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Very little is known about how long-term (>6 months) adaptation to a low-carbohydrate, high-fat (LCHF) diet affects insulin
signaling in healthy, well-trained individuals. This study compared glucose tolerance; skeletal muscle glucose transporter 4
(GLUT4) and insulin receptor substrate 1 (IRS1) content; and muscle enzyme activities representative of the main energy
pathways (3-hydroxyacetyl-CoA dehydrogenase, creatine kinase, citrate synthase, lactate dehydrogenase, phosphofructokinase,
phosphorylase) in trained cyclists who followed either a long-term LCHF or a mixed-macronutrient (Mixed) diet. On separate
days, a 2-hr oral glucose tolerance test was conducted, and muscle samples were obtained from the vastus lateralis of fasted
participants. The LCHF group had reduced glucose tolerance compared with the Mixed group, as plasma glucose concentrations
were significantly higher throughout the oral glucose tolerance test and serum insulin concentrations peaked later (LCHF, 60min;
Mixed, 30 min). Whole-body insulin sensitivity was not statistically significantly different between groups (Matsuda index:
LCHF, 8.7 ± 3.4 vs. Mixed, 12.9 ± 4.6; p = .08). GLUT4 (LCHF: 1.13 ± 0.24; Mixed: 1.44 ± 0.16; p = .026) and IRS1 (LCHF:
0.25 ± 0.13; Mixed: 0.46 ± 0.09; p = .016) protein content was lower in LCHF muscle, but enzyme activities were not different.
We conclude that well-trained cyclists habituated to an LCHF diet had reduced glucose tolerance compared with matched
controls on a mixed diet. Lower skeletal muscle GLUT4 and IRS1 contents may partially explain this finding. This could possibly
reflect an adaptation to reduced habitual glucose availability rather than the development of a pathological insulin resistance.
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There is growing interest in low-carbohydrate, high-fat (LCHF)
diets (∼50 g/day of carbohydrate) for their potential to improve
insulin resistance and type 2 diabetes (T2D) (Bueno et al., 2013;
Feinman et al., 2015; Hallberg et al., 2019). Within athletic
populations, an increasing number of individuals are experimenting
with LCHF diets because of body composition and/or to improve fat
oxidation (Gregory et al., 2017; Michalczyk et al., 2018; Volek
et al., 2016; Webster et al., 2016). However, LCHF diets are partly
controversial because many commonly eaten LCHF foods have
been implicated in heart disease, obesity, and T2D (Ludwig et al.,
2018). A few days of consuming the LCHF diet can increase
postprandial blood glucose concentrations in healthy individuals
and reduce the capacity of skeletal muscle to oxidize a carbohydrate
load, suggesting a typical state of poor glucose clearance rates
synonymous with tissue insulin resistance (Bisschop et al., 2001;
Himsworth, 1934, 1940; Numao et al., 2012). AlthoughHimsworth
(1934) showed that the LCHF diet causes reduced blood glucose
clearance in healthy untrainedmen, the molecular mechanisms have
yet to be established.

Insulin receptor substrate 1 (IRS1) and glucose transporter 4
(GLUT4) are key proteins in the insulin signaling pathway of
skeletal muscle. The binding of insulin to the insulin receptor

results in IRS1 phosphorylation, which initiates a signaling cascade
and GLUT4 translocation to the membrane and the rapid uptake of
glucose (Copps & White, 2012). During a bout of exercise,
however, GLUT4 translocation and its upregulation are regulated
via the Ca2+-calmodulin kinase pathways, independent of insulin
(Holloszy, 2011; Richter & Hargreaves, 2013). Impairments in the
insulin signaling pathways are associated with insulin resistance
and impaired glucose tolerance. The insulin signaling pathway has
yet to be investigated after chronic carbohydrate restriction in
healthy, well-trained individuals.

The aim of this study was, therefore, to compare glucose
tolerance, muscle GLUT4 and IRS1 content, and key enzyme
activities representative of major energy pathways, in well-trained
cyclists who had followed either a long-term LCHF or a mixed-
macronutrient diet (Mixed). We hypothesized that the LCHF group
would have lower glucose tolerance, lower GLUT4 and IRS1
content, and higher fat oxidation enzyme activities.

