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Abstract

We investigated the bioavailability of the calcium salt (HMB-Ca) and the free acid (HMB-FA) forms of pB-hydroxy-p-
methylbutyrate (HMB). Sixteen young individuals received the following treatments on three different occasions in a coun-
terbalanced crossover fashion: (1) HMB-FA in clear capsules; (2) HMB-Ca in gelatine capsules; (3) HMB-Ca dissolved
in water. All treatments provided 1 g of HMB. Blood samples were taken before and on multiple time points following
ingestion. The following parameters were calculated: peak plasma (Cmax), time to peak (Tmax), slope of HMB appearance
in blood, area under the curve (AUC), half-life time (¢;,,) and relative bioavailability (HMB-Ca in water set as reference).
All treatments led to rapid and large increases in plasma HMB. HMB-Ca in capsules and in water showed similar plasma
HMB values across time (p=0.438). HMB-FA resulted in lower concentrations vs. the other treatments (both p <0.001).
AUC (HMB-Ca in capsules: 50,078 +10,507; HMB-Ca in water: 47,871 +10,783; HMB-FA: 29,130 + 12,946 umol L~ 'x
720 min), Cmax (HMB-Ca in capsules: 229.2 +65.9; HMB-Ca in water: 249.7+49.7; HMB-FA: 139.1 +67.2 umol L_l)
and relative bioavailability (HMB-Ca in capsules: 104.8 + 14.9%; HMB-FA: 61.5+17.0%) were lower in HMB-FA vs.
HMB-Ca (all p<0.001). HMB-Ca in water resulted in the fastest Tmax (43 +22 min) compared to HMB-Ca in capsules
(79 +40 min) and HMB-FA (78 +21 min) (all p <0.05), while ¢,,, was similar between treatments. To conclude, HMB-Ca
exhibited superior bioavailability compared to HMB-FA, with HMB-Ca in water showing faster absorption. Elimination
kinetics were similar across all forms, suggesting that the pharmaceutical form of HMB affects the absorption rates, but not
its distribution or elimination.
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Introduction

Beta-hydroxy-p-methylbutyrate (HMB) is an organic
acid derived from the essential amino acid leucine. The
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and Nissen 1992), involving the conversion of leucine to
a-ketoisocaproate, primarily in the skeletal muscle (Hole¢ek
2017), in a reaction catalysed by the enzyme BCAA ami-
notransferase. The resulting a-ketoisocaproate is then con-
verted to HMB in the liver by the enzyme ketoisocaproate
dioxygenase (Sabourin and Bieber 1983). Only ~2-10% of
the leucine metabolism is directed towards HMB forma-
tion (van Koevering et al. 1992); therefore, fasting plasma
HMB concentration is typically low in humans, in the low
micromolar range (Wilkinson et al. 2013). The ingestion
of supplemental doses of leucine increases plasma HMB,
but to a far lower extent than that elicited by HMB inges-
tion (Wilkinson et al. 2013), leading to the assumption that
HMB supplementation is the most effective way to induce
substantive plasma elevations in HMB.

HMB has long been of interest to athletic as well as clini-
cal populations due its anabolic and anti-catabolic proper-
ties. HMB supplementation has been shown to increase mus-
cle protein synthesis, which seems to result from a direct
stimulation of mammalian target of the rapamycin path-
way (Wilkinson et al. 2013, 2018). Evidence also suggests
that HMB can attenuate exercise-induced muscle damage
(Knitter et al. 2000), potentially leading to improved muscle
recovery following exercise, although this has been disputed
(Tritto et al. 2019). Moreover, studies in animals (Kovarik
et al. 2010; Baptista et al. 2013) and in humans (Wilkin-
son et al. 2013) have shown that HMB supplementation can
suppress muscle protein breakdown, thereby exerting anti-
atrophic effects in conditions of exacerbated skeletal muscle
catabolism (Prado et al. 2022; Mirza et al. 2014). Human
studies showed that HMB can counteract age-related muscle
loss (Oktaviana et al. 2019) and muscle wasting in condi-
tions such as bed rest (Deutz et al. 2013) and cancer (Clark
et al. 2000). The potentially beneficial effects of HMB sup-
plementation on muscle strength and muscle mass in con-
ditions of exacerbated muscle loss has been supported by
meta-analyses (Wu et al. 2015; Bear et al. 2019), although
controversy still exists as to whether HMB can effectively
support muscle growth in healthy individuals undergoing
resistance training, with current evidence not supporting its
use for enhancing training adaptations in young, healthy,
trained individuals (Tritto et al. 2019; Jakubowski et al.
2020; Phillips et al. 2022).

