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Fighting low responders in 
diet induced obesity studies

Low gainers vs. high gainers



Why do we study obesity?
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A very common model for diet induced obesity (DIO)

• The C57/BL6 mouse
• Obesity prone when fed ad libitum
• Severely obese on high fat diet (HFD)
• Impaired glucose tolerance
• Liver steatosis
• Changes in leptin, adiponectin etc. as 

in humans 
• No gene knockout -> more “natural 

model”

• But a lot of phenotype variation!
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The low responder issue

• DIO studies suffer from low responders in term of weight gain
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The low responder issue

infusions in steady-state condition as described (3, 21).
Briefly, the D-[3-3H]glucose specific activity was calculated by
dividing the D-[3-3H]glucose enrichment by the plasma glu-
cose concentration. The whole body glucose turnover rate was
calculated by dividing the rate of D-[3-3H]glucose by the
D-[3-3H]glucose plasma specific activity. Because the mice
had different fasted glycemias, we calculated the whole body
glucose clearance rates by dividing the glucose turnover rate
by the glycemic level. For each mouse, the mean values were
calculated and averaged with values from mice of the same
group. Mice showing variations of the steady-state D-[3-
3H]glucose specific activity !15% during this time period
were excluded from the study.

Statistical Analysis

Results are presented as means " SE or SD, as specified in
figures. Statistical significance of differences was analyzed
by using Student ’s t-test for unpaired, bilaterally distributed
values of equal variance. Values were considered different
when P # 0.05.

RESULTS

Body Weight Gain

One-month-old male C57BL/6J mice were fed a NC
or a HFD diet for 9 mo. The body weights of the HFD
mice were similar to those of the NC mice for the first
3 mo (Fig. 1A). After three more months of HFD feed-
ing, the body weights further increased by 25%,
whereas the body weights of the NC-fed mice increased
only by 11%. Strikingly, the body weights of the HFD
mice were widely scattered at 6 and 9 mo, with values
lower, similar, or higher than the body weights of the
NC-fed mice.

Fasted Blood Glucose and Insulin Levels

Fasted blood glucose levels were measured in 6-h-
fasted mice (Fig. 1B). Fasted glycemias remained
steady at $5.5 mM in NC-fed mice during the entire
study. Conversely, after 3 mo of HFD, the means of the
fasted glycemias were higher than those of the NC
mice and remained so until the end of the study. In
addition, the glycemias of the HFD mice were highly
scattered.

Fasted plasma insulin levels were measured at 3, 6,
and 9 mo of dietary treatment. The mean plasma
insulin levels were higher in the HFD mice than in the
NC mice at all time points studied (Fig. 1C). Impor-
tantly, these values were also highly scattered after 9
mo of HFD.

IPGTT

IPGTTs were performed in 6-h-fasted mice, and the
area under the curves (AUCs) of the glycemias were
calculated at 3, 6, and 9 mo of HFD or NC (Fig. 1D). In
the NC mice, the AUCs remained steady throughout
the study. After 3 mo of HFD, the AUCs were already
higher than those of the NC mice and remained ele-
vated after 6 and 9 mo.

Classification and Distribution of HFD Mice in
Diabetic and Obese Subgroups

Because body weights and glucose AUCs of the HFD
mice were widely scattered, we grouped the mice ac-
cording to their obese and diabetic phenotypes. The
glucose AUCs were therefore plotted against the body
weight measured for each individual NC and HFD

