
https://doi.org/10.1007/s13679-022-00477-x

THE OBESITY EPIDEMIC: CAUSES AND CONSEQUENCES (A CAMERON AND K 
BACKHOLER, SECTION EDITORS)

Highlighting the Role of Obesity and Insulin Resistance in Type 1 
Diabetes and Its Associated Cardiometabolic Complications

Georgios Karamanakos1   · Alexander Kokkinos1 · Maria Dalamaga2 · Stavros Liatis1

Accepted: 29 June 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Purpose of Review  This narrative review appraises research data on the potentially harmful effect of obesity and insulin 
resistance (IR) co-existence with type 1 diabetes mellitus (T1DM)-related cardiovascular (CVD) complications and evalu-
ates possible therapeutic options.
Recent Findings  Obesity and IR have increasingly been emerging in patients with T1DM. Genetic, epigenetic factors, and 
subcutaneous insulin administration are implicated in the pathogenesis of this coexistence. Accumulating evidence implies 
that the concomitant presence of obesity and IR is an independent predictor of worse CVD outcomes.
Summary  The prevalence of obesity and IR has increased in patients with T1DM. This increase can be partly attributed to 
general population trends but, additionally, to iatrogenic weight gain caused by insulin treatment. This association might 
be the missing link explaining the excess CVD burden observed in patients with T1DM despite optimal glycemic control. 
Data on newer agents for type 2 diabetes mellitus (T2DM) treatment are unraveling novel ways to challenge this aggravat-
ing coexistence.

Keywords  Cardiovascular complications · Double diabetes · Insulin resistance · Metabolic syndrome · Obesity · Type 1 
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Introduction–T1DM

It has been almost 100 years since Leonard Thompson got 
treated with the first insulin injection and consequently 
avoided death for nearly a year. Since that era, the treatment 
of type 1 diabetes (T1DM) has been revolutionized, dra-
matically increasing the life expectancy of patients, which, 
back in 1923, used to be close to 1 year after presenting 
symptoms emerged [1]. Despite the improvement, however, 
the mortality of people with T1DM remains higher than in 
the average population, mainly due to a twofold increase in 
cardiovascular mortality [2]. Furthermore, while the inci-
dence of microvascular complications such as nephropathy 
has been reduced after the implementation of intensive insu-
lin treatment [3], less impressive progress has been made 
regarding cardiovascular complications, implying that apart 
from hyperglycemia, other mechanisms might participate 
as well [4].

Obesity is a well-recognized risk factor for cardiovascular 
disease. The incidence of obesity worldwide has reached 
outstanding proportions in past years, giving rise to the term 
“obesity pandemic,” with the western way of sedentary liv-
ing and hypercaloric dieting being the main culprits [5].

Stereotypically, patients with T1DM are thought to be 
lean young persons, yet this traditional image is being chal-
lenged nowadays by the increasing coexistence of both over-
weight and obesity in more than 20% of individuals with the 
disease [6, 7]. Several valid questions arise from this obser-
vation: what are the causes of such a phenotype change? Is 
it predominantly driven by environmental factors, or is it 
mostly an iatrogenic side effect resulting from the intensive 
treatment with insulin? Is overweight/obesity a culprit in 
the excess cardiovascular incidence of people with T1DM? 
And finally, what therapeutic options can we use to tackle 
this situation?

Therefore, the aim of the review was to appraise research 
data on the potentially harmful effect of obesity and insulin 
resistance (IR) co-existence T1DM related cardiovascular 
disease (CVD) complications and evaluate possible thera-
peutic options.

T1DM and Cardiometabolic Complications

Several cohort studies have identified that people with 
T1DM have a shorter life expectancy than their age-matched 
general population. Specifically, an extensive Scottish cohort 
study [8] of 24,691 patients showed a reduction in life expec-
tancy by 13 and 11 years for women and men, respectively. 
Another sizeable Australian cohort study [9] found similar 
results (12.2 years of life expectancy loss). CVD is the main 
reason for this excess mortality in T1DM [10], especially 
in individuals past middle age [8, 9], with ischemic heart 
disease being the most common complication. Women with 
T1DM appear to have a similar incidence of CVD with men, 
even in the premenopausal period, indicating that the dis-
ease eliminates the hormonal cardiovascular protection of 
the female gender. Other factors, such as the age of diabetes 
onset [11], duration of diabetes, and patients’ age, were also 
independent predictors of incident CVD.

A well-established treatable causative factor of CVD in 
T1DM is hyperglycemia. Results from the DCCT (Diabetes 
Control and Complications Trial) randomized control trial 
(RCT) indicated that after 6.5 years in the trial, patients in 
the intensive insulin treatment group had an HbA1c approxi-
mately 2% lower than in the conventional arm. This effect 
on glycemia resulted in a lower incidence of microvascular 
complications [12]. At the end of the study, there was also a 
numerical trend in reducing CVD outcomes. Still, due to the 
small number of events, it failed to reach statistical signifi-
cance [13]. The population of DCCT continued participating 
in a follow-up observational study, the Epidemiology of Dia-
betes Interventions and Complications study (EDIC). After 
17 years of observation, participants in the DCCT intensive 
treatment arm had a 42% reduction in CVD incidence [14]. 
Surprisingly, this improvement occurred despite the equali-
zation of HbA1c values between the two trial arms during 
EDIC. Protection from CVD was attributed to a carry-over 
effect of prior improved glycemic control during DCCT, giv-
ing birth to the term “metabolic memory.”

The correlation between glycemic control and CVD was 
reproduced in some observational studies, such as the Finn-
ish Diabetic Nephropathy (FinnDiane) Study [15] and the 
Swedish registry study [2]. Yet, no significant interaction 
was reported in other studies [16, 17••], the longest of which 
is the Pittsburgh Epidemiology of Diabetes Complications 
Study (EDC). EDC is a large prospective observational study 
that enrolled patients with T1DM, diagnosed between 1950 
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and 1980. An EDC earlier analysis of CVD predictors found 
an independent association of CVD with albumin excretion 
rate (AER) but was not able to demonstrate a protective 
effect of better glycemic control. This disparity with the 
DCCT study may be explained when the differences between 
studies are closely examined.

As a real-life study, EDC included participants with more 
CVD-related risk factors (i.e., hypertension, dyslipidemia) 
and longer diabetes duration at baseline. Such patients were 
excluded from the DCCT. On the other hand, EDC was an 
observational study with the disadvantage of having a higher 
probability of bias than an RCT, such as DCCT. Finally, 
HbA1, a less accurate and standardized glycemia marker and 
not HbA1c, was used in EDC. Despite previous differences, 
a more recent EDC analysis using HbA1c, derived from 
HbA1 using a regression equation, revealed a significant 
correlation between hyperglycemia and CVD incidence but 
highlighted the importance of albumin excretion rate (AER) 
as the most influential independent predictor [18]. While the 
role of hyperglycemia in CVD is quite well recognized, its 
influence cannot account for the total incidence of CVD in 
people with T1DM [19]. Other traditional risk factors, such 
as dyslipidemia, hypertension, smoking, and–perhaps most 
importantly–nephropathy, are also implicated. Nephropathy 
closely follows hyperglycemia as the second stronger predic-
tor of CVD in T1DM [19]. It may be further subclassified as 
microalbuminuria, macroalbuminuria and overt glomerular 
filtration rate (GFR) reduction. These specific facets of dia-
betic nephropathy can occur either as consecutive events or 
independently of each other. Thankfully, the results from 
epidemiological studies show that post DCCT, there is a 
marked decline in the incidence of nephropathy worldwide, 
mainly attributed to the application of intensive glycemic 
treatment in most patients with T1DM [20].

Dyslipidemia is also a classical risk factor for CVD, with 
low-density lipoprotein cholesterol (LDL-C) levels being the 
most important biomarker for its diagnosis and treatment. 
Unfortunately, data on dyslipidemia diagnosis and manage-
ment mainly come from trials in T2DM and the general 
population. Therefore, their results may not be generalized 
in patients with T1DM. Indeed, it would appear that LDL-C 
influence in CVD incidence is less prominent in T1DM than 
in T2DM [21, 22]. Deficient and very high HDL-C levels, 
especially in women with T1DM, also seem to increase 
coronary artery disease (CAD) [23]. Hypertension is also 
tightly linked with T1DM, having a higher prevalence than 
in the age-matched general population [24]. Alarmingly, 
5.9% of young children and adolescents with the disease 
have hypertension, according to the SEARCH trial results 
[25]. Hypertension can be a cause and, more frequently, a 
consequence of nephropathy, and as shown in the results of 
EURODIAB, it is positively correlated with disease dura-
tion [26]. Smoking has repeatedly been shown to correlate 

positively with CVD outcomes in the T1DM population and 
remains the first preventable cause of death [27].

The shared pattern that emerges from most study reports 
is that the influence of conventional risk factors on CVD 
incidence is becoming more critical with increasing age and 
longer disease duration. Therefore, diagnostic and therapeu-
tic vigilance on hypertension and dyslipidemia management 
should be amplified as the patient with type 1 diabetes ages. 
Unfortunately, data from a recent study of the Swedish 
National Diabetes Register show that after adjustment of 
for the previously mentioned factors, individuals with T1DM 
still have twice the incidence of myocardial infarction and 
heart failure hospitalization than age and sex-matched indi-
viduals from the general population [28••]. This finding 
highlights the fact that despite impressive improvements in 
the management of CV risk factors, there are still unidenti-
fied pathways leading to an unacceptably high incidence of 
CVD in patients with T1DM.

