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OBJECTIVES: Ketogenic conditions have gained attention due to their favorable metabolic prognoses. We aimed to investigate the
association between blood levels of beta-hydroxybutyrate (3HB), the most abundant form of ketone body, and type 2 diabetes

(T2D) incidence in patients with impaired fasting glucose (IFG).

METHODS: We randomly selected 500 patients with IFG from the prospective Korean Cancer Prevention Study Il biobank. Blood
levels of BHB were measured from the stored samples, and the diagnostic data from the Korean National Health Insurance Service
were used to determine the probability of T2D-free survival. A multivariable Cox regression analysis was performed to assess the
association between blood BHB levels and the incidence of new-onset T2D.

RESULTS: A total of 453 patients with IFG were included, and 105 (23%) developed T2D during a mean follow-up period of 10.9
years. Higher blood BHB levels in patients with IFG were associated with improved T2D-free survival, although it was not statistically
significant (log-rank test, p = 0.058). In multivariable Cox regression models, BHB levels showed a tendency toward a lower risk of
T2D, but it was not statistically significant (HR 0.70; 95% Cl 0.47-1.04; p = 0.07).

CONCLUSIONS: In patients with IFG, the blood BHB level showed a tendency to be associated with the risk of new-onset T2D;

however, this tendency was not statistically significant.

Nutrition and Diabetes (2025)15:16; https://doi.org/10.1038/s41387-025-00364-z

INTRODUCTION

Ketone bodies, synthesized in the liver from fatty acids and
transported to extrahepatic tissues, play a crucial role in energy
metabolism [1]. Conventionally, they are regarded as thrifty fuel
for peripheral tissues. Circulating ketone bodies levels vary
depending on the underlying disease and may also vary according
to age and fasting duration in the healthy population [2]. Beta-
hydroxybutyrate (BHB) is the most abundant form of ketone body,
followed by acetoacetate and acetone.

Recently, ketone bodies have gained attention, as studies have
been published showing their association with favorable meta-
bolic conditions. A ketogenic, low-carbohydrate diet was reported
to be effective for weight loss [3]. The presence of ketonuria after
fasting was associated with metabolic superiority in patients
without type 2 diabetes mellitus (T2D) [4]. Fasting ketonuria was
also reported to be associated with a lower risk of non-alcoholic
fatty liver disease [5, 6]. Furthermore, in a longitudinal prospective
study, fasting ketonuria was reported to be statistically associated
with a lower incidence of T2D in a population without diabetes in
Korea [7]. These findings are supported by candidate mechanisms
such as induction of the peroxisome proliferator-activated

receptor alpha (PPARa)-fibroblast growth factor 21 (FGF21) axis,
suppression of the tricarboxylic acid (TCA) cycle and gluconeo-
genesis in the ketogenic process [8-10], and the anti-inflammatory
effects of the ketone bodies [11, 12].

However, many previous studies have limitations in using
categorical tests for ketonuria as a marker for ketogenesis,
although one of these studies showed a meaningful relationship
between urinary ketone and blood BHB level via ancillary analysis
[7]. Moreover, some studies reported that blood BHB levels were
reportedly more effective than urine ketones in detecting ketosis
[13]. In 2023, the first longitudinal study conducted by Dutch and
Swedish researchers on blood ketone bodies and the risk of
developing T2D among general populations in the Netherlands
showed a positive correlation between these two variables [14],
contradicting the studies mentioned above. As such, previous
research on the association between blood BHB and the incidence
of T2D is scarce and controversial. In particular, research on
patients with prediabetes, a high-risk group for developing T2D, is
lacking. Considering the global prevalence of over 520 million
people with diabetes, an increase in prevalence of approximately
90% over the last 30 years, and the burden of diabetes reaching

