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Abstract

Purpose: Growth hormone (GH) has an important role in intestinal barrier function, and 

abnormalities in GH action have been associated with intestinal complications. Yet, the impact 

of altered GH on intestinal gross anatomy and morphology remains unclear.

Methods: This study investigated the influence of GH signaling on gross anatomy, morphology, 

and fibrosis by characterizing the small and large intestines in male and female bovine growth 

hormone transgenic (bGH) mice and GH receptor gene-disrupted (GHR−/−) mice at multiple 

timepoints.

Results: The length, weight, and circumference of the small and large intestines were increased 

in bGH mice and decreased in GHR−/− mice across all ages. Colon circumference was 
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significantly increased in bGH mice in a sex-dependent manner while significantly decreased 

in male GHR−/− mice. Villus height, crypt depth, and muscle thickness of the small intestine were 

generally increased in bGH mice and decreased in GHR−/− mice compared to controls with age- 

and sex-dependent exceptions. Colonic crypt depth and muscle thickness in bGH and GHR−/− 

mice were significantly altered in an age- and sex-dependent manner. Fibrosis was increased in the 

small intestine of bGH males at 4 months of age, but no significant differences were seen between 

genotypes at other timepoints.

Conclusion: This study observed notable opposing findings in the intestinal phenotype between 

mouse lines with GH action positively associated with intestinal gross anatomy (i.e. length, 

weight, and circumference). Moreover, GH action appears to alter morphology of the small and 

large intestines in an age- and sex-dependent manner.
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1. Introduction

Growth hormone (GH) plays an important role in intestinal health and disease. That is, 

studies have shown that GH fosters intestinal homeostasis and maintains the gut barrier, 

decreasing intestinal permeability and bacterial translocation [1,2]. In the small intestine, 

GH has been shown to stimulate proliferation of epithelial cells and goblet cells and 

differentiation of intestinal stem cells into Paneth cells and enteroendocrine stem cells [1,3]. 

Moreover, GH has also been shown to increase growth and inhibit apoptosis in epithelial 

cells of the colon [4–6]. These promotive effects on the small and large intestines happen 

both dependent and independent of local and endocrine insulin-like growth factor 1 (IGF-1) 

[5,7,8].

Abnormalities in GH action have been associated with intestinal complications. To date, 

there has not been a report of intestinal dysfunction in GH resistance (Laron syndrome), 

and individuals with GH deficiency have no change in intestinal permeability compared 

to controls [9]. However, inflammation in the intestines (as seen in inflammatory bowel 

disease [IBD; Crohn’s disease and ulcerative colitis], chronic undernutrition, celiac disease, 

and anorexia nervosa) has been shown to confer a secondary GH insensitivity both locally 

in the intestines and in the liver, and consequently, cause a decrease in endocrine IGF-1 

levels [10–14]. Excess GH has been also correlated with several intestinal complications. 

Individuals with acromegaly have dolichocolon, megacolon, and slower gut motility [15]. 

Moreover, these individuals have an increased risk of developing diverticula (associated with 

altered collagen cross-linking), volvulus, small intestinal bacterial overgrowth, gallstones, 

colonic polyps, and even colorectal cancer [7,15–22].

Mouse lines with altered GH action offer a unique opportunity to more thoroughly study 

the longitudinal relationship between GH and intestinal phenotype. Bovine transgenic GH 

(bGH) mice have constitutive production of GH and thus, chronically elevated GH,IGF-1, 

and IGFBP3 levels. As such, these mice closely resemble the phenotype and co-morbidities 

experienced by individuals with acromegaly, including metabolic dysfunction, insulin 
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resistance, type 2 diabetes, cardiovascular complications, and an increased risk of cancer 

[23–26]. Inversely, the GH receptor gene disrupted (GHR−/−) mouse line mirrors clinical 

populations of Laron syndrome, displaying GH insensitivity or resistance. That is, GHR−/− 

mice lack a functional GHR, which yields global GH resistance, increased circulating GH 

levels, and decreased IGF-1and IGFBP3 levels. Thus, unlike bGH mice, GHR−/− mice have 

and an overall reduced growth phenotype. Thereby, despite similar circulating GH levels, 

these mouse models act as complimentary models of increased and decreased GH action 

with opposing levels of IGF-1, IGFBP3, and overall growth and metabolic phenotype. The 

bGH mice also have an accelerated aging phenotype, typically dying between 13 and 15 

months[27], while GHR−/− mice are extremely long-lived[28].

Previous research has demonstrated that GH-altered mice have changes in their intestinal 

phenotype, though this has mostly been investigated in bGH mice. That is, bGH mice have 

been shown to have increased mucosal growth, intestinal length and weight, and decreased 

apoptosis in the colonic epithelium [4,29–32]. However, the intestinal studies on bGH mice 

have been limited to one or two timepoints (typically early in adulthood) and to a single sex 

(typically males). Moreover, the only studies that have investigated the inverse relationship 

(i.e. decreased GH action) and the intestinal phenotype have been limited to adult growth 

hormone gene disrupted (GH−/−) mice early in life and an intestinal epithelial specific GHR 

knockout mouse line [32,33].

