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a b s t r a c t

Aims/hypothesis: This study aimed to examine if beta-aminoisobutyric acid (BAIBA) is (i) secreted by
skeletal muscle in humans during exercise, (ii) associated with insulin secretory function in vivo, and (iii)
directly linked with acute glucose-mediated insulin release by pancreatic beta cells in vitro.
Methods: Following 2-weeks of single-leg immobilization, plasma BAIBA concentrations were measured
in the brachial artery and the femoral veins of each leg in healthy male subjects, at rest and during two-
legged dynamic knee-extensor exercise. During a 2-h hyperglycamic clamp, insulin secretory function
and levels of plasma BAIBA were assessed in non-diabetic individuals, non-diabetic individuals following
24-h hyperglycemia and patients with type 2 diabetes. Direct effects of BAIBA on acute glucose-mediated
insulin release were probed in INS-1832/3 cells under normal and ‘diabetes-like’ conditions. Finally, the
effect of BAIBA on mitochondrial function was assessed in INS-1832/3 cells using extracellular flux
analysis.
Results: (i) BAIBA is released from skeletal muscle at rest and during exercise under healthy conditions
but is suppressed during exercise following leg immobilization, (ii) plasma BAIBA concentrations
inversely associate with insulin secretory function in humans, (iii) BAIBA lowers mitochondrial energy
metabolism in INS-1 832/3 cells in parallel with decreased insulin secretion
Conclusion/interpretation: BAIBA is a myokine released by skeletal muscle during exercise and inde-
pedantly alters the triggering pathway of insulin secretion in cultured INS-1832/3 cells.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
T2D, type 2 diabetes; RPMI,
S, (4-(2-hydroxyethyl)-1-
a-cell; BSA, bovine serum al-
; DAPI, 40 ,6-disamidino-2-
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1. Introduction

Circulating biomarkers can identify exploitable targets to pre-
vent and/or treat disease. Chronic hyperglycemia is associated with
the failure of insulin secretion in type 2 diabetes [1]. Understanding
the involvement of specific circulating factors that regulate changes
in insulin secretory function will help to advance our understand-
ing of diabetes pathophysiology. b-Aminoisobutyric acid (BAIBA),
also known as 3-amino-2-methylpropanoic acid, is a
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nonproteinogenic amino acid. It is a known catabolite of thymine
and valine metabolism in mammals. Recent work has identified
BAIBA as a potential myokine - a cytokine or other peptide, pro-
duced, expressed and released by muscle fibers which exerts
paracrine or endocrine effects. Specifcially in 2014 Roberts and
colleagues showed that BAIBA is secreted from primary muscle
cells and increased by 20% in mice with access to a running wheel
and elevated by 17% following 20 weeks of aerobic exercise in
sedentary and healthy subjects [2]. Morover supplementation of
BAIBA increases the expression of brown adipocyte-specific genes
inwhite adipose tissue, increases hepatic b-oxidation and leads to a
decrease in body fat in mice [2]. These findings suggest that
enhanced plasma BAIBA could have important systemic functions.

The role of BAIBA as a systemic mediator has been supported by
several other studies, recently reviewed by Tanianskii et al. (2019) [3].
Briefly, in 2018, Kitase and colleagues confirmed BAIBA secretion
ex vivo in perfused mouse extensor digitorum longus and isolated so-
leus muscles [4]. Shi et al. showed that BAIBA prevents hepatic ER-
stress in vitro and in mouse models [5]. In humans, BAIBA is a
marker of fatty acid b-oxidationwhich inversely associates with car-
diometabolic risk factors [2,6]. In relation to diabetes, treatmentwith
BAIBA in mice has been shown to avert diet-induced obesity and
improve glucose metabolism in streptozotocin- and diet-induced
diabetes [5,7,8]. Furthermore, intracellular BAIBA concentrations are
negatively associated with first-phase insulin secretion in the clonal
832/13 beta-cell line [9]. Based on many of these studies it has been
hypothesized that muscle-derived BAIBA could be a mechanistic
component of the established beneficial effects of physical exercise in
chronic metabolic disease [10,11]. Importantly, however, this has yet
to be confirmed in humans and evidence for an acute exercise effect
on BAIBA secretion, which is more consistent with what we under-
stand about myokine release, is lacking. In fact, Morales et al. (2017)
failed to demonstrate acute changes in plasma BAIBA concentration
following a 350 kcal exercise at 70% of VO2 max [12]. In contrast and
more recently, Stautemas et al. (2019) were the first to demonstrate
elevations inplasmaBAIBA levels byacute aerobic exercise inhumans
[13]. Interestingly, plasma and urine BAIBA levels primarily consist of
R-BAIBA, which is derived from thyminemetabolism in the cytosol of
liver and kidney cells [14]. On the other hand, S-BAIBA, which is
derived fromvaline in themitochondria of primarily skeletal muscle,
only constitutes 2% of total plasma BAIBA [13]. That being said, in
relation to the suggested role of BAIBA as a myokine, both R- and S-
BAIBA are elevated by acute exercise [13].

