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T

ype 2 diabetes is characterized by impaired
␤-cell function and insulin resistance of skeletal
muscle and other tissues (1). Skeletal muscle
insulin resistance is also a common feature in
obesity, dyslipidemia, and arterial hypertension (1). There
is evidence that altered lipid metabolism plays an important role in the pathogenesis of insulin resistance (2– 4). In
animal studies, high-fat feeding can induce insulin resistance (5). High-fat feeding has also been associated with
augmented lipid content in skeletal muscle, and intramyocellular triglyceride levels have been shown to be closely
related to insulin sensitivity (5). Moreover, studies in
muscle biopsies and computed tomography (CT) scans
suggest that an increased lipid content in skeletal muscle
is associated with insulin resistance in nondiabetic humans (6).
To understand potential mechanisms linking intramuscular lipids to skeletal muscle insulin resistance, it is important to consider that there are two distinct pools of
lipid storage in skeletal muscle: lipids located between
muscle fibers (adipocytes)—that is, extramyocellular
lipids—and lipids located within the muscle cells (cytosolic triglycerides)—that is, intramyocellular lipids (IMCL).
Because of methodological limitations, neither biochemical evaluation of muscle biopsy material nor evaluation
by CT can distinguish between these compartments.
1
H-magnetic resonance spectroscopy (1H-MRS) is a wellestablished method for noninvasive quantification of IMCL
content in vivo (7–9). Using 1H-MRS, several investigators
recently reported a close negative correlation between
IMCL levels of skeletal muscle and insulin sensitivity of
glucose uptake (10,11).
Currently, little is known about determinants and the
time course of IMCL regulation. A relatively rapid regulation is suggested by clinical studies showing that moderate prolonged exercise decreases IMCL within hours
(12). However, which factors control the accumulation of
IMCL and how rapidly this occurs is largely unknown. It is
also unknown whether an increase in IMCL is directly
linked to changes in insulin sensitivity.
In animal studies, hyperinsulinemia has been shown to
rapidly increase total skeletal muscle lipids in the presence of elevated nonesterified fatty acids (NEFA) (13). In
a recent study, Brechtel et al. (14) showed that magnetic
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An increased intramyocellular lipid (IMCL) content, as
quantified by 1H-magnetic resonance spectroscopy (1HMRS), is associated with reduced insulin sensitivity.
At present, it is unclear which factors determine IMCL
formation and how rapidly IMCL accumulation can be
induced. We therefore studied the impact of hyperinsulinemia and elevated circulating nonesterified fatty acid
(NEFA) levels on IMCL formation and insulin sensitivity.
We further evaluated the influence of a high-fat diet on
IMCL storage. In the infusion protocol, 12 healthy male
subjects underwent a 6-h hyperinsulinemic-euglycemic
glucose clamp with concomitant infusion of Intralipid
plus heparin. IMCL was quantified by 1H-MRS in soleus
(SOL) and tibialis anterior (TA) muscle at baseline and
then every hour. IMCL levels started to increase significantly after 2 h, reaching a maximum of 120.8 ⴞ 3.4%
(SOL) and 164.2 ⴞ 13.8% (TA) of baseline after 6 h (both
P < 0.05). In parallel, the glucose infusion rate (GIR)
decreased progressively, reaching a minimum of 60.4 ⴞ
5.4% of baseline after 6 h. Over time, the GIR was strongly
correlated with IMCL in TA (r ⴝ ⴚ0.98, P < 0.003) and
SOL muscle (r ⴝ ⴚ0.97, P < 0.005). In the diet protocol,
12 male subjects ingested both a high-fat and low-fat diet
for 3 days each. Before and after completion of each diet,
IMCL levels and insulin sensitivity were assessed. After
the high-fat diet, IMCL levels increased significantly in
TA muscle (to 148.0 ⴞ 16.9% of baseline; P ⴝ 0.005), but
not in SOL muscle (to 114.4 ⴞ 8.2% of baseline; NS).
Insulin sensitivity decreased to 83.3 ⴞ 5.6% of baseline
(P ⴝ 0.033). There were no significant changes in insulin sensitivity or IMCL levels after the low-fat diet. The
effects of the high-fat diet showed greater interindividual
variation than those of the infusion protocol. The data
from the lipid infusion protocol suggest a functional
relationship between IMCL levels and insulin sensitivity. Similar effects could be induced by a high-fat diet,
thereby underlining the physiological relevance of these
observations. Diabetes 50:2579 –2584, 2001
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TABLE 1
Subject characteristics

