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1,1-Diethoxyethane increases insulin
sensitivity and ameliorates obesity and
dyslipidemia in mice fed high-fat diet
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Alcoholic beverages have been concerned not only for gastronomic delight but also for certain
impacts on health, such as obesity, diabetes, and cardiovascular diseases. In this study, we assessed
the bioactive functions of 1,1-Diethoxyethane (1,1-DEE), a flavoring compound formed during the
aging process of wine by flor yeast, using both cultured cell lines and a high-fat diet (HFD) mouse
model. 1,1-DEE was identified in the batches of ethanol that induced oxidation of phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) using gel mobility shift assay and gas
chromatography-mass spectrometry. PTEN was reversibly oxidized when exposed to 1,1-DEE, but
1,2-DEE did not induce PTEN oxidation. Mechanistically, 1,1-DEE treatment enhanced the production
of mitochondrial reactive oxygen species, accompanying by oxidation of PTEN and subsequent
activation of Akt signaling. 1,1-DEE treatment elevated Akt activation when combined with insulin,
compared with insulin alone, and alleviated palmitate-induced insulin resistance in C2C12 myoblasts.
Moreover, the oral administration of 1,1-DEE alleviated glucose intolerance and insulin resistance in
HFD-fed mice. 1,1-DEE also mitigated HFD-induced body weight gain and hepatic dyslipidemia
without reduction of food intake. Transcriptome analysis revealed significant genes involved in the
improvement of insulin sensitivity and dyslipidemia. Thus, 1,1-DEE may serve as a promising
therapeutic agent for the intervention of obesity, diabetes, and dyslipidemia.

Obesity is defined as abnormal weight gain resulting from excessive fat
accumulation in adipose and non-adipose tissue. It is frequently associated
with insulin resistance, which is a major risk factor for metabolic disorders
such as type-2 diabetes, non-alcoholic fatty liver disease, and cardiovascular
disease"”. Western diet is high in saturated fats and fructose, both of which
are closely linked to obesity and insulin resistance’. Various animal models
have been used to mimic aspects of obesity and obesity-linked metabolic
disorders for assessing the applications of therapeutic agents’. However,
underlying mechanisms of these diseases are not completely understood,
and the existing drugs have certain limitations™.

The phosphoinositide-3-kinase (PI3K)/protein kinase B (Akt) signal-
ing pathway is involved in the regulation of insulin signaling’~’. Phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) acts as a lipid
phosphatase that dephosphorylates PIP3 to PIP2, negatively regulating the

PI3K/Akt signaling pathway'’. When insulin binds to its receptor, the
receptor undergoes autophosphorylation on tyrosine residues and phos-
phorylates insulin receptor substrates, which further favors the activation of
the PI3K/Akt signaling pathway’. Insulin-mediated Akt activation pro-
motes the transport of glucose into the intracellular compartment and the
synthesis of glycogen while inhibiting gluconeogenesis’. Insulin resistance is
associated with impaired PI3K/Akt signaling. Research has revealed that the
oxidative inactivation of PTEN by reactive oxygen species (ROS) is asso-
ciated with increased insulin sensitivity via Akt signaling'"">. Hence, tar-
geting the redox regulation of PTEN may be beneficial for controlling
insulin resistance.

Alcoholic beverage consumption is a globally prevalent and often
debated phenomenon. While excessive intake in alcoholic beverages can
lead to various diseases, moderate consumption (particularly wine) may
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certainly mitigate body weight gain, insulin insensitivity, and cardiovascular
disease”. Research on the benefits of wine consumption has identified
various bioactive compounds in wine, with a particular focus on poly-
phenols such as resveratrol, quercetin, and catechin'’. However, little is
known about the biological effects of other components in wine. Aroma
compounds, commonly present in aged wine, exhibit volatile properties
with characteristic odors. Studies have demonstrated that a significant
number of aroma compounds are formed during the aging of various types
of wine, including sherry, Chinese rice, and potato wines'**. These aroma
compounds influence the economic value, quality, and consumer pre-
ference of wine by imparting alcoholic, fruity, herb, caramel-like, and/or
honey-like flavors. These flavors also stimulate olfactory sensors, leaving
distinct aromatic impressions in the brain'’. Among the aroma compounds
formed during the aging process of wine, 1,1-Diethoxyethane (1,1-DEE) is
one of the most odor-active compounds associated with fruity and wine
flavors. Various studies have revealed a high concentration of 1,1-DEE in
wine with a high odor-active index (Table 1). In particular, 1,1-DEE has
been reported to be the most prevalent aroma compound in Fino Sherry
(448 mg/L)". The concentration of 1,1-DEE in aged Chinese rice wine is
four times higher than that in young rice wine'”. 1,1-DEE is also found in
potato wine, red wine, wine vinegar, and aged rum'****’. However, its
biological functions have not been assessed in vitro or in vivo so far.

In this study, we identified the presence of 1,1-DEE in batches of
ethanol obtained from different commercial sources. We also assessed its
novel ability to control the redox state of PTEN through ROS generation. In
addition, we evaluated the therapeutic effects of 1,1-DEE in controlling
obesity, insulin resistance, and dyslipidemia using a high-fat diet (HED)
mouse model.

Results

1,1-DEE was identified in the ethanol batches that induced oxi-
dation of PTEN

For the study of redox status of PTEN, we developed a gel mobility shift
assay as described previously”***. We performed cell lysis with NEM, a well-
known alkylating reagent, that can bind to the thiol groups of reduced
PTEN. This process prevents various redox reactions and results in a higher
molecular weight band on a western blot compared with the oxidized PTEN
band. In the present study, the regulation of PTEN’s redox state by different
batches of ethanol from commercial sources (Supplementary Table 1) was
investigated in HepG2 cells. Intriguingly, we found that the oxidation rate of
PTEN significantly varied across different ethanol batches, even when using
the same concentration of ethanol. The E1 batch induced greater PTEN
oxidation than the E2 and E3. Combining E1 with E2 or E3 reduced the

PTEN oxidation level (Fig. 1A), suggesting that E1’s oxidative effect was
stronger than the other two batches. In addition, we observed that E1’s odor
differed from those of the other ethanol batches. Specifically, E1 displayed a
much stronger alcoholic and fruity odor than the other batches, suggesting
that there may be an E1-specific compound involved in the redox regulation
of PTEN.

To investigate the properties of this unknown compound, we analyzed
the E1, E2,and E4 batches. E4 displayed a similar odor profile to E1 (Fig. 1B).
In each batch, we freeze-dried 100 mM of ethanol to evaporate the volatile
compounds. Dried samples were reconstituted with either PBS or 100 mM
of E2. We then treated HepG2 cells with either 100 mM of ethanol (E1, E2,
or E4) or the corresponding dried samples for 10 min. E1 and E4 induced
greater PTEN oxidation than E2 and the control. However, the dried
samples from E1, E2, and E4 did not exhibit similar effects, regardless of the
reconstitution status (PBS or E2; Fig. 1C). This result suggests that the
unknown compound is volatile and evaporates during the freeze-drying
process.

