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Abstract

The objective of this study was to examine the effect of chronic dietary restriction on the physical 

characteristics of the intestine and gut-derived satiety hormone production. Male Wistar rats (8 

weeks) were randomized to ad libitum (AL) or 35% dietary restriction (DR) for 5 months. At the 

end of the study, physical measurements were made on the intestine and satiety hormone secretion 

and mRNA expression determined. A comparison group of young, growing AL rats (5 weeks) was 

also examined. The adult DR rats gained less weight over 5 months and had lower fat mass than 

adult AL rats (p<0.05). The weight of the small intestine as a percentage of total body weight was 

greater in adult DR compared to adult AL but lower than young AL rats. Compared to AL, DR 

down-regulated proglucagon and cholecystokinin mRNA in the duodenum and ghrelin mRNA in 

the stomach of adult rats but was not different from young AL. Ghrelin-O-acyltransferase (GOAT) 

mRNA in the stomach was up-regulated 21-fold in adult AL rats compared to young AL and 14-

fold compared to adult DR rats. Total and des-acyl ghrelin was approximately 50% higher in adult 

DR and young AL rats compared to adult AL. Plasma leptin and insulin were lower in adult DR 

and young AL rats compared to adult AL. Our findings suggest that long-term energy deficits 

continue to drive up ghrelin levels which may have profound implications for practical 

implementation of DR as an anti-aging or anti-obesity strategy in humans.
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1. Introduction

Long-term dietary restriction (DR) delays the onset of age-related diseases and increases 

longevity in several species [1,2]. The randomized, controlled CALERIE trial in overweight 

men and women demonstrated that 6 months of DR was associated with reduced fasting 

insulin and lower body temperature compared to control [3]. A recent in vitro study using 

sera collected from participants in the CALERIE trial showed that markers of longevity 

(Sirt1 protein levels and peroxisome proliferator-activated receptor coactivator-1 alpha 

(PGC-1α) mRNA levels) were improved following 6 months of DR [4]. While mechanisms 

of the anti-aging effects of DR have not been fully elucidated, they are likely manifest in 

part through endocrine and metabolic alterations. Insulin secretion decreases with DR in part 

due to enhanced insulin sensitivity [5–7]. Improvements in insulin sensitivity are likely 

brought about through reductions in circulating fatty acids, intramyocellular triacylglycerol 

and cytokine secretion from adipocytes [5]. More recently it has been suggested that 

hormesis, described as the beneficial effects of a treatment that at higher levels would be 

harmful, may play a role in the increased life span of animals subjected to DR [8]. Sub-

lethal exposure to stressors may result in adaptive responses that improve stress resistance 

over time [8].

A complex interplay of anorexigenic (reduce food intake) and orexigenic (increase food 

intake) signals ultimately control energy balance in the body. The peripheral signals that 

regulate energy homeostasis can be categorized as long-term energy balance signals, such as 

leptin and insulin, or short-acting hunger and satiety signals; cholecystokinin (CCK), 

glucagon-like peptide-1 (GLP-1), peptide YY (PYY) and ghrelin [9,10]. We have previously 

demonstrated that diluting the energy density of a diet with fermentable dietary fiber 

increases the weight of the distal gut and enhances GLP-1 production [11–13]. Whether or 

not DR, which chronically suppresses delivery of food to the intestine, alters physical gut 

size and GLP-1 release is not known.

Ghrelin, largely produced in the stomach, is a 28-amino acid peptide that is acylated on the 

third amino acid serine by the enzyme GOAT (ghrelin-O-acyltransferase) to form bioactive 

acyl ghrelin. Acyl ghrelin is widely accepted as the active form of ghrelin based on its ability 

to bind and activate growth hormone secretagogue receptor-1a (GHS-R1a). In addition to 

triggering food intake it has been shown to affect adipogenesis, energy expenditure and gut 

peristalsis [14]. Injections of ghrelin (i.e. acyl ghrelin) have been shown to induce hunger 

and increase food intake in both lean and obese humans [15] and increase body weight when 

administered chronically to rats [16]. Also derived from the ghrelin gene is des-acyl ghrelin 

which until recently was considered inactive [17]. Des-acyl ghrelin accounts for ~90% of 

circulating levels of ghrelin in both rat and man [18]. Although the actions of des-acyl 

ghrelin on feeding behavior have not been sufficiently clarified, there is mounting evidence 

that it may in fact blunt the actions of circulating acyl ghrelin [19].

