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Abstract

objective: Glucorticoids (GCs) are well known to induce skeletal muscle insulin resistance, 
however, the mechanisms underlying this phenomenon are presently incompletely 
understood. In this study we explored the involvement of changes in muscle ceramide and 
ganglioside GM3 levels, and the potential role of mitochondrial dysfunction in GC-induced 
insulin resistance in healthy men. 

Research design and methods: In a randomized, placebo-controlled, double blind, dose-
response intervention study, 32 healthy men (age: 22±3 years; BMI 22.4±1.7 kg/m2) were 
allocated to prednisolone 7.5 mg once daily (n=12), prednisolone 30 mg once daily (n=12), 
or placebo (n=8) for two weeks. At baseline and on day 14 of treatment, insulin sensitivity 
was measured by hyperinsulinemic-euglycemic clamp. In skeletal muscle biopsies, levels of 
ceramide and GM3 were measured, and mitochondrial function was determined by ex vivo 
respirometry. 

Results: Prednisolone treatment dose-dependently impaired skeletal muscle insulin 
sensitivity. Muscle ceramide and GM3 concentrations were not affected by low- or high-
dose prednisolone treatment (P>0.05 for both). In addition, mitochondrial respiratory 
fluxes were not affected by prednisolone treatment (all P>0.05).

Conclusion: No apparent role for altered muscle ceramide and GM3 levels, or mitochondrial 
dysfunction was observed in GC-induced insulin resistance in healthy males. Further studies 
are warranted to investigate the mechanisms by which GCs impair insulin sensitivity in 
skeletal muscle. 
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INTRoDUCTIoN

Glucocorticoids (GCs) are important anti-inflammatory and immunosuppressive agents that 
are clinically used in a broad spectrum of disease entities [1, 2]. However, GCs also induce 
metabolic side effects, which limit their use. Patients exposed to excess GCs levels develop 
weight gain, in specific central adiposity, breakdown of skeletal muscle mass [3], dyslipidemia 
characterized by increased nonesterified fatty acid (NEFA) levels [4], hepatic and peripheral 
insulin resistance [5], glucose intolerance, and overt diabetes [6-8].  Recently we reported on 
the metabolic effects of a two-week treatment with prednisolone 7.5 mg daily and prednisolone 
30 mg daily and described a dose-dependent decrease of insulin sensitivity with concurrent 
elevated fasting triglyceride levels and increased NEFA levels during hyperinsulinemia. This 
effect occurred in the absence of significant changes in body weight, lean body mass, liver fat 
content and body fat distribution [5].

Despite extensive research, the mechanisms by which GCs induce skeletal muscle insulin 
resistance remain at present to be elucidated. It was demonstrated in rodents that GCs impair 
insulin signaling. As such, GC treatment in rats was shown to reduce the phosphorylation 
of insulin receptor substrate (IRS)-1, phosphatidylinositol 3-kinase (PI3-K) and Akt/protein 
kinase B (PKB). This impairment in insulin signaling induced a reduction in transportation 
of glucose transporter (GLUT)-4 to the plasma membrane and reduced activation of glycogen 
synthase kinase (GSK)-3, resulting in impaired glucose uptake and glycogen synthesis 
respectively [9-13]. More recently, decreased phosphorylation of insulin signaling proteins 
[14] and glycogen synthase kinase [15] was also shown in skeletal muscle of healthy humans 
treated with GCs. However, pathophysiological mechanisms that underlie GC-induced defects 
in insulin signaling have not yet been elucidated. 

GC treatment increases lipolysis and plasma NEFA concentrations. This may endorse processes 
commonly referred to as lipotoxicity, which is induced through several mechanisms, amongst 
others by formation and accumulation of intracellular lipid metabolites [16]. Two of these 
metabolites are ceramide and the downstream ganglioside GM3. Muscle ceramide levels 
seem to be increased in patients with type 2 diabetes mellitus (T2DM) [17] and correlate in 
some, but not all studies, with insulin sensitivity [17-21]. Ceramide interferes with insulin 
signaling by reducing insulin-mediated phosphorylation of Akt/PKB [22-24]. Interestingly, it 
was shown that impairment of ceramide synthesis in rats prevented dexamethasone-induced 
insulin resistance in skeletal muscle [25]. GM3 has also been shown to be involved in insulin 
sensitivity in mice [26]. Gangliosides reside within the plasma membrane and are able to 
modulate insulin signaling at the level of the insulin receptor [27-31]. 
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Intracellular lipid accumulation and peripheral insulin resistance have also been associated 
with decreased mitochondrial function [32]. Interestingly, chronic GC treatment in patients 
causes myopathy, characterized by increased proteolysis, oxidative stress and mitochondrial 
dysfunction [33]. Whether decreased mitochondrial function plays a role in GC-induced 
insulin resistance has not been elucidated. 

