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ABSTRACT
Decreased release of palmitic acid methyl ester (PAME), a vaso-
dilator, from perivascular adipose tissue (PVAT) might contribute
to hypertension pathogenesis. However, the PAME biosynthetic
pathway remains unclear. In this study, we hypothesized
that PAME is biosynthesized from palmitic acid (PA) via hu-
man catechol-O-methyltransferase (COMT) catalysis and that
decreased PAME biosynthesis plays a role in hypertension
pathogenesis. We compared PAME biosynthesis between age-
matched normotensive Wistar Kyoto (WKY) rats and hyperten-
sive spontaneously hypertensive rats (SHRs) and investigated
the effects of losartan treatment on PAME biosynthesis. Compu-
tational molecular modeling indicated that PA binds well at the
active site of COMT. Furthermore, in in vitro enzymatic assays in
the presence of COMT andS-59-adenosyl-L-methionine (AdoMet),
the stable isotope [13C16]-PA was methylated to form [13C16]-
PAME in incubation medium or the Krebs–Henseleit solution
containing 3T3-L1 adipocytes or rat PVAT. The adipocytes and
PVATs expressed membrane-bound (MB)-COMT and soluble (S)-
COMT proteins. [13C16]-PA methylation to form [13C16]-PAME in
3T3-L1 adipocytes and rat PVAT was blocked by various COMT
inhibitors, such as S-(59-adenosyl)-L-homocysteine, adenosine-
29,39-dialdehyde, and tolcapone.MB- andS-COMT levels in PVATs

of established SHRs were significantly lower than those in
PVATs of age-matched normotensive WKY rats, with de-
creased [13C16]-PA methylation to form [13C16]-PAME. This
decrease was reversed by losartan, an angiotensin II (Ang II)
type 1 receptor antagonist. Therefore, PAME biosynthesis in
rat PVAT is dependent on AdoMet, catalyzed by COMT, and
decreased in SHRs, further supporting the role of PVAT/PAME in
hypertension pathogenesis. Moreover, the antihypertensive
effect of losartan might be due partly to its increased PAME
biosynthesis.

SIGNIFICANCE STATEMENT
PAME is a key PVAT-derived relaxing factor. We for the first time
demonstrate that PAME is synthesized through PA methylation
via the S-59-adenosyl-L-methionine–dependent COMT cataly-
zation pathway. Moreover, we confirmed PVAT dysfunction in
the hypertensive state. COMT-dependent PAME biosynthesis is
involved in Ang II receptor type 1–mediated blood pressure
regulation, as evidenced by the reversal of decreased PAME
biosynthesis in PVAT by losartan in hypertensive rats. This
finding might help in developing novel therapeutic or preventive
strategies against hypertension.

Introduction
The significant roles of PVAT in regulating the vascular

tone (Lee et al., 2011; Eringa et al., 2012) and vascular
homeostasis (Chang et al., 2012; Szasz et al., 2013) are well
recognized. PVATs of different vascular beds release both
dilative and constrictive factors according to the body’s need.
Among these factors, PVAT-derived relaxing factors (PVATRFs)
have attracted much interest (Tano et al., 2014). Several
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substances, such as adiponectin (Fésüs et al., 2007; Xu
et al., 2010), hydrogen sulfide (Wójcicka et al., 2011), nitric
oxide (Gao et al., 2007), and prostaglandin I2, are consid-
ered as a PVATRF. PAME, a novel vasodilator that attenu-
ates the constrictor-mediated active response is released
from PVAT and is also considered as a PVATRF (Lee et al.,
2011).
In SHR animals, PAME amount released from PVAT and

PVAT-related relaxation decrease in aorta, which can be
reversed by losartan, an antihypertensive drug (Lee et al.,
2011). PAME levels in PVATmight play a role in hypertension
pathogenesis. In addition, PAME might enhance cerebral
blood flow, alleviate neuronal cell death, and improve cogni-
tive functions in animals subjected to asphyxial cardiac arrest
(Lee et al., 2019). Although the evidences for physiologic roles
of PAME are emerging, the PAME biosynthesis in PVAT
remains unknown.
COMT (EC 2.1.1.6) is an AdoMet-dependent enzyme (Män-

nistö and Kaakkola, 1999). The main function of COMT is to
degrade various catecholamines (e.g., dopamine, epinephrine,
and norepinephine) (Hirano et al., 2007) and catecholestro-
gens (e.g., 2-hydroxyestradiol) (Hernandez et al., 2013) via
O-methylation. The binding for AdoMet, Mg21, and catechol-
substrate are strictly controlled in a catalytic circle (Ma et al.,
2014). After AdoMet, Mg21, and substrate bind to COMT, the
methyl group attached to the methionine sulfur atom of
AdoMet is oriented toward the substrate-binding site for
methylation (Ma et al., 2014). Most tissues, including adipose,
contain two forms of COMT, membrane-bound (MB) and
soluble (S) forms (Borchardt and Huber, 1975; Song et al.,
2019).
Changes in COMT activity or expression have been impli-

cated in hypertension and heart failure (Houston, 2007). The
systolic blood pressure is significantly increased in COMT2/2

mice (Kanasaki et al., 2008; Stanley et al., 2012). The human
genotypic variant of functional COMT with valine(158)methi-
onine is related to hypertension risk (Stewart et al., 2009;
Htun et al., 2011). Previous studies have demonstrated
decreased MB-form COMT activity and protein expression in
the liver (Tsunoda et al., 2003), brain (Masuda et al., 2006),
and renal cortex (Ooshima et al., 2009) of SHRs comparedwith
those of age-matched normotensive WKY rats.
In this study, we hypothesized that PAME is biosynthe-

sized from PA via COMT catalysis and that the decreased
PAME biosynthesis is involved in hypertension pathogen-
esis. We compared PAME biosynthesis between age-
matched normotensive WKY rats and hypertensive SHRs
and investigated the effect of losartan treatment on PAME
biosynthesis.

