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Intramyocellular lipid content (IMCL) is elevated in insulin-
resistant humans, but it changes over time, and relation-
ships with comorbidities remain unclear. We examined
IMCL during the initial course of diabetes and its associa-
tions with complications. Participants of the German Dia-
betes Study (GDS) with recent-onset type 1 (n = 132) or
type 2 diabetes (n = 139) and glucose-tolerant control
subjects (n = 128) underwent 1H-MRS to measure IMCL
and muscle volume, whole-body insulin sensitivity
(hyperinsulinemic-euglycemic clamps; M-value), and cy-
cling spiroergometry (VO2max). Subgroups underwent
the same measurements after 5 years. At baseline, IMCL
was ����30% higher in type 2 diabetes than in other groups
independently of age, sex, BMI, and muscle volume. In
type 2 diabetes, the M-value was����36% and����62% lower
compared with type 1 diabetes and control subjects, re-
spectively. After 5 years, the M-value decreased by
����29% in type 1 and ����13% in type 2 diabetes, whereas
IMCL remained unchanged. The correlation between
IMCL and M-value in type 2 diabetes at baseline was
modulated by VO2max. IMCL also associated withmicro-
albuminuria, the Framingham risk score for cardiovascular
disease, and cardiac autonomic neuropathy. Changes in
IMCL within 5 years after diagnosis do not mirror the

progression of insulin resistance in type 2 diabetes but as-
sociatewith early diabetes-related complications.

ARTICLE HIGHLIGHTS

• Intramyocellular lipid content (IMCL) can be elevated
in insulin-resistant humans, but its dynamics and as-
sociation with comorbidities remain unclear.

• Independently of age, sex, body mass, and skeletal
muscle volume, IMCL is higher in recent-onset type 2,
but not type 1 diabetes, and remains unchanged
within 5 years, despite worsening insulin resistance.

• A degree of physical fitness modulates the associa-
tion between IMCL and insulin sensitivity in type 2 di-
abetes. Whereas higher IMCL associates with lower
insulin sensitivity in people with lower physical fit-
ness, there is no association between IMCL and insu-
lin sensitivity in those with higher degree of physical
fitness.

• IMCL associates with progression of microalbuminuria,
cardiovascular disease risk, and cardiac autonomic
neuropathy.
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During the development of obesity, triglycerides are stored
not only in adipose tissue but also ectopically in other tis-
sues such as skeletal muscle. Intramyocellular lipid content
(IMCL) correlates with whole-body and skeletal muscle insu-
lin resistance in sedentary individuals without diabetes (1)
as well as in humans with a family history of type 2 diabetes
(2), prediabetes (3), obesity (4) and even in overt type 1 dia-
betes (5). However, IMCL is not generally increased in diabe-
tes (e.g., in lean people with metabolically well-controlled
type 2 diabetes or in those with type 1 diabetes) (6,7). This
can be explained by the observation that intracellular lipid
metabolites (i.e., lipotoxins, rather than neutral lipids and
triglycerides) are involved in the pathogenesis of insulin re-
sistance (8,9). In addition, most studies of the role of IMCL
in diabetes comprised humans with unclear or long disease
duration, when chronic glucose toxicity worsens insulin resis-
tance (10). Thus, the initial dynamics of IMCL and its relation-
ship with changes in insulin resistance in newly diagnosed
diabetes are still unknown.

Strong evidence supports beneficial effects of physical
activity on the risk of type 2 diabetes (11). Indeed, aerobic
fitness modifies the relationship between IMCL and insulin
sensitivity in healthy humans (12), which is likely related to
muscle mitochondrial function (13). Nevertheless, the im-
pact of moderate differences in habitual physical activity
and aerobic fitness on ectopic fat accumulation and insulin
resistance in overt type 2 diabetes is not fully understood.

Whole-body insulin resistance also associates with the de-
velopment of diabetes-related complications, such as cardio-
vascular disease, cardiac autonomic neuropathy (CAN), and
chronic kidney disease (14–16). In line, the severe insulin-
resistant diabetes endotype exhibits the highest prevalence
of cardiovascular and nephropathy risk already within the
first year after the diabetes diagnosis (17,18). Nevertheless,
the impact of insulin resistance on diabetes-related complica-
tions during the early course of the disease is yet unclear.

We hypothesized that higher IMCL and its changes dur-
ing the early course of type 2, but not type 1 diabetes, are
key contributors to the association of whole-body insulin
resistance with diabetes-related comorbidities. Furthermore,
we hypothesized that physical fitness differently affects the
relationship between IMCL and whole-body insulin sensitiv-
ity in type 1 and type 2 diabetes. To this end, we examined
a comprehensively phenotyped cohort of individuals with
diabetes during the first year after diagnosis, when the im-
pact of long-term glucose toxicity is negligible, and 5 years
later to determine the impact of IMCL on changes of insu-
lin resistance and diabetes-related comorbidities.

