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Abstract: Nutritional ketosis is a state of mildly elevated blood ketone concentrations resulting from
dietary changes (e.g., fasting or reduced carbohydrate intake) or exogenous ketone consumption.
In this study, we determined the tolerability and safety of a novel exogenous ketone diester, bis-
hexanoyl-(R)-1,3-butanediol (BH-BD), in a 28-day, randomized, double-blind, placebo-controlled,
parallel trial (NCT04707989). Healthy adults (n = 59, mean (SD), age: 42.8 (13.4) y, body mass index:
27.8 (3.9) kg/m2) were randomized to consume a beverage containing 12.5 g (Days 0–7) and 25 g
(Days 7–28) of BH-BD or a taste-matched placebo daily with breakfast. Tolerability, stimulation,
and sedation were assessed daily by standardized questionnaires, and blood and urine samples
were collected at Days 0, 7, 14, and 28 for safety assessment. There were no differences in at-home
composite systemic and gastrointestinal tolerability scores between BH-BD and placebo at any time
in the study, or in acute tolerability measured 1-h post-consumption in-clinic. Weekly at-home
composite tolerability scores did not change when BH-BD servings were doubled. At-home scores
for stimulation and sedation did not differ between groups. BH-BD significantly increased blood
ketone concentrations 1-h post-consumption. No clinically meaningful changes in safety measures
including vital signs and clinical laboratory measurements were detected within or between groups.
These results support the overall tolerability and safety of consumption of up to 25 g/day BH-BD.

Keywords: ketones; ketone ester; ketone diester; exogenous ketone; beta-hydroxybutyrate; gastroin-
testinal symptom

1. Introduction

Ketosis is a metabolic state characterized by the presence of elevated blood concen-
trations of ketone bodies (beta-hydroxybutyrate, acetoacetate and acetone; also known
as ‘ketones’) over 0.5 mM of beta-hydroxybutyrate (BHB). Ketosis occurs as a result of
changes in macronutrient availability for energy metabolism (i.e., low glucose and high
free fatty acids) and hormonal signaling (i.e., low insulin, high glucagon, and cortisol) [1].
The metabolic events that generate ketosis involve an increase in adipose tissue lipol-
ysis and subsequent hepatic ketogenesis, ketone release into the circulation leading to
hyperketonemia, and culminates with an increase in ketone oxidation in peripheral tissues
(Figure 1).
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Endogenous ketosis occurs during starvation and fasting [2], a ketogenic (low carbo-
hydrate, high fat) diet [3] or after prolonged strenuous exercise with low carbohydrate
intake [4]. In these states, glucose availability is limited and ketones provide an alternative
fuel source for the brain and other peripheral tissues [5]. Furthermore, it is increasingly
understood that ketones function as a signal that link the environment (i.e., carbohy-
drate availability) to diverse molecular responses (i.e., oxidative stress and inflammatory
pathways), increasing resilience [6]. Importantly, ‘physiological’ levels of BHB (regulated
≤7 mM), the major circulating ketone, are safe and likely played a role in the survival of
early man [7]; humans can produce ~150 g of ketone bodies each day during a prolonged
fast [8]. Endogenous ketosis has historically been used to treat intractable seizures [3], and
is under investigation for use in other clinical conditions such as type 2 diabetes [9,10],
migraine [11–13], and glioblastoma [14,15]. Evidence suggests ketone bodies could be
directly responsible for some of the beneficial molecular changes associated with dietary
modifications (i.e., caloric restriction and time-restricted feeding) that can increase health
span and lifespan across a variety of species [16].

Exogenous ketosis is a related metabolic state, where blood ketone concentrations
are elevated as a result of consumption of a compound that contains ketone bodies or
ketone body precursors, without the need for other nutritional interventions. Important
distinctions between endogenous and exogenous ketosis include the origin of circulat-
ing ketone bodies (endogenous lipid stores vs. exogenous compounds) and co-existent
changes in blood glucose and insulin concentrations. Decreased blood glucose and insulin
concentrations occur as a result of the conditions that generate endogenous ketosis but not
necessarily exogenous ketosis. Elevating blood ketone concentrations using an exogenous
source is hypothesized to have multiple potential applications for human health [17,18].
Examples of exogenous ketones include medium chain triglycerides (MCTs), ketone salts
and ketone esters, which have been studied for their ability to induce ketosis and their
impact on a variety of non-therapeutic outcomes, including physical performance [19–21],
cognitive function [22–25], blood glucose control and appetite regulation [26–28]. Ketone
esters are of particular translational interest because they elevate blood ketone concentra-
tions without an accompanying acid or mineral load [29]. The molecular structure of some
ketone esters allows more complete replication of endogenous ketosis by providing sub-
strates that elevate blood ketones via the classical process of hepatic ketogenesis, compared
to compounds that deliver ketones directly into the circulation.

Ketone salts, MCTs, and at least one ketone ester have been widely studied in humans
and shown to be safe and largely well tolerated [30–32]. Depending on the specific com-
pound, formulation, dose and dosing context, there are some mild-moderate, transient
side effects associated with exogenous ketone ingestion; these typically include nausea,
dizziness and stomach cramping [33,34], not unlike the transient side-effects sometimes
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reported by individuals on a ketogenic diet [35]. However, associated side-effects have
not been a barrier to the increasing use of exogenous ketones in research studies and in
consumer products.

