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OBJECTIVE—Catch-up growth, a risk factor for later type 2
diabetes, is characterized by hyperinsulinemia, accelerated body-
fat recovery (catch-up fat), and enhanced glucose utilization in
adipose tissue. Our objective was to characterize the determi-
nants of enhanced glucose utilization in adipose tissue during
catch-up fat.

RESEARCH DESIGN AND METHODS—White adipose tissue
morphometry, lipogenic capacity, fatty acid composition, insulin
signaling, in vivo glucose homeostasis, and insulinemic response
to glucose were assessed in a rat model of semistarvation-
refeeding. This model is characterized by glucose redistribution
from skeletal muscle to adipose tissue during catch-up fat that
results solely from suppressed thermogenesis (i.e., without
hyperphagia).

RESULTS—Adipose tissue recovery during the dynamic phase
of catch-up fat is accompanied by increased adipocyte number
with smaller diameter, increased expression of genes for adipo-
genesis and de novo lipogenesis, increased fatty acid synthase
activity, increased proportion of saturated fatty acids in triglyc-
eride (storage) fraction but not in phospholipid (membrane)
fraction, and no impairment in insulin signaling. Furthermore, it
is shown that hyperinsulinemia and enhanced adipose tissue de
novo lipogenesis occur concomitantly and are very early events
in catch-up fat.

CONCLUSIONS—These findings suggest that increased adi-
pose tissue insulin stimulation and consequential increase in
intracellular glucose flux play an important role in initiating
catch-up fat. Once activated, the machinery for lipogenesis and
adipogenesis contribute to sustain an increased insulin-stimu-
lated glucose flux toward fat storage. Such adipose tissue plas-
ticity could play an active role in the thrifty metabolism that
underlies glucose redistribution from skeletal muscle to adipose
tissue. Diabetes 58:2228-2237, 2009

From the 'Department of Medicine/Physiology, University of Fribourg, Fri-
bourg, Switzerland; the *Department of Biology, University of Fribourg,
Fribourg, Switzerland; the *Nestlé Research Center, Lausanne, Switzerland;
the *Department of Cellular Physiology and Metabolism, Faculty of Medi-
cine, University of Geneva, Geneva, Switzerland; and the "Department of
Basic Neurosciences, Faculty of Medicine, University of Geneva, Geneva,
Switzerland.

Corresponding author: A.G. Dulloo, abdul.dulloo@unifr.ch.

Received 24 December 2008 and accepted 6 July 2009.

Published ahead of print at http:/diabetes.diabetesjournals.org on 14 July
2009. DOI: 10.2337/db08-1793.

S.S. and H.M. contributed equally to this article.

© 2009 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit,
and the work is not altered. See http://creativecommons.org/licenses/by
-nc-nd/3.0/ for details.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

2228 DIABETES, VOL. 58, OCTOBER 2009

he pattern of growth early in life is now recog-

nized to be an important predictor of chronic

metabolic diseases. In particular, people who

had low birth weight or whose growth faltered
during infancy and childhood, but who subsequently
showed catch-up growth, had higher propensity for the
development of abdominal obesity, type 2 diabetes, and
cardiovascular diseases later in life (1-8). The mechanistic
basis of the link between catch-up growth and risks for
these chronic diseases is poorly understood. There is,
however, compelling evidence that mammalian catch-up
growth is characterized by a disproportionately higher rate
of body fat than lean tissue gain (9) and that an early
feature of such “preferential catch-up fat” is concomitant
hyperinsulinemia (10).

Using a rat model of semistarvation-refeeding (11), in
which catch-up fat is studied in the absence of hyperpha-
gia, we previously showed that the hyperinsulinemic state
of catch-up fat preceded the development of excess adi-
posity and could be linked to suppressed thermogenesis,
per se, in the absence of hyperphagia (12). Subsequent
studies of hyperinsulinemic-euglycemic clamps during
catch-up fat showed that in vivo insulin-mediated glucose
utilization was diminished in skeletal muscle but enhanced
in white adipose tissue (WAT), suggesting that preferential
catch-up fat is characterized by glucose redistribution
from skeletal muscle to WAT (13). Consistent with this
hypothesis are the demonstrations, in this rat model of
catch-up fat, of diminished mitochondrial mass and lower
insulin receptor substrate (IRS)-1-associated phosphati-
dylinositol-3-kinase (PI3K) activity in the skeletal muscle
(14,15). Furthermore, ex vivo studies in WAT have previ-
ously shown that glucose uptake and utilization are en-
hanced during refeeding after fasting or caloric restriction
(16,17).

Elucidating the mechanisms that underlie such enhance-
ment in glucose uptake and glucose flux toward lipid
synthesis in WAT is therefore of central importance in
understanding the mechanisms of glucose redistribution
during catch-up fat. In addressing this topic, we have
characterized our rat model of catch-up fat for changes in
adipose tissue morphometry (adipocyte size and number)
and fatty acid composition given their importance as
determinants of WAT responsiveness to the action of
insulin on glucose utilization. Indeed, it is established that
small adipocytes have a greater capacity for insulin-
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mediated glucose uptake and de novo lipogenesis than
larger ones (18-22), while alterations in adipocyte mem-
brane phospholipid composition in favor of a high ratio of
polyunsaturated fatty acids (PUFAs) to saturated fatty
acids (SFAs) correlates with increased rate of insulin-
stimulated glucose transport and glucose flux toward de
novo lipogenesis in WAT (23-24). We have therefore
investigated here the extent to which differences in adipo-
cyte number and diameter, key gene markers for adipo-
cyte proliferation, as well as the fatty acid composition of
phospholipid and triglyceride lipid fractions of WAT,
might be involved in the enhanced glucose flux toward
lipogenesis. Furthermore, given the importance of insulin
signaling in adipocyte growth (25) and in controlling
glucose flux toward lipogenesis (26,27), we have also
evaluated the in vivo insulinemic response to glucose
and investigated proximal insulin signaling in WAT
under basal and in vivo insulin-stimulated conditions
during catch-up fat.

