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KEY WORDS Abstract METRNL is a recently identified secreted protein with emerging functions. This study is to
find major cellular source of circulating METRNL and to determine METRNL novel function. Here, we

g/ifrtlfelj];rotein; show METRNL is abundant in human and mouse vascular endothelium and released by endothelial cells
Endothelium; using endoplasmic reticulum-Golgi apparatus pathway. By creating endothelial cell-specific Metrnl
Endothelial function; knockout mice, combined with bone marrow transplantation to produce bone marrow-specific deletion
Bone marrow; of Metrnl, we demonstrate that most of circulating METRNL (approximately 75%) originates from
Atherosclerosis the endothelial cells. Both endothelial and circulating METRNL decrease in atherosclerosis mice and pa-

tients. By generating endothelial cell-specific Metrnl knockout in apolipoprotein E-deficient mice, com-
bined with bone marrow-specific deletion of Metrnl in apolipoprotein E-deficient mice, we further
demonstrate that endothelial METRNL deficiency accelerates atherosclerosis. Mechanically, endothelial
METRNL deficiency causes vascular endothelial dysfunction including vasodilation impairment via
reducing eNOS phosphorylation at Ser1177 and inflammation activation via enhancing NF«B pathway,
which promotes the susceptibility of atherosclerosis. Exogenous METRNL rescues METRNL deficiency
induced endothelial dysfunction. These findings reveal that METRNL is a new endothelial substance not
only determining the circulating METRNL level but also regulating endothelial function for vascular
health and disease. METRNL is a therapeutic target against endothelial dysfunction and atherosclerosis.

*Corresponding author. Tel.: 486 21 81871271; fax: +86 21 65493951.
E-mail address: cymiao@smmu.edu.cn (Chaoyu Miao).
"These authors made equal contributions to this work.
Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2022.12.008
2211-3835 © 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting
by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:cymiao@smmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2022.12.008&domain=pdf
https://doi.org/10.1016/j.apsb.2022.12.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2022.12.008
https://doi.org/10.1016/j.apsb.2022.12.008

METRNL against endothelial dysfunction and atherosclerosis

1569

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Secreted proteins play critical roles in physiological and patho-
logical processes and can be used as biomarkers and therapies for
aging and disease' . METRNL has been identified as a novel
secreted protein by us and others® °. We also named it Subfatin,
because of its beneficial adipokine nature and the highest presence
in subcutaneous fat among different fat tissues™>. Bioinformatic
analysis predicts that the METRNL proteins encoded in the
mouse, rat, and human genomes contain 311 amino acids, with a
NH,-terminal signal peptide of 45 amino acids, suggesting a
mature secreted protein containing 266 amino acids* °. METRNL
secretion has been verified in HEK293 cells, COS-7 cells,
HEK?293F cells, 3T3-L1 adipocytes, primary adipocytes, adipose
tissue, and gut tissue* .

The physiological contribution of METRNL is emerging’.
This protein plays a role in neurite outgrowth, insulin sensiti-
zation, white adipose browning, and immunoinflammatory
response. In neurocytes, METRNL protein promotes neurite
outgrowth and neuroblast migration, implying an effect on the
neuronal differentiation and nervous tissue development®. In
adipose tissue, adipocyte-specific overexpression of Metrnl in
transgenic mice antagonizes high fat diet (HFD)-induced insulin
resistance by enhancing adipocyte differentiation and attenuating
inflammation®, while an abrupt increase of METRNL by
administration of Metrnl-expressing adenoviral vectors or
METRNL protein transiently induces white adipose browning
within less than ten days®. In addition, treatment with METRNL
protein attenuates HFD-induced insulin resistance in skeletal
muscle of mice’. In immunoinflammatory response, METRNL
regulates the expression of cytokines, and affects the suscepti-
bility of mice to endotoxin-induced sepsis'®'" and dextran so-
dium sulfate-induced ulcerative colitis'?, suggesting it has an
anti-inflammatory effect. Research concerning this novel bioac-
tive protein has been initiated, and its functional spectrum in
health and disease and its mechanism(s) of action remain largely
unknown.

Circulating METRNL is reduced in patients with newly diag-
nosed type 2 diabetes mellitus'® and coronary artery disease'®.
However, it is still unknown which cells secrete the protein into
the circulation, since our earlier experiments failed to show a
significant reduction in circulating METRNL level by specific
knockout of the protein in white adipocytes or intestinal epithelial
cells, although we demonstrated a rich presence of METRNL in
these cells™’.

The present study aimed to identify the major cellular source
of circulating METRNL and to unravel the role played by the
protein in these cells. Using cell-specific gene knockout and
double gene knockout strategies, combined with bone marrow
(BM) transplantation to produce BM-specific interventions, we
demonstrate that METRNL is a new endothelial bioactive protein.
Vascular endothelial cells are the major cellular source for
circulating METRNL. Deletion of endothelial Metrnl causes
endothelial dysfunction and accelerates atherosclerosis, indicating
endothelial METRNL plays a critical role in maintaining vascular

health. METRNL is a therapeutic target against endothelial
dysfunction and atherosclerosis.

2. Methods
2.1.  Mouse models

Animal experiments were performed in accordance with the Na-
tional Institute of Health Guide for the Care and Use of Labora-
tory Animals, and approved by the Institutional Animal Care and
Use Committee of the Second Military Medical University. Tek-
Cre mice [B6. Cg-Tg(Tek-cre)I2FIv/J] were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA). C57BL/6 mice, CD
45.1 mice, and apolipoprotein E-deficient (ApoE ") mice were
purchased from the Shanghai Research Center for Model Organ-
isms (Shanghai, China). Metrnl floxed (Metrnl'®"**F) mice have
been characterized in our previous study”, and in the present ex-
periments, these mice were used to generate endothelial cell-
specific Metrnl knockout mice (Metrnl"""**FTek-Cre, EC-
Metrnl™7) by crossing Metrnl"”*"*" mice with Tek-Cre mice
(Supporting Information Fig. S1). Littermates were used as con-
trols in all experiments. EC-Metrnl”~ mouse model was then
bred into the ApoE " genetic background to generate double
gene knockout mice (ApoE""EC-Metml™") (Supporting
Information Fig. S2). Atherosclerosis was induced by HFD for
10 or 22 weeks in ApoE " and ApoE ""EC-Metrnl ™~ mice, or
spontaneously occurred at one year of age under normal chow in
these mice. HFD contained 42.5% fat, 1.3% cholesterol, and 0.3%
cholate (Shanghai Slac Laboratory Animal Co., Ltd., Shanghai,
China). Myocardial infarction in mice was produced according to
our previous study'” (Supporting Information, Methods). All mice
were housed on a 12-h light-dark cycle with free access to food
and water. Animals were anaesthetized with one intraperitoneal
injection of pentobarbital sodium (100 mg/kg) (Sigma—Aldrich,
St. Louis, MO, USA) before experiments, with the level of
anaesthesia being verified by pinching.

2.2.  BM transplantation

BM transplantation experiments were performed as described
previously'®. Six-week-old male C57BL/6 mice (recipients)
were exposed to 8.5 Gy irradiation using a *°Co source to destroy
their own BM 2.5 h before transplantation of BM cells from
donors. Donor BM cells were extracted from donor mice (EC-
Metrnl™~ mice or wild type littermates, or CD45.1 mice) by
flushing femur and tibia bones with phosphate-buffered saline
(PBS). Each recipient mouse was injected with 1 x 10’ BM cells
(in 200 pL PBS) through tail vein, and was given antibiotics in
drinking water with 100 mg/L levofloxacin and 200 mg/L
metronidazole in the following two weeks. Seven weeks after
BM transplantation, the recipient mice who received BM from
EC-Metrnl™~ mice or wild type littermates were euthanized by
one intraperitoneal injection of pentobarbital sodium (100 mg/
kg), with venous blood collected for METRNL measurement and
BM cells obtained for transplantation efficacy identification
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based on polymerase chain reaction (PCR) analysis. Trans-
plantation efficacy analysis by flow cytometry in BM cells and
blood mononuclear cells was also performed in other recipient
mice who received BM from CD45.1 mice. BM transplantation
in atherosclerosis study was also performed (Supporting Infor-
mation, Methods).