Methods

The human research ethics committee of the UCT Faculty of Health
Sciences approved the study (REF: 453/2012) and was performed
in accordance with the principles of the Declaration of Helsinki.
Participants provided written informed consent before study
enrolment. This cross-sectional analysis formed part of a larger
study comparing muscle metabolism, substrate oxidation, and
endogenous glucose production (EGP) in trained cyclists habitu-
ated to an LCHF diet and matched cyclists habituated to a Mixed
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diet (Webster et al., 2016). For convenience, relevant methods and
results from the earlier publication are repeated in this article.

The LCHF and Mixed diet groups each comprised seven
healthy, well-trained, male cyclists who were matched for age,
VO2max, peak power output, and body composition (Table 1) and
who were following their respective diets without any significant
changes for at least 6 months. The mean carbohydrate intake and
following duration of the LCHF diet averaged 50 ± 20 g/day
(range: 5–82 g/day) and 13 ± 6 months (range: 8–24 months),
respectively. Dietary carbohydrate content of the Mixed group
was 394 ± 102 g/day (range: 272–561 g/day), and they had fol-
lowed their diets for 107 ± 115 months (range: 9–360 months).
There was no difference in protein intake or total energy intake
between groups (Webster et al., 2016).

The larger study consisted of four laboratory visits on separate
days: (a) a peak power output test; (b) an exercise familiarization
trial; (c) an experimental trial to measure EGP, muscle glycogen
usage, and substrate oxidation; and (d) an oral glucose tolerance
test (OGTT). Data from muscle samples collected at rest before the
experimental trial and from the OGTT are presented in this paper.
Participants completed the experimental trial 72 hr after the
familiarization ride (2 hr of steady-state cycling at 55% of peak
power output) and were instructed to refrain from exercise during
this period. For the experimental trial, participants arrived at the
laboratory at 6:00 a.m. in the morning of the experimental trial,
following an 11.5-hr overnight fast. A muscle biopsy was per-
formed on the right vastus lateralis at 8.20 a.m., which was 10 min
prior to the start of exercise (Webster et al., 2016). The OGTT was
performed on a separate visit, 72 hr after the experimental trial.
Participants were instructed to refrain from exercise during this
period and arrived at the laboratory on the morning of the OGTT
after a 12-hr overnight fast. For the OGTT, a baseline blood sample
was collected from a cannula inserted into an antecubital vein,
followed by the ingestion of 75-g glucose dissolved in 250-ml
water. Blood samples were collected 30-, 60-, 90-, and 120-min
postingestion. Blood samples were collected in vacuum tubes
(Greiner Bio-One, Kremsmünster, Austria; plasma: oxalate and
fluoride; serum: clot activator and gel for serum separation);
centrifuged immediately after the trial for 10 min at 3000 rpm;
and analyzed for plasma glucose and serum insulin concentrations

(glucose oxidase method, YSI 2300 STAT PLUS, New York, NY;
OH and Automated chemiluminescence, Centaur CP system, Sie-
mens Healthcare Diagnostics NY, USA, respectively). The homeo-
static model assessment of insulin resistance (HOMA-IR) and
Matsuda index were calculated from the OGTT as follows:

HOMA-IR =
ðFPG × FSIÞ

22.5
,

where FPG is fasting plasma glucose (in mmol/L) and FSI is fasting
serum insulin (in μU/ml).

Matsuda index =
10; 000

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðFPG × FSI × G × IÞp ,

where G and I are the mean glucose and insulin concentrations
during the OGTT, respectively (Matsuda & DeFronzo, 1999).
Higher values indicate better whole-body insulin sensitivity.

The hepatic insulin sensitivity index (ISI) was calculated from
rates of EGP and fasting insulin concentrations measured at rest
during the experimental trial (Webster et al., 2016). The formula was:

Hepatic ISI =
100

ðEGP × FSIÞ
where EGP in mg/kg/min. Higher values indicate better hepatic
insulin sensitivity at rest.

