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Abstract: Stilbenoids are bioactive polyphenols, and resveratrol (trans-3,5,4'-trihydroxystilbene)
is a representative stilbenoid that reportedly exerts cardioprotective actions. As resveratrol
exhibits low oral bioavailability, we turned our attention to other stilbenoid compounds with a
history of medicinal use and/or improved bioavailability. We determined the effects of gnetol
(trans-3,5,2' 6'-tetrahydroxystilbene) and pterostilbene (trans-3,5-dimethoxy-4'-hydroxystilbene) on
cardiac hypertrophy. In vitro, gnetol and pterostilbene prevented endothelin-1-induced indicators
of cardiomyocyte hypertrophy including cell enlargement and protein synthesis. Gnetol and
pterostilbene stimulated AMP-activated protein kinase (AMPK), and inhibition of AMPK, using
compound C or shRNA knockdown, abolished these anti-hypertrophic effects. In contrast, resveratrol,
gnetol, nor pterostilbene reduced blood pressure or hypertrophy in the spontaneously hypertensive
heart failure (SHHF) rat. In fact, AMPK levels were similar between Sprague-Dawley and SHHF
rats whether treated by stilbenoids or not. These data suggest that the anti-hypertrophic actions
of resveratrol (and other stilbenoids?) do not extend to the SHHF rat, which models heart
failure superimposed on hypertension. Notably, SHHF rat hearts exhibited prolonged isovolumic
relaxation time (an indicator of diastolic dysfunction), and this was improved by stilbenoid treatment.
In conclusion, stilbenoid-based treatment as a viable strategy to prevent pathological cardiac
hypertrophy, a major risk factor for heart failure, may be context-dependent and requires further study.
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1. Introduction

Cardiac hypertrophy refers to the increased myocardial mass provoked by hemodynamic stress or
myocardial injury [1], and is a convergence point for heart failure risk factors. Prolonged hypertrophy
leads to functional decompensation [2—4], so mitigation of this process is considered a promising
therapeutic target to prevent heart failure [5].

Stilbenoids are a family of bioactive polyphenols, and resveratrol (trans-3,5,4'-trihydroxystilbene)
is a representative stilbenoid that has been linked to improved longevity, cardiovascular, and
neurodegenerative health [6-9]. In fact, we reported the effects of resveratrol on the microvasculature
and heart in the spontaneously hypertensive rat (SHR), an experimental model of hypertension and
cardiac hypertrophy [10,11]. However, although resveratrol is well-tolerated in humans, it is poorly
soluble and readily metabolized. Rapid glucuronidation during phase II conjugation results in low
oral bioavailability (~20%) and a half-life of ~14 min [12-14].

There are other stilbenoid compounds with therapeutic potential. Pterostilbene (trans-3,5-
dimethoxy-4'-hydroxystilbene) is a dimethylated analog of resveratrol found in grapes [15] and
blueberries [16], and is used in Ayurvedic medicine to treat coronary heart disease [17]. As
the 3 position is methylated, it is protected from glucuronidation. Thus, resveratrol is a much
better substrate for the UDG-glucuronosyltransferase family of enzymes, and it is more readily
glucuronidated than pterostilbene. In fact, pterostilbene exhibits 95% oral bioavailability and a half-life
of 105 min [14,18]. Gnetol (trans-3,5,2',6'-tetrahydroxystilbene) is a structural analog of resveratrol
from the genus Gnetum [19-22]. In Southeast Asia, seeds and fruit of G. gnemon, commonly called
melinjo, are consumed as traditional foods [23]. Melinjo seed extracts and gnetol are used in Asian
traditional medicine [22,23], and Gnetum extracts are widely used as natural health products [22,24].

Given the importance of cardiac hypertrophy as a risk factor for heart failure, and based on
previous reports that resveratrol suppresses hypertrophy [11,25-27], we queried whether pterostilbene,
and perhaps gnetol, would produce greater cardioprotective effects. We began by characterizing the
ability of pterostilbene and gnetol to suppress cardiomyocyte hypertrophy in vitro, as previously
reported for resveratrol [28-31].

We also probed AMP-activated protein kinase (AMPK) as a potential mediator of stilbenoid effects.
AMPXK is a serine/threonine kinase that acts as a cellular energy sensor. In cardiomyocytes, AMPK
modulates energy homeostasis by: (i) increasing fatty acid uptake and oxidation; (ii) accelerating
glucose uptake; (iii) stimulating glycolysis; and (iv) attenuating energy-consuming pathways such as
protein synthesis [32]. In fact, activated AMPK exerts anti-hypertrophic effects such as blockade of
cardiomyocyte enlargement, protein synthesis, hypertrophic gene expression, and pro-hypertrophic
signaling in vitro [33-36] as well as in vivo [36], and the ability of resveratrol [29] to impede
hypertrophy has been attributed to AMPK signaling. Finally, we carried out a comparative study of
the three stilbenoid polyphenols in vivo.

2. Results

2.1. Effects of Gnetol and Pterostilbene on Cardiomyocyte Hypertrophy and Viability

We previously reported that ~7 pg/mL of resveratrol was required to attenuate norepinephrine-
induced hypertrophy of cardiac myocytes [31]. Therefore, we confirmed the anti-hypertrophic actions
of resveratrol in ET1-treated myocytes (Supplementary Figure S1). We then began by assessing the
effect of increasing concentrations of gnetol within a similar range (0-100 pug/mL) on hypertrophic
growth. ET1 treatment (0.1 uM; 24 h) elicited hypertrophy, as evidenced by significant enlargement of
myocytes (Figure 1A). Lower concentrations of gnetol (1-10 pg/mL) abolished ET1-induced myocyte
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enlargement, but did not affect untreated myocytes. In contrast, higher concentrations of gnetol
(50-100 pug/mL) markedly reduced cell size in the presence and absence of ET1, which suggests toxicity
rather than anti-growth effects.
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Figure 1. Effects of gnetol and pterostilbene on cardiomyocyte hypertrophy and viability. (A) The
ability of ET1 (0.1 uM; 24 h) to induce myocyte enlargement was abolished by lower concentrations of
gnetol (1-10 pg/mL), whereas higher concentrations of gnetol (50-100 pg/mL) reduced cell size in
the presence and absence of ET1. n = 3; 40-45 myocytes/group. * p < 0.05 and ** p < 0.01 vs. control
(open bars); T p < 0.05and ¥ p < 0.01 vs. ET1. The effects of gnetol and pterostilbene on cardiomyocyte
viability were therefore determined using triton x-100 as a positive control of reduced cardiomyocyte
viability; (B) Lower concentrations of gnetol (1, 5, and 10 ng/mL) exhibited no adverse effects on
calcein fluorescence (an indicator of viable cardiomyocytes), whereas higher concentrations (50 and
100 pg/mL significantly decreased viability. n = 3-4. * p < 0.05 vs. control (open bars); (C) only 1 ug/mL
of pterostilbene exhibited no adverse effects on viability, whereas higher concentrations (5, 10 and
50 pg/mL) significantly decreased calcein fluorescence. n = 3—4. * p < 0.05 vs. control (open bars); (D) A
sub-maximal concentration of gnetol (5 ug/mL) blocked ET1-induced protein synthesis (measured as
L-azidohomoalanine [AHA] incorporation), a second marker of hypertrophy. n = 3; * p < 0.05 vs. control
(open bars); * p <0.05 vs. ET1. The ability of ET1 (0.1 uM; 24 h) to induce; (E) myocyte enlargement
and (F) protein synthesis (i.e., AHA incorporation) was abolished by pterostilbene (1 ug/mL). n = 3;
40-45 myocytes/group. * p < 0.05 vs. control (open bars); ¥ p < 0.05 vs. ET1.

Having detected possible toxic effects of higher-concentration gnetol, we next measured the
effects of increasing concentrations of gnetol (1-100 pg/mL) and pterostilbene (1-50 pug/mL) on
cardiomyocyte viability. We confirmed that lower concentrations of gnetol (1, 5, and 10 ug/mL)
and pterostilbene (1 ug/mL) exhibited no adverse effects on calcein fluorescence, whereas higher
concentrations (gnetol: 50 and 100 pug/mL; pterostilbene: 5, 10 and 50 ng/mL) significantly decreased
viability (Figure 1B,C, respectively). Based on these data, 5 ug/mL and 1 ug/mL were selected as the
working concentrations of gnetol and pterostilbene, respectively. At these concentrations, gnetol also
blocked ET1-induced protein synthesis (Figure 1D), a second marker of hypertrophy, and pterostilbene
likewise attenuated ET1-induced myocyte enlargement and protein synthesis (Figure 1E,F). These data
suggest that gnetol and pterostilbene exhibit anti-hypertrophic properties in isolated cardiac myocytes.

