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Abstract
Introduction: The incretin hormone glucagon-like peptide-1 (GLP-1) slows gastric 
emptying, increases satiety and enhances insulin secretion. GLP-1 receptor agonists, 
such as liraglutide, are used therapeutically in humans to improve glycaemic control 
and delay the onset of type 2 diabetes mellitus (T2DM). In UCD-T2DM rats, a model 
of polygenic obesity and insulin resistance, we have previously reported that daily 
liraglutide administration delayed diabetes onset by >4 months. Growth hormone 
(GH) may exert anti-diabetic effects, including increasing β-cell mass and insulin se-
cretion, while disrupting GH signalling in mice reduces both the size and number of 
pancreatic islets. We therefore hypothesized that GH supplementation would aug-
ment liraglutide's anti-diabetic effects.
Methods: Male UCD-T2DM rats were treated daily with GH (0.3 mg/kg) and/or lira-
glutide (0.2 mg/kg) from 2 months of age. Control (vehicle) and food-restricted (with 
food intake matched to liraglutide-treated rats) groups were also studied. The effects 
of treatment on diabetes onset and weight gain were assessed, as well as measures of 
glucose tolerance, lipids and islet morphology.
Results: Liraglutide treatment significantly reduced food intake and body weight 
and improved glucose tolerance and insulin sensitivity, relative to controls. After 
4.5  months, none of the liraglutide-treated rats had developed T2DM (overall 
p =  .019). Liraglutide-treated rats also displayed lower fasting triglyceride (TG) con-
centrations and lower hepatic TG content, compared to control rats. Islet morphology 
was improved in liraglutide-treated rats, with significantly increased pancreatic insulin 
content (p < .05 vs. controls). Although GH treatment tended to increase body weight 
(and gastrocnemius muscle weight), there were no obvious effects on diabetes onset 
or other diabetes-related outcomes.
Conclusion: GH supplementation did not augment the anti-diabetic effects of 
liraglutide.

K E Y W O R D S
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1  |  INTRODUC TION

More than 400 million people worldwide are currently afflicted 
with type 2 diabetes (T2DM),1 a disease characterized by insulin re-
sistance and inadequate ß-cell/islet compensation, which leads to 
chronic hyperglycemia. Common complications from T2DM include 
hypertension, hyperlipidaemia, chronic kidney disease, cardiovas-
cular disease, blindness, nephropathy and amputations.2 Insulin re-
sistance is the initial defect in T2DM,3 and is defined as impaired 
insulin-stimulated glucose uptake and/or suppression of adipose tis-
sue lipolysis. Studies in humans and animal models have established 
that in susceptible individuals, insulin resistance and T2DM are pre-
cipitated by ectopic accumulation of fatty acids in non-adipose tis-
sues (e.g., liver and muscle). In these tissues, excess fatty acids enter 
toxic metabolic pathways that can promote apoptosis (lipotoxicity).4 
Dysregulation of adipose tissue lipolysis, particularly in visceral ad-
ipose tissue, may further contribute to the development of insulin 
resistance, via increased flux of free fatty acids (FFAs) to the liver via 
the portal vein.5 Altered secretion of adipose-derived hormones (ad-
ipokines) and inflammatory mediators can also exacerbate systemic 
insulin resistance.6

In recent years, the rapid rise in the prevalence of T2DM has 
necessitated the development of new approaches for treatment 
and prevention, including those based upon gut-derived hormones 
that modulate pancreatic hormone secretion (“incretins”).7 Incretin 
hormones, such as glucagon-like peptide-1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP) potentiate insulin se-
cretion, increase satiety and slow gastric emptying. Incretin-based 
T2DM therapies, including GLP-1 receptor agonists and dipeptidyl 
peptidase 4 inhibitors, are generally well tolerated and have been 
used for many years to regulate glucose metabolism and manage 
T2DM in humans.8,9 Recent studies in humans suggest that in addi-
tion to its effects on food intake, liraglutide also suppresses adipose 
tissue lipolysis and reduces hepatic lipogenesis, concomitantly im-
proving measures of liver function.10

Growth hormone (GH) is known to counteract many of insulin's 
metabolic effects, increasing hepatic gluconeogenesis and stimulat-
ing lipolysis, for example (reviewed in11). At the same time, GH ex-
erts beneficial effects on pancreatic islets, including increasing β-cell 
proliferation, glucose-stimulated insulin secretion (GSIS), and the ex-
pression and biosynthesis of insulin.12 Interestingly, disruption of GH 
signalling in growth hormone receptor (GHR)-deficient mice leads to 
reduced β-cell mass (due to decreased islet replication and growth), 
impaired glucose tolerance and lower pancreatic insulin content, 
compared with wild-type mice.13 Although these findings in GHR-
deficient mice were confounded by dwarfism and increased adipos-
ity, more recent studies of mice lacking GHR specifically in β-cells 
demonstrated a blunted first-phase GSIS and reduced β-cell hyper-
plasia when mice were challenged with a high-fat diet.14 Taken to-
gether, these findings suggest that GH and its receptor are required 
for the appropriate insulinotropic adaptation (β-cell hyperplasia and 
increased compensatory insulin secretion) during the development 
of obesity and insulin resistance.