Materials and Methods
Animals and Aortic PVAT Sampling

Adult male Sprague-Dawley (SD) rats (body weight, 350–400 g), 8-
and 13-week-old male SHRs, and 8- and 13-week-old male WKY rats
(BioLASCO Co., Ltd., Taipei, Taiwan) were housed in the animal
quarters at Tzu Chi University, Taiwan, under a 12-hour light/dark
cycle. All rats were fed a standard ration and provide tap water ad
libitum. The rats were anesthetized using penotobarbital (50 mg/kg,
i.p.), and PVAT surrounding the thoracic aorta was quickly excised
and processed for PAME biosynthesis, COMT protein expression, and
immunocytochemistry studies.

This study was performed in accordance with the ethical principles
of animal research, and the animal protocol was approved by the
ethics committee of Tzu Chi University.

Measurement of the Arterial Blood Pressure

Systolic blood pressure was measured by the tail-cuff method using
a programmed MK-2000ST electro sphygmomanometer (Muromachi,
Tokyo, Japan) as previously described (Chou et al., 2013). Table 1
shows systolic blood pressure data.

Chemicals, Substrates, and Reagents

AdoMet,S-(59-adenosyl)-L-homocysteine (AdoHcy), adenosine-29,39-dia-
ldehyde (Adox), COMT, [13C16]-PA, tolcapone, 3,4-dihydroxyacetophenone
(DHAP), 39-hydroxy-49-methoxyacetophenone (3H4MAP), 49-hydroxy-
39-methoxyacetophenone (4H3MAP), N-tris(hydroxymethyl)-methyl-
2-aminoethane sulphonic acid, methyl pentadecanoate, PAME, and
losartan were purchased from Sigma-Aldrich (St. Louis, MO). Ethyl
acetate, ethanol, and hexane were purchased from Mallinckrodt (St.
Louis, MO).

Computational Modeling Analysis of Human S-COMT

Molecular Docking. First, three ligands DHAP (a standard
ligand for COMT), 3,5-dinitrocatechol (DNC; a competitive COMT
inhibitor), and PA selected for molecular docking were constructed
using MOE2013.08 (Molecular Operating Environment, http://www.
chemcomp.com). Ligand topologies for subsequent simulations were
obtained from the GlycoBioChem PRODRG2 web server (http://
davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg), provided by Professor
Daan van Aalten (Schüttelkopf and van Aalten, 2004) under the
GROMOS53A6 force field, which is also suitable for biomolecules. The
apo–human S-COMT (Protein Data Bank code 3A7E), which is
a COMT protein lacking DNC ligand (only COMT, AodMet, and
Mg21), was set as a receptor for binding of various ligands. The initial
favorable sites for the binding of each ligand to apo–S-COMT were
determined using the docking module of MOE2013.08.

Molecular Dynamics Simulations. The DNC-apo-S-COMT
complex was placed in an 80 � 80 � 80 Å water box containing more
than 10,000 water molecules. To neutralize DNC-apo-S-COMT bind-
ing, 48 Na1 and 43 Cl2, forming a 100 mMNaCl solution, were added
following energy minimization. A total of 45,672 atoms of the complex
consisted of 2090 atoms of COMT, 36 atoms of AdoMet, 18 atoms of
DNC, 1 Mg21, and 14,479 simple point-charge water molecules,
including 48 Na1 and 43 Cl2. All molecular dynamics (MD) simu-
lations were run for 200 ns to calculate the binding-free energy
(Table 2). Detailed MD simulation methods and equilibration proto-
cols have been previously described (Liou et al., 2014).

Molecular Mechanics Poisson–Boltzmann Surface Area
Binding-Free Energy Calculations. To define the most stable
complexes predicted by molecular docking, the Molecular Mechanics
Poisson–Boltzmann Surface Area approach was used for estimating
the binding-free energy (DGbind) on the basis of snapshots extracted
from a single trajectory of the DNC-apo-S-COMT complex (single-
trajectory method) (Hou et al., 2011a,b). The single-trajectory method
is much faster and requires less sampling than the individual
trajectory method, which requires three separate MD simulations on
system components (receptor, ligand, and complex) (Hou and Yu,
2007; Xu et al., 2013). We assumed that the receptor and ligand
behaved similarly during binding, which was reasonable and adopt-
able for our simulations. The free energy calculations have been
explained in detail previously (Jiang et al., 2015; Chang et al., 2017).
To calculate all energy terms, we extracted 300 snapshots from 30
(170–200)-ns molecular docking trajectories per system.

