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Context: Lipoprotein lipase (LPL) activity is considered the rate-limiting step of very-low-density-
lipoprotein triglycerides (VLDL-TG) tissue storage, and has been suggested to relate to the
development of obesity as well as insulin resistance and type 2 diabetes.

Objective: The objective of the study was to assess the relationship between the quantitative
storage of VLDL-TG fatty acids and LPL activity and other storage factors in muscle and adipose
tissue. In addition, we examine whether such relations were influenced by type 2 diabetes.

Design: We recruited 23 men (12 with type 2 diabetes, 11 nondiabetic) matched for age and body
mass index. Postabsorptive VLDL-TG muscle and subcutaneous adipose tissue (abdominal and leg)
quantitative storage was measured using tissue biopsies in combination with a primed-constant
infusion of ex vivo triolein labeled [1-14C]VLDL-TG and a bolus infusion of ex vivo triolein labeled
[9,10-3H]VLDL-TG. Biopsies were analyzed for LPL activity and cellular storage factors.

Results: VLDL-TG storage rate was significantly greater in men with type 2 diabetes compared with
nondiabetic men in muscle tissue (P = 0.02). We found no significant relationship between VLDL-TG
storage rate and LPL activity or other storage factors in muscle or adipose tissue. However, LPL
activity correlated with fractional VLDL-TG storage in abdominal fat (P = 0.04).

Conclusions: Men with type 2 diabetes have increased VLDL-TG storage in muscle tissue, potentially
contributing to increased intramyocellular triglyceride and ectopic lipid deposition. Neithermuscle nor
adipose tissue storage rates were related to LPL activity. This argues against LPL as a rate-limiting step
in the postabsorptive quantitative storage of VLDL-TG. (J Clin Endocrinol Metab 102: 831–839, 2017)

F atty acids (FAs) are important oxidative and meta-
bolic substrates. In the postabsorptive state FA

originate from different lipid sources, intramyocellular
triglyceride (IMTG) stores or circulating FA from adipose
tissue lipolysis or hydrolysis of plasma very-low-density-
lipoprotein triglycerides (VLDL-TG). The VLDL-TG
particle pool is the principal plasma TG transporter
and contains a constant quantity of 0.5 to 1.0 mmol TG,
equal to ;8 times of the minute-based basal energy de-
mand of the body (�1 kcal/min) (1, 2).

The endothelial associated enzyme lipoprotein-lipase
(LPL) mediates tissue uptake of lipoprotein triglyceride-
FA in both muscle and adipose tissue. The activities of
muscle-LPL (mLPL) and adipose tissue–LPL (aLPL) are
regulated in an inverse fashion (3), which optimizes the
flexibility between fat storage at times of high energy
supply vs fat availability for oxidation in the post-
absorptive state and during exercise (3, 4). It has been
proposed that LPL serves as a rate-limiting step in cellular
uptake of plasma TG-FA based on earlier in vitro and
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in vivo animal studies (5–7) where aLPL activity was
correlated significantly with TG uptake. In muscle tissue,
animal studies have shown that overexpression of mLPL
induces greater intramyocellular-triglyceride (imTG)
content and insulin resistance (8). Compared with non-
diabetic subjects, patientswith type 2 diabetes oxidize less
lipid in the postabsorptive state (9), have increased aLPL
activity (3) and have dyslipidemia, driven by increased
VLDL-TG secretion (10), but whether this affects traf-
ficking of VLDL-TG FA directly remains unknown.

Even though numerous hormonal and nutritional
factors affect LPL activity (2, 3), very few human studies
have assessed the direct relationship between the quan-
titative tissue uptake of VLDL-TG and LPL activity of
the same tissue. A study from our group was unable to
demonstrate a direct association between postabsorptive
aLPL activity and storage in subcutaneous abdominal
and femoral adipose tissue in lean and obese women (11).
If LPL activity indeed acts as a rate-limiting factor for
VLDL-TG storage such an association would be ex-
pected. In addition to LPL activity, other storage factors
govern cellular storage of FA, such as membrane trans-
porters and intracellular lipogenic enzymes (12, 13).