For the quantification of muscle protein content, approxi-
mately 50-mg muscle was homogenized and sonicated on ice in
a homogenizing buffer containing 56-mM Tris, pH 7.4, 150-mM
NaCl, 1-mMEDTA, 0.1% SDS, 10-mMNa4P2O7, 20-mMNaF, 1x
complete protease inhibitor cocktail (Roche, Basel, Switzerland),
and 1% Triton-X100. After determining the protein concentration
(Bradford, 1976), a volume of sample was diluted with Laemmli
sample buffer (ratio 1:1) and loaded in duplicate (with two samples
serving as loading controls) onto sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gels. GLUT4
(#ab654, dilution 1:1000; Abcam, Cambridge, MA) and IRS1
(#3407, 1:1000; Cell Signaling Technology, Danvers, MA) anti-
body binding linearity were determined by resolving various
amounts of total protein and plotting the optical densities of the
bands against total protein loaded (Figure 1a, 1b, 1e, and 1f)
(Murphy & Lamb, 2013). Muscle GLUT4 content was determined

Table 1 Physiological and Metabolic Parameters of Participants

LCHF Mixed p value

Physiological characteristics

Age (years) 36 ± 6 32 ± 5 .24

Weight (kg) 78 ± 9 74 ± 8 .41

BMI (kg/m2) 23.6 ± 1.8 23.4 ± 2.0 .76

VO2max (ml/min/kg) 61 ± 5 63 ± 8 .61

PPO (W/kg) 4.8 ± 0.4 5.0 ± 0.4 .34

Metabolic parameters

Endogenous glucose production (mg/kg/min) 1.6 ± 0.2 2.0 ± 0.3 .004

Hepatic insulin sensitivity index 15.6 ± 3.9 10.4 ± 5.0 .053

Fat oxidation rate (g/min) 1.21 ± 0.15 0.56 ± 0.17 <.01

Carbohydrate oxidation rate (g/min) 1.22 ± 0.42 2.89 ± 0.41 <.01

Note. Values are mean ± SD. Reported values are from the experimental trial (visit 3) of the larger study, during which
endogenous glucose production was quantified at rest and during exercise. Substrate oxidation rates were measured during
steady-state exercise at 50% of PPO. BMI, body mass index; LCHF = low carbohydrate high fat; PPO, peak power output.
Table adapted from Webster et al. (2016).
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by loading 25-μg total protein onto a 10% denaturing acrylamide
gel without heating the sample, whereas the IRS1 sample was
heated (5 min at 95 °C), and 50-μg total protein resolved on a 7.5%
gel. The separated proteins were transferred to polyvinylidene

difluoride (PVDF) membranes, and blocked in 3% bovine serum
albumin (BSA) phosphate buffered saline (PBS) containing 0.1%
Tween-20 (PBS-T), pH 7.4. Each membrane was incubated in the
respective primary antibody diluted in PBS-T overnight at 4 °C.

Figure 1 — (a) GLUT4 immunoblot showing respective intensities of various protein concentrations loaded to validate antibody linearity. (b) GLUT4
standard curve plotted from band intensities in (a) to protein concentrations. (c) Representative GLUT4 and α-tubulin blots of two LCHF and two Mixed
diet athletes. (d) Skeletal muscle GLUT4 content normalized to α-tubulin from the two groups. (e) IRS1 immunoblot showing respective intensities of
various protein concentrations loaded to validate antibody linearity. (f) IRS1 standard curve plotted from band intensities in (d) to protein concentrations.
(g) Representative IRS1 and α-tubulin blots of two LCHF and twoMixed diet athletes. (h) Skeletal muscle IRS1 content normalized to α-tubulin from the
two groups. LCHF indicates low carbohydrate high fat; a.u. = arbitrary units; GLUT4 = glucose transporter 4; IRS1 = insulin receptor substrate 1.
*Significant difference between groups (p < .05). p values were determined using the Mann–Whitney U test.
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After washing, the membranes were incubated with goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody for an hour
at room temperature. The bands were visualized using chemilumi-
nescence and quantified using Un-Scan-It (Silk Scientific Corpo-
ration, Orem, UT) (Figure 1a, 1c, 1e, and 1g). Bands were
normalized to α-tubulin (#2144, 1:2000; Cell Signaling Technol-
ogy) using the same membranes stripped of all antibodies before
repeating the steps previously described.

