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Abstract

This study was designed to explore the metabolic changes resulting from catch-up growth in adult (CUGA) induced by varying degrees of
nutrition promotion after undernutrition and to confirm whether these changes are transient or not. The CUGA models were developed on
rats refed on intakes of normal chow or high-fat diet after a period of caloric restriction. The growth of the rats measured by body weight and
length stagnated during caloric restriction and then rapidly accelerated following refeeding. Catch-up growth in adult resulted in an increase
in intramuscular and intrahepatic lipid content, visceral fat deposition, and insulin resistance, which is consistent with a transient rise in food
efficiency during the early stage of refeeding. In addition, ectopic lipid deposition, visceral fat accumulation, and insulin resistance were
more severe in rats refed the high-fat diet than rats refed the normal chow. These findings suggest that CUGA induced by rapid nutrition
promotion could result in persistent lipid overaccumulation (increased visceral fat and ectopic lipid deposition) and drastic systemic insulin
resistance. The effects of CUGA on metabolic characteristics are dependent on the type of diet that is used for refeeding, especially on the

amount of fat intake.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Insulin resistance (IR)—related diseases such as type 2
diabetes mellitus have become increasingly prevalent
worldwide, placing a heavy burden on many health care
systems. Recent health statistics have shown that this trend is
higher in Asia than in other parts of the world [1,2].
Although nutrient excess has been recognized as the main
cause of insulin-related diseases in developed countries [3],
the same explanation cannot hold for Asian countries. In fact,
the calories per capita and the dietary supply of fat in Asian
countries are lower than in well-developed countries [4].
Therefore, it is difficult to explain the so-called Asia’s
problem with nutrient excess. Following the rapid economic
development in recent years, Asian societies generally have
undergone nutrition promotion while shifting from an
environment of food scarcity to one where food is abundant.
The nutrition level of Asian countries, which was previously
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lower compared with well-developed countries, has in-
creased rapidly and remarkably in recent years [4]. In
addition, the trend of dieting and weight-loss programs is on
the rise, whereby people try to reach the sometimes
unrealistic lean aesthetics health ideal. In reality, many of
these attempts end in “yo-yo dieting” that consists of cycles
of weight loss or nutrition deprivation followed by weight
gain or nutrition promotion, leading to the development of
IR-related diseases [5].

Essentially, nutritional promotion after undernutrition
motivates catch-up growth (CUG) and increases the risks for
IR-related diseases later in life [6]. Nutrition promotion can
occur in prenatal, childhood, or adult life. Given that there
are differences between immature and mature organisms, the
pathogenesis and outcomes of CUG induced by nutrition
promotion at different stages of life may also differ [7]. Most
studies done on CUG in adult (CUGA) involve adult rats in
which CUG is induced by refeeding after caloric restriction
(CR) for 2 weeks [8]. Because it is reported that the majority
of the effects of long-term CR on age-responsive gene
expression can be produced after 4 weeks [9], the 2-week CR
period might be a little short to relatively simulate the
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undernutrition that occurs more commonly in the long term
in human beings [10]. In addition, these studies assessed the
insulin sensitivity by different methods in the same animal
model; and discrepant conclusions were drawn [8,10,11]. It
is also noteworthy that previous studies have not prospec-
tively observed the dynamic changes of insulin sensitivity
and lipid deposition in CUGA rodents during a longer
period. Thus, there is still uncertainty as to whether the CUG
phenomenon is transient or persistent. In our study, we
prolonged the refeeding stage and performed the overall
dynamic observations on the CUGA rats. Considering that
the level and type of diets vary significantly across different
regions of the world with economic conditions and dietary
customs [12], a comparative study of the metabolic changes
in CUGA induced by different types of nutrition promotion
would be of great interest. Therefore, we attempted to
develop a CUGA animal model by way of refeeding either
with normal chow or with high-fat diet after modest CR
(60% of that eaten by the ad libitum animals, which is
considered as undernutrition without malnutrition previously
[13]) to properly simulate the prevalent nutrition promotion
after undernutrition and explore its effects on metabolism.