RESEARCH DESIGN AND METHODS

Volunteers
Individuals with type 1 (n = 132) or type 2 diabetes (n =
139) and glucose-tolerant control subjects (n = 128) were
recruited from the ongoing prospective observational Ger-
man Diabetes Study (GDS), which has been described in
detail before (19). Briefly, GDS enrolls individuals aged

18–69 years and diagnosed with diabetes within the last
12 months based on the criteria of the American Diabetes As-
sociation (20). Individuals with no first-degree relatives having
diabetes undergo a 75-g oral glucose tolerance test (AccuCheck
Dextro O.G-T.; Roche, Basel, Switzerland) to confirm normal
glucose tolerance serving as a control group. Exclusion criteria
comprise diabetes due to other causes, other chronic diseases,
and immunosuppressive treatment. The study was approved
by the Heinrich Heine University of D€usseldorf Medical Fac-
ulty Ethics Committee (reference number 4508), registered at
Clinicaltrials.gov (NCT01055093), and performed according
to the Declaration of Helsinki. Written informed consent was
obtained from all participants upon study inclusion.

Three days prior to each study visit, participants had to re-
frain from strenuous physical activity and to adhere to a bal-
anced isocaloric alcohol-free nutrition. They discontinued any
glucose-lowering medication for 3 days prior to all metabolic
examinations, which were performed after a 10-h overnight
fast. Supplementary Table 1 shows the glucose-loweringmedi-
cation of individuals with type 2 diabetes at baseline and
at the 5-year follow-up. In addition, data from the 5-year
follow-up visits were analyzed in subgroups of individuals
with type 1 (n = 27) or type 2 diabetes (n = 38) and glucose-
tolerant control subjects (n = 20).

MRI and 1H-MRS
All measurements were performed after overnight fasting
in a 3-T whole-body magnetic resonance scanner (Achieva
X-series; Philips Healthcare, Best, the Netherlands).

Total, subcutaneous, and visceral adipose tissue volumes
were quantified by whole-body MRI by using T1-weighted
fast spin-echo and postprocessing by a trained operator using
SliceOmatic 5.0 software (Tomovision, Montr�eal, Qu�ebec,
Canada) (21). An in-house image processing pipeline was de-
veloped on MATLAB R2021a (The MathWorks, Natick, MA)
for the segmentation of the skeletal muscle volume of the up-
per leg between the gluteus maximus muscle and the knee
from whole-body MRIs. As a preliminary step, the image sli-
ces were manually selected, following separation of back-
ground and foreground image signal, using a Fuzzy-C means
clustering algorithm and removal of motion artifacts from
the background signal. Segmentation of skeletal muscle,
background, and subcutaneous adipose/bone tissues was per-
formed using a Gaussian mixture model with three clusters
to enable the quantification of skeletal muscle volume.

For assessment of IMCL, water-suppressed and nonsup-
pressed 1H-MRS was performed in the fasted state in a voxel
(10 * 10 * 20 mm3) placed within the tibialis anterior muscle
on the left leg using point resolved spectroscopy sequence
(repetition time/echo time = 2,000/29 ms). The tibialis ante-
rior muscle, a mainly glycolytic muscle predominantly com-
posed of type IIB and IIX fibers, which reflects the fast twitch
muscle type (22), was chosen because of its uniform fiber ori-
entation along the muscle axis, allowing for good 1H-MRS
separation of IMCL from extramyocellular lipid signals (23).
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IMCL content was calculated from the peak areas of
IMCL-CH2 at 1.3 ppm with respect to the water peak area
and was corrected for T1 and T2 relaxation effects, as re-
ported previously (24). Supplementary Table 2 provides a
more detailed description of the 1H-MRS data acquisition,
while Supplementary Fig. 1 depicts representative point re-
solved spectroscopy sequence spectra and voxel location.

Whole-Body Insulin Sensitivity
The modified Botnia clamp combines an intravenous glu-
cose tolerance test with a hyperinsulinemic-euglycemic
clamp test (25). First, the intravenous glucose tolerance
test started with an administration of a 30% glucose infu-
sion bolus (1 mg/kg body wt) with frequent blood sampling
for 60 min to measure blood glucose, C-peptide, and insu-
lin. The subsequent hyperinsulinemic-euglycemic clamp
started with a priming dose of short-acting human insulin
(Insuman Rapid; Sanofi; Frankfurt, Germany) for 10 min
(10mU * kg [body wt]

�1
* min�1) continued by constant in-

fusion (1.5 mU * kg [body wt]�1
* min�1) for 3 h. Whole-

body insulin sensitivity is given as theM-value as calculated
frommean glucose infusion rates with glucose space correc-
tion during the steady-state period (19). In addition, the
fasting adipose-tissue insulin resistance index (ADIPO-IR)
was computed from fasting concentrations of free fatty
acids (FFA;mmol/L) and insulin (pmol/L) (21).

