
plasma (Fig. 2H).

Furthermore, we evaluated the lipid metabolism in the liver. In
contrast to the adipose tissue and plasma, the relative levels of
ceramides and dihydroceramides in the liver were not decreased
obviously (Fig. 2I and J). We also quantified sphingomyelin me-
tabolisms in the above mentioned tissues, and the majority of
sphingomyelin species was not altered, or even with C16 sphin-
gomyelin was increased only in eWAT (Fig. S3B—S3E). We also
observed a significantly increased level of sphingosine in the
eWAT of aADM2-tg mice (Fig. 2K). These results indicated that
adipose ADM2 decreased the levels of ceramide in eWAT, scWAT,
and plasma, but not obviously in the liver.

3.3.  ADM?2 decreased adipocyte-derived ceramide levels

To further investigate whether lipid improvement in the liver of
aADM2-tg mice may be associated with decreased adipose cer-
amide, we isolated primary adipocytes from the adipose tissue of
mice and incubated them with ADM2; then, the conditioned
medium from this culture was transferred to primary hepatocytes
(Fig. 3A). We found that ceramide levels in adipocytes and
conditioned medium treated with ADM2 was downregulated
(Fig. 3B and C). The mRNA expression of genes involved in fatty
acid transport and anabolism (Srebpl, Cidea, Cd36, Fabpl, Fasn,
and Scdl) and the lipid-droplet coat (Plin2) were all substantially
reduced in primary hepatocytes after incubation with conditioned
medium from ADM?2-treated adipocytes (Fig. 3D), while the
mRNA expression of genes involved in fatty acid $-oxidation,
such as Acox2, Acsll, and Acaala was moderately elevated in
primary hepatocytes after incubation with conditioned medium
from ADM2-treated adipocytes (Fig. 3E). These results indicated
that ADM2 directly decreased the levels of ceramide in
adipocytes.

3.4. Ceramides of different chain lengths stimulate gene
expression associated with lipid production in primary liver cells

It has been reported that ceramide species of different chain
lengths can promote specific lipotoxicity*'. We hence used a
short-chain and three long-chain ceramides to directly stimulate
primary hepatocytes. As shown, we found that the short-chain
(C6:0 cer) and three long-chain ceramides (C16:0 cer, C18:0
cer, and C24:1 cer) could promote liver lipid synthesis (Fig. 4A);
specifically, the mRNA expression levels for Srebpl, Cidea, and
Cd36 were significantly up-regulated. Treatment with C6:0,
C16:0, and C18:0 ceramides also increased the mRNA expression
levels for Fabpl, Fabp4, Fasn, and Scdl (Fig. 4A). We performed
immunofluorescence staining experiments in parallel and found
that, compared with the hepatocytes treated only with the vehicle,
levels of SREBPI protein, an intracellular promoter of lipid
synthesis, were significantly increased in hepatocytes treated with
different chain lengths of ceramides (Fig. 4B). We also tested the
triglyceride levels in primary hepatocytes and observed a similar
upward trend (Fig. 4C). These results suggest that ceramides of
various different chain lengths directly and significantly promoted
lipid synthesis in the liver.

3.5.  Administration of ceramide reversed the protective effect of
ADM?2 on NAFLD

To further investigate whether decreased plasma ceramide
levels are necessary for the decreased lipid accumulation in the
liver of aADM2-tg mice, we administered HFD-fed aADM2-tg
mice with C16:0 ceramide for 8 weeks (Fig. 5A). The
decreased lipid accumulation and F4/80 within the liver by
ADM?2 administration was abolished after administration of
ceramide, assessed by oil red O and H&E staining of liver
sections (Fig. 5B). This was accompanied by the increased
histological assessment of NAS (Fig. 5C—F). Body weight and
liver weight ratio increased after administration of ceramide
(Supporting Information Fig. S4A and S4B). Furthermore, both
hepatic and plasma triglyceride and cholesterol levels were
reversed after C16:0 administration (Fig. 5G, H and Fig. S4C
and S4D). The decreased plasma levels of ALT and AST in
aADM2-tg mice were abolished after C16:0 administration
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ADM?2 decreased Adipose and plasma Ceramide levels. WT and aADM2-tg mice were fed an HFD for 8 weeks. (A) PLS-DA analysis