Given the interplay of numerous gut-derived endocrine factors in regulating energy balance 

and body weight, and the paucity of studies examining the integrated change in these satiety 

hormones with long-term DR, we investigated the physical changes in the intestine, the 

secretion of gut satiety hormones, and GOAT mRNA levels in male Wistar rats undergoing 
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five months of DR. Given the age-related changes associated with gut satiety hormone 

production, it was also of interest to examine a group of young, growing AL-fed rats at 5 

weeks of age as a separate comparison group.

2. Materials and methods

2.1. Animals

All procedures were approved by the University of Calgary Animal Care Committee and 

conformed to procedures set forth for the Care and Use of Laboratory Animals. At 8 weeks 

of age, 18 male Wister rats were randomly assigned to either the dietary-restricted (DR) 

treatment group (n=9) or the control AL group (n=9). AL and DR rats were paired at the 

beginning of the study according to body weight. One of the AL rats died from causes 

unrelated to the study and its pair was thereby matched to another AL rat of similar body 

weight. The rats were individually housed in standard rat cages and were on a 12-hour light/

dark cycle (lights on at 7:00 am). For 5 months, the control rats were allowed to eat AL 

while treatment rats were restricted and consumed 35% less chow than their pair-fed mates. 

Throughout the 5 months, food intake of the AL group was weighed daily and then 

multiplied by 0.65 to determine the amount of food provided as a single daily amount to the 

DR group in the afternoon of the next day. The rat chow consisted of 24% protein, 6% fat, 

5.3% fiber, 6.9% ash, 0.95% calcium, and 0.69% phosphorus (Prolab RMH 2500; PMI 

Nutrition International, Brentwood, MO). A separate group of male AL rats was sacrificed at 

5 weeks of age to provide a young, growing comparison group. At the end of the study, 

blood was collected from all rats at the same time in the morning (2 h into the light cycle). 

The rats were over-anesthetized with Halothane; exsanguinated via cardiac bleed; and 

intestines and major organs removed. Once the length of intestinal segments was determined 

under tension from a 5 g weight and the mass of desired organs and intestinal segments 

measured (duodenum, jejunum, ileum and colon dissected separately), all sections were snap 

frozen in liquid nitrogen and stored at −80 °C.

2.2. RNA extraction and cDNA synthesis

Total RNA was extracted from the small intestine, colon and stomach using TRIzol reagent 

(Invitrogen, Carlsbad, USA). Total RNA (1 μg) was reverse-transcribed using Superscript II 

Reverse Transcriptase (Invitrogen, Carlsbad, CA) with oligo d(T)12–18 as primer. After 

reverse transcription, the same batch of diluted cDNA was subjected to real-time PCR to 

amplify target genes.

2.3. Real-time PCR

Primers for real-time PCR were designed to span two exon boundaries using Primer Express 

software (Beacon Designer, PRIMIER Biosoft International, CA, USA), thus restricting 

PCR amplifications to cDNA templates only. The primers for proglucagon, PYY, ghrelin, 

CCK and GOAT were synthesized by UC-DNA Lab (University of Calgary, Alberta, 

Canada). Primer sequences were: proglucagon [forward: 

ACCGCCCTGAGATTACTTTTCTG; reverse: AGTTCTCTTTCCAGGTTCACCAC]; 

ghrelin [forward: AGAGGCGCCAGCTAACAAGTAA; reverse: 

GCAGGAGAGTGCTGGGAGTT]; CCK [forward: GCCGCCTGCCCTCAAC; reverse: 
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ACACACGCCGCACTTCATATC]; PYY [forward: AGCGGTATGGGAAAAGAGAAGTC; 

reverse: ACCACTGGTCCACACCTTCTG]; GOAT [forward: 

ACTCACCTACTACTCCCACTG; reverse: TTTCCAATGTCCAAATGTCCAC]; actin 

[forward: TATCGGCAATGAGCGGTTCC; reverse: AGCACTGTGTTGGCATAGAGG]. 

Real-time PCR reactions were carried out as previously described [20] and the fold change 

in target gene relative to beta-actin was determined using the 2−ΔΔCT method [21].

