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KEY WORDS Abstract  Although clinical evidence suggests that nonalcoholic fatty liver disease is an established ma-
jor risk factor for heart failure, it remains unexplored whether sleep disorder-caused hepatic damage con-
tributes to the development of cardiovascular disease (CVD). Here, our findings revealed that sleep
fragmentation (SF) displayed notable hepatic detrimental phenotypes, including steatosis and oxidative
damage, along with significant abnormalities in cardiac structure and function. All these pathological
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Non-alcoholic fatty liver changes persisted even after sleep recovery for 2 consecutive weeks or more, displaying memory prop-
disease; erties. Mechanistically, persistent higher expression of nicotinamide adenine dinucleotide phosphate ox-
Heart disease; idase 4 (NOX4) in the liver was the key initiator of SF-accelerated damage phenotypes. SF epigenetically
NOX4; controlled the acetylation of histone H3 lysine 27 (H3K27ac) enrichment at the Nox4 promoter and mark-
SIRTI; edly increased Nox4 expression in liver even after sleep recovery. Moreover, fine coordination of the
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circadian clock and hepatic damage was strictly controlled by BMALI1-dependent Sirtuin 1 (Sirt/) tran-
scription after circadian misalignment. Accordingly, genetic manipulation of liver-specific Nox4 or Sirtl,
along with pharmacological intervention targeting NOX4 (GLX351322) or SIRT1 (Resveratrol), could
effectively erase the epigenetic modification of Nox4 by reducing the H3K27ac level and ameliorate
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the progression of liver pathology, thereby counteracting SF-evoked sustained CVD. Collectively, our
findings may pave the way for strategies to mitigate myocardial injury from persistent hepatic detrimental

memory in diabetic patients.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Although optimal sleep is integral to health and life, sleep disor-
ders, such as obstructive sleep apnea, restless legs syndrome, and
sleep fragmentation (SF), are highly prevalent and almost exclu-
sively neglected among patients with type 2 diabetes mellitus
(T2DM)". Particularly, SF in patients with T2DM becomes an
increasingly important public health concern, which disrupts the
function of several physiological systems including the impair-
ment of critical metabolic and endocrine systems and the dereg-
ulation of redox and inflammatory processes. Although an adverse
impact of SF on the risk of developing multiple pathological
conditions, including obesity, insulin resistance, and diabetes, has
been well established”, we know little about the underlying
cellular and molecular mechanisms that link SF to adverse car-
diovascular outcomes in T2DM. Therefore, it is crucial to inves-
tigate the mechanisms by which SF contributes to cardiovascular
damage and to develop more effective treatments for T2DM.
2Frequent awakening of SF can disturb the circadian rhythm,
ultimately leading to hypertension, dyslipidemia, and insulin
resistance. Especially in the liver that contains a peripheral bio-
logical clock?, the circadian rhythm disruption can increase the risk
of hepatic steatosis and systemic inflammation, emphasizing the
key role of SF in the development of nonalcoholic fatty liver disease
(NAFLD)". If long-term circadian rhythm disorder cannot be effi-
ciently repaired, it generally predisposes individuals to many
comorbidities such as obesity and T2DM". In mammals, inter-organ
communication is essential for maintaining homeostasis under both
physiological and pathological conditions. The interactions be-
tween the heart and liver are particularly intricate; cardiovascular
diseases (CVD) can significantly affect liver homeostasis and vice
versa®™’. Notably, NAFLD is closely associated with adverse car-
diac events, underscoring its potential as a pathogenesis-
independent risk factor for CVD®’. Nevertheless, it remains still
largely unexplored whether SF-caused hepatic structural and
functional abnormalities act as independent risk factors for major
adverse cardiovascular events, including heart failure in T2DM.
Epigenetic modifications, an extensively studied mechanism
for metabolic memory, exert an essential role in the pathogenesis
and progression of many human diseases'*''. Sleep homeostasis
changes can either transiently or chronically affect chromatin
modifications and epigenetic states, and unfavorable epigenetic
changes are closely linked to an increased risk of obesity and
T2DM'?. Notably, studies on metabolic memory in diabetes
attributed to an increased risk of oxidative stress, immunological
inflammation, and epigenetic modification. Among them, the
initial activation of oxidative stress is specifically considered a
critical early event in SF'>. Accumulating evidence suggests that
intracellular reactive oxygen species (ROS) can positively regulate
the nuclear factor-kB and NOD-, LRR- and pyrin domain-
containing protein 3 inflammatory pathways, then promote the

secretion of pro-inflammatory cytokines such as tumor necrosis
factor-a (TNF-«), interleukin-18 (IL-18), and monocyte chemo-
attractant protein-1 (MCP-1), ultimately exacerbating chronic
inflammation phenotype and multiple organ failure'*'®. As an
abundant source of ROS production, the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX) family could be
tightly controlled by the stress-responsive signal transduction
pathway'’. Members of the NOX family, including NOX1, NOX2,
and NOX4, are key sources of cellular hydrogen peroxide (H,O,)
and ROS in the liver. Conversely, reductions in NOX activity are
likely to promote redox balance and support metabolic homeo-
stasis'®2, Howeyver, it remains unclear whether and how NOX
isoforms mediate SF-triggered hepatic oxidative damage and in-
flammatory responses in T2DM.

In this study, we aimed to investigate whether SF-mediated
hepatic oxidative and inflammatory responses played a crucial role
in cardiac pathogenesis and to further elucidate its potential
mechanism. We characterized the promotive role of NOX4 in SF-
triggered persistent hepatic oxidative and inflammatory pheno-
types. SF epigenetically regulated the acetyl-histone H3K27
enrichment at the Nox4 promoter and remarkably elevated Nox4
expression in mouse liver tissue even after sleep recovery (SR).
Moreover, the fine coordination of the circadian clock and hepatic
damage was regulated by basic helix—loop—helix ARNT like 1
(BMALT1)-dependent Sirtuin 1 (Sirt/) transcription after SF
challenge. Therefore, genetic manipulation of liver-specific Nox4
or Sirtl, along with pharmacological intervention targeting NOX4
(GLX351322) or SIRT1 (Resveratrol, RSV), could effectively
mitigate the severity of hepatic injury phenotype, thereby coun-
teracting SF-evoked sustained CVD. Collectively, our findings
provide valuable insights into the pathophysiology of cardio-
hepatic syndromes and predominantly highlight a previously un-
recognized hepatic BMAL1—SIRT1—-NOX4 axis as a promising
therapeutic target for addressing SF-induced adverse health issues
in the heart.