In Vitro Enzymatic Assay of COMT-Catalyzed Biosynthesis
from PA. We assayed COMT activity in vitro as described by
Tehlivets (2011). Briefly, we placed glass tubes on ice. To evaluate
the O-methylation of DHAP dissolved in deionized water (positive
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control) or [13C16]-PA dissolved in absolute ethanol, we incubated
100mMof either substratewith COMT enzyme extracted from porcine
liver (C1897; Sigma-Aldrich) of 10–30 U from a stock solution of 1000
U /ml of COMT in cold N-tris(hydroxymethyl)-methyl-2-aminoethane
sulphonic acid diluent buffer at pH 7.6 in the presence of 1.2 mM
MgCl2 and 4 mM dithiothreitol. The reaction was initiated by adding
1mMAdoMet for 1 hour at 37°C and then terminated by adding 0.2M
sodium borate (pH 10.0). The reaction products were analyzed for
methylated DHAP (3H4MAP and 4H3MAP) or [13C16]-PAME using
a spectrophotometer and gas chromatography–mass spectrometry
(GC-MS), respectively; absorbancewasmeasured at 344 nm.Mediums
containing no AdoMet (blank) or COMT enzyme served as negative
controls. The assay was linear over a range of concentrations from 1 to
100 mM, with a correlation coefficient of r2 5 0.9998 (P , 0.0001) for
O-methylated DHAP and 0.9972 (P , 0.0001) for PAME.

GC-MS. Reaction samples from in vitro enzymatic assays, condi-
tion mediums, and Krebs-Henseleit solution from incubation with
3T3-L1 adipocytes and isolated PVAT preparations were added with
10 mM pentadecanoic acid methyl ester, which acts as internal
standard. Next, the samples were lyophilized and resolved using
ethyl acetate to further dissolve the organic compounds as previously
described (Lin et al., 2008; Lee et al., 2011). After vortexing,
sonicating, and centrifuging at 1500 rpm for 5 minutes at 4°C, the
supernatant was transferred to a glass sample vial to form a 2-ml
splitless injection. The samples were detected using a Hewlett-
Packard Model 6890 GC system (Hewlett-Packard, Palo Alto, CA)
assembled with a G1512A autosampler and interfaced to a 5973 mass
selective detector. An HP-5MS 5% phenyl polysilphenylene-siloxane
capillary column (10 m � 0.32 mm i.d.; film thickness 0.5 mm) was
used; helium gas was used as the carrier gas at a flow rate of 0.7 ml/
min. The temperatures of the GC injection port and interface were
maintained at 250°C and 300°C, respectively. The starting tempera-
ture of GC was set at 90°C, which was increased to 240°C at 15°C/min
and then increased up to 300°C at 10°C/min. Mass spectrum scanning
was set at 50–500 m/z, and the electron ionization energy of the
electron impact mode was set at 70 eV. Hewlett-Packard G1701AA
version 0.300 ChemStation Software was used for data acquisition
and analysis in the drug analysis mode. O-methylated PAME (M1,
270m/z) and [13C16]-PAME (M1, 286m/z) were analyzed with single
diagnostic ion-based GC-MS (Supplemental Fig. 1) to qualitatively
and quantitatively analyze PAME and [13C16]-PAME, as described
previously (Lin et al., 2008; Lee et al., 2010, 2011).

3T3-L1 Adipocyte Culture and Differentiation. Mouse em-
bryo preadipocyte (fibroblasts) 3T3-L1 cells were obtained from the
American Type Culture Collection and cultured in 12-well cluster
plates in Dulbecco’s Modified Eagle’s Medium (HyClone, Logan, UT)
supplemented with 10% calf serum (Gibco, Grand Island, NY) and
1% antibiotics (Invitrogen, Carlsbad, CA) until confluence, as de-
scribed previously (Lee et al., 2011). Two days after confluence (day 0),
the fibroblasts were exposed to a differentiation medium comprising
0.5 mM isobutylmethylxanthine, 1 mM dexamethasone, 1.67 mM
insulin (MDI; Sigma-Aldrich), and 10% fetal bovine serum for 3 days.
Finally, the differentiated 3T3-L1 adipocytes were transferred to
Dulbecco’s Modified Eagle’s Medium with 1.67 mM insulin and
10% fetal bovine serum and refed every 2 days. Mature 3T3-L1
adipocytes were confirmed using Oil RedO staining of lipid droplets in
adipocytes (Supplemental Fig. 2).

Oil Red O Staining. Lipid droplets in mature 3T3-L1 adipocytes
were stained with Oil Red O (Supplemental Fig. 2) as described
previously with some modifications (Kawai et al., 2007). Briefly, 3T3-
L1 adipocytes were fixed with 4% formaldehyde-phosphate buffer (pH
7.4) for 1 hour, rinsed with water, and stained with 0.3% filtered Oil
Red O (Sigma-Aldrich) in 100% isopropanol for 1 hour at 60°C. Then,
the cells were washed twice with distilled water to remove excess dye
and photographed under a Leica light microscope (Leica Microsys-
tems, Wetzlar, Germany).