'Division of Endocrinology and Metabolism, Department of Internal Medicine, Yonsei University College of Medicine, Seoul, Korea. *Department of Epidemiology and Health
Promotion, Institute for Health Promotion, Graduate School of Public Health, Yonsei University, Seoul, Korea. *Present address: Division of Endocrinology and Metabolism,
Department of Internal Medicine, Hallym University Kangnam Sacred Heart Hospital, College of Medicine, Hallym University, Seoul, Korea. “Present address: Division of
Endocrinology and Metabolism, Department of Internal Medicine, Korea University Anam Hospital, Korea University College of Medicine, Seoul, Korea. These authors contributed

equally: Jaehyun Bae, Young-eun Kim. ®email: kjjung@yuhs.ac; bwanlee@yuhs.ac

Received: 13 November 2023 Revised: 20 January 2025 Accepted: 11 February 2025

Published online: 16 April 2025

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41387-025-00364-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41387-025-00364-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41387-025-00364-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41387-025-00364-z&domain=pdf
http://orcid.org/0000-0002-9050-2949
http://orcid.org/0000-0002-9050-2949
http://orcid.org/0000-0002-9050-2949
http://orcid.org/0000-0002-9050-2949
http://orcid.org/0000-0002-9050-2949
http://orcid.org/0000-0003-4993-0666
http://orcid.org/0000-0003-4993-0666
http://orcid.org/0000-0003-4993-0666
http://orcid.org/0000-0003-4993-0666
http://orcid.org/0000-0003-4993-0666
http://orcid.org/0000-0001-9519-3068
http://orcid.org/0000-0001-9519-3068
http://orcid.org/0000-0001-9519-3068
http://orcid.org/0000-0001-9519-3068
http://orcid.org/0000-0001-9519-3068
http://orcid.org/0000-0002-9899-4992
http://orcid.org/0000-0002-9899-4992
http://orcid.org/0000-0002-9899-4992
http://orcid.org/0000-0002-9899-4992
http://orcid.org/0000-0002-9899-4992
https://doi.org/10.1038/s41387-025-00364-z
mailto:kjjung@yuhs.ac
mailto:bwanlee@yuhs.ac
www.nature.com/nutd

J. Bae et al.

79.2 million disability-adjusted life-years[15], research investigat-
ing whether candidate markers such as blood BHB predict the
occurrence of T2D is clinically meaningful. Therefore, we designed
a longitudinal observational study to assess the relationship
between blood $HB levels and the incidence of new-onset T2D in
patients with impaired fasting glucose (IFG).

SUBJECTS AND METHODS

Study design and participants

Study participants were recruited from the prospective Korean Cancer
Prevention Study Il (KCPS-Il) biobank. Detailed descriptions of the KCPS-II
with respect to questionnaires, anthropometric measurements, and blood
collection are provided in a previous publication [16]. The KCPS-II
comprises 156,701 participants (94,840 men and 61,861 women) who
underwent routine health assessments between 2004 and 2013, provided
blood samples, and gave informed consent for long-term follow-up
[16, 17]. From the KCPS-Il cohort database, we randomly selected 500
patients (250 men and 250 women) with baseline impaired fasting glucose
(IFG) levels for a pilot study. Random sampling is a statistical technique
where each member of a population has an equal chance of being
included in the sample, ensuring unbiased and representative selection.
We used random sampling (The PROC SURVEYSELECT statement of SAS
software was used, and the METHOD is simple random sampling.) to
minimize selection bias and enhance the generalizability of our findings.
We included patients with IFG who fulfilled all of the following criteria: (1)
fasting plasma glucose (FPG) levels between 100 and 125 mg/dL, (2) no
documentation of the use of glucose-lowering agents or insulin, and (3)
glycated hemoglobin (HbA1c) levels <6.5% [18]. Patients without baseline
laboratory data were excluded from the study. Additionally, patients who
had service claims with a diagnosis of diabetes (outpatient or inpatient
care) within 1 year prior to enrollment were also excluded. Finally, we
assigned a total of 453 subjects (215 men and 238 women) (Fig. 1). The
study protocol was approved by the Institutional Review Board of the
Yonsei University College of Medicine (No. 4-2019-1228). This study
adhered to the tenets of the Declaration of Helsinki.

Ketone body measurements

The biochemical assessment process employed in this study has been
described previously [19]. According to the KCPS-II study protocol, patients
were fasted overnight, and blood was sampled between 7 a.m. and 11 a.m.
An Autokit Total Ketone Bodies assay (FUJIFILM Wako Pure Chemical
Corporation, Japan) [20] was used to measure the levels of total ketone
bodies and the kinetic enzymatic method (Ranbut, Randox Laboratories

Total 156,701 participants
(94,840 men and 61,861 women) from
the Korean Cancer Prevention Study-II

(KCPS-I1) cohort

Exclusion criteria
e HbAlc unchecked (n=138,345)
e T2D patients (n=15,047)

Impaired fasting glucose patients
(n=3,309)
1]
Randomly selected Impaired fasting
glucose patients
(n=500, 250 men and 250 women)

31 patients with insufficient blood
samples were excluded.
16 patients diagnosed with T2D were
excluded.

