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Restoration of 5-methoxytryptophan s

protects against atherosclerotic chondrogenesis
and calcification in ApoE~'~ mice fed high fat
diet
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Abstract

Background: Toll-like receptor-2 (TLR2) promotes vascular smooth muscle cell (VSMC) transdifferentiation to
chondrocytes and calcification in a p38 MAPK-dependent manner. Vascular 5-methoxytryptophan (5-MTP) is a newly
identified factor with anti-inflammatory actions. As 5-MTP targets p38 MAPK for its actions, we postulated that 5-MTP
protects against vascular chondrogenesis and calcification.

Methods: High-fat diet-induced advanced atherosclerosis in mice were performed to investigate the effect of 5-MTP
on atherosclerotic lesions and calcification. VSMCs were used to determine the role of 5-MTP in VSMC chondrogenic
differentiation and calcification. Alizarin red S and Alcian blue staining were used to measure VSMC calcification and
chondrogenic differentiation, respectively.

/= /—

Results: 5-MTP was detected in aortic tissues of ApoE~"~ mice fed control chow. It was reduced in Apo£~'~ mice fed
high-fat diet (HFD), but was restored in Apof~/~TIr2~/~ mice, suggesting that HFD reduces vascular 5-MTP production
via TLR2. Intraperitoneal injection of 5-MTP or its analog into ApoE ™'~ mice fed HFD reduced aortic atherosclerotic
lesions and calcification which was accompanied by reduction of chondrogenesis and calcium deposition. Pam3CSK4
(Pam3), ligand of TLR2, induced SMC phenotypic switch to chondrocytes. Pretreatment with 5-MTP preserved SMC
contractile proteins and blocked Pam3-induced chondrocyte differentiation and calcification. 5-MTP inhibited HFD-
induced p38 MAPK activation in vivo and Pam3-induced p38 MAPK activation in SMCs. 5-MTP suppressed HFD-
induced CREB activation in aortic tissues and Pam3-induced CREB and NF-kB activation in SMCs.

Conclusions: These findings suggest that 5-MTP is a vascular arsenal against atherosclerosis and calcification by
inhibiting TLR2-mediated SMC phenotypic switch to chondrocytes and the consequent calcification. 5-MTP exerts
these effects by blocking p38 MAPK activation and inhibiting CREB and NF-kB transactivation activity.
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Background

Atherosclerosis progression is accompanied by inti-

mal calcification which has emerged as a major deter-

minant of atheromatous plaque instability and rupture
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inflammation plays a major role in calcification [5, 6].
There is accumulating evidence that pro-inflammatory
cytokines drive vascular smooth muscle cell (VSMC)
migration and promote its phenotypic switch from con-
tractile to osteochondrogenic phenotype which lead
to vascular calcification [7-10]. Calcium is deposited
in osteochondrogenic cells and released into extracel-
lular matrix in a manner akin to bone formation [6].
We reported that toll like receptor 2 (TLR2) activation
induces vascular SMC transdifferentiation into chondro-
cytes with calcium deposition [10]. Endogenous TLR2
activation plays a crucial role in aortic chondrogen-
esis and calcification in ApoE~~ mice fed with high fat
diet (HFD) as atheromatous calcification is abrogated in
HFD-fed ApoE~'~TIr2~~ double-knockout mice [10].
TLR2 activation promotes atheromatous calcification via
p38 MAPK signaling pathway which leads to enhanced
IL-6 expression [10]. IL-6 was shown to drive VSMC
migration and VSMC transdifferentiation into chondro-
cytes and calcium deposition [10-12].

In the present study, we investigated the influence
of 5-methoxytryptophan (5-MTP) on TLR2-mediated
chondrogenesis and calcification. 5-MTP is a newly dis-
covered vascular factor which blocks macrophage acti-
vation and secretion of pro-inflammatory cytokines
including IL-6 [13]. 5-MTP is synthesized from L-tryp-
tophan through two steps of enzymatic catalysis. The
initial step is catalyzed by tryptophan hydroxylase-1
(TPH-1) which converts L-tryptophan to 5-hydroxytryp-
tophan (5-HTP) and the final step is catalyzed by hydrox-
yindole O-methyltransferase which converts 5-HTP to
5-MTP [14]. 5-MTP is released into extracellular milieu
by a Golgi vesicular trafficking process [13]. 5-MTP was
reported to inhibit IL-6, IL-1p and tumor necrosis fac-
tor a (TNFa) secretion in lipopolysaccharide (LPS)-
treated murine macrophages by blocking p38 MAPK
and NF-kB activation [13]. Furthermore, 5-MTP inhibits
IL-1pB-induced mouse vascular SMC migration and pro-
liferation via the p38 MAPK signaling pathway [15]. In
view of the inhibitory actions of 5-MTP on macrophage
activation and VSMC migration via p38 MAPK, we were
curious whether 5-MTP affects atheromatous calcifica-
tion. We hypothesize that 5-MTP defends against ath-
eromatous calcification by blocking VSMC migration
and chondrogenic differentiation via inhibition of p38
MAPK-mediated IL-6 expression. The results show that
vascular production of 5-MTP was suppressed by HFD-
induced atherosclerosis in ApoE~~ mice, which was
restored by genetic deletion of TLR2. 5-MTP administra-
tion reduced chondrogenesis and calcification in HFD-
induced atherosclerosis in ApoE~~ mice and inhibited
VSMC phenotypic switch to calcified chondrocytes
induced by TLR2 and TLR4 activation. 5-MTP inhibits
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VSMC chondrocyte differentiation and calcification by
blocking p38 MAPK-mediated CREB activation and IL-6
expression.

Materials and methods

Reagents

Pam3CSK4 (Pam3; tlrl-pms) was purchased from Inv-
itrogen. DL-5-MTP (28052-84-8) was purchased from
Sigma-Aldrich. Pure L form of 5-MTP (L-5-MTP) and
5-MTP methylester analog, L-5-MTPE were commer-
cially synthesized by ASTATECH, USA. Antibodies for
OPG (TA322994; Origene), a-SM actin (A5228; Sigma-
Aldrich), SM22a (ab14106; Abcam), osterix (ab22552;
Abcam), collagen II (ab34712; Abcam), SOX9 (sc-20095;
Santa Cluz), aggrecan (MA3-16888; Thermo), interleu-
kine-6 (ab6672; Abcam), pp38 (#4511; Cell Signaling
Technology), p38 (sc-7194; Santa Cluz), pCREB (#9198;
Cell Signaling Technology), CREB (#9197; Cell Signal-
ing Technology), pp65 (#3033; Cell Signaling Technol-
ogy), p65(#4746; Cell Signaling Technology) and B-actin
(MAB1501; Millipore) were used in Western blot analysis
and Immunohistochemistry. The antibody for detecting
5-MTP was customized by GeneScript, USA. Powders
of Alizarin red S (ARS; A5533) and Alcian blue (A5268)
were purchased from Sigma-Aldrich.

