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ABSTRACT ARTICLE HISTORY
Background: Ketosis has been reported to benefit healthspan and resilience, which has driven Received 2 September 2021
considerable interest in development of exogenous ketones to induce ketosis without dietary changes. ~ Accepted 2 December 2021
Bis hexanoyl (R)-1,3-butanediol (BH-BD) is a novel ketone di-ester that can be used as a food ingredient KEYWORDS

that increases hepatic ketogenesis and blood beta-hydroxybutyrate (BHB) concentrations. Ketones; ketone ester; ketone
Methods: Here, we provide the first description of blood ketone and metabolite kinetics for up to di-ester; exogenous ketone;
five hours after consumption of a beverage containing BH-BD by healthy adults (n=8) at rest in beta-hydroxybutyrate
three randomized, cross-over conditions (25g+Meal (FEDH); 12.5g+Meal (FEDL) ; 259+ Fasted (FASTH)).

Results: Consumption of BH-BD effectively raised plasma r-BHB concentrations to 0.8-1.7mM in

all conditions, and both peak r-BHB concentration and rR-BHB area under the curve were greater

with 25g versus 12.5g of BH-BD. Urinary excretion of rR-BHB was <1g. Plasma concentration of

the non-physiological isoform s-BHB was increased to 20-60uM in all conditions. BH-BD consumption

decreased plasma glucose and free fatty acid concentrations; insulin was increased when BH-BD

was consumed with a meal.

Conclusions: These results demonstrate that consumption of BH-BD effectively induces exogenous

ketosis in healthy adults at rest.

Introduction (7, 8) and therefore may have functional effects that are yet
to be defined.

Endogenous ketosis involves several metabolic processes:
lipolysis to provide the fatty acid substrate to the liver,
hepatic ketogenesis, hyperketonemia and increased ketone
oxidation in peripheral tissues (Figure 1) (9). Recently, exog-
enous sources of ketones have been developed for their
ability to elevate blood ketone concentration without the
need to restrict dietary carbohydrates or fasting. Whether
ketosis achieved through exogenous means has similar effects
as endogenous ketosis is an active area of research, many

tyrate (R-BHB) is the normal product of mammalian keto- pre-clinical studies compare the effects of ketogenic diet
genesis. A state of ketosis is clinically characterized by blood ~consumption to the effects of exogenous ketone adminis-
R-BHB > 0.5mM, and typically occurs when dietary carbo- tration (7, 10-12). Exogenous ketone compounds do not
hydrate intake is low, such as during fasting (3), and a increase lipolysis, but some can increase ketogenesis and
ketogenic diet (4). The metabolism and function of s-beta when provided in sufficient amounts produce a state of
hydroxybutyrate (s-BHB) enantiomer is incompletely under- ketosis and elevated ketone oxidation (13, 14). It is hypoth-
stood. s-BHB is a common intracellular intermediate of the esized that consumption of exogenous ketones may replicate
fatty acid beta-oxidation pathway but is not usually found a subset of the effects of endogenous ketosis (15).

in the circulation at high concentrations and cannot be Examples of exogenous ketone compounds include
oxidized by the same pathway as R-BHB (5, 6). Despite this, medium chain triglycerides, ketone salts and ketone esters.
s-BHB does share some of the signaling activities of R-BHB Many variants of these compounds have been studied for

The ketone bodies beta hydroxybutyrate (BHB), acetoacetate,
and acetone are fat-derived endogenous molecules with a
dual function. First, ketones act as an energy source that
allowed our ancestors to survive periods of starvation by
utilizing energy stored in lipids (1). Second, ketones are
signaling metabolites that form part of an environmentally
responsive network that regulates healthspan and lifespan
(2). BHB is a chiral molecule at the 3" hydroxyl group and
this may be an important feature in consideration of BHB
signaling and its therapeutic potential. R-beta hydroxybu-
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Figure 1. Metabolic pathways involved in endogenous and exogenous ketosis. Endogenous ketosis increases lipolysis, classical hepatic ketogenesis, hyperke-
tonemia and ketone oxidation. Exogenous ketosis with BH-BD consumption involves intestinal hydrolysis of BH-BD, classical and non-classical hepatic ketogenesis,
hyperketonemia and ketone oxidation. BHB, beta-hydroxybutyrate. Created with BioRender.com.

their ability to induce ketosis and their impact on a range
of outcomes, including physical performance (16-18), cog-
nitive function (19-22), blood glucose control and appetite
regulation (23-25). Ketone esters are of particular transla-
tional interest because they elevate blood ketone concentra-
tions without an accompanying acid or mineral load (26).
The molecular structure of some ketone esters allows for
more complete replication of endogenous ketosis if they
provide substrates that elevate blood ketones via the classical
process of hepatic ketogenesis, compared to compounds that
deliver ketones directly into the circulation, by-passing keto-
genesis in the liver.