Thus, this study more thoroughly investigates the impact of GH on the intestinal gross 

anatomy and morphology in two mouse lines across multiple timepoints, especially in 

the context of aging/longevity. That is, this study characterizes the gross anatomy and 

morphology in the small and large intestines of male and female bGH mice relative to 

sex-matched littermate controls at 6 weeks, 3 months, 6 months, 11 months, and 13 months 

of age as well as an additional measurement of fibrosis at 4 months of age. For comparison, 

we also examine the gross anatomy and morphology in GHR−/− mice at 13 months and 

26 months of age as well as fibrosis in the intestines at 8 months of age. Although the 

intestinal phenotypes of these two mouse lines are assessed at differing age ranges, it is 

important to note that the bGH and GHR−/− mice have distinctly different lifespans and 

aging phenotypes. Thus, the ages assessed include a mid-life timepoint comparison for each 

line (4 and 6 months for bGH and 8 and 13 months for GHR−/− mice) and a late-life time 

point comparison (13 months for bGH and 26 months for GHR−/− mice), and the 13-month 

time point for each line allows for a direct comparison regardless of aging progression.

2. Methods and Materials

2.1. Mouse lines

Male and female hemizygous bGH mice, homozygous GHR−/− mice, and their respective 

wild-type littermate controls were used. Both lines were maintained in a C57BL/6J 

background with the bGH line derived straight into a C57BL/6J background, while the 

GHR−/− line was derived in a 129/Ola-BALB/c [34]background and subsequently back 

crossed more than 10 generations to a C57BL/6J background. Mice were genotyped at 4 

weeks after birth from tail snips using PCR primers as described previously [35].
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Separate cohorts of bGH mice and respective littermate controls were used for general 

phenotype (i.e. body weight, length, and organ weights) and intestinal phenotype (i.e. gross 

anatomy and morphology) at 6 weeks of age (n = 4 per group for males; n = 2 per group for 

females), 3 months of age (n = 3 per group per sex), 6 months of age (n = 5 per group per 

sex), 11 months of age (n = 4 per group per sex), and 13 months of age (n = 3 per group 

per sex). Male and female GHR−/− mice and controls were used at 13 months (n = 4 per 

group per sex) for both intestinal gross anatomy and morphological measurements. For an 

older timepoint, male and female GHR−/− mice and controls at 26 months of age (n = 8 per 

group per sex) were used for intestinal gross anatomy and morphology (n = 4 per group per 

sex with the exception of n = 3 for GHR−/− females).

All mice were housed in similar conditions, in a temperature-controlled (23°C) vivarium 

and exposed to a 14-hour light, 10-hour dark cycle. All mice were allowed access to chow 

(ProLab RMH 3000; PMI Nutrition International) and water ad libitum. All procedures 

performed with the mice were approved by the Ohio University Institutional Animal Care 

and Use Committee and are in accordance with all standards set forth by federal, state, and 

local authorities.

2.2. General growth phenotype and tissue collection

Body weight was measured in bGH mice, GHR−/− mice, and their respective controls 

across multiple timepoints. GH altered mice and their respective sex- and age-matched 

littermate controls were sacrificed after a 12-hour fast and as previously described [23,24]. 

In brief, mice were sacrificed via cervical dislocation following anesthesia with CO2. 

Nasal-anal body length was then determined. White adipose tissue (WAT) depots (i.e. 

subcutaneous, mesenteric, retroperitoneal, and perigonadal), heart, kidneys, liver, and spleen 

were extracted, weighed, and immediately frozen in liquid nitrogen. All samples were stored 

at −80°C.

2.3. Intestinal gross anatomy measurements

Intestines were processed as previously described [33]. In brief, the gastrointestinal tract was 

removed by cutting at the pyloric-duodenal junction and the rectal-anal junction. Majority 

of mesenteric fat and the pancreas was removed from the intestines, and the intestines 

were carefully straightened. Small and large intestines were divided at the ileocecal valve. 

Luminal contents of the ileum, cecum, and colon were removed, and then intestines were cut 

longitudinally and rinsed in ice cold PBS to remove the remaining contents. The small and 

large intestines were straightened, and length was measured. After removal of excess PBS, 

intestines were weighed. A portion of the small and large intestines were then prepared for 

histology.

2.4. Intestinal histology

For morphological analysis, intestines of bGH, GHR−/−, and littermate control mice were 

prepared using the swiss-roll technique as previously described [32,36]. Six longitudinal 

sections (approximately 2 cm long) of the small intestines were collected (two at the 

beginning after the pyloric-duodenal junction for the duodenum, two in the middle for the 
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jejunum, and two at the end before the ileocecal junction for the ileum). Four longitudinal 

sections for the large intestine were collected (one for the cecum and three for the colon).

