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Though therapeutic algorithms for diabetes encourage individualization of approaches (1), they are often
broadly applied in treatment and reimbursement decisions, reinforcing the “one-size-ﬁts-all” approach (2).
However, if individualized approaches are successful
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(if they improve morbidity/mortality and are costeffective), health care systems are persuaded to adopt
them. For example, better insights into the pathophysiology of different types of cancer have led to tailored diagnostic tools and therapies, which have dramatically
improved outcomes (3). A similar approach should be
realized for diabetes.
Many different paths, driven by various genetic and
environmental factors, result in the progressive loss of
b-cell mass (4,5) and/or function (6) that manifests clinically as hyperglycemia. Once hyperglycemia occurs, people with all forms of diabetes are at risk for developing
the same complications (Fig. 1), though rates of progression may differ. The present challenge is to characterize
the many paths to b-cell dysfunction or demise and
identify therapeutic approaches that best target each
path. By reviewing the current evidence and addressing
remaining research gaps, we aim to identify subtypes of
diabetes that may be associated with differential rates of
progression and differential risks of complications. A
personalized approach to intensive therapy to prevent
or treat speciﬁc complications may help resolve the burden of diabetes complications, particularly in those at
highest risk.
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PERSPECTIVES IN DIABETES

The American Diabetes Association, JDRF, the European Association for the Study of Diabetes, and the
American Association of Clinical Endocrinologists
convened a research symposium, “The Differentiation of
Diabetes by Pathophysiology, Natural History and
Prognosis” on 10–12 October 2015. International experts
in genetics, immunology, metabolism, endocrinology,
and systems biology discussed genetic and environmental determinants of type 1 and type 2 diabetes risk
and progression, as well as complications. The participants debated how to determine appropriate therapeutic approaches based on disease pathophysiology and
stage and deﬁned remaining research gaps hindering a
personalized medical approach for diabetes to drive the
ﬁeld to address these gaps. The authors recommend a
structure for data stratiﬁcation to deﬁne the phenotypes
and genotypes of subtypes of diabetes that will facilitate
individualized treatment.
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Figure 1—Genetic and environmental risk factors impact inﬂammation, autoimmunity, and metabolic stress. These states affect b-cell
mass and/or function such that insulin levels are eventually unable to respond sufﬁciently to insulin demands, leading to hyperglycemia
levels sufﬁcient to diagnose diabetes. In some cases, genetic and environmental risk factors and gene–environment interactions can
directly impact b-cell mass and/or function. Regardless of the pathophysiology of diabetes, chronic high blood glucose levels are
associated with microvascular and macrovascular complications that increase morbidity and mortality for people with diabetes. This model
positions b-cell destruction and/or dysfunction as the necessary common factor to all forms of diabetes.

PATHOPHYSIOLOGY OF DIABETES
Demographics

Type 1 diabetes and type 2 diabetes differentially impact
populations based on age, race, ethnicity, geography, and
socioeconomic status.
Type 1 Diabetes

Between 2001 and 2009, there was a 21% increase in the
number of youth with type 1 diabetes in the U.S. (7). Its
prevalence is increasing at a rate of ;3% per year globally (8). Though diagnosis of type 1 diabetes frequently

occurs in childhood, 84% of people living with type 1 diabetes are adults (9). Type 1 diabetes affects males and
females equally (10) and decreases life expectancy by an
estimated 13 years (11). An estimated 5–15% of adults
diagnosed with type 2 diabetes actually have type 1 diabetes or latent autoimmune diabetes of adults (LADA)
(12).
Europoid Caucasians have the highest prevalence of
type 1 diabetes among U.S. youth, representing 72% of
reported cases. Hispanic Caucasians represent 16%, and
non-Hispanic blacks represent 9% (7).

diabetes.diabetesjournals.org

Skyler and Associates

243

Incidence and prevalence rates for type 1 diabetes vary
dramatically across the globe. At the extremes, China has
an incidence of 0.1/100,000 per year and Finland has an
incidence of 60/100,000 per year (13). With some exceptions, type 1 diabetes incidence is positively related to
geographic distance north of the equator (13). Colder
seasons are correlated with diagnosis and progression of
type 1 diabetes. Both onset of disease and the appearance
of islet autoimmunity appear to be higher in autumn and
winter than in spring and summer (14).

diabetes and higher if the mother has the disease (18).
The risk for type 1 diabetes is ;5% if a parent has type 1
diabetes and higher if the father has the disease (19).
Maturity-onset diabetes of the young (MODY) is a monogenic disease and has a high h2 of ;50 (20). Mutations in
any 1 of 13 different individual genes have been identiﬁed
to cause MODY (21), and a genetic diagnosis can be critical for selecting the most appropriate therapy. For example, children with mutations in KCJN11 causing MODY
should be treated with sulfonylureas rather than insulin.

