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ARTICLE INFO ABSTRACT

Keywords: Vascular calcification is a common pathological feature of atherosclerosis, chronic kidney disease, vascular
Vascular calcification injury, and aging. Liver kinase B1 (LKB1) plays pivotal roles in cellular processes such as apoptosis, metabolism,
LKB1 and cell cycle regulation. In addition, growing evidence has indicated that LKB1 functions as a tumor suppressor
:1:/1[122]31 gene. However, its role in vascular calcification has not been reported. LKB1o%/9X mice were hybridized with

SM22-CreER™? transgenic mice and adult mice received tamoxifen to obtain smooth muscle-specific LKB1-
knockout (LKB1MKC) mice. LKB1 expression was decreased under calcifying conditions, and LKB1 over-
expression had a protective effect on vascular calcification. However, high mobility group box 1 (HMGB1)
overexpression partially counteracted the promotion of vascular calcification induced by LKB1 overexpression.
Mechanically, LKB1 could bind to HMGB1 to promote HMGB1 degradation. Furthermore, LKB1SMXC mice
showed intensified vascular calcification, which was alleviated by treatment with the HMGBI inhibitor gly-
cyrrhizic acid. Based on our results, LKB1 may inhibit vascular calcification via inhibiting HMGB1 expression.

1. Introduction

Vascular calcification is a key contributor to the high incidence and
mortality of cardiovascular and cerebrovascular diseases in chronic
kidney disease (CKD) [1-3]. It is mainly manifested as increased stiff-
ness and decreased compliance of the vascular wall, leading to
myocardial ischemia and heart failure [4,5]. Traditionally, vascular
calcification is considered a passive, progressive, and irreversible ter-
minal process. Nevertheless, in recent years, a number of basic and
clinical studies have shown that vascular calcification, similar to the
processes of bone development and cartilage formation, is an active,
controllable, preventable, and treatable process [6-8].

Abbreviations: high mobility group box 1-HMGBI, Liver kinase B1-LKB1.

The transformation of vascular smooth muscle cells (VSMCs) from a
contraction phenotype to an osteoblastic phenotype is considered a
strictly regulated process similar to bone mineralization [9,10]. Osteo-
genic differentiation of VSMCs is characterized by the upregulation of
bone-related molecules such as osteocalcin [11], alkaline phosphatase
(ALP), runt-related transcription factor 2 (Runx2), osteocalcin, and Msh
homeobox 2 (MSX2) [8,12,13]. Moreover, increasing evidence has
indicated that the Wnt/p-Catenin pathway, including Wnt3a and Wnt7a,
promotes VSMC calcification and differentiation to an osteogenic
phenotype [14,15].

Vascular calcification can be regulated by proteins such as high
mobility group box 1 (HMGB1). HMGBI facilitates the calcification and
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osteoblastic differentiation of VSMCs via Toll-like receptor 4-Janus
kinase-nuclear factor-kB signaling [16] or the Wnt/p-Catenin pathway
[17]. Moreover, many studies have indicated that both extracellular and
intracellular HMGB1 have roles in promoting calcification. These roles
include the promotion of osteochondrogenic differentiation, cell
apoptosis, the release of calcific extracellular vesicles via transforming
growth factor p/bone morphogenic protein, inflammation, oxidative
stress, and autophagy signaling [18]. However, the molecular mecha-
nism involved in regulating HMGB1 requires further exploration.

Liver kinase B1 (LKB1) was first identified as a tumor suppressor in
Peutz-Jeghers syndrome, and is a serine/threonine protein kinase
widely expressed in mammalian cells [19,20]. LKB1 is considered the
regulatory center of cell polarity and energy metabolism, carrying out its
role via phosphorylation and activation of the AMP kinase (AMPK)
family of proteins [21,22]. Globally, LKB1 knockout has been shown to
confer significant embryonic lethality in mice, and has been associated
with severe defects in cardiovascular development [23]. LKB1 therefore
plays a significant role in the cardiovascular system. In macrophages,
LKB1 alleviated atherosclerosis by inhibiting scavenger receptor A
expression and foam cell formation [24]. Endothelial-specific LKB1
knockout in mice caused hypertension and endothelial dysfunction in
vivo [25]. Moreover, LKB1 may inhibit angiogenesis and lower the
expression of vascular endothelial growth factor [26]. However, the role
of LKB1 in vascular calcification remains unclear.

In this study, we used VSMCs with overexpressed LKB1 and smooth
muscle-specific LKB1-knockout mice to examine whether LKB1 could
inhibit vascular calcification via HMGB1.