Next, we used GC-MS to detect the compounds in the ethanol batches.
Interestingly, a high concentration of 1,1-DEE was found in E1 and E4 but
not in E2 or E3 (Supplementary Tables 2, 3, 4, 5). GC-MS-based frag-
mentation analysis of 1,1-DEE from E1 and E4 and the identified chemical
structure are shown in Fig. 1D, E. Altogether, the unknown compound was
identified as 1,1-DEE, and the results highlight its novel role in cellular
functions via the redox regulation of PTEN.

1,1-DEE induced reversible oxidative inactivation of PTEN and
activation of Akt
To confirm whether 1,1-DEE can exhibit its molecular effects via the reg-
ulation of PTEN’s redox state, cells were treated with various concentrations
of 1,1-DEE, after which the PTEN oxidation level was assessed using a
previously described method”. Within 10 min of treatment, we observed
1,1-DEE-mediated PTEN oxidation in various cell lines (Fig. 2A and Sup-
plementary Fig. 1A, B). This 1,1-DEE-mediated oxidation occurred in a
concentration-dependent manner, with higher concentrations inducing
higher oxidation levels. We also assessed the effect of 1,1-DEE-induced
PTEN oxidation on Akt activation. The phosphorylation of Akt at Ser473
and Thr308 was enhanced after 10 min of treatment with 1,1-DEE, starting
at 1 mM, indicating increased Akt activity. Akt phosphorylation showed a
concentration-dependent increase with 1,1-DEE, indicating the negative
regulation of PTEN in the Akt signaling pathway (Fig. 2A).

We next sought to elucidate the pattern of 1,1-DEE-mediated regula-
tion of PTEN’s redox state. PTEN oxidation levels started to increase as early
as 5 min after 1,1-DEE treatment, peaked at 10 min, gradually returned to

Table 1 | Concentration and odor activity value (OAV) of 1,1-DEE in various types of wine and distilled liquor

Number Name Concentration OAV References
mg/L mM
1 Fino Sherry wine 448.505 3.8 8970 15
2 Potato wine <161.580 <1.37 N.a 20
3 Aged Chinese rice wine 134+241 1.13+0.018 134 17
4 Amontillado Sherry wine 123.765 1.05 2475 15,16
5 Baiju <85.46+7.71 <0.72 +0.065 Ns 97
6 Polish mead wine 19 0.16 26 98
7 Bartlett Pear Brandy wine <14.94 <0.13 21 99
8 Rum <5.31 <0.045 7 23
or2.0-15.0 or 0.017-0.127 13 22
9 Huangjiu wine <2.692 <0.023 N.a 100
10 Pedro Ximenez wine 0.04041 3.38x10™* 808 15
11 Red wine N.a N.a N.a 20
mg/L milligrams per liter, mM millimolar; OAV, odor activity value, N.a not available.
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Fig. 1| 1,1-DEE was identified in ethanol batches that induced oxidation

of PTEN. A Immunoblotting of protein samples from the treatment of HepG2 cells
with 100 mM E1, E2, or E3 for 10 min. B Workflow for the freeze-drying of 100 mM
El, E2, and E4. This model was created in BioRender. Lee, S. (2025) http://
BioRender.com/2yu3squi. C The cells were treated with 100 mM E1, E2, or E4 or
their corresponding dried samples described in (B) for 10 min. The cell extracts were
alkylated with 10 mM NEM and subjected to non-reducing or reducing

electrophoresis, followed by immunoblotting with PTEN and B-actin antibodies.
D GS-MS analysis of 1,1-DEE fragmentation in E1. E The chemical structure of 1,1-
DEE. This figure was created in BioRender. Lee, S. (2025) http://BioRender.com/
lc7iuks5. Data were presented as mean + SEM. The differences between two groups
were assessed by unpaired two-tailed Student’s t-tests (A, C), with the following
significance levels: p > 0.05, ***p < 0.001, and ****p < 0.0001.
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Fig. 2 | 1,1-DEE induced reversible oxidative inactivation of PTEN and activation
of Akt. A C2C12 cells were treated with various concentrations of 1,1-DEE (0 to
50 mM) for 10 min. B C2C12 cells were treated with 20 mM of 1,1-DEE for various
durations over a 120-min period. C Chemical structure of 1,2-DEE. This figure was
created in BioRender. Lee, S. (2025) http://BioRender.com/v87h580. D, E Cells were
treated with similar conditions as in (A) and (B) using 1,2-DEE. The cell lysates were
mixed with sample buffer and then subjected to non-reducing or reducing elec-
trophoresis, followed by immunoblotting with antibodies against PTEN, p-Akt*"*”,

p-Akt™%, Akt, and GAPDH. Data were presented as mean + SEM. Statistical
analysis was assessed by unpaired two-tailed Student’s t-tests (A, B), with the fol-
lowing significance levels: ™p > 0.05, *p < 0.05, **p < 0.01, ***p <0.001, and
*RH¥p < 0.0001. F HepG2 cells were transfected with an HA-tag pCGN containing
either PTEN WT, C71S, C124S, or C71S/C124S vector. After the transfection, the
cells were treated with 20 mM 1,1-DEE for 10 min. The cell lysates were subjected to
non-reducing or reducing electrophoresis, followed by immunoblotting with anti-
bodies against HA-tag.

the basal level after 120 min (Fig. 2B and Supplementary Fig. 1C, D). Fur-
thermore, similar to the reversible oxidation of PTEN mediated by 1,1-DEE,
Akt phosphorylation at Ser473 and Thr308 was also found to be reversible
(Fig. 2B), thus suggesting that the oxidative inhibition of PTEN by 1,1-DEE
causes the reversible activation of Akt. On the other hand, 1,2-DEE, an
isomer of 1,1-DEE, did not induce PTEN oxidation in C2C12 cells at dif-
ferent concentrations and time points, suggesting a specific conformation-
dependent function of 1,1-DEE in the redox regulation of PTEN
(Fig. 2C, D, E).

The 1,1-DEE-mediated oxidation of PTEN showed a similar pattern to
that of H,0,-induced PTEN oxidation®’. It has been demonstrated that
H,0,-mediated peroxymonocarbonate (HCO,) generation leads to the
oxidation of PTEN at the Cys124 residue and the formation of a disulfide
bond with the Cys71 residue, which then inactivates PTEN’s phosphatase
function’”. To investigate the mechanism underlying 1,1-DEE-mediated

PTEN oxidation, HepG2 cells transfected with an HA tag-pCGN vector
containing either PTEN WT or PTEN mutants (PTEN C71S, PTEN C124S,
or PTEN C71/124S) were treated with 1,1-DEE for 10 min. Accordingly,
PTEN oxidation was detected in cells transfected with WT PTEN but not in
those transfected with PTEN C71S, PTEN C124S, or PTEN C71/124S
(Fig. 2F). This indicates that 1,1-DEE mediates the oxidative inactivation of
PTEN by inducing the formation of a disulfide bond between its Cys124 and
Cys71 residues.

