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supplementation.

INTRODUCTION

Overweight and obesity are major public health problems. Recent
estimates show that 64% of people in the UK are living with over-
weight and obesity, which equates to ~43.3 million people [1]. These
conditions are characterized by excess adiposity and systemic, low-
grade inflammation associated with a range of metabolic disorders,
including dyslipidemia, hypertension, and hyperglycemia [2], with an
increased risk of developing prediabetes, type 2 diabetes (T2D), and
cardiovascular disease (CVD) [3]. Exercise and dietary interventions
can help delay or prevent disease progression by reducing body
weight, systemic inflammation, and chronic oxidative stress [4, 5],
although long-term adherence is difficult to sustain and effectiveness
varies among individuals [6]. Therefore, it is important to develop
novel interventions to improve cardiometabolic health and cardiovas-
cular function in individuals with overweight and obesity.

Carnosine is a multifunctional dipeptide with emergent roles in
health and disease [7]. It exists in high concentrations in human skeletal
muscle (~22 mmol/kg/dry weight) and lower concentrations in human
cardiac muscle (~26 pumol/kg/dry weight) [8]. Skeletal and cardiac mus-
cle concentrations can be increased by up to twofold [9] and sevenfold
[10] with prolonged supplementation of its rate-limiting precursor,
B-alanine. Carnosine may improve cardiometabolic health through its role
as a scavenger of reactive carbonyl species (RCS), where it forms stable
adducts that can be metabolized and excreted from the body [11], and
via Ca?* handling in cardiac muscle, where it acts as a Ca?"™-H*
exchanger to improve excitation-contraction coupling [12]. In support of
this, a meta-analysis showed that supplementation with carnosine or
B-alanine reduced fasting glucose and hemoglobin Alc (HbAlc) in
humans and rodents beyond minimal important difference thresholds
(21 mmol/L and 20.5% reductions in humans) [13]. Carnosine has been
shown to decrease RCS-modified proteins and increase insulin-
stimulated glucose uptake in T2D skeletal muscle cells and C2C12 myo-
tubes cultured under glucolipotoxic conditions [14, 15]. These studies
suggest a potential role for carnosine and p-alanine in obesity, prediabe-
tes, T2D, and CVD.

While initial randomized controlled trials (RCT) have shown posi-
tive effects of supplementation, these studies have supplemented par-
ticipants with small doses of carnosine (0.5-2 g/day) for 12 weeks,
equivalent to 0.20 to 0.79 g/day of B-alanine (total intake: 16-67 g)
[16-21]. These intakes are likely to have a modest effect (~5%-20%
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Results: p-alanine was well tolerated and adhered to (adherence: placebo, 0.91 [95%
Crl: 0.84-0.95]; p-alanine, 0.92 [95% Crl: 0.85-0.95]), and side effects remained at
or below baseline throughout. The probability that p-alanine supplementation
affected cardiometabolic, cardiovascular, or clinical biochemical outcomes was low.

Conclusions: Sustained-release B-alanine supplementation is well tolerated and
adhered to in adults with overweight and obesity. Future research should consider

more advanced metabolic conditions, which may benefit from longer duration

Study Importance
What is already known?

e Overweight and obesity are characterized by low-grade
systemic inflammation and increases in reactive carbonyl
stress.

e Carnosine and p-alanine show promise as therapeutic
supplements to improve cardiometabolic health and car-

diovascular function.

What does this study add?

e This is the largest cumulative p-alanine dose supplemen-
ted in a clinical population.

e We show that sustained-release p-alanine is well toler-
ated and adhered to in adults with overweight and
obesity.

How might these results change the direction of
research or the focus of clinical practice?

o These results suggest that -alanine may not improve car-
diometabolic health and cardiovascular function in adults
with overweight and obesity.

e Alternative dietary therapies and more advanced meta-

bolic conditions should be explored.

increase) on skeletal muscle carnosine stores [22], whereas supple-
menting with high-dose p-alanine for the same duration can lead to
greater increases and may potentiate its therapeutic effects. One con-
cern is that high-dose B-alanine can cause paresthesia [23], although
this may be mitigated with sustained-released formulas that also have
superior bioavailability [24]. Further limitations with existing
trials include a lack of rigorous randomization, allocation concealment,
and assessment of adherence, which could influence study outcomes.
Therefore, the primary aim of the present study was to assess the fea-
sibility and tolerability of f-alanine supplementation in adults with
overweight and obesity. A secondary aim was to explore the effect of

supplementation on cardiometabolic health and on cardiovascular,

858017 SUOWILLIOD /111D 3|qeo![dde 8Ly Aq peusenob afe sajole YO 88N JO S3INJ 0§ Akeiq18UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLI0D"AB | 1M ARIq U1 [UO//SdNL) SUORIPUOD PUe SWe | 8U}8eS *[5202/T0/8Z] Uo ARiqiTauljuo A8|im ‘AlsieAun uopioD 1eqoy 8y L Aq #0zkz Aqo/z00T 0T/I0p/w0dAe | 1w Azeiq1juljuo//:Sciy Wwolj pepeoiumoq ‘Z ‘SZ0Z ‘X6EL0E6T



B-ALANINE SUPPLEMENTATION IN OVERWEIGHT AND OBESITY

=RRVIBSE Obesity (ol

hepatic, and renal function. Collectively, the study aimed to generate
novel information on B-alanine and carnosine to inform the design of

future intervention studies.

METHODS
Trial design

The trial was a 3-month, randomized, triple-blinded, placebo-controlled
feasibility study, with parallel groups allocated 1:1. Study procedures
received ethical approval from Nottingham Trent University and the
Health Research Authority (REC reference: 21/NW/0280) and were
conducted in accordance with the Declaration of Helsinki. All participants
provided written informed consent. The trial was preregistered at Clini-
calTrials.gov (NCT05329610). All protocol deviations from the preregis-
tration are reported with explanations, and reporting follows the
updated Consolidated Standards of Reporting Trials (CONSORT)
guidelines [25].