215 men and 238 women with
IFG were included.

Fig. 1 Flow chart of study participants. Flow chart showing the
selection process for participants with impaired fasting glucose.
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Ltd., United Kingdom) [21] was used to measure the levels of total ketone
bodies BHB in stored blood samples.

Based on the BHB values, participants were divided into two groups.
Since BHB values below 0.05 mmol/L were undetectable with the BHB
measurement method used, we divided the baseline and high BHB groups
based on 0.05 mmol/L instead of the median. As a result, individuals with
BHB values below 0.050 mmol/L were assigned to the reference group
(n = 240, 53%), while the other group consisted of individuals with BHB
levels above 0.05 mmol/L (n =213, 47%).

Outcomes

During a mean follow-up period of 10.9+3.0 years, the endpoint of the
study was the diagnosis of new-onset T2D. To identify new cases of T2D, we
merged the study data with records maintained by the Korean National
Health Insurance Service (NHIS), which were based on the International
Classification of Diseases, 10th Revision (ICD-10) codes. This study employed
diabetes diagnosis code from the National Health Information Database
(NHID) of the Korean National Health Insurance Service (NHIS) between 2002
and 2020 [22]. The Korean NHID contains nationwide claims data [23]. As the
single insurer, the NHIS covers health care costs based on the billing records
of health care providers [22]. As of 2020, this service covers almost the entire
population of South Korea, over 50 million individuals [24]. T2D was defined
as having at least one service claim with a diagnosis of diabetes (in
outpatient or inpatient care). The principal and additional diagnoses were
determined using the ICD-10 code for diabetes (E11).

Statistical analysis
Baseline characteristics are presented as means (standard deviation [SD])
for continuous variables or numbers (percentages) for categorical
variables. The Kaplan-Meier estimator, a non-parametric survival function
estimation method, was used to plot the T2D-free survival curve, and the
log-rank test was used to compare the distribution of T2D-free survival
between the low and high BHB groups. Between-group differences in
outcome were assessed for statistical significance with the use of a Cox
proportional-hazards model, with prespecified covariates of age, sex, high-
density lipoprotein cholesterol (HDL-C) levels, triglyceride (TG) levels,
family history of diabetes mellitus, history of hypertension, and behavioral
risk factors (smoking status, alcohol consumption, and physical activity) at
baseline. The results of the Cox regression analysis are expressed as hazard
ratios (HRs) and 95% confidence intervals (Cls). We also examined the
association between BHB levels and the risk of T2D according to age (< 65
or 265), sex (male or female), BMI (< 25 or >25), and FBS (<110 or =110).
All data analyses were performed using SAS version 9.4 for Windows
(SAS Institute Inc.). A two-sided p-value < 0.05 was considered statistically
significant.

RESULTS

Characteristics of study participants

In this study, we finally included 453 subjects with IFG at baseline,
with the exclusion of 31 patients due to insufficient blood samples
for measuring the levels of total ketone bodies and $HB. Additionally,
we excluded 16 patients who had service claims with a diagnosis of
diabetes (in outpatient or inpatient care) within 1 year prior to
enrollment (Fig. 1). The median age of the patients was 53.8 years,
and the median body mass index (BMI) was 24.9 kg/m2 (Table 1);
47.9% of patients had obesity (=25 kg/m?). 47.5% of patients were
male, and 21.9% had a family history of T2D. The median HbA1c and
FPG levels were 5.8% and 105.6 mg/dL, respectively.

Participants with higher BHB levels had significantly lower TG
levels (176.3 vs. 139.1 mg/dL, p=0.004; Table 1). However, no
significant differences were observed between the two groups on
other variables. This trend was also observed in the classification
according to serum total ketone body levels. Baseline character-
istics according to the levels of total ketone bodies are
summarized in Table A.1.

