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INTRODUCTION

ABSTRACT

Aims/Introduction: As a low-carbohydrate diet and the use of sodium—glucose trans-
porter-2 inhibitors are both known to increase D-beta-hydroxybutyrate levels, the effect of
these levels on glucose metabolism has attracted attention. We investigated the acute
effects of ketone monoester (KM) ingestion on blood glucose levels during the 75-g oral
glucose tolerance test (OGTT) in participants with impaired glucose tolerance.

Materials and Methods: Nine Japanese adults aged 48-62 years (4 men, 5 women)
with impaired glucose tolerance participated in this study. After participants fasted over-
night, we carried out OGTT for 180 min with and without KM ingestion on two separate
days in a randomized cross-over design. We compared the area under the curve (AUC) of
D-beta-hydroxybutyrate, glucose, insulin, C-peptide, glucagon and free fatty acids during
OGTT.

Results: The AUC of D-beta-hydroxybutyrate during OGTT was significantly higher with
KM than without KM (KM 5995.3 + 1257.1 mmol/L-h; without KM 116.1 + 33.9 mmol/L-h,
P < 0.0001), and the AUC of glucose with KM was significantly lower than that without
KM (KM 4066 £+ 706 mg/dL-h; without KM 4832 + 74.3 mg/dL-h, P < 0.0001). This
improved glucose excursion was associated with enhanced AUC of insulin during the first
half (0-90 min) of OGTT, even though the AUC of C-peptide during this period was
unchanged. In contrast, the AUC of insulin, C-peptide, glucagon and free fatty acids dur-
ing 180 min of OGTT were similar in both conditions.

Conclusion: The ingestion of KM decreased the AUC of glucose during 75-g OGTT in
Japanese individuals with impaired glucose tolerance, and the mechanism might involve
elevated levels of circulating early phase insulin.

the normal blood ketone level in humans is <0.1 mmol/L in

Ketone bodies, namely D-beta-hydroxybutyrate (BHB) and ace-
toacetate (AcAc), are produced mainly by the liver during peri-

ods of low glucose availability, such as prolonged fasting and a
low-carbohydrate and high-fat diet (ketogenic diet)'. Although
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the fasting state, prolonged fasting and a ketogenic diet increase
blood ketone levels by 1.0-5.0 mmol/L>. It is notable that
administration of an oral hypoglycemic agent, such as a
sodium—glucose transporter-2 inhibitor, also increases blood
ketone levels to approximately 0.1-0.15 mmol/L’. A short-term
ketogenic diet with calorie restriction has been shown to
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improve insulin resistance, high blood pressure and dyslipi-
demia* ®. These beneficial effects suggest that ketones might be
a potential treatment for patients with obesity and diabetes
mellitus. However, the aforementioned metabolic changes have
also been observed with non-ketogenic calorie restriction”?,
thus, the direct effects of ketone bodies on glucose metabolism
during a ketogenic diet are not yet fully understood.

The oral administration of ketone supplements, such as
sodium acetoacetate, PHB salts and BHB esters, can acutely
increase the concentration of circulating ketone bodies in the
blood in the absence of a ketogenic diet>®'*. Thus, oral admin-
istration of BHB is also expected to improve glucose metabo-
lism, but to the best of our knowledge, just three studies have
investigated the effect of oral ketone administration on glucose
metabolism during an oral glucose tolerance test (OGTT). In
1970, Jenkins et al.'* reported that ingestion of sodium acetoac-
etate 30 min before OGTT in young males increased plasma
insulin levels during OGTT compared with the control condi-
tion, whereas blood glucose levels remained unchanged. In con-
trast, (R)-3-hydroxybutyl (R)-3-hydroxybutyrate (hereafter
referred to as ketone monoester [KM]) supplementation is
safe’, and has been shown to increase circulating BHB levels
enough to induce a physiological effect'’. The KM is hydro-
lyzed in the small intestine by non-specific gut esterases' to
BHB and (R)-1,3-butanediol. These metabolites are transported
to the liver, where butanediol is metabolized to PHB, and
then BHB is released into the circulation. In 2018, Myette-Coté
et al”®> showed that consuming a KM supplement 30 min
before OGTT increased circulating BHB levels to 1-3 mmol/L
and reduced the area under the curve (AUC) of glucose during
OGTT without affecting insulin levels. Very recently, this group
showed a similar effect of KM supplementation in obese partic-
ipants'®. These were the first studies showing that KM supple-
mentation might be a potential therapeutic option for
individuals with impaired glucose tolerance. However, the par-
ticipants in these studies had normal glucose tolerance. Thus,
the effect of KM supplementation on postprandial hyper-
glycemia has not yet been elucidated.