2. Material and methods
2.1. Reagents

Adenoviruses overexpressing LKB1, HMGBI, and green fluorescent
protein (GFP) were purchased from Vigenebio (Rockville, MD, USA).
Chloroquine (CQ) was purchased from MCE (Monmouth Junction, NJ,
USA), and 3-Methyladenine (3-MA) and MG-132 were purchased from
Selleck (Houston, TX, USA). Dexamethasone and p-glucose were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA), and aldosterone was
purchased from Solarbio (Beijing, China).

2.2. Mice

LKB11%/f% mice were hybridized with SM22-CreER™ transgenic
mice expressing a tamoxifen-inducible Cre recombinase under the con-
trol of the SM22 promoter. LKB171%f1°% mice were purchased from
Jackson Laboratory (Stock No. 014143) [27], and SM22- CreER™ mice
were a kind gift from Dr. Robert Feilin [28]. At 6 weeks of age, the
LKB119¥/f°% /Cre | mice received continuous intraperitoneal injection of
tamoxifen (1 mg/day) for 5 days to obtain LKB15™X© mice. Littermate
LKB1719f1%% /Cre-mice were used as controls. The mice in this study were
all adult 8-10-week-old males with no statistically significant differ-
ences in weight. The researchers were not blinded during allocation,
mice handling, and endpoint measurements. All animals were housed
under a 12-h day/night cycle at 25 °C. All experiments were conducted
under protocols approved by the Animal Care and Use Committee of
Shandong University.

2.3. Mouse model of vitamin D-mediated vascular calcification

Vascular calcification was caused by excess vitamin D treatment, as
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previously described [13]. Adult male control and LKBISMKO mice
were subcutaneously injected with vitamin D at 500,000 IU/kg/day for
4 consecutive days; sterile water containing 5% ethanol was used as a
vehicle control. Animals were monitored daily and sacrificed 10 days
after injection. In the experiment with the direct HMGBI inhibitor gly-
cyrrhizic acid (GA), mice were intraperitoneally injected with GA at 20
mg/kg/day, followed by injection with vitamin D 8 h later.

As accidental death of the mice may occur during injection, it is
better to keep the mice under anesthesia than awake. In addition, due to
the severe degree of calcification and high mortality in the LKB15MXC
group during the late induction period, we reduced the induction period
to 10 days.

2.4. High phosphate-induced calcification in VSMCs

VSMCs were isolated from C57BL/6J mice and cultured in Dulbec-
co’s modified Eagle medium (DMEM) containing 10% fetal bovine
serum (HyClone, Logan, UT, USA), 100 pg/mL streptomycin, and 100 U/
mL penicillin. Cells were cultured in DMEM containing 2.6 mM
NayHPO4/NaH,PO4 solution for 6 days to induce calcification [29,30].
Medium was replaced every second day.

2.5. Primary culture of VSMCs

At 8 weeks of age, the mice were anaesthetized and dissected. The
excised aortas were immediately transferred to a sterile Petri dish con-
taining phosphate buffered saline (PBS), cut into pieces after removing
the outer membrane, and then uniformly applied to the bottom of the
culture bottle. The tissues were incubated at 37 °C for 2 h and mixed
with culture medium containing 15% fetal bovine serum, 100 pg/mL
streptomycin, and 100 U/mL penicillin at 37 °C for at least 5 days.

2.6. Plasmid transfection

Lipofectamine2000® (Thermo, USA) was used for plasmid trans-
fection. These plasmids were synthesized by Biosune Biotechnology
(Shanghai, China) and transfected into HEK293T cells according to the
manufacturer’s instructions, and the follow-up operation was performed
48 h later.

2.7. Calcification analysis

Tissues were incubated overnight at 37 °C in 0.6 M HCl and lysed
with NP40 (Beyotime, P0013F). Total protein concentration was
measured using a BCA assay (Solarbio, PC0020). The calcium content in
the supernatant was determined by using a calcium colorimetric assay
kit (Sigma-Aldrich, MAK022) according to the manufacturer’s protocol.
The serum calcium content was detected with the same kit.

VSMCs were decalcified for 24 h at 4 °C in 0.6 M HCl and lysed with
RIPA buffer (Solarbio, R0010), and total protein concentration was
measured using a BCA assay. Calcium content was determined with the
calcium colorimetric assay kit. Calcium content was normalized to total
protein concentration.

