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AbS T R AC T

Aim 

In this study we aimed to characterize the phenotype of Akt2/low-density-lipoprotein receptor 

double knockout (Akt2/LDLr dKO) mice with respect to insulin resistance and features of 

atherosclerotic plaque progression.

Methods and results

Metabolic profile and atherosclerotic plaque progression were compared between LDLr KO 

mice and Akt2/LDLr dKO mice. Total cholesterol, glucose and insulin levels were significantly 

higher and oral glucose tolerance test was more impaired in Akt2/LDLr dKO mice than in 

LDLr KO mice. Although atherosclerotic plaques at both the carotid artery and the aortic root 

of Akt2/LDLr dKO mice were significantly smaller (p<0.05) compared with LDLr KO controls, 

plaque composition in these mice was more complex, showing 34-50% reduced collagen 

content (p<0.01), 1.4-fold larger necrotic cores (p<0.05) and 6-fold more TUNEL positive cells 

(p<0.01). Alpha smooth muscle actin (ASMA) staining in the media layer was reduced by almost 

80% (p<0.01). In vitro analyses revealed that deletion of Akt2 caused decreased proliferation 

and collagen content of vascular smooth muscle cells (VSMCs) and disturbed the balance of 

metalloproteinases (MMPs) and tissue inhibitor of metalloproteinase (TIMP) mRNA expression 

in macrophages.

Conclusion 

Akt2/LDLr dKO mice develop insulin resistance and complex atherosclerotic lesions. These 

phenotypic characteristics make Akt2/LDLr dKO mice an interesting mouse model to study 

the effects of insulin resistance on the development and progression of atherosclerosis. 
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IN T RODUC T ION

Patients with type 2 diabetes mellitus (T2DM) have an increased risk of cardiovascular disease, 
due to accelerated atherosclerosis. In fact, the risk of dying from coronary heart disease is 2 
to 3.5-fold higher in patients with T2DM than without diabetes.1 The exact mechanism behind 
the development of accelerated atherosclerosis is currently unclear. Since T2DM is often 
accompanied by dyslipidemia, hypertension and obesity, accelerated atherosclerosis among 
diabetic subjects could be explained by the presence of these cardiovascular risk factors. 
However, the extent to which insulin resistance, which is the hallmark of T2DM, contributes 
to the development and progression of atherosclerosis, remains to be elucidated.

Insulin resistance is characterized by impairment of one of the two insulin signalling 
transduction pathways downstream of the insulin receptor.2 During insulin resistance, the 
phosphatidylinositol 3-kinase (PI3K) pathway, which regulates metabolic effects of insulin, is 
defective, whereas the mitogen-activated protein kinase (MAPK) pathway, which is involved 
in protein synthesis and growth, remains unaffected.3 Because of attenuated PI3K signalling, 
glucose can not be transported into cells, resulting in hyperglycemia, followed by compensatory 
hyperinsulinemia. The kinase Akt2 (or PKBβ) is a downstream target of PI3K signalling. It 
mediates most of the PI3K-mediated metabolic actions of insulin.4 Akt2 is highly expressed 
in insulin sensitive tissues, including liver, fat and skeletal muscle 5-7, but it is also present 
in vascular tissue.8 In human families, mutations in the Akt2 gene resulting in activation or 
inhibition of Akt2 have been associated with profound hypoglycaemia 9 or severe insulin 
resistance 10, respectively. Additionally, mice that lack Akt2 display impaired glucose tolerance, 
develop compensatory hyperinsulinemia, and appear to be a good mouse model of insulin 
resistance.11,12 

In order to study the role of insulin resistance in the development and progression of 
atherosclerosis in vivo, an animal model in which both atherosclerosis and defective PI3K 
signalling are present, could be of great value. Homozygous Akt2 deleted mice crossed with 
mice that develop atherosclerosis, like low-density-lipoprotein receptor knockout (LDLr 
KO) mice, might provide such a model. Therefore, the aim of our study was to characterize 
the phenotype of Akt2/LDLr dKO mice with respect to insulin resistance and features of 
atherosclerotic plaque progression.