In the present study we investigated whether GC-induced peripheral insulin resistance 
could be explained by either accumulation of intramyocellular ceramide and GM3 levels or 
mitochondrial dysfunction in healthy men. 

METHoDS

Participants: Thirty-two healthy normoglycemic Caucasian men were recruited via local 
advertisements.  All participants were in good health as confirmed by medical history, 
physical examination, screening blood tests and a 75-g 2-hr oral glucose tolerance test 
(OGTT), performed at screening visit. Inclusion criteria were: age between 18-35 years and 
body mass index (BMI) ≤ 25 kg/m2. Exclusion criteria were any previous or current illness, 
use of any medication, first-degree relative with T2DM, smoking, shift work and a history of 
GC use. In addition, participants who exercised more than two times per week were excluded. 
Participants were instructed not to change their physical activity or diet during the study. To 
achieve homogeneity of the study group, a physical fitness test was performed as described 
previously [34].  Participants with a maximal oxygen uptake (VO2 max) between 45 and 
60 ml/kg.min were included. The study was approved by an independent ethics committee 
and the study was conducted in accordance with the Declaration of Helsinki. All participants 
provided written informed consent before participation. 

Study design: Details on study design were reported previously [5]. Briefly, in a randomized, 
placebo-controlled, double-blind, dose-response intervention trial, 32 healthy volunteers 
were allocated to a treatment with prednisolone 7.5 mg once daily  (n=12), prednisolone 30 
mg once daily (n=12) or placebo (n=8) for a period of two weeks using block randomization 
as carried out by the department of Experimental Pharmacology of the VU University Medical 
Center. Before and at day 14 of treatment, peripheral insulin sensitivity was measured 
during a hyperinsulinemic-euglycemic clamp using a stable glucose isotope. At the end 
of the clamp, biopsies from the vastus lateralis muscle were collected for measurement of 
glycosphingolipids and mitochondrial function. During all visits, including a follow-up visit at 
day 7 of treatment, safety and tolerability were assessed.
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Experimental protocol: The design of the hyperinsulinemic-euglycemic clamp was described 
in detail elsewhere [5]. In short, following an overnight fast and following measurement of 
the background enrichment of glucose, a primed, continuous infusion of [6,6-2H2]glucose 
(prime: 11 mmol/kg; continuous: 0.11 mmol/kg.min) was started and continued until the 
end of the clamp. After a total of 4 hours of insulin infusion, blood samples were drawn for 
determination of glucose concentrations, isotope enrichment, and additional parameters of 
interest. The first 2 hours, insulin was infused at a rate of 20 mU/m2.min, thereafter, insulin 
was infused at a rate of 60 mU/ m2.min for 2 hours. Plasma glucose was kept at 5 mmol/l by 
a variable infusion of glucose 20% solution enriched with [6,6-2H2]glucose. Peripheral uptake 
of glucose (rate of disappearance, Rd) was calculated during the final 20 min of the clamp 
using a modified version of the Steele equation as described [5].

Muscle biopsies: Immediately after the last blood sample was drawn and with continuation 
of glucose and insulin infusion, a muscle biopsy was taken from the vastus lateralis muscle 
under local anesthesia with Lidocaine 20% (Fresenius Kabi; Den Bosch, the Netherlands). 
Biopsies were obtained using an automatic biopsy instrument (Pro-Mag I 2.5; Medical Device 
Technologies Inc, Gainesville, USA). This procedure yields muscle biopsies of 10-15 mg each. 
Two muscle biopsies were collected in a test tube on ice with 10 ml of ice cold BIOPS solution 
containing 10 mmol/L Ca-EGTA buffer, 0.1 µmol/L free calcium, 20 mmol/L imidazole, 20 
mmol/L Taurine, 50 mmol/L K-Mes, 0.5 mmol/L DTT, 6.65 mmol/L MgCl2, 5.77 mmol/L ATP, 
15 mmol/L phosphocreatinine, pH 7.1 and were used to measure mitochondrial respiration 
after permeabilisation (see below). Additional muscle biopsies were washed with 0.9% NaCl 
fortified with 10mmol/L Na-Hepes to reduce blood contamination, snap-frozen in liquid 
nitrogen and stored at -80˚C until further analysis. 

