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Abstract

Objective—To characterize the gastrointestinal tract at the onset and in well-established obesity.

Methods and Procedures—Lean (+/?) and obese (cp/cp) male JCR:LA-cp rats lacking a 

functional leptin receptor were killed at 3.5 weeks and 9 months of age and plasma concentrations 

of satiety hormones determined. The small intestine, colon, and stomach were measured, weighed, 

and mRNA levels of satiety genes quantified.

Results—At the onset of obesity, obese rats had greater intestine, colon, and liver mass when 

adjusted for body weight compared to lean rats. Conversely, adult rats with established obesity had 

lower intestine and colon mass and length after adjustment for body weight. Early changes in gene 

expression included decreased ghrelin mRNA levels in stomach and increased peptide YY (PYY) 

mRNA levels in duodenum of young obese rats. After massive accumulation of adipose tissue had 

occurred, adult obese rats had increased proglucagon and ghrelin mRNA expression in the 

proximal intestine. In the distal small intestine, obese rats had lower proglucagon, ghrelin, and 

PYY mRNA levels. Finally, at the onset and in well-established obesity, obese rats had higher 

plasma insulin, amylin, glucagon like peptide-1 (GLP-1), and PYY, a finding, with the exception 

of insulin, unique to this model. Plasma total ghrelin levels were significantly lower at the onset of 

obesity and established obesity compared to the lean rats.

Discussion—Several defects are manifested in the obese gut early on in the disease before the 

accumulation of large excesses of body fat and represent potential targets for early intervention in 

obesity.

INTRODUCTION

Research specifically aimed at preventing and treating obesity is accumulating; however, our 

understanding of the complex pathophysiology of obesity remains limited. Although obesity 
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has many contributing factors, altered dietary intake is clearly a pivotal factor, and, 

therefore, understanding the role of changes in the structure and function of the intestine, the 

first interface between diet and the body in the lean and obese state, is critical. This 

knowledge is fundamentally important in identifying specific defects in the gut and 

ultimately new obesity therapies in the future. Moreover, a clear understanding of the 

physiology of the preobese gut is a crucial first step in the development of early 

interventions for obesity. This is especially important given the current failure rate of most 

traditional weight loss remedies (1) and the increasing need for preventive measures.

The gut is an active enteroendocrine organ which mediates appetite and nutrient absorption 

through its physical structures and the secretion of an array of hormones (2). To date, the 

physical characteristics of the obese gut remain undetermined and may differ before the 

onset of obesity and in well-established obesity. Of the gut hormones, glucagon like 

peptide-1 (GLP-1), peptide YY (PYY), and ghrelin have been identified as key peptides in 

appetite regulation and are altered in the obese state (3).

Proglucagon is synthesized by L-cells found in an increasing gradient from the small 

intestine to colon, as well as in pancreatic islets and neuronal cell bodies in the brain stem 

(4). GLP-1 (7–36) amide (GLP-1), the major bioactive form, is produced through 

posttranslational conversion of proglucagon by prohormone convertase 1/3 (5). Upon 

secretion, GLP-1 (7–36) amide is rapidly degraded into GLP-1 (9–36) by dipeptidyl 

peptidase IV (6). GLP-1 secretion is stimulated by mixed meals or individual nutrients, 

including glucose, fatty acids, essential amino acids, and dietary fiber (7–10). In addition to 

its well-known insulinotropic actions, GLP-1 also affects appetite in part via the “ileal 

brake” mechanism, which regulates the flow of nutrients from the stomach to the small 

intestine (11). Reductions in energy intake with GLP-1 (7–36) amide infusion are similar for 

obese (9%) and normal weight (13%) subjects (12). Reduced GLP-1 may contribute to the 

development or maintenance of obesity. While some authors describe reduced circulating 

GLP-1 in obesity, others have failed to reproduce these findings (13,14). Given these 

discrepancies, we suggest that characterization of GLP-1 concentrations in the preobese and 

obese state is essential in determining whether defects are a consequence of obesity, or 

whether they precede its development and are, therefore, amenable to preventive strategies.