2.4. Plasma analysis

Cardiac blood was collected with the addition of diprotin-A (34 μg/ml) and aprotinin (500 

kIU/ml). Plasma was stored at −80 °C until analyzed with the Rat Endocrine LINCOplex kit 

(Millipore, St. Charles, MO, USA). Duplicate samples of 10 μl of plasma were analyzed 

using antibody-immobilized beads specific for the hormones: active GLP-1, glucagon, 

insulin, amylin and leptin. The sensitivity of the multiplex kit is 55.6 pM for insulin and 6.2 

pM for all other analytes. Des-acyl ghrelin was measured using the Rat Des-Acyl Ghrelin 

ELISA kit from Linco Research Inc. (Millipore, St. Charles, MO, USA). Total ghrelin was 

quantified using the Ghrelin (Rat, Mouse) EIA kit (Phoenix Pharmaceuticals Inc., 

Burlingame, CA). Blood glucose was measured immediately upon collection using an ABL 

725 Blood Gas Analyzer (Radiometer, Brønshøj, Denmark).

2.5. Statistical analysis

Data and figures are presented as means±SEM. Statistical comparisons were performed 

using a one-way analysis of variance (ANOVA) with Tukey’s post-hoc test using SPSS 16.0 

software (SPSS Inc., Chicago, IL, USA). Values were considered significant when p≤0.05.

3. Results

Body weight (BW) increased in both the AL and DR rats during the 5 month study, however, 

DR rats gained significantly less weight and attained a final body weight that was ~37% 

lower than AL rats (p<0.0001, Table 1). At sacrifice, absolute weight of the heart, liver, and 

kidneys was lower in DR rats compared to AL rats, however, when expressed as a 

percentage of total body weight, only the liver remained significantly smaller in DR versus 

AL rats (p<0.001). Epididymal, retroperitoneal, and inguinal fat pad mass was significantly 

lower in the DR rats as was the combined total mass of all 3 fat depots together (Table 1). As 

a percentage of body weight, DR rats had nearly 50% less body fat compared to AL rats 

(p<0.001).

Absolute weight and length of the small intestine and colon of adult DR rats were lower than 

adult AL rats (Table 2). As expected, the young AL rats had lower absolute intestine and 

stomach weight compared to both adult groups (Table 2). When expressed as a proportion of 

overall body weight, however, the young AL rats had significantly greater intestinal weight 

and length than both adult groups. The adult DR rats also had proportionately greater small 

intestine weight and length compared to the adult AL rats. A consistent pattern of young 

AL>adult DR>adult AL was also seen for colon length and stomach weight when expressed 

relative to body weight.
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Proglucagon mRNA was down-regulated in the duodenum of adult DR rats compared to 

adult AL rats (Fig. 1). Young AL rats had lower proglucagon mRNA levels than both adult 

groups. Proglucagon mRNA in the jejunum was significantly higher in DR versus young AL 

rats (p<0.05). There were no differences in proglucagon (Fig. 1) or PYY (Fig. 2A) mRNA in 

the ileum and colon. In the stomach, ghrelin mRNA levels were significantly higher in adult 

AL compared to young AL and adult DR rats (Fig. 2A). CCK mRNA was significantly 

higher in adult AL compared to young AL rats and showed a trend towards higher 

expression in adult AL versus adult DR (p=0.06). GOAT mRNA in the stomach was 

significantly higher in adult AL compared to both adult DR and young AL rats (Fig. 2B; 

p<0.002).

Plasma concentrations of leptin and insulin were significantly lower in young AL and adult 

DR compared to adult AL rats (p=0.001; Fig. 3). Increases in plasma des-acyl ghrelin 

concentrations were nearly 2.5-fold higher in the adult DR rats compared to adult AL 

(p<0.001). Likewise, total ghrelin was significantly higher in adult DR and young AL rats 

compared to adult AL rats. There were no significant differences in plasma GLP-1, amylin 

and glucagon between the adult DR and adult AL rats. GLP-1 and glucagon, however, were 

significantly higher in young AL rats compared to the two adult groups (Fig. 4). 

Postprandial glucose levels at sacrifice were significantly lower in adult DR rats in 

comparison to adult AL (5.86±0.55 versus 9.18±0.43 mmol/l respectively; p=0.003). Young 

AL rats were intermediate at 6.96±0.20 mmol/l.

4. Discussion

Consistent with other studies, we demonstrate that long-term DR results in markedly 

reduced weight gain compared to AL-fed rats [22]. Similar to others we also found lower 

organ mass [23], reduced weight of epididymal, retroperitoneal and inguinal fat pads, and 

markedly reduced leptin and insulin levels following DR [24,25]. Our novel findings include 

a proportionate increase in gut size and a marked increase in both total and des-acyl ghrelin 

despite decreased gastric ghrelin and GOAT mRNA. Also interesting is the observation that 

the pattern of physical gut characteristics and the production and secretion of satiety 

hormones following DR resembles that seen in young, growing rats more closely than adult 

AL-fed rats.

