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Abstract: The four basic pathophysiologic mechanisms which damage the β-cell within 
diabetes (ie, genetic and epigenetic changes, inflammation, an abnormal environment, and 
insulin resistance [IR]) also contribute to cell and tissue damage and elevate the risk of 
developing all typical diabetes-related complications. Genetic susceptibility to damage 
from abnormal external and internal environmental factors has been described including 
inflammation and IR. All these mechanisms can promote epigenetic changes, and in total, 
these pathophysiologic mechanisms interact and react with each other to cause damage to 
cells and tissues ultimately leading to disease. Importantly, these pathophysiologic 
mechanisms also serve to link other common conditions including cancer, dementia, 
psoriasis, atherosclerotic cardiovascular disease (ASCVD), nonalcoholic fatty liver dis
ease (NAFLD), and nonalcoholic steatohepatitis (NASH). The “Diabetes Syndrome”, an 
overarching group of interrelated conditions linked by these overlapping mechanisms, can 
be viewed as a conceptual framework that can facilitate understanding of the inter- 
relationships of superficially disparate conditions. Recognizing the association of the 
conditions within the Diabetes Syndrome due to common pathophysiologies has the 
potential to provide both benefit to the patient (eg, prevention, early detection, precision 
medicine) and to the advancement of medicine (eg, driving education, research, and 
dynamic decision-based medical practice). 
Keywords: cancer, psoriasis, dementia, atherosclerotic cardiovascular disease, nonalcoholic 
steatohepatitis, nonalcoholic fatty liver disease

Introduction
Although many pathways lead to hyperglycemia in diabetes – the so-called 
“Egregious Eleven” (Listed in Table 1) - β-cell dysfunction is the core 
defect.1,2 Four basic pathophysiologic mechanisms damage the β-cell, namely, 
genes and epigenetic changes, inflammation, an abnormal environment [espe
cially fuel excess], and insulin resistance (IR).1,2 Further, the same factors that 
damage the β-cell may also lead to cell and tissue damage and elevate the risk 
of developing typical diabetes-related complications, such as retinopathy, neu
ropathy, and nephropathy.1–3 The interplay between these pathophysiologic 
mechanisms influences the specific risk of development and progression of 
complications in an individual patient. Importantly, we these mechanisms can 
also predispose patients to other common conditions including diabetes melli
tus (DM), cancer, dementia, psoriasis, atherosclerotic cardiovascular disease 
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(ASCVD), and nonalcoholic fatty liver disease 
(NAFLD) and nonalcoholic steatohepatitis (NASH).4–15

In clinical practice we often encounter these common 
diseases, frequently within one individual patient and they 
are treated as independent conditions. However, we believe 
their epidemiologic associations is, in part, due to the same 
underlying pathophysiologies driving β-cell damage and 
diabetic complications. That is, the same pathophysiologic 
mechanisms that damage the β-cell and promote diabetes- 
specific complications also have key roles in the pathogen
esis of these diseases. The overlapping epidemiology of 
these conditions highlights this connection and the signifi
cant associations that have been found between DM and all 
these other phenotypes.7–15 However, we propose these con
nections go beyond mere epidemiologic links due to over
lapping pathophysiology. In fact, these conditions occur 
together in enough frequency and have common overlapping 
pathophysiologic drivers that we have created a conceptual 
framework called “The Diabetes Syndrome”. The name is 
inspired by the Greek meaning of syndromē (sun- [together] 
+ dramein [to run]) as the conditions, indeed, run together 
(Figure 1).

This article will describe the shared pathophysiologic 
and etiologic factors across these prevalent and related 
diseases within the Diabetes Syndrome conceptual fra
mework discussed within the context of the 4 basic 
pathophysiologic mechanisms – genes and epigenetic 
changes, abnormal environment, inflammation, and 
IR – with a focus on commonalities between these 
diseases and DM. In brief, genetics can mediate suscept
ibility to damage from abnormal external and internal 
environmental factors, including inflammation and IR. 
All these mechanisms can promote epigenetic changes. 
In total, these 4 pathophysiologic mechanisms cross- 
react with each other to cause damage to cells and 
tissues ultimately leading to disease.2 If we as physi
cians begin to recognize and understand the inter- 
relatedness of these conditions, it may result in better 
screening, therapy, and cross-purposing of therapies 
rather than treating these diseases as independent condi
tions. Furthermore, as more is learned through continued 
research and clinical experience, this framework of 
Diabetes Syndrome may grow to include other related 
conditions.