Mouse mode of atherosclerosis and atherosclerotic
calcification
Wild type, TIr27'~, ApoE~'~ and ApoE~'~TIr2~'~
C57BL/6 ] mice (8—10 weeks old) were subjected to an
atherosclerotic intimal calcification by feeding a nor-
mal chow or high-fat diet as previously described [10].
In brief, mice were randomly fed a normal chow or a
high-fat diet containing 20% fat and 0.12% cholesterol
(Research Diets incorporation D12108Ci) for 12 or
20 weeks. Animal studies were followed the guidelines
of experimental atherosclerosis studies described in the
AHA Statement [16] and NIH Guide for Care and Use of
Laboratory Animals. All experimental procedures were
approved by the Institutional Animal Care and Use Com-
mittee of National Health Research Institutes, Taiwan.
Mice were treated with vehicle (saline), L-5-MTP
(23.5 mg/kg), DL-5-MTP (23.5 mg/kg), or L-5-MTPE
(24.7 mg/kg) by IP injection twice a week for 12 or
20 weeks. At indicated time points, the mice were killed
by CO, anaesthesia and blood samples were collected for
cytokine analysis and 5-MTP measurement. The aortas
were harvested for analysis of atherosclerotic lesion and
calcification according to the guidelines of analysis of
atherosclerotic lesions described in the American Heart
Association Statement [16]. To more specifically meas-
ure the chondrogenic and calcific area of mouse lesion
sites in the aortic arch area from the ascending aorta to
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the end of the arch, we made three 3-um sections on each
slide, with a total of 100 slides in a sequential manner.
We picked one slide from every 10 slides and a total of 10
slides from each group were blindly subjected to ARS and
Alcian blue staining. These 10 slides were quantified and
the mean score of all the slides were presented.

Cell culture and treatment
Primary VSMCs were isolated from 18.5-day postcon-
ception embryonic mouse aortas of C57BL/6 ] mice (The
National Laboratory Animal Center, Taipei, Taiwan) and
Tlr2~'= C57BL/6 ] mice (The Jackson Laboratory) and
cultured in a growth medium containing DMEM supple-
mented with 10% FBS, penicillin (100 U/mL), and strep-
tomycin (100 pg/mL) as previously described [10].
VSMCs were pre-treated with or without DMSO,
5-MTP, or 5-MTPE for 30 min before treatment with
endotoxin-free TE buffer, TLR2 ligands (0.1 pg/mL
Pam3CSK4), or TLR4 ligand LPS from Escherichia
coli 055:B5 (100 ng/ml; Sigma-Aldrich) in a calcifying
medium consisting of DMEM supplemented with 10%
EBS, penicillin (100 U/ml), streptomycin (100 pg/ml),
50 mg/L L-ascorbic acid and 2.16 g/L B-glycerophosphate
(Sigma-Aldrich) for the indicated time, with treatment
and medium changes every 3 days, unless specified
otherwise.

5-MTP measurement

Plasma 5-MTP was measured using UPLC coupled with
a Xevo " triple quadrupole mass spectrometer (Waters)
as previously described [17]. Vascular 5-MTP level was
determined by immunohistochemistry (IHC) with anti-
5-MTP antibody [13].

Immunohistochemistry (IHC)

For detection of tissue protein expression, aortic sec-
tions were heated at 60 °C for 1 h and deparaffinized
with xylene and rehydration through graded alcohols.
Antigen sites were retrieved by heating the sections in
an EDTA antigen retrieval buffer of pH 8 (Trilogy; Cell
Marque Corporation) in an electric pressure cooker for
10 min. Sections were sequentially blocked by 3% H,O,
for 20 min and blocking buffer (5% BSA in phosphate-
buffered saline with 0.1% Tween 20 (PBST)) for an addi-
tional 30 min. All antibodies described hereafter were
diluted in PBS. Sections were incubated at room temper-
ature for 2 h or 4 °C for 16 h with primary antibody and
then washed in PBST. The sections were then incubated
with horseradish peroxidase Labelled Polymer (Dako)
for 60 min and washed 3 x times with PBST. Target pro-
tein expression levels in tissues were visualized using the
DAB Chromogen system (Dako). To precisely evaluate
our results, three to five sections with a constant interval
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of sectioning by order were used for each target. Tissues
were counterstained with hematoxylin. The immuno-
positive areas in the aortic tissues were quantified using
Image] software. The positive areas were quantified as the
percentages of total tissue area. However, when compar-
ing within groups of samples a few samples were consid-
ered outliers and excluded from further analyses.

Oil red O staining

Each aorta was rinsed in 60% isopropanol and stained
with 1% oil red O solution in 60% isopropanol for 10 min
at room temperature. By three times of destaining with
66.6% isopropanol, the aortas were fixed and inspected
under the microscope (Olympus E-330 camera with ED
50 mm f2.0 Macro lens). The oil red O-stained areas were
quantified by using Image] software and expressed as the
percentages of total tissue area.

Chondrogenesis assay

The chondrogenesis in aortic tissues and VSMCs were
determined as previously described [10]. In brief, the
paraffin-embedded aortic tissues and paraformaldehyde-
fixed VSMCs were stained with 1% Alcian blue (Sigma-
Aldrich) dissolved in 3% acetic acid and then washed
three times with 3% acetic acid. The staining images
were acquired on Olympus XI71 microscope and DP70
camera. The Alcian blue areas in the aortic section were
quantified as the percent positive area out of the total tis-
sue area using Image] software. For quantitative analysis
of Alcian blue in VSMCs, the Alcian blue was extracted
with 10% SDS and absorbance at 650 nm was measured
using an ELISA reader.

Calcification assay

Aortic calcification and VSMC calcification were deter-
mined by ARS staining [10]. Aortas were perfused with
saline and immersed in 10% formalin for 24 h at room
temperature, and then directly stained with ARS (Sigma-
Aldrich). After destaining with three times ddH,O, the
aortas and inspected and examined under the micro-
scope. The ARS-stained tissue was analyzed using Image]
software. The percentage of tissue area with ARS nodules
was calculated by dividing the ARS nodule area by the
total area of the aorta.

