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Abstract
Despite improvements in glucose, lipids and blood 

pressure control, vascular complications remain the 
most important cause of morbidity and mortality in 
patients with type 1 diabetes. For that reason, there is a 
need to identify additional risk factors to utilize in clinical 
practice or translate to novel therapies to prevent 
vascular complications. Reduced insulin sensitivity 
is an increasingly recognized component of type 1 
diabetes that has been linked with the development 
and progression of both micro- and macrovascular 
complications. Adolescents and adults with type 1 
diabetes have reduced insulin sensitivity, even when 
compared to their non-diabetic counterparts of similar 
adiposity, serum triglycerides, high-density lipoprotein 
cholesterol, level of habitual physical activity, and in 
adolescents, pubertal stage. Reduced insulin sensitivity 
is thought to contribute both to the initiation and 
progression of macro- and microvascular complications 
in type 1 diabetes. There are currently clinical trials 
underway examining the benefits of improving insulin 
sensitivity with regards to vascular complications in type 
1 diabetes. Reduced insulin sensitivity is an increasingly 
recognized component of type 1 diabetes, is implicated 
in the pathogenesis of vascular complications and is 
potentially an important therapeutic target to prevent 
vascular complications. In this review, we will focus on 
the pathophysiologic contribution of insulin sensitivity to 
vascular complications and summarize related ongoing 
clinical trials.
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Core tip: Adolescents and adults with type 1 diabetes 
have reduced insulin sensitivity compared to their 
non-diabetic counterparts. Reduced insulin sensitivity 
is implicated in the development and progression 
of micro and macrovascular complications in type 1 
diabetes. Clinical trials are underway investigating 
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insulin sensitivity as a therapeutic target to prevent 
vascular complications in type 1 diabetes. Methods are 
needed to identify which patients with type 1 diabetes 
would benefit from treatment of insulin resistance and 
translation of this to clinical practice.
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INTRODUCTION
The public health burden of  type 1 diabetes (T1D), a 
disease affecting approximately 1.4 million people in the 
United States and 30 million globally[1], is progressively 
increasing, largely due to the prevalence of  the associated 
macro- and microvascular complications[1-3]. Macrovascular 
disease in the form of  coronary artery disease (CAD) is 
the major cause of  morbidity and mortality in patients 
with T1D[3-7]. Annually, up to 1%-2% of  young adults 
(28-38 years of  age) with T1D develop CAD[3-5,8,9]. By their 
mid-forties, over 70% of  men and 50% of  women with 
T1D develop measureable coronary artery calcification 
(CAC) by computed tomography (CT) scan[3-5,10,11] - a 
marker of  significant atherosclerotic plaque burden. In 
addition to macrovascular disease, microvascular disease 
continues to cause morbidity and mortality; for example, 
diabetic nephropathy remains the leading cause of  end-
stage renal disease in the United States[12-14], and diabetic 
retinopathy, another form of  microvascular disease, is the 
single most common cause of  new-onset blindness[15]. 

Despite significant improvements in conventional risk 
factors (e.g., blood pressure, glucose and lipid control) 
during the past two decades, vascular complications 
remain a major concern in T1D[14,16-19]. There is a need 
for improved methods to identify people at risk for, 
and prevent the development and progression of, these 
complications. 

Adolescents and adults with T1D demonstrate reduced 
insulin sensitivity, even when compared to non-diabetic 
counterparts of  similar adiposity, body fat distribution, 
serum triglycerides, high-density lipoprotein cholesterol, 
level of  habitual physical activity, and in adolescents, 
pubertal stage[17,20-25]. In addition to the insulin resistance 
documented historically in adolescents with very poor 
glycemic control[22], more recently significant insulin 
resistance has been documented in adolescents and adults 
with T1D, despite modern advances in technology and 
better glycemic control[20]. Increasing rates of  obesity 
in T1D most likely also contribute to impaired insulin 
sensitivity[26]. Moreover, a subset of  participants in The 
Diabetes Control and Complications Trial (DCCT) in the 
intensive treatment arm experienced greater weight gain 
and worse CVD profiles, which may suggest that lowering 

HbA1c is not without potential negative effects[27]. 
The role of  insulin sensitivity in the development 

and progression of  macro-[28-30] and microvascular com-
plications[31] in T1D is increasingly recognized. Prospective 
studies are needed to test the hypothesis that reduced insulin 
sensitivity is a unifying risk factor for the development of  
both micro- and macrovascular complications. However, 
there is increasing evidence implicating reduced insulin 
sensitivity in the path-ogenesis of  vascular complications 
in T1D[26,32]. It is therefore important to better understand 
the role of  insulin sensitivity in the development of  micro- 
and macrovascular complications in T1D to enable us to 
intervene early in the pathophysiologic course to halt or 
slow progression. Accordingly, in this review, we examine 
the current evidence addressing insulin sensitivity and 
vascular complications in T1D.