The novel ketone diester, bis-hexanoyl (R)-1,3-butanediol (BH-BD) is under investiga-
tion for use as a food ingredient to induce ketosis in humans. Structurally related to MCTs,
BH-BD is rapidly metabolized in the presence of enzymes in the small intestine to generate
ketogenic precursors: the medium chain fatty acid, hexanoic acid, and the ketogenic alco-
hol, (R)-1,3-butanediol [36] (Figure 1). Hexanoic acid is a substrate for classical ketogenesis,
whereas (R)-1,3-butanediol is converted to ketones via a non-classical ketogenic pathway.
Oral administration of BH-BD in rats and mice produced rapid and robust elevations in
blood ketone concentrations [36]. However, little is known about the safety and tolerability
of BH-BD in humans. Thus, the objective of this study was to evaluate the tolerability and
safety of BH-BD consumed daily in a beverage by healthy adults at up to 25 g/day for
28 days, in comparison to a non-ketogenic placebo.

2. Materials and Methods
2.1. Study Design

We conducted a randomized, double-blind, placebo-controlled, parallel study in
healthy adults to evaluate the tolerability and safety of BH-BD compared to placebo
(Figure 2). Subjects consumed one daily serving of BH-BD or a taste-matched placebo
that contained an identical mass of non-ketogenic fat (canola oil) formulated into a 75 mL
beverage, along with breakfast for 28 days. Subjects completed a Beverage Tolerability
Questionnaire (BTQ) and the Brief Biphasic Alcohol Effect Scale (B-BAES) before and after
consuming the study beverage each day to assess the effects of the study beverage. An
institutional review board (IntegReview IRB, Austin, TX, USA, 8 December 2020, BIO-
2103) approved all study related material including the protocol and informed consent
documents prior to initiation of the study. Signed informed consent and authorization for
use of protected health information was provided by the participants prior to implementing
any protocol-specific procedures. The study was registered in the clinicaltrials.gov database
as NCT04707989 and this analysis focused on BH-BD vs placebo outcomes. The study
was conducted in accordance with Good Clinical Practice Guidelines, the Declaration of
Helsinki [37] and United State Code of Federal Regulation Title 21. Studies took place at
Biofortis Research (Addison, IL, USA) between December 2020–February 2021.
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2.2. Participants and Screening

Participants were healthy, aged 18–65 years, BMI 18.5–34.9 kg/m2 and had no history
of major illness, no clinically important gastrointestinal conditions, were not pregnant and
were using contraception to prevent pregnancy (females only), with no recent antibiotic
use (<30 days of Visit 1), no dietary habits related to ketosis (i.e., intermittent fasting,
ketogenic diet), no recent use of medications known to influence gastrointestinal function,
no recent use of ketone supplements, and no known allergies to any of the study beverage
ingredients (including soy and milk protein). At the screening visit, participants completed
a medical history questionnaire in addition to assessment of height, weight, BMI, vital
signs, last menses (females only), current medication/supplement use, and review of
inclusion/exclusion criteria to determine eligibility. The full inclusion and exclusion criteria
can be found in the Supplemental Information. In addition, fasting blood samples were
collected for analysis of clinical chemistry, hematology, lipid profile, thyroid hormones, and
a urine sample was collected for urinalysis to confirm eligibility. Females under the age of
60 years completed a urine pregnancy test. Subjects had the opportunity to taste the study
beverages (5–15 mL) to evaluate palatability. Subjects were then randomized to one of the
study groups, based on a statistician-generated allocation sequence using a permuted-block
algorithm in SAS PROC PLAN, stratified by sex. The sequence was uploaded onto the
electronic data capture (EDC) platform (Medrio Inc., San Francisco, CA, USA). Subjects
were asked to maintain habitual exercise, meal/diet and medication/supplementation use
during the study.

2.3. Study Beverages

The ketone ester, BH-BD, was manufactured by Abitec Corporation (Janesville, WI,
USA). All study beverages were manufactured under aseptic conditions by The National
Food Laboratory (Ithaca, NY, USA). BH-BD was formulated into a chocolate flavored
beverage matrix (water, whey protein concentrate, modified gum acacia, natural and
artificial flavors, cocoa powder) with a total volume of 75 mL. In the first 7 days, beverages
contained 12.5 g of BH-BD and 12.5 g of canola oil. For Days 8–28, study beverages
contained 25 g of BH-BD. The 25 g dose was chosen to match typical single serving sizes of
ketone ester and medium chain triglycerides. Placebo beverages were matched for volume
and flavor using an identical chocolate flavored formulation matrix to the ketone ester
beverages with the addition of a bitter additive (sucrose octaacetate) and 25 g of canola
oil. Nutritional facts for study beverages are shown in Table 1. Beverages were provided
as single serving bottles, labeled with the coded group allocation. All personnel involved
with the data collection, analysis, and interpretation were blinded to the beverage assigned
to participants. Compliance was assessed on Days 7, 14, and 28 by asking participants
to return any unused product. Subjects were also instructed to complete a daily Study
Beverage Log, a procedure used to increase the compliance.

Table 1. Nutritional information of Study Beverages.