Indirect Calorimetry
Measurements of the respiratory quotient (RQ) and resting
energy expenditure (REE) were performed in the fasted
state and during clamp steady state using the canopy mode
and a Vmax Encore 29n (CareFusion, H€ochberg, Germany),
as described (26).

Physical Fitness
Physical fitness was assessed on a cycle ergometer by an
incremental exhaustive exercise test (Ergometrics 900;
Ergoline, Blitz, Germany) with continuous monitoring of
respiratory gas exchange, blood pressure, heart rate, and
electrocardiogram. The load rate was increased by 16 W/min
until the maximal exhaustion was reached, and maximal
aerobic capacity (VO2max) was recorded (19).

Cardiovascular Parameters and Risk Scores
Arterial blood pressure and heart rate were measured in su-
pine position on both arms, together with an electrocardio-
gram in resting conditions (19). Established cardiovascular
risk scores computed from routinely collected variables were
used to estimate cardiovascular risk. The Framingham Risk
Scores for Coronary Heart Disease (FRS-CHD) and for Car-
diovascular Disease (FRS-CVD) were calculated based on age,
sex, systolic blood pressure (SBP), total and HDL-cholesterol,
smoking status, treatment for hypertension, and diabetes to
estimate the relative 10-year risks (27). The Atherosclerotic
Cardiovascular Disease (ASCVD) risk score estimates 10-year
risk for atherosclerotic cardiovascular events and is based on

age, sex, SBP, total and HDL-cholesterol, smoking status,
treatment for hypertension, diabetes, and race. The System-
atic COronary Risk Evaluation (SCORE) estimates fatal car-
diovascular risk in populations at high risk and is calculated
based on age, sex, SBP, total cholesterol, and smoking status
(27).

Diabetic Neuropathy
This study comprises assessment of both CAN and dia-
betic sensorimotor polyneuropathy (DSPN).

CAN was defined by the presence of at least three ab-
normal results among seven heart rate variability tests
during spontaneous breathing over 5 min (very low and
low-frequency power spectrum, coefficient of R-R interval
variation), at deep breathing (expiration-to-inspiration ra-
tio), in response to a Valsalva maneuver (Valsalva ratio),
and during a postural change from supine to standing po-
sition (maximum-to-minimum 30:15 ratio, SBP change)
using a VariaCardio TF5 system (MIE Medical Research,
Leeds, U.K.) (28).

DSPN was diagnosed according to Toronto Consensus
criteria, including subclinical and confirmed DSPN stages as
previously described (29). Peripheral nerve function was as-
sessed by electrophysiological testing and clinical neuropa-
thy score surveys for signs and symptoms of DSPN. Motor
nerve conduction velocity was measured in the peroneal,
median, and ulnar nerves, while sensory nerve conduction
velocity and sensory nerve action potentials were measured
in the sural, median, and ulnar nerves (29).

Chronic Kidney Disease
Microalbuminuria was defined by urinary albumin levels of
20–200 mg/L and macroalbuminuria by levels >200 mg/L.
The estimated glomerular filtration rate (eGFR) was calcu-
lated based on cystatin C and creatinine (normal kidney
function: stage 1, eGFR >90 mL/min/1.73 m2; mildly im-
paired: stage 2, eGFR 60–90 mL/min/1.73 m2; and moder-
ately impaired: stage 3, eGFR <60 mL/min/1.73 m2) (30).

Laboratory Analyses
Analyses of metabolic and routine laboratory parameters
were performed as described (19).

Statistics
Results are given asmean (SD) ormedian (interquartile range)
for continuous variables and percentages for categorical varia-
bles, as appropriate. Skewed data were log-transformed before
analysis. Changes in variables of interest were evaluated by
paired t tests. The sample size allowed detection of a change
of IMCL between baseline and 5-year follow-up in type 2 dia-
betes (the primary outcome) of at least 9.5% with a power of
(1�b) of 90% at an a level of 5%. Associations between pa-
rameters were evaluated with Spearman correlation coeffi-
cients, regression analyses adjusted for baseline value, and
corresponding P values. P values < 0.05 indicated significant
differences or correlations. Multiple linear regression models
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were used to analyze the effect of the interaction betweenVO2

IMCL, and whole-body insulin sensitivity. Regression models
estimated a predictive value of IMCL as an independent vari-
able for the presence (baseline) and development (5-year
follow-up adjusted to baseline) of diabetes-related compli-
cations, as dependent variables. Statistical analyses were
performed with SAS 9.4 software (SAS Institute, Cary, NC),
and graphs were generated using GraphPad Prism 7.01
software (GraphPad Software, La Jolla, CA).

Data and Resource Availability
To ensure data privacy of the participants, the generated
data sets of the currently still ongoing GDS are not publicly
available, especially because they are subject to national data
protection laws and restrictions by the ethics committee.
However, pseudonymized data can be requested through an
individual project agreement within the GDS.