We have developed a rat model of polygenic T2DM with adult-
onset obesity and insulin resistance, which faithfully recapitulates 
many of the features of adult-onset T2DM in humans.15 Male UCD-
T2M rats develop progressive hyperglycemia, due to inadequate 
β-cell compensation for insulin resistance, which leads to overt di-
abetes at ~4 to 6 months of age. We have previously demonstrated 
that chronic administration of liraglutide (0.2 mg/kg twice daily) de-
layed diabetes onset in UCD-T2DM rats by ~4 months compared 
with vehicle-treated ad libitum-fed controls, and by ~1.3  months 
compared with vehicle-treated rats matched for food intake and 
body weight.16 While inhibition of food intake (leading to reduced 
adiposity) was likely an important mechanism contributing to the 
anti-diabetic effects of liraglutide, we hypothesized that supple-
menting liraglutide with GH in this model would augment the anti-
diabetic effects of liraglutide by preserving pancreatic islet integrity/
health and ß-cell function.

2  |  MATERIAL S AND METHODS

2.1  |  Animals, housing, and treatment

UCD/T2DM rats (Rattus norvegicus domestica) used for this study 
were obtained from our established breeding colony. These rats 
were bred by crossing obese Sprague–Dawley rats (with insulin re-
sistance resulting from polygenic adult-onset obesity) with Zucker 
diabetic fatty-lean rats (possessing a defect in pancreatic beta-cell 
function but normal leptin signalling).15 Male rats were singly housed 
in polycarbonate cages throughout the treatment period, and the 
facility was maintained at a constant 22°C with a 14 h light/10 h dark 
cycle. Drinking water and ground diet (Rat Diets 5012, Lab Supply) 
were provided ad libitum, and the diet was provided in spill-resistant 
containers.

From 2 to 6.5 months of age, rats were assigned to one of the 
following weight-matched experimental groups (control, CON; food-
restricted, RES; liraglutide, LIRA; growth hormone, GH; growth 
hormone + liraglutide, GH + LIRA; n  =  16/group), using a random-
number generator in Microsoft Excel. Based on results from our 
previous liraglutide study,16 this sample size gave us 85% power to 
detect a difference in diabetes prevalence (our primary outcome 
variable) between RES and LIRA rats, at a two-sided significance 
of 0.01 (to allow for multiple comparisons). No rats were excluded, 
and potential confounders (such as treatment order or cage location) 
were not controlled for in the study.

Liraglutide (0.2  mg/kg, twice daily, morning and evening, pro-
vided by Novo Nordisk A/S, Denmark) and GH (0.3 mg/kg once daily, 
morning, provided by Bresatec, Adelaide, South Australia) were ad-
ministered subcutaneously, and CON and RES rats received equiva-
lent volume injections of vehicle. Body weight and food intake were 
measured 3 times per week. Food intake in RES rats was restricted, 
so that their weight gain was matched to LIRA and GH + LIRA rats. 
Non-fasting blood glucose concentrations were measured weekly, 
with a OneTouch Ultra Glucometer (LifeScan, Inc). The presence of 
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    |  3 of 13SWARBRICK et al.

overt diabetes was defined by two sequential blood glucose readings 
>200 mg/dl (11.11 mmoL/L).15 The experimental protocols were ap-
proved by the UC Davis Institutional Animal Care and Use Committee.

At the end of the treatment period, rats were anaesthetised with 
an overdose of pentobarbital (200 mg/kg, i.p.). The pancreas was dis-
sected out, cleaned and weighed. Pancreas samples were placed in 
4% paraformaldehyde (v/v) for quantification of islets, and a system-
atically defined portion was placed in acid/ethanol for determination 
of insulin and glucagon content (see below). The liver, gastrocnemius 
muscle and the epididymal, mesenteric, retroperitoneal and subcu-
taneous adipose tissues were dissected out, weighed and frozen in 
liquid nitrogen for later analysis.

2.2  |  Energy expenditure

At 3 months of age, 24-h energy expenditure was measured using 
a rodent metabolic monitoring system (AccuScan Instruments). 
Rats were acclimated to the chambers for 8  hours immediately 
prior to the 24-h data collection period, and they received their 
normal diet and water ad libitum. Food intake was also moni-
tored. Data collection began following the morning injection 
of liraglutide, GH or vehicle and was paused for the evening in-
jection. Energy expenditure was calculated using the equation 
(3.941 × VO2) + (1.106 × VCO2), and as expressed as kcal/minute 
and normalized by body weight.

2.3  |  Blood collection and biochemical 
measurements

Fasting blood samples (1.0 ml) were obtained every 4 weeks. Samples 
were collected from the tail into tubes containing EDTA, and plasma 
was separated by centrifugation for measurement of TG, total cho-
lesterol, FFA, glucose, insulin and leptin concentrations. TG, total 
cholesterol and glucose concentrations were measured spectrophoto-
metrically using enzymatic reagents from Fisher Diagnostics. FFA con-
centrations were measured with an enzymatic colorimetric assay from 
Wako Chemicals USA, Inc. Insulin and total GLP-1 were measured by 
electrochemiluminescence (Meso Scale Discovery). Leptin and adi-
ponectin concentrations were measured by RIA (Millpore Sigma).

2.4  |  Oral glucose tolerance tests (OGTT)

After 1.5  months of treatment (3.5  months of age), glucose toler-
ance, GSIS and glucose-stimulated GLP-1 secretion were assessed 
during an OGTT. Rats were fasted overnight and then received a 
50% dextrose solution (1 g/kg) by oral gavage. Blood was collected 
from the tail at 0, 5, 15, 30, 45, 60, 90 and 120 minutes after glucose 
administration for analysis of plasma glucose insulin and total GLP-1 
concentrations.