In this study, we measured the postabsorptive storage
rates of VLDL-TG in skeletal muscle and subcutaneous
adipose tissue in relation to LPL activity to assess the
contribution of LPL to this pathway of FA storage.
Moreover, we measured a series of tissue-specific pro-
teins and enzymes (collectively denoted “storage fac-
tors”) that might be involved in regulating skeletal
muscle and adipose tissue FA storage: in muscle, protein
content of CD36 (involved in transmembrane FA
transport) (14) and acetyl-CoA carboxylase (ACC;
catalyze conversion of acetyl-CoA to malonyl-CoA); in
adipose tissue, CD36 protein content, acyl-CoA syn-
thetase (ACS) activity (activation of intracellular FA)
(15), and diacylglycerol acyltransferase (DGAT) activity
(final step in TG synthesis) (16). We hypothesized that
VLDL-TG FA storage is quantitatively associated with
LPL activity and/or 1 or more of these intracellular lipid
storage factors. In addition, we examined whether type
2 diabetes impacts on this relationship by comparing
men with and without type 2 diabetes matched for age
and body mass index.

Research Design and Methods

The local ethics committee approved the study and informed,
written consent was obtained from all participants.

Participants
Twelve men with type 2 diabetes and 11 age- and weight-

matched nondiabetic men were recruited. The kinetic data have
been published elsewhere (10), including in- and exclusion

criteria. Oral hypoglycemic agents were discontinued 3 weeks,
whereas statins and antihypertensive therapy were discontinued
2 weeks prior to the study day.

Protocol
One week before the study day, a fasting 120-mL blood

sample was obtained for VLDL-TG labeling. Furthermore,
dual-energy x-ray absorptiometry (DEXA) and abdominal
computed tomography scans were performed to determine
body composition. To assure consistent nutrient and energy
intake, an isocaloric diet (30% fat, 55% carbohydrate, 15%
protein) was provided by the hospital kitchen for 3 days
ahead of the study day. Subjects avoided strenuous exercise
during the 3 days before the study. The participants were
admitted to the research laboratory the evening before the
study and fasted overnight. At 5:30 (t = –120 minutes),
2 intravenous catheters were placed in a forearm vein for
infusions and in the contralateral hand vein for collecting
arterialized blood using the heated hand vein technique and a
bolus of [9,10-3H]VLDL-TG tracer was injected. At 7:30
(t = 0 minutes), a primed (20% of tracer), constant infu-
sion [1-14C]VLDL-TG tracer was initiated. At t = 120 to 420
minutes, a euglycaemic hyperinsulinemic clamp was per-
formed (insulin infusion rate 1.0 mU/kg lean body mass/min).
Blood glucose was clamped at approximately 5 mmol/L by
using 20% glucose infusion. Insulin sensitivity was estimated
as the glucose infusion rate during the last hour of the clamp
(M value). VLDL-TG specific activity (SA) was measured at
t = 0, 60, 80, 100, and 120 minutes. Muscle and fat tissue
biopsies were obtained at t = 120 minutes for measurement of
[3H]VLDL-TG storage, LPL activity, and cellular storage
factors. Muscle tissue biopsies were taken from m. vastus
lateralis under local anesthesia and immediately snap frozen
in liquid nitrogen. Adipose tissue biopsies were taken using a
liposuction technique under local anesthesia from the sub-
cutaneous abdominal and the anterior femoral regions.
A portion of each of the biopsies were quickly frozen in liquid
nitrogen and stored at –80°C. The remainder was used to
measure muscle and adipose tissue lipid tracer content and fat
cell size.