of the metabolomics contained in eWAT (n = 6). (B) VIP plot identified by PLS-DA displays the top 15 most important metabolites in eWAT
(n = 6). (C—J) HPLC—MS/MS analysis of the different species of ceramide and dihydroceramide levels in eWAT (C, D), scWAT (E, F), plasma
(G, H), and liver (I, J) (n = 6). (K) D18:1 sphingosine level in eWAT (n = 6). All data are presented as the mean + SEM. Two-tailed Student’s
t-test (D, F, K) and Mann—Whitney U test (C, E, G—=J): *P < 0.05, **P < 0.01 compared to WT mice.

(Fig. 5I and J). Ceramide concentration in plasma and eWAT
was upregulated after the administration of ceramide (Fig. S4E

and S4F).

Furthermore, the mRNA expression levels for genes involved in
fatty acid transport and anabolism (Srebpl, Cidea, Cd36, Fabpl,
Fabp4, Fasn, Scdl, and Elovi6), triglyceride synthesis (Dgat2), and

the lipid-droplet coat (Plin2) were all substantially elevated after
C16:0 administration (Fig. 5K). By contrast, the mRNA expression
levels for genes involved in fatty acid $-oxidation, such as Acox1,
Acsll, and Acaala were only moderately reduced after the admin-
istration of ceramide (Fig. 5L). In addition, decreased expression
levels of inflammatory cytokines, such as Tnfa, Ccl2, and F4/80, the
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primary adipocytes (n = 4). (C) Ceramide levels of conditioned medium (n = 4). (D) Hepatic expression of mRNAs encoding hepatic fatty acid
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ANOVA with Tukey’s post hoc test (D, E): *P < 0.05, **P < 0.01 compared to vehicle. *P < 0.05, *P < 0.01 compared to saline-treated CM.

immunohistochemical staining of F4/80 positive cells were reversed
in aADM2-tg + ceramide mice as compared to the aADM2-
tg + Saline group (Fig. 5SM and Fig. S4G). These results indicated
that administration of ceramide reversed the protective effect of
ADM?2 on NAFLD.

3.6.  Activation of adipocyte HIF2a mediates ADM2-induced
ACER?2 expression

We further explored the mechanisms responsible for the ADM?2-
induced reduction of adipose ceramide levels. The mRNA
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were isolated and given different chain-length ceramides (C6:0, C16:0, C18:0, and C24:1 ceramide, 25 pmol/L) for 24 h. (A) Heatmap of hepatic
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means = SEM. One-way ANOVA with Tukey’s post hoc test (B, C), *P < 0.05, **P < 0.01 compared to vehicle.

expression of sphingolipid metabolic genes was examined in the
eWAT of aADM2-tg mice. Among all the detected genes, the
mRNA levels for Acer2 were higher in the eWAT of aADM2-tg
mice than in WT mice (Fig. 6A—C). The protein levels for
ACER?2 were also increased in the eWAT of HFD-treated aADM?2-
tg mice (Fig. 6D). The hepatic mRNA levels of sphingolipid
metabolic genes remained unchanged (Supporting Information
Fig. SSA—S5C). Acer2, which encodes a key enzyme that hy-
drolyzes ceramides to sphingosines and free fatty acids in alkaline

conditions, was identified as a novel target gene of HIF2«, which
triggers ceramide catabolism'®,