Fig. 1. Body weights (g), fasted glycemia, glu-
cose intolerance, and fasted insulinemia dur-
ing 9 mo of high-fat low-carbohydrate (HFD)
or normal-chow (NC) diet feeding of
C57BL/6J mice. The different panels show
the means " SD and individual data for each
of the parameters measured after 3, 6, and 9
mo of NC or HFD feeding. A: body weights;
n % 25 NC-fed mice and 225, 205, and 193
HFD-fed mice after 3, 6, and 9 mo of dietary
treatment, respectively. B: glycemias; n % 25
NC-fed mice and 218, 191, and 163 HFD-fed
mice after 3, 6, and 9 mo of dietary treatment,
respectively. C: insulinemia; n % 15–18 the
NC-fed mice and 54, 39, and 67 HFD-fed mice
after 3, 6, and 9 mo of dietary treatment,
respectively. D: areas under the curves
(AUCs) of glucose tolerance tests; n % 25
NC-fed mice and 218, 191, and 163 HFD-fed
mice after 3, 6, and 9 mo of dietary treatment,
respectively.
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to high-fat diet
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Burcelin, Rémy, Valérie Crivelli, Anabela Dacosta,
Alexandra Roy-Tirelli, and Bernard Thorens. Heteroge-
neous metabolic adaptation of C57BL/6 mice to high-fat diet.
Am J Physiol Endocrinol Metab 282: E834–E842, 2002;
10.1152/ajpendo.00332.2001.—C57BL/6J mice were fed a high-
fat, carbohydrate-free diet (HFD) for 9 mo. Approximately 50%
of the mice became obese and diabetic (ObD), !10% lean and
diabetic (LD), !10% lean and nondiabetic (LnD), and !30%
displayed intermediate phenotype. All of the HFD mice were
insulin resistant. In the fasted state, whole body glucose clear-
ance was reduced in ObD mice, unchanged in the LD mice, and
increased in the LnD mice compared with the normal-chow
mice. Because fasted ObD mice were hyperinsulinemic and the
lean mice slightly insulinopenic, there was no correlation be-
tween insulin levels and increased glucose utilization. In vivo,
tissue glucose uptake assessed by 2-[14C]deoxyglucose accumu-
lation was reduced in most muscles in the ObD mice but
increased in the LnD mice compared with the values of the
control mice. In the LD mice, the glucose uptake rates were
reduced in extensor digitorum longus (EDL) and total hindlimb
but increased in soleus, diaphragm, and heart. When assessed
in vitro, glucose utilization rates in the absence and presence of
insulin were similar in diaphragm, soleus, and EDL muscles
isolated from all groups of mice. Thus, in genetically homoge-
nous mice, HFD feeding lead to different metabolic adaptations.
Whereas all of the mice became insulin resistant, this was
associated, in obese mice, with decreased glucose clearance and
hyperinsulinemia and, in lean mice, with increased glucose
clearance in the presence of mild insulinopenia. Therefore,
increased glucose clearance in lean mice could not be explained
by increased insulin level, indicating that other in vivo mecha-
nisms are triggered to control muscle glucose utilization. These
adaptive mechanisms could participate in the protection
against development of obesity.

glucose transport; insulin resistance; diabetes

CONTROL OF BODY WEIGHT requires balance between food
intake and energy expenditure. It is now well recog-
nized that maintaining this balance depends on very
intricate regulatory mechanisms, in great part con-
trolled by hypothalamic circuits that integrate signals
received from the periphery. These are indicators of the
body energy state and include the adipocyte hormone
leptin but also insulin and variations in blood glucose

concentrations. Neurons sensitive to these hormones
and to glucose are located, in particular, in the arcuate
nucleus and express the hypothalamic hormones neu-
ropeptide Y, agouti gene-related protein (AGRP), pro-
opiomelanocortin [giving rise to the active "-mela-
nocyte-stimulating hormone ("-MSH) peptide], and co-
caine and amphetamine-regulated transcript (7).
Through activation of second-order neurons and the
autonomic nervous system, energy homeostasis is
maintained by the adaptive regulation of diverse phys-
iological functions such as glucose utilization in periph-
eral tissues, hormone secretion, food intake, and en-
ergy expenditure.

Imbalance in this homeostatic process can be caused
by mutations in single “obesity” genes like the leptin or
leptin receptor genes (25, 34). However, in humans,
these monogenic forms of obesity are extremely rare (4,
17). More common are the association of mutations in
some hypothalamic receptors, such as the melanocor-
tin receptor MC4R (5, 29, 32), which is activated by
"-MSH or inhibited by AGRP, with an increased sus-
ceptibility to obesity development. In most cases of
obesity, however, even though there is a well recog-
nized genetic component in the development of this
disease, the genes involved are not known. It is also
well established that environmental factors combine
with the susceptibility genes to induce obesity. In par-
ticular, the lack of physical exercise and high calorie-
containing diets are major parameters favoring the
development of obesity and diabetes. The importance
of the environmental factors in inducing these diseases
is exemplified by the study of twins who were discor-
dant for non-insulin-dependent diabetes mellitus (19,
27, 28). It was shown that lipid oxidation was in-
creased, whereas glucose oxidation was reduced, in the
diabetic compared with the nondiabetic twins. In rats
and mice, high-fat feeding induces obesity and diabetes
(1, 18, 20, 24, 33). Interestingly, however, it was ob-
served that, in C57BL/6J mice fed a high-fat diet for
several weeks, development of obesity and diabetes
was not uniform, and different lean and obese pheno-
types could be observed. In this particular strain, vari-
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curves in Figure 2 show that differences between high and low
gainers have been established even before the mice have
received a high-fat diet. The high-fat diet accentuates differ-
ences in energy balance that already appear to exist among
progeny. The potentiality to express these phenotypic differ-

