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Abstract

Type 2 diabetes mellitus (T2DM) is a chronic, progressive disease driven 
by a complex interplay of genetic, biological, behavioural and social 
factors. The epidemiology of T2DM has shifted considerably, largely 
attributable to increasing obesity rates. Furthermore, T2DM prevalence 
is increasing in younger people (diagnosis <40 years of age; early-onset 
T2DM), which is associated with more aggressive disease progression, 
higher risk factor burden, earlier and more severe complications, and 
greater lifetime morbidity than later-onset T2DM. T2DM is traditionally 
associated with a high risk of microvascular and macrovascular 
complications, although rates of cardiovascular complications have 
reduced in some high-income countries. Currently, emerging and 
non-traditional diabetes complications, such as those related to mental 
health and cognitive function, are being recognized, and people with 
T2DM increasingly experience multimorbidity and reduced quality 
of life. Additionally, a growing prevalence of obesity has resulted 
in high rates of obesity-related complications. Novel therapies and 
technologies may offer considerable benefit, although socioeconomic 
disparities may exacerbate barriers to effective prevention and 
equitable access. The complex nature of T2DM and its comorbidities 
underscores the urgent need for a person-centred, holistic approach 
that integrates glucose and weight management with broader attention 
to comorbidities, 24-h physical behaviours, psychosocial well-being 
and social determinants of health.
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between 1980 and 2021 (ref. 2). This increased trend is particularly pro-
nounced in LMICs, where rapid urbanization and changing dietary and 
physical activity patterns have fuelled increasing rates of overweight 
and obesity, including in youth27,28. In 2022, 828 million adults were 
estimated to have diabetes mellitus globally, which was 630 million  
more than in 1990. In addition, age-standardized prevalence reached 
13.9% in women and 14.3% in men29. Although T2DM predominantly 
occurred in older individuals, the incidence and prevalence of T2DM 
have substantially increased in youth (<18 years of age) and young 
adults (18–40 years of age; EOT2D)30. In the USA, EOT2D dispropor-
tionately affects minoritized groups (Black, Hispanic and Indigenous) 
owing to complex factors, including social determinants of health such 
as poverty, structural racism and food or housing insecurity, which 
drive increased obesity and risk of T2DM, alongside potentially distinct 
genetic predispositions, with EOT2D often having a stronger genetic 
component than later-onset T2DM31,32. These disparities highlight criti-
cal needs for community-specific interventions addressing upstream 
social factors and tailored genetic screening, especially as EOT2D 
carries elevated risks for complications and premature mortality.

The most substantial increases in T2DM prevalence occurred in 
LMICs within Southeast Asia (for example, Malaysia), South Asia (for 
example, Pakistan), the Middle East and North Africa (for example, 
Egypt) and Latin America and the Caribbean (for example, Jamaica, 
Trinidad and Tobago and Costa Rica) and in small-island developing 
states, including the Federated States of Micronesia and Vanuatu29 
(Fig. 1). The latest International Diabetes Federation statistics show 
that the overall prevalence of diabetes mellitus (~90% of which is T2DM) 
in sub-Saharan African countries is low, at 5%, but it is predicted to 
increase by 142% to 60 million people by 2050 (ref. 2). Despite the 
expanding burden, treatment coverage remains inadequate — in 2022, 
among an estimated 445 million adults ≥30 years of age with diabetes, 
~59% were untreated, which is 3.5-fold higher than in 1990 (ref. 29). 
However, these numbers must be interpreted with caution. The inher-
ent heterogeneity in diagnostic criteria, surveillance methods and data 
quality across different regions suggests that true comparisons of 
T2DM prevalence and incidence worldwide remain a major challenge. 
Greater standardization in data collection and diagnostic approaches is 
required globally to improve the accuracy of public health assessments 
and ensure that targeted interventions are effective.

To address these disparities, a multidisciplinary consensus initia-
tive has proposed a framework to advance the prevention and care of 
T2DM across diverse populations33,34. Although several high-income 
countries and emerging economies have achieved substantial advance-
ments in treatment access and glycaemic control since the 2000s, 
such progress has been laborious in LMICs, exacerbating the global 
disparity in prevalence and care. As a result, an increasing share of the 
global diabetes burden, particularly among untreated individuals, 
now exists in LMICs.

Risk factors
The biological dysregulation that leads to hyperglycaemia occurs owing 
to a mixture of genetic and environmental influences. Environmental 
exposures, health-related behaviours and subsequent T2DM risk are 
determined by intersecting social determinants of health35 (Fig. 2). 
These social determinants range from societal factors, including public 
policy, public health, culture and food security, to community-level 
factors, such as community walkability, the built environment, hous-
ing quality and air pollution36, down to individual-level factors such as 
loneliness, social support, employment status, income, social class, 

Introduction
Type 2 diabetes mellitus (T2DM) is a chronic, progressive disease char-
acterized by persistently elevated blood glucose concentrations, which 
manifests through a complex interplay between genetic, biological, 
behavioural, psychological and social factors. The epidemiology of 
T2DM has evolved considerably since the early 2000s. Historically, 
T2DM was considered a disease of later life; however, prevalence is 
now increasing rapidly in young individuals1,2, referred to as early-onset 
T2DM (EOT2D; diagnosis age <40 years). EOT2D is characterized by 
a more adverse risk factor profile, higher rates of complications and 
a greater lifetime disease burden as it presents during a productive 
phase of life (that is, education, employment and family planning) 
than later-onset T2DM3–5. Complications of diabetes mellitus, such 
as microvascular and macrovascular complications, in particular 
cardiovascular diseases, have traditionally dominated the focus of 
guideline-driven prevention and management strategies. However, 
other emerging and non-traditional diabetes complications, such as 
those related to mental health, cognitive function and quality of life, are 
receiving increasing attention in the field6,7. Thus, although there have 
been reported reductions in rates of cardiovascular complications in 
some high-income countries8, the symptomatic burden is increasing 
as the number of individuals living with diabetes mellitus and multiple 
long-term conditions (defined as the presence of two or more condi-
tions) is rising rapidly9,10, negatively affecting quality of life11,12 and 
creating greater pressure on healthcare services10,11,13,14.