Figure 1 Overlapping pathophysiologic mechanisms that lead to the diabetes syndrome. 
Notes: Insulin resistance, its complications, and other conditions arise from common pathophysiologies. Metabolic syndrome, obesity, and PCOS, etc, can be viewed as 
phenotypes related to genes and epigenetic changes associated with IR. Insulin resistance along with inflammation increase the risk of β-cell dysfunction as well as the 
Diabetes Syndrome. *Traditional DM complications include retinopathy, nephropathy, neuropathy-tissues that do not require insulin to get glucose into cells. 
Abbreviations: AGE, advanced glycosylation end products; ASCVD, atherosclerotic cardiovascular disease; DM, diabetes mellitus; DNA, deoxynucleic acid; HDL, high 
density lipoprotein; IR, insulin resistance; MS, metabolic syndrome; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; PCOS, polycystic ovary 
disease.
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The Diabetes Syndrome as 
a Conceptual Framework
The common, frequently concomitant chronic conditions 
of DM, cancer, dementia, psoriasis, ASCVD, NAFLD, and 
NASH are related beyond shared epidemiologic associa
tions. We propose these conditions are linked by shared 
pathophysiologies namely, genes and epigenetic changes, 
abnormal environment, inflammation, and IR. Because 
these conditions occur together in reasonable regularity 
and have common overlapping pathophysiologic drivers 
we have created a conceptual framework called “The 
Diabetes Syndrome”. Of note, this new term is not pro
posed to be used for “diagnosis” of the Diabetes 
Syndrome, rather to heighten clinicians’ awareness of the 
inter-relationships between these conditions to enhance to 
quality of care to our patients. This paper will discuss the 
common links based on current understanding, but it is 
expected as new findings and data are revealed and viewed 
within this conceptual framework, that the conditions and 
diseases of the Diabetes Syndrome framework may grow 
and evolve.

Epidemiology
The conditions of the Diabetes Syndrome are common and 
often occur within the same patient. Even just considering 
DM alone, nearly 1 in 10 people worldwide are living with 
diabetes, translating to a prevalence of 463 million 
adults.16 Diabetes and the conditions within the Diabetes 
Syndrome are often considered co-morbidities and/or risk 
factors of each other.

Cancer is a broad and diverse disease, however, links 
have been found between certain types of cancer and DM, 
with the strongest associations found with pancreatic and 
hepatic cancer.14 Moreover, multiple studies demonstrate 
a higher incidence of cancer in patients with DM than 
without.12 The hypothesized connection between DM and 
carcinogenesis include hyperglycemia, chronic inflamma
tion, and hyperinsulinemia.12,14

Dementia is estimated to affect 5–7% of elderly 
patients worldwide, with Alzheimer’s disease (AD) repre
senting a majority of cases.17 There is a growing body of 
research that reveals a link between DM and cognitive 
decline/dysfunction, and dementia (including AD).9,10,18 

Indeed, a phenotypic consequence of IR or deficiency 
can result in AD, sometimes referred to as “type 3” dia
betes or diabetes of the brain.19 Patients with DM are at 
increased risk for dementia and both diseases have similar 

risk factors and biologic mechanisms.9,10,18,19 Indeed, AD 
is twice as frequent in diabetic patients compared to 
patients without DM and shared pathophysiologic features 
include IR, amyloid aggregations, inflammatory stress, and 
cognitive disturbances.10,20

Approximately 8 million people in the US are diag
nosed with psoriasis, a chronic, systemic inflammatory 
condition of the skin condition.21,22 It is characterized by 
underlying inflammatory processes including regulatory 
immune cells, cytokines, and adipokines.21 Psoriasis is 
often associated with other chronic conditions including 
cardiometabolic disease, cancer, NAFLD, NASH, psoriatic 
arthritis, inflammatory bowel disease, chronic kidney dis
ease, cancer, and mood disorders.22–24

Cardiovascular disease is the leading cause of prema
ture mortality and disability worldwide with the vast 
majority due to underlying atherosclerotic pathogenesis 
including coronary artery disease, cerebrovascular disease, 
venous thromboembolism, and peripheral vascular 
disease.25 These conditions can lead to myocardial infarc
tion, cardiac arrhythmias, and stroke.25 Common risk fac
tors for both DM and ASCVD include hyperlipidemia, IR, 
inflammation, hypertension, obesity, smoking, and lack of 
physical activity.4,25 Indeed, CVD is the leading cause of 
death in patients with Type 2 DM (T2DM), with both 
impaired micro and macrovascular circulation leading to 
CVD in patients with DM.13

Nonalcoholic fatty liver disease, the most common 
form of chronic liver disease in the world, is associated 
with potentially severe sequela.26,27 It encompasses 
a spectrum of disorders ranging from simple steatosis to 
the more aggressive necro-inflammatory form, NASH, 
which can result in cirrhosis, hepatocellular carcinoma, 
and end-stage liver disease.26,27 Type 2 DM is considered 
a risk factor for NAFLD and, conversely, DM appears to 
accelerate progression of disease in NAFLD.15 The “mul
tiple-hit” pathogenesis of NAFLD is thought to include 
nutritional factors, gut microbiota, genetic and epigenetic 
factors, IR, and hormones secreted from the adipose 
tissue.6

Clearly, there are many shared comorbidities and asso
ciations between the conditions within the proposed 
Diabetes Syndrome construct. However, it is our conten
tion that this is due to shared overlapping pathophysiolo
gies that link them. This paper will discuss the common 
links based on current understanding; however, it is antici
pated that as new research comes to light and is viewed 
within this conceptual framework that the conditions and 
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diseases conscribed within the Diabetes Syndrome 
Framework may be refined.