PYY is colocalized with GLP-1 in the intestinal L-cells along an increasing gradient from 

stomach to colon (15). PYY is secreted in response to a variety of nutrients, including 

glucose, lipids, amino acids, and short chain fatty acids (16–18). Once secreted, PYY1–36 is 

converted to the active form by dipeptidyl peptidase IV, which cleaves the N-terminal 

residues to form PYY3–36 (19). In healthy humans, PYY3–36 accounts for 36.9% of total 

circulating plasma PYY in the fasted state and 54.2% postprandially (20). PYY3–36 acts on 

the hypothalamic arcuate nucleus to reduce appetite and energy intake by inhibiting the 

release of neuropeptide Y, a potent orexigenic hormone (21). Within the gut PYY3–36 

promotes satiety by contributing to the “ileal break” effect (22). PYY3–36 has been proposed 

as a possible therapeutic target for obesity; however, there is dispute over its physiological 

role in regulating food intake (23). While attenuated PYY levels have been reported in obese 

subjects (24,25), reports of reduced energy intake with PYY3–36 administration have not 

been as consistent (26–28). It has been suggested that lower concentrations of PYY could 
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promote the development of obesity; however, at present, PYY levels at the onset of obesity 

remain undetermined and this hypothesis untested.

Ghrelin is the only peripheral orexigenic peptide identified to date (29). Several different 

forms of the peptide exist due to alternative splicing of proghrelin, resulting in the active n-

octanoyl-modified form (acylated ghrelin) and the major circulating form, the non-acylated 

or desacylated form (desacyl ghrelin) (29). The active form plays an important role in 

increasing gastric emptying, stimulating food intake, and increasing adipogenesis and 

weight gain (29). Conversely, recent research suggests that des-acyl ghrelin is not inactive 

but may exert effects that are antagonistic to the active form of the peptide in terms of food 

intake (30).

The primary site of ghrelin synthesis is the mucosal epithelium of the stomach; however, it is 

also produced in lower amounts by endocrine cells along the entire intestinal tract (31). Total 

and active ghrelin concentrations are highest at fasting and reduced by feeding with a high-

carbohydrate diet producing the largest change from baseline and a high-protein diet a 

longer period of attenuation (32). Patients with anorexia nervosa and patients recently 

experiencing weight loss have higher total plasma ghrelin, while obese subjects tend to have 

lower total and active ghrelin than normal weight subjects (33–35). Furthermore, fasting 

ghrelin in obese subjects has been negatively correlated with percent body fat, as well as 

fasting insulin and leptin concentrations (33). Although reports of decreased ghrelin 

concentrations in obesity appear consistent, the timing of these changes is unknown and 

ghrelin levels at the onset of obesity have yet to be tested.

The gut is a major contributor to the array of anorexigenic and orexigenic peptides 

influencing overall energy homeostasis. Defining its role in the pathophysiology of obesity 

is critical. Our objective was to differentiate obesity with respect to the physical and 

endocrine characteristics of the gut at the onset and in well-established obesity. 

Identification of early defects in the obese gut will ultimately allow novel, targeted therapies 

to be designed for prevention of obesity.

METHODS AND PROCEDURES

Two sets of JCR:LA-cp rats were received from the colony of Spencer Proctor (University of 

Alberta, Edmonton, Canada) and maintained on a non-purified diet (5P14 Mod Rod Eq, 

Richmond, IN). The first set of lean (+/?) (n = 7) and obese (cp/cp) (n = 7) rats, 3.5 weeks of 

age, were used to characterize obesity at its onset. For the experiment characterizing the 

physiology of well-established obesity, a second set consisting of lean (+/?) (n = 7) and 

obese (cp/cp) (n = 8) rats 9 months of age were used. In both experiments a cardiac bleed 

was done to obtain plasma for quantification of satiety hormones, and the gastrointestinal 

tract was dissected for analysis of physical characteristics and gene expression.

