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Abstract
Aims/hypothesis Microvascular endothelial hyperpermeability, mainly caused by claudin-5 deficiency, is the initial pathological
change that occurs in diabetes-associated cardiovascular disease. The ketone body β-hydroxybutyrate (BHB) exerts unique
beneficial effects on the cardiovascular system, but the involvement of BHB in promoting the generation of claudin-5 to attenuate
cardiac microvascular hyperpermeability in diabetes is poorly understood.
Methods The effects of BHB on cardiac microvascular endothelial hyperpermeability and claudin-5 generation were evaluated
in rats with streptozotocin-induced diabetes and in high glucose (HG)-stimulated human cardiac microvascular endothelial cells
(HCMECs). To explore the underlying mechanisms, we also measured β-catenin nuclear translocation, binding of β-catenin,
histone deacetylase (HDAC)1, HDAC3 and p300 to the Claudin-5 (also known as CLDN5) promoter, interaction between
HDAC3 and β-catenin, and histone acetylation in the Claudin-5 promoter.
Results We found that 10 weeks of BHB treatment promoted claudin-5 generation and antagonised cardiac microvascular
endothelial hyperpermeability in rat models of diabetes. Meanwhile, BHB promoted claudin-5 generation and inhibited
paracellular permeability in HG-stimulated HCMECs. Specifically, BHB (2 mmol/l) inhibited HG-induced HDAC3 from
binding to the Claudin-5 promoter, although nuclear translocation or promoter binding of β-catenin did not change with
BHB treatment. In addition, BHB prevented the binding and co-localisation of HDAC3 to β-catenin in HG-stimulated
HCMECs. Furthermore, using mass spectrometry, acetylated H3K14 (H3K14ac) in the Claudin-5 promoter following
BHB treatment was identified, regardless of whether cells were stimulated by HG or not. Although reduced levels of
acetylated H3K9 in the Claudin-5 promoter were found following HG stimulation, increased H3K14ac was specifically
associated with BHB treatment.
Conclusions/interpretation BHB inhibited HDAC3 and caused acetylation of H3K14 in the Claudin-5 promoter, thereby
promoting claudin-5 generation and antagonising diabetes-associated cardiac microvascular hyperpermeability.
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hyperpermeability
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Abbreviations
BHB β-Hydroxybutyrate
BHB1 Diabetes mellitus+low concentration BHB group
BHB2 Diabetes mellitus+intermediate concentration

BHB group
BHB3 Diabetes mellitus+high concentration BHB

group
ChIP Chromatin immunoprecipitation
Co-IP Co-immunoprecipitation
DM Diabetes mellitus (group)
HCMEC Human cardiac microvascular endothelial cell
HDAC Histone deacetylase
HG High glucose
L-HG High L-glucose
H3K9ac Acetylated H3K9
H3K14ac Acetylated H3K14
LG Low glucose
STZ Streptozotocin
TRITC Tetramethylrhodamine

Introduction

Cardiovascular disease is the principal cause of death and
morbidity among people with diabetes, who have a two- to
fourfold increased cardiovascular risk compared with adults
without diabetes [1]. The cardiac microvasculature refers to

vessels <150 μm in diameter, which provide nutrients and
remove metabolic byproducts within the heart tissue [2].
Endothelial dysfunction is the initial factor and early patho-
logical manifestation leading to diabetic microvascular
diseases, which are believed to play important pathophysio-
logical roles in the development of heart failure [3, 4].

Endothelial tight junctions control paracellular permeabili-
ty, serving as an important barrier to maintain vascular
homeostasis in blood vessels [5]. Disruption of tight junctions
is a hallmark event in endothelial barrier dysfunction, leading
to paracellular hyperpermeability in diabetes [6]. Cardiac
microvascular hyperpermeability leads to leakage of patho-
logical factors that trigger subsequent fibrosis or cardiomyo-
cyte damage [6, 7]. However, the underlying mechanism of
cardiac microvascular hyperpermeability in diabetes has not
been clarified and there is no effective therapy.

Claudin-5 is considered the main component of endothelial
tight junctions, where it plays a crucial role in the control of
endothelial permeability [8]. In diabetes, claudin-5 dysfunc-
tion is a major contributor to microvascular hyperpermeability
[9]. Our previous study showed that claudin-5 expression was
suppressed in high glucose (HG)-stimulated human cardiac
microvascular endothelial cells (HCMECs) [10]. The Wnt/
β-catenin signalling pathway is essential for the maintenance
of endothelial homeostasis [11]. Following the binding ofWnt
ligand to its receptor, β-catenin is translocated to the nucleus
to regulate the transcription of target genes, including
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Claudin-5 (also known asCLDN5) [12]. Additionally, histone
modification, particularly acetylation of lysine residues, acts
as an on/off switch for gene transactivation [13, 14].
Acetyltransferase and histone deacetylases (HDACs) are
‘writers’ and ‘erasers’ of histone acetylation, respectively,
tightly controlling gene transcription. As a key transcriptional
co-activator, acetyltransferase p300 is involved in the
transactivation of pathological genes in cardiovascular
diseases [13]. Relating to acetyltransferase, members of the
HDAC family have different roles, and type 1 HDACs, partic-
ularly HDAC3, are believed to be the main contributors to
cardiovascular disease in diabetes [14, 15]. However, it is
unclear whether changes in β-catenin or its recruitment with
the co-factors HDACs or p300, lead to suppressed claudin-5
transcription and cardiac microvascular hyperpermeability in
diabetes.

