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Acetylation-dependent regulation of mitochondrial ALDH2 activation by SIRT3
mediates acute ethanol-induced eNOS activation
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Moderate alcohol consumption has beneficial effects on endothelial nitric-oxide synthase (eNOS)
activation, which can engender an array of anti-atherogenic actions. Here we show that in human
aortic endothelial cells (HAECs), rapid activation of mitochondrial aldehyde dehydrogenase 2
(ALDH2) mediates ethanol-induced eNOS activation by preventing reactive oxygen species (ROS)
accumulation. Furthermore, activation of ALDH2 by ethanol is due to its hyperacetylation by SIRT3
inactivation. These data suggest that ethanol-induced eNOS activation in HAECs may be dependent
on ALDH2 hyperacetylation by SIRT3 inactivation.
� 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction depending on its concentrations [5,6]. During ethanol exposure,
Moderate alcohol consumption has been found to reduce the
risk of cardiovascular morbidity [1,2], partially because of its favor-
able effects on endothelial nitric-oxide synthase (eNOS) activation
[3,4], which in turn engenders an array of anti-atherogenic actions.
However, there exists individual difference in response to these
benefits of moderate drinking. Understanding the molecular mech-
anisms underlying ethanol-induced eNOS activation may be help-
ful for guiding the correct clinical use of ethanol.

Ethanol can rapidly activate phosphatidylinositol 3-kinase
(PI3K)/Akt pathway to increase eNOS activation by an adenosine
receptor-dependent mechanism in human umbilical vein endothe-
lial cells (HUVECs) [4]. In addition, ethanol, as a small exogenous lip-
osoluble molecule, can be metabolized by mitochondrial enzyme
systems, accompanied by reactive oxygen species (ROS) generation.
ROS have detrimental or beneficial effects on eNOS activation
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ROS level is dependent on the capability of antioxidant systems to
antagonize ROS generation.

Mitochondrial aldehyde dehydrogenase 2 (ALDH2), a key enzyme
in ethanol metabolism, has been found to possess the antioxidant
property to resist ethanol or aldehyde-induced ROS formation
[7,8]. In vitro and in vivo studies show that regulation of ALDH2
activity can affect cellular response to oxidative stress [8,9]. ALDH2
activity can be affected by gene regulation [10] or post-translational
modifications [11–13]. For example, ALDH2 can be directly deacety-
lated by SIRT3 leading to enzymatic inactivation of ALDH2 [13].

SIRT3, a NAD+-dependent class III histone deacetylase, is local-
ized in the mitochondrial matrix where it triggers adaptive
responses to a variety of metabolic stresses by regulating mito-
chondrial protein acetylation levels [14]. SIRT3KO mice have
hyperacetylated mitochondrial proteins [15]. In addition, SIRT3
enzymatic activity is positively sensitive to the NAD+/NADH redox
status [16]. Interestingly, ethanol metabolism convert NAD+ to
NADH leading to the reduced NAD+/NADH ratio [17], which may
have the potential to negatively affect SIRT3 activity.

In this study, we examined the hypothesis that acetylation
modification of ALDH2 may be involved in ethanol-induced eNOS
activation in human aortic endothelial cells (HAECs). We further
investigated the role of SIRT3 in the potential mechanisms
involved.
lsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Cell culture, treatment and transfection

See Supplementary material.

2.2. eNOS activity assay

Cellular eNOS activity was measured by the conversion of
L-arginine to NO by use of a nitric-oxide synthase assay kit (Beyo-
time Institute of Biotechnology).

2.3. Mitochondrial ALDH2 and SIRT3 activity assay

The mitochondria were isolated, then the mitochondrial ALDH2
and SIRT3 enzymatic activity were determined as described in Sup-
plementary material.

2.4. Western blot analysis

See Supplementary material.

2.5. ALDH2 acetylation by immunoprecipitation

The mitochondrial lysate was used for ALDH2 immunoprecipi-
tation. And the acetylation of ALDH2 was detected as described
in Supplementary material.

2.6. Assessment of intracellular ROS levels

ROS level was measured by staining cells with 20,70-dichlorodi-
hydro-fluorescein diacetate (Sigma–Aldrich). Detailed protocol is
explained in Supplementary material.