2. Materials and methods

2.1. Animals and diets

Healthy male Sprague-Dawley rats (aged 6 weeks,
weighing 140-180 g) were obtained from the Laboratory
Animal Center of Tongji Medical College, Huazhong
University of Science and Technology. All of them were
housed individually in stainless steel cages with free access
to water and subjected to controlled temperature (22°C +
3°C), lighting (lights on 6:00 aM to 6:00 pMm), and relative
humidity (50% =+ 10%). All rats were adapted to surrounding
environments for a week before the experiments. They were
fed with either a standard rodent chow or a high-fat diet as
scheduled (Fig. 1) once per day. The normal chow (13.68%,
64.44%, and 21.88% of calories derived, respectively, from
fat, carbohydrate, and protein) was provided by the
Laboratory Animal Center mentioned above. The high-fat
diet (containing in terms of calories derived 59% fat, 20%
carbohydrate, and 21% protein) was made as described
previously by Chalkley et al [14]. During CR, the food intake
of CUGA rats was restricted to 60% of that eaten by their ad
lib—fed companions of the same weight. During refeeding,
the CUGA animals were pair-fed with their weight-matched,
ad libitum—fed controls (RNs vs NCs; RHs vs HFs). This is
important to explore the diet shift (nutrition promotion) itself
and to exclude any influence of gap between appetite and
expenditure, which is likely to result in nutrient excess in
these animals [15]. All the experimental procedures
performed were approved by the Animal Ethics Committee
in our university and were in accordance with the Hubei
Province Laboratory Animal Care Guidelines for the use of
animals in research.

2.2. Experimental design

2.2.1. Experiment 1: the effects of CUGA on rats by
refeeding for different periods

The overall experimental procedure is illustrated in Fig.
1A. Animals were randomly allocated to 2 groups: RNs and
NCs. Each group was then divided into 5 subgroups for 5
different sampling points, with 8 rats in each subgroup. The
RNs were composed of CR subgroup (R4, maintained on CR
for 4 weeks) and 4 CUGA subgroups (RN1, RN2, RN4, and
RNS, refed with weight-matched normal chow for 1, 2, 4,
and 8 weeks individually after CR for 4 weeks). The NC
subgroups were age-matched controls of RNs mentioned
above (fed ad libitum with normal chow for 4, 5, 6, 8, and 12
weeks, respectively).

2.2.2. Experiment 2: the effects of CUGA on rats by
refeeding with normal chow or high-fat diet

The protocol for animal experimentation is shown briefly
in Fig. 1B. The rats were randomly assigned to 4 groups
(RNs, RHs, NCs, and HFs), and each was divided into 2
subgroups (n = 8) for 2 different sampling points as follows:
2 RNs (CUGA subgroups by normal chow: RN2 and RN4,
refed with weight-matched normal chow for 2 and 4 weeks,
respectively, after 4 weeks CR), 2 RHs (CUGA subgroups
by high-fat diet: RH2 and RH4, refed with weight-matched
high-fat diet for 2 and 4 weeks, respectively, after 4 weeks
CR), 2 NCs (normal controls: fed ad libitum with normal
chow for 6 and 8 weeks, respectively), and 2 HFs (high-fat
diet controls: fed ad libitum with high-fat diet for 6 and
8 weeks, respectively).

All the animals in experiments 1 and 2 were prepared as
described above for the following hyperinsulinemic-eugly-
cemic clamp and other experiments as scheduled.

2.3. Energy intake, body weight, and food efficiency

We measured food intake and body weight of animals
every day to calculate weekly energy intake and food
efficiency by the following equations: energy intake = food
intake (in grams) x energy density (in kilocalories per gram),
food efficiency = total carcass body weight accumulated (in
grams) x 100/total energy intake (in kilocalories) [16].

2.4. Body length and Lee index

We measured body weight and body length (nasoanal
length) before sacrifice. Lee index was then calculated as
described previously [17] from the following formula:
Lee index = weight'? (in grams) x 1000/nasoanal length
(in centimeters).