BAIBA is detectable in plasma and urine and its concentration
is influenced by single nucleotide polymorphisms in the alanine-
glyoxylate aminotransferase 2 (AGXT2) gene [15]. In vitro and
in vivo murine studies have shown that downregulation of
AGXT2 subsequently alters BAIBA concentration [16]. Given the
strong association between an increased risk of type 2 diabetes in
humans and polymorphisms in the hepatic nuclear factor 4a
gene (HNF4A) [17], a major regulator of AGXT2 expression [16],
such observations provide possible further evidence for a role of
BAIBA in diabetes [2,9]. Since BAIBA is secreted by primary
muscle cells and intracellular BAIBA concentrations are inversely
related to first phase insulin secretion in vitro, in this paper we
conducted a series of experiments to examine (i) the effect of
acute exercise on BAIBA release from healthy and immobilized
skeletal muscle in healthy humans, (ii) the relationship between
plasma BAIBA levels and insulin secretion in non-diabetic in-
dividuals with and without acute hyperglyceamia and patients
with type 2 diabetes, and (iii) the effect of exogenous BAIBA
exposure on acute insulin release by pancreatic beta-cells in
response to glucose under healthy and pathophysiological
conditions.
2. Materials and methods

2.1. BAIBA release by healthy and immobilized human skeletal
muscle during acute exercise

Plasma samples collected by arterio-venous (A-V) balance
methodology in a study described in detail in Ref. [18] were
assessed for BAIBA using a TSQ Quantiva triple quadrupole mass
spectrometer (Thermo Scientific) coupled to an Ultimate 3000
UHPLC (Thermo Scientific). A-V balance methods were used to
assess specific metabolite changes directly from skeletal muscle,
since the A-V balance method measures metabolite changes
across a single tissue. Thus if a change in a metabolite is observed
then the flux of that metabolite into or out of the tissue in
question has changed. The study was approved by the Ethical
Committee of the Capital Region of Denmark (H-4-2010-85). In
brief, N ¼ 14 young healthy males (age 23 ± 1 y, BMI
24.0 ± 0.7 kg/m2, VO2max 47.6 ± 1.7 mL/kg/min) completed 14-
days of single-leg immobilization (an experimental model for
local acute insulin-insensitivity [19e23]) before coming to the
lab following an overnight fast. Lines were placed in a brachial
artery and the femoral veins in both legs. Blood samples were
collected at baseline and every 15-min during a 45-min two-
legged dynamic knee-extensor exercise at 50% of pre-
determined maximal power output to mimic a moderate-
intensity bout, known to induce a change in metabolism and
up-regulate key exercise-related signalling events in skeletal
muscle. Plasma samples were separated and stored at �80 �C
until measurement of BAIBA concentrations by liquid chroma-
tography/mass spectrometry (see Supplemental Methods for full
methodological details and Supplemental Fig. S1 for individual
BAIBA levels). Leg blood flow was measured by Doppler ultra-
sound at the same time points and femoral net release of BAIBA
in both legs was calculated using the Fick principle, as femoral
venous BAIBA concentration minus arterial concentration
multiplied by plasma flow (calculated as blood flow multiplied
by 1 e hematocrit fraction).

2.2. Circulatory plasma BAIBA levels and insulin secretory function
of healthy individuals with or without acute hyperglycemia and
patients with type 2 diabetes

Plasma samples previously collected in a study described in
detail in Ref. [24] were used for metabolomic analyses to search for
circulating metabolites associated with pancreatic beta-cell insulin
secretion. The study was approved by the Ethical Committee of the
Capital Region of Denmark (H32010127) and registered on
clinicaltrials.gov (NCT01375270). In brief, we recruited N ¼ 10 non-
diabetic individuals (2 female, 8 male, age 56 ± 3 y, BMI
31.3 ± 1.2 kg/m2, HbA1c 37.7 ± 1.1 mmol/mol) and N ¼ 10 age- and
BMI-matched individuals with type 2 diabetes (T2D; 2 female, 8
male, age 56 ± 3 y, BMI 30.0 ± 1.2 kg/m2, HbA1c 51.2 ± 2.3 mmol/
mol, time since diagnosis 5 ± 1 y). Following an overnight fast,
insulin secretory function (insulin secretion rate derived from C-
peptide deconvolution, divided by plasma glucose) was measured
during a 2-h hyperglycemic clamp at 5.4 mM glucose above basal
glucose levels (4.5e5.5 mM), venous samples were collected and
plasma stored at �80 �C until metabolomic profiles were analyzed
liquid chromatography/mass spectrometry and gas chromatog-
raphy/mass spectrometry (full methodological details are available
in the Supplemental Methods). In non-diabetic subjects, the hy-
perglycemic clamp was extended to 24-h to replicate an acute
model of hyperglycemia. Insulin secretory function was re-
measured after 24-h and further plasma samples were collected
for metabolomic analysis.