2.8. Alizarin Red S staining

VSMCs were washed with PBS, fixed with 4% paraformaldehyde, and
stained with 1% Alizarin Red S staining solution (Solarbio, G1452) for
10 min. After washing, photographs were taken under a digital
microscope.
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Fig. 1. Liver kinase B1 (LKB1) expression decreased under calcifying conditions. A. Vascular smooth muscle cells (VSMCs) were treated with control (CTR) or high
phosphate (Pi) and dexamethasone (Dex) or glucose aldosterone (Aldo) for 48 h. RT-PCR analysis was conducted to determine the relative mRNA expression of LKB1
(n = 8). B. Western blot analysis of LKB1 protein levels (n = 6). C and D. Mice were treated with vehicle (CTR) or vitamin D (Calcific) to induce vascular calcification.
The mRNA and protein levels of vascular LKB1 were determined by RT-PCR (n = 8) (C) and Western blot analysis (n = 4) (D). E. Inmunohistochemistry of aortic
LKB1 expression in control and calcified mice (n = 4). Scale bar: 50 pm. F. Representative histological images showing LKB1 expression and ectopic calcification by
Alizarin Red staining in coronary artery sections from controls and end-stage chronic kidney disease (CKD) patients (n = 5). Scale bar: 20 ym. G and H. mRNA and
protein expression of LKB1, as detected by RT-PCR (n = 4) (G) and Western blot analysis (n = 4) (H) in VSMCs supplemented with serum from patients with uremia
(n = 4) and controls (CTR) (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 vs. CTR. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

Tissues were fixed in 10% paraformaldehyde, embedded in paraffin,
and then sectioned at a thickness of 5 pm. After conventional dehydra-
tion, sections were stained with 1% Alizarin Red S stain solution for 5
min and washed with PBS. After xylene treatment, slides were sealed
with gel resin. Photographs were taken under a digital microscope.

2.9. Von Kossa staining

An amount of 1% silver nitrate (Solarbio, G5491) was placed onto
the sections before exposure under UV light for 20 min. The tissue slices
were then rinsed in distilled water and incubated with 5% sodium
thiosulfate for 2 min. Finally, samples were dehydrated and mounted,
and images were taken under a digital microscope.

2.10. Western blot analysis

Proteins were extracted from cells or tissues with RIPA buffer
(Solarbio, R0010), fractionated by SDS-PAGE, and transferred to PVDF
membranes. The membranes were blocked in 5% non-fat dried milk/
Tween 20-tris buffered saline (TBST) for 1 h and incubated overnight at
4 °C with a primary antibody. After three cycles of cleaning with TBST,
membranes were incubated in appropriate horseradish peroxidase-
conjugated secondary antibodies and observed by enhanced chem-
iluminescence (Pierce). ImageJ software was used for analysis. All ex-
periments were performed at least three times.

2.11. Immunohistochemical analyses

Briefly, sections were dewaxed, rehydrated, blocked by endogenous
peroxidase activity and nonspecific binding, and incubated overnight
with primary antibodies at 4 °C. After three cycles of washing with PBS,
sections were incubated with secondary antibody at 37 °C for 30 min.
Bound secondary antibodies were detected by using DAB solution
(Zhong Shan Golden Bridge Biological Technology, Beijing, China).
Tissue sections were observed under a confocal FV 1000 SPD laser
scanning microscope (Olympus, Japan).

2.12. ALP activity and HMGBI level measurement

ALP levels in VSMCs, serum, and tissues were analyzed by using
commercially available kits (Jiancheng Biology Engineering Institute,
Nanjing, China). HMGB1 levels in serum and cell supernatant were
detected by using the mouse HMGB1 ELISA Kit (CSB-E08225 m;
Cusabio).

2.13. Quantitative real-time PCR (qPCR)

According to the instructions, total RNA was extracted from VSMCs
and mouse tissues with Tri reagent (Ambion, Austin, TX, USA), and 1 pug
RNA was reverse-transcribed into complementary DNA by using a
iScriptcDNA synthesis kit (Bio-Rad, Hercules, CA, USA). PCR amplifica-
tion was conducted using the SYBR PCR mix (Bio-Rad). The oligonucle-
otide primer sequences were as follows: for Lkbl, 5'-
CCGACAGATTAGGCAGCACA-3' and 5-GGCTTGGTGGGATAGGTACG-
3’; ALP ligand (ALPL): 5-TTGTGCCAGAGAAAGAGAGAGA-3' and 5'-
GTTTCAGGGCATTTTTCAAGGT-3’; Runt-related transcription factor 2
(Runx2): 5'-AGAGTCAGATTACAGATCCCAGG-3' and 5-AGGAGGGG-
TAAGACTGGTCATA-3’; Msh homeobox 2 (Msx2): 5-TTCACCA-
CATCCCAGCTTCTA-3" and 5'-TTGCAGTCTTTTCGCCTTAGC-3'; Wnt3a:
5'-AATTTGGAGGAATGGTCTCTCGG-3' and 5'-CAGCAGGTCTTCACTT-
CACAG-3'; Wnt7a: 5'-GGCTTCTCTTCGGTGGTAGC-3' and 5'-TGAAACT-
GACACTCGTCCAGG-3'; Hmbg1: 5-CACCCGGATGCTTCTGTCAA-3' and
5- GAAGAAGGCCGAAGGAGGC-3'; and Gapdh: 5-AGGTCGGTGT-
GAACGGATTTG-3' and 5'-TGTAGACCATGTAGTTGAGGTCA-3'.