Type 2 Diabetes

Type 1 Diabetes

In the U.S., an estimated 95% of the nearly 30 million
people living with diabetes have type 2 diabetes. An additional 86 million have prediabetes, putting them at high
risk for developing type 2 diabetes (9). Among the demographic associations for type 2 diabetes are older age, race/
ethnicity, male sex, and socioeconomic status (9).
Type 2 diabetes incidence is increasing in youth,
especially among the racial and ethnic groups with disproportionately high risk for developing type 2 diabetes
and its complications: American Indians, African Americans,
Hispanics/Latinos, Asians, and Paciﬁc Islanders (9). Older
age is very closely correlated to risk for developing type 2
diabetes. More than one in four Americans over the age
of 65 years have diabetes, and more than half in this agegroup have prediabetes (9). The prevalence of type 2
diabetes in the U.S. is higher for males (6.9%) than for
females (5.9%) (15).
There is a high degree of variability for prevalence of
type 2 diabetes across the globe. East Asia, South Asia,
and Australia have more adults with diabetes than any
other region (153 million). North America and the
Caribbean have the highest prevalence rate, with one in
eight affected (8).
Independent of geography, the risk of developing type 2
diabetes is associated with low socioeconomic status. Low
educational level increases risk by 41%, low occupation
level by 31%, and low income level by 40% (16).

The higher type 1 diabetes prevalence observed in
relatives implies a genetic risk, and the degree of genetic
identity with the proband correlates with risk (22–26).
Gene variants in one major locus, human leukocyte antigen (HLA) (27), confer 50–60% of the genetic risk by
affecting HLA protein binding to antigenic peptides and
antigen presentation to T cells (28). Approximately 50 additional genes individually contribute smaller effects
(25,29). These contributors include gene variants that
modulate immune regulation and tolerance (30–33), variants that modify viral responses (34,35), and variants
that inﬂuence responses to environmental signals and
endocrine function (36), as well as some that are expressed
in pancreatic b-cells (37). Genetic inﬂuences on the triggering of islet autoimmunity and disease progression are
being deﬁned in relatives (38,39). Together, these gene
variants explain ;80% of type 1 diabetes heritability. Epigenetic (40), gene expression, and regulatory RNA proﬁles
(36) may vary over time and reﬂect disease activity, providing a dynamic readout of risk.
Genetic variants can also identify patients at higher
risk, predict rates of C-peptide decline, and predict
response to various therapies (41). With a better understanding of inheritance proﬁles, it may become possible to
realize new targets for individualized intervention.

Research Gaps

The assembled experts agreed that research efforts are
needed to deﬁne causative factors that account for the
established correlations among different demographic
subsets and the corresponding variable risks for diabetes.
Factors associated with race/ethnicity and geography
that differentially increase risk for type 1 diabetes and for
type 2 diabetes need to be deﬁned. For type 2 diabetes,
the drivers of increased risk in individuals of low
socioeconomic status also need to be established.
Genetics

Both type 1 and type 2 diabetes are polygenic diseases
where many common variants, largely with small effect
size, contribute to overall disease risk. Disease heritability
(h2), deﬁned as sibling-relative risk, is 3 for type 2 diabetes
and 15 for type 1 diabetes (17). The lifetime risk of developing type 2 diabetes is ;40% if one parent has type 2

Type 2 Diabetes

While a subset of genetic variants are linked to both type 1
and type 2 diabetes (42,43), the two diseases have a
largely distinct genetic basis, which could be leveraged
toward classiﬁcation of diabetes (44). Genome-wide association studies have identiﬁed more than 130 genetic variants associated with type 2 diabetes, glucose levels, or
insulin levels; however, these variants explain less than
15% of disease heritability (45–47). There are many possibilities for explaining the majority of type 2 diabetes
heritability, including disease heterogeneity, gene–gene
interactions, and epigenetics. Most type 2 variants are
in noncoding genomic regions. Some variants, such as
those in KCNQ1, show strong parent-of-origin effects
(48). It is possible that children of mothers carrying
KCNQ1 are born with a reduced functional b-cell mass
and thereby are less able to increase their insulin
secretion when exposed to insulin resistance (49). Another area of particular interest has been the search for
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rare variants protecting from type 2 diabetes, such as
loss-of-function mutations in SLC30A8 (50), which could
offer potential new drug targets for type 2 diabetes.
To date, however, the improvement in predictive value
of known genetic variants over that of classic clinical risk
factors (BMI, family history, glucose) has proven minimal
in type 2 diabetes.
The rapid development of molecular genetic tools and
decreasing costs for next-generation sequencing should
make dissection of the black box of genetics of diabetes
possible in the near future, but at this point, apart from
the proﬁles that distinguish between type 1 and type 2
diabetes and a limited number of speciﬁc variants that
identify small subgroups of patients (MODY), genetics has
not been successful in further differentiating subclasses of
diabetes.
Research Gaps

After consideration of the known genetic associations
with diabetes risk, consensus developed that the ﬁeld is
not yet at a place where genetics has provided actionable
information to guide treatment decisions, with a few
notable exceptions, namely in MODY. The experts
agreed there is a need to use the increasingly accessible
and affordable technologies to further reﬁne our understanding of how genetic variations affect the rate of
progression of diabetes and its complications. The expert
committee also highlighted the importance of determining categorical phenotypic subtypes of diabetes in order
to link speciﬁc genetic associations to these phenotypic
subtypes. These types of information are necessary to
develop the tools to predict response to—and side effects of—therapeutic approaches for diabetes in patient
populations.
Environmental Inﬂuences

