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BDH1 overexpression alleviates diabetic @
cardiomyopathy through inhibiting H3K9bhb-
mediated transcriptional activation of LCN2
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Abstract

Background Diabetic cardiomyopathy (DbCM) is one of the common complications in diabetic patients, but there is
no effective treatment for it up to now. Ketone bodies such as 3-OHB have been widely reported to be beneficial for
metabolic diseases including various diabetic complications. However, the role of ketone metabolism, especially the
relevant enzymes, in the pathogenesis of DbCM is poorly understood.

Methods and results In this study, we firstly observed BDH1, the rate-limiting enzyme of ketone metabolism, was
markedly diminished in cardiac tissues from db/db mice and diabetic patients, as well as in H9C2 cells treated with
palmitic acid. Genetic deletion of BDH1 aggravated, whereas AAV-mediated BDH1 overexpression attenuated, the
diastolic dysfunction and pathogenic progression including apoptosis, fibrosis and inflammation of hearts from db/
db mice. Likewise, BDH1 knockdown promoted, whereas BDH1 overexpression reversed, the palmitic acid-induced
lipotoxicity in HOC2 cells. Transcriptome analysis revealed that BDH1 negatively regulated LCN2 expression and
LCN2 overexpression largely abrogated BDH1 overexpression-mediated myocardial protection in vitro and in vivo.
Mechanistically, BDH1 overexpression reprogrammed ketone metabolism with increased AcAc and decreased
-OHB, thereby resulting in decreased B-hydroxybutyrylation of H3K9 on promoter region of LCN2, which repressed
transcription of LCN2 and ultimately inhibited NF-kB activity through weakening interaction between NF-kB and
RPS3. Furthermore, oral administration of B-hydroxybutyrylation inhibitor A485 to diabetic mice mitigated the cardiac
injury concurrently with decreased expression of LCN2.

Conclusion Our results uncovered a novel mechanism whereby myocardial BDH1 ameliorates DbCM via epigenetic
regulation of LCN2, which highlights the potential of BDH1/LCN2-based therapeutics in DobCM.
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Background

Diabetes is a chronic metabolic disease that poses a seri-
ous threat to human health, and according to the Inter-
national Diabetes Federation (IDF), the global prevalence
of diabetes in 20-79 year olds is estimated to be 10.5%
(536.6 million people) in 2021, rising to 12.2% (783.2
million people) in 2045 [1]. Type 2 diabetes is the most
common type of diabetes, accounting for over 90% of all
diabetes worldwide, and cardiovascular complications
are responsible for more than half of type 2 diabetes
mortality [2, 3]. As one of the cardiovascular complica-
tions, diabetic cardiomyopathy (DbCM) is a diabetes-
induced pathophysiological condition in which heart
failure occurs in the absence of hypertension and coro-
nary artery disease, and is characterized by left ventric-
ular hypertrophy and reduced diastolic function, with
or without concurrent systolic dysfunction [4]. To date,
the underlying mechanism of DbCM has not been com-
pletely elucidated, the main benefits of intensive glycemic
control are non-cardiovascular, and existing therapies are
based on the treatment of heart failure [5, 6]. Therefore,
it’s imperative to clarify the pathogenesis of DbCM and
explore accurate therapeutic targets for the treatment of
DbCM.

Ketone bodies, including beta-hydroxybutyrate
(BOHB), acetoacetate (AcAc), and acetone, serve as
energy fuels for extrahepatic tissues such as brain, heart,
or skeletal muscle [7]. In the fed state, ketone bodies pro-
vide about 5% of the body’s total energy requirements,
rising to about 20% in fasting [8]. It has been proven
that the inhibitor of sodium-glucose cotransporters 2
(SGLT2i) increase circulating ketone body concentra-
tions in human and mice [9, 10], and this is partly why it
has an impressive benefit on cardiovascular and all-cause
mortality [11, 12]. Though the application of ketogenic
diets and ketone bodies as therapeutic tools has arisen
in diabetes and its related complications [13-15], the
increased risk of ketoacidosis can’t be ignored [16]. Fur-
thermore, the effects of ketone body therapy on improv-
ing diabetic cardiomyopathy in vivo have been variable
[17, 18]. B-hydroxybutyrate dehydrogenase 1 (BDHI),
the rate-limiting enzyme of ketone body metabolism,
catalyzes the reversible reaction of AcAc to POHB [7]
and Bdh1 knockout mice have lower total ketone bodies
than WT mice, especially after fasting [19]. Cardiac-spe-
cific overexpression of Bdhl can significantly ameliorate
TAC-induced heart failure by inhibiting oxidative stress
[20]. In our previous study on MAFLD, Bdhl-mediated
BOHB metabolism inhibits oxidative stress by activating
Nrf2 through up-regulation of fumarate production [21].
However, the role of Bdhl-mediated ketone body metab-
olism in the pathogenesis of DbCM is still unknown.

In addition to being a modulator of anti-oxidative
stress, POHB is an epigenetic modifier of histone lysine
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B-hydroxybutyrylation [22]. It has been reported that
exogenous POHB antagonize aortic endothelial injury
by causing marked elevation of H3K9bhb in diabetic
rat [23]. Similarly, POHB treatment up-regulates the
level of H3K9bhb in the promoter region of the MMP-2
and improves diabetic glomerulosclerosis [24]. All of
the above reports suggest that the level of H3K9bhb is
related to the concentration of BOHB. Moreover, BDH1
deficiency potentiates propagation of hepatocellular
carcinoma stem cells by promoting H3K9bhb through
induction of BOHB accumulation [25]. However, the role
of BDH1-mediated histone B-hydroxybutyrylation in the
pathogenesis of DbCM is still unclear.

In the present study, we report that Bdhl deficiency
contributes to the pathogenesis of DbCM in vivo and
palmitic acid-induced lipotoxicity in vitro. We fur-
ther identify LCN2 as a key downstream effector of
BDHI1. Mechanistically, we demonstrate that BDH1
reduction induces ketone metabolic reprogramming
with POHB accumulation and increases the H3K9bhb
enrichment on the promoter of Lcn2, which leads to
transcriptional activation and subsequently activates
NE-kB through enhancing the interaction between
NF-kB and RPS3. Notably, treatment with the histone
B-hydroxybutyrylation inhibitor A485 alleviates the pro-
gression of DbCM. Taken together, our findings reveal
a promising new therapy for DbCM via targeting Bdh1-
mediated ketone body metabolism and a novel mecha-
nism by which metabolic reprogramming and epigenetic
modification co-regulates the progression of DbCM.