MAT ER I AL S AND ME T HODS

Animals
All animal work was performed in compliance with the Dutch government guidelines.
Akt2+/- LDLr-/- mice (strain B6.129-Akt2tm1.1Mbb Ldlrtm1Her/J on a C57Bl/6J background) were 
purchased from Jackson Laboratories (Bar Harbor, ME) and bred to obtain Akt2/LDLr double 
knockout (dKO) mice. LDLr KO mice were used as controls. Male LDLr KO (n=12) and Akt2/LDLr 
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dKO (n=12) mice (12 weeks old) were fed a Western type diet, containing 0.25% cholesterol 
and 15% cocoa butter (SDS, Sussex, UK). After 2 weeks of Western-type feeding, blood samples 
were drawn and carotid artery plaque formation was induced by perivascular collar placement 
as previously described.13 Six weeks after collar placement all animals were anaesthetized and 
in situ perfusion was performed. Carotid arteries and the heart (including aortic root) were 
excised and stored in 3.7% neutral-buffered formalin (Formalfixx®, Shandon Scientific Ltd., UK). 
Carotid artery embedding occurred as described previously.13 Transverse 5μm cryosections of 
carotid arteries were prepared on a Leica CM 3040S Cryostat (Leica Ltd., Cambridge, UK) in a 
proximal direction for histology and immunohistochemical analysis. The hearts were sectioned 
perpendicular to the axis of the aorta, starting within the heart and working towards the aortic 
arch as described by Paigen.14 Once the aortic root was identified by the appearance of aortic 
valve leaflets, alternate 10 μm cryosections were taken for histology and immunohistochemical 
analysis.

Insulin, glucose and lipid analysis
Glucose and total cholesterol levels were measured in non-fasted mice (n=12 per group) at two 
weeks after starting the Western type diet. Glucose levels were measured with an Accu-Check 
glucometer (Roche Diagnostics, Almere, the Netherlands). The concentration of cholesterol 
was determined by incubation with 0.025 U/mL cholesterol oxidase (Sigma) and 0.065 U/mL 
peroxidase and 15 μg/mL cholesteryl esterase (Roche Diagnostics, Mannheim, Germany) in 
reaction buffer (1.0 KPi buffer, pH=7.7 containing 0.01 M phenol, 1 mM 4-amino-antipyrine, 
1% polyoxyethylene-9-laurylether, and 7.5% methanol). Absorbance was read at 490 nm. 
Insulin and triglycerides were measured in 6 LDLr KO mice and 6 Akt2/LDLr dKO mice after two 
weeks of Western type feeding. Plasma insulin levels were measured using a mouse-specific 
ELISA (ALPCO Diagnostics, Salem, NH, USA). Triglycerides were determined using a standard 
enzymatic colorimetric assay (Roche Diagnostics, Mannheim, Germany). Plasma samples of 
this experiment were pooled for measurement of lipoprotein distribution pattern, using fast 
protein liquid chromatography (FPLC).15

Oral glucose tolerance test
Two weeks after starting the Western type diet, all mice were subjected to an oral glucose 
tolerance test (GTT). Mice were fasted overnight. An initial blood sample was taken via tail 
bleeding (t=0), immediately followed by administration of 2g/kg glucose through an oro-
gastric tube. Additional blood samples were taken at 15, 30, 60 and 120 minutes after glucose 
administration for measurement of glucose levels with an Accu-Check glucometer (Roche 
Diagnostics, Almere, the Netherlands).

Histology and morphometry
Cryosections of carotid arteries were stained with hematoxylin (Sigma-Aldrich, Zwijndrecht, the 
Netherlands) and eosin (Merck Diagnostica, Munich, Germany). Collagen in these sections was 
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visualized by Sirius Red staining (Polyscience, Eppelheim, Germany), smooth muscle cells were 
stained with alpha smooth muscle actin (ASMA clone 1A4, 1:1000, Sigma-Aldrich, Zwijndrecht, 
the Netherlands) and apoptosis was visualized using a terminal deoxytransferase dUTP nick-end 
labelling (TUNEL) kit (Roche Diagnostics, Mannheim, Germany). Cryosections of aortic roots 
were stained with Oil red O (Sigma-Aldrich) for neutral lipids and collagen was visualized using 
a Masson’s Trichome staining kit (Sigma-Aldrich). Macrophage content of both the carotid 
artery lesions and aortic root lesions was assessed using a rat monoclonal MOMA2 antibody 
(Serotec, Kidlington, Oxford, UK). 