Linking Conditions of the Diabetes 
Syndrome Through Genes and 
Epigenetics
Perhaps the most powerful and compelling connection of 
the conditions within the Diabetes Syndrome conceptual 
framework is genetic. Genes and genetic variation can 
mediate susceptibility to damage from abnormal external 
and internal environmental factors, including inflammation 
and IR. All these mechanisms can promote epigenetic 
changes.2,28,29 Epigenetics, physical genomic alterations 
that lead to changes in gene expression in response to 
environmental triggers are believed to have a generally 
strong influence on patient phenotype, likely more influen
tial than specific base changes in the genes themselves.2,29 

In fact, nutritional state and exposure to stress are hypothe
sized to have phenotypic consequences extending to chil
dren and even grandchildren.29 Furthermore, intriguing 
research using genetic variation in a Mendelian 
Randomization (MR) framework is being conducted to 
assess causality for disease, including epigenetic state.30–33

Although observational epidemiological studies have 
a valuable role in identifying risk factors or comorbid 
conditions associated with disease, MR studies harness 
genetic data in population and observational studies to 
offer new insights regarding causality.30,33 Mendelian ran
domization studies rely on the random assortment of 
genetic variants in a population at birth to avoid confound
ing, similar to randomization to an experimental drug or 
controlling in randomized controlled trials.30,33 In addi
tion, MR analyses avoid reverse causality as genetic ran
domization precedes the disease onset and are not 
modified by progression of a disease.30,33

Many of the connections we propose within the 
Diabetes Syndrome are testable by leveraging current 
genetic knowledge from efforts that include powerful 
MR approaches which, in turn, can inform implementation 
of precision medicine.30,31 Further, in the absence of MR 
studies, genetic and epigenetic links can also be elucidated 
by genetic susceptibility loci, microRNA (short, single- 
stranded noncoding RNAs that influence and regulate 
gene expression), chromatin marks, 3D genomic architec
ture, etc.

Although not all MR studies have identified causative 
associations between DM and cancer in general, there 

have been reports of important connections to specific 
cancer types. In a recent MR study, genetic predisposition 
to T2DM was associated with higher odds of pancreatic, 
kidney, uterine, and cervical cancer, lower odds of mela
noma and esophageal cancer, and no association with 16 
other types of specific cancer types.34 Although there is 
limited evidence of causal association between fasting 
glucose and cancer, genetically predicted insulin levels 
have been reported to be positively associated with uter
ine, kidney, pancreatic, and lung cancer in a two-sample, 
MR study.34 This causal association between common DM 
features and pancreatic cancer has also been shown in 
another MR study, where genetically predicted increasing 
BMI and fasting insulin levels were causally associated 
with increased risk of pancreatic cancer.35 However, inter
estingly, no evidence of such a causal relationship between 
T2DM or dyslipidemia and pancreatic cancer has been 
reported to date.

Furthermore, a variety of converging genetic pathways 
between DM and cancer have been identified.12,36 For 
example, various genetic features at the TCF7L2 locus 
increase risk for colorectal cancer and T2DM pathogen
esis, while the T2D THADA, JAZF1, and TCF2 loci have 
yielded associations for both prostate cancer and T2DM.12 

Epigenetic changes and modifications may occur due to 
sustained excess fuel/nutrition, leading in turn to stress and 
the formation of reactive oxygen species (ROS) which 
may activate oncogenes or deactivate tumor suppressor 
genes.12 Hundreds of epigenetically regulated genes 
involved in glucose metabolism and adaptive survival 
have been identified and it is likely that shared pathways 
between energy metabolism and tumorigenesis exist.12 

Indeed, a number of noncoding RNAs have been identified 
that regulate the insulin growth factor-1 receptor (IGF- 
1R), a master regulator in DM and cancer.37

Although observational trials have demonstrated that 
DM is associated with major subtypes of dementia, in 
particular dementias with obvious vascular pathologies 
(eg, vascular dementia and unspecified dementia), MR 
has not shown T2DM to be a direct cause of AD in 
a recent two-sample study.38 The MR approach has not 
been viable to date to test the causal effect between T2DM 
and vascular and unspecified dementia due to the lack of 
publicly available genetic data.38