2.3. Human plasma collection

A total of 32 patients from the out-patient units of the Changhai
Hospital, Second Military Medical University, Shanghai, China,
between December 26, 2015 and January 21, 2016 were enrolled,
including 21 patients with myocardial infarction (MI) and 11 non-
MI age- and gender-matched controls. MI was diagnosed by the
cardiologists. MI patients received angiography examination,
indicating they had coronary atherosclerosis. In the group of MI
patients with atherosclerosis, 17 males and four females with
40—89 years of age (mean age 64.7 years), and in the control
group, eight males and three females with 42—79 years of age
(mean age 62.5 years) were included (Supporting Information
Table S1). Venous blood samples were collected for plasma car-
diac troponin I and METRNL assays. The study was conducted in
compliance with the Declaration of Helsinki and was approved by
the medical ethical committee of the Changhai Hospital. Written
consent was obtained from all participants.

2.4.  Vascular reactivity analysis

Vascular contractions and relaxations were measured in isolated
aortic rings, as described in our previous studies'""'®. Briefly, the
descending thoracic aorta was removed and cut into 3 mm wide
rings which were suspended in organ chambers filled with Krebs-
Henseleit solution (NaCl 118.4 mmol/L, KCIl 4.7 mmol/L, CaCl,
2.5 mmol/L, MgSO, 1.2 mmol/L, KH,PO, 1.2 mmol/L, NaHCO;
25.0 mmol/L, glucose 11.1 mmol/L and CaNa,-EDTA
0.026 mmol/L), aerated with 95% O, and 5% CO,. Vascular
reactivity was measured as changes in isometric tension using
IT1-25 transducers and an IOX computerized system (EMKA
Technologies, Paris, France). Each aortic ring was allowed to
equilibrate during 60 min at a resting tension of 1.5 g. After
several stimulations with KC1 (60 mmol/L), and re-equilibration, a
single dose of phenylephrine (Phe, 3 x 10~ mol/L; Sigma-
—Aldrich) was used to induce vascular contraction. When the Phe-
induced contraction reached a plateau, the endothelium-dependent
vasodilator acetylcholine (ACh, a muscarinic agonist; Sigma-
—Aldrich) was added in a cumulative manner to obtain
concentration—relaxation curves. After re-equilibration and
obtaining a second Phe-induced contraction, the endothelium-
independent vasodilator sodium nitroprusside (SNP, an exoge-
nous NO-donor; Sigma—Aldrich) was added in a cumulative
manner. The relaxation was expressed as percent of the pre-
contraction to Phe. Another set of experiments was performed
to know whether or not exogenous METRNL could affect aortic
response when added to the organ bath. Recombinant mouse
METRNL protein (300 ng/mL, R&D Systems, Minneapolis, MN,
USA) was added 20 min before the first Phe-induced contraction.

2.5.  Atherosclerotic lesion analysis
Atherosclerotic lesions were analyzed as described in our previous

study'’. Briefly, the heart was fully exposed, and blood was
collected by inferior vena cava puncture for serum lipids assay.

After perfusion, the heart and the entire aorta from the junction
with the heart to the iliac bifurcation were collected for careful
removal of perivascular adipose tissue, and then immersed in
freshly prepared 4% paraformaldehyde during 24 h. The aorta was
then processed for oil red O (ORO; Sigma—Aldrich) staining,
while the heart was embedded in Jung Tissue freezing Medium
(Leica Microsystems) for obtaining serial frozen sections of 8 pm
thickness. Hematoxylin—Eosin (Beyotime Biotechnology, Nan-
tong, China) and ORO staining of the aortic root cross-sections
were carried out. Lesion area analysis was performed (Support-
ing Information, Methods).

2.6.  Cell culture, virus-mediated overexpression and knockdown
of METRNL, immunohistochemistry, immunofluorescence, real
time PCR, Western blotting, enzyme-linked immunosorbent assay
(ELISA) measurements of METRNL, blood lipids assay, and ORO
staining for lipid-laden macrophage

4,5,7,13,15,17—19

Described in our previous studies and in detail in the

Supporting Information online (Methods).

2.7.  Statistical analysis

All data are expressed as the mean =+ standard deviation error
(SEM). Statistical analysis was performed with SPSS statistical
software v25.0 (IBM corp, Chicago, IL, USA). All data were
tested for normality by using the Kolmogorov—Smirnov test. If
normality was confirmed and there were no significant differences
in variance between groups (F test), the differences were evaluated
by two-tailed Student’s r-test; otherwise, the nonparametric
Mann—Whitney U test was used. For the vascular reactivity
studies, two-way analysis of variance (ANOVA) for repeated
measures was used to compare two curves. P-values less than 0.05
were considered to indicate statistically significant differences.

3. Results

3.1.  METRNL is highly present in vascular endothelium and
secreted via a classical endoplasmic reticulum—Golgi apparatus
pathway

To uncover the major source of circulating METRNL, our previ-
ous samples (human multi-organ tissue microarray, human tissue
obtained during surgical interventions, or mouse tissue from
normal animals)*>’ were re-examined, searching for the specific
location of METRNL presence. Among 22 different human and
murine tissues, the highest presence of METRNL, in both humans
and mice, was observed in white adipose and gastrointestinal
tissues (Supporting Information Table S1), in accordance with
previous data®”’ demonstrating the protein mainly in white adi-
pocytes and gastrointestinal epithelium. Unexpectedly, METRNL
was abundant in human cerebral blood vessel (Fig. 1A), although
its presence in human brain parenchyma was still low, as reported
for mouse brain tissue’ °. Furthermore, the high presence of
METRNL was not limited to cerebral blood vessels, but was also
evident in the vasculature of other tissues, in particular in fat
depots (Fig. 1A).

Consistent with these results, Metrnl was highly expressed in
the murine aorta among different tissues, as detected by real time
PCR (Fig. 1B). To further clarify the location of METRNL in the
vascular wall, immunofluorescence was performed to detect the



METRNL against endothelial dysfunction and atherosclerosis

1571

Human brain tissue

CD31 METRNL

20

D
o =
g 5 MAEC g Mouse
= 2 y=1211.953x2+5621.815x-230.780
= *kk = 8000 R?=0.996
S £
S 400 ©
I S 6000
g @
2 Lg) 4000
S 200- 8
= = 2000
i =
o o- w ol
s S> & b 0.0 05 1.0 15
o&& e&\’ Absorbance (450 nm)
&) &
@
<
\§\0
@)
Figure 1

£ 1.5+ 0 2.54
[ [}
3 ? Kk
< < 201
p=4
E 1.0 14
£ £ 1.54
£ IS
() o 1.04
= 0.5 s
[} [}
2 2 05
© L
jo) [0}
x p.od o 0.0
A A P NI A X2
@ & & R
@Y’ @v\z@{b R L@ @?‘

E
= HUVEC = Human
S, 120+ S
2 ®  y=106.98x+163.05x-5.3498
= 1600 R=0.999
Re] RS
8 804 £ 1200
5 ;
%’ 8 800
8 404 8
-
= = 400
4 r
E 0 E ol
s S & = o 1 2 3
& Absorbance (450 nm)
&
@
<
\§¢)
O

METRNL is highly present in the endothelium and secreted by endothelial cells. (A) METRNL in human and mouse blood vessels,

indicated by arrows. Scale bar: 200 um. (B) Metrnl mRNA in different mouse tissues (n = 5—8). WAT, white adipose tissue; BAT, brown adipose
tissue. (C) METRNL and CD31 co-localized in mouse aortic endothelium. DAPI labels nuclei. Scale bar: 20 pm. Five independent experiments
performed. (D) METRNL secretion from primary cultured mouse aortic endothelial cells (MAECs) in serum-free culture medium during 12 h
(left, n = 3) and representative enzyme-linked immunosorbent assay (ELISA) standard curve for measuring mouse METRNL concentrations in
cell culture medium or blood serum/plasma (right). (E) METRNL secretion from primary cultured human umbilical vein endothelial cells
(HUVECS) in serum-free culture medium during 3 h (left, n = 6) and representative ELISA standard curve for measuring human METRNL
concentrations in cell culture medium or blood serum/plasma (right). Data are mean == SEM. ***P < 0.001 by two-tailed Student’s ¢ test in (B, D

and E).

presence of the protein as well as that of cluster of differentiation
(CD) 31 (a marker of endothelial cells) in mouse aortae. The re-
sults showed that METRNL and CD31 co-localized (Fig. 1C),
indicating that the former is dominantly present in the
endothelium.