2.2. AMPK Mediates the Anti-Hypertrophic Effects of Pterostilbene and Gnetol

As discussed above, we identified AMPK as a candidate mediator of pterostilbene and gnetol
effects. Levels of total AMPK were not affected by gnetol (Figure 2A), though we observed
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significantly increased phosphorylation of AMPK« at Thr172, which is an indicator of AMPK activation
status [37,38] (Figure 2B). Total levels of AMPK as well as phosphorylation of AMPK« at Thr172 were
increased by pterostilbene (Figure 2C, D). We next disrupted AMPK signaling chemically using
compound C [6-[4-(2-piperidin-1-ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[1,5-a]pyrimidine]; 1 pM) or
by shRNA knockdown of AMPK; /5. Infection of cardiomyocytes with lentiviral constructs expressing
shRNA against AMPK«x; and AMPKa; produced significant, simultaneous reductions to 29% =+ 4%
and 39% =+ 14%, respectively (n = 3, p < 0.05). Compound C (Figure 3) and AMPK; /, knockdown
(Figure 4) abolished the ability of gnetol and pterostilbene to attenuate cardiomyocyte hypertrophy,
suggesting that AMPK is a key player.
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Figure 2. Gnetol and pterostilbene increase AMPK« levels and /or phosphorylation. Gnetol (5 pg/mL)
(A) did not significantly affect total AMPK levels, and yet (B) promoted activation of AMPK« as
reflected by phosphorylation at Thr172. Pterostilbene (1 ng/mL) increased both (C) total AMPK levels
and (D) AMPK« phosphorylation. n = 3—4. * p < 0.05 vs. control (open bars).
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Figure 3. Chemical disruption of AMPK signaling attenuates gnetol and pterostilbene effects. Myocytes
pre-treated with vehicle or compound C, a chemical inhibitor of AMPK, for 1 h, then exposed to gnetol
or pterostilbene for 1 h, followed by addition of ET-1 (0.1 uM) for 24 h. Upon addition, all compounds
remained in the culture media for the remainder of the experiment. Compound C abolished the ability
of (A) gnetol (5 ug/mL); and (B) pterostilbene (1 ug/mL) to inhibit ET1-induced myocyte enlargement.
n=3.*p <0.05vs. control (open bars); * p < 0.05 vs. ET1.
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Figure 4. shRNA knockdown AMPKux abolishes gnetol and pterostilbene effects. Following
simultaneous knockdown of AMPKw&; and AMPK«;, the catalytic subunits of AMPK, myocytes
were exposed to gnetol or pterostilbene for 1 h, followed by addition of ET-1 (0.1 uM) for 24 h. Upon
addition, all compounds remained in the culture media for the remainder of the experiment. AMPK«
knockdown abrogated the ability of (A) gnetol (5 ug/mL); and (B) pterostilbene (1 ug/mL) to abolish
ETl-induced myocyte enlargement. 1 = 3. * p <0.05 vs. control (open bars); * p < 0.05 vs. ET1.

2.3. In Vivo Effects of Resveratrol, Gnetol, and Pterostilbene on Blood Pressure, Cardiac Structure and
Cardiac Function

Systolic, diastolic and mean blood pressures were elevated in SHHF rats compared with SD rats
(Table 1). Early cardiac hypertrophy was also evident in SHHF rats, as normalized intraventricular
septal thickness (end diastole: IVSd and end systole: IVSs) were augmented compared with
age-matched SD rats (Figure 5), and this is an indicator of left ventricular hypertrophy. Asymmetrical
interventricular septal hypertrophy (ASH) is also a predominant diagnostic feature of hypertrophic
cardiomyopathy (HCM), which is commonly characterized by the presence of disproportionately
hypertrophied septum in HCM patients. Interestingly, hypertensive patients may also develop ASH
along with an increase in left ventricular mass [39,40]. AMPK levels and activation status were
unaffected in SHHF rats nor by stilbenoids (Figure 6). Left ventricular isovolumic relaxation time
(IVRT), an indicator of diastolic function, was impaired in SHHF rats, whereas systolic function (i.e.,
ejection fraction and fractional shortening) was normal (Figure 7). Although stilbenoid treatment had
no effect on hypertrophy in vivo (Figure 5) nor AMPK (Figure 6), resveratrol, gnetol, and pterostilbene
significantly improved IVRT (Figure 7).
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Figure 5. Stilbenoid treatment does not attenuate cardiac hypertrophy in the SHHF rat. Normalized
(A) IVSs and (B) IVSd were increased in untreated SHHF (SHHF-C) compared to untreated SD (SD-C)
rat hearts. 8-week treatment with resveratrol (R; 2.5 mg/kg/day), pterostilbene (P; 2.5 mg/kg/day),
or gnetol (G; 2.5 mg/kg/day) did not affect normalized (A) IVSs and (B) IVSd in hearts from SD nor
SHHEF rats. n = 6-8. * p < 0.05 vs. SD-C hearts.
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Figure 6. Lack of effect of stilbenoid treatment on AMPK in SD and SHHEF rat hearts. No differences in
(A) total AMPK levels nor (B) AMPKa activation (vis-a-vis phosphorylation at Thr172) were detected
between SD and SHHEF rat hearts, in the presence or absence of stilbenoid treatment. n = 5.
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Figure 7. Stilbenoid treatment improves diastolic function in the SHHF rat. Compared to hearts from
untreated SD rats (SD-C), (A) IVRT was impaired (i.e., prolonged) in SHHF rats, whereas parameters
of systolic function such as (B) ejection fraction (EF) and (C) fractional shortening remained normal.
8-week treatment with resveratrol (R; 2.5 mg/kg/day), pterostilbene (P; 2.5 mg/kg/day), or gnetol (G;
2.5 mg/kg/day) improved IVRT. n = 6-8. * p < 0.05 vs. SD-C hearts; ; # p < 0.05 vs. SHHF-C.

Table 1. Effect of stilbenoid polyphenols on blood pressure.

Parameter SD SHHF
(mm Hg) C R P G C R P G
Systolic BP 140 + 18 130+ 18 140 £22 136 +16 195+102 187 +142 192+142 207 +10°2
Diastolic BP 98 4+ 14 85+ 20 100 £ 21 94 4+ 14 143+72 137+162 135+208 152472
Mean BP 112+16 100+19 113+21 108 £+ 14 160 =82 153 +152 154+182 170+82
Pulse Pressure 43+5 46 +5 414+5 42 +4 52+6 50 +7 5692 54 +42

C—control, R—resveratrol, P—pterostilbene, G—gnetol. # p < 0.05 vs. SD controls.
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3. Discussion

To our knowledge, the present study shows for the first time that the resveratrol analogs
pterostilbene and gnetol, at least in part, attenuate hypertrophy of isolated cardiomyocytes via
AMPK signaling. This is consistent with previous reports first, of the ability of resveratrol to
prevent cardiomyocyte hypertrophy in vitro, in response to stimuli such as angiotensin II [28,29],
phenylephrine [30], and norepinephrine [31], and second, of the anti-hypertrophic role of AMPK [29,31].
Therefore, we continued to evaluate the ability of resveratrol, pterostilbene, and gnetol to suppress
cardiac hypertrophy in the SHHF rat. The SHHF rat models human heart disease in that it develops
hypertension and hypertrophy that progress to decompensated heart failure [41,42]. To our knowledge,
this is the first study of resveratrol (and structural analogs) in the SHHF rat.

We hypothesized that, because pterostilbene exhibits improved bioavailability and prolonged
half-life compared to resveratrol [14,18], we would observe greater anti-hypertrophic actions with
pterostilbene (and perhaps gnetol) in vivo. Despite the anti-hypertrophic effects that we observed
in isolated cardiomyocytes, and the ability of resveratrol to attenuate hypertrophy in aortic-banded
rats [25,26] and SHR [11,27] in vivo, stilbenoid treatment failed to attenuate left ventricular hypertrophy
in SHHF rats.

