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Type 2 diabetes (T2D) is a progressive metabolic disorder characterised by obesity, insulin resistance, 
impaired glucose tolerance, and hyperglycaemia. The long time-course of T2D in humans makes 
accurate modelling of sustained T2D in animal models difficult. The goal of this study was to develop 
and characterise an accurate and reproducible, non-transgenic model of sustained T2D in mice. Adult, 
male C57BL/6 mice were placed on a high-fat diet (HFD) for 17 weeks. From weeks 3–5, osmotic 
mini-pumps were implanted subcutaneously to slowly infuse streptozotocin (STZ; 200–350 mg/kg) 
for 14-days after which mini-pumps were removed. Body weight, blood glucose concentration, and 
glucose tolerance were monitored for 12 weeks post STZ treatment. Our data demonstrate that the 
combination of HFD and 200 mg/kg STZ delivered by mini-pump leads to increased blood glucose 
concentrations and impaired glucose tolerance, while maintaining obesity and hepatic dyslipidaemia. 
In week 17, plasma insulin concentration was assessed and showed that with STZ treatment, mice 
still produce insulin, but that this is reduced compared with mice on HFD only. Lastly, we examined 
pancreas sections using immunohistochemistry and show that there is no overt loss of beta cell mass. 
In conclusion, we demonstrate development of a reproducible in vivo model of T2D in mice that 
replicates a number of key pathophysiological changes seen in humans with T2D.
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Type 2 diabetes (T2D) is a complex and progressive metabolic disorder that affects approximately 380 million 
people globally1. The greatest risk factor for developing T2D is being overweight or obese, and due to the 
increasing prevalence of obesity, the number of people with T2D is predicted to rise to 642 million by 20402,3. 
These estimates are likely to be conservative, as the proportion of overweight or obese people with undiagnosed 
insulin resistance and/or T2D is proposed to be as high as 50%4. As such, many people may unknowingly be 
living with insulin resistance and mild to moderate hyperglycaemia, the primary risk factor for development 
of T2D complications such as neuropathy, nephropathy, retinopathy and cardiovascular disease2,3,5–7. Despite 
this, we do not fully understand the mechanisms that drive development of T2D or subsequent development 
of comorbid complications, partly due to limitations of accurate and reproducible animal models currently 
available. Therefore, development of animal models that more closely resemble human T2D is a critical step 
in expanding our understanding of T2D pathophysiology and designing new preventative and therapeutic 
strategies to combat the increasing prevalence and impact of this disease.

One challenge of modelling T2D in animals, particularly in rodents, is that the time course of T2D progression 
in humans is often long (10–15 years). The cumulative nature of obesity-associated insulin resistance and T2D 
means humans typically progress through several distinct stages. In obesity-associated insulin resistance, the 
earliest metabolic changes noted are a decrease in peripheral insulin sensitivity5,7 followed by compensatory 
hyperinsulinaemia as pancreatic beta cells are stimulated to produce more insulin in an attempt to maintain 
normal blood glucose concentrations5,7,8. Over time, the increased demand for insulin culminates in pancreatic 
beta cell failure resulting in insufficient insulin production and subsequent hyperglycaemia characteristic 
of established T2D5. Although rodent models exist that can replicate obesity and insulin resistance using 
dietary modifications, without further intervention, these animals do not progress to T2D9,10. For this reason, 
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streptozotocin (STZ), a DNA alkylating agent that enters pancreatic beta cells via the GLUT2 transporter, has 
been utilised in numerous studies10–15 to deplete beta cells, resulting in subsequent hyperglycaemia.

Over the past 50 years, STZ has generally been administered intraperitoneally as either a single high dose 
injection or multiple low dose injections13. Single high dose STZ injections typically leads to complete beta cells 
death causing rapid and severe hyperglycaemia, which does not reflect the much slower progression of human 
T2D16–20. Multiple low dose STZ injections can impair beta cell function leading to transient hyperglycaemia 
which similarly fails to reproduce progression of human T2D over time21–24. To overcome this, our group has 
recently optimised the use of osmotic mini-pumps in rats to slowly infuse STZ at a low constant rate across 
14 days25,26. Delivering STZ using this method leads to moderate and sustained hyperglycaemia for at least 15 
weeks while maintaining obesity. This rat model has provided a useful platform to investigate the development 
of T2D co-morbidities, namely retinopathy and neuropathy26,27. The primary aim of the current study is to 
establish a reproducible mouse model to enable targeted and sustained induction of different stages of T2D. 
This new approach provides an opportunity to broaden the potential for mechanistic insight to understand the 
development of insulin resistance and T2D, in addition to co-morbidities associated with T2D.