Animal model

Lean and obese male JCR:LA-cp rats were chosen because they display the autosomal 

recessive cp gene originally isolated by Koletsky (36). Due to the lack of a functional leptin 

receptor, they are severely obese and exhibit marked hyperphagia, hypertriglyceridemia, 
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hyperinsulinemia, and hyperleptinemia. At killing, young rats were not fasted in an attempt 

to minimize potential stress caused by a prolonged fast in rats that had only been weaned 

from the dam 4 days prior. The 9-month-old rats, however, were fasted to ensure a consistent 

metabolic status between the groups. On the day of killing, the rats were anesthetized with 

halothane, a cardiac blood sample taken, and the rats killed by cervical dislocation. The 

intestine and major desired organs were removed and weighed and the length of intestinal 

segments determined under tension from a 5 g weight. Samples from the proximal end of all 

intestinal segments (duodenum, jejunum, ileum, and colon) were immediately snap frozen in 

liquid nitrogen and stored at −80 °C. 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.

RNA isolation and real-time-PCR

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

TRIzol reagent (Invitrogen, Carlsbad, CA). Reverse transcription was performed with an 

input of 1 μg of total RNA using the 1st strand cDNA synthesis kit for real-time-PCR 

(Invitrogen, Carlsbad, CA) with oligo d(T)15 as a primer. The resultant cDNA was amplified 

using primers synthesized by University of Calgary Core DNA Services (Calgary, Alberta, 

Canada). Primers used for amplification of cDNAs of interest were : 5′-

ACCGCCCTGAGATTACTTTTCTG-3′ (forward) and 5′-

AGTTCTCTTTCCAGGTTCACCAC-3′ (reverse) for proglucagon; 5′-

AGAGGCGCCAGCTAACAAGTAA-3′ (forward) and 5′-

GCAGGAGAGTGCTGGGAGTT-3′ (reverse) for ghrelin; 5′-

AGCGGTATGGGAAAAGAGAAGTC-3′ (forward) and 5′-

ACCACTGGTCCACACCTTCTG-3′ (reverse) for PYY; 5′-

TATCGGCAATGAGCGGTTCC-3′ (forward) and 5′-AGCACTG 

TGTTGGLATAGAGG-3′ (reverse) for actin. The PCR was heated for 1 min 30 s then 40 

cycles at 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 20 s in a DNA iCycler apparatus 

(BIO-RAD, Hercules, CA). A melt curve showed the melting point of the PCR product of 

interest. Actin primers were included as an internal control. The 2−ΔΔCT method was utilized 

for the data analysis, where threshold cycle (CT) indicates the fractional cycle number at 

which the amount of amplified target reaches a fixed threshold (37). The ΔCT is the 

difference in threshold cycles for the gene of interest and actin, and the ΔΔCT is the 

difference between the ΔCT for obese rats and the ΔCT for lean rats. Relative expression 

levels are presented as fold-changes to the lean group, for which levels were set to 1.

Radioimmunoassays and biochemistry

Approximately 8 ml of blood was collected from each rat into a chilled tube containing 1 

mg/ml of EDTA, aprotinin (500 kallikrein inhibitor units/ml; Sigma Chemical), and 

diprotin-A (0.1 mmol/l). The blood was centrifuged at 1,600 × g for 15 min at 4 °C and 

aliquots stored at −80 °C. Analysis of active GLP-1, amylin, insulin, and glucagon was 

carried out using the Rat Endocrine LINCOplex kit by Linco Research (St. Charles, MO). 

Samples of 10 μl of plasma were analyzed using antibody-immobilized beads specific for 

the hormones glucagon, active GLP-1, insulin, and total amylin. Quantification of the 

hormones was performed using the Luminex100 (Luminex, Austin, TX). Plasma total ghrelin 
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levels were quantified using a commercial RIA kit (Linco Research), which has 100% 

specificity for rat ghrelin and utilizes an antibody that does not require the presence of the 

octanoyl group on Serine 3 and, therefore, recognizes both the acylated and desacylated 

form of ghrelin. A rat Total PYY ELISA kit (Diagnostic Systems Laboratories) was used to 

quantify plasma PYY1–36 and PYY3–36.

Statistical analysis

Data and figures are presented as means ± s.e.m. Statistical comparisons between the lean 

and obese animals within each age group were done using one-way ANOVA using STATA 

software (STATA, College Station, TX). Values were considered significant when P ≤ 0.05.