2.14. Immunoprecipitation

All immunoprecipitation tests were performed by using commer-
cially available kits (#635696; Takara).

2.15. Human samples

Human coronary arteries were obtained from brain-dead multi-
organ donors, consisting of five controls and five patients with end-stage
chronic kidney disease (CKD). Blood was collected from CKD patients
before dialysis and healthy volunteers as controls, and serum was ob-
tained by centrifugation at 3000 rpm for 15 min. VSMCs were in a serum
starvation state for 24 h before treatment. Uremic serum (15%) from
hemodialysis patients or control serum from matched healthy in-
dividuals (normal serum) was collected as previously described [8],
followed by Western blot and RT-PCR analyses. The use of human tissues
was approved by the Medical Institutional Ethics Committee of Qilu
Hospital, Shandong University, China, and all donors provided informed
consent.

2.16. Statistical analysis

All data analyses were conducted using GraphPad Prism 6.0, and the
data are presented as the mean + SEM. Comparisons between two
groups were performed by Student’s t-test, and comparisons between
more than two groups were conducted via one-way analysis of variance
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Fig. 2. Liver kinase B1 (LKB1) overexpression inhibits high phosphate-induced calcification in vascular smooth muscle cells (VSMCs). VSMCs were infected with
adenovirus-expressing green fluorescent protein (GFP) or LKB1 and treated with high phosphate for 6 days. A. Protein levels of Runx2 and LKB1, as detected by
Western blot analysis (n = 4). B. Representative original images of Alizarin Red staining in VSMCs (n = 3). C. Total calcium content in VSMCs (n = 6). D. Alkaline
phosphatase ligand (ALPL) activity in VSMCs (n = 6). E-1. mRNA levels of ALPL (E), Runx2 (F), Msx2 (G), Wnt3a (H), and Wnt7a (I), as detected by RT-PCR (n = 4).
*P < 0.05, **P < 0.01, ***P < 0.001 vs. GFP; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. GFP + phosphate (Pi). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

(ANOVA). P < 0.05 was considered statistically significant.
3. Results
3.1. Vascular LKB1 expression was decreased under calcifying conditions

We explored the effect of known osteocyte/chondrocyte trans-
differentiation and VSMC calcification triggers on the expression of
vascular LKB1. After treatment with phosphate, glucose, dexametha-
sone, and aldosterone, the mRNA and protein levels of LKB1 were
significantly downregulated in VSMCs compared to the control (Fig. 1
and 1B). Similarly, after treatment with vitamin D, the mRNA and
protein levels of LKB1 were reduced in the aortic tissue of calcified mice
compared to in that of control mice (Fig. 1C and D). Moreover, immu-
nohistochemistry revealed reduced LKB1 levels in calcified coronary
arteries in calcified mice (Fig. 1E and Supplementary Fig. 5A) and CKD
patients compared with in the controls (Fig. 1F and Supplementary
Fig. 1). Furthermore, after treating with serum from patients with
advanced uremia, VSMCs calcification was induced (Supplementary
Fig. 2), the mRNA and protein levels of LKB1 in VSMCs were remarkably
reduced compared to the control group (Fig. 1G and H). Thus, LKB1
levels were negatively correlated with calcification.

3.2. LKBI1 overexpression inhibits high phosphate-induced calcification in
VSMCs

To illuminate the role of LKB1 in vascular calcification, we infected
VSMCs with an adenovirus expressing GFP or LKB1, followed by treat-
ment with high phosphate for 6 days. Runx2 is a major transcription
factor that plays a vital role in the osteogenic differentiation of VSMCs
[31]. Runx2 expression was significantly increased under high phos-
phate treatment in VSMCs, and this could be alleviated by LKB1 over-
expression (Fig. 2A). Similarly, Alizarin Red staining showed that LKB1
overexpression relieved calcium deposition in calcified VSMCs with high
phosphate treatment (Fig. 2B). In addition, LKB1 overexpression
weakened the high phosphate induction of calcium content and ALP
activity in VSMCs (Fig. 2C and D) and reduced the mRNA expression of
ALPL, Runx2, Msx2, Wnt3a, and Wnt7a in high phosphate-induced
VSMCs (Fig. 2E-I). Thus, LKB1 overexpression could inhibit high
phosphate-induced calcification of VSMCs.