Recent genetic association studies have identified 86 
loci common to dementia, DM, and metabolic syndrome 
and 159 common between dementia and DM.36,39 Gene set 
enrichment analyses have revealed common co-localized 
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genes involved in energy metabolism, metabolic pathways, 
and immune responses.39 Multiple environmental factors, 
abnormal metabolic environment, and exogenous fuel 
excess can engender epigenetic changes. For example, 
increased expression of histone deacetylases associated 
with altered expression of synaptic proteins was found in 
the brains of diabetic patients compared with controls.40 

Furthermore, it has been hypothesized that altered expres
sion of DM genes in AD brains may be exacerbated by 
peripheral IR or DM.20

Multiple genetic susceptibility loci have been identified 
that are shared between DM and psoriasis.41,42 

Examination of DM susceptibility loci in thousands of 
psoriasis and control patients identified 3 loci significant 
in psoriasis and DM related to immune signaling regula
tion, glucose metabolism, and T cell activation.42 Further, 
shared epigenetic changes have been described. For exam
ple, several microRNAs, have been found that are impli
cated in both DM and psoriasis, including an microRNA 
that is upregulated in T helper cells in psoriatic skin 
lesions as well as activated as a promotor of genes in 
Type 1 DM (T1DM).43

Two MR studies have included T2DM as the exposure 
in a putative causal relationship with coronary heart dis
ease (CHD) as the outcome.33,44 Using publicly available 
data from consortia of risk loci, these MR studies demon
strated a strong causal relationship between higher T2DM 
risk and higher CHD risk.33,44

Shared genetic predisposition for DM and coronary 
artery disease includes signals on a chromosome 9p21 
involving a risk allele for coronary artery disease and 
variation within the adiponectin gene.45 Moreover, epige
netic changes and signatures have been identified that link 
DM and CV dysfunction.36,46 For example, histone mod
ifications impacting the expression of NF-kB dependent 
genes are thought to contribute to vascular dysfunction in 
patients with DM.46,47 Further, elevated renin and growth 
differentiation factor 15 and lower adiponectin were 
shared both T2DM and coronary artery disease in 
a proteomic study.48

Nonalcoholic fatty liver disease, T2DM and obesity are 
epidemiologically correlated with each other, but until 
recently their causal relationship had not been fully eluci
dated. An MR study demonstrated that NAFLD causally 
promotes T2DM with a late-onset type 1-like diabetic sub- 
phenotype and central obesity.49 Conversely, T2DM, obesity, 
and central obesity all causally increase the risk of NAFLD.49 

The authors suggested that these results indicate that closely 

related diseases should be stratified into subtypes in order to 
aid prevention, diagnosis, and treatment of these conditions.49

Common genetic susceptibility to NAFLD and NASH 
are also found in DM36,50 Moreover, genetic commonality 
between NAFLD and T2DM has been suggested based on 
gene/protein co-occurrences.50 From an epigenetics per
spective, differential DNA methylation in the liver of 
patients with NASH has been associated with expression 
of genes linked with insulin metabolism.51

Linking Conditions of the Diabetes 
Syndrome Through Abnormal 
Environment
Abnormal metabolic environment and fuel excess are hall
marks of DM. A wide-angled MR study intended to pro
duce an atlas of T2DM risk factors found 8 factors 
associated with T2DM after adjustment for BMI.52 

Systolic blood pressure, smoking, insomnia, and alanine 
aminotransferase levels were positively associated with 
T2DM, while testosterone, sex hormone binding globulin, 
high density lipoprotein and total cholesterol levels were 
inversely associated with T2DM.52 Further, another MR 
study demonstrated a causal association between child
hood adiposity and T1DM risk.53

Additionally, an abnormal metabolic environment and 
exogenous fuel excess have been associated with increased 
risk of cancer or increased cancer morality.12 For example, 
higher BMI, high nutrient intake, hyperglycemia, hyperin
sulinemia as well as IR and inflammation have been inde
pendently associated with increased cancer risk and 
decreased cancer survival.12 Increasing BMI (as predicted 
by genes) was reported as causally associated with 
increased risk of pancreatic cancer using an MR 
approach.35 Similarly, in another MR study, genetically 
predicted post-prandial glucose and BMI were positively 
associated with breast cancer.54 In addition, dietary 
advanced glycation end products (AGEs) trigger various 
downstream changes to gene expression and have been 
hypothesized to be potential endocrine disruptors.2,55 