Participants

Participants were male and female individuals aged 18 to 75 years with a
body mass index (BMI) = 25 and <40 kg/m2 who were able to provide
informed consent. Exclusion criteria were as follows: weight loss or gain
>5 kg in the prior 6 months; participation in another research trial;
substance abuse; mental health illness requiring active treatment;
known eating disorder or cognitive impairment; inability to understand
conversational English; diagnosed type 1 diabetes or T2D; use of carno-
sine or p-alanine supplements in the prior 6 months; current breast-
feeding, pregnancy, or consideration of pregnancy; use of weight-loss
or glucose-lowering drugs (e.g., orlistat, thyroxine, metformin, glucagon-
like peptide-1 analogues); long-term corticosteroids; and known comor-
bidities that could impact study aims or outcomes (e.g., heart failure,
chronic kidney disease, hemoglobinopathy).

Participants were recruited from primary care services via local
general practice electronic database screening (termed: primary
recruitment), and recruitment posters were circulated in local commu-
nity groups, social media groups, libraries, the local newspaper, univer-
sity campus, and the university website (termed: secondary
recruitment). Owing to low response and enrollment rates, there was
a change to the eligibility criteria after trial registration that removed
the criteria for participants to have prediabetes based on HbAlc
values recorded during visit one (42-47 mmol/mol) [26]. These
changes were approved by the Health Research Authority, with fur-
ther details on recruitment and enrollment reported in Table S1.

Table 1 depicts the trial procedures. Following initial telephone
screening, participants attended laboratory screening and provided
baseline measurements (visit one). Eligible participants returned
1 week later for further baseline measures and to begin the interven-
tion (visit two), with the first dose taken under researcher supervision.

Over the next 3 months, participants received two telephone calls

TABLE 1 Overview of trial procedures.

Procedure Visit 1 Visit 2 Visit 3
Health history questionnaire
Height

Body mass

Waist circumference
Handgrip strength

20-mL blood sample

30-mL urine sample

GASE questionnaire

CNAP measurements

TTE measurements [ )

TDEE measurements [ J

Collect and begin intervention ]

Abbreviations: CNAP, continuous noninvasive arterial plethysmography;
GASE, general assessment of side effects; TDEE, total daily energy
expenditure; TTE, transthoracic echocardiography.

before attending the final laboratory session (visit three), where all
baseline measures were repeated. In accordance with the study
design, the target enrollment was 30 participants to accommodate a
20% attrition rate (minimum of 12 participants per arm) [27]. Group
allocation was performed by a statistician (who was not involved with
recruitment, enrollment, or outcome assessment) via minimization,
with sex, age, BMI, and HbA1c used as prognostic factors to minimize
group imbalances [28]. All members of the research team were
blinded throughout the study, and groups were not unmasked until all
data were analyzed. Data collection and sample analyses were carried
out in the Interdisciplinary Science and Technology Centre at Notting-

ham Trent University, Nottingham, UK.

Intervention

Participants received commercially available sustained-release p-alanine
(Natural Alternatives International, Inc.) or a matched placebo contain-
ing microcrystalline cellulose (Natural Alternatives International) at a
dose of 4.8 g/day (four doses of 2 x 600 mg tablets) for 3 months
(432-g total intake). This dose was chosen to increase skeletal muscle
carnosine contents by ~60% to 80% [9, 29]. In order to promote adher-
ence, participants were provided with a pillbox organizer and supple-
ment diary and received a weekly automated text message throughout

the study (FireText Communications Ltd.).

Outcomes

Feasibility and tolerability outcomes were categorized as primary
(adherence), secondary (recruitment, attrition, side effects, and
blinding to the intervention), and exploratory (cardiometabolic out-

comes; Table S2). Adherence was recorded at three time points
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(1 month, 2 months, and follow-up) from supplement diaries and
tablet counts (adherence = actual supplement ingested [grams]/
expected supplement ingested [grams]). Recruitment of partici-
pants and attrition rates were recorded as proportions. For blinding
to the intervention, participants were asked which intervention they
thought that they had received, i.e., “p-alanine,” “placebo,” and “don’t
know,” scored as +1, —1, and O, respectively, with data reported
descriptively. Side effects were recorded using a modified version of
the General Assessment of Side Effects (GASE) questionnaire [30] at
five time points (i.e., baseline, after the first supplementation dose,
1 month, 2 months, and follow-up). The questionnaire was modified by
adding a section on symptoms specific to paresthesia, which is a known
side effect of p-alanine supplementation [23]. Participants rated side
effects across 47 domains (paresthesia: 10 domains, general: 37
domains) on a O to 3 scale representing “not present,” “mild,” “moder-
ate,” and “severe,” respectively. Results were aggregated and reported
descriptively as a median (range) value for side effects across each time
point.

For visits one and three, participants attended the laboratory
(~08:00-10:00 h) after an overnight fast; for visit two, participants
were permitted to eat beforehand. For all visits, participants avoided
caffeine for 12 hours prior and strenuous exercise and alcohol for
24 hours prior, which was confirmed verbally upon arrival. Partici-
pants consumed similar food and drink on the day before visits one
and three, which was confirmed via 24-h dietary recall. Height, body
mass, and waist circumference were measured using standard proto-
cols, and handgrip strength was measured using the Southampton
protocol [31] with a hydraulic hand dynamometer (Jamar, Patterson
Medical Supplies). Fasting blood samples were taken from the ante-
cubital fossa using the venipuncture method with participants in a
rested state. HbAlc was measured immediately in whole-blood sam-
ples (Quo-Test Alc, EKF Diagnostics), and remaining samples were
centrifuged at 2000g for 10 min at 4°C and then stored at —80°C
until analysis. Serum samples were allowed to clot at room tempera-
ture prior to centrifugation. Fasting urine samples were collected
and centrifuged at 4008 for 10 min at 4°C and then stored at —80°C
until analysis. Enzyme-linked immunosorbent assays (ELISA) were
used to measure changes in serum insulin and C-peptide (Mercodia
AB), along with plasma methylglyoxal and 4-hydroxynonenal
(Abbexa Ltd.). Remaining blood and urine markers were analyzed in
duplicate using a clinical chemistry analyzer (Pentra C400, Horiba
ABX S.A.); coefficient of variation data are reported in Table S3.
Homeostatic model assessment (HOMA) parameters were calculated
from fasting glucose and C-peptide to estimate f-cell function
(HOMA2-%B), insulin resistance (HOMAZ2-IR), and insulin sensitivity
(HOMA2-%S) using the Oxford computer method [32]. The quanti-
tative insulin sensitivity check index (QUICKI) was used as an
additional measure of insulin sensitivity: QUICKI = 1/(log[fasting
insulin] + log[fasting glucose]) [33].

