Short-Term Overeating Induces Insulin Resistance in Fat Cells
in Lean Human Subjects
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Insulin resistance and type 2 diabetes (T2D) are closely linked to obesity. Numerous prospective studies have reported on weight
gain, insulin resistance, and insulin signaling in experimental animals, but not in humans. We examined insulin signaling in
adipocytes from lean volunteers, before and at the end of a 4-wk period of consuming a fast-food, high-calorie diet that led fo
weight gain. We also examined adipocytes from patients with T2D. During the high-calorie diet, subjects gained 10% body weight
and 19% total body fat, but stayed lean (body mass index = 24.3 kg/m?) and developed moderate systemic insulin resistance. Sim-
ilarly to the situation in T2D subjects, in subjects on the high-calorie diet, the amount of insulin receptors was reduced and phos-
phorylation of IRST at tyrosine and af serine-307 (human sequence, corresponding to murine serine-302) were impaired. The
amount of insulin receptor substrate protein-1 (IRST) and the phosphorylation of IRST atf serine-312 (human sequence, correspon-
ding to murine serine-307) were unaffected by the diet. Unlike the T2D subjects, in subjects on the high-calorie diet, likely owing fo
the ongoing weight-gain, phosphorylation of MAP-kinases ERK1/2 became hyperresponsive to insulin. To our knowledge this study
is the first to investigate insulin signaling during overeating in humans, and it demonstrates that T2D effects on intracellular insulin
signaling already occur after 4 wks of a high-calorie diet and that the effects in humans differ from those in laboratory animals.
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INTRODUCTION

Type 2 diabetes (T2D) is closely linked
to obesity (1) and is attributable to re-
duced sensitivity to insulin in the main
target tissues of this hormone, and fail-
ure of the insulin-producing p-cells of
the pancreas to increase the release of in-
sulin to compensate for the reduced in-
sulin sensitivity. Control of target cells by
insulin involves binding to and activating
cell-surface receptors via autophosphory-
lation of tyrosine residues. These are rec-
ognized by a set of signal transducers,
particularly the insulin receptor substrate
protein-1 (IRS1), which in turn is phos-
phorylated on tyrosine residues. Thus,
phosphorylated IRS1 can bind and acti-

vate phosphatidylinositol 3'-kinase, which
activates downstream signaling to meta-
bolic controls. Tyrosine-phosphorylated
IRS1 can also bind Grb2, which initiates
a Ras-mediated activation of MAP-
kinases ERK1/2 for mitogenic control via
phosphorylation of transcription factors.
In contrast, the molecular mechanisms
behind insulin resistance in humans are
poorly understood (2,3). In T2D, insulin-
induced phosphorylation of IRS1 on ty-
rosine residues has been shown to be im-
paired in both human skeletal muscle
(4-7) and adipose tissue (8,9). In adipo-
cytes from patients with T2D we have
found that a positive feedback control
loop, involving phosphorylation of IRS1
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at serine-307 (human sequence, corre-
sponding to serine-302 in the murine se-
quence) is not fully functional (10,11). On
the other hand, other studies have re-
ported increased phosphorylation of
IRS1 at serine-312 (human sequence, cor-
responding to serine-307 in the murine
sequence), which is part of a negative
feedback loop (reviewed in 12-16).

Many studies have investigated obe-
sity in humans, and some have prospec-
tively evaluated effects of weight reduc-
tion in obese subjects (17), but very few
modern studies have examined lean
human subjects during weight gain
(18,19). Many animal studies, however,
have been performed to investigate the
influence of obesity, weight gain, and
high-fat feeding on metabolic control
and insulin sensitivity (reviewed in
12-16). We present the first reported
study of insulin signaling in adipocytes
from healthy human beings subjected to
high-calorie overeating.