Enzyme activities that served as markers for the respective
metabolic pathways were creatine kinase (EC2.7.3.2) for rapid
adenosine triphosphate (ATP) replenishment capacity, phosphory-
lase (EC2.4.1.1) for glycogen breakdown capacity, phosphofruc-
tokinase-1 (EC2.7.1.11) for flux capacity through glycolysis,
lactate dehydrogenase (EC1.1.1.27) for lactate production from
pyruvate, citrate synthase (EC2.3.3.1) for Krebs cycle oxidative
capacity, and 3-hydroxyacetyl-CoA dehydrogenase (3HAD;
EC1.1.1.35) for fat oxidation capacity. Enzyme activities were
determined fluorometrically at excitation and emission wavelengths
of 340 and 460 nm, respectively (Kohn et al., 2007; 2011). Briefly,
freeze-dried tissue was weighed and homogenized in ice-cold
potassium phosphate buffer (pH 7.40), sonicated, the protein content
determined (as previously described), and stored at –87 °C until
analyses. A standard nicotinamide adenine dinucleotide (NADH) or
nicotinamide adenine dinucleotide phosphate (NADPH) curve was
constructed to determine the concentration of produced (reduced) or
used (oxidized) pyridine nucleotides in each reaction. For each
reaction, the maximum slope was determined and expressed relative
to the amount of protein (μmol/min/g protein). All reagents were
from Sigma-Aldrich (St. Louis, MO), unless otherwise reported.

The relative muscle fiber type was determined by separating
the three myosin heavy chain isoforms I, IIA, and IIX using
SDS-PAGE, as previously described (Kohn & Myburgh, 2006).
The bands were visualized using silver stain and quantified using
Un-Scan-It (Silk Scientific Corporation).

All data are expressed asmean ± SD. Statistical procedures were
performed using GraphPad Prism (version 8; GraphPad Software
Inc., San Diego, CA). Prior to significance testing, the assumptions
of normality and equivalence of variance were tested using the
Shapiro–Wilk and Levene tests, respectively. Statistical differences
in plasma glucose and serum insulin concentrations during the
OGTT were calculated using a mixed-model analysis of variance.
If a significant interaction effect was found, further analysis was
conducted using Dunnett post hoc test. Insulin sensitivity indices,
protein content, and enzyme activities were not normally distributed
and nonparametric tests for significance were used. Differences
between groups (mean ranks) were determined using the Mann–
WhitneyU test. Cohen d is reported as ameasure of effect size for the
difference in IRS1 and GLUT4 content, and their associations with
blood glucose concentrations during the OGTT were determined
using Spearman rho. Significance was set at p < .05.

Results

Participant characteristics and relevant results from Webster et al.
(2016) are shown in Table 1. Hepatic ISI was not different between
groups. Reported substrate oxidation rates were measured during the
final 30 min of a 2-hr steady-state ride at 50% of VO2max. The
LCHF group had significantly higher fat oxidation rates and lower
carbohydrate oxidation rates than theMixed group (Table 1). During
the OGTT, there were no differences between groups in fasting
plasma glucose or fasting serum insulin concentrations, HOMA-IR
(LCHF, 1.0 ± 0.5; Mixed, 0.9 ± 0.4; p = .58), or the Matsuda index

(LCHF, 8.7 ± 3.4; Mixed, 12.9 ± 4.6; p = .08). Every individual was
within the healthy range for the previous indices (Matsuda &
DeFronzo, 1999; Radikova et al., 2006). Plasma glucose concen-
trations were higher in the LCHF group during the course of
the OGTT (Figure 2a). Peak serum insulin concentrations were
similar between the LCHF and Mixed groups (44.8 ± 20.2 vs.
38.6 ± 26.0 μU/ml, respectively), but the peak was significantly
later (60 min) in the LCHF group. Serum insulin concentrations had
returned to values similar to baseline after 60 min in the Mixed
group, but only after 120 min in the LCHF group.