A continuous noninvasive arterial blood pressure monitor was
used to measure beat-to-beat blood pressure wave form and hemody-
namic outcomes (CNAP, CNSystems Medizintechnik GmbH). Partici-
pants laid supine in a quiet, darkened room for a 20-min continuous
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measurement. Brachial blood pressure calibration was performed at
0 and 10 min, following which 5 min of continuous data were col-
lected and used for statistical analyses. Resting transthoracic echo-
cardiographic (TTE) measurements were recorded using a portable
ultrasound system and a 4-MHz cardiac transducer, with images
obtained and analyzed offline according to recommended guide-
lines [34], using commercially available software (EchoPAC, version
204.x, GE Medical Systems). Measurements were recorded in tripli-
cate, with mean values calculated and reported. Stroke volume
index and cardiac index were calculated by normalizing stroke vol-
ume and cardiac output (Q) to body surface area using the Mosteller
formula [35]. At the end of visits two and three, participants were
fitted with an Actiheart 5 device (CamNtech Ltd.) to wear continu-
ously for 22 h. From this, physical activity and heart rate data were
used to estimate total daily energy expenditure (Actiheart 5 software
version 5.1.24, CamNtech Ltd.). Participants were excluded from TTE
analysis if their scans showed poor echogenicity and from Actiheart
analysis if their data had to be auto-filled, if they removed the device
for sleeping, or if they removed the device due to a skin reaction from

the electrodes.

Statistical analysis

Feasibility and tolerability outcomes were assessed as proportions
and natural frequencies, and inferential analyses were conducted
within a Bayesian framework [36]. For recruitment, conjugate
B-binomial models using the flat prior p(1,1) were used to obtain
posterior predictive distributions to estimate the number of indi-
viduals to assess in order to achieve n participants for randomiza-
tion and follow-up in any future study (with 80% and 90%
predictive probability) [37]. Adherence was modeled using predic-
tive distributions obtained from p-regression with a group fixed
effect and default weakly informative priors (t-distribution with
three degrees of freedom). Bayesian ANCOVA models using base-
line value as a covariate were used to obtain posterior probabilities
for exploratory outcomes. Informative priors were used for HbA1lc,
fasting glucose, fasting insulin, HOMA2-%B, and HOMA2-IR,
based on effect size values presented in our previous meta-
analysis [13]. Sensitivity analyses were also conducted for these
outcomes using default weakly informative priors (t-distribution
with three degrees of freedom), with the same approach used for
all remaining outcomes. Inferences were made using posterior dis-
tributions of the group difference effect based on the median (0.5
quantile), 95% credible intervals (Crl), and the associated probabil-
ity (p[>0]), where p indicates the proportion of the posterior distri-
bution that is beyond zero (i.e., p=0.5 means the posterior
distribution contains an equal proportion greater than and less
than zero). Analyses were conducted using the R wrapper package
brms interfaced with Stan to perform Bayesian sampling [38].
Descriptive statistics are presented as mean (SD), unless otherwise
stated, and inferential data derived from the ANCOVA model are
presented as median (95% Crl).
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RESULTS

A total of 27 participants completed the trial (Table 2). Recruitment and
follow-up took place between March 2022 and July 2023. Figure 1
depicts the proportion of participants who attended laboratory screen-
ing (n = 44/101; 0.436), were randomized (n = 30/44; 0.682), and
were evaluated for follow-up (n = 27/30; 0.9). Point estimates of attri-
tion were lower in the p-alanine group compared with placebo (attrition
rate: 6.7% and 13.3%); the two dropouts from placebo were prior to
receiving the intervention, and the one dropout from f-alanine was
within 1 week of receiving the intervention (reason unrelated to the
supplement). Adherence rates were similar across groups for observed
values (at follow-up: placebo, 0.91 [95% Crl: 0.84-0.95]; B-alanine, 0.92
[95% Crl: 0.85-0.95]; Figure 2; Table S4). Paraesthesia side effects
remained at or below baseline throughout (Table 3). The predictive dis-
tributions to obtain participants from m approached individuals for ran-
domization and follow-up were p-binomial(m,31,72) and B-binomial
(m,28,75), which corresponded to n=435 and n =476 people
screened to achieve n = 100 participants at follow-up in a future trial
(with 80% and 90% probability of achieving these targets); further dis-
tributions are reported in Table S5.

For outcomes with informative priors, results showed that
B-alanine supplementation may reduce fasting insulin, although there
was large variability in this outcome (Table 4). The probability that
B-alanine supplementation affected other exploratory outcomes was
low (Figure 3; Table 5; Tables S6 and S7). The strongest evidence

was shown for B-alanine reducing plasma fructosamine, although

TABLE 2 Baseline participant characteristics.