Manufacture of processed food, increasingly more preva
lent, involves extreme temperatures that result in the for
mation of AGEs which interfere with endogenous 
hormone production and action.55 With regard to tumor
igenesis, dietary AGEs have been found to be pro- 
tumorigenic on estrogen breast cancer cells, human pan
creatic ductal adenocarcinoma cell lines, and a mouse 
pancreatic cancer model.55
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Diabetes and cognitive dysfunction share many shared 
environmental risk factors including smoking, physical 
inactivity, pollution/pesticides, etc.10 These environmental 
toxicants are thought to induce pathogenesis through inter
action with genetic factors leading to downstream oxida
tive stress, mitochondrial dysfunction, inflammation, and 
IR, all common with pathogenesis of DM.10 Food AGEs, 
discussed above, accumulate with long-lived structural 
protein, contribute to complications in both DM and AD, 
and are thought to have a role in neurodegenerative 
diseases.55 Furthermore, an altered metabolic environment 
is thought to drive both conditions with common links of 
altered energy metabolism, cholesterol modifications, and 
dysfunctional protein O-GlcNAcylation formation.20 

Finally, it has been found that high plasma glucose (as 
predicted by genes) is causally related to unspecified 
dementia, but not AD or vascular dementia risk in 
a recent MR study.56

Environmental risk factors believed to play a key role 
in psoriasis including UV exposure, medications, smoking, 
diet and obesity, alcohol intake, infections, and stress, are 
also common environmental risk factors for DM.2,57 Many 
of these are associated with downstream dysregulation of 
the immune system, likely though epigenetic 
modifications.2,57 The gastrointestinal tract has a large 
role in mediating glucose homeostasis though stimulation 
of incretin hormones (eg, glucagon-like protein-1 [GLP- 
1]) which prompt postprandial insulin release.58 

Interestingly, level and function of incretin hormones 
appear to be reduced in patients with DM as well as 
psoriasis patients compared with controls.2,58,59 

Mendelian Randomization has leveraged such genetic 
markers to determine causality between obesity/BMI, 
a risk factor for DM, and psoriasis.60,61

Abnormal metabolic environment is a common patho
physiologic mechanism associated with ASCVD and DM, 
with elevated lipids and glucose both important drivers.2,4 

Intracellular fuel excess leads to oxidative stress and pro
duction of ROS that result in inflammation and induction 
of transcription factors that subsequently lead to changes 
in gene expression that finally results in cell dysfunction – 
not only the β-cell but also other cells including cardio
myocytes and vascular smooth muscle cells.2 Indeed, in 
a 2-sample MR study, genetic predisposition to childhood 
obesity was causally associated with an increased risk of 
both T2DM and coronary artery disease in adults.62 As 
with other conditions within the Diabetes Syndrome, 
a relationship between the gut microbiome and ischemic 

heart disease has also been suggested. For example, 
an MR approach demonstrated a beneficial association of 
the gut bacteria Bifidobacterium with ischemic heart dis
ease, adiposity, high-density lipid cholesterol (HDL-C), 
and insulin resistance.63 Environmental risk factors includ
ing life-style choices such as smoking, in addition to air 
pollutants, pesticides, as well as food AGEs impact DM 
and CV mortality.45,55 Indeed, restriction of food AGEs in 
human studies has been associated with beneficial effects 
on IR and CV disease.55

Nutrition, fuel excess, and abnormal metabolic envir
onment are associated with conditions across the Diabetes 
Syndrome including DM and NAFLD/NASH, leading to 
cell and tissue damage and dysfunction.2,6 Further, aber
rant gut biome is implicated in the pathogenesis of both 
DM and NAFLD/NASH.2,6 Changes in the microbiome 
are thought to cause inflammation, alter intestinal perme
ability, and modulate metabolism of fatty acids resulting 
in.6,64 Decreased GLP-1 secretion (incretin effect) from 
the gut flora has also been associated with DM.2,58 

Endocrine disruptors such as food AGEs are implicated 
in IR, DM, and NAFLD.55,65 Furthermore, a common link 
of endocrine disruptors to various conditions including 
DM, NAFLD, PCOS, and obesity may be due to their 
impact on IR through modification of transcription of 
various IR-related genes.36,65

Linking Conditions of the Diabetes 
Syndrome Through Inflammation
Inflammation negatively impacts a wide swath of other 
organ systems outside of those involved in DM 
specifically.2 Hyperinsulinemia which can occur as 
a result of IR or exogenous insulin therapy is associated 
with inflammation, a common biological process of both 
DM and cancer.1,37 Moreover, exposure to hyperglycemia 
and glucolipotoxicity leads to ROS which activate path
ways (eg, polyol flux, AGE formation, protein kinase 
C activation, hexosamine flux) which lead to inflammation 
and, in turn, can lead to altered gene expression and 
epigenetic changes.2,3,12 Inflammation within adipose tis
sue can lead to production of cytokines that interfere with 
insulin signaling. Overproduction of inflammation cyto
kines (such as TNF-α and IL-6) has been found to be 
associated with IR and the development and progression 
of DM and cancer.37