ences must have been established earlier in development, but
were not evident from body weight phenotypes at weaning.

The Cost of Weight Gain or Metabolic Efficiency
The energy cost of weight gain is a complex process that

depends on many factors. The major variable in our dietary
studies has been the fat content of diets 5053 and D12331,
containing 12 and 58 kcal % fat respectively, while protein
content at 23.6 and 16.5 kcal %, respectively, is within a
normal range that does not stimulate thermogenesis [22]. The
early emergence and stability of phenotypic differences
observed in Figure 2, even during caloric restriction, suggests
that diet per se is not the underlying mechanism for the
variability in obesity. To address this issue further it was
necessary to modify our standard protocol to achieve
minimal food spillage, which can be considerable with B6
mice fed ad libitum. The feeding protocol was based upon
first restricting the available food to one pellet, but still in
excess and available ad libitum, that was given to the mice in
the late afternoon of each day beginning at wk 7 when the
mice were on a low-fat diet. At the beginning of the 8th wk
when the high-fat diet was started, the amount of diet, still in
one pellet, given to the mice was titrated to a level where
approximately 80% of the mice left a portion of the food
pellet in the hopper. By the end of the first week this amount
was estimated at 2.7 g and held constant at that amount for
the remainder of the experiment. The amount of food
consumed for each mouse was estimated daily and food
consumption is presented as the amount consumed per
mouse per week for the top 20 high gainers and bottom 20
low gainers (Figure 3). Body weights for the high gainers were
significantly different from low gainers after 1 wk on a high-
fat diet and they become steadily greater during the
following weeks. In contrast, food intake and the feeding

Figure 1. Establishing Variations in Adiposity in Diet-Induced Obesity in Male C57BL/6J Mice

Frequency distribution of body weight in 219 mice at 12 wk of age, after being fed a high-fat diet for 4 wk. (A) Regression analysis between the change
in body weight and fat mass (B) and change in body weight and lean body mass (C) from 8 and 12 wk of age as determined by NMR in 112 mice. (D)
Regression analysis between mouse weight at weaning and the percent change of the ratio of fat mass (FM) to lean mass (LM) per week, p! .0105, n!
220. Changes in the FM/LM ratio per wk were calculated from 8–12 wk of age or from 8–14 wk of age. (E) Average percent change of the ratio of FM/LM
per week for the various litter sizes, p! .0406, n! 220 (ANOVA).
DOI: 10.1371/journal.pgen.0020081.g001

Figure 2. Stability of the Adiposity Phenotype in B6 Mice

Male mice (n ! 107) were fed a low-fat chow diet (Picolab 5053) from
weaning to 8 wk of age, a high-fat diet (Research Diets D12331) from 8–
14 wk, then the low-fat chow diet, restricted to 80% of the amount
consumed from wk 7–8, during wk 15 and16, and finally, the high-fat diet
for wk 17–22. Mice were weighed weekly except during the food
restriction period when body weights were measured daily until they
had stabilized under these conditions. Food intake was measured weekly
starting from wk 7. At the end of wk 8, 14, 16, and 22, the body
composition of each mouse was analyzed by NMR. The body weight
curves of mice at the upper and lower 10% of the frequency distribution
at 22 wk of age are plotted in red and blue.
DOI: 10.1371/journal.pgen.0020081.g002
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Changes in Gene Expression Foreshadow
Diet-Induced Obesity in Genetically Identical
Mice
Robert A. Koza1, Larissa Nikonova1, Jessica Hogan1, Jong-Seop Rim1, Tamra Mendoza1, Christopher Faulk1, Jihad Skaf2,