Day 0–7
BH-BD

Day 8–28
BH-BD Placebo

BH-BD (g) * 12.5 25 -
Canola oil (g) 12.5 - 25
Energy (kcal) 225 210 246

Total carbohydrate (g) 1 2 2
Total fat (g) 13 0.5 25.5
Protein (g) 1 2 2

Abbreviations: BH-BD, bis-hexanoyl (R)-1,3-butanediol.* Caloric content of BH-BD was determined to be
~7.8 kCal/g using a bomb calorimeter.
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2.4. Standard Breakfast Meal

Participants were instructed to consume the study beverage daily with breakfast.
Subjects were provided a supply of breakfast foods for at-home consumption throughout
the study. Breakfast meals were selected to provide a degree of standardization in con-
junction with sufficient choice to maintain compliance and to replicate expected consumer
use. Participants were asked to choose and consume 1–3 servings of the following foods
each morning: Quaker Real Medleys Oatmeal (Summer Berry, 70 g), Jimmy Dean Delights
Sandwich (Turkey Sausage, Egg Whites, & Cheese, 143 g), Kellogg’s Nutrigrain Soft Baked
Breakfast Bars (Apple Cinnamon, 2 bars, 74 g) and Three Bridges Spinach and Bell Pepper
Egg White Bites (2 bites, 130 g). Breakfast choice, number of servings, and any additions
were recorded in the Study Beverage Log.

2.5. Study Questionnaires
2.5.1. Study Beverage Log

The Study Beverage Log queried compliance with daily beverage and breakfast intake.
Participants noted if they had consumed the beverage and breakfast, identified the number
of servings of each breakfast food and any additions to the meal, the time of consumption
and noted if they had experienced any adverse events. Participants completed the Study
Beverage Log once daily, through the EDC platform.

2.5.2. Beverage Tolerability Questionnaire (BTQ)

The BTQ used in this study was similar to that used in previous tolerability stud-
ies [38,39]. Ten tolerability issues were included in the BTQ: gas/flatulence, nausea, vom-
iting, abdominal cramping, stomach rumbling, burping, reflux (heartburn), diarrhea,
headache, and dizziness. Firstly, participants were asked if the issue was present (pre-
beverage) or had occurred since they took the study beverage (post-beverage) at the
following intensities: none, mild (awareness of symptoms but easily tolerated), moderate
(discomfort enough to interfere with but not prevent daily activity) or severe (unable to
perform usual activity). These corresponded to scores of 0–3, respectively for each issue,
giving a maximal composite score, defined as the sum of the items, of 30. Secondly, partici-
pants were asked if the frequency of the issue was: usual, somewhat more than usual or
much more than usual, which corresponded to scores of 0–2, respectively. Responses were
recorded through the EDC platform.

2.5.3. Brief Biphasic Alcohol Effect Scale (B-BAES)

Some people report subjective positive (‘keto-buzz’) and negative (‘keto-flu’) experi-
ences while following the ketogenic diet or after consuming exogenous ketones. Thus, we
attempted to quantify these subjective sensations using B-BAES, a validated, shortened
version of the Biphasic Alcohol Effect Scale (BAES) [40,41]. It consists of two subscales each
comprising three items assessing either stimulation (energized, excited, up) and sedation
(sedated, slow thoughts, sluggish). Participants rated how those terms described their
feelings between 0 (not at all)—10 (extremely), for a maximal composite score of 30 for
each subscale. Participants completed the B-BAES in the clinic pre- and 1 h post-beverage,
and at home pre- and 3–6 h post beverage. Responses were recorded through the EDC
platform.

2.6. In-Clinic Procedures

For all testing visits on Days 0, 7, and 14, subjects reported to the clinic after an
overnight fast and having avoided exercise, alcohol and cannabis products for at least
10 h. On arrival, vital signs (seated, resting blood pressure, and heart rate) were measured
using an automated device, body weight, last menses query (females only), and current
medication/supplement use were assessed, and compliance with study instructions and
inclusion/exclusion criteria was reviewed. Prior to any sampling, subjects completed a
baseline BTQ and B-BAES questionnaire. Then, fasting blood samples were collected and
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processed for the following analysis: clinical chemistry, hematology, lipid profile (including
apolipoprotein B), thyroid hormones, glucose, and BHB. A urine sample was also collected
for urinalysis. After sampling, subjects were given a standard breakfast meal. Within 5 min
of finishing the food, the study beverage was consumed. At 60 min after consumption
of the study beverage, participants completed a second BTQ and B-BAES questionnaire
and then a blood sample was collected for glucose and BHB analyses. Any adverse events
(AEs) occurring during the visit were assessed. On Days 0, 7, and 14, participants were
provided with a supply of study product and standard breakfast meals to take home. On
Day 28, participants returned to the clinic for assessment of vitals and fasting blood and
urine sample collection only, as described above.

2.7. At-Home Procedures

Each day at home, participants consumed a standard breakfast meal at a similar
time established in-clinic and consumed the study beverage within 5 min of finishing
breakfast. Participants completed the BTQ and B-BAES twice, firstly before they consumed
the standard breakfast meal and study beverage and secondly immediately before they
consume lunch or a snack (3–6 h after the study beverage). At breakfast, participants also
completed the Study Beverage Log, which included a question to assess AEs over the last
24 h.