VLDL-TG tracer preparation
Labeling of VLDL-TG with [9,10-3H]triolein and [1-14C]

triolein was performed as described elsewhere (17). In brief,
plasma from a 60 ml blood sample was mixed with either 30
mCi [1-14C]triolein or 120 mCi [9,10-3H]triolein (Perki-
nElmer, Inc., Waltham, MA) and sonicated at 37°C for 6
hours. The plasma was transferred to sterile 6-ml OptiSeal
centrifuge tubes (Beckman Instruments, Brea, CA), covered
with saline (d = 1.006 g/ml) and centrifuged (Ti 50.3 rotor;
Beckman Instruments) for 18 hours at 40,000 rpm and 10°C.
The supernatant containing the labeled VLDL particles was
removed using a sterile Pasteur pipette, filtered and stored at
5°C. Samples were tested for bacterial growth to ensure
sterility.

Body composition
Total body fat, leg fat, fat percent, and lean body mass

were measured by DEXA (QDR-2000, Hologic, Bedford,
MA). Upper-body and visceral fat was assessed using the
combination of a single-slice computed tomography scan at
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the L2 to L3 interspace in combination with DEXA abdominal
fat measurement (18). Upper body subcutaneous fat was
taken as upper body fat (DEXA) minus visceral fat. The
abdominal scans were technically insufficient in 2 nondiabetic
subjects.

Assays

Muscle lipid SA
Each sample was carefully dissected free of visible adipose-

and connective tissue in ice cold saline using a stereo-microscope.
The sample was then immediately pulverized and the fat
extracted using Folch mixture [CHCl3:MeOH (2:1)]. Fat
extracts were then transferred to scintillation vials, scintillation
cocktail added and [3H] activity measured by liquid scintil-
lation counting to ,2% counting error. [3H]SA was calculated
as dpm per kg muscle tissue [wet weight (ww)].

Adipose lipid SA and fat cell size
Adipose tissue lipid SA (dpm per kg adipose tissue lipid) was

measured after lipid extraction as previously described (19). Fat
cell size was determined immediately after the biopsy procedure
as previously described (20).

LPL activity
Heparin-releasable LPL activity was measured in adi-

pose- and muscle tissue biopsies of 50 to 100 mg by the
glycerol-stabilized method described by Nilsson-Ehle and
Schotz (21). In short, the tissue was incubated in 5U/mL
heparin elution buffer [15% BSA; phosphate-buffered saline
(PBS) 1X w/ Ca and Mg, Celox Laboratories PBS-1000;
Heparin 1000 U/mL PBS, Sigma H-0777; Sigma Chemical
Co., St. Louis, MO] for 45 minutes at room temperature.
Duplicates of the eluent was incubated with 3H-triolein
containing substrate (0.5mCi/mL, NET-431 Perkin Elmer)
for 1 (muscle) or 2 (fat) hours at 37°C. The reaction was
stopped using methanol:chloroform:heptane (34:38:28),
and the supernatant was transferred in duplicates to scin-
tillation vials. Scintillation fluid was added, mixed thor-
oughly and [3H] activity was measured by liquid scintillation
counting to a ,2% counting error. The interassay coeffi-
cient of variation as determined from 10 repeated mea-
surements was 11.0%. The tissue biopsies were analyzed for
LPL activity as a single batch shortly after all biopsies were
collected (10).

Muscle CD36 and ACC protein content
Basal muscle tissue samples (T = 120) were homogenized in

lysis buffer [1 M dithiothreitol, 5mg/ml soybean trypsin in-
hibitor, 2 mg/l leupeptin, 300 M benzamidin, 100 mM phe-
nylmethane sulfonyl fluoride, 30 ml distillated water] with the
Precellys®24 tissue homogenizer. The homogenates were ro-
tated and insoluble materials removed by centrifugation at
16.000 g for 20 minutes at 4°C. Aliquots of protein homoge-
nates were heated for 5 minutes at 95°C and resolved by
SDS-PAGE, and transferred to nitrocellulose membranes.
Membranes were first blocked and then incubated overnight at
4°C with primary antibodies of CD36 (ab17044, Abcam, CA)
and ACC expression was assessed using HRP-conjugated-
streptavidin (Pierce Chemical, Rockford, IL). Subsequently
membranes were incubated with secondary horseradish
peroxidase-conjugated goat antirabbit IgG antibody. Signals

were detected using ECL (Pierce Supersignal) and quantified
with the UVP BioImaging System (UVP, Upland, CA).