Table 1. Characteristics of subjects participating in the high-calorie diet.®
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BMI, kg/m? Total body fat, kg Insulin, pmol/L HOMA QUICKI
Age, years Baseline End Baseline End Baseline End Baseline End Baseline End
27.3+3.2 224+1.8 243+22 17.6+60 21.0+£6.7 367+159 503+179 1.1+£05 1.6+£06 0.385+0.05 0.356=+0.038
P =0.002 P =0.006 P=0.030 P=0.036 P=0.029

“Values are the average for the participating subjects at the start of the study (baseline) and at the end, or the ratio of the averages for
the values af the end and at baseline, means + SD (n = 6), P from paired Student ttest. Body composition was determined by dual energy
x-ray absorptiometry (Hologic 4500, Hologic). BMI, body mass index; HOMA, homeostasis model assessment (30); QUICKI, quantitative

insulin sensitivity check index (31).
MATERIALS AND METHODS

Subjects and Study Description

Informed consent was obtained from
all participating individuals, and the
study procedures were approved by the
ethics committee at Linkdping University
and were performed in accordance with
the Declaration of Helsinki.

This study originally included 18
young volunteers (20). Participants
agreed to increase their body weight by
5%-15% by eating two fast-food meals a
day and restricting their physical activity
to 5000 steps a day during a 4-wk period
(20). Adipose tissue biopsies were ob-
tained from each participant at the start
and end of the study period. Because of
the leanness of the subjects at the start of
the study (Table 1), we could not get
enough adipose tissue from several sub-
jects. The small biopsy volumes of tissue
also restricted the type and number of
analyses. From a subgroup of six subjects
(four females and two males) who exhib-
ited increased insulin levels, we obtained
enough material to analyze selected as-
pects of insulin signaling.

The study participants were subjected
to dual-energy x-ray absorptiometry (Ho-
logic 4500; Hologic, Waltham, MA, USA)
for analysis of body composition. During
the study period the average energy in-
take of the six participants approximately
doubled compared with intake before the
intervention (Table 2). During interven-
tion, on average, 37% of the dietary en-
ergy was from fat, 47% from carbohy-
drates, (43% mono- and disaccharides
[Table 2]), and 15% from protein. The de-
tailed composition of the diet was based
on reports obtained 3 d before the study

(baseline) and another 3-d period at the
end of the first (period 1) and third (pe-
riod 2) wk of the study. In most cases the
exact food composition given by the cor-
responding fast-food restaurant could be
used as a source of information, but
when such information was incomplete
we used food composition charts. For
food bought at grocery stores, manufac-
turer information was used. If no such in-
formation was available, the item was
substituted with a similar item in the
database of the Swedish National Food
Administration. Total caloric intake and
intake of macronutrients were also deter-
mined for the whole study period, and
these determinations were based on all
food receipts and on interviews per-
formed after the intervention period.

Subcutaneous adipose tissue was ex-
cised by needle aspiration after study par-
ticipants received local anesthesia with
mepivacain (Carbocain®, AstraZeneca AB,
Sodertilje, Sweden). Approximately 10 mL
of tissue was aspirated in a fanlike area
unilaterally in the umbilical region. On
the second occasion fat was from the con-
tralateral umbilical region. For determina-
tion of insulin concentrations blood was
drawn while study participants were in a
fasting state.

Table 2. Characteristics of food intake.®

For a comparison with the diabetic
state, subjects with or without T2D were
recruited consecutively as they were
scheduled for elective surgery at the de-
partment of Obstetrics and Gynecology
at the University Hospital in Linkoping.
Subcutaneous fat was obtained during
abdominal surgery (laparotomy) while
patients were under general anesthesia.
A 1.5-cm broad slice of subcutaneous tis-
sue from the skin to the muscle fascia
was excised. The only selection criterion
for nondiabetic subjects was that they
did not have a diabetes diagnosis. Pa-
tients with diagnosed T2D were in-
cluded if they conformed to criteria for
the metabolic syndrome: obesity /
overweight (body mass index [BMI] > 28)
and dyslipidemia and/or hypertension.
We did not match control subjects for
obesity or BMI. Therefore both our non-
diabetic subjects and patients with dia-
betes were not selected for anything but
the absence or presence of the disease,
respectively.