After 24 hour fixation with 10% buffered neutral formalin, samples were stored in 70% 

ethanol until the samples were processed and embedded in paraffin. Paraffin blocks were 

sliced at 4 μm and consequently mounted on slides. Samples were then stained with 

hematoxylin and eosin for morphological assessment or picrosirius red and fast green 

for fibrosis measurements [37]. Slides were visualized at 100x magnification with Nikon 

Eclipse E60 microscope, and at least 10 pictures of non-overlapping fields were taken per 

slide. An average of 20 measurements for villus height, crypt depth, and muscle thickness 

of the duodenum, jejunum, and ileum, and crypt depth and muscle thickness of the colon 

were quantified using ImageJ. The two samples of each intestinal section were averaged per 

mouse and then for each group. To quantify fibrosis, an ImageJ macro adapted from the 

ImageJ tutorial was used [38].

2.5. Hydroxyproline quantification

To assess fibrosis directly, collagen content of small intestines was quantified using a 

hydroxyproline assay as previously described [24]. This assay used a separate cohort of mice 

at different ages than the histological measurements. Male bGH mice at 4 months of age 

(n=8) and GHR−/− mice at 8 months of age (n=8) were used, along with their respective 

littermate controls. The intestines were processed as described above but were flash frozen 

prior to the hydroxyproline measurement.

2.6. Statistical analysis

All data are reported as mean ± SEM. Statistics were performed using R version 3.6.3. 

Normality and homogeneity of variance of the data were tested by plotting data on a Q-Q 

plot, through Shapiro-Wilks test and Levene’s homogeneity of variance. To account for the 

effect of genotype, sex, and the interaction between genotype and sex, two-way ANOVA 

and post-hoc Tukey analysis were performed on all measurements with the exception of the 

hydroxyproline assay. Statistical significance was set at p < 0.05. Effect size was calculated 

to describe the strength (or “biological significance”) of genotype, sex, and the interaction 

between genotype and sex on these findings through partial omega-squared (ωp
2), which 

ranges between −1 and 1. In particular, effect size decreases as ωp
2 approaches 0. The 

exception for this calculation was the circumference measurements of male GHR−/− mice 

and controls, to which effect size was calculated via Cohen’s d. Effect size also allowed for 

comparison of measurements between timepoints.

3. Results

3.1. Growth phenotype and absolute tissue weights in bGH mice

Body length and weight were measured in separate cohorts of bGH mice and respective 

controls at 6 weeks and 3, 6, 11, and 13 months of age. Body length and weight were 

significantly increased in male and female bGH mice compared to age-matched controls 

with the exception of female bGH mice at 11 months of age (Table 1).
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At sacrifice, tissues were collected, and weights were measured. Absolute weight of 

mesenteric WAT showed age-dependent changes in bGH mice. At six weeks of age, 

mesenteric WAT was significantly increased in both male and female bGH mice compared 

to controls with a similar trend seen at three months of age (Table 1). By six months of 

age, there was no significant difference in mesenteric WAT seen between bGH mice and 

littermate controls. At 11 and 13 months of age, a trending decrease in mesenteric WAT 

was observed in male bGH mice compared to controls, but this finding was not significantly 

different. Age-dependent changes were also observed in other WAT depots (Supplemental 

Table 1). It is important to note that when normalized to body mass, relative subcutaneous 

WAT was decreased in bGH mice compared to controls at all timepoints and in both 

sexes (Supplemental Table 2). Meanwhile, relative mesenteric WAT was again age- and 

sex-dependent. For instance, at three months of age, relative mesenteric WAT was decreased 

in male bGH mice and increased in females. However, by six months of age, relative 

mesenteric WAT was significantly decreased in both male and female bGH mice.

Absolute weights of liver, heart, and kidneys were increased in bGH mice compared to 

controls across all timepoints with several age- and sex-dependent exceptions. For instance, 

livers of male bGH mice were significantly different relative to those of females at 6 weeks, 

3 months, and 13 months (Table 1, Supplemental Figure 1). Hearts of bGH mice were 

overall significantly increased compared to controls with the exception of females at 11 

months and males at 13 months. Kidneys of bGH mice were significantly increased with the 

exception of female bGH mice at 3 months. Spleens of bGH mice were also significantly 

increased at 3, 6, 11, and 13 months of age both in absolute weight and relative to body 

mass (Supplemental Figure 1, Supplemental Tables 3 and 4). It is important to note that 

50% of bGH mice at 13 months of age (2 males and 1 female) had tumors in the urogenital 

region and liver, whereas there was no incidence of tumors in age-matched controls (data 

not shown). Overall, bGH mice displayed consistent changes in body length, body weight, 

and visceral organs across all timepoints with several age-dependent exceptions, especially 

in WAT depots.