RESULTS

Body weight of the obese rats was significantly higher than that of lean rats at both 3.5 

weeks and 9 months of age (Table 1). Small intestine length and weight, colon length and 

weight, and liver weight were significantly greater in obese vs. lean animals at both age 

time-points (Table 1). Taking into account the greater overall body mass of the obese 

animals, the young obese rats still showed a proportionally greater small intestine, colon, 

and liver mass when adjusted for body weight compared to lean rats (Table 2). In adult rats, 

adjustment for body weight resulted in a significantly lower small intestine length and 

weight and colon length and weight in obese rats compared to lean rats (Table 2). While the 

absolute mass of the liver was double in adult obese rats compared to lean rats, after 

adjustment for body weight, no significant differences were seen. Stomach weight was 

increased in the well-established group; however, adjustment for body weight revealed a 

significantly smaller stomach weight in proportion to body size with established obesity. 

There were no differences detected in stomach weight at the onset of obesity.

In young rats, there was no significant difference in intestinal proglucagon expression 

between lean and obese rats; however, ghrelin mRNA levels in the stomach and PYY mRNA 

levels in the colon were significantly lower in the obese rats (Figure 1a). Conversely, the 

young, obese rats demonstrated significantly higher levels of PYY mRNA in the duodenum. 

After the accumulation of massive adipose tissue, the adult obese rats had significantly 

higher expression of proglucagon and ghrelin mRNA in the proximal intestine (Figure 1b). 

This pattern was reversed in the distal small intestine where adult obese rats had 

significantly lower expression of proglucagon, ghrelin, and PYY mRNA. Additionally, there 

was a significant decrease in ghrelin and PYY mRNA in the colon and a trend toward 

decreased proglucagon expression (P = 0.067).

The pattern observed in plasma levels of satiety hormones was similar at the onset of obesity 

and in well-established obesity. In both young and adult rats, the pancreatic hormones, 

insulin and amylin were significantly higher in obese compared to lean rats (Figure 2). 

Plasma concentrations of the gut hormones, GLP-1 and PYY, were also significantly higher 

in obese compared to lean rats at both the onset and in well-established obesity (Figure 3). 

Plasma total ghrelin diverged in both the young and adult rats with levels significantly lower 

in obese vs. lean rats (Figure 3).
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Feeding status clearly has a direct effect on satiety hormone levels; thus comparisons were 

not made between the young and old rats as only the 9-month-old rats were fasted.

Discussion

Obesity is a multifaceted disease with a complex and undefined pathophysiology. Our 

characterization of obesity at both the onset of obesity and in well-established obesity 

provides novel evidence that several defects in the obese gut occur early on in the disease 

before accumulation of large excesses of body fat mass. These defects may be potential 

targets for obesity prevention. Our major findings suggest that (i) both young and adult 

obese rats have larger absolute gut size; (ii) when adjusted for body weight, young rats have 

a proportionally larger and adults rats a proportionally smaller gut size; (iii) larger gut size is 

associated with higher plasma GLP-1 and PYY but lower ghrelin; and (iv) given the 

decreased mRNA expression of proglucagon and PYY in the distal gut, the increased 

expression of these genes in the proximal gut may account for the higher plasma levels 

observed.

The increase in gut mass and length seen in young rats appears early in the disease before 

the accumulation of large excesses of body fat. A greater functional area and increased 

physical capacity of the intestine may permit greater food and energy intake. In our 

JCR:LA-cp model, the increased gut mass prevails on an absolute weight basis into 

adulthood; however, given the marked increase in fat mass, it is no longer proportionally 

larger. This proportionately smaller gut mass in adult rats may have implications for the 

secretion of satiety hormones produced in the gut. In the young rats, the increase in gut size 

may permit gains in excessive body weight early on in the disease, as greater holding 

capacity of the gut allows increased intake before satiation due to gastric distension is 

recognized. Indeed, Delgado-Aros et al. (38) report that humans with increased BMI require 

increased caloric intake to achieve maximum satiation. Previously, increased gut size in 

response to dietary energy dilution, in the form of non-nutrient diluents or cellulose, has 

been reported (39,40); however, to our knowledge, our observations are the first to associate 

elevated total gut size with the obese state. This novel observation may help explain 

increased caloric intake in the absence of increased gastric capacity with obesity noted in the 

literature (38,41). Potentially, by focusing solely on stomach capacity, rather than total gut 

size, a viable mechanism to explain the increased food intake required to obtain satiation in 

obese individuals has been overlooked. The factors responsible for this increased gut size are 

not known but may involve gut trophic hormones, including GLP-2 which is cosecreted 

from the L-cells (42).