2. Materials and methods

2.1. Animals and treatments

Four sets of animal studies were conducted: (1) to assess the
impact of SF and subsequent SR on cardiac and hepatic damage in
mice with T2DM; (2) to investigate the role of hepatic NOX4 in
SF-induced damage to the heart and liver; (3) to evaluate the
epigenetic modification of SIRT1 on Nox4 expression in the liver;
and (4) to confirm the upstream circadian clock molecular regu-
lators of SIRT1. All animal studies were conducted in accordance
with the guidelines of the Ethics Committee of Shandong Uni-
versity (approval number: 2019-D-100). See Supporting
Information (methods) for details.
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Figure 1  SF exerts a prolonged detrimental effect on liver in T2DM mice. (A, B) Blood glucose of T2DM mice with or without SF/SR at 0, 30,
60, 90, and 120 min after glucose/insulin injection was detected by GTT and ITT. (C, D) The levels of MDA and GSH in serum. (E) Serum ALT
and AST activities were assayed. (F) Representative images of liver sections stained with H&E, Oil red O, Sirius red, and IHC staining of TNF-q.
(G—I) Quantitative analysis of adipose deposition area, fibrosis area, and TNF-« protein level in liver tissues. (J—M) Relative mRNA levels of
111b, Mcpl, Tnfa, and Tgfb in liver tissues were detected by RT-qPCR. (N) Representative immunofluorescence staining images of CD68, MPO,
and CD11b (red) in liver sections. The nucleus was labeled with DAPI (blue). (O—R) The protein levels of CD68, MCP-1, and TNF-« in liver
tissues were detected by Western blot. GAPDH was used for internal control. Data are expressed as mean & SD, n = 3—6. *P < 0.05. ns indicates
no significance. CTL4w/8w: T2DM mice without SF; SF4w/8w: T2DM mice with 4 or 8 weeks of SF; SR2w: 2 weeks after SR in T2DM mice.
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2.2.  Histopathology

Hematoxylin & eosin (H&E, Servicebio Technology, China)
staining was performed to examine hepatic histological
morphology. Lipid accumulation was detected by Oil red O
staining according to the manufacturer’s instructions (Sigma-
—Aldrich, MO, USA). Interstitial fibrosis was evaluated by Sirius
red staining as previously described””>. The TNF-« levels, rep-
resenting inflammatory response in the liver, were determined by
immunohistochemical (IHC) staining. CD68 antibody (Pro-
teintech, IL, USA), myeloperoxidase (MPO) antibody, and CD11b
antibody (Servicebio, China) were used to stain macrophages and
neutrophils. The images were taken using a Nikon E200 optical
microscope and a Nikon TE2000-U inverted fluorescence micro-
scope (Nikon, Tokyo, Japan). Image J was used to quantify the
corresponding positive staining areas.

2.3.  Dihydroethidium (DHE) and 2',7'-dichlorofluorescein
diacetate (DCFH-DA) staining

Frozen liver tissue sections or cultured cells were fixed in cold
methanol for 30 min and then incubated with 0.3% Triton X-100
for 30 min. After incubation, the tissue sections or cultured cells
were stained by 10 umol/L DHE or DCFH-DA (Sigma—Aldrich,
MO, USA) for 30 min under dark conditions at 37 °C. The fluo-
rescence images of each slide were observed by a fluorescence
microscope (Nikon, Tokyo, Japan).

2.4.  Recombinant adeno-associated virus serotype 8 (AAVS)

The adeno-associated virus serotype 8 (AAVS8) delivery system
was specifically used to knock down Nox4 and overexpress Sirt]
in the livers of mice. Recombinant AAV8 vectors carrying mouse
Nox4-shRNA or Sirtl, along with the TBG (Serpin A7, a liver-
specific expression protein) promoter (AAV8-TBG-CTL, AAVS-
TBG-shNox4, AAV8-TBG-Sirtl), were provided by WZ Bio-
sciences Inc. (China). Mice were injected with 200 pL virus
containing 5 x 10'"" AAVS vector genome through a tail vein.

2.5.  Chromatin immunoprecipitation (ChIP)

ChIP assays were performed using the Chromatin Immunopre-
cipitation Kit (Cell Signaling Technology, MA, USA). In brief,
chromatin is partially digested with Micrococcal Nuclease to
generate fragments, which are then subjected to overnight
immunoprecipitation using antibodies specific for particular his-
tone modifications (Abcam, Cambridge, UK). After protein—DNA
decrosslinking, DNA is purified using a DNA purification centri-
fuge column (Cell Signaling Technology, MA, USA). qPCR is

then employed to measure the amount of a specific DNA sequence
that has been enriched through protein-specific
immunoprecipitation.

2.6.  Echocardiography

Cardiac function was determined by transthoracic echocardiog-
raphy (Vevo 2100, Visual Sonics, Toronto, ON, Canada) in M
mode on mice narcotized with isoflurane. Fractional shortening
(FS), ejection fraction (EF), left ventricular internal dimension
(LVID), interventricular septum thickness (IVS), and LV posterior
wall thickness (LVPW) were measured and analyzed as our pre-
viously described®'**.

2.7.  Western blot analysis

Western blot assay was performed as our previously reported”'>.
The corresponding antibodies included: TNF-a (#ab307164,
Abcam, Cambridge, UK), MCP-1 (#41987S, Cell Signaling
Technology, MA, USA), SIRT1 (#8469S, Cell Signaling Tech-
nology, MA, USA), GAPDH (#2118S, Cell Signaling Technology,
MA, USA), BMAL1 (#14020S, Cell Signaling Technology, MA,
USA), CD68 (#28058-1-AP, Proteintech, IL, USA), NOX4
(#14347-1-AP, Proteintech, IL, USA), heme oxygenase-1 (HO-1)
(#10701-1-AP, Proteintech, IL, USA), and superoxide dismutase 2
(SOD2) (#24127-1-AP, Proteintech, IL, USA). Expression levels
were normalized to GAPDH.