Diabetes as a Continuous Spectrum

The Many Faces of Diabetes

Classification of diseases has been helpful for physicians who 
are required to make decisions regarding the diagnosis and 
treatment of a specific disease with certainty. In diabetes, 
the definition of opposite poles, with one being the insulin-
deficient type 1 patient and the other the insulin-resistant type 
2, paves quite a straightforward and physician-reassuring path 
regarding critical therapeutic choices, such as the initiation of 
insulin treatment. Alas, despite best efforts to give clear-cut 
definitions for diabetes, some cases may not be adequately 
categorized, casting doubt and much uncomfortable uncer-
tainty regarding clinical decision-making.

Intermediate Cases of Diabetes

Nowadays, T1DM is usually diagnosed in lean individuals 
of young age, based on the presence of specific islet auto-
antibodies and absence of residual insulin secretion, as meas-
ured by C-peptide levels. Several notable exceptions exist in 
the above definition, as well as in its individual parameters. 
A typical example refers to individuals, usually of African or 
Asian origin, who present with insulin deficiency and ketosis 
but are antibody-negative, and are usually termed as idio-
pathic or T1B diabetes [29]. Further adding to the confusion, 
soon after T1DM diagnosis, the requirement for exogenous 
insulin waxes and wanes for a particular–usually short–period 
of time. This phenomenon is termed as the “honeymoon 
period” and is actually a partial remission of the disease. Its 
pathophysiology is not entirely understood, possibly indicat-
ing an interplay between reduced insulin requirements and β 
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cell preservation and implying that other factors apart from 
autoimmunity may be implicated in the pathogenesis of the 
disease. Another indicator of the interconnection between 
insulin requirements and residual insulin secretion in patients 
with T1DM, irrespectively of autoimmune damage, is that 
children with T1DM, overweight and obesity and insulin 
resistance (IR) exhibit higher C-peptide levels than those of 
age-matched normal and underweight individuals [30]. In 
the SEARCH for Diabetes in Youth study, obesity correlated 
with earlier age of T1DM diagnosis in children with reduced 
C-peptide levels [31]. Similarly, an association of weight and 
earlier age of diagnosis of T1DM was shown in a study of 
9248 children from Germany and Austria [32•].

Intermediate cases can also be considered in patients 
diagnosed with T2DM (T2D) since, in some of them, near-
complete pancreatic exhaustion eventually develops, while 
others are prone to the development of ketosis at or soon 
after diagnosis [33]. Another gray-zone category is that of 
latent autoimmune diabetes in adults (LADA). In patients 
with LADA, the disease presents in antibody-positive adults 
without ketosis, with sparing of insulin secretion for a longer 
time than in patients with T1DM, having, therefore, a milder 
but highly variable clinical course [34].

Based on the above examples mentioned, some authors 
support that the increased insulin demand in the setting of 
IR associated with the rise of childhood obesity causes β-cell 
exhaustion, which, coupled with autoimmunity, results in 
the earlier development of T1DM [29–31, 35]. This notion 
is known as the “accelerator hypothesis” and may explain 
why children with T1DM have become progressively heavier 
at diagnosis over the past 20 years and also why the heavier 
children develop T1DM at an earlier age [35]. This hypoth-
esis may also explain the observed global rise in T1DM inci-
dence during the last decades [36].

Double Diabetes

Metabolic syndrome is the combined clinical term encom-
passing dysglycemia, dyslipidemia, central obesity, hyper-
tension, and, recently, non-alcoholic fatty liver disease [37]. 
The critical component in the metabolic syndrome patho-
genesis is IR, a T2DM hallmark. However, it is less well 
recognized that, according to several recent studies, many 
patients with T1DM nowadays also meet the metabolic syn-
drome’s criteria [38]. This combination of T2DM features in 
individuals with T1DM gave rise to the concept of “double 
diabetes” (DD).

As observed almost 30 years ago, individuals with DD 
usually have a family history of T2D and are more likely to 
be overweight [39]. The DD phenotype may even be found 
in children as young as five years of age [40]. The actual 
percentage of people with T1DM who may be classified as 

DD varies among studies, depending–among others–on the 
metabolic syndrome definition. In one of the initial reports 
describing DD, approximately 16% in a cohort of 448 
T1DM patients had a history of T2D in their families [39]. 
These individuals had higher HbA1c values, increased body 
weight, and received greater insulin doses than those without 
a family history of T2D. Similar associations were found in 
the more recent Finnish Diabetic Nephropathy Study [41]. 
The highest level of evidence comes from the DCCT study 
[42]. Participants with a family history of T2D in the study’s 
intensive treatment arm exhibited a higher degree of central 
obesity, increased triglyceride values, and total daily insulin 
dose.

Several studies have examined the influence of DD on 
microvascular and macrovascular complications. Data from 
a retrospective analysis of the EDC found that positive fam-
ily history of T2DM was a predictor of almost two times 
higher incidence of CVD, specifically coronary artery dis-
ease (CAD) (HR 1.89, 95% CI 1.27, 2.84). Yet, the effect 
was diminished after adjustment for cofactors [43]. Regard-
ing microvascular complications, the prospective EURO-
DIAB study found a correlation between a positive family 
history of T2DM and a higher percentage of albuminuria 
only in women.

The exact definition of DD remains challenging because 
while a family history of T2DM is easy to record, the precise 
selection of defining metabolic biomarker(s) is hard to estab-
lish. Despite being a widely used term, metabolic syndrome 
has at least four different definitions [44]. The WHO defini-
tion has been proven as the most useful predictor of CVD 
[45] in 3783 people with T1DM enrolled in the prospective 
Finnish Diabetic Nephropathy (FinnDiane) Study [46]. Its 
description includes any distortion in glucose metabolism 
(diabetes or prediabetes defined as fasting glucose ≥ 110 mg/
dl) plus any 2 of the following: hypertension, dyslipidemia 
(increased triglycerides or low HDL-C values), central obe-
sity, and microalbuminuria (i.e., albumin/creatine ratio ≥ 
30 μg/mg). This definition carries a problematic clinical rel-
evance since a patient having only one of these parameters 
would be considered as “non-metabolic,” and thus of low 
risk. Such a classification is another example of dichoto-
mous thinking, not considering individual differences such 
as the stage of hypertension or the level of dyslipidemia. Due 
to the confusion created by the several definitions and the 
low incorporation in everyday practice, the term metabolic 
syndrome may not be optimal for defining T2D features in 
patients with type 1 diabetes.

The Role of Insulin Resistance

The pathophysiologic basis tying the individual components 
of the metabolic syndrome is IR, which is also a critical 
metabolic disorder in T2DM. IR is a measurable quality, and 
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the gold standard measurement method is the euglycemic-
hyperinsulinemic clamp protocol [47]. While the protocol is 
highly accurate in defining IR, it is also time-consuming and 
laborious. It requires trained personnel for execution, mak-
ing it not practical for clinical work and is primarily reserved 
for research. An accurate and easy-to-use marker of IR for 
patients with T1DM was created from an analysis of the 
EDC data, based on clamp results from 24 patients enrolled 
in the study, the so-called estimated glucose disposal rate 
(eGDR) [48]. The computation of eGDR is done through 
the following equation of easily collected clinical markers: 
24.31 − (12.22 × waist to hip ratio) − (3.29 × hyperten-
sion) − (0.57 × HbA1C); units are mg/kg/min, hyperten-
sion taking the value of 0 or 1 on absence and presence,  
respectively. Lower eGDR values indicate higher IR. Indeed, 
IR measured through the eGDR was a central predictor of 
CVD outcomes, specifically CAD and peripheral vascular 
disease, in a retrospective analysis of EDC data [17••]. 
Another independent retrospective analysis of the DCCT 
cohort showed that patients with higher eGDR (calculated 
using BMI instead of the waist to hip ratio) at baseline had a 
lower risk chance of developing retinopathy (HR: 0.75, 95% 
CI 0.69–0.81), kidney disease (HR: 0.88, 95% CI 0.80–0.96) 
and CVD (HR: 0.70, 95% CI 0.56–0.88) [49••]. Interestingly, 
in the same analysis, the metabolic syndrome (IDF defini-
tion) [50] did not show any prognostic significance regard-
ing CVD. Finally, individual components of IR, such as the 
waist to hip ratio (WHR) and triglycerides, were predictive 
of microvascular events in the prospective analysis of the  
EURODIAB study [51].

Collectively, it appears that eGDR serves as a better sur-
rogate of IR than metabolic syndrome and can be used to 
define the group of patients with DD.

Type 1 Diabetes, Obesity, and IR

Physiology of Energy Balance in T1DM

Energy balance is defined as the combined result of energy 
influx and efflux created through physiologic consumption 
and metabolism of nutrients. This balance is tightly regu-
lated and kept constant under homeostatic conditions to 
maintain bodyweight. The resting energy expenditure pri-
marily drives energy balance; the term refers to the energy 
used by the organism to maintain vital functions during sleep 
and bed rest. Resting energy expenditure comprises as much 
as 70% of the total daily energy expenditure. The remaining 
30% includes energy spent on activities (exercise, work, etc.) 
plus the thermal energy produced by food consumption [52].