3.2. Intestinal gross anatomy in bGH mice

Both intestinal length and weight were measured in male and female bGH mice at 6 weeks, 

3 months, 6 months, 11 months, and 13 months of age (Figure 1). Length and weight of the 

small intestines (SI) were significantly explained by genotype with a moderate to large effect 

size across all timepoints (Figure 1). In particular, SI length was significantly increased in 

male bGH mice at 6 weeks and 3, 6, and 13 months of age and in female bGH mice at 

6 and 13 months of age. SI weight was significantly increased in male and female bGH 

mice compared to controls at 6 weeks, 6 months, and 13 months of age with a significant 

difference only seen in male bGH mice at 11 months of age. SI circumference (specifically, 

the jejunum) was also selectively measured at 3 and 13 months of age in both male and 

female bGH mice (Supplemental Figure 3). Circumference tended to be increased in both 

male and female bGH mice compared to controls, albeit this finding was not statistically 

significant.
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Length and weight of the large intestines (LI) were significantly explained by genotype 

across all timepoints (Figure 1). Both male and female bGH mice had significantly increased 

LI length compared to respective male and female controls at 6 weeks, 3 months, 6 months, 

11 months, and 13 months of age. LI weight exhibited a similar pattern with the exception 

of 11 months of age. Circumference of the colon also tended to be increased in bGH 

mice compared to controls at 3 and 13 months of age; yet this finding was sex-dependent 

(Supplemental Figure 3). That is, at 3 months of age, male bGH mice had significantly 

increased colonic circumference compared to controls, whereas female bGH mice had 

significantly increased circumference at 13 months of age compared to controls.

3.3. Morphological measurements in small and large intestines of bGH mice

Intestinal morphology was investigated in the small intestines (duodenum, jejunum, and 

ileum) and large intestines (cecum and colon) of male and female bGH mice compared 

to respective male and female controls. Across all timepoints, villus height, crypt depth, 

and muscle thickness of the jejunum tended to be increased in bGH mice compared to 

controls with sex- and age-dependent differences (Figure 2). At six weeks of age, the 

increase in villus height, crypt depth, and muscle thickness were all significantly accounted 

for by genotype (Figure 2A); however, neither villus height nor muscle thickness were 

significantly different in female bGH mice compared to controls. Villus height continued to 

be significantly increased in bGH mice and significantly explained by genotype at three and 

six months of age. Later in life (at 11 and 13 months of age), male bGH mice still tended 

to have increased villus height, though this finding was not significant, with a moderate 

effect size. Crypt depth in the jejunum was significantly explained by genotype at 3 and 13 

months of age. Muscle thickness tended to exhibit more sex-dependent changes across all 

timepoints with a smaller difference observed between female bGH and control mice until 

13 months of age. In particular, this finding was significant at 6 weeks and 3 months with 

trends observed at 11 and 13 months. Similar patterns were observed in the duodenum and 

ileum, and significance was also age- and sex-dependent (Supplemental Figure 4).

Changes to the morphology of the colon (i.e., crypt depth and muscle thickness) were also 

sex- and age-dependent (Figure 2). No significant difference was observed in crypt depth at 

6 weeks of age, and changes in crypt depth were sex-dependent at 3 months of age. At 6 and 

11 months of age, crypt depth tended to be increased, a finding significantly explained by 

genotype at 11 months of age. By 13 months of age, crypt depth was significantly decreased 

in bGH mice compared to controls. Muscle thickness tended to be more consistently 

increased across all timepoints with the exception of 11 months and with sex-dependent 

differences observed at 6 months of age.

3.4. Intestinal fibrosis in bGH mice

Fibrosis was assessed in the intestines of bGH mice using two methods: histological 

examination through Sirius red/Fast green staining and biochemical measurement of tissue 

hydroxyproline content. Sirius red staining (at 6 weeks or 3, 6, 11, or 13 months) showed 

no consistent changes in bGH mice compared to controls. A significant difference in SI 

was only explained by the interaction of genotype and sex at 11 months of age with a 

significant difference observed between WT males and bGH females. In LI, a significant 
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difference observed at 6 weeks was only explained by sex while a difference at 6 months 

was explained by both genotype and sex with no significant differences observed between 

individual sub-groups (Supplemental figure 5). When hydroxyproline content was measured 

in the small intestine of bGH males at 4 months of age, there was a significant increase in 

bGH mice compared to controls (Figure 5).

3.5. Growth parameters and absolute tissue weights in GHR−/− mice

GHR−/− mice displayed the opposite trend to bGH mice in both body length and absolute 

organ weights. Male and female GHR−/− mice at both 13 and 26 months had significantly 

decreased body length and weight compared to littermate controls (Table 2).

Absolute weights of liver, heart, kidney, and spleen were decreased in 13-month and 26-

month-old GHR−/− mice compared to controls, but the finding was not significant for the 

livers of male and female GHR−/− mice at 13 months of age (Table 2, Supplemental Table 

5). Absolute weights of subcutaneous WAT tended to be increased in GHR−/− mice at both 

13 and 26 months of age. It is important to note that when normalized to body weight, 

subcutaneous WAT was significantly increased in GHR−/− mice compared to controls at 

both ages (Supplemental Table 7). Absolute weight of mesenteric WAT was significantly 

decreased in GHR−/− mice at both timepoints (Table 2). When normalized to body weight, 

relative mesenteric WAT weight was significantly decreased in GHR−/− mice only at 13 

months (Supplemental table 8).

3.6. Gross anatomy of small and large intestines of GHR−/− mice

GHR−/− mice exhibited significantly decreased weight and length of the small and 

large intestines at 13 and 26 months of age relative to sex-matched controls (Figure 3). 