The controversial findings in the HMB literature have
been in part attributed to the pharmaceutical form of HMB.
Two forms of HMB are available for human use, namely
the calcium salt (HMB-Ca) and the free acid (HMB-FA)
forms. HMB-FA is assumed to have superior effects on mus-
cle anabolism compared with HMB-Ca due to its improved
bioavailability (Wilkinson et al. 2013; Wilson et al. 2013a,
b, 2014). However, only three studies have directly com-
pared the pharmacokinetic profile of HMB-FA with HMB-
Ca, two of them being conducted in humans (Fuller et al.

@ Springer

2011, 2015) and one in rats (Shreeram et al. 2014). The
two human studies (Fuller et al. 2011, 2015) showed faster
increases in plasma HMB, higher peak concentrations and
area under the curve following HMB-FA ingestion compared
to HMB-Ca. In contrast, the study with rats showed supe-
rior bioavailability of HMB-Ca over HMB-FA across three
different doses. A more recent study in humans also indi-
cated excellent bioavailability of orally ingested HMB-Ca
(Wilkinson et al. 2018). To address these controversies and
further the understanding of the pharmacokinetic properties
of both forms of HMB, we sought to investigate whether the
pharmaceutical form of HMB influences its bioavailability
and pharmacokinetic profile in humans.

Methods
Study design

In this crossover pharmacokinetic study, male and female
participants visited the laboratory on three different occa-
sions to receive one of the following treatments: (1) 1 g
of HMB-FA, or (2) HMB-Ca (equivalent of 1 g of HMB)
in capsules, or (3) HMB-Ca (equivalent of 1 g of HMB)
dissolved in water. The washout period between visits was
5-7 days. Due to the nature of the study, in which treatments
of different appearances were administered, we were unable
to blind the participants or the researchers involved with
data collection. However, all samples were coded before
being sent for analysis to control the risk of bias during
sample analysis. Because we only measured outcomes that
are not subjected to placebo effects, the lack of blinding is
unlikely to represent risk of bias. The order of treatments
was counterbalanced to control for carryover and order
effects using a three-by-six (treatment-by-participant) Latin
square table (www.statpages.info/latinsq.html). To randomly
allocate participants to treatment sequences, participants
were recruited in blocks of six, each containing three males
and three females so that counterbalancing were equally in
place for both sexes. The allocation sequence within each
block was defined using a random sequence generator (Www.
random.org). All participants were fully informed about
the risks and procedures involved with participation and
signed the consent form before taking part in the study. The
study was approved by the Institutional Ethics Committee
for Human Research and complied with the declaration of
Helsinki. The study was retrospectively registered at Clini-
calTrials.gov (NCT05767112).

Participants

Twenty young healthy participants were screened for eligi-
bility, 2 of whom were not eligible. Inclusion criteria were:
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(1) age between 18 and 35 years, (2) > 150 min of moder-
ate to intense physical activity per week. Exclusion criteria
were: (1) smoking, (2) use of statins, anti-inflammatory or
any other medications that could affect lipid metabolism
or blood parameters, (3) current or past use of androgenic
anabolic steroids, (4) diagnosis of gastric or intestinal dis-
orders that could affect nutrient absorption, (5) diagno-
sis of kidney or liver disorders that could affect nutrient
metabolisation and elimination, (6) any other condition
that could be perceived as a potential confounding factor
or that could prevent participation in the study. Eighteen
participants (females: n=9; males: n=9) enrolled in the
study, but 2 participants (1 female and 1 male) dropped out
before their first visit. Sixteen participants (females: n=38;
males: n=_8; age =28 +4 years, height =1.68 + 0.1 m, body
mass =67.3 +16.6 kg, BMI=23.6 + 3.3 kg-m?) completed
the study, but 4 participants (3 females and 1 male) could not
visit the laboratory on one occasion (1 participant missing
HMB-FA and HMB-Ca in water, and 2 participants miss-
ing HMB-Ca in capsules). Figure 1 depicts the participant
recruitment flow diagram.