Association of new-onset type 2 diabetes mellitus with

BHB levels

During a mean follow-up of 10.9 years, T2D developed in 105
participants. The higher BHB group showed a trend toward a lower
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Table 1. Baseline characteristics according to the levels of beta-
hydroxybutyrate.
Variables Group | Group Il
Total BHB<0.050  0.050 <pHB
(n=453) (n=240) (n=213)
Demographics
Age (years) 53.8 (9.6) 54.1(9.6) 53.5 (9.7)
<45 (n, %) 85 (18.8) 44 (18.3) 41 (19.2)
45-55 (n, %) 151 (33.3) 79 (32.9) 72 (33.8)
55-65 (n, %) 154 (34.0) 82 (34.2) 72 (33.8)
65-75 (n, %) 59 (13.0) 32 (13.3) 27 (12.7)
>75 (n, %) 4 (0.9) 3(1.3) 1 (0.5)
Male (n, %) 215 (47.5) 119 (50.0) 96 (45.1)
Body mass index, (kg/mz) 24.9 (3.0 25.1 (2.7) 24.8 (3.2)
<18.5 (n, %) 6 (1.3) 1(0.5) 5(23)
18.5-25.0 (n, %) 230 (50.8) 119 (50.0) 111 (52.1)
25.0-30.0 (n, %) 194 (42.8) 108 (4.5) 86 (40.4)
30.0-35.0 (n, %) 20 (4.4) 12 (5.0) 8 (3.8)
235.0 (n, %) 3(0.7) 0 (0) 3(1.4)
HTN (n, %) 138 (30.5) 71 (30.0) 67 (31.5)
CVD (n, %) 32 (7.1) 19 (7.9) 13 (6.1)
Family history of T2D 99 (21.9) 51 (21.3) 48 (22.5)
Laboratory indices
HbA1c (%) 5.8 (0.3) 5.8 (0.4) 5.8 (0.3)
<6.0 (n, %) 300 (66.2) 152 (63.3) 148 (69.5)
26.0 (n, %) 153 (33.8) 88 (36.7) 65 (30.5)
FPG (mg/dL) 105.6 (5.6) 105.6 (5.8) 105.6 (5.4)
<110 (n, %) 364 (80.4) 190 (79.2) 174 (81.7)
2110 (n, %) 89 (19.6) 50 (20.8) 39 (18.3)
Total cholesterol (mg/dL) 199.1 (31.3) 199.3 (36.3) 199.0 (35.6)
HDL cholesterol (mg/dL) 54.2 (13.5) 53.7 (12.7) 54.8 (14.3)
LDL cholesterol (mg/dL) 119.9 (31.3) 118.9 (30.4) 121.1 (32.3)
Triglyceride (mg/dL) 158.7 (130.0) 176.2 (162.2)  139.1 (75.0)
GGT (IU/L) 41.4 (45.5) 43.0 (46.8) 39.6 (44.1)
Social history
Ever smoker (n, %)t 180 (39.7) 98 (40.8) 82 (38.5)
Alcohol consumption 289 (63.8) 156 (65.0) 133 (62.4)
(No vs. Yes)
Physical activity 157 (34.7) 80 (33.3) 77 (36.2)
(Yes vs. No)

BHB beta-hydroxy butyrate, HTN hypertension, CVD cardiovascular disease,
DM diabetes mellitus, FPG fasting plasma glucose, HDL high-density
lipoprotein, LDL low-density lipoprotein, GGT gamma-glutamyl transferase.
tSmoking status was categorized as ever smoker if they were a current
smoker or a past smoker. Alcohol consumption was categorized as having
alcohol consumption if they were a current drinker. Physical activity was
categorized as whether they were currently engaged in regular exercise.
All data presented as mean (SD) or n (%).

incidence of T2D, although it was not statistically significant (log-
rank test, p = 0.058) (Fig. 2). In the Cox proportional hazards model,
the result was similar to that of the log-rank test; the high BHB group
seemed to be weakly associated with a lower risk of T2D, but it was
not statistically significant (crude HR, 0.69; 95% Cl, 0.46-1.02;
p =0.06) (Table 2). In the multivariable adjusted Cox proportional
hazards models, BHB levels did not show any significant association
with a decreased risk of T2D (adjusted HR, 0.70; 95% Cl, 0.47-1.04;
p =0.07) (Table 2). The FPG level and family history of diabetes were
significantly associated with the development of T2D in both crude
and adjusted models. No significant interactions were found
between subgroups (age, BMI, FPG level) and BHB level, except
for sex (Fig. 3). The association between total ketone body level and
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incidence of T2D was similar to the association between BHB level
and incidence of T2D, which was also not statistically significant.
(Table A.2) The association between BHB levels and the risk of T2D
was more prominent in women than men (adjusted HR, 0.47; 95%
Cl, 0.27-0.81 in females vs. adjusted HR, 1.15; 95% Cl, 0.62-2.14 in
males; p for interaction = 0.02).