There are a number of possible explanations for this discrepancy, and a major candidate we suggest
is strain differences. The SHHF rat models genetic predisposition to heart failure superimposed on
hypertension, whereas SHR models hypertension alone [43]. Therefore, despite the fact that we selected
a dose of 2.5 mg/kg/day based on our previous findings that this dose of resveratrol suppressed
hypertrophy in aortic-banded rats and SHR [11,25,26], SHHF rats and SHR may respond differently
to pharmacotherapy. A similar notion was previously reported by Sharkey et al. where, for example,
SHHEF rats exhibited cardiac sensitivity to doxorubicin that was attenuated compared to that of SHR
or normotensive WKY rats [43]; the authors likewise suggested strain differences in arachidonic acid
metabolism. It is plausible, therefore, that equivalent doses of resveratrol would act differentially in
hearts from SHHF rats.

In fact, our findings suggest that the strain differences contributing to differential resveratrol
responsiveness in SHHF rats vs. SHR may relate to AMPK. We observed gnetol- and
pterostilbene-dependent AMPK activation in isolated cardiomyocytes, and this is consistent with
the ability of resveratrol to activate AMPK in SHR hearts [27,31]. However, in contrast to SHR [27], we
found that AMPK signaling is not impaired in SHHF rat hearts, and neither resveratrol, pterostilbene,
nor gnetol activated AMPK in the hearts of SHHF rats. It also bears mentioning that activated
AMPK may not exert anti-hypertrophic effects in SHHF rats anyhow. Cittadini et al. reported that
metformin induced significant AMPK activation in SHHF rats, and yet failed to attenuate cardiac
hypertrophy measured as normalized heart weights and cardiomyocyte diameters [44]. Nonetheless,
our findings highlight the distinction between SHR and SHHEF rats as different genetic models of
cardiovascular disease; in fact, pathophysiological complexity may be augmented in the SHHF rat,
given the combination of hypertension and heart failure predisposition. Thus, comparative effects of
these stilbenoids remain to be determined in another experimental model such as SHR.

It is difficult to ascertain precisely why gnetol only transiently increased phosphorylation of AMPK
(Figure 2). We speculate that this may be related first, to its half-life following oral administration
(100 mg/kg; ~4.20 h) [45] and therefore second, at least in part, to the possible trend of increased total
AMPK at 4 h that seems to decline similarly to p-AMPK at 8 and 24 h (Figure 2A,B). Importantly,
the transient nature of AMPK activation is not inconsistent with the mechanistic role of AMPK that
we propose. In a separate study on the anti-hypertrophic actions of endocannabinoids, we reported
that phosphorylative activation of AMPK peaked by 4 h, and returned to baseline by 24 h [46].
This suggests that AMPK activation might occur at a key, initial time point that triggers signaling
consequences that would in turn attenuate cardiomyocyte hypertrophy. For example, disruption of
RhoA /RhoA kinase (ROCK) might be one such downstream consequence. These Rho GTPases are
early effectors of hypertrophic growth [47—49]. In addition, AMPK crosstalk with eNOS might confer
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anti-hypertrophic effects [31,46,50,51], and NO inhibits ET1-induced cardiomyocyte hypertrophy, at
least in part, by blocking the RhoA /ROCK cascade [52]. We therefore speculate that stilbenoids, by
transiently activating AMPK, elicit NO-dependent blockade of RhoA /ROCK; the effects of stilbenoids
such as gnetol and resveratrol on RhoA /ROCK signaling remain to be determined.

Our data show that untreated SHHF exhibited prolonged IVRT, and that this was restored towards
normal by all stilbenoid treatments. First, this finding serves as indirect evidence that the stilbenoid
compounds, and/or perhaps their bioactive metabolites [27], were indeed reaching the heart to produce
equivalent in vivo effects. The purportedly improved oral bioavailability of pterostilbene [14,18] did
not influence its effects on IVRT compared to resveratrol or gnetol. Second, prolonged IVRT reflects
impaired myocardial relaxation and is therefore an indicator of diastolic dysfunction. This is the
first demonstration of improved diastolic function in the SHHF rat with stilbenoid treatment. In
contrast, ejection fraction and fractional shortening, both parameters of systolic function, were not yet
significantly impaired in SHHF rats; this is consistent with previous reports that systolic dysfunction
doesn’t emerge until at least 9 months of age, and was detected in 15-month old rats [41]. As fibrosis
is a major contributor to IVRT prolongation, it is plausible that stilbenoid treatment attenuated
interstitial remodeling. Indeed, resveratrol reportedly inhibits proliferation and differentiation of
cardiac fibroblasts in vitro [53]. Accordingly, resveratrol attenuated fibrosis in vivo in a number of
models including the fructose-fed rat [54], angiotensin II-treated mouse [55], DOCA-salt rat [56], and
SHR [57]. The ability of resveratrol to attenuate cardiac fibrosis in SHR was associated with alleviation
of oxidative stress and inflammation [57], so it is plausible that resveratrol, pterostilbene, and gnetol
acted similarly in SHHF rats, though this remains to be determined.

In conclusion, we observed equivalent effects in vitro (i.e., anti-hypertrophic) and in vivo (i.e.,
improved diastolic function). However, this study highlights the possibility of differential responses to
stilbenoid polyphenols between in vitro models and distinct in vivo models (i.e., SHR vs. SHHF rats).
This is an important consideration when pursuing stilbenoid-based therapies for human cardiovascular
disease with its complex multi-factorial pathophysiology.

4. Materials and Methods

4.1. General Information

Endothelin-1, resveratrol, pterostilbene, compound C, x-actinin antibody, Alexa Fluor goat
anti-mouse secondary antibody, 3-actin antibody, and polybrene were from Sigma-Aldrich (Oakville,
ON, Canada). Triton X-100 was from EMD Millipore (Billerica, MA, USA). DMEM was from
ThermoFisher Scientific (Missisauga, ON, Canada). AMPK and phosphorylated AMPK antibodies
were from Cell Signaling Technology (Whitby, ON, Canada). Click-iT® AHA Alexa Fluor® 488
Protein Synthesis HCS Assay kit and calcein-AM were from Molecular Probes/Invitrogen (Burlington,
ON, Canada). Inverted fluorescent microscope (Olympus 1X81, Markham, ON, Canada), Medical
film processor (Konica SRX-101A, Taiwan), Electrophoresis power supply (Biorad Powerpac Basic,
Mississauga, ON, Canada), Microplate reader (Fluostar Omega, BMG Labtech, Offenburg, Germany),
Incubator (ThermoForma direct heat CO, incubator).

4.2. Gnetol Synthesis Preparation of (E)-2,3",5’,6-Tetramethoxystilbene (Scheme 1 (3))

Diethyl 3,5-dimethoxybenzylphosphonate (Scheme 1, (2)) (144.6 g of 90% assay, 0.45 mol) was
placed in a 500 mL four-necked round bottomed flask fitted with a mechanical stirrer, an addition
funnel and a thermometer under dry nitrogen atmosphere. Dry dimethylformamide (140 mL) was
added to this compound with stirring for dissolution. Sodium tert-butoxide (65 g, 0.68 mol) was added
slowly to this reaction mixture at ambient temperature with stirring. The reaction mixture was cooled
to 0 °C after 45 min and 2,6-dimethoxybenzaldehyde (Scheme 1, (1), 75 g, 0.45 mol) dissolved in dry
dimethylformamide (40 mL) was dropped into the reaction mixture at 0-5 °C through an addition
funnel. Upon completion of the addition, the reaction mixture was allowed to warm to ambient
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temperature spontaneously with stirring overnight. H,O (500 mL) was added to the reaction mixture
slowly with stirring at ambient temperature and the mixture acidified with 1:1 HyO:hydrochloric acid
(140 mL). The precipitate was filtered by suction, washed with H,O until neutral and dried in vacuo at
70 °C to obtain the pure product (E)-2,3’,5",6-tetramethoxystilbene (Scheme 1, (3)) (92 g, 68% yield) as a
pale yellow powder, m.p. 92-93 °C. HPLC purity of this compound is 99.2%.