Methods
Animal husbandry
All experimental procedures were approved by the University of Tasmania Ethics Committee (A0018283) and 
performed in accordance with the Australian Code for the Care and Use of Animals for Scientific Purposes – 2013, 
8th Edition and adhered to the ARRIVE guidelines. Male Tg(Cspg4-DsRed.T1)1Akik/J (Jackson Laboratories, 
USA; #008,241) mice backcrossed onto a C57BL/6 background were used for all experiments. This transgenic 
mouse line was utilised to enable microvascular analysis (common T2D pathology) to be performed in future 
experiments without the need for additional animals. At 11 weeks of age, mice were acclimatised for seven days 
prior to random allocation to specific experimental conditions. Mice were housed in standard conditions at 
21 ± 2 °C with a 12h–12h light–dark cycle for the duration of the experiment. Animals were provided with water 
and chow ad libitum throughout the study. With the exception of control diet (CD; 6% fat wt/wt; n = 5) fed mice, 
all other groups were provided with a high fat diet (HFD; 23% fat wt/wt; Specialty Feeds, Australia; #SF15-059).

STZ preparation and osmotic mini-pump implant
Previous experiments using STZ delivered via osmotic mini-pumps were performed in rats25–27. Therefore, a 
series of preliminary experiments were conducted in mice to establish the dose response relationship of STZ 
using the osmotic mini-pump method (see supplementary material). From this work, we chose to undertake 
long-term evaluation of > 250mg/kg (HFD + highSTZ; n = 7) STZ as this group exhibited mild hyperglycaemia 
and glucose intolerance within the two week STZ delivery period (Supplementary Fig.  1). In addition, the 
200mg/kg (HFD + lowSTZ; n = 5) group was also monitored long term to assess whether hyperglycaemia and 
glucose intolerance developed over time (Supplementary Fig. 1). Following three weeks of HFD, STZ (Sigma 
Aldrich, USA) was prepared in citrate buffered saline (0.1mmol/L; pH 4.4) and a total volume of 100µL was 
loaded into each osmotic mini-pump (Alzet Model 1002; Durect Corporation, USA) immediately prior to 
subcutaneous implantation. The method for pump implantation was adapted from Premilovac et al. (2017) and 
is thoroughly described in Attrill et al. (2023)25,28. Briefly, mice were anaesthetised (isoflurane, 5% induction, 
2–3% maintenance) and received a subcutaneous injection of meloxicam (5mg/kg, Ilium, Australia). Mini-
pumps containing STZ were implanted subcutaneously on the animal’s dorsum, and then removed after 14-
days. Mice in the sham group (HFD + SHAM; n = 5) received the same surgical procedures but did not have a 
mini-pump implanted.

Assessment of metabolic alterations
Body weight and non-fasting blood glucose concentrations were assessed weekly at a consistent time of day 
(1 pm; see Fig. 1). Blood glucose concentrations were determined using a hand-held glucometer (Accu-Chek 
Performa; Roche Diagnostics, Australia) and a blood sample was collected by tail tip incision. To assess changes 
in glucose tolerance, each animal underwent a glucose tolerance test (GTT) at week 5 (immediately following 14 
days of STZ delivery). To do this, animals were fasted for 6 h and then received an intraperitoneal injection of 
glucose (2 g/kg). Blood glucose concentration was then assessed repeatedly across 2 h. Due to limitations of the 
glucometer (maximal glucose concentration measurement of 33.3 mmol/L), fasting blood glucose (0 min) and 
the final glucose measurement (2 h post glucose injection) were used to compare the metabolic defects between 
groups. GTT were repeated in weeks 9, 13 and 17 to track changes in glucose tolerance after osmotic mini-pump 
(and hence STZ) removal. At the conclusion of the 17 week protocol, arterial blood was collected using cardiac 
puncture and plasma TNFα (Mouse TNFα ELISA kit; ELISAKIT.com; Australia) and insulin (Insulin ELISA; 
Mercodia, Sweden) concentrations was determined using an ELISA according to manufacturer’s instructions.

