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Introduction
Low-carbohydrate high-fat diets (LC-HFDs), such as the 
Atkins diet (1), are most commonly known for their weight 
reducing properties. A number of investigations have reported 
beneficial effects of LC-HFDs for weight loss (2–6), yet the 
mechanisms underlying the effectiveness of such diets are 
unknown. Proposed, but unconfirmed, contributing factors 
include altered appetite regulation (7–9) reduced availability 
of foods (2) or loss of total body water, especially in the initial 
phase (10,11). Proponents of LC-HFDs (1) suggest an increase 
in basal energy expenditure (EE) occurs in individuals fol-
lowing the diet thus contributing to weight loss. This was 
investigated in moderately obese females over a period of 4 
months (3), but no effects of a LC-HFD were observed on EE. 
When one proportion of the diet is reduced then naturally 
another proportion increases, in this case the reduction in 
carbohydrate (CHO) is replaced by dietary fat. Many con-
cerns regarding the extremely high-fat content of such diets 
have been expressed over the past few years (8); however, the 
diet still remains a popular choice for many individuals who 
seek to lose weight.

LC-HFDs have been reported to be very well tolerated, espe-
cially in comparison to low-fat diets used for weight loss (12). 
Interestingly though, several pieces of evidence suggest that 
consuming a LC-HFD is intolerable for some individuals 
(4,13). In the case that individuals find the diet hard to adhere 
to because of the extreme CHO restriction, for example, other 
methods of weight loss may be adopted such as the transition 
from a LC-HFD to a low-fat diet. In a randomized crossover 
design investigation, Volek et al. (14) reported that 20% of 
males and 30% of females actually regained more body weight 
than they had lost when the diet was changed from a very 
low-CHO diet to a low-fat diet despite no difference in energy 
intake. Whether isocaloric diets differing in macronutrient 
composition have differential effects on body weight loss, body 
composition and body weight regain once the diet ceases to 
continue remains to be further investigated.

What is less known is that LC-HFDs are also useful for the 
treatment of intractable epilepsy in children (15–18). One 
concern regarding the use of such diets for the treatment of epi-
lepsy is that the diet has been demonstrated to affect the normal 
longitudinal growth especially in younger children (19–21). 
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One contributing factor to the lack of normal growth may be 
the effect of the diet on body composition and possibly insuf-
ficient lean body mass (LBM) accretion. For example, previous 
reports demonstrate that the consumption of a diet high in fat 
results in an elevated plasma somatostatin, a potent inhibitor 
of growth hormone (GH) (22,23), additionally elevation of free 
fatty acids and insulin concentrations might also mediate this 
effect (24). Patients deficient in GH demonstrate altered body 
composition, usually presenting as increased fat mass (particu-
larly visceral fat) because of decreased lipolysis and decreased 
LBM. Reduced exercise capacity and muscle strength has also 
been reported in these patients (24). Increased body fat, despite 
no differences in bodyweight, has been reported in rodents 
maintained on a LC-HFD (9,25,26). Therefore, consuming a 
LC-HFD either for weight loss or for the treatment of epilepsy 
can affect upon body composition. One such mechanism may 
be the suppression of GH secretion resulting in reduced IGF-I 
levels due to elevated expression of somatostatin.

In the current investigation, we examine the effects of short-
term exposure to a LC-HFD on body weight, body fat, and on 
physiological as well as surrogate plasma parameters of energy 
balance. The LC-HFD used in the current investigations is 
lower in total protein, although adequate for normal growth, 
and lower in CHO content as to what is usually recommended 
for body weight loss (Atkins style diet) and the for the treat-
ment of epilepsy. Although relatively extreme in composi-
tion, the current LC-HFD was chosen to examine the effects 
of severe CHO restriction while at the same time limiting  
gluconeogenesis from dietary protein. Additionally we exam-
ine the effects of the LC-HFD on body weight regain when the 
diet is return to standard laboratory chow (CH). Because of 
the known effect of the LC-HFD on growth rates in some chil-
dren and adolescents the current investigation was conducted 
on adolescent and mature rats to further explore differential 
responses to a LC-HFD.

