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ABSTRACT

Introduction: Short-chain fatty acids (SCFAs) are small molecule metabolites mainly produced during microbial fermentation
of dietary fibre in the gut and have been shown to have a beneficial impact on human health. The aim of this study was to eval-
uate the effect of SCFAs on human skeletal muscle energy metabolism.

Methods: Primary human myotubes were analysed for glucose and fatty acid (oleic acid) metabolism, as well as insulin sensitiv-
ity and protein synthesis in the presence or absence of SCFAs.

Results: The most pronounced effects of SCFAs were observed on “C-oleic acid uptake and oxidation, as well as *C-leucine
uptake and protein synthesis, following butyrate treatment. Butyrate increased *C-leucine accumulation twofold, potentially
due to protein incorporation. On the other hand, the conversion of *C-leucine into free fatty acids was reduced by more than 50%
by butyrate. Both #C-acetate and #C-butyrate were shown to be taken up and utilised by primary human myotubes. None of the
SCFAs were found to influence glucose metabolism or insulin effects.

Conclusion: The results from the current study thus suggest that among the SCFAs, butyrate emerges as the most powerful

SCFA in regulating primary human myotube metabolism.

1 | Introduction

Dietary fibre ingestion has several beneficial effects on human
health [1], such as improving gut function, reducing the risk
of a range of diseases, and reducing blood glucose following
food intake [2]. Many dietary fibres, also called prebiotics, are
non-digestible by human gut epithelial cells, but support the
promotion of favourable bacterial species in the gut [3, 4] and
are fermented by gut microorganisms to short-chain fatty acids
(SCFAS).

SCFAs are carboxylic acids with less than five carbon atoms
[5]. The three major SCFAs that are produced are acetate,
propionate and butyrate, accounting for >90% of the total
colonic SCFA content [6]. Following the intestinal release of
SCFAs into the portal vein [7], acetate is the most abundant,
with concentrations in blood ranging from 170 to 260 umol/L,
whereas propionate and butyrate measure 4-30 umol/L [7, 8].
As with fibre, SCFAs have been found to elicit several ben-
eficial processes in the human body. These include enhanc-
ing intestinal barrier function [9, 10], and lowering the risk
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of cardiovascular disease [11], colonic cancer [12], and type 2
diabetes (T2D) [13].

The monocarboxylate transporters (MCTs) MCT1, MCT2 and
MCT4 have been found to transport SCFAs into cells [14, 15],
and are all expressed as proteins in skeletal muscle [16]. This
suggests that SCFAs not only function as energy sources for
colonocytes, but might also be utilised systemically, such as in
skeletal muscle tissue [17]. By this means, the gut microbiota can
affect the amount of energy extracted from the food and enhance
energy supply. In addition, several studies have investigated the
effects of SCFAs on skeletal muscle mass and phenotype [18-21].
Previous in vivo studies have shown that antibiotics reduce mus-
cle mass in mice [22], indicating the involvement of the micro-
biota or their products in maintaining muscle mass. SCFAs can
increase muscle mass in germ-free mice [22], or prevent skeletal
muscle atrophy in ageing mice [23]. In addition, diet supple-
mentation with both butyrate and acetate induced an oxidative
phenotype [18-20], as suggested by an increased expression of
type 1 fibres and upregulation of genes involved in fatty acid 8-
oxidation [18, 20] in mice.

In addition to functioning as energy substrates themselves,
SCFAs have also a regulatory effect on energy metabolism
[18, 24]. Peroxisome proliferator-activated receptor y (PPARy)
mRNA and protein expression was increased by SCFAs in
C2C12 cells [24], while in liver and adipose tissue, SCFAs
downregulated PPARYy, resulting in increased lipid oxidation,
energy expenditure, and regulation of lipogenesis [24]. Both
PPARS mRNA and its co-activator peroxisome proliferator-
activated receptor-y coactivator-la (PGC-Ia) protein expres-
sion were found to be increased following butyrate treatment
of the rat myotube cell line L6. Butyrate also enhanced mito-
chondrial lipid oxidation in mice fed a high fat diet [18]. As
previously reviewed [23], SCFAs have been shown to increase
both insulin-stimulated and insulin-independent glucose up-
take in L6 and C2C12 (from mice) cell lines. In addition, ace-
tate treatment increased GLUT4 gene and protein expression
in L6 myotubes [25].

SCFAs can also signal through G protein-coupled receptors
(GPR), like GPR41 and GPR43 [26, 27]. GPR41 has a differ-
ential affinity for SCFAs (propionate > butyrate > acetate)
[28], whereas GPR43 shows equal affinity for the SCFAs [28].
Although the mRNA of the receptors has been found to be ex-
pressed in skeletal muscle tissues, the protein expression has
not been demonstrated [27, 29]. The receptors appear to be
differentially expressed in various tissues [30], but their role
in skeletal muscle metabolism remains elusive [23]. Notably,
GPR41-deficient male mice have an increase in body fat with re-
duced glucose tolerance [31], while mice lacking GPR43 become
obese when fed a normal diet, and mice over-expressing GPR43
remain lean despite being fed a high-fat diet [32]. This suggests a
role for GPR43 in energy homeostasis.

As skeletal muscle is a large organ for storage and utilisation
of energy, both basally and under the regulation of insulin, its
possible influence by SCFAs is of interest. The aim of the present
study was to determine if the SCFAs acetate, propionate, and
butyrate might have a direct impact on the energy metabolism of
glucose, oleic acid and leucine, as well as insulin sensitivity and

protein synthesis in primary human myotubes isolated from
healthy donors.