2.5  |  Pancreatic insulin and glucagon content and 
immunohistochemistry

Pancreata were collected and insulin and glucagon content were de-
termined as previously described.17 Weighed samples of clean, blot-
ted pancreas were minced and sonicated in standard volume of acid/
ethanol. After overnight extraction, the samples were centrifuged, 
supernatants were removed and assayed for insulin and glucagon by 
radioimmunoassay (Millpore Sigma).

The remaining pancreas was fixed in 4% paraformaldehyde for 
48 h at 4°C and embedded in paraffin. Tissues were then cut into 
3 μm thick sections, deparaffinized in a xylene ethanol series and 
placed in Tris-EDTA buffer for antigen retrieval (10 mM Tris, 1 mM 
EDTA, 0.05% Tween, pH 9.0). Sections were then blocked in 5% 
bovine serum albumin and immunostained for insulin and gluca-
gon using a monoclonal anti-mouse antibody (1:100) and a mono-
clonal anti-rabbit antibody (1:50), respectively (both antibodies 
were obtained from Santa Cruz Biotechnology). Detection of the 
primary antibodies was performed using Alexa Flour 488 anti-goat 
and Alexa Flour 633 anti-mouse secondary antibodies (1:200, 
Invitrogen). Nuclei were detected using 4′,6′-diamino-2-phenyl in-
odole (DAPI), included in the mounting solution (Invitrogen). Ten 
sections taken from each pancreas and slides from n = 4 animals 
per group were imaged for quantification. Total islet area (derived 
from n  =  27–89 islets per slide) was determined using Image J 
software.18

2.6  |  Liver and Muscle TG Content

TG content in liver and muscle tissue were determined by the 
Folch method.19 Weighed tissue samples were homogenized in 2:1 
methanol: chloroform. After overnight extraction, 0.7% sodium 
chloride was added. The aqueous layer was aspirated, and dupli-
cate aliquots of the chloroform/lipid layer were evaporated under 
nitrogen gas. The lipid was reconstituted in isopropyl alcohol and 
assayed for TG spectrophotometrically using enzymatic reagents 
from Thermo DMA.

2.7  |  Statistical analysis

Statistical analysis was performed using GraphPrism software (v9 
for macOS). Continuous variables were first assessed for normal-
ity using the Kolmogorov–Smirnov test. Comparisons between 
groups were made by one- or two-way ANOVA (as appropriate) with 
Dunnett's (or Tukey's) correction for multiple comparisons. Diabetes 
incidence between groups was assessed with a log-rank survival 
test. The quantitative insulin sensitivity check index (QUICKI) was 
calculated as 1/[log(fasting insulin in ng/ml) + log(fasting glucose in 
mmol/l)].20 In all cases, a two-sided p-value < .05 was considered sta-
tistically significant.
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3  |  RESULTS

3.1  |  Liraglutide treatment, with or without GH, 
reduced food intake, body weight, and adiposity 
without affecting energy expenditure

During the first week of treatment, the five groups of rats separated 
into two main groups: CON and GH rats increased their body weight, 
while body weight in RES, LIRA, and GH + LIRA rats was reduced by 
~9% (p = NS, Figure 1A) and maintained a lower trajectory for the 
remainder of the study. From week 2 onwards, body weights of RES, 
LIRA GH + LIRA rats were all significantly lower than those of CON 
rats (p < .001 for all comparisons). At the end of the study, mean 
body weights in RES, LIRA and GH + LIRA rats were 90%, 87% and 
92% of CON rats, respectively (p < .0001 for all comparisons). Mean 
body weight in GH-treated rats tended to be ~4% higher than that 
of CON rats (662 ± 12 g vs. 636 ± 11 g [mean ± SEM], respectively); 
however, the difference was not statistically significant.

Treatment with LIRA or GH + LIRA significantly reduced food in-
take over the course of the study. During the first week, food intake 
in LIRA and GH + LIRA rats was reduced by 59% and 61%, respec-
tively, compared with CON rats (p < .0001, Figure 1B). From week 
4 onwards, food intake in LIR and GH + LIRA rats had stabilized at 
~90% of that observed in CON rats; and in RES rats, food intake was 
matched to that observed in LIRA and GH + LIRA rats.

Energy expenditure was assessed after one month of treatment. 
Energy expenditure in LIRA rats and GH + LIRA rats was, on aver-
age, 102.7% and 102.2% of CON rats; however, these differences 
between groups were not statistically significant (Figures 1C,D). In 
RES rats, energy expenditure was, on average, 9.3% lower than in 
CON rats (p = .093). Interestingly, 24-hour energy expenditure was 
significantly lower in RES rats when they were compared with the 
liraglutide-treated groups (p < .05 for each comparison), indicating 
that LIRA prevented the decline in energy expenditure that normally 
occurs in response to food restriction. There were no significant dif-
ferences between RES and LIRA/GH + LIRA rats when energy expen-
diture was analysed according to body weight using linear regression 
(Figure S1). Instead, the indistinguishable mean body weights and en-
ergy intake of RES and LIRA rats suggested that liraglutide-induced 
weight loss was predominantly due to reduced food intake. GH treat-
ment did not have any additional effects on these parameters.