Inflammatory responses are associated with peripheral 
and central IR.66 Elevated cytokines have been detected in 
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the cerebral spinal fluid of patients with AD and mouse 
models have revealed inflammation may interact with both 
processing and deposit of Aβ.20 Chronic inflammation is 
frequent in both DM and AD and it is commonly known 
that neuroinflammation occurs in AD.20,66,67

Systemic inflammation plays an important role in both 
psoriasis and DM pathogenesis.68 Of note, inflammatory 
mediators involved in the development of IR including 
TNF-α, IL-6, leptin, and adiponectin have been found to 
be altered in patients with psoriasis.69 Leptin activates 
induction of proinflammatory cytokines associated with 
IR and keratinocyte proliferation.69 Adiponectin, an indu
cer of anti-inflammatory cytokines and enhanced insulin 
sensitivity, is reduced in patients with DM and 
psoriasis.69,70

Inflammation and IR are intimately intertwined in all 
conditions of the Diabetes Syndrome, not the least of 
which with ASCVD. Insulin resistance and compensatory 
hyperinsulinemia promote inflammation, vascular smooth 
muscle growth and proliferation, and atherogenesis.71 

Further, excess fat in adipocytes induces inflammation 
and secretion of IR-provoking and proinflammatory cyto
kines while inhibiting adiponectin, an insulin sensitizer.71 

Formation of atherosclerotic lesions is hypothesized to be 
driven by local inflammation in the vascular wall triggered 
by dyslipidemia.72

Increased lipotoxicity in patients with NAFLD leads to 
mitochondrial dysfunction and oxidative stress.6 

Hepatocyte fat content and local liver inflammation lead 
to a state of chronic inflammation which can lead to 
fibrosis and NASH.6 In addition, inflammation and NF- 
kβ activation can also promote carcinogenesis which may 
play a role in hepatocellular cancer development, and 
potential downstream outcome of NASH.6

Finally, although auto-immunity links T1DM with 
other autoimmune diseases, much remains unknown. To 
wit, although there is a high degree of overlap in involved 
variants in autoimmune diseases with similar pathophy
siology, in disease with differing pathophysiology (eg, DM 
and IBD), the same variants are often implicated in oppo
site roles.73 Further, even in diseases with differing patho
physiology and many non-overlapping variants and 
oppositely implicated shared variants, variants which are 
overlapping or shared still exist.73 This is to say, for now, 
the addition of autoimmune diseases to the Diabetes 
Syndrome framework is not warranted until we understand 
more.

Linking Conditions of the Diabetes 
Syndrome Through Insulin Resistance
Inflammation and IR are intimately connected and play 
robust roles in the etiology and progression of diseases 
within the Diabetes Syndrome.2,74 In our view, IR can be 
expressed in a variety of different “phenotypes” that result 
from genetic and epigenetic variation in response to an 
abnormal environment, exogenous fuel excess, and/or 
inflammation including metabolic syndrome, obesity, 
PCOS, etc. Indeed, IR may have a role in the development 
of prediabetes phenotypes as well.28 Importantly, IR has 
been suggested as a critical role in both traditionally clas
sified T1 and T2DM in the accelerator hypothesis.75 The 
postulation is that DM should be viewed as a continuum 
and the interaction between IR and genetic responses 
determines that age at which critical B-cell loss occurs.75 

In this hypothesis, autoimmunity retains its role, though 
not necessarily as the primary causative factor in T1DM.75

Insulin resistance and resultant hyperinsulinemia drive 
increased ROS, overexpression or overactivation of insu
lin-related receptors, Ras/MEK activation leading to 
tumorigenesis, and PTEN and mTOR activation leading 
to cell growth and survival.12 It has been hypothesized that 
cell growth regulation is “reprogrammed” due to altered 
circulating hormones (including insulin), substrate avail
ability, and adipose cell dysfunction.76 Moreover, hyper
insulinemia and increased availability of cellular substrate 
appear to allow cancer cells to bypass cell growth 
checkpoints.12 Genetically predicted increasing fasting 
insulin levels have been causally associated with increased 
risk of pancreatic cancer estrogen receptor positive breast 
cancer in MR studies.45,54

Insulin resistance is a common pathophysiologic 
mechanism between both DM and AD and is a common 
feature of AD patients even without concomitant DM.20,66 

It has been proposed that AD should be considered 
a degenerative metabolic disease caused by brain IR and 
insulin deficiency.66 Indeed, it is thought that IR may also 
occur in the brain, possibly earlier than the development of 
peripheral IR, potentially triggered by Aβ oligomers and 
cognitive decline.20 Mendelian randomization analyses 
suggest that, in fact, insulin sensitivity can impact AD 
risk more so than overall T2DM.77

