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Ketone bodies, including B-hydroxybutyrate (BHB), acetoacetate (AA), and acetone,
can substitute and alternate with glucose under conditions of fuel/food deficiency.
Ketone-body metabolism is increased in a myriad of tissue-metabolism disorders.
Perturbations in metabolism are major contributors to coronary artery disease (CAD). We
investigated the association of BHB with CAD. A total of 2,970 people of Chinese Han
ethnicity were enrolled. The Gensini score was calculated for all patients who had positive
findings. The serum level of BHB and other laboratory parameters were measured. The
association of serum levels of metabolites with traditionally risk factors and CAD severity
was analyzed. The BHB was found to be associated with some traditional risk factors of
CAD and CAD severity, as determined by the Gensini score or the number of diseased
regions. Moreover, BHB was associated with the T3/T1 tertiles of the Gensini score after
the adjustment for traditional risk factors by multivariable logistic regression analysis.
The association of BHB with CAD severity was more obvious in women. Taken together,
these data suggest that the circulating BHB level is independently associated with CAD
severity, and that this association is more pronounced in women.

Keywords: coronary artery disease, ketone bodies, g-hydroxybutyrate, Gensini score, metabolic dysfunction

INTRODUCTION

Coronary artery disease (CAD) caused by atherosclerosis, has been reported to be the leading cause
of death worldwide. Although new medical therapies have emerged in recent years, the risk of
death from CAD is still high (1). Therefore, there is a need for the development of more accurate
diagnostic methods, identification of novel biomarkers, more efficacious drugs and identification
of new therapeutic targets to reduce the risk of death from CAD (2, 3).

Metabolic dysfunction is a hallmark of CAD pathophysiology, reflecting not only the altered
metabolism of the myocardium but also the overall contributions from peripheral tissues and
organs (4, 5). These metabolic changes influence disease pathophysiology directly, and may serve as
earlier and more sensitive markers of CAD (6, 7). Abnormal accumulation or deficiency of specific
metabolites within the circulation can be powerful markers in the management of CAD, with regard
to the detecting disease, evaluating disease progression, and assessing therapeutic efficacy (8, 9).
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Ketone bodies [e.g., p-hydroxybutyrate (BHB), acetoacetate
(AA), and acetone] are water-soluble molecules that contain
the ketone groups produced from fatty acids by the liver
(ketogenesis). Ketone bodies are derived from increased beta
oxidation of free fatty acid, BHB is a major component of
the ketone body (10). During perturbed tissue metabolism,
an increase in BHB may help circumvent the metabolic
malfunctions that directly contribute to disease pathophysiology
(11). Recent studies have shown that BHB level was increased
in a myriad of pathological conditions, such as type 2 diabetes
mellitus (T2DM) (12), arrhythmogenic cardiomyopathy (13),
and heart failure (14). In addition, it was reported that BHB
was increased in patients with non-ST segment elevation acute
coronary syndrome, which reflects the oxidative stress and
hypoxic state that myocardial cells suffer. Hence, BHB could be
used for the early diagnosis of acute coronary syndrome (15).
Obokata and colleagues showed that an increased serum level
of BHB was independently associated with cardiovascular events
and all-cause death in patients undergoing hemodialysis (16).
Those studies implied a potential association of BHB with CAD.
However, studies on the associations between BHB and CAD in
Chinese Han populations have not been carried out. Here, we
evaluated the association of BHB with CAD, as well as the severity
of CAD, and risk factors of CAD in a case-control study.

MATERIALS AND METHODS
Ethical Approval of the Study Protocol

The protocol for this cross-sectional study was approved
(2016BJYYEC-121-03) by the Ethics Committee of Beijing
Hospital (Beijing, China). Written informed consent was
provided by all participants.