In situations of insufficient glucose supply, such as star-
vation, ketone bodies are generated to provide energy [16].
Although a sharp increase in ketone bodies can cause
ketoacidosis in individuals with diabetes, moderate
increases (<10 mmol/l) have been reported to have impor-
tant protective roles [17]. The main component of ketone
bodies, β-hydroxybutyrate (BHB), has been recently
characterised as a biologically active molecule with multi-
ple beneficial roles [18]. Besides supplying energy, BHB
has various cardiovascular protective effects that are espe-
cially strong in endothelial cells [19–21]. We have
published a series of studies in rat models of diabetes,
demonstrating that BHB treatment elevated the expression
of vascular endothelial growth factor to alleviate aortic
endothelial injury, and promoted the generation of matrix
metalloproteinase-2 to antagonise glomerulosclerosis [22,
23]. A broad spectrum of targets has been proposed for the
protective effects of BHB [18]. BHB has been reported to
bind to a membrane receptor, interact with key functional
proteins or inhibit the nucleotide-binding domain leucine-
rich repeat (NLR) and pyrin domain containing receptor 3
(NLRP3) inflammasome [20, 24, 25]. Notably, BHB enters
the nucleus and inhibits type 1 HDACs to elevate histone
acetylation and activate the expression of protective genes
[26]. Although BHB exhibits conspicuous cardiovascular
protective effects, there is no report of the effects of BHB
on β-catenin, and no one has investigated whether it
inhibits HDACs to activate Claudin-5 transcription and
antagonise cardiac microvascular hyperpermeability in
diabetes.

In this study, we aimed to evaluate BHB-induced claudin-5
generation and antagonism of cardiac microvascular
hyperpermeability in rat models of diabetes. We also aimed
to verify the effects of BHB on claudin-5 generation and
paracellular hyperpermeability in HG-stimulated HCMECs.
The mechanism by which BHB promotes claudin-5 genera-
tion was explored through measurements ofβ-catenin nuclear

translocation, binding of β-catenin, HDAC1, HDAC3 and
p300 to the Claudin-5 promoter, interaction between β-
catenin and HDAC3, and histone acetylation in the Claudin-
5 promoter in HG-stimulated HCMECs.

Methods

Animal experiments Animal care and use were performed in
accordance with the procedures outlined in the National
Institutes of Health Guidelines and the experimental protocol
was approved by the Institutional Ethics Committee of Hebei
Medical University (Hebei, People’s Republic of China).
Seventy healthy male Sprague Dawley rats (210.38 ±
26.25 g; 6 weeks old) and their standard chow were provided
by the Department of Experimental Animals of HebeiMedical
University. Rats were maintained in a controlled environment
(12 h dark–light cycles; 22–24°C; humidity 50–60%) with
free access to water and chow. Rats were randomly divided
into five groups: diabetes mellitus (‘DM’; n = 15); DM+low
concentration BHB (‘BHB1’; n = 15); DM+intermediate
concentration BHB (‘BHB2’; n = 15); DM+high concentra-
tion BHB (‘BHB3’; n = 15); and control (‘Con’; n = 10). The
former four DM groups were injected intraperitoneally with
streptozotocin (STZ; 40 mg/kg, dissolved in freshly made
0.1 mol/l citrate buffer, pH 4.4, 10 mg/ml) to induce diabetes,
as previously reported [27]. Rats in the BHB1, BHB2 and
BHB3 groups were injected subcutaneously with
160 mg kg − 1 d a y − 1 , 2 00 mg kg − 1 d a y − 1 a n d
240 mg kg−1 day−1 BHB (Sigma, Steinheim, Germany),
respectively [22, 23]; rats in the DM and Con groups were
administered an equivalent volume of saline (154 mmol/l
NaCl). Fasting blood glucose and body weight were measured
at 3 days and 10 weeks after diabetes induction. At the end of
the experiment, FITC-labelled dextran was used to measure
cardiac and mesenteric microvascular endothelial permeabili-
ty in vivo. After the rats were killed, a segment of heart tissue
was collected for H&E staining and claudin-5 immunofluo-
rescence staining, and another segment was used for the detec-
tion of claudin-5 mRNA expression and protein content.