2.8. Biological Sample Analysis

All blood and urine sample analysis took place at Elmhurst Memorial Reference Lab-
oratory (Elmhurst, IL, USA). The clinical chemistry profile included, albumin, aspartate
aminotransferase, alanine aminotransferase, alkaline phosphatase, total bilirubin, calcium,
chloride, creatinine, blood urea nitrogen, potassium, sodium, total protein, carbon dioxide,
osmolality, glucose, and thyroid hormones. Glucose concentrations were assessed using the
glucose-hexokinase glucose-6-phospahte dehydrogenase method [42] on the Dimension
Vista System (Siemens Healthcare, Erlangen, Germany). Serum chemistry concentrations
were assessed using the Dimension Vista system. The hematology profile included white
blood cell count, red blood cell count, hemoglobin concentration, hematocrit (as volume
percent), mean corpuscular volume, mean corpuscular hemoglobin concentration, neu-
trophils, lymphocytes, monocytes, eosinophils, basophils and platelet count. Urinalysis
parameters included glucose, urobilinogen, ketone body, protein, blood cells, bilirubin,
specific gravity, and pH. Urinalysis was conducted using IRIS test strip (Mumbai, India)
and refractive index with specific gravity, transmitted light for color, scattered light for
clarity, and digital camera for cells, crystals, and organisms. TSH and T3 were analyzed
by chemiluminescent immunoassays using Dimension Vista system and ADIVA Centaur
system (Siemens Medical Solutions, Malvern, PA, USA), respectively. T4 was measured
using an emit homogeneous enzyme immunoassay (Dimension Vista). Levels of total
cholesterol, high-density lipoprotein cholesterol (HDL-C), triglycerides, non-HDL-C were
determined using the Dimension Vista system. Low-density lipoprotein cholesterol was
calculated according to the Friedewald equation [43]. Apolipoprotein B was measured
using quantitative nephelometry. BHB was assessed using an enzymatic colormetric assay
(EKF Diagnostics—Stanbio Labs, Boerne, TX, USA) on the Cobas C510 analyzer (Roche
Diagnostics, Indianapolis, IN, USA). Normal ranges for all values were provided by the
analytical lab and accounted for age and gender.

2.9. Statistical Methods

The study was designed to have 70% power at a two-sided 0.05 significance level
to detect a 2-fold difference in the continuous composite scores of the BTQ and B-BAES
subscales. Based on previous ketone ester trials [33], an evaluable sample size of ~25/group
was targeted and 5 additional subjects/group were enrolled to account for an estimated
20% attrition rate.



Nutrients 2021, 13, 2066 7 of 16

The statistical analysis plan was finalised prior to database lock and all analyses
were conducted blinded. The primary outcome was the difference between groups in the
daily 3–6 h post-consumption composite score of issue intensity over 28 days of at-home
assessment between BH-BD and placebo. Due to the large number of 0 intensity events, the
daily proportion of participants with at least one mild post-consumption event (composite
score >0) was modelled over 28-days using a generalized linear mixed model following
a binary distribution with a logit link. The initial model contained fixed effect terms for
day (continuous), beverage, and the day by beverage interaction; a random intercept and
slope were included. Additionally, the weekly total BTQ composite intensity score was
calculated as the sum of the individual days. Missing data was imputed as the weekly
average multiplied by 7. The pre- and post-consumption weekly total composite scores
were compared between and within groups with the Wilcoxon rank sum and Wilcoxon
signed rank test, respectively. The proportion of participants with any issue (composite
score >0), was compared between groups with the Fisher’s exact test. An exploratory
analysis of the individual items was conducted for which the Fisher’s exact test was used
to compare the proportion of participants with (1) issue reported at least once, (2) issue
reported at least twice, and (3) moderate-to-severe issue reported at least once.

The daily at-home post-consumption B-BAES subscale scores for stimulation and
sedation were modelled over 28-days with a linear mixed model. The initial model con-
tained terms for day (continuous), beverage, day by beverage interaction, and daily pre-
consumption score; a random intercept and slope were included. The in-clinic B-BAES
scores were similarly modelled with a repeated measures mixed model except the initial
model including the clinic visit (categorical) and a random intercept. Pairwise comparisons
between the beverages were estimated at each pre-specified day/clinic visit. At each clinic
visit, an analysis of covariance (ANCOVA) approach was used to evaluate the beverage
group differences in glucose and BHB levels 1-h post-consumption adjusting for the pre-
consumption measure. The within group change in vitals and safety laboratory measures
was tested with the Wilcoxon signed rank test.

Significant p-values (defined a priori) were considered at α = 0.05, two-sided. All
analyses were conducted using SAS for Windows (version 9.4, Cary, NC, USA) and/or
R (version 3.6.0, The R Foundation for Statistical Computing, Vienna, Austria). Data are
presented as means ± standard deviation (SD) unless otherwise noted.

3. Results
3.1. Compliance and Adverse Events

Participants (n = 59) were randomized to the BH-BD or placebo condition, and all
completed the study protocol in its entirety. Participant anthropometric characteristics at
baseline are shown in Table 2. The analysis population (n = 59) consisted of all randomized
participants and compliance with consumption of the study products for the overall
population was 99.9 ± 2.2%. One study-product related AE (constipation) occurred in the
placebo group; no study-product related AEs occurred in the BH-BD group.

3.2. Tolerability

Analysis of the primary endpoint of long-term tolerability by at-home composite BTQ
scores demonstrated no tolerability issues with up to 25 g/day of BH-BD. There was a high
rate of ‘no symptoms’ reported through the study in both study groups when examined
by severity (Figure 3) and when adjusted for frequency (data not shown). There were no
significant differences in the daily proportion of participants with any tolerability issues
over 28 days between BH-BD vs. placebo (interaction effect, p = 0.66). There were no
significant differences within groups in the weekly composite BTQ scores, importantly
highlighting no difference in tolerability between the lower (12.5 g; Days 0–6) and higher
(25 g; Days 7–28) doses of BH-BD (Table 3). There was no significant difference in proportion
of participants reporting any acute (in-clinic, 1-h post-beverage) tolerability issues between
study groups at Days 0, 7 or 14 (Table 4).
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Table 2. Baseline demographic characteristics of randomized participants in the BH-BD and placebo
condition.