Methods and Procedures
Animals
In study one, 32 male Wistar rats (Harlan-Winkelmann, Germany; 
~10 weeks old; 301 ± 3.4 g (mean ± s.d.) n = 16; and, ~16 weeks old 
429 ± 3.2 g; n = 15) were included. In study two, 16 male Wistar rats 
(Harlan-Winkelmann, Germany, ~17 weeks old; 446 ± 5.6 g) were also 
used. For the purposes of the article, the animals will be referred to as 
adolescent (10 weeks) and mature (16–17 weeks). Animals were housed 
in individual cages (21.8 ± 0.3 °C: humidity 70 ± 1.0%) and maintained 
on a 12-h light–dark cycle throughout the study (lights on at 0200 h and 
off at 1400 h). All animals received ad libitum access to standard labora-
tory CH for the first 10 days following delivery to allow acclimation to 
the new environment. Body weight and 24-h food intake was measured 
daily (Sartorius Competence CP2201) 1 h before the onset of the dark 
period. At the end of the acclimation period, animals were divided into 
two weight-matched groups. All procedures were approved by Upper 
Bavarian Government’s ethical committee for animal experiments  
(AZ 55.2-1-54-2531-47-05).

Study protocol and diets
A crossover design was used in study one for this investigation as all 
animals were exposed to both standard laboratory CH (% of energy: 
9% fat, 33% protein, 58% CHO, 3.04 kcal/g) and the LC-HFD (94% 
fat, 4.2% protein and 1.3% CHO, 7.5 kcal/g, Sniff, Soest, Germany) for 

either the first 16 days or the latter 16 days of the experiment. Animals 
maintained on the LC-HFD first were pair-fed (kcals) with weight-
matched controls exposed to ad libitum CH first. In the second phase 
of the experiment pair-feeding was switched over between groups. In 
each phase, all animals were pair-fed with ad libitum CH-fed controls 
in the same age groups. This ensured that any effects observed were 
due to the macronutrient composition of the diet and not due to dif-
ference in caloric intake between groups and experimenters verified 
daily that all LC-HFD fed animals consumed all the food allocated to 
them. Measurements of EE and respiratory quotient (RQ) were made 
at baseline, 16 days following exposure to the first diet, and 16 days fol-
lowing exposure to the second diet (study one). Metabolic assessments 
(EE, RQ) were made via indirect calorimetry (CalsoSys, TSE Systems, 
Bad Homburg, Germany). In study two, mature rats were maintained 
on either CH or the LC-HFD for 16 days. All animals were given ad 
libitum access to water throughout the experimental period. At the end 
of both of the experiments all animals were given access to food for 1 h 
after lights out, they were then fasted for 6 h and killed under isofluran 
anesthesia. Trunk blood was collected for hormone analysis and sam-
ples were then stored at −80 °C degrees until analysis. In study two, fat 
pads were also collected and weighed immediately.

Assays
All hormones were measured with commercially available kits as per 
manufacturers instructions, (serum) GH (ACTIVE Mouse/Rat Growth 
Hormone; DSL, Webster, TX), insulin (Sensitive Rat Insulin Ria Kit, 
Linco, St Charles, Missouri), leptin (ACTIVE Murine Leptin ELISA; 
DSL), IGF-I (Rat/Mouse IGF-I; IDS, Tyne & Wear, UK), glucose (glucose 
oxidase method, EcoSolo, Care Diagnostica, Voerde, Germany), albu-
min (Cobas Integra 800; Roche Diagnostics, Mannheim, Germany).

Data analysis
Data are presented as means ± s.e.m. and statistical analyses were per-
formed using SPSS for Windows (v14.0; SPSS, Chicago, IL). Repeated-
measures ANOVA was used to asses changes in body weight on each 
diet (CH, LC-HFD), with age (adolescent, mature) and diet order (CH 
first vs. LC-HFD first) as factors. Independent groups t-test was used 
to further explore a significant three-way interaction. Ad libitum CH 
intake was assessed with ANOVA, with age and diet order as factors. 
As we were interested in body weight regain following maintenance 
on a LC-HFD one-way ANOVA was performed to compare feeding 
efficiency between adolescent and mature rats that consumed CH in the 
first phase and those who consumed CH in the second phase. Bonferroni 
was used to indicate where significant differences exist between groups. 
Feeding efficiency was calculated over the 16 days ad libitum CH feed-
ing period for all groups; this was the ratio of the number of calories 
ingested to the amount of weight gain (kcal/g ×103)  (27). Repeated 
measures 2 × 2 × 3 ANOVA with age, diet order and day (baseline, post 
16 days of diet 1 and post 16 of diet 2) as factors was used to examine 
EE and RQ. One-way ANOVAs were performed on each group where a 
three-way interaction existed, with pairwise comparisons (LSD, equiva-
lent to no adjustments) used to indicate significant differences between 
days. Univariate analysis of variance was used to examine significant 
differences in hormones, with age and terminal diets (CH, LC-HFD) as 
factors. In study two, t-tests were used to examine differences in body 
weight change and fat pad weight. The alpha value chosen was 0.05.