Consistent with the differences in body weight and food in-
take between groups, liraglutide treatment also reduced adiposity 
(Figure 1E and Table 1). During the treatment period, fasting plasma 

leptin concentrations were used as an index of adiposity21: leptin 
levels were consistently lower in LIRA and GH + LIRA rats, compared 
with CON rats (p < .001 at 3, 4, and 5 months of age, Figure 1E). Leptin 
levels were also transiently suppressed in GH-treated rats, being sig-
nificantly lower than CON rats at the 5-month timepoint (p < .01). At 
6 months of age, only GH + LIRA rats displayed lower fasting plasma 
leptin concentrations than CON rats (p < .05). We also measured 
concentrations of adiponectin, an insulin-sensitizing adipokine22: a 
transient elevation in adiponectin concentrations was observed in 
RES rats (p < .001), at one month of treatment (Figure 1F).

At sacrifice, both groups of liraglutide-treated rats possessed 
significantly smaller adipose depot weights compared with CON rats 
(Table  1). Mesenteric, retroperitoneal and epididymal adipose de-
pots from LIRA and GH-LIRA rats were all significantly smaller than 
those of CON rats (fat mass was 71%–76% of CON rats, depend-
ing on depot, p < .01 for all comparisons). Subcutaneous adipose 
tissue weights were 19% and 24% smaller in LIRA and GH + LIRA 
rats (p  =  .070 and p < .05, respectively), compared to CON rats. 
Interestingly, none of the adipose depots in RES or GH-treated 
rats were significantly smaller than those from CON rats (4%–15% 
smaller, depending on depot, p > .05). Therefore, in addition to re-
ducing food intake and body weight, liraglutide treatment reduced 
adiposity more than would be expected based on the differences 
in food intake, and restriction of food intake on its own did not sig-
nificantly reduce adiposity in UCD-T2DM rats. There were no clear 
effects of GH treatment on adiposity.

Masses of gastrocnemius muscle and liver were also measured 
at sacrifice (Table 1). RES and LIRA rats had significantly smaller gas-
trocnemius muscles than CON rats (8% and 10% lower than CON 
rats, respectively, p < .01 and p < .001). In GH-treated rats, these mus-
cles were, on average, ~6% larger compared with CON rats (p = .069). 
Liver weights were significantly reduced in RES, LIRA and GH + LIRA 
rats, compared with CON rats (p < .01 for all comparisons, Table 1).

3.2  |  Liraglutide treatment, with or without GH, 
prevented the development of diabetes in UCD-
T2DM rats and ameliorated insulin resistance

During the study, non-fasting blood glucose concentrations pro-
gressively increased in CON rats, from the eighth week onwards 
(Figure 2A). Similar increases were observed in the GH group, while 
non-fasting blood glucose concentrations remained low in the 
RES, LIRA and GH + LIRA groups. Significant differences between 

F I G U R E  1 Liraglutide treatment, with or without GH supplementation, reduced food intake, body weight and adiposity in UCD-T2DM 
rats. All data are shown as mean ± SEM. 24H-EE, 24-h energy expenditure; CON, control; GH, growth hormone; GH + LIRA, growth 
hormone + liraglutide; LIRA, liraglutide; OGTT, oral glucose tolerance test; RES, food-restricted. In all cases, n = 16/group, *p < .05, ** < .01, 
***p < .001 and ****p < .0001 for CON versus LIRA; #p < .05, ##p < .01, ###p < .001 and ####p < .0001 for CON versus GH + LIRA; +++p < .001 
and ++++p < .0001 for CON versus RES; ^^p < .01 for GH versus CON. (A) Body weight during the study. Timepoints for the 24-EE and 
glucose tolerance (OGTT) measurements are indicated. (B) Food intake. (C) Energy expenditure. (D) Energy expenditure AUC. (E) Fasting 
plasma leptin concentrations. (F) Fasting plasma adiponectin concentrations. Differences between groups in (A) and (B) were analysed using 
two-way repeated measures ANOVA, with Tukey's tests for post-hoc comparisons. Differences between groups in (E) and (F) were assessed 
using one-way ANOVA at each timepoint, with p-values corrected using Dunnett's multiple comparisons test.
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groups were observed from 11 weeks of treatment onwards 
(CON: 9.2 ± 1.1 mmoL/L [mean ± SEM], LIRA: 6.5 ± 0.2 mmoL/L and 
GH + LIRA: 6.5 ± 0.2 mmoL/L, p < .05 for comparisons). By week 
15, a significant reduction of non-fasting blood glucose concentra-
tions was apparent in the RES group, compared with the CON group 
(CON: 13.5 ± 2.0 mmoL/L vs. 8.9 ± 1.2 mmoL/L, p < .001).

Liraglutide significantly attenuated the onset of overt diabetes; 
none of the LIRA and GH + LIRA rats developed diabetes during the 
treatment period, compared with a rate of 5/16 (31%) in CON rats 
(Figure 2B). Three GH-treated rats and one RES rat had developed 
diabetes after 26 weeks. Overall, the differences between treatment 
groups were significant (log-rank survival curve, χ2  =  11.7, overall 
p = .019).

Despite these differences in diabetes incidence, fasting blood 
glucose concentrations were not significantly different between the 
five groups of rats at 2, 3, 4, 5 or 6 months (Figure 2C). Consistent 
with the development of insulin resistance, fasting insulinemia in-
creased throughout the study in CON, RES and GH-treated rats, 
but not in LIRA and GH + LIRA rats (Figure 2D). We also calculated 
QUICKI, an index of insulin resistance which has been validated 
against the hyperinsulinaemic-euglycaemic clamp in rats.23 As sug-
gested by the differences in fasting insulin concentrations, LIRA and 
GH + LIRA rats were protected against the development of insulin 
resistance (Figure 2E). Neither dietary restriction nor GH treatment 
protected against insulin resistance in this model.