Adipose tissue CD36 protein content and
ACS and DGAT activities

Approximately 250 mg of flash-frozen adipose tissue was
homogenized in 2 mL of standard homogenization buffer
(20 mM Tris-HCl, 1 mM ethylenediaminetetraacetic acid
255 mM sucrose) with antiprotease tablets (Roche, Indian-
apolis, IN). Supernatant was collected after centrifugation at
2100 rpm at 4°C for 10 minutes. Lipids from the fat cake were
extracted (chloroform:methanol) to measure milligram lipid per
milligram tissue.

CD36 protein content. We used a sandwich enzyme-linked
immunosorbent assay to measure adipose tissue CD36 content
as previously described (22, 23).

ACS activity.Wemeasured the conversion of [3H]palmitate to
its CoA derivative using a modification of the method of Hall
et al. (24) as previously described (22). Due to lack of abdominal
adipose tissue in the majority of subjects, ACS activity was not
analyzed for this depot.

DGAT activityWeused themethod of Coleman (25)modified
to use the cytosolic fraction (26) as previously described (22).

Calculations

VLDL-TG secretion rate
VLDL-TG secretion rate (mmol/min) was calculated by di-

viding the [14C]VLDL-TG infusion rate by the plateau SA.

VLDL-TG storage
VLDL-TG storage is presented as (a) “fractional VLDL-TG

storage,” i.e., the fraction of the injected tracer bolus that was
stored per kg muscle (ww) and per kg lipid in subcutaneous fat
and (b) “VLDL-TG storage rates” (mmol/kg/h).

Fractional VLDL-TG storage
The fraction of the injected [9,10-3H]VLDL-TG tracer

stored per kg muscle or lipid over the 240 minutes was cal-
culated as the regional muscle or adipose tissue SA divided by
the amount of VLDL-TG tracer (F) infused (dpm).

VLDL-TG storage rate
The storage rate of VLDL-TG FA into muscle or adipose

tissue (mmol/min/kg) was calculated as

Fractional VLDL-TG storage3VLDL-TG secretion rate:

Statistics
Data are presented as mean6 standard deviation or median

(range). Student’s t test or Mann-Whitney test, were used in
comparisons between the groups. To determine whether our
study was sufficiently powered, power calculations were per-
formed with a = 0.05 and b = 0.80. To detect a correlation
similar to the association between upper-body subcutaneous fat
meal fat storage and LPL activity (r = 0.65) (27), 16 subjects
were required. ACS and DGAT activity correlate to direct free
fatty acids (FFA) storage (r = 0.81 to 0.82) (28). To detect an

doi: 10.1210/jc.2016-2979 press.endocrine.org/journal/jcem 833

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/102/3/831/3061910 by guest on 19 M
ay 2023

http://dx.doi.org/10.1210/jc.2016-2979
http://press.endocrine.org/journal/jcem


equally strong correlation, 9 subjects were required. Potential
predictors of fractional VLDL-TG tracer storage in muscle and
adipose tissue were evaluated with linear regression model with
predictors and group as explanatory variables. VLDL-TG
fractional storage, VLDL-TG storage rate, and LPL activity
were logarithmically transformed to obtain normal distribution
and equal variance of residuals. Residuals were plotted vs
predicted values to test assumptions. Statistical significance was
set at P = 0.05.

Results

Subject characteristics
Baseline data are summarized in Table 1. Groups were

well matched for age and body mass index. Men with
type 2 diabetes had significantly greater total TG and
VLDL-TG concentrations and decreased insulin sensi-
tivity compared with the nondiabetic men. There was no
significant difference in fat cell size between the 2 groups,
but femoral fat cell size was significantly greater than
abdominal fat cell size in both groups.

VLDL-TG storage
Fractional storage in muscle at t = 120 minutes was

0.32% (0.18 to 0.59) and 0.24% (0.12 to 0.78) in men
with type 2 diabetes and nondiabetic men, respectively
[not significant (NS); Fig. 1].