Materials

Mouse antiphosphotyrosine (PY20)
monoclonal antibodies were from Trans-
duction Laboratories (Lexington, KY,
USA). Rabbit phospho-threonine(308)-

Intake Baseline Period 1 Period 2
Mono- and disaccharides, g/day 102 + 35 270 £ 52 244 + 45
Total carbohydrates, g/day 243 + 49 600 + 108 566 + 112
Total energy, MJ/day 8.54 £ 1.37 23.69 +2.77 23.14 +4.24

“Values are the averages for the participating subjects 3 d before the study (baseline) and
during two 3-d periods, at the end of the first week (period 1) and at the end of the third
week (period 2) of the study, means + SD (n = 6).
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protein kinase B and anti-IRS1 poly-
clonal antibodies were from Upstate
Biotech (Charlottesville, VA, USA).
Anti—-phospho-serine(307)-IRS1, anti—
phospho-serine(312)-IRS, and phospho-
ERK1/2 polyclonal antibodies were from
Cell Signaling Technologies (Beverly, MA,
USA). Rabbit polyclonal anti-insulin re-
ceptor B-subunit and antiactin antibodies
were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Isolation and Incubation of
Adipocytes

Adipose tissue samples, obtained by
needle aspiration or by surgical excision,
were cut into small pieces, and adipocytes
were isolated after digestion by collage-
nase (Type 1, Worthington Biochemical
Corporation, Lakewood, NJ, USA) as de-
scribed (21). Cells were treated and incu-
bated with the indicated concentration of
insulin in supplemented Krebs-Ringer so-
lution as described previously (9).

SDS-PAGE and Immunoblotting

Cell incubations were terminated by
separating cells from medium using cen-
trifugation through dinonylphtalate. To
minimize postincubation signaling mod-
ifications in the cells and protein modifi-
cations, which can occur during im-
munoprecipitation, the cells were
immediately dissolved in SDS and
B-mercaptoethanol with protease and
protein phosphatase inhibitors, frozen
within 10 s, and thawed in boiling water
for further processing (21). Total cell
number, cell surface, or cell volume of
the adipocytes can be compared.
Adipocytes consist of a central lipid
droplet occupying >95% of the cell vol-
ume, and the cytosol is a 200-500-nm
thin film beneath the plasma membrane.
We therefore compared total volumes of
cells as a good approximation to a com-
parison based on cytosolic volume or
cell surface area. Equal amounts of cells,
as determined by lipocrit (that is, total
cell volume) were subjected to SDS-
PAGE and immunoblotting (8) and eval-
uated by use of chemiluminescence im-
aging (Las 1000; Image-Gauge, Fuji,

230 | DANIELSSON ET AL.

Table 3. Cellular concentration of insulin receptor and IRS1.¢

Diet, % of baseline

T2D, % of controls

Insulin receptor
IRST 103 + 21

57 +7,P=0.001

55+ 12,P=0.035
98 + 30

“The amounts of insulin receptor or IRS1 in adipocytes were compared at baseline and
after 4 wks on the high-calorie diet. Samples from the same subjects were analyzed on the
same gel by SDS-PAGE and immunoblotting. Results are expressed as percentage of the
amount of protein at the start (baseline) of the high-energy diet, mean + SE (n = 6).The
amounts of insulin receptor or IRST were also compared in adipocytes from subjects with
T2D (age 33-72 years, average 53 years; BMI 28-48 kg/m?, average 36 kg/m? (n = 16)), with
cells from nondiabetic controls (age 34-80 years, average 62 years; BMI 20-39 kg/m?,
average 28 kg/m? (n = 17)). Samples from subjects with and without T2D were analyzed on
the same gels, by SDS-PAGE and immunoblotting. Results are expressed as a percentage
of nondiabetic controls, mean + SE. P, paired Student f fest.