Circumferences in the jejunum, colon, and cecum were also measured in male GHR−/− mice 

at 24 months of age and were significantly decreased compared to the controls (p < 0.001 for 

all and Cohen’s d = 2.66, 2.56 and 3.56, respectively) (data not shown).

3.7. Morphology in the small and large intestines of GHR−/− mice

Morphology (i.e. villus height, crypt depth, and muscle thickness) was measured in GHR−/− 

mice at two ages compared to sex- and age-matched controls. At 13 months of age, GHR−/

− mice displayed decreased villus height and crypt depth throughout the small intestines 

compared to controls with significance reached in the villus height of the duodenum and 

jejunum and crypt depth of the jejunum (Figure 4). Notably, villus height was significantly 

decreased between males, but significance was not reached in females. Crypt depth was also 

significantly decreased in the ileum of male GHR−/− mice compared to controls. At 26 

months of age, villus height in the jejunum was significantly explained by genotype with a 

trending decrease observed in GHR−/− mice.

Morphology of the colon differed in the GHR−/− mice compared to controls in a sex-

dependent manner (Figure 4). Crypt depth was significantly different in GHR−/− mice 

at 13 months of age with a significant difference observed between male controls and 

female GHR−/− mice. A similar trend in decreased colonic crypt depth was observed at 
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26 months. Muscle thickness was not significantly different between GHR−/− mice and 

controls, although there was trending decrease in GHR−/− males at 13 months of age.

3.8. Intestinal fibrosis in GHR−/− mice

Fibrosis was assessed in the intestines of GHR−/− mice using the methods described above. 

There were no significant changes in fibrosis of GHR−/− mice compared to controls at either 

age or between sexes using either assay (Figure 5 and Supplemental Figure 6).

4. Discussion

This is the first study to characterize the intestinal gross anatomy and morphology in small 

and large intestines of two mouse lines with altered GH action at multiple timepoints. As 

expected, male and female bGH mice consistently had increased body weight, body length, 

and absolute weights of visceral organs (i.e. liver, heart, and kidneys) with age-dependent 

changes observed in WAT. Meanwhile, GHR−/− mice had significantly decreased body 

weight, body length, and absolute weights of visceral organs with a tendency toward 

increased weight in subcutaneous WAT. Notably, we observed opposing findings in intestinal 

gross anatomy and morphology of the small intestine between bGH mice and GHR−/− 

mice. Overall, bGH mice had significantly increased length and weight of the small and 

large intestines. Circumference of the small and large intestines also tended to be increased 

in bGH mice compared to controls, albeit this finding was not significant in the jejunum 

and was sex-dependent in the colon. Inversely, length and weight of the small and large 

intestines were significantly decreased in both male and female GHR−/− mice compared to 

controls. Villus height, crypt depth, and muscle thickness tended to be increased in the small 

intestines of bGH mice, albeit again with sex- and age-dependent exceptions. Meanwhile, 

villus height and crypt depth tended to be decreased in GHR−/− mice compared to controls. 

Crypt depth and muscle thickness of the colon were altered in an age-dependent manner in 

bGH mice relative to controls and was minimally altered in GHR−/− mice. Collagen content 

of bGH intestines was increased compared to controls at one time point, while GHR−/− 

intestines were unchanged compared to controls. Collectively, these findings suggest that 

GH action is positively associated with various measures of intestinal gross anatomy and 

morphology in an age- and sex-dependent manner.

The general phenotype of bGH and GHR−/− mice, including growth, body composition, 

adipose tissue, and visceral organ weights, and lifespan, has been well-characterized in 

numerous previous studies [23,25,26,35,39]. Similar to our findings, bGH mice consistently 

have increased body weight and length throughout their life [23,26]. Moreover, at 12–13 

months of age, bGH mice have increased relative and absolute weights of visceral organs 

(i.e. liver, heart, kidneys, and spleens) and decreased relative and absolute weights of 

WAT depots [23,26]. GHR−/− mice have significantly decreased body length and weight 

and absolute weights of visceral organs with increased absolute and relative weights of 

subcutaneous WAT [35,39]. Thus, the findings reported for most tissue weights are as 

expected and maintained over the timepoints measured.

GH action influences the gross anatomy of small and large intestines. Excess GH appears 

to increase length, weight, and circumference of small and large intestines consistently 
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throughout the lifespan of bGH mice relative to controls. Moreover, GHR−/− mice had 

decreased length, weight, and circumference of small and large intestines at both mid-life 

and later in life. Overall, GH alteration appears to have caused a similar response in 

the small and large intestines within each genotype, albeit with age- and sex-dependent 

differences. Although this is the first study to track changes in gross anatomy of both male 

and female bGH and GHR−/− mice at multiple timepoints, other studies have assessed 

intestinal gross anatomy due to alterations in GH action. Overall, previous studies that have 

investigated the relationship between GH and the intestinal gross anatomy fall into three 

categories: 1) those that examine the effect of GH administration on intestinal dysfunction 

(i.e. short bowel syndrome, IBD, and intestinal obstruction) in rodents or clinical cohorts 

[40–44], 2) those that observe the intestinal complications in patients with acromegaly 

[4,7,15–19,45–47], or 3) those that characterize the intestinal phenotype in mouse lines 

with altered GH or IGF-1 signaling [8,29,31,33,48–50]. As for the third category, young 

(approximately 2 months old) and adult (6 months old) bGH mice have increased length and 

weight of the small intestine and colon [29,31,32]. Inversely, mouse lines with decreased 

global or local GH/IGF-1 signaling tend to have decreased length and weight [32,33]. 