To assess VSMC calcification, VSMCs were washed
in PBS and fixed with 2% paraformaldehyde in PBS for
15 min. The wells were washed three times with PBS
and stained with 1% ARS in ddH,O for 5 min at room
temperature, and then washed 3 times with ddH2O. Cal-
cified nodules in the wells were observed under a light
microscope. To quantify ARS contents, ARS nodules
were extracted using 10% acetic acid or cetylpyridinium
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Fig. 1 High fat diet (HFD) reduces vascular and plasma 5-MTP via TLR2. A Paraffin-embedded aortic tissues were prepared from chow
diet-fed ApoE~'~ (n=6), HFD-fed ApoE ™~ (n=8), and ApoE~/~TIr2™/~ (n=9) mice for 20 wk and the 5-MTP contents were analyzed by
immunohistochemistry as shown in the upper two panels. Insets in the second panel show the magnified views taken from the areas of aortic
tissues in the first panel. Vascular chondrogenesis and calcifications in the bottom two panels were visualized with Alcian blue and ARS (ARS)
staining, respectively. 5-MTP immunopositive areas in (B) the total artery, C aortic medial layer, and D intimal layer were measured using Image)J
software and expressed as the percent positive area out of the total tissue area. E Plasma 5-MTP levels in mice fed a chow diet (n=9) or HFD
(n=20) for 20 wk were measured by quantitative LC-MS-MS. F, G TPH-1 contents in paraffin-embedded aorta tissues from mice fed a chow diet
(n=5) or HFD (n=7) for 20 wk were analyzed by immunohistochemistry. Negative control represents staining with a 2nd antibody. Representative
microphotographs are shown in (F) and (G) Immunopositive areas in the aorta tissues were quantified using ImageJ software as a percentage of the
total aortic area in each section. Data in B-E and G represent mean = SEM. Lu lumen, Neo neo-intima, Med media, An adventitia. P<0.05, P<0.01,
P<0.001 determined by t-test or a one-way ANOVA
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chloride (CPC) and measured their absorbance at 450 or
560 nm using an ELISA reader.

Elastin staining

Paraffin sections of the aortic arch were deparaffinized
and rehydrated as described in the method of IHC. The
elastin staining (Sigma; HT25A) was performed accord-
ing to the manufacturer’s instructions. The plaque size
for each section was determined by Image] software with
pixel area and the result was presented as the percentage
change over the HFD group.

Migration

VSMC migration was analyzed using transwell plates
with 8-um pore size [18]. After 24 h of serum starva-
tion (0.5% FBS in Dulbecco’s modified Eagle’s medium),
VSMCs were treated with DMSO, Pam3 or LPS with or
without 5-MTP pre-treatment for 24 h. The VSMCs were
trypsinized, washed with PBS, re-suspended in medium
with 0.5% FBS, and then placed in the upper chamber
of 24-well transwell plates in triplicate and the bottom
chambers were replaced with 0.5% FBS medium con-
taining human PDGF-BB recombinant protein (10 ng/
ml) (Peprotech) as a chemoattractant. VSMCs migrating
through the filters after 4 h were quantified and normal-
ized to the cell number with DMSO treatment.

Specific ELISA

IL-6 levels in the culture supernatants and plasma were
determined in microtiter plates (96-well) by a specific
sandwich ELISA (14-7061-85 and 13-7062-85; eBiosci-
ence) as previously described [19]. OPG and RANKL
in the culture supernatants were measured using an
OPG- (ab100733; Abcam; or DY459; R&D) and RANKL-
(ab100749; Abcam) specific detection ELISA Kit with a
96-well microtiter plate according to the manufacturer’s
instructions.

Protein extraction and Western blot analysis
Cellular proteins of VSMCs extracted by RIPA lysis
buffer were resolved by 10% SDS-PAGE and transferred
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to polyvinylidene difluoride (PVDF) membranes as pre-
viously described [20]. They were blotted with specific
antibodies according to the manufacturer’s instructions.

Statistical analysis

All values were given as mean =+ standard deviation (S.D.)
or standard error of the mean (SEM). T-test was used
to determine the statistical significance of difference
between treatment and control groups, while one-way
ANOVA was used to analyze multiple groups. Normality
of the distribution and equal variance were tested before
using ¢ test or one-way ANOVA as previously described
[10]. For appropriate 2-factor analysis, validating signifi-
cance of data in 2 genotypes with different operations
was achieved by Bonferroni post hoc test. P values of less
than 0.05 were considered statistically significant.

Results

High fat diet reduces vascular and plasma 5-MTP

via toll-like receptor 2

We previously reported that vascular endothelial cells
(EC) produce 5-MTP and secrete it into extracellular
milieu via Golgi vesicle trafficking. Furthermore, immu-
nohistochemistry analysis revealed positive 5-MTP
staining in EC and VSMCs of mouse arteries [13]. Here,
we show that ApoE~'~ mice fed regular chow retained
positive 5-MTP staining in ECs and SMCs (Fig. 1A).
By contrast, 5-MTP staining was significantly reduced
in the atherosclerotic lesions of ApoE~'~ mice fed HFD
(Fig. 1A, B), which was accompanied by inducing ath-
erosclerotic chondrogenic differentiation and calcifi-
cation (Fig. 1A, last two lower panels). Quantitative
analysis confirmed significant downregulation of 5-MTP
in the arterial media and intima of HFD-fed ApoE~'~
mice (Fig. 1C, D). Corresponding to 5-MTP reduction in
vascular cells, plasma 5-MTP level in HFD-fed ApoE~'~
mice was significantly lower than that in ApoE~'~ mice
fed control chow (Fig. 1E). As TLR2 plays a pathological
role in trigging atherosclerosis and vascular calcifica-
tion [10], we thus determined whether TLR2 influences
5-MTP production, we analyzed vascular 5-MTP by IHC

(See figure on next page.)

adventitia. P<0.05, P<0.01, P<0.001 determined by a one-way ANOVA

Fig.2 5-MTP administration reduces atherosclerotic chondrogenesis and calcification. A, B ApoE™'~ mice fed an HFD were received intraperitoneal
injection of saline (n=9), 5-MTP (23.5 mg/kg, n=8), or 5-MTPE (24.7 mg/kg, n =8) twice weekly for 12 weeks. A Aortic atherosclerotic lesions were
evaluated by en face staining of the entire aorta with Oil Red O. B Oil Red O positive areas were quantified using ImageJ software as a percentage
of total aortic area in each section. C Vascular chondrogenesis (upper panel) and vascular calcification (lower panel) in aortic arch tissues from
ApoE™"~ mice fed chow diet with intraperitoneal injection of saline or HFD with intraperitoneal injection of saline (n=5), 5-MTP (23.5 mg/kg,

n=>5), or 5-MTPE (24.7 mg/kg, n = 3) twice weekly for 20 weeks were analyzed by Alcian blue staining and ARS, respectively. D Cell chondrogenic
differentiation and E vascular calcification were quantified using ImageJ software. The percentage of tissue area with chondrogenesis or
calcification was calculated by dividing the chondrogenic or calcified area by the total area of the aortic area, respectively. F Collagen Il contents in
aorta tissues from ApoE’/’ mice fed chow diet with saline (n=6) or HFD with saline (n=6) or L-5-MTP (n =6) twice weekly for 20 wk were analyzed
by immunohistochemistry. Negative control represents staining with a 2nd antibody. G Immunopositive areas in the aorta tissues were quantified
as a percentage of the total aortic area in each section. Data in B, D-E, and G represent mean & SEM. Lu lumen, Neo neo-intima, Med media, An
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in ApoE~/~TIr2~'~ double knockout mice. 5-MTP stain-

ing in ApoE~/~Tlr2~'~ mice fed HFD was restored which
was significantly higher than that in ApoE~~ mice fed

HED (Fig. 1A-D)