PATHOPHYSIOLOGY OF REDUCED 
INSULIN SENSITIVITY IN T1D
Historically, when glycemic control was poorer, reduced 
insulin sensitivity in people with T1D was thought to be 
solely related to adiposity and high HbA1c[22,33], but recent 
data have challenged this assumption and suggest that 
reduced insulin sensitivity cannot simply be explained 
by excess weight or poor glycemic control[20,21]. In fact, 
insulin resistance in multiple tissues has recently been 
documented in T1D subjects with glycemic control much 
improved from the pre-DCCT era (7.5% ± 0.9% and 
8.6% ± 1.6% in adults and adolescents) and with BMI 
similar to that of  non-diabetic individuals[20,21]. These 
data suggest that resistance to insulin’s action on glucose 
utilization, hepatic glucose release and non-esterified 
fatty acid suppression is also mediated by factors beyond 
prevailing adiposity or glycemia[20,21].

The exact mechanism of  reduced insulin sensitivity 
in T1D is poorly understood. Various hypotheses exist to 
explain reduced insulin sensitivity in T1D[34,35], including 
prolonged peripheral exposure to supraphysiologic levels 
of  exogenous insulin, weight gain in part caused by 
intensive insulin therapy, and genetic and environmental 
factors that contribute to type 2 diabetes (T2D)[26,34,35] 
(Figure 1). Another proposed mechanism includes lack 
of  delivery of  insulin to the portal circulation, causing 
reduced insulin delivery to the liver, and subsequent lower 
hepatic IGF-1 production, and lower feedback inhibition 
to the pituitary leading to higher growth hormone levels, 
which are known to induce insulin resistance[36] (Figure 
1). Abnormal glucagon regulation leading to increased 
hepatic glucose output has also been implicated in insulin 
resistance[36]. Another possible mechanistic pathway linking 
reduced insulin sensitivity to vascular complications in 
T1D is via insulin’s effects on overall non-essential fatty 
acid (NEFA) exposure and lipotoxicity in development of  
macro- and microangiopathy[20,34,35,37]. Finally, ectopically 
accumulated fat and its catabolites have been proposed to 
induce insulin resistance via the effects of  various signaling 
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pathways including MAPK, protein kinase C, IkB kinases, 
S6 kinases and ER stress on GLUT4, although the role of  
ectopic fat remains controversial[38-40] (Figure 1). 

There are also robust data demonstrating that subjects 
with T1D with greater degrees of  insulin resistance 
and/or family history of  T2D are at greater risk of  
micro- and macrovascular complications[41-44] (Figure 1). 
Furthermore, a high prevalence of  metabolic syndrome 
(38% in men and 40% in women) has been reported in 
adults with T1D[45]. A close relation between serum uric 
acid (SUA), insulin sensitivity and metabolic syndrome in 
non-diabetic subjects has been shown[46]. Conversely, in 
adolescents and adults with T1D we demonstrated very 
weak associations between SUA and estimated insulin 
sensitivity[47]. 

CURRENT METHODS OF MEASURING 
AND ESTIMATING INSULIN SENSITIVITY 
IN T1D
Although insulin resistance is recognized as an important 
component of  vascular complications in T1D, none of  the 
guidelines make specific recommendations about when or 
how to test for insulin resistance. The insulinopenic nature 
of  T1D prohibits the use of  the Ⅳ glucose tolerance test 
(IVGTT) and oral glucose tolerance test (OGTT)-based 
methods to estimate insulin sensitivity. The gold standard 
measurement of  insulin sensitivity in T1D, glucose 
disposal rate (GDR) from a hyperinsulinemic-euglycemic 
clamp, is too cumbersome for use in routine clinical 
care, but newer insulin sensitivity estimation equations 
(estimated GDR, eGDR), demonstrate strong agreement 
with measured insulin sensitivity and offer promise 
in the clinical setting[11]. Insulin sensitivity prediction 
equations from the SEARCH Study (eIS-SEARCH)[11], 
the Pittsburgh Epidemiology of  Diabetes Complications 
Study (eIS-EDC)[48], and the Coronary Artery Calcification 
in Type 1 diabetes study (eIS-CACTI)[20,31,47] are available, 
with others currently under development. The eIS-CACTI 
model includes waist circumference, daily insulin dose 
per kg body weight, triglycerides and DBP: exp(4.1075 - 

