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Abstract: Exogenous ketone ester and ketone ester mixed with ketone free acid formulations are
rapidly entering the commercial marketspace. Short-term animal and human studies using these
products suggest significant potential for primary or secondary prevention of a number of chronic
disease conditions. However, a number of questions need to be addressed by the field for optimal use
in humans, including variable responses among available exogenous ketones at different dosages;
frequency of dosing; and their tolerability, acceptability, and efficacy in long-term clinical trials. The
purpose of the current investigation was to examine the tolerability, acceptability, and circulating
R-beta-hydroxybutyrate (R-βHB) and glucose responses to a ketone monoester (KME) and ketone
monoester/salt (KMES) combination at 5 g and 10 g total R-βHB compared with placebo control (PC).
Fourteen healthy young adults (age: 21 ± 2 years, weight: 69.7 ± 14.2 kg, percent fat: 28.1 ± 9.3%)
completed each of the five study conditions: placebo control (PC), 5 g KME (KME5), 10 g KME
(KME10), 5 g (KMES5), and 10 g KMES (KMES10) in a randomized crossover fashion. Circulating
concentrations of R-βHB were measured at baseline (time 0) following an 8–12 h overnight fast and
again at 15, 30, 60, and 120 min following drink ingestion. Participants also reported acceptability
and tolerability during each condition. Concentrations of R-βHB rose to 2.4 ± 0.1 mM for KME10
after 15 min, whereas KMES10 similarly peaked (2.1 ± 0.1 mM) but at 30 min. KME5 and KMES5
achieved similar peak R-βHB concentrations (1.2 ± 0.7 vs. 1.1 ± 0.5 mM) at 15 min. Circulating
R-βHB concentrations were similar to baseline for each condition by 120 min. Negative correlations
were observed between R-βHB and glucose at the 30 min time point for each condition except KME10
and PC. Tolerability was similar among KME and KMES, although decreases in appetite were more
frequently reported for KMES. Acceptability was slightly higher for KMES due to the more frequently
reported aftertaste for KME. The results of this pilot investigation illustrate that the KME and KMES
products used increase circulating R-βHB concentrations to a similar extent and time course in a
dose-dependent fashion with slight differences in tolerability and acceptability. Future studies are
needed to examine variable doses, frequency, and timing of exogenous ketone administration for
individuals seeking to consume ketone products for health- or sport performance-related purposes.

Keywords: ketones; ketosis; ketogenic diet; obesity; metabolism

1. Introduction

During periods of low glucose availability, long-chain fatty acids are partially oxidized
to water-soluble four-carbon molecules referred to as ketones, which include acetoacetate
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(AcAc) and beta-hydroxybutyrate (βHB) [1]. The endogenous production of ketones
provides an alternative energy source to glucose during prolonged fasting and starvation,
sparing skeletal muscle protein for human survival [2].

Several studies show that a standard low-carbohydrate (<5% by kcals), high-fat (≥80%
fat ketogenic diet (KD) increases circulating ketone concentrations and consistently pro-
duces weight loss [3–14], with exceptions [15,16], that results from decreased hunger and
appetite [17]. Others show that KD produces short-term increases in resting and total
energy expenditure (EE) [18,19], which combined would be expected to produce weight
loss. The beneficial effects of KD are thought to be due to increases in circulating ketone
concentrations. Based in part on empirical reports of poor compliance [3,8,9,20,21], ex-
ogenous ketones have emerged as a potential alternative to KD for increasing circulating
ketone concentrations without the need for extensive dietary alterations.

A number of studies from our laboratory and others have shown that exogenous ke-
tones produce consistent and robust effects on energy homeostasis, energy metabolism, and
body composition in rodents [22–26]. Additional studies in humans show that acute dos-
ing of certain exogenous ketones reduces appetite [27] and improves glucose metabolism
in patients with or without type 2 diabetes through mechanisms that are poorly under-
stood [28–30]. The difficulty in translating findings in most rodent studies to humans is
that exogenous ketones are often added directly to the diets, meaning that ketones are
consumed at each feeding bout. This can lead to important differences in responses, and as
more clinical trials are launched, this can limit translational capacity in humans if these
differences are not considered. Creative approaches using the alcohol, R-1,3-butanediol,
that is rapidly converted in liver to R-βHB, esterified with medium-chain fatty acids such
as hexanoic acid or octanoic acid have recently emerged [31] that would be expected to
generate a sustained release of endogenously synthesized ketones in a fashion that would
be more closely aligned with exogenous ketone administration in animals. In addition,
there are limited reports on the pharmacokinetic, temporal, and dose-dependent responses
of commercially available exogenous ketones.