2.8.  Flow cytometry analysis

Samples of peripheral blood from mice were collected in antico-
agulant tubes. Erythrocytes were lysed with RBC lysis buffer
(Invitrogen, CA, USA). The remaining cells were washed with PBS
and blocked with an Fc receptor-blocking solution (BioLegend, CA,
USA). Subsequently, the cells were labeled with the following an-
tibodies: CD45-eFlour 506, CD3-eFlour 450, CD4-
allophycocyanin (APC)-eFlour 780, CD8-brilliant violet (BV)
650, B220-BV605, NK1.1-phycoerythrin (PE)-Cyanine 7, CD11b-
PE (Invitrogen, CA, USA). The labeled cells were then analyzed
using a flow cytometer (CytoFLEX S, Beckman Coulter, CA, USA).

2.9.  Statistical analyses

All statistical analyses and graphs were performed using Graph-
pad Prism 9.5.0 software. All data were in line with normal dis-
tribution, and continuous variables were expressed as
mean =+ standard deviation (SD). Student’s #-test was used for the
comparison of the means between 2 groups, and one-way analysis
of variance or two-way analysis of variance was used for

Figure 2

SF-induced hepatic and cardiac pathological abnormalities cannot be alleviated by SR in T2DM mice. (A, B) Representative images

and quantitative analyses of H&E, Oil red O, and Sirius red staining in liver tissues of T2DM mice with SF8w after the extension of SR2w to
SR8w. (C) Relative mRNA levels of 111b, Mcpl, Tnfa, and Tgfb were detected by RT-qPCR in liver tissues of T2DM mice with SF8w after the
extension of SR2w to SR8w. (D, E) Cardiac function was examined by echocardiography. (F, G) Representative images and quantitative analysis
of Masson staining of heart sections. (H) Representative images of CD68, MPO, and CD11b (red) immunofluorescence staining of heart sections.
The nucleus was labeled with DAPI (blue). (I) Flow cytometry plots showing CD3" T cells, CD4" T cells, CD8" T cells, and CD11b" myeloid
cells in peripheral blood. (J) Statistical analysis of the proportions of CD3" T cells and CD11b* myeloid cells and CD4*/CD8" ratio. (K) The
Volcano plot of differential expression gene identified by RNA sequencing between the CTL8w and SF8w groups. (L—N) Heatmap of inflam-
mation-, oxidative stress-, and circadian rhythm-related genes between the CTL8w and SF8w groups (O, P) GSEA enrichment analysis of
oxidative stress- and circadian rhythm-related genes between the CTL8w and SF8w groups. Data are presented as mean £+ SD, n = 3—6.

*P < 0.05. ns indicates no significance.
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Figure 3

NOX4 contributes to hepatic adverse memory in SF-treated T2DM mice. (A) Representative images of DHE staining and quantitative

analysis of fluorescence intensity in liver sections. (B, C) The levels of MDA and GSH in liver tissues. (D) Relative mRNA levels of Hol, Sod2,
Nox1, Nox2, and Nox4 in liver tissues were detected by RT-qPCR. (E, F) The protein levels of NOX4, HO-1, and SOD2 in liver tissues were
detected by Western blot. (G) Nox1, Nox2, and Nox4 expression in population databases of normal people and patients with alcoholic hepatitis
(AH) and hepatocellular carcinoma (HCC). (H) Correlation analysis of AST and Nox4 mRNA level. (I) The levels of Tnfa mRNA, Mcpl mRNA
as well as DHE and DCF fluorescence intensity in HG-treated primary mouse hepatocytes after H,O, treatment for 0, 6, 12, 18, and 24 h
*P < 0.05 vs. 0 h represents DHE fluorescence intensity, #P <0.05vs.0h represents DCF fluorescence intensity, SP <0.05vs.0h represents Tnfa
mRNA levels, “P < 0.05vs. 0 h represents Mcpl mRNA levels. (J, K) HepG2 cells were treated with HyO, for 24 h under the HG condition, and
then the H,O, stimulus was removed for 12 and 24 h, respectively. Representative images and fluorescence intensity quantitative analyses of DHE
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comparison between multiple groups of samples. Tukey’s or
Sidak’s post hoc test was then conducted, and the statistical sig-
nificance level was set at 0.05 (P < 0.05). Sample sizes, statistical
methods, and P values are presented in the corresponding figure
legends.

3. Results

3.1.  SF exerts detrimental effects on liver and heart tissues,
which displays a “memory” phenomenon after SR in T2DM mice

To investigate how SF might affect systemic injury, we first sub-
jected T2DM mice to mechanical SF, tactilely rousing mice every
2 min during their rest period (Zeitgeber [ZT] 0—12 h) for 4 or 8
weeks (Supporting Information Fig. STA). After the intervention
process, no statistically discernible difference was identified in
body weight gain between the CTL and SF groups (Fig. S1B),
although it had been previously reported that SF directly caused
obesity”®. However, 8 weeks of SF (SF8w) significantly increased
epididymal white adipose tissue (eWAT) mass in T2DM mice
(Fig. S1C). To directly explore the effect of SF on glucose ho-
meostasis and insulin sensitivity, glucose tolerance test (GTT) and
insulin tolerance test (ITT), summarized areas under curves
(AUCs), were performed as previously reported by our group”. As
expected, compared with the CTL8w group, SF8w group exhibited
higher AUCs of GTT and ITT (Fig. 1A and B). Simultaneously,
SF8w remarkably increased circulating levels of the lipid peroxi-
dation marker malondialdehyde (MDA), while reducing the levels
of the antioxidant glutathione (GSH) (Fig. 1C and D). Specifically,
we measured the levels of circulating glutamic pyruvic trans-
aminase (ALT) and glutamic oxaloacetic transaminase (AST) in
serum. The results showed that the activities of ALT and AST were
dramatically elevated after SF8w, which exhibited a severe liver
injury phenotype in diabetic SF mice (Fig. 1E). Unexpectedly, in
another batch of mice we purchased, although the ratio of AST/ALT
underwent a dramatic change, there was no obvious difference in the
ALT levels following SF treatment or other interventions. This
inconsistency may be attributed to variations in factors such as the
age, origin, and body weight of the mice. Furthermore, neither the
systemic oxidative damage nor glucose tolerance and insulin
sensitivity recovered to normal levels after SR (Fig. 1A—D).
Similarly, the hepatic dysfunction induced by SF still persisted after
SR (Fig. 1E), indicating the presence of a sustained state of liver
injury.