0.01299*waist(cm) - 1.05819 *insulin dose [daily units per 
kg) - 0.00354*triglycerides (mg/dL) - 0.00802*DBP (mm 
Hg)]. The eIS-CACTI explains 63% of  the variance in 
the GDR in hyperinsulinemic-euglycemic clamp studies, 
and has been validated in adolescent and adult cohorts 
with and without T1D[20,31,47]. There remains a need for a 
commonly accepted measure to estimate insulin sensitivity 
to be used in the clinical setting to identify patients who 
would benefit from therapies to improve insulin sensitivity. 

INSULIN SENSITIVITY AND 
MICROVASCULAR COMPLICATIONS
The association between insulin sensitivity and micro-
vascular complications is increasingly recognized, but it is 
not a recent discovery. In 1968, Martin et al[49] showed that 
microvascular complications were associated with insulin 
resistance in long-standing T1D subjects. In 1993, Yip 
et al[50] explored insulin resistance as an underlying factor 
in T1D and found reduced insulin sensitivity, measured 
by GDR, in a small group with microalbuminuria, while 
Orchard et al[48] later demonstrated that eGDR predicted 
overt nephropathy in T1D subjects in the EDC cohort. 
Finally, we and others have reported that higher estimated 
insulin sensitivity at baseline predicts lower odds of  
developing diabetic retinopathy, proliferative diabetic 
retinopathy and diabetic neuropathy independent of  other 
established risk factors[32,48,51]. We have also previously 
demonstrated that reduced estimated insulin sensitivity 
predicted incident microalbuminuria and rapid glomerular 
filtration decline by cystatin C over 6 years[31] and that 
increased insulin sensitivity predicted regression of  
albuminuria in adults with T1D[32], similar to data in the 
EDC study[48,52]. 

Mechanisms underlying insulin sensitivity and renal 
pathology remain unclear, but the association between 
reduced insulin sensitivity and hemodynamic changes 
in the kidney is increasingly recognized[13]. A growing 
body of  data demonstrates that insulin resistance is 
associated with an elevation of  glomerular hydrostatic 
pressure causing increased renal vascular permeability 
and ultimately glomerular hyperfiltration[13,53-60]. Another 
possible mechanistic pathway linking insulin resistance 
to diabetic nephropathy is via effects on overall non-
esterified fatty acid exposure and lipotoxicity, leading to 
the development of  angiopathy[36].

Markers of  reduced insulin sensitivity in adults with 
T1D have also been linked with increased risk of  diabetic 
retinopathy and proliferative diabetic retinopathy in the 
EURODIAB Prospective Complications Study[61]. However, 
the investigators in EURODIAB included surrogates 
for insulin sensitivity including triglycerides and waist-to-
hip ratio rather than measured or validated estimates of  
insulin sensitivity[61]. In the DCCT/EDIC study, higher 
estimated insulin sensitivity using the Pittsburgh eGDR 
equation was associated with a lower risk for retinopathy 
in both the conventionally treated and intensively treated 
groups, though not independent of  HbA1c[30]. Some 
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Figure 1  Possible mechanisms of reduced insulin sensitivity in type 1 
diabetes. T1D: Type 1 diabetes; T2D: Type 2 diabetes.
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glycation end production[75,76] and a decrease in blood 
pressure[77,78] in adults with T1D and T2D. However, 
there are currently insufficient data on vascular outcomes 
and their surrogates to routinely recommend metformin 
therapy in adolescents and adults with T1D for improving 
cardiovascular outcomes. For that reason, there is a need 
for well-designed randomized clinical trials of  sufficient 
size and duration to show clinical benefit of  metformin. 
Another important consideration is the significant 
variation observed in adults with T2D in response to 
metformin[71]. The inter-individual variation in metformin 
may also apply to patients with T1D. Genetic variation 
may be one of  the important determinants of  this inter-
individual variation, and improved understanding of  
underlying genes and pathways has the potential to 
improve the effect of  metformin on insulin sensitivity[71].