http://clinicaltrials.gov
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2.3. Insulin secretion by INS-1832/13 cells

INS-1832/3 cells grown in RPMI media containing 5 mM
glucose, 5% (v/v) FBS, 10 mM HEPES, 1 mM sodium pyruvate, 50
units/ml penicillin, 50 mg/mL streptomycin, 50 mM 2-
mercaptoethanol and 1x GlutaMAX™ (ThermoFisher, Massa-
chusetts, USA) were seeded at 8 � 104 cells/well in 96-well
microplates and incubated in the presence or absence of so-
dium palmitate (20 nM) at different glucose concentrations (5, 11,
or 20 mM) for 24 h (Note: Palmitate was conjugated to bovine
serum albumin (BSA) at a molar ratio of 7:1, yielding an unbound
free fatty acid concentration of 20 nM as estimated assuming
binding parameters reported by Huber et al. [25]). Cells were
then treated with or without BAIBA (DL-3-Aminoisobutyric Acid,
A0281, >98% purity, Tokyo Chemical Industry, Oxford, UK) at 0, 1,
10, 100 or 1000 mMole/L for 1 or 24 h. After treatment with
BAIBA, insulin secretion was measured under 5 mM or 20 mM
glucose as described previously [26]. Insulin was assessed by
homogenous time-resolved fluorescence (#62IN1PEG, Cisbio
Bioassays, France). Absolute insulin secretion concentrations
were normalized to cell density using 40,6-diamidino-2-phenyl-
indole (DAPI) fluorescence as previously described [26].
2.4. Mitochondrial respirometry of INS-1832/3 cells

INS-1832/3 cells seeded at 8 � 104 cells/well in XFe96 V3-PS
well plates (Agilent Technologies, Santa Clara, California, USA)
were treated with or without BAIBA (10 mMole/L) for 1 h and
assessed for mitochondrial respiration using a Seahorse XFe96
Extracellular Flux Analyser (Agilent Technologies, Santa Clara,
California, USA) as previously described [27]. Mitochondrial ox-
ygen uptake rates were normalized to cell density using DAPI
fluorescence as previously described [26]. For clarity, the meth-
odological design of the respirometry experiment is described in
the Supplemental Methods and Supplemental Fig. S2.
2.5. Statistics

In human study 1, two-way ANOVA determined the effect of
time (baseline, 15, 30, 45 min) and trial (control vs. leg immobili-
zation) on plasma BAIBA, plasma flow, and net balance, with
Tukey’s post hoc comparisons where appropriate. D’Agostino &
Pearson tests were used to test for normality and F-tests were used
to test for homogeneity of variance. Data diverging from parametric
assumptions were log-transformed before analysis (in cases where
negative raw values were present, a constant was added to all
values so they were all positive before log-transformation). In hu-
man study 2, paired t-tests were used to compare means between
baseline and 24 h in healthy subjects, unpaired t-tests were used to
compare means between healthy and T2D groups, and linear
regression analysis was used to explore the relationship between
plasma BAIBA and insulin secretory function. The effect of BAIBA vs.
vehicle on in vitro insulin secretion and mitochondrial respiration
was examined using paired t-tests or one-way ANOVA with Bon-
ferroni post hoc comparisons, where appropriate. The authors who
measured plasma BAIBA concentrations (DO &WD) and the author
who completed the statistical analysis (TS) were blinded to the trial
identity of the samples in human study 2. Trial IDs were decoded
(by FD) following statistical analysis. Data indicate mean ± SEM and
statistical significance was accepted when P � 0.05.
3. Results