Morphometric analyses were performed using a Leica image analysis system, consisting 
of a Leica DMRE microscope coupled to a camera and Leica QWin Imaging software (Leica Ltd., 
Cambridge, UK). In carotid arteries, lesion area was quantified on hematoxylin-eosin stained 
sections at the site of maximal stenosis. Mean lesion area of the aortic root was calculated 
from an average of five Oil red O stained sections, starting at the appearance of the aortic root. 
MOMA-2, ASMA and collagen positive areas were quantified by Leica Qwin image analysis 
software. TUNEL positive nuclei were counted manually. All morphometric analyses were 
performed by a blinded operator. 

Cell culture 
Bone marrow derived macrophages (BMDMs) were isolated from both LDLr KO mice and 
Akt2/LDLr dKO mice. Cells were cultured for 7 days in complete RPMI medium supplemented 
with 20% fetal calf serum (FCS) and 30% L929 cell-conditioned medium, as the source of 
macrophage colony-stimulating factor (M-CSF), to generate bone marrow-derived macrophages.  
Subsequently, cells were stimulated with insulin (10-8 and 10-7 M) or TNF-α (10ng/ml) for 1 day 
in DMEM containing 10% fetal calf serum, 2 mmol/L l-glutamine, 100 U/mL penicillin, and 100 
μg/mL streptomycin, after which mRNA was isolated.

Vascular smooth muscle cells (VSMCs) were retrieved from 3 LDLr KO mice and 3 Akt2/
LDLr dKO mice, based on the methods described by Chamley-Campbell et al.16 In short, aortas 
were isolated, washed with sterile HBSS (with calcium and magnesium) and digested in HBSS 
containing 1 mg/mL collagenase (Worthington Biochemical, Lakewood, NJ, USA), 1 mg/mL 
soybean trypsin inhibitor (Worthington Biochemical), and 0.74U.mL elastase (Worthington 
Biochemical) for 8-10 minutes at 37°C. Enzymes were washed off with DMEM/F12 medium 
(Gibco-Invitrogen life Technology, Breda, The Netherlands), supplemented with 1% Penicillin/
Streptomycin and 20% FCS. Next, adventitia layers of aortas were stripped and endothelial 
cells were removed by gently scrapping the inside of the vessel with forceps. Vessels were then 
incubated with enzyme solution at 37°C in 5% CO2 in the incubator for one hour. Resulting 
cells were pelleted and washed with sterile DMEM/F12 medium. VSMCs were cultured in 
DMEM/F12 and were used for experiments until passage 10. 
 
Collagen assay
VSMCs were seeded at a density of 5*104 cells/well. Cells were allowed to attach and serum 
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starved overnight. The next day, VSMCs were exposed to 10-8 insulin or 20% fcs for 20 hours. 
Collagen content of cells was determined as previously described17: Cells were rinsed with PBS 
and fixated with 3.7% para-formaldehyde and collagen content was stained using a 0.1% (w/v) 
solution of Sirius Red F3B dye (BDH Laboratory Supplies, Poole, UK) in aqueous picric acid for 
40 minutes. Unbound dye was removed by washing with 0.01N HCl. NaOH (0.1N) was added to 
the cells for 30 minutes to dissolve the dye. Absorbance measurements at OD 550nm with 0.1N 
NaOH as blanc were performed in a microplate reader (EL808, Bio-Tek instruments, Winooski, 
VT, USA). For the calibration curve, increasing amounts of gelatin in PBS were air dried in 
quadruplicate in a 24-wells plate. These samples underwent the same procedure as the cells.