Similarly, intestinal epithelial cell-specific IGF-1 knockout mice have decreased small 

intestinal length [49], and intestine epithelial-specific GH receptor knockout (IntGHRKO) 

mice have decreased large intestinal weight [33].

Notably, bGH mice appear to mirror the intestinal phenotype seen in individuals with 

acromegaly. Several studies have reported that individuals with acromegaly present 

with dolichocolon (abnormally long large intestine), megacolon (abnormally wide large 

intestine), increased surface area, and increased loop complexity [15,16,45,46]. Interestingly, 

increased intestinal surface area and length have been associated with the slower gut 

transit time/decreased intestinal motility and consequent increased risk in small intestinal 

bacterial overgrowth, volvulus, and gallstone formation; all of which have been observed in 

individuals with acromegaly [15,18,46,51].

Our observations in these mouse lines suggest that GH action influences the size of 

the morphology in small intestines. This finding also emulates what has been previously 

reported in both clinical and animal studies. In terms of mouse lines with altered GH action, 

increased villus height has been observed previously in both young and adult (6 months) 

bGH mice [30,32,52]. Villus height also corresponds well with the increased surface area 

or circumference observed in bGH mice seen in both this study and previously in male 

bGH mice at 6 months of age [32]. Increased crypt depth has also been observed in male 

bGH mice at 6 months of age [32]. Moreover, GH has been shown to stimulate proliferation 

and differentiation of intestinal stem cells into Paneth cells [3,53]; both of which reside in 

the crypt and could contribute toward increased crypt depth in the small intestines of bGH 

mice. The increase in muscle thickness seen in our bGH mice correlates well with intestinal 

fibrosis and subsequent changes in gut motility. In particular, individuals with acromegaly 

have been shown to have decreased gut motility and increased collagen cross-linking in the 

intestines, which has been associated with an increased prevalence of diverticulosis [16]. 

The significant increase in hydroxyproline in the small intestines of young bGH mice in 

this study demonstrates an altered collagen state in the intestines that further supports the 

correspondence between bGH mice and individuals with acromegaly.
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This is also one of the few studies to examine the intestinal phenotype in both male and 

female bGH and GHR−/− mice. Most studies on mouse lines have exclusively focused on 

one sex or have combined results between sexes [29,31,32,49]. Yet, as seen in a previous 

study on IntGHRKO mice, there are sex-dependent alterations in the intestines, including 

gross anatomy, intestinal permeability, intestinal fat absorption, and glucose tolerance [33]. 

In general, male GH altered mice exhibited a more significant change in gross anatomy 

(length, weight, and circumference) and morphology with relatively few exceptions (e.g. 

villus height of the duodenum in young bGH mice and LI circumference at 13 months 

of age). This finding is not surprising as females have different GH pulsatility patterns, 

different levels of GH regulatory hormones such as GHRH, ghrelin, and somatostatin, and 

different levels of GH intracellular signaling [54–57]. Likewise, many studies have shown 

sex-specific findings in GH altered mice, including body composition, glucose tolerance, 

insulin sensitivity, gene expression, and even longevity [39,58–61], including fibrosis in this 

study when both sexes were examined.

Another important distinction of this study are the age-dependent findings. In terms of 

gross anatomy, we observed an overall increase of length and weight with age and a 

more significant differentiation in the intestinal gross anatomy between mouse groups with 

advancing age. Moreover, morphology of the colon displayed interesting age-dependent 

findings. For instance, crypt depth tended to decrease with age in bGH mice and normalize 

relative to controls with age in the GHR−/− mice, at least in males. Yet, other research 

has shown that GH has a protective effect on the colon. That is, chemically-induced colitis 

in young (two-month-old) bGH mice results in less inflammation and crypt damage than 

controls with colitis [31]. Apoptosis has also been shown to be reduced in colonic epithelial 

cells in both bGH mice at 3 and 9 months of age and individuals with acromegaly [4,62]. 

Similarly, we observed relatively few changes – or an overall increase - in the morphology 

of the colon of young bGH mice. At the same time, GH excess has also been associated 

with hyperplastic polyps and shown to suppress p53/p21 in the colonic mucosa, induce DNA 

damage in colonocytes, and increase colonic cell survival, epithelial-mesenchymal transition 

factors, and cell motility [5,6,31,62]. The age-dependent differences in crypt depth and 

muscle thickness of our GH altered mice may represent the pleotropic effect of excess GH 

on the colon and the importance of age when assessing GH on colon function.