Exclusion Criteria

The exclusion criteria were patients: (i) with severe congenital
heart disease, severe cardiac insufficiency, primary pulmonary
hypertension, hepatic/renal dysfunction, severe peripheral
arterial disease, or related conditions which are contraindications
to cardiac catheterization; (ii) receiving radiotherapy or
chemotherapy; (iii) who were pregnant or nursing a baby; (iv)
suffering from alcoholism or drug abuse; and (v) under treatment
for mental illness.

Study Cohort

Patients suspected of having CAD (or adjudicated to have a
CAD history) and subjected to coronary angiography in Beijing
Hospital between March 2017 and October 2020 were enrolled.
The demographic characteristics (e.g., age and gender), medical
history (e.g., DM, hypertension, and dyslipidemia), cigarette
smoking, and body mass index (BMI) of the study cohort were
recorded. Before coronary angiography, samples of venous blood

Abbreviations: BHB, B-hydroxybutyrate; BMI, body mass index; CAD, coronary
artery disease; Crea, creatinine; DBP, diastolic blood pressure; DM, diabetes
mellitus; FBG, fasting blood glucose; HDL-C, high density lipoprotein cholesterol;
LDL-C, low density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total
cholesterol; TG, triglyceride; UA, uric acid.

were collected after an overnight fast. The serum was isolated,
aliquoted, and stored at —80°C until analyses.

Coronary Angiography

Coronary angiography was performed for CAD assessment
by experienced cardiologists. All targeted coronary lesions
of enrolled patients were analyzed by the built-in QCA
software of the Allura Xper FD20 Angiography System (Philips
Healthcare, Amsterdam, the Netherlands). Fifteen coronary
segments were analyzed quantitatively based on the American
Heart Association classification. According to current guidelines,
“coronary stenosis” was defined as a reduction of >50% in the
arterial diameter, and if this was not present, was diagnosed as
non-CAD. In addition, individuals with negative findings on CT
of the coronary arteries or stress myocardial perfusion imaging
were categorized as the non-CAD group.

Gensini Score

The Gensini score was used to assess the severity of damage
to coronary arteries (17). The Gensini score was computed by
assigning a severity score for each coronary stenosis depending
on the degree of luminal narrowing and its importance based
on location. Luminal stenoses of 25, 50, 75, 90, 99%, and total
occlusion were given a Gensini score of 1, 2, 4, 8, 16, and
32, respectively. Then, these scores were multiplied by a factor
according to location: 5, left main coronary artery; 2.5, proximal
segment of the left anterior descending coronary artery and
proximal segment of the circumflex artery; 1.5, mid-segment of
the left anterior descending coronary artery; 1.0, right coronary
artery, distal segment of the left anterior descending coronary
artery, posterior descending artery, and obtuse marginal artery;
and 0.5, other segments. Finally, the Gensini score was calculated
by summation of the scores for individual coronary segments.
The Gensini score was calculated in 2,047 patients who had not
undergone percutaneous arterial intervention previously.

Liquid Chromatography-Tandem Mass
Spectrometry Measurement (LC-MS/MS)
of the BHB Level

The serum concentration of BHB was quantified using an
LC-MS/MS system comprising a 1,260 Infinity II Series high-
performance liquid chromatography (HPLC) (Agilent, Santa
Clara, CA, USA) coupled with a Sciex 5,500 QTRAP mass
spectrometer (AB Sciex, Foster City, CA, USA). MS parameters
were set as previously described (18). BHB standards, serum
samples, and quality controls were, respectively, mixed with the
isotopically labeled internal standard (BHB-D4) solution and
proteins were precipitated with methanol containing 0.5% formic
acid. After vortexing and centrifuging, the metabolites were
separated by a Kinetex™ hydrophilic interaction LC column
(2.6 um, 150 mm x 2.1 mm, Phenomenex, Torrance, CA, USA)
and eluted with a mobile phase of 75% methanol, containing 5
mmol/L ammonium formate, and 0.05% formic acid at a flow
rate of 0.3 ml/min. BHB and internal standard were detected
with positive electrospary ionization in multiple reaction monitor
mode using characteristic precursor—product ion transitions of
m/z 103.0— 59.0 and m/z 107.0— 59.0, respectively. The
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concentration of BHB was calculated using standard curves. The
analytical coefficients of variation for BHB measurements were
below 3%. Applied Biosystems Analyst version 1.6.2 software was
used for system control, data collection, and processing.