DISCUSSION

In this longitudinal study, blood BHB levels showed a tendency
toward a lower risk of T2D in IFG patients during a mean follow-up
duration of 10.9 years, but this was not statistically significant. In
the multivariable regression analysis, patients with higher BHB
levels tended to have a lower risk of new-onset T2D, but it was not
statistically significant, and this trend was maintained in the
subgroup analyses; this was not completely in line with previous
reports. Only FPG levels and family history of T2D were
significantly correlated with an increased risk of T2D in this study.

Blood TG levels showed a tendency to decrease significantly in
the group with higher BHB levels. Since blood TG levels were
measured at a similar level regardless of the fasting time if the
subjects fasted for more than 8 h [25, 26], it is unlikely that these
differences in blood TG levels were due to inhomogeneous fasting
periods in our study, in which participants fasted for more than
8 h. Referring to other previous studies [9, 27], we speculate that
this trend reflects the ability of the liver to dispose of delivered
fatty acids in ketogenic subjects.

Recent studies have examined the metabolic consequences of
ketone bodies, including PBHB, acetoacetate, and acetone, in
ketogenic diets. A ketogenic diet, characterized by a very low
intake of carbohydrates with unrestricted fat intake, is widely
known to be effective for weight loss [28-30]. In addition,
accumulating evidence indicates that a ketogenic diet improves
lipid profiles [30], insulin resistance [31], and non-alcoholic fatty
liver disease [32-34]. Furthermore, in the process of studying the
mechanisms of the pleiotropic effects of sodium-glucose cotran-
sporter-2 (SGLT-2) inhibitors, the hypothesis that ketogenic
conditions can have a favorable metabolic effect has gained
strength [35-37].

Some researchers have studied the prognosis of individuals
with ketogenic tendencies not caused by specific diets or drugs. In
2010, Korean researchers conducted a cross-sectional analysis
comparing the clinical characteristics of subjects with and without
ketonuria using health check-up data [4]. In that study, the
ketonuria group showed favorable metabolic features, such as
lower body weight, waist circumference, blood pressure, and
blood glucose, and had a lower prevalence of obesity, central
obesity, and metabolic syndrome. Logistic regression analysis
showed that the presence of ketonuria after fasting was
significantly associated with a lower prevalence of obesity, central
obesity, and metabolic syndrome. Several years later, another
research team used large-scale data and compared the difference
in the incidence of new-onset T2D during a long-term follow-up
period between groups classified by ketonuria [7]. They recruited
8,703 individuals who were free of diabetes at baseline and
defined individuals with ketonuria as those with morning
ketonuria, classified as trace, 14+ (150 mg/L), or 2+ (400 mg/L).
Then, using 1:4 propensity score matching, the corresponding
non-ketonuria group was recruited. Over 12 years, compared to
those without ketonuria, individuals with spontaneous ketonuria
showed a significantly low incidence of T2D, with an HR of 0.66
(95% Cl 0.45-0.96). The researchers also showed a meaningful
relationship between urinary ketones and blood 3HB levels in an
ancillary dataset consisting of patients with T2D using SGLT-2
inhibitors. Except for the ancillary study, the majority of previous
studies used ketonuria as a variable since the qualitative or
categorical ketonuria test was included in the routine urinalysis set
in various clinics or health check-up centers.

SPRINGER NATURE
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Fig. 2 T2D-free survival in patients with IFG. Kaplan-Meier estimates of T2D-free survival in patients with IFG; p = 0.058 by log-rank test.

Table 2. Hazard ratios for progression to T2D.

Type 2 diabetes mellitus
Progression vs. Non-progression

Unadjusted
Hazard ratio
with 95% ClI
0.69 (0.46-1.02) 0.06
1.02 (0.99-1.04) 0.07
1.20 (0.81-1.77) 0.36
1.05 (0.99-1.12) 0.12
1.09 (1.06-1.12) <0.01
0.99 (0.98-1.01) 0.31
1.00 (0.99-1.00) 0.44
1.61 (1.06-2.46) 0.03
1.05 (0.69-1.59) 0.83
0.80 (0.53-1.19) 0.27
0.83 (0.56-1.23) 0.35
0.87 (0.58-1.30) 0.49

p-value

Beta-hydroxybutyrate (0.05 <f-HB)
Age (years)

Male sex

Body mass index, (kg/m?)