Leslie P. Kozak1*
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High phenotypic variation in diet-induced obesity in male C57BL/6J inbred mice suggests a molecular model to
investigate non-genetic mechanisms of obesity. Feeding mice a high-fat diet beginning at 8 wk of age resulted in a 4-
fold difference in adiposity. The phenotypes of mice characteristic of high or low gainers were evident by 6 wk of age,
when mice were still on a low-fat diet; they were amplified after being switched to the high-fat diet and persisted even
after the obesogenic protocol was interrupted with a calorically restricted, low-fat chow diet. Accordingly,
susceptibility to diet-induced obesity in genetically identical mice is a stable phenotype that can be detected in
mice shortly after weaning. Chronologically, differences in adiposity preceded those of feeding efficiency and food
intake, suggesting that observed difference in leptin secretion is a factor in determining phenotypes related to food
intake. Gene expression analyses of adipose tissue and hypothalamus from mice with low and high weight gain, by
microarray and qRT-PCR, showed major changes in the expression of genes of Wnt signaling and tissue re-modeling in
adipose tissue. In particular, elevated expression of SFRP5, an inhibitor of Wnt signaling, the imprinted gene MEST and
BMP3 may be causally linked to fat mass expansion, since differences in gene expression observed in biopsies of
epididymal fat at 7 wk of age (before the high-fat diet) correlated with adiposity after 8 wk on a high-fat diet. We
propose that C57BL/6J mice have the phenotypic characteristics suitable for a model to investigate epigenetic
mechanisms within adipose tissue that underlie diet-induced obesity.

Citation: Koza RA, Nikonova L, Hogan J, Rim JS, Mendoza T, et al. (2006) Changes in gene expression foreshadow diet-induced obesity in genetically identical mice. PLoS
Genet 2(5): e81. DOI: 10.1371/journal.pgen.0020081

Introduction

Obesity is a multifactorial disease in which inherited allelic
variation, together with environmental variation, determines
the predisposition of an individual to developing the disease.
Although the evidence in support of a genetic component to
the development of obesity is overwhelming [1–3], and a
number of promising candidate genes are being tested as
underlying causes of obesity [4], it remains difficult to
quantify the genetic contribution to the obesity epidemic
during the past 25 y, a period too short for the accumulation
of additional obesogenic alleles. Twin studies indicate that
the contribution of heritability to the obese phenotype may
be as high as 70% [1,5]; however, this estimate includes allelic
variation as well as genetic influences that are dependent
upon a particular environment. Genomic and environmental
variables are probably not independent, but gene-environ-
mental interactions unique to each individual will determine
the obese phenotype. Indeed it has been proposed that
interactions between obesity genotypes and an obesogenic
environment will synergistically increase the frequency of
obesity [6]. Therefore, determining how allelic and environ-
ment variations interact to determine obesity phenotypes are
critical for an understanding of the obesity epidemic.

Although we understand little regarding the interactions
between genes and the environment that are associated with
the development of obesity, the findings that some inbred
strains of mice are susceptible to obesity when fed a high-fat
diet, whereas others are resistant, clearly indicate that certain

combinations of alleles are more obesogenic than others [7,8].
In addition, over- or under-expression of selective genes can
have major effects on diet-induced obesity, but little or no
effect when animals are fed a low-fat diet [9–11]. To develop a
model system to discover the basis for environmental
components of obesity, we have taken advantage of diet-
induced obesity in highly inbred C57BL/6J (B6) mice. Male
mice of this inbred strain are more susceptible to obesity
when fed a high-fat diet [12] than other strains such as 129
mice [13]. However, we and others have observed large
variations in adiposity and diabetes among the individual B6
mice, even when maintained under seemingly identical
environmental conditions [14–16]. We hypothesized that in
the absence of allelic variation among the animals, pheno-
typic variation would be determined by either unstable
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curves in Figure 2 show that differences between high and low
gainers have been established even before the mice have
received a high-fat diet. The high-fat diet accentuates differ-
ences in energy balance that already appear to exist among
progeny. The potentiality to express these phenotypic differ-

ences must have been established earlier in development, but
were not evident from body weight phenotypes at weaning.