Methods

Animals

Five-week-old male db/m and db/db mice were pur-
chased from GemPharmatech Co., Ltd. (Nanjing,
China). Bdhl knockout (Bdhl-/-) mice were pur-
chased from Cyagen Biosciences Inc. (Suzhou, China).
db/m and Bdhl-/- mice were crossed to generate db/
db; Bdhl-/- mice. To overexpress BDH1 or LCN2 in
vivo, 100 uL AAV9-Bdhl (3.40E+12 vg/mL) or AAV9-
Len2 (2.10E+12vg/mL) and the corresponding control
AAV per mouse were injected into db/m or db/db mice
via the caudal vein. All the AAV used in this study were
purchased from Syngentech Co. LTD (Beijing, China).
Body weight and blood glucose were recorded weekly. All
animal experiments were performed under the following
conditions: room temperature 23+1 ‘C, relative humid-
ity 60% + 10%, and an alternating 12 h light—dark cycle in
individually ventilated cages. Animal experiments were
approved by the Institutional Animals Ethics Committees
of Southwest Medical University (20220225-014).
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Echocardiography

Echocardiograms were performed by a VEVO 3100 ultra-
sound (VisualSonics, Canada). Mice were anaesthetized
with 1.5-2% isoflurane and placed on a temperature-
controlled heating pad with a consistent temperature.
Cardiac function parameters were collected, including
ejection fraction (EF), fractional shortening (FS), Peak
E/A ratio et al. The visualization and analysis of the above
data were performed with the VEVO 3100 software.

Human heart samples

Human heart samples used in this study were obtained
from autopsy in pathology department according to
whether there was a clear history of diabetes before
death. All procedures that involved human samples were
approved by the Affiliated Hospital of Southwest Medical
University Ethics Committee (KY2023221).

Cell culture

Rat myocardial cells (H9C2) were subcloned from a
cloned cell line of BD1X rat embryonic heart tissue,
provided by the Institute of Myocardial Electrophysiol-
ogy of Southwest Medical University in Luzhou, China.
HOC2 cells were cultured at 37 C with 5% CO, until
60-70% confluence. Then, cells were exposed to nor-
mal control (vehicle 40 uM BSA) and palmitic acid (PA;
150 puM, Sigma-Aldrich, Saint Louis, MO, USA) for 24 h
and treated with normal glucose (NG; 5.5 mM) and high
glucose (HG; 40 mM) for 48 h. PA was prepared as previ-
ously described [21, 26].

RNA-seq study and analysis

Total RNA from cardiac tissues was extracted separately
using Trizol Reagent (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s procedure. All purified
libraries were sequenced using an Illumina NovaSeq 6000
(LC Sciences, CA, USA) at Shanghai Majorbio BioPharm
Technology Co., Ltd., (Shanghai, China). Gene expression
was normalized to the number method of fragments per
kilobase per million reads. The resulting P-values were
adjusted following the Benjamini and Hochberg method
to regulate the false discovery rate. DEGs were identified
based on an adjusted P-values of<0.05 and| log2 (fold
change)| 21.5 or 2.

Histological assay

The cardiac tissues were fixed in 4% paraformaldehyde
for 24 h, embedded in paraffin and sectioned at 4-pm
thickness. The sections were stained by the hematoxy-
lin—eosin (H&E) or Masson-trichrome methods for light
microscopic analysis and morphometry.
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Immunostaining

For immunohistochemistry staining, 4-um-thick paraffin
sections were dewaxing hydration and stained with pri-
mary antibodies against BDH1 (1:300, ab193156, Abcam,
UK), IL-18 (1:200, AF7266, Beyotime, China), IL-1p
(1:200, AF7209, Beyotime, China). The sections were
stained with biotin-labeled goat anti-rabbit IgG or biotin-
labeled anti-mouse IgG and then treated with the Horse-
radish enzyme labeled opaltin of Streptomyces (Beijing
ZSGB Biological Technology CO., LTD. China). Each
photograph of the stained sections was scanned using a
light microscope.

For immunofluorescence staining, sections of heart
tissues or H9C2 cells were incubated overnight at 4°C
with antibodies against LCN2 (1:100, AF7362, Beyotime,
China), NF-xB p65 (1:100, #8242 CST, USA), Phospho-
NE-xB p65 (1:100, #3033 CST, USA), H3K9bhb (1:100,
PTM-1250RM, PTM, China). Then, the cells were
incubated with Alexa Fluor 488/555 fluorescent dye-
conjugated secondary antibodies for 1 h in the dark.
DAPI (Abcam, UK) was used for nuclear staining. A
fluorescence microscope (Leica, Germany) was used for
observation.

TUNEL assay

TUNEL staining for the cardiac paraffin sections were
performed according to the TUNEL Kit protocol
(Vazyme, China).

siRNA and cDNA transfection

The BDH1-overexpressed plasmid (pCMV3-Flag-BDH1),
LCN2-overexpressed plasmid (pCMV3-Flag-LCN2) and
the Vector plasmid (pCMV3) were purchased from Sino
Biological Inc. (Beijing, China). The siRNAs targeted for
Bdhl or Lcn2 were purchased from HippoBio (Huzhou,
China). siBdhl, siLcn2, Flag-BDH1, Flag-LCN2 and the
corresponding control siRNA or Vector plasmid were
transfected into H9C2 cells with NanoTrans 20™ (Syngen-
tech Co. LTD. Beijing, China).

Measurement of AcAc and BOHB

The AcAc and POHB content in H9C2 cells or heart tis-
sues was measured by acetoacetate ELISA Kit and beta-
hydroxybutyrate ELISA Kit (J&L Biotech, Shanghai,
China) according to the manufacturer’s instructions.

qRT-PCR analysis

Total RNA of cardiac tissue or H9C2 cells were extracted
with the Trizol (Invitrogen, USA). HiScript III All-in-one
RT SuperMix (R333-01, Vazyme) was used for reverse
transcription reaction and ChamQ Universal SYBR
qPCR Master Mix (Q711-02, Vazyme) was used for qRT-
PCR. The qRT-PCR was performed with Analytikjena
qTOWER 3G real-time PCR system (JENA, Germany)
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according to the manufacturer’s instructions. GAPDH
was used as an internal reference gene to normalize tar-
get gene expression. All the samples were used in trip-
licate. The 228 method was used to calculate the
relative gene expression in comparison with the reference
gene.