To know whether or not endothelial cells release METRNL
protein, primary cultured murine endothelial cells'>*° (Supporting
Information Fig. S3) and human endothelial cells*' were used.
Like in the culture medium of adipocytes or adipose tissue™,
METRNL was also detected in the medium bathing cultured
mouse aortic endothelial cells (MAECs) (Fig. 1D), demonstrating
that endothelial METRNL can be released. Such release of

METRNL was further observed in the culture medium of primary
human umbilical vein endothelial cells (HUVECs) (Fig. 1E).
Further, the METRNL secretion pathway was studied. In
HUVECs, METRNL gene overexpression mediated by adeno-
associated virus (AAV) and knockdown mediated by lentivirus
significantly increased and decreased the METRNL levels
respectively, in both the cell and culture medium (Fig. 2A and
B). The full-length METRNL protein encoded in the genome
contains 311 amino acids, with a NH,-terminal signal peptide
(SP) of 45 amino acids* ® (Fig. 2A). An AAV mediated over-
expression of METRNL without SP domain (METRNL-ASP,
Fig. 2C) was designed and transfected into HUVECs to
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Figure 2 METRNL secretion by endothelial cells involves the classical ER—Golgi pathway. (A) Domain structure of human METRNL with
the N-terminal signal peptide (SP) (up). METRNL mRNA expression (left) in HUVECs with adeno-associated virus (AAV)-mediated METRNL
overexpression and METRNL concentrations (right) in the serum-free culture medium during 24 h (n = 4—6). (B) METRNL mRNA expression
(left) in HUVECs with lentivirus-mediated METRNL knockdown and METRNL concentrations (right) in the serum-free culture medium during
24 h (n = 4-6). (C) Domain structure of human METRNL without SP region (METRNL-ASP, up). METRNL mRNA expression (left) in
HUVECs with AAV-mediated overexpression of METRNL without SP domain and METRNL concentrations (right) in the serum-free culture
medium during 24 h (n = 3—4). (D) METRNL secretion from primary cultured HUVECs inhibited by both eeyarestatin 1 (5 pg/mL) and
brefeldin A (5 pg/mL) (n = 3). NT, no treatment as blank control. (E) Recovery of METRNL release from HUVECs after brefeldin A removal.
Brefeldin A (5 pg/mL) or a solvent control (DMSO) was added to the serum-free culture medium 3 h before medium collection for METRNL
measurement. Then the cells were washed for three times and incubated in normal culture medium without drugs for 16 h followed by another 3 h
of serum-free medium incubation and METRNL detection of the culture supernatant (n = 3). NT, no treatment as blank control. Data are
mean + SEM. **P < 0.01, ***P < 0.001 by two-tailed Student’s # test in (A, B and C). ***P < 0.001 vs. Vehicle; #p < 0.001 vs. NT by one-
way ANOVA followed by Dunnett’s ¢ test in (D and E).
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Metrnl™™) mice are generated by mating Metrnl’**"**F and Tek-Cre mice. (B) METRNL in the endothelium of aortae from EC-Metrnl™™ and
wild-type (WT) mice. Scale bar: 20 um. Four independent experiments performed. (C) Metrnl mRNA levels in mouse aortic endothelial cells
(MAECs) (n = 6). (D) Metrnl mRNA levels in aortae with endothelium intact (n = 3—4). (E) Serum METRNL levels in EC-Metrnl™~ and WT
mice (n = 16—17). (F) Protein and mRNA levels of METRNL in aortae and bone marrow (BM) of C57BL/6 and WT mice (n = 3—6). (G)
Protein and mRNA levels of METRNL in BM of EC-Metrnl™~ and WT mice (n = 4—7). (H) Design of BM transplantation experiments (lef?),
genotyping of BM DNA (middle), and Metrnl mRNA expression in BM of chimeric C57BL/6 mice receiving donor BM cells from EC-Metrnl™~
or WT mice (right) (n = 11—12). The recipient C57BL/6 mice using irradiation to destroy their own BM and then receiving donor BM cells from
EC-Metrnl™~ or WT mice. (I) Serum METRNL levels in chimeric C57BL/6 mice receiving donor BM cells from EC-Metrnl™~ or WT mice
(n = 11). +: normal expression of Metrnl; —: deficient expression of Metrnl. Data are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by
two-tailed Student’s ¢ test in (C, E, F right, G, and H) and Mann—Whitney U test in (D). ***P < 0.001 vs. C57 Aorta by one-way ANOVA
followed by Dunnett’s ¢ test in (F left).

determine whether the SP domain affects the release of
METRNL; as expected, overexpression of METRNL without SP
domain only increased the METRNL mRNA level inside the cell
by more than 1000-fold, but did not increase the METRNL

protein level in the culture medium (Fig. 2C), suggesting that
the SP region is required for the release of METRNL. This SP-
guided secretion of protein is a characteristic for the classical
endoplasmic reticulum (ER)—Golgi apparatus secretion
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Figure 4 METRNL levels decrease in mice and humans with atherosclerosis. (A, B) Different extents of atherosclerosis are produced in one-
year-old ApoE~~ mice, with more severe atherosclerosis in ApoE ™ mice fed high fat diet (HFD, for 22 weeks) than normal chow (A). Serum
METRNL levels are reduced in ApoE™ ~ mice, with more reduction in ApoE™ ’~ mice fed HFD than normal chow (B). n = 4—5. (C) METRNL
and CD31 in the endothelium of aortae from normal control and ApoE "~ mice. Endothelial METRNL decreases in ApoE ™ mice, with obvious
lack of endothelial METRNL in the region of atherosclerotic lesion (AS). Bar = 20 um. Three independent experiments performed. (D) Plasma
levels of cardiac troponin I (¢Tn I) and METRNL in control (n = 11) and myocardial infarction (MI) patients with atherosclerosis (AS) (n = 21).
(E) Serum METRNL levels in mice 24 h after myocardial infarction (MI) produced by coronary artery ligation surgery (right). n = 10. Two
independent experiments performed. Electrocardiograms of mice immediately after the surgery (left), and 2,3,5-triphenyltetrazolium chloride-
stained heart sections 24 h after the surgery (middle) are shown. Sham: sham operation. Data are mean + SEM. *P < 0.05, *P < 0.05,
*#*%P < 0.001 by two-tailed Student’s ¢ test in (D) and one-way ANOVA followed by two-tailed Student’s 7 test in (B). *P < 0.05 vs. C57;
#P < 0.05 vs. ApoE_/_.

pathway. To further demonstrate that METRNL can be released lumen®”*’. Eeyarestatin 1 inhibits Sec61 hampering the con-
by the classical secretion pathway, chemical inhibitors were struction of transport channels in ER membranes”**°. Brefeldin
used. The Sec61 channel is the translocon on the ER membrane A prevents the proper function of the Golgi apparatus by
that translocates the nascent polypeptide chain into the ER interrupting the transport of proteins from ER to it’**°. Both
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eeyarestatin 1 and brefeldin A markedly inhibited the release of
METRNL from HUVECs (Fig. 2D and E), with no obvious
changes in cell number and morphology during 3 h of treatment
(Supporting Information Fig. S4), and METRNL release from
endothelial cells totally recovered after removal of the brefeldin
A (Fig. 2E), similar to the previous study showing that the in-
hibition by brefeldin A is reversible®’. The immunofluorescence
co-localization of METRNL with calnexin (a marker of ER) or
58K (a marker of Golgi apparatus) also provided the evidence
for the presence of METRNL in these organelles (Supporting
Information Fig. S5). Thus, the present results indicate that
METRNL secretion by endothelial cells involves the classical
ER—Golgi pathway.