RESULTS

Characteristics of the Study Population
At baseline, participants with type 2 diabetes had higher
age, BMI, fasting C-peptide, and REE under fasting condi-
tions, but lower HDL-cholesterol, than both control subjects
and the type 1 diabetes group (Table 1). Participants with
type 1 diabetes had lower total and LDL-cholesterol, as well

as insulin-stimulated REE than control subjects and the
type 2 diabetes group. People with type 2 diabetes had
markedly lower whole-body insulin sensitivity (62% vs. con-
trol subjects, 36% vs. type 1 diabetes) (Fig. 1A) and higher
ADIPO-IR (P < 0.001). In both diabetes groups, whole-
body insulin sensitivity was higher in men compared with
women (Fig. 1B). They also featured lower VO2max (vs. con-
trol subjects: P < 0.001, vs. type 1 diabetes: P = 0.006) and
insulin-stimulated RQ, but higher whole-body, subcutane-
ous, and visceral adipose tissue volume (Table 2) as well as
hsCRP. Skeletal muscle volume was similar in type 1 and
type 2 diabetes groups, but lower than in control subjects
(Table 2). At baseline, criteria of borderline or confirmed di-
agnosis of CAN and DSPN were met by 13 and 27 partici-
pants with type 2 diabetes, respectively.

Five years later, glycemia and BMI increased in both dia-
betes groups (Table 3), while whole-body insulin sensitivity
decreased (29% in type 1 diabetes, 13% in type 2 diabetes)
(Fig. 1C) compared with baseline. Glycemia remained higher
and whole-body insulin sensitivity was lower in both diabetes
groups than in control groups (all P < 0.001). BMI was
higher in individuals with type 2 diabetes compared with the
other groups (both P < 0.01). Fasting C-peptide, REE under
fasting conditions, and insulin-stimulated REE as well as RQ
decreased in type 1 diabetes but not in type 2 diabetes. Total

Table 1—Characteristics of the study population at baseline
Glucose-tolerant control subjects Type 1 diabetes Type 2 diabetes

(n = 128) (n = 132) (n = 139)

Age (years) 43 ± 14 37 ± 11a 52 ± 9b,c

Sex (male/female) 87/41 72/60 95/44

BMI (kg/m2) 26.2 ± 4.4 25.0 ± 4.3a 30.5 ± 5.1b,c

Plasma glucose (mg/dL) 88 ± 12 132 ± 28a 129 ± 32b

C-peptide (ng/dL) 1.65 ± 0.85 1.07 ± 1.06a 3.14 ± 1.23b,c

HbA1c (NGSP, %) 5.2 ± 0.3 6.5 ± 0.9a 6.3 ± 0.8b,c

HbA1c (mmol/mol) 33 ± 3 47 ± 10a 46 ± 9b,c

Total cholesterol (mg/dL) 193 ± 39 184 ± 39a 196 ± 43c

LDL-cholesterol (mg/dL) 120 ± 36 110 ± 32a 126 ± 36c

HDL-cholesterol (mg/dL) 62 ± 18 63 ± 16 46 ± 12b,c

Triglycerides (mg/dL) 97 ± 46 84 ± 34 140 ± 62b,c

FFA (mmol/L) 506 ± 215 650 ± 276a 626 ± 250b

hsCRP (mg/L) 0.15 ± 0.24 0.19 ± 0.24 0.30 ± 0.30b,c

ADIPO-IR (a.u.) 8.0 ± 0.9 8.6 ± 1.0a 9.0 ± 0.9b,c

VO2max (mL * min�1) 2,447 ± 781 2,183 ± 658a 2,000 ± 537b,c

RQbasal (a.u.) 0.80 ± 0.07 0.79 ± 0.05 0.80 ± 0.07

RQclamp (a.u.) 0.96 ± 0.07 0.93 ± 0.06a 0.91 ± 0.07b,c

REEbasal (kcal/day) 1,660 ± 290 1,651 ± 245 1,836 ± 293b,c

REE clamp (kcal/day) 1,937 ± 326 1,785 ± 279a 1,918 ± 298c

Data are shown as absolute numbers or mean ± SD, as appropriate. P values are based on ANOVA. Blood sampling was done in
overnight fasted state participants. a.u., arbitrary units. RQbasal, RQ in fasting conditions; RQclamp, RQ during clamp; REEbasal,
REEin fasting conditions; REEclamp, REE during clamp. aP < 0.05 type 1 diabetes vs. control subjects. bP < 0.05 type 2 diabetes
vs. control subjects. cP < 0.05 type 1 diabetes vs. type 2 diabetes.
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cholesterol decreased in type 1 diabetes, while triglycerides
increased in type 2 diabetes, whereas LDL- and HDL-choles-
terol, FFA, and ADIPO-IR did not change in any group over 5
years (Table 3).