Immunoprecipitation and western blot analysis

For immunoprecipitation (IP), H9C2 cells with indicated
treatment were suspended in lysis buffer (P0013], Beyo-
time, China), supplemented with 1 mM PMSF and 1 mM
protease inhibitor cocktail (P1005, Beyotime, China).
Lysates were centrifuged at 13,000 g for 10 min, and the
supernatant was added to 2 pL indicated antibodies and
100 pL protein A agarose beads (Invitrogen, USA) to
incubate for 4 h at 4 °C. Afterward, protein A beads were
washed by 250 mM NaCl 4 times. For western blot, total
proteins of heart tissue and H9C2 cells were extracted
with RIPA extraction buffer (Beyotime Biotechnology,
China). Then the protein samples were separated by
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred into a PVDF mem-
brane (Millipore, USA). The membranes were incubated
with 5% BSA to block other contaminants, and then with
primary antibodies.

Immunoblotting was performed using anti-BDH1
antibody (ab193156, Abcam, UK), anti-Tubulin anti-
body (AF5012, Beyotime, China), anti-GAPDH anti-
body (AG8015, Beyotime, China), anti-p actin antibody
(AF5003, Beyotime, China), anti-IL-18 antibody (AF7266,
Beyotime, China), anti-IL-1p antibody (AF7209, Beyo-
time, China), anti-Caspase-3 antibody (AF1213, Beyo-
time, China), anti-LCN2 antibody (AF7362, Beyotime,
China), anti-Flag antibody (AF519, Beyotime, China),
anti- NF-kB p65 antibody (#8242 CST, USA), anti-
Phospho-NF-kB p65 antibody (#3033 CST, USA), anti-
RPS3 antibody (AF1045, Beyotime, China), anti-H3
antibody (#4499, CST, USA), anti-H3K9bhb antibody
(PTM-1250RM, PTM, China) and anti-H3K9ac antibody
(PTM-156, PTM, China).

Chromatin immunoprecipitation assay

The Chromatin Immunoprecipitation Kit (Cat. No.
50034, Absin, China) was utilized to perform chroma-
tin immunoprecipitation (ChIP) assays following the
manufacturer’s protocol. In brief, nucleic acids and
DNA-binding proteins were crosslinked in cellular chro-
matin samples. A total of 1077 cells were used, and the
chromatin was sonicated to obtain fragments ranging
from 200 to 500 bp in ChIP dilution buffer. The result-
ing DNA fragments were immunoprecipitated using an
anti-H3K9bhb antibody (diluted 1:50) or a negative con-
trol IgG antibody (1:50) in dilution buffer and incubated
overnight at 4 °C. Immunomagnetic beads were then
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used to enrich the antibody-bound complexes. Following
enrichment, the crosslinks were reversed by incubating
the complexes at 65 °C for 5 h in elution buffer to release
the DNA fragments. DNA was subsequently isolated
from the eluate. Real-time quantitative PCR (qRT-PCR)
was conducted using primers specifically designed to
target the predicted H3K9bhb binding site on the Lcn2
promoters.

Isolation and culture of primary cardiomyocytes

The Mouse Primary Cardiomyocyte Isolation Kit (Cat.
No. 88281) was purchased from Thermo Fisher Scientific.
Following the enclosed instructions, we performed the
isolation procedure as described below. Firstly, freshly
dissected neonatal mouse hearts were cut into small
pieces of approximately 1-3 mm? in size and thoroughly
washed with HBSS. To ensure complete enzymatic diges-
tion, recombinant cardiomyocyte isolation enzymes 1
(containing papain) and 2 (containing collagenase) were
added. After confirming digestion, we proceeded with
cell yield and viability assessments. Finally, the isolated
cardiomyocytes were cultured in a medium consisting
of DMEM, supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin (P/S), and 1%o cardio-
myocyte growth supplement. The cells were incubated at
37 °C in a humidified incubator with 5% CO2.

Statistical analysis

Data are expressed as the means tstandard deviation
(SD). The student’s t-test was employed for comparisons
between two groups. For multiple comparisons, one-way
ANOVA was used with Tukey’s test. Differences were
evaluated using GraphPad Prism9. P<0.05 was consid-
ered statistically significant. The statistical significance
was *p <0.05, **0.001 < p <0.01; ***P<0.001.

Results

BDH1 expression was reduced in diabetic hearts and
palmitic acid (PA)-treated H9C2 cells

Given that Type 2 diabetes (T2DM) is the most com-
mon type of diabetes and cardiovascular complications
are responsible for more than half of T2DM mortality [2,
3], here we employed db/db mice, a classic genetic model
of T2DM, to establish DbCM mouse model (Fig. S1A-
B). Hearts from db/db mice with high fat diet feeding for
12 weeks showed decreased diastolic function, increased
fibrosis and inflammation, but showed no change in sys-
tolic function (Fig. 1A-D; Fig. S1C-D), which was consis-
tent with the fact that diabetes is a strong risk factor for
heart failure with preserved ejection fraction (HFpEF).
We next performed RNA-seq with cardiac tissues from
these mouse models and observed that BDHI1, one of
the rate-limiting enzymes of ketone metabolism, ranked
ahead in the down-regulated differentially expressed
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Fig. 1 BDH1 expression was down-regulated in diabetic hearts and palmitic acid (PA)-treated HOC2 cells. A Representative left ventricular M-mode
echocardiographic tracings in short-axis view, percentage of left ventricular ejection fraction (EF) and fractional shortening (FS) in db/m and db/db mice.
B Representative pulsed-wave Doppler tracings and ratio between mitral E wave and A wave (E/A) in db/m and db/db mice. C, D Representative images
of H&E, Masson staining and immunohistochemistry staining of inflammatory factors for heart sections. Bars: 1 mm in H&E; 100 um in Masson staining;
200 um in D. E, F Volcano plot (E) and heat map (F) of differentially expressed genes from RNA-seq analysis of db/m and db/db heart tissues. n=3 mice per
group in A-F. G, H Western blot and gRT-PCR analysis showing BDH1 expression in the cardiac tissues from db/m and db/db mice. n=6 mice per group
in G-H. 1 The protein levels of BDH1 in the cardiac tissues of diabetic rats based on the PXD038596 dataset. J Representative immunohistochemistry stain-
ing and quantification of BDH1 expression in heart sections from diabetic patients (n=8) and healthy controls (n=5). Bar: 200 um. K, M Representative
immunoblotting images and quantification of BDH1 protein level in the HIC2 cells in the presence or absence of PA (K) or HG (M). L, N gRT-PCR analysis
showing BDH1 mRNA expression in the HIC2 cells treated with PA (K) or HG (M). PA: palmitic acid; HG: high glucose. n=3 repeated experiments in K-N.
Values are presented as mean +SD. *P < 0.05; **P<0.01, ***P < 0.001

that in normal people, whereas the expression of cardiac

genes (Fig. 1E, F), which was further confirmed by pro-
marker ¢TnT showed no changes (Fig. S1E).