5-MTP biosynthesis from L-tryptophan is catalyzed by

TPH-1 [14]. We observed that TPH-1 expression in EC
is suppressed by LPS and cytokines [13, 21]. We were,

therefore, curious whether reduced 5-MTP synthesis
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Fig. 3 5-MTP decreases HFD-induced SOX9 expression in aortic atherosclerotic lesions. SOX9 and osterix contents in aorta tissues from Apof ™~
mice fed chow diet with saline (n =3) or HFD with saline (n=6) or L-5-MTP (n =5) twice weekly for 20 wk were analyzed by immunohistochemistry.
Negative control represents staining with a 2nd antibody. Representative microphotographs of the immunohistochemical staining for A SOX9 and
C osterix are shown. Immunopositive areas of B SOX9 and D osterix in aorta tissues were quantified as a percentage of the total aortic area in each
section. Data represent mean 4 SEM. Lu lumen, Neo neo-intima, Med media, An adventitia. P<0.05, P<0.01 determined by a one-way ANOVA

in HFD-fed ApoE~~ mice might be due to TPH-1 sup-
pression. We analyzed TPH-1 expression in aortic tis-
sues by IHC. TPH-1 expression was significantly reduced
in endothelium and media of ApoE~’~ mice fed HFD
(Fig. 1F, G). Taken together, these results reveal reduced
vascular cell 5-MTP production in vascular cells of HFD-
fed-ApoE~~ mice via TLR2. The results suggest that
5-MTP reduction may be attributed to suppression of
TPH-1 expression.

Chondrogenesis and calcification in HFD-induced
neointima are suppressed in ApoE~/~TIr2~/~ mice
Consistent with a previous report [10], abundant chon-
drogenesis stained with Alcian blue was detected in

the neointima of ApoE~'~ mice fed HFD which was
abrogated by TLR2 deletion (Fig. 1A, lower panels).
Correlated with chondrogenesis, ARS-positive cal-
cification was detected in the region of neointima of
HFD-fed ApoE~'~ mice which became undetectable in
double knockout mice (Fig. 1A). Notably, HFD-medi-
ated atherosclerotic chondrogenesis and calcification
and downregulation of 5-MTP in the atherosclerotic
lesion of ApoE~'~ mice was concurrently prevented in
ApoE~'~Tir27'~ mice (Fig. 1A). These results suggest
that HFD activates TLR2 to reduce vascular 5-MTP
expression and the loss of 5-MTP production may sub-
sequently resulted in atherosclerotic chondrogenesis
and calcification.
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incubated in control medium (EGM2) or conditioned medium from human aortic ECs (EC-CM) with or without Pam3CSK4 (Pam3) in the presence or
absence of control IgG or anti-5-MTP antibodies for 24 h. Migration assays were then performed with PDGF-BB as a chemoattractant. VSMCs were
treated with TE buffer, Pam3, or LPS in a calcifying medium with DMSO, DL-5-MTP, or L-5-MTP (100 uM) for (B, €) 2 wk or (D, E) 4 wk, with medium
changes every 3 days. B VSMC chondrogenesis was determined by Alcian blue staining and C quantified by measuring Alcian blue absorbance

at 650 nm. D VSMC calcification was determined by ARS staining and E quantification of calcium deposition was determined by measuring ARS
nodule absorbance at 450 nm. Data represent mean = SD of at least 3 independent experiments. *P < 0.05, **P<0.01 determined by t-test or a
one-way ANOVA
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5-MTP administration reduces chondrogenesis

and calcification

In view of the reduction of 5-MTP in HFD-induced ath-
erosclerosis, we determine whether 5-MTP supplement
protects against atherosclerotic growth and calcification.
The effect of intraperitoneally administration of saline,
5-MTP, or its methylester analog, L-5-MTPE (Additional
file 1: Fig. S1A) on aortic atherosclerotic lesions and cal-
cification were evaluated by en face staining of the entire
aorta with Oil Red O and ARS, respectively. L-5-MTP
and L-5-MTPE reduced Oil Red O staining and athero-
sclerotic lesions to a comparable extent when compared
to saline control (Fig. 2A, B and Additional file 1: Fig.
S1B-S1C). DL-5-MTP attenuated ARS staining of the
aortic arch region (Additional file 1: Fig. S1D and S1E).
We next analyzed chondrogenesis and calcification by
staining aortic cross-sections with Alcian Blue and ARS
stain, respectively. When compared to baseline control
(chow-fed ApoE~'~ mice), prominent Alcian Blue stain-
ing was detected in the aortic sections of ApoE~/~ mice
fed HED for 20 weeks which is accompanied by super-
imposed ARS staining (Fig. 2C-E). L-5-MTP and L-5-
MTPE administration comparably reduced Alician Blue
staining and abrogated ARS staining (Fig. 2C-E). As col-
lagen II expression is a hallmark of chondrogenesis, we
analyzed collagen II in aortic sections by immunohisto-
chemistry (IHC). Compared to the collagen II staining
in controls, HFD enhanced collagen II staining which
was attenuated by L-5-MTP treatment (Fig. 2F, G). L-5-
MTPE suppressed collagen II to an extent comparable to
5-MTP (Additional file 1: Fig. S2). Taken together, these
results suggest that supplement of 5-MTP and its methy-
lester analog L-5-MTPE to ApoE~/~ mice restores pro-
tection against HFD-induced aortic chondrogenesis and
calcification.

SOXO9 is one of major genes driving chondrogenesis.
We determine whether 5-MTP suppresses chondrogen-
esis through control of SOX9 expression. We analyzed
SOX9 proteins in aortic tissues of HFD-fed ApoE~/~
mice treated with and without 5-MTP. Abundant SOX-9
proteins were detected in aortic neointima of HFD-fed
ApoE~'~ mice treated with saline (Fig. 3A, B). SOX-9 lev-
els were significantly lower in mice treated with 5-MTP
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(Fig. 3A, B) or 5-MTPE (Additional file 1: Fig. S3A and
S3B). By contrast, osterix, a driver of osteogenesis, whose
expression was enhanced in HFD-fed ApoE~/~ mice, was
not affected by 5-MTP (Fig. 3C, D) or 5-MTPE (Addi-
tional file 1: Fig. S3C and S3D). These results suggest that
5-MTP blocks SOX-9 but not osterix expression, thereby
decreasing chondrogenesis in the aortic atherosclerotic
lesions of HFD-fed ApoE ™'~ mice.