Results
Bodyweight change
Body weight change (Figure 1) was examined to investigate the 
effects of maintaining rodents on a LC-HFD in comparison with 
maintenance on CH. Overall, irrespective of age and the order 
in which the diets were consumed, significantly more body 
weight was lost when the animals were maintained on LC-HFD 
in comparison to CH. The average change in body weight of the 



obesity | VOLUME 17 NUMBER 2 | FEBRUARY 2009� 285

articles
Integrative Physiology

CH-fed animals was 113% of the LC-HFD-fed animals. (CH 
47 ± 2 g vs. LC-HFD −1 ± 2 g; P < 0.01, Figure 2). Consuming 
CH following 16 days maintenance on the LC-HFD resulted 
in increased body weight gain. Overall animals that consumed 
CH in the second study phase following 16 days exposure to 
LC-HFD demonstrated increased body weight gain in com-
parison to animals maintained on CH, the mean body weight 
change of the LC-HFD animals was 72% of the CH-fed animals 
(CH 2nd 27 ± 1 g vs. CH 1st 19 ± 1 g; P < 0.01).

Maintenance on either standard laboratory CH or the 
LC-HFD resulted in significantly different body weight change 
depending on the age of the animal (adolescent vs. mature) 
and the order in which each diet was consumed (CH first or 
LC-HFD first). This was indicated by a significant three-way 
interaction (P < 0.01). Mature animals demonstrated body 
weight loss (−16 ± 3 g) in comparison to adolescent animals 
who demonstrated a lack of body weight gain (12 ± 3 g; 
P < 0.01). Mature rats maintained on CH in the first phase 
gained 163% the body weight of the LC-HFD-fed mature rats 
in the first phase, (25 ± 3 g vs. −16 ± 3 g) (P < 0.01), dem-
onstrating body weight loss in this group of animals. Body 
weight gain between the adolescent rodents was significantly 
different in the first phase, with the LC-HFD gaining 23.29% 
of that of the CH-fed rats; adolescent animals maintained on 
CH in the first phase gained more weight in comparison to 
the adolescent LC-HFD fed animals (53 ± 3 g vs. 12 ± 3 g) (P < 
0.05). On average adolescent rodents maintained on LC-HFD 
gained 0.8 g per day of body weight in comparison to 3.3 g 
per day in the CH-fed controls. In response to the diet switch, 
significant differences in body weight gain were only found in 
mature animals who were maintained on CH in the second 
phase in comparison to those maintained on CH in the first 
phase, mean body weight gain in the first phase was only 51% 
of that gained in the second phase of CH feeding (CH first 
25 ± 3 g vs. CH second 49 ± 3 g; P < 0.01). Although not sig-
nificant, the adolescent animals gained slightly more body 
weight, when CH was consumed in the second phase. Average 
body weight gain in the first CH-feeding phase was 86% of 
that gained in the second CH-feeding phase (CH first 53 ± 3 g, 
CH second 62 ± 5 g) (P > 0.05).

In study two, mature rats maintained on the LC-HFD gained 
significantly less body weight in comparison to CH-fed controls 
(CH 27 ± 1 g vs. LC-HFD 2 ± 3 g; P < 0.01), with the LC- 
HFD-fed animals gaining only 7% of that gained by the CH-fed 
group. Epididymal (Figure 3) fat pad weights as expressed as a 
percentage of total body weight were significantly higher in the 
LC-HFD rat as compared to those maintained on CH (2.32 ± 
0.08% vs. 2.05 ± 0.08%; P < 0.05). Yet, inguinal fat pads did not 
differ between groups (2.13 ± 0.16% vs. 1.75 ± 0.17%; P > 0.05). 
Absolute fat pad weights (g) did not differ significantly between 
groups (epididymal: CH 9.7 ± 0.47 g, LC-HFD 10.45 ± 0.37 g; 
P  >  0.05, Inguinal: CH 8.36 ± 0.97 g, LC-HFD 9.62 ± 0.71 g; 
P > 0.05) despite less body weight gain in the LC-HFD groups.