IMCL at Baseline and 5 Years Later
Even after adjustment for age, sex, BMI, and skeletal muscle
volume, IMCL at baseline was higher in people with type 2

diabetes than in those with type 1 diabetes (129%, P <
0.001) and control subjects (130%, P< 0.001), without dif-
ference between individuals with type 1 diabetes and control
subjects (Fig. 1D). IMCL was higher in women than in men
with type 2 diabetes, but not different between men and
women in the glucose-tolerant and type 1 diabetes groups
(Fig. 1E). At 5 years, IMCL had not significantly changed in
any group (Fig. 1F), but remained higher in type 2 diabetes
compared with control subjects (133%, P = 0.028), regard-
less the glucose-lowering treatment at baseline.

Associations of IMCL With VO2max, Metabolic
Parameters, and Body Composition
At baseline, IMCL negatively associated with whole-body in-
sulin sensitivity in both diabetes groups (Supplementary
Table 3), even after adjustment for age, sex, and BMI. Re-
gression models revealed that neither baseline IMCL nor
changes in IMCL related to changes in whole-body insulin
sensitivity over 5 years after diagnosis of diabetes.

In type 2 diabetes, the level of VO2max modulated the
association between IMCL and whole-body insulin sensi-
tivity. Elevated IMCL associated with reduced whole-body
insulin sensitivity in adults with type 2 diabetes and a
lower degree of VO2max, but not in those with a higher
degree of VO2max (P = 0.022 for the interaction between
VO2max, IMCL, and M-value) (Fig. 2). The interaction re-
mained significant even after adjustments for age, sex,
and BMI but was not found in type 1 diabetes or in indi-
viduals without diabetes (Supplementary Table 4). More-
over, no interaction was found between adipose tissue
mass, IMCL, and VO2max in either group. Of note, ad-
justing insulin sensitivity (M) for insulin levels during the
steady state (M/I) did not affect the interaction of IMCL
and VO2max, and M and M/I were strongly correlated
across all groups (Supplementary Fig. 2).

In type 2 diabetes, baseline IMCL associated with fasting
blood glucose, ADIPO-IR, whole-body adipose tissue (Supp-
lementary Table 3), fasting C-peptide (b = 0.22, P = 0.002),
and hsCRP (b = 0.43, P = 0.006). In type 1 diabetes, baseline
IMCL associated positively with total cholesterol and nega-
tively with insulin-stimulated RQ (Supplementary Table 3).
There were no associations between IMCL and glycated hemo-
globin (HbA1c), FFA, subcutaneous and visceral adipose tissue
volume, or skeletal muscle volume in any group (Supple-
mentary Table 3).

Associations of IMCL With Cardiovascular Risk,
Diabetes-Related Chronic Kidney Disease, and
Neuropathy in Type 2 Diabetes
Regression analyses with baseline IMCL as an indepen-
dent variable and established cardiovascular risk scores as
a dependent variable revealed a positive association be-
tween IMCL and FRS-CVD at baseline (Table 4). On the
other hand, IMCL at 5 years associated with FRS-CHD,
ASCVD, and SCORE, but not with FRS-CVD. However,
these associations were significant only before adjustment
for age, sex, BMI, and whole-body insulin sensitivity.
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Figure 1—Whole-body insulin sensitivity from M-value (A–C) and
IMCL triglyceride content (D–F) from 1H MRS at baseline and at the
5-year follow-up. A, B, D, and E represent the whole cohort at
baseline (glucose-tolerant control [CON] subjects, n = 128; type 1
diabetes [T1D], n = 132; type 2 diabetes [T2D], n = 139), and C and
F represent the follow-up cohort (glucose-tolerant control subjects,
n = 20; type 1 diabetes, n = 27; type 2 diabetes, n = 38). Sex-specific
differences within groups at baseline are shown in B and E (males [M]
in darker color, females [F] in bright color). InC and F, hatched columns
represent 5-year follow-up (FU) data. Data are presented as mean and
SD. P values based on ANOVA by paired or unpaired t tests. BL, base-
line; *P < 0.05. #P < 0.05 vs. men within the same group. §P < 0.05
vs. same sex of the T1D group.1P < 0.05 vs. same sex of the control
subjects group.
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Baseline IMCL predicted accelerated increase for all car-
diovascular risk scores (FRS-CHD, FRS-CVD, ASCVD, and
SCORE), with association for an accelerated 10-year risk
for cardiovascular disease (FRS-CVD), which remained sig-
nificant after adjustments (Table 4).

Regression models further revealed an association of
IMCL with presence of CAN at baseline only, which was
lost after adjustments, and IMCL was neither related to
DSPN at baseline nor at 5 years after the diabetes diagno-
sis (Table 4).

IMCL also associated with microalbuminuria at baseline
(Table 4) and at 5 years after the diabetes diagnosis, and
baseline IMCL predicted accelerated progression of microal-
buminuria within 5 years (Table 4). Of note, all associations
between IMCL and microalbuminuria were independent of

age, sex, BMI, and whole-body insulin sensitivity. However,
there was no relationship between IMCL and eGFR.