3.1. Femoral BAIBA release differs between healthy and immobilized
skeletal muscle during acute exercise

Using femoral arterial-venous balance methodology, we exam-
ined towhat extent BAIBA is released from exercising human skeletal
muscle andwhether single leg immobilization (amodel of local acute
insulin-insensitivity) influences BAIBA release. Following 2-weeks of
single-leg immobilization, BAIBA levels were measured in blood
plasma taken from the brachial artery and femoral vein of each leg in
healthy male subjects, at rest and during two-legged dynamic knee-
extensor exercise. The time course of change in plasma BAIBA con-
centration, the venous minus arterial net balance for BAIBA, and
plasmafloware shown inFig.1AeC. Thepatternof femoralA-VBAIBA
release and uptake during exercise was significantly different be-
tween control and immobilized legs (Fig. 1B), however this does not
control for plasma blood flow, which increases significantly in the
imobilised and control legs during exercise. Of note, no signficiant
differences in plasma blood flow at rest nor during exercise were
observedbetween the imobilised andcontrol legs -P¼0.809 (Fig.1C).
To calculate the femoral net release of BAIBA (Fig. 1E) the venous
minus arterial net balancewasmultiplied by plasma flow (Fig.1C). At
rest, there was a statistically significant net release of BAIBA in both
legs when compared with a theoretical mean of zero (Fig. 1D). Of
importance, at rest, leg immobilizationhadnosignificanteffecton the
net release of BAIBA (Fig. 1D). However, during exercise, a different
pattern of BAIBA release occurred between the control and immobi-
lized leg, with a net uptake of BAIBA in the immobilized leg (Fig. 1E -
grey symbols) andapulsatilepatternof releaseanduptakeofBAIBA in
the control leg (Fig.1E - black symbols). The pulsatile pattern of BAIBA
release and uptake during exercise in the control leg (Fig. 1E e black
symbols) occurred due to a net release of BAIBA from0.02 mMole/L to
0.2 mMole/L BAIBA after 15 min of exercise and then a net uptake of
BAIBA from0.2mMole/L BAIBA to�0.2 mMole/L BAIBAduring the next
15min of exercise and finally an increase in BAIBA release during the
final 15 min of exercise from �0.2 mMole/L BAIBA to 0.1 mMole/L
BAIBA. The mean net uptake and release across all time points in the
control leg were significantly different from the immobilized leg
(Fig.1E). Importantly thedrop in thenet femoral releaseofBAIBAafter
30-min of exercise in the control leg (Fig. 1E) was not induced by
sample dilution since no decreases were observed at this time point
for hematocrit, IL-6, or FFAs (data not shown). The decrease in the net
femoral release of BAIBA at 30-min in the control leg was also not
explained by a single outlier because this pattern is evident in several
subjects (Supplemental Fig. S1).
3.2. Circulatory plasma BAIBA inversely correlates with the rate of
insulin secretion in humans in vivo

Fasting circulatory plasma BAIBA was significantly higher in
individuals with type 2 diabetes compared with non-diabetic
controls (1.90 ± 0.26 vs. 1.25 ± 0.17 raw area counts; Fig. 2A).
When non-diabetic controls were exposed to acute (24hr) hyper-
glycemia, circulating plasma BAIBA levels were significantly low-
ered from 1.25 ± 0.17 to 0.55 ± 0.05 raw area counts (Fig. 2A).
Unsurprisingly, the rate of insulin secretion was significantly lower
in individuals with type 2 diabetes compared to non-diabetic
controls (Fig. 2B), while exposure to acute (24hr) hyperglycemia
significantly elevated insulin secretion in non-diabetic individuals
(Fig. 2B). By plotting the rates of insulin secretion as a function of
plasma BAIBA levels, it becomes apparent that the level of



Fig. 1. The effect of leg immobilization on femoral arterial-venous BAIBA net balance. The femoral arterial-venous net balance was determined for BAIBA in N ¼ 14 healthy
individuals at rest and during 45-min of two-legged dynamic knee-extensor exercise (at 50% Wmax) following 2-weeks of single-leg immobilization. Plasma BAIBA concentrations
(panel A), venous minus arterial BAIBA concentrations (panel B), plasma flow (panel C), and net femoral release of BAIBA at rest (panel D) and during exercise are displayed as
mean averages ± SEM.
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circulatory plasma BAIBA inversely correlates with the rate of in-
sulin secretion (Fig. 2C).
3.3. BAIBA directly mediates insulin secretion by INS-1832/13 cells

Given the link between plasma BAIBA levels and insulin secre-
tion in vivo, we next explored if exogenous BAIBA alters glucose-
mediated insulin secretion directly from pancreatic beta-cells (b-
cell) in vitro using the b-cell line, INS-1832/3. We exposed INS-
1832/3 cells to a range of different BAIBA concentrations (0, 1 mM,
10 mM,100 mMand 1000 mM) for 1 or 24 h and investigated its effect
on acute glucose-mediated insulin release at a submaximal insulin
stimulating glucose concentration (5 mM) and maximal insulin
stimulating glucose concentration (20 mM). Exogenous BAIBA
significantly decreased insulin release mediated by 5 mM glucose
at concentrations between 10-1000 mM at both 1 and 24 h of
exposure (Fig. 3A). Exogenous BAIBA had no significant effect on
acute insulin release mediated by 20 mM glucose (Fig. 3B). Exog-
enous BAIBA appears to increase the fold change between insulin
secreted by 5 vs 20 mM glucose, referred to as the insulin stimu-
lation index (Fig. 3C). However, it is important to note that this
apparent increase is not statistically significant and is related to the
lowering effect of BAIBA on insulin release mediated by 5 mM
glucose (Fig. 3A).