The Cost of Weight Gain or Metabolic Efficiency
The energy cost of weight gain is a complex process that

depends on many factors. The major variable in our dietary
studies has been the fat content of diets 5053 and D12331,
containing 12 and 58 kcal % fat respectively, while protein
content at 23.6 and 16.5 kcal %, respectively, is within a
normal range that does not stimulate thermogenesis [22]. The
early emergence and stability of phenotypic differences
observed in Figure 2, even during caloric restriction, suggests
that diet per se is not the underlying mechanism for the
variability in obesity. To address this issue further it was
necessary to modify our standard protocol to achieve
minimal food spillage, which can be considerable with B6
mice fed ad libitum. The feeding protocol was based upon
first restricting the available food to one pellet, but still in
excess and available ad libitum, that was given to the mice in
the late afternoon of each day beginning at wk 7 when the
mice were on a low-fat diet. At the beginning of the 8th wk
when the high-fat diet was started, the amount of diet, still in
one pellet, given to the mice was titrated to a level where
approximately 80% of the mice left a portion of the food
pellet in the hopper. By the end of the first week this amount
was estimated at 2.7 g and held constant at that amount for
the remainder of the experiment. The amount of food
consumed for each mouse was estimated daily and food
consumption is presented as the amount consumed per
mouse per week for the top 20 high gainers and bottom 20
low gainers (Figure 3). Body weights for the high gainers were
significantly different from low gainers after 1 wk on a high-
fat diet and they become steadily greater during the
following weeks. In contrast, food intake and the feeding

Figure 1. Establishing Variations in Adiposity in Diet-Induced Obesity in Male C57BL/6J Mice

Frequency distribution of body weight in 219 mice at 12 wk of age, after being fed a high-fat diet for 4 wk. (A) Regression analysis between the change
in body weight and fat mass (B) and change in body weight and lean body mass (C) from 8 and 12 wk of age as determined by NMR in 112 mice. (D)
Regression analysis between mouse weight at weaning and the percent change of the ratio of fat mass (FM) to lean mass (LM) per week, p! .0105, n!
220. Changes in the FM/LM ratio per wk were calculated from 8–12 wk of age or from 8–14 wk of age. (E) Average percent change of the ratio of FM/LM
per week for the various litter sizes, p! .0406, n! 220 (ANOVA).
DOI: 10.1371/journal.pgen.0020081.g001

Figure 2. Stability of the Adiposity Phenotype in B6 Mice

Male mice (n ! 107) were fed a low-fat chow diet (Picolab 5053) from
weaning to 8 wk of age, a high-fat diet (Research Diets D12331) from 8–
14 wk, then the low-fat chow diet, restricted to 80% of the amount
consumed from wk 7–8, during wk 15 and16, and finally, the high-fat diet
for wk 17–22. Mice were weighed weekly except during the food
restriction period when body weights were measured daily until they
had stabilized under these conditions. Food intake was measured weekly
starting from wk 7. At the end of wk 8, 14, 16, and 22, the body
composition of each mouse was analyzed by NMR. The body weight
curves of mice at the upper and lower 10% of the frequency distribution
at 22 wk of age are plotted in red and blue.
DOI: 10.1371/journal.pgen.0020081.g002
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by crossfostering such that each mother was raising pups from her own 
and another litter. !e average pup masses from the same litter on the 
manipulation day were regarded as the birth weight. Pups were marked 
to distinguish their litter origin and the litters were weighed together on 
a daily basis. A"er weaning (day 26 of lactation), only male o#spring 
(n = 97) were kept in this study and they were group housed (n = 4–5 per 
group). Each pup was weighed every day and marked uniquely to identify 
both the litter origin and the individual until 9 weeks old when body 
composition was evaluated by dual-energy X-ray absorptiometry. Preg-
nancy LS, lactation LS, birth weight, weaning weight, lactation growth 
rate (GR), and postweaning GR were entered into regression analyses as 
possible predictors of FM and FFM at the age of 9 weeks.

All experiments were reviewed by a local ethical committee and per-
formed in accordance with UK Home O$ce regulations under licence 
PPL 60/3073 held by J.R.S.