2.5. Hyperinsulinemic-euglycemic clamp in conscious rats
based on tail artery and vein catheterization technique

After an overnight fast, a 120-minute hyperinsulinemic-
euglycemic clamp was conducted in conscious rats accord-
ing to a modified form of the procedure described by Shang
et al [18]. In short, tail artery and vein catheterizations were
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Fig. 1. Feeding regimen, energy intake, and food efficiency in CUGA rats by refeeding for different periods in experiment 1 (A, C, and E individually) or with
different diets in experiment 2 (B, D, and F, respectively). The energy intake in RNs and RHs (C, D) was as much as 60% of their weight-matched NCs during
CR and increased to 100% of their controls (RNs vs NCs; RHs vs HFs) while refeeding. The food efficiency (E, F) in RNs and RHs was sustained at around zero,
increased remarkably early after refeeding, and began to decline while refeeding for 2 weeks.

performed with intravenous integrated catheters (24G x 19
mm; Weihai Jierui Medical Products, Weihai, China) filled
with heparin-saline solution (50 IU heparin per milliliter
0.9% saline). The arterial catheter was used for blood
sampling; and the venous catheter, for intravenous infusion.
Fasting plasma glucose was measured using a glucose
oxidase kit (Beijing Chemical Industry, Beijing, China) [19].
Plasma insulin level was estimated using a rat insulin
enzyme-linked immunosorbent assay kit (Linco Research, St
Charles, MO). A prime-continuous infusion of human
insulin (Novolin R; Novo Nordisk, Tianjin, China) was
maintained at a rate of 0.25 U/(kg h) to raise plasma insulin
for 120 minutes, and 25% glucose solution was infused at
variable rates and periodically adjusted to clamp the plasma
glucose levels at approximately 4.5 mmol/L. Blood samples

(20 uL) were collected every 5 minutes for plasma glucose
determination using a glucometer (One Touch Ultra; Life-
scan, Milpitas, CA). The average glucose infusion rate
between the 60th and 120th minute (GIRg0.120) Was used to
evaluate insulin sensitivity. To estimate insulin-stimulated
glucose transport activity in individual tissues, 2-deoxy-D-
glucose (Sigma-Aldrich, St Louis, MO) was administered as
a bolus (2 mmol/kg in saline) [20] 45 minutes before the end
of the clamps (data not shown). All rats were kept quiet and
conscious throughout the entire process.

2.6. Biochemical assays

Serum triglyceride (TG) and total cholesterol (TC) were
determined with a glycerophosphate oxidase—phenol
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aminophenazone kit and a cholesterol oxidase—phenol
aminophenazone kit, respectively (Zhejiang Dongou Bio-
logical, Wenzhou, China) [21].

2.7. Body fat distribution

Subcutaneous (groin), perirenal, and epididymal white
adipose tissues (SAT, PAT and EAT respectively) were
carefully dissected out and weighed. Body fat percentage of
various AT compartments was determined by dividing the
weight of the calculated fat per animal by the carcass weight.
The sum of PAT and EAT was considered as visceral fat [22].

2.8. Biochemical determination of tissue TG measurement

Tissue (skeletal muscle and liver) TG content was
assayed using a method described previously [23]. Briefly,
approximately 0.1 g of frozen tissue was homogenized in
chloroform/methanol (I mL, 2:1 vol/vol) over ice. Tubes
with homogenates obtained were shaken for 4 hours
before adding 0.6 mL of 0.6% NaCl. Samples were
oscillated and subsequently centrifuged (2000 rpm for 10
minutes) to separate phases. The TG-containing organic
bottom layer was separated and air-dried. The isolated
lipids were resuspended in 250 ul ethanol and then
determined spectrophotometrically at 570 nm with a
glycerophosphate oxidase—phenol aminophenazone kit
(Zhejiang Dongou Biological).

2.9. Statistical analysis

Results are presented as means + SE. Statistical analyses
were performed to assess the differences among the groups at
the same sampling points using 2-tailed unpaired Student ¢
test (experiment 1) or 1-way analysis of variance (experi-
ment 2) followed by least significant difference (LSD) t test
post hoc test for multiple comparisons with SPSS 11.5
software (SPSS, Chicago, IL). P < .05 was considered
statistically significant.