1,1-DEE enhanced production of mitochondrial reactive oxygen
species

ROS are by-products of cellular redox reactions that can contribute to both
physiological and pathophysiological conditions’”. At low and controlled
levels, ROS can modulate redox-sensitive signaling pathways to maintain
cellular homeostasis. DCFH-DA staining of cells exposed to 1,1-DEE
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Fig. 3 | 1,1-DEE enhanced production of mitochondrial reactive oxygen species.
A, B HepG2 cells were treated with either 20 mM 1,1-DEE for various durations over
a 30-min period or 0.5 mM H,0, for 10 min. The cells were stained with 10 uM

DCFH.DA for 30 min. Representative images of the stained cells were obtained using
fluorescence microscopy at 10x magnification (A). Flow cytometry was performed
using FITC channel with 10,000 events per sample (B). C Flow cytometry analysis of
MitoSOX Red staining after treatment of AC16 cells with 15 mM of 1,1-DEE for

various time points up to 30 min. Data were observed using the Pe-A channel with
10,000 events per sample. D HepG2 cells were pretreated with 10 mM of NAC for
120 min. Then, cells were treated with 20 mM 1,1-DEE for various durations over a
120 min period. Data were presented as mean + SEM. Statistical analysis was
assessed by unpaired two-tailed Student’s t-tests (B) and two-way ANOVA (D), with
the following significance levels: *p > 0.05, **p < 0.01, ***p < 0.001, and

KD < 0.0001.

revealed an increase in ROS levels compared with the untreated group
(Fig. 3A). Moreover, flow cytometry analysis of the DCFH-DA-stained cells
revealed that the ROS levels increased as early as 5 min into the treatment,
peaked at 10 min, and decreased after 30 min (Fig. 3B). This suggests that
1,1-DEE induces a reversible increase in ROS generation.

Mitochondria are major sources of ROS generation, especially super-
oxide anion (O, - -), which is predominant through electron leakage from
the mitochondrial respiratory complexes I and III during oxidative
phosphorylation™. In a parallel study, mitochondrial respiration was tran-
siently inhibited in the cells upon exposure to 1,1-DEE, suggesting that 1,1-
DEE may favor mitochondrial ROS generation through this inhibition.
Molecular simulation revealed that 1,1-DEE can dock into the ubiquinone-

binding site of human respiratory complex I, thereby interrupting the
electron transfer from NADH to ubiquinone (Supplementary Fig. 2). This
interruption leads to leakage of electrons from the respiratory chain. These
leaked electrons can reduce molecular oxygen (O,) to form O, - -, which is
then dismutated into H,O,. In fact, MitoSox staining revealed that 1,1-DEE
induced mitochondrial ROS generation during 30 min of treatment (Fig.
3C), indicating that mitochondria are major sources for the ROS generation
by 1,1-DEE.

To understand the relationship between ROS generation and 1,1-DEE-
induced PTEN oxidation, cells were pretreated with NAC, a ROS scavenger,
for 120 min and treated with 1,1-DEE for various durations over a 120-min
period. NAC pretreatment reduced 1,1-DEE-induced PTEN oxidation,
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Fig. 4 | 1,1-DEE treatment improved insulin sensitivity through regulation of
PTEN/AKktssignaling. A C2C12 cells were treated with various concentrations of 1,1-
DEE (0 to 10 mM) in the absence or presence of 10 nM insulin for 10 min. B C2C12
cells were pretreated with 500 uM palmitate for 24 h. The cells were then treated with
either 10 mM of insulin or a combination of 5 mM of 1,1-DEE and 10 nM of insulin
for 10 min. The cell lysates were mixed with sample buffer and then subjected to

non-reducing or reducing electrophoresis, followed by immunoblotting with anti-
bodies against PTEN, p-Akt™"”, p-Akt™"%, Akt, and B-actin. Data were presented
as mean + SEM. Statistical analysis was assessed by unpaired two-tailed Student’s
t-tests (A) and one-way ANOVA (B), with the following significance levels:
™p>0.05, ¥*p < 0.01, **¥p < 0.001, and **¥¥p < 0.0001.

indicating that the ROS generation induced by 1,1-DEE is responsible for
the oxidative inactivation of PTEN. In addition, the phosphorylation of Akt
at Ser473 and Thr308 was also reduced by NAC pretreatment (Fig. 3D),
suggesting the regulatory mechanism of 1,1-DEE-induced ROS generation
in the PTEN/AKkt signaling pathway.

1,1-DEE treatment improved insulin sensitivity through regula-
tion of PTEN/Akt signaling

The PI3K/PTEN/AKkt signaling pathway is crucial in regulating glucose
metabolism and insulin resistance in mice fed with the HFD. Given that 1,1-
DEE treatment results in PTEN oxidation and Akt activation, we hypo-
thesized that 1,1-DEE increases insulin sensitivity through regulation of the
PTEN/AKkt signaling pathway. Combining 10 nM of insulin and various
concentrations of 1,1-DEE (1-10 mM) significantly enhanced Akt activa-
tion compared with treatment with insulin alone (Fig. 4A). We next
established an in vitro cellular model for insulin resistance using treatment
with palmitate as described previously’'. It was found that Akt phosphor-
ylation at Ser473 and Thr308 was significantly reduced in insulin-resistant
cells compared with the control cells (Fig. 4B), thus confirming the suc-
cessful generation of an insulin-resistant model through palmitate treat-
ment. Importantly, co-treatment with 1,1-DEE and insulin re-upregulated
Akt phosphorylation in insulin-resistant cells (Fig. 4B). This suggests that
1,1-DEE is a candidate material for mitigating palmitate-induced insulin
resistance by oxidative inactivation of PTEN and activation of Akt.

1,1-DEE treatment attenuated glucose intolerance and insulin
resistance in mice fed the HFD

HED is associated with various metabolic dysregulations, including obesity,
hyperglycemia, and insulin resistance. We next investigated the ability of
1,1-DEE to control glucose uptake and insulin sensitivity using the HFD-fed
mice model. The HFD group displayed a higher level of fasting blood
glucose than the ND group, indicating a hyperglycemic condition. Inter-
estingly, the HFD supplemented with 1,1-DEE group had a lower fasting
blood glucose level than the HFD (Fig. 5A). As shown in Fig. 5B, C, the HFD
group exhibited impaired glucose tolerance after 120 min, as indicated by a
high intraperitoneal GTT area under the curve (AUC) level. Meanwhile, the
HFD + D mice displayed greater glucose tolerance, as indicated by a lower
GTT AUC value compared with that for the HFD group (p = 0.1846). These
data reveal the ability of 1,1-DEE to control the glucose level. HFD-induced
obesity is associated with insulin resistance. After 8 weeks of HFD feeding,
the mice had a higher serum insulin level than the ND control group,
whereas the HFD + D group had a lower serum insulin level than the HFD
group (p < 0.05) (Fig. 5D). Next, we tested insulin tolerance after the mice
had fasted for 4 h followed by being intraperitoneally injected with insulin.
The HFD group showed a high insulin ITT AUC value, thus indicating a
higher insulin intolerance than the ND group. However, the HFD + D
group showed a slight decrease in ITT AUC value compared with the HFD
group, thus suggesting an amelioration of insulin tolerance induced by 1,1-
DEE treatment (p = 0.3514) (Fig. 5E, F).
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Fig. 5 | 1,1-DEE treatment attenuated glucose intolerance and insulin resistance
in mice fed the HFD. A-F 16-week-old mice were fasted for 12 h overnight. Fasting
blood glucose levels were measured (A). Intraperitoneal glucose tolerance test was
performed with a duration of 120 min (B). C The area under curve (AUC) of (B) was
measured. D Fasting serum insulin levels were determined. E Intraperitoneal insulin
tolerance test was performed with a duration of 120 min after fasting mice for 4 h.
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*¥#%p <0.001, and ****p <0.0001. G, H GSEA preranked enrichment plots for the
“GOBP response to insulin” (G) and “GOBP insulin-like growth factor receptor
signaling pathway” (H), which were enriched in the ND group but not in the HFD
group. I-K GSEA preranked enrichment plots for the “GOBP response to insulin”
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leading gene expressions in the “GOBP response to insulin” in comparison between
the HFD and the HFD + D groups.
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Given that redox regulation of PTEN was implicated in amelioration of
insulin resistance in the HFD + D group, we validated differences in oxi-
dation levels of PTEN between the HFD and HFD + D groups in white
adipose tissue (WAT), liver, and heart. Interestingly, we observed an
increase in PTEN oxidation in WAT of the HFD + D group compared with
the HFD control group (Supplementary Fig. 3A). This accompanied by an
enhancement in Akt phosphorylation in the HFD + D group compared
with the HFD group. No differences in PTEN redox state were found
between tested groups in liver and heart tissues (Supplementary Fig. 3B, C).
These data suggest that 1,1-DEE specifically induces oxidative inactivation
of PTEN in WAT, leading to enhanced insulin sensitivity by activation of
AKT signaling pathway.