3.3  |  Liraglutide-treated rats had improved glucose 
tolerance, lower fasting insulinemia and reduced GLP-
1 excursions

Glucose tolerance was assessed by OGTT after 1.5 months of treat-
ment (Figure 3). As we found previously, fasting blood glucose con-
centrations were not significantly different between the five groups 
of rats (Figure 3A); however, postprandial glucose excursions were 
significantly lower in both groups of liraglutide-treated rats, being 
45% lower in LIRA rats (iAUC for CON: 460.4 ± 32.3 [mean ± SEM] 
vs. LIRA: 254.6 ± 17.2 mmoL/L × min, p < .0001, Figure  3B) and 

42% lower in GH + LIRA rats (267.3 ± 13.5 mmoL/L x min, p < .0001 
vs. CON). Dietary restriction also improved glucose tolerance 
in this model (the postprandial glucose iAUC for RES rats was 
241.8 ± 21.4 mmoL/L × min, p < .0001 vs. CON). GH treatment alone 
did not affect glucose tolerance.

Liraglutide treatment, and to a lesser extent food restriction, 
also shifted the temporal pattern of insulin secretion lower during 
the OGTT (Figure  3C). Consistent with the results in Figure  2D, 
fasting insulin concentrations just prior to the OGTT were signifi-
cantly lower in LIRA (225 ± 24 pmoL/L, mean ± SEM) and GH + LIRA 
(231 ± 38 pmoL/L) rats, compared with CON rats (409 ± 64 pmoL/L, 
p < .0001 for each comparison, Figure  3C). Despite these differ-
ences, there was no discernible effect of treatment on the amplitude 
of the insulin secretion defined by the peak-nadir, which did not dif-
fer between the treatment groups (Figure 3D).

Both groups of liraglutide-treated rats displayed a significant re-
duction of fasting GLP-1 concentrations and/or glucose-stimulated 
GLP-1 secretion (Figures 3E,F). Mean fasting GLP-1 concentrations 
were 35% lower in GH + LIRA rats than CON rats (5.27 ± 0.47 pmoL/L, 
vs. 8.09 ± 0.61 pmoL/L, p < .05), while they were significantly in-
creased by 47% in RES rats (11.89 ± 1.05 pmoL/L, p = .0005). There 
was no significant difference (25% decrease, p > .05) in fasting GLP-1 
concentrations between CON and LIRA rats. Lastly, GLP-1 secretion 
(from 0 to 60 mins) during the OGTT was significantly reduced in 
LIRA rats (by 63%, p < .0001) in LIRA and by 65% in GH + LIRA rats 
(p < .0001), compared with CON rats. GH treatment alone did not 
have any significant effects on these parameters.

3.4  |  Liraglutide-treated rats had lower plasma 
triglyceride levels and liver triglyceride content

Insulin resistance is characterized by impaired suppression of lipolysis 
in adipose tissue and lipid accumulation in liver and skeletal muscle.24 
We observed that both groups of liraglutide-treated rats were pro-
tected against dyslipidaemia and ectopic lipid accumulation, while GH 
treatment alone had no significant effects. After one month of treat-
ment (3 months of age), LIRA and GH-LIRA rats had significantly lower 

TA B L E  1 Masses of skeletal muscle, liver, and adipose tissue depots at sacrifice.

Variable CON RES GH LIRA GH + LIRA

Tissue mass (g)

Gastrocnemius muscle 3.17 ± 0.06 2.92 ± 0.05** 3.35 ± 0.06 2.85 ± 0.05*** 3.09 ± 0.05

Liver 19.6 ± 0.5 16.5 ± 0.5*** 19.5 ± 0.6 15.2 ± 0.5*** 14.7 ± 0.5***

Epididymal fat 8.8 ± 0.4 7.8 ± 0.5 9.3 ± 0.5 6.3 ± 0.4*** 6.7 ± 0.4**

Retroperitoneal fat 10.0 ± 0.4 9.6 ± 0.6 9.8 ± 0.5 7.6 ± 0.6** 7.2 ± 0.5**

Subcutaneous fat 46 ± 2 39 ± 3 50 ± 3 37 ± 3 35 ± 3*

Mesenteric fat 8.3 ± 0.4 7.3 ± 0.5 8.2 ± 0.5 5.8 ± 0.4** 6.0 ± 0.4**

Total adipose tissue 73 ± 3 63 ± 4 77 ± 4 57 ± 4* 55 ± 3**

Note: All values are shown as mean ± SEM. Differences between groups were assessed by one-way ANOVA, with Dunnett's correction for multiple 
hypothesis testing. All p-values are expressed relative to CON rats: * p < 0.05, **p < 0.01, ***p < 0.001. n = 16/group.
Abbreviations: CON, control; GH, growth hormone; GH + LIRA, growth hormone + liraglutide; LIRA, liraglutide; RES, food-restricted.