'H-NMR (CDCl3, 300 MHz): & 3.82 (s, 6H, 3’ & 5'-OCH3), 3.88 (s, 6H, 2- & 6- OCH3), 6.36 (t,
J=24Hz 1H, Cy-H), 6.58 (d, ] = 8.4 Hz, 2H, C3-H & C5-H), 6.70 (d, ] =2.4 Hz, 2H, Cy-H & C¢-H),
7.16 (t,] =84 Hz, 1H, C4-H ), 7.46 (AB q, ] = 16.2 Hz, 2H, trans ethene H). See Figure S2.

I3C-NMR (CDCl3, 75 MHz): § 55.56 (C3- & C5-OCHj3), 56.00 (C,- & C4-OCHs), 99.56 (Cy--), 104.18
(Cy- & Cgr-) 104.69 (C3- & Cs-), 114.77 (C1-), 120.67 (Ethene C), 128.43 (Cy-), 132.48 (Ethene C), 141.40
(Cy--), 158.87 (Cz- & Cs-), 161.02 (Cy- & Csr-). See Figure S3.

LC-MS: Positive APCI m/e 301 (M*+H).

Preparation of Gnetol (Scheme 1, (4))

2,6-Lutidine (142.6 g, 1.33 mol) was added to a 500 mL four-necked round bottomed flask fitted
with a mechanical stirrer, an addition funnel and a thermometer under dry nitrogen atmosphere.
Toluene (175 mL) was mixed with 2,6-lutidine with stirring. Anhydrous aluminum chloride (178.0 g,
1.33 mol) was slowly added to this solution of 2,6-lutidine in toluene at such a rate that the temperature
did not rise above 50 °C. Upon completion of the addition, the temperature spontaneously increased to
50 °C. (E)-2,3",5’ 6-Tetramethoxystilbene (Scheme 1, (3)) (50 g, 0.17 mol) dissolved in toluene (175 mL)
was added to the reaction mixture through the addition funnel, and the mixture slowly heated to
80 °C. This reaction mixture was stirred at 80 °C for 1 h and then slowly poured over ice (300 g). The
quenched reaction mixture was acidified with concentrated hydrochloric acid (150 mL) and extracted
with ethyl acetate (3 x 500 mL). The ethyl acetate layer was dried over anhydrous sodium sulfate
(200 g), filtered and the solvents stripped off by a rotary evaporator to obtain crude gnetol (Scheme 1,
(4)) (39 g). The crude gnetol (Scheme 1 (4)) was dissolved in acetone (100 mL) and passed through a
column of neutral alumina (100 g). The absorbed product on neutral alumina was eluted with acetone
(200 mL). The acetone eluents combined, the solvent was distilled off by a rotary evaporator and
the residue was dried in vacuo at 80 °C. The dry residue was then triturated with dichloromethane
(100 mL) followed by 2% methanol in dichloromethane (100 mL). The filtered solid residue was dried
in vacuo at 80 °C to obtain pure gnetol (Scheme 1 (4)) (32 g, 79% yield) as a grey colored powder,
m.p. 231.8-232.9 °C. HPLC purity of this compound is 99.5%.

'H-NMR (DMSO-dg, 300 MHz): § 6.07 (t, ] = 2.1 Hz, 1H, Cy-H), 6.32 (d, ] = 2.1 Hz, 2H, Co-H &
Cg-H), 6.33 (d, ] = 8.1 Hz, 2H, C3-H & C5-H), 6.82 (t, ] = 8.1 Hz, 1H, C4-H), 7.30 (AB q, ] = 16.2 Hz, 2H,
trans ethene H), 9.16 (s, 2H, -OH), 9.64 (s, 2H, -OH). See Figure S4.

13C-NMR (DMSO-dg, 75 MHz): & 101.42 (Cy-), 103.94 (Cy- & Cg-), 106.64 (C3- & Cs-), 111.19
(Cy-), 120.47 (Ethene C), 127.88 (Cy-), 130.15 (Ethene C), 140.93 (Cy--), 156.80 (Cz- & Cs-), 158.55 (Cz- &
Cs-). See Figure S5.

LC-MS: Negative ESI m/e 243 (M — H) ™.

In summary, 2,6-Dimethoxybenzene was converted to 2,6-dimethoxybenzaldehyde (1) through
a lithiation-formylation sequence as described in the literature [58]. As depicted in Scheme 1,
compound 1 was used in the subsequent Emmons-Horner coupling with diethyl 3,5-dimethoxy-
benzoylphosphonate (2) to yield exclusively the trans-isomer, (E)-2,3'5 ,6-tetramethoxystilbene (3).
The trans-geometry purity was evident from the NMR coupling constant data for the olefinic
protons (J = 16.2 Hz) (Figures S2 and S3, Supplementary Materials). Tetra-demethylation of 3 was
effected by the aluminum chloride/lutidine complex, which is shown as an example. This may be
achieved by other amines such as N,N-diethylaniline [59]. We believe that the polymeric nature
of aluminum chloride is disrupted by the amine substrate to yield a more powerful Lewis acid
that catalyzes the tetra-O-demethylation reactions efficiently. The product gnetol (4) was isolated
again as a pure trans-isomer as evidenced by NMR coupling constant data for the olefinic protons
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(J = 16.2 Hz) (Figures S4 and S5, Supplementary Materials). The scheme was easily applicable to large
scale synthesis.

0—CH, 0—CH,
Ref 58 MeO AlC
; O
CHO _} R e
Q Q - [ SR oH
DMEF, NaOBu'
O—CHj 0—CH,3 OH
(1) (i) 68% (Q 79%
Scheme 1. Synthesis of gnetol.
4.3. Animals

This study was approved by the University of Manitoba Animal Care Committee and follows
Canadian Council of Animal Care guidelines.

4.4. In Vitro Experiments

4.4.1. Neonatal Rat Ventricular Myocytes

Ventricular myocytes were isolated from 1-day-old neonatal Sprague-Dawley rats by digestion
with several cycles of 0.1% trypsin and mechanical disruption, as previously described [60]. Cells were
cultured on gelatin-coated plates in DMEM containing 10% cosmic calf serum (CCS; GE Healthcare
Life Sciences, South Logan, UT, USA) for 18-24 h prior to experimentation.

4.4.2. Treatments

As applicable, myocytes were subjected to lentiviral infection. Myocytes were then rendered
quiescent by serum deprivation for 24 h and pretreated with gnetol (1-100 pg/mL) or pterostilbene
(1-50 pg/mL) in the presence or absence of a chemical inhibitor of AMPK (compound C [i.e.,
6-[4,[4-(2-piperidin-1-ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[1,5,[1,5-a]pyrimidine]; 1 uM; 1 h).
Following the 1 h pretreatment, ligands remained in the culture media for the remainder of the
experiment. Hypertrophy was stimulated by addition of ET1 (0.1 uM; 24 h).

4.4.3. Hypertrophic Indicators

Hypertrophy was assessed as previously described [61,62]. Briefly, myocyte size was assessed by
immunofluorescence, fluorescence microscopy, and computer-assisted planimetry. De novo protein
synthesis was measured using the Click-iIT® AHA Alexa Fluor® 488 Protein Synthesis HCS Assay kit
(Invitrogen), according to the manufacturer’s protocol.

4.4.4. Measurement of Cardiomyocyte Viability

Cardiomyocyte viability was assessed by staining with calcein-AM. Calcein AM is a
membrane-permeant dye that is converted to a green-fluorescent calcein by intracellular esterases in
viable cells. Following treatments and removal of media, 3 uM calcein-AM in warm PBS was added to
each well (24-well plate, 350,000 cells/well). The following were used as controls: background — no
cells + calcein AM; live controls — vehicle-treated cells; dead cell controls — cells treated with 0.2%
Triton X-100 (15 min). Following dark incubation (37 °C, 30 min), fluorescence was measured using a
plate reader using excitation/emission wavelengths 485 nm /535 nm for calcein.
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4.4.5. Western Blotting

Cell or tissue lysates were prepared in RIPA buffer, clarified by centrifugation, and p-AMPK and
AMPK were detected by conventional western blotting. Membranes were stripped and reprobed with
(-actin antibody to account for loading variations among lanes.