Despite the genetic underpinnings of the diseases, the
prevalence of both type 1 and type 2 diabetes is increasing
globally at a rate that outpaces genetic variation, suggesting that environmental factors also play a key role in both
types of diabetes. Common environmental factors are
associated with type 1 and type 2 diabetes, including dietary factors, endocrine disruptors and other environmental polluters, and gut microbiome composition. In
addition to well-established roles in type 2 diabetes,
obesity and insulin resistance may be accelerators of
type 1 diabetes. Conversely, islet autoimmunity associated
with possible environmental triggers (e.g., diet, infection)
may have a role in a subset of people diagnosed with type 2
diabetes.
Type 1 Diabetes

Discordance rates in twins, the rise in global incidence,
variance in geographic prevalence, and assimilation of
local disease incidence rates when individuals migrate
from low- to high-incidence countries all support an environmental inﬂuence on risk for developing type 1 diabetes. Furthermore, many lines of evidence suggest that
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environmental factors interact with genetic factors in
both the triggering of autoimmunity and the subsequent progression to type 1 diabetes. Supporting this
gene–environment interaction is the fact that most subjects with the highest-risk HLA haplotypes do not develop
type 1 diabetes.
The timing of exposure to environmental triggers may
also be critical. The variability of age at disease onset complicates the study of environmental exposures, though the
early age of onset of islet autoantibodies associated with
childhood-onset type 1 diabetes suggests that environmental
exposures in the ﬁrst few years of life may be contributors.
Among the environmental associations linked to type 1
diabetes are enteroviral and other infections (51,52)
and altered intestinal microbiome composition (53). The
timing of exposure to foods including cereal (54) and
nutrients such as gluten (55) may inﬂuence b-cell autoimmunity. Low serum concentrations of vitamin D have
been linked to type 1 diabetes. Perinatal risk factors and
toxic doses of nitrosamine compounds have been implicated in the genesis of diabetes.
The effects of any environmental toxin on type 1 diabetes need further exploration. Studies on the environmental contributions to type 1 diabetes have been small
and somewhat contradictory, highlighting the need for
larger collaborative investigations such as The Environmental Determinants of Diabetes in the Young (TEDDY)
(56), which aims to identify infectious agents, dietary factors, and other environmental factors that trigger islet
autoimmunity and/or type 1 diabetes.
Type 2 Diabetes

Type 2 diabetes develops when b-cells fail to secrete sufﬁcient insulin to keep up with demand, usually in the
context of increased insulin resistance. A minority of people diagnosed with type 2 diabetes also have evidence of
islet autoimmunity (57,58). Obesity is a major risk factor
for type 2 diabetes (59,60) with complex genetic and environmental etiology.
Insulin resistance develops with ectopic fat deposition
in the liver and muscle. Fat may also accumulate in the
pancreas and contribute to the decline in b-cell function,
islet inﬂammation, and eventual b-cell death (61). Type 2
diabetes occurs at different levels of BMI/body fat composition in different individuals and at lower BMI for
Asians and Asian Americans (62). For susceptible people,
there may be a personal “fat threshold” at which ectopic
fat accumulation occurs, worsening insulin resistance and
resulting in b-cell decompensation.
Weight loss improves insulin sensitivity in liver and
skeletal muscle (63) and may also reduce pancreatic fat
accumulation (64). Defects in insulin secretion are at least
partially reversible with energy restriction and weight loss
in prediabetes and recent-onset type 2 diabetes (65). Unfortunately, it is difﬁcult to reverse long-standing diabetes, even with the large weight loss associated with
bariatric surgery (66).

diabetes.diabetesjournals.org

Both reduced sleep time and increased sleep time are
associated with the development of obesity and diabetes.
Obstructive sleep apnea reduces sleep time and sleep
quality and is associated with type 2 diabetes and
metabolic syndrome. The modern “24-hour culture” may
reduce sleep time and thereby also contribute to increased
risk of type 2 diabetes. And while associations with additional environmental factors exist, there have been no
direct causal relationships deﬁned to date.
Research Gaps

There is a clear correlation of environmental inﬂuences to
diabetes risk. Yet, the assembled experts agreed that
hypothesis-driven research is needed to deﬁne direct
causal relationships between speciﬁc environmental factors and pathophysiologies leading to diabetes. Research
efforts need to address environmental etiologies of type 1
diabetes and determine their relative contribution to
onset of autoimmunity and progression to symptomatic
disease. Whether there is a direct causal role of the
intestinal microbiota in pathogenesis of type 1 and type 2
diabetes and response to therapies needs to be
determined. Public health interventions that successfully
reduce the levels of consumption of energy-dense foods
and/or reduce sedentary time and increase time spent in
physical activity need to be evaluated to determine
whether they can reduce type 2 diabetes incidence at a
population level.
NATURAL HISTORY AND PROGNOSIS

Regardless of the particular pathophysiology of an
individual’s diabetes, the unifying characteristic of the
vast majority of diabetes is hyperglycemia resulting from
b-cell destruction or dysfunction. There is a continuum of
progressive dysglycemia as insulin insufﬁciency increases over time. Understanding the natural history
related to b-cell mass and function is key to staging
the diseases and identifying where and how interventions can best be made to prevent or delay disease progression and complications.
b-Cell Mass and Function