In abdominal fat, the fractional storage per kg lipid was
0.48% (0.20 to 1.46) and 0.40% (0.15 to 1.88) in men
with type 2 diabetes and nondiabetic men, respectively
(NS; Fig. 1). In femoral fat, fractional storage tended to be
greater in men with type 2 diabetes compared with non-
diabetic men, 1.05% (0.41 to 1.72) vs 0.46% (0.17 to
1.84),P=0.09 (Fig. 1). Inmenwith type 2diabetes, but not
in nondiabetic men, the fractional storage per kg lipid was
less in abdominal fat than in femoral fat (P = 0.04).

When expressed per adipocyte number, fractional
storage showed a similar pattern as fractional storage per
kg lipid in both abdominal fat, 0.38% (0.15 to 0.85) vs
0.23% (0.12 to 1.06) per 109 fat cells (NS), and femoral

fat, 0.97% (0.23 to 1.65) vs 0.28% (0.16 to 1.26) per 109

fat cells, P = 0.03, for men with type 2 diabetes compared
with nondiabetic men, respectively. Again, men with type
2 diabetes had a lower fractional storage in abdominal fat
compared with femoral fat (P = 0.01).

VLDL-TG storage rate
In muscle, the storage rate was significantly greater in

men with type 2 diabetes compared with nondiabetic
men, 0.24 (0.09 to 0.62) vs 0.12 (0.04.0.84)mmol/min/kg
ww, P = 0.02 (Fig. 2).

In abdominal fat, storage rateswere similar, 0.34 (0.21 to
1.36) vs 0.39 (0.07 to 0.81) mmol/min/kg lipid (NS; Fig. 2),
whereas in femoral fat the storage rate was greater in men
with type 2 diabetes compared with nondiabetic men, 0.85
(0.30 to 1.77) vs 0. 32 (0.08 to 1.56) mmol/min/kg lipid,
P = 0.04 (Fig. 2). In men with type 2 diabetes, the storage
rate per kg lipid tended to be lower in abdominal fat than in
femoral fat (P = 0.06). In nondiabetic men, no difference
between abdominal and femoral fat was observed.

When expressed per adipocyte number, the storage
rates were similar in abdominal fat, 0.29 (0.16 to 0.79) vs
0.15(0.05 to 0.50) mmol/min/109 fat cells (NS), but
higher in femoral fat, 0.81 (0.17 to 1.91) vs 0.18 (0.05 to
1.06) mmol/min/109 fat cells, P = 0.02, in men with type 2
diabetes compared with nondiabetic men. The storage
rate per 109 fat cells perwas lower in abdominal compared
with femoral fat in men with type 2 diabetes (P = 0.01),
but not in nondiabetic men.

LPL activity and storage factors (Table 2)
In muscle, LPL activity, and protein concentrations of

CD36 and ACC were not significantly different between
men with type 2 diabetes and nondiabetic men.

In adipose tissue, LPL activity, CD36, ACS and DGAT
activity were not significantly different between men with
type 2 diabetes and nondiabetic men when expressed per g
tissue/lipid or per adipocyte number. In addition, no dif-
ference was observed between abdominal and femoral

Table 1. Subject Characteristics

Type 2 Diabetes (n = 12) Nondiabetic (n = 11) P Value

Age (years) 57 (31 to 64) 51 (30 to 65) 0.371
Body mass index (kg/m2) 30.2 6 3.4 29.0 6 2.1 0.358
Total-TG (mmol/L) 1.7 (1.20 to 3.89) 1.1 (0.80 to 1.70) 0.002
VLDL-TG (mmol/L) 1.04 (0.70 to 2.83) 0.48 (0.33 to 0.94) ,0.001
Lean body mass (kg) 62.4 (36.0 to 73.6) 67.8 (61.2 to 79.5) 0.018
Fat mass (kg) 25.4 6 6.3 25.3 6 6.8 0.970
Fat percent (%) 28.4 6 4.1 25.8 6 5.4 0.200
S-insulin (pmol/L) 50.9 6 23.7 38.6 6 19.0 0.187
M value 5.33 6 3.25 8.95 6 3.70 0.021
Abdominal fat cell size (mg lipid/cell) 0.72 6 0.16 0.62 6 0.23 0.273
Femoral fat cell size (mg lipid/cell) 0.85 6 0.25 0.80 6 0.26 0.666

Data are means 6 standard deviation or median (range).
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adipose tissue for LPL activity or any of the storage factors,
except for a significant greater abdominal CD36 content in
men with type 2 diabetes compared with nondiabetic men
when expressed per adipocyte number (P , 0.05).