4.4.6. Lentiviral Preparation and Infection

Lentiviral vectors expressing shRNA against AMPK o and o were obtained from the University
of Manitoba Open Biosystems library (AMPK o;: TRCN0000000860, TRCN0000024003; AMPK «5:
V2LMM_73754, V2LMM_71195). Scrambled sequences served as non-silencing controls. Lentivirus
vector plasmids were co-transfected with psPAX2 (packaging) and pMD2.G (enveloping) vectors
using FuGENE6 Reagent (Roche; Indianapolis, IN, USA). High-titer lentiviral stock was produced in
HEK-293T cells 48 h after transfection. Myocytes were infected for 24 h by application of the lentivirus
to the culture medium. Knockdown was confirmed by western blotting (data not shown).

4.5. In Vivo Experiments

4.5.1. Experimental Animals

Male Sprague Dawley (SD) rats and lean spontaneously hypertensive heart failure (SHHF) rats
were obtained from Charles River (Senneville, QC, Canada) at 7 weeks of age. Animals were housed
under a 12-h light/dark cycle at 22 °C and 60% humidity and fed ad libitum.

Rats were trained for blood pressure measurement using tail cuff plethysmography (CODA
non-invasive blood pressure system; Kent Scientific, Torrington, CT, USA), after 14 days of
acclimatization. SD and SHHF rats were treated for 8 weeks by oral gavage with vehicle or resveratrol,
pterostilbene, and gnetol (2.5 mg/kg/day; Sigma Aldrich-Canada; Cayman Chemical, Ann Arbor, MI,
USA; and Sabinsa Corporation, East Windsor, NJ, USA). This dose was chosen based on our previous
study that showed vascular improvement using low dose resveratrol in the SHR animal model [10].

4.5.2. Echocardiography

Rats were anesthetized with isoflurane (induction: 3%; maintenance: 2%), and transthoracic
echocardiography was performed via 2D guided M-mode and Doppler imaging modalities with a
13-MHz probe (Vivid E9; GE Medical Systems, Milwaukee, WI, USA). The 2D parasternal, short-axis
view was used to image the heart at the papillary muscle level. Doppler flow velocity tracings
were obtained at the level of the mitral valve in the apical four-chamber view and at the level of
aorta in the five chamber view, with the Doppler probe placed at the edge of the mitral leaflets and
aortic valve, respectively. All measurements were performed, according to the recommendations of
the American Society for Echocardiography leading-edge method, from three consecutive cardiac
cycles using EchoPAC software (GE Medical Systems). Systolic functional parameters such as
percentage of left ventricular ejection fraction (EF) and fractional shortening (FS) were determined
from parasternal short-axis view image-based end-systolic and end-diastolic diameters and volumes.
Diastolic functional parameters such as isovolumic relaxation time (IRVT) was obtained from Doppler
tracing. Morphological measurements such as interventricular septal wall thickness (IVS) at diastole
and systole were determined from the parasternal short-axis view images [11].

4.6. Statistics

Data are presented as means =+ standard deviation with the exception of controls. Replicates were
generated as separate experiments from distinct myocyte preparations. As each n = 1 represents one
specific untreated group serving as the control for one specific treated group, and the normalization
is achieved on a 1 by 1 basis (in essence, pairing groups), errors could not be validly derived for
the control groups which were set at 100%. All data were subjected to 1-way ANOVA followed
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by a Newman-Keuls Multiple Comparison test to detect between-group differences. p < 0.05 was
considered significant.

Supplementary Materials: Supplementary materials can be accessed at: http:/ /www.mdpi.com/1420-3049/22/
2/204/s1.

Acknowledgments: This study was supported by funds provided by the College of Pharmacy, University
of Manitoba. B.C.A. was supported by Fletcher, James Gordon PhD Fellowship in Functional Foods and
Nutraceuticals. C.M.A. was supported by Mark Nickerson Graduate Entrance Scholarship (Department of
Pharmacology and Therapeutics, University of Manitoba), Smerchanski Endowed Studentship Grant (St. Boniface
Hospital Foundation), and Research Manitoba Graduate Studentship.

Author Contributions: H.D.A., T.N., and N.M.D. conceived the experiments; B.C.A. performed the in vitro
experiments and analyzed the data; C.A. and D.L.L. designed and executed the treatment regimen for SD and
SHHEF rats. P.R. performed the in vivo measurements of cardiac morphology and function and analyzed the data;
S.M.T,, K.N., and M.M. contributed to the synthesis of gnetol; H.D.A. wrote the paper. L.Y. provided technical
support for the in vivo measurements and analyses performed by P.R.

Conflicts of Interest: S.M.T. (Employee-Sami Labs), K.N. (Employee-Sabinsa) and M.M. (Founder of Sami &
Sabinsa) are associated with Sami & Sabinsa which manufacture and market pterostilbene- and gnetol- containing
products and plant extracts. The College of Pharmacy, University of Manitoba (i.e. funding sponsor) had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
and in the decision to publish the results.

References

1.  Parker, P; Patterson, J.; Johnson, J. Pharmacotherapy. A Pathophysiologic Approach: Heart Failure, 6th ed.;
The McGraw-Hill Companies, Inc.: New York, NY, USA, 2005.

2. Levy, D, Garrison, RJ.; Savage, D.D.; Kannel, W.B.; Castelli W.P. Prognostic implications of
echocardiographically determined left ventricular mass in the Framingham heart study. N. Engl. |. Med.
1990, 322, 1561-1566. [CrossRef] [PubMed]

3. Ho, KK, Pinsky, ]J.L.; Kannel, W.B.; Levy, D. The epidemiology of heart failure: The Framingham study.
J. Am. Coll. Cardiol. 1993, 22, 6A-13A. [CrossRef]

4. Berenji, K.; Drazner, M.H.; Rothermel, B.A.; Hill, J.A. Does load-induced ventricular hypertrophy progress
to systolic heart failure? Am. J. Physiol. 2005, 289, H8-H16. [CrossRef] [PubMed]

5. Frey, N.; Katus, H.A.; Olson, E.N.; Hill, ].A. Hypertrophy of the heart: A new therapeutic target? Circulation
2004, 109, 1580-1589. [CrossRef] [PubMed]

6.  Zordoky, B.N.; Robertson, .M.; Dyck, J.R. Preclinical and clinical evidence for the role of resveratrol in the
treatment of cardiovascular diseases. Biochim. Biophys. Acta 2015, 1852, 1155-1177. [CrossRef] [PubMed]

7. Gocmez, S.S.; Scarpace, PJ.; Whidden, M.A.; Erdos, B.; Kirichenko, N.; Sakarya, Y.; Utkan, T.; Tumer, N. Age
impaired endothelium-dependent vasodilation is improved by resveratrol in rat mesenteric arteries. J. Exerc.
Nutr. Biochem. 2016, 20, 41-48. [CrossRef] [PubMed]

8. Braidy, N.; Jugder, B.E.; Poljak, A.; Jayasena, T.; Mansour, H.; Nabavi, S.M.; Sachdev, P.; Grant, R. Resveratrol
as a potential therapeutic candidate for the treatment and management of Alzheimer’s disease. Curr. Top.
Med. Chem. 2016, 16, 1951-1960. [CrossRef] [PubMed]

9. Baur, J.A.; Sinclair, D.A. Therapeutic potential of resveratrol: The in vivo evidence. Nat. Rev. Drug. Discov.
2006, 5, 493-506. [CrossRef] [PubMed]

10. Behbahani, J.; Thandapilly, S.J.; Louis, X.L.; Huang, Y.; Shao, Z.; Kopilas, M.A.; Wojciechowski, P.;
Netticadan, T.; Anderson, H.D. Resveratrol and small artery compliance and remodeling in the spontaneously
hypertensive rat. Am. J. Hypertens. 2010, 23, 1273-1278. [CrossRef] [PubMed]

11. Thandapilly, S.J.; Wojciechowski, P.; Behbahani, J.; Louis, X.L.; Yu, L.; Juric, D.; Kopilas, M.A.; Anderson, H.D.;
Netticadan, T. Resveratrol prevents the development of pathological cardiac hypertrophy and contractile
dysfunction in the SHR without lowering blood pressure. Am. J. Hypertens. 2010, 23, 192-196. [CrossRef]
[PubMed]