Proliferation assay
VSMCs were seeded at a density of 3*103 cells/well. Cells were allowed to attach and serum 
starved for 24 hours, followed by stimulation with insulin (10-9, 10-8, 10-7M) or 20% FCS for 
48 hours. DNA synthesis was monitored by 5-bromo-2-deoxyuridine (BrdU) incorporation 
according to the manufacturer’s protocol (Roche, Basel, Switzerland).

Metalloproteinase mRNA expression
BMDMs were seeded in a density of 5*105 cells/well, and stimulated with insulin (10-8 and 10-7 
M) for 24 hours at 37°C. Total RNA was extracted and RNA was reverse transcribed by M-MulV 
reverse transcriptase (RevertAis, MBI Fermentas, Leon-Roth) and used for metalloproteinase 
(MMP) gene expression (See Table 1 for primer sequences) with an ABI PRISM 7700 Taqman 
apparatus (Applied Biosystems, Foster City, CA, USA). 

Statistical analysis
Data are represented as mean ± SEM. Statistically significant outliers were calculated per group 
using Grubbs’ test and removed for analyses. An unpaired student’s T-Test (Welch corrected 
when necessary) was used to compare groups. Data were analyzed using GraphPad Prism 5 
software (San Diego, CA, USA). P-values below 0.05 were considered statistically significant.

Table 1: Q-PCR primer sequences

Gene Forward primer Reverse Primer

Mmp1a GGTCACTCCCTTGGGCTCACTCATTCT TGGCTGGATGGGATTTGGGGAAGGT

Mmp1b CTTTGCTCATGCTTTTCTGCCAGGCC GGGAGAGTCCAAGGGAGTGACCCAG

Mmp2 CCGAGGACTATGACCGGGATA GGGCACCTTCTGAATTTCCA

Mmp8 TGACCTCAATTTCATATCTCTGTTCTG TCATAGCCACTTAGAGCCCAGTACT

MMP9 CTGGCGTGTGAGTTTCCAAAAT TGCACGGTTGAAGCAAAGAA

Mmp13 AATATCTGACCTGGGATTCCCA CTTCCCCGTGTTCTCAAAGTG

TIMP1 ACACCCCAGTCATGGAAAGC CTTAGGCGGCCCGTGAT
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RE SULT S

In vivo metabolic profile
Metabolic profile was compared between Akt2/LDLr dKO mice and LDLr KO mice after two 
weeks of Western type feeding. Ablation of Akt2 in LDLr KO mice did not affect total body 
weight (figure 1A). Total cholesterol levels were higher in Akt2/LDLr dKO mice than in LDLr KO 
mice, while triglyceride levels were similar (figure 1D and E). FPLC profiles of pooled plasmas 
revealed that Akt2/LDLr dKO mice had slightly elevated very low-density lipoprotein (VLDL)-
cholesterol levels and decreased high density lipoprotein (HDL)-cholesterol levels compared 
to LDLr KO mice (figure 1B and C). As expected, glucose and insulin levels were significantly 
increased in Akt2/LDLr dKO mice, which was accompanied by a lower insulin sensitivity as 
measured by an oral glucose tolerance test (figure 1F, G, H and I).

Figure 1. Metabolic profile of LDLr KO mice and Akt2/LDLr dKO mice. 
Body weight (A), total cholesterol (D) and glucose (F) were measured and oral glucose tolerance test (H, I) was performed 
in 12 LDLr KO mice and 12 Akt2/LDLr dKO mice that were placed on a Western type diet for 2 weeks. Plasma triglycerides 
(E) and insulin (G) were measured in a separate experiment using plasma of 6 LDLr KO mice and 6 Akt2/LDLr KO mice, also 
after 2 weeks of Western type diet. Lipoprotein distribution was assessed by separation of pooled plasma samples, using 
fast protein liquid chromatography (FPLC) (B and C). * p<0.05; ** p<0.01; # p<0.0001.
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Assessment of atherosclerotic plaques
After 8 weeks of western type feeding, atherosclerotic plaque formation was analyzed in aortic 
roots and in carotid arteries proximal to the collar. At both sites, plaques were significantly 
smaller in Akt2/LDLr dKO mice than in LDLr KO mice (1.7-fold smaller in carotid arteries (p<0.05, 
figure 2A) and 1.3-fold smaller in aortic roots (p<0.05, figure 2B). Media size did not differ 
between groups. When analyzing atherosclerotic plaque characteristics, we found that Akt2/
LDLr dKO mice had reduced collagen content in both plaques of carotid arteries (24% in Akt2/
LDLr dKO mice versus 36% in LDLr KO mice; p< 0.01) and of aortic roots (2% in Akt2/LDLr dKO 
mice versus 4% in LDLr KO mice; p<0.01) (figure 3A and B). Intraplaque macrophage content  