Relationships With VLDL-TG storage
In muscle, neither the fractional tracer storage [R2 =

0.15, LPL activity (P = 0.24); group (P = 0.23)] nor VLDL-
TG storage rate [R2 = 0.11, LPL activity (P = 0.50); group
(P = 0.20)] were significantly associated with LPL activity
(Fig. 3). In abdominal fat, fractional VLDL-TG storage
[R2 = 0.21, LPL activity (P = 0.04); group (P = 0.69)], but not
VLDL-TG storage rate [R2 = 0.08, LPL activity (P = 0.26);
group (P = 0.54)] was positively associated with LPL-
activity (Fig. 4). The association between fractionalVLDL-
TG storage or VLDL-TG storage rates and abdominal

DGAT activity, CD-36 concentration or abdominal fat
mass, or fat cell size [for fractional storage: R 2 = 0.11, fat
cell size (P = 0.06); group (P = 0.78)] did not reach sta-
tistical significance. In femoral fat, fractional VLDL-TG
storage and VLDL-TG storage rate were not associated
with LPL activity (Fig. 4). Moreover, there was no asso-
ciation between fractional storage or storage rate vs
femoral DGAT activity, ACS activity, or CD-36 concen-
tration, fat cell size, or leg fat mass. No associations were
observed between VLDL-TG concentration and storage
rates in either muscle, abdominal or femoral fat.

Discussion

The current study is the first to examine the effects of type
2 diabetes mellitus on postabsorptive muscle and adipose

Table 2. Muscle and Adipose Tissue Characteristics

Type 2 Diabetes Nondiabetic

Muscle tissue
LPL activity (mmol/g ww/h) 0.24 6 0.09 0.23 6 0.08
ACC/b-actin 0.38 6 0.05 0.30 6 0.04
CD36/b-actin 0.75 6 0.06 0.64 6 0.06

Abdominal Femoral Abdominal Femoral

Adipose tissue
LPL activity (mmol/g tissue/h) 0.44 (0.18 to 1.12) 0.66 (0.23 to 1.17) 0.43 (0.11 to 2.05) 0.49 (0.11 to 1.47)
LPL activity (mmol /109 cells/h) 545 (180 to 1520) 713 (236 to 1684) 397 (88 to 2691) 573 (107 to 2017)
ACS (pmol/mg lipid/min) NA 24.7 6 8.3 NA 32.8 6 15.1
DGAT (pmol/mg lipid/min) 2.48 6 1.35 3.57 6 1.40 3.22 6 1.41 4.17 6 1.83
CD36 (relative units/mg lipid) 13.5 6 5.3 13.3 6 3.7 13.3 6 7.2 13.6 6 4.5
ACS (pmol/1000 cells/min) NA 22.4 6 12.6 NA 25.7 6 14.3
DGAT (pmol/1000 cells/min) 1.90 6 0.98 3.08 6 1.59 1.70 6 0.85 2.88 6 1.15
CD36 (relative units/1000 cells) 9.1 (7.1 to 13.0) 11.9 6 5.3 6.0 (3.4 to 15.7)a 11.0 6 6.3

Data are means 6 standard deviation or median (range).

Abbreviation: NA, not applicable.
aP , 0.05 compared to men with type 2 diabetes.

Figure 2. VLDL-TG storage rate. Box 25th/75th percentile with
median, whiskers fifth/95th percentile. T2D, men with type 2
diabetes; CON, nondiabetic men.