n
Age (years)
BMI (kg/m2)
Waist-to-hip ratio

Infusion protocol

Diet protocol

12
28.2 ⫾ 1.0
22.1 ⫾ 0.6
0.85 ⫾ 0.02

12
29.9 ⫾ 1.5
23.2 ⫾ 0.6
0.85 ⫾ 0.01

Data are means ⫾ SE.

RESEARCH DESIGN AND METHODS
Subjects. In both protocols, investigations were performed in 12 young,
healthy, male, normal-weight, nondiabetic volunteers; 4 subjects underwent
both protocols. A precharacterization of the volunteers was obtained in the
context of the Tübingen Family Study presently under way (10), including
⬎500 metabolically well-characterized first-degree relatives of type 2 diabetic
patients (TÜF study, Tübingen). For subject characteristics, see Table 1. All
subjects underwent an oral glucose tolerance test to assess glucose tolerance.
Those with a history of hypertension or thyroidal disease were excluded.
None of the subjects was taking any medication. Only subjects from the
intermediate insulin sensitivity range were selected to eliminate the influence
of extreme insulin resistance on the outcome of the experiments (10).
Subjects gave informed written consent before participating. Both protocols
were approved by the Ethics Committee of the University of Tübingen.
Lipid infusion protocol. In the lipid infusion protocol, IMCLs were quantified at baseline and every 60 min thereafter. The subjects remained in the
magnetic resonance tomograph throughout the 6-h study period. In the first
step, all 12 volunteers were treated with the combination of hyperinsulinemia
and increased circulating NEFA. NEFA levels were raised via infusion of a
lipid emulsion plus heparin, as described previously (2,3). After a bolus of 250
IU, heparin was infused at a constant rate of 0.4 IU 䡠 kg⫺1 䡠 min⫺1 (HeparinSodium Braun Multi 10.000 IU/ml; Braun, Meslungen, Germany) and a 20%
lipid emulsion (Intralipid 20; Pharmacia, Erlangen, Germany) with a constant
rate of 1.5 ml/min for 6 h.
In the second step, 6 of the 12 subjects underwent an experiment with
hyperinsulinemia alone. In this group, a solution of 0.9% saline (Delta-Pharma,
Pfullingen, Germany) was infused as a control for the lipid emulsion plus
heparin. The details of the method based on these 6 individuals were reported
in Brechtel et al. (14). An additional 3 of the 12 subjects received an infusion
of lipid emulsion plus heparin without concomitant insulin infusion.
Hyperinsulinemic-euglycemic glucose clamp. After an overnight fast, two
Teflon catheters (Vasofix Braunüle; Braun) were inserted for blood drawing
and infusions, respectively. In the experiments with hyperinsulinemia, a 6-h
glucose-clamp with infusion of 1.0 mU 䡠 kg⫺1 䡠 min⫺1 insulin was performed,
as previously described (10). The glucose infusion rate (GIR; in mg 䡠 kg⫺1 䡠
min⫺1) necessary to maintain euglycemia was used as a measure of insulin
sensitivity. The average GIR of the 60 min preceding the indicated time point
was used.
2580