2 | Materials and Methods
2.1 | Materials

Dulbecco's modified eagle medium (DMEM)-glutamax low glu-
cose, Dulbecco’s phosphate buffered saline (DPBS) (with CaCl, and
MgCl,), amphotericin B, Applied Biosystem's High-Capacity cDNA
reverse transcription kit, foetal bovine serum (FBS), hydroxyethyl
piperazineethanesulfonic acid (HEPES), Pierce BCA Protein Assay
kit, Human EGF Recombinant Protein, Dulbecco's modified eagle
medium (DMEM)-no glucose and real-time qPCR primers were
from ThermoFisher Scientific (ThermoFisher Scientific, Foster
City, CA, US). Penicillin-streptomycin, DL-3-hydroxybutyric acid
sodium salt, 96-well and 6-well Corning CellBIND plates, genta-
micin, NaOH, oleic acid, glucose, bovine serum albumin (BSA),
L-carnitine, dexamethasone, and glycogen from rabbit liver were
from Sigma-Aldrich (St. Louis, MO, US). Insulin (100IE/mL)
was from Novo Nordisk (Bagsvaerd, Denmark). RNeasy Mini
Kit and QuantiNova SYBR Green RT-PCR kit were from Qiagen
(Diisseldorf, Germany). Bio-Rad Protein Assay Dye Reagent
Concentrate, BioRad Criterion TGX precast gels, BioRad precision
plus protein dual colour and Chemidoc XRS+ Imager were from
BioRad (Hercules, CA, US). PerkinElmer 2450 MicroBeta? scintil-
lation counter, Unifilter-96 GF/B, 96-well Isoplate, ScintiPlate-96
TC, Ultima Gold LSC scintillation liquid, OptiPhase Supermix and
TopSeal-A transparent film were from PerkinElmer (Shelton, CT,
US). Primary antibodies against p-Akt (Ser473) (#9271) and Akt
(#9272) and the HRP-conjugated secondary antibody (#7074) were
from Cell Signalling Technology (Danvers, MA, US). The primary
antibody against o-tubulin (#GR3194994-1) was from Abcam
(Cambridge, UK). Image J was from the National Institutes of
Health (Bethesda, MD, US).

2.2 | Primary Human Skeletal Muscle Cell
Cultures

Human satellite cells were isolated from M. vastus lateralis from
biopsies of healthy donors, as described previously by Gaster
et al. [33]. Human skeletal muscle biopsies were obtained after
informed written consent from the patient and approval by the
Regional Committee for Medical and Health Research Ethics
South-East, Oslo, Norway (reference number: REK11959). The
study was conducted in accordance with the guidelines of the
Declaration of Helsinki. The 5 donors (60% female) were 48 +4
(mean + SEM) years of age, with a body mass index of 27 +2kg/
m? and had a fasting plasma glucose of 4.0 + 0.2 mmol/L. For the
experiments assessing uptake and oxidation of acetate, the mus-
cle cells were obtained from 6 male donors aged 53 +1.8years
with a body mass index of 23+0.7kg/m? and had a fasting
plasma glucose of 5.2+0.1mmol/L (ethical approval from
the West of Scotland Research Ethics Committee 4 (reference
number: 16/WS/0002)). The myoblasts were proliferated until
~80% confluence, in 96-well or 6-well CellBind microplates,
as described previously [34], or in a slightly modified prolifera-
tion medium containing DMEM-Glutamax low glucose supple-
mented with HEPES (20mM), 10% foetal bovine serum, human
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epidermal growth factor (10ng/mL), dexamethasone (0.39 ug/
mL), bovine serum albumin (0.05%), gentamicin (50ug/mL),
penicillin/streptomycin (50units/mL) and amphotericin B
(1.25pg/mL). Cell differentiation from myoblasts to myotubes
was initiated as described previously [34]. Experiments were
carried out on day 7 of differentiation. For all experimental set-
ups, cells from each donor served as controls. These control cells
were incubated under the same conditions as the SCFA-treated
cells but received only differentiation medium without SCFAs.

2.3 | Substrate Uptake and Oxidation

To assess the utilisation of energy sources by human skeletal
muscle, substrate oxidation measurements were carried out in
differentiated myotubes as described previously [35]. For assess-
ing the SCFAs effect on glucose and oleic acid uptake and oxi-
dation, the myotubes were treated with 100 uM of either acetate,
propionate, or butyrate for 24h before the substrate oxidation
assay. Either [1-14Clacetate (2uCi/mL, 100uM), [1-"*C]butyrate
(0.6uCi/mL, 12uM), D-[U-"C]glucose (1puCi/mL, 200uM) or
[1-#C]oleic acid (1 uCi/mL, 100uM) were added to DPBS with
20mM HEPES. The cells were washed with 37°C DPBS before a
96-well Unifilter microplate soaked with 1 M NaOH (20 uL/well)
was fixed on top of the cell plate, and the cells were then incu-
bated in a humidified 5% CO, atmosphere at 37°C for 4h. The
radio-labelled medium was then removed, and the cells were
washed twice in PBS at room temperature before being lysed in
0.1M NaOH and frozen at —20°C. Both the Unifilter containing
the trapped CO, and the cell lysates were counted by liquid scin-
tillation using a PerkinElmer 2450 MicroBeta? counter. Protein
concentrations were measured with the BioRad protein assay as
described previously [36] using a PerkinElmer VICTOR? 1420
Multilabel counter. The substrate uptake (calculated as the sum
of CO, and any remaining cell associated substrate) and oxida-
tion were presented/given as nmol/mg protein.