3.2.  Endothelial METRNL deficiency reduces the circulating
METRNL levels

To determine whether or not endothelial METRNL contributes to
the circulating level of the protein, mice with endothelial cell-
specific knockout of Metrnl (EC-Metrnl”~) were generated by
mating Metrnl'®""** with Tek-Cre mice (Fig. 3A and Fig. SI).
Metrnl"""*" mice were created in our previous study’. Tek-Cre
mice, in which the expression of Cre recombinase is driven by a
promoter of endothelial-specific Tek (also called Tie2)™®, were used
to specifically delete endothelial Metrnl by crossing with Mezrnl'™*”
lxP mice. The deficiency of METRNL in the endothelium was
confirmed with immunofluorescence (Fig. 3B and Supporting
Information Fig. S6). Real time PCR measurements showed that
the gene expression of Metrnl in isolated aortic endothelial cells was
decreased by more than 95% in EC-Metrnl "~ compared with wild
type mice (Fig. 3C). Similarly, in aortae with endothelium intact, the
expression of Metrnl was markedly reduced in EC-Metrnl ™"~ group
(Fig. 3D). However, in aortae with endothelium removal, Metrnl
expression was comparable between EC-Metrnl "~ and wild type
groups (Supporting Information Fig. S7TA). We also detected Metrnl
mRNA levels in other tissues including white adipose tissue, liver,
kidney and heart, showing no significant differences between EC-
Metrnl™”~ and wild type groups (Fig. S7B). These findings
demonstrate a successful specific knockout of Metrnl in the
endothelium.

No visible phenotypic differences were observed between EC-
Metrnl™~ and wild type mice. The genotypic ratio also fitted the
Mendelian expectation. Moreover, both body weight and organ
weights were within control values in EC-Metrnl ”~ mice
(Fig. S7C and S7D). Importantly, the serum levels of METRNL
were reduced significantly in EC-Metrnl ™ mice, with an average
reduction of 75% (Fig. 3E). Thus, the present results demonstrate
that endothelial METRNL is a major contributor to the circulating
levels of the protein.

3.3.  Bone marrow does not contribute to the circulating
METRNL levels

It has been recently reported that the recombinase Cre under
control of the Tek promoter is also expressed in BM hemato-
poietic cells during development®. To know the possible Cre
mediated deletion of Metrnl in BM cells that potentially con-
tributes to the reduction of the circulating levels of the protein in
EC-Metrnl™~ mice, METRNL expression was checked in BM

compared with aorta. Both protein and mRNA expression of
METRNL in BM were much lower than in aorta (Fig. 3F).
However, BM METRNL expression was indeed reduced in EC-
Metrnl™~ mice compared with wild type mice, indicating that
Tek-Cre mediates partial deletion of METRNL in BM of EC-
Metrnl™~ mice (Fig. 3G). To determine whether or not the
deficiency of BM METRNL contributes to the reduced circu-
lating level of the protein in EC-Metrnl™~ mice, we performed
BM transplantation experiments to produce BM-specific inter-
vention model'®. The recipient C57 mice (Fig. 3H) were irra-
diated to destroy their own BM, then they received BM
transplantation from donors, EC-Metrnl ™~ or wild type mice.
After 7 weeks, transplantation efficacy was checked by BM DNA
genotyping and Metrnl expression (Fig. 3H) as well as by flow
cytometry to determine BM cell replacement (Supporting
Information Fig. S8). Serum METRNL levels were detected in
chimeric C57 mice receiving donor BM cells from EC-Metrnl ™~
or wild type mice. The results showed that the efficient Metrn!
deletion in BM of the C57 mice by successful replacement of
BM cells (Fig. 3H and Fig. S8) did not affect the circulating
METRNL levels (Fig. 3I), indicating that the reduced circulating
METRNL level in EC-Metrnl ™~ mice is due to METRNL
deficiency in endothelial cells rather than in BM hematopoietic
cells. These data suggest that the potential contribution due to
Metrnl knockout in hematopoietic cells to the reduced circu-
lating METRNL levels is almost negligible.

3.4.  Both endothelial and circulating METRNL decrease in
atherosclerosis mice and humans

To examine the possible involvement of METRNL protein in
disease states, circulating METRNL levels and aortic METRNL
presence were determined in ApoE "~ mice, an accepted animal
model of atherosclerosis. One-year-old mice were used for
detection. To obtain different extents of atherosclerosis, one group
of ApoE™"" mice was fed HFD during 22 weeks, the other mice
were fed normal chow. Atherosclerosis occurred in multiple sites
of the aortae and carotid arteries from ApoE ™ mice, more severe
in all ApoE~"~ mice fed HFD than normal chow (Fig. 4A and
Supporting Information Fig. S9A). Serum METRNL levels were
significantly reduced in ApoE™~ mice compared with wild type
mice, with more reduction in ApoITF mice fed HFD (Fig. 4B).
The presence of the METRNL protein was also reduced in the
endothelium of aortae from ApoE " mice, compared to those
from wild type mice, with an obvious lack of endothelial
METRNL in regions with atherosclerotic lesions (Fig. 4C and
Supporting Information Fig. S10).

Further, a small samples of patients with myocardial infarction
and coronary atherosclerosis were included for detection of
circulating METRNL. The plasma cardiac troponin I levels were
significantly increased in patients with myocardial infarction and
atherosclerosis (Fig. 4D and Table S1), while their plasma
METRNL levels were reduced significantly (Fig. 4D). To know
whether myocardial infarction contributes to the reduction of
circulating METRNL levels, serum METRNL levels were exam-
ined in animal model of myocardial infarction without athero-
sclerosis. The result showed that myocardial infarction did not
induce any change of serum METRNL levels at 4 and 24 h after
ligation of coronary artery in mice (Fig. 4E and Supporting
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littermates fed HFD for 10 weeks (n = 4—5). Data are mean + SEM. *P < 0.05, **P < 0.01 by two-tailed Student’s ¢ test in (C, E, G—I).



METRNL against endothelial dysfunction and atherosclerosis 1577
A B C
0 - WT 04 -©- WT - 51 — WT
-&- EC-Metml” - EC-Metrnl” 3 w= EC-Metrnl”
~ 20+ ~ 207 £ 4-
X * €
2 “x < =
§ 40- § % 8
© T A )
3 601 & o 24
[0} [0} o
1e x gp- =
80 g 11
100+ 2
100 T T T T T 1 T T T T 0-+- o o
8 7 6 5 4 3 10 8 6 4 L QO N &
-Log [ACh (mol/L)] -Log [SNP (mol/L)] NP S
D E F

)
)
1
o

]

20 £

N
o
|

o o
1 |
7,'//A

/g
*

Relaxation (%)
()]
T

o
|

-~ ApoE"WT
-@-  ApoEEC-Metrnl

Relaxation (%)
[} B N
T

-©- ApoE”WT
-@- ApoEEC-Metrnl™
» ApoE"-EC-Metrnl+METRNL [§

80
- ApoE”EC-MetrnI”+METRNL 1004
100 BN e p— — T T T T 1
2 & 7 B 9 8 7 6 5 4 ApoEWT  ApoE*EC-Metrni*
-Log [ACh (mol/L)] -Log [SNP (mol/L)]
G H I

—~ 8- —~ 304 —~ 307
= - HFD 10 weeks s HFD 22 weeks
o ° .
£ 6 = ApoE”WT £ &
Z,_,’ = ApoE“EC-Metml” g 207 = ApoE*WT & 207 = ApoE"WT
2 4 § mmm ApoE"-EC-Metrnl” T>> mmm ApoE’EC-Metrnl”
Q@ 2 2
8 he) g
= S 10+ S 104
=, e 2
€
2 5 5
[0 0] )
72 oU n od 2B

O O O O (v O O O O (v O L O A

L LG NG SN S NI SN 2

O 9 é(, Q‘o\/ \9\/ é(, Q\O\/ \9\/ %Q,

Figure 6 Endothelial METRNL deficiency impairs endothelium-dependent vascular relaxation with unchanged blood lipid levels. (A—C)
Concentration—relaxation curves to acetylcholine (ACh, A) and sodium nitroprusside (SNP, B) in aortae (n = 7—8) from EC-Metrnl™™ and WT
mice with unchanged serum lipid levels (C, n = 9—10). (D—F) Concentration-relaxation curves to ACh (D) and SNP (E) in aortae (n = 5) from
ApoEf/ “EC-Metrnl™~ and ApoE™ /“WT mice at 3 months of age under normal chow without atherosclerosis in aortae (F). (G—I) Serum lipid
levels in ApoE_/ “EC-Metrnl™~ mice and ApoE_/ ~WT littermates without atherosclerosis at 3 months of age under normal chow (G), with mild
atherosclerosis after 10 weeks of HFD (H) and with severe atherosclerosis after 22 weeks of HFD (I). HDL-C, high density lipoprotein-
cholesterol; LDL-C, low density lipoprotein-cholesterol; TG, triglycerides; TC, total cholesterol; NEFA, nonesterified fatty acids. Data are
mean + SEM. *P < 0.05, **P < 0.01 by two-way ANOVA in (A and D).