No associations between IMCL and cardiovascular risk,
chronic kidney disease, DSPN, or CAN were observed in
type 1 diabetes (data not shown).

DISCUSSION

This study shows that intramyocellular triglyceride content
is 1) already elevated in recent-onset type 2 diabetes, which
occurs independent of age, sex, bodymass, and skeletal mus-
cle volume, 2) correlated with whole-body insulin resistance,
which is modulated by aerobic fitness, and, most impor-
tantly, 3) associated with higher cardiovascular risk, preva-
lent CAN, and microalbuminuria. However, IMCL remains

Table 3—Characteristics of subgroups examined at baseline and 5-year follow-up
Glucose-tolerant control subjects (n = 20) Type 1 diabetes (n = 27) Type 2 diabetes (n = 38)

Baseline Follow-up Baseline Follow-up Baseline Follow-up

Age (years) 47 ± 15 53 ± 15* 36 ± 11 41 ± 11* 51 ± 9 57 ± 9*

Sex (male/female) 16/4 12/15 28/10

BMI (kg/m2) 26.2 ± 3.5 26.7 ± 3.6 24.4 ± 4.4 26.7 ± 5.2* 29.6 ± 4.9 30.1 ± 4.5*

Plasma glucose (mg/dL) 92 ± 7 91 ± 8 119 ± 26 143 ± 50* 127 ± 29 146 ± 35*

C-peptide (ng/dL) 1.86 ± 1.09 1.91 ± 1.01 0.96 ± 0.69 0.69 ± 0.87* 3.03 ± 1.25 3.33 ± 1.54

HbA1c (NGSP, %) 5.3 ± 0.3 5.2 ± 0.4 6.2 ± 0.8 7.0 ± 0.9* 6.2 ± 0.6 6.7 ± 0.8*

HbA1c (mmol/mol) 34 ± 3 34 ± 4 45 ± 9 54 ± 10* 44 ± 7 50 ± 9*

Total cholesterol (mg/dL) 200 ± 37 194 ± 39 198 ± 35 179 ± 27* 193 ± 36 190 ± 34

LDL-cholesterol (mg/dL) 125 ± 35 125 ± 35 114 ± 30 106 ± 25 120 ± 31 120 ± 33

HDL-cholesterol (mg/dL) 63 ± 16 61 ± 13 72 ± 17 68 ± 17 46 ± 13 48 ± 15

Triglycerides (mg/dL) 103 ± 60 96 ± 38 79 ± 28 84 ± 43 138 ± 70 171 ± 100*

FFA (mmol/L) 563 ± 212 479 ± 206 706 ± 289 680 ± 424 623 ± 219 598 ± 188

hsCRP (mg/L) 0.10 ± 0.09 0.11 ± 0.10 0.14 ± 0.13 0.17 ± 0.14 0.30 ± 0.21 0.20 ± 0.14*

ADIPO-IR (a.u.) 8.3 ± 0.8 8.0 ± 0.8 8.7 ± 0.9 8.6 ± 1.2 9.0 ± 0.7 9.1 ± 0.9

RQbasal (a.u.) 0.81 ± 0.04 0.80 ± 0.07 0.80 ± 0.05 0.80 ± 0.09 0.79 ± 0.06 0.79 ± 0.17

RQclamp (a.u.) 0.96 ± 0.07 0.94 ± 0.07 0.94 ± 0.07 0.91 ± 0.06* 0.89 ± 0.05 0.93 ± 0.05

REEbasal (kcal/day) 1,653 ± 273 1,726 ± 254 1,604 ± 236 1,568 ± 257* 1,811 ± 299 1,827 ± 307

REEclamp (kcal/day) 1,943 ± 275 1,993 ± 294 1,731 ± 253 1,708 ± 294* 1,939 ± 306 1,911 ± 321

Data are shown as absolute numbers or mean ± SD, as applicable. P values based on paired t tests. Blood sampling was done in
overnight fasted state participants. a.u., arbitrary units; RQbasal, RQ in fasting conditions; RQclamp, RQ during clamp; REEbasal,
REE in fasting conditions; REEclamp, REE during clamp. *P < 0.05 vs. baseline.

Table 2—Parameters of body composition of the study population at baseline
Glucose-tolerant control subjects Type 1 diabetes Type 2 diabetes

(n = 117) (n = 74) (n = 75)

Adipose tissue volume (cm3)
Whole-body 19,931 ± 9,468 19,268 ± 9,311 27,614 ± 9,822b,c

Subcutaneous 18,108 ± 8,218 17,829 ± 8,834 23,637 ± 9,398b,c

Visceral 2,106 ± 1,978 1,400 ± 1,223a 3,974 ± 1,892b,c

Skeletal muscle volume (cm3) 2,720 ± 709 2,427 ± 654a 2,486 ± 562b

Data are shown as mean ± SD. P values are based on ANOVA. aP < 0.05 type 1 diabetes vs. controls. bP < 0.05 type 2 diabetes
vs. controls. cP < 0.05 type 1 diabetes vs. type 2 diabetes.
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largely unchanged despite increasing whole-body insulin re-
sistance during the initial course of type 2 diabetes.