2.4 | Glycogen Synthesis

The myotubes were differentiated in 6-well CellBind culture
plates, as described above, and after 6days of differentiation, the
cells were treated with 100 uM of either acetate, propionate, or bu-
tyrate for 24 h. The myotubes were then incubated for 1h in serum-
free DMEM-Glutamax prior to the addition of D-[*C(U)]glucose
(1.0uCi/mL) for 2h with or without 100nM insulin. The cells were
washed twice with PBS and lysed in 0.5mL KOH (1M), and the
glycogen precipitation measurement was carried out as described
previously [37]. Each sample (250uL) was added to 3mL Ultima
Gold LSC scintillation solution, and the radioactivity was counted
by a Packard TriCarb 1900 TR Liquid Scintillation Analyser. The
protein content was measured using the Pierce BCA Protein Assay
kit according to the manufacturer's protocol.

2.5 | Western Blotting

For Western blotting, the myotubes were proliferated and differ-
entiated in 6-well CellBind culture plates, as described above, in
the presence or absence of 100uM of either acetate, propionate,
or butyrate for 24h. The cells were then incubated for 15min in

DMEM-Glutamax in the presence or absence of 100nM insulin,
before the samples were harvested in ice-cold radioimmunopre-
cipitation assay (RIPA) buffer supplemented with protease in-
hibitors (Roche complete protease inhibitor cocktail tablets) and
phosphatase inhibitors (final concentration of 50mM NaF, 10mM
NaPPi and 1mM Na,Vo,). Protein concentrations were measured
using the Pierce BCA protein assay kit before 4X SDS loading dye
was added to the samples. Cell protein (15pg) from each sam-
ple was loaded onto 4%-20% BioRad Criterion TGX precast gels,
using the BioRad precision plus protein dual colour as a protein
standard. The samples were transferred from the gels onto polyvi-
nylidene fluoride (PVDF) membranes, and the membranes were
incubated with primary antibodies against P-Akt (Ser473) (1:1000),
Akt (1:1000) and a-tubulin (1:1000) at 4°C overnight. An HRP-
conjugated secondary antibody (1:2000) was added to the mem-
branes following washing, and the antibody reactive bands were
detected with chemiluminescence from the Bio-Rad ImmunStar
WesternC kit using the Bio-Rad Chemidoc XRS+ system, prior to
analysis using Image J (version 1.53t) software.

2.6 | Protein Synthesis

Protein synthesis was measured using both scintillation proxim-
ity assay (SPA) and protein precipitation. SPA was carried out to
measure real-time accumulation of radiolabelled leucine (*C) by
adherent cells. Radioactivity concentrated closer to the scintillator
embedded in the plastic bottom of each well provides a stronger
signal than the radiolabelled substrate in the culture medium,
as described previously [35]. Myotubes were cultured on 96-well
ScintiPlate tissue culture plates, and SPA was used to measure
the cellular accumulation of leucine. The cells were treated with
100uM of either acetate, propionate, or butyrate for 24h prior to
the experiment. On day 7 of differentiation, the cells were given
[**C]leucine (1 uCi/mL, 0.8mM) in the presence or absence of the
SCFAs. A concentration of 0.8mM leucine was chosen to align
with the leucine concentration in the DMEM-Glutamax used.
The time course for [*C]leucine accumulation was measured by a
PerkinElmer 2450 MicroBeta? scintillation counter, and the plate
was counted at 0, 2, 4 and 6h. The amount of protein per well was
determined according to Bradford [36], and the amount of accu-
mulated *C leucine was normalised to total cell protein content.

To measure “C-leucine incorporation into cellular proteins,
myotubes were differentiated in 24-well CellBind culture
plates, as described above, and on day 6 of differentiation, the
cells were treated with 100 uM of either acetate or butyrate or
200uM propionate, for 24h together with [*C]leucine (1uCi/
mL, 0.8mM). The cells were lysed in 0.01% SDS, and the total
cell protein content was measured using the Pierce BCA protein
assay kit. Cellular proteins were precipitated using 6% BSA and
50% trichloroacetic acid, and the protein associated with [1C]
leucine was measured by liquid scintillation using a Packard
Tri-Carb 1900 TR (Perkin Elmer). The [**C]leucine protein was
normalised against the total cell protein content.

2.7 | Lipid Distribution

Myotubes were cultured on 6-well CellBind culture plates
and treated with 100 uM butyrate for 24 h together with [*C]
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leucine (1 uCi/mL, 0.8 mM). The cells were washed twice in
cold PBS before they were harvested in 0.1% SDS, and the
total cell protein concentration was measured using the Pierce
BCA Protein Assay kit according to the manufacturer's proto-
col. The remaining cell lysate was mixed with a 2:1 solution
of chloroform: methanol and 0.6% foetal calf serum (FCS) for
the extraction of lipids. The lipids were separated by thin-layer
chromatography (TLC), as described previously [38], from the
homogenised cell fractions using free fatty acids, cholesterol
ester, mono-, di-, and triglycerides as standards. The lipid-
associated ["*C]leucine was measured by liquid scintillation
using a Packard Tri-Carb 1900 TR (Perkin Elmer), and the
samples were normalised against the total cell protein content.