RESEARCH DESIGN AND METHODS

Male Sprague-Dawley rats (Elevage Janvier, Le Genest Saint-Isle, France),
caged singly in a temperature-controlled room (22 *= 1°C) with a 12-h
light/dark cycle, were maintained on a commercial standard diet (Kliba,
Cossonay, Switzerland), consisting, by energy, of 24% protein, 66% carbohy-
drates, and 10% fat, and had free access to tap water. Animals were maintained
in accordance with our institute’s regulations and guide for the care and use
of laboratory animals.

The experiments were performed in rats within an age range characterized
by high rate of growth for controls and by catch-up growth in the refed group
during ad libitum access to food (online appendix [available at http://diabetes.
diabetesjournals.org/cgi/content/full/db08-1793/DC1]). The experimental de-
sign is similar to that previously described in establishing a rat model for studying
changes in energy expenditure that occur during accelerated fat deposition (i.e.,
catch-up fat) upon refeeding after growth arrest (11,12) (i.e., an approach that
allows suppressed thermogenesis specific for accelerated fat recovery [catch-up
fat] to be studied in the absence of confounding variables such food intake and
differential rates of protein gain) on energy expenditure. In brief, groups of
T-week-old rats (mean body weight of 225 g) are food restricted at 50% of their
spontaneous food intake for 2 weeks. After this period of growth arrest, they are
refed the same standard diet at a level equal in metabolizable energy content to
the spontaneous food intake of control rats matched for weight at the onset of
refeeding. Under these conditions, the refed animals show similar gain in lean
mass but about twofold increase in body fat gain than controls for a period of 2
weeks, due to 10-13% lower energy expenditure resulting from suppressed
thermogenesis (11,12).

Body composition. Body composition was determined at the end of semi-
starvation (corresponding to day 0 of refeeding) and subsequently on days 5,
10, 15, and 20 of refeeding in refed and control groups, as indicated in Fig. 1.
After the animals were killed, the whole carcasses were dried to a constant
weight in an oven maintained at 70°C and subsequently homogenized for
analysis of fat content by the Soxhlet extraction method as previously
described (11); the dry lean body mass (a proxy of protein mass) was
determined by subtracting total body fat and body water content from body
weight.

Glucose tolerance test. Intraperitoneal glucose tolerance test (GTT) was
performed as previously described (12). Plasma glucose was determined using
a Beckman glucose analyzer (Beckman Instruments, Palo Alto, CA), while
plasma insulin was assessed using a rat insulin enzyme-linked immunosorbent
assay kit (Crystal Chem, Downers Grove, IL).

Adipocyte number and size. Fixation with osmium tetroxide and isolation
of adipocytes for cell counting/sizing were performed according to the method
of Hirsch and Gallian (28), and suspensions of adipocytes were analyzed using
Multisizer 3 Coulter Counter. For determination of cell size (adipocyte
diameter distribution), similar amounts of cells (~10,000) were aspirated by
the machine and classified according to their diameter and frequency.
Molecular measurements and lipid biochemistry. After harvesting, the
adipose tissue was snap frozen in liquid nitrogen and stored at —80°C. Total
RNA was isolated from 50 to 150 mg of powdered adipose tissue using the
method of Chomczynski and Sacchi (29). After phase separation, RNA was
precipitated with isopropanol, cDNA was synthesized from 250 ng of total
RNA, and RT-PCR was performed. Cyclophilin was used as an invariant
control since we found that its mRNA levels in WAT are not significantly
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altered in response to semistarvation or to refeeding in our rat model. The
relative quantification for a given gene was thus corrected for the cyclophilin
mRNA values.

Fatty acid synthase (FAS) activity was measured according to the protocol
described by Pénicaud et al. (30). For fatty acid profiling, equal amounts of
tissue samples were suspended (1:2:0.8, vol/vol/vol), vortexed, and incubated
for 10 min at room temperature. Lipids were extracted using the method of
Bligh and Dyer (31), and the fatty acid methyl esters were prepared as
described by Morrison and Smith (32) and were analyzed by gas chromatog-
raphy/mass spectrometry as detailed previously (33).

For PI3K assay, 200-500 mg of protein extract was immunoprecipitated
with IRS-1 (Upstate) polyclonal antibody. The kinase reaction, thin-layer
chromatography separation, and signal detection were performed as previ-
ously described (15,34). Akt (Serd73) and extracellular signal-regulated
kinase (ERK) (p44/42 mitogen-activated protein kinase) were evaluated by
immunoblot analysis. A total of 40 g of protein extract were separated by
SDS-PAGE and blotted on polyvinylidene fluoride membranes that were
analyzed with polyclonal antibodies (Cell Signaling) raised against the indi-
cated phosphorylation sites. Bands within the linear range were quantified
densitometrically. Total protein amount of Akt and ERK were measured in the
same way by using corresponding antibodies (Cell Signaling).