3.3. LKBI deficiency aggravates high phosphate-induced calcification in
VSMCs

To further verify the relationship between LKB1 and vascular smooth
muscle calcification, the primary VSMCs from control and LKB15MKXC
mice were incubated with high phosphate for 6 days. The Runx2
expression increased by high phosphate was magnified in the VSMCs of
LKB15MXO mice compared with in the controls (Fig. 3A). Alizarin Red
staining revealed significant calcium deposition, that was amplified in
the VSMCs of LKB15MKO mice, but not in those of the controls (Fig. 3B).
Similarly, calcium content and high phosphate-induced ALP activity
intensified with LKB1 deficiency (Fig. 3C and D). In addition, LKB1

deficiency significantly increased the mRNA levels of ALPL, Runx2,
Msx2, Wnt3a, and Wnt7a in high phosphate-induced VSMCs (Fig. 3E-J).
Thus, LKB1 deficiency aggravated high phosphate-induced calcification
in VSMCs.

3.4. LKBI1 binds with HMGB1 and promotes its degradation

To study the molecular mechanism of LKB1 in vascular calcification,
we examined a variety of molecules and pathways. LKB1 overexpression
reduced the protein and mRNA levels of HMGB1 in VSMCs (Fig. 4A and
4B) and decreased secreted HMGB1 levels in cell culture medium
(Fig. 4C). Thus, LKB1 could inhibit HMGBI1 levels. Moreover, immu-
noprecipitation revealed that LKB1 could bind with HMGB1 both
endogenously and exogenously (Fig. 4D). To explore the specific binding
region of LKB1 and HMGB1, we constructed HMGB1 plasmids (Fig. 4E).
Immunoprecipitation showed that HMGB1-A, HMGB1-B, and HMGB1-C
could not combine with LKB1 alone, and only full-length HMGB1 could
combine with LKB1 (Fig. 4D and 4F).

The three ways to promote protein degradation include the auto-
phagy, proteasome, and lysosomal pathways. VSMCs were pretreated
with the autophagy inhibitor 3-MA, proteasome inhibitor MG132, or
lysosomal inhibitor CQ to explore the HMGB1 degradation pathway.
LKB1 overexpression-induced HMGB1 degradation could be attenuated
by CQ, but not by MG132 or 3-MA (Fig. 4G-I and Supplementary Fig. 3),
which suggests that LKB1 promoted HMGB1 degradation via the lyso-
somal pathway. To further explore the mechanism of action of LKB1 on
HMGB1, GPS5.0 software was used to predict phosphorylation sites
where LKB1 may act on HMGB1. However, the results of immunopre-
cipitation did not show that LKB1 could phosphorylate HMGB1 (data not
shown). Hence, LKB1 can bind to HMGBI1 and promote its degradation
via the lysosomal pathway.

3.5. LKBI inhibits high phosphate-induced calcification via HMGB1

To further investigate whether LKB1 regulates vascular calcification
via HMGB1, VSMCs were infected with adenovirus overexpressing LKB1
and/or HMGBI1, followed by treatment with high phosphate for 6 days.
HMGBI1 overexpression could reverse the inhibition of Runx2 and cal-
cium deposition induced by LKB1 overexpression (Fig. 5A and B). Also,
LKB1 overexpression reduced calcium content and alkaline phosphatase
activity in VSMCs, but HMGB1 overexpression could partially offset this
trend (Fig. 5C and D). Consistently, HMGB1 overexpression heightened
the downregulation effect of LKB1 on ALPL, Runx2, MSX2, Wnt3a, and
Wnt7a (Fig. 5E-K). Hence, LKB1 may inhibit high phosphate-induced
calcification by interacting with HMGB1.