Adipocyte, liver and pancreas histology
At the conclusion of week 17, all mice were injected intraperitoneally with a lethal dose of pentobarbitone 
(200  mg/kg). After confirmation of deep anaesthesia, animals were transcardially perfused with phosphate 
buffered saline (PBS), followed by 4% paraformaldehyde (PFA; pH 7.4). Epidydimal fat pads were dissected and 
weighed to assess adiposity between the groups. The epidydimal fat pad, liver and pancreas were post fixed in 
4% PFA for 1.5 h.

Epidydimal fat pads were paraffin embedded using the Leica ASP200 Autoprocessor (Leica Biosystems, 
Germany) which completed the following steps: 1 h in 70% ethanol, 1 h in 90% ethanol, 1.5 h in 100% ethanol 
(× 4), 1 h in xylene (× 2) and 1 h in paraffin wax (× 3). Epidydimal fat pads were sectioned at 7µm thick on a 
microtome (Leica RM225; Leica Biosystems, Germany) and mounted onto IHC Flex microscope slides (Dako, 
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Denmark) for standard H&E staining (see Parlee et al.29). Slides were imaged at 20× magnification on an 
Olympus VS200 Virtual Slide System (Olympus, Japan) and adipocyte size was determined using QuPath 0.5.1 
(method detailed in Palomāki et al.30). Approximately 300 adipocytes were measured for each animal to generate 
average adipocyte size.

Liver and pancreas samples were cryoprotected in 30% sucrose solution overnight at 4 °C prior to embedding 
in optimal cutting temperature compound (OCT; Agilent Technologies, USA). Frozen samples were then 
sectioned (Leica CM-1850; Leica Biosystems, Germany) at − 23 °C and immediately mounted onto IHC Flex 
microscope slides (Dako, Denmark).

Liver samples were cut at 10µm thick and stained with oil red O (ORO; method detailed in Mehlem et al.31). 
Briefly, ORO was mixed in isopropyl alcohol (6.25 g/L) to form a stock solution that was diluted with water 
(1.5 parts stock solution to 1 part water) and filtered (0.22 µm filter) immediately prior to use. Liver sections 
were incubated in ORO for 5 min, followed by thorough washing in running water. Coverslips were placed using 
fluorescence mounting medium (Dako, Denmark) and slides were immediately imaged at 20× magnification on 
an Olympus VS200 Virtual Slide System (Olympus, Japan). Three, 1 mm2 regions were analysed using ImageJ 
(version 1.52i; NIH, USA) following the protocol detailed in31 to assess lipid area.

Pancreas samples were cut at 20 µm thickness and incubated overnight at 4 °C in PBS containing 4% donkey 
serum, 0.4% triton-X-100 and pan-insulin antibody (insulin and pro-insulin; 1:500; Abcam, UK; #ab8304). 
Sections were washed with PBS and then incubated in the dark for 1h at room temperature in PBS containing 
4’,6-diamidino-2-phenylindole (DAPI; 1:20,000; Sigma Aldrich, USA) and Alexa-Fluor conjugated secondary 
antibody donkey anti-mouse 647 (1:1000; Life Technologies Australia, Australia; #A21236). Sections were 
washed in PBS and glass coverslips were mounted using fluorescence mounting medium (Dako, Denmark). 
To assess changes in proliferation within Islets of Langerhans, a second series of pancreas sections was probed 
with rabbit anti-Ki67 antibody (1:1000; Abcam; #ab15580) following the same protocol as above for pan-insulin 
staining. To assess changes in apoptosis within Islets of Langerhans, terminal deoxynucleotidyl transferase 
dUTP nick end labelling (TUNEL) staining was performed on a separate set of sections as per the manufacturers 
instructions (Click-iT™ Plus TUNEL Assay Kits for In Situ Apoptosis Detection; ThermoFischer Scientific; 
#C10619). Following the TUNEL protocol, all slides were subsequently probed with pan-insulin and DAPI as 
per the protocol above. All slides were stored in the dark at 4 °C until required for imaging. Slides were imaged 
at 20× magnification using extended focal imaging on an Olympus VS120 Virtual Slide System (DAPI:388 nm, 
50 ms; Insulin/pro-insulin: 647 or 488 nm, 200 ms; Ki67: 647, 200 ms; TUNEL:647, 300 ms; Olympus, Japan) 
and analysed using ImageJ (version 1.52i; NIH, USA). Pancreatic islets were identified using DAPI staining, 
and area of pan-insulin staining was calculated as a percentage of total pancreatic islet area. For quantification 
of proliferation and apoptosis, Ki67 or TUNEL positive cells within the pancreatic islets were manually counted 
and the percentage of all islet cells expressing each marker was calculated as published by others.