Treatments and sample collection

Participants arrived at the laboratory ~7 a.m. following an
8-10 h overnight fast. They were instructed to refrain from
alcohol and strenuous exercise in the 24 h prior to test days,
and caffeine in the 16 h prior to the test days. They were also
instructed to repeat the same pattern of food ingestion on
all days preceding test days. A reminder to comply with all
instructions was sent to their personal telephones on the day
prior to all scheduled visits. Compliance with these requests
was verbally confirmed on each trial.

Upon arrival, a midstream urine sample (~ 100 ml) was
collected and stored at — 80° C for later analysis. A flexible
catheter was then inserted in a forearm vein and kept pat-
ent using sterile saline solution. A fasting baseline blood
sample was collected and then a standardised breakfast was
given to all participants (energy =418 kcal; fat=15.5 g; car-
bohydrates =60 g; protein =10 g). Sixty minutes following
breakfast ingestion, the participants took one of the follow-
ing treatments: 1 g of HMB-FA in clear capsules (Muscle
Tech Clear Muscle®, USA) provided in two clear capsules,
or 1.24 g of HMB-Ca monohydrate (Millenium Sport Tech-
nologies Inc., USA) providing the equivalent of 1 g of HMB,
either within two gelatine capsules or dissolved in water. All
supplements were ingested with 300 ml of water. HMB-FA
was ingested in clear capsules as provided by the manu-
facturer; HMB-Ca was encapsulated in gelatine capsules as
this is suitable for powdered substances and swiftly opens
in the stomach, or simply added to 300 ml of water. After
the completion of the study, a sample of the HMB-FA and
HMB-Ca supplements used were analysed to confirm HMB

content; the analysis showed 78% of HMB content in the
HMB-FA clear capsules and 95% HMB content in the HMB-
Ca powder. Upon weighing the liquid contained in the clear
HMB-FA capsules, we measured 0.8 g of liquid per cap-
sule (containing 78% HMB), which allowed us to estimate
that the participants in fact received ~ 1.25 g of HMB-FA
and~0.95 g of HMB-Ca.

Following treatment ingestion, serial blood samples were
collected at the following time points: 15, 30, 45, 60, 90,
120, 180, 240, 360 and 720 min after ingestion. Since the
experimental trials involved a long period of serial blood
collections, we controlled food and fluid intake only in
the initial 6 h following ingestion. A standardised snack
(energy =258 kcal; fat=10.6 g; carbohydrates =34 g;
protein=6.5 g) was given 4 h after breakfast. Two hours
later, participants received a standardised main meal
(energy =700 kcal; fat=14.5 g; carbohydrates=76.3 g; pro-
tein=64.8 g). Five cups of 300 ml of water were provided
every 1-2 h, totaling 1.5 L up until 6 h following treatment
ingestion. After the main meal (i.e. following the collection
of blood sample 360 min), the catheter was removed and
the participants were allowed to leave the laboratory and
keep their normal activities, but returning for the last sample
collection, 6 h later. They were requested not to exercise
or drink any alcoholic beverage; water could be consumed
ad libitum and they were instructed to eat if they wanted to,
but to refrain from large meals until the collection of the last
blood sample.

After treatment ingestion, participants were provided with
large urine sample containers and were instructed to col-
lect total urine for the following 24 h, returning them to the
laboratory on the next day. They were instructed to keep the
container refrigerated whenever possible. Upon collection,
total urine volume was measured using a glass measuring
cylinder, mixed thoroughly and ~ 50 ml was stored at — 80°
C for later analysis. However, due to a malfunction in the
freezer where some of the urine samples were stored, HMB
concentrations could not be determined in 57 out of the 96
samples. The number of samples analysed in each group is
as follows: HMB-FA in capsules, baseline: n="7, 24 h urine:
n=6; HMB-FA in water, baseline: n=25, 24 h urine: n=38;
HMB-FA, baseline: n=7, 24 h urine: n=6.

Blood samples of ~4 ml were collected using a cannula
and a syringe and immediately placed on a BD Vacutainer®
tube containing K2EDTA, which were kept on ice for
5-10 min and centrifuged (2000g, 5 min at 4 °C) for plasma
separation. Plasma was then placed in microtubes and stored
at — 80 °C for later analysis.