2.8 | mRNA Quantification by Real Time qPCR

Human satellite cells were proliferated and differentiated in 6-
well CellBind culture plates, as described above, and incubated
for 24h with 100uM of either acetate, propionate, or butyrate.
Total RNA was extracted using the Qiagen RNeasy mini Kkit,
following the manufacturer's protocol. The RNA was reversely
transcribed using the Applied Biosystem's High-Capacity cDNA
reverse transcription kit, following the manufacturer's protocol
and using an Applied Biosystems 2720 Thermal Cycler. Real-
time qPCR was carried out using both the Qiagen's QuantiNova
SYBR Green RT-PCR kit and the Applied Biosystems
StepOnePlus Real-time PCR system with Power SYBR Green
PCR Master Mix, as described in the manufacturer's protocols,
using a Stratagene MX3000p qPCR cycler. GAPDH or RPLPO
was analysed as a housekeeping gene and used for normalising
the expression levels of PDK4, CPT1B, PPARD, PPARG, CD36,

GLUTI and GLUT4. The following human primers were used
(see Table 1).

2.9 | Statistical Analysis

Comparisons between SCFA-treated myotubes and controls were
performed by either one-sample or paired Student's t-tests. The
level of significance was set to «=0.05, and p<0.05 was con-
sidered statistically significant. Data in figures are presented as
mean + SEM unless stated otherwise, and the number of individual
experiments and technical replicates for the experiments are listed
in the figure legends. Graphs were prepared using GraphPad Prism
8.3.0 for Windows (GraphPad Software Inc., San Diego, CA, US).

3 | Results
3.1 | Effects of SCFAs on Glucose Metabolism

To evaluate SCFAs' impact on glucose metabolism in human myo-
tubes, the differentiated muscle cells were treated with 100uM of
either acetate, propionate, or butyrate for 24 h prior to incubation
with D-[**C(U)]glucose in the presence or absence of 100nM insu-
lin for 4h (Figure 1A,B). The selected SCFA concentrations and du-
ration of treatment were based on time course and concentration
experiments (Figures S1 and S2). None of the SCFAs influenced
basal glucose uptake (Figure 1A) or glucose oxidation in myotubes
(Figure 1B). However, insulin-stimulated glucose uptake and oxi-
dation were not apparent after exposure to acetate (Figure 1A,B).
On the other hand, in both control and myotubes exposed to propi-
onate and butyrate, insulin increased glucose uptake and oxidation

TABLE1 | Primer sequences for gene expression analysis by Real-time PCR.

Accession
Gene name (gene symbol) number Forward primer (5’-3') Reverse primer (5’-3')
Pyruvate dehydrogenase kinase 4 (PDK4) BC040239 TTT CCA GAC CAA TGC CCG CAT TGC
CCAATTCACA ATTCTT A
Carnitine palmitoyltransferase 1B (CPT1B) NMO004377 CAA AATTCCCTT CGCTTT GGA AAC
CCT GCT CCA AC CACATC CG
Peroxisome proliferator-activated receptor BC002715 AGC ATCCTC ATG TCT CGA TGT
8 (PPARD) ACC GGC AAA CGTGGATCAC
Peroxisome proliferator-activated receptor L40904 AGC CTG CGA ATT CCA GTG CAT
Y (PPARG) AAGCCTTTTG TGA ACT TCA CA
Platelet glycoprotein 4 (CD36) L06850 AGT CAC TGC GAC CTG CAATACCTG
ATG ATT AAT GGT GCTTTT CTC AA
Solute carrier family 2, facilitated glucose K03195 CAG CAG CCCTAA CCG GCTCGG CTG ACATC
transporter member 1 (GLUT1 or SLC2AI) GGATCTCTCA
Solute carrier family 2, facilitated glucose M20747 ACCCTG GTCCTT ACCCCAATGTTG
transporter member 4 (GLUT4 or SLC2A4) GCTGTGTT TACCCAAACT
Glyceraldehyde-3-phosphate NM002046 TGC ACC ACC AAC GGC ATG GACTGT
dehydrogenase (GAPDH) TGCTTA GC GGT CAT GAG
Acidic ribosomal phosphoprotein PO M17885 CCATTC TAT CAT AGC AAGTGG GAA
(RPLPO) CAA CGG GTA CAA GGT GTAATCC
40f 12 Endocrinology, Diabetes & Metabolism, 2025



to the same extent (15%-20%). Basal and insulin-stimulated gly-
cogen synthesis were also determined in control myotubes and in
myotubes treated with SCFAs (Figure 1C). As expected, insulin
increased glycogen synthesis about 2-fold, and both baseline and
insulin-stimulated glycogen synthesis appeared to be unchanged
by treatment with SCFAs (Figure 1C).

3.2 | Effects of SCFAs on Insulin Signalling

Butyrate has previously been demonstrated to improve insulin
sensitivity in C2C12 myoblasts [39]. To examine the effects of
SCFAs on insulin signalling in primary human myotubes, we
looked at insulin-stimulated phosphorylation of Akt (Figure 2).
Neither of the SCFAs appeared to affect insulin-stimulated
phosphorylation of Akt in the present study (Figure 2A,B).