RESULTS

Lipid infusion protocol. During the hyperinsulinemic
glucose clamp, circulating insulin levels increased comparably in the protocol with (57 ⫾ 4 mmol/l) and without
(53 ⫾ 3 mmol/l) concomitant lipid infusion (Fig. 1A).
Although glucose levels remained constant during infusion
of NEFA only, insulin levels rose slightly (Fig. 1A). The
marked increase in circulating NEFA during lipid infusion
was similar in the protocol with (3,192 ⫾ 241 mol/l) and
without insulin (3,141 ⫾ 242 mol/l) (Fig. 1B).
The mean GIR in the insulin-only protocol increased
from 7.6 ⫾ 1.4 mg 䡠 kg⫺1 䡠 min⫺1 after 2 h to 13.7 ⫾ 0.9 mg 䡠
kg⫺1 䡠 min⫺1 after 6 h, whereas in the protocol with
concomitant lipid infusion, the GIR declined by ⬃40%,
from 8.8 ⫾ 0.5 mg 䡠 kg⫺1 䡠 min⫺1 after 2 h to 5.4 ⫾ 0.7 mg 䡠
kg⫺1 䡠 min⫺1 after 6 h (Fig. 2A).
Insulin infusion alone had no effect on IMCL levels in
either muscle (TA: 8.8 ⫾ 4.4%; SOL: 1.5 ⫾ 1.6%; both NS),
whereas the concomitant infusion of NEFA led to a steady
increase in IMCL levels in both muscles. After 2 h, IMCL
levels in TA muscle were already significantly higher than
at baseline (15.7 ⫾ 5.8%; P ⱕ 0.05). At the end of the
intervention, IMCL content was 64.2 ⫾ 13.8% (P ⫽ 0.0003)
higher (Fig. 2B). In comparison, the rise in IMCL levels in
SOL muscle achieved significance after only 4 h and
reached a maximum increase of 20.7 ⫾ 3.4% (P ⫽ 0.005)
compared to baseline values. (Fig. 2C and D). A strong
negative correlation between IMCL content and GIR was
observed in both TA (r ⫽ ⫺0.98; P ⱕ 0.003) and SOL
muscle (r ⫽ ⫺0.97; P ⱕ 0.005). Lipid infusion without
DIABETES, VOL. 50, NOVEMBER 2001
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resonance spectroscopy is a sensitive tool for detecting
rapid changes in IMCL in humans. In the present study,
therefore, we used this technique to investigate the time
course of IMCL upregulation during hyperinsulinemia and
elevation of circulating NEFA. Simultaneously, we used
the hyperinsulinemic-euglycemic glucose clamp to measure changes in insulin sensitivity. We found that an
increase in IMCL is accompanied by a decrease in insulin
sensitivity. Because the lipid infusion protocol represents
an experimental situation with supraphysiologically high
plasma NEFA levels, it is unclear whether an extrapolation
of the results to the physiological situation is possible.
Therefore, in a second protocol we studied the effects of a
short-term, high-fat diet on insulin sensitivity and IMCL
levels. Similar to the results after lipid infusion, IMCL
levels were increased and insulin sensitivity was decreased after the high-fat diet. The results of the diet
protocol suggested that, even with high interindividual
variation, nutrient fat rapidly modifies IMCL levels and
insulin sensitivity.