5-MTP blocks vascular SMC chondrogenic
transdifferentiation and calcification induced by TLR2
activation

The pathological behavior and functional pheno-
type of VSMC are key events in the development and
progression of atherosclerotic lesions. Given that
endothelial cells are considered to play a key role
in controlling vascular homeostasis and 5-MTP is a
novel class of endothelium-derived vasoprotective
molecules [13], we thus determine whether endothe-
lial cells release 5-MTP into the conditioned medium
(CM) and suppress VSMC pathophysiological func-
tion, such as VSMC migration. The results revealed
that CM from human aortic endothelial cells sig-
nificantly suppressed the VSMC migration induced
by TLR2 agonist Pam3CSK4 (Pam3). However, this
VSMC migration suppression was abrogated by anti-
5-MTP antibodies but not control IgG (Fig. 4A), sug-
gesting that endothelial cells release 5-MTP into the
CM which may account for VSMC migration suppress-
ing actions. Notably, vascular SMCs are reported to be
the major cell source of chondrosteogenic transdiffer-
entiation in atherosclerotic lesions [10]. As chondro-
genesis in neointima depends on TLR2, we evaluated
the effect of Pam3 on SMC chondrogenic differentia-
tion and its influence by 5-MTP. Vascular SMCs were
treated with 5-MTP followed by Pam3. Pam3-induced
Alcian Blue staining was abrogated by racemic 5-MTP
(DL-5-MTP) and pure L-5-MTP to a similar extent
(Fig. 4B, C). VSMC calcification analyzed by ARS
staining was enhanced by Pam3 and lipopolysaccha-
ride (LPS, an activator of TLR4), and this enhance-
ment was abrogated by DL-5-MTP (Fig. 4D and E).
Pam3-induced vascular SMC transdifferentiation was

(See figure on next page.)

and SM22a contents in aorta tissues from Apo£ ™~

t-test or a one-way ANOVA

Fig. 5 5-MTP preserves the contractile phenotype of VSMCs. After pretreating VSMCs with 5-MTP (100 uM) for 30 min, cells were stimulated with
Pam3 or LPS for 24 h. A Migration assays were then performed with PDGF-BB as a chemoattractant. B Cell lysates were immunoblotted with
antibodies for a-SMA (a-smooth muscle actin), SM22 a (smooth muscle protein 22 ), or $-actin. Densitometric analysis of a-SMA and SM22 a
immunoblots normalized to B-actin presented in (C) and (D). Data in A and C, D represent mean = SD of at least 3 independent experiments. a-SMA
mice fed chow diet with saline (n =6) or HFD with saline (n=6) or L-5-MTP (n =5) twice weekly
for 20 wk were analyzed by immunohistochemistry. Negative control represents staining with a 2nd antibody. Representative microphotographs
are shown in (E). Lu, lumen; Neo, neo-intima; Med media; An, adventitia. Immunopositive areas of (F) a-SMA and (G) SM22a in the aorta tissues were
quantified as a percentage of the total aortic area in each section. Data in F, G represent mean &= SEM. P<0.05, P<0.01, P<0.001 determined by
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accompanied by enhanced migration (Fig. 5A) and (smooth muscle protein 22 «) (Fig. 5B). 5-MTP treat-
reduced expression of specific contractile proteins ment slightly reduced the migration of VSMC (Addi-
such as a-SMA (a-smooth muscle actin) and SM22 a  tional file 1: Fig. S4A). It significantly inhibited VSMC
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migration induced by Pam3 and LPS in a dose-depend-
ent manner (Fig. 5A). Furthermore, pretreatment with
5-MTP preserved partially the contractile proteins
(Fig. 5B-D). LPS-induced reduction of a-SMA and
SM22a was similarly blocked by L-5-MTP (Additional
file 1: Fig. S4B-S4D). In addition, 5-MTP was capable
of suppressing classical atherosclerotic stimuli oxLDL-
induced VSMC migration (Additional file 1: Fig. S4E).
To explore the in vivo relevance, we analyzed a-SMA
and SM22a in aortic tissues of ApoE~’~ mice fed HED
vs. control chow by IHC. a-SMA and SM22a«a staining
was diminished in HFD-fed ApoE~~ mice, which was
averted by 5-MTP pretreatment (Fig. 5E-G). The syn-
thetic analog of 5-MTP, 5-MTPE, preserved the con-
tractile phenotype when administered at an identical
dosing and scheduling as 5-MTP (Additional file 1: Fig.
S5). These results suggest that 5-MTP suppresses ath-
erosclerotic calcification by preventing vascular SMC
phenotypic switch and chondrogenic differentiation.

5-MTP suppresses IL-6 production but not osteoprotein
(OPG) expression
We reported previously that TLR2-induced vascular
SMC chondrogenic transdifferentiation was regulated
by two key factors, IL-6 and OPG [10]. We hypoth-
esized that 5-MTP inhibits chondrogenesis by sup-
pressing IL-6 as 5-MTP has been shown to block
LPS-induced IL-6 production in murine macrophages
[13]. IL-6 and OPG levels in aortic tissues of chow
diet- and HFD-fed ApoE~’~ mice treated with and
without 5-MTP were analyzed by IHC staining. HFD
increased IL-6 primarily in neointima and decreased
OPG in media (Fig. 6A—C). 5-MTP treatment reduced
IL-6 (Fig. 6B) but had no significant effect on OPG
(Fig. 6D). 5-MTP analog 5-MTPE exerted a similar
effect as 5-MTP (Additional file 1: Fig. S6). In addition,
L-5-MTP decreased HFD-induced plasma IL-6 level as
compared with saline treatment (Fig. 6E).

We next evaluated the effect of 5-MTP on Pam3-
induced release of IL-6 and OPG by VSMCs.
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Pam3-induced IL-6 elevation in VSMCs was signifi-
cantly blocked by DL-5-MTP and L-5-MTP, whereas
Pam3-induced OPG suppression was not reversed by
5-MTP (Fig. 6F, G). 5-MTP exerted a similar effect
on LPS-induced IL-6 secretion. DL-5-MTP and L-5-
MTP reduced LPS-induced release of IL-6 but did not
affect the secretion of OPG into the medium (Addi-
tional file 1: Fig. S7). Heat shock protein 60 (HSP 60)
was reported to be an endogenous ligand of TLR2
and induce inflammatory response via TLR2 [22]. We
determined whether 5-MTP reduces TLR-2 mediated
inflammation by blocking HSP 60. 5-MTP significantly
reduced HSP 60 in aortic tissues of HFD-fed ApoE =/~
mice (Fig. 6H, I) and suppressed HSP 60-induced
VSMC migration (Additional file 1: Fig. S8). These
results suggest that 5-MTP controls TLR2-induced
chondrogenesis and calcification by suppressing
VSMC production of IL-6 and HSP 60 expression.