Ad libitum CH intake and feeding efficiency
The average CH intake (kcal) was analyzed (Figure 4a average 
intake (kcal), Figure 4b daily energy intake (kcal)). Overall, 
animals that consumed CH as their first diet had significantly 
elevated food intake (74.40 ± 1.36 kcal) in comparison to those 
animals who consumed CH second (69.22 ± 1.32 kcal; P < 0.05). 
Feeding efficiency was significantly elevated in the mature 
animals who consumed CH second (42.55 ± 7.51) in compari-
son to the animals who were maintained on CH first (21 ± 6.77; 
P < 0.01) and in the adolescent animals who consumed the CH 
second (57.93 ± 11.20) in comparison to the adolescent animals 
who consumed CH first (46.01 ± 5.86; P < 0.05).

EE and RQ
EE measurements (Table 1) were significantly different over 
the three measurement days, thus suggesting that EE differed 
according to the dietary manipulation. ANOVA revealed a 
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significant three-way interaction (P < 0.01). In the mature 
animals who were given the LC-HFD first, a significant reduc-
tion in EE was observed in comparison to baseline (P < 0.01), 
yet switching the diet back to CH after 16 days of consuming 
the LC-HFD did not result in an increase in EE in comparison 
to baseline (P > 0.05). Although not significant, adolescent 
animals also demonstrated a tendency for reduced EE follow-
ing exposure to the LC-HFD. When EE was normalized to 
body mass and expressed for a period of 24 h (Table 2) main-
tenance on the LC-HFD resulted in a reduction (P < 0.01) in 
EE in all groups except for the adolescent animals maintained 
on the LC-HFD first where a reduction in EE was observed; 
however, the decline was again nonsignificant. Additionally, 
when normalized for body mass, returning the diet to regular 

CH after maintenance on the LC-HFD first resulted in an 
increase in EE comparable to baseline in both adolescent and 
mature rats.

Similar to EE, RQ varied according to the diet manipulation 
(Table 1). ANOVA revealed a significant three-way interac-
tion for RQ (P < 0.01). Consuming the LC-HFD resulted in 
a consistent reduction to RQ in all animals (P < 0.01). When 
the animals that had been maintained on LC-HFD for the first 
16 days had their diet returned back to CH, RQ significantly 
increased (P < 0.01). In mature animals (LC-HFD 1st) RQ,  
following 16 days exposure to CH, RQ returned to baseline 
levels (P < 0.01) but this was not the case in the adolescent 
animals, RQ remained significantly lower in comparison to 
baseline values (P < 0.01).

Effects on endocrine system
In study one (adolescent and mature rats) ANOVA revealed a 
main effect of diet for IGF-I, leptin, insulin, glucose, and plasma 
albumin. IGF-I was significantly decreased in the LC-HFD 
group (1,693.4 ± 58.3 vs. 922 ± 60.9 ng/ml; P < 0.01), Growth 
hormone was also decreased, although not significantly, in 
the LC-HFD group (53.51 ± 11.84 vs. 19.62 ± 12.26 ng/ml; 
P = 0.057). LC-HFD animals had significantly elevated leptin 
levels (3.44 ± 0.28 vs. 1.27 ± 0.35 ng/ml; P < 0.05). Insulin and 
glucose concentrations were significantly lower in the LC-HFD 
animals (0.27 ± 0.06 vs. 0.60 ± 0.05 ng/ml; P < 0.01) and (5.66 ± 
0.36 vs. 7.93 ± 0.35 mmol/l; P < 0.01). ANOVA revealed no sig-
nificant main effect of age or age × diet interaction for IGF-I, 
GH, leptin, insulin, or glucose. Overall plasma albumin was 
significantly lower in CH-fed animals (3.48 ± 0.051 vs. 3.63 ± 
0.52 g/dl; P < 0.05), ANOVA revealed a significant age × diet 
interaction, with no differences occurring between adolescent 
rats (P > 0.05), yet mature rats displayed significant differences 
(P < 0.05). (Table  3 shows data for adolescent and mature  
animals separately).