HMB quantification in plasma and urine

HMB concentration was determined in urine and plasma
using stable isotope as internal standard (HMB-dg, Toronto
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Fig. 1 Participant recruitment
flow diagram
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Research Chemicals, Canada). Briefly, 100 pL of human
urine or serum was crushed with 400 pL of acetonitrile,
vortexed for 1 min and centrifuged for 10 min at 10,000g.
Then, the supernatants were diluted and transferred to vials
for LC/MS analysis. Separation was performed on an Agi-
lent 1260 Infinity LC system consisting of an autosampler,
a binary pump and a column oven. The analytical column
was a Sequant Zic HILIC (100 mm X3 mm ID, 5 pm, 200
Ao) protected with a precolumn of the same material and

@ Springer

*n=8 Tn=7 @n=6 wn=8

maintained at 25 °C. Mobile phase A was water with 5 mM
ammonium acetate and mobile phase B was ACN. The ana-
lytical flow rate was set at 0.2 mL min~' and the gradient
was: 97% B and hold for 1 min; ramp up to 45% over 4 min;
hold for 2.30 min; bring to 97%; hold for 3.5 min.

The LC system was coupled to an Agilent 6460 triple
quadrupole mass spectrometer equipped with an electro-
spray ionisation (ESI) source (Streaming jet), operated
in negative mode and acquiring data in multiple reaction
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monitoring (MRM). Six level calibration curves were con-
structed by spiking acetonitrile or blank serum/urine sam-
ples with known HMB concentrations (3.5, 7, 14, 27, 55
and 111 pmol L™}). Three quality control samples (3.5, 14
and 55 umol L™!) were used. The method was validated for
matrix effect, accuracy and precision, and extraction recov-
ery; it was showed to be linear in the 3—111 umol L™! range
used (R*>0.99). Precision for intra- and inter-day assays
were below 6% (RSD) for plasma and urine. Peak integration
was performed using the Agilent MassHunter Quantitative
analysis software and the final concentrations were corrected
for the dilution factor.

Calculation of pharmacokinetic parameters

Plasma HMB concentration curves over time were individu-
ally smoothed using the spline smoothing function to inter-
polate concentrations at every minute. Area under the curve
(AUC) was calculated using the trapezoidal method. Peak
plasma concentration (Cmax) and time to peak (Tmax) were
determined by checking the smoothed curves. Half-life time
(t,,,) was calculated by fitting an exponential curve (Eq. 1)
to the distribution—elimination phase (i.e. from Cmax to the
last data point) to find the constant of elimination (k) and
then dividing the constant 0.693 by & (Eq. 2):

y = ae", (1

0.693
hyp= = @

To gauge information on the rate of HMB absorption, the
data relating to the absorption phase (i.e. from baseline to
Cmax) was used to fit a straight-line equation, with the slope
being used to indicate the rate of absorption. For the relative
bioavailability calculation, HMB-Ca was set as the reference
treatment as thus arbitrarily set as 100%; AUC obtained in
the HMB-Ca in capsules and in the HMB-FA treatments
were divided by the AUC of the reference treatment. The
percentage of the total HMB dose lost in urine was calcu-
lated by multiplying the HMB concentration in urine by the
total urine volume produced in 24 h.

Statistical analysis

Plasma HMB concentrations were compared between treat-
ments across time with a 2-factor mixed models analysis
(proc mixed, SAS Studio). Fixed factors were treatment (3
levels) and time (11 levels), and participants were the ran-
dom factor. Four covariance matrixes (unstructured, autore-
gressive lag 1, Toeplitz and compound symmetric) were
tested and the best fit was determined using the Bayesian
information criterion (lowest BIC value). Variance estimates

and the denominator degrees of freedom were determined
using the Kenward—Roger method to account for the missing
data and unbalanced dataset. All pairwise comparisons were
adjusted with the Tukey—Kramer correction for multiple
comparisons. Plasma HMB concentration data is presented
as mean values and 95% confidence intervals for sample
mean (95% CI). The participants who missed trials were
included in the mixed model analysis, as this is robust to
deal with missing data without the need of data imputation
and makes full use of the data gathered (Rosenkranz 2015).

AUC, relative bioavailability, Cmax and Tmax were
compared between treatments with repeated measures one-
way ANOVA with post hoc tests adjusted for multiple com-
parisons using the Bonferroni correction (JASP v.0.15.0.0).
Only those participants who completed the three trials were
included in these analyses. HMB in urine was not statisti-
cally compared within or between groups due to the low
number or complete data sets. Significance level was defined
a priori at 5%. Data is presented as mean + standard devia-
tion, unless otherwise stated.