Data and statistics
Statistical and graphical analysis was performed using GraphPad Prism 10 (GraphPad, USA). Metabolic data 
across time was assessed using two-way repeated measures ANOVA with Tukeys post hoc test. Single time-point 
and immunohistochemical data were assessed using a one-way ANOVA with Tukeys post hoc test. All data 
presented as mean and standard deviation. A p-value < 0.05 was considered statistically significant.

Fig. 1.  Experimental timeline All mice underwent a 17-week intervention and were provided either control 
(6% fat w/w, n = 5) or a HFD (23% fat w/w) ad libitum. Mice on the HFD had osmotic mini-pumps implanted 
subcutaneously from weeks 3–5 to deliver 200 mg/kg STZ (HFD + lowSTZ, n = 5) or greater than 250 mg/
kg STZ (HFD + highSTZ, n = 7). Animals in the HFD + SHAM group (n = 5) had the surgical procedures 
but did not have a mini-pump implanted. Body weight and non-fasting blood glucose were assessed weekly. 
Glucose tolerance tests (GTT; 2 g/kg body weight) were performed in weeks 5, 9, 13 and 17. All animals were 
euthanised in week 17 to collect plasma, adipose, liver and pancreas tissue samples for analysis.
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Results
Body weight and adiposity
Body weight was measured weekly throughout the experiment (Fig. 2a). All groups of mice gained weight across 
the 17-week protocol (p < 0.001). Prior to STZ treatment in week 3, all HFD-fed mice had gained significantly 
more body weight compared to CD-fed mice (2.2 ± 1.5 vs. 5.2 ± 1.8g, p = 0.003). In week 5, compared to CD 
there was no difference in body weight gained in the HFD + SHAM (p = 0.140), HFD + lowSTZ (p = 0.245) or the 
HFD + highSTZ (p = 0.882) groups. However, by week 17 mice in both the HFD + SHAM (7.4 ± 2.7 vs. 14.2 ± 3.6g, 
p = 0.044) and the HFD + lowSTZ (7.4 ± 2.7 vs. 15.2 ± 2.0g, p = 0.005) groups had gained approximately twofold 
more body weight compared to CD.

After mice were euthanised in week 17, epidydimal fat pads were excised and weighed as a surrogate 
marker for adiposity (Fig.  2b). Compared to CD, epididymal fat mass was approximately twofold higher in 
the HFD + SHAM group (1.3 ± 0.5 vs. 2.7 ± 0.3g, p = 0.017). However, there was no change in epididymal fat 
mass in the HFD + lowSTZ (p = 0.066) or HFD + highSTZ (p = 0.420) groups compared to CD. In addition to 
epididymal fat mass, adipocyte area was also assessed (Fig. 2c and d). Both the HFD + SHAM group (3524 ± 1400 
vs. 8227 ± 1053 µm2, p < 0.001) and the HFD + lowSTZ group (3524 ± 1400 vs. 6713 ± 1746 µm2, p = 0.007) had 
elevated adipocyte area compared to the CD group and this effect was lost with high dose STZ (3524 ± 1400 vs. 
4610 ± 1432 µm2, p = 0.438).

To assess pathological lipid accumulation, lipid load in the liver was assessed by ORO staining (Fig. 2c and e). 
Compared to the CD group, the HFD + SHAM (1.5 ± 1.1 vs. 15.1 ± 8.1%, p = 0.017), the HFD + lowSTZ (1.5 ± 1.1 
vs. 19.8 ± 5.2%, p = 0.002) and the HFD + highSTZ (1.5 ± 1.1 vs. 18.9 ± 7.9%, p = 0.001) groups each had elevated 
liver lipid accumulation.