5-MTP suppresses p38 MAPK and CREB activation

TLR2-mediated arterial calcification is signaled via p38
MAPK-mediated IL6 production [10]. Since 5-MTP is
known to control vascular cell and macrophage activa-
tion through inhibiting p38 MAPK [13, 15, 21], we deter-
mined whether 5-MTP blocks p38 MAPK activation in
HED-fed ApoE~'~ mice. 5-MTP pretreatment abrogated
p38 MAPK activation in neointima as shown by reduc-
ing pp38 staining (Fig. 7A, B). As p38 MAPK mediates
transcription of II-6 via several transcriptional activa-
tors notably CREB, we evaluated the effect of 5-MTP on
CREB phosphorylation in aortic tissues of HFD-fed
ApoE~'~ mice. 5-MTP abrogated CREB phosphorylation
(Fig. 7C, D). We next evaluated the effect of 5-MTP on
pp38 and pCREB in cultured vascular SMCs treated with
5-MTP followed by Pam3. 5-MTP suppressed Pam3-
induced pp38 MAPK (Fig. 7E, F and Additional file 1:
Fig. S9), and blocked Pam3-induced CREB phosphoryl-
ation (Fig. 7G, H). NF-kB is a master regulator of tran-
scription of pro-inflammatory genes. It was previously
reported that 5-MTP inhibits phosphorylation of p65
subunit of NF-kB [13]. We evaluated the effect of 5-MTP

(See figure on next page.)

Fig. 6 5-MTP suppresses HFD-induced IL-6 and HSP60 in the atherosclerotic lesions of Apof ™~ mice. Chow diet-fed or HFD-fed ApoE ™~

mice were treated with saline or L-5-MTP twice weekly for 20 wk. (A, B) IL-6 and (C, D) OPG in paraffin-embedded aortic tissues were

analyzed by immunohistochemistry. Negative control represents staining with a 2nd antibody. Representative microphotographs of

the immunohistochemical staining for (A) IL-6 and (C) OPG are shown. Immunopositive areas of (B) IL-6 and (D) OPG in aorta tissues were quantified
as a percentage of the total aortic area in each section. Data represent mean £ SEM (Chow + saline group: n=6, HFD + saline group: n=6 and
HFD + 5-MTP group: n=5). E Plasma IL-6 levels in HFD-fed ApoE ™" mice with injection of saline (n=19) or L-5-MTP (n=9) twice weekly for 20 wk
for were measured by ELISA. Data represent mean &= SEM. After pretreating VSMCs with DMSO, DL-5-MTP, or L-5-MTP (100 uM) for 30 min, VSMCs
were treated with vehicle or Pam3CSK4 (Pam3) in calcifying medium for 24 h. F IL6 and G OPG level in culture supernatants was measured by

ELISA. Data represent mean = SD of at least 3 independent experiments. HSP60 contents in aorta tissues from ApoE ™~
saline (n=15) or HFD with saline (n =5) or L-5-MTP (n=5) for 20 wk were analyzed by immunohistochemistry. Representative microphotographs of
the immunohistochemical staining (H) and quantification of immunopositive positive areas (I) are shown. Data represent mean = SEM. Lu lumen,
Neo neo-intima, Med media, An adventitia. P<0.05, P<0.01 determined by a one-way ANOVA

mice fed chow diet with
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on Pam3-induced p65 phosphorylation (pp65). Pam3-
induced vascular SMC pp65 was inhibited by 5-MTP in
a concentration-dependent manner (Fig. 7G, I). These
results indicate that 5-MTP inhibits TLR2 signaling in
VSMCs by blocking activation of p38 MAPK-driven
CREB and NF-kB transactivation activity.

Discussion

5-MTP is a newly identified factor with anti-inflamma-
tory properties. It was reported to be produced by cul-
tured vascular EC and SMC [13]. Immunohistochemical
analysis of 5-MTP reveals positive staining in murine
vascular cells [13]. Results from this study indicate that
vascular 5-MTP remains detectable in ApoE~'~ mice
fed control chow but is reduced in ApoE~~ mice fed
HFD. Reduction of 5-MTP may be due to HFD-induced
atherosclerosis. Restoration of 5-MTP by intraperito-
neal injection of 5-MTP or its analog 5-MTPE attenu-
ates atherosclerotic growth. Importantly, 5-MTP
supplement suppresses atherosclerotic calcification.
These results suggest that vascular 5-MTP defends
against HFD-induced atherosclerosis and calcification
by protecting endothelial integrity [15, 21] and control-
ling inflammation [13]. Our findings indicate that 5-MTP
defends against HFD-induced atherosclerotic calcifica-
tion by antagonizing TLR2-mediated chondrogenesis and
calcification. TLR2 is recognized as an important factor
in atherosclerosis and calcification [23, 24]. It is overex-
pressed and activated by endogenous ligands in athero-
sclerotic lesions [25-27]. TLR2 exerts its effect in part
by eliciting expression of pro-inflammatory cytokines
such as IL-6 in a p38 MAPK-dependent manner [11, 28].
Our results indicate that 5-MTP protects against TLR2-
induced calcification by down-regulating IL-6 expres-
sion. Moreover, 5-MTP inhibits Pam3-induced IL-6
production in vascular SMCs via blocking p38 MAPK
signaling pathway. 5-MTP was previously reported to
suppress LPS-induced IL-6 production in and release
from macrophages in a p38 MAPK-dependent manner
[13]. It is likely that 5-MTP exerts its anti-inflammatory
actions and controls inflammation-mediated events such
as HFD-induced intimal calcification by blocking p38
MAPK activation.
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5-MTP controls atherosclerotic calcification by block-
ing TLR2-mediated vascular SMC phenotypic switch
to chondrocyte phenotype. 5-MTP restores expression
of contractile proteins such as «-SMA and SM22q«, and
suppresses chondrocyte markers such as collagen II and
SOX9. It was reported that TLR2-induced SMC dif-
ferentiation is governed by an upregulation of IL-6 and
down-regulation of OPG in vascular SMC [10]. OPG is
an extracellular decoy receptor of RANKL and plays an
important role in controlling RANK-mediated osteo-
chondrogenic differentiation and calcification at the basal
state [29]. By contrast, IL-6 drives SMC migration and
promotes SMC chondrogenic differentiation and calcifi-
cation [10, 11, 30, 31]. Thus by upregulating IL-6 expres-
sion on one hand and suppressing OPG on the others
TLR2 activation induces osteochondrogenesis and cal-
cification. In this study, our results indicate that 5-MTP
selectively blocks TLR2-induced SMC IL-6 expression
without altering OPG expression, which is sufficient for
controlling chondrocyte differentiation and calcifica-
tion. Pro-inflammatory cytokines such as IL-6, IL-1(3 and
TNFa are active in triggering SMC osteochongenic differ-
entiation and calcification [32, 33]. As macrophages were
reported to play an important role in osteochondrogen-
esis and calcification of atherosclerotic lesions through
IL-6 and other cytokine productions [34], 5-MTP may
exert its effects through inhibition of macrophage activa-
tion. Macrophages are major cells in the atherosclerotic
plaque and play central roles in the progression of ath-
erosclerosis. Their quantity and inflammatory phenotype
in atherosclerotic plaques are major factors in controlling
atherosclerosis progression. Macrophage infiltration in
atherosclerotic lesions dependents on circulating mono-
cyte/macrophages recruitment and their differentiation
and proliferation [35, 36]. Thus, blocking the recruitment
and differentiation of circulating monocyte/macrophages
and inhibiting macrophage proliferation are potential
therapeutic steps for preventing atherosclerosis progres-
sion and development of atherosclerotic calcification.
As 5-MTP has been shown to reduce macrophage infil-
tration in lung tissues of LPS-treated mice and attenu-
ate macrophage activation and cytokine release [13], its
effect on atherosclerotic calcification may be mediated by