tein detection with western blot and mRNA detection

with real time PCR (Fig. 1G, H). Besides, we also screened
the available databases and found that BDH1 protein
level was significantly down-regulated in the hearts from
diabetic rats in a proteomics data sheet PXD038596
(Fig. 1I). We next examined the expression of BDH1 in
the heart tissues of patients with T2DM. As shown in
Fig. 1], BDH1 expression was significantly reduced in
cardiac samples from diabetic patients compared with

To determine the possible reason for BDH1 reduction
in diabetes, we used H9C2 cells to establish lipotoxicity
and glucotoxicity cell models with stimulation of palmitic
acid (Fig. S1F-H) or high glucose, which are common
stimuli implicated in diabetes. Interestingly, palmitic acid
stimulation induced obvious reduction of BDH1 either
in protein or mRNA levels (Fig. 1K, L), but high glucose
led to minor reduction of BDHI1 in protein level and
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no change in mRNA level (Fig. 1M, N). Taken together,
these results indicate that the reduction of cardiac BDH1
is a prominent phenomenon under T2DM conditions,
which might contribute to the pathogenesis of diabetic
cardiomyopathy.

BDH1 deficiency aggravates diabetes-induced

cardiac dysfunction in vivo and palmitic acid-induced
cardiomyocyte injury in vitro

Given the dramatic changes of BDHI1 expression
observed in diabetic heart tissues and palmitic acid-stim-
ulated cardiomyocytes, we next crossed db/m mice with
Bdhl-/- mice to generate BDHI1-deleted db/db mice
(hereafter referred to as db/db; Bdh1-/-) to study the role
of BDH1 in DbCM (Fig. 2A, B; Fig. S2A). Although db/
db mice with WT genotype of Bdhl (hereafter referred
to as db/db; WT) showed no changes in systolic function
after 12 weeks’ HFD feeding, BDH1 knockout led to sys-
tolic dysfunction with decreased ejection fraction (EF)
and fractional shortening (FS) in db/db; Bdhl-/- mice
(Fig. 2C). Moreover, compared to db/m mice, db/db; WT
mice exhibited diastolic dysfunction with decreased E/A
ratio, which was exacerbated by BDH1 deletion in db/
db; Bdhl-/- mice (Fig. 2D). As expected, pathological
analysis showed elevated lipotoxicity, fibrosis, apopto-
sis and inflammation in cardiac tissues from db/db; WT
mice, which was aggravated in that from db/db; Bdhi-/-
mice (Fig. 2E-G; Fig. S2B, 2F). Notably, BDH1 deletion
in db/m mice exhibited no effect on cardiac function and
pathological phenotype compared to that with WT geno-
type of Bdhl (Fig. 2C-@G), which indicates that BDH1
deficiency selectively induces cardiac injury in diabetic
condition.

Given that the cardiomyocytes are susceptible to lipid
accumulation and lipotoxicity in obesity-related meta-
bolic disease [26] and BDH1 expression was reduced in
palmitic acid-treated H9C2 cells (Fig. 1K, L), we wonder
whether BDH1 deficiency contributes to lipotoxicity in
cardiac cells. To this end, we disturbed BDH1 expression
in H9C2 cells with BDH1 siRNA transfection and treated
them with vehicle or palmitic acid (Fig. 2H; Fig. S2C). In
line with that observed in mouse model, BDH1 knock-
down exacerbated inflammation and apoptosis with ele-
vated cleaved IL-18, IL-1p and caspase 3 in HIC2 cells
treated by palmitic acid, but exhibited no change in that
treated by vehicle (Fig. 2I, J). Real time PCR also con-
firmed the inflammation activation shown as increased
mRNA levels of IL-1f, IL-6, IL-18 and TNFa induced by
BDH1 knockdown in H9C2 cells treated by palmitic acid
but not vehicle (Fig. 2K). Besides, Tunel assay showed
increased apoptotic cells in BDH1-disturbed H9C2 cells
with palmitic acid treatment (Fig. 2L; Fig. S2D), as well as
the primary cardiomyocytes isolated from fetal Bdhi-/-
mice (Fig. 2M; Fig. S2E). Collectively, these data indicate
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that BDH1 deficiency might mediate diabetes-induced
cardiac dysfunction through lipotoxicity.

BDH1 overexpression protects against diabetes-induced
cardiac dysfunction in vivo and palmitic acid-induced
lipotoxicity in vitro

To further confirm the function of cardiac BDH1 in the
pathogenesis of DbCM, we next overexpressed BDH1 in
6-week-old db/m or db/db mice by injection of adeno-
virus expressing BDH1 (AAV9-Bdhl) or GFP (AAV9-
Con) followed by HFD feeding for 12 weeks (Fig. 3A, B;
Fig. S3A). Compared to db/m mice injected with AAV9-
Con, db/db mice injected with AAV9-Con exhibited no
changes in systolic function indexes such as EF and FS,
the same as that in db/db mice injected with AAV9-Bdhl
(Fig. 3C). In contrast, db/db mice injected with AAV9-
Con exhibited impaired diastolic function with decreased
E/A ratio, which was completely reversed by AAV9-Bdhl
injection (Fig. 3D). Likewise, pathologic analysis showed
elevated lipotoxicity, fibrosis, apoptosis and inflamma-
tion in cardiac tissues from db/db mice injected with
AAV9-Con, which was alleviated in that from db/db mice
injected with AAV9-Bdhli(Fig. 3E-G; Fig. S3B, 3D). To
investigate the effect of BDH1 overexpression on lipo-
toxicity in cardiac cells, we next overexpressed BDH1
in H9C2 cells with Flag-BDH1 transfection and treated
them with vehicle or palmitic acid (Fig. 3H; Fig. S3C).
As shown in Fig. 31, BDH1 overexpression reversed pal-
mitic acid-induced elevation of cleaved IL-18 and IL-1p
in HI9C2 cells, as well as the mRNA levels of IL-15, IL-6
and TNFa (Fig. 3]). In addition, Tunel assay showed that
BDH1 overexpression reversed the palmitic acid-induced
apoptosis in HIC2 cells (Fig. 3K), which was consistent
with the reduced protein level of cleaved caspase 3 in
BDH1-overexpressed HIC2 cells treated by palmitic acid
(Fig. 3L). Notably, BDH1 overexpression also increased
the serum level of BOHB, but showed no change in serum
TC and TG (Fig. S3E-G). These data suggest that BDH1
overexpression attenuates diabetes-induced cardiac dys-
function through protection against lipotoxicity.