Non-fasting blood glucose, plasma insulin and TNFα concentration
Non-fasting blood glucose concentration was assessed weekly throughout the experiment (Fig. 3a). Prior to mini-
pump implants, there was no difference in non-fasting glucose between CD and HFD fed groups (p = 0.160). 
Similarly, immediately post STZ treatment (week 5), there were no differences in non-fasting blood glucose 
between any groups (p = 0.371). Whilst in week 17, there was no difference in non-fasting blood glucose in both 
the HFD + SHAM (p = 0.362) and the HFD + lowSTZ (p = 0.998) groups compared to CD, non-fasting blood 
glucose concentration was approximately twofold higher in the HFD + highSTZ group (8.4 ± 0.9 vs. 16.8 ± 6.6 
mmol/L, p = 0.016). Non-fasting blood glucose in the HFD + highSTZ group was also elevated compared to both 
the HFD + SHAM (9.4 ± 1.3 vs. 16.8 ± 6.6mmol/L, p = 0.030) and HFD + lowSTZ (9.1 ± 0.8 vs. 16.8 ± 6.6 mmol/L, 
p = 0.016) groups.

After identifying changes in blood glucose concentration, non-fasting plasma insulin concentration was 
assessed in week 17 when a larger quantity of arterial blood could be collected via cardiac puncture (Fig. 3b). 
Compared to the CD group, plasma insulin concentration was increased in the HFD + SHAM mice (165 ± 18 vs. 
242 ± 109 pmol/L, p = 0.003) following 17 weeks of HFD feeding. Treatment with either low (p < 0.001) or high-
dose (p < 0.001) STZ attenuated this effect, reducing plasma insulin concentration compared to the HFD + SHAM 
group, seemingly back to CD levels (HFD + lowSTZ p = 0.109; HFD + highSTZ p = 0.431).

Finally, we assessed systemic inflammation by measuring plasma TNFα concentrations at the end of the 
intervention (Fig. 3c). Compared to the CD group, mice in the HFD + SHAM group had a twofold increase in 
circulating TNFα concentrations (3.69 ± 0.92 vs. 7.79 ± 1.46 pg/mL, p = 0.006). While mice in the HFD + lowSTZ 
group had increased circulating TNFα concentrations compared with CD (3.69 ± 0.92 vs. 9.02 ± 0.95 pg/mL, 
p < 0.001), these were not different compared to HFD + SHAM (7.79 ± 1.46 vs. 9.02 ± 0.95 pg/mL, p = 0.615). In 
contrast, mice in the HFD + highSTZ group had markedly increased circulating TNFα concentrations compared 
to both CD (3.69 ± 0.92 vs. 10.82 ± 2.15 pg/mL, p < 0.001) and HFD + SHAM (7.79 ± 1.46 vs. 10.82 ± 2.15 pg/
mL, p = 0.021). There was no difference in circulating TNFα concentrations between the HFD + lowSTZ and 
HFD + highSTZ groups (9.02 ± 0.95 vs. 10.82 ± 2.15 pg/mL, p = 0.247).

Islet of Langerhans morphology and cellular turnover.
After identifying changes in blood glucose and plasma insulin concentration, the integrity of pancreatic Islets of 
Langerhans was assessed by a range of measures (Fig. 4a–e). There were no differences in islet density, islet area, 
islet cell density or proinsulin/insulin staining between any groups. Similarly, assessment of cell proliferation 
(Supplementary Fig. 2) and apoptosis (Supplementary Fig. 3) within Islets of Langerhans revealed no major 
differences between any of the groups.

Fasting blood glucose
Fasting blood glucose concentration was measured following a 6h fast as part of the GTT in weeks 5, 9, 13 
and 17 (Fig. 5a). In week 5, there was no difference in fasting blood glucose in the HFD + SHAM (p = 0.113) 
group compared to CD however, treatment with STZ increased fasting blood glucose in both the HFD + lowSTZ 
(9.0 ± 1.6 vs. 12.6 ± 1.4mmol/L, p = 0.023) and HFD + highSTZ (9.0 ± 1.6 vs. 15.9 ± 4.9mmol/L, p = 0.035). 
Despite this, there was no difference in fasting blood glucose in the HFD + SHAM group compared to both the 
HFD + lowSTZ (p = 0.979) and the HFD + highSTZ (p = 0.340) groups.