Placebo p-alanine
Number 13 14
Age, y 59 + 10 57 +11
Sex, M/F (n) 8/5 7/7
Vegetarian (n) 1/13 1/14
Height, m 1.69 +0.13 1.70 + 0.08
Body weight, kg 90.4 £ 15.3 89.2 £ 14.9
BMI, kg/m? 31.6+3.0 30.6+29
Waist circumference, m 1.03 £0.14 1.03 £ 0.13
Handgrip strength, kgf 37 +15 39+15
TDEE, kcal/d 2585 + 578 2690 + 667
HbA1c, mmol/mol 40.2+4.6 39.5+40
HbA1c, % 58+04 58+04
Prediabetic-NICE (n) 4 5
Prediabetic-ADA (n) 9 9
Receiving 9 6

antihypertensive or lipid-
lowering medications (n)

Abbreviations: ADA, American Diabetes Association prediabetes
thresholds (25.7% to <6.5%); HbA1c, hemoglobin Alc; kgf, kilogram-force;
M/F, male/female; NICE, National Institute of Health and Care Excellence
prediabetes thresholds (42-47 mmol/mol); TDEE, total daily energy
expenditure.

results for both groups remained within normal reference values. Uri-
nary albumin data for one participant in each group showed high
baseline and follow-up values (p-alanine, 222 and 119.3 mg/L; pla-
cebo, 4919 and 1907.7 mg/L), which impacted the urinary
albumin:creatinine ratio. A sensitivity analysis was performed without
these participants (Table S6). Some preregistered outcomes were not
explored due to the lack of changes in other relevant markers
(Table S2). For blood pressures, the p-alanine group comprised n = 13
due to missing data for one participant; for total daily energy expendi-
ture, both groups comprised n = 11 due to measurement issues; and
for TTE parameters (cardiac structure and function), the p-alanine
group comprised n = 12 for all outcomes, and the placebo group com-
prised n = 10 for structural outcomes and n = 12 for functional out-
comes due to issues with echogenicity and image quality. Individual
participant data are available open access: zenodo.org/records/
14165012.

DISCUSSION

In this feasibility study, we showed that high-dose sustained-release
p-alanine was well tolerated and adhered to over a 3-month period.
This was evidenced by high adherence rates, low attrition after receiv-
ing the intervention, and participant-reported side effects that
remained at or below baseline values. This is the first RCT to quantify
longitudinal adherence rates and evaluate the side effects for
B-alanine supplementation in a clinical population. Our results showed
that, despite the high supplement burden (four doses of two tablets
per day), the intervention was well adhered to throughout the trial,
with higher adherence rates than similar trials using nutritional supple-
ments such as vitamin D or omega-3 tablets [39, 40]. These results

provide evidence in favor of the strategies used to promote

TABLE 3 General assessment of side effects.

Time point Placebo p-alanine
Paresthesia
Baseline 0(0-1) [8%] 0(0-4) [43%]
Post-supplementation 0 (0) [0%] 0(0-1) [7%]
1 mo 0(0-1) [8%] 0(0) [0%]
2 mo 0 (0) [0%] 0(0-4) [21%]
Follow-up 0(0-2) [8%] 0(0-3) [7%]
General side effects®
Baseline 4(0-11) 5(0-16)
Post-supplementation 0 (0-6) 2 (0-10)
1 mo 2(0-13) 2 (0-11)
2 mo 3(0-19) 5(0-12)
Follow-up 3(0-21) 3 (0-10)

Note: Baseline measures were recorded prior to the start of
supplementation. Data presented as median aggregated score (range) and
prevalence of paresthesia [%)].

2GASE questionnaire [30].
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Excluded (n =57):

Assessed for eligibility: email and
telephone screening (n = 101)

Did not meet inclusion
criteria (n = 46)

v

Chose not to enrol (n =5)

v Did not respond (7 = 6)
Assessed for eligibility: laboratory

screening (n = 44) Excluded (n = 14):

Did not meet inclusion

> criteria (n = 13)

\4 Could not obtain blood
Randomised (n = 30) sample (n = 1)

RN

Allocated to Placebo
(n=15)

Allocated to f-alanine
(n=15)

Received allocated
intervention (n = 15)

Received allocated
intervention (n = 13)

Lost to follow-up (n =2)

Withdrew before beginning
intervention (n =2)

Lost to follow-up (n=1)

Withdrew from study after
1-week (n=1)

|

Analysed (n =13)

Analysed (n = 14)

FIGURE 1 Consolidated Standards of Reporting Trials (CONSORT) flow diagram of study recruitment and attrition.
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TABLE 4 Cardiometabolic outcomes with informative priors.
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0.5 means the posterior distribution contains an equal proportion greater than and less than zero).
Abbreviations: HbA1c, hemoglobin Alc; HOMA, homeostatic model assessment; HOMA2-%B, HOMA of B-cell function; HOMA2-IR, HOMA of insulin resistance.
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adherence—weekly automated text messages and monthly telephone
calls—both of which have been shown to improve medication compli-
ance across a range of populations [41, 42], in addition to tablet con-
tainers and hard-copy supplement diaries. Although changes in
skeletal muscle carnosine contents were not measured in this study,
the total cumulative p-alanine intake (mean [SD] 386 [48] g) was suffi-
cient to increase skeletal muscle carnosine contents by ~60% based
on previous findings [9, 29]. This was important to establish as it could
influence the RCS-scavenging capacity and therapeutic effects of
muscle carnosine.

Participant-reported side effects showed a lower prevalence of
paresthesia than previous investigations [23], potentially due to the
smaller individual dose and the slow-release p-alanine formula, which
both result in lower peak plasma concentrations. A consequence of
paresthesia is that it can lead to unintentional unblinding, whereby
participants experience a known side effect and become aware of
their group allocation. It was therefore important to establish success-
ful blinding to B-alanine supplementation, which provides a basis for
future study designs. In the present study, markers of renal and
hepatic function were within normal reference values at baseline
and following B-alanine supplementation. One study in children with
type 1 diabetes and moderate albuminuria at baseline showed a large
decrease (—58%) in the urinary albumin:creatinine ratio with carnosine
supplementation, suggesting that carnosine might have a protective effect
on kidney function (and lower the risk of diabetic nephropathy) [17]. How-
ever, other studies in adults with diabetic nephropathy have not shown a
benefit with carnosine supplementation [21]. All other clinical outcomes
were consistent with research in healthy athletes that shows f-alanine is
safe regarding biomarkers of renal and hepatic function [23, 43].