 23989238, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edm

2.392 by U
niversity O

f C
alifornia - D

avis, W
iley O

nline L
ibrary on [12/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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plasma TG concentrations (Figure 4A) than CON rats, while circulating 
TG levels in RES and GH rats were unchanged. Liraglutide treatment 
did not affect fasting FFA concentrations (Figure 4B), although they 
were markedly reduced by dietary restriction in the first two months 
of treatment (RES vs. CON, p < .0001). Fasting plasma cholesterol 
concentrations were not affected by any treatment (Figure 4C).

At sacrifice, liver TG content was significantly reduced in LIRA 
rats (by 37%, p < .05 vs. CON rats, Figure 4D), and the 35% decrease 
in GH + LIRA rats, compared with CON rats approached statistical 
significance (p =  .054). Neither food restriction nor GH treatment 
significantly reduced liver TG content (decreases of 11% and 8%, 
respectively, p > .05). Skeletal muscle TG content did not differ sig-
nificantly between the treatment groups (Figure  4D). Therefore, 
consistent with its protection against insulin resistance, liraglutide 
treatment prevented increases both in circulating TG levels and he-
patic TG accumulation in aging UCD-T2DM rats.

3.5  |  Islet morphology in liraglutide-treated rats

In general, islets from liraglutide-treated rats had stronger, more 
dense insulin staining, in comparison to islets from CON, RES and 
GH rats, in which insulin staining was more diffuse (Figure 5A). The 
average number of islets per slide (Figure 5B) and the total islet area 
(Figure 5C) did not differ significantly between groups. Consistent 
with the increased intensity of insulin staining, pancreatic insulin 
content was 41% higher in LIRA rats (p < .05 vs. CON) and tended 
to be increased in GH + LIRA rats (30% increase, p =  .17 vs. CON). 
Pancreatic glucagon content did not differ between treatment 
groups (Figure 5E). Therefore, liraglutide treatment appears to have 
beneficial effects on pancreatic islet morphology and insulin content 
that are consistent with protection against the development of overt 
diabetes, while GH treatment did not produce any added beneficial 
effects on these parameters.

F I G U R E  2 Liraglutide treatment, with or without GH supplementation, completely prevented the development of diabetes in UCD-T2DM 
rats. All data are shown as mean ± SEM. CON, control; GH, growth hormone; GH + LIRA, growth hormone + liraglutide; LIRA, liraglutide; RES, 
food-restricted; n = 16/group. (A) Fed blood glucose concentrations. Differences between groups were analysed using two-way repeated 
measures ANOVA, with Tukey's tests for post-hoc comparisons. The dotted line shows the threshold for overt diabetes, which was defined 
here as two sequential fed blood glucose readings >200 mg/dl (11.11 mmoL/L). Overall, the interaction between treatment and time was 
highly significant: F(60, 1125) = 2.940, p < .0001. Symbols indicate the following significant comparisons: *p < .05, **p < .01, ***p < .001 and 
****p < .0001 for CON versus LIRA; #p < .05, ##p < .01, ###p < .001 and ####p < .0001 for CON versus GH + LIRA; +++p < .001 and ++++p < .0001 
for CON versus RES. (B) Age of diabetes onset (as defined above) in the five experimental groups. The difference in diabetes onset between 
the groups was significant (log-rank test, χ2 = 11.97, df = 4, p = .0191). (C) Fasting blood glucose concentrations. (D). Fasting plasma insulin 
concentrations. (E) QUICKI assessment of insulin resistance.
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4  |  DISCUSSION

In this study, we examined whether the anti-diabetic effects of 
liraglutide would be augmented by GH supplementation in the 

UCD-T2DM rat model of type-2 diabetes. Liraglutide, a medium-
acting GLP-1 receptor agonist, suppresses food intake by delaying 
gastric emptying and by activating anorectic pathways in the hypo-
thalamus.25 We have previously reported that liraglutide delays the 

F I G U R E  3 Liraglutide treatment, with or without GH supplementation, improved glucose tolerance, lowered fasting insulin 
concentrations and reduced GLP-1 secretion during an OGTT. CON, control; GH, growth hormone; GH + LIRA, growth hormone + liraglutide; 
LIRA, liraglutide; RES, food-restricted; n = 16/group. Results in (A) (C) and (E) are shown as mean ± SEM, while (B), (D) and (F) are shown 
as scatterplots with the mean ± SEM shown in columns. Differences between groups were assessed using one-way ANOVA, with p-values 
corrected using Dunnett's multiple comparisons test. (A) Blood glucose concentrations during an OGTT. (B) Blood glucose incremental 
AUC (iAUC) during an OGTT, ****p < .0001 versus CON rats. (C) Plasma insulin concentrations during the OGTT, ****p < .0001 for LIRA 
versus CON rats, ####p < .0001 for GH + LIRA versus CON rats. (D) Amplitude of insulin secretion (pmol/l) for the groups in (C). (E) Plasma 
concentrations of GLP-1 during the OGTT, #p < .05 for GH + LIRA versus CON rats; +++p < .001 for RES versus CON rats. (F) GLP-1 excursions 
during the OGTT (0–60 min) in individual rats, ***p < .001 versus CON rats.