The increased gut size and, therefore, greater endocrine productive capacity may also 

explain the augmented circulating PYY and GLP-1 observed in the obese rats. Additional 

work measuring GLP-1 and PYY concentrations, as well as meal size over a 24-h period 

would further clarify our observations. It might be suggested that increased gut size, which 

develops with obesity, overrides the “ileal break” actions of these hormones and facilitates 

the consumption of larger meals. The larger meal size could thus account for the increased 

PYY and GLP-1 concentrations, as both these hormones are released in response to nutrient 

stimulation.
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In this specific monogenic model of obesity, it is interesting to consider the role of leptin and 

the lack of a functional receptor in regard to the increased GLP-1 we observed. Leptin has 

been demonstrated to stimulate GLP-1 secretion in mouse, rat, and human intestinal L-cells 

(43). In rodents, both intracerebroventricular and peripheral injections of leptin stimulated 

GLP-1 neurons in the hypothalamus (44). JCR:LA-cp rats are markedly hyperleptinemic 

with male cp/cp rats demonstrating leptin levels 30-fold higher than lean rats by 4 weeks of 

age (45). It is plausible that our results are distinct to this model and due, in part, to over-

stimulation of GLP-1 secretion via leptin. Further support for this theory comes from the 

fact that significant levels of leptin have been found in the duodenum (46), and proglucagon 

expression in our rats was strictly upregulated in this portion of the gut. This may be a 

critical observation in explaining why our results do not coincide with other reports, where 

the majority find decreased levels of GLP-1 in obesity (47). It may also explain the apparent 

lack of insulin- independent changes that have been observed when portal GLP-1, acting via 

the hepato-portal sensors, is infused (48).

PYY is produced in the same endocrine cells as GLP-1 in the gut and levels are generally 

reduced in obesity (24,25). While initial studies with infusion of PYY3–36 resulted in 

decreased caloric intake and a reduced weight gain (26), others have found no effect with 

PYY administration particularly in rodents (49). Part of the controversy appears to relate to 

the stress response of rodents and to the complexities associated with two species of PYY 

and multiple receptors (50). In humans, despite lower fasting levels of PYY3–36, obesity 

does not appear to be associated with resistance to the effects of PYY3–36 (24). Our findings 

of increased plasma PYY mirror the increased GLP-1 levels seen in both young and adult 

rats. While these results may be specific to our model and reflect the notable differences in 

leptin levels, it is also possible that the increased PYY concentrations reflect chronic 

increased caloric intake as PYY secretion has been positively correlated with caloric intake 

(51). While a recent study examining the interaction between leptin and PYY determined 

that a pharmaceutical dose of leptin did not influence PYY concentrations, this study 

utilized subcutaneous injections of leptin rather than direct exposure of gut cells to leptin 

(52). Further research is required to determine whether direct exposure of PYY-producing 

cells to leptin alters secretion.

The reduced levels of ghrelin observed in our obese rats at both the onset and in well-

established obesity are in agreement with the lower fasting ghrelin levels seen in obese 

subjects (33). High levels of GLP-1 have been shown to inhibit ghrelin secretion (27). 

Exendin 4, a GLP-1 agonist, also inhibited total ghrelin levels (53), although these same 

researchers were unable to find an inhibitory effect of GLP-1 administration on total ghrelin. 