Figure 1. VLDL-TG fractional storage. Box 25th/75th percentile with
median, whiskers fifth/95th percentile. T2D, men with type 2
diabetes; CON, nondiabetic men.
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tissue VLDL-TG storage in vivo in the context of LPL
activity and potential regulators of storage. We used a
recently developed tracer technique to determine post-
absorptive VLDL-TG tissue storage in muscle and adi-
pose tissue, assessed LPL activity and lipogenic storage
factors of both tissues, and have several novel findings.
We found that the storage rate, but not fractional storage,
inmusculus vastus lateralis is significantly greater in men
with type 2 diabetes compared with nondiabetic men, but
was not associated with mLPL activity, CD36, or ACC
content. In addition, femoral fat storage rate, but not
abdominal fat storage, is significantly greater in men with
type 2 diabetes compared with nondiabetic men. Finally,
aLPL activity or lipogenic storage factors was not asso-
ciated with VLDL-TG storage rate in either abdominal
and femoral adipose tissue.

The activity of LPL has generally been regarded as the
rate limiting step for VLDL-TGFA storage, and a number
of factors have been identified to be involved in the
regulation of LPL activity in muscle and adipose tissues,
including hormones, FFA, nutritional status, exercise,

and weight changes (3). For example, aLPL activity is
upregulated and mLPL activity downregulated by insulin
(7), and mLPL activity is increased during exercise and in
trained athletes and probably related to increased oxi-
dative capacity (2). Moreover, greater aLPL activity
correlates with development of obesity, whereas greater
mLPL activity is related to increased imTG and insulin
resistance (29, 30). Although the regulation of LPL
activity has been extensively studied, no human studies
have addressed the relationship between postabsorptive
mLPL activity and the quantitative storage of VLDL-TG
FA in muscle. Similarly, to our knowledge, only 1 study
has addressed the quantitative relationship between ad-
ipose tissue VLDL-TG storage in humans (11).

A novel finding of our study is an increased storage
rate of VLDL-TG inmuscle tissue, despite no difference in
fractional storage, in type 2 diabetic men. This can be
interpreted as a similar distribution of VLDL-TG into
different peripheral tissues, because fractional storage is
also similar in adipose tissue. However, because the
patients with type 2 diabetes have greater VLDL-TG
secretion rate compared with nondiabetic men (10),
this results in an increased amount of FA from circulating
VLDL-TG. Because the majority of FA for VLDL-TG
turnover are derived from plasma FFA released from
subcutaneous fat (31), a high VLDL-TG turnover may
actively augment the transfer of FA from adipose tissue to
muscle. This, together with the observed lower lipid
oxidation in men with type 2 diabetes (10), could lead to
increased imTG and, potentially, greater ectopic fat
deposition, a hallmark of type 2 diabetes (32). In contrast
to our hypothesis, we observed no association between
muscle VLDL-TG storage and LPL activity and cellular
storage factors. This argues against LPL, CD36 or DGAT
as rate-determining factors under these conditions.
Therefore, other factors, perhaps related to lipolysis or
blood flow may be involved. Indeed, previous studies
have shown that basal energy need predicts both adipose
tissue FFA release (33, 34) and hepatic VLDL-TG se-
cretion (35). We have repeatedly found that �50% of
VLDL-TG turnover is oxidized, with an increase to
�80% during exercise (36, 37). We believe this dem-
onstrates a very effective utilization of available VLDL-TG
by oxidative tissues (muscle, heart, and liver). Therefore,
we speculate that LPL is present in excess of what is needed
in the postabsorptive state.

Our results in adipose tissue partly agree with our
previous findings in lean and obese women showing a
lack of a relationship between VLDL-TG storage and
aLPL activity in both abdominal and leg fat (11). In the
current study, we did find a significant association be-
tween fractional VLDL-TG storage, but not VLDL-TG
storage rate, and LPL activity in abdominal fat. These