While type 1 diabetes results from immune-mediated
destruction of b-cells and type 2 diabetes is primarily
associated with glucose-speciﬁc insulin secretory defects,
there is growing evidence of signiﬁcant overlap across the
spectrum of diabetes. For example, b-cell mass is also
reduced in people with type 2 diabetes (67). In both
type 1 and type 2 diabetes, the stress response induced
by hyperglycemia may play a role in b-cell apoptosis (68).
Changes in b-cell phenotype associated with hyperglycemia may reﬂect a dedifferentiation of b-cells important to
the natural history and staging of diabetes (69). Clearly,
an insufﬁcient number or functional decline of b-cells is
central to hyperglycemia and the downstream complications of diabetes. Understanding the state of the b-cell is
key to deﬁning subtypes of diabetes.
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Type 1 Diabetes

Abnormal insulin secretion can occur well before the
diagnosis of type 1 diabetes (70–73), with a gradual decline beginning at least 2 years before diagnosis and accelerating proximal to diagnosis (74,75). A decline in
b-cell sensitivity to glucose (76) appears to occur on a
similar timeframe. As the early insulin response falters,
the later insulin response becomes greater, indicating a
possible compensatory mechanism. The accelerated loss
of insulin response continues into the early postdiagnostic period (77).
Insulin secretion decline during the ﬁrst few years after
diagnosis has been described as biphasic, steeper during
the ﬁrst year than during the second year after diagnosis.
Data also suggest that the rate of decline is slower in
adults (78). The loss of insulin secretion can continue for
years after diagnosis until little or no insulin secretion
remains. However, low levels of C-peptide are detectable
in the majority of patients after 30 years of type 1 diabetes
(79).
Glucose levels are also frequently elevated years before
the diagnosis of type 1 diabetes (80–82). Even within the
normal range, higher glucose levels are predictive of type 1
diabetes (83). There are wide ﬂuctuations of glucose during
the progression to type 1 diabetes (84). Metabolic markers
of progression, such as the occurrence of dysglycemia,
could be utilized to more precisely predict the onset of
diabetes in at-risk individuals (41,85). Risk scores that
combine dynamic changes in glucose and C-peptide can
further enhance prediction (86,87).
Type 2 Diabetes

Defective insulin secretion is central to the pathophysiology of type 2 diabetes. To maintain normal glucose
levels, insulin secretion varies over a wide range in response to insulin sensitivity. The relationship between
insulin secretion and insulin sensitivity is curvilinear and
is expressed as the disposition index. People with type 2
diabetes cannot adequately increase insulin secretion to
overcome insulin resistance and have a low disposition
index (88). Consequently, while absolute insulin levels
may be higher in obese subjects with type 2 diabetes
who are insulin resistant than they are in lean control
subjects who are insulin sensitive, they are lower than
appropriate for their degree of insulin resistance. Firstphase insulin secretion, especially in response to stimulation by glucose, is markedly impaired or lost (89). Maximal
insulin secretion and potentiation by hyperglycemia of insulin responses to nonglucose stimuli are severely reduced
(90), and the ratio of proinsulin to insulin (C-peptide) is
high in type 2 diabetes (91). Over time, hyperglycemia
tends to become more severe and more difﬁcult to treat.
This progressive nature of type 2 diabetes is usually due
to ongoing deterioration of b-cell function.
While prediabetes and diabetes are diagnosed by
absolute thresholds (92), dysglycemia is a continuum progressing from normal to overt diabetes. Early screening
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offers a window for treatment that may prevent or delay
progression of the disease and its complications (93,94).
In prediabetes, impaired glucose tolerance or impaired
fasting glucose indicates glucose levels higher than normal but not in the diabetes range (92). Currently, most
clinicians do not treat these patients to completely control blood glucose levels. Even after initiation of therapy in frank diabetes, intensiﬁcation of therapy is often
delayed (95–97), exposing people to hyperglycemia for
years (93).
Several studies have shown that treatment with
lifestyle change or medication can reduce the progression
from prediabetes to diabetes (98,99). Furthermore, a clinical
beneﬁt of early therapy has been demonstrated (100,101),
with reductions in retinopathy and cardiovascular and allcause mortality (102). This evidence suggests that identifying prediabetes at an early stage and keeping glucose levels
close to normal could change the natural history of the
disease (93).
Research Gaps.

The strong consensus of this group was that the primary
defect resulting in hyperglycemia is insufﬁcient b-cell
number and/or b-cell function (of various etiologies).
From this b-cell–centric view, it is imperative to determine what etiological factors are the basis for abnormal
insulin secretion patterns in type 1 diabetes and type 2
diabetes. Biomarkers and imaging tools are needed to
assess b-cell mass and loss of functional mass and to
monitor progression and response to therapeutic interventions. The point at which b-cell dysfunction becomes
irreversible needs to be determined. The molecular basis
for the glucose-speciﬁc insulin secretory defect and the
role of b-cell dedifferentiation in type 1 diabetes and in
type 2 diabetes need to be determined. The extent to
which insulin resistance contributes to glycemia and
the complications of type 1 diabetes remains unknown.
Research is needed to determine whether increased b-cell
activity, stimulated by insulin resistance, enhances or accelerates the b-cell lesion in type 1 diabetes and in type 2
diabetes and to identify mechanisms by which b-cells can
overcome an insulin-resistant environment.