The rapidly increasing prevalence of overweight and obesity has 
resulted in a high incidence of comorbid obesity-related complications 
in people with T2DM such as obstructive sleep apnoea, metabolic 
dysfunction-associated steatotic liver disease (MASLD) and certain 
obesity-associated cancers15,16. Low-income and middle-income coun-
tries (LMICs)17,18 and areas of low socioeconomic status bear a dis-
proportionately high burden of T2DM, where resource constraints 
may preclude effective population-based prevention and manage-
ment strategies and access to novel medications and technologies19. 
The complex nature of T2DM and its comorbidities necessitates a 
multifaceted, person-centred approach to prevent complications 
and maintain a good quality of life. This transition away from a tradi-
tional glucose-centric approach towards a more holistic model has 
become a priority in diabetes mellitus care globally20. The change in 
care approach is further aided by the rapidly evolving landscape of 
glucose-lowering and weight-lowering pharmacotherapies, which have 
demonstrated wide-ranging health benefits beyond hyperglycaemic 
control21,22.

In this Primer, we review the epidemiology, pathophysiology, diag-
nosis and management (present and future) of T2DM. Furthermore, 
we highlight the effect of T2DM on the quality of life of patients and 
discuss avenues for future research.

Epidemiology
Incidence and prevalence
Since the 1950s, T2DM has exploded from a relatively uncommon condi-
tion to a global pandemic, driven primarily by lifestyle shifts towards sed-
entary living and poor diets, leading to widespread obesity, alongside 
genetic predispositions. T2DM has evolved from being a rare disease 
seen by physicians only a handful of times in their careers to affecting 1 in 
7 adults currently in the USA, with higher prevalence in older individuals 
(1 in 4)23–25 and racial or ethnic minorities (1 in 3)26, transforming it into 
a leading public health crisis comparable to infectious diseases. Glob-
ally, the number of adults with diabetes mellitus has more than tripled 
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and early childhood education and development, all of which intersect 
with the traditional risk factors for T2DM.

Traditional risk factors for developing T2DM are well described and 
encompass several behavioural, lifestyle and biological factors (Fig. 2). 
Excess adiposity, reflected in the continued increase in the prevalence 
of overweight and obesity2, is the major factor contributing to the devel-
opment of T2DM. Modifiable lifestyle factors, including unhealthy food 
choices (diet high in red and processed meats, refined carbohydrates 
and sugar-sweetened beverages, low in nuts, seeds and whole grains), 
alcohol consumption, physical inactivity, poor sleep hygiene, smoking, 
depression and stress, are all associated with T2DM37. One analysis esti-
mated that, in 2018, 14.1 million new T2DM cases were attributable to 
suboptimal intake of the analysed dietary factors, representing >70% of 
new diagnoses globally38. The largest T2DM burdens were attributable 
to insufficient whole-grain intake (26.1% (95% CI 25.0–27.1%)), excess 
refined rice and wheat intake (24.6% (95% CI 22.3–27.2%)) and excess 
processed meat intake (20.3% (95% CI 18.3–23.5%)). Non-modifiable 
risk factors include older age (greatest risk observed in those aged 
>65 years), family history of T2DM, birthweight and ethnic background, 
with people of Asian, African and Afro-Caribbean ethnicity having a 
greater risk of developing T2DM than white individuals39.

Mortality
T2DM and its associated complications contribute substantially to 
worldwide mortality. The WHO report on diabetes mellitus mortality 
showed that the mortality owing to diabetes increased by 3% from 2000 

to 2019 (refs. 40–42). By contrast, the probability of dying from any one 
of the four main non-communicable diseases (cardiovascular diseases, 
cancer, chronic respiratory diseases or diabetes mellitus) between 30 and 
70 years of age decreased by 20% globally between 2000 and 2019. In 
2024, ~3.4 million adults died as a result of diabetes mellitus or its com-
plications, which corresponds to 9.3% of deaths from all causes2. T2DM 
constitutes >90% of all diabetes mellitus cases globally2, indicating that 
the vast majority of diabetes-related deaths are owing to T2DM. T2DM is 
associated with increased risk of mortality from several causes, including 
cardiovascular, renal and liver disease, certain cancers, and infections.

The effect of T2DM on mortality varies across age, geographical 
location and ethnicity. For example, socioeconomic deprivation is 
independently associated with mortality risk in people with T2DM43. 
Age at the time of T2DM diagnosis might also impact mortality. Esti-
mates suggest that people with diabetes mellitus die, on average,  
6 years earlier than people without diabetes mellitus44. One observa-
tional study calculated age-adjusted and sex-adjusted hazard ratios for 
all-cause mortality according to age at diagnosis of T2DM45. Findings 
indicate that every decade of earlier diagnosis of diabetes mellitus was 
associated with 3–4 years of reduced life expectancy. Although people 
diagnosed later in life have an increased absolute risk of mortality, rela-
tive rates of all-cause, cardiorenal, and non-cancer and non-cardiorenal 
mortality have been shown to be greater in those with EOT2D than in 
those diagnosed later in life4.

In several parts of the world, temporal trends have illustrated 
declining mortality in people with T2DM46,47. In the UK, all-cause 
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Fig. 1 | Changes in global prevalence of diabetes between 1990 and 2020. The estimated number of people living with diabetes (inclusive of type 1 diabetes mellitus 
and type 2 diabetes mellitus) between 1990 and 2022 by region. Adapted from ref. 29, CC BY 4.0.
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mortality declined in adults with T2DM between 2009–2011 and 
2018–2019, primarily owing to reductions in cardiovascular-related 
fatalities48. Interestingly, during the same time frame, no change was 
observed in all-cause mortality in white individuals but a decline in 
all-cause mortality was observed in those of South Asian ancestry. 
Furthermore, people living in the least socioeconomically deprived 
geographical areas experienced greater reductions in all-cause mortal-
ity than those living in the most deprived areas48. Ancestry can influence 
specific health risks; for example, individuals of South Asian ancestry 
have a higher genetic predisposition for cardiometabolic diseases 
than individuals of other ancestries. However, the observed decline 
in all-cause mortality suggests that environmental and social factors, 
along with medical advancements, are powerful enough to mitigate 
some of these baseline ancestral risks over time. Differences in rates 
of all-cause mortality point to a complex interplay of socioeconomic 
factors, improved access to healthcare and the healthy migrant effect, 
which may attenuate over time with increased acculturation49,50.