CON RES GH LIRA GH+
LIRA

0

500

1000

1500

2000

G
LP

-1
 iA

U
C

 0
-6

0 
(p

m
ol

/l 
x 

m
in

)

***
***

-15 0 15 30 45 60 75 90 105 120
0

2

4

6

8

10

12

14

Time (minutes)

Pl
as

m
a 

gl
uc

os
e 

(m
m

ol
/l) CON

RES
GH
LIRA
GH+LIRA

-15 0 15 30 45 60 75 90 105 120
0

10

20

30

40

Time (minutes)

Pl
as

m
a 

G
LP

-1
 (p

m
ol

/l)

CON
RES
GH
LIR
GH+LIRA

+++
#

CON RES GH LIRA GH+
LIRA

0

200

400

600

800

G
lu

co
se

 iA
U

C
 (m

m
ol

/l 
x 

m
in

)

****
****

****

(A) (B)

(C) (D)

(E) (F)

-15 0 15 30 45 60 75 90 105 120
0

200

400

600

800

1000

Time (minutes)

Pl
as

m
a 

in
su

lin
 (p

m
ol

/l)

CON
RES
GH
LIR
GH+LIRA

****
####

CON RES GH LIRA GH+
LIRA

0

200

400

600

800

1000

1200

In
su

lin
 a

m
pl

itu
de

 (p
m

ol
/l 

x 
m

in
)

 23989238, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edm

2.392 by U
niversity O

f C
alifornia - D

avis, W
iley O

nline L
ibrary on [12/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  9 of 13SWARBRICK et al.

onset of diabetes in our UCD-T2DM rat model,16 and this has been 
replicated in the OLETF Rat model.26,27 In other studies, GH has 
been reported to exert several beneficial effects on pancreatic β-
cells/islets, including increasing insulin synthesis,28,29 GSIS30,31 and 
β-cell replication32 all of which would be considered anti-diabetic ac-
tions. Skeletal muscle mass typically exhibits an inverse relationship 
with insulin resistance, an important defect underlying the patho-
physiology of T2DM33,34; and GH treatment increases muscle mass 
in rats, by increasing cell proliferation and muscle fibre growth.35,36 
Despite these reports, however, we did not find that GH treatment 
(0.3 mg/kg daily) provided any additional protection against T2DM 
in UCD-T2DM rats when co-administered with liraglutide, although 
other physiological effects were observed (see below).

As previously,16 and in other comparable studies in rats,26,37–39 li-
raglutide attenuated weight gain by reducing food intake. In humans, 

similarly, weight loss following GLP-1 agonist treatment is primarily 
due to reduced food intake.40 Here, we found that reduced food in-
take resulted in lower body weights from the second week of treat-
ment onwards; and after 1 month, insulin sensitivity (QUICKI) was 
improved, and fasting insulin, leptin and TG concentrations were 
all significantly reduced, compared to controls. After 1.5  months 
of treatment, glucose tolerance was improved in liraglutide-treated 
rats; and at 3 months, control rats started to develop overt T2DM, 
while none of the liraglutide-treated rats developed diabetes during 
the 4-month intervention period (up to ~6 months of age).

These effects of liraglutide on T2DM incidence and other obe-
sity- or insulin resistance-related parameters were not further 
augmented by GH supplementation. T2DM incidence in GH and 
GH + LIRA rats was not different from CON and LIRA rats, respec-
tively, and fasting insulin concentrations and glucose tolerance were 

F I G U R E  4 Liraglutide treatment, with or without GH supplementation, protected UCD-T2DM rats against dyslipidaemia and ectopic lipid 
accumulation. CON, control; GH, growth hormone; GH + LIRA, growth hormone + liraglutide; LIRA, liraglutide; RES, food-restricted; n = 16/
group. Symbols indicate the following significant comparisons: *p < .05, **p < .01, and ***p < .001 for CON versus LIRA; #p < .05, ##p < .01, and 
####p < .0001 for CON versus GH + LIRA; ++++p < .0001 for CON versus RES. (A) Fasting triglycerides. Results are shown as mean ± SEM. (B) 
Fasting concentrations of non-esterified fatty acids (NEFA). (C) Fasting plasma total cholesterol. (D) Triglyceride content in liver and skeletal 
muscle; results are shown as scatterplots with mean ± SEM indicated in columns.
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not affected by GH treatment. There were no obvious effects of GH 
treatment on basal lipolysis, with fasting FFA concentrations being 
indistinguishable from CON rats (Figure 4B). In other studies, compa-
rable doses of GH have been reported to improve glucose tolerance 
and reduce hepatic TG content in high-fat diet (HFD)-fed mice.41 
While we considered that the GH dose was insufficient to produce 
metabolic effects, we did observe a statistically non-significant 
(~4%) increase of body weight in GH-treated rats (Figure 1A), com-
pared with CON rats, without any differences in adiposity. The 
case for a GH-mediated increase in lean mass is strengthened by 
our finding that gastrocnemius muscle mass tended to be higher 
in GH-treated rats (by ~6%, p =  .069 vs. CON rats). This degree of 

increase is comparable to that observed in transgenic mice overex-
pressing bovine GH,42 which have a ~50-fold increase of circulating 
GH levels.43 In the present study, we were not able to determine 
GH concentrations in GH-treated rats, as the morning GH dose was 
administered after the collection of fasting blood samples. In normal 
rats, the half-life of exogenous GH is <18 minutes.44 Interestingly, 
GH treatment also tended to lower fasting plasma leptin concentra-
tions in our model (Figure 1E), consistent with its reported effects in 
GH-deficient humans.45

We concede that the GH dose used here (0.3 mg/kg) may have 
been insufficient to produce any direct effects on β-cells/islets. 
Most of the studies on GH's pancreatic effects have been performed 