If GLP-1 is indeed able to suppress ghrelin levels, it is possible that the low ghrelin levels 

found in our obese rats could be due to suppression caused by the high levels of GLP-1. In 

addition, although the attenuation of acylated ghrelin, an orexigen, appears contradictory in 

obesity, recent interest in the des-acyl form of ghrelin may provide insight. Evidence is 

emerging to suggest des-acyl ghrelin antagonizes some of the effects of the acylated form 

and in fact decreases food intake (30,54). This implies that the des-acyl form of ghrelin may 

be physiologically relevant to the development of obesity with decreased levels promoting 

increased food intake. In our study, we did not assay specifically for des-acyl ghrelin; 

however, it has been reported that des-acyl ghrelin represents 90–95% of total circulating 
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ghrelin (55) and, thus, a decrease in total ghrelin likely reflects a decrease in des-acyl 

ghrelin. If des-acyl ghrelin has anorexigenic properties, a downregulation of this hormone 

could theoretically promote weight gain.

Experimentally, both gene expression and plasma levels of the satiety hormones were 

quantified. Although mRNA is translated into protein, changes in mRNA expression do not 

necessarily reflect protein levels or activity. In our work, mRNA expression did not reflect 

plasma levels of the related hormone in all instances. While the circulating hormone 

undoubtedly has the ability to affect physiological change, mRNA expression data provides 

support for plasma concentrations and also reflects transcriptional changes which may 

influence regional production of satiety hormones along the length of the gut. The 

significantly higher expression of proglucagon mRNA in the proximal intestine coupled with 

a significant decrease in proglucagon mRNA in the distal small intestine in our obese rats 

suggests that the normally larger production of GLP-1 from the distal gut (56) could be 

shifted in favor of the proximal gut. This is plausible given that increased proximal 

absorption rates have been reported in obese adults (57), and this phenomenon could result 

in reduced exposure of the distal gut to nutrients. This may explain the commonly observed 

decrease in GLP-1 levels in obesity.

Despite the increase in overall circulating PYY, the downregulation of PYY mRNA that 

occurred in the more distal intestine at the onset and in well-established obesity may play a 

role in promoting the development of obesity. PYY3–36 has been shown to inhibit food 

intake through the vagal nerve, which acts as a communication pathway between the 

alimentary tract and brain (58). A decrease in colonic PYY may potentially lessen the 

postprandial satiety effects of the vagal nerve resulting in body weight gain. Additionally, 

the lower expression of PYY mRNA seen in the distal small intestine and colon prevails in 

well-established obesity, perhaps acting with many other factors, which enable the 

maintenance of a high body weight and inhibit weight loss. Although there is experimental 

evidence implicating attenuated PYY levels in obesity, there is enough conflicting evidence 

to suggest that these observations cannot be applied to the obese population as a whole. 

Further research will be required to establish that diminished PYY is responsible for the 

development or maintenance of obesity.

Finally, in addition to insulin, obese rats had significantly higher plasma concentrations of 

amylin, an anorexigenic peptide cosecreted with insulin from pancreatic β-cells. These 

changes were seen at both the onset and in well-established obesity, implying that these 

adaptations occur early in the disease.

In conclusion, this study demonstrates that the obese state is characterized by both physical 

and hormonal abnormalities. While many defects have been described for the obese state, 

our work provides novel insight into early defects occurring in the intestine that may 

promote dysregulation of body weight. Many of these changes occur early in the progression 

of the disease before the accumulation of large excesses in body fat mass and could play a 

role in the promotion of obesity. Although our findings are likely unique to this monogenic 

form of obesity, there is clearly a genetic component to many cases of obesity, and a greater 

understanding of the pathophysiology of the disease is required to match an appropriate 
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treatment with the individual. Future studies should examine changes in intestinal 

physiology and endocrinology in response to diet-induced obesity using high fat/high 

sucrose diets in rats in both fasted and fed states. Additionally, we provide evidence for 

interactions between the various satiety hormones, suggesting that hormonal treatments for 

obesity need to focus on the integrated response to fully elucidate the impact on whole body 

energy homeostasis. Identification of these early defects and hormonal interactions will 

ultimately lead to novel therapies aimed at the prevention of obesity and the avoidance of 

significant health care costs and loss of quality of life.
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Figure 1. 
mRNA level of satiety hormones at the onset and in well-established obesity, as determined 