Tokyo, Japan). The amount of actin pro-
tein was the same in the adipocytes ob-
tained at baseline and at the end of the
high-calorie intervention (not shown),
and also in adipocytes from nondiabetic
controls compared with patients with
T2D. Moreover, the amount of insulin
receptor and IRS1, and the phosphoryla-
tion of IRS1 at tyrosine, protein kinase B,
and ERK1/2 were normalized to the
amount of actin in each sample; the
phosphorylation of IRS1 at serine 307 or
serine 312 was normalized to the
amount of IRS1 in each sample.
Dose-response data were normalized
to percentage of maximal effect, and the
effect of insulin was fitted to experimen-
tal data by using the sigmoidal dose-
response algorithm of GraphPad Prism 4
(GraphPad Software, San Diego, CA,
USA). Curves were compared statisti-
cally by use of the F-test with the sig-
moidal curve-fitting algorithm in Graph-
Pad Prism 4. When indicated, Student
t test was used to compare control and
intervention groups. The null hypothesis
was rejected if P was <0.05.

RESULTS

Whole-Body Effects

Subjects increased their BMI from the
low baseline value of 22.4 kg/m” to a
moderate 24.3 kg/m?, which corre-
sponded to a total body fat increase of
19%, or 3.4 kg, on average, as deter-
mined by dual-energy x-ray absorptiom-
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etry (Table 1). The fat deposition was
paralleled by development of a moder-
ate, but significant, systemic insulin re-
sistance measured both as increased in-
sulin resistance (homeostasis model
assessment) and as decreased insulin
sensitivity (quantitative insulin sensitiv-
ity check index), and also as increased
fasting concentrations of circulating in-
sulin (Table 1).

Insulin Signaling in Isolated
Adipocytes

Insulin binding sites have been found
to be reduced on adipocytes from obese
and insulin-resistant subjects (22). We
therefore examined the effect of the high-
calorie diet on the amount of insulin re-
ceptors in the isolated adipocytes. The
concentration of insulin receptors was
significantly reduced by about 40% at the
end of the diet compared with baseline
levels (Table 3), such as could result from
reduced FOXOT1 activation of insulin re-
ceptor transcription (23). A similar reduc-
tion of the amount of receptors was
found in cells from patients with T2D,
compared with nondiabetic subjects
(Table 3). The cellular concentration of
IRS1 was found to be reduced in
adipocytes from patients with T2D (24).
In our subjects, however, we observed no
significant effect of the high-calorie diet
on the concentration of IRS1 protein
(Table 3), nor did we detect any differ-
ence in the concentration of IRS1 in
adipocytes from patients with T2D com-



pared with the group of nondiabetic sub-
jects (Table 3).

The concentration of insulin needed
for the insulin receptor to phosphorylate
IRS1 at tyrosine was low at the start of
the high-calorie diet, but the cells re-
quired several-fold higher concentrations
of insulin at the end of the intervention
(Figure 1A). The maximal effect of in-
sulin on phosphorylation of IRS1 at tyro-
sine was also reduced (Figure 1A). A
similarly reduced sensitivity to insulin
was seen in cells from patients with T2D
compared with nondiabetic controls (Fig-
ure 1B). Because of technical limitations
we could not compare the maximal effect
of insulin on this number of subjects, but
we have previously reported a tendency
toward lower maximal effects of insulin
in diabetic adipocytes (8).

We have previously reported that in
obese patients with T2D, a positive
feedback control loop, to phosphoryla-
tion of IRS1 at serine-307 (human se-
quence, corresponding to serine-302 in
the murine sequence), is attenuated
(10,11). Interestingly, at the end of the
high-calorie feeding period, insulin-
induced phosphorylation at serine 307
was attenuated (Figure 1C), which was
similar to our earlier observation in
adipocytes from diabetic patients (11).
In contrast, neither the basal level of
phosphorylation at serine-312 (corre-
sponding to serine-307 in the murine
sequence) nor the effect of insulin on
inducement of phosphorylation at this
serine was affected by the high-calorie
diet (Figure 1D and E). This result was
again similar to the situation in T2D (9).