Other Parameters and Laboratory Testing
In addition, the serum samples were tested for fasting blood
glucose (FBG), total cholesterol (TC), triglycerides (TG), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), creatinine (Crea), and uric acid (UA) using
the respective assay kits (Sekisui Medical Technologies, Osaka,
Japan) on a chemistry analyzer (7,180 series; Hitachi, Tokyo,
Japan). Two quality control materials, prepared by mixed fresh
serum samples, were analyzed with patient samples in each
run in LC-MS/MS and the laboratory assays to monitor the
performance of the measurements.

Statistical Analysis

The normal distribution of samples was tested. Parameters
with normal distribution are expressed as mean & SD, while
parameters with a skewed distribution are presented as the
median and percentile (25-75th). Count data are reported
as frequencies and percentages. The one-way ANOVA was
conducted to compute the differences for continuous variables,
while the non-parametric Jonckheere-Terpstra test was used
to determine the differences when the data did not have a
normal distribution. For categorical variables, the Chi-square
test was used. Spearman’s correlation analysis was employed to
examine the associations between BHB and traditional CAD
risk factors. The multivariable logistic regression analysis was
employed to determine the relationship between the BHB level
and the Gensini score. Potential confounding variables (age,
gender, smoking status, obesity or overweight, hypertension,
dyslipidemia, DM, history of stroke, and family history of

TABLE 1 | Comparison of baseline characteristics of study population according to serum BHB tertile.

Characteristic?

Tertile of serum level of BHB (M)

Low Intermediate High Trend p-value

N 989 992 989 -
Age, years 65.0 +10.6 65.7 £10.8 65.9 +11.3 0.058
Male, n (%) 638 (64.5) 618 (62.3) 599 (60.6) 0.066
BMI, kg/m2 25.7 £ 3.6 259+ 3.3 255+ 3.6 0.097
SBP, mmHg 135.6 + 18.0 136.9 + 18.5 137.6 £ 18.9 0.017
DBP, mmHg 78.6 £11.0 78.0+ 111 784 +11.6 0.675
Overweight/obesity, n (%) 671 (67.8) 711 (71.7) 636 (64.3) 0.738
Hypertension, n (%) 659 (66.6) 673 (67.8) 668 (67.5) 0.809
Diabetes, n (%) 213 (21.5) 430 (43.3) 403 (40.7) <0.001
Dyslipidemia, n (%) 398 (40.2) 474 (47.8) 440 (44.5) 0.041
History of stroke, n (%) 101 (10.2) 121 (12.2) 97 (9.8) 0.665
Family history of premature CAD, n (%) 87 (8.8) 69 (7.0) 73(7.4) 0.041
Smoking status, n (%)

Never 5083 (50.9) 522 (52.6) 532 (53.8) 0.107

Former 152 (15.4) 145 (14.6) 157 (15.9)

Current 330 (33.4) 316 (31.9) 298 (30.1)
Statins use, n (%)

No 551 (55.7) 525 (52.9) 575 (58.1) 0.727

Take statins intermittently 108 (10.9) 71(7.2) 88 (8.9)

Take statins continuously 238 (24.1) 293 (29.5) 223 (22.5)

Over 1 year, n (%)
FBG, mmol/L 6.4 +2.1 70+23 6.8+23 <0.001
TC, mmol/L 3.8+09 39+09 40£1.0 <0.001
TG, mmol/L 1.2(0.9-1.7) 1.4 (1.0-1.9) 1.2(0.9-1.7) 0.215
HDL-C, mmol/L 1.0(0.9-1.2) 1.0(0.9-1.2) 1.0(0.9-1.2) 0.866
LDL-C, mmol/L 2.2(1.7-2.7) 2.2(1.7-2.8) 2.3(1.8-2.9) <0.001
Crea, pmol/L 72.0 £16.4 71.4 +£16.9 71.6 £18.2 0.610
UA, pmol/L 323.0 + 84.9 328.9 +85.7 329.0 +£93.2 0.136
BHB, pwmol/L 27.9 (21.1-34.6) 55.7 (48.0-66.3) 162.3 (110.5-315.4) <0.001