Study medication: Prednisolone tablets were purchased from Pfizer (Sollentuna, Sweden) 
and matching placebo tablets were obtained from Xendo Drug Development (Groningen, the 
Netherlands). The tablets were encapsulated in order to allow the treatment to be blinded, 
as described previously [35]. Study medication was taken at 08:00 hours during the 2-week 
treatment period except on days 13 and 14, when it was ingested at 06:00 hours. Patients kept 
a diary in which the exact time of medication intake during the study was registered.

Laboratory analysis: Plasma glucose concentrations were measured with the glucose oxidase 
method using a Biosen C-line plus glucose analyzer (EKF Diagnostics, Barleben/Magedeburg, 
Germany). Insulin was determined on an Immulite 2000 system (Diagnostic Products 
Corporation, Los Angeles, CA) with a chemiluminescent immunometric assay. Plasma NEFA 
concentrations were measured with an enzymatic colorimetric method (NEFA-C test kit; 
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Wako Chemicals GmbH, Neuss, Germany). [6,6-2H2] glucose enrichment was measured with 
gas chromatography-mass spectrometry (GC-MS) as described in detail elsewhere [36].

Muscle glycosphingolipids: Ceramide concentrations were measured as described 
previously [37]. Briefly, 100 μL of muscle homogenate was extracted with 600 μL of CHCl3/
MeOH 1/2 (vol/vol). The extract was centrifuged for 10 min at 13,200 rpm and the pellet 
discarded. 460 μL of CHCl3/MQ-H2O 1/1.3 (vol/vol) was added, mixed, and centrifuged for 3 
min at 13,200 rpm to separate the phases. The lower phase was collected and the upper phase 
re-extracted with 400 μL of CHCl3.  Ceramide and glycosphingolipid content (glucosylceramide 
(GlCer), lactosylceramide (Lac-cer) and globocylceramide (GB3)) were determined as 
previously described [37] with slight modifications. The combined lower phases were dried 
under N2 flow, taken up in 500 μL of freshly prepared 0.1M NaOH in MeOH, and deacetylated 
in a microwave (SAM-155, CEM corp.) for 60 min. 50 μL of this solution was derivatized with 
25 μL o-phtaldehyde (OPA) reagent. The OPA-derivatized lipids were separated by HPLC and 
quantified as previously described, using C17 sphinganine as an Internal Standard (Avanti 
Polar Lipids, Alabama, USA) [37]. All measurements were done in duplicate from two different 
biopsies. Biopsies with a GlCer content above 5 nmol/g, and a GlCer/ceramide ratio above 0.5 
were excluded for further analysis, because this was interpreted as blood contamination.

Muscle GM3: The ganglioside GM3 was detected by analysis of the acidic glycolipid fraction 
obtained by Bligh-Dyer extraction, as previously described [38]. Gangliosides were desalted 
on a disposable SPE C18 column (Bakerbond, Mallinckrodt Baker Inc., Phillipsburg, Nj, USA), 
eluted in 1 mL MeOH and concentrated in an Eppendorf concentrator 5301 at 45 °C. The 
samples were digested with ceramide glycanase (Recombinant endoglycoceramidase II, 
Takara Bio Inc., Otsu, Shiga, japan) at 37 °C for 18 h in order to release the oligosaccharides 
from glycosphingolipids. The enzyme was used according to the manufacturer’s instructions. 
Oligosaccharides were then fluorescently labeled at their reducing end with 80 μL anthranilic 
acid (2-aminobenzoic acid) labeling mixture, at 80 °C, 300 rpm for 45 min. The excess labeling 
was removed by gravity flow using Discovery DPA-6S columns and the samples were eluted 
with 600 μL of water. Purified 2-AA-labeled oligosaccharides were separated by normal-
phase HPLC and quantified as previously described [38], using monosialoganglioside-GM1 
(Sigma, St Louis, Mo, USA) as an internal standard for muscles measurements and Gt1b as an 
internal standard for plasma measurements.