Against this background, in the present study we evaluated
the impact of KM supplementation on post-glucose load hyper-
glycemia during the 75-g OGTT (primary outcome) in partici-
pants with impaired glucose tolerance (IGT). This is the first
report to investigate the effects of KM in participants with IGT.

METHODS

Participants

In the present study, we recruited candidate Japanese partici-
pants through clinical research companies (3H Medi Solution,
Inc., Tokyo, Japan, and SOUKEN, Tokyo Japan); all potential
participants were aged between 20 and 64 years, with a body
mass index between 18.5 and 25.0 kg/m> The exclusion criteria
were as follows: history of diabetes, hypertension or dyslipi-
demia, history of food allergy or drug hypersensitivity, habitual
drinker (ethanol >30 g/day), history of digestive system disease
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or digestive surgical operation, liver dysfunction or hepatitis B
virus or hepatitis C virus infection, history of heart disease,
chronic renal failure (creatinine level >1.3 mg/dL), recent
weight changes or attempts to lose weight (3 kg weight gain or
loss, within past 1 month), low-carbohydrate diet (carbohydrate
<150 g/day) and current smoker. We also excluded participants
taking medicines or supplements that might affect glucose or
lipid metabolism. Between March and April 2019, we carried
out the 75-g OGTT in the 72 eligible candidates after overnight
fasting, and nine participants (4 men, 5 women) with IGT who
fulfilled the criteria were included in the present study. The
recruitment flowchart is presented in Figure 1.

Before the study, all participants provided written consent to
participate after receiving information on the procedures and
purpose of the study. The study protocol was approved by the
Research Ethics Review Board of Juntendo University (18-061
and 18-222). This study was carried out in accordance with the
principles outlined in the Declaration of Helsinki, and was reg-
istered with the Japan Clinical Trials  Registry
(UMINO000037787).

Experimental design

The present study was carried out using a randomized cross-
over design. OGTT both with and without ingestion of an
exogenous KM supplement (HVMN, San Francisco, CA, USA)
was carried out on two separate days separated by either a 7-
day or 14-day interval. Participants were randomized in terms
of whether KM supplementation was given at the first or sec-
ond OGTT procedure by computer-generated random num-
bers. All participants were asked to maintain their physical
activity and dietary intake during the study period. In addition,
they were asked to avoid exercise 72 h before the day of the
OGTT. On the testing day, we measured each participant’s
height and bodyweight, and estimated their body fat percentage
using the impedance method (Inbody 730; Biospace, Tokyo,
Japan) after overnight fasting (12 h). The duration of the 75-g
OGTT was 180 min. In the KM condition, participants simul-
taneously consumed the KM supplement (482 mg/kg body-
weight, in accordance with a previous study'’) and 75 g
glucose; whereas in the control condition, the same amount of
water was consumed instead of KM. All participants completed
both experiments between April 2019 and July 2019.

Primary and secondary outcome variables and sample size

The primary outcome of the present study was the AUC of
glucose during the 75-g OGTT with and without KM ingestion.
With regard to the secondary outcomes, we also evaluated
changes in PHB, insulin, C-peptide, C-peptide/insulin ratio'’,
C-peptide/glucose ratio®, glucagon, free fatty acids (FFA), Mat-
suda Index', and the insulinogenic index during OGTT with
and without KM ingestion. The sample size was calculated with
GPower 3.1.3 (Dusseldorf, Germany) based on the effect size of
1.1 estimated by a previous study showing a 17% reduction in
glucose level by KM ingestion'®. We set o = 0.05 and power
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77 attended screening visit
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66 excluded

Did not meet inclusion criteria because of
2 h glucose during OGTT = 200 mg/d! (n = 2)
2 h glucose during OGTT < 140 mg/dl (n = 60)

Refused to participate (n =4)

11 eligible participants
randomly assigned

! Withdrew after consent (n = 2)

9 completed both experiments in
randomized crossover design

Figure 1 | CONSORT flow diagram for cross-over randomized trials. OGTT, oral glucose tolerance test.

(1 — B) = 0.8 for this a priori power analysis model, and the
required sample size of nine was determined.