by real-time PCR. (a) Young 3.5-week-old rats. (b) Adult 9-month-old rats. Results 

represent the mean fold change ± s.e.m. compared to lean controls. An ANOVA was done to 

determine significance. Asterisk represents a significant difference between lean and obese 

within a specific tissue (P ≤ 0.05). PYY, peptide YY.
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Figure 2. 
Plasma glucagon, amylin and insulin for lean and obese rats at the onset and in well-

established obesity. (a) Young 3.5-week-old rats. (b) Adult 9-month-old rats. Plasma, 

obtained via a cardiac bleed, was analyzed using a LINCOplex kit to determine glucagon, 

total amylin, and insulin. Results represent mean ± s.e.m. Due to the marked 

hyperinsulinemia of adult rats, actual insulin concentrations in (b) are tenfold higher than 

represented on the graph for presentation purposes (i.e., lean were 55.9 ± 7.1 and obese were 

938.1 ± 99.2). Asterisk represents a significant difference between lean and obese (P ≤ 0.05).
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Figure 3. 
Plasma peptide YY (PYY), glucagon like peptide-1 (GLP-1), and total ghrelin levels for lean 

and obese rats at the onset and in well-established obesity. (a) PYY and was quantified using 

an ELISA kit (Diagnostic Systems Laboratories). (b) Active GLP-1 and was quantified 

using a LINCOplex kit (Linco Research Inc.). (c) Total ghrelin and was quantified using an 

RIA kit (Linco Research Inc). Results represent mean ± s.e.m. Asterisk represents a 

significant difference between lean and obese rats in either onset or well-established obesity 

(P < 0.05).
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Table 1

Physical characteristics of the intestine, stomach, and liver of lean and obese rats at the onset and in well-

established obesity

Obesity onset Well-established obesity

Lean Obese Lean Obese

Body weight (g) 87.9 ± 3.7* 106.6 ± 4.1 389.5 ± 12.4* 807.5 ± 18.7

Small intestine length (cm) 90.7 ± 1.0* 103.7 ± 1.5 111.4 ± 1.9* 136.1 ± 1.7

Small intestine weight (g) 3.6 ± 0.18* 5.2 ± 0.16 5.9 ± 0.2* 10.8 ± 0.3

Colon length (cm) 12.2 ± 0.31* 14.1 ± 0.40 17.7 ± 0.7* 21.1 ± 0.3

Colon weight (g) 0.58 ± 0.05* 0.88 ± 0.02 1.21 ± 0.05* 1.59 ± 0.06

Stomach weight (g) 0.73 ± 0.05 0.77 ± 0.04 1.88 ± 0.13* 2.43 ± 0.14

Liver weight (g) 3.9 ± 0.2* 5.3 ± 0.3 11.1 ± 0.4* 23.0 ± 0.7

Results represent the mean ± s.e.m.

*
P < 0.01.
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Table 2

Body weight-adjusted physical characteristics of the intestine, stomach, and liver of lean and obese rats at the 

onset and in well-established obesity

Obesity onset Well-established obesity

Lean Obese Lean Obese

Small intestine length (cm) 104.2 ± 3.7 98.3 ± 4.2 287.0 ± 5.1* 169.0 ± 3.0

Small intestine weight (g) 4.1 ± 0.07* 4.9 ± 0.12 1.5 ± 0.02** 1.3 ± 0.02

Colon length (cm) 14.0 ± 0.45 13.3 ± 0.58 45.7 ± 2.0* 26.3 ± 0.5

Colon weight (g) 0.66 ± 0.05* 0.83 ± 0.02 0.31 ± 0.01* 0.20 ± 0.01

Stomach weight (g) 0.82 ± 0.03 0.75 ± 0.02 0.54 ± 0.03* 0.43 ± 0.02

Liver weight (g) 4.4 ± 0.09* 5.0 ± 0.09 2.4 ± 0.4 2.9 ± 0.1

Results represent the mean ± s.e.m. of weight and lengths adjusted using body weight as a denominator.

*
P < 0.01;

**
P < 0.05.
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