Due to the lack of endogenous insulin production, cou-
pled with exogenous insulin treatment, energy balance is 
quite distinct in people with T1DM. In the absence of the 

anabolic stimulus of insulin, people with T1DM before ini-
tiating insulin are in a catabolic state resulting in weight 
loss and wasting. One of the critical factors leading to 
weight loss before insulin treatment initiation is glycosuria. 
It has been calculated that loss of glucose in the urine can 
amount to 300 to 400 kcal per day [53]. On the other hand, 
insulin deficiency removes insulin’s postprandial inhibi-
tory effect on glucagon production. Hyperglucagonemia, in 
turn, leads to augmented hepatic glucose production and, 
as a consequence, to increased protein turnover to support 
gluconeogenesis [54, 55]. In a supervised experiment of 10 
patients with T1DM, uncontrolled hyperglycemia resulted 
in increased energy demands. Following intravenous insulin 
commencement, these effects normalized [56].

Under physiological conditions, insulin is secreted by the 
beta cells, in direct proportion to food intake (mainly car-
bohydrates) and the amount of body fat [57, 58]. Secreted 
insulin results, primarily through actions in the central 
nervous system, in higher levels of satiety, with the goal of 
body weight maintenance. Exogenous insulin bypasses this 
homeostatic mechanism, as it is usually injected in doses 
often miscalculated, based only on carbohydrate counting 
and irrespective of the body’s fatty tissue. Simultaneously, 
insulin-induced hypoglycemia, a frequent adverse effect of 
exogenous insulin therapy, negates the increased satiety sig-
nal from high insulin doses and may lead to increased food 
consumption [58]. Glucagon also reduces appetite in healthy 
individuals [59]. This response appears to be maintained in 
patients with T1DM, although it is impaired in people with 
obesity [60]. The exact overall effect of glucagon on hunger 
levels in people with obesity and T1DM remains unknown.

Epidemiology of Obesity in Type 1 Diabetes

Data regarding the prevalence of obesity at baseline in 
both the DCCT and EDC studies truly justify the histori-
cal description of the exclusively lean patient with T1DM. 
Specifically, participants with obesity accounted for 1% 
and 3.4% of the respective cohorts at recruitment. How-
ever, obesity prevalence after 12 years of EDIC follow-up 
increased to 31% in the previously intensively treated group 
of the DCCT. Similarly, a sevenfold increase (22.7%) was 
observed after 18 years in the EDC [61, 62•]. In both stud-
ies, obesity rate changes were of greater magnitude than 
the corresponding increase in the general population [61, 
62•]. The SEARCH for Diabetes in Youth (SEARCH) study 
noted a significant increase in overweight, but not obesity 
prevalence in young individuals with T1DM compared to 
healthy participants of the National Health and Nutrition 
Examination Survey (NHANES). Registry data from Euro-
pean (Germany, Austria) and American children with at least 
1 year of T1DM duration showed that 24% and 12%, respec-
tively, met the WHO criteria for either overweight or obesity. 
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Importantly, these prevalence figures were higher than the 
corresponding national and international reference values 
[63]. Taken together, epidemiological findings suggest that 
the global trend towards higher obesity rates increases simi-
larly or even at a faster rate in patients with T1DM than in 
the general population [64].

Pathophysiology of Obesity in Type 1 Diabetes

The Role of Genetics

There are several indications that the genetic background of 
a patient with T1DM plays a role in the subsequent devel-
opment of obesity (Fig. 1). Specifically, during the DCCT, 
intensively treated patients with a family history of T2DM 
had more pronounced central weight gain, as well as several 
other obesity-related risk factors at the end of the trial [42]. 
Intriguingly, there was no association between family history 
of T2DM and obesity in the control group of the DCCT [42]. 
Another cross-sectional study that examined the anthropo-
metric parameters of both young patients with T1DM (n = 
234) and their parents found a robust correlation between 
youth and parental BMI, raising the possibility of genetically 
influenced obesity [65].

For many years, the influence of genes in the develop-
ment of obesity has been an area of extensive research. More 
than 100 obesity-related genes have been discovered, yet 

their overall effect on BMI appears not to be very strong 
[66]. Some of the best recognized genes implicated in the 
pathophysiology of obesity are the fat mass and obesity-
associated (FTO) gene and the melanocortin 4 receptor 
(MCR) genes [67]. These genes mainly influence weight 
by modifying hunger/satiety levels in the central nervous 
system. Genetic analysis of 1119 children of Polish origin 
with T1DM revealed an association of their BMI with the A 
allele of the FTO rs9939609 gene only, while no other of the 
studied genes showed any such association [68]. The same 
FTO polymorphism was associated with higher BMI (but 
not with nephropathy) in a study evaluating 1,110 patients 
for the genetic linkage of obesity and kidney disease in 
type1 diabetes [69]. A more recent study by the same Polish 
group further examined the combined influence of FTO and 
clinical factors (disease duration, metabolic control, sex) in 
obesity prevalence in children with and without T1DM. An 
independent association between obesity and clinical char-
acteristics was shown, but not with FTO polymorphism [70].

A single nucleotide polymorphism (SNP) in the genetic 
locus of the transcription factor 7 like 2 (TCF7L2) has been 
found to be strongly correlated with T2DM [71]. A recent 
study by Redondo et al. evaluated the effect of this SNP 
on adolescents (n = 810) with newly diagnosed Τ1DM. 
This analysis showed that this SNP was correlated, in chil-
dren older than 12 years of age, with the presence of a sin-
gle rather than multiple autoantibodies, a higher level of 

Fig. 1   Mechanisms associated 
with induction of insulin resist-
ance in type 1 diabetes. Green 
color: type 1 diabetes specific 
pathways. Blue color: pathways 
not specific to T1D
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C-peptide, and lower mean glucose [72]. Hence, describing 
a milder clinical phenotype of T1DM, the presence of this 
SNP may potentially result in a T2DM-associated genetic 
influence.

A common problem associated with genetic studies, 
which are essentially observational studies, most often of 
cross-sectional design, is that causality between a SNP and 
a disease or a characteristic cannot be reliably established. 
Given the myriad of factors influencing the final phenotype, 
a method that could diminish the confounding effect is 
needed. The Mendelian randomization method was devel-
oped to address this need [73]. Briefly, the Mendelian rand-
omization method builds on the fact that genotype is inher-
ited randomly from the parents. The random distribution of 
genes with a well-known function (phenotype) is examined 
in populations of an observational study to determine causal-
ity with a potentially changeable exposure on the outcome 
of interest. In turn, this randomness reduces the confounder 
effect, creating an RCT analogous to a genetic study [74]. 
A Mendelian randomization study examined the presence 
of 23 SNPs known to be correlated with childhood obesity 
in 5913 cases of children with T1DM and demonstrated a 
positive relationship between obesity and the risk for T1DM 
[75]. Specifically, an increase of 1 standard deviation of BMI 
was associated with a 32% increase in the risk of developing 
T1DM. However, a substantial limitation was the absence 
of a known mechanism related to gene function, and their 
corresponding influence on the incidence of obesity.

The Role of Epigenetics

Environmental factors, such as diet, stress levels, and exer-
cise habits, interact with genes and influence gene expres-
sion without actually changing the sequence of the DNA. 
This elaborate modification formed by the gene-environment 
contact is called epigenetics [76]. Several observations point 
to the importance of epigenetic modification in the patho-
genesis of T1DM. Monozygotic twin studies show that 
the probability of both siblings being affected by T1DM is 
approximately 50% [77]. This discordance (only one twin 
being affected) implies that apart from purely genetic fac-
tors, the environment also influences disease development. 
The three primary mechanisms through which the environ-
ment exerts epigenetic changes are DNA methylation, his-
tone level changes, and specific microRNAs (miRNA) [78].

DNA methylation has traditionally been linked with inhibi-
tion of gene expression. Excessive DNA methylation of lipid 
and inflammatory loci has been described as a consequence 
of obesity, and such patterns were able to predict the future 
development of T2DM [79]. Further evidence of the cause 
and effect relationship between obesity with DNA methyla-
tion was provided by the restoration of the methylation pattern 
following gastric bypass surgery [80] and lighter methylation 

patterns found in successful weight-loss maintainers compared 
to individuals with obesity [81].

Changes at the histone level reveal several causal patterns 
of association between epigenetic modification and T1DM. An 
increase in histone H3 lysine 9 was found in the lymphocytes 
of patients with type1 diabetes compared with controls [82]. 
In vitro and in vivo experiments showed evidence that upregu-
lation of nuclear factor-κB (NFκB)-p65 gene, a gene known to 
be upregulated by hyperglycemia, was mediated at the histone 
level through increased methylation of H3K4 combined with 
reduced methylation of H3K9 after exposure to increased glu-
cose concentrations [83]. Finally, in an epigenetic analysis of 
the DCCT/EDIC study, patients in the intensive treatment arm 
free of complications were compared to patients in the con-
ventional treatment group who developed nephropathy with or 
without retinopathy after 10 years of follow-up. The analysis 
revealed considerable histone enrichment of H3K9Ac in the 
monocytes of the conventional group [84]. This epigenetic 
effect was associated with higher HbA1c values and genetic 
loci connected to the NFκB inflammatory pathway [84]. These 
epigenetic patterns persisted in a consequent analysis after 17 
years of follow-up in EDIC, providing evidence for the epige-
netic formation of metabolic memory [85].