Mitochondrial function: Mitochondrial respiration was measured ex-vivo with high 
resolution respirometry using polarographic oxygen sensors in a two-chamber Oxygraph 
(OROBOROS® Instruments, Innsbruck, Austria) as described before [34]. To evaluate 
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oxidative phosphorylation (OXPHOS) capacity, oxygen consumption was measured during 
subsequent addition of different substrates. First malate (2 mmol/L) was added to obtain 
state 2 respiration, followed by glutamate (20 mmol/L) as a substrate for complex 1. Then, 
an excess of ADP (2 mmol/L) was introduced to measure state 3 respiration. Cytochrome C 
(10 mmol/L) was subsequently added to check the integrity of the OXPHOS chain. Thereafter 
succinate (10 mmol/L) was added as substrate for complex 2. Additionally, aurovertin was 
introduced. Aurovertin inhibits the respiratory chain by binding to ATP synthesis. The oxygen 
consumption after the addition of aurovertin (1umol/L) therefore indicates the amount of 
leakage under stimulated conditions. Maximal oxygen flux rates were measured with the 
chemical uncoupler carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP). FCCP 
was titrated (0.25 µmol/L per addition) until no further stimulation of respiration could 
be detected. Rotenone (0.1 ummol/L) was subsequently included as inhibitor of complex 1.  
Finally, antimycin A (2.5 mmol/L) was added which blocks the respiratory chain at complex 3. 

Mitochondrial DNA: Mitochondrial DNA (mtDNA) copy number reflects the tissue 
concentration of mitochondria. MtDNA copy number was determined as the ratio of NADH 
dehydrogenase subunit 1 (ND1) to lipoprotein lipase (LPL) (mtDNA/nuclear DNA) as 
described previously [39]. 

Statistics: Data are presented as median and range. Absolute changes from baseline (on 
treatment value minus pre treatment value) were compared between the groups using the 
Kruskal-Wallis test. Non-parametric analysis was chosen due to the relatively small number 
of participants and the uneven group sizes. Only in case of a significant finding, prednisolone 
7.5 mg and prednisolone 30 mg were compared against placebo by posthoc testing, using 
the Mann-Whitney U test. Correction for multiple testing was performed by Bonferroni. 
Correlations were made using the non parametric Spearman’s rank test. All statistical 
analyses were run on SPSS for Windows version 15.0 (SPSS, Chicago, IL, USA). A P<0.05 was 
considered statistically significant. 

RESULTS

Subject characteristics: The subject characteristics at inclusion are presented in Table 1. 
No differences were observed at baseline [5]. All participants completed the study, without 
experiencing treatment- or procedure-related adverse effects.
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Table 1. Subject characteristics at inclusion

Placebo Prednisolone

7.5 mg 30 mg P

N 8 12 12

Age (y) 22±3 22±2 22±3 0.740

Weight (kg) 76.9±8.7 74.8±7.2 77.0±5.4 0.250

BMI (kg m-2) 22.7±2.1 22.2±1.9 22.4±1.2 0.906

Lean body mass (%) 78.6±7.9 82.1±3.9 80.7±2.5 0.731

Fat mass (%) 16.9±4.7 15.9±2.8 14.8±3.5 0.531

Fasting plasma glucose (mmol/l) 5.1±0.3 5.0±0.2 5.0±0.4 0.899

2-hr glucose OGTT (mmol/l) 4.2±0.8 4.7±0.9 4.2±1.1 0.407

VO2 max (ml.kg.min) 49.9 (44.6-58.2) 53.8 (45.0-60.3) 48.6 (45.4-55.2) 0.159

Data are mean ± SD or median (interquartile range). Significance was tested by Kruskal-Wallis. No 
differences were observed between the groups at baseline [5].

Table 2. Muscle glycosphingolipid concentrations before and during two-week treatment with 
placebo, prednisolone 7.5 mg or prednisolone 30 mg.