Diet protocol and diet composition. Each subject received a high-fat
low-carbohydrate diet and a low-fat high-carbohydrate diet for 3 consecutive
days each. Before and after the completion of the diets, IMCL levels were
quantified by 1H-MRS and insulin sensitivity was determined by a 2-h hyperinsulinemic-euglycemic glucose clamp. Fasting blood samples were collected
for measurement of blood glucose, serum insulin, and lipid concentrations.
The diets were designed by a study dietitian to represent extremes of
Western nutritional habits, defined as follows: 1) high-fat diet: high in calories,
high in fat (55– 60% of energy intake, predominantly saturated fat), and low in
carbohydrates (30 –35%) and protein (11–16%), with total energy intake of
2,667–2,943 kcal/day; and 2) low-fat diet: normal range of calories, low in
saturated fat (18 –23%), and high in carbohydrates (62– 64% of energy intake)
with 16 –18% protein and fiber, with total energy intake of 1,901–2,125
kcal/day. On average, the total energy intake was 767 kcal/day lower than with
the high-fat diet. The diets consisted of commonly available food items (e.g.,
pizza, pasta). No alcohol was permitted during the study period. For the 2 days
before the metabolic investigations, the subjects were on a prescribed, standardized well-balanced diet. Body weight remained constant with both diets.
In vivo 1H-NMR spectroscopy. Image-guided 1H-MRS was applied in the
soleus (SOL) and tibialis anterior (TA) muscles on a 1.5 Tesla whole-body
system (Magnetom Vision; Siemens, Erlangen, Germany), as previously described (8,10). A stimulated echo acquisition mode, single voxel technique
(repetition time 2 s, echo time 10 ms) with suppression of the predominant
water signal was used to determine IMCL levels. Voxel (2.4 ccm) were
positioned in areas with low (TA) or representative content (SOL) of
intramuscular fat septa visible on standard T1-weighted images. IMCLs were
quantified as the area under the curve of the methylene signals of lipids at
1.3–1.5 ppm. The creatine signal at 3.1 ppm served as an internal reference.
Analytical procedures. During the clamp, plasma glucose was measured
every 10 min by the glucose-oxidase method (YSI, Yellow Springs, OH). Blood
was drawn every 20 min for determination of serum insulin (MEIA Abbott,
Wiesbaden, Germany) and NEFA levels (WAKO Chemicals, Neuss, Germany),
as previously described (10).
Statistical analysis. Data are reported as means ⫾ SE. Dynamic changes
(1– 6 h vs. baseline) during the experiments were evaluated by Student’s t test
and expressed as the percent change from baseline. To examine the relationship between IMCL levels and GIR, least square regression analysis was
performed.
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reach statistical significance (⌬IMCL TA: ⫺10.1 ⫾ 8.7, NS;
⌬IMCL SOL: 7.7 ⫾ 4.6%, NS). Changes in IMCL levels and
insulin sensitivity for both dietary periods are presented in
Fig. 3.
Figure 4 shows the individual changes in insulin sensitivity and IMCL levels during the intervention. Clearly, in
the lipid infusion protocol (Fig. 4A and B), the interindividual variation was much smaller than in the diet protocol
(Fig. 4C and D). In three subjects, the changes actually
went in the opposite direction of the mean during the diet
protocol.
DISCUSSION

concomitant insulin infusion did not significantly increase
IMCL levels in the 6-h time frame (data not shown).
Diet protocol
Glucose, insulin, and NEFA levels. Fasting plasma
glucose remained unchanged during both diet protocols.
Fasting insulin levels were not different before and after
the high-carbohydrate diet (6 vs. 7 pmol; NS) nor before
and after the high-fat diet (8 vs. 6 pmol; NS). Fasting
triglyceride and NEFA levels remained nearly unchanged
during both protocols (Fig. 3).
Insulin sensitivity. After the high-fat diet, the GIR
decreased significantly, from 8.3 ⫾ 0.5 to 6.9 ⫾ 0.6 mg 䡠
kg⫺1 䡠 min⫺1, thereby indicating a significant decrease in
insulin sensitivity (P ⬍ 0.033). In contrast, after the low-fat
diet, the GIR remained unchanged (7.5 ⫾ 0.5 vs. 7.7 ⫾ 0.6
mg 䡠 kg⫺1 䡠 min⫺1; NS) (Table 2, Fig. 3). NEFA levels
decreased similarly during the glucose clamp.
IMCL levels. After the high-fat diet, the IMCL content in
TA muscle increased by ⬃50% (48.0 ⫾ 16.9%; P ⬍ 0.005),
whereas the IMCL content in SOL muscle increased by
only 14% and did not reach statistical significance (14.4 ⫾
8.2%; NS). However, after the low-fat diet, IMCL content
decreased in both TA and SOL muscle, but also did not
DIABETES, VOL. 50, NOVEMBER 2001

TABLE 2
Change of metabolic parameters during high-fat versus low-fat
diet: change from baseline
⌬ High-fat
diet

Fasting glucose (mmol/l)
0.9 ⫾ 2.2
Fasting serum insulin
(mmol/l)
1.1 ⫾ 0.9
⫺1.4 ⫾ 0.6
GIR (mg 䡠 kg⫺1 䡠 min⫺1)
NEFA (mol/l)
⫺42.4 ⫾ 45.5
Triglyceride (mg/dl)
⫺7.7 ⫾ 18.2

P

⌬ Low-fat
diet

0.80 ⫺0.4 ⫾ 1.7

P

0.76

0.21 ⫺1.8 ⫾ 1.8 0.33
0.03
0.2 ⫾ 0.4 0.70
0.37 95.8 ⫾ 56.7 0.12
0.69 18.3 ⫾ 16.7 0.30