(See figure on next page.)

determined by t-test or a one-way ANOVA

Fig. 7 5-MTP suppresses the activation of p38 and CREB. A, B pp38 and (C-D) pCREB contents in aorta tissues from ApoE ™~ mice fed chow diet
with saline (n=15) or HFD with saline (n=4) or L-5-MTP (n =5) twice weekly for 20 wk were analyzed by immunohistochemistry. Negative control
represents staining with a 2nd antibody. Representative microphotographs of (A) pp38 and (C) pCREB are shown. Immunopositive areas of (B) pp38
and (D) pCREB in the aorta tissues were quantified as a percentage of the total aortic area in each section. Data represent mean = SEM. E-I. After
pretreating VSMCs with different concentrations of L-5-MTP (E, F, 100 uM and G-I, 25~ 100 pM) for 30 min, cells were stimulated with Pam3CSK4 for
30 min. Cell lysates were immunoblotted with antibodies for pp38, p38, pCREB, CREB, pp65, p65, or B-actin. Densitometric analysis of immunoblots
normalized to B-actin presented in (F) and (H, I). Data represent mean = SD of at least 2 independent experiments. P<0.05, P<0.01, P<0.001




Lee et al. J Biomed Sci (2021) 28:74 Page 14 of 17
A . B
Chow diet HFD
Saline Saline L-5-MTP
> i d ; —_ p<0.01 p<0.05
L | ! Fte I
'8 3 ’,Med} Neo i §2; ! g 3
o i . ,,' & ©
= : ' ; ® °
c Lu An NG =
- /Neo Lu o 2
© ; /
o | oS Ia\-° T
Cc\. ’ : . °
: — - g 1 . —+
”/M ; ('j‘" 2 Neo ! ‘5) 7SS g X Te
voviedy addN / "
% \\\ 7 ::4 % \‘{ : ¢ @ '. :\‘ cg- 0 I . = I
o Deae B Ll T2 AR A i 2 7 saline Saline L-5-MTP
;é. s ; / Chow HFD
<,
C D
—_ <0.01 <0.01
%. ] 8 p p
° S
Qo © T
= s 6 A
S k
T . = 4 .
c‘\l & E 2 Se
m & | . | ot
w 2 o=
5 Saline Saline L-5-MTP
o Chow HFD
s,
: /.
<
E G H
Pam3 - - + 4+ Pam3 - - + + + + & 200 p<0.001 ns
5-MTP - + -+ 5MTP - + - 25 50 100 (UM) £ 11
-48kDa 48kDa O 150-
- - B ©
pp38 -35kDa PCREB a
-35kDa @ 100- T,
14 [
-48kD
P38 e = - - ®  CREB p—— " TR - R
-35kDa o w
-35kDa X I"T_|
B-actin -48kDa 2 0 sl 50
e — — — _-75kDa 5-MTP - + - +
pp65 — Pam3 - - + +
-48kDa
F |
0.001 0.01 [75KDa <0.01 <0.01
<0. <0. - . 5
= 1501 P — P65 EEPENPESTINSS-OW kD2 Z 1201 e =3
< = 1004 N
'g 100+ B-actin e ‘- —— -48kDa g 80+
@ S 6o .
3 L 8 I
o 501 g_ 40
© 0 u
© © 204
g o g oL 3] | " | .
5MTP -+ -+ 5MTP -+ -+
Pam3 - - + + Pam3 - - + +
Fig. 7 (See legend on previous page.)




Lee et al. J Biomed Sci (2021) 28:74

inhibiting monocyte recruitment and macrophage acti-
vation and proliferation. Furthermore, vascular endothe-
lial cell derived 5-MTP in circulating blood provides
additional protection against monocyte recruitment
and differentiation. It is therefore highly possible that
5-MTP reduces atherosclerotic calcification by control-
ling monocyte/macrophages recruitment, differentiation,
and activation.

TLR2- and TLR4-mediated IL-6 production is medi-
ated via p38 MAPK and CREB [11, 37]. Results from
this study show that 5-MTP inhibits Pam3-induced
p38 MAPK and CREB activation in vascular SMC. Fur-
thermore, it blocks p38 MAPK and CREB activation in
HFD-induced atherosclerosis in ApoE~'~ mice. This is in
keeping with the reported data that p38 MAPK is a com-
mon signaling pathway via which 5-MTP inhibits diverse
inflammatory responses in ECs, SMCs and macrophages
[13, 15, 21]. The mechanism by which 5-MTP inhibits
p38 MAPK remains to be elucidated.

Our results suggest that reduction of vascular 5-MTP
in HFD-induced atherosclerosis is attributed to sup-
pression of TPH-1 expression. As we did not investigate
regulation of TPH-1 expression by TLR2 at the cellular
and molecular level, it is unclear whether 5-MTP inhib-
its TPH-1 expression in vascular SMCs. It is also unclear
whether TPH-1 expression is directly down-regulated
by TLR2 activation or by pro-inflammatory cytokines.
Previous reports suggest that LPS, IL-1B, and TNFa
suppress TPH-1 expression in ECs [13, 21]. Maeda et al.
reported that IL-1p and TNF« suppress TPH-1 mRNA
expression in fibroblast-like synovial cells [38]. It is pos-
sible that TLR2/4 activation suppress TPH-1 expression
at the transcriptional level in HFD-induced atheroscle-
rosis. These findings suggest that vascular production
of 5-MTP defends against the harmful effect of HFD.
Continuous bombardment by HFD leads to exhaustion
of 5-MTP and breach the defense by 5-MTP. To amelio-
rate the harmful effect of HFD, an obvious approach is
to avoid HFD. In addition, a stable production of 5-MTP
despite HFD may overcome the all effect of HFD. One
experimental approach is to create 5-MTP high-produc-
ing transgenic mice by overexpression of 5-MTP syn-
thetic enzymes. Work is in progress to test the effect of
5-MTP supermice on arterial injury and atherosclerosis.

Conclusions

Our findings indicate that 5-MTP is a vascular arsenal
against atherosclerosis and calcification by preventing
TLR2-mediated SMC phenotypic switch to chondro-
cytes and the consequent calcification. 5-MTP exerts
these effects by blocking p38 MAPK activation and
inhibiting CREB and NF-kB transactivation activity.
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Given that 5-MTP is effective in reducing atheroscle-
rotic progression and calcification, it may be a valuable
lead compound for developing new chemoprevention
approaches against atherosclerotic progression and cal-
cification. For intellectual property protection, we evalu-
ated the effect of a synthetic 5-MTP analog, i.e. 5-MTP
methylesters, on atherosclerosis and calcification in this
murine model. 5-MTPE inhibits atherosclerotic progres-
sion and calcification in a manner comparable to 5-MTP.
As there is no effective treatment or prevention of ath-
erosclerotic calcification, 5-MTP derivatives represent
a new class of chemicals to prevent intimal calcification
and would fulfill the unmet clinical need. Serum 5-MTP
was reported to be a biomarker of human sepsis and
post-myocardial infarction heart failure [13, 39]. Further
studies are needed to determine if serum 5-MTP could
serve as a theranostic marker for chemoprevention of
atherosclerotic calcification.
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receptor; TNFa: Tumor necrosis factor a; TPH1: Tryptophan hydroxylase-1;
VSMC: Vascular smooth muscle cell.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512929-021-00771-1.