Although this is the first study to characterize the intestinal gross anatomy and morphology 

in male and female bGH and GHR−/−mice across multiple timepoints, there are several 

potential limitations and questions that remain. First and foremost, a potential limitation 

of this study is the small sample size used at several timepoints (such as bGH mice at 6 

weeks, 3 months, and 13 months and GHR−/− mice at 26 months). Several trends that were 

observed at those timepoints had a larger effect size but were not statistically significant, 

potentially due to the small sample size. Another important limitation to highlight is the 

lack of overlap in ages between the two mouse lines. with only one true shared timepoint 

(at 13 months) regardless of age progression. Due to the different aging phenotypes of the 

two mouse lines, the timepoints in this study, however, did allow, for a mid-life and later-life 

age comparison. However, a comparison between bGH mice and GHR−/− mice at an earlier 

timepoint (i.e. 3 months or 6 months) would be important to conduct in a subsequential 

study. Moreover, this study was descriptive and limited to intestinal gross anatomy and 
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morphology. This choice to focus on these intestinal measurements discounts important 

metrics of intestinal functionality, including intestinal fat and macronutrient absorption, 

intestinal motility, permeability, and immune function – to name a few. These experiments 

would be particularly important to conduct in future studies due to the significant differences 

observed in intestinal function in individuals with acromegaly and since GH has been 

shown to influence different cell types involved in these functions (like Paneth cells and 

enteroendocrine cells). Since we observed intestinal gross anatomy and morphology in two 

mouse lines with extremes in GH signaling, our findings support a role of GH on the 

intestinal function, which needs to be addressed in future studies. Still, it is important to 

note that IGF-1 is also altered in both mouse lines (decreased in GHR−/− and increased in 

bGH); thus, this study does not dissect the specific roles of GH or IGF-1 on the intestinal 

phenotype.

6. Conclusions

We observed several notable and opposing differences in intestinal gross anatomy and 

morphology between mouse lines with GH excess and decreased GH action. That is, male 

and female bGH mice had increased length, weight, and circumference of the small and 

large intestines. Villus height, crypt depth, and muscle thickness tended to be increased in 

bGH mice. Inversely, GHR−/− mice had significantly decreased intestinal gross anatomical 

measures with decreased villus height and crypt depth in the small intestine. Together, these 

findings suggest that GH promotes overall gross anatomy of the small and large intestines 

across multiple timepoints from early to late adulthood. This is the first study to thoroughly 

describe the morphology of the intestines in both male and female bGH and GHR−/− 

mice across multiple timepoints, highlighting minute, age-dependent and sex-dependent 

changes seen in both the small and large intestines, especially in muscle thickness. Future 

research is needed to delve into how these intestinal changes may impact the local intestinal 

environment and function and overall, metabolism, growth, and health of the individual.
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bGH bovine growth hormone transgenic mice

GHR−/− growth hormone receptor gene disrupted mice

SI small intestines

LI large intestines

IBD inflammatory bowel diseases
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Figure 1. Intestinal length and weight in male and female bGH mice (red) compared to littermate 
controls (grey) at 6 weeks and 3, 6, 11, and 13 months of age.
a* denotes no significant difference in the pairwise comparison but with a p < 0.05 for 

the genotype comparison in the two-way ANOVA. A-D: Small and large intestinal gross 

anatomy in bGH mice and controls at 6 weeks of age (n=4 for males and n=2 for females). 

A. Length of small intestines (SI). (p = 0.002 and ωp
2 = 0.63 for genotype). B. Weight of 

the SI. (p < 0.001 and ωp
2 = 0.92 for genotype). C. Length of the large intestines (LI). (p 

= 0.007 and ωp
2 = 0.75 for genotype). D. Weight of the LI. (p < 0.001 and ωp

2 = 0.86 

for genotype). E-H. Intestinal gross anatomy in bGH mice and controls at 3 months of age 

(n=3). E. SI length (p = 0.006 and ωp
2 = 0.54 for genotype). F. SI weight. (p = 0.02 and 

ωp
2 = 0.36 for genotype). G. LI length. (p = 0.002 and ωp

2 = 0.61 for genotype). H. LI 

weight. (p = 0.003 and ωp
2 = 0.79 for genotype). I-L. Intestinal gross anatomy for bGH mice 

and controls at 6 months of age (n=5). I. SI length (p <0.001 and ωp
2 = 0.67 for genotype 

and p = 0.04 and ωp
2 = 0.131 for interaction.) J. SI weight. (p < 0.001 and ωp

2 = 0.92 for 

Jensen et al. Page 18

Pituitary. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



genotype, p = 0.009 and ωp
2 = 0.21 for sex, and p = 0.023 and ωp

2 = 0.40 for interaction). 

K. LI length (p < 0.001 and ωp
2 = 0.72 for genotype). L. LI weight. (p < 0.001 and ωp

2 = 

0.92 for genotype). M-O. Intestinal gross anatomy for bGH mice and controls at 11 months 

of age (n=4). M. SI length. (p = 0.009 and ωp
2 = 0.42 for genotype). N. SI weight. (No 

significant changes). O. LI length (p = 0.002 and ωp
2 = 0.67 for genotype). P. LI weight. 