Data are means ⫾ SE.
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FIG. 1. A: Serum insulin levels during 6-h hyperinsulinemic-euglycemic
clamp with (12 subjects; F) and without (6 subjects; E) concomitant
infusion of Intralipid and heparin-sodium. Insulin levels during infusion of Intralipid and heparin-sodium without clamp are represented
by (3 subjects). B: Serum NEFA levels during 6-h hyperinsulinemiceuglycemic clamps with (12 subjects; F) and without (6 subjects; E)
concomitant infusion of Intralipid and heparin-sodium. NEFA levels
during infusion of Intralipid and heparin-sodium without clamp are
represented by (3 subjects).

Lipid infusion protocol. Neither hyperinsulinemia during the clamp alone nor experimental elevation of circulating NEFAs without concomitant infusion of insulin
induced a change in IMCL levels. In contrast, the combination of the Intralipid/heparin infusion and clamp, leading to increased circulating NEFA, and insulin resulted in
a significant increase in IMCL levels after only 2 h in TA
muscle and 4 h in SOL muscle. Although IMCL levels
increased significantly in both muscle types, the increase
in TA muscle was more pronounced. The increases in
IMCL levels and decreases in insulin sensitivity paralleled
one another and showed a strong negative correlation over
time for both TA (r ⫽ ⫺0.98; P ⱕ 0.003) and SOL muscle
(r ⫽ ⫺0.97; P ⱕ 0.005). Unfortunately, the methods used
did not allow us to discern which event occurred first: the
change in IMCL levels or the change in insulin sensitivity.
These findings in humans agree with observations in a
rat model reported by Chalkley et al. (13). These authors
found an increased triacylglycerol content in the red
gastrocnemius muscle under similar conditions (i.e., after
a 5-h hyperinsulinemic glucose clamp and infusion of a
lipid emulsion plus heparin) (13). In that study, however,
no distinction between the extramyocellular lipid and
IMCL compartments could be made.
1
H-MRS offers a unique noninvasive approach for quantifying the time course of changes in IMCL levels in
humans. The close correlation of time course and degree
of change in both parameters are suggestive of a potential
link between IMCL levels and muscle insulin sensitivity. It
is necessary to point out that our use of the hyperinsulinemic clamp measured the net effect on peripheral (mainly
muscle) glucose uptake and suppression of endogenous
(mainly hepatic) glucose production. Because elevated
NEFA not only stimulates basal glucose production (15),
but also prevents insulin suppression of glucose production, it is likely that not all of the NEFA effect on insulin

IMCL AND INSULIN SENSITIVITY

sensitivity was attributable to changes in muscle. Nevertheless, it is probably fair to assume that muscle was
responsible for ⬃50% of the effect on insulin sensitivity
observed.
The molecular basis of a potential link between increased IMCL levels and decreased insulin sensitivity
remains to be determined. Currently, little is known about
the mechanisms involved in the regulation of intramyocellular lipogenesis. The increase of IMCL may be induced by
several mechanisms, such as the activation of enzymes of
lipogenesis (e.g., acetyl-CoA carboxylase and fatty acid
synthase) and/or changes in the concentrations of substrates of intracellular lipid metabolism (e.g., malonylCoA, long-chain fatty acid-CoA, acetyl-CoA, and citrate)
(5).
Diet protocol. To determine the effects of short-term
dietary interventions on IMCL levels and insulin sensitivity, we compared two types of diets typical in Western
2582

FIG. 3. Relative changes from baseline after high-fat diet (12 subjects;
f) and low-fat diet (12 subjects; 䡺). *P ⬍ 0.05.
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Downloaded from http://diabetesjournals.org/diabetes/article-pdf/50/11/2579/339218/db1101002579.pdf by guest on 09 December 2022