Next, we further investigated the impact of SF on the patho-
genesis of liver damage. Notably, SF significantly exacerbated
abnormal morphology, lipid and collagen accumulation, and
inflammation, as evidenced by H&E, Oil red O, Sirius red, and
TNF-«a IHC staining, respectively (Fig. 1F—I). These were sup-
ported by RT-qPCR and Western blot findings, which showed
overtly upregulated fibrosis- and inflammation-related genes (//1b,
Mcpl, Tnfa, and transforming growth factor 8 (Tgfb)) and proteins
(CD68, MCP-1, and TNF-«) (Fig. 1J—M and O—R). Furthermore,
SF-treated mice also displayed a higher neutrophil infiltration
(MPO) and macrophage infiltration (CD68 and CDI11b) as
observed by immunofluorescence staining (Fig. 1N). Collectively,

these results demonstrated that SF significantly promoted a sub-
stantial increase in lipid accumulation, inflammation, and fibrosis
in the livers of T2DM mice. Nevertheless, these adverse effects
still persisted even after 2 weeks of SR (SR2w) (Fig. 1F—R),
indicating that liver damage induced by SF exhibited a “memory”
characteristic. Importantly, these persistent detrimental effects of
SF showed little improvement, and even more severe inflamma-
tory phenotypes were observed after extending the period of
normal sleep to 8 weeks (SR8w) (Fig. 2A—C).

The disruption of the circadian rhythm mechanism caused by
SF can easily lead to NAFLD, which is a potentially independent
risk factor for CVD™’. Accordingly, cardiac function was moni-
tored by echocardiographic evaluation of left ventricular function,
which was remarkably impaired after SF intervention, as evi-
denced by decreased EF and FS (Fig. 2D and E, Supporting
Information Tables S2 and S3). SF diabetic mice also exhibited
significantly exacerbated myocardial fibrosis, as illustrated by
Masson staining of hearts (Fig. 2F and G). Similarly, SR failed to
prevent the development of cardiac pathological and functional
abnormalities (Fig. 2D—G). To find out how SF affected the car-
diac function in vivo, the expression of inflammation- and fibrosis-
related genes (I11b, Mcpl, Tnfa, and Tgfb) in the hearts of T2DM
mice was examined, and no significant difference was demon-
strated between the SF and CTL groups (Fig. S1D). However,
infiltrating inflammatory cells were clearly observed in the heart
tissues of SF-treated T2DM mice (Fig. 2H), which suggests that
the origin of inflammatory cells in the heart was not endogenous.
As expected, serum levels of IL-18, MCP-1, TNF-«, and
C-reactive protein (CRP) were elevated by SF, and consistently
remained at high levels after SR (Fig. SIE). Moreover, we
investigated the impact of SF on immune cells in peripheral blood
by flow cytometry. After SF8w or SF8w-SR2w, the proportion of
CD3" T lymphocytes among CD45" cells was observably
decreased in peripheral blood compared to the CTL8w group
(Fig. 2I and J). The proportion of CD4" T cells among CD3" T
cells was significantly decreased, along with the CD4"/CD8"
ratio, while the proportion of CD8* T cells among CD3" T cells
was increased compared to the CTL8w group (Fig. 2I and J,
Fig. S1G). We also examined the abundance of B cells, NK cells,
and CD11b" myeloid cells in peripheral blood. No significant
difference was observed in the proportion of B cells and NK cells
among CD45™ cells between the SF8w and CTL8w groups (Figs.
SIF and S1G). However, the proportion of CD11b" myeloid cells
among CD45" cells was significantly increased in the SF8w and
SF8w-SR2w groups (Fig. 2I and J). To further systemically
evaluate the influence of SF on the pathogenesis of the heart, RNA
sequencing (RNA-seq) was performed to characterize
transcriptome-wide changes with or without SF in the hearts of
T2DM mice. Cluster analysis showed that the two groups were
clearly separated (Fig. S1H), suggesting an obvious difference
between the CTL8w and SF8w groups. SF8w could not achieve
significant differences in cardiac chemokine-related genes (e.g.,
C—C motif chemokine ligand 17 (Ccli7), C—X—C motif che-
mokine receptor 1 (Cxcrl) and C—X—C motif chemokine ligand
11 (Cxcll1)) and endogenous cytokine-related genes (e.g., Tnfa,
116 and 111D) in heart tissues as displayed by Volcano plot and
Heatmap (Fig. 2K and L). Similarly, the SF8w group exhibited

and DCFH-DA staining of HepG2 cells. (L) Relative mRNA levels of 1/1b, Mcpl, Tnfa, Hol, Sod2, and Nox4 in HepG2 cells were detected by
RT-qPCR. (M, N) The protein levels of MCP-1, TNF-a, NOX4, and SOD2 in HepG2 cells were detected by Western blot. GAPDH was used as an
internal control. Data are presented as mean = SD, n = 3—6 for mouse test, n = 3 for cell test. *P < 0.05. ns indicates no significance.
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SF promotes NOX4 expression at the epigenetic level. (A) The most likely histone modifications at the Nox4 promoter region in

different tissues and cell lines were screened. (B) The 4 most likely histone modifications at the Nox4 promoter region were targeted in the liver.
(C) The relative binding levels of H3K27ac, H3K4mel, H3K4me2, and H3K4me3 on the Nox4 promoter in liver tissues of T2DM mice with or
without SF/SR were measured by ChIP-qPCR (n =
Oil red O, Sirius red, and DHE staining. (F) The activities of ALT and AST in serum. (G, H) The levels of MDA and GSH in serum and liver

3). (D, E) Representative images and quantitative analyses of liver sections stained with H&E,
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only a slight change but did not significantly impact oxidative
stress- and circadian rhythm-related genes when compared to the
CTL8w group, as displayed by Heatmap and Gene Set Enrichment
Analysis (GSEA) (Fig. 2M—P).