The most intriguing finding of this study is the marked elevation in circulating levels of total 

and des-acyl ghrelin following DR without any change in the anorexigenic peptides, GLP-1 

and amylin. Acyl ghrelin is a potent orexigenic hormone that plays a role in hunger and meal 

initiation [26]. Levels of ghrelin are increased in Sprague–Dawley rats following a 48-hour 

fast and fall after re-feeding [27]. Intuitively one could argue that adaptation to DR should 

dampen the sensation of hunger over time, yet studies examining ghrelin levels after varying 

lengths of restriction do not support this. Gualillo et al. [28] and Barazzoni et al. [29] 

observed an increase in plasma total ghrelin after 21 and 7 days of restriction respectively in 

rodents. Following chronic restriction, Komatsu et al. [30] showed an increase in des-acyl 

ghrelin and Yang et al. [31] an increase in total ghrelin in restricted versus AL-fed mice. Our 

study, examining both des-acyl and total ghrelin, confirms a marked increase in both forms 
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of ghrelin in DR rats. In addition, these higher ghrelin levels resemble those seen in young, 

growing rats more so than adult AL rats.

Contrary to Gonzalez et al. [32], however, we observed a decrease in GOAT mRNA 

following DR. Gonzalez et al. [32] demonstrated that GOAT mRNA was significantly 

increased in the stomach mucosa of rats following 21 days of DR. We show that a period of 

restriction that spans months rather than weeks is associated with a marked decrease in 

GOAT mRNA compared to adult rats fed AL. Because Gonzalez et al. [32] did not take 

measurements beyond 21 days it is difficult to know whether the spike in GOAT mRNA they 

observe is transient or persists over time. A limitation of our study is the lack of GOAT 

mRNA measurements in the DR versus AL rats at earlier time points during the 5 months of 

restriction, presuming that levels of GOAT and other satiety factors fluctuate over the course 

of adaptation to the restriction. Kirchner et al. [33], however, have shown that fasting for 12, 

24 or 36 h also decreases GOAT expression in mice and this is associated with an increase in 

plasma des-acyl but not acyl ghrelin. They go on to show that acyl ghrelin was highest at 2 h 

into the dark phase which represents the most intense feeding period in rodents [33]. Given 

that DR rats typically consume their daily food allotment within a few hours compared to 

the numerous smaller meals consumed by AL rats during the dark phase, it is plausible that 

this pattern of food consumption influenced the levels of satiety hormones we report in this 

study. The distinct feeding pattern of DR compared to AL has been shown to alter the 

circadian cycles of serum hormone levels such as corticosterone, insulin, or thyroid 

hormones [34] in part via regulation of the suprachiasmatic nuclei of the anterior 

hypothalamus [35]. Our data showing decreased GOAT mRNA with DR, measured 2 h into 

the light cycle, is in keeping with the suggestions of others that the addition of an acyl group 

to ghrelin is inhibited after a 48-hour fast in rats [36] and complete fasting for several days 

reduces the proportion of acyl to des-acyl ghrelin in humans [37].

It is interesting but perhaps not surprising that the expression pattern for ghrelin and 

proglucagon mRNA did not reflect the circulating levels of ghrelin and GLP-1. In fact, le 

Roux et al. [38] showed that while there was no difference in PYY mRNA in the colon of 

lean versus obese mice, there was a significant increase in tissue PYY levels in obese rats 

and a significant decrease in plasma PYY levels in obese versus lean mice. A similar report 

of reduced plasma GLP-1 levels together with increased tissue levels has been reported in 

high fat fed mice [39]. One explanation for the elevated plasma ghrelin we observed despite 

lower mRNA expression could be the significantly higher relative small intestine, colon and 

stomach weight of DR compared to AL rats. It is possible that despite lower ghrelin mRNA 

expression, the greater mass of the stomach in DR rats served as a larger pool of mRNA 

from which circulating plasma ghrelin could then be generated. Having shown similar 

results, Kirchner et al. [33] would suggest that it is a reflection of the nutritional status, 

particularly the fatty acid status of the animal that causes this discrepancy. They observed 

decreased GOAT mRNA and elevated plasma des-acyl ghrelin following12, 24 and 36 h of 

fasting. Kirchner et al. [33] suggest that GOAT mRNA is down-regulated in the fasted state 

due to the absence of medium chain triglycerides, a major substrate for GOAT that allows 

for the acylation of ghrelin.
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The significance of the similarity of plasma and mRNA levels of ghrelin between the young, 

growing rats and adult DR rats is not entirely clear. In humans, others have described a fall 

in ghrelin throughout childhood and into puberty [40] as well as an age-dependent decrease 

in ghrelin gene expression in the adrenal cortex [41]. The growth hormone (GH) releasing 

effect of ghrelin also decreases with age [42]. Recent observations suggest that growth 

hormone (GH) secretagogues, such as ghrelin, may reverse the age-related decline in the 