In vivo bolus administration of insulin. The rats were fasted from 0700 h,
and 4-7 h later subgroups were anesthetized by injection of ketamine/xylazine
(39/5 mg/kg body wt) and surgically prepared for a bolus injection (through
the jugular vein) of insulin (10 units/kg body wt) (Actrapid; Novo Nordisk) or
an equal volume of saline vehicle. Insulin or saline was injected 3 min before
rats were killed and the tissue was harvested. Immediately after the rats were
killed, the epididymal adipose tissue as well as skeletal muscles were rapidly
dissected, frozen in liquid nitrogen, and stored at —80°C until analysis. The
timing for tissue harvesting after hormonal administration, and the dose of
insulin utilized, correspond to maximal activation of PI3K assessed in
preliminary studies and are consistent with those obtained by others (35).
Data analysis and statistics. All data are presented as means = SE. Direct
comparisons between the two groups were performed using unpaired ¢ tests.
Between-group differences in distribution curves for adipocyte diameter were
analyzed by the Kolmogorov-Smirnov test, which takes into account the
ordering (i.e., cell diameter) of the categories and is therefore a suitable test
for analysis of curve shifts. Between-group differences across time were
analyzed by regression analysis incorporating between-group comparison of
slopes. For the study comparing refed and control animals in response to
hormone or saline, the data were analyzed by two-factor ANOVA for the main
effects of groups (refed versus control), treatment (hormone versus saline),
and group-times-treatment interactions. All statistical treatment of data were
performed using the computer software STATISTIX 8 (Analytical Software,
Tallahassee, FL).

RESULTS

Body composition and GTT. In this rat model of
catch-up fat, the end of semistarvation (or onset of refeed-
ing) is characterized by the fact that the semistarved and
control animals display similar body weight (Fig. 1A) and
dry lean body mass (Fig. 1C), but compared with control
rats, the semistarved animals have 50% less fat mass (8 vs.
15.7 g, P < 0.001) (Fig. 1D) and higher body water content
(165 vs. 148 g, P < 0.01). Between days 0 and 15 of
refeeding on an isocaloric food intake relative to the
controls (Fig. 1B), the refed rats gained fat at a rate that is
about two times greater than that of controls (Fig. 1D),
whereas during days 15-20, both groups display similar
rate of fat gain. This enhanced efficiency of catch-up fat
during days 0-15 contrasts with no differences in lean
body mass gain (Fig. 1C). GTT conducted on days 8 and 9
of refeeding show no between-group differences in glu-
cose homeostasis (Fig. 1F) but reveal plasma insulin
concentrations after the glucose load that are clearly
higher in refed than in control animals (P < 0.01 by
ANOVA test) (Fig. 1F).

Adipocyte number and size. The data on adipocyte cell
size distribution (Fig. 24, left panel), mean adipocyte
diameter (Fig. 2D), and adipocyte cell number (Fig. 2C)
from epididymal WAT (EWAT) are presented for refed and
control animals at different time points during the phase of
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FIG. 1. Hyperinsulinemia in our rat model of semistarvation-refeeding, in which the accelerated fat recovery (catch-up fat) results only from
diminished energy expenditure (suppressed thermogenesis) and not from hyperphagia. In this particular investigation here, body weight and body
composition (4, C, and D) were determined at day 0, 5, 10, 15, and 20 of refeeding, with both groups consuming isocaloric amount of standard
diet (B). The acceleration of fat mass but not that of lean mass (i.e., preferential catch-up fat) lasts for about 2 weeks. E and F: Shows the plasma
glucose and insulin concentrations before and for 2 h after an intraperitoneal injection of glucose (2 g/kg body wt); the test of glucose tolerance
was performed on days 8 and 9 of refeeding. All values are means = SE (n = 6); **P < 0.01; ***P < 0.001.
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FIG. 2. EWAT morphometry showing the frequency distribution curves for adipocyte cell diameter (A), the EWAT pad weight (B), the total
adipocyte cell number per EWAT pad (C), and the mean adipocyte diameter (D) in refed (RF) or control (C) animals at the end of semistarvation
(day 0) and days 5, 10, and 15 of isocaloric refeeding. Values are means = SE (n = 6). Statistical analysis for differences in refed and controls
for adipocyte diameter distribution curves were performed by Kolmogorov-Smirnov tests, while between-group differences across time in EWAT
pad weight, adipocyte number, and mean adipocyte diameter were determined by regression analysis and comparison of slopes. The regression
coefficients (r?) of the regression lines in B-D are as follows. B: r> = 0.64 and 0.93 for control and refed, respectively. C: r* = 0.52 and 0.90 for
control and refed, respectively. D: r> = 0.47 and 0.71 for control and refed, respectively. In B-D, the above-mentioned r? values are statistically
significant (P < 0.01).