Additional file 1: Fig. S1. 5-MTP and 5-MTPE reduce High fat diet
(HFD)-induced plaque size in ApoE —/ — mice. (A) Schematic structure

of the L-5MTPE. (B) paraffin-embedded aorta tissues were prepared

from ApoE —/ —fed chow diet or HFD with intraperitoneal injection

of sline, (23.5 mg/kg), or L-5MTPE (24.7 mg/kg) twice weekly for 20 wk,
and plague size was visualized with elastin staining (200X). (C) Quan-
tification of plaque size by ImagelJ software, and quantitative results
represent as mean £ SEM (n =5 HFD-saline; n=5 [-5MTP; n =3 [-5MTPE).
An: adventitia Lu: lumen; Med: media; Neo: neointima. (D-E) HFD-fed
ApoE — / — mice were received intraperitoneal injection of saline (n=15)
or DL-5MTP (23.5 mg/kg; n=16) twice weekly for 20 wk. (D) Vascular
calcifications in aortic arch tissues were visualized with Alizarin Red S (ARS)
staining and (F) quantified using ImageJ software and expressed as the
percent positive area out of the total tissue area. P<0.05, P<0.01, P<0.001
determined by t-test or a one-way ANOVA. Fig. S2. 5-MTPE suppresses
collagen Il expression in atherosclerotic lesions. (A) Collagen Il contents

in aorta tissues from ApoE —/ — mice fed chow diet with saline (n=6) or
HFD with saline (n=6) or L-5-MTPE (n = 3) twice weekly for 20 wk were
analyzed by immunohistochemistry. Negative control represents staining
with a 2nd antibody. (B) Immunopositive areas in the aorta tissues were
quantified as a percentage of the total aortic area in each section. Data
represent mean 4 SEM. An: adventitia Lu: lumen; Med: media; Neo: neoin-
tima. P<0.05, P<0.01 determined by one-way ANOVA. Fig. S3. 5-MTPE
decreases HFD-induced SOX9 expression in aortic atherosclerotic lesions.
SOX9 and osterix contents in aorta tissues from ApoE —/ — mice fed chow
diet with saline (n=3) or HFD with saline (n=6), or L-5-MTPE (24.7 mg/kg,
n=3) twice weekly for 20 wk were analyzed by immunohistochemistry.
Negative control represents staining with a 2nd antibody. Representative
microphotographs (400X) of the immunohistochemical staining for (A)
SOX9 and (C) osterix are shown. Immunopositive areas of (B) SOX9 and (D)
osterix in aorta tissues were quantified as a percentage of the total aortic
area in each section. Data represent mean & SEM. P < 0.05 determined by
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a one-way ANOVA. Fig. S4. 5-MTPE preserve the contractile phenotype of
VSMCs. (A) VSMCs were treated with different concentrations of 5-MTP for
24 h. Migration assays were then performed with PDGF-BB as a chemoat-
tractant. (B-D) After pretreating VSMCs with 5SMTP (100 puM) for 30 min,
cells were stimulated with LPS for 24 h. (B) Cell lysates were immunoblot-
ted with antibodies for a-SMA (a-smooth muscle actin), SM22 a (smooth
muscle protein 22 a), or B-actin. Densitometric analysis of a-SMA and
SM22 aimmunoblots normalized to 3-actin presented in (C) and (D).

(E) After pretreating VSMCs with different concentrations of 5-MTP for

30 min, cells were stimulated with oxLDL for 24 h. Migration assays were
then performed with PDGF-BB as a chemoattractant. The experiments
were repeated 2 or 3 times with similar results. Fig. S5. 5-MTPE preserve
the contractile phenotype of VSMCs. a-SMA and SM22a contents in aorta
tissues from ApoE —/ — mice fed chow diet with saline (n=6) or HFD with
saline (n=6) or L-5-MTPE (n = 3) twice weekly for 20 wk were analyzed by
immunohistochemistry. Negative control represents staining with a 2nd
antibody. Representative microphotographs (400X) shown in (A). Immu-
nopositive areas of (B) a-SMA and (C SM22a in the aorta tissues were
quantified as a percentage of total aortic area in each section. Data in B-C
represent mean = SEM. An: adventitia Lu: lumen; Med: media; Neo: neoin-
tima. P<0.05,P<0.01, P<0.001 determined by a one-way ANOVA. Fig. S6.
5-MTPE decreases IL-6 production in atherosclerotic lesions. Chow diet—
fed or HFD-fed ApoE — / — were treated with saline or L-5-MTPE (24.7 mg/
kg) twice weekly for 20 weeks. (A-B) IL-6 and (C-D) OPG in paraffin-embed-
ded aortic tissues were analyzed by immunohistochemistry. Negative
control represents staining with a 2nd antibody. Representative micropho-
tographs (400X) of the immunohistochemical staining for (A) IL-6 and (C)
OPG are shown. Immunopositive areas of (B) IL-6 and (D) OPG in aorta
tissues were quantified as a percentage of total aortic area in each section.
Data represent mean =+ SEM (Chow + saline group: n=6, HFD + saline
group: n=6 and HFD + 5-MTPE group: n=3). Lu, lumen; Neo, neo-intima;
Med media; An, adventitia. P <0.05, P<0.01 determined by a one-way
ANOVA. Fig. S7. 5-MTP suppresses LPS-induced IL-6 production in VSMCs.
After pretreating VSMCs with DMSO, DL-5-MTP or L-5-MTP (100 uM) for

30 min, VSMCs were treated with vehicle or Pam3CSK4 (Pam3) in calcifying
medium for 24 h. (A) IL6 and (B) OPG level in culture supernatants was
measured by ELISA. Data represent mean = SD of at least 3 independent
experiments. P<0.01 determined by a one-way ANOVA. Fig. S8. 5-MTP
suppresses HSP60-induced VSMC migration. After pretreating VSMCs with
different concentrations of 5-MTP for 30 min, cells were stimulated with
HSP 60 for 24 h. Migration assays were then performed with PDGF-BB as

a chemoattractant. The experiments were repeated 2 times with similar
results. Fig. S9. 5-MTP dose-dependently suppresses Pam3-induced pp38.
After pretreating VSMCs with different concentrations of L-5-MTP for

30 min, cells were stimulated with Pam3CSK4 for 30 min. Cell lysates were
immunoblotted with antibodies for pp38, p38, or B-actin. The experiments
were repeated 2 times with similar results.
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