Statistical analysis
All data were tested for normality using the Kolmogorov–Smirnov 
test and where necessary data were normalized using log transforma-
tion. Initial BW and BW on 4, 8, 12, 16 weeks of HFD were calculated 
descriptively as means ± s.d. and range. Multiple regression analyses 
were performed with BW gain as a dependent variable and six poten-
tial predictors as independent variables to establish predictive models 
for BW gain induced by HFD. !is same method was adopted for the 
prediction of FM and FFM in o#spring, and pregnancy LS, lactation 
LS, birth weight, weaning weight, lactation GR, and postweaning GR 
were entered into regression as predictors. Linear regression was used 
to examine the interrelationship between those predictors, and a ran-
dom e#ect model was used to exclude the e#ect of litter. P values <0.05 
were considered statistically signi%cant. All data were analyzed using 
Minitab version 15.0 (Minitab, State College, PA).

RESULTS
Experiment 1
Response to HFD. !e average BW of all 60 mice at baseline 
was 29.21 ± 1.82 g varying from 24.40 to 32.80 g (Table 1). As 
observed previously these inbred mice had a high variability 
in diet-induced BW gain in their response to the HFD. A"er 
4 weeks of HFD feeding, mice increased mean BW by 4.98 g 
and the range of BW across all mice increased from 8.40 g 
at baseline to 16.91 g. Mean BW gains relative to baseline on 
week 8, 12, and 16 of HFD were 7.06 ± 4.02, 10.05 ± 5.48, and 
11.44 ± 5.74 g, respectively. Individual BWs measured weekly 
throughout the experiment are shown in Figure 1. Mice exhib-
ited not only an increasing BW but also an expanding range of 
BW under long-term HFD feeding. A"er 16 weeks of HFD, the 
smallest individual weighed 29.17 g and the biggest individual 
weighed 55.44 g. BW gain was highly correlated with fat gain 
a"er 16 weeks of HFD (R2 = 0.900, P < 0.01).

At baseline, high-individual variation was observed in FM 
(coe$cient of variation (CV) = 47.11%), FFM (CV = 5.62%), FI 
(CV = 13.43%), RMR (CV = 14.65%), and PA (CV = 28.20%). 
Baseline Tb showed a relatively low variation across individu-
als (CV= 0.52%) (Table 2a). Within these baseline predictors, 
PA was negatively associated with FM (P < 0.001) and FFM 
was positively related to FI (P = 0.001), RMR (P = 0.007), and 
PA (P = 0.012). !ere was also variation in FI-HFD week 1 
(CV = 16.91%), which was positively correlated with baseline 
FI (R2 = 0.160, F = 12.26, P = 0.001). A calculation based on 
energy content and water percentage of both diets (J. Kagya–
Agyemang and J.R. Speakman, unpublished data) showed that 
the average energy intake change from baseline to the %rst 
week of HFD feeding (EI change) was 7.6 ± 6.56 kJ/day.

Multiple regression analyses on the prediction of individual vari-
ability in BW gain. We developed four di#erent prediction mod-
els with regard to BW gain at four di#erent time points (4, 8, 
12, and 16 weeks of HFD) using the variables monitored at 
baseline as predictors (Table 3a). At week 4 of the HFD, the 
overall model predicted 36.6% of the variation in weight gain 
(R2 = 0.366, F6,53 = 6.69, P < 0.001; Table 3a) with baseline FM 
as the only signi%cant predictor (P < 0.001; Figure 2a). When 
exposed to the HFD for 8 weeks, mice showed greater individ-
ual variability in weight gain of which 37.6% could be predicted 
from the model generated by multiple regression (R2 = 0.376, 
F6,53 = 6.93, P < 0.001; Table 3a). At this time point, baseline FM 
and baseline PA were signi%cant positive and negative predic-
tors, respectively (FM: P = 0.006; PA: P = 0.021) (Figure 2b,c). 
An additional signi%cant predictive e#ect of baseline FFM 
became evident on week 12 and week 16 of HFD feeding. !e 
models for week 12 (R2 = 0.377, F6,53 = 6.94, P < 0.001; Table 3a) 
and week 16 (R2 = 0.402, F6,53 = 7.62, P < 0.001; Table 3a) both 
included two positive predictors, baseline FM (Figure 2d,g) 
baseline FFM (Figure 2e,h), and one negative predictor, base-
line PA (Figure 2f,i).