We performed the RNA-seq analysis on mouse liver tissue to assess the
differences in transcriptomic profiles among tested groups. The GSEA
preranked enrichment analysis revealed downregulations in insulin meta-
bolic processes of “GOBP response to insulin” (NES = —1.37, FDR =0.3,
nom p-value = 0.002), “GOBP insulin-like growth factor receptor signaling
pathway” (NES = —1.57, FDR=0.17, nom p-value = 0.006), and “GOBP
cellular response to insulin stimulus” (Fig. 5G, H, Supplementary Fig. 4A).
However, treatment of 1,1-DEE significantly enriched these processes, with
the NES = 2.1, FDR = 0.012, and nom p-value = 0.0 in “GOBP response to
insulin”, and the NES = 2.6, FDR = 0.0, and nom p-value = 0.00 in “GOBP
insulin-like growth factor receptor signaling pathway” (Fig. 51, J). Addi-
tionally, treatment of 1,1-DEE enhanced other insulin sensitivity regulation
processes such as “GOBP insulin receptor signaling pathway”, “GOBP
cellular response to insulin stimulus”, “GOBP insulin secretion”, and
“GOBP regulation of insulin secretion” (Supplementary Fig. 4B, C, D, E). A
heatmap showed differences in leading transcriptional expressions of
“GOBP response to insulin” between the HFD and the HEFD + D groups,
including genes involved in insulin signaling pathway (insulin receptor
(Insr), insulin receptor substrate 2 (irs2)), growth factor signaling pathway
(insulin-like growth factor binding protein 1 (igfbpl), insulin-like growth
factor 1 receptor (IgfIr), egfr, fibroblast growth factor receptor 1 (fgfr1), fgfr2,
erbb4), transportation (slc39a14) (Fig. 5K). Thus, 1,1-DEE could improve
insulin resistance through transcriptional regulation of these genes.

1,1-DEE treatment alleviated body weight gain and dyslipidemia
in mice fed the HFD

As can be seen in Fig. 6A presenting representative mice in each group, the
HEFD group exhibited greater body weight gain than the ND group. How-
ever, supplementation with 1,1-DEE relatively suppressed HFD-induced
body weight gain, and there was no significant difference in body weight
between the ND and ND + D groups (Fig. 6B). The ND + D group showed
higher food intake than the ND group, while food consumption by the HFD
and HFD + D groups was similar (Fig. 6C). In addition, the HFD group
exhibited an increase in eWAT and iWAT weight compared with the ND
group. H&E staining revealed larger adipose sizes in the HFD group than the
ND group. Supplementation with 1,1-DEE attenuated these changes
(Fig. 6D, E, F).

We assessed the effects of 1,1-DEE on the regulation of dyslipidemia
induced by the HFD. While no significant difference was observed in liver
weight between the ND and HFD groups with or without 1,1-DEE (Fig. 6G),
H&E staining of liver sections revealed increased cytoplasmic vacuoles in
the hepatocytes of the HFD group compared with the ND group, thereby
suggesting the sign of steatosis in the HFD group. However, treatment with
1,1-DEE prevented this change (Fig. 6H). These results suggest that 1,1-DEE
treatment can mitigate HFD-induced liver steatosis, as evidenced by
decreased liver vacuolation.

Next, we sought to examine the effects of 1,1-DEE on serum bio-
markers indicating liver damage, such as ALT, AST, and LHD. All of these
were relatively increased in the HFD group compared with the ND group.
Interestingly, the addition of 1,1-DEE reduced the levels of these biomarkers
compared with its counterpart (Supplementary Fig. 5A, B, C). No significant
differences were found in serum ALP, T-Bil, and Alb levels across the four
groups (Supplementary Fig. 5D, E, F). Serum biomarkers indicating

lipogenesis and adipogenesis, such as TG, T-chol, HDL-C, and LDL-C (a
“bad” cholesterol involved in plaque buildup in the arteries), were also
investigated. The HFD group exhibited enhancements in T-chol, HDL-C,
and LDL-C levels but not TG levels compared with the ND group (Fig. 6L J,
K, L). Interestingly, the HFD + D group showed reduced LDL-C levels
compared with the HFD group (Fig. 6K). Additionally, 1,1-DEE supple-
mentation decreased the TG level compared with the corresponding
counterpart HFD and ND groups (Fig. 6L). Collectively, based on the
changes in multiple parameters, 1,1-DEE shows effects consistent with
prevention of liver damage and lipogenesis in HFD-induced obese mice.