3. Results
3.1. Food intake and energy efficiency

In experiments 1 and 2 (Fig. 1C, D), the average food
intake of RNs or RHs rats were approximately 60% of that
eaten by their weight-matched normal chow or high-fat diet
controls (a little less than their age-matched controls) after
refeeding. The energy efficiency values in both RNs and
RHs (Fig. 1E, F) were sustained at around zero throughout
CR and, following refeeding, rapidly increased to a level
significantly higher (in the early 1~2 weeks) than that in
their controls (P < .05, RNs vs NCs; RHs vs HFs) and then
declined 2 weeks later.

3.2. Overall changes in body weight, length, and Lee index
during CR and refeeding

In experiment 1, the body weight and length (Fig. 2A, B)
increased moderately in NCs, while in RNs, their growth

showed no obvious changes during CR and increased rapidly
after refeeding. However, the body weight and length in RNs
were remarkably lower than those in NCs (P < .05). The Lee
index in RNs (Fig. 2C) was obviously higher than that in
NCs when refeeding for 1 and 2 weeks (P < .05). In
experiment 2, the body weight and length in both RNs and
RHs (Table 1) were significantly less than those in their
controls (P < .05, RNs vs NCs; RHs vs HFs). However, the
Lee index in RNs and RHs (Table 1) did not differ (P > .05)
from their controls except in RN2.

3.3. Body fat distribution

In experiment 1, the body fat percentage of subcutaneous
adipose tissue (SAT/BW) in RNs (Fig. 2D) was similar to
their age-matched NCs (P > .05,), whereas that of visceral
adipose tissue (VAT/BW) (Fig. 2E) was greater in RNs than
their age-matched NCs after refeeding for 2 weeks (P < .05).
The relative contribution of 3 fat subsets (SAT, PAT, EAT)
to the total fat measured was calculated and represented as a
stacked column chart in percentage (Fig. 2F). The contribu-
tion of the PAT subset gradually increased, whereas the SAT
subset decreased, in the process of refeeding in RNs. In
experiment 2, the SAT/BW and VAT/BW in RHs and HFs
(Table 1) were greater than that in their age-matched NCs
and RNs (P < .05).

3.4. Serum TG/TC concentrations

The serum TG was greater after refeeding in RNs in
experiment 1 (Fig. 3A) and in RNs, HFs, and RHs in
experiment 2 (Table 1) than that in their age-matched NCs
(P <.05). In addition, the serum TG in RH2 was higher than
that in RN2 (P < .05). Significant difference (P < .05) in
serum TC (Fig. 2B) can be observed in RN1 in experiment 1
and in HF8 and RH4 in experiment 2 (Table 1) compared
with their age-matched NCs (P < .05).

3.5. Changes in lipid deposition in skeletal muscle and liver

The intramuscular and intrahepatic TG content (Fig. 3C, D)
was significantly greater in RNs than that in NCs after
refeeding for 4 weeks in experiment 1 (P < .05). In
experiment 2, the intramuscular TG increased remarkably
(Table 1) in RH2 compared with NC6 and in RH4 compared
with NC8 or HF8 (P < .05). Similarly, RHs showed elevated
intrahepatic TG content (Table 1) compared with NCs or
RNs (P < .05).

3.6. Insulin sensitivity

Among all experimental rats, no significant differences
in fasting blood glucose concentrations could be observed
(Fig. 4A, B). The fasting plasma insulin significantly
increased in RN4 and RN8 in experiment 1 (Fig. 4C) and
HF6, RN4, RH4, and HF8 in experiment 2 (Fig. 4D)
compared with their age-matched NCs. The average GIRg.
120 at euglycemia was similar (P > .05) between RNs and
NCs while refeeding for 1 and 2 weeks but significantly
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Fig. 2. Basic biological features of CUGA rats in experiment 1. The body weight (A) and body length (B) were markedly lower in RNs compared with NCs
throughout the experiment 1. The Lee index was higher just in RN1 and RN2 compared with their controls (C). The body fat percentage of SAT (SAT/BW)
displayed no difference between RNs and NCs (D). The body fat percentage of VAT (VAT/BW) increased dramatically while refeeding over 2 weeks in RNs
compared with their NC controls (E). The contribution of the PAT subset gradually increased, whereas the SAT subset decreased, in the process of refeeding in

RNs (F). *P < .05 vs NC.

lower (P < .05) later (while refeeding for 4 and 8 weeks) in
experiment 1 (Fig. 4E). In experiment 2 (Fig. 4F), the mean
GIRgg.120 in RH4 was reduced markedly (P < .05)
compared with their age-matched companions (P < .05,
RH4 vs NC8, HF8, or RN4).