Given that BAIBA altered acute glucose-mediated insulin release
by INS-1832/3 cells grown under 5 mM glucose, we next compared
the effect of 1 h BAIBA exposure on acute glucose-mediated insulin
release of INS-1832/3 cells under “acute hyperglycemic-like”



Fig. 2. The relatonship between plasma BAIBA concentration and insulin secretory
function in humans. Panel A: BAIBA (identified and measured by metabolomic
profiling) was measured in plasma samples collected from N ¼ 10 non-diabetic in-
dividuals following an overnight fast (non-diabetic; white circles) and after 24-h of
exposure to acute experimental hyperglycemia (non-diabetic 24 h; grey circles), and
following an overnight fast in N ¼ 10 age- and BMI-matched individuals with type 2
diabetes (T2DM; black circles). Panel B: Insulin secretory function (insulin secretion
rate divided by plasma glucose) was also measured in the same subjects. Panel C: the
relationship between plasma BAIBA concentrations and insulin secretory function.
Individual subject data points are plotted on each panel. Lines on panels A and B
represent mean averages ± SEM.

Fig. 3. The effect of BAIBA treatment on insulin release by insulin-secreting INS-
1832/3 cells. Cells were exposed to culture medium containing either 0, 1, 10, 100 or
1000 mM BAIBA for 1 h (black bars) or 24 h (grey bars) and assessed for insulin release
by 5 mM (Panel A) or 20 mM glucose (Panel B). The insulin stimulation index was
calculated by assessing the fold change in insulin secreted from 5 mM glucose. (GSIS)
above 5 mM glucose (panel A) was calculated as the fold change in absolute insulin
release from 5 mM to 20 mM glucose (Panel C). Data represent means ± SEM from 3 to
5 independent experiments with each condition replicated 3e5 times in each exper-
iment. *,**,*** indicates P � 0.05, P < 0.01 or P < 0.001 vs. control cells without BAIBA
treatment unless otherwise shown.

J.P. Barlow et al. / Metabolism Open 7 (2020) 100053 5
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conditions (24-h pre-incubation in culture medium with 5, 11- or
20-mM glucose) to mimic our model of acute hyperglycemia in
humans (Fig. 2). Under these conditions, we used a single dose of 10
mMole/L BAIBA for 1 h as this was the lowest concentration and
time frame that exerted an effect on insulin secretion in ‘healthy
INS-1832/3 cells’ (Fig. 3A). Consistent with our previous observa-
tion (Figs. 3A), 10 mMole/L BAIBA significantly lowered acute
glucose-mediated insulin release of INS-1832/3 cells challenged
with 5 mM glucose (Fig. 4A), but not 20 mM glucose (Fig. 4B). In
INS-1832/3 cells grown in culture media containing 11 or 20 mM
glucose for 24 h e an in vitro model of acute hyperglycemia, 1 h
exposure to 10 mMole/L BAIBA lowered acute 5 mM glucose-
mediated insulin release by cells grown with 11 but not 20 mM
glucose (Fig. 4A) and had no significant effect on acute 20 mM
glucose-mediated insulin release (Fig. 4B). Interestingly, in cells
grown inmediawith 5 or 11mMglucose, BAIBA almost doubled the
insulin stimulation index from around 5 to around 10 which was
completely blunted in cells grown in culture media with 20 mM
glucose (Fig. 4C). Importantly, this apparent increase in the insulin
stimulation index in cells exposed to BAIBA (Fig. 4C) is owing to a
decrease in insulin release under basal conditions (Fig. 4A). It
should also be noted that our experimental hyperglycemicmodel of
Fig. 4. The effect of BAIBA treatment on insulin release by insulin-secreting INS-1832/3
diabetes-like conditions for 24-h: 5 mM, 11 mM or 20 mM glucose in the absence (Panels: A
(black bars) 10 mM BAIBA for 1 h. The insulin stimulation index (C and F) was assessed as th
means ± SEM from 3 to 5 independent experiments with each condition replicated 3e5 tim
cells without BAIBA treatment unless otherwise shown.
incubating INS-1832/3 cells to either 11 mM or 20 mM glucose for
24 h induced no significant change in the insulin stimulation index
nor acute insulin release mediated by glucose when compared to
cells grown under 5 mM glucose (Fig. 4AeC).