Beverage Group

BH-BD (n = 30) Placebo (n = 29)

Age (years) 43.9 (11.7) 41.7 (15.0)

Sex n (%)

Female 16 (53.3) 16 (55.2)
Male 14 (46.7) 13 (44.8)

Race n (%)

Asian 4 (13.3%) 2 (6.9%)
Black/African American 3 (10.0%) 3 (10.3%)

Native Hawaiian or Other Pacific Islander 1 (3.3%) 0 (0%)
White 22 (73.3%) 23 (79.3%)

Multiracial 0 (0%) 1 (3.4%)

Anthropometrics Mean (SD)

Height (cm) 168.5 (10.6) 171.0 (11.6)
BMI (kg/m2) 27.9 (3.8) 27.7 (4.0)
Weight (kg) 79.9 (17.8) 8281.5 (16.9)

Abbreviations: BH-BD, bis-hexanoyl (R)-1,3-butanediol; BMI, body mass index; SD, standard deviation.
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Figure 3. Daily beverage tolerability composite scores for healthy adults consuming up to 25 g/day
of BH-BD or placebo. 10 tolerability issues (gas/flatulence, nausea, vomiting, abdominal cramping,
stomach rumbling, burping, reflux/heartburn, diarrhea, headache, and dizziness) were scored 0 =
none, 1 = mild, 2 = moderate and 3 = severe, giving a maximal composite score of 30. (A) Pre-beverage
composite score; (B) Post-beverage composite score. Dots indicate statistical outliers identified by the
1.5 x interquartile (IQR) rule.
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Table 3. Weekly total composite BTQ scores for healthy participants either before or 3–6 h after
consuming BH-BD or placebo at home.

Timing Beverage
Group

Weekly Total Composite
BTQ Score 1

Change vs.
Previous Week

Days
(BH-BD per

Serving) Mean (SD) p-Value 2 Mean (SD) p-Value 3

0–6
(12.5 g)

Before BH-BD 2.4 (6.2) 0.47 - -
PLA 0.9 (1.9) - -

After BH-BD 4.7 (7.9) 0.16 - -
PLA 2.0 (4.2) - -

7–13
(25 g)

Before BH-BD 2.7 (6.1) 0.42 0.3 (4.6) 0.29
PLA 1.5 (2.6) 0.6 (2.3) 0.27

After BH-BD 5.6 (9.3) 0.29 0.9 (6.9) 0.57
PLA 3.4 (6.9) 1.3 (6.1) 0.49

14–22
(25 g)

Before BH-BD 2.3 (5.4) 0.40 −0.4 (2.6) 0.26
PLA 1.2 (3.3) −0.3 (2.2) 0.52

After BH-BD 5.5 (10.0) 0.32 −0.1 (3.4) 0.72
PLA 2.4 (6.5) −0.9 (3.4) 0.18

21–27
(25 g)

Before BH-BD 2.2 (5.3) 0.44 −0.1 (2.4) 0.85
PLA 2.0 (4.7) 0.8 (2.7) 0.13

After BH-BD 6.2 (12.3) 0.30 0.6 (5.0) 0.43
PLA 3.0 (6.7) 0.6 (3.4) 0.65

Abbreviations: BH-BD, bis-hexanoyl (R)-1,3-butanediol, BTQ, beverage tolerability questionnaire; PLA, placebo;
SD, standard deviation. 1 The weekly total BTQ composite intensity score was calculated as the sum of the
individual days (week 1: day 0–6, week 2: day 7–13, week 3: day 14–20, week 4: day 21–27). 2 The Wilcoxon
rank sum test was utilized, and p-values presented for BH-BD vs. placebo. 3 The Wilcoxon signed rank test was
utilized, and p-values presented for within group comparisons.

Table 4. BTQ composite score and B-BAES stimulation and sedation scores, prior to and 1-h post study beverage consump-
tion during clinic visits on Days 0, 7, and 14.

Clinic
Visit
Day

Timing Beverage
Group

BTQ B-BAES
BTQ

Composite
n (%)

p-Value 1 SED Score
Mean (SD) p-Value 2

STIM
Score

Mean (SD)
p-Value 2

0 3

Pre- BH-BD 4 (13.3) 0.11 4.17 (5.11) - 19.73 (4.77) -
PLA 0 (0.0) 4.55 (5.09) 17.38 (6.73)

1-h post BH-BD 2 (6.7) 1.00 5.57 (6.62) - 17.13 (7.04) -
PLA 3 (10.3) 3.59 (4.51) 18.17 (6.80)

4pre vs. 1-h post BH-BD 1 (3.3) 0.35 - - - -
PLA 3 (10.3)

Model Estimate4 BH-BD vs. PLA 2.22 0.021 −2.77 0.011

7 3

Pre- BH-BD 3 (10) 1.00 3.77 (5.20) - 17.07 (7.67) -
PLA 2 (6.9) 3.10 (4.30) 16.38 (7.36)

1-h post BH-BD 8 (26.7) 0.33 3.73 (5.34) - 17.33 (7.49) -
PLA 4 (13.8) 2.03 (3.46) 18.83 (6.16)

4pre vs. 1-h post BH-BD 5 (16.7) 0.71 - - - -
PLA 3 (10.3)

Model Estimate4 BH-BD vs. PLA 1.35 0.16 −1.91 0.075

14 3

Pre- BH-BD 2 (6.7) 0.67 3.73 (5.23) - 17.30 (7.73) -
PLA 3 (10.3) 3.07 (3.99) 16.38 (6.83)

1-h post BH-BD 8 (26.7) 0.33 3.70 (5.02) - 17.70 (7.84) -
PLA 4 (13.8) 2.21 (3.77) 17.90 (7.04)