3.3 | Effect of SCFAs on Oleic Acid Metabolism

Having investigated the effects of SCFAs on glucose metabolism,
we next turned our attention to the putative effect of SCFAs in

A B

regulating fatty acid uptake and oxidation in the myotubes
(Figure 3). The observed SCFA effects on oleic acid metabolism
were modest but with a significant increase in both uptake and
oxidation following 100 uM butyrate treatment (Figure 3A,B).

3.4 | Effects of Palmitate and GLPG0974 on
Glucose and Oleic Acid Metabolism

Previous studies have indicated that butyrate can counteract the
effect of palmitate [39, 40]. This motivated a comparison of the ef-
fects of SCFAs on the uptake and oxidation of glucose and oleic
acid in palmitate-treated human myotubes. Myotubes were treated
with 100 uM acetate, propionate, or butyrate in the presence or ab-
sence of 300uM palmitate for 24h. There were no observable ef-
fects of SCFAs on the uptake or oxidation of [1*C]glucose or [1-1C]
oleic acid in the presence of 300 uM palmitate (Figure S3).

GLPG0974 is a known antagonist of the receptor GPR43 and has
been shown to inhibit the observed beneficial effects of butyr-
ate in rat aortic endothelial cells [41]. To investigate if glucose
and oleic acid metabolism in human myotubes were mediated

@)

=3 Control
=3 Acetate
= Propionate

600 * * * 600 * * * =3 Butyrat

'S
=]
=3

400

N
=
=

200

Glucose uptake
(nmol/mg protein)
Glucose oxidation
(nmol/mg protein)

Glycogen synthesis (% of control)

+ -+ -+ - 4+ -+ - 4+ -+ - %

Insulin 100 nM Insulin 100 nM

Insulin 100 nM

FIGURE1 | Glucose metabolism in cultured human myotubes following short-chain fatty acid (SCFA) treatment in the presence or absence of
insulin (100nM). Human myotubes were cultured in 6-well CellBind culture plates and treated with 100 uM of either acetate, propionate, or butyrate
for 24 h before the uptake and oxidation assays. The myotubes were then incubated with D-[**C(U)]glucose (1 wCi/mL, 200uM) in the presence or
absence of 100nM insulin for 4h. Glucose uptake (A) was assessed as the sum of both oxidised D-['#C(U)]glucose and the remaining cell-associated
radioactivity; data are given as mean = SEM. Glucose oxidation (B) refers to the oxidised D-[**C(U)]glucose trapped in a filter as CO, and counted by
liquid scintillation; data are given as mean = SEM. Glycogen synthesis (C) was assessed in 6-well plates and refers to precipitated glycogen contain-
ing D-[**C(U)]glucose measured by liquid scintillation and related to unstimulated control myotubes (% of control). The average myotube glycogen
content in the unstimulated control myotubes was 4.4+ 1.3nmol/mg cell protein. n=3-5 individual experiments with 3-4 technical replicates per
experiment. *p < 0.05 vs. basal, by paired Student's t-test.
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FIGURE 2 | Effect of short-chain fatty acids (SCFAs) on insulin-stimulated phosphorylation of Akt. Human myotubes were cultured in 6-well
CellBind culture plates and treated with 100 uM of either acetate, propionate, or butyrate for 24 h before the myotubes were stimulated with or with-
out 100nM insulin for 15min. Western Blot (A) analysis of cell lysates using antibodies against phospho-Akt (P-Akt, S473), total Akt and a-tubulin.
A representative blot is shown. Densitometry analysis (B) of P-Akt relative to total Akt. Expression levels were normalised to a-tubulin and related
to the insulin-treated control. Data are given as mean +SEM (n=3).
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by GPR43 activation, we treated the cells with 100uM acetate, 24h incubation (Figure 4B). Interestingly, butyrate induced a
propionate, or butyrate in the presence or absence of 100nM of  rapid leucine accumulation in the myotubes that remained stable
GLPG0974 for 24h prior to incubation with either [**C]glucose  for up to 24h (Figure 4A,B). Although the protein incorporation
or [*CJoleic acid. There were no significant changes in uptake or of leucine after 24h failed to show a significant difference from
oxidation of these energy sources in the presence of the GPR43- the non-treated control as inferred from Student's ¢-test, the aver-
antagonist GLPG0974 (Figure S4). age level after 24h corresponded with the established degree of

incorporation between 2 and 6h (Figure 4A). Both experiments

indicated about a 2-fold increase in leucine accumulation and in-
3.5 | Effects of SCFAs on Protein Synthesis corporation following butyrate treatment.

As SCFAs have already been established to affect skeletal muscle

mass [22], we wanted to investigate whether SCFAs could affect 3.6 | Effect of Butyrate on Leucine Incorporation
protein synthesis in the myotubes. We assessed cellular accumu-  Into Lipids

lation of ["*C]leucine (Figure 4A) and the incorporation of [**C]