The novel ketone di-ester, bis-hexanoyl (R)-1,3-butanediol
(BH-BD) is an example of a ketone ester that strongly

induces hepatic ketogenesis. BH-BD was recently developed
for use as a food ingredient to induce ketosis in humans.
BH-BD is rapidly metabolized by enzymes in the small
intestine to form ketogenic precursors: the medium chain
fatty acid hexanoic acid, and the ketogenic alcohol
(R)-1,3-butanediol (27) (Figure 1). These hydrolysis products
are thought to enter the portal circulation and pass from
there into the liver. In the liver, hexanoic acid acts as a
constitutive substrate for classical hepatic ketogenesis result-
ing in release of R-BHB and acetoacetate, whereas
(R)-1,3-butanediol is converted to R-BHB via a non-classical
hepatic ketogenic pathway. Both of these hepatic ketogenic
pathways occur largely independently of dietary carbohydrate
intake or circulating insulin concentrations. Notably, BH-BD
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Figure 2. Schematic showing overall study design and study visit design.
Table 1. Anthropometric characteristics of study participants.
Mean (SEM) Range

Age (years) 28 (1) 24-34
Weight (kg) 84.0 (6.5) 59.3-113.3
BMI (kg/m?) 26.7 (1.6) 22.4-359
Fasting Glucose (mg/dL) 101.2 (3.3) 73-137
Fasting BHB (mM) 0.2 (0.1) 0.0-14
Sex (male/female) 5/3

does not contain s-BHB or obvious metabolic precursors to
s-BHB, such as (R, S)-1,3-butanediol. Oral administration
of BH-BD in rats and mice produced rapid and robust
elevations in blood r-BHB concentrations (27). The first
human study of BH-BD described its’ safety and tolerability
when 25g was taken daily for 28 days by healthy adults, and
found that consumption of 25g of this ketone ester elevated
blood rR-BHB measured 1hour following consumption (28).
However, the full-time course of blood ketone response to
consumption of BH-BD as well as the possible presence of
its hydrolysis products in the systemic circulation is
unknown. It is also unknown if BH-BD alters circulating
concentrations of metabolites such as glucose and
non-esterified free fatty acids (NEFA) in a similar manner
to other exogenous ketone compounds. Therefore, we under-
took a randomized, cross-over study in healthy adults to
investigate the changes in R- and s-BHB, and in glucose,
NEFA and insulin following consumption of BH-BD at two
serving sizes and under different feeding conditions. This
work extends our limited knowledge of BH-BD metabolism
in humans and will inform the future use of BH-BD to
generate a repeatable state of exogenous ketosis.

Materials and methods

Study overview

Healthy adults (n=8) without prior history of chronic illness
who regularly undergo recreational exercise, took part in a
randomized three-arm cross-over study, in which blood Rr-
and s-BHB and metabolite concentrations were measured
for 5hours following ingestion of beverages containing the
novel ketone ester, BH-BD (C6 Ketone Di-ester) (Figure 2).
Conditions studied were 25g of BH-BD taken with a meal
(FEDH), 25g taken whilst fasted (FASTH) and 12.5g taken
with a meal (FEDL). This study was approved by the
Institutional Review Board at the Ohio State University
(#2020H0005, approved on 13" March 2020) and was con-
ducted in accordance with the Declaration of Helsinki
(2004) (29).