While the number of published studies in humans is limited, most studies show that
exogenous ketones can safely and effectively increase circulating ketone concentrations
without introducing extensive dietary changes such as energy or carbohydrate restric-
tion. Exogenous ketones are commercially available as ketone salts, ketone esters, or
the combination of the two. Veech and colleagues showed that the ketone monoester,
(R)-3-hydroxybutyl (R)-3-hydroxybutyrate (KME), increased R-βHB and acetoacetate con-
centrations in a dose-dependent fashion at 140 mg/kg, 357 mg/kg, and 714 mg/kg body
weight [32]. There were no treatment-related adverse outcomes reported following any of
the dosages provided. Stubbs and colleagues compared the effects of KME with a racemic
mixture of R-βHB and S-βHB salts (KS) [33]. At the highest dose (24 g), KME increased
circulating R-βHB concentrations to 2.8 ± 0.2 mM. At the same dose, the ketone salt (which
contained a 50:50 racemic mixture of R and S-βHB) raised circulating R-βHB concentrations
to 1.0 ± 0.1 mM.

Most studies conducted in humans today have examined high concentrations of
exogenous ketones in the range of 10–50 g when consumed as a single dose or short term
(less than one month) [29,30,32–50]. It is clear from the literature that there is a dose
dependency to circulating ketone responses and other variables such as lowering of blood
glucose, but it is unclear whether such high concentrations of exogenous ketone esters are
necessary to produce effects associated with KD (e.g., weight loss, appetite changes, and
increased EE). This is particularly relevant because the cost of high doses of ketone esters
is a significant barrier for most individuals to consume ketone esters for health or sport
performance purposes. As we translate findings from the pre-clinical animal and human
literature and piece together the wide range of doses and frequency of exogenous ketone
administration, it will be important to investigate different exogenous ketones to establish
optimal dosing and frequency regimens.
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The purpose of the current investigation was to examine the responses to a single dose
of the KME at lower doses (5 and 10 g) and to compare those responses with a ketone ester +
R-βHB salt (single enantiomer) mixture (KMES) at 5 and 10 g doses. The primary outcome
variables for this study were whole-blood concentrations of R-βHB and glucose produced
by condition and over time. Because the KME drink contained a higher concentration of
KME, compared with KMES and PC, we hypothesized that the KME would raise circulating
ketone concentrations to a greater magnitude and duration than KMES and PC. We also
hypothesized that both exogenous ketones would lower circulating ketone concentrations.
Secondary outcomes included tolerability, acceptability, and assessment of adverse events.
A limited number of past studies in exogenous ketones have reported adverse side effects
and severity of such effects. While high doses of KME have been associated with mild
gastrointestinal distress [32,39,50,51], a study by Stubbs and colleagues found that lower
GI symptoms were more frequent and severe for ketone salts compared with KME [52].
Ultimately, the higher salt load of ketone salts may result in lower tolerability compared
with KME, although KME may be less acceptable due to its strong, unpleasant flavor.
Therefore, a secondary hypothesis was that KME would have fewer adverse events but
lower acceptability compared with KMES.

