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Background: This study was designed to investigate the cardioprotective role of B-
hydroxybutyrate (BHB) in heart failure with preserved ejection fraction (HFpEF) and the
underlying mechanism.

Methods: A two-hit model with a high-fat diet (HFD) and N®-nitrol-arginine methyl ester
(L-NAME) was used as an HFpEF model. The treatment group received a weekly intraper-
itoneal injection of B-hydroxybutyrate (BHB). Cardiac function, inflammation, and fibrosis
were evaluated. CD3"CD4 Foxp3" positive cells within the myocardium were quantified by
flow cytometry. The NADPH oxidase 2 (NOX2)/glycogen synthase kinase-3f (GSK3p)
pathway was examined by immunoblot analysis.

Results: BHB improved diastolic function, fibrosis and cardiac remodeling in HFpEF.
Additionally, BHB inhibited cardiac inflammation and increased cardiac Treg cells, which
could be due to the downregulation of the NOX2/GSK-3f3 pathway.

Conclusion: BHB protected against the progression of HFpEF by increasing cardiac Treg
cells by modulating the NOX2/GSK-3 pathway.
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Introduction
Heart failure (HF) is a leading cause of morbidity and mortality worldwide. The
prevalence of heart failure with preserved ejection fraction (HFpEF) is approxi-
mately 2%, but its prevalence is over 50% in HF. HFpEF may become the
predominant form of HF in the future owing to the aging population.! The early
Framingham Heart Study reported that patients with HFpEF had an annual mortal-
ity rate of 8.7%.> The primary mechanism was systemic abnormalities, such as
metabolic stress, hypertension and aging.’ In addition, some cardiac and noncardiac
factors promoted endothelial dysfunction and exercise intolerance in HEpEF.*
However, effective therapies that are specific for HFpEF are still lacking.’
B-Hydroxybutyrate (BHB) is a type of ketone body that is produced predominantly
in the liver of mammals. In addition to metabolic effects, it is known to play an
immunomodulatory role by ligating hydroxycarboxylic acid receptor2® and inhibiting
inflammasome activation and histone deacetylase expression.” Studies have suggested
that increased myocardial utilization of BHB was observed in advanced HF patients,”®
and increased ketone body oxidation may mitigate HF disease progression.” Deletion

of succinyl-CoA:3-oxoacid coenzyme A transferase, a ketolytic rate-limiting enzyme,
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resulted in the elevation of circulating BHB and protected
against the development of HE.'® It has been hypothesized
that the cardioprotective role of sodium-glucose cotranspor-
ter 2 inhibitors may be attributed to increased circulating
BHB levels.'' BHB has beneficial hemodynamic effects in
HF patients with reduced EF without impairing myocardial
external energy efficiency.'?

It was reported that BHB ameliorated mitochondrial
hyperacetylation and NLR family pyrin domain containing
3 (NLRP3) inflammasome information based on a HFpEF
model."* Using a newly established “two-hit” mouse
model of HFpEF'4 that uses a combination treatment of
HFD+L-NAME for fifteen weeks, we investigated the role
of BHB in the progression of HF and the underlying
mechanisms.

Methods and Materials

Animals

Male C57BL/6N mice (6 to 8 weeks old) were purchased
from the Institute of Model Animals of Nanjing University
(Nanjing, China). Mice were maintained on a 12-h light/
dark cycle and had free access to food. They were ran-
domly divided into three groups: the sham group, HF
group, and BHB group. In the HF group, mice were fed
a high-fat diet (D12494, Research Diet) and were given
drinking water containing N®-nitrol-arginine methyl ester
(L-NAME, 0.5 g/L, Sigma) for 15 weeks.'* In the BHB
group, B-hydroxybutyrate (Sigma, USA) was additionally
administered to mice at a dose of 10 mmol/kg once per
week via intraperitoneal injections. Each group had five
mice, and five mice were used for the following biochem-
ical and histological analyses. All procedures were
approved by the Institutional Animal Care and Use
Committee (JACUC 1803019) of Nanjing Medical
University and were in accordance with the Guide for
the Care and Use of Laboratory Animals (National
Academies Press, 2011).

Echocardiography

After 15 weeks, the cardiac function of all groups was
evaluated  using  transthoracic echocardiography
(VisualSonics Vevo 2100, Japan). Anesthesia was induced
with 5% isoflurane until there was no response to tail
touch. Indices of systolic function were obtained from
short-axis M-mode scans, while indices of diastolic func-
tion were obtained from apical four-chamber views. The

parameters collected included ejection fraction (LVEF),

fractional shortening (FS), peak Doppler blood inflow
velocity across the mitral valve during early diastole (E),
peak Doppler blood inflow velocity across the mitral valve
during late diastole (A), left ventricular internal end-
systolic diameter (LVIDs), and left ventricular internal
end-diastolic diameter (LVIDd). All parameters were mea-
sured at least three times and averaged.