Autoimmunity

Circulating autoantibodies against insulin, glutamic acid
decarboxylase (GAD), the protein tyrosine phosphatase
IA-2, and/or zinc transporter 8 can be detected prior to
clinical diagnosis of type 1 diabetes (103). While individuals with single autoantibody positivity frequently revert
to negative, reversion is rare in people with multiple
autoantibodies (104). Currently, we lack sufﬁcient biomarkers
and imaging techniques to monitor autoantibody ﬂare-ups,
reversions, and progression to type 1 diabetes. The presence
of two or more islet autoantibodies in children with HLA risk
genotypes or with relatives who have type 1 diabetes is associated with a 75% risk of developing clinical diabetes
within 10 years (105). Risk is incremental with detection
of increasing numbers of autoantibodies (105–107). A positive test for at least two autoantibodies is now considered a
diagnostic stage of type 1 diabetes (Table 1) (41). The presence of islet autoantibodies reﬂects an underlying immune
B- and T-cell response to b-cell antigens. Autoimmune responses to b-cells lead to loss of b-cell mass and function
and onset of glucose intolerance, representing the next distinct stage prior to onset of clinical symptoms of diabetes.
Despite the strong prognostic value of autoimmunity
in type 1 diabetes, there is no successful strategy to
prevent or treat it. HLA confers strong susceptibility for
the development of two or more islet autoantibodies
(108). For primary prevention of b-cell autoimmunity in
children, data suggest there may be a critical period in the
ﬁrst 2 years of life (109–111).
Interestingly, autoantibodies against GAD are present
in ;5% of individuals diagnosed with type 2 diabetes
(112). As compared with GAD antibody–negative patients
with type 2 diabetes, these patients have lower BMI and
residual b-cell function. Further, they carry a genetic proﬁle more similar to that of patients with type 1 diabetes
and an earlier requirement for insulin therapy (112), suggesting that autoimmune diabetes in adults may actually
be a form of type 1 diabetes that exhibits slow progression associated with later age of onset.
Research Gaps

The assembled group agreed that while it is clear that
inﬂammation and autoimmunity lead to b-cell destruction

Table 1—Staging of type 1 diabetes
Stage 1
Phenotypic
characteristics

c
c
c

Diagnostic criteria

c
c

Stage 2

Autoimmunity
Normoglycemia
Presymptomatic

c

Multiple autoantibodies
No impaired glucose
tolerance or impaired
fasting glucose

c

c
c

c

c
c
c

Stage 3

Autoimmunity
Dysglycemia
Presymptomatic

c

Multiple autoantibodies
Dysglycemia: impaired fasting
glucose and/or impaired
glucose tolerance
Fasting plasma glucose 100–125 mg/dL
2-h glasma glucose 140–199 mg/dL
HbA1c 5.7–6.4% or $10% increase in HbA1c

c

c
c

c

New onset
Hyperglycemia
Symptomatic
Clinical symptoms
Diabetes by standard criteria
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characteristic of type 1 diabetes, much more information is
needed to understand the pathophysiology and progression
of autoimmunity related to diabetes in order to develop
rational approaches to prevent or reverse it. We do not
have a clear understanding of whether different antigenic
targets, single-antibody positivity, or other contributing
factors have variable prognostic, genetic and environmental correlates that can be used to better develop and apply
stage-appropriate personalized therapies. The molecular
mechanisms by which b-cells die or fail in the presence
of b-cell autoimmunity need determination. Biomarkers
and imaging tools are needed to deﬁne reversion or stable
autoimmunity versus active or ﬂaring autoimmunity. Furthermore, inexpensive speciﬁc and sensitive assays to identify b-cell autoimmunity are needed, to be deployed on a
population-wide level and beyond the conﬁnes of specialized laboratories.
Therapeutics

Aside from insulin and insulin analogs, therapies for
diabetes include those that enhance insulin secretion, those
that stimulate insulin action, those that reduce hepatic and
endogenous glucose production, and those that impact
glycemia through other mechanisms. By better understanding the pathophysiology and natural history of various
subtypes of diabetes and applying what we know about the
modes of action and pharmacogenomics of existing
therapies, we can better apply a personalized approach
to diabetes management. There is a growing body of
evidence regarding which phenotypic and genotypic subsets
of patients with diabetes respond best, or are resistant to,
speciﬁc therapies (113), including sulfonylureas (114,115),
metformin (116,117), thiazolidinediones (118,119), incretin
therapies (120), and inhibitors of sodium–glucose cotransporter 2 (SGLT2) (121,122).
Type 1 Diabetes