Our understanding of sequelae of diabetes mellitus has shifted 
from a narrow focus on traditional complications, such as cardiac, 
kidney and retinal disease, to a broader view of diabetes mellitus as a sys-
temic driver of diverse chronic conditions. Emerging research increas-
ingly recognizes cancer, dementia and liver disease as major long-term 
consequences of diabetes mellitus and drivers of diabetes-related 
mortality. Several studies have noted that cancer is, or is predicted 
to become, the leading cause of diabetes-related death51–53. Analyses 
from the UK Biobank, presented at the European Congress on Obesity 
2025, suggest that new-onset T2DM is associated with a 48% increased 
risk of developing obesity-related cancers in men and a 24% increased 
risk in women, independent of BMI54. In addition, T2DM is strongly 
linked to an increased risk of liver, pancreatic and colorectal cancers, 
although studies have yet to identify a direct causal relationship15,55. 
The association is more likely driven by the metabolic features of T2DM 

itself, or by an associated trait, such as obesity53,56. Beyond shared risk 
factors, including obesity, mechanisms such as hyperinsulinaemia, 
hyperglycaemia and chronic inflammation might play a part to directly 
promote tumour growth and DNA damage57. New findings suggest 
that certain diabetes medications, particularly GLP1 receptor agonists 
(GLP1RAs), may reduce the risk of several obesity-associated cancers58. 
This changeover reflects declining cardiovascular disease mortality 
through improved prevention, coupled with increasing cancer-related 
mortality, in part reflecting increased cancer incidence secondary to 
the survival advantage afforded via cardiovascular disease prevention.

Mechanisms/pathophysiology
T2DM arises from complex interactions between genetic predisposi-
tion, environmental exposures and progressive cellular dysfunctions. 
Rather than a uniform disease, T2DM represents a spectrum of inter-
related metabolic abnormalities that converge on hyperglycaemia and 
its complications, many of which are related to excess adiposity as the 
key aetiological driver. Underlying genetic predisposition and environ-
mental determinants, which remain incompletely characterized, are 
responsible for various pathophysiological mechanisms that cause 
T2DM. We propose the ‘tumultuous thirteen’ framework as a unifying 
model that integrates these pathophysiological mechanisms underly-
ing the onset, progression and heterogeneity of T2DM (Fig. 3). In this 
section, we provide state-of-the-art knowledge in key pathogenetic 
factors among the ‘tumultuous thirteen’. Additionally, we also describe 
other important considerations such as genetic and environmental 
factors and complications of T2DM.

β-Cell dysfunction
β-Cell failure is central to the onset and progression of T2DM. At diagno-
sis, individuals have typically lost 40–80% of β-cell function, leading to 
impaired early and late insulin secretion59. This dysfunction arises from 
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converging mechanisms, including lipotoxicity, glucotoxicity, oxida-
tive and endoplasmic reticulum stress, and mitochondrial impairment. 
Although β-cells initially stimulate compensatory increases in insulin 
secretion under insulin-resistant states, sustained metabolic stress 
ultimately leads to β-cell dysfunction and apoptosis60,61. β-Cell mass 
is dynamically regulated through a balance of replication, neogenesis 
and apoptosis62,63.

In cooperation, the quantity and quality of β-cells are essential for 
glucose homeostasis. The cyclin-dependent kinase (CDK) regulatory 
network, including CDK4 and CDK6, has a pivotal role in controlling 
β-cell mass64. High-throughput screening studies demonstrate that 

harmine-mediated DYRK1A inhibition induces human β-cell replica-
tion. This effect is substantially potentiated — reaching replication 
rates of 15–18% — when combined with inhibition of SMAD and trithorax 
pathways65–67. Emerging evidence indicates that, under metabolic stress, 
β-cells may dedifferentiate, which is characterized by loss of mature 
markers such as PDX1 and MAFA, a process that may be reversible68.

Current studies have further elucidated these pathways, expand-
ing our current understanding of the underlying molecular framework. 
Meteorin-like protein (METRNL), predominantly expressed in β-cells, 
seems essential for maintaining β-cell identity and compensatory 
function. One study in mice shows that deletion of Metrnl impairs 
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Fig. 3 | Tumultuous thirteen — integrated multi-organ mechanisms and 
therapeutic targets in T2DM. Type 2 diabetes mellitus (T2DM) arises  
from 13 interrelated pathophysiological defects spanning endocrine, 
metabolic, inflammatory and neural systems. Central β-cell failure and α-cell 
hyperglucagonaemia interact with insulin resistance in adipose tissue, skeletal 
muscle and liver, together with increased renal glucose reabsorption and impaired 
incretin action along the gut–brain axis. Additional contributors include adrenal 
hypercortisolism, hypothalamic neurotransmitter imbalance, gut microbial 
dysbiosis, chronic low-grade inflammation, immune dysregulation and pancreatic 

islet amyloid deposition. These defects form a complex network that sustains 
hyperglycaemia and metabolic stress. Modern therapies, including GLP1 
receptor agonists (GLP1RAs), dual or triple incretin agonists, sodium–glucose 
co-transporter 2 (SGLT2) inhibitors, thiazolidinediones, metformin, non-steroidal 
mineralocorticoid receptor antagonists (MRAs) and amylin analogues, act across 
multiple nodes of this network. Together, they exemplify a shift from glucose-centric 
control to mechanism-based, multi-organ management of T2DM. DPP4, dipeptidyl 
peptidase 4; GIP, glucose-dependent insulinotropic polypeptide; IAPP, islet amyloid 
polypeptide; RA, receptor agonist. *Not the primary mechanism of action.
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insulin secretion and promotes a β-to-α transdifferentiation trajectory 
with downregulation of Ins1, Ins2, Pdx1 and Mafa69. Saturated fatty 
acid-induced Ca²⁺ overload and prolonged mTORC1 activation impair 
β-cell autophagy70, a protective mechanism against β-cell degeneration 
and glucose dysregulation71. Another study showed that pancreatic 
fibrosis, identified by CT and confirmed in UK Biobank MRI data, was 
associated with deterioration of β-cell function72. Conversely, caloric 
restriction, weight loss and glycaemic control can partially restore 
β-cell identity in animal models and humans, highlighting the potential 
reversibility of early β-cell dysfunction73,74.