Based on GO and KEGG pathway enrichment analysis
(Fig. S5D), we found that GO term of response to hypoxia
pathways was significantly enriched, several hypoxia-related
signaling pathways were also significantly enriched, including
the PI3k—Akt signaling pathway****, the cAMP signaling
pathway***>, and the Wnt signal pathway*®. Furthermore, we
found that the HIF2 target gene pathway, and the VEGF
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Figure 5  Administration of ceramide reversed the protective effects of ADM2 on NAFLD. Wild-type or aADM2-tg mice were given vehicle or
C16:0 ceramide (10 mg/kg body weight) with HFD for 8 weeks. (A) The experimental scheme. (B) H&E and oil red O staining of representative
liver sections (n = 6), Scale bars, 100 pm. (C) Histological scoring for steatosis (n = 6). (D) Histological scoring for hepatocellular ballooning
(n = 6). (E) Histological scoring for hepatocellular inflammation (n = 6). (F) Histological scoring (n = 6). (G) Hepatic triglyceride content of
mice (n 6). (H) Hepatic cholesterol content of mice. (I) Plasma level of ALT. (J) Plasma level of AST. (K) Hepatic expression of mRNAs
encoding hepatic fatty acid transport and lipogenesis-related genes. (L) Hepatic expression of mRNAs encoding hepatic fatty acid §-oxidation-
related genes. (M) Hepatic expression of mRNAs encoding inflammatory cytokines. All data are presented as the mean + SEM. Kruskal—Wallis
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ADM2 decreased adipocyte-derived ceramide levels. WT and aADM2-tg mice were fed with HFD for 8 weeks. (A—C) qPCR analysis

of genes involved in ceramide metabolisms in eWAT (n = 6). (D) Western blot analysis of ACER2 protein levels in eWAT (n = 3). (E) Western
blot analysis of HIF1a and HIF2« protein levels in eWAT (n = 3). (F) gPCR analysis of HIF1a and HIF2d's target genes in eWAT (n = 6). (G)
Western blot analysis of HIF1« and HIF2« protein levels in the differentiated 3T3-L1 adipocytes treated with ADM2 (n = 3). (H) Differentiated
3T3-L1 adipocytes were pretreated with PT2385 (50 nmol/L) for 0.5 h respectively, then were treated with PA (400 pumol/L) for 8 h after being
given ADM2 (50 nmol/L) for 1.5 h qPCR analysis of Acer2 in the differentiated 3T3-L1 adipocytes. All data are presented as the mean + SEM.
Mann—Whitney U test (A—C, F, G), Two-tailed Student’s t-test (D, E), and One-way ANOVA with Tukey’s post hoc test (H): **P < 0.01
compared to the WT mice; *P < 0.01 compared to ADM2-treatment only group.

signaling pathway, were both also significantly enriched. These
results indicated that ADM2-induced HIF2« activation may be
responsible for the increase in ACER2 expression.

To explore whether ADM?2 activates adipose ACER2 expres-
sion through HIF2« activation, HIF2« levels were examined in the
eWAT of aADM2-tg mice. Although the mRNA levels for Hif2a
were not significantly changed in the eWAT of aADM2-tg mice

(Fig. S5E), the protein levels of HIF2« and its target genes were
markedly increased (Fig. 6E and F). Since HIF2« is closely
related in structure to HIF1a, we also checked the expression of
HIF1a. The adipose protein levels and its target genes of HIF1«
were not changed in aADM2-tg mice (Fig. 6E and F). The protein
levels of HIFla and HIF2a were also examined in vitro.
Administration of ADM2 markedly increased the protein levels of
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HIF2« and unchanged levels of HIFl« in adipocytes (Fig. 6G).
However, Hif2a. mRNA levels remained unchanged in ADM2-
treated adipocytes (Fig. S5F). Western blotting and immunofluo-
rescence staining experiments further revealed that ADM?2
increased both the protein levels and the nuclear distribution of
HIF2« in adipocytes (Fig. S5G and S5H). The ADM2-induced
increase of ACER2 expression was reversed by treatment with
PT2385(a HIF2« and @ dimerization inhibitor) (Fig. 6H).