For some cardiometabolic outcomes, the analysis used informa-
tive priors from our previous meta-analysis [13], which showed that
B-alanine supplementation may reduce serum insulin, although there
was large variability in this outcome. These results are broadly in
agreement with a recent human RCT that supplemented carnosine
(2 g/day for 14 weeks) in adults with prediabetes and T2D and
showed no effect on fasting glucose, HbAlc, fasting insulin, or any
HOMA parameters [18]. Interestingly, the previous study showed a
small effect of supplementation on 90- and 120-min glucose and total
area under the curve following an oral glucose tolerance test. How-
ever, this finding should be viewed alongside the lack of change in
HbA1c, which would be expected to decrease alongside an improve-
ment in glucose tolerance [44]. Our results are consistent with previ-
ous research on blood pressures and echocardiographic outcomes
[20, 45]. It is worth noting that previous studies have shown small
decreases in blood lipids, including total cholesterol [17] and fasting
triglycerides [17, 19], but this is not consistent across the literature
[16, 45]. These data, in conjunction with the present results, suggest
that supplementation for durations of up to 3 months may not affect
markers of cardiometabolic health and cardiovascular function in
adults with overweight and obesity.

The present study has several strengths that improve upon previ-
ous research, specifically, clear randomization and allocation conceal-

ment methods, assessment of adherence and blinding, unbiased
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statistical analysis, and groups matched for prognostic factors at base-

line. This reduces the possibility of chance bias, particularly from stud-

ies with baseline imbalances that were not adjusted for in statistical

analyses [16, 21]. The present study also has limitations, including the
use of static measures of glycemic control and insulin sensitivity
(HOMA and QUICKI), where dynamic measurements would provide
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TABLE 5 Cardiometabolic outcomes with default weakly informative priors.

Placebo p-alanine Intervention effect
Baseline Follow-up Baseline Follow-up Placebo: p-alanine Probability > 0
Body weight, kg 90.4 +15.3 90.8 + 15.8 89.2 +14.9 89.2+144 —0.44 (-2.2t0 1.3) 0.313
BMI, kg/m? 31.6 £3.0 31.7+£32 30.6 £2.9 30.6 £2.9 —0.12 (—0.72 to 0.49) 0.346
Waist circumference, m 1.03+0.14 1.03 £0.13 1.03 £0.13 1.02 +0.12 —0.01 (—0.04 to 0.01) 0.143
Handgrip strength, kgf 37 +15 35+13 39 +15 38+ 16 0.86 (—2.3t0 4.0) 0.708
TDEE, kcal/d 2585 + 578 2649 + 521 2690 + 667 2811 + 824 84.8 (—373.9 to 543.6) 0.644
Systolic BP, mm Hg 138 + 13 133+ 20 132 + 15 132+ 16 22(-11.4to0 15.9) 0.629
Diastolic BP, mm Hg 808 77 £13 75+8 77 10 2.7(-6.81012.2) 0.721
MAP, mm Hg 99 +11 100 + 11 102 + 8 99+ 14 2.8(-7.1t0 12.8) 0.717
Cardiac output, L/min 41+10 41+13 44+10 42+0.7 —0.28 (—0.98 t0 0.42) 0.207
Ejection fraction, % 577 58+8 59 +4 587 —0.98 (—6.3 to 4.5) 0.355
C-peptide, pmol/L 709 + 316 819 + 523 663 + 238 730 + 294 —30.1(—211.7 to 151.3) 0.370
Fructosamine, umol/L 229 + 20 235+ 22 247 £ 16 244 + 19 —84(-19.4 to 2.5) 0.067
hs-CRP, mg/L 2319 19+11 45+ 6.0 34+35 1.2(-0.851t0 3.3) 0.886
HOMA2-%S 82.3+61.3 73.8 £51.9 74.6 £ 32.2 68.8 + 28.7 1.1 (-11.3to 13.6) 0.572
QUICKI 0.366 + 0.041 0.382 + 0.097 0.353 + 0.028 0.357 + 0.033 —0.00 (—0.04 to 0.03) 0.402
TC, mmol/L 50+15 50+1.6 53+1.0 51+12 —0.20 (—0.77 to 0.39) 0.242
LDL cholesterol, mmol/L 30+11 30+1.2 3109 30+11 —0.09 (—0.54 to 0.38) 0.341
HDL cholesterol, mmol/L 1.3+04 1.3+04 1.3+0.3 1.3+0.3 —0.01 (—0.09 to 0.07) 0.408
Triglycerides, mmol/L 14+05 14+05 1.3+04 1.3+06 —0.05(—0.31 to 0.23) 0.361
TC:HDL cholesterol ratio 41+1.0 41+1.1 41+09 40+1.2 —0.04 (—0.44 to 0.36) 0.416
LDL:HDL cholesterol ratio 25+0.8 24+0.9 24+0.8 24+1.0 0.03 (—0.30 to 0.36) 0.565
4-hydroxynonenal 44+24 27+18 25+14 25+25 1.0(-0.58 to 2.6) 0.901
MGO 11.7 £ 3.5 13.6 +2.7 134 +£3.1 155+ 3.8 1.8(-1.0to 4.6) 0.902

Note: Outcome data presented as mean = SD; Bayesian ANCOVA inferential data presented as median (95% credible interval); the probability shows the
proportion of the posterior distribution that is beyond zero (i.e., p = 0.5 means the posterior distribution contains an equal proportion greater than and less

than zero).

Abbreviations: BP, blood pressure; HOMA2-%S, homeostatic model assessment of insulin sensitivity; HDL, high-density lipoprotein; hs-CRP, high-sensitivity
C-reactive protein; kgf, kilogram-force; LDL, low-density lipoprotein; MAP, mean arterial pressure; MGO, methylglyoxal; QUICKI, quantitative insulin
sensitivity check index; TC, total cholesterol; TDEE; total daily energy expenditure.

more insight (e.g., oral glucose tolerance test, hyperinsulinemic clamp
techniques). Cardiometabolic and cardiovascular outcomes should be
interpreted in line with the sample size and feasibility study design. In
order to further explore effects on cardiometabolic health, a longer
supplementation period may be beneficial, incorporating serial mea-
surements over time. Several participants were taking prescribed anti-
hypertensive and lipid-lowering medications, which may negate the
effect of supplementation on cardiovascular-related outcomes. It
remains unclear whether p-alanine may be effective in populations

with more severe metabolic conditions (e.g., T2D) or CVD.