catch-up fat. After 2 weeks of semistarvation (correspond- 0.001) and hence reduction in average adipocyte diameter,
ing to day O of refeeding), the weight of EWAT in semi- without a significant reduction in adipocyte cell number
starved animals is found to be significantly lower than in  (Fig. 2C). During the first 15 days of isocaloric refeeding,
controls (Fig. 2B) and is associated with a significant EWAT weight increases faster in refed than in control
shift-to-the-left of adipocyte diameter distribution (P < groups (Fig. 2B), and the rate at which adipocyte cell

diabetes.diabetesjournals.org DIABETES, VOL. 58, OCTOBER 2009 2231



ADIPOSE TISSUE PLASTICITY CATCH-UP GROWTH

1007

*ok
= 80] =
23
> ¢ 607
e i)
58 .
N o 1
E§ 40
2
~ 207
0

0 5 10 15
Days of refeeding

FIG. 3. Time-course analysis of FAS activity in EWAT in refed (£2) or
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10, and 15 of isocaloric refeeding. Values are means + SE (n = 6);
statistical significance of differences is indicated as follows: * P < 0.05;
** P < 0.01, as assessed by unpaired ¢ test.

number increases is also found to be significantly greater
in refed than in control groups, as indicated by statistical
comparisons of their slopes of regression (Fig. 2C). Adi-
pocyte diameter remains significantly lower in EWAT from
refed animals than in controls on day 5 and on day 10 (Fig.
2A and D) and only exceeded those of controls at day 15.
Thus, the recovery of adipose tissue, even in the absence
of hyperphagia, is accompanied by an increase in adipo-
cyte number, while the adipocyte diameter remains lower
in refed than in control animals during the dynamic phase
of catch-up fat, lasting for at least 10 days in this study.

Adipose tissue FAS activity. The data on FAS activity in
EWAT on days 0, 5, 10, and 15 of refeeding are shown in
Fig. 3. At the end of semistarvation (day 0), the activity of
FAS is found to be lower than in controls by ~30% (P <
0.05) but overshoots above control upon refeeding. It is
significantly higher in refed animals than in controls on
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day 5 (+60%, P < 0.01) and on day 10 (+25%, P < 0.05),
whereas on day 15, there are no longer significant differ-
ences between refed and controls.

Adipose fatty acid composition. The data on the fatty
acid profile of the triglyceride and phospholipid fractions
obtained from EWAT of animals on days 8 and 9 of
refeeding are presented in Fig. 4. In the triglyceride
fraction (Fig. 4A), the proportion of SFAs is significantly
higher (P < 0.01) in refed than in control animals, while
the proportion of PUFAs, as well as the PUFA-to-SFA ratio
are significantly lower (P < 0.001) in refed than in control
animals. By contrast, the proportions of SFAs, monoun-
saturated fatty acids (MUFAs), total PUFAs, and the
PUFA-to-SFA ratio in the phospholipid fraction (Fig. 4B)
are not different in EWAT from refed and control groups.
Adipose insulin signaling. To assess proximal insulin
signaling in adipose tissue, we measured IRS-1-associated
PI3K activity in EWAT from refed and control animals
after in vivo administration of insulin or saline control on
days 8 and 9 of refeeding. The results, presented in Fig. A,
show that PI3K activity is marginally higher in refed than
in control animals (overall group effect by two-factor
ANOVA, i.e., refed versus control: P = 0.045), with post
hoc pairwise comparisons by unpaired ¢ test indicating
that between-group difference in insulin-stimulated PISK
activity (+12%, P = 0.09) or in basal PI3K activity (+31%,
P = 0.07) failing to reach statistical significance. Similar
lack of statistical significance is also observed with other
pairwise comparison tests (e.g., Scheffe’s, Tukey). Further-
more, measurement of downstream signaling (Akt phos-
phorylation) (Fig. 5B) shows no statistically significant
group effect by ANOVA. Similarly, there are no differences
between refed and controls in ERK phosphorylation (data
not shown). Taken together, these data on days 8 and 9 of
catch-up fat suggest that at the dose of insulin tested, there
is no significant difference in the sensitivity of the insulin
receptor IRS-1/PI3K/Akt signaling pathway.

Analysis of early catch-up fat. We also investigated in
vivo insulinemic response to glucose, adipose tissue insu-
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FIG. 4. Fatty acids composition of triglyceride fraction (4) and phospholipid fraction (B) extracted from EWAT pads of control () and refed
(£3) animals on days 8 and 9 of refeeding. Values are means + SE (n = 6). **P < 0.01; ***P < 0.001, as assessed by unpaired ¢ test.
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lin signaling, and gene expression reprogramming within
the first day of catch-up fat (20-23 h after the start of the
semistarvation-refeeding transition). This time point was
chosen to be as close as possible to the initial process of
catch-up fat, while minimizing the gorging effects that
typically occur at the onset of refeeding. This was
achieved by providing the first day’s refeeding diet in three
equal parts at 1500, 1900, and 2300 h during this transition,
with all food removed at 0700 h the next day and GTT
measurements starting 4 h later. As shown in Fig. 6A and
B, refed and control rats display similar glucose tolerance,
but the hyperinsulinemic response to the glucose load is
already present within day 1 of refeeding. Furthermore, we
found that on day 1 of refeeding, FAS activity was higher
in refed than in control animals 2 h after the glucose load
but not in saline controls (Fig. 6C). FAS activity 2 h after
the glucose load was also found to correlate positively
with both basal and postglucose insulin levels, with the
strongest correlations observed with the 30-min (peak)
insulin values (#* = 0.5, P < 0.02). To investigate postre-
ceptor events at this early stage of catch-up fat, we
measured Akt phosphorylation, ERK phosphorylation, and
GLUT4 protein expression in EWAT harvested from refed
and control rats after injection of insulin or saline. The
results (Fig. 6D) did not reveal any difference in these
postreceptor events.