3.7.  Adipocyte ADM2 mediates the protection of NAFLD in an
adipocyte HIF2a-dependent manner

To further explore whether adipocyte HIF2« was involved in
ADM2-induced inhibition of NAFLD, adipocyte-specific HIF2«
knockout (Hif2a*A%P®) mice were treated with HFD for 8 weeks
and then supplemented with ADM2 delivered via an osmotic
mini-pump (Fig. 7A). We validated the tissue-specific knockout
efficiency of HIF2« in the knockout mice, and the results showed
that HIF2« was specifically knocked out in the adipose tissue and
with high efficiency (Supporting Information Fig. S6A and S6B).
The body weight of mice was slightly reversed after a 8-week-
HFD treatment (Fig. S6C). Decreased lipid accumulation was
observed after ADM2 treatment via oil red O and H&E staining of
liver sections, which was abolished in the ADM?2-treated Hif2a-
AAdipo mice (Fig. 7B—F). ADM2 decreased the hepatic liver/
body weight ratio and triglyceride content in Hif2a™" mice, but
not in the Hif2a***"*® mice (Fig. 7G and H). The plasma levels of
ALT and AST were also decreased in the Hif2a™" mice after
ADM?2 treatment, which was absent in the Hif2a*~%P° mice
(Fig. 71 and J). The plasma levels of triglyceride and cholesterol,
and hepatic cholesterol were also decreased in aADM2-tg mice;
however, these decreases were not observed in Hif2a*%P° mice
(Fig. S6D—S6F). Ceramide concentrations in the plasma and
eWAT were upregulated in the Hif2a***P° mice (Fig. S6G and
S6H), while sphingosine level was downregulated in the eWAT
of Hif2a®%P° mice (Fig. S6I).

Furthermore, the mRNA expression levels for genes involved
in fatty acid transport and anabolism (Srebpl, Cidea, Cd36,
Fabpl, Fabp4, Acaca, Fasn, Scdl, and Elovl6), and the lipid-
droplet coat (Plin2) were all reduced in Hi]‘?aﬂ/ T mice + ADM2
mice, compared to controls, but these changes were not detected
in Hif2a*A4P° 4+ ADM2 mice (Fig. 7K). Moreover, the expression
levels of inflammatory cytokines, such as Tnfa, Ccl2, and F4/80,
the immunohistochemical staining of F4/80 positive cells, were
significantly lower in Hif2a™ + ADM2 mice compared to con-
trols, however, these differences were not observed in
Hif2a*¥P° 1 ADM2 mice (Fig. 7L and Fig. S6J). The expression
of Acer2 was also examined in the ADM2-treated Hif2a™" and
Hif2a**%*® mice. The adipose Acer2 mRNA and protein levels
were upregulated by ADM2 in the Hif2a"™ mice, but not in
Hif2a®A%° mice (Fig. 7M and N). These results indicate that
ADM?2 induced adipose ACER2 expression and was protective
against NAFLD in a HIF2a-dependent manner.

3.8.  Adipocyte ADM?2 mediates the protection of NAFLD in an
adipocyte ACER2-dependent manner

We used lentiviral shRNA vectors to achieve adipose-specific
ACER?2 knockdown via in situ injections into the visceral adipose
tissue of mice, and the knockout efficiency was validated
(Supporting Information Fig. S7A and S7B). Decreased lipid
accumulation was observed after ADM2 treatment via oil red O

and H&E staining of liver sections, but these phenotypes were not
observed in LV-ShACER2-treated aADM2-tg mice (Fig.
S7C—S7G). ADM2 decreased the hepatic liver/body weight
ratio and triglyceride content in the aADM2-tg mice, but not in
LV-ShACER2-treated aADM2-tg mice (Fig. S7TH and S7I). The
downregulation of ceramide concentrations in both plasma and
eWAT was abolished in the Hif2a**%P° mice and the LV-
ShACER2-treated aADM2-tg mice (Fig. S7J and S7K). Further-
more, the mRNA expression of genes involved in fatty acid
transport, anabolism, and inflammatory cytokines in the LV-
ShACER2-treated aADM2-tg mice was reminiscent of the profiles
for such genes measured in Hif2a**%P° mice (Fig. S7L and S7TM).
These results indicated that ADM2 induced adipose ACER2
expression and protected NAFLD in a HIF2a-ACER2-dependent
manner.

