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Abstract  

Aims/hypothesis: 

Diabetes is known to accelerate the progression of atherosclerosis and increase plaque 

instability. However, there has been a lack of suitable animal models to study the effect of 

diabetes on plaque instability. We hypothesized that the tandem stenosis (TS) mouse model, 

which reflects plaque instability and rupture as seen in patients, can be applied to study the 

effects of diabetes and its respective therapeutic approaches on plaque instability/rupture. 

Methods: 

ApoE-/- mice at 7 weeks of age were injected with streptozotocin (STZ) for 5 consecutive days. 

5 weeks after STZ injection, mice were surgically subjected to TS in the right carotid artery 

and fed with a high-fat diet for an additional 7 weeks. To validate this newly developed animal 

model, administration of the interventional drug dapagliflozin was provided via drinking water 

(25 mg/kg) 3 days after TS surgery. 

Results: 

Diabetic mice showed an increase in the size of unstable atherosclerotic plaques in the TS 

model. Plaque instability markers such as MCP-1, CD68, and necrotic core (NC) size were 

significantly increased. Mice treated with the sodium glucose co-transporter 2i (SGLT2i) 

dapagliflozin demonstrated attenuated glucose levels. Importantly, these mice demonstrated 

plaque stabilization with enhanced collagen accumulation, increased fibrosis, increased cap-

to-lesion ratios, and significant upregulation of plaque NADPH oxidase 4 (NOX4) expression.  

Conclusions/interpretation: 

The TS mouse model in combination with the application of STZ represents a highly suitable 

and unique mouse model for studying plaque destabilization under diabetic conditions. 

Furthermore, for the first time, we provide evidence of plaque-stabilizing effects of SGLT2i. 

Our data also suggest that this newly developed mouse model is an attractive preclinical tool 



for testing anti-diabetic drugs for their highly sought-after potential to stabilize atherosclerotic 

plaques. 

Keyword: Animal model, Streptozotocin; Sodium glucose co-transporter 2 inhibitor; Plaque 

instability. 

  



Background 

Myocardial infarction (MI) is a major cause of mortality/morbidity in patients with diabetes 

mellitus and typically atherosclerosis is the underlying pathology [1]. Diabetes has been 

postulated to accelerate the development of atherosclerosis and increase plaque 

instability/vulnerability, ultimately causing plaque rupture and MI. Therapeutic approaches to 

stabilizing vulnerable plaques in diabetic patients are thus highly sought-after. Until recently 

there was no conclusive proof that any of the antidiabetic drugs provided cardiovascular 

protection. However, the advent of new antidiabetic agents, such as the sodium glucose co-

transporter 2 inhibitor (SGLT2i) and GLP-1 receptor agonists, has substantially changed this 

scenario, adding certain antidiabetic drugs to the standard repertoire of cardiologists. This 

paradigm shift is based on several randomized, controlled clinical trials demonstrating that 

SGLT-2 inhibitors confer beneficial effects on cardiovascular outcomes in patients with type 

2 diabetes mellitus [2]. There is clinical evidence that SGLT2i protects against heart failure; 

however, although postulated as a mechanism, there is no direct clinical proof of anti-

atherosclerotic and/or plaque-stabilizing effects of SGLT2i.  

 

We have previously validated a unique mouse model of plaque instability/rupture by 

introducing a tandem stenosis (TS) to the carotid artery [3]. This TS model closely reflects 

plaque instability/rupture as seen in patients and has recently been successfully used to define 

the plaque-stabilizing effects of a myeloperoxidase inhibitor [4] and anti-CD47 antibodies [5]. 

We now systematically use this model to investigate whether diabetes promotes plaque 

instability and, most importantly, whether SGLT2i exhibits plaque-stabilizing effects in this 

newly developed animal model.  

 

 



 

Methods 

Animal studies 

ApoE-/- mice of C57/Bl6 background (Australia Resource Centre, Western Australia) at 7 

weeks of age were injected with streptozotocin (STZ) at a dose of 55 mg/kg for 5 consecutive 

days. At 12 weeks of age, 5 weeks after STZ, mice were anesthetized intraperitoneally by a 

mixture of ketamine (100 mg/kg) and xylazine (20 mg/kg). An incision was made in the neck 

and the right common carotid artery was dissected from circumferential connective tissues. TS 

with 150 µm outer diameters was introduced, with the distal point 1 mm from the carotid artery 

bifurcation and the proximal point 3 mm from the distal stenosis. The stenosis diameter was 

obtained by placing a 6-0 blue braided polyester fiber suture around the carotid artery together 

with a 150 µm needle that was tied to it and later removed as described previously [3, 4]. 

Animals were sacrificed at 7 weeks after surgery.  