diabetes.diabetesjournals.org
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Induction of genes implicated in lipogenesis and
adipogenesis. We performed a detailed time course of the
expression of genes involved in lipogenesis (GLUT%, FAS,
and SREBPIc) and in adipogenesis (PPARy and CEBP«).
The data in Fig. 7 show that the expression of these genes
are all rapidly induced within day 1 of refeeding relative to
semistarvation (day 0), with FAS expression significantly
exceeding fed control values on this first day of refeeding.
By day 3 of refeeding, all these genes for lipogenesis and
adipogenesis were upregulated relative to fed controls.
These inductions were still present after 9 days of catch-up
fat (P < 0.01). By contrast, whereas the gene expression
of steoryl CoA desaturase 1 (SCD1) was rapidly induced
upon refeeding (relative to semistarvation), SCDI1
mRNA levels were similar in refed and controls during
catch-up fat.

DISCUSSION

Using a rat model of semistarvation-refeeding in which,
from a perspective of energy balance, catch-up fat results
solely from lower energy expenditure (and not from
hyperphagia), we previously reported that during catch-up
fat, the in vivo glucose utilization, under insulin stimula-
tion, is diminished in skeletal muscle but enhanced in
WAT (13). The studies reported here suggest that this
enhanced capacity for glucose utilization in WAT during
catch-up fat is associated with 1) adipose tissue hyperpla-
sia and controlled hypertrophic growth, with adipocyte
size remaining significantly smaller than controls; 2) an
early and sustained enhancement in the capacity for
lipogenesis, in parallel to glucose-induced hyperinsulin-
emia and preserved proximal insulin signaling; and 3) an
increase in the proportion of SFAs specifically in the
triglyceride (storage) fraction of WAT but not in the
phospholipids (membrane) component. Taken together,
these findings during catch-up fat underscore adipose
tissue plasticity in favor of an enhanced glucose flux
toward fat storage in WAT and suggests that hyperinsulin-
emia might play a major role in the intitiation and promo-
tion of catch-up fat.

Adipose tissue morphometry. An inverse relationship
between adipocyte size and insulin-stimulated glucose
utilization is well established (18-22) and is directly
supported by in vitro studies (20,21) comparing large and
small adipocytes isolated from animals varying in size or
by comparing adipocytes varying in size from the same
animal (36). While the mechanisms of enhanced insulin
sensitivity pertaining to glucose uptake in small adipo-
cytes are poorly understood, they have often been linked
to an increase in the number of adipocytes and to en-
hanced adipogenesis (37). Consequently, the question
arose whether the enhanced in vivo insulin-mediated
glucose utilization in WAT found in our rat model of
catch-up fat (13) could also be related to the progressive
recovery of adipocyte size accompanied by an increase in
the number of adipocytes. The results presented here
show that adipocyte size, which is lower at the end of
semistarvation, remains smaller in refed animals than in
controls for at least 10 days of refeeding (Fig. 2A). This
lower adipocyte size during catch-up fat can in part be
explained by enhanced adipogenesis as evidenced from
the faster increase in adipocyte number, together with the
upregulation of PPARy and CEBPa gene expression.
While these observations are consistent with several stud-
ies (38—-41) describing WAT hyperplasia during refeeding
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following caloric restriction, our studies here, however,
demonstrate for the first time that hyperphagia is not a
requirement for the induction of hyperplasia in response
to refeeding after growth arrest.

Adipose tissue de novo lipogenesis and fatty acid
profiling. The present studies showing that the adipose
tissue of refed animals display marked increases in FAS
activity and in the expression of key genes implicated in de
novo lipogenesis (GLUT%, SREBPIc, and FAS) are also
consistent with our previous demonstration of catch-up fat
as a state of increased insulin-mediated glucose utilization
in WAT (13). In contrast to the marked upregulation of de
novo lipogenic genes in WAT, however, the expression of
SCD1, the enzyme that catalyzes desaturation of SFAs to
monounsaturates, was not found to differ from that of
controls during catch-up fat. The enhancement of de novo
lipogenesis (relative to fed controls) without a parallel
increase in SCD1-induced desaturation could explain the
increase in the proportion of SFAs in the triglyceride lipid
fraction of adipose tissue during catch-up fat.