leucine into proteins (Figure 4B) following myotube treatment  In view of the subtle effect of butyrate on oleic acid metabo-
with 100 uM of either acetate, propionate, or butyrate. Two differ- lism, as well as the accumulation and incorporation of #C-
ent approaches were performed, scintillation proximity assay for leucine into proteins, the incorporation of *C-leucine into
[**C]leucine accumulation up to 6h (SPA, Figure 4A) and protein lipids was further analysed. Thin layer chromatography
precipitation after [**C]leucine incorporation obtained during (TLC) was carried out following 24h treatment with ['C]
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FIGURE3 | Oleicacid metabolism in human myotubes following short-chain fatty acid (SCFA) treatment. Human myotubes were cultured in 96-
well CellBind microplates before they were treated with 100 uM of either acetate, propionate, or butyrate for 24 h. The myotubes were then incubated
with [1-14C]oleic acid (1 uCi/mL, 100uM) for 4h. Oleic acid uptake (A) was assessed as the sum of both oxidised [1-*C]oleic acid and the remaining
cell-associated radioactivity. Oleic acid oxidation (B) refers to the oxidised [1-'*C]oleic acid trapped as CO, and counted by liquid scintillation. Data
are given as mean = SEM, n=7 individual experiments with 4 technical replicates per experiment. *p < 0.05 vs. control, paired Student's ¢-test.
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FIGURE 4 | Effect of short-chain fatty acids (SCFAs) on cell-associated leucine (A) and incorporation of leucine into cellular proteins (B). (A)
Human myoblasts were seeded out in ScintiPlates, grown and differentiated into myotubes. On day 6 of differentiation, the myotubes were treated
with 100uM of either acetate, propionate, or butyrate for 24 h. The myotubes were then incubated with ['#C]leucine (1 uCi/mL, 0.8 mM) * their re-
spective SCFA, and the real-time accumulation of [**C]leucine was monitored for 6 h with scintillation proximity assay (SPA) technology. Results are
presented as mean + SEM from four individual experiments (n=4) with 8-16 technical parallels in each experiment. *p < 0.05 versus control, paired
Student's t-test. (B) Human myotubes were cultured in 24-well plates, and on day 6 of differentiation, the myotubes were treated with 100 uM of ei-
ther acetate or butyrate, or 200 uM propionate, for 24 h together with [**C]leucine (1 uCi/mL, 0.8 mM). The cellular proteins were precipitated with
trichloroacetic acid and counted by liquid scintillation. Data are given as % of control (100%) mean + SEM from three individual experiments (n=3)
each with 3 technical replicates. The average leucine incorporation in control myotubes was 145 + 36 nmol/mg cell protein.
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TABLE 2 | Incorporation of [**C]leucine (1 uCi/mL, 0.8 mM) into lipids in cultured human myotubes following 24 h of treatment with 100 uM

butyrate.
Phospholipids Diacylglycerol Free fatty acids Triacylglycerol Cholesterol ester Sum of lipids
Control 1.60+0.55 0.74+£0.06 0.18+0.04 0.25+0.04 0.06+0.01 2.83+0.56
Butyrate 1.62+0.45 0.60+0.15 0.08 £0.04* 0.17+0.04 0.06+0.01 2.53 +£0.58
Note: Distribution of lipids in nmol/mg.
*Statistically significant (p <0.05 vs. control, paired Student's t-test), n =3, each with 2 technical parallels.
leucine and butyrate (Table 2). Leucine was incorporated into A B
all lipid classes and most in the phospholipid fraction (57%). 30 30
The total incorporation into lipids (sum of lipids) was not sig- T
nificantly changed by butyrate; however, butyrate reduced the ) '5 % 'g
incorporation of leucine in the free fatty acid fraction by more % g_ 207 s g_ 209 T
than 50%, indicating that butyrate can affect lipid distribution §‘ g, 2 g;
in myotubes. L o E
1 myotd <, S 10- L I 3 104
= - c
3.7 | Acetate and Butyrate as Energy Substrates 0 0 : I | ]
1 I

In view of the effect of butyrate on oleic and amino acid me-
tabolism, we investigated the ability of the myotubes to directly
oxidise SCFAs. The myotubes were incubated with either [**C]
acetate or [“C]butyrate in the absence of other energy sub-
strates, and uptake and oxidation were measured similarly to
glucose and oleic acid (Figures 1 and 3, respectively). Both ace-
tate (Figure 5A) and butyrate (Figure 5B) were taken up by the
myotubes, and about 42% of the acetate was oxidised, whereas
about 17% of the butyrate was oxidised.

3.8 | Gene Regulation by SCFAs

As shown, SCFAs, particularly butyrate, can regulate energy
metabolism. We therefore wanted to examine whether metabol-
ically relevant genes were affected by SCFA treatment. While
some of the genes appeared to be regulated by SCFAs, only
propionate was observed to increase CPT1B mRNA expression
(Figure 6).

4 | Discussion

In this study, we have examined the possible impact of SCFAs
on the uptake and utilisation of glucose, oleic acid, and leucine
in cultured human myotubes. While there was no observed in-
fluence by SCFAs on basal or insulin-stimulated glucose metab-
olism, we found that butyrate increased both oleic acid uptake
and oxidation, as well as leucine accumulation in human myo-
tubes. We have previously shown that human myotubes express
MCTs 1-4 [16], and here we showed that the SCFAs acetate and
butyrate are both taken up and utilised as energy sources in cul-
tured primary human myotubes. To the best of our knowledge,
this is the first study conducted in primary human myotubes
investigating SCFAs ability to modulate energy metabolism and
protein synthesis.