PAME Biosynthesis in 3T3-L1/PVAT Adipocytes and Effects
of COMT Inhibitors. 3T3-L1 adipocytes were incubated in 12-well
cluster with different concentrations of [13C16]-PA (100–500 mM)
dissolved in absolute ethanol in 1ml culturemedium (24 and 72 hours)
in a 5% CO2 incubator at 37°C. Culture medium containing 500 mM
[13C16]-PA without 3T3-L1 adipocytes was used as a control. AdoHcy,
a COMT-catalyzed AdoMet metabolite, inhibits AdoMet-dependent
methyltransferases via the feedback inhibitorymechanism (Yeh et al.,
1991). Therefore, we determined whether AdoHcy inhibits PAME
biosynthesis in 3T3-L1 adipocytes. Different concentrations (100 and
300 mM) of AdoHcy in dimethyl sulfoxide were added to incubation
mediums containing 250 mM [13C16]-PA and 3T3-L1 adipocytes.
Culture medium containing 250 mM [13C16]-PA without 3T3-L1
adipocytes was used as a negative control, and cells treated with an
equivalent amount of [13C16]-PA and dimethyl sulfoxide (,0.1%;
solvent for dissolving AdoHcy) were used as a positive control. We
used similar procedures to examine the effects of other COMT
inhibitors on PAME biosynthesis, including 10 and 100 mM Adox (an

TABLE 1
Body weight and systolic blood pressure of SHRs and WKY rats
Values are presented as means 6 S.E.M.

Age (wk) Strain (n) Body weight (g) SBP (mm Hg)

8 WKY (15) 243.3 6 28.9 114.0 6 2.6
SHR (15) 250.0 6 13.2 128.1 6 10.0

13 WKY (7) 321.7 6 14.4 121.5 6 4.2
SHR (7) 290.0 6 10.0* 182.1 6 13.3*

SBP, systolic blood pressure.
*P , 0.05 vs. age-matched WKY rats.

TABLE 2
Free energy values of PA, DHAP, and DNC
Free energy values for the interactions of DHAP, DNC, or PA with S-COMT were calculated by using MM/PBSA approach.

Ligands DGbind (kcal/mol)
EMM (kcal/mol) Gsolv (kcal/mol)

Coul vdW PolSol NpoSol

DHAP 122.77 6 13.23 507.82 6 18.75 33.53 6 5.30 2420.66 6 21.10 2.18 6 0.13
DNC 261.49 6 14.64 258.12 6 30.42 10.78 6 6.60 2332.25 6 23.18 1.85 6 0.17
PA 240.97 6 20.37 474.77 6 45.32 17.94 6 9.66 2534.93 6 30.28 1.26 6 0.37

Coul, Coulomb energy model; EMM, molecular mechanics energy; Gsolv, solvation-free energy; MM/PBSA, Molecular Mechanics
Poisson–Boltzmann Surface Area; NpoSol, norpolar solvation energy model; PolSol, polar solvation energy model; vdW, van der Waals
energy model.
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inhibitor for AdoHcy hydrolase/EC 3.3.1.1) in dimethyl sulfoxide
and 1–1000 nM tolcapone (a highly selective COMT inhibitor) in
dimethyl sulfoxide (Vieira-Coelho and Soares-da-Silva, 1999). By
inhibiting AdoHcy hydrolase, which catalyzes AdoHcy hydrolysis
to form adenosine and homocysteine (Bartel and Borchardt, 1984),
Adox acts as an indirect AdoMet-dependent MTase inhibitor by
increasing AdoHcy concentration (Kurkela et al., 2004). Finally,
all culture mediums were collected and processed for GC-MS
analysis.

To determine PAME biosynthesis in rat thoracic aortic PVAT
(350–400 g SD, 8- and 13-week-old SHRs or WKY rats), isolated
PVAT was incubated in 10 ml Krebs-Henseleit solution with 250 mM
[13C16]-PA dissolved in absolute ethanol for 1–90 minutes at 37°C.
Krebs-Henseleit solution with 250 mM [13C16]-PA without PVAT was
used as a negative control. To determine whether COMT inhibitors
(tolcapone) inhibit PAME biosynthesis in rat thoracic aortic PVAT,
isolated PVAT was preincubated in 10 ml Krebs-Henseleit solution
containing different concentrations of tolcapone (300 nMand 1mM) for
30 minutes at 37°C. Preincubated PVAT was then transferred to
a different tissue bath containing 10 ml Krebs-Henseleit solution and
250 mM [13C16]-PA dissolved in absolute ethanol and incubated for
1–90 minutes at 37°C. In addition, isolated PVAT preparations (from
13-week-old SHRs or WKY rats) were incubated in 10 ml Krebs-
Henseleit solution containing 1 mM losartan in dimethyl sulfoxide
alone or 1 mM losartan plus tolcapone in dimethyl sulfoxide for
30 minutes. Krebs-Henseleit solution containing 250 mM [13C16]-PA
without PVAT was used as a negative control. All samples were
collected and processed for GC-MS assay. Cumulative [13C16]-PAME
concentrations from different incubation periods were calculated from
the area under the curve.