Information Fig. S9B and S9C). Thus, a significant reduction of
circulating METRNL levels in patients with myocardial infarction
and atherosclerosis seems due to atherosclerosis rather than
myocardial infarction. These observations suggest a clinical car-
diovascular implication for METRNL in atherosclerosis.

3.5.  Endothelial METRNL deficiency accelerates
atherosclerosis in ApoE™"™ mice

To determine whether or not endothelial METRNL deficiency
affects the development of atherosclerosis, EC-Metrnl”~ mice
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Figure 8 Endothelial METRNL deficiency aggravates endothelial inflammation during atherosclerosis. (A—C) mRNA expressions of in-
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Ser1177 in METRNL-deficient HUVECsS. Cells were incubated with recombinant METRNL (0.1 or 1 pg/mL) or a solvent control (PBS) for 15 or
30 min, after which A23187 was added at 1 pmol/L for 10 min (n = 3—4). Data are mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by two-
tailed Student’s ¢ test in (A and D—H).
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were crossed with ApoE ™~ mice to generate double knockout
mice (ApoE " "EC-Metrnl™"); the ApoE~~"WT littermates were
used as control (Fig. SA and B and Fig. S2). Compared with
ApoE~""WT mice, both aortic Metrnl expression and circulating
METRNL level were significantly reduced in ApoE ” EC-
Metrnl™~ mice (Fig. 5C), with no changes in food intake, body
weight, liver weight and blood glucose (Supporting Information
Fig. S11). After 22 weeks of HFD, the atherosclerotic burden of
the two mouse groups was assessed by ORO staining in whole
aortae. The en face analysis revealed significantly larger sizes of
atherosclerotic lesions in aortae of double knockout mice than in
ApoE~"WT preparations (Fig. 5D and E). To further visualize
lesions in the aortic roots, hematoxylin and eosin staining and
ORO staining were combined. The double knockout mouse group
had more lipid deposition within the atherosclerotic plaque, with
larger hematoxylin and eosin-negative acellular area indicating
more severe necrotic cores (Fig. 5F), as well as larger athero-
sclerotic lesions in the aortic roots (Fig. 5G). Spontaneous
atherosclerosis at the age of one year was also more severe in
ApoE""EC-Metrnl™~ mice than ApoE ’~WT littermates under
normal chow diet (Fig. 5H). Further, early atherosclerosis was
induced by a relatively short period (10 weeks) of HFD, and more
obvious lesion was also observed in aortae of ApoE ’ EC-
Metrnl™~ than ApoE"WT mice (Fig. 5I). All these results
indicate that endothelial METRNL deficiency accelerates the
occurrence and development of atherosclerosis.

3.6.  Endothelial METRNL deficiency impairs endothelium-
dependent vascular relaxation through reducing eNOS
phosphorylation at Serl177, rescued by exogenous METRNL

Endothelial dysfunction manifested by impaired endothelium-
dependent vascular relaxation has been proposed as the first step
toward or at least an early marker of atherosclerosis'’*% . To
determine whether or not endothelial METRNL deficiency affects
endothelium-dependent vascular relaxation, isolated mouse aortae
were used in the present study. Phe-induced aortic contractions
were comparable in preparations of EC-Metrnl ™ and wild type
mice. However, relaxations to the endothelium-dependent
vasodilator ACh were significantly attenuated in aortae of EC-
Metrnl™™ mice (Fig. 6A); by contrast, those to the endothelium-
independent vasodilator SNP were unchanged (Fig. 6B).
Consistently, similar phenomena were observed in aortae from
ApoE""EC-Metrnl™"~ mice and ApoE~WT mice (Fig. 6D and
E) at 3 months of age under normal chow without atherosclerosis
(Fig. 6F). Moreover, the significantly attenuated ACh-induced
relaxation in aortac of ApoE ' EC-Metrnl™~ mice were suc-
cessfully rescued by exogenous administration of recombinant
METRNL protein (Fig. 6D). Simultaneously, serum levels of
lipids including total cholesterol (TC), triglycerides (TG), high
density lipoprotein-cholesterol (HDL-C), low density lipoprotein-
cholesterol (LDL-C), and nonesterified fatty acids (NEFA)
were unchanged in EC-Metrnl ™~ mice (Fig. 6C), ApoE"EC-
Metrnl™~ mice without atherosclerosis (3 months of age under
normal chow, Fig. 6G), ApoE""EC-Metrnl™~ mice with mild
atherosclerosis (10 weeks of HFD, Fig. 6H) and severe athero-
sclerosis (22 weeks of HFD, Fig. 6I), compared with their litter-
mate controls. All these results indicate that endothelial METRNL
deficiency impairs endothelium-dependent vascular relaxation
before the occurrence of atherosclerosis. And this endothelial
dysfunction triggered by METRNL deficiency is probably a key

factor responsible for the more severe atherosclerosis in double
knockout mice.

Further, the underlying molecular mechanism was studied. In
conduit arteries such as the aorta, endothelium-dependent re-
laxations to ACh are due to activation of endothelial nitric oxide
synthase (eNOS), since both pharmacological inhibition and gene
knockout of eNOS abolish the response to ACh'”'®323473 Thys,
METRNL deficiency-induced endothelial vasodilation dysfunction
in the present experiments can be attributed to impairment of the
eNOS pathway. To know the role of METRNL in the regulation of
eNOS, in vitro experiments were performed. METRNL knockdown
by lentivirus-mediated shRNA interference in HUVECs signifi-
cantly reduced METRNL level in the cell and culture medium, but
did not alter eNOS protein level (Fig. 7A), suggesting that the
quantity of eNOS is not regulated by METRNL.

Then, eNOS-related activity was examined (Fig. 7B). Protein-
interactions play a crucial role in the regulation of eNOS activ-
ity’>*” For example, caveolin-1 (CAV1) inhibits eNOS function,
while heat shock protein 90 (HSP90) and calmodulin (CaM)
enhance the activity of the enzyme. Hence, the interactions between
eNOS and CAV1, HSP90 or CaM were determined by immuno-
precipitation at baseline or following activation of eNOS by
A23187. No significant changes were observed in the amount of
eNOS-combined CAV1, HSP90 or CaM in METRNL-deficient
HUVECs compared with control HUVECs (Fig. 7C), suggesting
that METRNL does not regulate the interactions of eNOS with
CAV1, CaM or HSP90.
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Figure 9  Endothelial METRNL deficiency aggravates endothelial

inflammation via NFkB pathway. Cells were incubated with recombi-
nant METRNL (300 ng/mL) or vehicle (PBS) for 1 h before stimulation
by oxLDL (100 pg/mL) for 24 h. (A) NFxB p65 phosphorylation levels
in HUVECs (n = 3—4). (B) mRNA expressions of inflammatory
markers in HUVECs (n = 3). Data are mean + SEM. *P < 0.05,
#%P < 0.01, ***P < 0.001 vs. Scrambled shRNA + vehicle; *P < 0.05,
#P < 0.01 vs. METRNL shRNA + vehicle by one-way ANOVA fol-
lowed by Dunnett’s ¢ test in (A, B).
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Phosphorylation is the most important post-translational determined in HUVECs. There were no significant differences in
mechanism modulating eNOS activity (Fig. 7B)***® There are phosphorylations of eNOS at Ser633, Ser114, Ser615 and Thr495
five established serine/threonine phosphorylation sites (Ser1177, between cells treated with either scrambled shRNA control or

Ser633, Serl114, Thr495, and Ser615) in human eNOS*>38, Thus, METRNL shRNA, in either the presence or the absence of stim-
the effect of METRNL deficiency on eNOS phosphorylations was ulation with A23187 (Supporting Information Fig. S12).