Insulin resistance is an important pathophysiologic 
mechanism implicated in both DM and psoriasis. Patients 
with psoriasis have IR and the degree of IR is correlated with 
psoriasis area and severity.68,69,78 Further, hyperinsulinemia 
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increases insulin binding to IGF receptors which lead to 
keratinocyte and fibroblast proliferation.70

Insulin resistance has been linked to ASCVD via multiple 
studies.71 Insulin resistance contributes to ASCVD by reduc
tion of nitric oxide production (a vasodilator and antiathero
genic agent) leading to endothelial dysfunction, and, as 
a result of compensatory hyperinsulinemia, excessive stimu
lation of the MAPK pathway resulting in inflammation, 
vascular smooth muscle cell proliferation, and 
atherogenesis.48 Furthermore, IR is associated with 
a variety of phenotypes (see Figure 1) and risk factors, all 
independently associated with ASCVD.71 The fact that some 
anti-diabetic agents are associated with CV benefits despite 
modest impact on hyperglycemia highlights that other 
mechanisms are in place.71 (see also Thiazolidinediones 
Section below)

Insulin resistance is a key factor in the progression of 
NAFLD to NASH.6 Increased hepatic lipogenesis and 
impaired inhibition of adipose tissue lipolysis as a result 
of IR lead to increased fatty acids in the liver.6 In addition, 
IR-stimulated adipose tissue dysfunction leads to altered 
production and secretion of adipokines and inflammatory 
cytokines.6 Further, cluster analysis of diabetes phenotypes 
related to age, obesity, glycemia, and insulin deficiency or 
resistance has linked patients with T2DM with severe IR- 
related diabetes to increase incidence of hepatic fibrosis.79 

A bi-directional MR study demonstrated genetic predispo
sition to higher fasting insulin, but not T2DM, was related 
to increased circulating ALT, markers of NAFLD.80 

Genetically predicted higher circulating ALT and AST 
were related to increased risk of T2DM.80 These outcomes 
provide support for the potential of IR resulting in NAFLD 
which, in turn, increases T2DM risk.80

Anti-Diabetic Therapies Impact on 
Other Related Conditions – What 
Can We Learn?
In earlier work, we have espoused the logic of combina
tion therapy with the least number of safe and efficacious 
agents to treat the highest number of overlapping patho
physiologies contributing to DM.1,2,81 This same concept 
can be further applied to the Diabetes Syndrome to allow 
us to expand our treatment armamentarium. Indeed, there 
is promise for many therapies traditionally associated with 
DM management to provide benefit in the Diabetes 
Syndrome (Table 1). The potential impact on patient man
agement of using existing and new medicines and classes 

with this in mind is considerable. Continued investigations 
and research are warranted.

Thiazolidinediones
Thiazolidinediones (TZDs) are PPARλ agonists (eg, pio
glitazone) extensively used for DM treatment as insulin 
sensitizers. Potential benefits of TZD use in cancer, 
dementia, psoriasis, ASCVD, and NASH have also been 
reported. In general, TZD use is associated with reduced 
cancer risk including liver, stomach, and colorectal 
(although increased bladder cancer risk has been 
reported).82 Furthermore, risk of dementia in pioglitazone 
users is lower than in non-users.83–86 Moreover, recent 
studies have suggested that TZDs may be antipsoriatic 
due to PPARs’ ability to promote keratinocyte differentia
tion, inhibit epidermal growth, and reduce inflammatory 
responses.87 A meta-analysis of randomized controlled 
trials concluded pioglitazone was efficacious for psoriasis 
treatment.87 In addition, pioglitazone reduced CV events 
and retarded the atherosclerotic process in high-risk DM 
patients in multiple large outcome trials.71 Finally, piogli
tazone was associated with a trend toward improved his
tology and a significant reduction in liver enzymes (ALT, 
AST), hepatic steatosis, and lobular inflammation in 
patients with NASH compared with placebo.88

Metformin
Metformin, often used as first-line treatment in DM and 
PCOS based on its ability to decrease the rate of hepatic 
gluconeogenesis and potentially decrease IR, is also being 
evaluated as an agent to treat other conditions including 
cancer, AD, ASCVD, metabolic syndrome, etc.74 Reduced 
risk for pancreatic, breast, lung, prostate, colorectal, and 
liver cancer has been associated with metformin use.82 

Further, meta-analysis results prompted the recommenda
tion that metformin should be used as first-line therapy for 
DM at risk for developing dementia or AD.76,83 Trials in 
patients without DM, although smaller, show positive 
results with regard to effect of metformin on dementia 
symptoms.82 Further, the potential protective effect of 
metformin in youth and adults with T1DM and in adults 
with pre- and T2DM has been suggested based on surro
gate measures of ASCVD, though based on mixed study 
results whether metformin improves CV outcomes remains 
uncertain.71,89 Finally, although increasing AMPK activity 
(which is reduced by inflammation, obesity, and DM) 
through metformin use has considered as a potential 
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treatment for NAFLD and NASH, to date results have 
been mixed.90,91