12. Hao, J; Gao, Y,; Zhao, J.; Zhang, J.; Li, Q.; Zhao, Z; Liu, ]J. Preparation and optimization of resveratrol
nanosuspensions by antisolvent precipitation using Box-Behnken design. AAPS PharmSciTech 2015, 16,
118-128. [CrossRef] [PubMed]


http://www.mdpi.com/1420-3049/22/2/204/s1
http://www.mdpi.com/1420-3049/22/2/204/s1
http://dx.doi.org/10.1056/NEJM199005313222203
http://www.ncbi.nlm.nih.gov/pubmed/2139921
http://dx.doi.org/10.1016/0735-1097(93)90455-A
http://dx.doi.org/10.1152/ajpheart.01303.2004
http://www.ncbi.nlm.nih.gov/pubmed/15961379
http://dx.doi.org/10.1161/01.CIR.0000120390.68287.BB
http://www.ncbi.nlm.nih.gov/pubmed/15066961
http://dx.doi.org/10.1016/j.bbadis.2014.10.016
http://www.ncbi.nlm.nih.gov/pubmed/25451966
http://dx.doi.org/10.20463/jenb.2016.03.20.1.2
http://www.ncbi.nlm.nih.gov/pubmed/27298812
http://dx.doi.org/10.2174/1568026616666160204121431
http://www.ncbi.nlm.nih.gov/pubmed/26845555
http://dx.doi.org/10.1038/nrd2060
http://www.ncbi.nlm.nih.gov/pubmed/16732220
http://dx.doi.org/10.1038/ajh.2010.161
http://www.ncbi.nlm.nih.gov/pubmed/20671721
http://dx.doi.org/10.1038/ajh.2009.228
http://www.ncbi.nlm.nih.gov/pubmed/19942861
http://dx.doi.org/10.1208/s12249-014-0211-y
http://www.ncbi.nlm.nih.gov/pubmed/25209687

Molecules 2017, 22, 204 13 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kapetanovic, LM.; Muzzio, M.; Huang, Z.; Thompson, T.N.; McCormick, D.L. Pharmacokinetics, oral
bioavailability, and metabolic profile of resveratrol and its dimethylether analog, pterostilbene, in rats.
Cancer Chemother. Pharmacol. 2011, 68, 593-601. [CrossRef] [PubMed]

McCormack, D.; McFadden, D. Pterostilbene and cancer: Current review. J. Surg. Res. 2012, 173, e53—e61.
[CrossRef] [PubMed]

Adprian, M.; Jeandet, P.; Douillet-Breuil, A.C.; Tesson, L.; Bessis, R. Stilbene content of mature Vitis vinifera
berries in response to UV-C elicitation. J. Agric. Food Chem. 2000, 48, 6103-6105. [CrossRef] [PubMed]
Rimando, A.M.; Kalt, W.; Magee, ].B.; Dewey, J.; Ballington, J.R. Resveratrol, pterostilbene, and piceatannol
in Vaccinium berries. J. Agric. Food Chem. 2004, 52, 4713-4719. [CrossRef] [PubMed]

Paul, B.; Masih, I.; Deopujari, J.; Charpentier, C. Occurrence of resveratrol and pterostilbene in age-old
darakchasava, an Ayurvedic medicine from India. J. Ethnopharmacol. 1999, 68, 71-76. [CrossRef]

Remsberg, C.M.; Yanez, ].A.; Ohgami, Y.; Vega-Villa, K.R.; Rimando, A.M.; Davies, N.M. Pharmacometrics of
pterostilbene: Preclinical pharmacokinetics and metabolism, anticancer, antiinflammatory, antioxidant and
analgesic activity. Phytother. Res. 2008, 22, 169-179. [CrossRef] [PubMed]

Ali, Z.; Tanaka, T;; Iliya, I.; inuma, M.; Furusawa, M,; Ito, T.; Nakaya, K.; Murata, J.; Darnaedi, D. Phenolic
constituents of Gnetum klossii. J. Nat. Prod. 2003, 66, 558-560. [CrossRef] [PubMed]

Huang, K.S.; Wang, Y.H.; Li, R.L.; Lin, M. Stilbene dimers from the lianas of Gnetum hainanense. Phytochemistry
2000, 54, 875-881. [CrossRef]

Ohguchi, K,; Tanaka, T.; Kido, T.; Baba, K.; linuma, M.; Matsumoto, K.; Akao, Y.; Nozawa, Y. Effects of
hydroxystilbene derivatives on tyrosinase activity. Biochem. Biophys. Res. Commun. 2003, 307, 861-863.
[CrossRef]

Xiang, W.; Jiang, B.; Li, X.M.; Zhang, H.].; Zhao, Q.S.; Li, S.H.; Sun, H.D. Constituents of Gnetum montanum.
Fitoterapia 2002, 73, 40—42. [CrossRef]

Kato, E.; Tokunaga, Y.; Sakan, F. Stilbenoids isolated from the seeds of melinjo (Gnetum gnemon L.) and their
biological activity. J. Agric. Food Chem. 2009, 57, 2544-2549. [CrossRef] [PubMed]

Narayanan, N.K.; Kunimasa, K.; Yamori, Y.; Mori, M.; Mori, H.; Nakamura, K.; Miller, G.; Manne, U.;
Tiwari, A.K.; Narayanan, B. Antitumor activity of melinjo (Gnetum gnemon L.) seed extract in human and
murine tumor models in vitro and in a colon-26 tumor-bearing mouse model in vivo. Cancer Med. 2015, 4,
1767-1780. [CrossRef] [PubMed]

Juric, D.; Wojciechowski, P.; Das, D.K.; Netticadan, T. Prevention of concentric hypertrophy and diastolic
impairment in aortic-banded rats treated with resveratrol. Am. J. Physiol. 2007, 292, H2138-H2143. [CrossRef]
[PubMed]

Wojciechowski, P.; Juric, D.; Louis, X.L.; Thandapilly, S.J.; Yu, L.; Taylor, C.; Netticadan, T. Resveratrol arrests
and regresses the development of pressure overload- but not volume overload-induced cardiac hypertrophy
in rats. J. Nutr. 2010, 140, 962-968. [CrossRef] [PubMed]

Dolinsky, V.W.; Chan, A.Y.; Robillard Frayne, I.; Light, PE.; Des Rosiers, C.; Dyck, J.R. Resveratrol prevents the
prohypertrophic effects of oxidative stress on LKB1. Circulation 2009, 119, 1643-1652. [CrossRef] [PubMed]
Cheng, TH.; Liu, J.C.; Lin, H.; Shih, N.L.; Chen, Y.L.; Huang, M.T.; Chan, P; Cheng, C.E; Chen, J.J.
Inhibitory effect of resveratrol on angiotensin II-induced cardiomyocyte hypertrophy. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 2004, 369, 239-244. [CrossRef]| [PubMed]

Chan, A.Y.; Dolinsky, VW.; Soltys, C.L.; Viollet, B.; Baksh, S.; Light, P.E.; Dyck, J.R. Resveratrol inhibits
cardiac hypertrophy via AMP-activated protein kinase and akt. J. Biol. Chem. 2008, 283, 24194-24201.
[CrossRef] [PubMed]

Planavila, A.; Iglesias, R.; Giralt, M.; Villarroya, F. Sirt1 acts in association with ppar{alpha} to protect the
heart from hypertrophy, metabolic dysregulation, and inflammation. Cardiovasc. Res. 2010. [CrossRef]
Thandapilly, S.J.; Louis, X.L.; Yang, T; Stringer, D.M.; Yu, L.; Zhang, S.; Wigle, J.; Kardami, E.; Zahradka, P.;
Taylor, C.; et al. Resveratrol prevents norepinephrine induced hypertrophy in adult rat cardiomyocytes, by
activating no-AMPK pathway. Eur. |. Pharmacol. 2011, 668, 217-224. [CrossRef] [PubMed]

Dolinsky, V.W.; Dyck, J.R. Role of AMP-activated protein kinase in healthy and diseased hearts. Am. J. Physiol.
2006, 291, H2557-H2569. [CrossRef] [PubMed]