Considering that LKB1 is an important upstream regulator of AMPKa
activity, we detected whether LKB1 regulates calcification through
AMPK. VSMCs infected with adenovirus overexpressing GFP or LKB1
were treated with the AMPK inhibitor Compound C and then incubated
with high phosphate for 6 days. The inhibitory effect of LKB1 over-
expression on Runx2, calcium content, and alkaline phosphatase activity
could not be reversed by Compound C (Supplementary Fig. 4A-4D).
Consistently, Compound C could not alter the downregulation effect of
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Fig. 3. Liver kinase B1 (LKB1) deficiency aggravates high phosphate-induced calcification in vascular smooth muscle cells (VSMCs). Primary VSMCs from control
(CTR) and LKB1%MX© (LKB1 KO) mice were treated with high phosphate for 6 days. A. Protein levels of Runx2 and LKB1, as detected by Western blot analysis (n = 3).
B. Representative Alizarin Red staining in VSMCs (n = 3). C. Total calcium content in VSMCs (n = 6). D. Alkaline phosphatase ligand (ALPL) activity in VSMCs (n =
3). E-J. mRNA levels of LKB1 (E), ALPL (F), Runx2 (G), Msx2 (H), Wnt3a (I), and Wnt7a (J) detected by RT-PCR (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 vs. CTR;
#P < 0.05, ##P < 0.01, ###P < 0.01 vs. CTR + Pi. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. Liver kinase B1 (LKB1) binds with high mobility group box 1 (HMGB1) and promotes its degradation. A and B. Vascular smooth muscle cells (VSMCs) were
infected with adenovirus-expressing green fluorescent protein (GFP) or LKB1, and results were determined using Western blot analysis (n = 6) (A) and RT-PCR
analysis (n = 4) (B). C. HMGBI levels in cell medium, as detected via ELISA (n = 6). D. VSMC (without LKB1 overexpression) lysates were immunoprecipitated
with IgG or LKB1 antibody, and VSMC (with LKB1 overexpression) lysates were immunoprecipitated with IgG or Flag antibody. Results were determined via Western
blot analysis with anti-HMGB1 antibody. E. Schematic diagram of the construction of HMGB1-truncated plasmids. F. HEK293T cells were transfected with LKB1-Flag
and HMGB1-A- or HMGB1-B- or HMGB1-C-GFP plasmids, followed by immunoprecipitation with anti-Flag antibody and Western blot analysis with anti-GFP
antibody. G-1. VSMCs were infected with adenovirus-expressing GFP or LKB1 and treated with proteasome inhibitor 1 pM MG-132 (n = 5) (G), 10 mM autopha-
gic inhibitor 3-MA (n = 5) (H), or 10 pM lysosomal inhibitor CQ (n = 5) (I). Western blot analysis was performed to detect HMGBI1 levels. *P < 0.05, **P < 0.01,
*#*P < 0.001 vs. GFP; ¥¢ P < 0.01 vs. LKB1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. Liver kinase B1 (LKB1) inhibits high phosphate-induced calcification via HMGB1. Vascular smooth muscle cells (VSMCs) were infected with adenovirus-
expressing green fluorescent protein (GFP), LKB1, and/or HMGBI, then treated with high phosphate for 6 days. A. Protein levels of Runx2, LKB1, and HMGB1,
as detected by Western blot analysis (n = 3). B. Representative Alizarin Red staining in VSMCs (n = 3). C. Total calcium content in VSMCs (n = 5). D. Alkaline
phosphatase (ALP) activity in VSMCs (n = 6/GFP and LKB1 groups, n = 3/HMGB1 and LKB1+HMGB1 groups). E-K. mRNA levels of LKB1 (E), HMGBI1 (F), alkaline
phosphatase ligand (ALPL) (G), Runx2 (H), Msx2 (I), Wnt3a (J), and Wnt7a (K), as detected by RT-PCR (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 vs. GFP; #P <
0.05, ##P < 0.01, ###P < 0.01 vs. HMGB1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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***P < 0.001 vs. CTR.
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Fig. 7. Smooth muscle-specific deletion of liver kinase B1 (LKB1) aggravates vitamin D-induced vascular calcification. A-B. Vascular calcification was induced in
control (CTR) and LKB15MX© (LKB1 KO) mice by administering vitamin D (VD). The matrix mineral deposition in aortic tissues was assessed by Alizarin Red (n = 10)
(A) and Von Kossa staining (n = 10) (B). Scale bar: 100 pm. C. Aortic calcium content in control (CTR) and LKB15MXO (1LKB1 KO) mice (n = 7). D. Protein level of
aortic Runx2, as assessed by Western blot analysis (n = 4). E-F. Serum calcium content (n = 7) (E) and alkaline phosphatase (ALP) activity (n = 7) (F) in mice. *P <
0.05, **P < 0.01, ***P < 0.001 vs. CTR; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. CTR + VD. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

LKB1 on ALPL and MSX2 (Supplementary Fig. 4E-4F). Therefore, LKB1
inhibits high phosphate-induced calcification independent of AMPK.