Pre-treatment On-treatment P1 P2 P3

Ceramide
pmol/mg musle

PLB 20.3 (14.4-37.9) 21.6 (14.0-33.7)

0.954 NA NA7.5 19.4 (15.0-27.0) 19.6 (6.3-26.3)

30 19.4 (13.5-35.9) 21.9 (17.4-25.7)

GlCeramide
pmol/mg musle

PLB 1.03 (0.47-4.34) 1.21 (0.29-1.91)

0.558 NA NA7.5 1.18 (0.53-2.67) 1.12 (0.54-3.68)

30 1.58 (0.53-2.57) 1.44 (0.87-3.61)

Lac-Ceramide
pmol/mg musle

PLB 12.9 (10.2-30.5) 10.6 (5.0-12.9)

0.038 0.155 0.0137.5 12.6 (7.2-23.6) 12.2 (3.2-16.0)

30 12.5 (6.2-24.0) 17.3 (10.4-22.7)

GB3
pmol/mg musle

PLB 5.1 (2.4-13.5) 5.3 (1.6-10.4) 

0.899 NA NA7.5 4.9 (2.2-14.0) 4.2 (3.4-8.0)

30 6.1 (2.2-18.2) 5.9 (3.8-11.8)

GM3
pmol/mg musle

PLB 9.3 (5.8-13.3) 9.2 (6.2-16.8)

0.310 NA NA7.5 10.8 (3.6-29.9) 11.8 (3.3-30.4)

30 10.4 (6.8-53.2) 12.5 (3.6-55.0)

Data are median (range). Bonferroni was applied to correct for multiple testing. Between-group changes 
from baseline were tested by Kruskal-Wallis (P1). P2: Placebo vs. prednisolone 7.5 mg and P3: placebo 
vs. prednisolone 30 mg (post hoc testing by Mann-Whitney U in the case of a significant finding with 
Kruskal-Wallis). 7.5: prednisolone 7.5 mg; 30: prednisolone 30 mg; GB3: globocylceramide; GlCeramide: 
glucosylceramide; Lac-Ceramide: lactosylceramide; PLB: placebo.
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Table 3. Mitochondrial respiration rates corrected for mitochondrial density before and during 
two-week treatment with placebo, prednisolone 7.5 mg or prednisolone 30 mg.

Pre-treatment On-treatment P

Malate
pmol/mg.sec.mtDNA

PLB 1.6 (1.0-3.2) 1.4 (0.6-4.2)

NS7.5 1.4 (0.6-3.5) 1.3 (0.8-4.2)

30 1.6 (1.0-3.7) 2.2 (1.3-5.8)

Glutamate
pmol/mg.sec.mtDNA

PLB 2.1 (0.8-3.3) 1.8 (0.8-4.4)

NS7.5 2.2 (1.0-3.5) 2.6 (1.1-5.9)

30 2.2 (1.2-3.9) 2.4 (1.7-7.0)

ADP
pmol/mg.sec.mtDNA

PLB 23.0 (8.3-25.5) 15.9 (6.6-25.2)

NS7.5 17.6 (9.4-31.0) 17.1 (10.4-57.4)

30 21.8 (12.8-38.0) 20.0 (13.4-50.5)

Cytochrome C
pmol/mg.sec.mtDNA

PLB 22.2 (8.3-29.4) 16.1 (7.6-22.6)

NS7.5 20.9 (10.0-30.0) 18.4 (10.5-58.2)

30 21.9 (12.5-38.5) 19.2 (14.5-33.8)

Succinate
pmol/mg.sec.mtDNA

PLB 32.7 (12.8-41.4) 28.7 (14.8-35.2)

NS7.5 30.7 (15.1-40.0) 27.4 (15.4-79.6)

30 31.4 (17.7-43.6) 28.4 (21.7-54.3)

Aurovertin
pmol/mg.sec.mtDNA

PLB 7.7 (2.9-9.7) 6.8 (3.4-11.6)

NS7.5 7.3 (3.4-12.3) 7.6 (3.6-21.8)

30 7.6 (4.2-9.8) 8.7 (6.1-13.9)

FCCP
pmol/mg.sec.mtDNA

PLB 57.0 (17.7-61.3) 39.9 (17.6-74.0)