Microvascular permeability FITC-dextran (70 kDa; Sigma-
Aldrich, Munich, Germany) was used in the measurement of
cardiac microvascular permeability in vivo [28]. Rats were
anaesthetised and treated with FITC-dextran (20 mg in 1 ml
saline) through caudal vein injection. Thirty min after injec-
tion, the animals were killed and heart tissue was taken out
and frozen immediately. After being cut, frozen sections were
observed and imaged using a fluorescence microscope (IX51;
Olympus, Tokyo, Japan). In addition, when the rats were
killed, mesentery was taken out immediately for the observa-
tion of mesenteric microvessels using a fluorescence
microscope.
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Cells and treatments HCMECs without mycoplasma contami-
nation were purchased from ScienCell and cultured in
Endothelial Cell Medium (ScienCell, Carlsbad, USA) with
5 mmol/l glucose and 10% (vol./vol.) fetal bovine serum.
After the cells were treated with 20 mmol/l, 25 mmol/l,
30 mmol/l and 35 mmol/l HG for 24 h, Claudin-5 mRNA
expression and paracellular permeability were measured to veri-
fy the optimal HG concentration for claudin-5 suppression and
paracellular hyperpermeability. Subsequently, the cells were
divided into low glucose (LG, 5 mmol/l), high L-glucose (L-
HG; 25 mmol/l), HG (25 mmol/l) and HG+BHB (1 mmol/l,
2 mmol/l, 4 mmol/l) groups. mRNA expression and protein
content of claudin-5, as well as paracellular permeability, were
measured following 24 h treatment. In addition, the cellular
distribution of claudin-5 was detected following 2 mmol/l
BHB treatment. Furthermore, the content and nuclear transloca-
tion of β-catenin, and the binding of β-catenin, HDAC1,
HDAC3 and p300 to the Claudin-5 promoter were measured.
The binding and co-localisation of HDAC3 and β-catenin were
detected; therefore, associated histone acetylations in the
Claudin-5 promoter were analysed.

Paracellular permeability assay HCMECs were cultured on
transwell inserts (Fisher Scientific, Corning, NY, USA) until
confluent. Then 70 kDa FITC-dextran (1 mg/ml final concen-
tration) was added to the culture medium in the upper cham-
ber. After 1 h incubation, the concentration of FITC-dextran
transferred to the lower chamber was determined using a
microplate reader (SpectraMax i3; Molecular Devices, San
Jose, CA, USA) with excitation and emission wavelengths
of 490 nm and 530 nm, respectively.

Quantitative RT-PCR mRNA expression of Claudin-5 was
quantified by quantitative RT-PCR. Total RNA was isolated
using Trizol reagent (Takara, Dalian, China) and reverse tran-
scribed into cDNA using the RevertAid First Strand cDNA
Synthesis Kit (Fermentas, Shanghai, China), followed by
quantitative real-time PCR amplification using specific
primers (see electronic supplementary material [ESM]
Table 1). 18S RNA primers were used as an internal standard.

Immunofluorescence Cellular distribution of claudin-5 and
nuclear translocation of β-catenin were detected by immuno-
fluorescence, as previously reported [10]. The primary anti-
bodies used were anti-claudin-5 (1:50 dilution in PBS; cata-
logue no. BS1069; Bioworlde, Nanjing, China), anti-CD31
(1:50 dilution in PBS; catalogue no. GB12063; Servicebio,
Wuhan, China) or anti-β-catenin (1:50 dilution in PBS; cata-
logue no. sc-7963; Santa Cruz, Starr County, TX, USA), and
the corresponding secondary antibodies were FITC- or
tetramethylrhodamine (TRITC)-conjugated (1:20 dilution in
PBS; catalogue no. ZF0312 or ZF0316; Zhongshan, Beijing,
China), with DAPI being used for nucleus staining. Images

were observed under a fluorescence microscope (IX51;
Olympus). To get exact results, controls (PBS instead of the
primary or secondary antibody) were designed to eliminate
background noise.

DNA pull-down Contents of β-catenin, HDAC1, HDAC3,
p300, acetylated H3K9 (H3K9ac) and acetylated H3K14
(H3K14ac) bound to the Claudin-5 promoter were
measured by DNA pull-down assay. Cells were collected
and nuclear proteins were fractionated using a nuclear
extraction kit (BestBio, Shanghai, China). After protein
concentration was determined, we performed a DNA affin-
ity precipitation assay. Oligonucleotides that contained
biotin on the 5′ end of each strand were used. Sequences
of oligonucleotides for the β-catenin binding site and the
mutant binding site are presented in ESM Table 2. Each
pair of oligonucleotides was annealed according to stan-
dard protocols. Nuclear protein extracts (200 μg) were
precleared with ImmunoPure streptavidin-agarose beads
(20 μl/sample; Thermo Fisher Scientific, Waltham, MA,
USA). After centrifugation, the supernatant was incubated
with 4 μg of biotinylated double-stranded oligonucleotides
overnight. Streptavidin-agarose beads (20 μl) were added
and incubated for 4 h, and the protein–DNA–streptavidin–
agarose complex was subjected to western blotting or mass
spectrometry. Mass spectrometry was performed by Jingjie
PTM Biolab (Hangzhou, China).