BDH1 overexpression attenuates diabetic cardiomyopathy
via inhibition of LCN2

To determine the molecular mechanism by which BDH1
overexpression protects against DbCM, we performed
RNA sequencing analysis for BDHI1-dependent tran-
scriptome profiling in hearts from db/m and db/db mice
injected with AAV9-Con or AAV9-Bdhil. Among the
differentially expressed genes (DEGs), 8 genes were up-
regulated by at least 2 folds in hearts from db/db mice
injected with AAV9-Con compared with that from db/m
mice, meanwhile, were down-regulated by at least 2 folds
in hearts from db/db mice injected with AAV9-Bdhli,
including Lipocalin 2 (LCN2) and Interferon regulatory
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Fig. 2 BDH1 deficiency aggravates diabetes-induced cardiac dysfunction in vivo and palmitic acid-induced cardiomyocyte injury in vitro. Schematic
representation of the animal experiment workflow. B Representative immunoblotting images of BDH1 protein levels in the cardiac tissues from db/m; WT,
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factor 7 (IRF7) (Fig. 4A), two inflammatory regula-
tors which have been reported to function in metabolic
disease [27, 28]. We next confirmed the expression of
these two DEGs in mouse model and cultured H9C2
cells. Notably, real-time PCR showed that both LCN2
and IRF7 were up-regulated in diabetic hearts and pal-
mitic acid-treated H9C2 cells, but only the increased
LCN2 expression was reversed by BDH1 overexpression

both in diabetic hearts and palmitic acid-treated H9C2
cells (Fig. 4B, C), suggesting LCN2, but not IRF7, as the
potential target of BDH1 in protection against lipotox-
icity-induced DbCM. In addition, western blots showed
increased protein level of LCN2 in db/db mice injected
with AAV9-Con, which was reversed by AAV9-BDH1
injection (Fig. 4D). In palmitic acid-treated H9C2 cells,
BDH1 knockdown increased the protein level of LCN2,
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as shown in western blot (Fig. 4E) and immunostain-
ing (Fig. 4F). Similarly, in palmitic acid-treated primary
cardiomyocytes, BDH1 deletion also increased the
LCN2 expression (Fig. 4G). In contrast, overexpression
of BDHI reversed the palmitic acid-induced increase of
LCN2 protein level in H9C2 cells, as shown in western
blot (Fig. 4H) and immunostaining (Fig. 4I). These data

indicate that BDH1 negatively regulates the expression of
LCN2.

To further determine whether BDHI1 overexpres-
sion protects against DbCM through suppression of
LCN2, we firstly examined the role of LCN2 in cardiac
lipotoxicity. As expected, LCN2 knockdown inhibited,
whereas LCN2 overexpression aggravated the palmitic
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acid-induced apoptosis in H9C2 cells, as indicated by
increased cleaved Caspase 3 levels (Fig. 4] and L; Fig.
S4A, 4C) and Tunel signals (Fig. 4K and M; Fig. S4B, 4D).
Importantly, LCN2 knockdown eliminated the BDH1
knockdown-induced increase of apoptosis and inflam-
mation with reduced cleaved Caspase 3 (Fig. 4N; Fig.
S4F), Tunel signals (Fig. 40) and mRNA levels of IL-1p,
IL-6 and TNFa (Fig. 4P), in the cultured H9C2 cells. In
contrast, LCN2 overexpression abrogated the BDHI1
overexpression-induced inhibition of apoptosis and
inflammation with increased cleaved Caspase 3 (Fig. 4Q;
Fig. S4E), Tunel signals (Fig. 4R) and mRNA levels of
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IL-1f and IL-6 (Fig. 4S), indicating that LCN2 functions
as a downstream target in the protective effect of BDH1
on lipotoxicity.

To further confirm the role of LCN2 in BDH1-mediated
cardioprotective effect in vivo, we co-expressed BDH1
and LCN2 by injecting AAV9-Bdh1 together with AAV9-
Lcn2 in db/db mice (Fig. 5A, B; Fig. S5A). Consistent with
that shown previously, there was no significant change in
systolic function as indicated by EF and FS values among
the four experimental groups (Fig. 5C). Of note, AAV9-
Bdhl injection alone attenuated the impaired diastolic
function as indicated by E/A ratio in AAV9-Con-injected
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db/db mice, which was abolished by co-injection with
AAV9-Bdhl and AAV9-Lcn2 (Fig. 5D). Further patho-
logical analysis showed that AAV9-Bdh1 injection alone
reversed the diabetes-induced fibrosis, apoptosis and
inflammation in AAV9-Con-injected db/db mice, which
was abrogated by co-injection with AAV9-Bdhl and
AAV9-Lcen2 (Fig. 5E—-G; Fig. S5B). Collectively, these data
suggest that BDH1 overexpression attenuates diabetic
cardiomyopathy via inhibition of LCN2.

BDH1 inhibits LCN2-dependent NF-kB activation

Given that LCN2 has been reported to promote NF-kB
activation through interaction with RPS3 [29] and NF-«kB
activation participates in the development of DbCM [30],
we supposed that LCN2 reduction mediates the protec-
tive effect of BDH1 on DbCM through inhibiting NF-xB
activation. Consistent with the results shown in the pre-
vious study [29], immunoprecipitation revealed an obvi-
ous interaction between LCN2 and NF-«kB in cultured
HO9C2 cells (Fig. 6A). With co-immunoprecipitation,
we observed that palmitic acid treatment enhanced the
interaction between LCN2 and NF-kB, which was abol-
ished by BDH1 overexpression (Fig. 6B). Although LCN2
could interact with NF-«kB, it was reported that LCN2
activates NF-kB by promoting the interaction between
NF-«B and RPS3, an important NF-«B regulator. We thus
assessed this regulation in cultured HOC2 cells. As shown
in Fig. 6C, overexpression of LCN2 remarkably enhanced
the interaction between NF-kB and RPS3, as well as the
phosphorylation of NF-kB by which it can enter into
nucleus to function. In contrast, LCN2 knockdown weak-
ened the interaction between NF-kB and RPS3, as well as
the phosphorylation of NF-kB in the cultured H9C2 cells
(Fig. 6D).