Fasting plasma glucose (mg/dL)
HDL-cholesterol (mg/dL)
Triglyceride (mg/dL)

Family history of DM (Yes vs. No)
Hypertension (Yes vs. No)
Smoking history (Yes vs. No)
Alcohol consumption (No vs. Yes)
Physical activity (Yes vs. No)

Model 1

Hazard ratio
with 95% CI
0.69 (0.47-1.03) 0.06
1.02 (0.99-1.04) 0.12
1.23 (0.82-1.85) 0.32
1.06 (0.99-1.13) 0.07

Model 2 Model 3

Hazard ratio
with 95% CI
0.70 (0.47-1.04) 0.07
1.02 (0.99-1.04) 0.24
1.16 (0.61-2.20) 0.64
1.07 (0.99-1.15) 0.07
1.09 (1.06-1.12) <0.01
0.99 (0.98-1.01) 0.44
1.00 (0.99-1.00) 0.81
1.74 (1.12-2.70) 0.01
0.76 (0.47-1.20) 0.24
0.80 (0.42-1.50) 0.48
0.87 (0.52-1.44) 0.58
0.82 (0.54-1.24) 0.33

Hazard ratio p-value

with 95% CI

0.68 (0.46-1.01) 0.05
1.01 (0.99-1.03) 0.50
1.38 (0.90-2.11) 0.14
1.05 (0.98-1.12) 0.17
1.09 (1.06-1.12) <0.01
0.99 (0.98-1.01) 0.48
1.00 (0.99-1.00) 0.87

p-value p-value

Model 1 was unadjusted. Model 2 was adjusted for age, sex, and BMI. Model 3 was further adjusted for fasting plasma glucose, HDL-cholesterol, and
triglyceride. Model 4 was further adjusted for family history of DM, hypertension, smoking history, alcohol consumption, and physical activity.
Bold values indicate statistical significance (p < 0.05) or p-values between 0.05 and 0.10.

In 2023, researchers in the Netherlands and Sweden published
the results of a long-term follow-up study on fasting plasma
ketone bodies and the development of T2D for the first time [14].
They recruited 3,307 participants from the general population,
free of diabetes or IFG at baseline. During a mean follow-up of
7.3 years, fasting plasma ketone bodies showed a significant
association with the incidence of T2D, with an HR of 1.62 (95% ClI
1.19-2.19) in the final multivariate regression model. This result
contradicts previous studies and goes against the direction of
our research. We attribute this discrepancy to the metabolic
characteristics and racial differences of the study participants.
While all our study participants were prediabetics, the study in
2023 excluded subjects with diabetes or IFG. Consequently, the
median fasting glucose level was approximately 4.7 mmol/L
(84.6 mg/dL), much lower than ours, 105.6 mg/dL. In addition,

SPRINGER NATURE

Asians, including Koreans, tend to exhibit a relatively more
severe decline in their insulin secretion function as they progress
from normoglycemia to prediabetes and then to diabetes [38].
Therefore, in the Korean population with IFG, ketogenesis may
occur in different circumstances, and its clinical meaning could
be interpreted differently compared to normoglycemic Dutch
people who have intact insulin secretory function. We assume
that the ketogenic pathway may act as a kind of protective
mechanism to prevent progression to T2D in Koreans with IFG,
whose insulin secretory function is relatively weaker than their
insulin resistance.

A clear mechanism of association of ketone bodies with the risk of
developing T2D has not yet been identified. However, several
putative mechanisms have been proposed. First, PPARa and its
downstream target, FGF21, were reported to be induced during the
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Subgroup no. of event/total no. 1 HR [95% CI] p-value
Overall 105/453 — 0.70[0.47-1.04] 0.07
Age (years) I
<65 89/390 —II— 0.84[0.54-1.29] 0.45
265 16/63 ! 0.29[0.07-1.15]
Sex :
Male 45/215 —II— 1.15[0.62-2.14] 0.02
Female 60/238 D —— : 0.47[0.27-0.81]
BMI (kg/m2) :
<25 48/236 —I—I 0.61[0.33-1.11] 0.33
225 57/217 —II— 0.76 [0.44-1.31]
FPG (mg/dL) I
<110 66/364 —'—I 0.70[0.42-1.16] 0.15
=110 39/89 —I—l 0.60[0.30-1.22]