Western Blots. Bicinchoninic acid assay (Pierce Chemicals, Rock-
ford, IL) was used for protein quantification. Cell/tissue extracts were
diluted by adjunction of four parts of sample buffer (0.25 M Tris-HCl,
pH 6.8; 2% 2-mecaptoethanol, 8% sodium dodecyl sulfate, 0.02% bro-
mophenol blue, and 40% glycerol) and boiled for 5 minutes at 100°C.
Protein extracts were quantified. Then, 20 mg of each protein was
separated on 10% SDS polyacrylamide gel and transferred onto
polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA) using
semidry electroblotting (Amersham Biosciences, Buckinghamshire,
UK). Polyvinylidene difluoridemembranes were blocked with 5% non-
fat milk/0.25% Tris-buffered saline containing Tween 20 for 2 hours at
room temperature (RT). The mouse COMT monoclonal immunoglob-
ulin G (IgG) antibody (1:2000; BD Transduction, CA), antiactin
antibody (1:4000; Chemicon, IL), or antitubulin antibody (1:4000;
Chemicon) were incubated overnight at 4°C, and horseradish perox-
idase–conjugated secondary antibodies (1:2000; KPL, Washington,
DC) were added for 1 hour at RT. Protein expression was detected
using a Biospectrum 810 UVP system (Thermo Fisher Scientific,
Waltham, MA) with enhanced chemiluminescence reagent (Perki-
nElmer Life Science, MA). ImageJ version 1.51 (National Institutes of
Health, Bethesda, MD) was used for proteins analysis (Tseng et al.,
2012).

COMT Immunofluorescence Staining in Rat Aortic PVAT.
Standard immunofluorescence staining techniques were used to
demonstrate COMT immunoreactivities in 8- and 13-week-old SHR
or WKY rat aortic PVAT (Tseng et al., 2016). Briefly, 2-mm–thick
sections of paraffin-embedded PVAT were processed through antigen
retrieval buffer and permeabilized with Triton X-100 for 30 minutes.
Their nonspecific interaction with antibodies was blocked by in-
cubation with normal serum (BiogeneX) for 1 hour. After washed
three times with buffer, the samples were allowed to interact with
purified anti-COMT mouse antibody (1:200; BD Bioscience, Franklin
Lakes, NJ) overnight at 4°C and antimouse IgG labeled with Hilyte
Fluor 555 (1:200; AnaSpec) for 2 hours. Cell nuclei were counter-
stained with 49,6-diamidino-2-phenylindole (DAPI, 1:200; KPL) for
20 minutes. All sections were mounted with a water-soluble mounting
media and examined under a Leica fluorescence microscope (Leica
Microsystems). A few sections were processed by incubation with

primary antibodies but without secondary antibodies serving as
a negative control.

Hematoxylin-Eosin Y Staining. Rat aortas with the intact
PVAT surrounding were sectioned and examined by using standard
hematoxylin-eosin Y staining technique as previously described
(Tseng et al., 2012). Briefly, 2-mm paraffin-embedded cross-sections
were placed on the slides. After deparaffinized with a nonxylene
solution (Sigma-Aldrich), the specimens were rehydrated with a serial
immersion in ethanol at 100% for 3 minutes twice, 95% for 1 minute,
and 75% for 1 minute. Then, the samples were stained with
hematoxylin for 3 minutes and subsequently with eosin Y for 45
seconds. After incubated in nonxylene solution for 6 minutes, the
specimens were mounted with coverslips and examined under a light
microscope (Olympus, Tokyo, Japan).

Statistical Analysis. Statistical analyses were performed using
one-way analysis of variance and Student’s t test. Post hoc compar-
isons between groups were performed using Bonferroni’s multiple
comparison test. Experimental data are presented as means and
S.E.M. All data were analyzed using SPSS version 18.0 (SPSS Inc.,
Chicago, IL). P , 0.05 was considered as statistically significant.

Results
Molecular Docking between PA and S-COMT Using

Computational Modeling. Computational molecular mod-
eling analysis demonstrated that PA binds to S-COMT at
a specific substrate pocket, which is appropriate for methyl-
ation in the presence of AdoMet and Mg21 (Fig. 1A). The
predicted complex structure of DNC/S-COMT by computa-
tional molecular modeling was superposed with that of the
crystal structure for comparison. The predicted binding
position of DNC with S-COMT was at the binding pocket,
which is quite similar to that of the crystal structure. By
modeling, PA andDHAP bound to the same pocket of S-COMT
as DNC did.
The root-mean-square deviations for PA, DHAP, and DNC

binding to S-COMT fluctuated from 0.1 to 0.28 nm. This
result indicates that PA can stabilize at the binding pocket of
S-COMT similar to DHAP and DNC binding to S-COMT
(Fig. 1B).
Table 2 summarizes the free energy levels for PA, DHAP,

and DNC binding to S-COMT. DGbind for DNC binding (–61.49
6 14.64 kcal/mol) was lower than that for PA (–40.97 6 20.37
kcal/mol) andDHAP (122.776 13.23 kcal/mol) binding.DGbind

for PA–S-COMT was between that for DHAP–S-COMT and
DNC–S-COMT, indicating that the binding affinity of PA is
stronger than that of DHAP but weaker than that for DNC.
COMT-Catalyzed PAME Biosynthesis from PA. To