MiRNAs are small non-coding RNA molecules that exert 
influence through posttranscriptional modification, primar-
ily by inhibition of gene expression [86]. The relationship 
of miRNAs with obesity and T2DM has been described in 
several studies [87]. One of the largest, the Framingham 
Heart Study (FHS) Offspring, with data from 2317 peo-
ple, showed an association of 16 miRNAs with traditional 
metabolic risk factors such as BMI, visceral obesity, and 
IR [88]. Specific examples of increased levels of miRNA 
have also been shown in patients with T1DM. Hyperexpres-
sion of miR-326 was found in lymphocytes of people with 
T1DM and correlated with an increased concomitant pres-
ence of glutamic acid decarboxylase antibodies (GADA) 
and insulinoma-associated (IA-2) autoantibody (IA-2A) 
[89]. Evidence regarding the relationship between ongo-
ing autoimmunity and miRNA was also shown in another 
study by Yang et al., where under-expression of miR-146a in 
patients with T1DM was connected to higher autoantibody 
titers [90]. A systematic review and bioinformatic analy-
sis revealed 11 miRNAs consistently elevated in patients 
with T1DM compared to controls [91], which were asso-
ciated with transcriptional pathways of apoptosis, immune 
response, and insulin production, implying their potential 
use as disease biomarkers.

The Role of Subcutaneous Insulin Administration 
and Intensive Glycemic Control

Insulin has a well-documented anabolic action [92]. Physi-
ologically increased insulin concentration lead to increased 
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lipid synthesis, reduced protein breakdown, and a reduction 
in metabolic rate, leading to a net effect of weight gain. On 
the other end of the spectrum, an insulin deficiency state, 
such as uncontrolled T1DM, leads to muscle and fat tis-
sue wasting to compensate with alternative metabolic fuels 
for the decreased glucose utilization in cells [93]. Further-
more, the loss of the natural insulin anabolic signal and the 
increased energy expenditure/fluid loss caused by glycosuria 
also contribute to the overall weight loss. Therefore, it is 
reasonable to expect that restoring insulin signals in patients 
with T1DM will result in weight gain (re-gain) due to the 
catabolic state's reversion. Yet, peripheral subcutaneous 
insulin administration does not mimic the natural route of 
insulin secretion, bypassing its first pass through the liver, 
which, on average, removes ≈50% of the secreted insulin 
[94]. First pass loss leads to the exposure of peripheral tis-
sues to supraphysiologic insulin concentrations, potentially 
increasing anabolic signals and promoting weight gain [95].

Indeed, it would appear that one of the foremost deter-
minants of the increase in overweight/obesity percent-
ages found in patients with T1DM in both the EDC and 
the DCCT/EDIC was the consolidation of intensive insulin 
treatment as the optimal therapeutic approach in the manage-
ment of hyperglycemia. The higher mean weight gain of 4.75 
kg in the intensively treated group in DCCT provides proof 
of concept-evidence that higher insulin doses eventually lead 
to more significant weight gain [96]. Intensive insulin treat-
ment in the DCCT was associated with a 73% increase in 
the risk of becoming overweight, and 25% of the intensively 
treated patients had BMI > 30 kg/m2 at the end of the study 
[97]. The effect of intensive insulin treatment on weight gain 
was pronounced despite proper dietician consulting [98]. 
The EDC study provided further such evidence, at baseline 
only 7% of the cohort was using multiple insulin injections 
(≥ 3 insulin injections per day) or an insulin pump; this 
percentage increased to 82% by 2004–2007 with a concomi-
tant sevenfold augmentation in obesity prevalence [62•]. The 
most significant increase in weight in both the EDC and 
the DCCT was observed in participants with higher HbA1c 
baseline values [62•, 99]. This finding might seem to support 
the hypothesis that in participants with uncontrolled diabe-
tes, weight gain may be (at least partly) a weight-regain. 
However, if that were the case, one would expect the BMI 
of participants with the highest baseline HbA1c to be lower 
than that of the rest of the cohort. Nonetheless, baseline 
BMIs were actually similar between the different quadrants 
of future weight gainers, implicating that weight gain occur-
ring in the high baseline HbA1c population was not simply 
a re-gain phenomenon. Another intriguing observation was 
that the quadrant of participants with the highest weight gain 
had worse glycemic control at baseline than the rest of the 
study patients, despite the similar total daily insulin dose, 
implying a higher baseline IR in this group [99].

The Role of Hypoglycemia

A well-recognized frequent side effect of insulin treatment in 
patients with T1DM is hypoglycemia [100]. Results from the 
DCCT showed a threefold increase in severe hypoglycemia 
in the intensively versus the conventional treatment group 
[97]. It has been estimated that patients treated with inten-
sive insulin therapy in the “real world” spend about 10% of 
their time at plasma glucose levels less than 60 mg/dl [101]. 
One of the first symptoms of hypoglycemia is increased 
hunger, and patients often consume more than the proposed 
15 g of carbohydrate to satiate [102]. Given the higher fre-
quency of hypoglycemia in intensively treated patients and 
the resulting increased carbohydrate consumption, gaining 
weight seems like a reasonable consequence. A correlation 
between the frequency of hypoglycemia and weight gain was 
again evident in the DCCT during the 1st year of follow-
up for both mild (r = 0.21, P < 0.05) and severe episodes 
(r = 0.18, P < 0.05) [103]. A more recent analysis found 
no evidence of severe hypoglycemia-induced weight gain 
after the completion of DCCT. Even the combined severe 
hypoglycemic episodes of the two study arms accounted for 
only 2% of participants' weight gain during the whole study 
[42]. Yet, milder hypoglycemia, which might contribute 
substantially to increased food intake, was not examined. 
The exact threshold of mild hypoglycemia has been debated 
and revised from scientific communities over the years 
[104–106]. The biggest issue with a clear-cut definition is 
that non-severe symptomatic hypoglycemia occurs at differ-
ent thresholds between patients, depending on several factors 
such as current glycemic control, the presence of autonomic 
neuropathy, concomitant medication use, etc. Without being 
able to quantify the effect of mild hypoglycemia on extra 
food consumption, no definitive conclusion on the relation-
ship between hypoglycemia and weight gain can be drawn. 
Hopefully, the recent consensus [107] on hypoglycemia from 
both the European and American diabetes associations will 
help to better define and study hypoglycemia-related end-
points in future studies.

Exercise is an integral part of any intervention aiming 
at weight control and an essential part of both type 1 and 
T2DM management. In particular, aerobic exercise reduces 
blood glucose by increasing GLUT 4 transporters on muscle 
cells and facilitates the subsequent influx of glucose into the 
cells [108]. While data on exercise and T1DM are not as 
abundant as in type 2, it is considered an effective means of 
controlling body weight and improving insulin sensitivity 
[109]. The high frequency of hypoglycemia in people with 
T1DM causes associated fear, leading to the adoption of 
“protective” behaviors such as insulin dose omission, excess 
consumption of calories, and exercise avoidance [110]. 
Indeed, a study by Brazeau et al. in 100 patients with T1DM 
showed that fear of hypoglycemia was the most significant 
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barrier to increase physical activity [111]. Reduced exercise 
in patients with T1DM to circumvent hypoglycemia may 
contribute to weight gain, increased IR, and a reduced sense 
of well-being. The exact effect of exercise avoidance on the 
bodyweight of people with T1DM has not been adequately 
examined in prospective studies and remains an area for fur-
ther research.

The Role of Exogenous Insulin in Generating Insulin 
Resistance Independently of Obesity

Glucotoxicity in uncontrolled diabetes is a well-studied 
phenomenon [112]. The term encompasses direct damage 
caused by increased blood glucose concentrations on β-cells 
coupled with organ-specific increases in IR, resulting in 
reduced glucose utilization and defective glycogen synthe-
sis [113]. The initiation of exogenous insulin treatment in 
inulin naïve patients with T1DM improves insulin sensitiv-
ity in the short term, often leading to a transient decrease 
in insulin needs and even complete remission of diabetes 
[114]. It has been reported that insulin sensitivity is 40% 
higher in patients achieving remission than those who do 
not [104]. When, however, insulin sensitivity of individuals 
with longer T1DM duration (2–32 years) was examined, it 
was surprisingly found to be 40% lower than in matched 
healthy controls. Therefore, it would appear that in the long 
run, the attempt to counteract the toxic effect of increased 
blood glucose with exogenous insulin administration lowers 
tissue sensitivity to insulin.