3.2.  Persistent high NOX4 expression contributes to adverse
memory and massive liver damage in SF-treated T2DM mice

Substantial evidence has indicated that SF is closely associated
with oxidative stress, which has been increasingly recognized as a
contributing factor in inflammation-related diseases'>*’. Hence,
we examined the effects of SF on the elicitation of oxidative stress
in T2DM mice. SF could significantly induce hepatic ROS pro-
duction, accompanied by increased MDA levels and decreased
GSH levels, and these changes persisted after SR (Fig. 3A—C).
Because NOX enzymes are major generators of ROS, which
regulate the progression of hepatic pathological disorders,
accordingly, we detected whether SF caused the upregulation of
hepatic oxidative stress-related key factors (NoxI, Nox2, and
Nox4). Our findings found hepatic Nox4 mRNA change was
earliest and most potent after SF challenge (Fig. 3D). Western blot
further verified that NOX4 protein expression was upregulated by
SF in liver tissues (Fig. 3E and F). To elucidate the transcriptional
profile of the NOX family during acute-on-chronic liver failure,
we performed bioinformatics processing and statistical analysis of
RNA-seq data. Our analysis revealed that the upregulation of
Nox4, rather than NoxI or Nox2, played a pivotal role in patients
with alcoholic hepatitis (AH), hepatocellular carcinoma (HCC),
acute liver failure (ALF), and hepatotoxicity (HT) (Fig. 3G and
Supporting Information Fig. S2A). Likewise, there was a positive
correlation between hepatic Nox4 expression and liver dysfunc-
tion, as assessed by AST levels (Fig. 3H). Concomitantly, the
expression levels of the classical antioxidant enzymes, such as
HO-1 and SOD?2, in the liver were significantly prohibited by
SF8w and SF8w-SR2w (Fig. 3D—F). To our surprise, extending
the SR time to 4 and 8 weeks did not alleviate hepatic oxidative
stress damage, as evidenced by RT-qPCR and DHE staining in
T2DM mice (Fig. S2B—S2D).

To further verify the above in vivo results, the primary mouse
hepatocytes were treated with H,O,, which was regarded as a
more recognized cell model to mimic SF status in vivo as previ-
ously reported®®?’. Fig. 3I illustrated that the emergence of
abnormal ROS formation might contribute to the subsequent in-
flammatory response observed in H>O,-stimulated primary mouse
hepatocytes under high glucose (HG) conditions. Consistently, in
HepG2 cells, treatment of H,O, significantly increased cellular
ROS levels with NOX4 elevation and subsequent activation of
proinflammatory factors, which persisted after removal of H,O,
stimulus for 12 and 24 h, respectively (Fig. 3J—N). Taken
together, NOX4-mediated oxidative stress may play a crucial role
in the pathological processes underlying hepatic injury and the
associated inflammatory response.

3.3.  SF promotes NOX4 expression at the epigenetic level

Given that increased acetylation levels per histone are closely
linked to active gene transcription, we proceeded to investigate the
status of histone epigenetic modifications associated with the
Nox4 gene to elucidate the underlying mechanisms contributing to
persistent hepatic damage following SR. Therefore, we screened
18 potential and most prominent types of histone modifications at
the Nox4 promoter region by using the Cistrome DB Toolkit
(http://dbtoolkit.cistrome.org) (Fig. 4A). After focusing on liver
tissue, we identified four potential types of histone modifications
at the promoter region of Nox4 (Fig. 4B). Next, the binding effi-
cacy of H3K27ac, H3K4mel, H3K4me2, and H3K4me3 to the
Nox4 promoter region was detected by ChIP-qPCR, and the results
demonstrated that enrichment of H3K27ac at the Nox4 promoter
region remarkably increased after SF8w. Importantly, this change
of H3K27ac modification at the Nox4 promoter region persisted
even after SR2w. Other modifications of histone H3, such as
H3K4mel, H3K4me2, and H3K4me3, did not exhibit significant
differences between the SF8w and SF8w-SR2w groups in the liver
tissues of T2DM mice when compared to the CTL8w group
(Fig. 4C).

To further investigate the significance of Nox4 epigenetic
modification and its persistent upregulation in mouse liver tissue,
we constructed mice with liver-specific Nox4 knockdown using
AAVS-TBG-shNox4 (Fig. S2E). As expected, Nox4 knockdown
significantly alleviated SF-induced hepatic abnormal morphology,
lipid accumulation, fibrosis, and ROS production (Fig. 4D and E).
This was accompanied by significant improvements in liver and
serum levels of GSH and MDA, as well as ALT and AST activities
(Fig. 4F—H) in T2DM mice. Simultaneously, the expression of
proinflammatory cytokines and observed inflammatory cell infil-
tration, accompanied by an imbalance of cellular redox status,
were recovered after Nox4 knockdown in SF-treated T2DM mice
(Fig. 4I-L). Furthermore, Nox4 knockdown also effectively
abolished SF-induced cardiac dysfunction and myocardial fibrosis
(Fig. 4M and N, Supporting Information Table S4). Importantly,
Nox4 knockdown reversed the levels of inflammatory factors in
the serum and effectively modulated the immune function in SF-
treated T2DM mice (Fig. 40 and P, Supporting Information Fig.
S4A—S4C). Consistent with these results, GLX351322, a spe-
cific NOX4 inhibitor, could also markedly mitigate SF-induced
liver and heart injury phenotypes (Supporting Information
Fig. S3 and Supporting Information Table S5). Consistently, we
inhibited NOX4 expression in primary mouse hepatocytes
exposed to H,O, for 24 h, and the results were consistent with our
in vivo studies (Fig. S4D—S4G). Moreover, as NOX4 is closely
associated with ROS generation, to test whether ROS mediated
hepatic inflammation, N-Acetyl-L-cysteine (NAC), a potent free-
radical scavenger, was applied as a positive control to eliminate
cellular ROS generation. Both NAC and GLX351322 effectively
reversed HyO,-induced inflammation response in primary mouse