Figure 2. Atherosclerotic plaque size was compared between LDLr KO mice and Akt2/LDLr dKO mice in the carotid 
arteries (A) and at the aortic root (B). *p<0.05.

was comparable between groups (figure 3C and D). In carotid arteries of Akt2/LDL dKO mice, 
relative necrotic core size was 1.4-fold larger (p<0.05) and the percentage TUNEL positive cells 
was 6-fold higher (p<0.01) than in carotid arteries of LDLr KO mice (figure 3E and F). Regarding 
VSMCs, we found that relative alpha smooth muscle actin (ASMA) expression in the intima 
of carotid arteries was not statistically different between groups, while ASMA expression was 
significantly reduced by almost 80% in the media layer of carotid arteries of Akt2/LDLr dKO 
mice (p<0.01) (figure 4).

In vitro experiments for collagen homeostasis
In order to assess the role of Akt2 on vascular smooth muscle cells, we isolated VSMCs from 
both LDLr KO and Akt2/LDLr dKO mice. Basal collagen content of VSMCs from Akt2/LDLr dKO  
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Figure 3. Collagen content (A, B) and macrophage content (C, D) within atherosclerotic plaques were measured in both 
carotid arteries and aortic roots. Necrotic core size (E) and apoptosis (F) were assessed only in carotid arteries. *p<0.05, 
**p<0.01
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mice was 50% lower than that of LDLr KO mice (p<0.05) (figure 5A.). Stimulation of VSMCs 
from LDLr KO mice with insulin or 20% FCS increased collagen content significantly, whereas in 
VSMCs from Akt2/LDLr dKO mice collagen content increased only after stimulation with 20%FCS 
(although to a lesser extend than in VSMCs derived from LDLr KO mice). Also, basal VSMC 
proliferation was almost 50% lower in VSMC from Akt2/LDLr dKO mice than in VSMCs from 
LDLr KO mice (figure 5B.). This reduced proliferation remained after stimulation with insulin. 

Additionally, MMP mRNA expression was measured in bone marrow derived macrophages 
(BMDMs) of both mouse genotypes. Basal MMP13 mRNA expression was significantly lower 
in BMDMs from Akt2/LDLr dKO mice (figure 5E). However, after stimulation with insulin or 
TNF-α, this difference disappeared. Furthermore, stimulation with insulin resulted in higher 
MMP-9 and lower TIMP-1 mRNA expression in BMDMs from Akt2/LDLr dKO mice compared 
with BMDMs from LDLr KO mice (figure 5D and F). Finally, TNF-α increased MMP-8 mRNA 
expression more in Akt2/LDLr dKO macrophages than in LDLr KO macrophages (figure 5C). 
Basal MMP-1a, MMP-1b and MMP-2 mRNA expression levels, as well as expression levels after 
stimulation with insulin or TNF-α, were similar when both macrophage types were compared 
(data not shown). 