Chan, A.Y,; Soltys, C.L.; Young, M.E; Proud, C.G.; Dyck, J.R. Activation of AMP-activated protein kinase
inhibits protein synthesis associated with hypertrophy in the cardiac myocyte. J. Biol. Chem. 2004, 279,
32771-32779. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00280-010-1525-4
http://www.ncbi.nlm.nih.gov/pubmed/21116625
http://dx.doi.org/10.1016/j.jss.2011.09.054
http://www.ncbi.nlm.nih.gov/pubmed/22099605
http://dx.doi.org/10.1021/jf0009910
http://www.ncbi.nlm.nih.gov/pubmed/11312782
http://dx.doi.org/10.1021/jf040095e
http://www.ncbi.nlm.nih.gov/pubmed/15264904
http://dx.doi.org/10.1016/S0378-8741(99)00044-6
http://dx.doi.org/10.1002/ptr.2277
http://www.ncbi.nlm.nih.gov/pubmed/17726731
http://dx.doi.org/10.1021/np020532o
http://www.ncbi.nlm.nih.gov/pubmed/12713416
http://dx.doi.org/10.1016/S0031-9422(00)00151-5
http://dx.doi.org/10.1016/S0006-291X(03)01284-1
http://dx.doi.org/10.1016/S0367-326X(01)00370-7
http://dx.doi.org/10.1021/jf803077p
http://www.ncbi.nlm.nih.gov/pubmed/19222220
http://dx.doi.org/10.1002/cam4.520
http://www.ncbi.nlm.nih.gov/pubmed/26408414
http://dx.doi.org/10.1152/ajpheart.00852.2006
http://www.ncbi.nlm.nih.gov/pubmed/17488730
http://dx.doi.org/10.3945/jn.109.115006
http://www.ncbi.nlm.nih.gov/pubmed/20335634
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.787440
http://www.ncbi.nlm.nih.gov/pubmed/19289642
http://dx.doi.org/10.1007/s00210-003-0849-6
http://www.ncbi.nlm.nih.gov/pubmed/14663554
http://dx.doi.org/10.1074/jbc.M802869200
http://www.ncbi.nlm.nih.gov/pubmed/18562309
http://dx.doi.org/10.1093/cvr/cvq376
http://dx.doi.org/10.1016/j.ejphar.2011.06.042
http://www.ncbi.nlm.nih.gov/pubmed/21756902
http://dx.doi.org/10.1152/ajpheart.00329.2006
http://www.ncbi.nlm.nih.gov/pubmed/16844922
http://dx.doi.org/10.1074/jbc.M403528200
http://www.ncbi.nlm.nih.gov/pubmed/15159410

Molecules 2017, 22, 204 14 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Chen, B.L;; Ma, Y.D.; Meng, R.S,; Xiong, Z.J.; Wang, HN.; Zeng, ].Y.; Liu, C.; Dong, Y.G. Activation of
AMPXK inhibits cardiomyocyte hypertrophy by modulating of the Foxol/Murf1 signaling pathway in vitro.
Acta Pharmacol. Sin. 2010, 31, 798-804. [CrossRef] [PubMed]

Stuck, B.J.; Lenski, M.; Bohm, M.; Laufs, U. Metabolic switch and hypertrophy of cardiomyocytes following
treatment with angiotensin II are prevented by AMP-activated protein kinase. ]. Biol. Chem. 2008, 283,
32562-32569. [CrossRef] [PubMed]

Li, HL,; Yin, R;; Chen, D.; Liu, D.; Wang, D.; Yang, Q.; Dong, Y.G. Long-term activation of adenosine
monophosphate-activated protein kinase attenuates pressure-overload-induced cardiac hypertrophy.
J. Cell. Biochem. 2007, 100, 1086-1099. [CrossRef] [PubMed]

Witters, L.A.; Kemp, B.E.; Means, A.R. Chutes and ladders: The search for protein kinases that act on AMPK.
Trends Biochem. Sci. 2006, 31, 13-16. [CrossRef] [PubMed]

Beauloye, C.; Bertrand, L.; Horman, S.; Hue, L. Ampk activation, a preventive therapeutic target in the
transition from cardiac injury to heart failure. Cardiovasc. Res. 2011, 90, 224-233. [CrossRef] [PubMed]
Marian, A.]. Contemporary treatment of hypertrophic cardiomyopathy. Tex. Heart Inst. J. 2009, 36, 194-204.
[PubMed]

Shimizu, M.; Sugihara, N.; Shimizu, K.; Yoshio, H.; Ino, H.; Nakajima, K.; Takeda, R. Asymmetrical
septal hypertrophy in patients with hypertension: A type of hypertensive left ventricular hypertrophy
or hypertrophic cardiomyopathy combined with hypertension? Clin. Cardiol. 1993, 16, 41-46. [CrossRef]
[PubMed]

Heyen, J.R.; Blasi, E.R.; Nikula, K.; Rocha, R.; Daust, H.A.; Frierdich, G.; Van Vleet, J.F,; De Ciechi, P;
McMabhon, E.G.; Rudolph, A E. Structural, functional, and molecular characterization of the SHHF model of
heart failure. Am. J. Physiol. 2002, 283, H1775-H1784. [CrossRef] [PubMed]

Gerdes, A.M.; Onodera, T.; Wang, X.; McCune, S.A. Myocyte remodeling during the progression to failure in
rats with hypertension. Hypertension 1996, 28, 609—614. [CrossRef] [PubMed]

Sharkey, L.C.; Radin, M.J.; Heller, L.; Rogers, LK.; Tobias, A.; Matise, I, Wang, Q.; Apple, ES;
McCune, S.A. Differential cardiotoxicity in response to chronic doxorubicin treatment in male spontaneous
hypertension-heart failure (SHHF), spontaneously hypertensive (SHR), and Wistar Kyoto (WKY) rats.
Toxicol. Appl. Pharmacol. 2013, 273, 47-57. [CrossRef] [PubMed]

Cittadini, A.; Napoli, R.; Monti, M.G.; Rea, D.; Longobardi, S.; Netti, P.A.; Walser, M.; Sama, M.; Aimaretti, G.;
Isgaard, J.; et al. Metformin prevents the development of chronic heart failure in the SHHF rat model.
Diabetes 2012, 61, 944-953. [CrossRef] [PubMed]

Remsberg, C.M.; Martinez, S.E.; Akinwumi, B.C.; Anderson, H.D.; Takemoto, ].K.; Sayre, C.L.; Davies, N.M.
Preclinical pharmacokinetics and pharmacodynamics and content analysis of gnetol in foodstuffs.
Phytother. Res. 2015, 29, 1168-1179. [CrossRef] [PubMed]

Lu, Y.; Akinwumi, B.C.; Shao, Z.; Anderson, H.D. Ligand activation of cannabinoid receptors attenuates
hypertrophy of neonatal rat cardiomyocytes. J. Cardiovasc. Pharmacol. 2014, 64, 420-430. [CrossRef] [PubMed]
Loirand, G.; Guerin, P.; Pacaud, P. Rho kinases in cardiovascular physiology and pathophysiology. Circ. Res.
2006, 98, 322-334. [CrossRef] [PubMed]

Zeidan, A.; Gan, X.T.; Thomas, A.; Karmazyn, M. Prevention of rhoa activation and cofilin-mediated actin
polymerization mediates the antihypertrophic effect of adenosine receptor agonists in angiotensin II- and
endothelin-1-treated cardiomyocytes. Mol. Cell. Biochem. 2014, 385, 239-248. [CrossRef] [PubMed]

Brown, ].H.; Del Re, D.P.,; Sussman, M.A. The Rac and Rho hall of fame: A decade of hypertrophic signaling
hits. Circ. Res. 2006, 98, 730-742. [CrossRef] [PubMed]

Zhang, C.X.; Pan, S.N.; Meng, R.S.; Peng, C.Q.; Xiong, Z.J.; Chen, B.L.; Chen, G.Q.; Yao, EJ.; Chen, Y.L,;
Ma, Y.D.; et al. Metformin attenuates ventricular hypertrophy by activating the AMP-activated protein
kinase-endothelial nitric oxide synthase pathway in rats. Clin. Exp. Pharmacol. Physiol. 2011, 38, 55-62.
[CrossRef] [PubMed]

Dolinsky, V.W.; Morton, ].S.; Oka, T.; Robillard-Frayne, I.; Bagdan, M.; Lopaschuk, G.D.; Des Rosiers, C.;
Walsh, K.; Davidge, S.T.; Dyck, ].R. Calorie restriction prevents hypertension and cardiac hypertrophy in the
spontaneously hypertensive rat. Hypertension 2010, 56, 412-421. [CrossRef] [PubMed]