 

Histology and immunohistochemistry 

The left and right common carotid arteries and brachiocephalic trunk were sectioned as 

described previously [3]. Serial cryosections were obtained at 100 µm intervals at 1,500–

2,000 µm proximal to the proximal suture in the right common carotid artery and from the 

brachiocephalic trunk and stored at −80 °C until staining was performed. Picrosirius red 

staining was performed to highlight collagen within the atherosclerotic plaque. Hematoxylin 

and eosin (H&E) staining was used for necrotic core determination and atherosclerotic plaque 

burden. Oil red o staining was used for lipid content quantification in the plaque. Images were 

obtained using a light microscope (Olympus BX50). Sections were incubated with rat anti-

mouse TER-119 biotin-labeled antibody (eBioscience 13-5921) 1:400; rat anti-mouse CD68 

(AbD Serotech MCA1957GA) 1:100 or MOMA-2 (AbD Serotech MCA519G); rabbit 



polyclonal anti-NOX4 (Sigma-Aldrich ABC459) 1:100; and anti-monocyte chemoattractant 

protein-1 antibody (Abcam ab7202) 1:200 at 4 °C overnight. After washing steps and 

incubation in ABC reagent, DAB reagent was applied to each section. Conversion of the DAB 

substrate into a colored product was monitored and slides were immersed in dH2O to stop the 

reaction. Sections were dehydrated and covered with coverslips using DPX mounting media. 

Quantification of images was performed on Fiji Image J[6]. 

 

Statistical analyses 

Quantitative results are expressed as mean±SEM. Comparisons of parameters among two 

groups were made by the unpaired Student’s t-test or Mann–Whitney test. Comparisons of 

table statistics were made by Fisher's exact test. Comparisons of parameters among three 

groups were made by one-way ANOVA followed by post hoc analysis using the Newman–

Keuls test. A value of P<0.05 was considered to be statistically significant.  

 

Results 

We induced insulin-deficient diabetes using the beta-cell toxin STZ in ApoE-/- mice on a high-

fat diet who underwent TS surgery after confirming diabetes. The diabetic mice showed 

significantly elevated glucose and glycated hemoglobin levels (Figure 1A, 1B). Under diabetic 

conditions, the locally defined unstable atherosclerotic plaque area in the TS model showed a 

significant increase (Figure 1C). Importantly, several typical markers of plaque instability, 

such as the monocyte chemoattractant protein-1 (MCP-1; Figure 1D), macrophages (CD68; 

Figure 1E), and necrotic core size (Figure 1F), were significantly increased as quantified as a 

percentage of plaque area. As a direct proof of plaque instability, intraplaque hemorrhage (IH) 

increased from 52% of untreated mice to 81% in STZ-treated mice with diabetes (Figure 1G) 

and plaque rupture increased from 32% to 56%, respectively (Figure 1H) as measured in a total 



of 226 mice, whereby 116 were untreated mice with TS and 100 were STZ-treated mice with 

TS. These data confirm that diabetic conditions cause plaque instability and demonstrate the 

suitability of the TS mouse model for detecting diabetes-associated changes in plaque 

instability.  

 

Next, we examined the potential of the SGLT2 inhibitor dapagliflozin to stabilize plaques. 

Repeated STZ protocol as previously described, dapagliflozin was given to ApoE-/- mice via 

drinking water 3 days after TS surgery. 2 weeks after the start of dapagliflozin treatment, STZ-

induced hyperglycemia was modestly attenuated (Figure 2). The effect on lowering glucose 

was sustained for another 6 weeks; however, normoglycemia was never achieved. We focused 

on investigating markers of plaque instability. Interestingly, we did not see changes in 

inflammatory markers such as the macrophage markers (CD68 and MOMA-2) or MCP-1 levels 

(data not shown). Although the strongest markers of plaque instability such as plaque rupture 

and IH (data not shown) were unchanged, early signs of plaque stabilization such as an overall 

reduction in lipid content (Figure 3A) and increases in collagen content and the cap-to-core 

ratio were significant in the dapagliflozin-treated group (Figure 3B, 3C). These data are of 

substantial translational relevance as the cap-to-core ratio is a particularly important clinical 

marker that reflects plaque stability and is closely linked to improved clinical outcomes in 

patients.  

 

Increased formation of reactive oxygen species (ROS) is associated with plaque instability in 

diabetes. NADPH oxidases, particularly increased expression of NADPH oxidase1 (NOX1) 

and reduced expression of the vasculoprotective NOX4 isoform in advanced plaques, have 

been shown to contribute to plaque development and remodeling in diabetes [7]. Interestingly, 

while expression of pro-atherosclerotic NOX-1 (data not shown) was not upregulated, the 



expression of anti-atherosclerotic NOX-4 (Figure 3D) was upregulated in the dapagliflozin 

group. Therefore, the regulation of certain NOX isoforms by SGLT2i therapy represents a 

potential mechanistic explanation for the beneficial effect seen in patients treated with SGLT2i.  