OGTT and blood sampling

A standard 75-g OGTT was carried out after individuals had
fasted overnight. Venous blood samples were obtained before
the ingestion of 75 g of glucose (0 min), and at 15, 30, 60, 90,
120 and 180 min afterward. The insulinogenic index was calcu-
lated using the following equation: (insulin at 30 min — fasting
insulin) / (plasma glucose at 30 min — fasting plasma glucose).
We evaluated levels of BHB, plasma glucose, serum insulin,
FFA, glucagon and C-peptide at each time point. The AUCs of
these parameters during OGTT were calculated by the trape-
zoidal method.

Blood analysis

Blood samples were sent to a laboratory (SRL Inc., Tokyo,
Japan) for biochemistry analysis. The circulating levels of BHB,
plasma glucose, serum insulin, FFA, glucagon, C-peptide, serum
lipids (total cholesterol, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, FFA and triglycerides) and
liver function tests (aspartate aminotransferase, alanine amino-
transferase and gamma-glutamyl transpeptidase) were measured
by standardized methods (SRL Inc.). With regard to glucagon
measurement, blood samples were collected in 3-mL tubes con-
taining ethylenediaminetetraacetic acid 2Na® and aprotinin,

then immediately centrifuged at 4°C, and plasma was stored at
-80°C.

Statistical analysis

PASW Statistics version 20.0 (SPSS, IBM Corp., Armonk, NY,
USA) was used for statistical analysis. All data are presented as
the mean + standard deviation. A paired t-test was carried out
to determine significant differences between the two experi-
ments. The level of statistical significance was set at 0.05.

RESULTS

Baseline demographic characteristics of the participants are
shown in Table 1. No adverse effects were observed with in the
present study, all participants successfully completed OGTT
with and without BHB. Figure 2 shows the mean + standard
deviation values of parameters during OGTT under each condi-
tion. The BHB level in the KM condition increased immedi-
ately 15 min after the oral load; the peak was 2.4 + 0.7 mmol/
L at 90 min into OGTT, and the concentration remained simi-
lar throughout the remainder of the experiment (Figure 2). In
contrast, no significant change in BHB level was observed in
the control condition. Thus, compared with the control condi-
tion, the KM condition resulted in a significant increase in the
BHB level at each time point after glucose ingestion, as well as
a significantly higher AUC of BHB during the OGTT
(Table 2). Fasting plasma glucose and FFA levels were slightly
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Table 1 | Participants’ demographic characteristics

M/F 5/4

Age (years) 550+ 40
Height (cm) 1660+ 118
Weight (kg) 645 £ 117
Body mass index (kg/m?) 232+13
Percent body fat (%) 316 £ 47
Fasting plasma glucose (mg/dL) 1092 £ 172
Plasma glucose at 120 min during OGTT (mg/dL) 1679 £ 184
Insulin (uU/mL) 7227
HbA1c (%) 6002
Free fatty acids (uEq/L) 5650 £ 1269
Triglycerides (mg/dL) 106.7 £ 532
High-density lipoprotein cholesterol (mg/dL) 741 £ 203
Low-density lipoprotein cholesterol (mg/dL) 1503 £ 231
Aspartate aminotransferase (U/L) 213+ 49
Alanine aminotransferase (U/L) 198 + 60
Gamma-glutamy! transferase (U/L) 224+ 68
Blood urea nitrogen (mg/dL) 150 + 34
Estimated glomerular filtration rate (mL/min/1.73 m?) 722+ 156

Total n = 9. Data are expressed as mean % standard deviation. OGTT,
oral glucose tolerance test.

lower in the KM condition than in the control condition (fast-
ing plasma glucose 1052+ 100 vs 1009 * 9.4 mg/dL,
P=0.024;, FFA 6631% 1869 vs 5788 % 191.5 nEq/L,
P = 0.029), whereas other parameters were similar in the fast-
ing state in both conditions (Figure 2). As shown in Figure 1
and Table 2, glucose levels at 60, 90 and 120 min after glucose
ingestion, and the AUC of glucose during OGTT were signifi-
cantly lower in the KM condition than in the control condition.
This difference was also significant when the AUC of glucose
was calculated based on the incremental change in glucose con-
centration relative to baseline (data not shown). This improve-
ment in the AUC of glucose seemed to be associated with
elevated insulin levels during the first half of the OGTT (0—
90 min; Figure 2). Indeed, insulin levels at 30 and 90 min after
glucose ingestion and the AUC of insulin during the first half
of OGTT were higher in the KM condition than in the control
condition (Table 2). This elevation was not accompanied by
changes in C-peptide levels at 0, 30, 60 or 90 min after glucose
ingestion or by changes in the AUC of C-peptide (Figure 2,
Table 2). Accordingly, the C-peptide : insulin ratio was reduced
by KM ingestion during the first half of the OGTT. In contrast,
C-peptide/glucose ratios were increased by KM ingestion during
the OGTT. Other parameters were not significantly changed by
KM ingestion (Table 2).