Not all data were available for all patients. BHB, B-hydroxybutyrate; CAD, coronary artery disease; BMI, body mass index; SBR, systolic blood pressure; DBR, diastolic blood pressure;
FBG, fasting blood glucose; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Crea, creatinine; UA, uric

acid. @Data are mean + SD, median (interquartile range) for continuous variables, or percentage for categorical variables.
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premature CAD) were controlled in the regression models.
Results are presented as odds ratios (ORs) and 95% ClIs.
The value of p < 0.05 (two-tailed) was considered significant.
Statistical analysis was performed using SPSS 25.0 (IBM,
Armonk, NY, USA).

RESULTS

Clinical Characteristics

The study population comprised 2,970 patients (62.5% men).
Patient characteristics at baseline according to the tertile of
the BHB levels are summarized in Table 1. Individuals with a
higher BHB level also had a higher systolic blood pressure (SBP),
higher risk of a family history of premature CAD as well as a
higher prevalence of DM and dyslipidemia. Furthermore, with
the increase of BHB levels, FBG, TC, and LDL-C significantly
increased (p < 0.001 for trend). People with a higher BHB level
tended to be older (but not significantly so). Whereas, levels of
BMI, diastolic blood pressure (DBP), TG, HDL-C, Crea, and
UA were similar among the groups. In addition, associations
were not found between the BHB level and overweight/obesity,
hypertension, history of stroke, smoking status, or statins use.

Correlations of Serum BHB Level With the
Traditional CAD Risk Factors

A significant positive correlation was found between the serum
BHB level and the level of FBG (r = 0.067, p < 0.001), TC (r =
0.070, p < 0.001), and LDL-C (r = 0.066, p = 0.001). The serum
BHB level was significantly positively correlated with age (r =
0.041, p < 0.05) and SBP (r = 0.040, p < 0.05). However, an
association between the BHB level and level of DBP, TG, HDL-C,
Crea, UA, and BMI was not significant (Table 2).

Relationship Between the BHB Level and
CAD Severity

To analyze the relationship between the BHB level and
CAD severity, patients with positive findings upon coronary
angiography were classified into subgroups for those with 1-
3 and >3 stenosed regions. The BHB level was significantly
increased (pyeng = 0.016) with an increase in the number of
stenosed regions. Then, the patients with CAD were divided into
subgroups with 1 stenosed or >1 stenosed vessels. As shown
in Figure 1, no significant change was found for the BHB level
among groups. The Gensini score is widely used to evaluate the
severity of coronary atherosclerosis, hence the studied patients
were divided into different subgroups according to tertile of the
Gensini score: the BHB level was associated with the Gensini
score (Pirend = 0.05).

The Multivariable Logistic Regression
Analysis of the BHB Level With CAD

Multivariate logistic regression analysis was done to examine
the independent relationship between the BHB level and CAD
severity. Here, we adopted tertiles of T3/T1 of the Gensini score
to represent CAD severity. As shown in Table 3, the crude OR
was increased with increasing BHB levels in Model 1 (p =
0.004). After adjustment for age and gender (Model 2), high

TABLE 2 | Spearman’s correlation of BHB with traditional CAD risk factors.

Correlation coefficients P

Age 0.041 0.027
BMI —0.032 0.087
SBP 0.040 0.028
DBP —0.011 0.5642
FBG 0.067 <0.001
TC 0.070 <0.001
TG 0.019 0.338
HDL-C 0.010 0.596
LDL-C 0.066 0.001

Crea —0.017 0.377
UA 0.021 0.260

CAD, coronary artery disease; BMI, body mass index; SBF, systolic blood pressure;
DBEF, diastolic blood pressure; FBG, fasting blood glucose; TC, total cholesterol; TG,
triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; Crea, creatinine; UA, uric acid.