(p = 0.03 and ωp
2 = 0.74 for genotype). Q-T. Intestinal gross anatomy for bGH mice and 

controls at 13 months of age (n=3). Q. SI length. (p = 0.0027 and ωp
2 = 0.73 for genotype). 

R. SI weight (p < 0.001 and ωp
2 = 0.90 for genotype). S. LI length. (p < 0.001 and ωp

2 = 

0.79 for genotype). T. LI weight. (p = 0.039 and ωp
2 = 0.56 for genotype).
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Figure 2. Intestinal morphology in the jejunum and colon of bGH mice and their littermate 
controls at 6 weeks, 3 months, 6 months, 11 months, and 13 months.
Pictures depicted are of WT mice on the left and bGH mice on the right for jejunum and 

colon at each respective age. Scale bars represent 100 μm. A-B: Intestinal morphology in 

bGH mice at 6 weeks of age (n=4 for males and n=2 for females). A. Morphology (villus 

height, crypt depth, and muscle thickness) of the jejunum at 6 weeks of age. Villus height, 

crypt depth, and muscle thickness are significantly accounted for by genotype (p = 0.004 and 

ωp
2 = 0.51, p < 0.001 and ωp

2 = 0.77, and p = 0.003 and ωp
2 = 0.54, respectively). B. Colon 

in bGH mice and controls at 6 weeks of age. No significant difference seen in crypt depth 

with a very small effect size. Muscle thickness was slightly increased in bGH mice (p = 0.17 

and ωp
2 = 0.104 for genotype). C-D: Morphology in jejunum and colon of bGH mice and 

controls at 3 months of age (n=3). C. Villus height, crypt depth, muscle thickness of jejunum 

at 3 months of age. Villus height is significantly explained by genotype (p = 0.018 and ωp
2 

= 0.53). Muscle thickness is significantly explained by sex and interaction between genotype 
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and sex (p = 0.037 and p =0.0337, respectively). D. Crypt depth and muscle thickness in 

colon at 3 months of age. Crypt depth in the colon is significantly explained by sex (p 
= 0.026 and ωp

2 = 0.464). E-F: Morphology at 6 months of age (n=5). E. Villus height, 

crypt depth and muscle thickness in jejunum. Villus height and crypt depth are significantly 

accounted for by genotype (p = 0.006 and ωp
2 = 0.59; and p = 0.04 and ωp

2 = 0.361, 

respectively). F. Crypt depth and muscle thickness in colon. Muscle thickness is significantly 

explained by both genotype (p = 0.04 and = 0.32) and sex (p = 0.04 and = 0.49) G-H: 

Morphology in jejunum and colon at 11 months of age (n=4). G. Villus height, crypt depth 

and muscle thickness in jejunum. H. Crypt depth and muscle thickness in colon. Crypt depth 

was significantly explained by genotype (p = 0.03 and ωp
2 = 0.68). I-J: Morphology at 13 

months of age (n=3). I. Villus height, crypt depth, and muscle thickness in jejunum. Crypt 

depth was significantly explained by genotype (p = 0.049 and ωp
2 = 0.454). J. Crypt depth 

and muscle thickness in the colon. Crypt depth was significantly explained by genotype (p = 

0.049 and ωp
2 = 0.31).
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Figure 3. Intestinal length and weight in male and female GHR−/− mice (green) compared to 
controls (grey) at 13 and 26 months of age.
A-D. 13-month-old GHR−/− mice (n=4). A. Small intestine (SI) length. B. SI weight. C. 

Large intestine (LI) length. D. LI weight. E-H. 26-month-old GHR−/− mice (n=8). E. SI 

length. F. SI weight. G. LI length. H. LI weight. Distinct letter on the same graph represents 

a significant difference.

Jensen et al. Page 22

Pituitary. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Morphology in jejunum and colon of GHR−/− mice (green).
Pictures depicted in the figure are the jejunum and colon section for a respective control 

(left) and GHR−/− mouse (right) for each timepoint. Scale bars represent 100 μm. A-

B: GHR−/− mice at 13 months of age (n=4). A. Morphology of the jejunum. Villus 

height significantly explained by genotype (p = 0.002 and ωp
2 = 0.50). Crypt depth was 

significantly explained by genotype (p = 0.01 and ωp
2 = 0.40). B. Crypt depth and muscle 

thickness in the colon (p = 0.03 and ωp
2 = 0.34 for genotype for crypt depth). C-D: 

Morphology of the jejunum and colon in GHR−/− mice and controls at 26 months (n=3–4). 

C. Villus height was significantly explained by genotype (p = 0.04 and ωp
2 = 0.12) with 

a trending decrease in GHR−/− females compared to controls (p = 0.15). D. Colonic crypt 

depth (p = 0.11 and ωp
2 = 0.08 for genotype).
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Figure 5. Fibrosis.
Small intestinal hydroxyproline content of male bGH and GHR−/− mice. A. Hydroxyproline 

content of the small intestine of bGH mice at 4 months of age (n=8). (Student t test p=0.004) 

B. Hydroxyproline content of the small intestine of GHR−/− mice at 8 months of age (n=8). 

(Student t test p=0.10). * indicates t test p<0.05
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