To further understand if BAIBA alters insulin secretion by b-cells
under type 2 diabetes-like conditions, we next compared the effect
of 1 h BAIBA exposure on acute glucose-mediated insulin release by
INS-1832/3 cells exposed to glucolipotoxic conditions - 24 h
palmitate plus 5, 11 or 20mM glucose. In cells pre-exposed to 5mM
glucose plus palmitate, the decreasing effect of BAIBA on acute
5 mM glucose-mediated insulin release (Fig. 4A) is abolished, in
fact, in palmitate treated cells, BAIBA modestly increases insulin
release from 0.14 (ng insulinx10�4 cells/60 min) to 0.17 (ng
insulin � 10�4 cells/60 min) (Fig. 4D). In INS-1832/3 cells pre-
exposed to 11 mM or 20 mM glucose plus palmitate, acute 5 mM
glucose-mediated insulin release was not altered by BAIBA
(Fig. 4D). Consistent with our findings in Fig. 4B, BAIBA has no
significant effects on acute 20mMglucose-mediated insulin release
by cells pre-exposed to 5 mM, 11 mM or 20 mM glucose plus
palmitate (Fig. 4E). In line with these observations, BAIBA had no
significant effect on the insulin stimulation index of cells pre-
exposed to 5 mM,11 mM or 20 mM glucose plus palmitate (Fig. 4F).
cells exposed to experimental ‘diabetes-like conditions’. Cells were pre-exposed to
-C) or presence of palmitate (Panels: D-F), and then treated with (grey bars) or without
e fold change in insulin secreted from 5 mM glucose to 20 mM glucose. Data represent
es in each experiment. *,**,*** indicates P � 0.05, P < 0.01 or P < 0.001 vs. G5 control



Fig. 5. Mitochondrial respiratory activity of insulin-secreting INS-1832/3 cells
exposed to BAIBA. Cells incubated in serum-free RPMI culture medium containing
±10 mM BAIBA for 1 h were assessed for mitochondrial respiratory activity using
seahorse extracellular flux analysis. Mitochondrial oxygen uptake rates were examined
in assay media containing 5 mM glucose, G5 (Panel A). Mitochondrial respiration
linked to ADP-phosphorylation (measured from the amount of mitochondrial oxygen
uptake inhibited by the ATP synthase inhibitor oligomycin; Panel B), and mitochon-
drial respiration linked with proton leak (measured from the amount of mitochondrial
oxygen uptake resistant to the ATP synthase inhibitor oligomycin; Panel C) were also
calculated from the raw trace. Data represent means ± SEM from 3 separate experi-
ments spread across 3 experimental days with each condition repeated 4e5 times in
each individual experiment. * indicates P � 0.05 vs. control cells without BAIBA
treatment.
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3.4. BAIBA lowers mitochondrial energy metabolism of INS-1832/
3 cells

Mitochondrial energy metabolism tightly regulates the trig-
gering of insulin secretion in b-cells through direct control over the
phosphorylation potential. Thus any change in the triggering of
insulin secretion by b-cells would associate with changes in mito-
chondrial respiration. Therefore to examine if the effect of BAIBA on
acute insulin release by INS-1832/3 cells (Fig. 4A), is linked with
changes in the triggering pathway of insulin secretion, we next
probed mitochondrial energy metabolism of INS-1832/3 cells using
Seahorse Extracellular Flux Analysis. In corroboration with the ef-
fect of BAIBA on acute insulin release (Fig. 4A), extracellular flux
analysis revealed that BAIBA significantly lowers mitochondrial
oxygen consumption rate from 49 (pmol O2∙min�1∙10�4 cells) to
44 (pmol O2∙min�1∙10�4 cells) in INS-1832/3 cells (Fig. 5A). In line
with the effect on absolute mitochondrial oxygen consumption
rate, ATP coupled (phosphorylation) respiration (Fig. 5B) and
oligomycin-resistant (leak) respiration (Fig. 5C) were also modestly
lowered by BAIBA treatment.

4. Discussion

This is the first study to demonstrate a net release of BAIBA from
skeletal muscle at rest and during leg-kicking exercise (Fig. 1). We
show that following leg immobilization (an in-vivo model of
inactivity-induced insulin resistance), exercise-induced release of
BAIBA is prevented and net uptake occurs (Fig. 1). Together these
data may indicate that the release of BAIBA by skeletal muscle
during exercise is linked with skeletal muscle insulin sensitivity. Of
particular interest was the pulsatile pattern of BAIBA release and
uptake that occurred in the control leg during exercise (Fig. 1E). The
pulsatile pattern of release and uptake in the control leg appeared
to occur mainly due to a significant uptake of BAIBA after 30 min of
exercise which was apparent in 10 of the 14 subjects (Supplemental
Fig. S1). These data may suggest that exercise causes pulsatile
metabolism of intermediates that release BAIBA for example
branch-chain amino acids or thymine, however no evidence
currently exists to prove this. To our knowledge this is the first
study to show evidence for such metabolic pulsatility in skeletal
muscle. However, it is important to note that the pulsatile pattern
of release and uptake of BAIBA was only explored during 45 min of
leg extension exercise in this study. Therefore further investigation
is warranted to understand the kinetics of BAIBA release during
different kinds of exercise over more varied durations and to
exclude the possibility that a metabolic phenomenom occurred
during our acute leg extension exercise study.