Results

Plasma HMB responses to HMB-Ca and HMB-FA

A rapid and large increase in plasma HMB concentrations
was observed after the ingestion of all pharmaceutical forms
(main effect of time: F=61.34, p<0.001; Fig. 2, panel A).
Plasma HMB was significantly higher than baseline from the
15th min and remained elevated throughout the entire exper-
imental period, irrespective of treatment (all p <0.001; sin-
gle effects of time). However, the magnitude of increase in
plasma HMB was higher in both HMB-Ca forms compared
with the HMB-FA form (group-by-time interaction: F'=2.9;
p=0.001). While HMB-Ca in capsules and in water showed
similar values across time (=— 1.24, p=0.438; single effect
of group), HMB-FA yielded significantly lower values vs.
HMB-Ca in capsules (r=4.86, p <0.001; single effect of
group) and vs. HMB-Ca in water (r=6.21, p <0.001; sin-
gle effect of group). Pairwise comparisons revealed that
HMB-Ca in water resulted in higher plasma HMB concen-
trations vs. HMB-FA at the initial 60 min after ingestion (all
p <0.05) whereas HMB-Ca in capsules resulted in higher
plasma HMB concentrations vs. HMB-FA somewhat later
during the 90-360 min period after ingestion (all p <0.05).

Analysis of AUC revealed significantly higher exposure
to HMB when ingested in the form of HMB-Ca compared
with HMB-FA (F=26.32, p<0.001; HMB-FA vs. HMB-Ca
in water: t=6.15, p <0.001; HMB-FA vs. HMB-Ca in cap-
sules: t=6.41, p <0.001), but similar exposure when HMB-
Ca in ingested in water or in capsules (r=0.27, p=0.99)
(Fig. 2, panel B).
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Fig.2 Panel a: mean and 95% CI plasma HMB concentrations in
response to the equivalent of 1 g of HMB ingested in the forms of
free acid (HMB-FA) or calcium salt (HMB-Ca) in gelatine capsules
or dissolved in water. Dots indicate the measured values, and the solid
lines represent the smoothed spline interpolation. Coloured shadows
represent 95% confidence intervals of the mean. Panel b: area under
the plasma HMB curve (AUC) for the three different forms of HMB.

Relative bioavailability of HMB-FA was significantly
lower than HMB-Ca (F =35.35, p<0.001; HMB-FA
vs. HMB-Ca in water: t=6.96, p <0.001; HMB-FA vs.
HMB-Ca in capsules: t=7.57, p<0.001), but no differ-
ences were shown between HMB-Ca ingested in water or
in capsules (t=— 0.61, p=1.0) (Fig. 3, panel C). Cmax
was significantly higher following HMB-Ca ingestion
compared to HMB-FA (F=17.87, p<0.001; HMB-Ca
in water vs. HMB-FA: r=5.80, p <0.001; HMB-Ca in
capsules vs. HMB-FA: r=4.16, p=0.001), with no dif-
ferences shown between HMB-Ca in water vs. capsules
(t=-1.64, p=0.347) (Fig. 2, panel D).
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Panel c: Relative bioavailability of the different forms of HMB using
HMB-Ca dissolved in water as reference and thereby arbitrarily set
as 100%. Panel d: Peak HMB concentration in plasma (Cmax) in
response to the treatments. *HMB-FA different from HMB-Ca in
water (all p<0.05). #HMB-FA different from HMB-Ca in capsules
(all p<0.05)

Kinetics of absorption and elimination

HMB-Ca in water resulted in the fastest Tmax (F=5.32,
p=0.013; HMB-Ca in water vs. HMB-Ca in capsules:
t=2.78, p=0.03; HMB-Ca in water vs. HMB-FA:
t=—2.86, p=0.027). No significant differences in Tmax
between HMB-Ca in capsules and HMB-FA were shown
(t=-0.08, p=0.99) (Fig. 3, panel A). However, examina-
tion of the slopes during the absorption phase (i.e. when
plasma HMB concentrations are increasing) reveals that
HMB-Ca in water led to the fastest rate of increase in plasma
HMB (7.02 umol min™"), followed by HMB-Ca in capsules
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Fig.3 Panel a: Time to peak (Tmax) HMB concentrations in plasma.
Panel b: linear regression fit for the absorption phase (i.e. from base-
line to Cmax) and their respective equations and coefficients of deter-
mination. The slopes in the straight-line equations inform on the rate

(3.02 umol min‘l); HMB-FA resulted in the slowest rate of
absorption (1.89 umol min~") (Fig. 3, panel B). Examination
of the distribution/elimination phase and their fit exponen-
tial curves indicates virtually identical rates of elimination
for all treatments. Thus, ¢, was equally similar between
treatments, being calculated as 139 min irrespective of the
pharmaceutical form of HMB administered (Fig. 3, panel C).