Hunter, J.C.; Zeidan, A.; Javadov, S.; Kilic, A.; Rajapurohitam, V.; Karmazyn, M. Nitric oxide inhibits
endothelin-1-induced neonatal cardiomyocyte hypertrophy via a rhoa-rock-dependent pathway. J. Mol.
Cell. Cardiol. 2009, 47, 810-818. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/aps.2010.73
http://www.ncbi.nlm.nih.gov/pubmed/20581852
http://dx.doi.org/10.1074/jbc.M801904200
http://www.ncbi.nlm.nih.gov/pubmed/18790741
http://dx.doi.org/10.1002/jcb.21197
http://www.ncbi.nlm.nih.gov/pubmed/17266062
http://dx.doi.org/10.1016/j.tibs.2005.11.009
http://www.ncbi.nlm.nih.gov/pubmed/16356723
http://dx.doi.org/10.1093/cvr/cvr034
http://www.ncbi.nlm.nih.gov/pubmed/21285292
http://www.ncbi.nlm.nih.gov/pubmed/19568388
http://dx.doi.org/10.1002/clc.4960160110
http://www.ncbi.nlm.nih.gov/pubmed/8416759
http://dx.doi.org/10.1152/ajpheart.00305.2002
http://www.ncbi.nlm.nih.gov/pubmed/12384454
http://dx.doi.org/10.1161/01.HYP.28.4.609
http://www.ncbi.nlm.nih.gov/pubmed/8843886
http://dx.doi.org/10.1016/j.taap.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/23993975
http://dx.doi.org/10.2337/db11-1132
http://www.ncbi.nlm.nih.gov/pubmed/22344560
http://dx.doi.org/10.1002/ptr.5363
http://www.ncbi.nlm.nih.gov/pubmed/25939395
http://dx.doi.org/10.1097/FJC.0000000000000134
http://www.ncbi.nlm.nih.gov/pubmed/24979612
http://dx.doi.org/10.1161/01.RES.0000201960.04223.3c
http://www.ncbi.nlm.nih.gov/pubmed/16484628
http://dx.doi.org/10.1007/s11010-013-1832-2
http://www.ncbi.nlm.nih.gov/pubmed/24096734
http://dx.doi.org/10.1161/01.RES.0000216039.75913.9e
http://www.ncbi.nlm.nih.gov/pubmed/16574914
http://dx.doi.org/10.1111/j.1440-1681.2010.05461.x
http://www.ncbi.nlm.nih.gov/pubmed/21083698
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.154732
http://www.ncbi.nlm.nih.gov/pubmed/20696994
http://dx.doi.org/10.1016/j.yjmcc.2009.09.012
http://www.ncbi.nlm.nih.gov/pubmed/19799911

Molecules 2017, 22, 204 15 of 15

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Olson, E.R.; Naugle, J.E.; Zhang, X.; Bomser, J.A.; Meszaros, ].G. Inhibition of cardiac fibroblast proliferation
and myofibroblast differentiation by resveratrol. Am. ]. Physiol. 2005, 288, H1131-H1138. [CrossRef]
[PubMed]

Sutra, T.; Oiry, C.; Azay-Milhau, ].; Youl, E.; Magous, R.; Teissedre, P.L.; Cristol, ].P.; Cros, G. Preventive
effects of nutritional doses of polyphenolic molecules on cardiac fibrosis associated with metabolic syndrome:
Involvement of osteopontin and oxidative stress. J. Agric. Food Chem. 2008, 56, 11683-11687. [CrossRef]
[PubMed]

Inanaga, K.; Ichiki, T.; Matsuura, H.; Miyazaki, R.; Hashimoto, T.; Takeda, K.; Sunagawa, K. Resveratrol
attenuates angiotensin II-induced interleukin-6 expression and perivascular fibrosis. Hypertens. Res. 2009,
32,466-471. [CrossRef] [PubMed]

Chan, V,; Fenning, A_; Iyer, A.; Hoey, A.; Brown, L. Resveratrol improves cardiovascular function in doca-salt
hypertensive rats. Curr. Pharm. Biotechnol. 2011, 12, 429-436. [CrossRef] [PubMed]

Thandapilly, S.J.; Louis, X.L.; Behbahani, J.; Movahed, A.; Yu, L.; Fandrich, R.; Zhang, S.; Kardami, E.;
Anderson, H.D.; Netticadan, T. Reduced hemodynamic load aids low-dose resveratrol in reversing
cardiovascular defects in hypertensive rats. Hypertens. Res. 2013, 36, 866-872. [CrossRef] [PubMed]
Haight, A.R.; Bailey, A.E.; Baker, W.S.; Cain, M.H.; Copp, R.R.; DeMattei, J].A.; Ford, K.L.; Henry, R.F;
Hsu, M.C; Keys, R.F; et al. A scaleable synthesis of fiduxosin. Org. Proc. Res. Dev. 2004, 8, 897-902.
[CrossRef]

Majeed, M.; Thomas, S.M.; Nagabhushanam, K.; Balakrishnan, S.K.; Prakash, S. Process for the Synthesis of
Biologically Active Oxygenated Compounds by Dealkylation of the Corresponding Alkylethers. Patent U.S.
7253324 B1, 7 August 2007.

Wu, J.; LaPointe, M.C.; West, B.L.; Gardner, D.G. Tissue-specific determinants of human atrial natriuretic
factor gene expression in cardiac tissue. J. Biol. Chem. 1989, 264, 6472—-6479. [PubMed]

Alibin, C.P; Kopilas, M.A.; Anderson, H.D. Suppression of cardiac myocyte hypertrophy by conjugated
linoleic acid: Role of peroxisome proliferator-activated receptors alpha and gamma. J. Biol. Chem. 2008, 283,
10707-10715. [CrossRef] [PubMed]

Huang, Y.; Zhang, H.; Shao, Z.; O’'Hara, K.A.; Kopilas, M.A.; Yu, L.; Netticadan, T.; Anderson, H.D.
Suppression of endothelin-1-induced cardiac myocyte hypertrophy by ppar agonists: Role of diacylglycerol
kinase zeta. Cardiovasc. Res. 2011, 90, 267-275. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds gnetol and pterostilbene are available from the authors.

@ © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/ajpheart.00763.2004
http://www.ncbi.nlm.nih.gov/pubmed/15498824
http://dx.doi.org/10.1021/jf802357g
http://www.ncbi.nlm.nih.gov/pubmed/19049292
http://dx.doi.org/10.1038/hr.2009.47
http://www.ncbi.nlm.nih.gov/pubmed/19373235
http://dx.doi.org/10.2174/138920111794480552
http://www.ncbi.nlm.nih.gov/pubmed/20874677
http://dx.doi.org/10.1038/hr.2013.55
http://www.ncbi.nlm.nih.gov/pubmed/23784505
http://dx.doi.org/10.1021/op049889k
http://www.ncbi.nlm.nih.gov/pubmed/2522932
http://dx.doi.org/10.1074/jbc.M800035200
http://www.ncbi.nlm.nih.gov/pubmed/18283099
http://dx.doi.org/10.1093/cvr/cvq401
http://www.ncbi.nlm.nih.gov/pubmed/21183507
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effects of Gnetol and Pterostilbene on Cardiomyocyte Hypertrophy and Viability 
	AMPK Mediates the Anti-Hypertrophic Effects of Pterostilbene and Gnetol 
	In Vivo Effects of Resveratrol, Gnetol, and Pterostilbene on Blood Pressure, Cardiac Structure and Cardiac Function 

	Discussion 
	Materials and Methods 
	General Information 
	Gnetol Synthesis Preparation of (E)-2,3’,5’,6-Tetramethoxystilbene (Scheme 1 (3)) 
	Animals 
	In Vitro Experiments 
	Neonatal Rat Ventricular Myocytes 
	Treatments 
	Hypertrophic Indicators 
	Measurement of Cardiomyocyte Viability 
	Western Blotting 
	Lentiviral Preparation and Infection 

	In Vivo Experiments 
	Experimental Animals 
	Echocardiography 

	Statistics 