4pre vs. 1-h post BH-BD 6 (20.0) 0.25 - - - -
PLA 2 (6.9)

Model Estimate4 BH-BD vs. PLA 1.15 0.23 −0.80 0.46

Abbreviations: -, not done;4, change; BH-BD, bis-hexanoyl (R)-1,3-butanediol; B-BAES, brief biphasic alcohol effect scale; BTQ, beverage
tolerability questionnaire; SED, sedation; STIM, stimulation; SD, standard deviation; PLA, placebo; pre-, pre-consumption. On Days 7 and
14, 25 g of BH-BD was consumed. 1 Fisher’s exact test was utilized and p-values presented for BH-BD vs. placebo. 2 A repeated measures
linear mixed model was utilized and p-values presented for BH-BD vs. placebo. 3 On Day 0, 12.5 g of BH-BD was consumed.
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During exploratory analysis, each tolerability issue listed on the BTQ was analyzed
individually for the likelihood of occurrence on at least one day during the study at
any intensity. There were no differences between BH-BD and placebo in occurrence of
burping, cramping, diarrhea, gas, reflux, vomiting or rumbling. There was a significantly
increased frequency of participants consuming BH-BD who reported dizziness (BH-BD = 7,
placebo = 0; p = 0.011), nausea (BH-BD = 14, placebo = 4; p = 0.010), and headache (BH-
BD = 14, placebo = 4; p = 0.010) (Table 5). The median number (Q1, Q3) of days where
dizziness, headache, and nausea were reported was 0 (0, 0), 0 (0, 1), and 0 (0, 3), respectively.
The third quartile (Q3) value indicates that approximately 75% of subjects had a value less
than that of Q3. When this analysis was refined to examine the likelihood of tolerability
issue occurrence at any intensity on two or more days during the study, both headache
(BH-BD = 7, placebo = 0; p = 0.011), and nausea (BH-BD = 9, placebo = 2; p = 0.042) were
more likely in the BH-BD group (Table 5). The only tolerability issue that was significantly
more common with moderate-to-severe intensity on at least one day during the study in
the BH-BD vs. placebo group was nausea (BH-BD = 6, placebo = 0; p = 0.024) (Table 5). Six
subjects reported 14 moderate-severe nausea events, but only one was severe reported by
one subject on day 0 (first day of product consumption).

Table 5. Proportion of participants reporting each BTQ symptom on at least one or two or more days and number of
participants who reported moderate or severe issues during the 28-day study.

Issue
Beverage

Group

#Days (n)
Issue

Reported
Mean (SD)

Proportion of Subjects with BTQ Issue Proportion of Subjects
with Moderate—Severe

IssueAt Least Once At Least Twice

n (%) Overall
p-Value 1 n (%) Overall

p-Value 1 n (%) Overall
p-Value 1

Burping BH-BD 1.4 (4.6) 7 (23.3) 1.00 4 (13.3) 0.73 0 (0.0) 0.24
PLA 2.8 (7.2) 6 (20.7) 5 (17.2) 2 (6.9)

Cramping BH-BD 1.2 (3.0) 10 (33.3) 0.78 4 (13.3) 1.00 4 (13.3) 0.11
PLA 0.5 (1.0) 8 (27.6) 3 (10.3) 0 (0.0)

Diarrhea BH-BD 1.4 (4.0) 7 (23.3) 0.57 4 (13.3) 0.73 3 (10.0) 0.47
PLA 0.9 (2.5) 9 (31.0) 5 (17.2) 5 (17.2)

Dizziness BH-BD 1.1 (3.0) 7 (23.3) 0.011 5 (16.7) 0.052 2 (6.7) 0.49
PLA 0.0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Gas BH-BD 2.7 (5.0) 16 (53.3) 1.00 12 (40.0) 0.79 3 (10.0) 0.47
PLA 2.4 (4.4) 16 (55.2) 13 (44.8) 5 (17.2)

Headache BH-BD 1.9 (4.3) 14 (46.7) 0.010 7 (23.3) 0.011 3 (10.0) 0.24
PLA 0.1 (0.4) 4 (13.8) 0 (0.0) 0 (0.0)

Nausea BH-BD 2.3 (4.3) 14 (46.7) 0.010 9 (30.0) 0.042 6 (20.0) 0.024
PLA 0.2 (0.6) 4 (13.8) 2 (6.9) 0 (0.0)

Reflux BH-BD 1.8 (4.7) 6 (20.0) 0.47 5 (16.7) 0.42 5 (16.7) 0.19
PLA 0.6 (2.8) 3 (10.3) 2 (6.9) 1 (3.4)

Rumbling BH-BD 2.9 (5.0) 13 (43.3) 0.79 11 (36.7) 0.40 5 (16.7) 0.19
PLA 1.6 (3.7) 11 (37.9) 7 (24.1) 1 (3.4)

Vomiting BH-BD 0.3 (1.6) 2 (6.7) 0.49 1 (3.3) 1.00 1 (3.3) 1.00
PLA 0.0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Abbreviations: BH-BD, bis-hexanoyl (R)-1,3-butanediol, BTQ, Beverage Tolerability Questionnaire; SD, standard deviation. 1 Fisher’s exact
test was utilized.