tissues. (I, J) The protein levels of CD68, MCP-1, TNF-a, NOX4, HO-1, and SOD2 in liver tissues were detected by Western blot. (K)
Representative images of CD68, MPO, and CD11b (red) immunofluorescence staining in liver tissues. The nucleus was labeled with DAPI (blue).
(L) Relative mRNA levels of 111b, Mcpl, Tnfa, Tgfb, Hol, and Sod2 were detected by RT-qPCR. (M, N) Cardiac function and myocardial fibrosis
were determined by echocardiography and Masson staining. (O) Flow cytometry plots showing CD3™ T cells, CD4™ T cells, CD8™ T cells, and
CDI11b" myeloid cells in peripheral blood. (P) Statistical analysis of the proportions of CD3" T cells, CD4™" T cells, CD8" T cells, and CD11b"
myeloid cells and CD41/CD8" ratio. GAPDH was used for internal control. Data are presented as mean &+ SD, n = 6. *P < 0.05. ns indicates no

significance.
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Figure 5  SIRT1 controls the epigenetic modification of Nox4 and hepatic oxidative and inflammatory stress. (A) The histone deacetylases that
regulate Nox4 (solid line). (B) Relative mRNA levels of Sirtl, Sirt2, Sirt3, Sirt6, Sirt7, Hdacl, and Hdac? in liver tissues of T2DM mice with or
without SF/SR were detected by RT-qPCR. (C) The expression of SIRT1 in liver tissues of T2DM mice with or without SF/SR was analyzed by
Western blot. (D) The relative binding levels of H3K27ac on the Nox4 promoter in liver tissues. (E, F) Representative images and fluorescence
intensity quantitative analyses of DHE (red) and DCFH-DA staining (green) after transfection of NC-shRNA or Sirt/-shRNA in primary mouse
hepatocytes. (G, H) Representative images and fluorescence intensity quantitative analyses of DHE (red) and DCFH-DA staining (green) after
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hepatocytes under HG conditions (Fig. S4F and S4G). These ob-
servations collectively indicated that NOX4 inhibition exerts a
protective antioxidant and anti-inflammatory function in the
persistent cardio-hepatic injury caused by SF in vivo and cultured
primary mouse hepatocytes in vitro.

3.4.  SIRTI regulates the epigenetic modification of Nox4,
thereby influencing hepatic oxidative stress and inflammatory
responses

Generally, histone deacetylases (HDACs) exert a critical role as
transcriptional modulators for gene expression. To comprehen-
sively elucidate the potential function and discern the necessity of
HDACs for NOX4 expression and hepatic injury, seven HDACs
were targeted as they were previously testified to modulate NOX4
expression (Fig. 5A). Thus, the transcript levels of Sirt1, Sirt2, Sirt3,
Sirt6, Sirt7, Hdacl, and Hdac2 were assessed in our model. As
observed in Fig. 5B, only the transcript level of Sirt/ persistently
declined after SF exposure in diabetic mouse liver tissue. SIRT1
expression at the protein level was further detected by Western
blot analysis, and the results showed a significantly downregulated
level of SIRT1 in the SF4w and SF4w-SR2w groups, which was
continuously reduced in the SF8w and SF8w-SR2w groups
(Fig. 5C). Subsequently, we further investigated whether SIRT1 was
able to modulate epigenetic modifications of Nox4. The ChIP-qPCR
results showed that increasing SIRT1 levels by RSVor AAVS-TBG-
Sirtl significantly decreased the H3K27ac enrichment at the Nox4
promoter region (Fig. 5D).

To further elucidate the anti-oxidative and anti-inflammatory
effects of SIRT1, both loss- and gain-of-function approaches were
employed using SirtI-shRNA for silencing and the pcDNA3.1-
Sirt]l plasmid for overexpression in H,O,-stimulated primary
mouse hepatocytes under HG conditions. Knockdown of Sirt/
after H,O, treatment for 24 h resulted in dramatic intracellular
ROS (Fig. 5E and F) and proinflammatory cytokines production
(Fig. 5I and J). However, GLX351322 substantially ameliorated
H,0,-induced inflammation and oxidative stress in primary mouse
hepatocytes transfected with Sirz/-shRNA (Fig. SE, F, 1, and J).
Conversely, up-regulation of SIRT1 almost completely reversed
H,0,-induced persistent inflammation and oxidative stress. It was
noteworthy that GLX351322 could not further enhance the pro-
tective effects of SIRT1 on persistent inflammation and oxidative
damage (Fig. 5G—1J). Collectively, these data indicated that he-
patic SIRT1 serves as a critical upstream molecule for the
epigenetic modification of Nox4, which may be fundamental to the
persistent liver injury caused by SF.

3.5.  Liver-specific overexpression of Sirtl reverses SF-induced
persistent oxidative and inflammatory stress in T2DM mice

To elucidate the impact of SIRT1 activation on SF-induced
persistent injury in T2DM mice, liver-specific overexpression of
Sirt]l was achieved by tail vein injection of AAVS-TBG-Sirt! prior
to T2DM mice with SF8w-SR2w (Supporting Information
Fig. S5A). As expected, liver-specific overexpression of Sirt/
markedly reduced lipid deposition and fibrosis, and also mitigated
intracellular ROS accumulation compared to the control virus

injection (AAV8-TBG-CTL) (Fig. 6A and B). Consistently, MDA
levels in both liver and serum were dramatically reduced, along-
side a marked decrease in ALT and AST activities, and GSH levels
were notably increased after overexpression of Sirt! in the liver
(Fig. 6C—E). Furthermore, liver-specific overexpression of Sirt/
led to an increase in hepatic antioxidant levels and effectively
alleviated the persistent hepatic inflammatory response induced by
SF. This was evidenced by significant upregulation in the protein
and mRNA levels of HO-1 and SOD2, alongside a corresponding
decrease in the levels of NOX4, CD68, MPO, CD11b, MCP-1, and
TNF-« (Fig. 6F—H and Fig. S5B). Similar to these findings, RSV,
an important pharmacological activator of SIRTI1, exhibited
consistent anti-inflammatory and antioxidant hepatoprotective
effects in SF-treated T2DM mice (Fig. 6A—H and Fig. S5B).
Notably, cardiac dysfunction and myocardial fibrosis were
remarkably improved after liver-specific Sirtl overexpression or
RSV treatment in SF-treated T2DM mice (Fig. 61 and J,
Supporting Information Table S6). As expected, upregulation of
SIRT1 inhibited the levels of inflammatory factors in the serum
and effectively improved the immune function in SF-treated
T2DM mice (Fig. 6K and L, Fig. SSC—S5E). In conclusion,
these data illustrated that genetic or pharmacological activation of
SIRT1 represents a promising therapeutic strategy to mitigate the
destructive effects induced by SF in mice with T2DM.