GH/IGF-1 (insulin-like growth factor-1) axis [43]. Given the ability of DR to reverse the 

age-associated decrease in ghrelin, a greater examination of this temporal relationship is 

warranted.

The interplay between ghrelin and the long-term energy balance signals, leptin and insulin, 

is also noteworthy in DR given the observation that circulating leptin negatively regulates 

plasma ghrelin concentrations [29]. The reduced plasma concentration of leptin seen with 

DR or conversely the hyperleptinemia of obesity, triggers an inverse adaptive change in 

circulating ghrelin [28,29,44,45]. Within the central nervous system (CNS), leptin and 

insulin have been shown to inhibit pathways that stimulate food intake and weight gain 

while stimulating pathways that reduce food intake and weight gain [9] Therefore, in 

conditions associated with negative energy balance such as fasting or energy restriction, 

insulin and leptin signaling are reduced. It is via this set of integrated responses that the 

body attempts to replenish depleted fat stores. Ghrelin is thought to play a role in this 

response and has been shown to stimulate feeding via activation of orexigenic neurons [46]. 

Based on our observations, one may predict in humans, that maintaining prolonged 

voluntary energy restriction is difficult in a setting where ghrelin levels remain elevated.

Translation of animal hormonal data into behavioral changes in humans, however, is not 

straightforward. Reports of subjective ratings of appetite in obese adults have shown both 

increased [47] and decreased [48] hunger levels following energy restriction. In overweight 

adults enrolled in the CALERIE trial, Anton et al. [49] reported no major differences in 

subjective appetite between a weight stable control group and three restricted groups (25% 

DR; 12.5% DR plus exercise; and low calorie diet). The reason for the disparate findings is 

not entirely clear, but may in part be attributed to the influence of the clinical setting on 

subjective reporting of appetite. Anton et al. [49] suggest that collection of VAS data during 

feeding periods in the research center in addition to the inherent demands of participating in 

a study may affect how appetite is subjectively rated by participants. Perhaps equally 

important in explaining temporal shifts in appetite is the duration of the restriction. Anton et 

al. [49] generally observed changes in appetite markers in the first 2 months of their study 

which then stabilized from months 3 to 6. Our DR rats had not yet reached a stable body 

weight and this may account in part for the elevated ghrelin levels we observed.

Taken together our findings suggest that despite adaptation in many other tissues and 

systems, the chronic energy deficit associated with DR continues to drive up ghrelin levels in 

an attempt to restore energy sufficiency. This has profound implications for the practical 

implementation of DR as an anti-aging strategy in humans as the sensation of hunger 

remains heightened even months or potentially years after initiation as the body attempts to 

combat the ongoing energy deficit. The markedly elevated levels of ghrelin but not GLP-1 

seen in DR rats in this study suggest that orexigenic peptides may be more readily 
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influenced by long-term DR than anorexigenic peptides. Ghrelin causes robust feeding 

responses and this physiological drive may not diminish even after the body reaches a new 

lower level of energy balance in the restricted state. Indeed, it may even be speculated, but 

not yet proven, that the persistence of hunger is a type of low-intensity stressor that plays a 

role in the hormesis of caloric restriction. The persistent hunger may act as a low grade 

stress, caused by the sustained release of ghrelin that in turn exerts positive effects on 

delaying the aging process. The possibility remains to be tested.
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Fig. 1. 
Intestinal proglucagon mRNA expression in young and adult ad libitum versus dietary-

restricted rats. Results represent the mean±SEM for 8 adult AL (ad libitum), 9 adult DR 