Given that skeletal muscle, as shown here, and the liver, as
shown previously [14], are key organs for BAIBA release, it was
interesting to find that insulin secretory function in humans with
and without acute hyperglyceamia and type 2 diabetes inversley
correlated with whole body plasma levels of BAIBA (Fig. 2).
Consistently, in vitro, we found that BAIBA lowered insulin release
by INS-1832/3 cells at a submaximal insulin stimulating glucose
concentration concomitantly with a decrease in mitochondrial
energy metabolism (Figs. 4 and 5). Further analysis revealed that
the lowering effect of BAIBA on acute glucose (5 mM) mediated
insulin release is abolished by pre-exposure of cells to 20 mM
glucose and/or palmitate (Fig. 4). Collectively, our data provide
evidence that (i) BAIBA is released directly by human skeletal
muscle, (ii) BAIBA release by human skeletal muscle during exercise
is blunted in a model of insulin-resistance, (iii) whole body plasma
levels of BAIBA inversely correlate with plasma insulin in non
diabetic individuals with and without acute hyperglyceamia and in
patients with type-2 diabetes, and (iv) BAIBA mediates acute
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glucose-induced insulin release by pancreatic beta-cells in vitro.
To date, the therapeutic benefits of BAIBA have been attributed

to suppress inflammation, improve insulin sensitivity of skeletal
muscle, improve insulin signalling in mice with type 2 diabetes and
browning of white fat [2,5]. Except for some human plasma mea-
surements showing that BAIBA inversely correlates with car-
diometabolic risk factors and increases during prolonged and acute
exercise [2,13], previous data is largely limited to rodents. In our
first set of experiments we demonstrate that human skeletal
muscle is a source for the net release of BAIBA, both at rest and
during leg-kicking exercise (Fig. 1). Moreover, following leg
immobilization in healthy individuals (Fig. 1D), the net release of
BAIBA during exercise is abolished (Fig. 1E). Given that our model of
leg immobilization has been shown previously to lower insulin
sensitivity and glucose tolerance [28,29], these data indicate that
exercise may only mediate BAIBA release from insulin-sensitive
muscle in healthy individuals. However, femoral A-V balance does
not directly probe metabolite release from skeletal muscle but
represents changes in muscle, adipose, and endothelial cells, thus
we assume that the change is related to muscle because it is the
largest organ in the femoral bed. Moreover, we cannot exclude the
possibility that BAIBA release and/or uptake occurs from other
tissues during exercise or from skeletal muscle following chronic
physical inactivity or metabolic disease. In fact, measuring plasma
BAIBA concentrations in non-diabetic and type-2 diabetic patients
showed that fasting plasma BAIBA is elevated in patients with type
2 diabetes and suppressed by acute experimental hyperglycaemia
(Fig. 2A). Given that whole body plasma BAIBA levels are elevated at
rest in type-2 diabetes patients (Fig. 2), it is probable that either
BAIBA release or reduced BAIBA uptake occurs in individuals with
lower insulin sensitivity. That said, the exact organs responsible for
the changes in BAIBA release and/or uptake during acute and
prolonged insulin-resistance was not explored in this study and
requires further investigation. Morover, the extent by which exer-
cise alters this, if at all, still remains to be understood.

More interestingly, and possibly more relevant to diabetes
research, data from human study 2 highlights an inverse relation-
ship between plasma BAIBA concentration and plasma insulin
concentration (Fig. 2C). For example, during acute hyperglycaemia,
when insulin secretion is exacerbated (Fig. 2B), plasma BAIBA levels
were lower than healthy controls (Fig. 2A). On the other hand, in
patients with type 2 diabetes that have impaired insulin secretion
(Fig. 2B), plasma BAIBA levels were notably higher than controls
(Fig. 2A). Although we cannot conclude from these data if the
change in baseline plasma BAIBA level is a result of changes in
muscle net balance. That said, our leg immobilization data (Fig. 1)
raise the possibility that the decrease in plasma BAIBA level
following 24-h hyperglycaemia (Fig. 2A) may be related to changes
in muscle net balance.

To understand if BAIBA influences insulin secretion directly, we
showed that BAIBA lowers acute insulin release by normal INS-
1832/3 cells when challenged with 5 mM glucose (Figs. 3A and 4B).
These data corroborate our findings in vivo that show an inverse
relationship between BAIBA level and insulin secretory function
(Fig. 2). Interestingly, the effect of BAIBA on acute insulin release
was only apparent in cells challenged with a submaximal insulin-
stimulating glucose concentration (Figs. 3B and 4B), suggesting
that the effect of BAIBA on insulin release is overcome by a high
glucose challenge in normal cells. Moreover, the effect of BAIBA on
acute insulin release was abolished by (gluco)lipotoxic conditions,
since BAIBA did not affect insulin release in INS-1832/3 cells pre-
exposed to 5, 11 or 20 mM glucose plus palmitate (Fig. 4D). Given
that pre-exposure of INS-1 cells to higher glucose (11 mM and
20mM) plus palmitate as shown here (Fig. 4E and F) and previously
[30,31] leads to decreased insulin secretion, this correlates with the
finding that elevated plasma BAIBA levels associate with lower
insulin secretory function in patients with type 2 diabetes (Fig. 2).
However, since BAIBA has no direct effect on insulin secretion by
INS-1832/3 cells under diabetic-like conditions (Fig. 4D, E and 4F), it
is unlikely that the elevated level of plasma BAIBA shown in pa-
tients with type 2 diabetes contributes to the loss of insulin
secretion in these individuals (Fig. 2). That said, to support this
finding, the direct effect of BAIBA on insulin release should be
explored with isolated human iselts.