FIG. 2. A: Upper panel: GIR during 6-h hyperinsulinemic-euglycemic clamps with (12 subjects; F) and without (6 subjects; E) concomitant infusion
of Intralipid and heparin-sodium. Lower panel: IMCL levels (AU) in TA muscle during 6-h hyperinsulinemic-euglycemic clamps with (12 subjects;
f) and without (6 subjects; 䡺) concomitant infusion of Intralipid and heparin-sodium. B: Inverse correlation between increasing IMCL (AU) in
TA muscle and decreasing GIR during 6-h hyperinsulinemic-euglycemic clamps with concomitant infusion of Intralipid and heparin-sodium (12
subjects; Œ; r ⴝ ⴚ0.98, P < 0.003). C: Upper panel: GIR during 6-h hyperinsulinemic-euglycemic clamps with (F) and without (E) concomitant
infusion of Intralipid and heparin-sodium. C: Lower panel: IMCL levels (AU) in SOL muscle during 6-h hyperinsulinemic-euglycemic clamps with
(f) and without (䡺) concomitant infusion of Intralipid and heparin-sodium. D: Inverse correlation between increasing IMCL levels (AU) in SOL
muscle and decreasing GIR during 6-h hyperinsulinemic-euglycemic clamps with concomitant infusion of Intralipid and heparin-sodium (12
subjects; Œ; r ⴝ ⴚ0.97, P < 0.005).

O.P. BACHMANN AND ASSOCIATES

societies. The high-fat diet contained predominantly saturated fatty acids and was low in carbohydrate. The low-fat
diet was high in carbohydrate and low in fat, as is
recommended for the general population as well as for
diabetic patients (16 –20). Total calories were higher in the
high-fat diet because fat is an excellent source of energy.
We preferred not to match the protocols to avoid conversion of excess carbohydrate-derived calories into fat (21–
23). Therefore, we could not separate the influence of
caloric imbalance and the contribution of fat intake.
However, it is likely that the observed effects were mainly
attributable to the increased proportion of fat in the
high-fat diet. After ingestion of the high-fat diet for 3 days,
both IMCL levels and insulin sensitivity were clearly
affected. This observation agrees with the results obtained
in the lipid infusion protocol. However, one consideration
is whether the result in the diet protocol was attributable
to the same mechanism as in the lipid infusion protocol,
given that plasma NEFA levels obtained before the clamp
remained nearly unchanged. Also, the suppression pattern
of NEFAs during the clamp was almost identical for both
groups. Therefore, the possibility that the alterations in
insulin sensitivity and IMCL levels in this study were
caused by factors other than increased postprandial
plasma NEFA levels (e.g., molecular mechanisms within
the muscle cell itself) cannot be excluded.
This conclusion agrees with findings from several studies that have showed that a fat-rich diet can increase
DIABETES, VOL. 50, NOVEMBER 2001