determine whether COMT plays a role in PA methylation
during PAME biosynthesis, we administered a synthetic
stable isotope [13C16]-PA to distinguish the sources of meth-
ylated products. In vitro enzymatic assays showed that
[13C16]-PA was concentration-dependently transformed to
[13C16]-PAME in the presence of COMT and AdoMet. As
a positive control, DHAP formed 3H4MAP/4H3MAP after
the addition of COMT and AdoMet. However, no methylated
products of DHAP or [13C16]-PA were detected in the absence
of COMT or AdoMet (Fig. 2A). The 100 or 500 mM [13C16]-PA
were added to culture plates containing preadipocytes (un-
differentiated fibroblasts) or 3T3-L1 adipocytes (differenti-
ated). [13C16]-PAME concentrations in the medium with
3T3-L1 adipocytes were significantly higher than those in
the medium with preadipocytes (Fig. 2B). In addition, both
MB-COMT and S-COMTwere expressed in preadipocytes and
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3T3-L1 adipocytes, with higher expression for the latter than
for the former (Fig. 2, C and D; Supplemental Fig. 4).
Blockade of PAME Biosynthesis by COMT Inhibitors

in 3T3-L1 and PVAT Adipocytes. Substrate inhibitors
shown in the scheme (Fig. 1C), AdoHcy (100 and 300 mM)
andAdox (10 and 100mM), suppressed endogenous PAMEand
[13C16]-PAME biosynthesis in differentiated 3T3-L1 adipo-
cytes (Fig. 3A). Tolcapone, a highly selective COMT inhibitor

(1–1000 nM), also inhibited endogenous PAME and [13C16]-
PAME accumulation in the culture medium of differentiated
3T3-L1 adipocytes (Fig. 3B). In vivo, PVAT is located neigh-
boring the arterial wall and mainly composed of adipocytes as
shown in Fig. 4. PAME released from PVAT is an important
factor to regulate the vascular tension. [13C16]-PAME synthe-
sis in Krebs-Henseleit solution following incubation with
PVAT isolated from SD rats (Supplemental Fig. 3), WKY rats,

Fig. 1. Computational molecular model-
ing analysis of S-COMT with PA, DHAP,
and DNC. (A) Cartoon representation
showing the structure of soluble (S)-COMT
adopted from Protein Data Bank (code:
3A7E). The binding pockets for PA, AdoMet,
and Mg21 are indicated. (B) Root-mean-
square deviation was plotted as a function of
simulation times, representing S-COMT–PA
(blue line), S-COMT–DHAP (black line),
and S-COMT–DNC (red line) interactions.
(C) Hypothetic scheme showing COMT-
catalyzed PAME biosynthesis. Tocalpone,
AdoHcy, and Adox are inhibitors for the
respective enzymes as indicated. Hcy,
L-homocysteine; Met, L-methionine.

Fig. 2. COMT-catalyzed PAME synthesis.
(A) Generation of O-methylated products
of DHAP (open bars) and [13C16]-PAME
(solid bars) under the condition listed on
the plot. The contents of the test tubes are
listed on the plot. 2 and 1 represent the
absence and presence of AdoMet (1 mM),
respectively. DHAP or [13C16]-PA (100 mM)
were separately added to the test tubes,
where the COMT concentration was adjusted
to 0–30 U. *P , 0.05 indicates a significant
difference from the group without COMT. (B)
Effect of 3T3-L1 adipocyte differentiation on
[13C16]-PAME biosynthesis. [13C16]-PAME
concentrations in the media were measured
after 24 or 72 hours of culture with 3T3-L1
adipocytes in the fibroblast (Fib) (open bars)
or adipocyte (Adi) (solid bars) stage in the
presence of 100 or 500 mM [13C16]-PA.
Representative Western blots (C) and a sum-
marized bar graph (D) for protein expression
of soluble (S)- and membrane-bound (MB)-
COMT in 3T3-L1 adipocytes at the Fib and
Adi stages. *P , 0.05 vs. COMT-omitted
group in (A) and vs. the respective Fib-stage
group in (B and D). #P , 0.05 vs. groups
treated with 100 mM [13C16]-PA in (B). &P ,
0.05 vs. the respective 24-hour–culture group
in (B). Values are presented as means 6
S.E.M.
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and SHRs (Fig. 5, A and B) was also detected in the presence of
250 mM [13C16]-PA. Increase in [13C16]-PAME concentration
was time-dependent. The peak concentration was reached
after 30 minutes of incubation and gradually decreased after
45minutes of incubation. PVAT preincubation with 300 nM or
1 mM tolcapone for 30 minutes decreased [13C16]-PAME
generation, regardless of whether PVAT was isolated from
SD rats, WKY rats, or SHRs.
Losartan Reverses the Decreased PAME Biosynthe-

sis in Established SHR PVAT. More [13C16]-PAME was
synthesized in 13-week-oldWKY rats than in 8-week-oldWKY
rats. Conversely, less [13C16]-PAME was synthesized from
[13C16]-PA in PVAT of 13-week-old SHRs than that of 13-week-
old WKY rats (Fig. 5B). In 13-week-old established SHRs, the
suppressed [13C16]-PAME biosynthesis was recovered to nor-
mal following the preincubation of PVAT with 1 mM losartan
(n 5 5, Fig. 5B). However, [13C16]-PAME biosynthesis
remained unaffected in 13-week-old normotensive WKY rats
(n5 5). Preincubation with 1 mM tolcapone decreased [13C16]-
PAME biosynthesis in both 13-week-old SHRs and WKY rats
(n 5 5).
COMT Expression in PVAT of SHRs and WKY Rats.