Baseline variation in FI, Tb, RMR, and FI-HFD week 1 were 
not signi%cant predictors of weight gain at any of the four 
time points. No association between the average energy intake 
change from baseline to the %rst week of HFD (EI-change) and 

Table 1 Descriptive characteristics of body weight of 60 
C57Bl/6J mice at baseline (age 10–12 weeks) and at weeks 4, 
8, 12, and 16 of feeding on a high-fat diet (N = 60)

Body weight (g) Minimum Maximum Range

Baseline 29.21 ± 1.82 24.40 32.80 8.40

HFD 4 weeks 34.19 ± 4.17 26.23 43.14 16.91

HFD 8 weeks 36.27 ± 5.13 27.83 48.13 20.30

HFD 12 weeks 39.26 ± 6.63 28.78 56.24 27.46

HFD 16 weeks 40.48 ± 6.92 29.17 55.44 26.27

Body weight data were expressed as means ± s.d.
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Figure 1 Individual body weight changes of 60 male C57BL/6J mice 
under high-fat diet (HFD) feeding for 16 weeks started at age 10–12 
weeks. Each track represents one individual mouse.
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polygenic fat mice showed similar locomotor activity com-
pared to lean mice before they were put on a HFD (30). In 
humans, longitudinal studies have indicated no association 
between variation in the energy expended on PA and sub-
sequent weight gain (31). Johnson et al. also suggested that 
the resting, total, or activity-related energy expenditure was 
not associated with increasing adiposity in children (28). 
Additionally, it has been suggested that during the obesity 
epidemic energy expended on PA has not declined over the 
same period that obesity has increased dramatically (32). 
!ese data in humans contrast the information in mice col-
lected here which suggest low PA is a predisposing factor for 
subsequent weight gain when exposed to a HFD. !is dif-
ference may be in part because the situation in the labora-
tory mice is considerably more controlled than in free-living 
human populations. For example, the mice in this experiment 
were exposed to a single HFD source, and had no capacity to 
choose between this and other HFDs or a low fat alternative. 
Such diet selection di"erences may be a key factor driving 
the variation in human weight gain, but in our mouse model 
we prevented mice from exhibiting such variability. In the 
absence of such variation the e"ects of low PA may rise in 
importance. Additionally PA may in#uence weight gain indi-
rectly via the association between spontaneous PA levels and 
intrinsic aerobic capacity and physical $tness (33).

In our study, baseline FI, RMR, Tb, and FI-HFD week 1 
were not signi$cantly associated with individual variation 
in weight gain induced by a HFD. C57BL/6J mice increased 
energy intake as diet-induced obesity progressed (26). 
However, whether this increase in energy intake was a cause 
or a consequence of the weight gain remained unclear. Our 
results showed an absence of link between FI-HFD week 1 or 
EI-change and later weight gain under the HFD, which indi-
cated that variations in reward driven FI were not a signi$-
cant factor leading to di"erences in weight gain in C57BL/6J 
mice exposed to a HFD. RMR is an important component 
of energy expenditure; however, it was not correlated with 
di"erences in weight gain. !is is consistent with the $nd-
ings from Hambly et al. and Johnson et al. that mice with 
low RMR rate were not susceptible to weight gain when 
exposed to a HFD (27,34). !ere is also similar evidence 
from humans, e.g., Weinsier et al. found that resting energy 

expenditure was not correlated to 4-year weight changes in 
postobese or nonobese women (35). Nevertheless, Tataranni 
et al. showed a low RMR was a risk factor for weight gain in 
Pima Indians (36).

Experiment 2
Epidemiological and experimental studies have demonstrated 
a link between the perinatal nutritional environment and the 
susceptibility to obesity and metabolic disorders such as type 
2 diabetes in adult life (37). Children who are born small for 
gestational age have a predisposition to accumulate FM, par-
ticularly intra-abdominal fat (38). It is not clear whether this 
predisposition is due to their prenatal growth restraint, their 
rapid postnatal catch-up growth or a combination of the two. 
In our study, weaning weight and postweaning GR had sig-
ni$cant predictive e"ects on later FM and FFM. Our models 
were strongly predictive for later lean mass, but had a weaker 
association with later fatness. Birth weight is o%en used as 
an indicator of the experiences of antenatal conditions. In 
children higher and lower birth weight are associated with 
subsequent higher BMI (37). However, neither pregnancy LS 
nor birth weight was correlated with FM or FFM in adult-
hood in C57BL/6J mice when the link between pregnancy 
and lactation LS was disrupted. Because the weaning weight 
and the postweaning GR were both impacted by lactation LS 
this indicated that the period of lactation may be far more 
important in mice than the period of pregnancy for subse-
quent predisposition to weight gain on a HFD. Lactation LS 
was inversely associated with BW at weaning as observed 
from other studies (39,40), probably because limited mater-
nal milk production must be shared by increasing o"spring 
numbers (40). !e smaller the LS during lactation and hence 
the greater the weaning size, the more susceptible mice were 
to diet-induced obesity in adulthood (41). !e lasting e"ect 
of early postnatal nutrition, mainly during the lactation, 
resulted in the vulnerability to diet-induced obesity in adult-
hood. It should be noted that in this study lactation LS had no 
overall e"ect on FM or FFM in later life because it was posi-
tively associated with one predictor (weaning weight) and 
negatively to another (postweaning GR). !ere appeared to 
be a tradeo" between weaning weight and postweaning GR 
regulated via lactation LS. !ese e"ects are contradictory to 