IMCL is a well-recognized biomarker of muscle insulin
resistance (31); however, a relationship between IMCL
and diabetes-specific complications has been less clear.
This study now provides direct evidence for a link be-
tween IMCL and accelerated risk of cardiovascular risk,
CAN, and microalbuminuria in type 2 but not type 1 dia-
betes. The positive association of IMCL with 10-year risk
for cardiovascular disease (FRS-CVD) was attenuated after
adjustment for key confounders (age, sex, body mass, and
whole-body insulin sensitivity). Nonetheless, IMCL was
strongly associated with FRS-CHD, ASCVD, and SCORE
after 5 years of known type 2 diabetes, and baseline
IMCL related to higher 10-year risk of cardiovascular dis-
ease even after adjustment for confounders. These data
indicate that IMCL might not directly affect risk of mac-
rovascular complications at diagnosis, but predict acceler-
ated increase during the early course of type 2 diabetes.
Although the association between insulin resistance and
cardiovascular disease is well established (32), most of the
evidence for a modulating role of ectopic fat contents
comes from adipose tissue, liver, and endothelium (15).
The current findings suggest that IMCL could also serve
as a noninvasive biomarker, characterized by good stabil-
ity (33) and reproducibility (34,35), for the risk of diabetes-
related cardiovascular complications.

Insulin resistance may further contribute to develop-
ment of CAN in type 2 diabetes (16), and lower cardiac
vagal activity and baroreflex sensitivity associate with
higher hepatocellular lipid content, suggesting a role of
ectopic fat also for parasympathetic CAN (36). The cur-
rent study extends this concept by indicating a direct link
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Figure 2—Tridimensional regression describing the impact of
physical fitness (VO2max) on the relationship between IMCL con-
tent and whole-body insulin sensitivity (M-value) in recent-onset
type 2 diabetes at baseline (n = 139).
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between CAN and IMCL at the onset of type 2 diabetes.
However, adjustment for other possible confounders at-
tenuates this correlation, which was also lost at 5 years
after diabetes diagnosis.

Finally, insulin resistance is an independent risk factor
for chronic kidney disease (14), so that IMCLmay also relate
to this diabetes-related complication. Indeed, IMCL strongly
associates with microalbuminuria at baseline and 5 years
later, independent of age, sex, and body mass. This associa-
tion remained even after adjustment for whole-body insulin
resistance, and baseline IMCL independently predicted pro-
gression of microalbuminuria over the first 5 years of known
type 2 diabetes. This suggests an important role of systemic
lipid metabolism and ectopic fat for the pathogenesis of ab-
normal kidney function, as suggested by higher renal adi-
pose tissue content and its relationship to microalbuminuria
in early diabetic kidney disease (37). The absence of a similar
correlation with eGFR underlines that the higher IMCL
rather reflects the early damage of renal glomeruli.

In the type 1 diabetes group, whole-body insulin sensitiv-
ity was higher than in people with type 2 diabetes, despite
similar fasting glycemia, but lower than in glucose-tolerant
control subjects. The intravenous glucose bolus may lead to
different degrees of hyperglycemia and portal insulinemia be-
tween type 1 and type 2 diabetes, which could affect the glu-
cose infusion rates during the subsequent clamp period.
However, the high-dose insulin clamp and the time lag until
the clamp steady-state renders is unlikely. In support, whole-
body insulin sensitivity (M-value) strongly correlated with M-
value normalized to insulinemia during clamp steady state
(M/I) across all groups.

Baseline and follow-up IMCL was only higher in type 2,
but not type 1 diabetes compared with glucose-tolerant hu-
mans. In contrast, previous studies reported elevated IMCL
in individuals with type 1 diabetes (5,38), which may be due
to their poor metabolic control (average HbA1c of 8.6% and
7.7%, respectively) compared with the current study of
mostly well-controlled diabetes (75% had HbA1c <7%). In
line, previous studies in people with well-controlled type 1
diabetes (average HbA1c of 6.8%, 6.3%, and 7.4%, respec-
tively) found no IMCL elevation, independent of disease du-
ration ranging from 13 to 25 years (7,39,40). Also, chronic
peripheral hyperinsulinemia did not affect IMCL in type 1
diabetes after pancreas-kidney transplantation (41). Like-
wise, neither fed nor fasted muscle triglyceride content was
elevated in a rodent model of type 1 diabetes (42). Nonethe-
less, differences in reporting the level of IMCL in type 1 dia-
betes might be also affected by methodology. For example,
higher levels in samples obtained by biopsy might be due to
incomplete separation of intra- from extracellular lipids
and/or ex vivo lipolysis. Indeed, a recent systematic review
supported this view in that the analytical approach can influ-
ence the levels of IMCL at least in response to exercise (43).
Differences were also found in studies reporting IMCL in
sedentary individuals, with some reporting higher IMCL
compared with matched control subjects using 1H-MRS (5)

or biopsy (38) and others reporting similar IMCL in type 1
diabetes and glucose-tolerant humans (7,40,41). Overall,
IMCL content in type 1 diabetes seems to depend rather on
glycemic control than diabetes duration or insulinemia.