By probing mitochondrial oxygen consumption rates of INS-
1832/3 cells, we identify that BAIBA lowers mitochondrial energy
metabolism of INS-1832/3 cells, linking the lowering effect of BAIBA
on acute insulin release (Fig. 3A) to changes in mitochondrial en-
ergy metabolism (Fig. 5). Since mitochondrial energy metabolism
tightly regulates KATP dependant insulin secretion through direct
control over the phosphorylation potential [32,33]. Lower rates of
mitochondrial respiration and consequent ADP phosphorylation
will result in less insulin release at submaximal glucose concen-
trations. Therefore, BAIBA likely mediates acute insulin release by
INS-1832/3 cells through changes in the pathway of KATP depen-
dant insulin secretion. Collectively, our in vitro data suggest that
BAIBA influences insulin release by healthy b-cells through changes
in mitochondrial energy metabolism but has no direct effect on
insulin secretory function of b-cells exposed to ‘diabetic-like’ con-
ditions. Overall, our findings suggest a link between physical
inactivity, plasma BAIBA level and modifications of b-cell insulin
secretion.

Skeletal muscle is an insulin-sensitive tissue that plays a major
role in glucose metabolism in the basal and postprandial state, as
well as during and following exercise. Following a decrease in in-
sulin sensitivity, b-cells compensate by increasing insulin release to
meet demand. This is seen following, for example, high fat feeding
or intralipid infusion [34] or physical inactivity/bed rest [28,29,35].
On the contrary, when insulin sensitivity is increased (by exercise,
for example), b-cells adapt, whereby insulin release is lowered
since less insulin is required to fulfil its function [36]. The inverse
relationship between insulin secretion and insulin sensitivity in
humans was first described by Kahn in 1993 [37]. Strikingly, to date,
it is still not fully understood how b-cells make such careful func-
tional adjustments in accordance with the function of a peripheral
tissue. Since b-cells secrete insulin, which in turn signals to muscle
cells to translocate GLUT4 to facilitate an increase in glucose
disposition from the blood, it is prudent to assume that a skeletal
muscle-derived factor provides feedback information to b-cells
[38,39]. This study suggests that BAIBA may function in this way,
although further investigation is warranted to unravel the under-
lying feedback mechanisms that likely exist between the endocrine
pancreas and insulin-sensitive tissues. That being said, it is
important to note, that this study is not without limitations, for
example the effect of exercise, plasma BAIBA level and insulin
secretory function was not explored in individuals with type 2
diabetes or obesity-induced insulin resistance. Due to the methods
used, we were unable to calculate the mMole/L concentration of
plasma BAIBA in Fig. 2 so a direct comparison of plasma BAIBA level
between older and younger individuals cannot be drawn from this
study. Importantly, the extent by which BAIBA release by skeletal
muscle leads to inter-organ crosstalk also needs to be confirmed
in vivo. Moreover the direct effect of BAIBA was only assessed in
INS-1832/3 cells and therefore requires confirmation in human b-
cells and/or isolated pancreatic islets. The concentration of BAIBA
used in vitro was also on the higher level from what has been
typically measured in blood plasma in healthy individuals (Fig. 1.).
Future work is necessary to understand the exact mechanism(s)
and significance by which BAIBA regulates insulin secretion in
human b-cells and howpost-exercise BAIBA regulation and training
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mediates adaptations, as well as in vivo effects of BAIBA supple-
mentation in humans with and without type 2 diabetes. Further-
more, the basaline concentration of BAIBA within tissues such as
the pancreas and its change, if any at all, during exercise also
warrants exploration in order to better replicate physiological/
pathological BAIBA concentrations for future in vitro investigation.

To conclude, it is evident that BAIBA is released into circulation
from skeletal muscle, at a rate that is increased by muscle
contraction (an insulin-sensitizing stimulus) and in vitro modifies
insulin release by healthy b-cells. Indeed further work is required to
confirm possible gender differences of BAIBA release as well as
specific enantiomers of BAIBA that are released by contracting
human skeletal muscle and to what extent skeletal muscle-derived
enantiomers of BAIBA influence human b-cell insulin release.
Nonetheless, further investigation of BAIBA and the molecular
signalling processes by which it propagates its functions are war-
ranted, particularly since this metabolite is a possible mediator of
insulin secretion.
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