Individuals with type 1 diabetes require intensive therapy,
characterized by exogenous insulin administration
through multiple daily injections with both fast-acting
insulin with meals and basal insulin, or with continuous
subcutaneous insulin infusion through pumps. There are
no signiﬁcant generalizable differences in efﬁcacy or
safety between the two approaches (123).
The goal of intensive insulin therapy is to maintain as
close to normal glucose concentration as possible while
avoiding hypoglycemia. Achieving this goal requires individualization of treatment and targets, which may also change
over time within individuals. The American Diabetes Association’s glycemic target for adults is HbA1c ,7%. However,
consideration of individual circumstances is critical. Pediatric
patients are recommended to target ,7.5%, whereas adults
who are able to do so safely should target ,6.5% (92).
Both long-acting and short-acting insulin analog preparations with more predictable time-action proﬁles have
been developed, allowing patients to achieve more physiological insulin delivery and, therefore, tighter glucose control
with fewer side effects. Technologies for self-monitoring
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blood glucose and continuous glucose monitoring have
advanced in recent years and are becoming more
widespread. Continuous glucose monitoring allows patients to visualize changes in glucose levels and tailor
their treatment in real time (124). The amylin analog
pramlintide is approved for use as an adjunct to insulin
in patients with type 1 diabetes who have not achieved
glycemic goals despite optimized insulin therapy. Pramlintide lowers postprandial glucose (125), thereby improving
overall glycemic control, and it has a modest but signiﬁcant
weight loss effect. However, pramlintide added to insulin
may increase the risk of hypoglycemia (126,127).
A number of agents currently approved for the
treatment of type 2 diabetes have also been investigated
for use in type 1 diabetes, including a-glucosidase inhibitors (128,129), thiazolidinediones (130–132), metformin
(133), glucagon-like peptide 1 (GLP-1) receptor agonists
(134,135), dipeptidyl peptidase 4 (DPP-4) inhibitors
(136), and SGLT2 inhibitors (137,138). The beneﬁts of
these agents in type 1 diabetes are not well established,
and their eventual use in this population will depend on
further demonstration of efﬁcacy and safety.
Type 2 Diabetes

There are many agents now available to treat hyperglycemia in type 2 diabetes, with varying mechanisms of
action and targeting different pathophysiological components of the disease. Many agents are not always able to
achieve adequate control unless they are started earlier
in disease progression or are used in combinations
(metformin, SGLT2 inhibitors, DPP-4 inhibitors, GLP-1
receptor agonists, peroxisome proliferator–activated receptor g agonists). This limitation in efﬁcacy may be
due in part to the fact that these agents are often initiated
after b-cell function or mass has deteriorated beyond a
critical level or to their limited effects on insulin secretion. Many people with type 2 diabetes ultimately require
insulin therapy, which reﬂects long-standing type 2
diabetes and greatly diminished b-cell function but also
likely includes individuals who have slowly progressing
autoimmune diabetes with adult onset (LADA) or other
ambiguous forms of diabetes.
Age. Data from randomized controlled trials in people
with type 2 diabetes under the age of 18 years or over the
age of 65 years are scarce. Beneﬁcial effects of tight
glucose control on complications take years to be
realized (139,140). Targets of glucose control should be
adapted to life expectancy, frailty, biological age, and
social situation rather than just calendar age. HbA1c targets in this population need to be adjusted when using
agents that cause side effects such as hypoglycemia.
However, overt hyperglycemia needs to be addressed to
avoid acute complications of diabetes and a catabolic
state (141).
Comorbidities: Kidney Impairment. Kidney impairment

is a prevalent complication of diabetes. It is also an
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independent comorbidity, very often caused by vascular
complications in people with type 2 diabetes. Therapeutic choices become more limited because of contraindications (e.g., metformin) or the need for good kidney
function for efﬁcacy (e.g., SGLT2 inhibitors), leaving
many patients with only insulin therapy (142). Targets
for glucose control in the population with kidney impairment may need to be adapted, as kidney impairment also
predisposes to hypoglycemia (143). The use of HbA1c is
also problematic in people with kidney impairment because
of reduced red blood cell survival, use of erythropoietin,
modiﬁcations of hemoglobin (e.g., carbamylation), and mechanical destruction of red blood cells on dialysis (144).
Comorbidities: Cardiovascular Complications. Cardiovascular
complications require a multifactorial approach, including
blood pressure and lipid control. Hypoglycemia is linked
to arrhythmias and mortality in people with a history of
cardiovascular events (145). However, when agents that do
not cause hypoglycemia can be used, tight glucose control
should be sought. Agents such as DPP-4 inhibitors
(146–148) and GLP-1 receptor agonists (149) have been
shown to be safe in this population. Some agents, such as
pioglitazone (150) and metformin (151), may even be cardioprotective. Empagliﬂozin (152) and liraglutide (153) reduce cardiovascular and all-cause mortality over 2.5–5
years of therapy in patients at high risk of cardiovascular
disease. Nephropathy is a recognized risk factor for cardiovascular complications, especially in type 1 diabetes (143).
Weight. To avoid comorbidities and complications associated with obesity, weight management should be a priority
in all patients, independent of BMI. Weight loss can be
achieved by lifestyle intervention, choosing glucoselowering drugs that promote weight loss, and incorporating obesity pharmacotherapy or bariatric surgery in
appropriate patients (154).
Research Gaps