Study two (mature rats only) confirmed data obtained from 
study one in the mature rats, IGF-I was significantly lower 
in the LC-HFD fed animals (1,076.3 ± 116.1 vs. 1,456.12  ± 
166.6 ng/ml; P < 0.001). Leptin concentrations were sig-
nificantly higher in the LC-HFD fed animals (2.08 ± 0.23 vs.  
1.12 ± 0.21 ng/ml; P < 0.05) and plasma albumin was 

Table 1 E nergy expenditure (EE = kcal/kg/h) and RQ in 
adolescent and mature rats, measured for 22 h at baseline 
and 16 days following maintenance on chow (CH) and  
a low-carbohydrate high-fat diet (LC-HFD)

Baseline
Post 16 days 

of diet 1
Post 16  

days diet 2

CH 1st 
adolescent

EE 7.74 (0.09) 7.14 (0.08)a 6.25 (0.2)a,b

RQ 1.07 (0.12) 1.02 (0.01)a 0.81 (0.1)a

CH 1st mature EE 6.13 (0.10) 5.91 (0.10) 5.435 (0.16)a,b

RQ 1.10 (0.01) 1.03 (0.01)a 0.81 (0.01)a

LC-HFD 1st 
adolescent

EE 7.43 (0.05) 6.96 (0.21) 7.27 (0.16)

RQ 1.13 (0.02) 0.76 (0.01)a 1.06 (0.01)a,b

LC-HFD 1st 
mature

EE 6.48 (0.07) 5.69 (0.08)a 5.97 (0.11)a

RQ 1.07 (0.02) 0.78 (0.01)a 1.07 (0.01)b

One-way ANOVA.
aStatistically significant difference from baseline. bStatistically significant from 
diet 1, means ± s.e.m.

Table 2 E nergy expenditure (kcal/24 h) normalized for body 
mass at baseline and 16 days following maintenance on chow 
(CH) and a low-carbohydrate high-fat diet (LC-HFD)

Baseline
Post 16 days 

of diet 1
Post 16 days 

of diet 2

CH 1st adolescent 55.88 (1.08) 60.70 (1.41)a 53.29 (1.60)b

CH 1st mature 62.55 (1.02) 63.85 (1.36) 58.86 (1.23)a,b

LC-HFD 1st 
adolescent

53.72 (0.86) 52.39 (1.61) 65.39 (1.22)a,b

LC-HFD 1st 
mature

67.18 (0.91) 56.75 (0.77)a 66.53 (1.11)b

One-way ANOVA.
aStatistically significant difference from baseline. bStatistically significant from 
diet 1, means ± s.e.m.
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significantly lower in CH-fed animals (3.92 ± 0.05 vs. 4.16 ±  
0.18 g/dl; P < 0.05).

Discussion
In the current investigations, we were able to both con-
firm and extend existing knowledge regarding the effects 
of LC-HFDs on body weight (2–7) in addition to highlight-
ing the effects on the energy balance system once the diet 
is terminated and the habitual diet is resumed. A lack of 
body weight gain was observed in adolescent animals on a 
LC-HFD and a reduction in body weight, in heavier, mature 
animals maintained on a LC-HFD under isocaloric condi-
tions. Few investigations have been carried out examining 
the effect of reverting back to the habitual diet following 
maintenance on a LC-HFD on body weight regain. When 
the LC-HFD was replaced by ad libitum CH, body weight 
gain exceeded that of those animals maintained on standard 
CH for the first 16 days. In the mature animals, body weight 
regain was above and beyond that what was lost during 
maintenance on a LC-HFD. In addition, it appears that EE 
(both absolute and body mass standardized) in this instance 
was reduced as a result of consuming a LC-HFD for 16 days 
in the majority of animals. Consuming a LC-HFD may alter 
body composition since increased fat mass and leptin con-
centrations were observed, and hormones known to increase 
LBM (GH, IGF-I) were decreased. At face value, it appears 
that a LC-HFD may be an effective tool for weight loss; how-
ever, the consumption of a LC-HFD has several implications 
for body composition, growth rate, and also for body weight 
regain when the LC-HFD ceases to be consumed.

Rodents that have different initial body weights demon-
strate differential responses to the consumption of a LC-HFD, 
thus highlighting the importance of age or the starting 
body weight in such investigations. The observed effect in  
adolescent animals was a lack of body weight gain (28–30) 
and the mature, heavier animals demonstrated body weight 
loss (2,3,5,7,12). In contrast, other investigations examining 
the effect of a LC-HFD on body weight in rodents have, how-
ever, failed to demonstrate any changes to body weight in 
comparison to the CH controls (9,25,26). Discrepancies in 
findings may be due to the strain of rat used, plus the older 
rats in this investigation were heavier at around 429 g as 
compared with the range of 215–270 g in the investigations 
where no effects were observed.