F I G U R E  5 Effects of liraglutide 
and GH (and their combined effects) 
on islet morphology, and insulin/
glucagon content. CON, control; GH, 
growth hormone; GH + LIRA, growth 
hormone + liraglutide; LIRA, liraglutide; 
RES, food-restricted. (A) Representative 
islet images from each group of rats, 
scale bar = 50 μm; (B) Average number 
of islets/slide and (C) total islet area 
(n = 4 per group). Results are shown as 
scatterplots with mean ± SEM indicated 
in columns. Differences between groups 
were assessed using one-way ANOVA, 
with p-values corrected using Dunnett's 
multiple comparisons test. (D) Pancreatic 
insulin content (n = 14–15 per group) and 
(E) pancreatic glucagon content (n = 12–14 
per group). *p < .05 for CON versus LIRA.
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in isolated pancreata or islets in vitro. However, the most plausible 
conclusion is that GH did not produce detectable effects that were 
independent of the potent effects of liraglutide. It is likely that other 
experimental conditions (e.g., prolonged exposure to HFD) may be 
required to detect the anti-diabetic effects of GH.

Finally, the current study also clarified some of the mechanisms 
underlying the anti-diabetic effects of liraglutide. Liraglutide is 
known to improve T2DM by preventing accumulation of toxic fatty 
acid metabolites in tissues such as skeletal muscle, liver, adipocytes 
and β-cells that contributes to insulin resistance and β-cell dys-
function, respectively, in type 2 diabetes.46 In UCD-T2DM rats, the 
clearest evidence for this effect can be assessed from fasting plasma 
triglyceride concentrations (Figure  4A) and hepatic TG content 
(Figure 4D), both of which were significantly reduced in LIRA and 
GH + LIRA rats, compared with CON rats. Insulin resistance in this 
model is more likely to result from hepatic insulin resistance (rather 
than in skeletal muscle), considering that there were no differences 
in skeletal muscle TG content between groups (Figure  4D) as we 
previously reported.16 In clinical studies, administration of GLP-1 
agonists improved hepatic insulin sensitivity and reduced hepatic 
de novo lipogenesis in humans,10 a finding which has also been ob-
served in fructose-fed hamsters.47 It is also possible that the major 
anti-diabetic effect of liraglutide is to improve β-cell function (as 
shown in recent human studies)48,49: in the present study, rats that 
eventually developed diabetes (5 CON rats, 3 GH rats and 1 RES rat, 
but no liraglutide-treated rats) exhibited fasting hyperinsulinaemia 
prior to developing overt diabetes. However, this phenotype was not 
explored further, due to limited statistical power. Adiponectin, an 
insulin-sensitizing adipokine, promotes fatty acid oxidation and sup-
presses gluconeogenesis in the liver,22 by regulating the expression 
of rate-limiting genes.50 In the present study, however, the improved 
glucose and lipid metabolism in liraglutide-treated rats could not be 
attributed to changes in adiponectin concentrations (Figure 1F).

Interestingly, GH also protects against fatty acid-induced dam-
age in β-cells51; although in rats, continuous GH treatment (5 μg/h; 
7 days) has been reported to increase the incorporation of [1-14C] 
oleic acid into hepatic triglycerides.52 Regardless, our results indi-
cate that the beneficial effects of extended liraglutide treatment on 
hepatic TG content exceeded any potential detrimental effects of 
GH in this model.

In addition to the novel hypothesis tested, a further strength of 
the study was the addition of the group of weight-matched food-
restricted (RES) rats, which revealed that liraglutide had additional 
metabolic benefits on parameters related to T2DM beyond restric-
tion of food intake and reduction of body weight. Post hoc analy-
ses revealed that these benefits included significant reductions of 
visceral (mesenteric and retroperitoneal) adipose depot weights, 
fasting insulin concentrations (from 3 to 6 months) and an index of 
insulin resistance (QUICKI), as well as lower fasting plasma TG and 
increases of pancreatic islet area and insulin content.

Interestingly, energy expenditure was significantly increased 
in LIRA and GH + LIRA rats compared with RES rats (Figure 1C,D). 
This is consistent with our previous liraglutide study,16 in which 

liraglutide-treated rats consumed more food than RES rats to main-
tain the same body weight. One limitation of the calorimetry results, 
however, was that energy expenditure was not normalized for lean 
mass; therefore, these potential effects of liraglutide on energy ex-
penditure could be confounded by differences in body composition. 
In the present study, however, differences in lean mass between 
RES and liraglutide-treated rats were unlikely, based on their similar 
gastrocnemius muscle and liver weights (Table 1). Another limitation 
of the present study is that a longer duration of treatment may be 
necessary to fully assess the effects of liraglutide and GH when ad-
ministered together on pancreatic islet morphology and the many 
other metabolic parameters we assessed.

While our results are consistent with a previous report of hepatic 
AMPK activation by liraglutide,53 leading to suppression of hepatic 
lipogenesis and a subsequent reduction in circulating TG concentra-
tions and hepatic TG content as a major mechanism for its beneficial 
metabolic effects, there are other pathways, such as changes of he-
patic fatty acid oxidation and/or the accumulation of intermediate 
lipid species (e.g., DAGs, ceramides) that antagonize insulin action, 
that have yet to be thoroughly investigated.

In conclusion, chronic administration of GH to liraglutide-treated 
UCD-T2DM rats did not further delay the onset of T2DM and did 
not significantly alter other related metabolic or endocrine outcomes 
(including pancreatic islet area or insulin content) in this model.
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