3.3. Stimulation and Sedation

There was no significant difference in at-home B-BAES stimulation or sedation scores
between BH-BD vs. placebo over the 28-day intervention (interaction effect = 0.11). For the
acute, in-clinic B-BAES scores that were collected 1-h post-beverage consumption, there
was a significantly higher sedation score and lower stimulation score on Day 0 when 12.5 g
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of BH-BD was administered vs. placebo that was retained when also adjusting for age and
sex (1-h post-stimulation: BH-BD vs. placebo = −2.77, p = 0.011; 1-h post-sedation: BH-BD
vs. placebo = +2.22, p = 0.021). Notably, this acute effect represented a small change in the
30-point composite B-BAES subscales (~1 point change from baseline). Further, significant
effects were not seen during any of the subsequent clinic visits (Days 7 and 14) when 25 g
of BH-BD was consumed (Table 4) or in the at-home, 3–6-h post-beverage stimulation or
sedation scores.

3.4. Safety Laboratory Tests

Consumption of 25 g/day of BH-BD was not associated with any clinically relevant
changes in safety laboratory values. There were no changes in vital signs (data not shown),
body weight was unchanged in both groups (data not shown), and there were no safety
concerns in any of the laboratory tests conducted: clinical chemistry, hematology, lipid
panel, thyroid panel or urinalysis (Supplementary Tables S1–S5). Initial analyses focused
on within-group changes in laboratory values between Days 0, 7, 14, and 28 found no
consistent changes over the course of the study; subsequent analysis of differences between
BH-BD vs. placebo found no parameters that were consistently different during the study
(data not shown).

3.5. Acute Glucose and Ketone Measurement

There was a highly significant increase in circulating BHB concentrations 1-h post-BH-
BD beverage consumption compared to placebo on Days 0, 7 and 14 (Table 6). Post-BH-BD,
BHB concentrations were lower on Day 0, when the study beverages contained the lower
dose of active ingredient (12.5 g) and were similar between Days 7 and 14 when the 25-g
dose was consumed. There were no significant differences in pre- or 1-h post beverage
circulating glucose concentrations between BH-BD vs. placebo on any of the clinic visits
(Table 6).

Table 6. Serum BHB and glucose concentrations in healthy participants either before or 1 h after consuming BH-BD (n = 30)
or placebo (n = 29) during clinic visits.

Clinic
Visit Day

Timing Beverage
BHB (mM) Glucose (mg/dL)

Mean (SD) p-Value 2 Mean (SD) p-Value 2

0 1

Pre-
BH-BD 0.102 (0.052) 93.40 (7.84)

PLA 0.128 (0.151) 91.59 (10.47)

1-h post BH-BD 0.431 (0.240) <0.001 96.97 (18.83) 0.17
PLA 0.083 (0.050) 100.4 (24.85)

4pre vs. 1-h
post

BH-BD 0.329 (0.219) 3.57 (14.46)
PLA −0.046 (0.140) 8.79 (21.03)

7 1

Pre-
BH-BD 0.108 (0.077) 90.97 (9.02)

PLA 0.131 (0.106) 88.52 (7.47)

1-h post BH-BD 0.985 (0.444) <0.001 96.07 (28.24) 0.38
PLA 0.082 (0.030) 97.00 (21.03)

4pre vs. 1-h
post

BH-BD 0.876 (0.427) 5.10 (25.31)
PLA −0.049 (0.088) 8.48 (17.16)

14 1

Pre-
BH-BD 0.104 (0.046) 92.37 (11.62)

PLA 0.134 (0.132) 87.07 (8.15)

1-h post BH-BD 0.980 (0.392) <0.001 93.80 (29.53) 0.092
PLA 0.086 (0.032) 93.66 (22.98)

4pre vs. 1-h
post

BH-BD 0.875 (0.365) 1.43 (22.84)
PLA −0.048 (0.119) 6.59 (18.12)

Abbreviations: BH-BD, bis-hexanoyl (R)-1,3-butanediol, PLA, placebo; pre-, pre-consumption; SD, standard deviation. 1 On Day 0, 12.5 g of
BH-BD was consumed. On Days 7 and 14, 25 g of BH-BD was consumed. 2 An analysis of covariance model was utilized and adjusted
p-values presented for BH-BD vs. placebo.
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4. Discussion

The results of this study demonstrate that daily consumption of up to 25 g of BH-BD by
healthy adults for 28 consecutive days was safe and well-tolerated. Participant compliance
was high, with no drop-outs and no study product-related adverse events. There was a
high rate of ‘no symptoms’ of any type reported throughout the study, and notably few
gastrointestinal issues. There was an increased proportion of participants who reported
headache, nausea, and dizziness at least once in the BH-BD group compared to the placebo
group, but the absolute incidence was low, and severity was generally mild. There were no
clinically meaningful changes in laboratory results from baseline, supporting the safety of
BH-BD. Finally, this study demonstrated that BH-BD successfully generated nutritional
ketosis.

Whilst there were no differences in our primary outcome of BTQ composite score,
it is unsurprising that BH-BD caused some mild, transient side effects in a proportion of
participants. Similar side effects have been reported with consumption of other exogenous
ketones or ketogenic precursors, at a range of serving sizes (10–85 g) and under different
contexts (fed, fasted, rest, exercise). Side-effects of exogenous ketones may include acute
gastrointestinal discomfort and distress, as well as systemic symptoms such as nausea and
dizziness that range in intensity from mild to severe (Table 7). Some effects could be linked
to the known bitter taste of exogenous ketones, which are difficult to mask and may lead to
acute feelings of nausea. MCTs, which are structurally similar to BH-BD, can cause cramps,
pain and diarrhea under some dosing contexts [34,44], therefore physicians using MCTs for
disease treatment, recommend increasing serving size gradually to build tolerance [45,46],
similar to the escalating serving size strategy used in this study. Overall, BH-BD was well
tolerated and the limited side-effects of BH-BD intake are not interpreted to be a tolerability
or safety concern.