In the current investigation, increased fat mass was found 
in the LC-HFD fed rats. We also speculate that these animals 
had a lower percentage of LBM since endocrine parameters 
related to body composition (IGF-I and GH), in particular 
LBM, were reduced in this group of rats. Hormone analysis 
revealed that animals consuming the LC-HFD for 16 days 
resulted in decreased GH and IGF-I. Interestingly, two human 
studies demonstrated that that IGF-I concentrations are posi-
tively correlated with physical fitness levels (31,32). A decline 
in IGF-I and reduced LBM, in addition to reduced glycogen 
availability (10), may contribute to the mechanisms underlying 
increased perceived exhaustion in individuals consuming low-
CHO diets (33–35). Limited CHO intake also results in reduced 
insulin concentrations and this has been linked to increased 
urinary nitrogen excretion (36) although this parameter was 
not measured in the current investigation. Insulin is a potent 
anabolic hormone, primarily inhibiting proteolysis (37,38) and 
so the extremely low-CHO content of the LC-HFD may in part 
contribute to the negative effect of a LC-HFD on LBM. In the 
current investigation higher leptin levels were found in the 
animals maintained on the LC-HFD (9,29). Increased leptin 
is a good indicator of BMI (39) and increased fat mass (40,41) 
which is consistent with the findings of increased body fat 
(9,25,26). Furthermore, if alterations in body composition do 
occur with our diet, in particular a decline in LBM reflective of 
decreased muscle mass, it may partially explain the reduction 
in EE in the current investigation (42). We observed a decline 
in both absolute and normalized (for body mass) EE in all 
groups of animals maintained on the LC-HFD in the first and 
second phases, with the exception of the adolescent rats that 
were given the LC-HFD as the first diet, where a rather modest 
decline was observed. However, it could be the case that the 
changes observed in the more mature rats are more relevant 
to the human adult population following similar diets, due  
to the mature rat having a more stable energy homeostasis  
system in comparison to adolescent rats. The reduction in EE 
in the LC-HFD group could also be a consequence of reduced 
physical activity levels (43–45). Exercise may play a role in the 
preservation of LBM in individuals consuming a LC-HFD (6), 
yet this assertion warrants further investigation.

One important consideration of the current investigation is 
the low protein content of the diet used, adequate protein in the 
diet is required to maintain LBM. While the diet composition 
used in this investigation is not reflective of “real-life” 

Table 3 E nd-point hormone, glucose, and albumin analysis (study 1, mean ± s.e.m.) in adolescent and mature rats maintained for 
the last 16 days (second diet phase) on either chow (CH) or a low-carbohydrate high-fat diet (LC-HFD)

Adolescent CH
Adolescent 

LC-HFD Mature CH Mature LC-HFD
Main effect  

of diet
Main effect  

of age

IGF-I (ng/ml) 1757.3 ± 85.2 893.9 ± 79.70 1629.5 ± 79.7 951.8 ± 92.0 P < 0.01 P > 0.05