Participants and screening

Participants provided written informed consent prior to
inclusion, and completed a confidential medical history
questionnaire to determine eligibility. Participants included
healthy adult men (n=5) and women (n=3). Females were
non-pregnant, non-lactating and using birth control during
and 30days after the study. Exclusion criteria included cur-
rent illness, allergies to ingredients in the test product, his-
tory of alcoholism, prescriptive or over-the-counter
medications, or excessive smoking habits (>5 cigarettes a
day). Seven of the participants habitually consumed a
non-carbohydrate restricted diet, while one subject had con-
sumed a ketogenic diet for a period of months.
Anthropometric characteristics were measured in the labo-
ratory (height and weight) and are shown in Table 1. The
sample size selected was based on other pharmacokinetic
studies of ketone esters that were similar in nature (30, 31)
and on past work which tested the effect of meal feeding
on ketone ester responses and found a 1mM (standard
deviation 0.6 mM) decrease in peak BHB concentration when
ketone ester was taken with a meal versus fasted (32). A
sample size calculation found that 6 participants were
required to detect a 1mM difference in peak BHB concen-
tration with a power of 0.8 and alpha of 0.05. We enrolled
8 participants to account for potential drop outs and provide
enhanced statistical power for ketones and other meta-
bolic data.

Ketone ester beverage

The ketone ester, BH-BD, was manufactured by Abitec
Corporation (WI, USA). The ketone ester was formulated
into a chocolate flavored beverage matrix (water, whey pro-
tein concentrate, modified gum acacia, natural and artificial
flavors, cocoa powder) under aseptic conditions by The
National Food Laboratory (NY, USA). It was aliquoted into
bottles containing 25g of BH-BD in a total volume of 75mL.
In the FEDH and FASTH condition, participants consumed
one full bottle (25g BH-BD in 75mL), in the FEDL
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Table 2. Nutritional information of study beverage and standard meal.

BH-BD beverage

Standard meal

BH-BD (g) 25
Energy (kCal) 225
Carbohydrate (g) 1
Fat (g)

Protein (g) 1

0.5

336
354
11.6
26.2

condition participants consumed half of one bottle (12.5g
BH-BD in 37.5mlL). Nutritional information is shown in
Table 2.

Standard meal

The standardized meal in the FEDH and FEDL conditions
was a smoothie that provided 336kcal as 40/30/30 (%kCal
carb/fat/protein) as determined by nutrition software
(Nutritionist Pro, Axxya Systems, Redmond, WA). The meal
consisted of blended banana, frozen strawberries, unsweet-
ened almond milk, peanut butter, baby spinach, collagen
powder (Primal Kitchen, CA, USA), and unflavored whey
protein (biPro, MN, USA). Nutritional information is shown
in Table 2.

Study visit procedures

Participants reported to the OSU PAES Building having
complied with pretest requirements: fasted (10h+2h), no
alcohol for 24h, no caffeine for 10h, no exercise for 10+2h
and adequate hydration (confirmed by urine specific gravity
testing (< 1.025)). Visit order was randomized based on
sequences from an online random sequence generator, allo-
cated by order of enrollment. The participants randomized
to the FEDH and FEDL conditions consumed a 25g or
12.5g serving of BH-BD formulated into a beverage and
the standardized meal at Oh, whereas the participants in
the FASTH condition consumed a 25g serving of BH-BD
formulated into a beverage only. Participants were instructed
to consume the BH-BD beverage and meal in less than
0.25h. Venous blood samples were collected at —0.5, 0.5, 1,
2, 3, 4 and 5h, where t=0 is the time of BH-BD beverage
consumption (Figure 1). Participants remained sedentary
throughout the duration of the study and were instructed
to make minimal ambulatory movements.

Biological sampling and analysis

Venous blood samples (2-3mL) were obtained during all
visits through venepuncture at the antecubital fossa. Samples
were stored on ice, centrifuged at 4°C and 1200g for 10 min-
utes, and duplicate plasma aliquots stored at —80°C. All
urine passed during the visit was collected, the total volume
recorded, and 1mL aliquots were frozen and retained for
analysis. Samples were analyzed at The Buck Institute for
Research on Aging. Commercially available enzymatic assay
kits were used to determine plasma and urinary rR-BHB
(StanBio, TX, USA), plasma glucose (Sigma Aldrich, MO,

USA), NEFA (Randox, WV, USA) and insulin (Crystal
Chem, IL, USA). Plasma concentration of s-BHB was deter-
mined by Liquid Chromatography—Mass Spectrometry (see
supplementary material for details). Samples from one con-
dition (FEDH) were analyzed for the hydrolysis products of
BH-BD ((R)-1,3 butanediol and hexanoic acid) by Liquid
Chromatography-Mass Spectrometry (see supplementary
material for details).