Chromatin immunoprecipitation The binding of β-catenin to
the Claudin-5 promoter was analysed by chromatin immuno-
precipitation (ChIP), performed as previously described [27].
In brief, anti-β-catenin antibody (4 μg) or control rabbit IgG
(both Santa Cruz) were added to the sonicated lysate, and then
protein G agarose beads (20 μl/sample; Santa Cruz) were used
for immunoprecipitation. Primers for the predicted β-catenin
binding site in the human Claudin-5 promoter (Gene ID:
7122) were as follows: β-catenin–Claudin-5 (forward) 5′-
GCCCTGTCCAATGGAAC-3′, β-catenin–Claudin-5
(reverse) 5′-CATTTCTCGAAAGGTCCAC-3′; with a
235 bp product.

Co-immunoprecipitation Binding of HDAC1, HDAC3 and
p300 to β-catenin was analysed by co-immunoprecipitation
(Co-IP) assay using previously described methods [27]. In
brief, nuclear extracts were re-suspended in ice-cold
immunoprecipitation buffer, reacted with anti-β-catenin
antibody (2 μg; Santa Cruz) and incubated with protein
G agarose (20 μl/sample; Santa Cruz) overnight. Co-
immunoprecipitated HDAC1, HDAC3 and p300 was
detected by western blotting. Conversely, anti-HDAC3
antibody (2 μg; catalogue no. ab137704; Abcam,
Shanghai, China) was used and co-immunoprecipitated
β-catenin was detected by western blotting. Nuclear
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β-catenin, HDAC1, HDAC3 or p300 was used as the input
and β-actin as a loading control.

Western blotting Protein levels of claudin-5, β-catenin,
HDAC1, HDAC3, p300, H3K9ac and H3K14ac were detect-
ed by western blotting, using a previously described protocol
[10, 27]. The antibodies used were: anti-claudin-5 (1:200 dilu-
tion in PBS; Bioworlde), anti-β-catenin (1:200 dilution in
PBS; Santa Cruz), anti-HDAC1 (1:1000 dilution in PBS; cata-
logue no. ab7028; Abcam), anti-HDAC3 (1:1000 dilution in
PBS; Abcam), anti-p300 (1:500 dilution in PBS; catalogue no.
NB500–161; Novus Biologicals, Littleton, CO, USA), anti-
H3K9ac (1:500 dilution in PBS; catalogue no. 9649S; CST,
Shanghai, China), anti-H3K14ac (1:500 dilution in PBS; cata-
logue no. 7627S; CST), anti-H3 (1:1000 dilution in PBS;
catalogue no. 4499S; CST) and anti-β-actin (1:2000 dilution
in PBS; catalogue no. D110001; Sangon Biotech, Shanghai,
China). Band intensity was quantified by Quantity One v4.6.2
software (Bio-Rad, Shanghai, China) and calculated as
indicated.

Confocal microscopy Co-localisation of HDAC3 and β-
catenin was measured by confocal detection, as previously
described [27]. The primary antibodies used were anti-
HDAC3 (1:50 dilution; Abcam) and anti-β-catenin (1:50 dilu-
tion in PBS; Santa Cruz), and the secondary antibodies used
were FITC- and TRITC-conjugated (1:20 dilution in PBS;
catalogue no. ZF0311 and ZF0313; Zhongshan). Images were
obtained during the same intervals between samples with a
laser confocal scanning microscope (Olympus). To get exact
results, controls (PBS instead of the first antibody or the
second antibody) were designed to eliminate background
noise.

Statistical analysis Data are presented as means±SD from
distinct samples. One-way ANOVA was used to analyse
differences among groups, and differences between two
groups were evaluated using the least significant difference
test (two-tailed). Values of p < 0.05 were considered statisti-
cally significant. Experiments were not randomised or
blinded. Rats of accidental death or outrageous deviation were

Fig. 1 BHB attenuated cardiac microvascular hyperpermeability in the
diabetic rats. Changes in blood glucose (a) and body weight (b) in rats
treated for 3 days or 10 weeks with STZ alone (DM), or STZ plus
160 mg kg−1 day−1 BHB (BHB1), 200 mg kg−1 day−1 BHB (BHB2) or
240 mg kg−1 day−1 BHB (BHB3) (n = 9). Data are means±SD. (c) H&E
staining showed cardiac microvascular endothelial injury. (d) To assess

cardiac microvascular permeability after 10 weeks of BHB treatment, the
fluorescence of heart sections following injection of rats with FITC-
dextran for 30 min was analysed. Scale bars, 50 μm. Images are repre-
sentative of ten visual fields per group. **p < 0.01 vs DM, one-way
ANOVA and least significant difference test
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excluded for the data statistics of blood glucose and body
weight.