Glucagon-Like Peptide-1 Receptor 
Agonists
GLP-1 RAs are approved for the treatment of DM and to 
reduce risk of MACE events in DM patients and promote 
weight loss.92 GLP-1 has multiple metabolic functions 
including delayed gastric emptying, appetite suppression, 
enhanced liver glucose update, peripheral insulin sensitiv
ity as well as glucose-dependent insulin secretion and 
inhibition of glucagon release from α cells.58 Although 
there have been reports of potential for cancer with GLP- 
1 RA use, a recent meta-analysis of GLP-1 RA did not 
reveal increased cancer risk in T2DM patients and showed 
a decreased risk with albiglutide.93 Studies using neurode
generative disease animal models support potential for 
GLP-1 receptor stimulation to improve cognitive impair
ment (regardless of DM status).94 Further, reduction of 
MACE events has been recently added to GLP-1 RA 
labels on the basis of large CV outcomes trials.71 

Multiple RCTs have been conducted in NAFLD/NASH 
that demonstrated significant reduction in liver steatosis, 
fibrosis, and fat content.88,95,96

Dipeptidyl Peptidase-4 Inhibitors
Dipeptidyl peptidase-4 inhibitors inhibit the degradation of 
GLP-1 and are approved for DM. A DPP-4 inhibitor 
(sitagliptin) has been associated with improvement in cog
nitive function in elderly patients with and without AD.97 

To date, results of DDP-4 inhibitors have been mixed with 
regard to liver enzymes, fat content, and fibrosis in 
patients with NAFLD/NASH.88

Sodium Glucose Transport Protein 2 
Inhibitors
SGLT-2 inhibitors block the reabsorption of glucose in the 
kidney and are approved for DM. Recent studies have 
shown CV protective effect of SGLT-2 inhibitors, includ
ing reduction in MACE, hospitalization for heart failure, 
and CV mortality in high-risk patients with DM.71 In 
addition to reduction of hyperglycemia, it is hypothesized 
that increased levels of ketone bodies, potent anti- 
inflammatory molecules, may contribute to this effect.98 

Moreover, based on a recent systematic review, SGLT-2 
inhibitors improved liver enzymes, decreased liver fat and 
fibrosis, and improved other metabolic parameters 

(obesity, IR, glycemia, lipid parameters) in T2DM patients 
with NAFLD.99

Dopamine D2 Agonists
Bromocriptine QR, approved for DM, acts centrally and 
while it is only associated with modest improvement of 
glycemic control, it confers a clinically meaningful CV 
benefit.100,101 Indeed, the reduction in CV disease in patients 
treated with bromocriptine compared with placebo over 12 
months in patients with good glycemic control at baseline 
(HbA1c ≤7%), in addition to higher odds of remaining in 
good glycemic control suggests that in patients with T2DM 
there are important mechanisms beyond glycemic control 
(eg, reducing vascular sympathetic tone/reducing endothelial 
dysfunction) that may be contributing to the CV risk reduc
tion observed with this dopamine D2 agonist.100

Immune Modulators
Abatacept, an immunomodulator that inhibits T cell activa
tion is approved for rheumatoid arthritis, juvenile idiopathic 
arthritis, and adult psoriatic arthritis.102 It has been used for 
DM management due to reports of improved insulin sensi
tivity in patients with rheumatoid arthritis.103 It is currently 
under evaluation in the T1DM setting for deceleration of β- 
cell damage in newly diagnosed patients, prevention of DM 
in at risk patients, and prevention of destruction/rejection of 
transplanted pancreatic islets.103–105

Conclusion
The Diabetes Syndrome can be thought of as a supra- 
structure that can facilitate understanding the inter- 
relationships of superficially disparate conditions. It allows 
physicians and researchers to immediately place new ideas 
and articles into a coherent whole. The structure will allow 
new science to be added easily and facilitates the evaluation 
of therapeutics for the management of disease. Further, 
many of the connections we propose within the Diabetes 
Syndrome are testable by leveraging current genetic knowl
edge from efforts that include powerful MR approaches 
which, in turn, can inform implementation of precision 
medicine.30,31 The structure should be considered organic 
and will be refined and modified as we grow in our basic 
understanding of the interplay between genetics and epige
netics, inflammation, environment, and IR. Furthermore, 
recognizing the association of the conditions with the 
“Diabetes Syndrome” due to interconnection of common 
driving elements and the differential contribution of the 
various pathophysiologies for individual patients has the 
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potential to provide both benefit to the patient (eg, preven
tion, early detection, precision medicine) and to the advance
ment of medicine (eg, driving education, research, and 
dynamic decision-based medical practice).
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