Tail-Cuff Blood Pressure Recordings
Systolic blood pressure was measured noninvasively using
the tail-cuff method (CODA, Kent Scientific). Mice were
placed in individual holders, and measurements were per-
formed under steady-state conditions. Before testing, all
mice were trained to become accustomed to short-term
restraint. Blood pressure was recorded at least 10 times,
and the readings were averaged.

Gravimetric Analysis

Mice were sacrificed by cervical dislocation after anesthe-
sia with tiletamine (0.09 mg/g), zolazepam (0.09 mg/g),
and 0.01% xylazine (0.04 mL/g). The hearts and lungs
were removed from the chest cavity and washed in phos-
phate buffered saline. The hearts and lungs were blotted
with paper and weighed. The lower limbs were dissected,
and the length of the left tibia was measured. The lung was
incubated in a 70 °C oven to dry for 24 hours and
reweighed to calculate the wet-to-dry ratio. Heart weight
and lung weight were indicative of cardiac hypertrophy
and pulmonary congestion, respectively, and served as
preclinical surrogates of HF.

Histology

Hearts were collected and fixed in 4% paraformaldehyde
overnight and processed for routine paraffin histology. The
5-um sections were stained with hematoxylin-eosin and
picrosirius red. Wheat germ agglutinin (WGA) staining
was used to evaluate the cross-sectional area of cardio-
myocytes. To visualize ROS production within the myo-
cardium, fresh hearts were immediately embedded in O.C.
T. compound (Servicebio, Wuhan) and cut into 5 pum
slices. Slices were stained with 5 uM dihydroethidium
(DHE, Beyotime, Nantong) for 1 hour in the dark at
room temperature and then washed 3 times for 1 hour
with Krebs-HEPES buffer. For apoptosis observation,
heart slices were stained using a TUNEL apoptosis assay
kit (Beyotime, Nantong). For immunofluorescence stain-
ing, heart slices were incubated overnight with a CD68
antibody (anti-CD68, Abcam, USA) and subsequently
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fluorescence-labeled with a secondary antibody. Images
were viewed with confocal scanning microscopy (Zeiss,
LSM 800), and the fluorescence intensity was estimated
using ImageJ (NIH, USA).

Flow Cytometry

The excised hearts were dissociated in PBS with a syringe
plunger to obtain a single-cell suspension. Cells were
subsequently stained with CD3-APC and CD4-FITC at 4
°C for 15 minutes and then permeabilized (Transcription
Factor Buffer Set, Thermo Fisher, USA) to stain for
Foxp3-PE (eBiosciences, USA). After washing three
times, the cells were analyzed by flow cytometry (BD
FACSAria, USA). The FACS data were then analyzed
with FlowJo software (Treestar, USA).

Quantitative Real-Time Polymerase Chain
Reaction (qPCR)

Total RNA was extracted from mouse hearts using
RNA:iso plus (TaKaRa; Japan) according to the manufac-
turer’s instructions. A total of 1000 ng RNA was used for
reverse transcription using HiScriptll Q RT SuperMix
(Vazyme; China). qPCR reactions were performed in tri-
plicate with ChamQ SYBR qPCR Master Mix (Vazyme;
China) according to the manufacturer’s protocol. The
results were normalized to GAPDH using the 24" rela-
tive quantification method. The following PCR primer
sequences were used for each gene (forward, reverse
sequences): GAPDH AGGTCGGTGTGAACGGATTTG,
TGTAGACCATGTAGTTGAGGTCA; IL-1b GCAACTG
TTCCTGAACTCAACT, ATCTTTTGGGGTCCGTCAA
CT; IL-6 TAGTCCTTCCTACCCCAATTTCC, TTGGTC
CTTAGCCACTCCTTC; IL-10 GCTCTTACTGACTGGC
ATGAG, CGCAGCTCTAGGAGCATGTG; a-SMA GTC
CCAGACATCAGGGAGTAA, TCGGATACTTCAGCGT
CAGGA; ANP TCGTCTTGGCCTTTTGGCT, TCCAGG
TGGTCTAGCAGGTTCT; BNP AAGTCCTAGCCAGTC
TCCAGA, GAGCTGTCTCTGGGCCATTTC.