Adipose tissue de novo lipogenesis versus insulin
signaling. To test whether the increased lipogenesis and
glucose uptake in WAT observed during catch up-fat
depend on increased insulin sensitivity, we measured
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proximal-insulin signaling following in vivo administration
of an insulin bolus on days 8 and 9 of refeeding. Measure-
ments of IRS-1-associated PI3K activity, AKT, and ERK
phosphorylation revealed a small statistically significant
induction of IRS-1-associated PI3K activity during
catch-up fat, which, however, was not reflected in an
increased AKT phosphorylation or in ERK activation.
Although these results show only a marginal increase in
insulin signaling, it is important to emphasize that insulin
signaling is clearly not impaired, which is in sharp contrast
to the diminished PI3K activity in skeletal muscle obtained
from the same animals (15). Furthermore, unlike in skel-
etal muscle, where the insulin-resistant state can also be
associated with a decreased ratio of PUFA to SFA in the
phospholipid fraction (33), the data presented here on
adipose tissue show no such alterations in phospholipids
composition. These findings of differential regulation of
PISK signaling and phospholipid composition in skeletal
muscle and adipose tissue are in line with the previously
reported studies of hyperinsulinemic-euglycemic clamps
(13), showing that glucose uptake is reduced in skeletal
muscle and enhanced in WAT during catch-up fat.
Whether adipose tissue reprogramming precedes or is
consequential to skeletal muscle insulin resistance is not
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known. However, a state of whole-body insulin resistance
is already evident on day 1 of refeeding, as judged by a
higher insulin response curve but normal glucose toler-
ance in refed animals relative to controls following admin-
istration of a glucose load (Fig. 6). Whether this
hyperinsulinemia can be explained entirely by peripheral
muscle insulin resistance or whether it may also be
contributed by pancreatic 3-cell hyperresponsiveness to
glucose is not known and is an interesting avenue for
future investigations. Nonetheless, the data obtained here
on day 1 of catch-up fat showing rapid induction in the
expression of genes controlling de novo lipogenesis in
WAT concomitant to a state of whole-body insulin resis-
tance suggest that hyperinsulinemia is an early event and
could therefore be a causal factor in the induction of de
novo lipogenesis in adipose tissue at the onset of refeed-
ing. As this hyperinsulemia persists during the course of
catch-up fat, it may also be important in maintaining the
high rate of de novo lipogenesis, as reflected by the
marked upregulation of lipogenic genes and/or high FAS
activity between days 3 and 10 of refeeding. However,
while increased insulin is undeniably a major factor in
initiating and sustaining enhancing glucose uptake and de
novo lipogenesis, the results of our previous hyperinsu-
linemic-euglycemic clamp studies (13) showing enhanced
glucose utilization in adipose tissue on day 7 of catch-up
fat implies increased insulin-dependent glucose utilization
by adipocytes for the same insulin stimulation. Conse-
quently, it can be speculated that the marked increases in
de novo lipogenic capacity observed here between days 3
and 10 of catch up fat could also be contributing to the
increased glucose uptake in adipose tissue. This concept,
which embodies interactions between insulin-stimulated
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glucose uptake and de novo lipogenesis in adipose tissue
(depicted in Fig. 8), is consistent with studies showing that
pharmacological inhibitors of de novo lipogenesis de-
crease the ability of insulin to stimulate both the pentose
shunt glucose oxidation and overall glucose utilization but
not Krebs cycle or glyceride-glycerol synthesis (18,20). In
other words, the increased demand in acetyl-CoA and
NADPH for lipogenesis would lead to enhanced glucose
metabolism through glycolysis and the pentose phosphate
pathway, thereby driving glucose influx. These studies led
to the proposal that the enzymatic capacity for fatty acid
synthesis is an important factor in determining insulin-
stimulated glucose utilization in WAT (18,20).

Conclusions. We show here that the process of catch-up
fat involves an early and sustained induction of hyperin-
sulinemia, increased glucose flux toward lipogenesis, in-
creased SFAs specifically channelled to the triglyceride
stores and not to membrane phospholipids and that the
recovery of adipocyte size is accompanied by enhanced
adipogenesis, thereby limiting adipocyte hypertrophy.
Such adipose tissue plasticity suggest that WAT plays an
active role in glucose redistribution toward catch-up fat
during catch-up growth. Impairment in adipose tissue
plasticity may underlie some of the pathophysiological
consequences of catch-up growth. Indeed, enhanced lipo-
genesis in the absence of hyperplasia was recently re-
ported in a murine model of postnatal catch-up growth
characterized by hypertrophic adipocytes and glucose
intolerance (42). However, as underscored by apparently
conflicting findings that postnatal catch-up growth after
protein malnutrition programs proliferation of preadipo-
cytes in rats (43), it is likely that genetics and epigenetics-
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FIG. 8. A model integrating our previous (13) and current findings
based on the interrelationships between hyperinsulinemia, insulin-
dependent glucose uptake, and de novo lipogenesis. In this model,
hyperinsulinemia on day 1 of refeeding plays an important role in
initiating and sustaining catch-up fat through the stimulation of glu-
cose uptake and de novo lipogenesis in adipocytes. Once the machinery
for de novo lipogenesis is fully activated, the increased glucose metab-
olism to de novo lipogenesis will contribute to the enhanced insulin-
dependent glucose uptake observed in adipose tissue during catch-up
fat. According to this model the enzymatic capacity for fatty acid
synthesis is hence an important factor in determining insulin-stimu-
lated glucose utilization in WAT. The newly synthesized lipids will lead
to a moderate adipocytes hypertrophic growth since hyperplastic
growth will channel part of the lipid pool in newly formed adipocytes.
The net effect is a delayed adipocyte size restoration, which could
possibly play a role in maintaining the high lipogenic activity and
insulin sensitivity observed in adipose tissue during catch-up fat.

environment interactions play a critical role in defining
adipose tissue plasticity during catch-up growth (44).

ACKNOWLEDGMENTS

This project was funded by the Swiss National Science
Research Foundation (grant no. 3200B0-113634).

No potential conflicts of interest relevant to this article
were reported.