A B
s 2.0 3 ApoE"WT
g W ApoE--EC-Metrnl'-
g 1.5 Culture of BM-derived Identification of
é macrophages macrophages
<Z( 1.04 ¢ l
o T T T >
€ 0 7 8 day
.g 0.5 T T
% drug Experiments
e Al (oxLDL/LPS)
A O N O RN & N S
S N N (N W K
\é,;\ QOV" \ov & \@ A
Cc D
%3 %F Region Events % Gated
3. Ee R1_ 20000 10000
2 %: R2 18657 93.28
B s o g g oir R 100 102 10° 104
Day 7 FSC-H FITC-CD11b
E
9
=)
o
o
©
s
& &
QOQ/ O’Q‘b
P &
&
W
F G
A /-
c 207 oxlDL B ApoE T _ 207 LPS 03 ApoEWT
2 Wl ApoEEC-Metrnl- o W ApoET-EC-Metrnl”-
8 @
& 154 © 154
X S
X
o )
<
> 1.0- < 101
x (4
E £
9]
= 0.54 02) 0.5
m -—
e ¥
x ©
0.0- 0.0-
NOLO O SN DO IR DN
Y W N N PR QEOPEECIEA N IR IR
Y O > Y O
AQ?“ \0?‘ /\é v o« ) Q N QC)Y. \OY R W O & N\

Figure 10  Effects of METRNL deficiency on inflammation of BM cells and BM-derived macrophages from ApoE " EC-Metrnl '~ mice and
littermates at 3 months of age. (A) mRNA expressions of inflammatory markers in BM cells from ApoE~"EC-Metrnl™~ mice and littermates
(n = 6—8). (B) Treatment design of BM-derived macrophages. (C) Cultured macrophages at day 7 under optical microscopy. Bar = 50 um. (D)
Identification of macrophages by flow cytometry at day 7 of culture. (E) ORO staining for macrophages (n = 6) after 24 h of oxLDL (50 pg/mL)
stimulation. Lipid-laden macrophages were stained red (leff) and the percentages of ORO-positive cells were compared (right). (F, G) mRNA
expressions of inflammatory markers in BM-derived macrophages under stimulation of oxLDL (50 pg/mL) (F, n = 6) or LPS (100 ng/mL) (G,
n = 5—06) for 24 h. Data are mean = SEM. **P < 0.01, ***P < 0.001 by two-tailed Student’s ¢ test in (A, F).
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However, phosphorylation of eNOS at Ser1177 was significantly
reduced by METRNL knockdown in the presence of A23187
(Fig. 7D). Consistently, a similar phenomenon was observed in
primary cultured murine aortic endothelial cells from EC-
Metrnl™~ and wild type mice (Fig. 7E). Moreover, phosphory-
lation of eNOS at Ser1177 was also reduced in aortae of EC-
Metrnl™~ mice (Fig. 7F) and ApoE’"EC-Metrnl™~ mice
without atherosclerosis (3 months of age under normal chow)
(Fig. 7G), compared with their littermate controls. More impor-
tantly, the reduced phosphorylation of eNOS at Serll177 in
METRNL deficient HUVECs was ameliorated by METRNL re-
combinant protein (Fig. 7H). These results indicate that endo-
thelial METRNL deficiency impairs eNOS activity by reducing
phosphorylation of the enzyme at Ser1177, which can be rescued
by exogenous METRNL.

3.7.  Endothelial METRNL deficiency aggravates endothelial
inflammation during atherosclerosis through NFkB pathway,
rescued by exogenous METRNL

Atherosclerosis is a chronic inflammatory disease in the initiation of
which cytokines play a major role’™"**. To examine whether
endothelial METRNL deficiency induces vascular inflammation,
aortae from EC-Metrnl ”~ mice, ApoE ' EC-Metrnl /= mice
without atherosclerosis (3 months of age) or with obvious athero-
sclerosis (22 weeks of HFD) and their littermates were used to
analyze the expressions of pro-inflammatory markers®® such as
vascular cell adhesion molecule (VCAM)-1, intercellular adhesion
molecule (ICAM)-1 and monocyte chemoattractant protein (MCP)-
1 (endothelial adhesion molecules), F4/80 and CD68 (macrophage
indicators), tumor necrosis factor (TNF)-¢, interleukin (IL)-18 and
IL-6 (general inflammatory factors), and anti-inflammatory marker
IL-10. The expression levels of all examined cytokines were
comparable in the aortae of EC-Metrnl ”~ mice and their controls
(Fig. 8A). Pro-inflammatory factors such as VCAM-1, TNF-¢, IL-6
and CD68 showed a trend to increase but with no significant dif-
ferences in the aortae of ApoE " EC-Metrnl’~ mice without
atherosclerosis compared with their controls (Fig. 8B). However,
aortae from ApoE " EC-Metrn ™’ mice with obvious atheroscle-
rosis (22 weeks of HFD) exhibited elevations in expressions of pro-
inflammatory markers including VCAM-1, ICAM-1, F4/80, CD68,
TNF-« and IL-6, but not of the anti-inflammatory marker IL-10
(Fig. 8C). Immunohistochemical staining also showed that F4/80
and IL-6 were increased in aortic roots of ApoE "EC-Metml ™~
mice (Fig. 8D and Supporting Information Fig. S13). These results
further support more severe atherosclerosis in the aortae of the
double knockout mice and suggest that endothelial METRNL
deficiency promotes vascular inflammation during atherosclerosis
development rather than before the initial stage of the disease.

During atherosclerosis development, several pro-inflammatory
factors in serum such as oxidized low-density lipoprotein
(oxLDL) activates endothelial cells to release several cytokines,
which recruit circulating monocytes and leukocyte, thereby pro-
moting inflammation within the vessel wall*’. To further analyze
the effect of METRNL deficiency on endothelial inflammation
during atherosclerosis, in vitro experiments were performed.
Under stimulation of oxLDL, pro-inflammatory factors including
IL-6, TNF-« and IL-18 were significantly increased in METRNL
knockdown group (Fig. 8E). Similarly, lipopolysaccharide (LPS)
also triggered more severe endothelial inflammation in METRNL
deficient group (Fig. 8F). These observations suggest that the
aggravated endothelial inflammation induced by METRNL defi-
ciency is another contributor to the more severe atherosclerosis in
ApoE " "EC-Metrnl™~ mice than control mice.

Since the nuclear transcription factor-kappa B (NF«B) is a
critical inflammatory transcription factor, we next explored
whether the NFkB pathway mediates the inflammation response in
METRNL deficient HUVECs under oxLDL stimulation. The
protein level of NFkB p65 was determined by Western blotting.
The p65 phosphorylation was significantly increased after oxXLDL
stimulation in METRNL deficient HUVECs, but was attenuated
by exogenous administration of METRNL recombinant protein
(Fig. 9A). Consistently, at mRNA levels, exogenous METRNL
successfully attenuated the oxLDL-induced increase of the in-
flammatory markers in METRNL deficient HUVECS, including
IL-6, IL-18, MCP-1, VCAM-1 and E-selectin (E-SEL) (Fig. 9B).
All these suggest an anti-inflammatory role of endothelial
METRNL via inhibition of NFxB pathway activation.