Immunoblotting

Total protein was extracted from frozen heart tissues using
RIPA buffer containing proteinase and phosphatase inhi-
bitors (Roche; Germany). Protein lysates were separated
by SDS-PAGE and transferred to PVDF membranes
(Millipore; USA). The membranes were incubated with
the following primary antibodies: GSK-3b, pS9-GSK-3b,
NOX2 and GAPDH (Abcam; USA) overnight at 4 °C and

then incubated with goat anti-rabbit IgG (Abcam; USA).
The Western blot bands were detected using an ECL kit
(Keygene; China). ImageJ (NIH; USA) was used to quan-
tify the specific protein expression levels.

Statistical Analysis

Data are mean + standard deviation. Differences were
analyzed by two-tailed unpaired Student’s ¢-test for experi-
ments with two groups and one-way ANOVA for multiple
comparisons. A value of P < 0.05 was considered statisti-
cally significant. All experiments were performed with
three biological replicates. Statistical analyses were con-
ducted using GraphPad Prism software 8.0.

Results

BHB Alleviated the Diastolic Dysfunction
in HFpEF Mice

At the 15th week of the experimental protocol, transthor-
acic echocardiography was performed to evaluate cardiac
function. Representative echocardiography images indicat-
ing diastolic function are shown in Figure 1A. As
expected, treatment with HFD and L-NAME had no effect
on the ejection fraction (EF, Figure 1B) and fractional
shortening (FS, Figure 1C) but decreased the E/A ratio
(Figure 1D). However, BHB treatment rescued this
decrease in the E/A ratio. In addition, systolic blood pres-
sure was lower in the BHB group than in the HF group
(P<0.01, Figure 1E).

BHB Inhibited Cardiac Remodeling and

Fibrosis

The HFpEF model was successfully established based on
a previous method. Therefore, our study focused on the
therapeutic effect of BHB on HFpEF mice. As shown in
Figure 2A, BHB treatment reduced heart weight/tibia
length (P<0.01) and lung weight wet/dry ratio, even
though the latter was not significantly changed. These
results suggest that BHB alleviated cardiac hypertrophy
and pulmonary congestion. qPCR results also demon-
strated that heart failure-associated mRNAs, including
ANP, BNP (P<0.05) and a-SMA (P<0.05), were down-
regulated by BHB treatment (Figure 2B). In addition,
BHB decreased the expression of inflammatory genes,
including IL-1b (P<0.05), IL-6 (P<0.01) and IL-10
(P<0.01) (Figure 2C). HFpEF was characterized by
increased cardiac fibrosis and cardiomyocyte sizes. Our
results revealed that BHB restored broken myofilaments
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Figure | BHB improved cardiac diastolic dysfunction in HFpEF mice. C57B/6 male mice were divided into three groups: Sham, HF, and BHB group. (A) Representative
echocardiographic images between groups. (B) Left ventricular ejection fraction (EF, %). (C) Left ventricular fraction shortening (FS, %). (D) E/A ratio. (E) systolic blood

pressure (systolic BB, mmHg). n = 5 mice/group. *p < 0.01 vs sham; *¥p<0.01 vs HF.

and disordered sarcomeres (Figure 3A). In addition,
BHB reduced the percentage of interstitial fibrosis
(Figure 3B) and cardiomyocyte sizes (Figure 3C).

BHB Prevented Cardiomyocyte
Apoptosis, Cardiac Inflammation and

Oxidative Stress

Increases in oxidative stress and the inflammatory response
contributed to cardiomyocyte apoptosis in HFpEF. As
shown in Figure 4A, the fluorescence intensity of TUNEL
staining was decreased by BHB treatment. In addition, there
was a significant reduction in the intensity of DHE staining
in the BHB group (Figure 4B). F4/80 immunofluorescence
showed that BHB decreased the percentage of macrophage
infiltration (Figure 4C). These results demonstrate that BHB
could inhibit cardiomyocyte apoptosis by mitigating excess
oxidative stress and cardiac inflammation.

BHB Increased the Number of Treg Cells

Within the Myocardium

Treg cells are anti-inflammatory cells that play

a cardioprotective role in HFpEF hearts. As shown in

Figure 5, we found that BHB increased the number of
CD3"CD4 Foxp3" cells, suggesting an increased number
of Treg cells within the myocardium.