The high-calorie diet had no signifi-
cant effect on the downstream phospho-
rylation of protein kinase B at threonine-
308 in response to insulin (Figure 2A).
Likewise, in adipocytes from patients
with T2D the sensitivity to insulin for
phosphorylation of protein kinase B was
similar to that in cells from nondiabetic
controls (Figure 2B).

The downstream effect of insulin to
phosphorylate MAP-kinases ERK1/2
was enhanced at the end of the high-
calorie diet, and both the sensitivity to
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Figure 1. Phosphorylation of IRST at tyrosine (A,B) at serine-307 (C) and serine-312 (D,E).
(A.B) Adipocytes obtained at baseline (open circles) and at the end (closed circles) of
the high-calorie overeating period (A) or from patients with type 2 diabetes (closed cir-
cles), age 35-74 years, average 57 years; BMI 28-43 kg/m? average 35 kg/m? (n = 15)
compared with nondiabetic controls (open circles), age 31-82 years, average 55 years;
BMI 23-33 kg/m? average 26 kg/m? (n = 16) (B), were incubated with the indicated con-
centration of insulin for 10 min, when incubations were ferminated and equal volumes of
whole cells were subjected to SDS-PAGE and immunoblotting for phosphotyrosine. The
phosphorylation of IRS1 is expressed as a percentage of maximal insulin effect at the start
(baseline) of the high-calorie diet, mean + SE (n = 6) (A), or as a percentage of maximal
insulin effect in control cells and in diabetic cells, respectively, mean + SE (B). Samples
from the same subject were analyzed on the same gel. The curves were stafistically dif-
ferent: P =0.0009 (A); P < 0.0001 (B), F-test. (C-E) Adipocytes obtained af baseline (open
bars) and at the end (closed bars) of the high-calorie overeating period were incubated
with (+) or without (=) 100 nmol/L insulin, as indicated. After 10 min (C,E) or 30 min (D) in-
cubations were terminated and equal volumes of whole cells were subjected to SDS-PAGE
and immunoblotting for phosphorylation of IRST at serine-307 (C) or serine-312 (D,E).
Whereas insulin-stimulated phosphorylation of IRS1T at serine-307 is maximal affer 10 min,
the phosphorylation at serine-312 requires 30 min (10); we therefore incubated for 10 or
30 min, as indicated. The phosphorylation of IRST in response to insulin is expressed as a
percentage of baseline phosphorylation without insulin; mean + SE (C,n=6; D, n = 3;

E, n = 6). Samples from the same subject were analyzed on the same gel. Paired Student
ttest was used for statistical analysis.

weeks on a high-calorie diet. Second,
this effect was reflected in altered in-
sulin signal transduction in adipocytes,

insulin and the maximal response were
affected (Figure 2C).

DISCUSSION

Several conclusions can tentatively be
drawn from this study of high-calorie
diet and rapid weight gain in lean
human subjects, in comparison with
T2D and the metabolic syndrome. First,
in the study participants a significant,
albeit moderate, systemic insulin resist-
ance had already developed after 4