Exogenous insulin treatment does not follow the natural 
physiological pathway into the portal vein. It, thus, avoids 
the first pass insulin removal by the liver, creating a hypo-
insulinemic environment in the portal circulation and a 
hyper-insulinemic environment in the periphery. This phe-
nomenon has been historically recognized in the late 50 s 
by several reports that found a 50% reduction in circulating 
insulin after its first pass through the liver [115, 116]. Later 
research in the 70 s showed an even higher insulin removal 
rate, with the portal concentration of insulin being even three 
times as high as in the peripheral circulation [117, 118]. 
The introduction of the euglycemic hyperinsulinemic clamp 
protocol gave researchers a valuable tool to assess the effect 
of supraphysiologic peripheral insulin concentrations (such 
as observed in T1DM) on IR. Specifically, the induction of 
peripheral hyperinsulinemia during the implementation of 
such protocols was shown to decrease healthy volunteers' 
insulin sensitivity by 14–20% compared to saline infusion 
[119, 120].

Furthermore, several experiments in patients with T1DM 
have consistently validated that higher insulin concentra-
tions in the periphery cause an average increase of ~40% in 
IR [121, 122], depending on the population studied. In the 
more recent coronary artery Calcification in T1DM (CACTI) 

study, which examined the effect of IR on coronary artery 
calcification, people with T1DM had higher levels of IR than 
controls. Most importantly, this difference remained signifi-
cant after adjusting for traditional elements of the metabolic 
syndrome and associations with hyperglycemia [123]. A 
recent experiment aimed to clarify whether hyperglycemia 
or iatrogenic hyperinsulinemia is the primary driver of IR 
in T1DM. The investigators compared patients with T1DM 
(who are hyperinsulinemic and hyperglycemic) to individu-
als with monogenic diabetes due to partial deficiency of the 
glucokinase enzyme (Maturity-Onset Diabetes of the Young 
– GSK-MODY) who are normoinsulinemic and hyperglyce-
mic and to healthy controls (normoglycemic and normoinsu-
linemic). The two diabetic groups were matched in terms of 
BMI and HbA1c. IR was assessed through hyperinsulinemic-
euglycemic clamps. The experiment showed a 22% higher 
IR level in patients with T1DM than in participants with 
GSK-MODY and a 29% higher level than in healthy con-
trols. Further multivariate analysis showed that high plasma 
insulin concentration and not hyperglycemia was the chief 
contributor to IR induction in the T1DM group [124].

Insulin Pump and Obesity

Continuous subcutaneous insulin infusion through an insulin 
pump is increasingly becoming the preferred way of insulin 
administration in intensively treated patients with T1DM 
[125]. Several trials have examined the association between 
insulin pump usage and weight gain. Some initial retrospec-
tive studies reported an increase in weight gain with insulin 
pumps compared to multiple daily injections (MDI) [126, 
127]. However, more recent studies and meta-analyses did 
not demonstrate any effect of insulin pumps on gaining 
weight over MDI [128, 129]. In the “real world,” a registry 
study with 1258 patients from two diabetes centers evalu-
ated the effect of insulin pumps on body weight in adults 
transitioning to pumps from MDI after 1 year of follow-up. 
No change in weight was observed for the combined cohort, 
while a modest weight gain of 1.1 ± 0.3 kg (Steno Diabetes 
Center) and 1.7 ± 1.1 (Joslin Diabetes Center) was observed 
only in participants with baseline HbA1c ≥ 9% [130]. An 
intriguing finding of a recent study in children and adoles-
cents with T1DM, transitioning from MDI to insulin pump 
therapy is the association of weight gain with higher basal 
insulin dose [131], despite similar levels of total daily insu-
lin. This difference was observed after 1 year of follow-up. 
Under physiological conditions, human metabolism relies 
almost equally on bolus and basal insulin secretion from the 
pancreas [132]. Patients with T1DM using a high percentage 
of basal insulin do not adequately mimic the physiologic 
route to glycemic control. Hence, the reconstitution of nor-
mal insulin secretion could alleviate excessive weight gain 
in patients with T1DM using insulin pumps.
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The Association Between Insulin Resistance, 
Obesity, and Complications in Type 1 
Diabetes

The “Obesity Paradox” in Type 1 Diabetes

BMI has been traditionally considered as a “classic” risk 
factor for cardiovascular events, cardiovascular death, and 
overall mortality. Yet, surprisingly, back in 2002, Gruber 
et al. demonstrated in a prospective study a correlation 
between better angioplasty outcomes and increased patient 
weight (n = 9633) [133]. Since then, several studies have 
reported improved cardiovascular outcomes in patients 
with higher BMI values (usually in the overweight or 
grade I obesity range) than in individuals of average or 
low BMI, an observation collectively known as the obesity 
paradox [134, 135]. Similarly, improved survival benefits 
of obesity have been in other critical illnesses like sepsis 
[136, 137]. Several mechanisms have been proposed as 
the underlying cause(s) of this odd finding. Briefly, an 
increase in body weight could result from an increase in 
muscle tissue rather than fat, possibly leading to a more 
favorable metabolic profile. In the great majority of epi-
demiological studies, however, the single biomarker used 
to assess adiposity is BMI, which does not reflect differ-
ences between fat and muscle tissue, neither accounts for 
gender, age, and tribe. Hence, BMI suffers from the same 
disadvantage as many other biomarkers do, performing 
well in large population studies but failing to account for 
individual differences [138]. Reverse causality has also 
been implicated as an explanatory factor in some obesity 
paradox studies, especially those showing a “protective” 
effect of higher BMI on mortality from cancer and heart 
failure, as those two conditions are often causally associ-
ated with loss of body weight [139]. On the other hand, 
some potential protective mechanisms associated with 
higher BMI have been proposed, including lower levels 
of prothrombotic factors (i.e., thromboxane B2) [140], 
higher ghrelin production, which may possibly be asso-
ciated with improved cardiac function [141], and a pre-
sumably suppressed inflammatory environment [142] as 
indicated by decreased tumor necrosis factor-a levels in 
a few studies [127]. However, these associations include 
a high degree of selection bias or are subjects of several 
confounding effects [143, 144]. In addition, controlling 
for smoking is essential, given that smokers have lower 
mean body weight than nonsmokers due to the anorexi-
genic effect of smoking. Additionally, smoking cessation 
is most often accompanied by an increase in body weight 
[145]. Therefore, not controlling for smoking may falsely 
attribute a cardiovascular protective impact on BMI, while 

cardioprotection is, in fact, mediated either through the 
absence or the cessation of tobacco usage.

Evidence for the obesity paradox has been found in studies 
of patients with T1DM. The first study describing BMI’s pro-
tective effect in people with T1DM was the New Jersey study of 
725 African Americans, which showed a higher mortality risk 
in participants with lower BMI, after 2 years of follow-up [146]. 
Results indicating a U-shaped relationship of BMI to overall 
mortality were observed after 18–20 years of follow-up in the 
EDC (n = 655) [147]. Initial analysis of the DCCT/EDIC data 
did not show an increased incidence of cardiovascular events 
in the group that gained the most weight than the rest of the 
participants. After 20 years of follow-up, the plot lines depicting 
cardiovascular incidence events began to diverge, indicating a 
higher incidence in patients in the intensive arm of the DCCT 
that had gained enough weight during the study to be classified 
as belonging to the extensive weight gain group [148]. This 
difference was mainly due to increased coronary angiography 
procedures operated in individuals with higher BMI. In con-
trast, no difference was observed regarding the 3-point major 
adverse cardiac events (MACE) (nonfatal MI or nonfatal stroke 
or CVD-related death). Such a discrepancy could be attributed 
to the difference between silent versus evident coronary artery 
disease. Apart from being performed during an acute coronary 
syndrome as part of the emergency management, coronary 
angiography is often performed for diagnostic purposes or 
screening for silent CAD. In this case, referral of patients for 
the procedure is decided taking into account symptoms and 
clinical risk factors, including obesity. Therefore, individuals 
with obesity may be more frequently evaluated for silent coro-
nary disease due to their phenotype, a so-called referral bias 
[149, 150]. An earlier analysis of patients with T1DM from the 
Swedish National diabetes registry (n = 17 499) did not find 
an independent association between increased BMI and myo-
cardial infarction (MI) or coronary disease [151]. A low BMI 
value (≤ 18.5 kg/m2) was associated with increased mortality 
from CAD and death from any cause, possibly indicating the 
presence of comorbidities. A more recent analysis of 26,215 
patients with T1DM from the same registry demonstrated a 
minor increase in the risk with increasing BMI values for major 
CVD, heart failure, and death from any cause only in male 
patients [152]. Still, no difference in outcomes was found in 
overweight and female patients. After a median follow-up of 
13.7 years in the FinnDiane study (n = 5836), the obesity para-
dox was demonstrated in overall mortality in T1DM patients 
with nephropathy (lowest mortality was associated with a BMI 
between 25.9 to 26.1 kg/m2), while no such an association was 
evident in patients without nephropathy (lowest mortality BMI 
= 24.3 to 24.8 kg/m2) [153].

Considering all the evidence mentioned above, it is rea-
sonable to assume that despite the widespread acceptance 
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of BMI for categorizing obesity, its use sometimes creates 
substantial confusion when investigating the association 
between adiposity and cardiovascular morbidity/mortal-
ity in patients with T1DM. This issue could be resolved by 
introducing other adiposity measurements both in everyday 
practice and clinical research, optimally those that can also 
serve as an IR indicator. Waist circumference, waist-hip 
ratio, waist-to-height ratio, and finally, waist circumference 
adjusted BMI have been shown to improve the prediction 
of cardiovascular outcomes in the general population when 
compared to BMI [154–156]. Incorporating markers that 
better describe the combined effect of obesity and IR could 
help in the paradox’s resolution.