3.6. LKBI1 deficiency in smooth muscle increases HM/GB1 levels

LKB1%MKO mice were generated according to Mendelian frequency,
with no significant difference in growth between the control group and
LKB15MKO mice (data not shown). LKB1 protein expression was
remarkably decreased in primary VSMCs from LKBI1SMXO mice
compared to the control group (Fig. 3A) and aortas from LKB15X© mice
(Fig. 6C). Based on these results, we can conclude that smooth muscle-
specific LKB1 knockout was effective.

We further verified the correlation between LKB1 and HMGBI.
Immunohistochemistry indicated that HMGB1 levels were significantly
higher in aortas from LKB1SXC mice than in those of the controls
(Fig. 6A and Supplementary Fig. 5B). Similarly, LKB1 deficiency
elevated serum HMGB1 levels in LKB1SMX© mice in comparison to the
controls (Fig. 6B). HMGBL1 protein levels were also higher in the aortas
of LKB13MKO mjce than in those of the controls (Fig. 6C and D). There-
fore, LGL1 deficiency in smooth muscle increased HMGB1 levels.

Smooth muscle-specific LKB1 deletion exacerbated vitamin D-
induced vascular calcification.

As aforementioned, vitamin D injection induced vascular calcifica-
tion in control and LKB1SMX© mice. LKB1 deletion remarkably increased
matrix mineral deposition, as assessed by Alizarin Red and Von Kossa
staining (Fig. 7A and B). Moreover, calcium content and Runx2
expression were elevated in the aortas of LKB15™XC mice compared to in
those of the controls (Fig. 7C and D). Furthermore, as compared with the
controls, LKB1MXC mice showed significantly increased serum calcium
content and ALP activity with or without vitamin D-induced calcifica-
tion (Fig. 7E and F). Thus, the absence of smooth muscle specificity of
LKB1 exacerbated vascular calcification.

3.7. HMGBI inhibitor alleviates deteriorated vascular calcification in
LKB1MKO mice

To verify that LKB1 alters vascular calcification via HMGB1 in vivo,
we treated control and LGL15MX© mice with the direct HMGB1 inhibitor
GA and induced calcification with vitamin D. GA treatment significantly
inhibited the increased expressions of HMGB1 and Runx2 caused by
LKB1 deficiency (Fig. 8A-B and Supplementary Fig. 5C). Likewise, GA
treatment attenuated the increased calcium deposition, as assessed by
Alizarin Red and Von Kossa staining in LKB15MKO mijce (Fig. 8C-D). The
increased calcium content and ALP activity in aortas and serum from
LKB15MXO mice further demonstrated this effect (Fig. 8E-H). Therefore,
inhibiting HMGB1 alleviated the deteriorating vascular calcification in
LKB15MKO mice.

4. Discussion

To explore the role of LKB1 in vascular calcification, we used smooth
muscle-specific LKB1 knockout mice. In aortic smooth muscle cells, loss
of LKB1 induced Runx2 and ALP upregulation. Moreover, LKB1 defi-
ciency enhanced HMGB1 expression and vascular calcification, which
was confirmed by Alizarin Red staining, Von Kossa staining, and calcium
content detection. In vitro, we cultured VSMCs that overexpressed LKB1.
LKB1 overexpression in VSMCs downregulated bone formation genes
such as Runx2 and ALP, reduced the severity of calcification (as
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demonstrated by Alizarin Red staining and calcium content detection),
and decreased HMGB1 expression. Meanwhile, the degree of calcifica-
tion and HMGBI1 expression was significantly increased in VSMCs from
LKB1MXO mouse aortas compared with in those of the controls.
Furthermore, HMGB1 overexpression in VSMCs could counteract the
inhibitory effect of LKB1 overexpression on calcification. LKB1 could
bind to HMGB1 endogenously and exogenously, and this binding de-
pends on the structural integrity of HMGB1. Taken together, our results
revealed that LKB1 inhibited vascular calcification by binding full-
length HMGB1 and decreasing its expression via the lysosomal pathway.

A large number of studies have shown that LKB1 plays a vital role in
cardiovascular diseases [24,32-34]. Cardiac-specific LKB1 deletion
leads to cardiac hypertrophy and dysfunction [35]. In our previous
study, absence of smooth muscle-specific LKB1 exacerbated angiotensin
[I-induced abdominal aortic aneurysm in mice [36]. However, no as-
sociation between LKB1 and vascular calcification has been reported. In
this study, we found that LKB1 inhibits vascular calcification by binding
HMGB1 and promoting its degradation. Although AMPK is the most
important substrate of LKB1, we demonstrated that LKB1 inhibits high
phosphate-induced calcification independent of AMPK. Our study
further elucidated the mechanism by which calcification occurs and
improved understanding of the biological function of LKB1.