0.1 025 05 1 2

Hazard Ratio with 95% confidence interval (log scale)

Fig. 3 Hazard ratios for newly diagnosed T2D at different beta-hydroxybutyrate levels in subgroups. Analyses were performed using Cox
proportional-hazards models that were adjusted for age, sex, BMI, fasting plasma glucose, HDL-cholesterol and triglyceride, family history of
DM, hypertension, smoking history, alcohol consumption, and physical activity.

ketogenesis [8, 10]. These are considered important regulators of
energy metabolism, and their activation is believed to confer
protective effects against T2D [39-41]. Second, ketogenesis is an
efficient pathway for the disposal of free fatty acids in the liver,
including the production of acetyl-CoA by B-oxidation, serial
conversion to acetoacetyl-CoA, 3-hydroxy-3-methylglutaryl-CoA, and
ketone bodies [2, 42]. If the ketogenic pathway is impaired, acetyl-
CoA enters the TCA cycle instead, and the anaplerotic pathway,
including pyruvate carboxylase flux, increases, which leads to
gluconeogenesis [9, 43]. Therefore, impaired ketogenesis is asso-
ciated with hyperglycemia. Third, the ketone bodies themselves may
have beneficial effects on protection against T2D. In particular,
previous research suggest that BHB acts as a signaling substance. It
reduces inflammatory responses [11, 12], regulates the expression of
genes related to gluconeogenesis [44, 45], and modulates several
reactions, which improve insulin resistance [46, 47].

In this study, the occurrence of new-onset T2D tended to be lower
in the higher BHB group, but it was not statistically significant. The
reason for the statistical insignificance might be the small scale of the
study. According to the Kaplan-Meier survival curve presented in

Fig. 2, the difference in the probability of T2D-free survival between

the groups gradually widened over time. We presumed that the
results could not reach statistical significance due to the lack of long-
term follow-up subjects in our study. In addition, considering that
meaningful ketonuria was present in a very low percentage of the
population (approximately 2%) in the previous study [7], we assumed
that the number of patients with significant ketonuria or hyperke-
tonemia in this study was low. This may have resulted in the lack of
statistically significant trends in this study. Our assumption also
supported by the finding that the median BHB level in groups Il was
0.074 mmol/L, which was within the range of the non-ketonuric
group in the previous study [7].

This study had several limitations. First, as mentioned above,
our sample size might have been too small to show statistically
significant differences between the two groups. Large-scale
studies including more subjects with long-term data may be
required to show the differences in T2D incidence between
groups classified by blood BHB levels. Second, our study did not
include a dataset of urinary ketone levels. Although blood BHB or
total ketone body levels were distinctive variables in our study,
comparison with the findings of previous studies would be more
reliable if data on ketonuria had been available. Third, due to the
limitations of our equipment, we were unable to measure the
exact value of blood BHB in cases of blood BHB < 0.05 mmol/L.
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Therefore, analyzing the differences in T2D incidence according
to all blood BHB levels had limitations. Fortunately, when
dividing by blood BHB levels of 0.05 mmol/L, we were able to
divide the patients into two groups relatively evenly. Fourth, this
study did not include data on plasma insulin levels. Therefore,
the indices for insulin resistance, such as the homeostasis model
assessment [48] or quantitative insulin sensitivity check index
[49], could not be calculated and compared in our analysis. Fifth,
we could not assess the dietary information of the participants or
the exact duration of fasting, as the latter was recorded as “at
least 8 h.” These factors could have affected ketogenesis. In
addition, the lack of dietary information may cause a lack of
information about the nutritional status of participants. Diet
changes during the study were also unavailable. Although we
tried to match the general conditions of the participants,
including their age, BMI, and physical activity, more accurate
analyses would have been possible if data on nutritional status
were available.

Despite these limitations, our study is clinically meaningful as, to
our knowledge, it is the first study to examine the relationship
between blood ketone levels and the risk of new-onset T2D in
patients with IFG. This study also found that higher BHB levels
were more significantly associated with an increased risk of T2D in
women (p = 0.02 for sex interaction). The mechanisms explaining
the sex differences in this association require further study.

In conclusion, in patients with IFG, blood BHB levels tended to
be associated with the incidence of new-onset T2D but did not
show statistical significance. Large-scale, long-term observational
studies with precise nutritional data, accurate information on
fasting duration, and more accurate repeated measurements of
ketone bodies are needed in the future.
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