Insulin resistance
Insulin resistance, a hallmark of T2DM, affects liver, skeletal muscle 
and adipose tissue, with each organ contributing uniquely to meta-
bolic dysregulation75. Although reduced insulin responsiveness can 
initially reflect an adaptive response to nutrient excess75–78, chronic 
overnutrition transforms this response into a maladaptive state that 
disrupts endocrine signalling, lipid handling and glucose homeostasis.

Adipose tissue insulin resistance and adipocyte dysfunction. Adipose 
tissue insulin resistance constitutes a key pathophysiological hallmark in 
T2DM and the metabolic syndrome75,79. Nutrient overload activates NF-κB, 
JNK and endoplasmic reticulum stress pathways, impairing proximal 
insulin signalling and promoting the recruitment of pro-inflammatory 
macrophages77,80. This inflammatory microenvironment in turn ampli-
fies cytokine production, reduces adiponectin and alters the adipokine 
milieu78, reinforcing systemic insulin resistance. When adipocytes no 
longer have the ability to safely store lipids, the resultant increased release 
of free fatty acids promotes hepatic gluconeogenesis, ectopic lipid accu-
mulation in muscle and liver, and impaired glucose uptake in periph-
eral tissues81. Thus, dysfunctional adipose tissue contributes directly 
to multi-organ insulin resistance and systemic metabolic deterioration.

Skeletal muscle insulin resistance and reduced glucose uptake. 
Skeletal muscle accounts for the utilization of the majority of post-
prandial glucose82, making skeletal muscle insulin resistance a major 
determinant of systemic glycaemic control. High-quality muscle — with 
preserved oxidative capacity and minimal lipid infiltration — supports 
whole-body insulin sensitivity, whereas myosteatosis predisposes 
individuals to insulin resistance and cardiometabolic disease83,84. Intra-
muscular lipid accumulation correlates with reduced strength and 
physical performance85, glucose dysregulation86 and cardiovascular 
events87. Mechanistic studies using 1H-magnetic resonance spectros-
copy show that intramyocellular lipid disrupts insulin signalling via 
diacylglycerol–PKCθ activation, mitochondrial stress and impaired 
oxidative flux, contributing to metabolic inflexibility88,89. Nevertheless, 
muscle lipid content is modifiable: caloric restriction reduces intra-
muscular fat and improves insulin sensitivity90, whereas limb disuse 
leads to rapid increases in fat infiltration and decreases strength91.

Hepatic insulin resistance and MASLD. The liver integrates hormonal, 
inflammatory and nutrient signals to regulate glucose homeostasis. 
Hepatic insulin resistance — characterized by impaired suppression 
of gluconeogenesis despite hyperinsulinaemia — drives fasting and 
post-absorptive hyperglycaemia in T2DM92.

Intrahepatic lipid accumulation is a major contributor to insu-
lin resistance — diacylglycerol-mediated activation of PKCε impairs 
IRS–PI3K–AKT–FOXO1 signalling and maintains expression of G6PC 
and PCK1 (refs. 76,93,94). Additional contributors include altered 

mitochondrial redox state, oxidative stress, inflammation and 
endoplasmic reticulum stress95–97. Selective hepatic insulin resist-
ance represents a key conceptual advancement in T2DM, whereby 
hyperinsulinaemia preferentially reduces IRS2 in periportal 
hepatocytes — impairing the anti-gluconeogenic action of insulin — at 
the same time preserving IRS1 in perivenous hepatocytes, sustaining 
SREBP1c-mediated lipogenesis98,99. This zonated imbalance explains 
the coexistence of hyperglycaemia and steatosis in T2DM.

The updated nomenclature to MASLD (formerly termed 
non-alcoholic fatty liver disease) reflects its role as a hepatic manifes-
tation of systemic cardiometabolic dysfunction100. MASLD requires 
the presence of metabolic impairment — dysglycaemia, adipose 
dysfunction or insulin resistance — together with steatosis101. With a 
global prevalence approaching 30–38%, MASLD increases the risks 
of cardiovascular disease, cirrhosis, hepatocellular carcinoma and 
liver-related mortality102.

Incretin biology
The incretin hormones GLP1 and glucose-dependent insulinotropic pol-
ypeptide (GIP) potentiate insulin secretion in response to oral glucose, 
accounting for up to 70% of postprandial insulin release — in people 
with T2DM, incretin function is impaired61. Although GLP1 levels may 
be preserved early in the disease, the efficacy of GLP1 diminishes over 
time. In addition, GIP becomes less effective at stimulating insulin secre-
tion with disease progression, especially in individuals with obesity or 
T2DM. Beyond islet effects, incretins regulate appetite, gastric motility, 
cardiovascular tone and renal sodium handling103. These pleiotropic 
actions underlie the success of GLP1-based therapies in improving 
glucose control and promoting weight loss.

Gut dysbiosis
Gut dysbiosis, that is, the imbalance in gut microbial composition, 
may contribute to the development of insulin resistance and T2DM, 
although the strength of causal evidence in humans remains limited. 
Individuals with T2DM often exhibit reduced abundance of benefi-
cial microbes such as Akkermansia muciniphila and Faecalibacterium 
prausnitzii104, along with enrichment of potentially harmful species, 
including Intestinibacter bartlettii105 and Enterococcus faecalis106. 
Studies have shown a link between altered microbial metabolism and 
impaired host metabolic regulation. For instance, short-chain fatty 
acids, such as butyrate and propionate, enhance intestinal barrier 
function, stimulate GLP1 secretion and improve insulin sensitivity104, 
whereas elevated levels of trimethylamine-N-oxide and branched-chain 
amino acids have been associated with inflammation, insulin resistance 
and elevated cardiovascular risk in T2DM107.