NS7.5 44.2 (22.2-82.4) 38.8 (22.0-124.8)

30 51.3 (30.6-66.9) 43.8 (19.5-130.0)

Rotenone
pmol/mg.sec.mtDNA

PLB 26.3 (10.0-30.7) 22.6 (11.1-38.1)

NS7.5 20.3 (11.2-40.0) 20.3 (12.1-71.3)

30 25.0 (14.2-45.0) 23.0 (10.7-62.0)

Antimycin A
pmol/mg.sec.mtDNA

PLB 1.8 (0.7-3.1) 1.6 (0.6-4.9)

NS7.5 1.8 (0.7-6.3) 1.4 (0.4-4.0)

30 1.8 (0.4-2.9) 1.9 (0.8-4.0)

Data are median (range). Between-group changes from baseline were tested by Kruskal-Wallis. No 
significant differences were observed between the groups. Abbreviations 7.5: prednisolone 7.5 mg; 30: 
prednisolone 30 mg; FCCP: carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone. PLB: placebo.

Peripheral insulin sensitivity: As described previously [5], peripheral glucose uptake was 
non-significantly reduced by prednisolone 7.5 mg 5 (Rd= 61.05 [47.85-76.8] vs. 60 .19 [43.92-
7.09] mmol/kg.min; P= 0.090), but decreased significantly after treatment with prednisolone 
30 mg by 34±6% (Rd = 67.35 [50.87-93.53] vs. 42.42 [28.83-60.40]; P < 0.001).



Ch
ap

te
r 9

Gl
uc

oc
or

tic
oi

ds
, m

ito
ch

on
dr

ia
l f

un
ct

io
n 

& 
gl

yc
os

ph
in

go
lip

id
 m

et
ab

ol
ism

184

Muscle glycosphingolipids and GM3: As compared to placebo, muscle ceramide 
concentrations were not altered by prednisolone treatment (Table 2). Concentrations of the 
sphingolipids GlCer and GB3 were also not affected by prednisolone treatment (Table 2). Due 
to suspected blood contamination, the GlCer data from two participants in the prednisolone 
7.5 mg group and one participant in the prednisolone 30 mg group were excluded from 
analysis. Muscle concentrations of Lac-Cer showed a significance increase during high-dose 
prednisolone treatment (Table 2). There was no relation between the change in Lac-Cer levels 
and treatment-induced changes in insulin sensitivity. Muscle GM3 concentrations were not 
significantly altered from baseline by prednisolone treatment (Table 2). 

Mitochondrial function: Mitochondrial respiration rates, corrected for mitochondrial 
density, were not altered by prednisolone treatment (Table 3). Uncorrected mitochondrial 
respiration rates as well as mitochondrial density were also not changed by prednisolone 
treatment (data not shown).

DISCUSSIoN

In the present study, we demonstrate that GC-induced insulin resistance cannot be explained 
by an increase in muscle ceramide concentrations or the downstream ganglioside GM3. In 
addition, muscle mitochondrial function was not changed during two-week treatment with 
low or high-dose prednisolone, while insulin sensitivity was dose-dependently decreased. 
This suggests that other mechanisms than mitochondrial dysfunction and accumulation of 
glycolipids and GM3 are responsible for the induction of GC-induced insulin resistance in 
young healthy men. 

Both decreased affinity of the insulin receptor and impaired insulin signaling may importantly 
contribute to reduced insulin sensitivity during GC treatment [40, 41]. Furthermore, GCs 
may also directly inhibit the glucose transport system, by affecting GLUT4 subcellular 
trafficking [12]. In this respect, we were interested to assess the effects of GC treatment on 
muscle ceramide since this intermediate in lipid metabolism was shown to inhibit insulin 
signaling by impairing PKB/Akt activation [22-24]. But although ceramide was shown to play 
a crucial role in GC-induced insulin resistance in rodents [25], we could not detect an effect 
of GC treatment on muscle ceramide levels in humans. In addition, the more downstream 
glycolipids GlCer and GB were also not affected by treatment with study medication. We did 
observe a significant increase in the glycolipid Lac-Cer during prednisolone 30 mg treatment 
as compared to placebo, however, as the increase in Lac-Cer was not significant within the 
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prednisolone 30 mg group, and the change in Lac-Cer concentrations did not correlate with 
changes in Rd, this does not suggest a causal relation with the induction of insulin resistance. 
Finally, the ganglioside GM3, which is known to be involved in insulin sensitivity [26], was not 
changed by prednisolone treatment.