4. Discussion

The combined data from the 2 experiments described here
show that prolonged CR and the subsequent refeeding could,
respectively, induce growth arrest and accelerated growth in
rats, which is associated with a transient but dramatic
increase in food efficiency early after nutrition promotion.
These rats are characterized by abnormal lipid metabolism
(elevated plasma TG, VAT overaccumulation without
significant increase in obesity, intramuscular and intrahepa-

tic lipid deposition) and drastic IR (increased fasting plasma
insulin and decreased steady-state GIR during the clamp).
Furthermore, these metabolic changes persisted during our
prolonged observation and were more severe in CUGA
induced by high-fat diet than that by normal chow.

In this investigation of nutrition promotion after under-
nutrition, 7-week-old rats (sexually mature) were used,
considering that CUGA in young adulthood is strongly
associated with IR-related diseases [6]. The effects of
varying degrees of chronic CR on metabolism in rats differ
from one another. An approximately 60% CR, a dietary
regimen low in calories without undernutrition [13], is
widely used to decelerate the development of age-related
diseases and reverse the adverse effects induced by
overweight or nutrient excess in rats [24]. In human beings,
the caloric level usually used in CR is a little higher than that
in rats [25]. In fact, the present caloric level closely
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Table 1

Changes in basic biological features and lipid metabolism of CUGA rats in experiment 2

6 wk NC6 RN2 HF6 RH2

Body weight (g) 398.5 +20.6 331 = 14%T 387 +21.8 318.7 + 16.4%T
Body length (cm) 26+0.2 24.83 + 0.6 T 25.5+0.59 25+ 0.35%F
Lee index 301.4 +3.37 313.6 + 5.84* 305 + 3.85 303.3 + 4.93
SAT/BW 1.042 £0.21 1.094 +0.28 1.7 +0.23%f 1.952 + 0.44%%
VAT/BW 1.801 +0.17 232 +0.16* 4.8 +0.76%% 3.567 £ 0.85% 1
Serum TG (mmol/L) 0.73 = 0.09 1.203 +0.11%* 1.38 +0.12* 1.546 + 0.14%%
Serum TC 1.31 £0.07 1.634 +0.2 1.7+ 0.08 1.594 +0.22
Intramuscular TG (mmol/kg tissue) 47.08 £ 14.4 62.27 £ 10 62.2 +£9.96 98.04 + 15.3*
Intrahepatic TG (mmol/kg tissue) 4.15+0.37 8.247 + 1.94 10.8 £ 1.59* 14.51 + 1.46%%
8 wk NC8 RN4 HF8 RH4

Body weight (g) 4035+ 13.7 354 + 9.98*,F 409 +24.5 338.9 + 5.34%1
Body length (cm) 26.5+0.43 25.86 + 0.63%1 26.6 +£0.37 25.14 + 0.28%F
Lee index 303.6 +1.52 301.8 +2.84 308 +4.36 306.3 + 2.84
SAT/BW 1.18 £0.27 1.197 £ 0.19 1.77 £ 0.4%% 212 +0.14%%
VAT/BW 1.845 +0.13 2.46 + 0.43* 492 +1.08%1 4.06 + 0.39%:1
Serum TG (mmol/L) 0.782 + 0.06 1.438 + 0.11%* 1.4+ 0.05% 1.589 + 0.06*
Serum TC 1.278 + 0.02 1.654 £0.12 1.82 + 0.09% 1.887 + 0.09*
Intramuscular TG (mmol/kg dm) 44.26 + 16 87.88 + 8.43* 70.3 £5.21 110.3 + 18.8%F
Intrahepatic TG (mmol/kg dm) 5.295 +0.98 9.323 £ 0.3* 13.4 +2.32% 15.72 £ 0.72%:%