We also performed immunostaining of NF-«xB to
assess its location in BDH1-overexpressed or BDH1 and
LCN2-co-expressed HOC2 cells. Notably, BDH1 overex-
pression reversed the palmitic acid-induced nuclear loca-
tion of NF-«B, which was abolished by BDH1 and LCN2
co-expression (Fig. 6E). In contrast, BDH1 knockdown
promoted the palmitic acid-induced nuclear location
of NF-kB, which was abrogated by LCN2 knockdown
(Fig. 6F). Furthermore, immunostaining of NF-kB for
cardiac sections showed that AAV9-Bdh1 injection alone
reversed the diabetes-induced nuclear location of NF-«B,
which was abolished by AAV9-BdhI injection together
with AAV9-Lcn2 (Fig. 6G). Taken together, these results
suggest that BDHI1 overexpression alleviates DbCM
through suppression of LCN2-dependent NF-«B activa-
tion (Fig. 6H).
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BDH1 down-regulates cardiac BOHB level and represses
LCN2 expression via inhibiting H3K9bhb

We further investigated the molecular mechanism by
which BDH1 represses the LCN2 expression. Given that
BDHI1 catalyzes the transformation between BOHB and
acetoacetic acid (AcAc), which are the precursors of
Kac and Kbhb we supposed that BDH1 might regulate
LCN2 expression through metabolites-mediated epigen-
etic reprogramming. To this end, we firstly examined the
effect of BDH1 on the concentrations of BOHB and AcAc.
In cardiac tissues from db/db mice, the level of OHB
was up-regulated, whereas the level of AcAc was down-
regulated compared to that from db/m mice, which was
consistent with the reduction of BDH1 (Fig. 7A, B). Nota-
bly, AAV9-Bdh1I injection reversed the increase of FOHB
and the decrease of AcAc in the cardiac tissues from db/
db mice injected with AAV9-Con (Fig. 7C, D). How-
ever, BDH1 deficiency exacerbated the diabetes-induced
reduction of AcAc but not further elevated the level of
BOHB as expected (Fig. 7E, F), which might be due to
the general BDH1 knockout-induced blockage of hepatic
synthesis and serious shortage of serum POHB (data not
shown). In line with what we observed in vivo, palmitic
acid treatment led to increased POHB and decreased
AcAc in cultured H9C2 cells (Fig. 7G, H), which was
consistent with the palmitic acid-induced reduction of
BDHI1. Furthermore, BDH1 overexpression reversed the
palmitic acid-induced increase of BOHB and decrease of
AcAc (Fig. 71, J), whereas BDH1 knockdown increased
POHB and decreased AcAc in palmitic acid-treated
HIC2 cells (Fig. 7K, L), indicating that BDH1 controls the
homeostasis of BOHB and AcAc.

We next assessed the effect of BDH1 on H3K9ac and
H3K9bhb, which are epigenetic modifications and
derived from AcAc and POHB. As shown in Fig. 7M,
palmitic acid increased the level of H3K9bhb in cul-
tured H9C2 cells, which was remarkably reversed by
BDH1 overexpression (Fig. S6A). In contrast, the level of
H3K9%ac was obviously reduced in palmitic acid-treated
HIC2 cells, which was reversed by BDH1 overexpression
(Fig. 7N; Fig. S6B). Given that the H3K9bhb was reported
to repress, while the H3K9ac was reported to promote,
the transcription of targeted genes, we concluded that
the reduction of H3K9bhb is responsible for the BDH1
overexpression-induced repression of LCN2. Consistent
with the notion, we observed that BDH1 knockdown
increased the H3K9bhb level in palmitic acid-treated
HI9C2 cells (Fig. 70; Fig. S6C) and AAV9-Bdhl injec-
tion reversed the diabetes-induced increase of H3K9bhb
in cardiac tissues from db/db mice (Fig. 7P; Fig. S6D).
Importantly, we performed chromatin immunoprecipita-
tion combined with real-time PCR (ChIP-PCR) with two
primers targeting Lcn2 promoter region and observed
elevated H3K9bhb in promoter region of Lcn2 in HOC2
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cells transfected with BDH1 siRNA (Fig. 7Q, R). Addi-
tionally, palmitic acid led to increased H3K9bhb level
in Lcn2 promoter region, which was reversed by BDH1
overexpression (Fig. 7S). These results indicate that
BDH1 overexpression down-regulated the BPOHB level
and the POHB dependent H3K9bhb in Lcn2 promoter
region, which ultimately represses the transcription of
Lcn2 (Fig. 7T).

A485 represses LCN2 expression through inhibiting

H3K9bhb and attenuates diabetic cardiomyopathy

To further confirm the regulation of H3K9bhb in LCN2
expression, we next employed A485, a strong inhibitor
of the acetyltransferase P300 which is known to catalyze
lysine B-hydroxybutyrylation, as an inhibitor of H3K9bhb
(Fig. 8A). As a result, A485 treatment reversed the pal-
mitic acid-induced increase in both mRNA and pro-
tein levels of LCN2, as well as the increased H3K9bhb
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Fig. 7 BDH1 represses LCN2 expression via inhibiting H3K9 3-hydroxybutyrylation. A, B ELISA analysis showing the concentrations of BOHB and AcAc in
cardiac tissues from db/m or db/db mice. C-F ELISA analysis showing the concentrations of BOHB and AcAc in cardiac tissues from db/m or db/db mice
injected with AAV9-Con or AAV9-Bdh1 (C, D) and cardiac tissues from db/m; WT, db/m; Bdh1—/—, db/db; WT and db/db; Bdh1—/— mice (E, F). G, H ELISA
analysis showing the concentrations of BOHB and AcAc in Vehicle- or PA-treated H9C2 cells. I-L ELISA analysis showing the concentrations of 3OHB and
AcAc in Vector- or Flag-BDH1-transfected H9C2 cells with or without PA treatment (1, J) and HOC2 cells transfected with siNC or siBdh1 (K, L). M, N West-
ern blot analysis showing the H3K9 B-hydroxybutyrylation (M) and acetylation (N) levels in Vehicle- or PA-treated HIC2 cells transfected with Vector- or
Flag-BDH1. O,P Western blot analysis showing the H3K9 3-hydroxybutyrylation and acetylation levels in PA-treated HIC2 cells transfected with siNC- or
siBdh1 (0) and cardiac tissues from db/m or db/db mice injected with AAV9-Con or AAV9-Bdh1 (P). Q lllustration showing the localization of primers on
the Lcn2 promoter. R, S ChiP assay showing the H3K9bhb enrichment on the Lcn2 promoter in the PA-treated HIC2 cells transfected with siNC or siBdh1
(R) and Vector- or Flag-BDH1-transfected H9C2 cells with or without PA treatment (S). T lllustration showing the BDH1 overexpression-mediated BOHB
reduction and the following decreased H3K9bhb on the Lcn2 promoter. n=6 mice per group in A-C. All results are representative of three independent
experiments. Values are presented as mean +SD. *p < 0.05; **p < 0.01; ***p < 0.001

in H9C2 cells (Fig. 8B-E; Fig. S7A-B). Moreover, ChIP-
PCR showed that A485 treatment abolished the palmitic
acid-induced elevation of H3K9bhb in promoter region
of Len2 (Fig. 8F). Additionally, A485 treatment also acti-
vates NF-«B, the downstream of LCN2, but showed no
change in BDHI1 expression (Fig. S7E-G). We further
assessed the effect of A485 on cardiac function through
oral administration of A485 to db/db mice (Fig. 8G).