BHB levels were significantly associated with CAD severity, with
OR (95% CI) of 1.178 (1.045-1.327), p = 0.007. In Model 3,
traditional risk factors of CAD [age, smoking (former and current
smoking), hypertension, DM, and family history of premature
CAD] were all positively associated with the Gensini score,
whereas being female was a protective factor for CAD, with OR of
0.417 (0.308-0.564). An increased level of BHB continued to be
independently associated with T3/T1 tertiles of the Gensini score
(OR = 1.151, 95% CI: 1.012-1.309, p = 0.032), after adjustment
for traditional risk factors, such as age, gender, smoking status,
overweight/obesity, hypertension, dyslipidemia, DM, history of
stroke, and family history of premature CAD (Table 3).

The Stratified Analysis of the BHB Level
With CAD

Stratified analysis of the association of the serum BHB level
(per 1-SD increment) and the severity of coronary artery lesion
was conducted in different groups of age, gender, BMI, smoking
status, hypertension, dyslipidemia, DM, history of stroke, and
family history of premature CAD. The interaction between the
BHB level and these factors on CAD distribution was analyzed.
As presented in Figure 2, there was a significant association
between the BHB level and CAD in women, non-smokers, people
with hypertension, DM, or a family history of premature CAD.
Moreover, we observed that the association between the BHB
level and CAD was modified by gender (Pinteraction = 0.015).
The BHB level was associated with CAD in women (OR: 1.429,
95% CI: 1.138-1.793, p = 0.002), but not in men (OR: 1.028,
95% CI: 0.892-1.1840, p = 0.704), after adjustment for age,
BMI, smoking status, hypertension, dyslipidemia, DM, history
of stroke, and family history of premature CAD. However, an
interaction was not observed between the BHB level and age,
BMI, smoking status, hypertension, dyslipidemia, DM, history
of stroke or family history of premature CAD (Figure 2). Then,
we further analyzed the association of the BHB level with CAD
severity in men and women, respectively, according to the
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FIGURE 1 | Association of the serum BHB level with the severity of coronary artery lesion. Violin plots of serum BHB concentrations at presentation with the number
of stenosed regions (A), the number of stenosed vessels (B) and tertile of the Gensini scores (C), showing median (red dashed line) and interquartile ranges (blue
dashed ling) on a log 10 scale. p < 0.05 considered statistically significant.

TABLE 3 | Odds ratios (95% Cls) and p for the severity of coronary artery lesion.

P-value OR (95% confidence
intervals)
Model 12 BHB 0.004 1.177 (1.053-1.314)
Model 2° Age <0.001 1.037 (1.026-1.048)
Gender <0.001 0.304 (0.240-0.386)
BHB 0.007 1.178 (1.045-1.327)
Model 3° Age <0.001 1.035 (1.023-1.048)
Gender <0.001 0.417 (0.308-0.564)
Smoking status
Never - .
Former 0.016 1.689 (1.103-2.587)
Current <0.001 2.082 (1.503-2.883)
Overweight/obesity 0.102 0.802 (0.616-1.045)
Hypertension 0.020 1.353 (1.048-1.746)
Dyslipidemia 0.877 0.981 (0.774-1.245)
Diabetes <0.001 2.570 (1.979-3.339)
History of stroke 0.241 1.266 (0.853-1.878)
Family history of 0.011 1.504 (1.097-2.063)
premature CAD
BHB 0.032 1.151 (1.012-1.309)

aModel 1: Crude risk. ®Model 2: Adjusted for age and gender. °Model 3: Further adjusted
for smoking status, obesity or overweight, hypertension, dyslipidemia, diabetes, stroke,
and family history of premature CAD. For gender, smoking status, overweight/obesity,
hypertension, dyslipidemia, diabetes, history of stroke, family history of premature CAD,
the reference are women, never smoking, body mass index (BMI) <24 kg/m?, no
hypertension, no dyslipidemia, no diabetes, no history of stroke, and no family history
of premature CAD, respectively.