Data are expressed as mean + SE.
* P <.05vs NC.
T P <.05 vs HF.
1 P<.05vsRN.

resembles the undernutrition that previously occurred in
developing countries. For example, the per capita food
consumption (in kilocalories per capita per day) in East Asia
was 1957 in 1964-1966 and 2921 in 1997-1999 and is
expected to be 3060 in 2015 [4]. Therefore, approximately
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Fig. 3. The serum TG and TC and the intramuscular and intrahepatic TG content in experiment 1. The serum TG (A) was greater after refeeding in RNs, and the
serum TC (B) is higher in RN1 compared with their controls. The intramuscular (C) and intrahepatic (D) TG content (C, D) was significantly greater in RNs than

that in NCs over refeeding for 4 weeks. *Pp < .05 vs NC.
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Fig. 4. Insulin sensitivity in experiment 1 (A, C, E) and experiment 2 (B, D, F). The fasting blood glucose did not differ among all groups(A, B); however, the
fasting plasma insulin was greater in RN4 and RNS in experiment 1 (C) and in RN4 and RH4 in experiment 2 (D) compared with their age-matched NCs. The
GIRg0.120 decreased significantly in RN4 and RNS in experiment 1 (E) and in RH4 in experiment 2 (F) compared with their age-matched companions (RNs vs
NCs; RH4 vs NC8, HFS, or RN4). *p < .05 vs NC; *P < .05 vs HF; #P < .05 vs RN. FBG indicates fasting blood glucose.

For instance, 4 weeks reproduced 100% of the long-term CR
effects on xenobiotic metabolism et al [26]. As for refeeding,
the level and variety of dietary intake vary significantly
across different regions of the world according to economic
conditions and dietary customs [12]. In China, the nutrition
promotion might be characterized by the transition from
semistarvation to subsistence level of consumption [12],
whereas in some Mediterranean countries, their food habits
have experienced a process of Westernization during these
recent years. Even during the phenomenon of yo-yo dieting,
the refeeding phase can be characterized by intake of
different kinds of food ranging from healthy to fatty [15].
Thus, the CUGA rats were refed with either normal chow or
high-fat diet in the stage of nutrition promotion. It is widely
recognized that CUGA mainly embodies an accelerated
recovery after growth arrest [10] and excessive fat
accumulation due to a preferential recovery of body fat [6]
in the process of nutrition promotion after undernutrition.

Our results indicate that 60% CR could induce growth arrest
and that the subsequent refeeding could cause accelerated
growth and fat overaccumulation, which is consistent with
the features of human CUGA described briefly above [6,10].
Hence, this work characterizes the 60% CR refeeding rats as
a robust model for CUGA.

In this work, we observed the dynamic changes in the
biological characteristics of these CUGA rats. It is interesting
to note that food efficiency, which denotes the body weight
increase per gram of food consumed, increased dramatically
early after refeeding and gradually decreased in the process
of nutrition promotion. This change of food efficiency in
CUGA rats might suggest their thrifty metabolic profile
during the nutrition promotion [6,15]. The thrifty metabolic
profile is common in animals while they are exposed to
undernutrition. The mechanism might be ascribed to
decreased energy expenditure and the induction of an energy
conservation mechanism during CR [27]. Changes in
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behavior (locomotor activity et al) and gene expression
(energy metabolism et al) induced by CR are likely to be
involved in the formation of thrifty metabolic profile
[9,26,28]. The elevation of food efficiency in CUGA rats
could be explained by postulating that the adaptive thrifty
energy metabolism formed during CR might be sustained for
a certain period after refeeding while the body tries to
replenish its stores [29].