3.8.  Bone marrow METRNL deficiency does not change the
occurrence of atherosclerosis

It has been recognized that BM hematopoietic cells play a role in
the occurrence of atherosclerosis'®. As shown in Fi g. 3G,
METRNL expression was reduced in BM cells of EC-Metrnl "~
mice. Thus, to know whether ablation of METRNL in BM cells
contributes to the detrimental atherosclerotic phenotype observed
in ApoE " "EC-Metrnl "~ mice, BM cells were isolated from the
mice to carry out a series of experiments. Real time PCR analysis
of BM cells from 3-month-old ApoE " EC-Metrnl™’~ mice and
their littermate controls showed comparable expression levels of
pro-inflammatory factors such as VCAM-1, ICAM-1, TNF-q,
IL-6, IL-18, F4/80, CD68 and MCP-1, and anti-inflammatory
factor IL-10 (Fig. 10A). Mouse BM-derived macrophages were
isolated and cultured (Fig. 10B). At day 7 of culture (named MO
macrophages, Fig. 10C), over 90% of the cells were CD11b and
F4/80 positive (Fig. 10D). To induce formation of foam cell, the
macrophages were incubated with oxLDL (50 pg/mL) for 24 h

Figure 11

Deficiency of METRNL in BM cells does not change the occurrence of atherosclerosis. (A) Design of BM transplantation and

atherosclerosis experiments. (B) Genotype of BM DNA after transplantation. (C) Metrnl mRNA expression in BM of chimeric ApoE_/ ~ mice
receiving donor BM cells from ApoEf/ “EC-Metrnl™~ or ApoEf/ “WT mice (n = 5—8). (D) Atherosclerotic lesions in aortae from chimeric
ApoE'/ " mice receiving donor BM cells from ApoE™ "“EC-Metrnl™~ or ApoEf/ ~WT mice after HFD for 10 weeks (n = 7—8). (E) Hematoxylin
and eosin staining of aortic roots from chimeric ApoE_/ ~ mice receiving donor BM cells from ApoE_/ “EC-Metrnl™"~ or ApoE™ ““WT mice after
HFD for 10 weeks. Bar = 200 um. Five independent experiments performed. (F) IL-6 and F4/80 staining of aortic roots from chimeric ApoE "~
mice receiving donor BM cells from ApoE ""EC-Metrnl™"~ or ApoE"~"WT mice after HFD for 10 weeks. Bar = 200 um. Four independent
experiments performed. (G) Flow cytometric analysis of F4/80 and CD11b expression on cell samples isolated from BM (n = 5—7) and pe-
ripheral blood (n = 3—6) from chimeric ApoE™~ mice receiving donor BM cells from ApoE " EC-Metrnl™~ or ApoE~"~"WT mice after HFD for
10 weeks. Data are mean = SEM. ***P < (0.001 by two-tailed Student’s ¢ test in (C).
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and stained by ORO, demonstrating that oxLDL successfully
resulted in foam cell formation in macrophages from ApoE "~
EC-Metrnl ™~ mice and littermates, whereas no difference was
observed in percentages of ORO-positive cells between them
(Fig. 10E). Meanwhile, macrophages derived from these two
mouse groups with oxLDL (50 pg/mL) or LPS (100 ng/mL)
stimulation for 24 h were examined; consistently, in the expres-
sions of pro-inflammatory and anti-inflammatory factors, no sig-
nificant difference was observed between the two groups (Fig. 10F
and G).

To further explore the effect of bone marrow METRNL defi-
ciency on the occurrence of atherosclerosis, BM transplantation
and atherosclerosis experiments were carried out (Fig. 11A). The
chimeric mice were made by the recipient atherosclerosis model
mice (ApoE " mice) being given donor BM cells from
ApoE""EC-Metrnl '~ mice or ApoE ~WT littermate control
mice (Fig. 11A). Identified by genotyping of BM DNA, BM cells
of the recipient ApoE ’~ mice were successfully replaced by those
from donor mice (Fig. 11B). Metrnl was efficiently depleted in BM
of chimeric ApoE ™ mice receiving ApoE ™ "“EC-Metrnl”~ BM
cells (Fig. 11C). After HFD for 10 weeks, atherosclerotic lesions in
ApoE™"" recipient mice transplanted with BM cells from ApoE ™~
EC-Metrnl™" or littermate control mice were examined. The re-
sults showed comparable atherosclerotic plaque burden in aortae of
these two groups (Fig. 11D), and no difference was observed in
lesion severity (Fig. 11E) and inflammation (Fig. 11F) of the aortic
roots between them. Flow cytometric analysis of F4/80 and CD11b
expression on cell samples isolated from peripheral blood and BM
from the two groups of chimeric ApoE "~ mice revealed no dif-
ference in frequencies of macrophages (Fig. 11G), a kind of cells
believed to play an important role in the development of athero-
sclerosis including lipid handling and inflammatory functions'®.
These findings indicate that deficiency of METRNL in BM cells is
not involved in acceleration of atherosclerosis occurrence in
ApoE " "EC-Metrnl™"~ mice.

4. Discussion

The present study reveals that METRNL is a new endothelial
substance not only determining the circulating level of the protein
but also regulating endothelial function for vascular homeostasis.

4.1.  Circulating METRNL mainly originates from endothelial
cells and is associated with atherosclerosis

Our previous studies have demonstrated that METRNL is highly
present in human and murine white adipocytes and intestinal
epithelial cells and can be released from these cells and tis-
sues™™’. However, specific knockout of Metrnl in either adipo-
cytes or intestinal epithelial cells does not significantly change the
serum METRNL levels, indicating that circulating METRNL is
not mainly derived from these two types of cells’’. Although liver
is the major source of blood protein, the presence of METRNL in
the liver is very low and specific knockout of liver Metrnl also
does not alter circulating METRNL levels in our recent study®'.
The present study identified endothelium as the main origin of
circulating METRNL by showing that METRNL was highly
present in and secreted by endothelial cells, and more importantly,
endothelium-specific knockout of Metrnl resulted in a reduction of
serum METRNL level by about 75%. It has been considered that
Tek-Cre promoter results in specific target deletion in not only

endothelial cells but also hematopoietic cells””. However, our
study showed that METRNL expression in BM was very low in
normal conditions and the BM transplantation study demonstrated
that BM METRNL deficiency mediated by Tek-Cre did not affect
the serum METRNL levels. Therefore, the potential contribution
of BM hematopoietic cells to circulating METRNL level is
neglected in EC-Metrnl ™~ mice, further supporting that the
endothelium is the major contributor of circulating METRNL.

There are classical and non-classical secretory pathways
responsible for cell release of proteins. A signal peptide is pre-
dicted with cleavage between the 45th and 46th amino acids of
METRNL by bioinformatic analysis*, suggesting that the protein
may be secreted via a classical secretory pathway, but evidence
confirming this is lacking. We showed that METRNL secretion
was efficiently regulated by its gene overexpression and knock-
down, with a requirement for its signal peptide. This signal
peptide-guided secretion of the protein is a characteristic for the
classical ER—QGolgi secretion pathway. Further, the present find-
ings demonstrated that METRNL was secreted by endothelial
cells via the classical secretory pathway using pharmacological
inhibitors targeting conventional ER—Golgi pathway. This is also
supported by the evidence for METRNL presence in ER and Golgi
apparatus.

The results that circulating METRNL mainly originates from
endothelial cells also suggest that circulating METRNL level re-
flects the vascular state, especially the condition of endothelium.
Atherosclerosis is a vascular disease with endothelial dysfunction
and damage, which may affect METRNL production resulting in a
reduction of circulating METRNL levels. Indeed, the present
study found reduced circulating METRNL level in both athero-
sclerosis mice and humans, and the protein level was associated
with the atherosclerosis situation; METRNL protein levels were
reduced in the circulation and endothelium of atherosclerosis
mice, with much more reduction in more severe extents of
atherosclerosis. All these results indicate that circulating
METRNL reduction exists in atherosclerosis state. Perhaps,
METRNL may be a circulating biomarker for atherosclerosis.

In line with our present study in atherosclerosis animals and
humans, recent clinical studies also showed that lower circulating
METRNL levels were associated with type 2 diabetes mellitus and
coronary artery disease'™'**>** which are well-known accom-
panied by endothelial damage and dysfunction. However, all these
clinical studies'*'**** including our previous research'? did not
know the cause of the lower circulating METRNL levels in these
diseases, and the investigators focused on METRNL/Subfatin as
an adipokine. The present finding that circulating METRNL is
mainly derived from endothelial cells provides a novel insight for
understanding why circulating METRNL levels decrease in these
patients. METRNL may be a circulating biomarker for certain
vascular disease with endothelial damage and dysfunction, which
remains to be further studied. Also, in clinical study, a more
precise estimation on circulating METRNL levels is of particular
note, since the level of METRNL in circulation is very likely to
fluctuate with physiological states. For example, it is associated
with inflammatory responses in vivo'' and other influence factors
may include drugs, physical exercise, cold exposure and so on™**.