Urine analysis and whole body HMB retention
Urine HMB concentrations increased in response to HMB

ingestion in all groups. Approximately, 15-25% of the total
HMB ingested was lost in urine (Fig. 4, panel B).
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of HMB absorption. Panel c: exponential regression fit curves for the
distribution/elimination phases (i.e. from Cmax to the last time point)
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Discussion

HMB has been shown to have anabolic and anti-catabolic
effects in human skeletal muscle (Wilkinson et al. 2013,
2018). However, controversy still exists as to whether these
properties can be translated into benefits for athletic popu-
lations, although emerging evidence suggest benefits for
clinical populations under muscle wasting conditions (Tritto
et al. 2019; Jakubowski et al. 2020; Phillips et al. 2022;
Wu et al. 2015; Bear et al. 2019). It has been argued that
the effectiveness of HMB is linked to its pharmacokinetics
properties, with current knowledge indicating that HMB-
FA is the preferred form due to its superior bioavailability
(Wilkinson et al. 2013; Wilson et al. 2013a, b, 2014). While
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Fig.4 Panel a: Urinary HMB concentrations in midstream urine samples before HMB ingestion (PRE) and in 24 h total urine samples. Panel b:

Percentage of the ingested dose eliminated in urine
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studies comparing the bioavailability of different forms of
HMB have produced conflicting results, (Fuller et al. 2011,
2015; Shreeram et al. 2014), we sought to independently
investigate whether the pharmaceutical form of HMB has
any impact on its bioavailability and pharmacokinetic pro-
file. Our data challenges the currently accepted notion that
HMB-FA is superior to HMB-Ca. On the contrary, our study
showed higher plasma HMB concentrations, higher AUC
and higher relative bioavailability of HMB-Ca in compari-
son with HMB-FA. These results are aligned with previous
investigations showing that HMB-Ca is highly bioavailable
(Wilkinson et al. 2018).

In our study, plasma HMB concentrations following the
ingestion of HMB-Ca are well within the range that could
be predicted based on dose-response information available
in the literature (Wilkinson et al. 2018; Fuller et al. 2011,
2015). Likewise, our HMB concentrations after HMB-
FA align well with what could be predicted from data by
Wilkinson et al. (2013), but the data by Fuller et al. (2011;
2015) differ from this (Fig. 5). The kinetic profile showed in
our results is also comparable to previous reports, although
they differ largely in terms of which form is more rapidly
absorbed. We showed that both HMB-Ca and HMB-FA
have similar Tmax, taking ~ 80 min to reach peak concentra-
tions. When dissolved in water, however, HMB-Ca displays
a much faster absorption profile, taking ~45 min to reach
peak. This might suggest that the ionisation state of HMB
when reaching absorption sites might affect its affinity to the
transporters in the gastrointestinal (GI) tract, or simply that
the time to open the capsule within the stomach and then dis-
solve HMB-Ca into its ions is enough to delay its absorption.
Although the similar Tmax displayed between HMB-Ca
(in capsules) and HMB-FA could indicate that both forms
were equally available to the transporters in the GI, it is
worth noting that HMB-FA took a similar time to reach a
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ence and their data with higher doses of HMB were extrapolated to
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far smaller peak concentration. When analysing the slope of
the line fitting the initial absorption phase, the differences in
the absorption rates between treatments become clear, with
faster rates for the HMB-Ca dissolved in water, followed by
HMB-Ca ingested in capsules. HMB-FA, therefore, displays
the slowest absorption rates. The absorption of HMB-FA
is not only slower than HMB-Ca, but also less complete,
which is evidenced by the lower plasma HMB concentra-
tions and by the lower bioavailability. This suggests that, in
addition to slower transport across the intestine, part of the
HMB-FA is lost in the GI tract before being absorbed into
the bloodstream. It is unclear, however, whether HMB is lost
in its intact form in faeces due to insufficient transport across
intestinal cells, or whether HMB-FA is more subjected to
transformation/metabolisation within the GI tract.