The western blot standard curves demonstrate that the binding
of the primary antibody to its target fell within the linear concen-
tration range for GLUT4 (Figure 1a and 1b) and IRS1 (Figure 1e
and 1f). The GLUT4 (Cohen d = 1.4) and IRS1 (Cohen d = 1.7)
content were lower in the LCHF group compared with the Mixed
group (Figure 1d and 1h). GLUT4 content correlated negatively
with the OGTT plasma glucose concentration area under the curve
(Spearman rho = –.60, p = .027), but there were no associations of
OGTT parameters with IRS1 content.

There were no differences between groups in the activities of
any of the enzymes that were measured (Table 2). Relative muscle
fiber type, determined from the myosin heavy chain isoform
content, showed a predominance in type I fibers in both groups
(∼50%), followed by myosin heavy chain IIA fibers, with no
difference between the groups (Table 2).

Discussion

This is the first study to investigate glucose clearance and potential
mechanisms thereof in well-trained athletes who followed an
LCHF diet for longer than 6 months. During the OGTT, plasma
glucose concentrations were higher, and serum insulin concentra-
tions peaked later in the LCHF group than in the Mixed group.
These results are in line with findings of reduced glucose tolerance
after the LCHF diet from previous studies (Bisschop et al., 2001;
Himsworth, 1940; Rosenbaum et al., 2019). Short-term LCHF
overfeeding (a few meals) can result in reduced glucose tolerance
(Parry et al., 2019). These very short-term changes in glucose
tolerance likely represent a different mechanism to that of long-
term adaptation, such as in the current study. To our knowledge, the
molecular mechanisms of decreased glucose clearance rate during
adaptation to the LCHF diet have not yet been studied in humans.
An important finding from the current study was that skeletal
muscle IRS1 and GLUT4 content were lower in the LCHF group.
This suggests that chronic exposure to the LCHF diet may result in
a downregulation of the insulin signaling pathway, which could
partially explain the impaired glucose tolerance that is commonly
observed after adaptation to the LCHF diet. Distinguishing
between acute versus chronic physiological adaptation to LCHF
diets is an important target for future research.

The OGTT evaluates whole-body glycemic control, which is
regulated by the interplay between the rate of glucose appearance,
glucose clearance, and endogenous glucose production. Glucose
clearance rate at rest is increased when insulin binds to its receptor,
activating a cascade of events that leads to the translocation of
GLUT4 to the plasma membrane, and rapid uptake of glucose
ensues. Himsworth (1934) and others have shown that there may be
flaws in the OGTT, as apparently healthy individuals on LCHF
diets had slower blood glucose clearances (Bisschop et al., 2001;
Moon et al., 2010; Numao et al., 2012; Rosenbaum et al., 2019;
Volek et al., 2016). Indeed, the LCHF cyclists in the current study
are fit and apparently healthy but show some level of insulin
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resistance relative to the Mixed group. The shape of the insulin
curve in the LCHF athletes is similar to that of Kraft pattern IIA and
Hayashi pattern 3 (peak insulin at 60 min), which is associated with
an increased risk of developing T2D (DiNicolantonio et al., 2017).
However, the magnitude of the insulin peak in the LCHF athletes
(at ∼45 μU/ml) best resembles Kraft pattern 1, which is associated
with normal health (DiNicolantonio et al., 2017). Although within
the healthy ranges, the relative reduced glucose tolerance and the
inferior insulin profile of the LCHF group would typically be
considered clinically relevant.