In addition, we found that CUGA animals elicited a much
higher degree of lipid accumulation, including greater
visceral fat percentage and ectopic lipid deposition, which
commonly results from nutrient excess [30]. It is worth
mentioning that the food intake in CUGA rats was never
more than their controls (RNs vs NCs). Therefore, the lipid
overaccumulation could not be simply attributed to overnu-
trition, but to the nutritional shift itself. The substantial
difference between CUGA rats and their controls being the
early undernutriton, it might therefore be the ultimate source
of the subsequent adverse effects in CUGA rats [6,15]. Thus,
we tentatively put forward that CR and CR-induced thrifty
metabolic profile mentioned above might be one of the
possible mechanistic explanations for the excessive lipid
deposition in CUGA rats [16]. The finding that lipid
overaccumulation is associated with increased food efficien-
cy supports this hypothesis. Furthermore, the lipid accumu-
lation occurs in visceral fat, which is more closely related
with IR [31], but not in subcutaneous fat, which might be
protective factor in the IR-related disease [32]. The detailed
mechanism is unclear, and further investigations are needed
to confirm this. Importantly, the changes in visceral fat
percentage and Lee index in CUGA rats are not exactly
similar. This partial consistency between visceral fat
percentage and Lee index in our findings might be explained
by the fact that the former is a more sensitive indicator of fat
accumulation to some extent [33]. In fact, this finding
correlates with the discrepancy between BMI and percentage
of body fat in Asians, where a higher percentage of body fat
is observed, although the BMI is lower as compared with
white populations [34,35]. Hence, more significantly, higher
body fat rather than BMI or Lee index might be an important
trait of CUGA. It is reported that the intramyocellular lipid
by oil red O stain in rats refeeding 1 week after 2 weeks CR is
not significantly different from that in normal chow controls
[10]. In our study, the ectopic lipid deposition was observed
while refeeding at 4 weeks but not before, which suggests
that refeeding period might be an important factor in its
formation. Somewhat surprisingly, the serum TG increased
soon after refeeding began. This could be used to explain the
appearance of the subsequent lipid overaccumulation and
ectopic (intramuscular and intrahepatic) lipid deposition,
which is similar to the abnormal lipid metabolism occurring
in IR induced by excessive calorie intake [3]. Nevertheless,
the reason for this rise in serum lipid is not completely clear.
An explanation could be that the adaptive thrifty metabolic
profile motivated during CR would not be able to conform to
the subsequent rapid nutrition promotion and result in a

relative nutrient excess in the organisms [6,15]. Further
studies are still necessary to verify this.

In the current study, our findings indicate that the
systemic insulin sensitivity is adversely and persistently
affected in CUGA rats, which is consistent with the
prevalence of IR-related disease in CUGA [6]. The drastic
IR in CUGA rats might be explained by the increased
visceral fat and ectopic lipid deposition due to thrifty
metabolic profile and relative overnutrition mentioned
before [15,36]. That the lipid overaccumulation appears
before the IR makes this hypothesis plausible. This
mechanism is analogous to speculations on explanations of
the intrauterine growth retardation model, which is a
commonly used model of prenatal CUG for experimental
study [37]. Yet, the pathogenesis of intrauterine growth
retardation and CUGA must be obviously distinct for the
great metabolic differences between the fetus and the mature
organism [7]. Thus, the detailed mechanism concerned with
the impaired insulin sensitivity in CUGA must be complex;
and more knowledge is required.

It is noteworthy that higher serum TG, greater lipid
deposition in adipose and liver, and more severe systemic IR
were observed in RHs compared with RNs. In addition, RHs
showed higher intramuscular TG level and more severe IR
compared with HFs, which were fed for 4 weeks more than
RHs. These results suggest that the metabolic disorders
mentioned above in CUGA rats depend on the types of diets
used in nutrition promotion. The sustained thrifty metabolic
profile formed during CR may be a good explanation to the
phenomenon that high-fat diet refeeding promotes severe
lipid overaccumulation and IR more rapidly.

As mentioned above, the sustained thrifty metabolic
profile formed during CR might be an important causative
factor in the etiology of lipid overaccumulation and its

Nutrition promotion process: Probable mechanisms:
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Fig. 5. Catch-up growth in adult induced by nutrition promotion is
characterized by transiently lifted food efficiency, rapidly elevated serum
TG, lipid deposition, and drastic IR (solid lines). The adaptive thrifty
metabolism profile formed during CR and sustained thrifty metabolism
profile while refeeding are likely to be the possible mechanisms to explain
these consequences (shown with dotted line arrows).