2. Materials and Methods

Fourteen participants between the ages of 18 and 25 years with a body mass index
(BMI) between 18.5 and 29.9 kg/m2 were recruited for this study. This study was regis-
tered in the clinicaltrials.gov database (NCT05390385). Ethical approval was provided by
the University of Alabama at Birmingham (UAB) (IRB-300009075), and the research was
conducted in accordance with the Declaration of Helsinki. Recruitment was conducted
primarily by word of mouth with students on campus and in the Birmingham community.
Participants who were pregnant or trying to become pregnant, and those with pre-existing
chronic disease conditions such as eating disorders, type 2 diabetes, coronary heart disease,
or cancer, were excluded from this study. This study is a randomized, single-blind, five-arm
crossover design (Figure 1). Plasma glucose and R-βHB concentrations were measured
at baseline (time = 0) before ingestion of placebo control or ketone drinks at baseline. For
each participant, the order of conditions was randomized using a number generator in
Excel. The five study conditions included (1) placebo control (PC), (2) 5 g ketone monoester
(KME5), (3) 10 g ketone monoester (KME10), (4) 5 g ketone monoester/salt (KMES5), and
(5) 10 g ketone monoester/salt (KMES10). Each condition was conducted following a 72 h
minimum washout period.
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The exogenous ketones used in this study were purchased from KetoneAid (Falls
Church, VA, USA) and included a KME and a KMES drink. The drinks provided at
each condition were diluted with water to a total volume of 110 mL for blinding and
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consistency. Participants included in this study had never consumed either ketone drink
prior to the study.

During the first study visit, baseline measurements of body weight, height, body
fat percentage, lean body mass percentage, waist–hip ratio, and personal demographic
information (name, sex, age, race, and ethnicity) were recorded from each participant.
Body weight was measured using a balance scale, while height was measured using a
stadiometer. Body composition was measured using bioelectrical impedance analysis (BIA,
Omron, HBF-514C, Kyoto, Japan), while waist and hip measurements were conducted
using a cloth tension tape measure. Waist circumference was measured once at the start of
this study at the narrowest part of the torso between the umbilicus and xiphoid process. Hip
circumference was measured once at the start of this study at the maximal circumference of
the gluteus maximus.

On the day prior to each study condition, participants were asked to record all food
and drink consumed and were encouraged to consume a similar diet before every visit.
However, participants were not required to change their typical diet during this study.
Participants were asked to fast for 8–12 h prior to each visit with all sessions occurring in
the morning before 1100 h and after 0630 h. Participants were also told to avoid vigorous
or planned physical activity on the morning of the study procedure to avoid any potential
confounding effects of exercise metabolism on the variables of interest.

Participants were administered with KME, KMES, or PC after obtaining baseline
measurements of R-βHB and glucose (0-min). The PC consisted of stevia, potassium
sorbate, natural flavors, and denatonium benzoate mixed in distilled water. While the
PC did not perfectly match the taste of KME and KMES, participants were naïve to the
taste of either experimental drink and thus blinded to what they were receiving. The
research team member administering the drinks did not undergo blinding but did not
share responses with participants until the completion of the study. Following ingestion,
R-βHB and glucose were measured at 15, 30, 60, and 120 min. Capillary blood was
measured using a commercially available ketone meter (Keto-Mojo, Napa, CA, USA), which
measures circulating R-βHB and glucose concentrations. At the end of each condition,
participants completed a symptom questionnaire to report any adverse events, acceptability,
and tolerability.

The primary outcomes were circulating R-βHB and glucose concentrations. Temporal
responses over time were compared using a five condition (PC, KME5, KME10, KMES5,
KMES10, and PC) × time (0, 15, 30, 60, and 120 min) ANOVA with repeated measures on
time and condition. Total and incremental area under the curve (AUC) were calculated as
previously reported [53]. Correlational analysis was conducted using Pearson’s R. Data are
presented as means ± SD. Significance was set a priori at p < 0.05. The statistical analysis
was conducted using SAS (SAS Institute Inc., Cary, NC, USA, v9.4). Responses to questions
about tolerability and other qualitative criteria were analyzed by creating themes organized
by frequency.

3. Results
3.1. Participant Recruitment and Characteristics

Fifteen individuals volunteered for this study and were screened for eligibility with
one excluded for not meeting the BMI requirements (Figure 2).
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Figure 2. Participant flow.