The finding that the LCHF cyclists had reduced glucose
tolerance does not necessarily imply a pathological insulin

resistance. On the contrary, they may merely be unaccustomed
to a bolus of ingested glucose. We observed some markers in the
LCHF athletes that would be uncharacteristic of individuals with
pathological insulin resistance. Impaired fat oxidation was once
considered a common feature of pathological insulin resistance
(Holloszy, 2013; Hulver et al., 2003; Kelley et al., 1999; Kim
et al., 2000). However, the LCHF group in this study had very
good fat oxidation capacity. They also had high 3HAD and citrate
synthase activities, conforming to that of well-trained endurance
athletes (Kohn et al., 2007), and HOMA-IR, the Matsuda index,
and hepatic ISI provided no indication of pathologies. This study
highlights the importance of further research into the long-term

Figure 2 — Concentrations and area under the curve of (a) plasma glucose, and (b) serum insulin during the OGTT. A 75-g glucose bolus was ingested
after baseline measures at 0 min. Data are presented as mean ± SD; n = 7 per group. p values were determined by mixed-model analysis of variance and
Dunnett’s post hoc test. A.U.C. indicates area under the curve; LCHF = low carbohydrate high fat; OGTT = oral glucose tolerance test; GLUT4 = glucose
transporter 4; IRS1 = insulin receptor substrate 1. *Significant difference between groups (p < .05). Bold values indicate a significant difference.
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progression of hyperinsulinemia in individuals who follow the
LCHF diet. It is also unclear why the activities of some enzymes
appear sensitive to diet, such as pyruvate dehydrogenase and
carnitine acyltransferase (Goedecke et al., 1999; Stellingwerff et al.,
2006), whereas others such as citrate synthase, 3HAD, and hexoki-
nase appear unaffected (Goedecke et al., 1999). Rates of fat oxida-
tion during exercise were vastly different between athletes in the
LCHF and Mixed groups and this seems incongruent with our
finding of similar 3HAD activity.

A possible mechanism for the lower glucose tolerance is that
chronic exposure to the LCHF diet reduces insulin secretion and
circulating insulin concentrations, resulting in reduced insulin
receptor activation and decreased expression of GLUT4 and
IRS1 proteins (Chibalin et al., 2000). Most recently, a pioneering
study by Hancock et al. (2019) unequivocally showed that the
insulin receptor, once internalized, translocates from the cell
surface to the nucleus, where it can associate with transcriptional
machinery at various gene promoters linked to insulin functions.
This finding was shown using mouse and human liver tissue and
cells. It would be of great value if the translocation of the insulin
complex to skeletal muscle nuclei could be investigated in response
to various diets and exercise. However, hypothetically, the finding
of lower IRS1 protein content could mean that the expression of the
insulin receptor complex (e.g., IRS1) is downregulated due to a
lack in insulin-mediated promotor binding resulting from the
LCHF diet. The long-term outcome of the LCHF diet would be
fewer functional insulin receptors and reduced GLUT4 content,
which would reduce the efficiency to take up a glucose bolus
through the insulin-dependent glucose transport system. It must be
acknowledged that, apart from the previous explanation, insulin
secretion and insulin extraction by the liver may also be affected as
a direct consequence of the LCHF diet and the role of these tissues
requires further investigation using tracer studies.

This study is limited by small sample size, and there are
potential confounders related to habitual diet and physical activity
due to the cross-sectional design. The amount of muscle tissue
was limited, so we could not measure other markers of the insulin
pathway such as skeletal muscle insulin receptors or GLUT4
translocation. A future cross-over long-term diet trial (LCHF vs.
Mixed diet) using healthy untrained and trained individuals
should measure glucose oxidation, insulin secretion changes,

and phosphorylation states of proteins involved in the insulin
signaling pathway during an OGTT.

In conclusion, this study found that cyclists adapted to a long-
term LCHF diet had reduced glucose tolerance and a delayed insulin
peak during an OGTT. In addition, IRS1 and GLUT4 content were
lower in the LCHF group, providing a potential mechanism that
partly explains the lower rate of blood glucose clearance. This likely
reflects an adaptation to reduced habitual glucose availability rather
than indicating pathological insulin resistance.
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