We did not observe any marked changes in glucose uptake, nor
oxidation or glycogen synthesis following treatment with any of
the SCFAs (Figures 1 and 2). In support of these findings, we

FIGURE 5 | Uptake and oxidation of acetate and butyrate in cul-
tured human myotubes. Human myotubes were cultured in 96-well
CellBind microplates and incubated with (A) [1-"*Clacetate (2uCi/mL,
100uM) (n=6), or (B) [1-"*C]butyrate (0.6 uCi/mL, 12puM) (n=3) for 4h
after 6-7days of differentiation. Substrate uptake was assessed as the
sum of both oxidised radiolabelled energy substrates and the remain-
ing cell-associated radioactivity. Oxidation refers to oxidised radiola-
belled substrates trapped as CO, in a filter and counted by liquid scin-
tillation. Data are given as mean #C-labelled substrates (nmol/mg cell
protein) + SEM, n=6 for acetate, 3 for butyrate, and with 4 technical
replicates per experiment.

did not see any significant increase in GLUTI or GLUT4 mRNA
expression following SCFA treatment (Figure 6). This was in
contrast with previous findings, where insulin-independent glu-
cose uptake in rat L6 myotubes was increased following 24-48h
acetate treatment [25] and following 30min propionate treat-
ment in mouse C2C12 myotubes [42]. A combination of all three
SCFAs on mouse C2C12 cells has previously been shown to in-
crease glucose uptake [43]; this was however observed following
treatment with concentrations much higher than ours (5mM vs.
100 uM). The conflicting results between our findings and these
previous studies may also be due to species differences [44] or
variable incubation periods.

We assessed the effect of SCFAs on a selection of metabolically
relevant genes, in particular genes involved in fatty acid me-
tabolism and energy selection. While butyrate was shown to
slightly increase the uptake and oxidation of oleic acid following
24h of treatment, this was not accompanied by the increased
mRNA expression of the genes expected to be involved in fatty
acid metabolism, namely CD36, PDK4, or CPT1B (Figure 6). We
did however see a significant increase in CPT1B mRNA expres-
sion following propionate treatment, but this was not associated
with a significantly increased oleic acid oxidation by propio-
nate. However, a larger sample size could potentially provide
more sensitivity to detect small changes. A review by Frampton
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FIGURE 6 | mRNA expression of metabolically relevant genes after myotube treatment with short-chain fatty acids (SCFAs). Human myotubes
were cultured in 6-well plates, and on day 6 of differentiation, the cells were treated with 100 uM of either acetate, propionate, or butyrate for 24 h.
For the assessment of CYTC1, 200 uM propionate was used. The mRNA expression was measured by real-time qPCR and normalised against the
housekeeping genes GAPDH and/or RPLP0. GLUT1, CD36 and CPT1b were normalised against either RPLPO or GAPDH. CYTCI was normalised
against RPLPO, whereas GLUT4, PDK4, PPARS and PPARy were normalised against GAPDH. CD36 = Platelet glycoprotein 4, CPT1B= Carnitine pal-
mitoyltransferase 1B, CYTCI = Cytochrome C1, GAPDH = glyceraldehyde-3-phosphate dehydrogenase, GLUTI =Solute carrier family 2 facilitated
glucose transporter member 1 (SLC2A1), GLUT4=Solute carrier family 2 facilitated glucose transporter member 4 (SLC2A4), PDK4=Pyruvate de-
hydrogenase kinase 4, PPARS = Peroxisome proliferator-activated receptor 8, PPARy = Peroxisome proliferator-activated receptor y, RPLPO=Human
large ribosomal protein PO. The data are shown as mean + SEM and the control is set to 1. For CD36, CPT1B and GLUT1, n=6; for CYTCI1, GLUTA4,
PDK4, PPARD and PPARY, n=3, with 2 technical replicates of each. * Statistically significant (p <0.05, with one sample t-test).

and co-workers describes that SCFAs are indicated to prevent rat-derived cell line L6. The myotubes used in this study showed
lipid accumulation in skeletal muscle cells [23], and in line with a tendency toward increased mRNA expression of the tested
our findings, SCFAs have previously been shown to increase genes following treatment with all SCFAs, which could indicate
both the uptake and oxidation of fatty acids [18, 25, 45]. These improved mitochondrial function. These findings were however
studies have, however, used either biopsies from rodents or the not significant.
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Butyrate has been shown to counteract the inhibitory effect
of palmitate on insulin signalling in mouse C2C12 cells [39].
Therefore, we wanted to assess if SCFAs could modify myo-
tube metabolism of glucose and oleic acid in palmitate-treated
human myotubes. As shown in Figure S3, PA increased both
glucose and oleic acid uptake and oxidation, and no significant
changes were observed in the presence of SCFAs. It can be pos-
tulated that the presence of an additional 400 uM non-labelled
fatty acids (100uM SCFA and 300uM palmitate) may have
masked potential metabolic effects, especially in the case of oleic
acid, where the myotubes have taken up and utilised these non-
labelled substrates that are undetectable with the method used.