plasma NEFA levels, and, moreover, that this increase in
NEFA levels is accompanied by a decrease in insulin
sensitivity (3,10,11,24,25). The same limitations as mentioned above regarding the specificity of the hyperinsulinemic clamp to measure changes in muscle versus liver
remain.
Differences in muscle types in the diet protocol. The
decrease of insulin sensitivity after a high-fat diet was
accompanied by a marked increase in IMCL levels, which
was statistically significant only for the TA muscle. In the
SOL muscle, neither high fat nor high carbohydrate intake
led to significant changes of IMCL content. This result
might have been influenced by methodological factors. For
example, the reproducibility of 1H-MRS was reported to be
10 –15% for the SOL muscle and 5–10% for the TA muscle
(9,10,12). Moreover, absolute changes in IMCL content for
the SOL muscle seem to be much higher, as this muscle
presents a higher baseline value because of its mainly
oxidative metabolism (9,10,12,14).
Interindividual variation of the susceptibility to fat
loading. The concomitant increase in IMCL levels and
decrease in insulin sensitivity is in accordance with earlier
studies reporting a negative correlation between IMCL
content and insulin sensitivity in healthy subjects as well
as in first-degree relatives of patients with type 2 diabetes
(3,10 –12,24,25). Figure 2 shows the correlation of mean
values of the time course of IMCL versus insulin sensitivity
change. As shown in Fig. 4, the effect of the infusion
2583
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FIG. 4. A and B: Relative changes from baseline IMCL levels in SOL (A) and TA muscle (B) and insulin sensitivity from each of the 12 subjects
after hyperinsulinemia and lipid infusion. C and D: Relative changes from baseline IMCL levels in SOL (C) and TA muscle (D) and insulin
sensitivity from each of the 12 subjects after 3 days of high-fat diet.
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(IZKF).
REFERENCES
1. Reaven GM: Banting Lecture 1988: Role of insulin resistance in human
disease. Diabetes 37:1595–1607, 1988
2. Boden G: Role of fatty acids in the pathogenesis of insulin resistance and
NIDDM [see comments]. Diabetes 46:3–10, 1997
3. Roden M, Krssak M, Stingl H, Gruber S, Hofer A, Furnsinn C, Moser E,
Waldhausl W: Rapid impairment of skeletal muscle glucose transport/
phosphorylation by free fatty acids in humans. Diabetes 48:358 –364, 1999
4. Randle PJ, Garland PB, Hales CN, Newsholme EA: The glucose-fatty acid
cycle: its role in insulin sensitivity and the metabolic disturbances of
diabetes mellitus. Lancet i:785–789, 1963
5. Oakes ND, Cooney GJ, Camilleri S, Chisholm DJ, Kraegen EW: Mechanisms of liver and muscle insulin resistance induced by chronic high-fat
feeding. Diabetes 46:1768 –1774, 1997
6. Goodpaster BH, Kelley DE: Role of muscle in triglyceride metabolism.
Curr Opin Lipidol 9:231–236, 1998
7. Szczepaniak LS, Babcock EE, Schick F, Dobbins RL, Garg A, Burns DK,
McGarry JD, Stein DT: Measurement of intracellular triglyceride stores by
H spectroscopy: validation in vivo. Am J Physiol 276:E977–E989, 1999
8. Schick F, Eismann B, Jung WI, Bongers H, Bunse M, Lutz O: Comparison
of localized proton NMR signals of skeletal muscle and fat tissue in vivo:
two lipid compartments in muscle tissue. Magn Reson Med 29:158 –167,
1993
9. Boesch C, Decombaz J, Slotboom J, Kreis R: Observation of intramyocellular lipids by means of 1H magnetic resonance spectroscopy. Proc Nutr
Soc 58:841– 850, 1999
10. Jacob S, Machann J, Rett K, Brechtel K, Volk A, Renn W, Maerker E,
Matthaei S, Schick F, Claussen CD, Haring HU: Association of increased