We thank Aldo Tempini and Marie-Francoise Baeriswyl
for excellent technical assistance.

REFERENCES

. Eriksson JG, Forsen T, Tuomilehto J, Winter PD, Osmond C, Barker DJP.
Catch-up growth in childhood and death from coronary heart disease:
longitudinal study. BMJ 1999;318:427-431
2. Cianfarani S, Germani D, Branca F. Low birth weight and adult insulin
resistance: the ‘catch-up growth’ hypothesis. Arch Dis Child Fetal Neonatal
Ed 1999;81:F71-F73
3. Ong KKL, Ahmed ML, Emmett PM, Preece MA, Dunger DB. Association
between postnatal catch-up growth and obesity in childhood: prospective
cohort study. BMJ 2000;320:967-971
4. Levy-Marchal C, Jaquet D, Czernichow P. Long-term metabolic conse-
quences of being born small for gestational age. Semin Neonatol 2002;9:
67-74
. Barker DJ, Osmond C, Forsen TJ, Kajantie E, Eriksson JG. Trajectories of
growth among children who have coronary events as adults. N Engl J Med
2005;353:1802-1809
6. Ong KK, Dunger DB. Birth weight, infant growth and insulin resistance.
Eur J Endocrinol 2004;151:U131-U139

7. Soto N, Bazaes RA, Pena V, Salazar T, Avila A, Iniguez G, Ong KK, Dunger
DB, Mericq MV. Insulin sensitivity and secretion are related to catch-up
growth in small-for-gestational-age infants at age 1 year: results from a
prospective cohort. J Clin Endocrinol Metab 2003;88:3645-3650

8. Cottrell EC, Ozanne SE. Developmental programming of energy balance
and the metabolic syndrome. Proc Nutr Soc 2007;66:198-206

9. Dulloo AG, Jacquet J, Montani JP. Pathways from weight fluctuations to
metabolic diseases: focus on maladaptive thermogenesis during catch-up
fat. Int J Obes Relat Metab Disord 2002;26(Suppl. 2):S46-S57

10. Dulloo AG. Regulation of fat storage via suppressed thermogenesis: a

—_

ot

2236 DIABETES, VOL. 58, OCTOBER 2009

thrifty phenotype that predisposes individuals with catch-up growth to
insulin resistance and obesity. Hormone Research 2006;65(Suppl. 3):90-97
11. Dulloo AG, Girardier L. Adaptive changes in energy expenditure during
refeeding following low-calorie intake: evidence for a specific metabolic
component favoring fat storage. Am J Clin Nutr 1990;52:415-420
12. Crescenzo R, Samec S, Antic V, Rohner-Jeanrenaud F, Seydoux J, Montani
JP, Dulloo AG. A role for suppressed thermogenesis favoring catch-up fat
in the pathophysiology of catch-up growth. Diabetes 2003;52:1090-1097
13. Cettour-Rose P, Samec S, Russell AP, Summermatter S, Mainieri D,
Carrillo-Theander C, Montani JP, Seydoux J, Rohner-Jeanrenaud F, Dulloo
AG. Redistribution of glucose from skeletal muscle to adipose tissue
during catch-up fat: link between catch-up growth and later metabolic
syndrome. Diabetes 2005;54:751-756
14. Crescenzo R, Lionetti L, Mollica MP, Ferraro M, D’Andrea E, Mainieri D,
Dulloo AG, Liverini G, Iossa S. Altered skeletal muscle subsarcolemmal
mitochondrial compartment during catch-up fat after caloric restriction.
Diabetes 2006;55:2286-2293
15. Summermatter S, Mainieri D, Russell AP, Seydoux J, Montani JP, Buchala
A, Solinas G, Dulloo AG. Thrifty metabolism that favors fat storage after
caloric restriction: a role for skeletal muscle phosphatidylinositol-3-kinase
activity and AMP-activated protein kinase. FASEB J 2008;22:774-785
16. Bjorntorp P, Enzi G, Karlsson M, Kral J, Larsson B, Sjostrom L, Smith U.
Effects of refeeding on adipocyte metabolism in the rat. Int J Obes
1980;4:11-19
17. Charron MJ, Kahn BB. Divergent molecular mechanisms for insulin-
resistant glucose transport in muscle and adipose cells in vivo. J Biol Chem
1990;265:7994 8000
18. Czech MP. Cellular basis of insulin insensitivity in large rat adipocytes.
J Clin Invest 1976;57:1523-1532
19. Foley JE, Laursen AL, Sonne O, Gliemann J. Insulin binding and hexose
transport in rat adipocytes: relation to cell size. Diabetologia 1980;19:234—
241
20. Fried SK, Lavau M, Pi-Sunyer FX. Role of fatty acid synthesis in the control
of insulin-stimulated glucose utilization by rat adipocytes. J Lipid Res
1981;22:753-362
. Francendese AA, Digirolamo M. Alternative substrates for triacylglycerol
synthesis in isolated adipocytes of different size from the rat. Biochem J
1981;15:377-384
22. May JM. Rat adipocyte utilization of different substrates: effects of cell size
and the control of lipogenesis. Lipids 1982;17:626—-633
23. Field CJ, Ryan EA, Thomson AB, Clandinin MT. Diet fat composition alters
membrane phospholipid composition, insulin binding, and glucose metab-
olism in adipocytes from control and diabetic animals. J Biol Chem
1990;265:11143-11150
24. Fickova M, Hubert P, Cremel G, Leray C. Dietary (n-3) and (n-6) polyun-
saturated fatty acids rapidly modify fatty acid composition and insulin
effects in rat adipocytes. J Nutr 1998;128:512-519
25. Frevert EU, Kahn BB. Differential effects of constitutively active phospha-
tidylinositol 3-kinase on glucose transport, glycogen synthase activity, and
DNA synthesis in 3T3-L1 adipocytes. Mol Cell Biol 1997;17:190-198
26. Kapeller R, Cantley LC. Phosphatidylinositol 3-kinase. Bioessays 1994;16:
565-576
27. Wang D, Sul HS. Insulin stimulation of the fatty acid synthase promoter is
mediated by the phosphatidylinositol 3-kinase pathway: involvement of
protein kinase B/Akt. J Biol Chem 1998;273:25420-25426
28. Hirsch J, Gallian E. Methods for the determination of adipose tissue cell
size in man and animals. J Lipid Res 1968;9:110-119
29. Chomcezynski P, Sacchi N. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem
1987;162:156-159
30. Penicaud L, Ferre P, Assimacopoulos-Jeannet F, Perdereau D, Leturque A,
Jeanrenaud B, Picon L, Girard J. Increased gene expression of lipogenic
enzymes and glucose transporter in white adipose tissue of suckling and
weaned obese Zucker rats. Biochem J 1991;279:303-308
. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purifica-
tion. Can J Biochem Physiol 1959;37:911-917
32. Morrison WR, Smith LM. Preparation of fatty acid methyl esters and
dimethylacetals from lipids with boron fluoride-methanol. J Lipid Res
1964;5:600-608
33. Mainieri D, Summermatter S, Seydoux S, Montani JP, Rusconi S, Russell
AP, Boss O, Buchala AJ, Dulloo AG. A role for skeletal muscle stearoyl-
CoA desaturase 1 in control of thermogenesis. FASEB J 2006;20:1751-1753
34. Solinas G, Summermatter S, Mainieri D, Gubler M, Pirola L, Wymann MP,
Rusconi S, Montani JP, Seydoux J, Dulloo AG. The direct effect of leptin on
skeletal muscle thermogenesis is mediated by substrate cycling between
de novo lipogenesis and lipid oxidation. FEBS Lett 2004;577:539-544
35. Kim YB, Uotani S, Pierroz DD, Flier JS, Kahn BB. In vivo administration of