CONCLUSION

High-dose sustained-release p-alanine supplementation for 3 months
is well tolerated and adhered to in adults with overweight and obesity
The probability that f-alanine supplementation affected cardiometa-

bolic health or cardiovascular, hepatic, and renal function was low.

Consequently, our estimates suggest that a fully powered RCT to
detect potential small effects in the present population would require
a substantial sample size, and the predictive distributions provide esti-
mates for recruitment numbers. Future research should consider alter-
native dietary approaches or more advanced metabolic conditions,

which may benefit from supplementation.O
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Table S1. Additional study recruitment and enrolment information.

Local General Practice’s (GPs) screened their electronic databases for adults that met the
following criteria: aged 18 to 75 years, BMI >25 and <40 kg'm?, and HbAlc of 42 to 47
mmol/mol. Letters containing the participant information sheet were sent out to eligible
individuals (termed: primary recruitment). Recruitment posters were circulated in local
community groups, social media groups, the University campus and website, and the local
newspaper (termed: secondary recruitment). Prospective participants were required to contact
the Research Team to arrange a telephone screening appointment.

Due to a low response and enrolment rate, an amendment was filed with the Health Research
Authority to remove the requirement for HbAlc of 42 to 47 mmol/mol at baseline.
Participants who had initially attended laboratory screening but were ineligible due to a
HbAlc <42 mmol/mol, were contacted via email and re-invited to the study. In this second
phase, primary recruitment involved four GPs (two new GPs and two in which participants
were re-contacted). Recruitment posters were updated and recirculated in the same locations.

The first recruitment phase lasted five months (Mar to Sept 2022), during which five GPs
distributed 839 recruitment letters. From this, 41 individuals contacted the Research Team
(letter response rate: 4.9%) and four participants enrolled in the trial (letter enrolment rate:
0.48%), which equalled one participant enrolled per 210 letters distributed. We screened six
individuals from secondary recruitment strategies, of which two enrolled in the trial. This
low response and enrolment rate prompted the change in eligibility criteria. The second
recruitment phase lasted seven months (Sept 2022 to Mar 2023), during which four GPs
distributed 475 letters (121 of these were to previously contacted individuals). From this, 26
individuals contacted the Research Team (letter response rate: 5.5%) and 15 participants
enrolled in the trial (letter enrolment rate: 3.2%), which equalled one participant enrolled per
32 letters distributed; this increased efficiency several-fold (ratio: 6.6) compared with the
first recruitment phase. A further 28 individuals from secondary recruitment strategies, were
screened of which nine enrolled in the trial.

First recruitment phase Second recruitment phase
e GP recruitment letters —n =4 e GP recruitment letters —n =15
e Community group recruitment — n = 2 e Community group recruitment —n = 1

e Social media—n=1
e Participant referrals —n =3

e Internal University recruitment — n = 4



Narrative discussion of the challenges with recruitment

Recruitment began in March 2022, after the Covid-19 pandemic had caused changes in
routine GP health screening. Under normal circumstances, GPs are recommended to monitor
fasting plasma glucose or HbA ¢ levels every six to twelve months in individuals at high risk
for T2D (such as those with prediabetes) (NICE, 2017). Our initial recruitment strategy,
therefore, aimed to capture individuals with prediabetes based upon recent health screening
results. In the first six months of the pandemic, primary care health testing (which includes
routine blood tests) fell by 80% (The Health Foundation, 2020). There was a further
restriction on non-clinically urgent blood tests in 2021 (including prediabetes screening)
(NHS England, 2021), which was imposed by NHS England due to a shortage in blood
sample collection vials caused by pandemic-related supply chain issues. Collectively, this
meant that prospective participants had been sent recruitment letters based upon their pre-
pandemic prediabetes status, and when subsequently screened during visit one they no longer
had a HbAIc value in the prediabetic range.

National Institute for Health and Care Excellence (NICE) (2017). Type 2 diabetes: prevention in
people at high risk. Available from:
https://www.nice.org.uk/euidance/PH38/chapter/Recommendations#risk-identification-stage- 1

NHS England (2021). Becton Dickinson blood specimen collection portfolio supply disruption:
Recommended actions for medical directors, nursing directors, GPs and pathology laboratories
to optimise resources for pathology laboratory work [PAR888]. Dated 10, August 2021.
Available from: www.england.nhs.uk/wp-content/uploads/2021/08/B0888-becton-dickinson-

blood-specimen-collection-portfolio-supply-disruption-v2.pdf

The Health Foundation (2020). Use of primary care during the COVID-19 pandemic. Available from:
https://www.health.org.uk/news-and-comment/charts-and-infographics/use-of-primary-care-

during-the-covid-19-pandemic
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Table S2. Study outcomes and prioritisation.

Feasibility and tolerability outcomes

Primary outcome

Adherence to the intervention

Secondary outcomes

Recruitment
Attrition rate

Side effects (GASE questionnaire)

Blinding to the intervention (-1, 0, +1 scale)

Exploratory outcomes

Bodyweight (kg)
Body mass index (kg/m?)
Waist circumference (m)
Handgrip strength (kg)
Glycated haemoglobin (HbA1¢) (mmol/mol and %)
Plasma glucose (mmol/L)
Serum insulin (pmol/L)
Serum C-peptide (pmol/L)
Homeostatic model assessment of insulin sensitivity (HOMA2-%S)
Homeostatic model assessment of S-cell function (HOMA2-%B)
Homeostatic model assessment of insulin resistance (HOMA2-IR)
Quantitative insulin sensitivity check index (QUICKI)
Plasma fructosamine (umol/L)
Plasma high sensitivity C-reactive protein (hsCRP) (mg/L)
Serum lipids: total cholesterol, HDL, LDL, and triglycerides (mmol/L)
Serum lipid ratios: LDL:HDL and TC:HDL
Plasma methylglyoxal (MGO) (ng/mL)
Plasma 4-hydroxy-2-nonenal (HNE) (ng/mL)
Plasma, serum, and urine markers of kidney and liver function
Diastolic, systolic, and mean arterial blood pressures
Transthoracic echocardiographic outcomes:
» Resting heart rate (bpm)
= Cardiac output (L/min)
=  Stroke volume index (mL/m?)
» Cardiac index (L/min/m?)
= Stroke volume (mL)




=  Stroke volume index (mL/m?)