(dietary restriction), and 6 young AL rats. Gene expression is expressed as a fold change 

from the young AL rats for which the value is set at 1.0. Using the 2−ΔΔCT calculation each 

gene is corrected against the housekeeping gene actin. Values with different letters represent 

a difference between groups within a given intestinal segment (p<0.05). Where no letters are 

present there are no differences between groups.
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Fig. 2. 
Gene expression of (A) ghrelin, cholecystokinin (CCK), peptide YY (PYY), and (B) GOAT 

mRNA in young and adult ad libitum versus dietary-restricted rats. Results represent the 

mean±SEM for 8 adult AL (ad libitum), 9 adult DR (dietary restriction), and 6 young AL 

rats. Gene expression is expressed as a fold change from the young AL rats for which the 

value is set at 1.0. Using the 2−ΔΔCT calculation each gene is corrected against the 

housekeeping gene actin. Values with different letters are significantly different within a 

given gene (p<0.05).
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Fig. 3. 
Plasma leptin, insulin, total ghrelin and des-acyl ghrelin concentrations in young and adult 

ad libitum versus dietary-restricted rats. Results represent the mean±SEM for 8 adult AL (ad 

libitum), 9 adult DR (dietary restriction), and 6 young AL rats. Blood was sampled in the 

morning ~2 h into the light cycle. Des-acyl ghrelin concentrations were not measured in the 

young AL rats due to a limited volume of plasma. The bar in the graph represents an 

estimated level from the known proportion of total ghrelin concentrations measured in the 

adult DR and AL rats. Values with different letters are significantly different within a given 

hormone (p<0.01).
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Fig. 4. 
Plasma amylin, GLP-1 and glucagon concentrations in young and adult ad libitum versus 

adult dietary-restricted rats. Results represent the mean±SEM for 8 adult AL (ad libitum), 9 

adult DR (dietary restriction), and 6 young AL rats. Blood was sampled in the morning ~2 h 

into the light cycle. Values with different letters are significantly different within a given 

hormone (p<0.01).
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Table 1

Body and organ weights of adult ad libitum versus dietary-restricted rats.

AL DR

Final body weight (g) 537.0±26.7 390.1±20.5†

Weight gain (g) 332.0±8.5 186.4±6.4†

Organ weights

 Heart (g) 1.56±0.08 1.19±0.04*

 Liver (g) 17.12±0.75 9.85±0.32*

 Kidneys (g) 3.96±0.17 2.65±0.72*

 Epididymal fat pad (g) 7.66±0.99 2.91±0.17#

 Retroperitoneal fat pad (g) 4.52±0.68 0.81±0.22#

 Inguinal fat pad (g) 5.30±0.93 2.08±0.34*

 Combined fat mass (g) 17.49±0.95 6.77±0.61#

Organ mass as % total body weight

 Heart (% BW) 0.29±0.01 0.31±0.01

 Liver (% BW) 3.19±0.12 2.52±0.05#

 Kidneys (% BW) 0.74±0.03 0.68±0.03

 Combined fat mass (% BW) 3.29±0.38 1.73±0.15#

Values are mean±SEM. n=8 rats in the ad libitum group and n=9 in the dietary-restricted group.

*
represents a significant difference between AL (ad libitum) and DR (dietary restriction) (p≤0.05).

#
 represents a significant difference at p≤0.001.

†
 represents a significant difference at p≤0.0001.
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Table 2

Intestinal characteristics of ad libitum versus dietary-restricted rats.

Young AL Adult AL Adult DR

Absolute weight or length

Small intestine weight (g) 4.4±0.3a 8.7±0.3b 7.0±0.2c

Small intestine length (cm) 101.5±1.9a 129.3±1.9b 119.7±1.9c

Colon weight (g) 0.7±0.1a 1.9±0.1b 1.3±0.1c

Colon length (cm) 11.9±0.8a 21.5±0.6b 18.0±0.5c

Stomach weight (g) 1.09±0.11a 2.28±0.07b 2.50±0.07b

Adjusted for body weight

Small intestine weight/BW (mg/g) 30.1±0.8a 16.3±0.5b 17.8±0.4c

Small intestine length/BW (mm/g) 7.1±0.3a 2.4±0.05b 3.1±0.06c

Colon weight/BW (mg/g) 5.0±0.3a 3.6±0.1b 3.4±0.1b

Colon length/BW (mm/g) 0.82±0.03a 0.40±0.01b 0.46±0.01c

Stomach weight/BW (mg/g) 7.5±0.5a 4.3±0.2b 6.4±0.1c

Values are mean±SEM. There were n=8, 9 and 6 rats respectively in the adult AL (ad libitum), adult DR (dietary-restricted), and young AL groups. 
Stomach weight represents empty stomach weight. Values with different letters are significantly different (p≤0.05).
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