In previous studies, insulin has been shown to increase glucose
uptake by upwards of 50% in human myotubes [46]. Here we
show an increase in glucose uptake and oxidation by 22% and 20%,
respectively, following treatment with 100nM insulin (Figure 1).
Insulin also induced phosphorylation of Akt and increased gly-
cogen synthesis, here about two-fold [46]. Treatment with SCFAs
alone for 24 h did not affect baseline or insulin-stimulated phos-
phorylation of Akt or glycogen synthesis. Previous findings have,
however, shown that glycogen content, and thus assumingly gly-
cogen synthesis, was increased in rat muscle 4 h post-prandially
using chow containing acetic acid [47]. Interspecies differences,
as well as differences between in vivo and in vitro methodolo-
gies, may be the reason for this contrast, but we cannot rule out
the possibility of observing a similar effect in human myotubes
if they had been treated with SCFAs for a shorter time period.
Consistent with the glycogen synthesis results, insulin signalling
by phosphorylation of Akt did not appear to be altered following
24h treatment with the SCFAs (Figure 2). For our experiments,
the myotubes used were isolated from lean donors with normal
glucose tolerance, so it can be speculated that the results could
potentially be more marked by using myotubes isolated from in-
dividuals with type 2 diabetes mellitus, or those with obesity. In
fact, it has been observed that men with obesity receiving faecal
transplants from lean donors had an increase in insulin sensitiv-
ity associated with an increase in butyrate producing bacteria in
the gut 6 weeks post transplantation [48]. Improved insulin sen-
sitivity in microbiota-depleted mice receiving faecal transplants
from lean, but not obese, mice has previously been described [4].
There have also been observations in murine studies where there
was a reduction in body weight and a shift toward improved in-
sulin sensitivity following SCFA treatment in mice with high-fat
diet-induced obesity [24].

While treatment of the myotubes with SCFAs did not appear to
modulate energy metabolism of glucose and oleic acid to a great
extent, the SCFAs appeared to increase muscle protein synthesis,
as shown by SPA (Figure 4A). Although all three of the SCFAs
seemed to increase the accumulation and incorporation of leu-
cine into cellular protein, butyrate had the most profound effect
and was the only one showing a statistical significance. We also
found that butyrate treatment reduced incorporation of leucine-
derived carbons into free fatty acids, while the total lipid con-
tent remained the same. Interestingly, most of the data available
regarding the effects of SCFAs on protein synthesis are with
butyrate. Butyrate has previously been shown to exert growth-
promoting properties in an intestinal porcine epithelial cell
model (IPEC-J2), which was suggested to be through activation
of the Akt/mTOR mediated protein synthesis pathway [49]. In

contrast to our study, these epithelial cells were cultured in 1 mM
butyrate-containing media for the entire differentiation period,
and the Akt/mTOR pathway was activated by lipopolysaccharide
[49]. Although our findings did not reveal phosphorylation of
Akt following 24 h of SCFA treatment, we cannot rule out that
a different treatment duration could activate Akt. Alternatively,
butyrate might activate other protein synthesis-promoting path-
ways or, suggestively, act similarly to the chemically related
structure f-hydroxy-g-methyl butyrate (HMB), which was previ-
ously found to suppress protein degradation in C2C12 myotubes
[50]. Several studies have found butyrate to have protective ef-
fects on muscle atrophy, both when measuring levels of butyr-
ate in serum from human subjects [51, 52], and in muscle tissue
from mice [21]. However, it has been suggested that the SCFAs
might not influence skeletal muscle mass in conditions where
there is an energy surplus, such as obesity, but are rather benefi-
cial when there is an increased metabolic demand, for instance
during developmental growth, fasting, exercise and ageing [23].
In support of this, one study found that butyrate contributes to
postnatal muscle growth in piglets through enhanced satellite
cell myogenesis, increased myonuclear accretion and subsequent
myofiber hypertrophy [53].

SCFAs may contribute to myotube metabolism by several mech-
anisms. SCFAs have been established to be ligands of the mem-
brane bound G protein-coupled receptors GPR41 and GPR43
[26-28]. The receptors' role in muscle metabolism is however
still poorly understood, and there remains a need for further
studies. Neither glucose nor oleic acid metabolism was altered
using the GPR43 antagonist GLPG0974 in the present study.

It can be argued that limitations of the experiments include
the concentrations of the individual SCFAs, as well as the ex-
perimental durations. The concentrations of the SCFAs in the
current study were above the physiological concentrations.
Additionally, in a physiological milieu, the SCFAs may poten-
tially function in tandem, as well as more acutely than 24h.
In this study, the SCFA concentrations used have ranged from
10 to 1000uM, which for at least propionate and butyrate sur-
passes physiologically observed concentrations |7, 8]. In IPEC-J2
cells, no significantly adverse effects were observed using 1 mM
butyrate [49]. The 100-200uM of SCFAs used in this study is
closer to the physiological range than many other in vitro stud-
ies (0.5-5mM) [25, 43, 49, 54]. This may account for some of the
discrepancies between our findings and other studies. We did,
as shown in Figure S1, not see any differences in glucose or oleic
acid metabolism when increasing the SCFA concentrations.
Still, while systemic concentrations of the SCFAs may remain
relatively low, they may still play a direct role as both regulators
and energy sources in human skeletal muscle, or they may affect
the myotubes indirectly by their use in secondary metabolite
production [23].

The findings of the current study suggest that SCFAs, especially
butyrate, may potentially have clinical applications. Butyrate
was shown to increase both uptake and oxidation of oleic acid,
indicating a beneficial role in metabolic health. Additionally,
our findings indicate that butyrate may have some anabolic
properties in human skeletal muscle, which might be relevant.
Still, further studies are needed to examine the possible thera-
peutic potential of SCFAs.
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In conclusion, we have shown that SCFAs elicit metabolic ef-
fects on cultured human myotubes. The separate SCFAs can be
metabolised to different extents, and they exert different roles in
modifying leucine accumulation as well as incorporation into
free fatty acids. In the current study, butyrate emerges as the
most effective SCFA in regulating both oleic acid and leucine
metabolisms in cultured human skeletal muscle cells.
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