Statistical methods

Statistics were performed using Prism 9 (GraphPad, CA,
USA) with two-tail a significance set at p <0.05. All ketone
and glucose values were normalized to each individual’s
baseline value for each test visit and were compared across
testing conditions to determine significant differences using
a 2-way (condition x time) repeated measures analysis of
variance (ANOVA). Area under the curve (AUC) was cal-
culated from the normalized BHB and glucose measurements
using the trapezoidal method (GraphPad Prism, Ver. 9).
Between-condition significance in total AUC and time-to-
peak shift was calculated by one-way ANOVA. Significant
post-hoc interactions were analyzed with the Least Square
Differences correction. Simple linear regression was per-
formed to calculate the R squared value for the relationship
between body weight and peak BHB concentration achieved
and to determine if the slope significantly deviated from zero.

Results
Plasma and urine r- and s-BHB

Participants varied in fasting plasma R-BHB from 0.1 to
>1mM, primarily reflecting differences in habitual carbo-
hydrate intake. For that reason, we analyzed rR-BHB
responses normalized to each participant’s baseline value
(AR-BHB). As expected, consumption of BH-BD effectively
elevated circulating plasma R-BHB concentrations over
baseline values in all conditions. There were significant
differences between conditions in mean plasma R-BHB
concentrations over the 5h time course with significant
time (p<0.0001), condition (p=0.0014), and interaction
effects (p<0.0001) observed (Figure 3A). Mean peak
plasma AR-BHB occurred after 0.5h in the FEDL condition
(p vs. FEDH and FASTH < 0.0001), 1h in the FEDH
condition (p vs. FEDL < 0.0001; p vs. FASTH = 0.029)
and 2h in the FASTH condition (p vs. FEDL < 0.0001; p
vs. FEDH = 0.7975). Plasma R-BHB remained significantly
elevated over baseline for 1h in the FEDL condition, 2h
in the FEDH condition and for the duration of the 5h


https://doi.org/10.1080/07315724.2021.2015476
https://doi.org/10.1080/07315724.2021.2015476
https://doi.org/10.1080/07315724.2021.2015476

JOURNAL OF THE AMERICAN COLLEGE OF NUTRITION 173

* koK
A B - C .
3- ; % ns % ns
31 10 |
_ : _ o = s m FEDL
= = X g
E 2- E . s 8 e FEDH
o 5 27 £ | s FASTH
I £ I3)
? 0 2 Iy
e 11 o 4
d Ei 14 ng” m
o c | B T 2] =
S | B3
T T T T T 1 00— 0- J
o \ o o N N ¥ o y
S S S R &L L Q‘g" &L L «Vé\
Time (h)
D E F
3- 125 —
" = 100 ~» . :
s C Z
E 27 o o ]
m ® o T n
I m _e® ® @ 50+
o = o o 2
| [m] c [22)
o 14 ® e = ~ 254
< 8 >
0_
L o e B L B T T T T 1
0 100 200 300 400 500 y R N N N} N} Q
PN O R T R S
Dose (mg/kg) & L QY?" S N v > 3
Time (h)

Figure 3. Plasma and urine r and sBHB concentrations in n=8 healthy adults following consumption of 25g or 12.5g of BH-BD with or without a meal. (A)
change in mean plasma RBHB normalized to each individual’s baseline (—0.5h) value, (B) peak RBHB concentration for each subject, (C) RBHB AUC, (D) relation-
ship between body weight adjusted dose and RBHB concentration in FEDL and FEDH conditions, (E) urine RBHB excretion, (F) mean plasma sBHB. AUC; area
under the curve, BHB; beta hydroxybutyrate, BH-BD; bis hexanoyl (R)1,3-butanediol, C,,,; peak concentration, FEDH; 259 BH-BD when fed, FEDL; 12.5g BH-BD
when fed, FASTH; 259 BH-BD when fasted. Data are mean+SD. *p <0.05 between group, ***p<0.001 between group, fp<0.05 vs. baseline, ‘a’ = significant
difference between both FEDH and FASTH vs. FEDL at indicated time point, ‘b’ = significant difference between FASTH vs. FEDL at indicated timepoint, ns=not

significant.

