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Background: Binge drinking has become the most common and deadly pattern of
excessive alcohol use in the United States, especially among younger adults. It is closely
related to the increased risk of cardiovascular disease. Oxidative stress as a result of
ethanol metabolism is the primary pathogenic factor for alcohol-induced end organ
injury, but the role of protein S-glutathionylation—a reversible oxidative maodification
of protein cysteine thiol groups that mediates cellular actions by oxidants—in binge
drinking-associated cardiovascular disease has not been explored. The present study
defines the effect of alcohol binge drinking on the formation of protein S-glutathionylation
in a mouse model of atherosclerosis.

Methods and Results: To mimic the weekend binge drinking pattern in humans,
ApoE deficient (ApoE~/~) mice on the Lieber-DeCarli liquid diet received ethanol
or isocaloric maltose (as a control) gavages (5 g/kg/day, 2 consecutive days/week)
for 6 weeks. The primary alcohol-targeted organs (liver, brain), and cardiovascular
system (heart, aorta, lung) of these two groups of the mice were determined by
measuring the protein S-glutathionylation levels and its regulatory enzymes including
[Glutaredoxin1(Grx1), glutathione reductase (GR), glutathione-S-transferase Pi (GST-1t)],
as well as by assessing aortic endothelial function and liver lipid levels. Our results showed
that binge drinking selectively stimulated protein S-glutathionylation in aorta, liver, and
brain, which coincided with altered glutathionylation regulatory enzyme expression that
is downregulated Grx1 and upregulated GST-n in aorta, massive upregulation of GST-nt
in liver, and no changes in Grx1 and GST-mt in brain. Functionally, binge drinking induced
aortic endothelial cell function, as reflected by increased aortic permeability and reduced
flow-mediated vasodilation.

Conclusions: This study is the first to provide in vivo evidence for differential effects
of binge drinking on formation of protein S-glutathionylation and its enzymatic regulation
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FIGURE 5 | In liver tissue, GST-nt expression and lipid accumulation is increased in weekend-binge ethanol-fed ApoE~/~ mice compared with the control group. Liver
tissue homogenate from control (CTL) and weekend-binge (WB) ethanol-fed mice were assessed for the expression of Grx1, GR and GST-t. (A-C) Grx1 and GR level
were not significantly altered by ethanol feeding compared with the control group (A,B) either on protein nor (C) mRNA expression level. Only GST-& was markedly
increased (D,E) on protein and (F) mRNA level. (G,H) Liver histology of control (CTL) and weekend-binge (WB) ethanol-fed ApoE~/~ mice are performed on 10 um
frozen sections and shown in (G) Hematoxylin-eosin staining and (H) Oil Red O staining a stronger accumulation of lipids in the weekend-binge group compared to
(Continued)
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FIGURE 5 | the control group. Red boxes indicate the area shown in higher magnification. Scale bars = 100 wm. (I) Significant increase in plasma triglycerides in
ethanol-fed ApoE~/~ mice (WB) compared to control (CTL) group but (J) no increase in total cholesterol plasma level. (A,D) Representative immunoblot results and
(B,E) densitometric analysis of Grx1, GR and GST-x in the tissue lysate. (C,F) mRNA results of GLRX1, GLRX2, GSTP1 and GSTP2 in the tissue lysate. Bars
represent mean ratio + error propagated S.E.M. (n = 4-6, Student ¢ test, “*p < 0.001, **p < 0.01, *p < 0.05).
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FIGURE 6 | Weekend-binge drinking has no effect on the expression of Grx1, GR and GST- in brain tissue despite increased protein S-glutathionylation. (A-F) Brain
tissue of control (CTL) and Weekend-binge (WB) ethanol-fed mice show no alteration in the expression of Grx1 and GR (A,B) on protein or (C) mRNA expression level.
Additionally, no significant changes in the (D,E) protein expression and (F) mRNA expression of GST-n were observed. (A,D) Representative immunoblot results and
(B,E) densitometric analysis of Grx1, GR and GST-= in the tissue lysate. (C,F) mMRNA results of GLRX7, GLRX2, GSTP1 and GSTPZ2 in the tissue lysate. Bars
represent mean ratio + error propagated S.E.M. (n = 4-6, Student t test).

by binge drinking, which may account for S-glutathionylation
homeostasis even under oxidative stress conditions. In addition,
we found that binge drinking differentially affected expression
of Grxl/GR and GST-m in aorta, liver and brain. The
protein S-glutathionylation was likely promoted: (1) in aorta
via concurrent GST-wt upregulation and Grx1 downregulation;
(2) in liver via massive upregulation of GST-m; and (3)
in brain via other mechanisms than Grx1/GR and GST-m
system. Further research is warranted to elucidate whether
and how Grxl and GST-m mediate binge drinking-induced
protein S-glutathionylation, providing new therapeutic strategies
targeting S-glutathionylation-centered pathologies that underlie
binge drinking-induced damage in the cardiovascular system
and liver.

Another major finding of this study was that, ethanol
binge drinking can cause fatty liver and vascular endothelial
dysfunction, which are known to promote atherosclerosis
(42-44). Our previous studies indicate that induction
of protein S-glutathionylation is causatively linked to
development of fatty liver and vascular endothelial
dysfunction, which could be protected and reversed
by Grxl (24, 32). Current work provides a possible
mechanistic connection between the induction of protein

S-glutathionylation = and  these  proatherogenic  events
caused by binge drinking. So, it is intriguing to test this
hypothesis that would provide new redox mechanisms
contributing to pathogenesis of CVD associated with
binge drinking.