1,1-DEE treatment restored transcriptional expression changes
in mice fed the HFD
We performed RNA-seq analysis using the liver tissues to delineate the
transcriptome expression between groups of mice. The heatmaps demon-
strated DEGs in the comparisons between the HFD and ND groups, as well
as between the HFD + D and HFD groups (Supplementary Fig. 6A, B).
Volcano plots displayed DEGs (pink and blue dots) and non-statistically
significant genes (gray dots) (Fig. 7A, B). We next listed the most upregu-
lated genes after the HED (yellow dots), including Fgf21, Gm15441, Cfd,
derlin-3 (DerlI3), cyclin dependent kinase inhibitor 1 A (Cdknla), Cidec,
Recl14, Cytochrome P450 genes (Cyp4al4, Cyp4al0, Cyp2b9). The most
downregulated genes consisted of Chrna4, stearoyl-CoA desaturase (Scdl),
Gm34654, Xirda, Cib3, Cyp2bl0, Cyp2c53-ps, Cyp2c55, Cyp2gl, Cyp3all
(Fig. 7A). After the HFD + D, the most upregulated genes included chy-
motrypsin like elastase 2 A (Cela2a), Celal, Nbl1, Upk3b, scavenger receptor
class A member 5 (Scara5), adhesion G protein-coupled receptor F1
(Adgrfl), Large2, Slc9a7, Fkbp5, Chmp4c. The most decreased genes inclu-
ded MYC proto-oncogene (Myc), Mir670hg, Gm15441, Cd3d, Themis,
Gm38467, 9430085M18Rik, Gm52341, Zfp979, Rad51b, and Obp2a (Fig.
7B). After the HFD, there were 1117 DEGs with 396 upregulated genes and
720 downregulated genes compared with the ND. 1,1-DEE treatment
revealed 432 DEGs in the comparison between the HFD + D and HFD
groups, including 175 increased genes and 257 decreased genes (Fig. 7C).
To investigate overlapping genes between DEGs of HFD/ND and
HFD + D/HED, we performed the Venn diagram analysis. In these two
DEGs, 90 genes were overlapping, suggesting that there were rescued genes
after the treatment of 1,1-DEE (Fig. 7D). Rescued scatter plot of these
overlapping genes revealed 81 fully rescued genes and 9 partially rescued
genes. Fully rescued genes are divided into 43 rescued downregulated (genes
are decreased in HFD and reverted after the supplement of 1,1-DEE), and 38
rescued upregulated genes (genes are increased in HFD and reverted in the
HFD + D) (Supplementary Fig. 6C). The PCA plot displayed a slight shift of
the HFD + D group toward the ND group, suggesting a partial effect of 1,1-
DEE at transcriptome level (Supplementary Fig. 6D). A heatmap demon-
strated fully rescued gene expressions and gene names (Fig. 7E). In the
rescued downregulated list, there were notable genes that were down-
regulated in HFD/ND and were reverted in HFD + D/HFD, including scd1,
pesk9, LDL receptor related protein 1 (Irp1), leptin receptor (lepr), ppargclb,
and esr1. Additionally, prominent rescued upregulated genes are acyl-CoA
thioesterase 1 (acot1), acot2, fatty acid-binding protein 1 (fabp1), and fabp2
(Fig. 7E).

Discussion

Epidemiological research has suggested the health-promoting effects of
moderate wine consumption, in particular, it can reduce the risk of type-2
diabetes”™,  cardiovascular  diseases”’, and neurodegenerative
diseases™ ™", and promote longevity’>*'™. In this study, we unraveled the
novel bioactive function of 1,1-DEE in regulation of insulin resistance and
metabolic dysregulations using HFD-fed mice.

In wine, various aroma compounds are generated during aging, when
developed yeast strains form biofilms (flor yeast) on the wine surface fol-
lowing alcoholic fermentation'**’. As aging progresses, the abundance of
aroma compounds increases. This results in the development of fruity,
caramel-like, or alcoholic flavors. 1,1-DEE is a key aroma compound in
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wine, known for its high concentration and odor level (Table 1). We
identified 1,1-DEE in several batches of ethanol obtained from commercial
sources, as revealed by high area values in GC-MS analysis. Additionally,
because of the presence of 1,1-DEE, E1 and E4 exhibited higher PTEN
oxidation than the other ethanol batches, suggesting that 1,1-DEE plays a
bioactive role in addition to conferring odor and flavor.

PTEN is a negative regulator in the PI3K/Akt signaling pathway'’. We
observed the oxidative inactivation of PTEN after 1,1-DEE treatment,
resulting in the activation of Akt through increased Akt phosphorylation in
concentration- and time-dependent manners. Studies have demonstrated
that the oxidative inactivation of PTEN is regulated by H,O,, a major ROS
product derived from different intracellular organelles and systems. In this
process, PTEN is oxidized at Cysl124 to form a disulfide bond with
Cys717*"*°. Mitochondrial-derived H,O, has been shown to regulate the
redox state of PTEN through oxidation, thereby regulating angiogenesis,
vascular endothelial growth factor signaling, and muscle differentiation*”*".
H,0, derived from NADPH oxidases also plays a key role in PTEN

oxidation"”’. In this study, we found that 1,1-DEE increased mitochondrial
ROS levels, thereby accompanying by the oxidative inactivation of PTEN.
Mechanistically, by binding at the quinone (Q) site of mitochondrial
complex I, 1,1-DEE partially inhibits the electron transfer from NADH to
ubiquinone, causing electron leakage at the flavin mononucleotide (FMN)
and iron-sulfur clusters in the NDUFS2 subunit. These leaked electrons
reduce O,, generating O, - -, which is then dismutated into H,O,. This
inhibition of the electron transfer is similar to the action of other well-
characterized complex I inhibitors like Rotenone and Piericidin A, which
also induce electron back-pressure and ROS production at the FMN/Fe-S
cluster level™. Collectively, our findings indicate that 1,1-DEE mediates the
production of ROS, including H,O,. This further induces the production of
HCO, ", promoting PTEN oxidation.

The relationship between insulin sensitivity, glucose transportation,
and metabolism has been well-established in various studies”. The PI3K/
Akt signaling pathway significantly contributes to both insulin sensitivity
and resistance. Dysfunction in this pathway in the skeletal muscle, adipose
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tissue, liver, and brain can impair Akt-mediated processes, such as glucose
transportation, glycogen synthesis, and lipid synthesis, all of which con-
tribute to insulin resistance’. We observed that supplementation with 1,1-
DEE reduced HFD-induced glucose intolerance and insulin resistance by
ameliorating fasting blood glucose levels, glucose tolerance, insulin toler-
ance, and serum insulin levels. This suggests that 1.1-DEE has a role in
regulating glucose metabolism and insulin sensitivity. As PTEN/Akt sig-
naling is activated by 1,1-DEE, there is a high possibility that 1,1-DEE
regulates insulin sensitivity through the activation of the PTEN/Akt axis.
We observed that Akt signaling was enhanced through 1,1-DEE-mediated
oxidative inactivation of PTEN using several experimental methods,
including co-treatment with 1,1-DEE and insulin, in vitro palmitate-
induced insulin resistance. Thus, 1,1-DEE can enhance insulin sensitivity by
activating the PTEN/Akt axis, thereby increasing glucose transportation
from the extracellular space into the cytosol. A previous study described that
adipocyte-specific deletion of PTEN enhanced insulin sensitivity, decreased
adipose tissue inflammation, and reduced hepatic steatosis, suggesting that
selective loss of PTEN in mature adipocytes is sufficient to confer systemic
metabolic improvements™. Additionally, although hepatic PTEN deficiency
also improved insulin sensitivity, it contributed to steatosis through
increased fatty acid uptake and de novo lipogenesis™. Since 1,1-DEE
selectively oxidized PTEN and activated Akt signaling in WAT but not in
the liver, this effect may be sufficient for attenuation of insulin resistance
without inducing liver lipotoxicity. In addition, transcriptome analysis of
the liver of mice displayed enhanced enrichments in processes related to
insulin signaling and growth factor signaling in the HFD + D group com-
pared with the HFD group. Studies demonstrated that insr and irs2 genes
were downregulated during the HFD**”, leading to severe insulin resistance.
Also, other genes, such as igflr"* and fgfrI”, involved in growth factor
signaling can influence insulin sensitivity and glucose tolerance. cela2a
encodes an enzyme responsible for reducing platelet formation and
increasing insulin secretion, degradation, and sensitivity”. In previous
studies, igfbpl and igfbp5, contributing to insulin resistance and glucose
intolerance, were found to be downregulated in obese conditions™*. By
improving these genes, 1,1-DEE can potentially restore glucose uptake and
insulin sensitivity in addition to reactivating the PI3K/Akt axis by oxidative
inactivation of PTEN.