While research and development efforts over the past few
decades have led to the availability of several new classes
of medications and new insulin formulations and
delivery methods, we still lack a clear understanding
of the ideal approaches to selecting appropriate treatment regimens for particular individuals. With a more
in-depth characterization of the pathophysiology and
natural history of subtypes of diabetes coupled with the
pharmacogenomics of new and existing therapies, we can
begin to develop a more personalized approach to diabetes
management.
Several areas can be immediately addressed. This includes performing clinical trials in vulnerable and understudied populations, including the elderly and children,
that are critical to validate more precise evidence-based
treatments in these populations. Studies examining the
appropriate application of immune therapies in combination (sequentially or simultaneously) to target b-cell
speciﬁc immune response, islet inﬂammation, and more
global defective immunoregulation are critical. For type 2
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diabetes, the early use of combinations of glucoselowering agents needs to be studied. For people with
diabetes who are overweight or obese, studies are needed
to determine whether weight loss medication and bariatric
surgery could be used to support diabetes treatment
goals.
Complications

Intensive glycemic control can reduce diabetes complications (140,155). In fact, in the decades since these studies
were ﬁrst published, rates of microvascular and macrovascular complications of diabetes and deaths from hyperglycemic crisis have substantially decreased (156).
However, complications of diabetes remain the greatest
health threat to people living with diabetes. Research efforts to identify clinical variables and biomarkers that
indicate the presence or progression of complications
may lead to a better understanding of risk and help identify individuals who may beneﬁt from particular therapies
to reduce the impact of diabetes.
Type 1 Diabetes

The underlying pathophysiology driving an increased risk
of cardiovascular complications in type 1 diabetes remains
unclear. It is in part related to nephropathy and appears
to be distinct from the pathophysiology of cardiovascular
complications of type 2 diabetes (157). Intensive treatment of type 1 diabetes with insulin often leads to weight
gain. Concurrent with the population-wide rise in incidence of obesity, many people with type 1 diabetes have
begun to exhibit features of obesity and metabolic syndrome, likely increasing the development of cardiovascular disease. Current treatment recommendations for
management of cardiovascular risk factors predominantly
derive from studies on type 2 diabetes or populations that
did not discriminate between diabetes type. Risk factors
should be monitored and treated in type 1 diabetes to
recommended targets, but research is needed to determine distinctions in cardiovascular risk pathophysiology
in type 1 diabetes and to identify appropriate therapies to
reduce risk.
Kidney disease predicts cardiovascular disease in
people with type 1 diabetes (143) and is associated with
development of additional microvascular and macrovascular complications over time. People with type 1 diabetes
show signs of premature arterial stiffening that is further
exaggerated in those with diabetic nephropathy.
There is a genetic propensity for diabetic nephropathy
that peaks at 10–14 years duration of type 1 diabetes
(158). The risk plateaus after 15 years duration, and the
incidence of microalbuminuria matches this pattern
(FinnDiane Study Group, unpublished observations). The
peak incidence of macroalbuminuria and end-stage kidney
disease lags 10 to 15 years behind the appearance of microalbuminuria. Progression to end-stage kidney disease is
linked to age of onset and duration of diabetes (159).
Female sex seems to be protective if age of onset occurs
during or after puberty. Similar factors inﬂuence risk for
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and progression of diabetic retinopathy. Intensive glucose
control signiﬁcantly reduces the risk of diabetic peripheral
neuropathy and cardiovascular autonomic neuropathy in
type 1 diabetes (160).
Average HbA1c and HbA1c variability are higher in people who progress to diabetic kidney disease (161). Those
with more components of metabolic syndrome have more
kidney disease and higher HbA1c. A person with type 1 diabetes is much more likely to develop diabetic kidney
disease if a sibling with type 1 diabetes has it. The risk
of diabetic nephropathy in type 1 diabetes is fourfold
higher in children whose mothers have type 1 diabetes
than in those without a parent with diabetes (162), indicating a role for epigenetics in the development of kidney disease. Urine metabolites have been identiﬁed that
highlight potential involvement of mitochondrial dysfunction in diabetic kidney disease (163).
Type 2 Diabetes

A large proportion of people with type 2 diabetes also
have nonhyperglycemic components of the metabolic
syndrome (164), including hypertension, hyperlipidemia,
and increased risk for cardiovascular disease. These metabolic
features are interrelated and must be considered collectively.
Multiple risk factor reduction is critical. Lipoprotein metabolism is often abnormal in diabetic nephropathy, but
treatment strategies to avoid cardiovascular disease in
this population are unclear. Statins appear to be ineffective at preventing cardiovascular disease in people with endstage kidney diease (165,166). Once on statins, ﬁbrates may
not be beneﬁcial for preventing cardiovascular disease in this
population but might have microvascular beneﬁts through
anti-inﬂammatory actions (167). There are reasonably good
data indicating that cholesterol absorption is higher in diabetes, suggesting that ezetimibe might have unique effects
in diabetes (168,169).
Cardiovascular disease risk increases substantially
when estimated glomerular ﬁltration rate falls below
45 mL/min/1.73 m2. Microalbuminuria is not always
due to diabetic nephropathy (170), but it is a marker of
inﬂammation that indicates vascular leakage and increased cardiovascular risk. Albuminuria has been used
as a marker of diabetic nephropathy for three decades.
Yet, its power is limited. It varies by 25–30% daily in
individuals (171–174). It is transient and patients can
revert to normal albuminuria without treatment.
Interestingly, the urinary metabolomics signature of
diabetic kidney disease is similar in people with type 1
and type 2 diabetes (163). Newly identiﬁed biomarkers
such as urinary adiponectin and serum tumor necrosis
factor-a receptor 1 may be better predictors of nephropathy than albumin excretion rate; however, they require
greater evaluation in prospective studies.
Tight glycemic control is the only strategy known to
prevent or delay the development of peripheral neuropathy, and cardiac autonomic neuropathy is perhaps even
more important in relation to cardiovascular mortality
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(175). However, randomized clinical trials to determine
appropriate targets are lacking. Outcomes for cardiovascular disease and mortality have been mixed in different
studies.
Research Gaps