Compared to db/m mice treated with Vehicle, db/db
mice treated with Vehicle exhibited no changes in sys-
tolic function indexes such as EF and FS, the same as that
in db/db mice treated with A485 (Fig. 8H, I). In contrast,
db/db mice treated with Vehicle exhibited impaired dia-
stolic function with decreased E/A ratio, which was com-
pletely reversed by A485 treatment (Fig. 8],K). Similar to
those observed in H9C2 cells, administration of A485 to
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Fig. 8 A485 inhibits the H3K9bhb level of Lcn2 promoter and attenuates diabetic cardiomyopathy. A lllustration showing the inhibition of P300-mediated
H3K9bhb by A485. B, C gRT-PCR and western blot analysis showing the mRNA (B) and protein (C) levels of LCN2 in H9C2 cells with Vehicle, PA or PA ac-
companied with A485 treatment. D, E Representative western blots (D) and immunostaining images (E) of H3K9bhb in HIC2 cells with Vehicle, PA or PA
accompanied with A485 treatment. F ChIP analysis showing the H3K9bhb enrichment on the Lcn2 promoter in HIC2 cells with Vehicle, PA or PA accom-
panied with A485 treatment. G Schematic representation of the animal experiment workflow. H, I Representative left ventricular M-mode echocardio-
graphic tracings, percentage of left ventricular ejection fraction (EF) and fractional shortening (FS) in the indicated mice. J, K Representative pulsed-wave
Doppler tracings and ratio between mitral E wave and A wave (E/A) in the indicated mice. L, M gRT-PCR and western blot analysis showing the mRNA
(L) and protein (M) levels of LCN2 in cardiac tissues from db/m or db/db mice with vehicle or A485 treatment. N Representative immunostaining images
of H3K9bhb in cardiac tissues from db/m or db/db mice with vehicle or A485 treatment. O Representative images of H&E, Masson staining, immunohis-
tochemistry staining of inflammatory factors and Tunel assay for heart sections from db/m or db/db mice with vehicle or A485 treatment. Bars: 500 um in
H&E; 100 um in Masson staining, Tunel assay and immunohistochemistry staining. P, Q Quantification of fibrosis by assessing the Masson-positive areas
(P) and apoptosis by counting the Tunel-positive cells (Q). n=6 mice per group. All results are representative of three independent experiments. Values

are presented as mean +SD. *p < 0.05; **p < 0.01; **p < 0.001

db/db mice reversed the increase of mRNA and protein
levels of LCN2 (Fig. 8L, M; Fig. S7C), as well as the eleva-
tion of nuclear H3K9bhb (Fig. 8N). Of note, pathological
analysis showed that administration of A485 reversed the
diabetes-induced fibrosis, apoptosis and inflammation in

db/db mice (Fig. 80, Q; Fig. S7D), which was consistent
with that observed in AAV9-Bdhl injected db/db mice
(Fig. 3E). Collectively, these data indicate that BDH1 alle-
viates DbCM through H3K9bhb-mediated LCN2 tran-
scriptional repression.
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Discussion

Elevation of ketone bodies, such as ketogenic diet, has
been widely reported to ameliorate diabetic complica-
tions including DbCM [15, 17]. However, the underlying
molecular mechanisms, especially the role of enzymes
which mediate the ketone metabolism, in the pathogen-
esis of DbCM are poorly understood. In this study, we
found that BDH1 expression was diminished in cardiac
tissues in vivo and palmitic acid-treated H9C2 cells in
vitro. BDH1 gain- or loss-of-function studies showed that
BDH1 alleviated diabetes-induced cardiac dysfunction,
inflammation, apoptosis and fibrosis by inhibiting LCN2/
NF-«B signaling through ketone metabolic reprogram-
ming-mediated B-hydroxybutyrylation of H3K9 (Fig. 9).
Thus, our study identifies the BDH1-LCN?2 axis as a novel
targeted signaling in treatment of DbCM.

nhancing the interaction between NF-kB and RPS3, which finally activates
created with biorender.com

BDH1-LCN2 axis acts as a novel molecular mechanism in
pathogenesis of DbCM

As a rate-limiting enzyme of ketone metabolism [19],
BDHLI is reported to be beneficial in various disease. For
example, our previous study demonstrated that BDH1
overexpression ameliorates hepatic inflammation, fibro-
sis and apoptosis via inhibition of oxidative stress in
MAFLD mouse model [21]. Besides, cardiac-specific
overexpression of BDH1 also mitigates the TAC-induced
heart failure through inhibition of oxidative stress [20].
However, the exact roles of BDHI-mediated ketone
metabolic reprogramming in diabetic cardiomyopathy
are still unknown. Here we identified that BDH1 was
remarkably reduced in cardiac tissues of diabetic patients
or mouse models (Fig. 1). BDH1 restoration significantly
protected against the pathogenesis of DbCM and palmitic
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acid-induced lipotoxicity of HIC2 cells (Fig. 3). Interest-
ingly, unlike the previous study in which the BDH1 over-
expression functions via repression of oxidative stress,
we demonstrated that BDH1 protected against DbCM
through negatively regulating LCN2 expression (Figs. 4,
5). LCN2, as an important regulator of inflammation,
has been reported to be harmful to metabolic diseases.
In diabetic retinopathy, epigenetic silence of Lcn2 gene
by Kdmé6a deficiency in macrophages reduces the pho-
toreceptor dysfunction [31]. Chronic infusion of recom-
binant LCN2 exacerbated diet-induced liver injury and
inflammation [32]. Consistently, we observed that LCN2
was prominently increased in diabetic hearts and LCN2
overexpression exacerbated the palmitic acid-induced
apoptosis and inflammation in H9C2 cells (Fig. 4). Nota-
bly, in this study we identified BDH1 as a new upstream
regulator of LCN2 in diabetic hearts. BDH1 knockdown
increased, whereas BDH1 overexpression decreased the
enrichment of H3K9bhb in the promoter of Lcn2 (Fig. 7),
which was consistent with the changes of mRNA levels
(Fig. 4). In a word, we identified BDH1-LCN2 axis as a
novel molecular mechanism by which the hyperlipidemia
induces cardiomyopathy in T2DM.