which in several aspects approached the
situation in cells from patients with
T2D. Third, insulin downstream mito-
genic signaling to phosphorylation and
activation of MAP-kinases ERK1/2 was
enhanced, in sharp contrast to the situa-
tion in T2D. Fourth, these changes in in-
sulin signaling occurred in lean and
healthy young people with a very low
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Figure 2. Insulin sensitivity for phosphorylation of protein kinase B (A,B) and MAP-kinases
ERK1/2 (C). (A.C) Adipocytes obtained at baseline (open circles) and at the end (closed
circles) of the high-calorie overeating period were incubated with the indicated con-
cenftration of insulin for 10 min, when incubations were tferminated and equal volumes of
whole cells were subjected to SDS-PAGE and immunoblotting for phosphorylation of pro-
tein kinase B at threonine-308 (A) or phosphorylation of MAP-kinases ERK1/2 (C). Phos-
phorylation is expressed as a percentage of maximal insulin effect at the start (baseline)
of the high-fat diet, mean + SE (n = 6). Samples from the same subject were analyzed
on the same gel. The two curves in (C) were statistically different (P = 0.006, F-test). (B)
Adipocytes from patients with T2D (closed circles), age 35-74 years, average 57 years;
BMI 28-43 kg/m?, average 34 kg/m? (n = 16); and from nondiabetic controls (open cir-
cles), age 31-94 years, average 58 years; BMI 17-33 kg/m?, average 25 kg/m? (n = 17),
were incubated with the indicated concentration of insulin for 10 min, when incubations
were terminated and equal volumes of whole cells were subjected to SDS-PAGE and
immunoblotting for phosphorylation of protein kinase B at threonine-308. The phosphory-
lation is expressed as a percentage of maximal insulin effect in control cells and dia-

betic cells, respectively, mean + SE.

degree of adiposity. Even after diet and
weight gain the study subjects were not
obese or overweight, hence our findings
suggest that, at least within the time
scale of this study, weight gain caused
the lowering of insulin sensitivity. This
conclusion is a mirror image of clinical
observations that obese and insulin-
resistant people improve their insulin
sensitivity by weight reduction and in-
creased physical activity, even if these
individuals remain obese or overweight
(17,25).

Although it was not possible to match
T2D patients to our young and lean
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overeating study group, it is very inter-
esting to compare the effects of overeat-
ing on insulin signaling with the situa-
tion in adipocytes from patients with
T2D. The effects of overeating on the
amount of insulin receptor, and on phos-
phorylation of IRS1 at tyrosine and at
serine-307, were similar to the situation
in adipocytes from patients with T2D
(herein and [11]), as was the lack of effect
on the amount of IRS1 protein and phos-
phorylation of IRS1 at serine-312 (herein
and [9]). These effects were, moreover,
also found in adipocytes made insulin
resistant by incubation with the diabeto-
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genic adipokine RBP4 (9). The normal
state of phosphorylation of IRS1 at
serine-312 was reflected in the unper-
turbed levels of IRS1 protein at the end
of the diet or in the diabetic state, be-
cause phosphorylation of this serine
residue in H4IIE rat hepatoma cells has
been linked to increased degradation of
IRS1 (26). The insulin-stimulated phos-
phorylation of protein kinase B was not
affected by the diet in study participants,
nor in individuals with T2D (herein), or
in response to RBP4 (9). These findings
are similar to what has been observed in
skeletal muscle of obese and diabetic pa-
tients, in whom muted association of
IRS1 (or IRS2) with PI3-kinase does not
affect the phosphorylation of protein ki-
nase B in response to insulin (4).

The hyperresponsive effects of high-
calorie overeating on insulin control of
ERK1/2 and mitogenic signaling were
the opposite of the situations in both
T2D and after induction of insulin resist-
ance by RBP4, where the sensitivity to in-
sulin is reduced (9). This observation is
interesting because cells from diabetic
patients reflect a steady-state situation,
whereas we examined adipocytes ob-
tained at the end of 4 weeks of a high-
calorie diet while the subjects were still
on the diet. Hence, at this time point
weight gain had not stabilized. The adi-
pose tissues of these subjects should
therefore have been in a hypertrophic
mode to accommodate the increasing
storage of triacylglycerol. This situation
is likely reflected in the insulin-
hyperresponsive ERK1/2, which are
part of the major insulin-regulated cell
growth-controlling signaling pathway.
The MAP-kinase signaling pathway has
been shown to be critical for proliferative
effects of insulin in H4IIE hepatoma cells
(27), and ERK1”~ mice do indeed have
reduced adiposity and are resistant to
obesity induced by high fat intake, and
ERK1 is required for adipogenesis in em-
bryo fibroblasts from these mice (28).