Participant retention was 100% with all 14 participants who joined this study complet-
ing each of the five conditions. Participant characteristics are shown in Table 1. The study
group consisted of young adults between the ages of 18 and 25 years with six males and
eight females included in the analysis. Out of 14 participants, 8 identified as non-Hispanic
white, 1 as non-Hispanic Asian, 2 as Hispanic white, 1 as Hispanic black, 1 as non-Hispanic
African American, and 1 as non-Hispanic “Other”.

Table 1. Participant characteristics. Values are means ± SD along with minimum (Min) and maximum
(Max) values.

Characteristic Mean ± SD Min Max

Age (years) 21.0 ± 2.0 18.0 25.0
Height (m) 1.67 ± 0.09 1.55 1.84
Weight (kg) 69.7 ± 14.2 48.5 92.4

Fat (%) 28.1 ± 9.3 17.3 47.0
Lean (%) 33.1 ± 6.4 21.7 41.9

Waist (cm) 78.9 ± 10.5 67.0 94.0
Hip (cm) 99.7 ± 6.7 90.5 112.0
WHR 1 0.79 ± 0.08 0.67 0.91

1 WHR = Waist to hip ratio.

3.2. Effects of KME and KMES Drinks on Circulating R-βHB and Glucose Concentrations

There were no significant differences in R-βHB and glucose responses or other vari-
ables observed between male and female participants. Thus, results are presented with data
from male and female participants combined. R-βHB concentrations were significantly
higher than baseline for each condition (p < 0.05) after 15 min (Figure 3A). There were
no significant differences in the magnitude of response for KME5, KMES5, or KMES10
conditions at 15 min (p > 0.05). However, KME10 was significantly higher than each of the
other conditions (p < 0.05) reaching a peak concentration of 2.4 ± 0.1 mM at 15 min. In
contrast, KMES10 reached its peak at 30 min (2.1 ± 0.1 mM) and was similar to KME10
(2.2 ± 0.1 mM), p = 0.23. R-βHB concentrations for each of the treatment conditions de-
creased by 60 min with only KME10 and KMES10 remaining higher than PC (p = 0.17 and
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0.05, respectively). Calculated R-βHB total and incremental AUCs (Figure 3B,C) were not
different as a result of similar baseline fasting concentrations. Each of the ketone drinks
increased the AUC compared with control with KME5 and KMES5 producing similar
results. KME10 was significantly higher than KMES10 (p < 0.05) and each of the other
conditions (p < 0.05 for all comparisons).
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Glucose concentrations were not significantly different among conditions at any time
point (Figure 4A). Glucose AUCT was also similar for each condition (Figure 4B). Although
glucose AUCI was not significantly different among each study condition, KME10 and
KMES10 approached significance (Figure 4C; p > 0.05 for both). There were no correlations
between glucose and R-βHB at baseline, 15 min, 60 min, and 120 min for any of the
conditions. However, at 30 min, there were significant negative correlations between
glucose and R-βHB for KME5 (r = −0.73, p = 0.0028), KMES5 (r = −0.57, p = 0.0325), and
KMES10 (−0.57, p = 0.0271) suggesting that increasing circulating R-βHB concentrations
produces a delayed decrease in circulating glucose concentrations. There was no correlation
between circulating R-βHB and glucose with the KME10 condition at any timepoint.
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3.3. Acceptability and Tolerability of KME and KMES Drinks

Although taste was not quantitatively assessed, participants were encouraged to
explain the flavor of each study drink either by writing in the “Additional Comments”
section of the questionnaire or by verbally reporting to the research team; these data are
shown in Figure 5. Both KME10 and KMES10 drinks were more frequently reported as
being unpleasant compared with the lower-concentration drinks. Compared with KME,
KMES was more often reported as being “fruity” and “bitter”, although aftertaste was more
frequently reported for KME in a dose-dependent fashion.
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All reported side-effects were reported as “mild” except for one instance of nausea,
which was reported as “moderate” for KME5 (Figure 6). The most commonly reported
side-effects were reductions in appetite and stomach pain, as well as headache, nausea,
belching, heartburn, and bloating, to a lesser extent. Decreases in appetite were reported
for each condition but with greater frequency for KMES than KME. Dizziness and blurry
vision were reported by one participant for KME5, but these symptoms quickly resolved
within one hour.
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4. Discussion