2.7. Mitochondrial NAD+/NADH assay

Mitochondrial NAD+/NADH ratio were quantified using an
NAD+/NADH assay kit according to the assay instructions (Abcam,
San Francisco, CA).

2.8. Statistical analysis

The data are expressed as mean ± S.E. More than two groups were
compared by one-way ANOVA followed by Student–Newman–Keuls
post-hoc analysis. P < 0.05 was considered statistically significant.

3. Results

3.1. Dose- and time-dependent effects of ethanol on eNOS activation

Ethanol treatment dose-dependently increased then decreased
eNOS activity, with peak activity at 20 mM (1.67-fold) (Fig. 1A).
The elevated eNOS activity was due to increased Akt (ser 1177)
and eNOS (ser 473) phosphorylation by ethanol (Fig. 1B). Addition-
ally, time-course study showed that eNOS activity increased began
at 5 min after ethanol incubation and got the peak at 30 min,
attributable to the upregulated Akt and eNOS phosphorylation
(Fig. 1C and D). Moreover, activation of Akt and eNOS by ethanol
was completely antagonized by PI3K inhibitors, wortmannin and
LY 294002 (Fig. 1 E and F). Taken together, acute ethanol can stim-
ulate PI3K/Akt pathway to induce eNOS activation.

3.2. Involvement of ALDH2 in the effects of ethanol on eNOS activation

Ethanol treatment (20 mM) time-dependently increased then
decreased ALDH2 activity, with peak activity at 30 min (1.65-fold)
(Fig. 2A). However, ethanol had barely any impact on ALDH2 pro-
tein expression (Fig. 2B) and mRNA levels (data not shown), indi-
cating that activation of ALDH2 induced by ethanol may not be
related to gene regulation.

Then we examined the influence of ALDH2 siRNA on eNOS acti-
vation. ALDH2 siRNA treatment could decrease ALDH2 expression
by 80% and ALDH2 activity by 81.7%, whereas it had no effects on
phosphorylation of Akt and eNOS (Supplementary Figs. B and C).
However, ALDH2 siRNA inhibited ethanol-induced Akt/eNOS phos-
phorylation and eNOS activity (Fig. 2C and D). Thus, ALDH2 activa-
tion may have a mediating role in ethanol-induced eNOS activation.

3.3. ALDH2 mediated ethanol-induced Akt and eNOS activation by
inhibiting ROS accumulation

Ethanol (20 mM) had no effect on ROS level (Fig. 3A). However,
ROS level was markedly increased by approximately 66% in cells
expressing ALDH2 siRNA after ethanol treatment (Fig. 3A and B).
Administration of ROS scavengers, NAC and DTT, into cells express-
ing ALDH2 siRNA inhibited ethanol-induced ROS accumulation and
increased Akt/eNOS phosphorylation and eNOS activity (Fig. 3C
and D). Taken together, ethanol-induced ALDH2 activation may
prevent ROS accumulation to ensure ethanol-induced Akt and
eNOS activation.

3.4. ALDH2 acetylation by ethanol and its regulation by SIRT3

ALDH2 acetylation peaked at 30 min after ethanol treatment
(2.2-fold) (Fig. 4A). Conversely to this alteration in ALDH2 acetyla-
tion, SIRT3 activity decreased with time, and got the minimum
value at 30 min (Fig. 4B). However, ethanol had no effect on SIRT3
protein expression (data not shown). We then determined the ef-
fect of SIRT3 on ALDH2 acetylation by overexpressing SIRT3. As
shown in Fig. 4C and D, SIRT3 overexpression reversed ethanol-
inhibited SIRT3 activity and ethanol-elevated ALDH2 acetylation
and activity.

3.5. The effects of SIRT3 overexpression on ROS level and Akt/eNOS
activation

Then we detected whether SIRT3 overexpression had influence
on the downstream signals of ALDH2 involved in ethanol-induced
eNOS activation. ROS level increased significantly in cells over-
expressing SIRT3 after ethanol treatment (Fig. 5A and B). Subse-
quently, SIRT3 overexpression reversed ethanol-induced Akt/
eNOS phosphorylation and eNOS activity (Fig. 5C and D).