Similar to 3T3-L1 adipocytes, the PVAT of 8- and 13-week-old
SHRs andWKY rats showedMB-COMT and S-COMT expres-
sion (Fig. 5, C and D; Supplemental Fig. 5). The 8-week-old
prehypertensive SHRs, which showed normal systolic blood

pressure compared with age-matched WKY rats (Table 1),
showed almost similar MB- and S-COMT expression in aortic
PVAT to age-matchedWKY rats. In contrast, 13-week-old SHRs,
which exhibited significantly higher systolic blood pressure
than age-matched WKY rats (Table 1), showed lower MB- and
S-COMT expression in aortic PVAT than age-matched con-
trols (Fig. 5, C and D; Supplemental Fig. 5).
COMT-Expressing Adipocytes in PVAT. The existence

of COMT enzyme in PVATwere demonstrated by the presence
of COMT-immunoreactive adipocytes (Fig. 6; n 5 12). COMT
immunofluorescence was localized in the cytoplasmic com-
partment except for lipid droplet in adipocytes. However, no
COMT immunofluorescence was detected when primary or
secondary antibodies were excluded during incubation (nega-
tive control).

Discussion
PAME is a PVATRF that drastically decreases in estab-

lished SHRs (Lee et al., 2011). However, how PAME is
synthesized in PVAT remains unclear. In test tube, PAME is
synthesized fromPAandAdoMet byCOMT, anO-methylation
enzyme (as depicted in Fig. 1C). In cell level, PAME is also
generated in 3T3L1 and PVAT adipocytes, which contain
COMT enzyme. A schematic diagram (Fig. 7) illustrates
PAME biosynthesis in PVAT adipocytes. PAME biosynthesis
is inhibited by different COMT inhibitors. In the hypertensive
rat model, COMT expression as well as PAME generation in
isolated PVAT was lower in established SHRs than in age-
matched WKY rats.
Computationalmolecularmodeling analysis revealed stable

binding of PA to the binding pocket of S-COMT formed by
AdoMet and Mg21, as evidenced by root-mean-square de-
viation simulations, in which the PA–S-COMT complex was
continuously stabilized at the distances (between the oxygen
atom in the hydroxyl group of PA and the carbon atom in the
methyl group of AdoMet) of 0–200 ns. Interestingly, although
PA does not contain a catechol structure, PAME was synthe-
sized by PA methylation via COMT catalysis as simulated in

Fig. 3. Suppression of PAME biosynthesis by COMT and AdoHcy
hydroxylase inhibitors in 3T3-L1 adipocytes. (A) Differentiated 3T3-L1
adipocytes were incubated in a culture medium containing [13C16]-PA plus
AdoHcy (A), Adox (A), or tolcapone (B) for 48 hours. The levels of
endogenous PAME (open bars) and [13C16]-PAME (solid bars) under the
conditions indicated on the graph were measured using GC-MS. 2 and 1
represent the absence and presence of 3T3-L1 adipocytes or inhibitors,
respectively. Values are means 6 S.E.M. *P , 0.05 vs. the control group.

Fig. 4. A cross-sectioned aortic ring showing the relative location of PVAT
to the aortic wall. The aortic specimen was taken from a WKY rat and
processed with hematoxylin-eosin Y staining. The layers in the aortic ring
were labeled on the plot, and enlarged pictures for aortic and mesenteric
PVATs were presented in Supplemental Fig. 6. Scale bar, 250 mm.
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computational molecular modeling and as demonstrated in
in vitro enzymatic assays and pharmacological inhibitor
experiments. Typically, PA is one of the most common
saturated fatty acids found in the human body and can be
obtained through diet and endogenous synthesis via de novo
lipogenesis or lipolysis from triacylglycerol (TG) in adipose
tissue. However, excess endogenous PA might induce endo-
plasmic reticulum stress (Tse et al., 2018) and lipotoxicity in
various cell types (Peng et al., 2011). It has been believed that
degradation, desaturation, and elongation of PA might be
protective and regulated by homeostasis mechanisms to pre-
vent cells from lipid-related stress-induced damage (Green
and Olson, 2011). In addition, methylation might be an
alternative means to reduce PA-induced stress in the
human body.
Endogenous fatty acid methyl esters (FAMEs), including