4.2.  METRNL deficiency causes endothelial dysfunction and
accelerates atherosclerosis

Using a double gene knockout strategy by 7Tek-Cre mediated
Metrnl deletion in ApoE deficient mice, the present study
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demonstrated that endothelial METRNL deficiency accelerated
the occurrence and development of atherosclerosis, evidenced by
three sets of experiments in ApoE ' EC-Metrnl’~ mice with
different periods (10 or 22 weeks) of HFD, or spontaneous
atherosclerosis at one year of age under normal chow. Regarding
the mechanisms underlying the acceleration of atherosclerosis by
endothelial METRNL deficiency, several major factors have been
investigated in the present study.

First, it has been recognized that dyslipidemia is a principal
risk factor for atherosclerosis'’=*®. However, this mechanism
seems not to be involved in the acceleration of atherosclerosis by
METRNL deficiency, since Tek-Cre mediated knockout of
Metrnl did not change the blood levels of lipids including TC, TG,
HDL-C, LDL-C and NEFA, no matter whether ApoE was defi-
cient or not, and no matter whether HFD was given or not.

Second, endothelial dysfunction manifested by impairment of
endothelium-dependent vasodilation has been proposed as the first
step toward or at least as an early marker of athe-
rosclerosis'**"%. The present experiments in isolated aortae
showed that endothelial METRNL deficiency attenuated re-
laxations to the endothelium-dependent vasodilator ACh, without
affecting relaxations to endothelium-independent vasodilator SNP.
This endothelium-dependent vasodilation dysfunction occurred
not only in single gene knockout mice (EC-Metrnl "~ mice) but
also in double gene knockout mice (ApoE""EC-Metrnl '~ mice)
before the occurrence of atherosclerosis, further supporting the
notion that endothelial dysfunction can occur well before the
structural manifestation of atherosclerosis and thus can serve as an
independent predictor of future cardiovascular events'’. Regarding
the molecular mechanism, we have screened and identified that
the impaired eNOS phosphorylation at Ser1177 is involved in
METRNL deficiency induced endothelial vasodilation dysfunc-
tion, which can be rescued by exogenous METRNL.

Third, inflammation is a key element in the development of
atherosclerosis™ 7. There existed no significant inflammation
activation in the aortae of both EC-Metrnl™~ mice and ApoE™"~
EC-Metrnl™~ mice before the occurrence of atherosclerosis.
However, the present study clearly demonstrated that the expres-
sions of inflammatory factors were activated in ApoE ’ EC-

Major METRNL source in circulation
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Figure 12

Metrnl™’~ mice during atherosclerosis. This further supports the
more severe atherosclerosis in the aortae of the double knockout
mice and suggest that endothelial METRNL deficiency promotes
vascular inflammation during atherosclerosis development rather
than before the initial stage of the disease. Further, in primary
cultured endothelial cells with METRNL knockdown, we indeed
observed more severe endothelial inflammation compared with
control group under stimulation of oxLDL or LPS. This aggra-
vation in endothelial inflammation may involve NFxB pathway
activation by METRNL knockdown, which can be rescued by
exogenous METRNL. These endothelial dysfunction data on
inflammation activation combined with the endothelial dysfunc-
tion data on vasodilation impairment indicate that endothelial
dysfunction plays a major role in acceleration of atherosclerosis
by METRNL deficiency, in which endothelial vasodilation
impairment occurs earlier than endothelial inflammation
activation.

Forth, since Tek-Cre also mediated reduced METRNL level in
BM cells which potentially contributes to atherosclerosis, we
performed a series of in vivo and in vitro experiments for clarifi-
cation. There existed also no inflammation activation in BM of
ApoE " "EC-Metrnl "~ mice before the occurrence of atheroscle-
rosis. BM-derived macrophages from ApoE " EC-Metrnl "~ mice
and their littermates showed no difference in foam cell formation,
and under either oxLDL or LPS stimulation, the two groups
showed similar expression levels of inflammatory factors. More
importantly, using BM transplantation strategy to produce BM-
specific intervention model, the present study showed that BM
METRNL deficiency in ApoE ”~ mice did not change the
occurrence and severity of atherosclerotic lesion as well as
inflammation in BM and peripheral blood. Thus, the possibility for
BM METRNL deficiency in accelerating atherosclerosis is
excluded, further supporting that it is the endothelial METRNL
deficiency responsible for the acceleration of atherosclerosis in
ApoE""EC-Metrnl™"~ mice.

Therefore, according to the above mechanism study, it appears
that endothelial METRNL deficiency causes vascular endothelial
dysfunction such as vasodilation impairment via reducing eNOS
phosphorylation and inflammation activation via enhancing NF«xB

ApoE"EC-Metrnl” mice
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Endothelial METRNL is not only a major source for circulating METRNL but also a novel regulator in vascular health and disease.

Using the classical endoplasmic reticulum (ER)—Golgi apparatus secretory pathway, endothelial cells secrete and, hence, determine the circu-
lating level of METRNL, the deficiency of which causes endothelial dysfunction promoting the occurrence and development of atherosclerosis.
Recombinant METRNL can rescue the endothelial dysfunction induced by METRNL deficiency.
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pathway, then favoring the occurrence and development of
atherosclerosis. And, endothelial METRNL itself is atheropro-
tective and plays a critical role in the maintenance of vascular
health. This is also supported by our present results that recom-
binant METRNL can rescue the METRNL deficiency induced
endothelial dysfunction including the impairment of vasodilation
and eNOS phosphorylation as well as the activation of inflam-
mation and NFkB pathway. Other report also shows that recom-
binant METRNL can inhibit the LPS-induced endothelial
inflammation and attachment with monocytes in in vitro cell lines
culture®®. These indicate that recombinant METRNL has a ther-
apeutic effect for the METRNL deficiency induced endothelial
dysfunction, and may have a beneficial effect on prevention and
treatment of atherosclerosis. Given that endothelial cells are sen-
tinels of cardiovascular health, and endothelial dysfunction is a
hallmark of many diseases, including atherosclerosis, hyperten-
sion, coronary artery disease, cerebrovascular disease, peripheral
vascular disease, and diabetes®>, the present study on the dis-
covery of METRNL as a new endothelium-derived protective
factor is of importance for further study to explore the therapeutic
strategy of METRNL. As for futher understanding the therapeutic
potential of METRNL in the chronic disease of atherosclerosis,
double gene mice with Metrnl transgenic overexpression and
ApoE gene knockout are the better model for the future study.
In addition to the vascular protection of METRNL in the
present study, METRNL exhibits beneficial functions in metabolic
and inflammatory diseases**. Our previous works also show that
METRNL improves HFD induced insulin resistance and inflam-
mation at least partly through remodeling adipose tissue’. More-
over, METRNL is upregulated in inflammatory diseases, such as
rheumatoid arthritis, allergic asthma, etc., and plays an anti-
inflammatory role*”°. For instance, METRNL attenuates HFD
associated inflammation in both adipose tissue and skeletal mus-
cle®™ and decreases inflammatory cell infiltration and pro-
inflammatory mediators production in chronic colitis and
allergic asthma**°, apart from its inhibitory effects on endotoxin
induced inflammation responses in endothelial cells*®. In several
disorders including insulin resistance™’, diabetes®'*?, chronic
colitis™, and allergic asthma®’, METRNL gene and/or protein
demonstrate a therapeutic potential. Considering that metabolic
disorder and inflammation are both involved in the development of
cardiovascular disease, these results indicate that METRNL could
be a multifaceted therapeutic target in cardiovascular diseases.

5. Conclusions

In summary, the present study demonstrates that METRNL is a
new endothelial substance. Endothelial METRNL is not only a
major source of circulating METRNL, but also an important
regulator of endothelial function for vascular health and disease
(Fig. 12). Both endothelial and circulating METRNL levels
decrease in disease state of atherosclerosis. METRNL deficiency
causes endothelial dysfunction which in turn promotes the sus-
ceptibility of atherosclerosis. Overall, the present findings reveal
that METRNL is a therapeutic target against endothelial
dysfunction and atherosclerosis.
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