The purpose of the current investigation was to examine the tolerability and accept-
ability of a KME and KMES drink and their effects on circulating R-βHB and glucose
concentrations in healthy young adults. Our hypothesis was that KME would raise cir-
culating ketone concentrations to a greater magnitude and duration than KMES and PC.
Both KME and KMES increased circulating R-βHB concentrations in a dose-dependent
fashion with KME producing a more rapid rise than KMES at 15 min with similar responses
by 30 min. Both total and incremental AUC for R-βHB concentrations were significantly
higher for KME10 compared with KMES10 and PC. This supports part of our hypothesis,
as KME raised circulating ketone concentrations to a greater magnitude than KMES and
PC. However, duration was similar between KME and KMES, as concentrations decreased
in a similar fashion and reached baseline by 120 min. Our secondary hypothesis was that
KMES would have higher acceptability but lower tolerability compared with KME due to
its unpleasant flavor and higher salt load. Supporting part of this hypothesis, acceptabil-
ity was slightly lower for KME due to its more frequently reported aftertaste. However,
reported adverse effects did not noticeably differ between exogenous ketone drinks.

The dosage amounts in the present study were approximately 74.5 ± 14.8 mg/kg
body weight (BW) for the 5 g doses and 149.1 ± 29.6 mg/kg BW for the 10 g doses
when accounting for the weight of all participants. At a similar dosage to the highest
concentration used in the present study, Stubbs and colleagues administered KME at
141 mg/kg body weight while fasting in healthy participants [33]. R-βHB concentrations
reached approximately 1.4 mM, notably lower than those achieved in the present study
(2.4 ± 0.1 mM). Participants in the current study were similar in age and weight but
consisted of mostly females (8f:6m vs. 6f:9m) with lower average height (1.67 ± 0.09 m
vs. 1.76 ± 0.10 m). The study by Stubbs and colleagues also did not report body fat or
lean mass percentage data, which may have contributed further insight into the observed
differences in R-βHB responses. Additionally, the ketone drinks administered in the study
by Stubbs and colleagues were diluted with a citrus-flavored drink containing 5 g of
carbohydrate, unlike the current study that diluted study drinks with water. Overall, it is
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difficult to say whether the differences in βHB response can be attributed to participant
characteristics, exogenous ketone products used, or other factors. At a similar dose of
141 mg/kg BW, Stubbs and colleagues administered an exogenous racemic ketone salt
drink that resulted in R-βHB concentrations of approximately 0.8 mM, which was lower
than the concentrations achieved for the KMES condition at approximately 143.5 mg/kg
BW in the present study (2.1 ± 0.1 mM). However, a direct comparison is difficult as
drink composition greatly differed between studies. The KS consumed in the study by
Stubbs and colleagues contained a 1:1 ratio of R- and S-βHB, whereas the KMES drink
in the present study was an ester–salt mixture (5:6 salt:ester) with the salt containing
only the R-enantiomer of βHB. Despite these differences in peak R-βHB responses for the
KME, ketone salt, and KMES drinks between the study by Stubbs and colleagues and the
present one, there is a notable pattern in the shape of the response curves. For both studies,
the KME-only conditions resulted in a sharp rise in R-βHB concentrations with a peak
at approximately 15–20 min. For the drinks containing ketone salts, the peak occurred
relatively later at around 30–60 min.

A study by Veech and colleagues examined the effects of KME in healthy participants at
a similar dose (140 mg/kg BW) [32]. Following a single dose, R-βHB concentrations rose to
approximately 0.28 mM by 60–120 min. However, the exogenous ketone was administered
to participants with a meal replacement beverage, with 30% of calories containing KME.
This differs from the current study, which administered exogenous ketones to participants
in the fasted state with no added meal replacement drink. The meal replacement beverage
used in the study by Veech and colleagues likely impacted the magnitude and timing of
R-βHB response.