PAME, are synthesized in various animal tissues, such as the

lung (Zatz et al., 1981), pancreas (Leikola et al., 1965; Lough
and Garton, 1968), retinas, and parotid (Kloog et al., 1982).
However, the precursors and/or exact methyl transferases
involved remain unknown. Previous studies on a rat model
(Kaphalia et al., 1995) and human hepatoma HepG2 cells
(Kaphalia et al., 1999) have demonstrated that endogenous
FAMEs are synthesized following exposure to methanol,
suggesting that carboxylesterase (EC 3.1.1.1) is a FAME
methyltransferase. However, carboxylesterase is an AdoMet-
independent enzyme, and its methylation usually requires
external methanol. Therefore, to avoid the additional impact
of methanolic solvents, we did not use methanol in our
incubation experiments for PAME biosynthesis.
COMT is implicated in hypertension and cardiovascular

diseases (Houston, 2007). COMT expression and activity
decrease in hypertensive patients, resulting in elevated
circulating epinephrine and norepinephrine levels (Hirano
et al., 2007) and depleted 2-methoxyestradiol (a vasodilator)
levels (Hernandez et al., 2013). The decreased COMT level
further increases systemic arterial pressure. Previous studies
have reported that COMT expression and activity are reduced
in the liver (Tsunoda et al., 2003), brain (Masuda et al., 2006),
and renal cortex (Ooshima et al., 2009) in SHRs. MB- and
S-COMT expression was disproportionate in the aortic PVAT
of established SHRs in parallel with PAME decrease. In
addition, the plasma levels of TG and nonesterified free fatty
acids, which are resources for PAME biosynthesis, were lower
in 3-month-old male SHRs than in age-matched male WKY
rats (Gálvez et al., 2006). Consequently, decreased COMT
expression in PVAT and fat contents in adipocytes might
contribute to inhibition of PAME biosynthesis, and this might
be a relevant factor in hypertension pathogenesis.
PVATdysfunction in the hypertensive state is characterized

by the loss of the anticontractile activity of PVAT (Lee et al.,
2011). PVAT, which plays a paracrine role in regulating
vasomotor function, releases vasodilators or vasoconstrictors
(e.g., Ang II). Ang II exists (Gálvez-Prieto et al., 2008) and
increases in PVAT of established SHRs (Lu et al., 2010; Lee
et al., 2011). Therefore, in the hypertensive state, Ang II
synthesis increases and PAME biosynthesis or release
decreases in PVAT, leading to decreased arterial smooth

Fig. 5. Decreased COMT expression and PAME
biosynthesis in isolated aortic PVATs of SHRs. (A)
Time-dependent accumulation of [13C16]-PAME in
Krebs-Henseleit solution containing isolated PVAT
obtained from WKY rats and SHRs for 1–90-minute
incubation in the presence of 250 mM [13C16]-PA. (B)
The area under each curve (AUC), which represents
cumulative [13C16]-PAME generation, under the different
drug pretreatment was summarized. Ages and respective
marks are indicated on the plot. 2 and 1 represent the
absence and presence of 1 mM losatran or tolcapone,
respectively. (C and D) Membrane-bound (MB)- and
soluble (S)-COMT expression in aortic PVAT of 8- or
13-week-old SHRs and WKY rats (n5 4 to 5). a-Tubulin
levels were served as the loading control. Values are
presented as means 6 S.E.M. *P , 0.05 indicates
significant difference from the 8-week-old group
without treatment. #P , 0.05 indicates significant
difference from age-matched WKY rats. &P , 0.05
indicates significant difference from the age-matched
group without losartan treatment. xP , 0.05 indi-
cates significant difference from the age-matched
group without tolcapone treatment.

Fig. 6. COMT immunoreactivity in PVAT adipocytes. (A and B)
Representative images showing an aortic section immunostained with
COMTandDAPI. (C)Amerged image indicating the location of COMTenzyme
and nuclei. The area in the red box was enlarged and presented in (D). Arrows
indicate COMT-immunoreactive adipocytes, and a star indicates the presence
of lipid droplet. DAPI, 49,6-diamidino-2-phenylindole.
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muscle relaxation (Lee et al., 2011; Wang et al., 2018).
Losartan is an Ang II receptor type 1 (AT-1) receptor
antagonist used to treat hypertension. Previous studies have
reported that losartan treatment reverses decreased PAME
release from PVAT in established SHRs (Lee et al., 2011). In
addition, the Ang II pathway inhibits TG lipolysis, which is
also reversed by losartan treatment (Cabassi et al., 2005).
Losartan can reverse low PAME biosynthesis levels in PVAT
of established SHRs, indicating the involvement of PAME in
losartan-induced antihypertension effects.
There are several limitations in this study. First, the

acquisition of human tissue is restricted. Therefore, we could
not study PAME biosynthesis and COMT expression in
human PVAT adipocytes. Second, there is no specific antibody
or inhibitor that can separate the effects of MB- from S-COMT
on PAME biosynthesis. Thus, we could not determine which of
the two, MB-COMT or S-COMT, is a major factor in PAME
biosynthesis in PVAT.
In conclusion, we, for the first time, demonstrate that PAME

is synthesized through PA methylation via the AdoMet-
dependent COMT catalytic pathway in adipocytes (depicted
in Fig. 7). In addition, the reversal of decreased PAME
generation in PVAT by losartan in hypertensive rats indicates
the involvement of AT-1 receptor in PAME synthesis. The role
of COMT-dependent PAME biosynthesis in AT-1 recep-
tor–mediated blood pressure regulation remains to be de-
termined. However, because of the vasodilative effect of
PAME illustrated by Lee et al. (2011), targeting the PAME
biosynthetic pathway in PVAT might help in developing
therapeutic or preventive strategies against hypertension.
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