Microvascular Complications

Despite the individual pros and cons of obesity and  
IR markers, their presence has been repeatedly associ-
ated with T1DM complications (Table 1). In particular, 
patients with overweight and T1DM compared to those 
with normal weight had a higher prevalence of neuropathy 
and retinopathy in a cross-sectional study with 592 par-
ticipants [157]. A large (n = 1172) prospective multina-
tional study by Tesfaye et al. found that after 7.3 ± 0.6 
years of follow-up, BMI was an independent predictor of 

neuropathy development in T1DM [158•]. The metabolic 
syndrome, defined by the NCEP criteria [159], as well as 
its individual components was associated with 3.75 higher 
odds of having nephropathy, after adjusting for age, gender, 
tobacco use, and HbA1c, in the multicenter cross-sectional 
Finish study for nephropathy (FinnDiane) [160]. Similarly, 
the metabolic syndrome used to characterize DD was corre-
lated with a higher prevalence of microvascular complica-
tions (retinopathy 32.4% versus 21.7%, nephropathy 28.3% 
versus 17.8%, P < 0.001) in an Austrian-German multi-
center cross-sectional study of 7926 patients with T1DM 
[161]. Insulin sensitivity measured in several observational 
studies of small sample size either by the eGDR or by the 
euglycemic-hyperinsulinemic clump has been repeatedly 
associated with overt microvascular complications and 
microalbuminuria [162–164]. Results from the EDC study 
also confirm that reduced eGDR significantly predicted 
overt nephropathy after 6 to 10 years of follow-up [165]. 
Finally, the highest level of evidence regarding microvascu-
lar deterioration under the influence of obesity/IR emanates 
from the analysis of DCCT/EDIC. After 9 years of follow-
up, participants’ higher baseline IR (eGDR) was a robust 
independent predictor of future microvascular (retinopathy, 
nephropathy) complications. On the other hand, though, 
both the metabolic syndrome, defined by the IDF consensus 
criteria [166] and daily insulin dose were not [49••].

Table 1   Studies on the effect of obesity/IR in microvascular complications of type 1 diabetes

BMI body mass index, eGDR estimated glucose disposal rate, HR hazard ratio from, IR insulin resistance, OR odds ratio
*P < 0.05; **P < 0.01

Study author Type of study, number of participants Examined association Results

Yip et al. [164] Cross-sectional, n = 28 (14 with 
microalbuminuria vs 14 w/o)

IR (total body glucose disposal rate) 
with microalbuminuria

Significant* correlation with  
microalbuminuria

Orchard et al. [165] Prospective cohort, n = 658 eGDR with microvascular complications Significant correlation** with baseline 
and future nephropathy

Thorn et al. [160] Cross-sectional, n = 2415 MS with diabetic nephropathy OR: 3.75 (95% CI 2.89–4.85)
De Block et al. [157] Cross-sectional, n = 592 BMI with retinopathy and neuropathy Retinopathy OR: 2.1**(95% CI 

1.48–2.85)
Neuropathy OR: 1.61**(95% CI 

13–2.18)
Tesfaye et al. [158]• Prospective case–control, n = 1172 BMI with neuropathy OR: 1.20* (95% CI 1.01–1.43)
Kilpatrick et al. 

[49]••
RCT, n = 1337 MS or eGDR with microvascular 

complications
eGDR (but not MS) with
Retinopathy HR: 0.75** (95% CI 

0.69–0.81)
Nephropathy: HR: 0.88** (95% CI 

0.80–0.96)
Chillarón et al. [162] Cross-sectional, n = 91 eGDR and microvascular complications Significant correlation**with nephropathy, 

neuropathy, retinopathy
Girgis et al. [163] Cross-sectional, n = 61 eGDR with microvascular complications Each one-point reduction in the eGDR, 

increased the OR* by1.4 (95% CI 
1.1–1.9)

Merger et al. [161] Cross-sectional, n = 7926 MS with microvascular complications Higher prevalence of retinopathy** 
(32.4% vs 21.7%) and nephropathy** 
(28.3% vs 17.8%)
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Macrovascular Complications

It has been proposed that the presence of obesity/IR in 
T1DM (Table 2) may be the missing link that explains 
those patients’ twofold higher risk for macrovascular events, 
despite attaining reasonable glycemic control [167]. Indeed, 
IR measured through the eGDR was a central predictor of 
hard CVD outcomes (myocardial infarction, CAD death, or 
coronary stenosis on angiography), specifically CAD, in an 
analysis of the EDC, using 10-year follow-up data [17••]. 
Additionally, a separate analysis from the same cohort 
attempted to evaluate the relationship of eGDR with the 
development of peripheral vascular disease after ten years of 
follow-up [168]. It demonstrated that lower baseline eGDR 
(indicating higher IR levels) was positively associated with 
the development of lower extremity arterial disease, defined 
as claudication, presence of foot ulcer, or lower extremity 
amputation. Finally, a more recent EDC analysis, 25 years 
after the study’s initiation, showed that eGDR was indepen-
dently correlated with overall CVD incidence (fatal CVD, 
non-fatal MI, non-fatal cerebrovascular event, revasculari-
zation, angina, or ischemic changes in ECG), but not with 
the “classical” 3-point major adverse cardiovascular events 
(MACE) (fatal CVD, non-fatal MI, or non-fatal cerebro-
vascular event) [18]. This finding raises the possibility that 
eGDR’s influence on CVD incidence at longer follow-ups 
is mediated primarily by an increase in softer endpoints. 
Yet, we must not disregard the possibility that since no for-
mal power calculation has been reported for the EDC, these 
results might also stem from a lack of adequate sample size 

to examine the association of eGDR and CVD. An inde-
pendent post hoc analysis of the DCCT cohort also showed 
that patients with higher baseline eGDR (calculated using 
BMI instead of waist to hip ratio) had a lower risk (HR: 0.7, 
95% CI 0.56–0.88) of developing CVD (angina, MI, coro-
nary revascularization, ischemic changes in ECG) [49••].  
Several other studies with a cross-sectional design have also 
attempted to evaluate the influence of IR/obesity on CVD 
development. Specifically, a multicenter diabetes clinic-
based survey called Metascren assessed the prevalence of 
two different metabolic syndrome definitions (AHA/NHLBI 
[169], IDF [38]), in 638 Italian patients with T1DM [38] and 
examined their association with diabetes complications. The 
IDF definition was significantly associated with increased 
CVD outcomes by an OR of 2.05 (P = 0.03), whereas the 
association of the AHA/NHLBI definition with CVD did 
not reach statistical significance. The number of participants 
with CVD complications in the Metascren was somewhat 
low (n = 59), and this precludes any definitive explanation 
on the different metabolic syndrome definition discrepancy. 
A more extensive German cross-sectional study of 1241 par-
ticipants with T1DM, using a somewhat broad definition of 
the metabolic syndrome, showed an independent association 
with peripheral artery disease (OR:2.28, 95% CI 1.38–3.76) 
[170]. Data from a registry study conducted in Austria and 
Germany demonstrated a higher presence of CVD-related 
endpoints (CAD 8.0% versus 3.0%, stroke 3.6% versus 1.6%, 
diabetic foot syndrome 5.5% versus 2.1%) in people with 
T1DM and metabolic syndrome (NCEP definition) [161] 
than those without it. Prospectively collected data in an 

Table 2   Studies on the effect of obesity/IR in macrovascular complications of type 1 diabetes

BMI body mass index, CAD coronary artery disease, CVD cardiovascular disease, eGDR estimated glucose disposal rate, HR hazard ratio, IR 
insulin resistance, MACE major adverse cardiovascular events, MI myocardial infarction, OR odds ratio
a CVD: MI, revascularization, stroke
b CVD: angina, MI, ischemic changes in electrocardiogram, revascularization
c CVD: angina, MI, revascularization, stroke
d CVD: CAD, diabetic foot syndrome,stroke
e CVD: angina, CVD death, MI, ischemic changes in electrocardiogram, revascularization, stroke
f MACE: CVD death, MI, or stroke
*P < 0.05; **P < 0.01

Study author Type of study, number of participants Examined association Results

1. Olson et al. [168] Prospective cohort, n = 658 eGDR with lower extremity arterial 
disease

HR:0.45** (0.32, 0.64)

2. Reindel et al. [170] Cross-sectional, n = 1241 MS with peripheral arterial disease OR**:2.28 (95% CI 1.38–3.76)
3. Bonadonna et al. [38] Cross-sectional, n = 638 MS with CVDa OR**: 2.05
4. Kilpatrick et al. [49••] RCT, n = 1337 eGDR with any CVDb HR: 0.7** (95% CI 0.56–0.88)
5. Price et al. [171] Cross-sectional, n = 501 BMI with CVDc Increase in OR by 1.14 (95% CI 

1.04–1.24) per unit increase in BMI
6. Merger et al. [161] Cross-sectional, n = 31,119 MS with CVDd Significant correlation** with CVD
7. Miller et al. [18] Prospective cohort, n = 658 eGDR with any CVDe and MACEf CVD HR: 0.90** (95% CI 0.84–0.97)

MACE HR: 0.921 (95% CI 0.84–1)

191Current Obesity Reports  (2022) 11:180–202

1 3



Australian cohort of 501 people with T1DM found a pro-
gressive increase in CVD prevalence (angina, MI, revascu-
larization, cerebrovascular event) by an OR of 1.14 (95% CI 
1.04–1.24) per unit increase in BMI [171].