Studies have demonstrated that HFD induces considerable weight gain
in mouse models, as represented by increased adipose tissue weight and cell
size” . In this study, 1,1-DEE treatment resulted in considerably lower
body weight gain in the HFD 4+ D group than in the HFD group, as
demonstrated by the decrease in the weight and size of eWAT and iWAT
tissues. This suggests that 1,1-DEE can control body weight gain induced by
the HFD. Current weight loss drugs such as metformin and glucagon-like
peptide-1 (GLP-1) receptor agonists (GLP-1 RAs) exert the anti-obesity
effect by reducing food intake and appetite through several mechanisms.
Metformin can trigger the production and secretion of the growth/differ-
entiation factor 15 in peripheral tissues such as liver, distal intestine, and
kidney**. This is a stress-responsive cytokine that can act via a GDNF
family receptor a-like on the brainstem to suppress appetite and induce
weight loss®. GLP-1 RAs, which mimic the action of endogenous GLP-1,
have been widely studied in recent years for their anti-obesity effect”*. By
binding and activating GLP-1 receptors on the hypothalamus and brain-
stem, they promoted satiety, reduced hunger, and delayed gastric emptying,
leading to the reduction in food intake™. Our results showed that the food
intake levels were similar between the HFD and HFD + D groups, sug-
gesting that 1,1-DEE prevented weight gain in HFD-fed mice independently
of food intake. Additionally, 1,1-DEE treatment enhanced food intake in the
ND + D group compared with the ND group without differing in body
weight gain, indicating that 1,1-DEE may enhance energy expenditure to
regulate weight gain. Our parallel study indicated that 1,1-DEE can activate
the AMP-activated protein kinase (AMPK), resulting in enhancement in
fatty acid oxidation, glycolysis, and mitochondrial biogenesis. This
enhanced mitochondrial aerobic oxidative phosphorylation and ATP gen-
eration, supporting enhanced energy expenditure and ameliorated obesity

induced by the HFD. AMPK activation plays a critical role in the regulation
of insulin resistance’”*, obesity’*’*, and lipid metabolism’>’*. Further stu-
dies are necessary to validate the direct role of 1,1-DEE-induced AMPK
activation in controlling HFD-induced obesity and diabetes.

Dyslipidemia, referring to an abnormality in the synthesis and meta-
bolism of lipids, is also strongly associated with HFD consumption®’. His-
tological analysis of the liver of mice in the HFD group revealed an abnormal
increase in cytoplasmic vacuoles, suggesting an increase in lipid accumu-
lation and hepatic steatosis. This was supported by increased levels of serum
biomarkers associated with liver injury, triglyceride synthesis, and choles-
terol synthesis, including ALT, AST, LDH, TG, T-chol, HDL-C, and LDL-C.
HDL-C is considered a “good” source of cholesterol and is normally
expected to decrease in individuals with obesity and metabolic syndrome.
The increased HDL-C level in the HFD group compared with the ND group
could be attributed to several reasons. First, mice lack cholesteryl ester
transfer protein, which facilitates the transfer of cholesterol esters from HDL
to LDL/VLDL". Second, we observed a significant increase in the T-chol
level, indicating that increased cholesterol flux upregulates both HDL-C and
LDL-C levels. However, 1,1-DEE treatment significantly suppressed
vacuolation in the liver of mice in the HFD + D group compared with the
HED group. 1,1-DEE also ameliorated the levels of serum biomarkers,
including ALT, AST, LDH, TG, and LDL-C, indicating reduced hepatocyte
damage and triglyceride synthesis. The T-chol level did not differ sig-
nificantly between the HFD and HFD + D groups, being higher than that in
the ND group. However, the LDL-C level was significantly lower in the
HFD + D group than in the HFD group, suggesting that 1,1-DEE is
involved in the reduction of LDL-C biosynthesis and/or increase in LDL-C
clearance. In summary, 1,1-DEE can ameliorate HFD-induced body weight
gain, liver damage, and dyslipidemia.

The liver plays a central role in glucose and lipid metabolism. Tran-
scriptome analysis of the liver of mice revealed upregulated and down-
regulated genes in comparison between the HFD and ND groups. Derl3
encodes a component of the endoplasmic reticulum (ER)-associated
degradation machinery for unfolded or misfolded glycoproteins™.
Increased Derl3 in the HFD group suggests an ER stress condition, which
can contribute to insulin resistance and fatty liver disease”™'. Cdknla is a
cellular senescence marker that is correlated with hyperinsulinemia and
fatty liver disease™". Additionally, cytochrome P450s (CYPs) families
include enzymes that function as monooxygenases. Among these, the
CYP4 family, including cyp4alO and cyp4al4, is responsible for the w-
hydroxylation of endogenous fatty acids, which is associated with lipid
accumulation (such as arachidonic acid and 20-hydroxy-eicosatetraenoic)
and liver inflammation®. On the other hand, CYP2 and CYP3 families
mainly function in the xenobiotic process, which is used for the elimination
and modification of external particles. Therefore, the downregulation of
CYP2 or CYP3 genes in the HFD mice, including Cyp2b10, Cyp2c53-ps,
Cyp2c55, Cyp2gl, and Cyp3all, suggests impaired liver detoxification™*.
The concurrent upregulation and downregulation of these genes, as shown
in Fig. 7A, may reflect hepatic stress or an adaptive metabolic shift resulting
in dyslipidemia and fatty liver disease. However, transcriptome analysis of
liver mice in comparison between the HFD + D and HFD exhibited genes
involved in the amelioration of HFD-induced dyslipidemia. Treatment
with 1,1-DEE restored the key genes involved in the clearance of LDL
(Irp1¥, and abcal (log,FC=0.57, p-value <0.05, data not shown)**),
increase in fatty acid oxidation and decrease in TG synthesis (ppard
(log,FC=0.69, p-value<0.05, data not shown)™”, and Ilepr”), and
enhancement in HDL formation (ppard’’, and abcal®). It also restored
several downregulated genes that participated in dyslipidemia, including
acot1”, and fabp1™. These findings suggest that treatment with 1,1-DEE
can help rescue lipid metabolic dysfunction and mitigate fatty liver disease
induced by the HFD.

In this study, we elucidated the bioactive functions of 1,1-DEE in the
amelioration of HFD-induced obesity, insulin resistance, and dyslipidemia.
1,1-DEE can serve as a potential therapeutic agent to prevent obesity, type-2
diabetes, and dyslipidemia.
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Methods
Materials and reagents
Ethanol batches (E1, E2, E3, and E4) used in this study are listed in Sup-
plementary Table 1. 1,1-Diethoxyethane (A902), N-ethyl maleimide (NEM,
E3876), N-Acetyl-L-Cysteine (NAC, A9165), 2/,7’-Dichlorofluorescein
diacetate (DCFH.DA) (35845), and hydrogen peroxide (H,0,) solution
(88579) were purchased from Sigma Aldrich. 1,2-Diethoxyethane (D0456)
was obtained from the Division of Tokyo Chemical Industry. Mito-
SOX®Red CMXRos (M36008) was purchased from Invitrogen.
Antibodies used in this study were as follows: Akt (#9272S, 1:1000),
phospho-Akt™™” (#9271S, 1:1000), phospho-Akt™® (#9275S, 1:1000),
HA-tag (#3724, 1:1000), B-Actin (#4970, 1:1000) and anti-rabbit IgG
horseradish ~ peroxidase-conjugated  (#7074,1:5000) antibodies were
obtained from Cell Signaling Technology (Danvers, MA, USA). GAPDH
antibody (LF-PA0212, 1:1000) was obtained from Ab Frontier (Daejeon,
Republic of Korea).