A similar pattern persisted until week 17 with no difference in fasting blood glucose between the CD and 
HFD + SHAM (p = 0.233) groups and elevated fasting blood glucose in both the HFD + lowSTZ (9.4 ± 1.0 vs. 
13.3 ± 1.4 mmol/L, p = 0.010) and HFD + highSTZ (9.4 ± 1.0 vs. 19.8 ± 5.4 mmol/L, p = 0.014) groups compared 
to CD. In addition, by week 17 the HFD + highSTZ group had elevated fasting blood glucose concentration 
compared to the HFD + SHAM group (10.9 ± 0.4 vs. 19.8 ± 5.4 mmol/L, p = 0.026).
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Fig. 2.  Combination of HFD and STZ delivered by osmotic mini-pump increases body weight and adiposity 
which is sustained over time. (A) Average change in body weight over the 17 week treatment period. (B) Week 
17 epidydimal fat pad weight. (C) Representative images of epidydimal fat pad adipocytes stained with H&E 
(upper panels) and liver samples stained with oil red O (ORO; lower panels). (D) Average adipocyte cross-
sectional area. (E) Lipid area in the liver. Data are mean ± SD for n = 5–7. Two-way repeated measure ANOVA 
with Tukeys post hoc test was used to analyse data in panel (A). One-way ANOVA with Tukeys post hoc test 
was used to analyse data in panel (B), (D) and (E). *p < 0.05 compared to CD.
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Glucose tolerance
Glucose tolerance was assessed in weeks 5, 9, 13 and 17 (Fig.  5b) by sampling blood glucose concentration 
2h-post intraperitoneal injection of 2 g/kg glucose. In week 5, there was no difference in 2h blood glucose in 
the HFD + SHAM (p = 0.490) and HFD + lowSTZ (p = 0.370) groups compared to CD. In contrast, 2 h blood 

Fig. 3.  The combination of HFD and high-dose STZ delivered by osmotic mini-pump increases non-fasting 
blood glucose and TNFα without reducing plasma insulin concentration. (A) Non-fasting blood glucose 
level over 17-week intervention. (B) Non-fasting plasma insulin concentration in week 17. (C) Plasma TNFα 
concentration in week 17. Data are mean ± SD for n = 5–7. Two-way repeated measure ANOVA with Tukeys 
post hoc test was used to analyse data in (A) and a one-way ANOVA with Tukeys post hoc test was used to 
analyse data in (B). *p < 0.05 compared to CD at same timepoint. #p < 0.05 compared to HFD + SHAM at same 
timepoint. †p < 0.05 compared to all other groups at the same timepoint. §p < 0.05 compared to week 0 within 
group.
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Fig. 4.  Combination of HFD and STZ does not alter pancreatic islet morphology. Pancreas histology was 
performed in week 17 to assess the extent of pancreatic beta cell depletion in response to STZ. (A) Pancreatic 
sections were assessed for pan-insulin (cyan; labels proinsulin and insulin) and counter stained with DAPI to 
visualise nuclei, allowing identification of islets of Langerhans (dashed line). (B) Number of islets per mm2 of 
pancreas across the treatment groups. (C) Average islet area. (D) Average number of nuclei per mm2 of islet. 
(E) Percent of islet area with positive pan-insulin immunoreactivity. Data are mean ± SD for n = 3–7. Scale 
bar = 50 µm. One-way ANOVA with Tukeys post hoc test was used to analyse data. *p < 0.05 compared to CD. 
#p < 0.05 compared to HFD + SHAM.
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Fig. 5.  Combination of HFD and low-dose STZ increases fasting blood glucose and worsens glucose 
intolerance across 17 weeks. Glucose tolerance tests (GTT; 2 g/kg) were performed in week 5, 9, 13, and 17 to 
assess fasting blood glucose concentration and glucose tolerance. (A) Fasting blood glucose immediately prior 
to GTT. (B) Blood glucose concentration 2h after injection of glucose. Data are mean ± SD for n = 5–7. Two-
way repeated measure ANOVA with Tukeys post hoc test was used to analyse data. *p < 0.05 compared to CD 
at the same timepoint. #p < 0.05 compared to HFD + SHAM at the same timepoint. †p < 0.05 compared to all 
other groups at the same timepoint.
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glucose concentration was elevated in the HFD + highSTZ group compared to both the CD (12.2 ± 2.5 vs. 
24.2 ± 4.6mmol/L, p = 0.001) and HFD + SHAM (15.0 ± 3.3 vs. 24.2 ± 4.6mmol/L, p = 0.011) groups in week 5.