experiment in the FASTH condition. There was a main
effect of condition on the peak ARrR-BHB concentration
(C,.) measured at any time for each participant (p=0.004).
AR-BHB C_ .. values were not significantly different
between FEDH (1.7 +0.6 mM) and FASTH (1.4+0.4 mM)
conditions, but both were significantly greater than those
during FEDL (0.8+0.2mM, p vs. FEDH = 0.012; p vs.
FEDL = 0.01) (Figure 3B). Similarly, there was a main
effect of condition (p=0.0057) on incremental A rR-BHB
area under the curve, which was similar between FEDH
(3.97+2.3mM x h) and FASTH (3.96+1.06 mM x h), but
was significantly lesser in FEDL than the other two con-
ditions (1.29+0.34mM xh, p vs. FEDH = 0.031; p vs.
FASTH = 0.0004) (Figure 3C). One participant followed a
ketogenic diet, this individual had the greatest A R-BHB
C,.x and AUC observed during the study during the FEDH
condition (Ar-BHB C,,. FEDH = 2.7mM, AUC =
9.03mM x h). We repeated the statistical analysis of
AR-BHB C_ .. (our primary outcome measure) excluding
this participant and all between group differences remained
significant. There was no correlation between body weight

adjusted dose and rR-BHB C,_, in the FEDH and FEDL
conditions (R? = 0.1229, p=0.1831) (Figure 3D), only the
two fed conditions were included to standardize the pos-
sible effect of meal consumption. The amount of rR-BHB
excreted in the urine was low, being <1g for all conditions,
but was significantly lower in the FEDL condition com-
pared to the FEDH condition (Figure 3E).

As expected, plasma s-BHB concentrations were negligible
at baseline. Interestingly, despite BH-BD not directly deliv-
ering a source of s-BHB, concentrations of s-BHB signifi-
cantly increased following BH-BD consumption in all
conditions to 20-60uM (time effect, p<0.0001, condition
effect, p=0.0095), being generally highest in the FASTH
condition (Figure 3F).

BH-BD hydrolysis products

To determine if the immediate hydrolysis products of BH-BD
appear in the circulation, we measured plasma (R)-1,3
butanediol and hexanoic acid concentrations in the FEDH
condition for 4h following ingestion of BH-BD, and
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Figure 4. Plasma concentrations of (R)-1,3 butanediol and hexanoic acid in
n=28 healthy adults following consumption of 25g of BH-BD with a standard
meal (FEDH). BHB; beta hydroxybutyrate, BD; butanediol Data are mean+SD.
*p<0.05 between both BD and hexanoic acid vs. BHB, Tp<0.05 between
hexanoic acid vs. BHB only.

compared it to the concentration of BHB (Figure 4). Plasma
concentration of both hydrolysis products were increased
following BH-BD ingestion but were substantially lower than
BHB concentrations at multiple time points due to effective
conversion to BHB, with the peak concentration of (R)-1,3
butanediol and hexanoic acid being 44% (0.70+0.15mM,
p=0.0003 vs. BHB C,_) and 19% (0.30%0.18 mM, p<0.0001
vs. BHB C_,.) respectively of BHB C_,. (1.59+0.6 mM).
Hexanoic acid concentrations returned to basal values after
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2h, whereas (R)-1,3 butanediol was cleared more slowly,
persisting after 4h.

Plasma glucose, insulin and non-esterified fatty acid
concentrations

Due to variability between participants in baseline glucose
concentrations, we focused on glucose changes normalized
to each individuals baseline. In all study conditions, ingestion
of BH-BD with or without a meal decreased normalized
plasma glucose concentrations with significant time (p <0.001)
and time X condition interaction effects (p=0.0102) (Figure
5A). The glucose lowering effect was seen only at 2h in
FEDL but across 1-3h for both FEDH and FASTH condi-
tions, despite the large difference in carbohydrate intake
occurring due to meal ingestion in the FEDH arm. The
normalized glucose AUC was not significantly different
between conditions (Figure 5B), despite significant differences
in insulin between conditions (p=0.015) (Figure 5C). In both
conditions where the standard meal was consumed (FEDH
and FEDL) insulin was increased for up to 2h, in the FASTH
where BH-BD was consumed alone there was no significant
increase in insulin concentration. There was a main effect
of time on plasma NEFA concentrations (p<0.0001) follow-
ing BH-BD consumption (Figure 5D). Plasma NEFA con-
centrations were significantly lower than baseline following
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Figure 5. Plasma glucose, insulin and NEFA concentrations in n=8 healthy adults following consumption of 25g or 12.5g of BH-BD. (A) change in mean plasma
glucose normalized to each individual’s baseline (—=0.5h) value, (B) glucose AUC, (C) insulin, (D) change in mean normalized NEFA. AUG; area under the curve,
BH-BD; bis hexanoyl (R)1,3-butanediol, FEDH; 25g BH-BD when fed, FEDL; 12.5g BH-BD when fed, FAST; 259 BH-BD when fasted, NEFA; non esterified free
fatty acid. Data are mean£SD. *p <0.05 vs. baseline values, ‘b’ = significant difference between FASTH vs. FEDL at indicated timepoint, ‘c’ = significant difference
between both FEDH and FEDL vs. FAST, ‘d’ = significant difference between FEDL and FEDH.