4. Discussion

ADM?2 has been reported to increase the content of intracellular
cAMP and mediate a variety of biological effects such as
myocardial contraction, vasodilatation, inhibition of vascular
calcification, regulating cell proliferation, hypertrophy, migration,
and apoptosis®’. Although our previous studies have shown the
importance of adipose ADM2 in lipid metabolism, whether
ADM?2 has a protective effect on NAFLD development is still
unknown. In the present study, we report that adipose ADM2
promotes ceramide catabolism and subsequently improves
NAFLD.

Hepatic steatosis is influenced by liver lipid export, and lipid
synthesis, in addition to fat function*®. We discovered that the
liver and body weight ratios were decreased in aADM2-tg mice,
and the hepatic triglyceride and total cholesterol contents were
decreased in aADM2-tg mice compared to controls, indicating
improved hepatic function. Perhaps due to the different con-
struction of overexpressing promoters in mouse strains, some re-
sults may not be completely consistent with previous studies®',
such as energy expenditure, plasma cholesterol, and plasma tri-
glycerides. In aADM2-tg mice, we found that there was no change
in food intake, exercise levels, or liver lipid output, while lipid
synthesis was inhibited. This suggests that there are some other
regulatory mechanisms improving liver lipid metabolism.

“Ceramide reduction therapies”, such as inhibiting ceramide
biosynthesis or catalyzing ceramide degradation in rodents, have
been touted as a potential strategy to ameliorate metabolic dis-
orders'”. Elevated circulating ceramides are observed in patients
with type 2 diabetes and these levels correlate with the severity of
metabolic disease®. Further mechanistic studies have shown that
ADM?2 can activate the adipocyte HIF2« signaling pathway and
up-regulate ACER2 expression, promote ceramide catabolism,
and reduce ceramide levels. Adipocyte HIF2« deficiency exacer-
bated western-diet-induced dyslipidemia by increasing adipose
ceramide levels, which is dependent on the effect of the HIF2«a-
ACER2-ceramide axis in dyslipidemia development'®. This is
consistent with our findings that show that the deletion of adipo-
cyte HIF2« resulted in enhanced WAT dysfunction in the obese
condition, increased serum ceramide levels, and ectopic fat
accumulation in the liver. It is also reported that overexpression of
acid ceramidase within adipose tissue prevents hepatic steatosis
and insulin resistance. The prominent cross-talk between the liver
and adipose tissue highlights the importance of equilibration of
sphingolipids between the two tissues™’.
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In previous studies, exogenous administration of C16:0 cer-
amide was found to directly promote the expression of Srebplc in
the liver, leading to the exacerbation of NAFLD symptoms’”; At
the same time, ceramides can directly induce hepatic ER stress,
and indirectly regulate hepatic gluconeogenesis, and aggravate
hepatic lipid accumulation®'. Based on our data, we found a sig-
nificant decrease in plasma ceramides. Although we did not
observe a significant decrease in liver ceramides, the liver was
enriched with a large amount of flowing blood and had overall
lower levels of ceramide circulation. Continuously decreasing
plasma ceramides could reduce overall lipid accumulation in liver
cells. There may also be membrane receptors on the surface of
liver cells that sense changes with plasma ceramides. Decreased
plasma ceramides can reduce stimulation to liver cells or improve
the conformation of liver cell membranes, thereby reducing liver
lipid accumulation. Which is still worth further exploration.
Therefore, our study confirms the importance of ceramides in the
pathogenesis of diet-induced NAFLD. Specifically, the rapid
release of ceramide from adipocytes into the portal circulation for
delivery to the liver exerts an important effect on the progression
of fatty liver disease.

Low plasma level of ADM2%, indicates that ADM2 may act in
an autocrine or paracrine manner, regulating organ perfusion and
hormone secretion’. According to a recent article>*, Babin’group
found that adrenomedullin 2/intermedin is a slow off-rate, long-
acting endogenous agonist of the adrenomedullin2 G protein-
coupled receptor. ADM2 belongs to the CGRP superfamily of
peptides, usually used as a signaling peptide to exert regulatory
effects on the cell surface. The common receptors of the CGRP
family are calcitonin receptor-like receptor/receptor activity
modifying protein (CRLR/RAMP) complexes””.