The BARI-2D study showed no benefit of  an insulin 
sensitizing strategy compared to insulin provision on 
diabetic nephropathy in older adults with coronary 
artery disease T2D[79]. In contrast to most contemporary 
cohorts with T1D, the BARI-2D trial included older 
adults with T2D, with most participants already having 
both hypertension and hyperlipidemia. It is plausible 
that the vascular injuries in older adults with T2D and 
longstanding pathology may not be responsive to changes 
in insulin sensitivity. A hypothesis is that early intervention 
prior to establishment of  vascular lesions may result 
in significant delay of  clinical pathology as suggested 
by the concept of  “metabolic memory” in the DCCT-
EDIC study[80-84]. Also, clinical cardiovascular disease 
typically does not manifest until older ages; for example, 
it took 17 years of  follow-up for the benefits of  intensive 
management to manifest in DCCT[27]. Improvements in 
outcomes due to adjunctive therapy in the era of  intensive 
management may be more subtle. Furthermore, long-term 
studies in children are lacking[85]. 

The REducing With MetfOrmin Vascular Adverse 
Lesions in Type 1 Diabetes (REMOVAL, NCT01483560) 
study is an ongoing double-blind randomized clinical trial 
with metformin to improve insulin sensitivity in adults 
with T1D in an attempt to prevent vascular complications, 
and the Effects of  Metformin on Cardiovascular Function 
in Adolescents With Type 1 Diabetes (EMERALD, 
NCT01808690) is an ongoing double-blind randomized 
clinical trial with metformin to evaluate if  metformin 
will improve tissue-specific insulin resistance in T1D 
adolescents using the hyperinsulinemic-euglycemic clamp 
technique, as well as improve vascular, cardiac, exercise 
and muscle mitochondrial function (Table 1). The effect 
of  Metformin on Vascular and Mitochondrial Function 
in Type 1 Diabetes (MeT1, NCT01813929) study is 
also underway which seeks to measure the effect of  
improving insulin sensitivity on vascular function and 
compliance, and mitochondrial function in adults with 
T1D. Metformin Therapy for Overweight Adolescents 
with Type 1 Diabetes (NCT01881828) being performed 
in the T1D Exchange clinic network seeks to evaluate 
the efficacy and safety of  the use of  metformin in 

studies in adults with T2D demonstrate an association 
between reduced measured insulin sensitivity and diabetic 
retinopathy[62,63], but there is a need for more data in T1D. 
There are also limited data on insulin sensitivity and diabetic 
neuropathy in T1D, with only a single small study showing 
an association between estimated insulin sensitivity and 
diabetic neuropathy in adults with T1D[64]. In contrast, the 
association between reduced insulin sensitivity and diabetic 
neuropathy is well recognized in adults with T2D[65-67]. 

INSULIN SENSITIVITY AND 
MACROVASCULAR COMPLICATIONS
In the general population, insulin resistance has been 
implicated as an important contributor to accelerated 
atherosclerosis[68,69]. In the CACTI study, a longitudinal 
cohort study of  adults with T1D designed to investigate 
the determinants of  early and accelerated atherosclerosis 
in T1D, insulin sensitivity independently predicted 
CAC[20,70]. Data from EDC also demonstrated strong 
associations between insulin sensitivity and coronary 
artery disease in adults with T1D[30]. In the DCCT, excess 
weight gain was associated with insulin resistance, as 
well as more extensive atherosclerosis during EDIC[43]. 
Moreover, we have also previously shown associations 
between insulin resistance and cardiac and exercise 
dysfunction in adolescents with T1D[21]. Renal health, 
which is known to be associated with better insulin 
sensitivity, is also strongly associated with higher peak 
exercise capacity in adolescents with T1D[52]. Finally, we 
have shown that higher estimated insulin sensitivity in 
adolescents with T1D is inversely associated with CVD 
risk factors[44]. 