Gut-derived secondary bile acids and tryptophan metabolites also 
modulate glucose metabolism and host immunity via FXR, TGR5 and 
aryl hydrocarbon receptor signalling104,107. Collectively, these findings 
suggest that gut dysbiosis and altered microbially derived metabolites 
may exacerbate insulin resistance and contribute to β-cell stress in sus-
ceptible individuals. Certain glucose-lowering medications, including 
metformin and GLP1RAs, have been shown to modify microbial compo-
sition or function, raising the possibility that microbiome modulation 
may partly mediate their metabolic benefits (Fig. 4).

Hypercortisolism
Hypercortisolism is increasingly recognized as a contributor to poor 
glycaemic control in a subset of individuals with difficult-to-control 
T2DM. A study using a dexamethasone suppression test, which involves 
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administration of a steroid (dexamethasone) to assess whether cortisol 
secretion by the adrenal gland can be suppressed, has reported bio-
chemical non-suppression in up to 25% of such individuals108, indicating 
excess cortisol secretion. Excess glucocorticoid signalling disrupts 
metabolic regulation by increasing hepatic glucose production, induc-
ing insulin resistance in skeletal muscle and adipose tissue, enhancing 
lipolysis and ectopic lipid deposition, and impairing β-cell function 
and incretin responsiveness109. In the CATALYST study, glucocorticoid 
receptor antagonism with mifepristone improved HbA1c and reduced 
body weight in individuals with difficult-to-control T2DM and bio-
chemical hypercortisolism52. However, further studies are needed to 
identify those most likely to benefit from targeted intervention.

Genetic and environmental factors
Upstream of the tumultuous thirteen, genetic and environmental factors 
underpin the tumultuous thirteen mechanisms. Genetic predisposition 

plays a central part in T2DM, with >600 independent loci identified across 
ancestries through large-scale genome-wide association studies (GWAS) 
contributing to polygenic risk110. Most risk variants are found in non-coding 
regions and affect gene regulatory networks that are functional in pan-
creatic islets, pointing to β-cell dysfunction as the primary mechanism of 
genetic susceptibility110. Notably, variants in loci such as TCF7L2, KCNQ1 
and HNF1A influence islet development, glucose-stimulated insulin secre-
tion and pro-insulin processing. Fine-mapping and single-cell epigenomic 
data have revealed cell-type-specific regulatory effects, showing that 
distinct islet cell subtypes, particularly β-cells and α-cells, contribute 
to disease risk in a context-dependent manner110,111. Although common 
variants have modest individual effects and collectively explain ~20% of 
T2DM heritability, rare coding variants in key developmental and β-cell 
transcription factor genes, such as GLIS3, PDX1, NEUROD1 and RFX6, 
highlight essential pathways regulating β-cell formation, survival and 
function110,111. By contrast, the most prevalent monogenic forms involve 
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Fig. 4 | Potential interactions between glucose-lowering therapies, the 
gut microbiome and host glucose metabolism. Several glucose-lowering 
agents have been reported to modify gut microbial composition or microbial 
metabolite profiles, which may contribute to their metabolic effects in type 2 
diabetes mellitus (T2DM). Metformin increases the abundance of taxa such 
as Akkermansia muciniphila and Bifidobacterium and reduces Intestinibacter 
bartlettii, changes that have been associated with increased production of short-
chain fatty acids (SCFAs), including acetate, propionate and butyrate. SCFAs 
support epithelial barrier integrity, influence GLP1 secretion and may enhance 
insulin sensitivity. Other drug classes, including thiazolidinediones, dipeptidyl 
peptidase 4 (DPP4) inhibitors and GLP1 receptor agonists (GLP1RAs), have 

been reported to shift microbial communities towards SCFA-producing genera 
(for example, Roseburia, Eubacterium) and to alter bile acid (BA) pools, thereby 
influencing FXR and TGR5 signalling pathways. These pathways can modulate 
enteroendocrine hormone secretion (GLP1 and peptide YY (PYY)) and FGF19, 
with downstream effects on hepatic metabolism, appetite regulation and energy 
balance. Sodium–glucose co-transporter 2 (SGLT2) inhibitors and α-glucosidase 
inhibitors have also been linked to changes in microbial fermentation and BA 
metabolism. Overall, these microbiome–drug interactions remain incompletely 
defined but may represent one mechanism, among several, through which 
glucose-lowering therapies exert metabolic benefits.
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GCK and HNF1A, accounting for the most common type of monogenic 
diabetes, known as maturity-onset diabetes of the young — a separate 
disease entity to T2DM. These variants provide insight into glucose sens-
ing and insulin secretory regulation112. Intriguingly, shared genetic archi-
tecture links T2DM with related traits, such as BMI and lipid metabolism, 
with pleiotropic loci (for example, MC4R, GCKR and FTO) pointing to 
convergent pathways in energy balance, insulin secretion and metabolic 
regulation in the liver, which explains the frequent clustering of these 
cardiometabolic conditions110,111. Environmental exposures modulate 
genetic risk throughout life. Overnutrition, physical inactivity, intrau-
terine growth restriction and exposure to endocrine-disrupting chemi-
cals alter chromatin accessibility, DNA methylation and transcriptional 
responses in tissues involved in metabolism113. These gene–environment 
interactions contribute to variable phenotypes across different popula-
tions. Independent of genetics, many environmental risk factors are 
likely to have a causal role in the development of T2DM upstream of the 
tumultuous thirteen mechanisms. As discussed, the importance of the 
social determinants of health in influencing these modifiable causal 
factors cannot be overstated.

T2DM-associated complications
T2DM is associated with a multitude of complications. Traditionally, 
complications of diabetes mellitus have been categorized into micro-
vascular (for example, nephropathy, neuropathy and retinopathy) and 
macrovascular (for example, coronary artery disease, cerebrovascu-
lar disease and peripheral artery disease). Given the well-established 
causal link between obesity and T2DM, individuals with T2DM are also at 
increased risk of developing obesity-associated complications, includ-
ing metabolic dysfunction-associated steatohepatitis (MASH) and/or 
MASLD, obstructive sleep apnoea, osteoarthritis, heart failure and 
obesity-related cancer. Hyperglycaemia and excess adiposity consti-
tute the main drivers of mechanisms underlying the complications of 
T2DM (Fig. 5). Several studies have also described the psychological 
and social consequences of T2DM114,115.