Animal models and 1,1-DEE oral administration

Eight-week-old male C57BL-6] mice were obtained from Damool Science
(Daejeon, Korea) and housed under specific pathogen-free conditions in the
animal facility at the Hwasun Biomedical Convergence Center, Chonnam
National University Medical School, South Korea. All animal experiments
were reviewed and approved by the Animal Use and Care Committees at
Chonnam National University Medical School and in accordance with
institution’s guidelines for animal care and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards. Mice
were randomly divided into 4 groups (n =4 per group) and fed different
diets: a normal diet (ND) group, an ND with 1,1-DEE administration
(ND + D) group, an HFD group, and an HFD with 1,1-DEE administration
(HFD + D) group. ND contains 10 kcal% fat, 70 kcal% carbohydrate, and
20 kcal% protein, while HFD includes 60 kcal% fat, 20 kcal% carbohydrate,
and 20 kcal% protein. Mice were orally treated with 100 mg/kg of 1,1-DEE
every other day, whereas the control groups received equivalent amounts of
water. After 8 weeks of treatment, mice were used for glucose tolerance and
insulin tolerance tests. Then, mice were euthanized under deep anesthesia
using isoflurane with no distress. Blood samples were obtained and kept at
room temperature (RT) for 30 min. Liver and WAT tissues were collected
and quickly immersed in liquid nitrogen before being stored at —80 °C for
further investigations.

Cell culture, 1,1-DEE and 1,2-DEE treatments, and transient
transfection of HA-tagged pCGN vector

C2C12 (CRL-1772, ATCC), HepG2 (HB-8065, ATCC), Ea.hy926 (CRL-
2922, ATCC), and MEF (Dr. Eui-Ju Yeo, Gachon University) cells were
cultured in Dulbeco-Modified Eagle’s Medium (DMEM, LM001-05), sup-
plemented with 10% (v/v) fetal bovine serum (FBS, S001-01), and 1% (v/v)
penicillin/streptomycin  (P/S, LS 202-02) obtained from Welgene
(Gyeongsan, Republic of Korea). AC16 cells (#SCC109, Millipore, CA,
USA) were maintained in Dulbecco’s modified Eagle medium/nutrient
mixture F-12 (DMEM/F12, LM002-05), supplemented with 12.5% (v/v)
FBS, and 1% P/S (Welgene). Upon reaching 70% confluency, the cells were
seeded in 6-well plates and allowed to adhere overnight. 1,1-DEE or 1,2-
DEE was diluted in serum-free DMEM to predetermined concentrations
before cell treatment.

For the transient transfection, the cells were seeded in 6-well plates and
allowed to adhere overnight. The cells were then transfected with a HA-
tagged pCGN PTEN vector containing wild-type (WT), C71S, C124S, or
C71S/C124S using Lipofectamine 2000 (#11608-027, Invitrogen, Waltham,
MA, USA) following the manufacturer’s protocol. In brief, DNA and
Lipofectamine 2000 were mixed separately with Opti-MEM (Ref: 31985-
070, Gibco Life Technologies, Grand Island, NY, USA) and incubated at
room temperature (RT) for 5 min. The two mixtures were then combined
and incubated at RT for another 20 min. The cells were then treated with this
mixture, which was incubated for 6 h at 37 °C in 5% CO,. Next, the medium
was replaced with serum-containing DMEM, and the cells were incubated

further. One day after the transfection, the cells were treated with the pre-
determined concentrations of 1,1-DEE and subsequently used for various
analyses.

Gas chromatography-mass spectrometry (GC-MS)

For gas sampling, we used a continuous irrigation system for transurethral
resection of the prostate (TURP) and vaporization. The gas that developed
during the cutting and cauterization was gathered in the upper portion of
the bladder. The mixture of the solution used for the irrigation and gas was
aspirated through the tubing into the large bottle of the vacuum pump. One
part of the gas above the fluid in the bottle was directed from the out-gas vent
to the tubing connected to a Tenax absorber (Tenax GR; Japan Analytical
Industry, Tokyo, Japan). The flow rate of the gas directed to the Tenax
absorber was maintained at 0.05 L/min using a gas flow pump (MP-S30;
SIBATA, Tokyo, Japan). Approximately 45 L of gas and room air mixture
was produced per hour, as measured using the Tedlar Bag (Sigma-Aldrich).
For quantification, 1 L of surgical gas was directed to the Tenax absorber at a
0.05 L/min flow rate.

For gas analysis, we used the Automated Purge & Trap Sampler JTD-
505I1I (Japan Analytical Industry) for purging and trap sampling of gas. For
quantification and qualification analyses, GC/MS QP 2010 Plus (Shimadzu,
Kyoto, Japan) was used.

The purge and trap conditions were as follows: 280 °C, desorption
temperature; 30 min, desorption time; 50 mL/min, desorption gas flow rate;
—40°C, cold-trap temperature for sample trapping; 280 °C, pyrolysis
temperature; 280 °C, transfer-line temperature; 280 °C, needle heater tem-
per; 200 °C, cold-trap heater; 86 MPa, head press; 1.0 mL/min, column flow;
and 1/100, split ratio.

The GC/MS analysis conditions were as follows: DB-624 column
(30mx0.251 mmx 1.40 mm; Agilent Technologies, Wilmington, DE,
USA); 30-600 mass scan; 0-30 min, oven temperature program (40 °C for
3 min hold, 10 ml/min up to 260 °C, 5 min hold); 200 °C, ion source tem-
perature; 250 °C, transfer line temperature; and 70 eV, EM voltage.

Freeze-drying

Ethanol samples were stored in 15 ml Falcon tubes and frozen at —80 °C for
5h. Then, a small hole was created on every falcon tube cap. The frozen
samples were freeze-dried overnight to evaporate all volatile and water-
containing components. The next day, each falcon tube was then recon-
stituted with PBS or E2 before cell treatment.

DCFH-DA staining for ROS detection

Total intracellular ROS levels were assessed according to a previous report™.
In brief, cells were seeded in a 6-well plate and incubated overnight at 37 °C
in 5% CQO,. After treatment, cells were washed once with serum-free DMEM
and incubated with 10 pM DCFH-DA for 30 min at 37 °C. Then, cells were
washed once with serum-free DMEM and twice with PBS. The cells were
quickly imaged with a fluorescence microscope.

Flow cytometry analysis

Intracellular ROS and mitochondrial superoxide levels were determined
using flow cytometry (FACS CANTO II, BD Biosciences, NJ, USA). After
treatment with 1,1-DEE, cells were incubated with predetermined con-
centrations of DCFH-DA for 30 min at 37 °C. Cells were then collected
using Trypsin-EDTA (#25300-062, Gibco) and washed with cold PBS. The
intracellular ROS level was immediately quantified with excitation at
485 nm and emission at 530 nm. In terms of mitochondrial ROS detection,
the cells were incubated with MitoSOX®Red CMXRos, collected by tryp-
sinization, and fixed with 70% cold ethanol at 4 °C for 30 min. MitoSOX Red
signal was detected at excitation and emission wavelengths of 488 and
695 nm, respectively.