Figure 4. ASMA staining in carotid arteries ** p<0.01
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Figure 5. Vascular smooth muscle cells (VSMCs) were isolated from aortas of both LDLr KO mice (black bars) and 
Akt2/LDLr dKO mice (white bars). Collagen content (A) and proliferation (B) of VSMCs was measured after overnight 
stimulation with insulin or FCS. Bone marrow derived macrophages (BMDM) were isolated from LDLr KO mice (black 
bars) or Akt2/LDLr dKO mice (white bars). Metalloproteinase (MMP) and TIMP mRNA expression was analyzed after 
stimulation with insulin or TNF-α for 5 days (C-F). 
* p<0.05, ** p<0.01, *** p<0.001 compared to control.
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DISCUSSION

In this study we show that Akt2/LDLr dKO mice have impaired glucose tolerance and that 
their atherosclerotic plaques show features of decreased stability, including reduced collagen 
content, increased apoptosis and larger necrotic cores as compared to LDLr KO mice. These 
phenotypic characteristics illustrate that Akt2/LDLr dKO mice might serve as an attractive 
mouse model to study the effects of insulin resistance on the development and progression 
of atherosclerosis.

Deletion of Akt2 in wild type C57BL/6 mice has been first described by Cho et al, who 
found that abrogation of Akt2 mimics important features of T2DM, like hyperglycemia, 
hyperinsulinemia and insulin resistance.11 In accordance, we also found that Akt2 deletion in 
LDLr KO mice results in increased insulin resistance, as reflected by raised glucose and insulin 
levels and impaired glucose tolerance testing. Besides these effects on glucose metabolism, 
we also found that Akt2/LDLr dKO mice had 35% higher total cholesterol levels than LDLr KO 
mice. Total cholesterol levels have been positively associated with increased atherosclerotic 
plaque burden. 18 Therefore, Akt2/LDLr dKO mice were expected to have increased plaque size. 

Interestingly, despite increased cholesterol levels, Akt2/LDLr dKO mice had a reduction 
in atherosclerotic plaque size of 42% in carotid arteries and of 22% in aortic roots compared 
with LDLr KO mice. We found no significant differences in macrophage content of the lesions, 
and the observed smaller atherosclerotic lesions in Akt2/LDLr dKO mice could therefore 
reflect a difference in the other main cellular constituent, the VSMC. Normal adult VSMCs 
in blood vessels have a contractile phenotype, proliferate very slowly, exhibit low synthetic 
activity and express ASMA.19 However, upon vascular injury, VSMCs switch to the synthetic 
phenotype, in which they synthesize extracellular matrix, proliferate, migrate, and lose their 
ASMA expression.19 While the reduced ASMA content in lesions of Akt2/LDLr dKO mice can in 
part reflect a change in phenotype of VSMCs, it can also imply a decrease in cell number. The 
latter is a composite of the balance of migration, apoptosis and proliferation of VSMCs in the 
neointima. In the current study we did not investigate effects on migration, but the percentage 
of apoptotic cells was found to be 6-fold higher in atherosclerotic plaques of Akt2/LDLr dKO 
mice than in LDLr KO mice. Previous studies have also demonstrated a role for Akt2 in the 
regulation of cell cycle and apoptosis. Akt2 KO mice that were subjected to ligation of the 
left coronary artery displayed increased apoptosis of cardiomyocytes compared to wild type 
mice.20 Furthermore Akt2 deletion has also been shown to increase apoptosis in zebrafish, 
pre-adipocytes and glioblastoma cells.21-23 

Moreover, we found that proliferation of VSMCs in vitro was significantly lower when 
Akt2 was lacking. Additionally, Akt2 knockdown has also been reported in the literature to 
reduce proliferation in pre-adipocytes, glioblastoma cells and lung adenocarcinoma cells.22-24 
A combination of increased apoptosis and reduced proliferation could therefore contribute 
to the obeserved decrease in the VSMC content of the atherosclerotic plaque.