DISCUSSION

In the present study, we investigated glucose metabolism during
OGTT with and without KM ingestion using a randomized
cross-over design in participants with IGT. The KM ingestion
protocol increased circulating PHB levels (maximum
24 + 0.7 mmol/L at 90 min into OGTT), and decreased AUC-
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glucose (—15.9 = 6.4%) during the OGTT compared with the
control condition. Furthermore, insulin levels during the first
half of the OGTT (0-90 min) were significantly higher, and
glucose levels were significantly lower in the KM condition
than in the control condition, whereas C-peptide levels were
comparable.

Early phase insulin secretion is an important determinant of
post-load glucose level. Decreased early phase insulin secretion
is observed in IGT participants, and is associated with
enhanced endogenous glucose production during the postpran-
dial state, causing postprandial hyperglycemia®. Indeed, restora-
tion of impaired early insulin secretion by an insulin
secretagogue in IGT or type 2 diabetes’**, or by exogenous
insulin administration in type 2 diabetes™, is known to
improve postprandial hyperglycemia. Consistent with this fact,
the present data showed that reduced the AUC of glucose in
the KM condition was associated with elevated insulin levels
during the first half of the OGTT. Taken together, the KM-in-
duced increase in circulating insulin levels during the first half
of OGTT might have contributed to reduced glucose levels dur-
ing the OGTT procedure.

A recent study using the hyperglycemic clamp technique
showed that KM ingestion increased endogenous insulin secre-
tion, glucose uptake and muscle glycogen synthesis in the pres-
ence of persistently high glucose concentrations™. Previous
studies have also shown that ketones directly stimulate insulin
secretion®*®, and this effect is glucose-dependent”. Accord-
ingly, KM administration resulted in a significant decrease in
the glucose level, but no change in the C-peptide level. Thus,
the C-peptide : glucose ratio, a marker of insulin secretion'®,
was elevated by the KM ingestion (Table 2). Similarly, Myette-
Coté et al'>'® reported that KM administration did not alter
the insulin level, but decreased the blood glucose level during
the OGTT. These data suggested that insulin secretion could be
enhanced during OGTT by the KM ingestion.

The underlying mechanisms of enhanced insulin secretion by
the KM ingestion remain unclear. It has been shown that short
chain fatty acids, such as ketone, are ligands for G-protein-cou-
pled receptor (GPR)41 and GPR43. GPR41 and GPR43 are
expressed in L cells producing glucagon-like peptide (GLP)-1%.
Thus, it is supposed that insulin secretion could be enhanced
after the KM ingestion through increased GLP-1 secretion from
L cells. However, two previous studies using the same KM
showed decreased GLP-1 secretion by the KM ingestion'>'.
Further study is required to clarify the mechanisms of
enhanced insulin secretion after the KM ingestion. The circulat-
ing insulin level is enhanced not only by increased insulin
secretion, but also by reduced insulin clearance. In the present
study, the C-peptide : insulin ratio during the OGTT was
decreased by the KM ingestion, which might suggest that KM
ingestion decreased insulin clearance. However, the AUC of the
molar C-peptide : insulin ratio after glucose challenge has sev-
eral limitations®. In brief, the difference in the plasma half-lives
of C-peptide (30 min) and insulin (4 min) complicated the

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Figure 2 | Temporal changes in blood parameters during a 75-g oral glucose tolerance test. (@) D-beta-hydroxybutyrate (BHB), (b) plasma glucose,
(0) insulin, (d) C-peptide, (e) glucagon and (f) free fatty acids (FFA). The dotted lines indicate the control condition, and the solid lines indicate the
ketone condition. Each datapoint indicates the mean value £ standard deviation with n = 9, except n = 8 for insulin at 180 min. *P < 005,
significant difference between the conditions.
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Table 2 | Blood parameters during oral glucose tolerance test in the
two experimental conditions