While we did not observe a statistically significant reduction in circulating glucose
concentrations with the ketone drinks at either concentration, we found a negative correla-
tion between R-βHB and glucose at 30 min for each condition except KME10. A similar
effect was found in the study by Stubbs and colleagues, where both exogenous ketone
drinks significantly decreased circulating glucose from 5.7 to 4.8 mM at one hour follow-
ing administration [33]. In a study by Myette-Côté and colleagues, ingestion of KME
significantly reduced glucose AUCI compared with the placebo control condition [29].
Similarly, acute ingestion of KME decreased glucose AUC in individuals with impaired
glucose tolerance [30]. While the mechanisms responsible for the reduction in plasma
glucose concentrations are not completely understood, some have shown that ingestion
of KME decreases circulating L-alanine concentrations [54], which would be expected to
decrease precursors for hepatic gluconeogenesis and subsequently decrease hepatic glucose
production and circulating glucose concentrations.

Although both exogenous ketone drinks had “unpleasant” flavor reported, the KME
drink in the current study was slightly less acceptable than the KMES drink due to its more
frequently reported aftertaste. To the best of our knowledge, previous studies have not
characterized the flavor of exogenous ketone products. However, a limited number of
studies have examined tolerability and noted mild adverse effects such as gastrointestinal
distress [32,39,50–52]. In our study, participants reported mild gastrointestinal distress,
headache, and decreases in appetite, and there were no noticeable differences in tolerability
between exogenous ketone drinks except for “appetite changes” being more frequently
reported for KMES. A study by Stubbs and colleagues examined the effects of KME inges-
tion on changes in appetite and concentrations of the “hunger hormone” ghrelin [27]. KME
consumption was associated with lower concentrations of ghrelin, as well as decreased
perceptions of hunger and desire to eat. These findings coincide with those of the present
study, as decreases in appetite were self-reported by participants following exogenous
ketone ingestion. Unlike the study by Stubbs and colleagues, the present study did not use
a visual analogue scale (VAS) to assess appetite changes. Future investigations should con-
sider using a VAS in order to better assess taste and acceptability with particular attention
to appetite changes, which were observed in this study.
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In the present study, participants were not required to alter their regular diet or exercise
routine. As a result, the participants had diverse diet and exercise regimens. Future studies
should aim to characterize the effects of meals, meal composition, and various forms of
exercise on circulating concentrations of R-βHB. Understanding these effects will help
define how exogenous ketones may affect consumers who are consuming ketone products
on a regular basis. This study also applied what we determined was a more practical
approach to dosing exogenous ketones, as drinks were provided in absolute amounts of
total ketones as opposed to being dosed according to individual body mass. While there
are disadvantages to this approach, namely that differences in body mass are likely to
affect circulating concentrations, this strategy more realistically models how a consumer
may purchase and utilize ketone products. Despite differences in body weight and sex
within the study cohort, there were no significant differences in the magnitude of R-βHB
observed. In fact, correlational analysis showed no significant associations between body
weight or body weight normalized R-βHB concentrations at either dose for both exogenous
ketones. Future studies are needed to determine if a relationship exists with higher doses
of exogenous ketones.

Additional studies are needed to investigate the acute, short-, and long-term effects of
exogenous ketones, particularly as it relates to dosing, frequency of dosing, and duration of
responses. It is possible that smaller, but more frequent, dosing not only can sustain higher
concentrations but also can produce a scaffolding effect depending on when additional
dosing occurs. Overall, single doses of the exogenous ketones used in this study increased
circulating ketone concentrations rapidly and transiently. However, future studies that
examine the effects of multiple doses of exogenous ketones are critical to establish the
short- and long-term effects on circulating ketones to establish correlations between the
magnitude and duration of circulating ketones on the outcomes desired. Circulating ketone
concentrations reflect only a snapshot in time and do not fully appreciate absorption, uptake
by central and peripheral tissues, and excretion, which are likely to play a significant role
in the efficacy of certain outcomes desired.

In the present study, KME increased R-βHB concentrations more rapidly than KMES,
although peaks in R-βHB concentrations were similar for both. When consumed as repeated
doses throughout the day, KME and KMES may achieve similarly sustained levels of R-βHB.
Additionally, participants in the current study reported KMES as slightly more acceptable
than KME.
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