Hyperglycaemia and complications. Chronic hyperglycaemia is a key 
factor underlying the development of diabetic complications through 
metabolic, inflammatory and haemodynamic mechanisms. Excess glu-
cose induces oxidative stress, advanced glycation end product forma-
tion, PKC activation and mitochondrial dysfunction, which collectively 
impair endothelial function and disrupt interorgan communication116,117.

In microvascular tissues, these shared pathways produce inter-
related manifestations. In the retina, oxidative injury and basement 
membrane thickening lead to capillary loss and neovascularization118. 
In the kidney, glomerular hyperfiltration, mesangial expansion and 
podocyte injury progress to fibrosis, accompanied by activation of 
NF-κB, JAK–STAT signalling pathways and other inflammatory net-
works across nephron compartments119. Diabetic neuropathy similarly 
demonstrates convergent mechanisms, including polyol-pathway flux, 
mitochondrial dysfunction and cytokine-mediated axonal injury120.

Macrovascular disease associated with diabetes mellitus rep-
resents a systemic extension of these processes. Hyperglycaemia, 
insulin resistance, dyslipidaemia and chronic inflammation acceler-
ate atherosclerosis by promoting endothelial activation, leukocyte 
adhesion and vascular smooth-muscle cell proliferation121–124. Circulat-
ing inflammatory cytokines, such as IL-6, TNF and CRP, contribute to 
vascular remodelling and predict cardiovascular and renal risk122,123.

Acute consequences of marked hyperglycaemia also warrant 
consideration. Osmotic diuresis causes polyuria, polydipsia and 

dehydration, which in severe cases can progress to diabetic ketoacido-
sis (DKA) or a hyperosmolar hyperglycaemic state (HHS). DKA results 
from severe insulin deficiency, leading to unchecked ketogenesis and 
metabolic acidosis, whereas HHS is characterized by extreme hyper-
glycaemia, hyperosmolality and profound dehydration with minimal 
ketosis125. One review reported that HHS accounts for up to 8–10% of 
hyperglycaemic crises in adults with T2DM and carries higher mortal-
ity than DKA, reflecting cardiovascular, renal and central nervous sys-
tem vulnerability125. Together, hyperglycaemia orchestrates a network 
of cellular stress and inflammatory responses that link microvascular 
and macrovascular pathology through common biological pathways.

Excess adiposity and complications. Excess adiposity is a key 
pathophysiological driver of T2DM and related cardiovascular risk 
factors, including hypertension, dyslipidaemia, MASLD and chronic 
low-grade inflammation, and contributes to comorbidities in T2DM 
primarily through adipose tissue dysfunction rather than through 
overall fat mass alone. When subcutaneous adipose tissue reaches 
its storage limit, adipocyte hypertrophy and inflammation develop, 
promoting lipid spillover, systemic insulin resistance and ectopic 
fat deposition126. Through these processes, surplus lipids are redi-
rected towards organs that are poorly equipped for lipid handling,  
thereby imposing metabolic stress and promoting multi-organ 
dysfunction.

Multiple pathogenic pathways link dysfunctional adipose tissue to 
complications of T2DM, including lipotoxicity, oxidative stress, and sys-
temic and local inflammation127, with emerging evidence also implicat-
ing hypothalamic inflammatory signalling128. Visceral adipose tissue is 
particularly harmful owing to its heightened lipolytic activity and secre-
tion of pro-inflammatory adipokines, which exacerbate hepatic insulin 
resistance, endothelial dysfunction and atherogenesis127. Consistent 
findings from metabolic imaging and large population studies show 
that visceral and ectopic fat, rather than BMI, best predict dysglycaemia,  
atherogenic lipid profiles and cardiovascular disease129,130.

Ectopic lipid accumulation further amplifies cardiometabolic risk 
through organ-specific mechanisms. Pancreatic fat impairs insulin 
secretion by β-cells131; hepatic fat is pathognomonic of steatohepa-
titis and associated with hepatic insulin resistance and hepatokine 
release132; intramuscular fat reduces oxidative capacity and glucose 
uptake; and pericardial and perivascular fat promote local vascular 
inflammation and accelerate atherosclerosis133.

Cellular overnutrition resulting from chronic excess caloric intake 
induces pathological processes that are not solely determined by the 
absolute amount of ectopic lipid deposition. When physiological energy 
storage capacity is exceeded, cells accumulate bioactive lipid interme-
diates — most notably diacylglycerols and ceramides — which disrupt 
insulin signalling via activation of PKC isoforms and inhibition of insulin 
receptor substrate pathways, thereby promoting insulin resistance and 
inflammation134,135. In parallel, sustained nutrient overload drives mito-
chondrial maladaptation, characterized by impaired oxidative flexibil-
ity, incomplete fatty acid oxidation and increased generation of reactive 
oxygen species, further amplifying cellular stress responses76,96,136–138. 
These interrelated mechanisms are particularly relevant in the liver, 
where lipotoxic signalling and mitochondrial dysfunction contribute 
to hepatic insulin resistance and the progression of MASLD139,140.

In addition, therapeutic evidence reinforces these mechanisms. 
Weight-loss interventions, including GLP1RAs and metabolic surgery, 
consistently reduce visceral and ectopic fat and improve cardiometa-
bolic outcomes in T2DM16,126,141–145. Collectively, these data demonstrate 
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that adipose distribution and tissue function — rather than body 
weight alone — are the major determinants of metabolic risk in T2DM.

Diagnosis, screening and prevention
Diagnosis
T2DM can be diagnosed based on plasma glucose criteria — fasting 
plasma glucose, 1-h or 2-h plasma glucose during an oral glucose tol-
erance test, or random glucose measurements when hyperglycaemic 

symptoms are present or by HbA1c146. However, compared with fasting 
plasma glucose and HbA1c cut points, the 2-h plasma glucose value 
leads to more people being diagnosed with prediabetes and diabetes 
mellitus147 (Supplementary Fig. 1).