» Ejection fraction (%)

= Right and left ventricle dimensions (cm)

* End systolic and diastolic volumes (mL)
Serum apolipoprotein Al and B*
N-terminal pro-brain natriuretic peptide (NT-proBNP)*
Estimated glomerular filtration rate (€GFR) (mL/min/1.73m?)*

Plasma and urine markers of carnosine and carnosinase metabolism*

HDL, high density lipoprotein; LDL, low density lipoprotein; TC, total cholesterol.

*These outcomes were not explored due to the absence of change in other markers
and the change in study population. This included several TTE parameters, which are
not reported above, but can be found in the study preregistration (NCT05329610).



https://classic.clinicaltrials.gov/ct2/show/NCT05329610

Table S3. Biochemistry assay coefficient of variation.

Biochemical marker
Intra-assay repeatability
Plasma glucose (mmol/L)
Plasma fructosamine (umol/L)
Plasma hs-CRP (mg/L)
Serum cholesterol (mmol/L)
Serum LDL (mmol/L)

Serum HDL (mmol/L)

Serum triglycerides (mmol/L)
Plasma ALP (U/L)

Plasma ALT (U/L)

Plasma AST (U/L)

Plasma creatine kinase (U/L)

ELISA inter-assay repeatability

Serum insulin (pmol/L)

Serum C-peptide (pmol/L)

CV%
0.8%
0.9%
1.1%
0.5%
3.2%
0.7%
1.2%
0.7%
1.1%
1.3%
0.7%

17.5%
7.2%

Serum creatinine (umol/L)
Plasma GGT (U/L)

Plasma LDH (U/L)

Plasma albumin (g/L)

Plasma total bilirubin (umol/L)
Plasma total protein (g/L)
Plasma urea (mmol/L)

Urinary glucose (mmol/L)
Urinary albumin (mg/L)
Urinary creatinine (mmol/L)

Urinary urea (mmol/L)

CV%
1.7%
5.5%
1.2%
0.7%
3%
0.8%
0.9%
7.8%
12.1%*
0.4%*
0.6%*

ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; CV%,
coefficient of variation; ELISA, enzyme-linked immunosorbent assay; GGT, gamma-
glutamyl transferase; HDL, high density lipoprotein; hsCRP, high sensitivity C-reactive
protein; LDL, low density lipoprotein. *Values from 30 samples in duplicate; remaining CVs

include all 54 samples measured in duplicate.

These values were generated internally from duplicate samples across all concentration ranges.
In the event of a sample falling outside of acceptable coefficient of variation (CV%) limits
(<10%), additional analyses were performed (e.g., samples in triplicates or quadruplicates).
Intra-assay CV% were within acceptable limits (<10%) for 22 of the 23 biochemistry outcomes
(95.7%), with urinary albumin slightly outside of these limits (12.1%); inter-assay CV% was
within acceptable limits (<15%) for one of the two ELISAs, with serum insulin slightly outside
of these limits (Table S3). Due to insufficient reagents or test kits, internal CV% were not
performed for HbAlc, MGO, or HNE. Instead, manufacturer-reported data show inter-assay
CV% <3% for HbAc at the lower range of T2D concentrations (HbAlc: 7%), and intra- and

inter-assay CV% <10% for HNE and MGO (concentration range not specified).



Table S4. Adherence for observed values and predictive distributions.

Timepoint Placebo f-alanine
1-month

Observed values 0.93 (0.87 to 0.96) 0.93 (0.89 to 0.96)
Predicted values 0.95 (0.69 to 1.0) 0.95 (0.74 to 1.0)
2-months

Observed values 0.91 (0.85 to 0.95) 0.92 (0.86 to 0.95)
Predicted values 0.94 (0.66 to 1.0) 0.95 (0.67 to 1.0)
Follow-up

Observed values 0.91 (0.84 to 0.95) 0.92 (0.85 t0 0.95)
Predicted values 0.94 (0.66 to 1.0) 0.94 (0.66 to 1.0)

Data presented as median (95%CrI).

Table S5. Predictive distributions for participant recruitment.

Probability of achieving n=150 n=175 n=100
Randomisation (80%) 200 295 390
Evaluation (80%) 223 330 435
Randomisation (90%) 220 320 420

Evaluation (90%) 245 362 476




Table S6. Clinical biochemical outcomes with default priors.