Although atherosclerotic plaques of Akt2/LDLr dKO mice where smaller in size, 
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morphologic analyses revealed that plaques of these mice were more complex as compared to 
plaques of LDLr KO mice. As mentioned above, plaques of Akt2/LDLr dKO mice displayed more 
apoptosis and probably had reduced proliferation of VSMCs. This is likely to have contributed to 
relatively larger necrotic cores and decreased collagen content, both of which are regarded as 
features of increased plaque vulnerability.25,26 Collagen is considered an important contributor 
to plaque stability because it provides support to the fibrous cap overlying the necrotic core.25 
When collagen homeostasis is disturbed, due to decreased collagen synthesis by VSMCs and/
or increased collagen breakdown by MMPs, the fibrous cap weakens and becomes more 
prone to rupture. In our in vitro experiments we showed that collagen content was 50% lower 
in VSMCs that were isolated from Akt2/LDLr dKO mice than in VSMCs that were isolated 
from LDLr KO mice. Furthermore we found that Akt2 deletion disturbed the MMP/TIMP 
mRNA expression ratio in isolated macrophages. Overall we observed a tendency towards 
increased MMP expression and reduced TIMP-1 mRNA expression in macrophages derived 
from Akt2/LDLr dKO mice. Taken together, these results suggest a role for PI3K/Akt signalling 
in collagen homeostasis during the development and progression of atherosclerosis, due to 
both phenotypic modulation and effects on VSMC turnover.

According to our results, Akt2/LDLr dKO mice might provide a good model to study 
accelerated atherosclerosis during insulin resistance. This model meets the criteria of diabetic 
atherosclerosis, as proposed by the Animal Models of Diabetic Complications Consortium 
(AMDCC), which states that greater vascular disease or more complex lesions should occur 
in the setting of insulin resistance, dysmetabolic syndrome, impaired glucose tolerance or 
type 2 diabetes.27 They define acceleration of atherosclerosis as an increase in the extent of 
lesions or progression of lesion histology. Furthermore, they emphasize that lesion acceleration 
must not be solely due to elevated cholesterol levels.27 Although total cholesterol levels were 
significantly higher in Akt2/LDLr dKO mice, the observed lesion progression was probably 
not attributable to cholesterol levels, since we found reduced plaque size in Akt2/LDLr dKO 
mice. Hence, we can conclude that Akt2/LDLr dKO mice provide a proper mouse model of 
accelerated atherosclerosis in the setting of insulin resistance, because Akt2/LDLr dKO mice 
develop insulin resistance and have more complex atherosclerotic lesions than LDLr KO mice, 
which is not likely to be due to increased cholesterol levels.

In the past decades, several other mouse models of genetically induced insulin resistance 
and atherosclerosis have been developed. The most common models include leptin deficient 
mice 28,29, leptin receptor deficient mice 30, insulin receptor deficient mice31-33 and insulin 
receptor substrate deficient mice33,34, all on a genetic background of LDLr KO or ApoE KO 
mice. All models, including the Akt2/LDLr dKO model, are complementary to each other, since 
they all have different mechanisms by which insulin resistance is achieved and, consequently, 
display different phenotypes. Characteristic for the Akt2/LDLr dKO mouse model is that the 
mechanistic link between insulin resistance and accelerated atherosclerosis can be directly 
studied, because the genetic knockdown is located in the PI3K pathway and not more upstream 
in de insulin receptor or in leptin or the leptin receptor. Furthermore, effects can be studied 
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independent of obesity in this model. On the other hand, human T2DM is characterized by 
increased triglyceride levels 35, while triglyceride levels were not affected in Akt2/LDLr dKO 
mice in comparison with LDLr KO mice. This could be considered a limitation of Akt2/LDLr 
dKO mice. Therefore, the choice to use a distinctive mouse model should depend on one’s 
specific research question. This may also depend on the stage of atherosclerosis which is to be 
studied, as one could consider the effects of insulin resistance in the Akt2/LDLr dKO mice on 
VSMC proliferation and collagen synthesis to be beneficial in earlier stages of atherosclerosis 
by reducing plaque burden, and to be detrimental in later stages due to the observed effects 
on presumed parameters of plaque stability.

In summary, we show that Akt2/LDLr dKO mice develop insulin resistance and complex 
atherosclerosis. These phenotypic characteristics make Akt2/LDLr dKO mice an interesting 
mouse model to study the effects of insulin resistance on the development and progression 
of atherosclerosis. Moreover, we found that defective PI3K signalling, as occurs during insulin 
resistance, can directly affect atherosclerotic plaque morphology. In this process, the VSMC 
seems to play a central role by decreasing intra-plaque collagen content and proliferation. 
Additionally, macrophages might further disturb collagen homeostasis by changing MMP/
TIMP ratio. 
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