BHB Played a Cardioprotective Role by
Downregulating the NOX2/GSK3[3

Pathway

Previous studies found that NOX2 promoted the phosphor-
ylation of serine 9 of GSK3p,'> which is associated with
heart failure.'® Therefore, we measured the expression of
NOX2/GSK3p in failing hearts. As shown in Figure 6,
immunoblot results showed that BHB inhibited the expres-

sion of NOX2 and pS9-GSK3p (P<0.001).

Discussion

We found that HFD and L-NAME treatment increased
systolic blood pressure, decreased cardiac diastolic func-
tion, and increased systemic and cardiac inflammation,
which recapitulated the numerous systemic and cardiovas-
cular features of human HFpEF. Our study showed that
BHB treatment could mitigate diastolic dysfunction and
decrease systolic blood pressure in HFpEF. In addition,
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Figure 2 BHB improved cardiac inflammation in HFpEF mice. (A) The heart weight/tibia length ratio and lung weight wet/dry ratio were measured. (B) The fibrotic mRNA
expression of ANP, BNP and 0SMA were measured using qPCR. (C) The inflammatory mRNA expression of IL-1pB, IL-6 and IL-10 were measured using qPCR. *p<0.05,

*#p<0.01.

BHB alleviated cardiac inflammation and cardiac remodel-
ing, which could be related to an increased number of Treg
cells by downregulating the NOX2/GSK3 pathway.
Recent investigations have suggested that failing hearts
shift to increased ketone consumption as a fuel.'”'® Ketone
treatment improved cardiac function in preclinical models of

1920 and human heart failure.® BHB, a ketone

heart failure
body, has been traditionally regarded as an alternative carrier
of energy and has proven beneficial effects on cardiovascular
diseases.”' Specifically, BHB could protect against oxidative
stress** and inhibit NLRP3 inflammasome'” in failing hearts.
In line with previous studies on the anti-inflammatory and
antioxidative roles of BHB, our results show that BHB treat-
ment

counteracted proinflammatory cytokine-induced

dysfunction and fibrosis, thus protecting against the patho-
genesis of HFpEF.

Sustained inflammation was a hallmark of chronic
heart failure. Studies found that mice with ischemic HF
exhibited a higher presence of Thl and Thl17 cells than
Th2 and Treg cells.”> The Thl7/Treg imbalance also
existed in patients with HFpEF.** Decreased Tregs were
reported to aggravate myocardial fibrosis and HF,* and
upregulation of Tregs could ameliorate cardiac dysfunc-
tion in chronic heart failure.”® Our results also show that
BHB treatment increased Treg cells and inhibited cardiac
inflammation. These results suggest that BHB not only
serves as an energy fuel but also functions as an immuno-

modulatory agent.
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Figure 3 BHB protected from cardiac remodeling in vivo. (A) The HE staining was performed for the structure alternations. (B) Cardiac fibrosis was evaluated using

Masson staining. (C) Cell size was showed using WGA staining.

Studies have found that NOX2 inhibits Treg cells and
aggravates cardiac remodeling, and the deletion of NOX2
increases cardiac Treg cells.”® In addition, knockout of
NOX2 inhibited the phosphorylation of serine-9 of GSK-
3p.'> GSK-3P is a serine-threonine kinase and participates in

many cell functions, eg, transcription, metabolism, growth and
apoptosis.”” GSK-3p was reported to be involved in heart
failure.”® Studies found that S9 phosphorylation of GSK-3p
mediated pathological hypertrophy in HE%’ In line with the
above results, we demonstrated that NOX2 and S9-GSK-3f3
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Figure 4 BHB prevented from cardiomyocyte apoptosis and macrophage infiltration. (A) DHE staining, (B) TUNEL staining and (

performed between groups.

were increased in the HFpEF group, which could be reversed
by BHB treatment. BHB could increase Tregs and provide
a cardioprotective role by regulating the NOX2/GSK-3f path-
way. Therefore, a ketogenic diet or short-chain fatty acid

) F4/80 immunofluorescence were

supplements could be potential treatments for patients with
HFpEF.

Some limitations of this study indicate that these results
should be First, invasive

interpreted with  caution.
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Figure 6 BHB inhibited the GSK3B/NOX2 pathway. The protein expression of NOX2, GSK3f and pS9-GSK3f were measured by Western blot. Below were the
quantification results among groups. ***p<0.001.

examinations for cardiac function, such as pressure-volume Conclusions

analysis, were not performed. Second, more experiments, such  Qur results found that BHB could increase cardiac Treg
as overexpression or silencing of the NOX2/GSK-3f pathway,  cells and inhibit cardiac inflammation, thereby protecting
should be performed to validate the molecular mechanism. against the progression of HFpEF.
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