Figure 3. Relationship between (A) mLPL activity and VLDL-TG
fractional storage and (B) VLDL-TG storage rate. White circles, men
with type 2 diabetes; black circles, nondiabetic men.
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findings could reflect a sex specific feature of abdominal
fat or a type 1 error, but is otherwise difficult to reconcile.
However, if the observation regarding fractional storage
represents a true biological association, this could in-
dicate that abdominal LPL activity determines the frac-
tion of circulating VLDL-TG stored in abdominal fat,
without any effect of total VLDL-TG availability. In
addition, we observed a greater storage in femoral fat in
subjects with type 2 diabetes. This was surprising given
the beneficial metabolic properties of leg fat (38). Leg fat
may play an important role in disposing excess fat,
thereby, avoiding ectopic fat storage (39). Therefore, a
less efficient storage was expected in type 2 diabetes, in
contrast to the greater leg fat storage observed in this
study. If this reflects a true biological difference, this
could potentially be a previously unappreciated com-
pensatory mechanism to reduce lipotoxicity in type 2
diabetes. However, a previous study did not find dif-
ferences in meal fat storage between subject with and
without type 2 diabetes (40), and VLDL-TG extraction
has been shown to be similar in abdominal subcutaneous
and leg fat, at least in healthy subjects (41). Therefore, our

finding of an increased storage efficiency in leg fat in men
with type 2 diabetes requires confirmation in other
studies before drawing any conclusions. We measured
VLDL-TG storage during the postabsorptive state;
a condition of increased net lipid mobilization—not
storage—from adipose tissue. The latter may have limited
our ability to detect quantitative differences or direct
relationships in adipose tissue. In human studies, using
isotopically labeled meals, some studies (27), but not all
(19, 42), have shown good correlations between meal fat
uptake and aLPL activity, which indicates that aLPL
activity plays a role in the rate determining steps of TG
uptake, at least in the postprandial state. Besides LPL, we
measured additional factors (CD36, ACS, and DGAT)
shown to relate to direct FFA storage in adipose tissue in
the postabsorptive state (22, 43), but no associations
were observed for VLDL-TG storage. However, again,
the measured storage factors may be present in excess of
what is needed to facilitate postabsorptive VLDL-TG
storage. Therefore, studies of VLDL-TG storage in the
fed state could provide interesting new insights into the
regulation of VLDL-TG storage.

Figure 4. Relationship between aLPL activity in (A, C) abdominal and (B, D) femoral adipose tissue and (A, B) VLDL-TG fractional storage and
(C, D) VLDL-TG storage rate. White circles, men with type 2 diabetes; black circles, nondiabetic men.
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There are limitations to the current study. First, the
sample size was calculated based on VLDL-TG secretion
rate, not VLDL-TG storage, LPL activity or storage
factors. However, a post hoc sample size calculation
demonstrated sufficient power to detect correlations
similar to previous studies of lipid storage (27, 28).
However, a weaker correlation, than what our study
was powered to detect, cannot be ruled out. Second, our
estimates of VLDL-TG storage in muscle cannot dis-
tinguish between FA taken up for direct oxidation or for
storage in the imTG pool. Therefore, our estimates do
not necessarily reflect differences in VLDL-TG storage
into the IMTG pool. However, a possible relationship
with LPL activity and storage factors is still relevant
because FA for oxidation and storage follow the same
route into muscle and the imTG pool appears to be a
precursor pool for oxidation (44). Finally, an inherent
problem of LPL activity measurements is whether in
vitro assessment of LPL activity reflects in vivo activity
at the time of the biopsy. It has been argued that LPL
activity measured in vitro describes the theoretical
maximal capacity of LPL to hydrolyze VLDL-TG, which
may not be equivalent to the actual in vivo activity at the
time of the biopsy. Although, in theory, this argument is
correct, it is unfortunately not supported by experi-
mental evidence, because no studies have been able to
report a measurement of in vivo tissue specific LPL
activity.

In conclusion, men with type 2 diabetes have increased
VLDL-TG storage in muscle tissue, potentially contrib-
uting to increased IMTG and ectopic lipid deposition.
Neither muscle nor adipose tissue storage rates were
related to LPL activity or other factors involved in lipid
storage. This argues against LPL as a rate-limiting step in
the postabsorptive quantitative storage of VLDL-TG and
we suggest that LPL is present in excess of what is needed
to facilitate storage.
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