Higher IMCL tightly relates to lower levels of whole-
body insulin sensitivity and physical fitness in sedentary
humans (22), whereas a more complex tridirectional rela-
tionship has been proposed for exercise-trained people, by
which higher IMCL relates to higher insulin sensitivity
(12,44). This phenomenon, known as the athlet�es paradox,
was described in observational studies of glucose-tolerant
individuals comprising participants with higher physical
fitness, such as endurance-trained athletes or triathletes
(44,45), or in exercise intervention studies in elderly seden-
tary people with overweight or obesity (46). In the current
study, we did not observe any interaction between physical
fitness, insulin sensitivity, and IMCL in glucose-tolerant con-
trol subjects or people with type 1 diabetes, probably be-
cause of their only moderate degree of physical fitness
(mean VO2max 31 mL * min�1

* kg
�1). However, the degree

of physical fitness modulated the interaction between whole-
body insulin sensitivity and IMCL in type 2 diabetes. Interest-
ingly, the interaction between IMCL and insulin sensitivity
was not reversed from a negative to positive relationship in
individuals with type 2 diabetes and a higher degree of physi-
cal fitness. This is likely due to the overall (�20%) lower phys-
ical fitness in participants with type 2 diabetes compared with
control subjects, which is in line with the physical fitness in
other studies (47) and across all diabetes endotypes (27). The
physical performance and its dynamics over time are influ-
enced by several factors. Approximately 36% of people with
recent-onset type 2 diabetes fail to improve their insulin sensi-
tivity despite increased habitual physical activity and physical
fitness, which is at least in part genetically mediated (48). Fur-
ther, impairment of metabolic flexibility and mitochondrial
respiration (49) may compromise the ability of diabetic mus-
cle to use IMCL as an energetic substrate in contrast to rapid
adaptation of skeletal muscle in insulin-sensitive trained indi-
viduals (12). Nonetheless, the link between elevated IMCL
and insulin resistance in sedentary individuals in populations
without diabetes (12) or with recent type 2 diabetes in the
current study supports the paradigm of a protective role of
higher physical fitness in type 2 diabetes in preventing exces-
sive IMCL accumulation and in turn insulin resistance.

At baseline, IMCLs were higher in women than in men
with recent-onset type 2 diabetes, but not in the other
groups. This is partly in line with the observation that men
may preferentially store triglycerides in the liver, whereas
women rather accumulate triglycerides in skeletal muscles
(50). Nonetheless, neither age, sex, nor BMI modulated the
interaction between IMCL, insulin sensitivity, and physical
fitness in the type 2 diabetes group of the current study.

Of note, IMCL did not change in both diabetes groups
during the initial 5 years, indicating a stable behavior as a
biomarker, as also suggested from the only minimal
changes in IMCL in diabetic rodents (33) despite rising
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muscle lipid metabolites in insulin-resistant mice (51).
This differs from the typical increase in liver fat content
observed during the early progression of human type 2 di-
abetes (21) and murine insulin resistance (51). Taken to-
gether, these findings support a concept of tissue-specific
roles of ectopic lipid storage and cellular lipid metabolites
during the pathogenesis of diabetes.

The strengths of the current study include the prospec-
tive design of GDS, the relatively large sample size of
comprehensively phenotyped individuals recently diag-
nosed with type 1 or type 2 diabetes, and the use of
state-of-the-art methodology (1H-MRS, Botnia clamp, re-
spiratory gas exchange measurement during cycling ergo-
metry, and nerve conduction studies).

While the recruitment strategy of GDS allows individu-
als with a defined known disease duration to be exam-
ined, the results cannot be generalized to the general
population with diabetes and to other regions of the
world. Another limitation of the study is a relatively lower
sample size of the follow-up cohort as well as lower num-
ber of paired measurements of body composition caused
by the positioning for MRI scans, which was considered
inconvenient by several participants. Finally, IMCL re-
flects total intramyocellular triglycerides and does not al-
low conclusions about lipid contents in type I or type II
myocytes and subcellular distribution of lipids (4), which,
however, does jeopardize the possible value of IMCL as a
noninvasive clinical biomarker.

In conclusion, these findings demonstrate that intramyo-
cellular triglyceride content is elevated in recent-onset type 2
diabetes, which—modified by aerobic fitness—correlates
with whole-body insulin resistance but does not change dur-
ing the initial course of diabetes. Of note, IMCL associates
with higher risk of both microvascular and macrovascular
complications early in type 2 diabetes, suggesting that IMCL
may serve as a stable noninvasive biomarker of comorbidities
and complications related to type 2 diabetes.
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