 

Discussion 

SGLT2i has emerged as a new therapeutic target for lowering glucose. Several clinical trials 

have demonstrated the efficacy of the glucose lowering of SGLT-2 inhibitors (EMPA-REG 

OUTCOME, CANVAS, DECLARE-TIMI) in association with improved cardiovascular 

outcomes [8-10]. The EMPA-REG OUTCOME trial of empagliflozin demonstrated a 

reduction in cardiovascular outcomes and death from other causes [10]. Nevertheless, direct 

evidence that SGLT2i stabilizes atherosclerotic plaques is still lacking, partly due to the fact 

that animal models of atherosclerosis typically do not exhibit plaque instability and rupture 

[11]. Currently, only a few experimental studies have investigated the effect of SGLT2i in 

classical mouse models of atherosclerosis. Al-Sharea et al. treated LDLR-/- mice on a high-fat 

diet and after STZ application with dapagliflozin and reported a reduction in peripheral 

monocyte count and a lower degree of atherosclerosis, postulating a change in plasma 

lipoproteins as the major cause [12]. In ApoE-/- mice on a high-fat diet, empagliflozin reduced 

blood glucose, aortic plaque area, insulin resistance, and inflammation[13]. These studies 

provide the first experimental indication that SGLT2i exhibits anti-atherosclerotic effects. Our 

studies go beyond and demonstrate the plaque-stabilizing capability of SGLT2i and suggest 

that changes in the pro-oxidant enzyme NOX4 are mechanistically involved in plaque 

stabilization.  

Conclusion 

In conclusion, the tandem stenosis mouse model in conjunction with STZ-induced diabetes 

reflects plaque destabilization as seen in patients with diabetes and importantly provides initial 



proof of the plaque-stabilizing effects of SGLT2i. Indeed, these effects on plaque stability 

could explain at least in part the reduction of cardiovascular events seen in diabetic patients 

treated with SGLT2i and as such bears direct translational relevance. Our data also establish 

the TS mouse model in combination with STZ-treatment as a preclinical tool for testing of anti-

diabetic drugs for highly sought-after plaque-stabilizing effects. 
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Figures 

 

Figure 1: (A) The TS+STZ group shows upregulation of blood glucose levels compared 

to non-diabetic TS mice. (B) STZ-treated mice show an increase in the glycation of 

hemoglobin (GHb). Glycated hemoglobin A1c was measured by HPLC. (C) Diabetic mice 

show an increase in plaque area in the right carotid artery of the TS model. Quantification 

was performed on H&E stained sections, where the plaque was measured from the lumen to 

the internal elastic lamina. Each data point represents the mean of 6 sections per mouse at 

200 µm intervals. (D) MCP-1 is upregulated in diabetic mice with TS. The percentage of 

positive MCP-1 staining per atherosclerotic plaque area was obtained. Each data point 

represents the mean of 2 sections per mouse. (E) Unstable plaques in diabetic mice show an 

increase in macrophage staining. Macrophages were detected by staining for CD68 and 

quantified as described in D. (F) Unstable carotid plaques in diabetic mice show an increase 

in necrotic core size. The size of the NC is a major characteristic of plaque vulnerability in 



humans and we found that diabetes increases NC size. Quantification was performed as 

described in D. (G) Intraplaque hemorrhage (IH) is increased in diabetic mice. IH was 

defined by immunostaining for the red blood cell marker TER-119 or by visible hemorrhage. 

IH in the TS and TS+STZ groups were 60 out of 116 and 81 out of 100, respectively. Non-IH 

in the TS and TS+STZ groups were 56 out of 116 and 19 out of 100, respectively. P<0.0001 

by Fisher’s exact test. (H) Plaque rupture (PR) was increased in diabetic mice. PR was 

defined by visible defects of the fibrous cap with or without luminal thrombi. PR in the TS and 

TS+STZ groups were 25 out of 96 and 48 out of 87, respectively. Non-PR in the TS and 

TS+STZ groups were 71 out of 96 and 39 out of 87, respectively. P<0.0001 by Fisher’s exact 

test. All other data are shown; N=13–16, mean±SEM, *P<0.05 by Student t-test. 