Vascular calcification refers to an increase in calcium and phos-
phorus deposition in cardiovascular tissue. It is a complex process that
involves the migration and apoptosis of VSMCs and osteogenic differ-
entiation, as well as the increased release of matrix vesicles [4]. The
mechanism of vascular calcification regulation mainly includes VSMC
apoptosis, increased osteogenic differentiation, and increased release of
inflammatory factors [37,38]. As mentioned earlier, the inflammatory
response promotes calcification [5,39,40], whereas osteogenic differ-
entiation is an indicator of calcification [41,42]. TNF ligand-related
molecule 1A inhibits vascular calcification by inhibiting osteogenic
differentiation [43]. Moreover, the G protein signaling pathway could
be implicated in the osteogenic differentiation of VSMCs during vascular
calcification [44].

HMGBI regulates vascular calcification though the Wnt/p-catenin
signaling pathway [45] and the transforming growth factor-$/bone
morphogenic protein signaling pathway [18]. HMGB1 can be adjusted
by transcription factors such as Kriippel-like factor 4 [46] and bromo-
domain 4 [47] and microRNAs such as mir-142-3p and mir-129-5p
[48]. E3 ligase FBXW7 [49] could also promote the degradation of
HMGB1 protein. Our results suggest that LKB1 regulates vascular
calcification by binding to full-length HMGB1. Also, the HMGBI in-
hibitor GA attenuated the aggravated vascular calcification in LGL15MX°
mice, which suggests that HMGB1 may be a potential target in pre-
venting and treating vascular calcification.

Vascular calcification is strongly linked to atherosclerosis, hyper-
tension, vascular injury, chronic kidney disease, senility, and other
common diseases. Therefore, understanding the mechanism of vascular
calcification is crucial for preventing and treating these diseases.

In this study, vitamin D was used to construct an animal calcification
model. In this model, the degree of calcification in the LKB15MX© group
was very severe, the health status of the mice decreased sharply, and
induced mortality increased in the later period. We reduced the induc-
tion days to increase the survival rate, which led to an insignificant
degree of calcification in the control group. However, this further sug-
gested that smooth muscle-specific LKB1 deletion exacerbated vitamin
D-induced vascular calcification. This study also had other limitations.
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Fig. 8. HMGBI1 inhibitor attenuates aggravated
vascular calcification in liver kinase Bl
(LKB1SMKO) mice. A. HMGB1 inhibitor glycyr-
rhizic acid (GA) (20 mg/kg) was administered daily
to (CTR) and LKB15MX© (LKB1 KO) mice 8 h before
injection of vitamin D to the control. Vascular
calcification was then induced. The HMGB1 level
in aortic tissues was assessed by immunohisto-
chemistry (n = 4). Scale bar: 100 pm. B. Protein
levels of LKB1, HMGB1 and Runx2 in aortic tissues,
as detected by Western blot analysis (n = 6). C-D.
Matrix mineral deposition in aortic tissues assessed
by Alizarin Red staining (n = 6) (C) and Von Kossa
staining (D). Scale bar: 100 pm. E-F. Aortic calcium
content (n = 5) (E) and alkaline phosphatase (ALP)
activity (n = 7) (F) in mice. G-H. Serum calcium
content (n = 5) (G) and ALP activity (n = 7) (H) in
mice. *P < 0.05, **P < 0.01, ***P < 0.001 vs. CTR
+ Vehicle; #P < 0.05, ##P < 0.01, ###P < 0.001
vs. CTR + GA. (For interpretation of the references
to color in this figure legend, the reader is referred
to the Web version of this article.)
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First, there are no appropriate antibodies to explore the colocalization of
LKB1 and HMGBI in lysosomes. Second, according to group-based
phosphorylation site predicting and scoring (GPS) 5.0, there is no
phosphorylation site for LKB1 in HMGBI1 (data not shown). Thus, the
molecular mechanism by which LKB1 promotes HMGB1 degradation
needs to be further explored in future studies.

Overall, this study confirmed that LKB1 inhibits vascular calcifica-
tion via HMGB1. LKB1 expression was significantly reduced in the ar-
teries of calcified mice and patients with CKD. We provide a new
molecular mechanism for the occurrence and development of vascular
calcification and new prospects for the translation of this knowledge to
clinical practice.
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