3.6. BMALI directly binds to Sirtl promoter and increases its
transcription in T2DM mice with SF

Epidemiological studies revealed that circadian misalignment is
strongly associated with the risk of a series of diseases, including
NAFLD and T2DM®. SIRTI, a promising target for combating
metabolic disorders in NAFLDZS, has been reported to exhibit
circadian oscillations while being extensively regulated by the
circadian clock®. Accordingly, we further analyzed the potential
upstream circadian clock molecular of SIRT1 in the present study.
First, we subjected T2DM mice to SF intervention and detected
the transcript levels of canonical core clock genes, including Cryl,
Cry2, Nrldl (also known as REV-ERB«), Rora, Perl, Per2, Clock,
and Bmall, at every 8-h intervals for 24 h. Notably, our results
displayed that the pattern of Cryl, Cry2, Nridl, Rora, and Perl
gene expression did not show cyclical change of 24 h between
groups with or without SF challenge (Fig. 7A—E). Interestingly,
the expression of Per2 and Clock was only modestly changed after
the SF challenge around ZT16 and ZT8, respectively (Fig. 7F and
G). However, the change of Bmall was most prominent after the
SF challenge at ZTO0, ZT8, and ZT24 compared to the CTL group
(Fig. 7H). Although knockdown of Bmall and Clock, but not Per2,
obviously decreased the mRNA levels of Sirt/ in HepG2 cells
under circadian misalignment conditions (Fig. 71 and Supporting
Information Fig. S6A—S6C), ChIP-qPCR analysis confirmed
that BMAL1 directly bound to the Sirt] promoter and activated its
expression, the effect of which was markedly disrupted by SF8w
and SF8w-SR2w (Fig. 7J and K). Moreover, the downregulated
SIRT1 expression at the mRNA and protein levels by knockdown
of Bmall was subsequently validated in primary mouse hepato-
cytes under circadian misalignment conditions (Fig. 7L—N and
Fig. S6D). Likewise, hepatocytes with Bmall silencing triggered

SIRT1, NOX4, SOD2, MCP-1, and TNF-« in primary mouse hepatocytes transfected with NC-shRNA, Sirt/-shRNA, pcDNA3.1-vector or
pcDNA3.1-Sirt]. GAPDH was used for internal control. Data are presented as mean + SD, n = 3—6 for mouse test, n = 3 for cell test.

*P < 0.05. ns indicates no significance.
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higher fibrosis-related gene expression (7gfb and Ctgf), intracel-
Iular ROS accumulation, and lipid overload (Fig. 70—Q). Taken
together, these findings demonstrated that BMALI1 binds to the
Sirt] promoter region and activates signal transduction cascades,
which can subsequently hinder the pathological processes in the
liver after SF challenges.

4. Discussion

Emerging experimental and epidemiological evidence indicates
that a high prevalence of sleep disorders is linked to the frequent
occurrence of nighttime SF reported by patients with T2DM>°.
SF is often associated with disruptions in glycolipid metabolism,
insulin resistance, and the onset of diabetic complications™>'.
Despite its critical importance, the independent impact of SF on
cardiovascular risk in T2DM remains largely undefined. The
present work revealed that SF-mediated hepatic pathological and
functional abnormalities contributed to the persistent adverse
cardiac damage, in which the continuous high expression of
NOX4-mediated oxidative stress exerted a key role in this process.
Mechanically, we found the persistent high expression of Nox4
caused by SF was a result of hyperacetylation modification of
H3K27 at the Nox4 promoter that was intricately controlled by
SIRT1 deacetylase activity, the effect of which was almost
completely improved and dampened by SIRT1 overexpression and
knockdown, respectively.

The first important finding of this study was that hepatic
oxidative damage and inflammation caused by SF displayed a
“memory” feature and subsequently contributed to cardiac dam-
age, which could not be rescued after SR. The liver performs a
pivotal role in circadian rhythms and energy metabolism and
displays multifaceted functional crosstalk with the heart’. Indeed,
we observed that SF caused a marked increase in eWAT weight
gain, dysregulated glucose homeostasis, and insulin resistance,
and importantly, sustained damage to the liver and heart function
in T2DM mice. Meanwhile, SF-treated diabetic mice displayed
higher lipid accumulation and fibrosis, accompanied by increased
systemic inflammation and oxidative stress. Note that infiltration
of neutrophils and macrophages was observed in cardiac tissues,
but without a significant and discernible difference in
inflammation-related gene expression, suggesting that the source
of persistent inflammation in the heart was exogenous.

Activation of inflammatory processes, along with an imbalance
in cellular redox status, is widely acknowledged as a predominant
mechanism contributing to the pathogenesis of liver disease.
Accordingly, we observed that SF elicited more positive fluores-
cent signals of ROS accumulation and decreased the expression of
antioxidant factors (e.g., GSH, HO-1, and SOD?2) in liver tissues
of T2DM mice. Given that the production of ROS, particularly
superoxide, is primarily regulated by the NOX family, we pro-
ceeded to investigate which specific NOX subtypes are pivotal in
this process. As previous studies reported, the levels of Nox1/2/4
are primarily expressed in the liver’, and our results showed that
only mRNA levels of Nox2 and Nox4 were significantly upregu-
lated by SE. We thus focused mainly on the effect of NOX4 on the
liver in the following study because of the relatively low expres-
sion level of NOX1 in the liver and high lethality of NOX2
deficient mice to T2DM>***_ In the present study, we discovered a
phenomenon of the earliest, most significant, and persistent
upregulation of NOX4 expression, accompanied by functional and
structural abnormalities in liver and heart tissues after SF in

T2DM mice. Liver-specific Nox4 knockdown and GLX351322, a
highly specific inhibitor of NOX4, could remarkably abrogate SF-
mediated oxidative stress and inflammatory injury in liver and
heart tissues, implying that NOX4 plays a functional role in
mediating diabetic cardio-hepatic injury in the face of SF
challenge.