2

—

3

—_

diabetes.diabetesjournals.org



S. SUMMERMATTER AND ASSOCIATES

36.

37.

38.

39.

40.

leptin activates signal transduction directly in insulin-sensitive tissues:
overlapping but distinct pathways from insulin. Endocrinology 2002;141:
2328-2339

Salans LB, Dougherty JW. The effect of insulin upon glucose metabolism
by adipose cells of different size: influence of cell lipid and protein content,
age, and nutritional state. J Clin Invest 1971;50:1399-1410

Okuno A, Tamemoto H, Tobe K, Ueki K, Mori Y, Iwamoto K, Umesono K,
Akanuma Y, Fujiwara T, Horikoshi H, Yazaki Y, Kadowaki T. Troglitazone
increases the number of small adipocytes without the change of white
adipose tissue mass in obese Zucker rats. J Clin Invest 1998;101:1354-1361
Kasuga M, Akanuma Y, Iwamoto Y, Kosaka K. Effects of fasting and
refeeding of insulin receptors and glucose metabolism in rat adipocytes.
Endocrinology 1977;100:1384-1390

Ochi M, Yoshioka H, Sawada T, Kusunoki T, Hattori T. New adipocyte
formation in mice during refeeding after long-term deprivation. Am J
Physiol 1991;260:468-474

MacLean PS, Higgins JA, Jackman MR, Johnson GC, Fleming-Elder BK,

diabetes.diabetesjournals.org

42.

43.

Wyatt HR, Melanson EL, Hill JO. Peripheral metabolic responses to
prolonged weight reduction that promote rapid, efficient regain in obesity-
prone rats. Am J Physiol Regul Integr Comp Physiol 2006;290:1577-1588

. Jackman MR, Steig A, Higgins JA, Johnson GC, Fleming-Elder BK, Besse-

sen DH, MacLean PS. Weight regain after sustained weight reduction is
accompanied by suppressed oxidation of dietary fat and adipocyte hyper-
plasia. Am J Physiol Regul Integr Comp Physiol 2008;294:R1117-R1129
Isganaitis E, Jimenez-Chillaron J, Woo M, Chow A, DeCoste J, Vokes M, Liu
M, Kasif S, Zavacki AM, Leshan RL, Myers MG, Patti ME. Accelerated
postnatal growth increases lipogenic gene expression and adipocyte size in
low-birth weight mice. Diabetes 2009;58:1192-1200

Bol VV, Reusens BM, Remacle CA. Postnatal catch-up growth after fetal
protein restriction programs proliferation of rat preadipocytes. Obesity
2008;16:2760-2763

. Dulloo AG. Adipose tissue plasticity in catch-up-growth trajectories to

metabolic syndrome: hyperplastic versus hypertrophic catch-up fat. Dia-
betes 2009;58:1037-1039

DIABETES, VOL. 58, OCTOBER 2009 2237