The assembled experts agreed that the means to determine
which individuals with diabetes will develop particular
complications remain unclear. Research efforts are needed
to delineate the mechanisms underpinning the development
of complications in type 1 diabetes and type 2 diabetes and
identifying the differences between them. For example, the
contributions of genetics to development of complications in
speciﬁc populations need to be determined. The beneﬁts of
screening and early treatment to control glucose levels in
people with presymptomatic diabetes on the development of
complications also needs to be assessed.
In some cases, the data supporting current treatment
recommendations are drawn from populations that are too
heterogeneous to be sufﬁciently representative of subtypes
of diabetes. For example, current treatment recommendations for management of cardiovascular complications
derive predominantly from data in type 2 diabetes or in
populations that did not discriminate between diabetes
type. Thus, data to support evidence-based targets to avoid
cardiovascular complications in type 1 diabetes are needed.
There are also some targeted issues that need to be
addressed around speciﬁc complications to better inform
treatment. For example, because of inconclusive associations, trials are needed to determine whether ﬁbrates are
able to modify the natural history of retinopathy and, if
so, by what mechanisms. Given the limitations of current
predictors of kidney disease progression, better biomarkers are needed. Finally, a better understanding of
how complications of diabetes affect one another and how
they impact treatment approaches is needed. This underlines a need for studies comparing the effectiveness of
different strategies for glucose control in subpopulations
with comorbidities.
CONCLUSIONS

Diabetes is currently broadly classiﬁed as type 1, type 2,
gestational, and a group of “other speciﬁc syndromes.”
However, increasing evidence suggests that there are populations of individuals within these broad categories that
have subtypes of disease with a well-deﬁned etiology that
may be clinically characterized (e.g., LADA, MODY). These
developments suggest that perhaps, with more focused research in critical areas, we are approaching a point where it
would be possible to categorize diabetes in a more precise
manner that can inform individual treatment decisions.
Characterization of disease progression is much more
developed for type 1 diabetes than for type 2 diabetes.
Studies of ﬁrst-degree relatives of people with type 1 diabetes suggest that persistent presence of two or more
autoantibodies is an almost certain predictor of clinical hyperglycemia and diabetes. The rate of progression
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depends on the age of antibody onset, the number of
antibodies, antibody speciﬁcity, and titer. Rising glucose
and HbA1c levels substantially precede the clinical onset of
diabetes, making diagnosis feasible well before the onset of
diabetic ketoacidosis. Three distinct stages of type 1 diabetes can be identiﬁed (Table 1) and serve as a framework for
future research and regulatory decision-making (41).
The paths to b-cell demise and dysfunction are less
well deﬁned, but deﬁcient b-cell insulin secretion in the
face of hyperglycemia appears to be the common denominator. Future classiﬁcation schemes for diabetes will
likely focus on the pathophysiology of the underlying
b-cell dysfunction and the stage of disease as indicated
by glucose status (normal, impaired, or diabetes).
Recently, the All New Diabetics in Scania (ANDIS)
study reported ﬁve distinct subtypes of diabetes on the
basis of clustering of clinical, blood-based, and genetic
information in newly diagnosed patients in Sweden (176).
Importantly, these subtypes of diabetes appear to be differentially linked to risk for particular complications. The
researchers conﬁrmed similar groupings and relationships
among patients in Finland. This model represents a notable
example of an approach that, with additional information,
could be reﬁned in more diverse populations to begin developing meaningful classiﬁcations based on clinical characteristics, demographics, and novel biomarkers for disease
risk, progression, and complications in discreet populations.
Remaining critical research gaps are currently preventing the realization of true precision medicine for people
with diabetes. The authors have outlined some of these
key gaps (Supplementary Table 1) and call for the diabetes
research community to address these open questions to
better understand genetic and molecular mechanisms of
diabetes and its complications, deﬁne phenotypes and
genotypes of subtypes of diabetes, and use this understanding in the development and application of therapies
to prevent and treat diabetes and complications.
Understanding the pathways to loss of b-cell mass and
function is key to addressing all forms of diabetes and
avoiding complications of diabetes; therefore, the gaps in
these topic areas are highlighted as particular priorities
among the many critical areas that remain to be investigated. By addressing the noted research gaps, we will be
able to further reﬁne models and make meaningful distinctions to stage diabetes.
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