2584

intramyocellular lipid content with insulin resistance in lean nondiabetic
offspring of type 2 diabetic subjects. Diabetes 48:1113–1119, 1999
11. Perseghin G, Scifo P, De Cobelli F, Pagliato E, Battezzati A, Arcelloni C,
Vanzulli A, Testolin G, Pozza G, Del Maschio A, Luzi L: Intramyocellular
triglyceride content is a determinant of in vivo insulin resistance in
humans: a 1H–13C nuclear magnetic resonance spectroscopy assessment in
offspring of type 2 diabetic parents. Diabetes 48:1600 –1606, 1999
12. Brechtel K, Niess AM, Machann J, Rett K, Schick F, Claussen CD, Dickhuth
HH, Haering HU, Jacob S: Utilisation of intramyocellular lipids (IMCLs)
during exercise as assessed by proton magnetic resonance spectroscopy
(1H-MRS). Horm Metab Res 33:63– 66, 2001
13. Chalkley SM, Hettiarachchi M, Chisholm DJ, Kraegen EW: Five-hour fatty
acid elevation increases muscle lipids and impairs glycogen synthesis in
the rat. Metabolism 47:1121–1126, 1998
14. Brechtel K, Dahl DB, Machann J, Bachmann OP, Wenzel I, Maier T,
Claussen CD, Haring HU, Jacob S, Schick F: Fast elevation of the
intramyocellular lipid content in the presence of circulating free fatty acids
and hyperinsulinemia: a dynamic 1H-MRS study. Magn Reson Med 45:179 –
183, 2001
15. Boden G, Jadali F, White J, Liang Y, Mozzoli M, Chen X, Coleman E, Smith
C: Effects of fat on insulin-stimulated carbohydrate metabolism in normal
men. J Clin Invest 88:960 –966, 1991
16. Harris MI, Flegal KM, Cowie CC, Eberhardt MS, Goldstein DE, Little RR,
Wiedmeyer HM, Byrd-Holt DD: Prevalence of diabetes, impaired fasting
glucose, and impaired glucose tolerance in U.S. adults: the Third National
Health and Nutrition Examination Survey, 1988 –1994 [see comments].
Diabetes Care 21:518 –524, 1998
17. Wolever TM: Dietary carbohydrates and insulin action in humans. Br J
Nutr 83 (Suppl. 1):S97⫺S102, 2000
18. Jenkins DJ, Wolever TM, Jenkins AL, Taylor RH: Dietary fibre, carbohydrate metabolism and diabetes. Mol Aspects Med 9:97–112, 1987
19. Jenkins DJ, Ghafari H, Wolever TM, Taylor RH, Jenkins AL, Barker HM,
Fielden H, Bowling AC: Relationship between rate of digestion of foods
and postprandial glycaemia. Diabetologia 22:450 – 455, 1982
20. Troiano RP, Briefel RR, Carroll MD, Bialostosky K: Energy and fat intakes
of children and adolescents in the United States: data from the National
Health and Nutrition Examination Surveys. Am J Clin Nutr 72:1343S–
1353S, 2000
21. Randle PJ: Regulatory interactions between lipids and carbohydrates: the
glucose fatty acid cycle after 35 years. Diabetes Metab Rev 14:263–283,
1998
22. Saloranta C, Groop L: Interactions between glucose and FFA metabolism
in man. Diabetes Metab Rev 12:15–36, 1996
23. Storlien LH, Kriketos AD, Jenkins AB, Baur LA, Pan DA, Tapsell LC,
Calvert GD: Does dietary fat influence insulin action? Ann N Y Acad Sci
827:287–301, 1997
24. Brechtel K, Machann J, Jacob S, Strempfer A, Schick F, Haring HU,
Claussen CD: In-vivo 1H-MR spectroscopy: the determination of the intraand extramyocellular lipid content depending on the insulin effect in the
direct offspring of type-2 diabetics [in German]. Rofo Fortschr Geb
Rontgenstr Neuen Bildgeb Verfahr 171:113–120, 1999
25. Krssak M, Falk PK, Dresner A, DiPietro L, Vogel SM, Rothman DL, Roden
M, Shulman GI: Intramyocellular lipid concentrations are correlated with
insulin sensitivity in humans: a 1H NMR spectroscopy study [see comments]. Diabetologia 42:113–116, 1999
26. Fajas L, Debril MB, Auwerx J: PPAR gamma: an essential role in metabolic
control. Nutr Metab Cardiovasc Dis 11:64 – 69, 2001
27. Cha BS, Ciaraldi TP, Carter L, Nikoulina SE, Mudaliar S, Mukherjee R,
Paterniti JR Jr, Henry RR: Peroxisome proliferator-activated receptor
(PPAR) gamma and retinoid X receptor (RXR) agonists have complementary effects on glucose and lipid metabolism in human skeletal muscle.
Diabetologia 44:444 – 452 2001

DIABETES, VOL. 50, NOVEMBER 2001

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/50/11/2579/339218/db1101002579.pdf by guest on 09 December 2022

protocol was relatively homogenous compared to the diet
protocol. This variation might reflect insufficient control of
parameters, such as physical activity during the 3-day
protocol. It could also point to a different individual
susceptibility to the negative effects of fat loading. However, such susceptibility factors could include family history of diabetes, differences in genotype (e.g., peroxisome
proliferator-activated receptor-␥ Pro12Ala polymorphism,
which affects lipid handling, and other genetic determinants) (26,27). Because the present study was conducted
in subjects with intermediate insulin sensitivity, it was not
possible to address whether subjects with lower insulin
sensitivity are more susceptible to nutrient changes.
In conclusion, this study showed that IMCL formation,
induced rapidly through short-term elevation of circulating
NEFA and hyperinsulinemia, leads to decreased insulin
sensitivity. The results of the diet protocol suggest that
this is a physiologically relevant regulatory mechanism.