BH-BD ingestion in both FEDL (between 1-2h) and FEDH
(between 2-3h) conditions, but not in FASTH despite a
similar magnitude of change from baseline (FEDL = 0.21 mM,
FEDH = 0.24mM, FASTH = 0.27mM). NEFA concentrations
tended to rise in all conditions in the final 2h of the study.

Discussion

The present study provides the first data demonstrating the
time course of increased circulating BHB concentrations
following ingestion of the novel ketone ester, BH-BD, in
healthy adults. This data also illustrates the low presence
of BH-BD hydrolysis products, as well as changes in other
metabolic parameters: plasma glucose, insulin and NEFA.

As we had previously found in mice and rats (27),
BH-BD rapidly induces exogenous ketosis lasting several
hours in a dose-dependent manner in humans. Because
BH-BD does not contain R-BHB, the low, transient circu-
lating concentrations of the hydrolysis products, (R)-1,3
butanediol and hexanoic acid, in comparison to rR-BHB
demonstrate an effective conversion of the precursors into
ketone bodies. Concentrations of hexanoic acid in the
plasma seen here are consistent with studies showing that
medium chain triglyceride ingestion (20g) in humans,
resulted in detection of the corresponding free fatty acids
(i.e., caprylic and capric acid) in the plasma at amounts
corresponding to a small fraction (1.2-2.2%) of the total
ingested (33, 34). The plasma kinetics of 1,3 butanediol
following ingestion of 1,3 butanediol itself or other ketone
esters containing 1,3 butanediol are unknown.

The rR-BHB C,,. following in the FEDH condition
(1.7mM) was approximately double the FEDL condition
(0.8 mM), demonstrating a relationship between BH-BD dose
and BHB C_ .  response at the levels studied here, similar
to work with other ketone esters (31). Notably, we did not
employ body weight adjusted dosing such as is commonly
used in research studies of ketone esters (32), resulting in
a weight adjusted dose range of 110-210mg/kg for the 12.5g
serving and 220-421 mg/kg for the 25g serving. This design
was chosen to increase the translatability of the data, as
real-world consumption of ketone esters in consumer prod-
ucts is typically in standard serving sizes ranging from
10-30g. We found no significant correlation between body
weight and plasma ketone increase as has been seen with
other ketone ester compounds (31); increasing the sample
size and number of doses studied would be necessary to
determine if this is a real effect or an artifact. We can
conclude from our data that BH-BD effectively achieves
exogenous ketosis (BHB > 0.5mM) in subjects with a range
of body weight.