Taken together, data from the existing prospective and 
cross-sectional studies indicate that there is accumulating 
but still not convincing evidence regarding a causal associa-
tion between insulin resistance and hard CVD outcomes in 
patients with type 1 diabetes. The relatively low number of 
events in prospective cohorts (mainly from the DCCT and 
EDC) and confounders in cross-sectional analyses are the 
main obstacles preventing more definitive conclusions from 
being drawn.

Atherosclerotic Disease

In an attempt to predict and thus prevent future CVD out-
comes, the detection of subclinical atherosclerosis has 
received considerable attention over the past 30 years. Cor-
onary artery calcification (CAC) identified by computed 
tomography (CT) and quantified by the Agatston score is 
a widely used marker for subclinical atherosclerosis [172]. 
CAC presence has been associated with a history of MI and 
the prevalence of angiographic stenosis ≥ 50%, but not with 
angina pectoris or ischemic ECG changes, in male partici-
pants of the EDC study [173]. The Coronary Artery Calci-
fication in T1DM (CACTI) study examined the prevalence 
of CAC in 652 asymptomatic participants with T1DM and 
764 healthy control subjects [174]. The study found a higher 
prevalence of CAC in people with diabetes across all the 
age-group comparisons to healthy subjects. Moreover, lower 
eGDR were positively (OR: 1.6, 95% CI 1.2–2.0) associated 
with increased CAC. The relationship between IR and high 
CAC was further verified by a euglycemic-hyperinsulinemic  
clamp study in 87 participants (40 with and 47 without 
T1DM) of the CATCI [123]. Similarly, results from a Brazil-
ian cross-sectional survey of 100 consecutive patients showed 
that lower eGDR was associated with increased CAC presence 
irrespective of age, gender, and diabetic nephropathy [175]. 
The possible influence of obesity/IR on CAC progression was 
also examined in a follow-up analysis focusing on participants 
with T1DM [175]. Patients were further characterized based 
on the presence of metabolic risk factors (hypertension, high 
triglycerides, low HDL-C, increased CRP) as metabolically 
normal or abnormal. In this asymptomatic cohort, CAC pres-
ence was evaluated at baseline and after 6 years of follow-
up. Overweight and obesity were shown to be independently 
associated with CAC at baseline. In comparison, obesity and 
IR (eGDR) but not overweight were found to predict CAC 
progression in the follow-up evaluation. Interestingly, the 
predictive ability of obesity for CAC was significant only in 
those deemed metabolically abnormal. The DCCT/EDIC also 

examined CAC progression showing that the WHR, but not 
BMI, was an independent predictor of CAC both at recruit-
ment and at the time of CT scan evaluation [176]. A surpris-
ing finding came from a cross-sectional assessment in a subset 
of patients from the EDC study (n = 315). While the presence 
of CAC was correlated with BMI, visceral and peripheral adi-
posity and WHR, after adjustment for potential confound-
ers, the severity of CAC was not associated with any of the 
obesity markers and even had an inverse relationship with 
them. While this finding might seem paradoxical, it should be 
noted that the CT scan compared to modern modalities, has a 
relatively low discriminatory ability to differentiate between 
unstable and inactive coronary plague, possibly accounting 
for controversies between studies [177]. The use of 18F‐NaF 
Positron Emission Tomography in future studies, a modality 
that can identify inflammation and microcalcifications (the 
hallmarks of plague rapture), may serve to clarify discrepan-
cies in the relationship between obesity/IR and subclinical 
atherosclerosis.

Another frequently used modality for assessing sub-
clinical atherosclerosis is the ultrasonographic evaluation 
of carotid intima-media thickness (IMT). The IMT meas-
urement has been shown to be an independent predictor 
for future CVD events in general population studies [178, 
179]. Higher IMT values have been reported in patients 
with T1DM, even at younger ages, in several cross-sectional 
studies, compared to healthy controls [178, 180–183]. BMI 
was significantly associated with IMT in univariate analy-
sis in all those studies, but was not retained in the final 
multivariable models, after correction for obesity-related 
comorbidities. Participants from the DCCT/EDIC were also 
evaluated for subclinical atherosclerosis using IMT during 
the 1st year of the EDIC phase and after six years of follow-
up [184]. Their respective IMT values were subsequently 
compared to 222 age and sex-matched healthy volunteers. 
Although no difference was found between the two popula-
tions during the first year of the study, after 6 years, a sig-
nificantly greater progression of IMT in the T1DM group 
was observed, particularly in patients randomized in the 
conventional treatment arm. Evaluation for IMT progres-
sion predictors, revealed that several traditional risk fac-
tors like smoking, dyslipidemia, and hypertension but not 
BMI were associated with faster subclinical atherosclerosis 
progression. A more recent prospective study conducted 
in children and adolescents (n = 150) with T1DM (16.45 
± 2.59 years-old at baseline) also revealed a significant 
increase in IMT values after four years of follow-up. Dia-
betes duration, hypertension, and BMI at baseline were all 
independent predictors of plaque augmentation [185]. In 
accordance with these findings, BMI was the only modifi-
able risk factor associated with subclinical atherosclerosis 
in 298 patients with T1DM of young age (mean age 13.3 ± 
2.9 years) in the SEARCH CVD Study [186].
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Collectively, it appears that BMI and IR exert substantial 
influence on subclinical atherosclerosis in younger patients, 
underlying the importance of early interventions against 
obesity/IR development.

HF

Type 1 diabetes is linked with an average twofold increased 
risk of developing heart failure (HF) [187]. Nonetheless, the 
existence of a so-called diabetic cardiomyopathy as a dis-
tinct clinical entity is still a matter of debate and is usually 
defined as “ventricular dysfunction in the absence of coro-
nary artery disease and hypertension” [188]. The most com-
mon echocardiographic findings in asymptomatic patients 
with T1DM are related to left ventricular diastolic dysfunc-
tion [189]. However, more recent studies have demonstrated 
the presence of early impaired systolic function with the 
use of speckle tracking echocardiography in T1DM patients, 
even in the absence of diastolic dysfunction [190].

Obesity and IR have been recognized as substantial risk 
factors for HF development, particularly HF with preserved 
ejection fraction in the general population and in T2DM 
[191, 192]. Furthermore, the risk of HF has been described 
to increase in a graded manner across BMI categories [193]. 
Lind et al. prospectively followed 20,985 patients of rela-
tively young age (mean 38.6 years) with T1DM, recorded in 
the Swedish national diabetes registry, until hospital admis-
sion for HF, death, or end of the study [194]. A total of 
3% of the initial cohort was admitted for HF over a median 
follow-up of nine years. Smoking, hypertension, and BMI 
were shown to be significant modifiable predictors of risk 
for HF. A subsequent analysis of the same group of patients 
revealed that the risk of hospitalization for HF was increased 
in the previously described graded manner across obesity 
categories (HRs 1.55 for BMI 30–35 kg/m2, and 2.90 for 
BMI ≥ 35 kg/m2) [195]. However, there was no increased 
risk (HR 0.94, 95% CI 0.78–1.12) in overweight patients. 
In another study investigating HF incidence in the entire 
Scottish population, higher BMI (as a continuous variable) 
was independently associated with incident hospitaliza-
tion for HF in individuals with T1DM (HR: 1.22, 95% CI 
1.04–1.45).

The effect of IR on exercise capacity of T1DM youth 
was evaluated by Nadeau et al. In this well-designed study, 
12 adolescents with T1DM were compared to 12 healthy 
volunteers matched for age, daily activity level, and BMI 
values [196•]. Both groups underwent IR measurement 
through a euglycemic-hyperinsulinemic clamp protocol, 
treadmill assessment of cardiopulmonary fitness, cardiac 
echocardiography, and determination of body composition 
by dual-energy X-ray absorptiometry. As expected, higher 
IR levels were reported in youths with diabetes, despite hav-
ing similar BMIs and body composition to the control group. 

There was also a significant decrease in peak oxygen con-
sumption, indicating compromised cardiopulmonary fitness. 
Finally, echocardiography revealed that, despite their young 
age, participants with T1DM had findings of increased left 
ventricular volume and diastolic dysfunction, evident by the 
higher filling pressure at rest.

Is There a Role for Antidiabetic Medications 
in Tackling IR in Type 1 Diabetes?