Although T2DM is the most common type of diabetes, distinguish-
ing T2DM from other types of diabetes can be challenging at diagno-
sis, particularly type 1 diabetes mellitus (T1DM) (Fig. 6). Numerous 
clinical features are associated with T1DM; however, no single feature 
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Fig. 5 | Potential mechanisms of complications in individuals with T2DM.  
Genetic, lifestyle and social factors cause both adiposity and type 2 diabetes 
mellitus (T2DM). While there are associations with these factors and both 
conditions independently, excess adiposity also contributes to the development 
of T2DM, hyperglycaemia and its complications through several mechanisms118. 
This risk is potentially mediated through intra-organ adipose deposition, 
which ultimately impairs organ function. Excess adiposity also leads to 
dyslipidaemia, intracellular overnutrition and subsequent inflammation and 
oxidative stress, and haemodynamic stress. Through these mechanisms, excess 
adiposity leads to both the traditional complications of T2DM (microvascular 
and macrovascular disease) and obesity-related complications. T2DM and 
hyperglycaemia also contribute to complications via numerous pathways, 

including via hyperosmolarity, impairment of endothelial function, impairment 
of vascular repair, vascular damage, oxidative stress and inflammation108. 
ApoB, apolipoprotein B; AQP1, aquaporin 1; BP, blood pressure; CACs, 
circulating angiogenic cells; COX2, cyclooxygenase 2; ECF, extracellular fluid; 
ECFCs, endothelial colony-forming cells; FFA, free fatty acid; HDL, high-density  
lipoprotein; ICF, intracellular fluid; MASLD, metabolic dysfunction- 
associated steatotic liver disease; MASH, metabolic dysfunction-associated 
steatohepatitis; NF-κB, nuclear factor-κB; OA, osteoarthritis; OSA, obstructive 
sleep apnoea; PARP, poly(ADP-ribose) polymerase; PKC, protein kinase C; RAGE/
AGE, receptor for advanced glycation end products/advanced glycation end 
products; SMPCs, smooth-muscle progenitor cells; TG, triglyceride; TNF, 
tumour necrosis factor.
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can be used to differentiate diabetes type. Nevertheless, younger age 
at diagnosis and early insulin requirement are the strongest predic-
tive clinical features148. Ongoing robust insulin production several 
years after diagnosis makes T1DM less likely; however, studies have 
shown that some individuals with T1DM may continue to produce small 
amounts of endogenous insulin even decades after diagnosis148. An 
assessment of islet autoantibodies with a random urinary analysis or 
plasma C-peptide measurement (with concurrent glucose) within 5 h 
of eating beyond 3 years after diagnosis is advised when the diabetes 
type is uncertain148. Adult-onset T1DM makes diagnosis more challeng-
ing owing to the often slower progression to insulin deficiency, and is 
frequently misdiagnosed as T2DM for years, or as some other forms 
of diabetes mellitus, including maturity-onset diabetes of the young, 
pancreatogenic diabetes (type 3c), cystic fibrosis-related diabetes 
mellitus and malnutrition-associated diabetes mellitus149,150.

T2DM is a highly heterogeneous disease with respect to both the 
genetic and phenotypic characteristics, with much research focused 
on the validity of subclassification of T2DM. Although GWAS have 
conventionally focused on European ancestry cohorts, limiting global 
generalizability110,151, newer multi-ancestry analyses have identified 
distinct genetic clusters associated with different cardiometabolic 
profiles152. These clusters vary in distribution across ancestry groups 
and help explain differences in T2DM risk at reduced BMI thresholds, 
particularly among East Asian populations, highlighting the role of 
genetic architecture in shaping ancestry-specific disease risk. Unlike 
biomarkers that are variable over time, germline genetic markers do 
not change with disease progression or treatment153. The increasing 
availability of diverse biobanks has enabled multi-ancestry GWAS to 
enhance the discovery of genetic variants across diabetes types154, 
and classification of individuals with T2DM by these genetic pathways 
may offer a step towards genetically informed T2DM diagnosis and 
management.

Progress has been made towards subclassification of T2DM based 
on phenotypic traits, with potential implications for disease progression 
and risk of complications. T2DM presents with highly variable clinical fea-
tures, which can include characteristics reflecting more insulin-resistant 
versus insulin-deficient disease profiles and milder or diet-controlled 
disease versus rapidly progressive fulminant disease; however, currently, 
all individuals receive the same diagnosis155. A novel classification of 
diabetes mellitus based on data-driven cluster analysis of six commonly 
measured variables has identified four subtypes of T2DM (Table 1) — 
severe insulin-deficient diabetes (SIDD), severe insulin-resistant dia-
betes, mild obesity-related diabetes and mild age-related diabetes156. 
People with SIDD have an increased prevalence of diabetic retinopathy, 
sensorimotor polyneuropathy and cardiac autonomic neuropathy at 
diagnosis and progress more rapidly to insulin treatment, whereas 
people with severe insulin-resistant diabetes are at increased risk for 
chronic kidney disease and MASLD157. These T2DM subtypes have been 
replicated and cross-validated in various populations and seem to be 
dependent on factors such as distribution of ancestry, age, duration of 
T2DM and BMI158–160. For example, SIDD is the dominant subtype in Indian 
populations, whereas mild age-related diabetes is the dominant subtype 
in European populations157,161 (Table 1). Other data suggest that het-
erogeneity in T2DM occurs on a continuum, and algorithms that reflect 
this on a continuous scale may be more useful for targeted prevention  
and precision medicine than discrete subclassification categories162.