We conducted a transcriptomic analysis of the adipose tissue
from ADM2-overexpressing mice and found that ADM?2 treatment
could significantly activate hypoxia-induced signaling (Fig. S5D).
Based on GO and KEGG pathway enrichment, we found that
several hypoxia-related signaling pathways were activated
(Fig. S5D): (1) The PI3k—Akt signaling pathway has been shown to
be related to HIF2 activation*>*?; (2) ADM2 is well known to in-
crease the content of intracellular cAMP and mediates a variety of
biological effects’’. ADM2/IMD1—47 exerts a direct, positive
inotropic effect through the CGRP receptor—cAMP pathway in the
endothelium®. Garcia and colleagues found that cAMP-response
element binding protein (CBP) has an impact on HIF2«-specific
affinity regulation for HIF1«. They found that CBP can specifically
participate with HIF2 as a major co-activator of HIF2« acetylation,
assisting in mediating their activation of the target gene Epo*. To
promote adipogenic conversion and prevent apoptosis of mature
adipocytes, an early increase in cAMP levels stimulates PKA in
preadipocytes, which phosphorylates and activates the nuclear basic
leucine zipper transcription factor cAMP-response element-binding
(CREB) protein and members of the ATF family5 3. Furthermore, it
was demonstrated that the lysine acetyltransferase CBP is required
for efficient Epo induction during hypoxia®. Thus, we speculate
that ADM2 could activate the cAMP signaling pathway to stabilize
HIF2a protein level via CBP; (3) §-catenin, downstream of the Wnt
signal pathway, could stabilize HIF2« through a IncRNA signaling
pathway“®. Furthermore, the protection on NAFLD progression
mediated by ADM?2 administration was abolished with adipocyte
HIF2« deficiency, indicating that ADM2 improves NAFLD through
modulating adipose ceramide generation in an adipocyte HIF2a-
dependent manner. The specific, underlying mechanism requires
further investigation.

There are several limitations in this study. We have not
explored other tissues and organs besides the liver; how does
ADM?2 regulate the activation of hypoxia-inducible factors and
why does it have a unique effect on HIF2«? These are all issues
that need to be clarified. Elevated adipocyte-derived ceramide
levels and ectopic lipid deposition both represent important
pathogenic factors for NAFLD. Herein, we adopted the adipose-
specific ADM2 transgenic (aAADM2-tg) mice to study the role
and dissect the mechanisms of ADM2 in adipose ceramide gen-
eration and NAFLD development. Our research suggests that
ADM?2 could exert a localized effect in adipose tissue by acti-
vating adipocyte HIF2« to promote ACER2-dependent ceramide
catabolism and reduce liver lipid accumulation. Our results
suggest that ADM2 and adipose-derived ceramide are potential
therapeutic candidates for NAFLD and related metabolic disor-
ders. However, there are still several scientific questions that
need to be addressed, such as whether cells have more precise
regulatory mechanisms for perceiving small changes in ceram-
ides, is there a membrane protein receptor for ceramide on the
surface of liver cells to regulate lipid changes? At the cellular
level in vitro, the precise regulation of ceramides and their
tissue-specific functions is well understood, while we are only
beginning to understand their biological functions in disease
models in vivo. Studying the underlying role of these lipids in
cellular function will be crucial for developing new therapies and
improving our understanding of the causes of metabolic
disorders.

5. Conclusions

The above results confirm that ADM2 can act as a protective
peptide to exert metabolic regulation in adipose tissue, by stabi-
lizing the expression of HIF-2« protein, activating the downstream
target gene Acer2 of HIF-2a, to regulate ceramide catabolism in
adipose tissue, and improving simple fatty liver. This study reveals
the important role of the adipose-derived ADM2—HIF-
2a—ceramide axis in the occurrence and development of NAFLD,
providing new strategies and potential drug targets for the treat-
ment of NAFLD.
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