Variables Control Ketone ester P-value
AUC 0-180 min
BHB (mmol/L:h) 116.1 £ 339 59953 £ 12571 <0001
Glucose (mg/dL-h) 4832 £ 743 4066 = 706 <0.001
Insulin (uU/mL-h) 1304 £+ 760 1410 + 646 0310
Glucagon (pg/mL:h) 445 + 224 498 + 336 0353
C-peptide (ng/mL-h) 224 +£50 210+ 53 0327
Free fatty acids (uEg/L-h) 6388 £ 109.7 5488 + 74.1 0.170
C-peptide/glucose ratio 004 £ 002 005 £ 002 0013
C-peptide/insulin ratio 0.18 £ 006 015 £ 004 0.007
AUC 0-90 min
BHB (mmol/L-h) 1042 £ 370 27203 £ 5432 <0.001
Glucose (mg/dL-h) 2616 £ 37.1 2274 £ 323 0.003
Insulin (uU/mL-h) 557 £ 226 749 £ 293 0003
Glucagon (pg/mL-h) 290 + 149 287 + 199 0925
C-peptide (ng/mL-h) 86+ 19 92 £25 0.164
Free fatty acids (uEg/L-h) 5068 £ 101.6 4132+ 777 0510
C-peptide/glucose ratio 003 £ 001 004 £ 002 0014
C-peptide/insulin ratio 017 £ 004 013 £ 003 <0.001
AUC 90-180 min
BHB (mmol/L-h) 119+ 71 22750 £ 7753 <0.001
Glucose (mg/dL-h) 2216 £ 524 1792 £ 435 <0.001
Insulin (uU/mL-h) 7896 £ 580 7277 £ 454 0515
Glucagon (pg/mL-h) 155+ 85 210 £ 144 0082
C-peptide (ng/mL-h) 138 £ 39 117 £ 38 0053
Free fatty acids (uEg/L-h) 1319 £ 650 1356 + 372 0065
C-peptide/glucose ratio 006 £ 001 007 £ 002 0011
C-peptide/insulin ratio 020 £ 009 0.19 £ 007 0409
Matsuda index 46+ 19 52122 0091
Insulinogenic index 037 £ 024 075 £ 048 0.067

Data are expressed as mean + standard deviation. Fasting plasma glu-
cose and free fatty acid levels differed significantly between the ketone
and control conditions; therefore we calculated the changes in both
parameters relative to the fasting level and compared the areas under
the curve. BHB, D-beta-hydroxybutyrate; AUC, area under the curve;

interpretation of the molar C-peptide : insulin ratio. Thus, the
incremental areas under the C-peptide and insulin concentra-
tion curves after stimuli could be precisely compared if the
curves are followed until plasma levels return to baseline. How-
ever, after 3 h of orally administered glucose, the insulin and
C-peptide did not return basal level (Figure 2). Thus, further
study is required to confirm whether the KM ingestion alter
insulin clearance during OGTT.

There were several limitations to the present study. First, the
sample size of our study was small (5 men, 4 women, total of
9) and included only Japanese individuals. Thus, additional
research is required in other populations (younger and/or older
adults) to generalize this study. Previous studies showed that
East Asians, including Japanese individuals, have a limited
innate capacity for insulin secretion®, and therefore KM inges-
tion might be more effective than in individuals of other
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ethnicities, such as white individuals. Second, we only investi-
gated the acute effects of KM ingestion; its chronic effects on
glucose metabolism and B-cell function remain unknown. Pujol
et al”’' reported that chronic BHB treatment improved PB-cell
function in an animal model. In contrast, several animal mod-
els showed impaired insulin clearance, secondary induced adi-
posity and an insulin-resistant state®. Thus, further studies are
clearly required to confirm the efficacy and safety of fHB treat-
ment. Fasting FFA level was slightly, but significantly, lower in
the KM condition than in the control condition. It has been
shown that acute (90 min) elevation of FFA by approximately
twofold resulted in impaired insulin sensitivity and enhanced
insulin secretion; however, chronic (48 h) FFA elevation did
not enhance insulin secretion, whereas insulin sensitivity was
reduced®. Thus, we cannot deny the possibility the difference
in FFA concentration influenced the present results; however,
the difference in FFA concentration between the conditions
was small; therefore, the difference in FFA might not have a
strong impact on the results. Finally, we did not measure other
parameters related to glucose metabolism (e.g., GLP-1 and sym-
pathetic nerve activity). It has been shown that ketone body
suppresses sympathetic nerve activity through GPR41**. As
endogenous glucose production is enhanced by activated sym-
pathetic nerve, suppression of sympathetic nerve activity might
be involved in the mechanisms of improved glucose excursion
after the KM ingestion.

In conclusion, KM ingestion decreased the AUC of glucose
during the 75-g OGTT in Japanese individuals with IGT. A
possible mechanism is the enhancement of circulating insulin
levels by enhanced insulin secretion.
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