Gensini score. Consistent with this, the BHB level showed a
significant association with the Gensini score in women, but not
in men (Figure 3).

DISCUSSION

In this study, we observed circulating BHB concentration was
associated with the traditional risk factors and severity of CAD.
An increased BHB level was associated with increased CAD
severity, as defined by Gensini score or number of stenosed
regions. This association of the BHB level with the Gensini score
remained significant after adjustment for the conventional risk
factors of CAD by multivariable logistic regression analysis. An
increased level of BHB in patients with CAD indicated a more
severe state of the disease and more severe systemic metabolic
perturbations, especially in women (Figure 4). To the best of
our knowledge, this study is the first to report that an increased
BHB level to be associated with an increased risk of CAD in a
Chinese population.

The heart is the most metabolically demanding organ in
the body, so impaired metabolism may lead to CAD, thus,
the identification and quantification of changes in levels of
these metabolites is critical for the diagnosis and treatment of
CAD (19). Ketone bodies, such as BHB, AA, and acetone, are
“small fuel substrates,” derived from increased beta oxidation
of free fatty acid. These substances can uniquely substitute and
alternate with glucose under conditions of fuel/food deficiency
(20). There is considerable evidence that the level of ketone
bodies, in particular BHB, is increased in metabolic disorders.
The most robust evidence is from a retrospective cohort study
which demonstrates that the BHB level is independently and
significantly associated with adverse cardiovascular events and
therefore could serve as a novel biomarker predicting the
survival and risk of cardiovascular events in patients undergoing
hemodialysis (16). Furthermore, the circulating level of ketone
bodies is increased in patients presenting with ST-segment
elevation myocardial infarction and a higher level of ketone
bodies after 24 h is associated with functional outcomes. Hence,
the increased metabolism of ketones may play a part in the
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Subgroups OR(95%CI)
Age
<65y 1.135 (0.958-1.345)
=65y 1.210 (0.996-1.471)
Gender
Male 1.028 (0.892-1.184)
Female 1.429 (1.138-1.793)
BMI
<24 kg'm2 1.119 (0.946-1.323)
224 kg/m2 1.174 (0.96-1.435)

Smoking status

Never 1.208 (1.013-1.440)
Former 1.265 (0.785-2.039)
Current 1.024 (0.820-1.280)
Hypertension

Yes 1.192 (1.016-1.398)

No 1.051 (0.837-1.320)
Dyslipidemia

Yes 1.149 (0.922-1.432)

No 1.124 (0.961-1.315)
Diabetes

Yes 1.353 (1.005-1.821)

No 1.071 (0.917-1.251)
History of stroke

Yes 1.148 (0.921-1.430)

No 1.128 (0.965-1.318)
Family history of premature CAD

Yes 3.227 (1.207-8.627)

No 1.101 (0.967-1.254)

stratifying factors excepted. The p < 0.05 considered statistically significant.

i P for interaction
—-— ; 0.744
—
- | 0.015
—
+— 0.796
- :
—— | 0.174
N —
-+ !
—— i 0.42
- ;
+— i 0.863
—-— i
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- |
; 0.092
- ]
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Odds ratio(95%CT)

FIGURE 2 | Stratified analysis of the association [odds ratio (OR) (95% CI)] between the circulating BHB level (per 1-SD increment) and the severity of coronary artery
lesion. Values are adjusted for age, gender, smoking status, obesity or overweight, hypertension, dyslipidemia, diabetes, stroke, and family history of premature CAD,

response to myocardial ischemia (21). Accumulating evidence
has shown that the BHB level is increased in patients with heart
failure (14, 22), obese and/or T2DM (12, 23). Of importance,
with metabolic dysfunction as an inherent feature of the CAD
pathophysiology, whether circulating BHB is increased in CAD
remains poorly understood. We investigated if the BHB level is
associated with CAD in a Chinese Han population.