BDH1 acts as an epigenetic regulator via metabolic
reprogramming

Other than substrates of BDH1, both BOHB and AcAc
are also sources of acylation precursors. POHB could
be converted into POHB-CoA by acetyl CoA synthetase
ACSS2 and further acts as substrate of acetyltransferase
P300-mediated p-Hydroxybutylation [22]. Acetyl CoA,
generated by the metabolism of AcAc, could not only
enter the TCA cycle directly, but also undergo histone
acetylation under the catalysis of histone acetyltrans-
ferases (HATs) [33]. Thus, BDHI1-mediated homeo-
stasis of POHB and AcAc is important for regulation
of acylation, including histone-related acetylation and
B-hydroxybutylation. In this study, we observed reduc-
tion of BDH1 concurrently with increased myocardial
BOHB and decreased AcAc as well as the correspond-
ing H3K9bhb and H3K9%ac in diabetic condition, which
was reversed by BDHI1 restoration (Fig. 7), indicating
that BDH1 acts as an epigenetic regulator via metabolic
reprogramming in DbCM. Notably, as BDHL1 is not the
only enzyme of ketone metabolism, levels of BOHB and
B-hydroxybutylation are also regulated by other lim-
iting enzymes of ketogenesis. In the neonatal heart,
3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS?2)
is transiently induced by colostrum and promotes BOHB
production, which is essential for f-hydroxybutyrylation-
mediated mitochondrial maturation [34]. Besides, unlike
the BDH1-mediated ketolysis in our study, BDH1 pro-
motes the ketogenesis-generated p-OHB following ele-
vated [B-hydroxybutyrylation in CD8+ T-cell memory
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development [35], which is due to the bi-directional roles
of BDHI in transformation between POHB and AcAc.
Whereas in hepatocellular carcinoma cells and cardiac
tissue from a HFpEF mouse model, BDH1 reduction
and increased B-OHB or [B-hydroxybutyrylation were
observed [25, 36], which is consistent with our results.
As B-OHB could also function as inhibitor of histone
deacetylases (HDACs) or directly binds to cell surface
G-protein-coupled receptors (GPCRs) such as hydroxy-
carboxylic acid receptor 2 (HCAR?2) and free fatty acid
receptor 3 (FFAR3) [37], whether BDH1-induced reduc-
tion of myocardial POHB participates in pathogenesis of
DbCM through these pathways needs further investiga-
tion. Anyway, our study revealed that BDH1-mediated
ketone metabolic reprogramming ameliorates DbCM via
epigenetic regulation.

Cardiac BDH1 restoration is a promising therapy for DbCM
due to effective utilization of excessive ketone bodies

As a diet characterized by high fat, moderate protein
and low carb, ketogenic diet (KD) was employed by
doctors as a treatment for epilepsy as early as the1920s
[38]. Thereafter, KD has also been demonstrated to
ameliorate diabetes no matter in animal model [39] or
patients with T2DM [40], including diabetic complica-
tions such as diabetic nephropathy (DN) [41], cardiomy-
opathy (DbCM) [42] and retinopathy (DR) [43]. KD, as
well as the oral administration of BOHB, could steadily
increase the blood concentrations of ketone bodies
(principally BOHB) in diabetic mouse model, suggesting
that the increased blood POHB is beneficial for revers-
ing of diabetes-induced injury. Whereas in our study,
the increased myocardial POHB led to cell injury via
increased H3K9bhb of Lcn2, suggesting that the accumu-
lated POHB in extrahepatic tissues such as heart is not
always beneficial. Notably, given that the blood fOHB in
diabetic condition is already at a high level, it is reason-
able to suppose that promoting the POHB utilization,
but not KD or exogenous ketone supplementation, might
also be an effective way in treatment of diabetic compli-
cations. In our study, we observed accumulated POHB in
myocardial cells of db/db mice and palmitic acid-treated
HI9C2 cells (Fig. 7) which suggests that the cellular
BOHB is sufficient but the BOHB metabolism is deficient
because of BDHI reduction. In view of this, our study
provides cardiac BDH1 restoration as a promising ther-
apy for DbCM due to exactly targeting the POHB metab-
olism deficiency, which effectively helps cardiomyocytes
utilize the excessive BOHB under diabetic condition.

Highlights and limitations

Although several studies were performed to determine
the role of BDH1-mediated ketone metabolism in dis-
eases related to heart, kidney or liver, there are several
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key points in our study which we think are distinguished
from other studies: (1) BDH1 overexpression ameliorates
DbCM and palmitic acid-induced lipotoxicity through
LCN2/NF-«B signaling pathway. (2) Unlike the always
beneficial role of BOHB, here the cardiac BOHB accu-
mulation induced by BDH1 deficiency promoted DbCM
by activation of LCN2-mediated inflammatory pathway
through H3K9bhb-mediated epigenetic regulation. (3)
Cardiac BDH1 restoration or A485-mediated H3K9bhb
inhibition effectively alleviates DbCM. However, this
study also has limitations. For example, the global
knockout of BDH1 would result in hepatic ketone meta-
bolic reprogramming and influence the cardiac levels of
BOHB. Moreover, AAV9-mediated BDH1 expression is
not limited to cardiac cells but also other cells, especially
the hepatic cells which could also induce hepatic ketone
metabolic reprogramming and the serum level of OHB.
These would be addressed well if the cardiac-specific
deletion or overexpression of BDH1 mouse lines are used
in the future study. In addition, the human samples used
in this study were collected postmortem rather than from
living subjects. This limits their suitability for biochemi-
cal assays such as immunohistochemistry, as the results
are typically compared to reference intervals established
using samples from living individuals. Notably, we col-
lected the original data from studies which performed
single cell sequencing [44, 45] or RNA sequencing [46]
with heart samples of normal and diabetic patients with
heart failure (HF) or HFrEF and found that BDH1 expres-
sion was significantly decreased in the cardiomyocytes
from diabetes with HF and in the left ventricle from
patients with HFrEF (Fig. S8).

Conclusions

In conclusion, here we have revealed a novel molecular
mechanism in which the BDH1-LCN2 axis inhibits the
pathogenesis of DbCM through ketone metabolic repro-
gramming-mediated epigenetic regulation. These find-
ings suggest cardiac BDH1 restoration as a promising
therapy for DbCM.
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BOHB Beta-hydroxybutyrate
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