Results

BHB antagonised cardiac microvascular hyperpermeability
and promoted claudin-5 generation in diabetic rats First we
measured the effects of BHB on blood glucose and body
weight in diabetic rats. Compared with the Con group, blood
glucose was significantly higher throughout the experiment in
the DM group, which was not reduced by BHB treatment
(Fig. 1a). A decrease in body weight was observed in the
DM group at 10 weeks vs Con, which was not reversed by
BHB treatment (Fig. 1b). Typical cardiac microvascular endo-
thelial changes were evaluated by H&E staining (Fig. 1c).
Intact endothelium was observed in the Con group, while
the endothelium was deteriorating with disordered arrange-
ment of myocardial fibres in the DM group. However, the

endothelium exhibited partial deterioration with regularly
arranged myocardial fibres in the BHB2 and BHB3 groups.

FITC-dextran was used to measure cardiac microvascular
permeability (Fig. 1d). Although not observed in the Con
group, FITC fluorescence was distinctive in the DM group,
reflecting microvascular hyperpermeability. The fluorescence
was dramatically diminished in the BHB groups, particularly
the BHB2 group. In addition, FITC fluorescence inmesenteric
microvessels provided consistent directly feasible results of
microvascular permeability, which showed bright FITC fluo-
rescence in the DM group and obviously weakening of the
signal in the BHB groups, especially the BHB2 group (ESM
Fig. 1).

These results indicated that BHB could antagonise cardiac
microvascular endothelial injury and hyperpermeability in the
diabetic rats, without affecting blood glucose.

Next, we evaluated mRNA expression and protein content
of claudin-5 (Fig. 2a, b). Compared with the Con group,
claudin-5 mRNA expression and protein content were consid-
erably decreased in the DM group, but were significantly

Fig. 2 BHB elevated claudin-5
generation in the cardiac
microvasculature in diabetic rats.
(a, b) Claudin-5 mRNA
expression (a; n = 6) and
claudin-5 protein content
(b; n = 3) in rats treated with STZ
alone (DM), or STZ plus different
concentrations of BHB
(160 mg kg−1 day−1 BHB
[BHB1], 200 mg kg−1 day−1 BHB
[BHB2] or 240 mg kg−1 day−1

BHB [BHB3]) for 10 weeks.
Data are means±SD.
(c) Immunofluorescence of
claudin-5 (red) and the
endothelial marker CD31 (green)
showing the typical
microvascular claudin-5
distribution following BHB2
treatment. Scale bars, 20 μm.
Images are representative of ten
visual fields per group. *p < 0.05
vs Con; †p < 0.05 vs DM;
analysed by one-way ANOVA
and least significant difference
test
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elevated in the BHB2 group vs DM. Therefore, cardiac micro-
vascular distribution of claudin-5 was illustrated for BHB2
treatment (Fig. 2c). Immunofluorescence of claudin-5 in the
cardiac microvasculature was obviously weakened in the DM
group, and was conspicuously reversed in the BHB2 group,
consistent with the changes in claudin-5 expression. These
results demonstrated that BHB could antagonise cardiac
microvascular hyperpermeability and promote claudin-5
generation in diabetic rats.

BHB promoted claudin-5 generation and attenuated
paracellular hyperpermeability in HG-stimulated HCMECs
The mRNA expression of Claudin-5 and paracellular perme-
ability were measured to confirm the optimal concentration of

HG stimulation for HCMECs (ESM Fig. 2). Compared with
the normal glucose (5 mmol/l) group, Claudin-5 mRNA
expression decreased and paracellular permeability increased
significantly with HG stimulation at 25 mmol/l, 30 mmol/l
and 35 mmol/l. The results showed that 25 mmol/l HG was
sufficient to suppress Claudin-5 expression and cause
paracellular hyperpermeability of HCMECs.

The effects of BHB on claudin-5 generation were exam-
ined in HG-stimulated HCMECs. Compared with the LG
group, claudin-5 mRNA expression and protein content
decreased notably in the HG group, but the decrease was
non-significant in the L-HG group (Fig. 3a, b). However, the
HG-induced suppression of claudin-5 was reversed with BHB
treatment in a concentration-dependent manner, with a

Fig. 3 BHB promoted claudin-5 generation and attenuated paracellular
hyperpermeability in HG-stimulated HCMECs. (a, b) Claudin-5 mRNA
expression (a; n = 4) and claudin-5 protein content (b; n = 3) in HCMECs
treated with HG or different concentrat ions of BHB. (c )
Immunofluorescence showing the typical cellular distribution and content
of claudin-5 (red) following LG treatment or HG treatment with or

without 2 mmol/l BHB. Scale bars, 20 μm. Images are representative of
ten visual fields per group. (d) FITC-dextran was used to measure
paracellular (endothelial) permeability in HCMECs (n = 3). Data are
means±SD. *p < 0.05 vs LG; †p < 0.05 vs HG group; analysed by one-
way ANOVA and least significant difference test
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significant increase in the 2 mmol/l and 4 mmol/l BHB groups
vs HG. Additionally, the immunofluorescence distribution of
cellular claudin-5 was distinctly weakened under HG stimu-
lation, but noticeably re-appeared with 2 mmol/l BHB treat-
ment (Fig. 3c).