CLINICAL TRIALS
Modification of  insulin sensitivity therefore holds promise 
as a therapeutic target to reduce vascular complications in 
T1D, since both life style changes (diet and exercise) and 
drugs such as metformin can improve insulin sensitivity 
in other populations. Metformin is an inexpensive and 
well tolerated medication. The most common adverse 
effects associated with metformin are gastrointestinal, 
with anemia due to vitamin B12 malabsorption and 
lactic acidosis being rare events when used in T2D[71]. In 
T2D, metformin is widely considered to protect against 
cardiovascular complications[71,72]. In contrast, metformin 
is not advocated in any major national or international 
guidelines for the management of  T1D[72]. In a recent 
meta-analysis of  randomized trials, Vella et al[72] found that 
metformin therapy in T1D was associated with reduced 
insulin-dose requirements but no clear evidence for an 
improvement in glycemic control was demonstrated[72]. 
Moreover, Nadeau et al[73] recently showed that low-
dose metformin decreased total daily insulin doses in 
adolescents with T1D, likely representing improvement 
in insulin sensitivity[73]. Metformin is also associated with 
reduced LDL cholesterol[74], precursors of  advanced 
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addition to standard insulin therapy in overweight and 
obese children and adolescents, age 12 - < 20 years, 
with type 1 diabetes for at least 1 year. Furthermore, 
the insulin Clamp Ancillary Study for Assessment of  
Insulin Resistance (NCT02045290) is an associated study 
underway to evaluate if  metformin will improve tissue-
specific insulin resistance in obese T1D adolescents using 
hyperinsulinemic-euglycemic clamp technique (Table 1). 
Smaller metformin trials are also underway. Additional 
studies are also needed to assess the impact of  other 
drugs that influence insulin sensitivity in T2D, including 
glucagon-like peptide-1 analogues, dipeptidyl peptidase-4 
inhibitor, sodium glucose co-transporter 2 inhibitors, 
thiazolidinediones and bromocriptine, which may have 
similarly beneficial effects in T1D.

DIET AND EXERCISE
Diet and exercise are important modifiable risk factors 
in the development of  insulin resistance and vascular 
complications in T1D[85]. We have previously reported 
that adults with T1D consume higher levels of  fat and 
saturated fat than their non-diabetic peers, and that 
the high intake of  fat is associated with risk factors for 
coronary heart disease[86,87]. Although studies suggest 
that nutrition influences vascular complications in adults 
with T1D[85,88], it remains inconclusive whether insulin 
resistance or specific nutrients are responsible for this 
association. The ADA and ISPAD both emphasize 
incorporation of  fruits, vegetables, whole grains, and low-
fat food choices[89,90], but further studies related to insulin 
sensitivity are required. Adolescents with T1D also 
appear to be more sedentary and less fit than their non-
diabetic counterparts[91]. Higher physical fitness among 
youth with T1D is associated with lower HbA1c[85,91]. 
In a study of  overweight and sedentary nondiabetic 
children, 3 mo of  aerobic training provided dose-
response benefits for insulin resistance compared with 
usual physical activity[92]. Moreover, small T1D studies 
have demonstrated increased fitness and decreased total 
daily insulin dosage with aerobic and strength training, 

compared with normal daily activities[93]. Finally, higher 
levels of  fitness reduced the mortality risk associated with 
diabetes and CVD in older adult men with diabetes, but 
those with T1D vs T2D were not analyzed separately[94]. 
Moreover, higher levels of  energy expenditure (due to a 
more active lifestyle) were found to be associated with 
increased cardiorespiratory fitness in a small study of  
T1D adults, but not necessarily better glycemic control[95]. 
Therefore, while physical activity appears very promising 
to improve insulin resistance and reduce CVD, definitive 
trials in T1D are still required. 

CONCLUSION
One of  the major challenges in preventing vascular 
complications in T1D relates to the accurate identification 
of  high risk patients at an early stage when pathology 
may be amenable to intervention. A promising potential 
therapeutic target is insulin sensitivity. Reduced insulin 
sensitivity is well documented in both adolescents and 
adults with T1D, and is thought to contribute both to the 
initiation and progression of  macro- and microvascular 
complications. Novel insulin sensitivity equations derived 
from easily identified risk factors (e.g., waist circumference 
and insulin dose) may allow the clinician to estimate 
insulin sensitivity in the clinical setting. Interventions to 
improve insulin sensitivity, including diet, exercise and 
insulin sensitizing medications, are potential therapies 
to supplement conventional therapies in reducing 
vascular complications in T1D, but further study is 
required. Finally, translation of  insulin sensitivity into 
clinical practice as a therapeutic target to reduce vascular 
complications requires investment in adequately powered 
clinical trials designed to capture important long-term 
vascular outcomes. 
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