First we analyzed the association between the circulating BHB
concentrations with CAD traditional risk factors. The result
revealed a strong association between the BHB level with the
concentration of FBG, TC, and LDL-C, as well as a significant
association between the BHB concentration and age and SBP.
These results were not in line with some of the previous reports

(13, 24), possibly on account of different populations studied.
High TC and high LDL-C all play a role in CAD (25-28).
We discovered a significant association between BHB with TC
and LDL-C (Table 2). However, multivariable logistic regression
analysis revealed dyslipidemia not to be associated with CAD
severity. On account of the use of statins therapy, the relationship
between the clinical diagnosis of dyslipidemia and CAD was
not significant.

Next, we analyzed the relation of BHB with CAD and CAD
severity. The study population was first divided into the non-
CAD group and CAD group according to coronary angiography.
People who developed CAD did not have a significantly higher
BHB level in serum compared with that in healthy controls
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FIGURE 3 | The level of circulating BHB in men and women, respectively, according to Gensini score tertile. Violin plots of serum BHB concentrations in men (A) and
women (B) by Gensini score tertile, showing median (red dashed line) and interquartile ranges (blue dashed line) on a log10 scale. The p < 0.05 considered
statistically significant.
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FIGURE 4 | Overview of this study. CAD, coronary artery disease; OR, odds ratio.

(data not shown). In a pilot study undertaken in Japan, Omori  To analyze the association between the BHB level and CAD
et al. found the BHB level to be significantly lower in the  severity, the CAD group was divided into subgroups, based on
CAD group compared with that in the control subjects (in  the number of stenosed vessels or regions: the BHB level was
patients with DM), but the study cohorts were quite small (5).  associated with the severity of CAD according to the number
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of stenosed regions. Gensini score is widely used for evaluating
the coronary atherosclerotic severity with the judgement of
the position, number, and stenosis of blood vessels caused by
coronary atherosclerosis (17). The CAD patients were divided
into 3 groups according to the Gensini score tertile, and the
BHB level showed a significant association with the Gensini
score tertile (Figure 1). Multivariable logistic regression analysis
revealed the BHB level to be independently associated with the
T3/T1 tertiles of the Gensini score, even after adjustment for
other well-known risk factors (Table 3).

Additional stratification analysis revealed the BHB level to
have a strong association with CAD in women (Figure 2).
Furthermore, in accordance with this, Figure3 revealed
that the BHB level was associated with CAD severity in
women not men, according to the Gensini score. These
results indicated that BHB may be involved in the progress
of atherosclerosis especially in women. Actually, cardiac
metabolism and the burden of risk factors differ by gender
(29, 30), gender may have an influence on both the development
and progression of CAD and on the pattern of compositional
plaque progression, and women have a higher prevalence of
mortality from CAD than men (31). Thus, the role of BHB
in the development and progression of CAD in women merits
further investigation.

Traditionally, severe ketosis, or ketoacidosis, is known as
a harmful event. Ketone bodies are synthesized in the liver
from acetyl-coenzyme-A derived primarily from fatty acid p-
oxidation and are transported to extrahepatic tissues for terminal
oxidation as a source for adenosine triphosphate generation
at the expense of glucose oxidation (32). Myocardial ischemia
occurs when coronary blood flow is inadequate, and hence, the
oxygen supply to the myocardium is not sufficient to meet the
oxygen demand. Ischemia elicits disturbances in the balance
between energy metabolism and cardiac function (33). It seems
that hepatic ketogenesis is activated and cardiac utilization
is not enhanced, the concentration of blood ketone bodies
is highly increased in patients with ischemic heart disease
(29, 33). In addition, people suffering from DM not only
have increased production of ketones, their ketone clearance
is also decreased significantly, because of low insulin levels,
and decreased activities of succinyl-coenzyme-A: 3 oxoacid
coenzyme-A-transferase and B-hydroxybutyrate dehydrogenase,
which all contribute to an increased level of ketones (34).
DM is a major risk factor for CAD, and many patients with
DM have CAD, which is frequently associated with insulin
resistance; a similar scenario has been noted for patients with
CAD with an increased level of BHB (35, 36). A clinical study
also supports this concept: patients with CAD have deficits
in metabolic fuel extraction, with reduced extraction of fatty
acid and ketone compared with that in controls (37). Whats
more, an increased level of BHB has an effect on upregulating
expression of intercellular adhesion molecule-1 in endothelial
cells (38), increasing the secretion of tumor necrosis factor-
alpha in cultured U937 monocytes (39), and promoting lipid
peroxidation levels in patients with DM (40). These phenomena
would be implicated in the development of vascular disease and
atherosclerosis (34).