By week 17, a dose-dependent increase in 2h blood glucose concentration was noted, indicative of a dose-
dependent decline in glucose tolerance. Whilst there was no difference in 2h blood glucose between the 
HFD + SHAM (p = 0.097) compared to CD, by week 17 (12 weeks post STZ) 2h blood glucose was approximately 
twofold higher in the HFD + lowSTZ group (10.8 ± 0.9 vs. 24.8 ± 2.5mmol/L, p = 0.004) and approximately 
threefold higher in the HFD + highSTZ group (10.8 ± 0.9 vs. 30.9 ± 2.7mmol/L, p < 0.001). In addition, both the 
HFD + lowSTZ (15.8 ± 3.9 vs. 24.8 ± 2.5mmol/L, p = 0.040) and HFD + highSTZ (15.8 ± 3.9 vs. 30.9 ± 2.7mmol/L, 
p < 0.001) groups had markedly elevated 2h blood glucose compared to the HFD + SHAM group however, this 
was more pronounced in the high-dose group compared to low-dose (24.8 ± 2.5 vs. 30.9 ± 2.7mmol/L, p = 0.021).

Discussion
In the present study, we demonstrate development of a novel model for accelerated and sustained induction of 
T2D in mice by combining high fat diet feeding with STZ delivered by osmotic mini-pump. In our model, HFD 
feeding led to increased adiposity and plasma insulin concentration, reflecting obesity and insulin resistance 
characteristic of human disease5,7,32. Importantly, this obese, insulin resistant phenotype was maintained with 
the addition of low dose STZ (200mg/kg) delivered by osmotic mini-pump. We show that treatment with 
STZ increased circulating blood glucose concentrations and decreased glucose tolerance in a dose dependent 
manner. Importantly, these metabolic changes were sustained 12 weeks after removal of mini-pumps containing 
STZ indicating a long-lasting shift in glucose homeostasis. In addition, both the lower and higher doses of STZ 
reduced plasma insulin concentrations to control levels without overtly impacting pancreatic islet morphology. 
These data indicate that osmotic mini-pump delivered STZ induces long-term pancreatic beta cell dysfunction 
rather than beta cell death to limit, but not completely remove insulin production. Therefore, we show that using 
HFD and low dose STZ (200 mg/kg) delivered by osmotic mini-pump generates a mouse model that displays 
four key human T2D characteristics simultaneously (obesity, insulin resistance, hyperglycaemia, systemic 
inflammation and glucose intolerance) that are sustained for the 17 week time course used in this experiment. 
This new approach overcomes critical limitations previously experienced with STZ models of T2D and provides 
a useful tool for investigating the progression of T2D and commonly associated co-morbidities.

Once in circulation, STZ enters cells using the GLUT-2 transporter33,34. Whilst present in several tissues such 
as liver and gut epithelium35, the GLUT-2 transporter is abundant on the surface of pancreatic beta cells making 
them particularly susceptible to STZ’s intracellular effects. In beta cells, STZ interferes with cellular processes 
that culminate in DNA damage and cell death33,34, ultimately reducing beta cell number and therefore the insulin 
producing capability of the pancreas33. Numerous studies have utilised the combination of HFD-feeding and STZ 
injections to impair glucose tolerance in rodents13,25–27 however, the resulting shift in metabolic homeostasis can 
vary greatly depending on the animal strain, dose of STZ and the number of injections used22. Recent work by 
our research group has endeavoured to improve the efficacy of the model by slow infusion of STZ using osmotic 
mini-pumps. Our work has demonstrated that the combination of HFD and osmotic mini-pump delivered STZ 
can be used to control induction of different stages of T2D in different strains of rats that is sustained for at least 
3 months25–27. In the current study, we demonstrate that the application of this methodology can cause similarly 
consistent and sustained induction of T2D in C57BL/6 mice.