FITC-dextran was used to measure the paracellular perme-
ability of HCMECs. Compared with the LG group,
paracellular permeability increased conspicuously in the HG
group. However, this was significantly reduced with the addi-
tion of 2 mmol/l and 4 mmol/l BHB to HG treatment, as
compared with the HG group (Fig. 3d). These data manifested
that BHB could promote claudin-5 generation and attenuate
paracellular hyperpermeability in HG-stimulated HCMECs in
a concentration-dependent manner.

BHB prevented HDAC3 from binding to the Claudin-5
promoter in HG-stimulated HCMECs The contents and nuclear
translocation of β-catenin, the transcriptional regulator of
Claudin-5 expression, were examined. Treatment with HG
with or without BHB did not lead to significant changes in
either the total or nuclear content of β-catenin in HCMECs
(Fig. 4a, b). The results were corroborated by immunofluores-
cence of β-catenin under treatment with HG with or without
2 mmol/l BHB (Fig. 4c). The predicted β-catenin binding site
in the Claudin-5 promoter is illustrated in Fig. 5a. We
performed a DNA pull-down assay to analyse the content of
β-catenin bound to the Claudin-5 promoter (Fig. 5b). No
significant differences were found among the treatment
groups for the calculated ratio of pull-down β-catenin to its
input. The ChIP assay results confirmed that the level of

Claudin-5 promoter bound by β-catenin was similar between
the treatment groups (Fig. 5c).

We also examined the content of Claudin-5 promoter-
bound HDAC1, HDAC3 and p300 by DNA pull-down assay
(Fig. 5d), and the ratios of pull-down HDAC1, HDAC3 and
p300 to their inputs were calculated to show relative
promoter-bound protein content (Fig. 5e). Compared with
the LG group, bound HDAC3 was decreased in the BHB
group but increased in the HG group. Furthermore, BHB treat-
ment significantly reduced the HG-induced increase in bound
HDAC3, but had no significant effect on bound HDAC1 or
p300. These results showed that BHB prevented HDAC3
from binding to the Claudin-5 promoter in HG-stimulated
HCMECs, without affecting β-catenin indicators.

BHB inhibited the interaction between HDAC3 and β-catenin
in HG-stimulated HCMECs Next we evaluated the binding of
HDAC1, HDAC3 and p300 to β-catenin using Co-IP. For β-
catenin immunoprecipitation, the contents of co-
immunoprecipitated HDAC1, HDAC3 and p300 were detect-
ed (Fig. 6a). The ratios of co-immunoprecipitated HDAC1,
HDAC3 and p300 to their respective input values were calcu-
lated to show the relative bound content (Fig. 6b). Compared
with the LG group, only HDAC3 content increased signifi-
cantly in the HG group, but this increase was significantly
reduced by BHB treatment. In parallel, for HDAC3 immuno-
precipitation, the content of co-immunoprecipitated β-catenin
was detected and calculated (Fig. 6c, d). Compared with the
LG group, β-catenin content increased noticeably in the HG
group, but was significantly decreased in the HG+BHB group.

Fig. 4 BHB had little effect on the nuclear translocation of β-catenin. (a,
b) The nuclear and total content of β-catenin was measured (a) and the
ratio of nuclear:total β-catenin was calculated to reflect its nuclear trans-
location (b; n = 3). Data are means±SD; analysed by one-way ANOVA

and least significant difference test. (c) Cellular distribution and content of
β-catenin (green) following LG treatment or HG treatment with or with-
out 2 mmol/l BHB. Scale bars, 20 μm
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The co-localisation of HDAC3 and β-catenin was also
observed by confocal scanning microscopy (Fig. 7).
Although no obvious differences were found among the
groups in the contents of HDAC3 and β-catenin, there was a
distinctive co-localisation of HDAC3 andβ-catenin in the HG
group. However, the HG-stimulated co-localisation of
HDAC3 and β-catenin was overtly inhibited by BHB treat-
ment. These results suggested that BHB inhibited the binding
and co-localisation of HDAC3 and β-catenin in HG-
stimulated HCMECs.

BHB caused specific increases in H3K14ac in the Claudin-5
promoter Since BHB inhibited the binding of HDAC3 to both
the Claudin-5 promoter and β-catenin, we measured histone
acetylation in the promoter-binding site for β-catenin. After

DNA pull-down with the Claudin-5 promoter sequence
containing the β-catenin binding site, histone acetylations
were analysed using mass spectrometry (Fig. 8a). The results
identified specific H3K14ac modification in both the BHB
and HG+BHB groups.