  



 

Figure 2: The SGLT2 inhibitor dapagliflozin reduces hyperglycemia in TS mice treated 

with STZ. Dapagliflozin was given via drinking water at 25 mg/kg after TS. 2 weeks after the 

initiation of daily dapagliflozin, glucose levels were significantly reduced to 

24.66±1.43 mmol/L compared to vehicle-treated diabetic TS mice 28.61±1.13 mmol/L and 

remained steady until the endpoint. N=20–23, mean±SEM, *P<0.05 by multiple t-test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3: (A) Dapagliflozin significantly reduces the lipid content and (B) increases the 

collagen in the unstable atherosclerotic plaque area in the TS model. Oil Red O staining 

and Picrosirius red staining were used to quantify the total lipid and collagen content, 

respectively. (C) Diabetes significantly reduces the cap-to-core ratio, whereas 

dapagliflozin restores it, indicating a more stable plaque phenotype. The cap-to-core ratio 

was determined by dividing the total fibrous cap area by the maximal lesion height in every 

cross-section. N=13–16, mean±SEM, *P<0.05 by ANOVA with Dunnett’s multiple 

comparisons test. (D) Dapagliflozin increases NOX4 expression in unstable plaques of the 

TS model. The NOX4 expression in plaques was investigated by immunohistochemistry and 

each data point represents the mean of 2 sections per mouse. N=13–16, mean±SEM, *P<0.05 

by Student’s t-test. 
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Figures

Figure 1

(A) The TS+STZ group shows upregulation of blood glucose levels compared to non-diabetic TS mice.
(B) STZ-treated mice show an increase in the glycation of hemoglobin (GHb). Glycated hemoglobin A1c
was measured by HPLC. (C) Diabetic mice show an increase in plaque area in the right carotid artery of
the TS model. Quanti�cation was performed on H&E stained sections, where the plaque was measured
from the lumen to the internal elastic lamina. Each data point represents the mean of 6 sections per
mouse at 200 μm intervals. (D) MCP-1 is upregulated in diabetic mice with TS. The percentage of positive
MCP-1 staining per atherosclerotic plaque area was obtained. Each data point represents the mean of 2
sections per mouse. (E) Unstable plaques in diabetic mice show an increase in macrophage staining.
Macrophages were detected by staining for CD68 and quanti�ed as described in D. (F) Unstable carotid
plaques in diabetic mice show an increase in necrotic core size. The size of the NC is a major
characteristic of plaque vulnerability in humans and we found that diabetes increases NC size.
Quanti�cation was performed as described in D. (G) Intraplaque hemorrhage (IH) is increased in diabetic
mice. IH was de�ned by immunostaining for the red blood cell marker TER-119 or by visible hemorrhage.
IH in the TS and TS+STZ groups were 60 out of 116 and 81 out of 100, respectively. Non-IH in the TS and
TS+STZ groups were 56 out of 116 and 19 out of 100, respectively. P<0.0001 by Fisher’s exact test. (H)



Plaque rupture (PR) was increased in diabetic mice. PR was de�ned by visible defects of the �brous cap
with or without luminal thrombi. PR in the TS and TS+STZ groups were 25 out of 96 and 48 out of 87,
respectively. Non-PR in the TS and TS+STZ groups were 71 out of 96 and 39 out of 87, respectively.
P<0.0001 by Fisher’s exact test. All other data are shown; N=13–16, mean±SEM, *P<0.05 by Student t-
test.

Figure 2

The SGLT2 inhibitor dapagli�ozin reduces hyperglycemia in TS mice treated with STZ. Dapagli�ozin was
given via drinking water at 25 mg/kg after TS. 2 weeks after the initiation of daily dapagli�ozin, glucose
levels were signi�cantly reduced to 24.66±1.43 mmol/L compared to vehicle-treated diabetic TS mice
28.61±1.13 mmol/L and remained steady until the endpoint. N=20–23, mean±SEM, *P<0.05 by multiple t-
test.

Figure 3



(A) Dapagli�ozin signi�cantly reduces the lipid content and (B) increases the collagen in the unstable
atherosclerotic plaque area in the TS model. Oil Red O staining and Picrosirius red staining were used to
quantify the total lipid and collagen content, respectively. (C) Diabetes signi�cantly reduces the cap-to-
core ratio, whereas dapagli�ozin restores it, indicating a more stable plaque phenotype. The cap-to-core
ratio was determined by dividing the total �brous cap area by the maximal lesion height in every cross-
section. N=13–16, mean±SEM, *P<0.05 by ANOVA with Dunnett’s multiple comparisons test. (D)
Dapagli�ozin increases NOX4 expression in unstable plaques of the TS model. The NOX4 expression in
plaques was investigated by immunohistochemistry and each data point represents the mean of 2
sections per mouse. N=13–16, mean±SEM, *P<0.05 by Student’s t-test.