Protein S-glutathionylation is an oxidant-induced reversible
posttranslational modification of protein cysteine residues. It
has been historically viewed as a cellular defense mechanism
that prevents irreversible oxidation of cysteinyl thiol groups,
thereby protecting target proteins from permanent oxidative
damage and degradation (20). Recently, increasing evidence
support that the addition of GSH and a net negative charge can
cause changes in the structure and function of target proteins,
thus mediating oxidative signaling events (19). Depending
on the context of pathophysiological conditions as well as
target proteins, S-glutathionylation may mitigate or mediate
organ dysfunction caused by oxidative stress. The present
study is sought to characterize the impact of ethanol binge
drinking on protein S-glutathionylation in cardiovascular system
of mouse model of atherosclerosis, because this oxidative
modification is emerging as an important redox mechanism for
both cardiovascular health and disease. There are numerous
proteins in heart and vessels that are susceptible to redox

Frontiers in Cardiovascular Medicine | www.frontiersin.org

11

March 2021 | Volume 8 | Article 649813


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Seidel et al. Binge Drinking Induces Protein S-Glutathionylation

A Heart Lysate D Lung Lysate
Kpa CTL WB Kpa_ CTL WB

B E
250 e CTL 800
E o WD E e CTL
o _ 200 ®e o 2 . 6004 o ° WD
£9 toe £9
] 42 150 .o 'S .E .
400+
g. 8° 100 A g 8°
g2 s0d [+ £ 2001 ﬁ [h
s - |°— ° 4 . o
s " s al Mk
Grx1 GR GST-n Grx1 GR GST-n
C F
— 3 o CTL _ 4 e CTL
- o WD S _ . o WD
29 * 298 3
< c 2 ° . < € .
] ° . o Z s M .
(74 ﬁ . ° ['4 'S 2 .
E 3 = E 3 0o ° .
5 g &= 1R AR il
o= o=
z z
" GLRX1 GLRX2 GSTP1 GSTP2 ) GLRX1 GLRX2 GSTP1 GSTP2

FIGURE 7 | In heart and lung tissue, Grx1, GR and GST-r levels were not significantly altered in weekend-binge ethanol-fed ApoE~/~ mice compared with the control
group. (A-C) Heart and (D-F) lung tissue homogenate from control (CTL) and weekend-binge (WB) ethanol-fed mice were assessed for the expression of Grx1, GR
and GST-n. (A,B) Grx1, GR and GST-n protein level and (C) mRNA level of GLRX1, GLRX2, GSTP1 and GSTP2 was not altered in the heart tissue of the
weekend-binge (WB) group as well as in the (D-F) lung tissue. (A,D) Representative immunoblot results and (B,E) densitometric analysis of Grx1, GR and GST-x in
the tissue lysate. (C,F) mRNA results of GLRX7, GLRX2, GSTP1 and GSTPZ in the tissue lysate. Bars represent mean ratio + error propagated S.E.M. (n = 4-6,
Student ¢ test).

regulation via S-glutathionylation. For instance, compelling in ~ be catalyzed by the upregulated GST-m, and contribute to the
vitro evidence demonstrate that glutathionylation of endothelial ~ development of fatty liver and elevated plasma triglyceride
NO-synthetase (eNOS) can cause its “uncoupling,” a process levels. Increased protein S-glutathionylation is also implicated in
that switch eNOS enzymatic activity to generate superoxide  pathophysiology of lung diseases, such as idiopathic pulmonary
rather than NO. This impaired eNOS activity is causatively  fibrosis, asthma, and chronic obstructive pulmonary disease (48).
related to vascular dysfunction (45, 46). Our previous study  Grxl deficient mice were more susceptible to bleomycin-induced
demonstrated that glutathionylation of Rac1, a small RhoGTPase  lung fibrosis, which is accompanied with an increased overall
is linked to aortic vascular endothelial hyperpermeability — protein S-glutathionylation; the glutathionylated Fas receptor
caused by metabolic stress in vivo (24). In addition, our  and subsequent activation of the cell death pathway appear
previous studies (32, 47) show that high- fat diet and Grxl  to be an important pathogenic mechanism (49). Similarly,
gene deletion can promote protein S-glutathionylation in  protein S-glutathionylation emerged as a redox mechanism
mouse liver, which is related to non-alcoholic fatty liver and  involved in the development of neurodegenerative diseases, for
dyslipidemia, and S-glutathionylation of sirtuin-1 is identified as ~ example, Alzheimer disease, Parkinson disease and Huntington
an underlying redox mechanism. Although herein Grx1 remains  disease (50).

constant in the liver of binge drinking mouse group, GST- In summary, this study demonstrated that weekend
7 was significantly upregulated, which is known to catalyze  binge drinking can cause vascular endothelial dysfunction
protein S-glutathionylation after oxidative and nitrosative ~and fatty liver in ApoE~/~ mice, in a mouse model of
stress (29). Accordingly, we speculate that binge drinking-  atherosclerosis. Importantly, these detrimental effects
associated increase in hepatic protein S-glutathionylation may  of binge drinking are accompanied by the selective
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induction of protein  S-glutathionylation—a  reversible
oxidative modification mediating cellular responses to
oxidative/nitrosative stress—in the aorta and liver, in which
two key S-glutathionylation regulatory enzymes Grxl and
GST-mt are also differentially modulated by binge drinking.
This work is the first attempt to establish a connection between
the vascular effect of binge drinking with dysregulation
of thiol redox homeostasis, providing a fertile ground for
future research on the role of protein S-glutathionylation
in cardiovascular pathologies associated with alcohol
binge drinking.
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