First, we examined the total content of the identified
H3K14ac, as well as general H3K9ac modifications (ESM Fig.
3). Neither H3K14ac norH3K9ac showed significant differences
between the groups. Following this, the contents of H3K14ac
and H3K9ac in theClaudin-5 promoter were measured by DNA
pull-down assay (Fig. 8b). The ratios of pull-down H3K9ac or
H3K14ac to H3 were calculated to show the relative content of
each (Fig. 8c). Although no significant difference was observed
between the LG and HG groups for H3K14ac, its content
increased significantly in the BHB and HG+BHB groups vs

Fig. 5 BHB prevented HDAC3 from binding to the Claudin-5 promoter.
(a) Predicted β-catenin binding site in the Claudin-5 promoter. (b) The
relative content of β-catenin bound to its site in the Claudin-5 promoter
was measured by DNA pull-down assay and quantified (n = 3). (c)
Relative content of Claudin-5 promoter bound by β-catenin, as detected
by ChIP (n = 2). (d) Binding of HDAC1, HDAC3 and p300 to the β-

catenin binding site in the Claudin-5 promoter, as measured by DNA
pull-down assay. (e) Calculated ratios of bound HDAC1, HDAC3 and
p300 to their total content (‘input’) to show relative bound content (n = 3).
Data are means±SD. *p < 0.05 vs LG; †p < 0.05 vs HG; analysed by one-
way ANOVA and least significant difference test
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LG and HG, respectively. In contrast, compared with that in the
LG group, H3K9ac content decreased in the HG group, but was
not significantly affected by BHB treatment.

These results confirmed that BHB treatment caused specif-
ic increases in H3K14ac in the Claudin-5 promoter, activating
claudin-5 transcription.

Discussion

In this study, we found that BHB promoted claudin-5 generation
and antagonised cardiac microvascular hyperpermeability in the
STZ-induced diabetes rat model. In addition, under HG stimula-
tion, BHBwas found to promote claudin-5 generation and atten-
uated paracellular hyperpermeability in HCMECs in a
concentration-dependent manner. Our data also clarified that
HG stimulation provoked HDAC3 and reduced H3K9ac in the
Claudin-5 promoter to suppress claudin-5 expression. In
contrast, BHB treatment inhibited HDAC3 and caused a specific
increase in H3K14ac in theClaudin-5 promoter, thereby activat-
ing claudin-5 generation.

Endothelial dysfunction is the initial pathological factor in
cardiac microvascular diseases, and disruption of tight junc-
tions, a hallmark event of endothelial barrier dysfunction,
leads to cardiac microvascular hyperpermeability in individ-
uals with diabetes [29, 30]. Clinical studies have suggested
that individuals with microvascular complications are at

Fig. 6 BHB inhibited the binding of HDAC3 to β-catenin. (a)
Measurement of HDAC1, HDAC3 and p300 content after β-catenin
immunoprecipitation (IP). (b) Calculated ratios of immunoprecipitated
HDAC1, HDAC3 and p300 to their total content (‘input’) (n = 3). (c)

Measurement of β-catenin after HDAC3 IP. (d) Calculated ratio of
immunoprecipitated β-catenin to total content (‘input’) (n = 3). Data are
means±SD. *p < 0.05 vs LG; †p < 0.05 vs HG; analysed by one-way
ANOVA and least significant difference test

Fig. 7 BHB inhibited the co-localisation of β-catenin and HDAC3.
Confocal scanning microscopy showing the co-localisation (yellow) of
β-catenin (red) and HDAC3 (green) following LG treatment or HG treat-
ment with or without 2 mmol/l BHB. Scale bars, 10 μm
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increased risk of dilated cardiomyopathy, indicating the
importance of endothelial hyperpermeability in the pathogen-
esis of cardiomyopathy [31]. We also observed both mesen-
teric and cardiac microvascular hyperpermeability, with disor-
derly arrangement of myocardial fibres being observed in the
diabetic rats. Several studies have emphasised the importance
of claudin-5 in brain microvascular hyperpermeability, includ-
ing in diabetic conditions [8, 32]. In addition, in individuals
with diabetic macular oedema, inflammation-induced claudin-
5 redistribution leads to blood–retinal barrier disruption [9].
Our results confirmed the presence of claudin-5 insufficiency
and endothelial hyperpermeability in the cardiac microvascu-
lature under diabetic conditions. However, indicators for β-
catenin, the transcriptional regulator of claudin-5, showed
minimal changes under HG stimulation in this study.

The acetyltransferase p300 and HDACs are positive and
negative controllers of histone acetylation, respectively,
comprising an on/off switch for gene transactivation
[13–15]. p300 may participate in the transactivation of patho-
logical genes in diabetes, and p300 inhibitors have been
reported to reverse hypertension-induced cardiac hypertrophy
and fibrosis [13, 27]. HDACs play pathogenic and protective
roles depending on the disease, and HDAC3 inhibition may
have therapeutic potential for cardiovascular diseases [33].
Our results showed that HDAC3 binding to both the

Claudin-5 promoter and β-catenin increased significantly
under HG stimulation. Additionally, the critical histone acti-
vation marker H3K9ac, which is a deacetylation target of
HDAC3 [34], was found to be decreased in the Claudin-5
promoter under HG stimulation, consistent with our previous
study [10]. Therefore, HG conditions may provoke HDAC3
to reduce the amount of H3K9ac bound to the Claudin-5
promoter, suppressing its transcription. However, an effective
therapy for claudin-5 insufficiency and cardiac microvascular
hyperpermeability in individuals with diabetes is lacking.