GH (ng/ml) 50.1 ± 16.7 12.9 ± 16.5 56.9 ± 16.7 26.3 ± 17.9 P = 0.057 P > 0.05

Leptin (ng/ml) 1.25 ± 0.5 2.47 ± 0.4 1.29 ± 0.4 4.4 ± 0.4 P < 0.05 P = 0.052

Insulin (ng/ml) 0.72 ± 0.11 0.32 ± 0.10 0.60 ± 0.5 0.21 ± 0.04 P < 0.01 P > 0.05

Glucose (mmol/l) 8.2 ± 0.5 5.5 ± 0.5 7.65 ± 0.5 5.8 ± 0.5 P < 0.01 P > 0.05

Albumin (g/dl) 3.54 ± 0.04 3.55 ± 0.11 3.42 ± 0.07 3.72 ± 0.07 P < 0.05 P < 0.05
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low-CHO diets typically used in humans (Atkin’s diet), because 
they are higher in protein, results of the current investigation 
provide useful insight to the effects of limiting CHO intake. 
Additionally, the National Research council (NRC 1995; 
Nutrient Requirements of Laboratory Animals) (46) protein 
requirement is 5% CP for body mass maintenance for rats 
and 15% for growing rats. Although the adolescent rats in the 
current investigation were still growing, although very slowly, 
the protein content and amino acid content of the LC-HFD 
is adequate and is unlikely to cause amino acid deficiency/
negative protein balance since the LC-HFD fed animals did not 
have reduced albumin concentrations. In previous investiga-
tions demonstrating increased percentage of body fat (9,26) in 
animals maintained on a low-CHO diet, one interesting aspect 
is that the diets that were used were higher in protein content 
(15% and 35% of energy). Therefore, this  indicates that the 
possible effects of a LC-HFD on body composition observed 
in the current investigation are not due to diet induced amino 
acid deficiency. While the rodents maintained on the LC-HFD 
in the current investigation were not exposed to ad libitum 
feeding conditions per se, rather isocaloric feeding conditions, 
it remains to be further investigated whether the apparent 
effects of consuming such a diet on body composition persists 
with ad libitum feeding. This approach would provide further 
insight as to whether the method of feeding, in addition to 
the diet composition resulted in LBM degradation or lack of 
accretion of LBM.

Hypersensitivity to weight gain following exposure  
to LC-HFD
There is a paucity of data existing that examines the effects of 
returning back to the habitual diet on body weight regain, fol-
lowing exposure to extreme diets such as an Atkins style diet. 
Body weight loss achieved by severely limiting CHO intake 
may not be easily sustainable due to possible alterations in body 
composition and to the energy balance system. Here we dem-
onstrate in a rodent model that following short-term exposure 
to a LC-HFD diet results in increased body weight gain once the 
habitual diet is resumed, despite the relatively low-fat content of 
the habitual diet (9% fat). Interestingly, this increase in body 
weight gain also occurred despite the fact that ~7% less energy 
was consumed in animals fed ad libitum CH in phase two. By 
the end of 16 days exposure to ad libitum CH, following the 
LC-HFD, the mature rats had not only regained all the weight 
that they lost on the LC-HFD but had also gained an additional 
amount and feeding efficiency was elevated by around 50% in 
the mature animals and 20% in the adolescent animals main-
tained on CH following the LC-HFD. The energy cost of weight 
gain in this instance appears to be altered; metabolic efficiency 
is enhanced, so calorie for calorie more body weight gain is 
observed. Similar findings have been reported in response to ad 
libitum food exposure following caloric restriction (27), dem-
onstrating an increased drive to regain the body weight lost. 
Over time such body weight loss/gain cycles with LC-HFDs 
may eventually lead to greater weight gain and endocrine dis-
ruptions related to energy balance and body composition.

Another factor contributing to elevated body weight gain 
could be partly due an increase in CHO oxidation or a decrease 
in fat oxidation since RQ was elevated when the diet was 
reverted to CH following the LC-HFD. This shift in fuel utili-
zation promotes the deposition of fat (47,48) thus contributing 
to increased body mass. We acknowledge and can currently 
provide no scientific explanation with regards to the decline 
in the RQ in the animals maintained on CH first. Yet, it seems 
that the more potent decline was indeed observed when the 
LC-HFD was consumed, as well as the more relevant drastic 
increase in RQ when animals were fed CH as the second diet. 
Insulin levels were also higher in animals consuming CH, 
another strong contributing factor to increased fat deposi-
tion (49). In addition to these endocrine factors, body weight 
regain might also be due to increased total body water due the 
increase in CHO content of the diet leading to increased glyco-
gen and water storage, however, this is only likely to occur over 
the first few days of the diet change.

In summary, here we demonstrate that short-term exposure 
to an isocaloric LC-HFD results in body weight loss, suggesting 
that merely altering the macronutrient composition of the diet 
is sufficient to achieve changes in body weight. Yet, increased 
body weight gain occurs, above and beyond that what was lost 
once the diet is stopped and the habitual diet or even a low-
fat diet is resumed in the absence of increased energy intake. 
This effect may be partially explained by an increase in the 
metabolic efficiency of ingested nutrients following exposure 
to extreme diets such as an Atkins style diet. Second, dietary 
interventions such as LC-HFD appear to alter the energy 
balance system, possibly causing reductions in LBM and 
therefore EE. Additionally and poignantly, LC-HFD not only 
appears to alter body composition in adult rats, but may also 
impair normal growth in adolescent rats, resulting in reduced 
or lack of accretion of LBM. Therefore, great caution may be 
required when prescribing the use of such diets for weight loss 
or intractable epilepsy in children and adolescents.
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