L.-L. Chen et al. / Metabolism Clinical and Experimental 60 (2011) 569578 577

consequent IR in CUGA rats. However, it is reported that the
response to recovery from CR is strain-dependent divergent
(Long-Evans and Sprague-Dawley rats), even though the
ratio of oxygen consumption to food intake is probably lower
in both of them as opposed to humans [38]. Thus, the use of
animal models to mimic human beings has its limitations and
requires caution.

The insulin sensitivity was assessed by different methods
in similar animal models in previous experiments, and
discrepant conclusions were drawn [8,10,11]. In brief, they
developed CUGA rats by refeeding 1 week after CR for 2
weeks. The intraperitoneal glucose tolerance tests, homeo-
stasis model assessment index, and hyperinsulinemic-eugly-
cemic clamp were used to evaluate the insulin sensitivity in
each article. Their data showed elevated plasma insulin-to-
glucose ratio in intraperitoneal glucose tolerance tests and
higher homeostasis model assessment index in refed rats than
in controls, while no significant differences between refed
and control groups were found in the glucose infusion rate
during hyperinsulinemic-euglycemic clamp. It is well known
that the hyperinsulinemic-euglycemic clamp is the criterion
standard method with a high degree of accuracy to assess
insulin sensitivity. We further found that the plasma glucose
was clamped at approximately 145 mg/100 mL, which is
approximately equal to 8 mmol/L and roughly equivalent to
postprandial blood glucose but not fasting blood glucose
(4~5 mmol/L). In addition, the clamp was performed in rats
generally anesthetized with sodium pentobarbital, which
causes some degree of IR [39]. Thus, we performed our
hyperinsulinemic-euglycemic clamps (plasma glucose was
clamped at ~4.5 mmol/L) in conscious rats without general
anesthesia and increased stress (data not shown). Further-
more, we assessed the insulin sensitivity at several points
during a prolonged period and observed the dynamic changes
of these metabolic features. In our study, no significant IR
was detected when refeeding 1 and 2 weeks after CR, while
drastic systemic IR was found when refeeding 4 and 8 weeks.
This work is different from the researches mentioned above
[8,10,11]. Our data suggest that nutrition promotion could not
cause IR instantly but after a certain period of refeeding in
CUGA rats. Insulin resistance in CUGA rats was sustained
after refeeding for 8 weeks, when the accelerated growth and
fat recovery had slowed down for several weeks. Thus, it is
plausible to assume that the IR induced by CUGA might not
be transient but persistent.

Finally, it should be noted that we have not observed the
metabolic features over an even longer term to confirm the
persistent effects of CUGA. We only examined fat storage
by Lee index and body fat percentage in this study. More
complete experiments such as a prolonged monitoring of the
model and dual-energy x-ray absorptiometry to assess the
body composition or analyze the carcasses for water and
nitrogen content, along with total body fat etc, are required
and will be our next focus in the future. Nevertheless, our
observations have important implications for the pathogen-
esis of IR induced by CUGA, which might differ from that

exerted by simple nutritional excess. In addition, other
interesting traits (including the transient increase in food
efficiency and raised serum lipid) may be involved in this
model; and further tests are necessary to clarify the
mechanisms involved. Notwithstanding its limitations, we
developed the animal model of CUGA induced by rapid and
significant nutrition promotion. The observations obtained in
this work allow us to conclude that the CUGA rats are
characterized by a transient increase in food efficiency, lipid
overaccumulation (increased visceral fat and ectopic lipid
deposition), and sharp reduction in insulin sensitivity. We
tentatively postulate that the increase in food efficiency may
play an important role in the formation of lipid over-
accumulation (elevated visceral fat and ectopic lipid
deposition) and its consequent drastic IR on the basis of
the order in which they appear (summarized in Fig. 5). These
findings could have important implications in research on the
etiology of CUGA and its consequences.
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