However, recent evidence from experimental studies and
clinical research has uncovered a protective role for ketones
in cardiovascular disease. BHB infusion has been shown to
specifically improve working memory performance in patients
with T2DM in the absence of changes in global cognition
(41). Even in healthy people, exogenous administration of
ketones has been shown to improve the cardiac function (42).
In addition, data from animal experiments have shown that
ketones aid the prevention and treatment of heart failure
by reducing inflammation (43), normalizing myocardial
adenosine triphosphate production (44), and ameliorating
pathologic cardiac remodeling and dysfunction (45). A
hepatocyte-macrophage “AA shuttle” has been shown to
coordinate the fibrogenic response to hepatic injury via
mitochondrial metabolism in tissue macrophages after
high fat diet-induced fibrosis (46). Furthermore, BHB has
been found to protect the heart from ischemia/reperfusion
injury (47) and attenuate atherosclerosis (48) in different
mice models. Indeed, ketone bodies possess
capabilities and participate in multiple cellular processes
(49), especially in cardiovascular disease, further studies to
ascertain the action and specific mechanism of BHB in CAD
are warranted.

During fast, DM and other pathological conditions, ketone
bodies are all increased, the blood levels of BHB can be used
to reflect ketotic state of a patient and American Diabetes
Association prefers quantitative determination of blood BHB
for the diagnosis and follow-up of ketoacidosis (50, 51). In
ketone bodies, BHB is the most abundant in mammals. BHB
has been found at a higher concentration than that of AA and
acetone in subjects of DM and myocardial infarction. In cohort
studies, BHB is the ketone body studied most often (21, 34,
52). Therefore, we focused only on BHB in this study, which
is one limitation. The serum level of acetone is very low and
the potential role of acetone in CAD is poorly known. AA
is the central ketone body, and the other ketone bodies are
derived from it. An increased level of AA has a role in oxidative
modification of LDLs and then causes impaired cholesterol
uptake and its deposition in the arterial wall and atherosclerosis
in patients with DM (53). AA can also increase interleukin-
6 secretion in U937 monocytes (54), upregulate expression
of intercellular adhesion molecule-1 (55), facilitate the activity
of NADPH oxidase (56), and promote glutathione depletion
(57) in human umbilical vein endothelial cells. Those actions
aggravate the inflammatory response, monocyte adhesion, and
oxidative stress and contribute to the initiation and progression
of CAD.

In this study, the control group already had high levels of
cardiovascular risk factors and these people did not represent a
true healthy control, which may have led to underestimation of
the association between the metabolites and CAD and limited the
power of this study. This is another limitation of the study.

Third, we did not adequately address that BHB as a biomarker
for CAD can be an adaptive response that lack of enough
evidence. Additionally, this study was a cross-sectional study,
and we only addressed the association of BHB with CAD,
this association does not inform causality. Therefore, further

various
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studies are necessary and the findings need to be confirmed
in future prospective analysis. This is also a limitation of
our study.

CONCLUSION

The circulating level of BHB was independently associated with
CAD severity, and a gender-related difference in this association
was documented. Further studies are needed to determine the
exact role of BHB in CAD.
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