Lactation
litter size

Pregnancy
litter size

R2 = 0.434, P < 0.001

R 2
 = 0.092,   P = 0.001

R
2  = 0.130, P = 0.016

R 2 = 0.377, P = 0.001

R
2  = 0.251, P

 = 0.003

R2 = 0.016, P = 0.023

R
2  = 0.066, P < 0.001

P < 0.001
P = 0.003

R
2  = 0.003,

R 2 = 0.218,

Weaning
weight

Postweaning
growth rate

Fat mass

Fat-free
mass

Physical
activity

Weight gain
under HF diet

Figure 5 Diagram of the prediction models for body weight gain variability in response to high-fat diet. Solid arrow line stands for significant 
association; dashed arrow line stands for an absence of association. HF, high fat.
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INTRODUCTION
Obesity stems from an imbalance between energy intake and 
energy expenditure. Diets that include a variety of energy-
dense foods are associated with increased rates of obesity in 
both human and animal studies (1). !ere is also a strong 
genetic component in the individual variability in propensity 
to become obese (2) with around 70% of the variance due to 
genetic factors. Obesity therefore re"ects a complex gene by 
environmental interaction (3). Re"ecting this gene by envi-
ronment e#ect some inbred mouse strains (C57BL/6J; C57L/J, 
C3H/HeJ; AKR/J; A/J; DBA/2J) are susceptible to obesity 
when fed a high-fat diet (HFD), whereas others (SJL/J; I/STN, 
SWR/J) are resistant (4), indicating that certain combinations 
of alleles are more obesogenic than others (5), and these may 
be particularly expressed when exposed to a HFD.

In some studies, the population of mice or rats respond-
ing to HFD has been divided into those that appear resistant 
to weight gain (diet-resistant) and those that become obese 
(diet-induced obese). !ere have been several studies examin-
ing the changes that parallel weight gain in these two groups. 
Compared to diet-resistant mice, diet-induced obese mice 
consume more calories and display higher levels of orexigenic 

and lower levels of anorexigenic neuropeptide gene expression 
in the hypothalamus when feeding on HFD (6,7). Additionally, 
Burcelin et al. reported several metabolic phenotypes, when 
fed a HFD, including a lean and nondiabetic phenotype char-
acterized by increased glucose clearance (8). Because these 
responses are observed retrospectively they may be the cause 
of weight gain under HFD, or consequence of the variable 
response to the diet.

!e C57BL/6J mouse has been frequently used to study the 
regulation of food intake (FI) under HFD feeding as a model of 
human obesity. It was previously observed that C57BL/6J mice 
did not become uniformly obese when fed a HFD. Relatively 
few studies have addressed the extent to which individual 
variability before the exposure of animals to the HFD pre-
disposes or protects individuals from weight gain. Koza et al. 
revealed that variations in gene expression in adipose tissue at 
7 week of age were associated with body fatness a$er 8 week 
on a HFD (9). Mice susceptible to a HFD showed signi%cantly 
increased levels of expression of inhibitors of Wnt signaling (9) 
(e.g., secreted frizzled related protein (SFRP) 5). Wnt signal-
ing pathway maintains preadipocytes in an undi#erentiated 
state and thus inhibits adipogenesis (10). Genes involved in 
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Fecal microbiota transfer og HG and LG microbiota

• Top 3 high and low gainers
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High fat diet study of inoculated HG and LG mice
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