The second innovative finding of this study was that hyper-
acetylation modification of H3K27 played a key role in hepatic
persistent high levels of NOX4 after SR. Several large population-
based cohort studies have identified that the so-called “supple-
mentary sleep” is not always sufficient to counteract the adverse
effects of poor sleep quality’>>’. One main reason for this phe-
nomenon is that the brain undergoes adaptive changes during
chronic sleep deprivation, which might exhibit too many detri-
mental effects on sleep structure or the neuroendocrine system.
Besides, SF exposure has a more profound and lasting negative
impact on the immune system of hematopoietic stem and pro-
genitor cells through epigenetic modification. This persistent
molecular imprinting ultimately triggers inflammatory cascades,
resulting in widespread inflammatory responses’’. In agreement,
our results demonstrated that a two-week or longer span of SR was
insufficient to prevent oxidative stress and inflammation in the
liver triggered by SF. Similarly, T2DM mice exposed to SF
exhibited both structural and functional abnormalities in the heart,
with these deleterious effects persisting for 8 weeks or longer
following SR. Thus, it is critical to elucidate the molecular and
functional mechanisms underlying the prolonged effects of SF on
adverse cardiac outcomes.

As is well established, epigenetic modification in the
mammalian genome serves a causative role in regulating gene
expression. For example, obstructive sleep apnea manipulates the
epigenome of the cardiovascular system’®. Simultaneously,
sleepless night alters the DNA methylation of transcription start
sites of metabolic-related genes in adipose tissues of patients with
T2DM™. More importantly, changes in histone H3 acetylation
induced by long-term SR are necessary to initiate a significant
inflammatory response in the hematopoietic system”’. Based on
our Western blotting and RT-qPCR results, which demonstrated
that elevated NOX4 expression caused by SF still persisted after
SR, we hypothesized that the sustained high levels of NOX4 might
be governed by epigenetic programming. Indeed, subsequent ex-
periments revealed a significant increase in the enrichment of
H3K27ac at the Nox4 promoter in the livers of diabetic SF/SR
mice. This finding suggests that H3K27ac serves as a critical
epigenetic regulatory mechanism underlying the persistent hepatic
oxidative and inflammatory memory induced by chronic SF.
Meanwhile, it is worth noting that regulation of NOX4 expression
by transcription factor or post-transcription might be at play in our
findings after chronic SF/SR exposure, which we need to further
address in the following study.

Our third important finding was to clarify that SIRT1 was the
main histone deacetylation modulator of NOX4, which maintained
it in an inactive state. Following the database filtering, the major
classes of histone deacetylases (Hdacl, Hdac2, Sirtl, Sirt2, Sirt3,
Sirt6, and Sirt7) that predominantly reported to control NOX4
expression were evaluated in our model. The results showed that
only SIRT1 expression continuously and significantly decreased in
the presence of SF/SR challenge. It has been reported that SIRT1
is widely involved in many pathophysiological activities, such as
inflammation, insulin secretion, extracellular matrix synthesis, and
apoptosis, through regulating the activity of various signaling
molecules by deacetylation®”*’. Up-regulation of SIRT1 has
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beneficial effects on animal models of metabolic disorders,
cognitive dysfunction, and cardiac dysfunction®>***’. To evaluate
the potential role of SIRT1 in regulating an aberrant histone
modification of NOX4, we injected AAVS8-TBG-Sirtl or RSV
supplementation into mice to achieve liver-specific and systemic
activation of SIRTI. ChIP-qPCR data indicated that the high
expression of SIRT1 could dramatically reduce histone H3K27
acetylation at the promoter region of Nox4. Consistently, liver-
specific overexpression of Sirt/ improved liver damage by
considerably mitigating hepatic lipid accumulation, inflammation,
and oxidative stress, and therefore cardiac function was almost
fully restored accordingly. Moreover, the application of specific
SIRT1 activator RSV showed similar and powerful protective ef-
fects on the heart and liver, highlighting the promise for rapid
translation into the clinic for interfering with the adverse effects of
SF in patients with T2DM. Interestingly, we further revealed that
BMALL, as the upstream regulator of SIRT1, directly upregulated
its transcription and contributed to its circadian change during the
period of SF. Nevertheless, the underlying mechanisms by which
SF-induced hepatic injury drives CVD might be complex. Further
investigations are warranted to elucidate the precise role and un-
derlying mechanisms of BMAL1 in SF-induced hepatic damage.
Additionally, it is important to determine whether other members
of the circadian clock gene family engage in similar epigenetic
regulatory mechanisms that govern liver homeostasis within the
context of the diabetic SF model. Furthermore, numerous studies
have indicated that SF can disrupt the functioning of the
hypothalamic-pituitary-adrenal (HPA) axis*®*°, and dysfunction
of the HPA axis has been linked to T2DM, CVD, and metabolic
dysfunction®®'. Consequently, the intricate mechanisms through
which SF influences liver and heart pathology by modulating the
HPA axis in the context of the T2DM model require further
investigation and clarification.

5. Conclusions

In conclusion, this study predominantly demonstrated that SF-
induced oxidative and inflammatory damage in the livers of
T2DM mice persisted even after the normalization of sleep pat-
terns. This ongoing damage significantly influenced the commu-
nication between the liver and heart, ultimately contributing to
cardiovascular impairment. The persistent high expression of
NOX4 governed by SIRTI1-mediated deacetylation of H3K27
played a key role in this process. We identified fine coordination
of the circadian clock and hepatic damage by BMAL1-dependent
Sirt] transcription after SF in diabetic liver. Genetic manipulation
of liver-specific Nox4 or Sirtl, along with pharmacological in-
terventions targeting NOX4 (GLX351322) or SIRT1 (RSV),
exerted robust protective action against SF-induced hepatic
oxidative and inflammatory phenotypes, highlighting the para-
mount importance of hepatic SIRT1/NOX4 pathway as a prom-
ising therapeutic target for CVD in T2DM patients with SF, as
illustrated in Fig. 7R.
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