In a follow-up to this study it will be im-
portant to analyze to what extent over-
eating affects the number versus size of
the adipocytes, as well as to examine



how ERK1/2 respond to insulin in sub-
jects who have attained a new steady-
state energy balance and stabilized
higher body weight. Studies of animal
cells (3T3-L1 adipocytes) have demon-
strated that increased activity of ERK1/2
causes a dramatic downregulation of
IRS1 protein in the cells (29), a situation
that was obviously not the case with
human adipocytes.

This feasibility study produced statisti-
cally significant results despite a small
number of subjects. The study subjects
acted as their own controls, with their
baseline data compared with their data
at the end of the diet. There were more
female than male subjects (2:1), a situa-
tion that may have confounded the re-
sults. Thus in the future it will be impor-
tant to address possible sex differences in
isolated adipocytes during overeating.
We have, however, previously found no
difference in insulin signaling when we
examined adipocytes from male and fe-
male patients with T2D (8). The small
biopsy volumes of tissue that could be
obtained from lean subjects restricted the
type and number of analyses that could
be done. Nevertheless the results demon-
strate that such studies of humans are
feasible and, indeed, necessary to ad-
vance understanding of the effects of
overeating on human fat cells. This study
was restricted to examination of abdomi-
nal subcutaneous fat, because open sur-
gery is required to obtain visceral fat.
Visceral fat is often considered to be
more associated with disease than subcu-
taneous fat. We nevertheless did record
substantial effects on insulin signaling in
the subcutaneous fat. It remains to be de-
termined if these results reflect similar
effects in the visceral fat or if visceral fat
has a qualitatively different response to
overeating.

Much is known about effects of high-
fat feeding and adiposity in experimen-
tal animals, especially in transgenic
mice that overexpress or are deficient in
an array of various proteins, which in
many cases have been found to protect
the animals from or make the animals
more susceptible to obesity, insulin re-

sistance, and diabetes (reviewed in
12-16). One finding in studies with ani-
mals is that metabolic overload from
high-calorie overeating inhibits insulin
signaling via increased phosphorylation
of IRS1 at serine residues, especially
serine-307 (murine sequence, corre-
sponding to serine-312 in the human se-
quence) (reviewed in 12-16). In the fat
cells of our study participants at the
end of the high-calorie overeating pe-
riod, the phosphorylation of serine-312
was not affected, whereas phosphoryla-
tion of serine-307 (corresponding to
serine-302 in the murine sequence) was
attenuated. This result compares well
with that found in human T2D. One
should bear in mind that most experi-
mental animals have been bred for gen-
erations with unlimited food availabil-
ity and little opportunity for physical
activity and have thus been genetically
selected to the conditions being stud-
ied, characteristics that are not present
in human beings.

Our study of weight gain induced by a
high-calorie, high-fat diet raises many
questions that should be approached in a
larger follow-up to this first study. Topics
requiring further investigation include
effects on insulin control of glucose up-
take, other aspects of insulin signaling
such as insulin signaling in skeletal mus-
cle and when body weight is at a steady
state after weight gain, hypertrophia ver-
sus hyperplasia of the adipocytes, sex
differences, and the extent of differing re-
sponses of visceral and subcutaneous
adipocytes. An important further objec-
tive would be to quantify and character-
ize any adipose tissue macrophage infil-
tration during weight gain. Compared
with studies of animals, the study of hu-
mans involves severe limitations to what
can be done. To study weight gain in
lean humans, moreover, means that the
small biopsy volumes of adipose tissue
that can be obtained restrict the type and
number of analyses. This study demon-
strates that studies of humans are re-
quired and that in spite of many limita-
tions such studies yield important
insight and understanding.
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