Metformin

Given the proven benefits on hepatic glucose production 
and, less prominently, on peripheral IR, its low cost and safe 
profile, it is not surprising that metformin has been tested in 
several trials since the mid-80 s as add-on therapy in patients 
with T1DM [197]. Variable study designs and conflicting 
results have led to the need for conducting meta-analysis 
studies. The first was based on data from five controlled 
studies in T1DM patients with BMI ≥ 25 kg/m2 or those 
characterized as insulin resistant (total daily insulin dose ≥ 
0.9 u/kg), and reported a small improvement with metformin 
adjuvant use in glycemic control (−0.27% on HbA1c) as well 
as a reduction in total daily insulin dose and improvement in 
blood lipids, but no effect on BMI [198]. A Cochrane review 
evaluated 60 studies in which metformin was added to insu-
lin therapy in T1DM [199]. Due to the low-quality design 
issues in most of the trials, the authors included only two 
studies in the statistical analysis. The only benefit observed 
was a 10% reduction in daily insulin dose, while no effect was 
found regarding BMI or cholesterol values. A more recent 
meta-analysis by Liu et al., with data from 8 RCTs, found 
a significant reduction in weight with metformin use (mean 
difference −2.41 kg, 95% CI −4.17 to −0.65). Improvement 
was also noted in lipid control in conjunction with a small but 
significant decrease (mean difference −1.36 U, P = 0.004) in 
total daily insulin needs, while no sustained effect was found 
regarding HbA1c [200].

The largest RCT so far, performed in 428 adults with 
T1DM with at least three additional CVD risk factors indi-
cated that metformin, as an add-on treatment to insulin, 
results in significant (but clinically negligible) reductions 
in weight (−1.17 kg, −1.66 to −0.69; P < 0.0001) and 
LDL-C (−0.13 mmol/L, −0.24 to −0.03; P = 0.0117) over 
3 years [201]. At the same time, a transient initial decrease 
of HbA1c was not sustained by the 6th month of the study. 
No effect on endothelial function, progression of mean IMT 
or retinopathy was noticed. In all abovementioned studies, 
the use of metformin caused little, if any, increase in hypo-
glycemic events. Of note, there are currently no randomized 
studies examining the effect of metformin on CVD outcomes 
in the T1DM population.
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Taken together, the observations from studies with met-
formin in T1DM do not support its widespread use in this 
population. However, its use on an individualized, case-by-
case basis, for example, in insulin-resistant individuals with 
obesity or women with polycystic ovary syndrome, could 
be reasonable.

Pramlintide

The hormone amylin is a small peptide co-secreted with 
insulin by β pancreatic cells in response to meal consump-
tion. As a result of the β cell autoimmune destruction, amylin 
is also deficient in patients with T1DM [202]. The main 
physiological effects of amylin include postprandial inhibi-
tion of glucagon secretion, slowing of gastric emptying, and 
hypothalamic reduction of appetite [203]. A synthetic analog 
of amylin, pramlintide, is the only FDA approved glucose 
lowering agent apart from insulin in T1DM, aiming mainly 
to reduce postprandial glucose excursions.

Early animal studies suggested that amylin may reduce 
glucose uptake and increase hepatic glucose production 
[204, 205]; later studies, however, as well as a few stud-
ies in humans, have been inconclusive [206]. Studies with 
pramlintide in patients with T1DM have shown that the drug 
has no effect on insulin sensitivity [206].

Overall, pramlintide appears to affect BMI reduction 
positively; in three RCTs performed in individuals with 
T1DM, body weight was reduced by 1.0–1.3 kg after 13–26 
weeks [207], while the placebo-subtracted weight differ-
ence reached 2.5 kg in one study [182]. Nevertheless, its 
use requires multiple daily injections with meals adding 
more burden to the already perplexing treatment schedule of 
patients with T1DM. Furthermore, a relatively higher inci-
dence of nausea and a higher incidence in severe hypoglyce-
mia associated with its use, as described by a meta-analysis 
of 3 pramlintide RCT, further diminishes its appeal as an 
adjuvant treatment for obesity [208].

SGLT‑2 I Inhibitors

Sodium-glucose cotransporter 2 inhibitors (SGLT2i) are a 
class of antidiabetic drugs currently approved mainly for 
T2DM. Their glucose-lowering effect is produced from an 
increase in urinary glucose excretion caused by the inhi-
bition of SGLT2 transporter in the proximal renal tubule 
[209]. Apart from a moderate reduction in blood glucose 
values, SGLT 2i exert nephroprotective and cardioprotec-
tive actions, significantly reducing hospitalization for HF 
and renal function deterioration [210]. Furthermore, their 
use is associated with a decrease in body weight and blood 
pressure [209]. The impact of SGLT2 inhibitors as an add-
on treatment on insulin therapy in people with T1DM has 
been evaluated in a few clinical trials and one meta-analysis 

[211]. Bodyweight decreased with SGLT-2i (mean differ-
ence vs. placebo: −2.76 kg, −1.11, −4.40), as well as total 
daily insulin dose, and HbA1c (mean difference vs. pla-
cebo: −0.39%, −0.25 to −0.51). All of these benefits came 
without an increase in severe hypoglycemia. Despite these 
impressive results, substantial concern exists regarding the 
possibility of ketoacidosis (mostly euglycemic), which was 
observed in 6.5% of the participants receiving an SGLT-2i 
but in none in the placebo group [211].

There are no specific data regarding the effect of SGLT-2i 
on insulin sensitivity in patients with T1DM. Although they 
are not considered insulin-sensitizing drugs, SGLT-2i may 
indirectly improve insulin action through several mecha-
nisms, such as weight loss, reduction of glucotoxicity and 
lipotoxicity, and reduction of oxidative stress and inflamma-
tion [212]. Notably, there are currently no published studies 
of SGLT-2i in T1DM with hard endpoints. Based on the 
existing short-term clinical trials, dapagliflozin received an 
EMA (European Medical Agency) approval as the first add-
on treatment to insulin for the treatment of certain patients 
with type 1 diabetes in Europe.

Collectively, while SGLT 2 inhibitors have proven ben-
eficial effects on BMI and daily insulin dose, their incorpo-
ration to the treatment plan of T1DM should proceed with 
extreme caution due to the increased risk of euglycemic 
ketoacidosis.

GLP‑1RA

Glucagon-like peptide 1 (GLP-1) agonists are injectable 
peptides that correct high blood sugar levels without causing 
hypoglycemia through: (1) enhancement of insulin secretion 
in a glucose-dependent manner, (2) inhibition of glucagon 
release, (3) promotion of satiety, and (4) slowing of gastric 
emptying [213]. Apart from the substantial improvement of 
glycemia observed in patients with T2DM, treatment with 
GLP-1RA causes a significant reduction in BMI [214]. Some 
long-acting members of the class also confer substantial 
protection from CVD events [215–217]. This advantageous 
therapeutic profile is coupled with little safety concerns, 
with the main side effect being related to the gastrointestinal 
system, mainly nausea [214].

Although GLP-1Rs are not typical insulin-sensitizers, 
they may exert a beneficial indirect effect on insulin action 
through their remarkable weight loss effect but also via 
pleiotropic effects on insulin-resistance inducing pathways 
[218]. Exenatide, a short-acting GLP1RA, was evaluated as 
an adjuvant of insulin treatment in a small crossover trial (6 
months on exenatide followed by 6 months off) in 14 adult 
patients with T1DM. These patients were assessed for IR 
through a euglycemic-hyperinsulinemic clamp protocol at 
the end of each period. After being on the drug, participants 
exhibited significant improvements in IR, accompanied 
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by an average reduction of 4.2 kg in weight, as well as a 
reduction in daily insulin dose. At the same time, no sig-
nificant effect was shown in HbA1c [219]. A more recent 
and larger RCT (n = 108) evaluated the impact of exena-
tide as an add-on treatment in people with T1DM for 26 
weeks [220]. While the primary endpoint (i.e., reduction in 
HbA1c) was not reached, treatment with exenatide resulted 
in a significant decrease in weight (−4.4 kg) without any 
treatment-related serious adverse events. Liraglutide, a long-
acting agent with proven CVD benefit, has also been tested 
on top of insulin in an RCT of 100 patients with T1DM 
and BMI ≥ 25 g/m2, who had failed to reach their glyce-
mic target (HbA1c > 8%) [221]. There was no significant 
improvement in glycemic control with liraglutide, but a 
substantial improvement in body weight and reduced insu-
lin requirements was noted, without any significant safety 
issues. Collectively, GLP1RAs exert a robust reduction in 
weight and daily inulin dose in patients with T1DM, with 
a neutral effect in glycemia. No agent of this class has been 
approved for the treatment of T1DM. Nevertheless, due to 
their excellent safety profile and effect on obesity and IR, 
these drugs could be used in the future as an adjuvant treat-
ment in individual cases, particularly in those characterized 
by obesity and DD.

Concluding Remarks

A specific subcategory of patients with T1DM will develop 
obesity/IR, probably through the complex interaction of 
genetic predisposition and exogenous insulin administration. 
These patients often referred to as having DD, are at greater 
risk for development of complications. Improved identifica-
tion of patients with DD can be made by incorporating easily 
calculated measurements of insulin resistance, such as the 
eGDR and the waist to hip ratio, into common clinical prac-
tice. Finally, pharmacologic strategies used to tackle obesity/
IR in type 2 diabetes may be useful as adjunctive to insulin 
treatment in T1DM. Further research in this subpopulation is 
needed in order to tailor diabetes management and improve 
expectancy and quality of life.
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