Thus, we conclude that changes in ceramide, other glycosphingolipids and the ganglioside 
GM3 do not seem to play an important role in the impairment of in insulin sensitivity induced 
by short-term GC treatment in healthy men. We cannot rule out that other lipids may have 
negatively affected insulin sensitivity. Diacylglycerol and several unsaturated fatty acids that 
were not measured in the present study due to limited amount of available skeletal muscle 
tissue, have been shown in previous studies in obese subjects and patients with T2DM to be 
associated with impaired insulin sensitivity [42].

In addition to alterations in myocellular glycoshingolipids, we investigated a potential role for 
muscle mitochondrial dysfunction in GC-induced insulin resistance. Decreased mitochondrial 
capacity has been related to reduced metabolic flexibility, and may play an important role in 
the pathogenesis of lipid accumulation and insulin resistance [32, 42]. Interestingly, chronic 
GC treatment is well known to induce myopathy. Patients treated with GCs during 1 year 
for different indications were shown to have increased lactate production during exercise 
and decreased muscle strength. In addition, analysis of individual mitochondrial respiratory 
chain complex (I–IV) activities in these patients showed that complex 1 was significantly 
decreased and production of reactive oxygen species was significantly increased, indication 
mitochondrial dysfunction [33]. In our study, however, no differences in muscle mitochondrial 
respiration rates were observed during prednisolone treatment. Our finding of preserved 
mitochondrial capacity despite the occurrence of insulin resistance is in agreement with a 
study conducted by Short et al who showed that 6 days treatment with 0.5 mg/kg prednisolone 
in healthy men did not affect oxidative enzyme activity or mitochondrial ATP production [43]. 
The difference results of these studies may be explained by several factors, including the 
treatment duration (1 year vs. 1-2 weeks) and the population studied (healthy volunteers 
vs. patients). In addition, in the clinic, it is common to administer GCs to the patients with 
most active disease, and therefore the association between GC treatment and skeletal muscle 
mitochondrial dysfunction may have been caused by disease activity (i.e. bias by indication). 
Moreover, no correction for mitochondrial density was done in the chronic study in GC-treated 
patients [33]. Furthermore, the good exercise capacity of our participants at baseline may 
have contributed to the absence of prednisolone-induced changes in mitochondrial function. 
Finally, it should be mentioned that an additional difficulty is that currently no gold-standard 
measure exists to assess mitochondrial function. Ex vivo measurement of mitochondrial 
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function has the advantage to measure intrinsic mitochondrial capacity and function of the 
different oxidative phosphorylation complexes, but cytosolic factors that might influence 
oxidative phosphorylation are not accounted for. 

Several other mechanisms have been suggested that may contribute to GC-induced insulin 
resistance. GCs were shown to induce the acute phase response in skeletal muscle tissue 
which could reduce insulin sensitivity [44]. In addition, changes in amino acid metabolism 
are associated with impaired insulin sensitivity [45]. Since GC treatment induces skeletal 
muscle proteolysis [5], this could be a contributing factor, especially during prolonged GC 
treatment. Moreover, the endoplasmic reticulum (ER) has been identified as a major regulator 
of metabolic homeostasis and inflammatory responses and ER stress was shown to have 
unbeneficial effects on insulin sensitivity [46]. Whereas GCs were recently shown to induce 
ER stress in beta cells [47], it is uncertain whether GCs may also alter ER function in skeletal 
muscle tissue. Finally, GCs may impair insulin sensitivity by impairing the delivery of insulin 
and glucose to skeletal muscle by reducing capillary recruitment through the induction of 
vascular insulin resistance [14]. 

In conclusion, short-term treatment with GCs induces insulin resistance in lean men. This 
reduction in insulin sensitivity was not related to a change in muscle ceramide, GM3 or 
mitochondrial function. Which specific mechanisms are involved in the induction of insulin 
resistance by GC treatment remains to be elucidated. 
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