Mice serum chemical analysis
After coagulating the blood at RT, blood samples were centrifuged at
3000 rpm, 4 °C for 20 min, and serum samples were transferred to
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Eppendorf tubes. Serum chemical analysis was performed using an
automated blood chemistry analyzer (Duyeol Biotech Company,
Seoul, Republic of Korea), including markers: aspartate transferase
(AST), alanine transaminase (ALT), alkaline phosphatase (ALP),
Lactate dehydrogenase (LDH), Total Bilirubin (T-Bili), Total choles-
terol (T-chol), Triglycerides (TG), Albumin (Alb), LDL-cholesterol
(LDL-C), and HDL-cholesterol (HDL-C). Serum insulin levels were
measured using a mouse insulin ELISA kit (#¥292-89401, FUJIFILM
Wako Pure Chemical Corporation, Japan).

Intraperitoneal glucose tolerance (GTT) and insulin tolerance
test (ITT)

For the glucose tolerance test, mice were fasted for 12h overnight by
transferring them to clean cages without access to food. Fasting blood
glucose was measured using a glucose meter. Then, each mouse was
intraperitoneally injected with a dose of 2 g/kg of D-glucose. Blood glucose
levels were monitored at 15, 30, 60, 90, and 120 min post-injection.

For the insulin tolerance test, mice were starved for 4 h. Mice were
intraperitoneally injected with insulin (Humulin R) with a dose of 0.6 U/kg.
The blood glucose levels were recorded at 15, 30, 60, 90, and 120 min after
insulin injection using the glucose meter.

Histological analysis

Liver and WAT tissues from each mouse were obtained and fixed in 4%
of paraformaldehyde. Tissues were cut into 5-mm-thick sections before
being embedded in paraffin. Paraffin sections were stained with hema-
toxylin and eosin (H&E). Representative images were obtained at 20X
magnification using Leica ProgRes microscope, Aperio Digital Pathology
Slide Scanner (Leica Microsystems, CMS GmbH, Wetzlar, Germany)
(scale bars: 100 uM).

Western blot analysis and antibodies

The redox state of PTEN was analyzed as previously described in
ref. 24. In brief, cells were lysed with a lysis buffer containing 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 5% glycerol, 0.1% NP-40, phos-
phatase inhibitors, protease inhibitors, and 10 mM NEM. Cell lysates
were sonicated and centrifuged at 13,000 rpm for 10 min. Next,
supernatants were collected, and protein concentrations were mea-
sured using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). The lysates were mixed with either a
reducing sample buffer containing 60 mM Tris (pH 6.8), 25% glycerol,
2% SDS, 5% 2-mercaptoethanol, and 0.5% bromophenol or a non-
reducing sample buffer with the same composition, excluding
2-mercaptoethanol. Samples were then subjected to SDS-PAGE and
immunoblotted with a PTEN-specific antibody. To investigate the
expressions of other proteins, cell lysates were mixed with the
described reducing sample buffer before being subjected to SDS-PAGE
and immunoblotted with different specific antibodies.

Tissues were lysed using NP-40 lysis buffer (RIPA, 1% NP-40, 10 mM
NEM). Tissue extracts were kept on ice for 1 h, followed by centrifugation at
13,000 rpm for 30 min. Supernatants were collected, and protein con-
centrations were measured using BCA kit. Reducing and non-reducing
sample buffers were added to make corresponding protein samples. Samples
were then subjected to SDS-PAGE and immunoblotted with specific
antibodies.

RNA-sequencing (RNA-seq) analysis

The quality of total isolated RNA was assessed using the Agilent 2100
Bioanalyzer (Agilent Technologies), and only samples with an RNA
Integrity Number (RIN) > 8.0 were used for library preparation. We used
the TruSeq mRNA Sample Preparation Kit (Illumina) for mRNA-seq
library, following the manufacturer’s instructions (TruSeq Stranded mRNA
Reference Guide #1000000040498 v00). The constructed library was
sequenced using a HiSeq 4000 sequencing system, resulting in 2 x 100 bp
sequencing reads.

Bioinformatic analysis of RNA-seq data

Sequencing reads were assessed for quality and checked for primer/adaptor
sequence contamination using FastQC (v0.11.7). The reads were trimmed
using TrimGalore using a threshold of an average sequence quality
threshold of > 30. The resulting trimmed reads were aligned with the mouse
reference genome GRCm38 using STAR (STAR-2.7.0). The HT'seq-count
algorithm and ensemble Gencode m25 gene annotations were used to
profile the gene expression from the raw read counts. Finally, EdgeR was
used to convert the count data to counts per million (cpm). If multiple
entries mapped to the same gene symbol, redundant genes were combined
by averaging their CPM values. RNA expression data were normalized as
previously described in ref. 96. In this study, differentially expressed genes
(DEGS) were filtered as having a p-value <0.05, and log, fold change
(log,FC) < —0.5 or = 0.5. Heatmaps, volcano plots, Venn diagram, and
rescued scatter plots were generated using R packages. Several packages
were used such as pheatmap, ggplot2, VennDiagram, principal component
analysis (PCA), and others. Gene set enrichment analysis (GSEA) was
performed with GSEA desktop v4.4.0 application using preranked lists
generated from log,FC values. The analysis concentrated on Gene Ontology
biological process (GOBP), using the m5.go.bp.v2025.1.Mm.symbols.gmt
gene set.

Molecular docking simulation

A cryo-EM structure of human respiratory complex I (hRCI) (PDB ID:
5XTD) was selected for molecular docking analysis. Three domains of hRCI
configuring the binding site of piericidin A, were used for the docking
analysis as macromolecular docking targets on AutoDock Vina software,
including NADH dehydrogenase [ubiquinone] iron-sulfur protein 2
(NDUFS2), NADH dehydrogenase [ubiquinone] iron-sulfur protein 7
(NDUES?), and NADH-ubiquinone oxidoreductase chain 1 (ND1). The
ligand (1,1-DEE) was retrieved from ChEBI database. The docking grid was
centered on the corresponding region of the piericidin A binding site and set
with the following grid parameters: 30 A x 30 A x 30 A with the sampling
exhaustivity of 4.

Quantification and statistical analysis

The western blot protein bands were quantified via densitometry using
Image] 1.50i (National Institutes of Health, Bethesda, MD, USA). All values
are expressed as mean + standard error of the mean (SEM). Statistical sig-
nificance was analyzed via unpaired two-tailed Student’s t-tests for two-
group comparisons, and one-way or two-way ANOVA for multiple-group
comparisons using GraphPad Prism (GraphPad, San Diego, CA, USA). A p-
value of < 0.05 was considered statistically significant.

Data availability

The data generated in this study are available within the paper and Sup-
plementary information. The datasets used and/or analyzed during the
current study are available from the corresponding author upon reasonable
request.

Code availability
The code using in the current study is available from the corresponding
author upon reasonable request.
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