We found no differences between r-BHB C .. or AUC
when 25g of BH-BD was consumed whilst fasted or with
35g of carbohydrate, however previous research that inves-
tigated the effect of meal feeding on ketone ester induced
ketosis found that a meal lowered R-BHB C_.. by 1mM
and AUC by 27% given matched doses of ketone ester (32).
Therefore, BH-BD can be used to induce several hours of
exogenous ketosis without the need for fasting or low dietary
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carbohydrate intake. Interestingly, the individual who fol-
lowed a ketogenic diet had the greatest BHB increase fol-
lowing BH-BD consumption. Future work should extend
the dose-response range, and investigate sources of intra-
and inter individual differences, the effects of exercise (18),
habitual dietary carbohydrate intake, and metabolic health
(24, 25) on ketone kinetics following BH-BD ingestion.
To our knowledge, this is the first study to measure
plasma s-BHB concentrations following ketone ester inges-
tion; previous studies have only examined s-BHB concentra-
tions following ingestion of racemic (i.e., mixture of rR- and
s-BHB) ketone salts (32, 35). The finding that plasma s-BHB
increases following ingestion of an ester that hydrolyzes to
form (R)-1,3-butanediol and hexanoic acid was surprising,
and led us to form the hypothesis that the observed s-BHB
is released as a result of hexanoic acid availability causing
increased flux through the beta-oxidation pathway of fatty
acid metabolism, in which s-BHB is a normal intermedi-
ate. Our previous observation that basal s-BHB concen-
trations are slightly elevated in keto-adapted individuals,
representing 2-3% of total BHB (35) provides support for
this hypothesis. Along with its relative scarcity compared
to R-BHB and uncertain role in metabolism and signal-
ing activities of ketone bodies, s-BHB is more difficult to
quantify than R-BHB and thus has not been included in
studies of ketogenic diet or exogenous ketones, hence low
levels of circulating s-BHB could be a normal but previously
undescribed phenomena during endogenous ketosis. Whilst
this observation is interesting, the highest absolute s-BHB
concentration of ~60uM is ~28-fold lower than that of
R-BHB, so it is unclear if concentrations this low would
have a physiologically relevant effect. Given that the sparse
literature to date suggests that s-BHB has lower affinity for
known targets of R-BHB, including the receptor HCAR2 (8)
and the NLRP3 inflammasome (7), it seems unlikely that
60uM s-BHB would have an effect. The ‘threshold’ for dif-
ferent functional effects of ketone bodies as rR- or s-BHB is
poorly defined and is an important topic for future research.
Ketone esters can acutely decrease plasma glucose whilst
fasted or in response to a glucose load (24, 25, 32, 36) and
daily ingestion for 2weeks improves glucose control (23).
Here, we saw decreases in plasma glucose in all conditions
despite ingestion of 35g of carbohydrate in the meal in the
FEDH and FEDL conditions, and significant differences in
insulin release between conditions. Notably in the FASTH
arm where insulin release was minimal, a reduction in
plasma glucose was still observed suggesting a possible role
for exogenous ketosis via BH-BD in lowering plasma glu-
cose. However, without a meal-only control arm, only lim-
ited conclusions can be drawn on the effects of BH-BD on
glucose metabolism. Similarly, the decrease in NEFA
observed here is consistent with the known effect of ketone
esters to acutely decrease circulating NEFA concentrations
via BHB binding to G-protein coupled receptors leading to
inhibition of lipolysis (8). Lipolysis is exquisitely sensitive
to insulin, hence insulin likely also contributed to the
observed changes in NEFA concentrations. Whilst some data
suggests that ketones can potentiate or increase insulin
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secretion in the presence of high glucose concentrations (37,
38), this study and others (24, 25, 32, 36, 39) have found
that insulin responses are unchanged in the presence of
exogenous ketosis, indeed, in this study insulin concentra-
tions were generally higher given the lower dose of BH-BD
(FEDL condition) compared to the same meal given with
a higher dose of BH-BD (FEDH). Overall, our findings
suggest that BH-BD has similar effects on glucose and NEFA
metabolism to other ketone esters, but this requires further
exploration in a placebo-controlled study.

This work has several limitations that should be consid-
ered. As mentioned above, the absence of a meal-only placebo
arm means that limited conclusions on the metabolic effect
of BH-BD can be drawn from the glucose, NEFA and insulin
data. Whilst we measured plasma rR- and s-BHB and urine
R-BHB, we did not measure breath acetone or plasma ace-
toacetate which would have provided a more complete picture
of the ketogenic effect of BH-BD. Finally, although the sample
size was adequate to demonstrate significant differences in
the kinetic properties of BH-BD under different conditions,
factors such as age, sex-differences, physical fitness, habitual
diet, metabolic health status and ethnicity could all affect
metabolism of ketone esters such as BH-BD and so these
results may not be generalizable to all populations.

In conclusion, exogenous ketones represent a practical
method to achieve ketosis independently of the ketogenic diet
or fasting; the results of this study provide critical data to
support the future use of BH-BD to enable ketosis. Ingestion
of 25g of BH-BD elevates circulating R-BHB concentrations
by ~1.7mM, maintains ketosis > 0.5mM for 3h independently
of body weight and leads to small increases in plasma s-BHB.
BH-BD does not directly deliver these ketone bodies to the
circulation, instead relying on use of the ester hydrolysis prod-
ucts as an efficient substrate for endogenous hepatic ketone
production independent of nutritional state. This characteristic
could have implications for the functional effect of BH-BD
and its possible use to optimize metabolic function.
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