Table 7. Overview of reported gastrointestinal symptoms in studies of different exogenous ketone compounds.

Exogenous Ketone
Type Reference(s) Participant

Type (n)
Daily Serving Size

Range Symptoms Reported

MCT [34,44,47–49]
Healthy adults before/after
exercise (25) or adults with
Alzheimer’s disease (260)

20–85 g

GI distress, nausea,
vomiting, abdominal

pain, bloating, diarrhea,
flatulence, dyspepsia,
dizziness, headache

Ketone Salts [22,33,50–54] Healthy adults at rest (23) or
before/after exercise (44) 12–36.5 g

GI distress, nausea,
diarrhea, vomiting,
light-headedness,

cramps

AcAc Ketone
Diester [55] Healthy adults before

exercise (11) ~37 g Vomiting, dizziness,
nausea, reflux

1,3
Butanediol [56] Healthy adults before

exercise (9) ~24 g
Nausea, euphoria,

dizziness, belching,
abdominal pain

BHB
Ketone Monoester [24,33,50,57–59] Healthy adults at rest (43) or

before/after exercise (27) 12–155 g

Vomiting, abdominal
pain, nausea, flatulence,

heartburn, headache,
dizziness

BH-BD Current study Healthy adults 12.5–25 g Headache, nausea,
dizziness

Abbreviations: MCT, medium chain triglyceride; GI, gastrointestinal, AcAc, acetoacetate, BHB, beta-hydroxybutyrate.

Whilst the finding of acutely increased sedation and decreased stimulation on Day
0, when 12.5 g of BH-BD was consumed, was statistically significant, it is not interpreted
to be clinically meaningful. The absolute change in B-BAES score from baseline values
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seen in this study following BH-BD consumption was very small (1 point of the 30-point
scale) and was far smaller than seen when BAES or B-BAES is administered during alcohol
induced intoxication (>5 points of the 30-point scale) [41,60,61]. The alterations seen on Day
0 were surprising given that no further effects were found either in the subsequent acute
in-clinic visits or during at-home B-BAES scores when 25 g of BH-BD was consumed. It is
unclear what led to the B-BAES differences observed on Day 0. Whilst unlikely given the
known rapid hydrolysis of BH-BD in the intestines and plasma [36], it cannot be excluded
that BH-BD or its hydrolysis or metabolic products may have had a biochemical effect
and caused sedation and lower stimulation on the first occasion of consumption, which
disappeared subsequently with rapid adaptation. Alternatively, other elements of the study
which were new to the participants may have led to an anomalous result on Day 0, such as
the first day consuming a non-habitual standard breakfast or the first time completing the
B-BAES questionnaire. As B-BAES is designed to differentiate between the ascending and
descending limbs of the blood alcohol curve, any possible effects of BH-BD on stimulation
or sedation could be explored by collecting multiple acute B-BAES scores in future studies.

In this study, 25 g of BH-BD taken with a meal effectively raised ketone levels to
generate a state of nutritional ketosis (>0.5 mM BHB) at 1-h post-consumption, but did not
affect blood glucose concentrations. Limited conclusions can be drawn from this single
time point regarding the dynamic effect of BH-BD on blood ketone kinetics, and work to
characterize the acute blood ketone responses to BH-BD consumption is underway. As
with BHB, without a full kinetic time course of blood glucose concentrations, it is unclear
if BH-BD had an effect that occurred before or after the 1-h time point as the maximum
postprandial blood glucose can occur as early as 30 min after a meal. Additionally, in
this study the carbohydrate content of the provided breakfast choices was highly variable
which might confound the observation. As ketone esters have been demonstrated to lower
blood glucose responses following an oral glucose tolerance test and a mixed meal in acute
and multi-day studies [26–28,62], the effect of BH-BD on blood glucose concentrations is a
promising area for future investigation.

The strengths of this study included the duration, the sample size, the free-living
design being highly relevant for future consumption of BH-BD, high compliance achieved,
and the similarity between the BH-BD and placebo drinks used. Additionally, multiple
approaches (acute in-clinic and chronic at-home measures) were used to confirm tolerance
of BH-BD. Weaknesses included the lack of time course measurements for BHB, glucose
and the B-BAES. Furthermore, as participants were required to complete the BTQ daily,
it is not clear if any of the side effects would have been reported spontaneously without
prompting. Finally, the safety and tolerability of higher serving sizes of BH-BD remains
unknown.

In conclusion, the results of this study demonstrate the safety and tolerability of
up to 25 g/day of the ketone diester, BH-BD in healthy adults. These findings will be
foundational for the design of future clinical research studies using BH-BD as a tool to
induce a metabolic switch to nutritional ketosis and facilitate the study of ketosis for health
and resilience.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13062066/s1, Full lists of inclusion/exclusion and exclusionary medications/supplements/
products criteria utilized, Table S1, Clinical chemistry measures at clinic visits during 28-day study of
healthy adults consuming up to 25 g/day of BH-BD or placebo, Table S2, Haematology measures at
clinic visits during 28-day study of healthy adults consuming up to 25 g/day of BH-BD or placebo,
Table S3, Blood lipid measures at clinic visits during 28-day study of healthy adults consuming
up to 25 g/day of BH-BD or placebo, Table S4, Thyroid hormone measures at clinic visits during
28-day study of healthy adults consuming up to 25 g/day of BH-BD or placebo, Table S5, Urinalysis
measures at clinic visits during 28-day study of healthy adults consuming up to 25 g/day of BH-BD
or placebo, Figure S1, CONSORT diagram.
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