To our knowledge, the mechanisms of HMB absorption
through the GI tract remain poorly documented, and thus
it is challenging to provide a full explanation to our results
and to reconcile them with the previous literature. However,
a study using an in vitro model (Ogura et al. 2019) showed
that HMB can be transported into different cell types via
at least three monocarboxylate transporters, namely MCT1,
MCT4 and SMCT. Importantly, studies with humans show
that MCT1 and MCT4 are expressed in human colon (Iwan-
aga et al. 2006; Gill et al. 2005) whilst SMCTs are expressed
in human jejunum (Irving et al. 2016). Importantly, the study
by Irving et al. (2016) showed high expression of SMCTs
in human jejunum, to an extent that is similar to glucose
transporters, such as GLUT2, whereas MCTs were reported
to be poorly expressed in the human jejunum (Gill et al.
2005). Hence, we speculate that HMB absorption in human
intestine is undertaken in the small intestine primarily by
SMCTs. MCTs might also participate in HMB absorption in
the large intestine where they are more abundantly expressed
(Gill et al. 2005). Since SMCTs operate at neutral pH and
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carry out Na*-coupled transport in a membrane potential-
dependent fashion (Ogura et al. 2019), we can speculate
that the differences in absorption between HMB-Ca and
HMB-FA herein shown might be due to, at least in part,
their abilities to induce small changes in the pH in the small
intestine. HMB-FA is a weak acid (pKa 4.4) (Ogura et al.
2019), although the HMB-FA clear capsules contain choline
chloride as a buffer; HMB-Ca on the other hand is slightly
alkaline. Assuming that the more acidic environment created
by HMB-FA could inhibit HMB uptake via SMCTs in the
small intestine, HMB would then be taken up by MCTs fur-
ther in the large intestine, which could explain the delayed
absorption shown after HMB-FA ingestion. This could also
explain why a lower amount of HMB was absorbed follow-
ing the ingestion of HMB-FA. This would be in line with
the widely accepted notion that the small intestine in the
preferential site of nutrient absorption (Duca et al. 2021).
We nonetheless emphasise that these mechanisms are specu-
lative and merits further investigation.

Once in the bloodstream, HMB is distributed to the
peripheral tissues and eliminated by the kidneys. The elim-
ination of HMB follows a first-order kinetics; our results
showed very similar elimination kinetics for all three treat-
ments, as evidenced by identical coefficient of elimination k
and half-life time. These parameters are comparable to pre-
vious reports in the literature (Fuller et al. 2011, 2015). The
urinary losses in our study varied between 15 and 25% of the
ingested dose, which is also in alignment with the existing
literature (Fuller et al. 2011, 2015). Apparently similar uri-
nary excretion was observed between treatments. However,
an important caveat is that, in addition to incomplete urinary
data set, the urine HMB values were not normalised by cre-
atinine, thereby making the HMB values herein presented
susceptible to variations in hydration levels and urinary vol-
ume. We thereby emphasise that caution must be exercised
when interpreting the urinary data of our study.

Taken together, our data suggest that the differences
observed between HMB-Ca and HMB-FA are due to differ-
ences in the pattern of HMB absorption in the GI tract and that,
once in the bloodstream, HMB is handled in a very similar
manner, irrespective of the pharmaceutical form. Future stud-
ies should investigate how differences in plasma HMB and
pharmacokinetic properties affect the distribution of HMB to
the muscle tissue as well as the anabolic effects of HMB.

This study is not without limitations, the most important
being the incomplete analysis of the urine sample set due to
the loss of a substantial number of samples along with the
lack of normalisation of HMB values for creatine, which
hampered conclusions related to the percentage HMB dose
retained in the body. Due to the nature of the experimental
setup, it was not possible to employ a double-blind design;
we have, however, coded all samples before sending them
to analysis to ensure a bias-free quantification of HMB. The

lack of measurements subjected to placebo effects also mini-
mise the risk of bias of the open label design.

To conclude, HMB-Ca exhibited superior bioavailabil-
ity and faster intestinal absorption compared to HMB-FA,
whereas elimination kinetics was similar between all forms,
suggesting that the pharmaceutical form of HMB affects its
absorption, but not its distribution to tissues or elimination
by the kidneys. Future studies are needed to confirm whether
HMB calcium results in higher skeletal muscle HMB con-
centrations and in superior anabolic responses compared
with HMB free acid.
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