3.6. The decrease in NAD+/NADH mediated ethanol-induced SIRT3
inactivation

Mitochondrial NAD+/NADH ratio decreased by 65% at 30 min
after ethanol treatment (Fig. 6A). Moreover, NAD administration
dose-dependently reversed the inhibitory effect of ethanol on
SIRT3 activity (Fig. 6B). As well, NAD treatment reversed ethanol-
induced ALDH2, Akt and eNOS activation (Fig. 6B–D).

4. Discussion

The findings of this study demonstrated that rapid activation of
ALDH2 involved in ethanol-induced eNOS activation by preventing
ROS accumulation in cultured HAECs. Moreover, ethanol-induced
ALDH2 activation was dependent on its acetylation modification
by SIRT3 inactivation.

Previous studies suggest that low dose of ethanol can induce
eNOS activation [3–5], which contributes to ethanol protective ef-
fects on the cardiovascular system. Our results confirmed these



Fig. 2. Involvement of ALDH2 in ethanol-induced eNOS activation. (A and B) Time-dependent alterations in ALDH2 activation: (A) ALDH2 activity, (B) Western blot analysis of
ALDH2 expression. (C) Immunoblot analysis of ALDH2 siRNA on ethanol-induced Akt and eNOS phosphorylation. (D) Effects of ALDH2 siRNA on ethanol-upregulated ALDH2
and eNOS activity. Data are the mean ± S.E. from three separate experiments. ⁄P < 0.05 vs. control, ⁄⁄P < 0.001 vs. control, ## P < 0.001 vs. ethanol group.

Fig. 1. Ethanol treatment modulated eNOS activation in human aortic endothelial cells (HAECs). (A and B) Dose-dependent activation of eNOS: (A) eNOS activity, (B)
immunoblot analysis of eNOS and Akt phosphorylation. (C and D) Time-dependent activation of eNOS and Akt. (E and F) PI3K mediated ethanol-induced Akt and eNOS
activation. PI3K inhibitors: Wortmannin (Wor.) and LY294002 (LY). Data represent the mean ± S.E. from three separate experiments. ⁄P < 0.05 vs. control, ⁄⁄P < 0.001 vs.
control, ## P < 0.001 vs. ethanol group.
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findings that ethanol treatment (20–35 mM) could elicit rapid
eNOS phosphorylation and activation (<5 min) by activating
PI3K/Akt pathway in HAECs. Acute ethanol may stimulate PI3K/
Akt signaling by an adenosine receptor-dependent mechanism



Fig. 3. Activated ALDH2 mediated ethanol-induced Akt-eNOS activation by inhibiting reactive oxygen species (ROS) accumulation. Cells expressing ALDH2 siRNA were
incubated with ROS scavenger N-acetylcysteine (NAC) or dithiothreitol (DTT), before ethanol treatment. (A and B) ROS levels. (C) Immunoblot analysis of phospho-Akt and
phospho-eNOS. (D) eNOS activity. Data are the mean ± S.E. from three separate experiments. ⁄⁄P < 0.001 vs. control, ## P < 0.001 vs. ethanol group, §§ P < 0.001 vs. ALDH2
siRNA + ethanol group.

Fig. 4. Effect of ethanol on ALDH2 acetylation and its regulation by SIRT3 in HAECs. (A) Time-dependent acetylation of ALDH2. (B) Time-dependent inactivation of SIRT3. (C)
The effect of SIRT3 overexpression on ethanol-upregulated SIRT3 and ALDH2 activity. (D) The effect of SIRT3 overexpression on ethanol-induced ALDH2 acetylation. Data are
the mean ± S.E. from three separate experiments. SIRT3 activity: ⁄P < 0.05 vs. control, ⁄⁄P < 0.001 vs. control, ## P < 0.001 vs. pcDNA4 + ethanol group. ALDH2 activity:
++ P < 0.001 vs. control, §§ P < 0.001 vs. pcDNA4 + ethanol group.
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[5]. However, high-dose ethanol (50–100 mM) had little influence
on eNOS activation in HAECs, as previously reported in HUVECs [5].