Recently, BHBwas found to have unique protective effects
on the cardiovascular system [35, 36]. The injured heart relies
more heavily on ketone bodies as an energy source [19, 37].
BHB, which can be produced via the practice of intermittent
fasting or administrated directly, is believed to improve
cardiovascular function and extend healthspan [16, 38–40].
Besides being an energy source, BHB prevents endothelial
cell senescence [20, 21]. Even in diabetes, the administration
of BHB is reported to alleviate retinopathy and nephropathy
[41, 42]. Based on our serial investigations [22, 23], this study
found that BHB could promote claudin-5 generation and
antagonise diabetes-associated cardiac microvascular
hyperpermeability in vivo and in vitro. Clinical studies have
proved that oral administration of BHB has beneficial effects
for participants, indicating its potential clinical application

Fig. 8 BHB caused specific H3K14ac modification in the Claudin-5
promoter. (a) Following DNA pull-down assay with the Claudin-5
promoter sequence containing β-catenin binding site, mass spectrometry
analysis of histone acetylation identified specific presence of H3K14ac
with BHB treatment (n = 2). (b) Verification of the presence of H3K9ac

and H3K14ac in the Claudin-5 promoter. (c) Calculated ratios of bound
H3K9ac and H3K14ac to H3 to show their relative content (n = 3). Data
are means±SD. *p < 0.05 vs LG; †p < 0.05 vs HG; analysed by one-way
ANOVA and least significant difference test
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[43–45]. Usually, a 2 mmol/l threshold concentration of BHB
is required for its effective treatment [17], which was also
confirmed by our data. The results from this study may
provide important evidence for extended applications of
BHB. Although BHB is reportedly helpful for glucose
control in individuals with obesity [45], our data showed
no effect of BHB on blood glucose in diabetic rats, which
may be attributed to our use of the STZ-induced type 1
diabetes model. Therefore, the potential effects of BHB
on blood glucose should be further investigated in type 2
diabetes models.

Several mechanisms have been proposed for the protective
effects of BHB [18, 20, 24, 25]. It is reported that BHB could
modulate functions of transcriptional factors to exert anti-
inflammatory actions [46]. In this study, however, BHB did
not exhibit any effect on β-catenin indicators. Notably, BHB
has been reported to be an inhibitor of HDACs, to activate
gene transcription and play protective roles [47, 48]. We
found that BHB inhibited HG-induced HDAC3 from binding
to the Claudin-5 promoter and β-catenin. HDAC3 inhibition
has been shown to prevent blood–brain barrier permeability
through activation of nuclear factor erythroid 2–related factor
2 (Nrf2) in male type 2 diabetes mouse models [49]. Our
results manifested that BHB inhibited the activity of the key
controller, HDAC3, to promote claudin-5 generation in HG-
stimulated HCMECs.

Using mass spectrometry analysis of histone acetyla-
tion, we identified specific presence of H3K14ac in the
Claudin-5 promoter under treatment with BHB. The
changes in H3K9ac and H3K14ac, which are the most
significant sites for acetylation, vary under different condi-
tions [50]. In this study, HG provoked HDAC3 and
reduced H3K9ac in the Claudin-5 promoter, suppressing
claudin-5 expression. However, BHB markedly inhibited
HDAC3, causing a specific increase in H3K14ac in the
Claudin-5 promoter, regardless of the presence of HG.
These results hinted at a general mechanism of BHB

inhibition of HDAC3 to promote claudin-5-mediated atten-
uation of endothelial hyperpermeability, contributing to
our understanding of the cardiovascular protective effects
of BHB. However, the underlying mechanism for the regu-
lat ion of H3K9ac and H3K14ac requires further
clarification.

In conclusion, these data demonstrated that HG stimulation
provoked the binding of HDAC3 to the Claudin-5 promoter
and β-catenin to reduce H3K9ac levels, suppressing Claudin-
5 transcription and triggering cardiac microvascular
hyperpermeability; BHB treatment inhibited HDAC3 and
caused a specific increase in H3K14ac levels in the Claudin-5
promoter, to ‘turn on’ claudin-5 generation and attenuate diabet-
ic cardiac microvascular hyperpermeability (Fig. 9). These data
may provide important evidence for the cardiovascular protec-
tive effects of BHB, facilitating its clinical application.
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Fig. 9 BHB inhibited HDAC3 and caused specific increases in H3K14ac
to activate claudin-5 generation and attenuate diabetes-associated cardiac
endothelial hyperpermeability. Under HG stimulation, β-catenin recruit-
ed HDAC3 to the Claudin-5 promoter to reduce H3K9ac levels, thereby
suppressing claudin-5 expression and causing cardiac microvascular

hyperpermeability. BHB treatment inhibited HDAC3 and caused specific
increases in H3K14ac in the Claudin-5 promoter, which promoted
claudin-5 generation and attenuated diabetic cardiac endothelial
hyperpermeability
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