Placebo f-alanine Intervention Effect
Outcome Probability > 0
Baseline Follow-Up Baseline Follow-Up Placebo:f-alanine
ALP (U/L) 81 +28 81 +£27 82+ 30 82 + 31 0.98 (-6.9 to 8.9) 0.599
ALT (U/L) 33+ 16 33+ 14 29+ 12 30+ 18 0.46 (-7.8 to 8.9) 0.548
AST (U/L) 32+8 31+5 30+5 31+10 0.33 (-5.4 to 6.0) 0.547
Creatine kinase (U/L) 172 £91 169 + 87 163 +79 155+ 69 -6.7 (-38.8 t0 25.8) 0.333
Creatinine (umol/L) 97+ 24 94 +22 92+ 17 92+ 19 3.0(-1.5t07.2) 0.910
GGT (U/L) 23+ 16 29+ 19 26+ 17 28 £22 -3.9(-14.91t07.2) 0.236
LDH (U/L) 323 +£98 331 £105 295 + 66 311+40 -3.0(-49.0to 44.1) 0.446
Albumin (g/L) 424+2.0 415+1.9 43.6+2.6 423+24 0.05(-1.3t0 1.4) 0.687
Total bilirubin (umol/L) 11.4+43 11.7+£5.5 13.0+£6.0 13.1+£6.6 -0.07 (-3.0t0 2.9) 0.409
Total protein (g/L) 69.4+29 69.2+4.2 70.9+5.2 70.3+5.0 -0.07 (-2.8 t0 2.8) 0.481
Urea (mmol/L) 51+14 4.7+ 1.1 42+1.3 46+1.3 0.48 (-0.24 t0 1.2) 0.903
Urinary creatinine (mmol/L) 11.5+6.5 122+6.3 9.0+5.9 9.0+6.8 -1.3 (-4.8t02.2) 0.228
Urinary albumin (mg/L) 49.2 £133.7 159.6 £ 525.8 21.7+£579 12.9+31.2 -54.5 (-169.4 t0 59.2) 0.168
UACR (mmol/mol) 33+74 10.8 £34.1 2.0+3.8 1.1+24 -5.0(-13.1t03.2) 0.110
*Urinary albumin (mg/L) 123+ 144 13.9+£25.6 6.3+5.6 4.7+59 -3.5(-16.1 t0 9.0) 0.285
*UACR (mmol/mol) 1.3+1.6 14+24 1.0+1.3 0.5+0.6 -0.71 (-1.9t0 0.47) 0.116
Urinary glucose (mmol/L) 0.26+0.13 0.34+0.21 0.23+0.17 0.23+0.17 -0.10 (-0.23 t0 0.04) 0.079
Urinary urea (mmol/L) 238 £ 112 242 £91 176 £96 192 £113 -11.8 (-81.5 to 58.6) 0.371

Outcome data presented as mean + 1 SD; Bayesian ANCOVA inferential data presented as median (95%Crl); the probability shows the proportion of the
posterior distribution that is beyond zero (i.e., p = 0.5 means the posterior distribution contains an equal proportion above and below zero). ALP, alkaline
phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; GGT, gamma-glutamyl transferase; LDH, lactate dehydrogenase; urinary
creatinine:albumin ratio (UACR). *Results with exclusion of one outlier from each group, see the corresponding text in the results section for details.



Table S7. CNAP and TTE cardiovascular outcomes.

Placebo f-alanine Intervention Effect

Outcome Probability > 0

Baseline Follow-Up Baseline Follow-Up Placebo:f-alanine
CNAP outcomes
Systolic BP (mmHg) 138+ 13 133 +£20 132£15 132+ 16 2.2 (-11.4t0 15.9) 0.629
Diastolic BP (mmHg) 808 77+ 13 75+ 8 77+ 10 2.7 (-6.8 t0 12.2) 0.721
Mean Arterial BP (mmHg) 102 + 8 99 + 14 99 £ 11 100+ 11 2.8 (-7.1 to 12.8) 0.717
TTE outcomes - structure
IVSd (cm) 1.0+0.2 1.0+ 0.1 0.9+0.2 0.8+0.2 -0.10 (-0.24 to 0.05) 0.101
LVIDd (cm) 50£04 52%0.6 49+0.5 49+0.6 -0.17 (-0.58 to 0.25) 0.211
LVPWd (cm) 1.0+ 0.1 1.1+£0.2 1.0+ 0.1 0.9+0.2 -0.08 (-0.22 to 0.05) 0.107
LVIDs (cm) 3407 34£0.6 34+£04 33+£0.5 -0.12 (-0.49 to 0.27) 0.264
LVOT (cm) 29103 29103 29+0.2 29+0.2 -0.01 (-0.18 to 0.15) 0.454
RVOT (cm) 3.1£0.2 3.1£0.3 3.0+£0.2 3.0£0.3 -0.08 (-0.30 to 0.14) 0.231
TTE outcomes - function
Resting heart rate (bpm) 66 +14 62 £12 64 £11 60 £8 -0.74 (-6.3 t0 4.8) 0.393
Stroke volume (mL) 66 +21 68 +21 70 £19 72 +14 0.88 (-9.1 to 10.3) 0.573
SVI (mL/m?) 31+8 32+8 34+9 35+6 1.3 (-3.0t0 5.6) 0.712
Cardiac output (L/min) 4.1+ 1.0 41113 44+1.0 42+0.7 -0.28 (-0.98 to 0.42) 0.207
Cardiac index (L/min/m?) 20+£04 2.0+0.5 22+0.5 21£04 -0.07 (-0.40 to 0.24) 0.324
Ejection fraction (%) 57 £7 58 +8 59 +4 58 +7 -0.98 (-6.3t0 4.5) 0.355
ESV (mL) 50+ 17 51+17 50+ 13 53+£15 2.2 (-7.3t0 11.7) 0.681
ESV/BSA (mL/m?) 2417 24+6 2416 26+ 7 1.6 (-3.3t0 6.4) 0.745
EDV (mL) 116 £33 121 £32 120 + 30 125 £ 25 1.4 (-13.0 to 16.0) 0.577
EDV/BSA (mL/m?) 55+ 12 57+ 11 58+£13 6111 1.8 (-5.0t0 8.5) 0.708

Outcome data presented as mean = 1 SD; Bayesian ANCOVA inferential data presented as median (95%Crl]); the probability shows the proportion of the
posterior distribution that is beyond zero (i.e., p = 0.5 means the posterior distribution contains an equal proportion above and below zero). BP; blood
pressure, BSA, body surface area; EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; IVSd, interventricular septal end diastole;
LVIDd, left ventricular internal diameter end diastole; LVIDs, left ventricular internal diameter end systole; LVOT, left ventricular outflow tract; LVPWd,
left ventricular posterior wall end diastole; RVOT, right ventricular outflow tract; SVI, stroke volume index.
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