In addition to activation of PI3K/Akt signaling, ethanol metabo-
lism can induce ROS generation, which may counteract or provoke
eNOS activation. However, our findings showed that 20 mM etha-
nol had no effect on ROS levels, consistently with previous obser-
vation [5]. ROS accumulation occurs when generation exceeds
the capacity of local antioxidants. In our study, low-dose ethanol
could elicit rapid activation of ALDH2, an important antioxidant
mitochondrial protein due to its detoxification of toxic aldehydes
[18,19]. Moreover, the cells expressing ALDH2 siRNA showed
increased ROS levels after ethanol treatment. These results suggest
that low-dose ethanol can provoke ROS generation and activate the
antioxidant ALDH2 at the same time to maintain the balance of re-
dox state. Furthermore, ROS accumulation reversed ethanol-induce
Akt and eNOS phosphorylation, which could be blocked by ROS
scavengers, indicating that ROS may depress eNOS activity by
inhibiting Akt phosphorylation. Taken together, ALDH2 activation
may mediate ethanol-induced eNOS activation by preventing ROS
accumulation.

A key finding of this study is the significant activation of ALDH2
by ethanol related to post-translational modification. Our results
showed that ALDH2 activation is positively related to its acetyla-
tion level, consistently with a previous study [13]. ALDH2 has been
reported to be a substrate of SIRT3 [13]. Indeed, our study found
that ALDH2 could be reversibly acetylated by SIRT3 inactivation.



Fig. 5. Effects of SIRT3 overexpression on ROS level and Akt/eNOS activation in HAECs treated with ethanol. (A and B) ROS levels. (C) Immunoblot analysis of phospho-Akt and
phospho-eNOS. (D) eNOS activity. Data are the mean ± SE from three separate experiments. ⁄⁄P < 0.001 vs. control, ## P < 0.001 vs. pcDNA4 + ethanol group.

Fig. 6. The decrease in NAD+/NADH mediated ethanol-induced SIRT3 inactivation. (A) Time-dependent shift in mitochondrial NAD+/NADH ratio. HAECs were treated with
NAD (0.01 mM, 0.1 mM and 1 mM) before ethanol incubation, then (B) SIRT3 activity, (C) ALDH2 and eNOS activity, (D) Akt and eNOS phosphorylation were detected. Data
are the mean ± S.E. from three separate experiments. SIRT3 activity: ⁄P < 0.05 vs. control, # P < 0.05 vs. ethanol group, ## P < 0.001 vs. ethanol group. ALDH2 activity:
++ P < 0.001 vs. control, §§ P < 0.001 vs. ethanol group. eNOS activity: aa P < 0.001 vs. control, bb P < 0.001 vs. ethanol group.
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These findings indicate that under acute ethanol exposure, inacti-
vation of SIRT3 may have antioxidant effect through upregulating
ALDH2 activity. However, other report shows that SIRT3 knockout
can increase superoxide levels by inhibiting the acetylation and
activation of manganese superoxide dismutase (MnSOD) in mice
under ionizing radiation [20]. A possible explanation for this dis-
crepancy could be that SIRT3 inactivation may have anti-oxidant
and pro-oxidant effects through regulating different antioxidant
enzymes acetylation under various stressors.
SIRT3 is a NAD+-dependent deacetylase and its enzymatic activ-
ity is sensitive to NAD+/NADH ratio. In this study, ethanol rapidly
decreased the mitochondrial NAD+/NADH ratio and then increased
it to basal level. In ethanol metabolism, the key metabolic enzymes
convert NAD+ to NADH leading to the reduced NAD+/NADH ratio
[17], which may be the reason for this NAD+/NADH fluctuation.
Moreover, exogenous NAD administration could reverse ethanol-
induced SIRT3 inactivation, verifying the positive association of
SIRT3 with the NAD+/NADH ratio as previously reported [16]. As
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well, NAD reversed ethanol-induced ALDH2 and eNOS activation,
the downstream signals of SIRT3. This dependence of ethanol
effects on NAD+/NADH ratio and the variant metabolic state in dif-
ferent person, may partially explain the individual discrepancy in
response to moderate drinking.

In summary, our findings suggest that low-dose ethanol-
induced decrease of NAD+/NADH ratio may result in SIRT3 inacti-
vation, leading to hyperacetylation and activation of ALDH2.
ALDH2 activation can prevent ROS accumulation to maintain the
balance of redox state to assure ethanol-induced Akt and eNOS
activation. In addition, rapid activation of ALDH2 may also acceler-
ate the clearance of ethanol, forming a positive feedback. Further-
more, we can speculate that activation of ALDH2 may be a
potential therapeutic strategy for canceling out the individual
difference in responding to moderate drinking.
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