Historically, STZ has been delivered by injection into the peritoneal, subcutaneous or vascular space22,36. This 
method of delivery generates variable results due to rapid peaks and troughs in circulating STZ concentration 
and therefore beta cell damage/depletion. When mice are injected with lower doses (40–75mg/kg), STZ causes 
temporary hyperglycaemia, therefore requiring repeat injections to maintain a hyperglycaemic phenotype for 
longer time-periods36,37. The cumulative effect of repeat injections of STZ (which has effects beyond beta cells) 
therefore makes it difficult to determine impact of T2D or repeat STZ in such experiments. In contrast, mice 
injected with higher STZ doses (> 150 mg/kg) exhibit severe hyperglycaemia likely due complete beta cell death 
and loss of insulin production6,38. These mice are therefore susceptible to drastic weight loss and there is generally 
a higher mortality rate in these experiments18–20. Until recently, immediate injection of STZ was considered 
the only viable method of delivery, as STZ was proposed to degrade quickly once in solution; a dogma that is 
changing since anomer equilibrated STZ may be more reliable for inducing disease25,39,40. Previous work using 
HFD feeding and delivery of STZ via osmotic mini-pump in rats25–27 and current work in mice suggests that 
low, but consistent, circulating STZ imparts more control over the resulting metabolic phenotype. We have 
previously shown that once dissolved in citrate buffered saline, STZ reaches anomer equilibration within ~ 120 
min and remains relatively stable for 14 days. For this reason, the slow infusion of the anomer equilibrated 
STZ using the osmotic mini-pump method may explain the improved reproducibility between this method and 
injection methods. It is important to note that the mortality rate in the current study was zero, while some studies 
utilising injectable STZ report mortality rates of as much as 20–30% within 30 days of administration18,41. The 
reproducibility of the resulting phenotype and reduced mortality/animal welfare impact using this methodology 
strongly aligns with the NC3R’s recommendations and guidelines42. From an animal welfare perspective alone, 
this is a major advance in the field.

Beyond dietary and pharmacological models, previous studies have relied heavily on genetic models of T2D, 
with the most popular being the ob/ob (leptin deficient) and db/db (leptin receptor deficient) mouse strains. 
These genetic models develop some of the key T2D traits and have been a mainstay of T2D research for decades43. 
However, these mouse strains have problems with normal leptin signalling contributing to developmental 
changes and subsequent compensation across several systems (eg. beta cell hyperplasia, transient hyperglycaemia 
normalised by 5 months)43–45. In addition, there are increasing reports of the non-metabolic roles of leptin, 
indicating leptin signalling deletion in mice likely impacts multiple systems and has effects beyond metabolism 
alone46,47. In addition, many genetic mouse models of T2D are considered sub-fertile making them difficult to 
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breed with other strains of interest48–50. In the present study, we adapted the use of HFD and STZ delivered by 
osmotic mini-pump to reliably induce T2D in adult C57BL/6 mice – one of the most common mouse strains 
used in research. Importantly, adapting our method for use in mice provides a platform for induction of T2D in 
any number of mouse strains with transgenic manipulations to identify specific mechanisms that contribute to 
development/progression of T2D and the related co-morbidities.

Whilst the combination of HFD and STZ delivered by osmotic mini-pump in mice provides an important 
tool, there remain limitations regarding this model. The methodology we have utilised remains artificial for 
induction of T2D in mice and therefore differs from the natural, long-term human T2D pathogenesis. Human 
T2D progresses through several stages including obesity associated insulin resistance and hyperinsulinemia 
which over time culminate in beta cell dysfunction and consequently death5,7. Whilst our mouse model involves 
HFD-induced insulin resistance8,51–54, pancreatic beta cell depletion with STZ does not replicate the cause of 
beta cell death seen in human T2D. Despite this, the benefit of using STZ is that it accelerates development of 
hyperglycaemia which may not otherwise occur using a HFD within the short rodent lifespan. Importantly, 
the result of human T2D and HFD-feeding with STZ treatment in mice are similar, concurrent obesity and 
hyperglycaemia which drive development of the major pathological features of T2D. Another important 
limitation of this study is that we have only used male mice in our experiments. Whether female mice would 
similarly respond to the current methodology is not known and needs to be determined in future studies with 
the current study providing a platform to undertake this work.

In conclusion, the current study demonstrates a novel method for inducing T2D in mice that enables 
targeted and sustained induction of different stages of T2D while maintaining a state of obesity. This model in 
combination with the large number of transgenic mouse strains provides a powerful platform for investigating 
mechanisms of T2D, associated pathologies and importantly identifying potential therapeutic strategies.

Data availability
All data collected for this study is available in the manuscript. The data generated is available from the corre-
sponding author for any interested party on reasonable request.
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