However, subclassification of T2DM is not currently in widespread 
clinical use. Factors that determine clustering at diagnosis may change 
over time, implying that people can transition between clusters, limit-
ing their application for long-term prognosis and treatment planning. 
Furthermore, simple clinical characteristics may be more useful for 
prognostication than subclassification categories163. Regardless, fur-
ther classification of people with T2DM is an important first step in the 
shift towards offering personalized medicine approaches.
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Fig. 6 | The diagnosis of T2DM. An overview of consensus diagnostic algorithm 
for type 1 diabetes mellitus (T1DM) versus type 2 diabetes mellitus (T2DM)139. 
If features of T1DM are present, definitive testing should be sought, including 
islet autoantibodies with or without C-peptide testing. If features of T1DM and 
rarer forms of diabetes are absent, then T2DM can be diagnosed. *Features 
of monogenic diabetes: HbA1c <58 mmol/mol (7.5%) at diagnosis, one parent 

with monogenic diabetes, features of specific monogenic cause (for example, 
renal cysts, partial lipodystrophy, maternally inherited deafness, severe insulin 
resistance in the absence of obesity) and monogenic diabetes prediction model 
probability >5%. **Plasma C-peptide is preferred method when available, but 
urinary C-peptide is also acceptable.
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Screening
Globally, a consistently high proportion of individuals (~40%) have 
undiagnosed T2DM2. Screening can identify individuals with undi-
agnosed diabetes and identify individuals with prediabetes who can 
benefit from preventative interventions. Screening should start with 
an assessment of risk factors, often aided by the use of assessment 
tools, such as FINDRISC, ADA Diabetes Risk Test and Leicester Risk 
Assessment Score164–166, followed by laboratory screening for people 
identified as having a high risk, using fasting plasma glucose, 30-min 
plasma glucose and HbA1c. Combined measurement of fasting plasma 
glucose and HbA1c may be useful167, and while 2-h plasma glucose has 
been traditionally used, the 1-h plasma glucose has also been advocated 
as another option147.

Ethnicity is well established to influence the risk of T2DM, driven 
by substantial genetic risk152 and exacerbated by a number of environ-
mental factors and social determinants of health35. Although people of 
Asian ethnicity have low BMI, they seem to have more subcutaneous fat 
and different fat distributions, with more upper body fat than people 
of white ethnicity, with differences exacerbated in females168. Studies 
have shown equivalent T2DM risk in a European subpopulation at a BMI 
of 30 kg/m2 and in an East Asian subpopulation at a BMI of 24.2 kg/m2 
(22.9–25.5 kg/m2)168. After adjusting for cluster-specific genetic risk, 
the equivalent BMI threshold increased to 28.5 kg/m2 (27.1–30.0 kg/m2) 
in the East Asian group. Hence, using risk factor screening thresholds 
(that is, BMI) specific to race or ethnicity can help to reduce disparities 
in T2DM diagnosis in South Asian, African-Caribbean and Hispanic 
American individuals, who develop T2DM at a younger age and lower 
BMI than people of white ethnicity169,170.

Prevention
Timely intervention in individuals at high risk plays a vital part in delay-
ing or preventing the development of T2DM. Taking the broader soci-
etal, community and local environment factors into consideration is 
of paramount importance when planning T2DM preventive measures 
(Fig. 2). Strategies for diabetes mellitus prevention can be broadly 
categorized into the overarching tiers of population-level (upstream) 
and individual-level (downstream) approaches. Population-level 
approaches aim to tackle the upstream societal determinants of 
unhealthy diets, sedentary behaviour and obesity171 via mechanisms 
including the reformulation of foods (for example, by reducing the 
sugar content), provision of information (for example, food labelling), 
fiscal measures (such as taxes on less-healthy food products), or struc-
tural and environmental measures (for example, new infrastructure 
for active commuting such as cycle lanes)171.

Individual-level approaches to diabetes prevention focus on iden-
tifying people at the highest risk of developing T2DM and offering 
targeted interventions. Diabetes prevention programmes that centre 
around structured lifestyle modifications (that is, dietary modifi-
cations and physical exercise), including the Diabetes Prevention 
Programme in the USA172, the Finnish Diabetes Prevention study166 
and the Da Qing Diabetes Prevention Outcome study in China173, have 
been effective at preventing or delaying progression of T2DM in people 
with impaired glucose tolerance and have demonstrated sustained 
long-term effects172,174. Weight loss of 5–7% can reduce the risk of devel-
oping T2DM173,175, with greater benefits shown with 7–10% weight loss176. 
Modifications to specific lifestyle components, such as sleep, may 
also have an effect on the progression to T2DM. Both long and short 
sleep duration, poor sleep quality and evening chronotype are well 
established to be associated with an increased risk of T2DM177,178.

In addition to the largely lifestyle-focused prevention pro-
grammes, pharmacotherapies are also shown to prevent or delay T2DM 
(for example, metformin, α-glucosidase inhibitors, GLP1-based thera-
pies and thiazolidinediones). For example, studies have shown that 
metformin therapy reduces the risk of T2DM by 31%175, and tirzepatide 
is associated with a 93% lower risk of progression to T2DM than placebo 
over a 176-week period in individuals with prediabetes and obesity179. 
Although no pharmacological agent has been approved by the FDA for 
T2DM prevention, the wealth of observational, mechanistic and clinical 
trial data in support of the efficacy and cost-effectiveness of metformin 
for T2DM prevention in individuals at high risk has resulted in its use 
being included in guideline recommendations in many countries.

Remission
Remission of T2DM is currently defined as HbA1c below the diag-
nostic threshold of 6.5% (48 mmol/mol) without the use of glucose- 
lowering medications within at least 3 months180. The exclusion of 
glucose-lowering medications from the definition distinguishes T2DM 
remission from the definition used in other diseases. However, whether 
the remission definition could be broadened to include individuals 
who achieve euglycaemia while using glucose-lowering medication is 
an ongoing debate, as evidence is lacking that achieving euglycaemia 
without glucose-lowering medications is more beneficial than with 
them181. Weight loss and increased β-cell function are the main deter-
minants of T2DM remission, whereas the main drivers of prediabetes 
remission are improvement of insulin sensitivity and reduction of vis-
ceral adipose tissue180,182. A robust dose–response relationship between 

Table 1 | Possible subtypes of T2DM

Subtype Common features Proportion 
of T2DM cases 
in Sweden 
(ANDIS) (%)a142

Proportion of 
T2DM cases 
in India 
(WellGen) (%)145

Severe 
insulin- 
deficient 
diabetes

Low BMI
Younger age at onset
Severe β-cell dysfunction
Low insulin resistance
High HbA1c
High risk of complications

19 53

Mild age- 
related 
diabetes

Normal to slightly 
elevated BMI
Older age at onset
Mild β-cell dysfunction
Low insulin resistance
Low risk of complications

41 8

Mild 
obesity- 
related 
diabetes

High BMI
Younger age at onset
Insulin resistance
Preserved β-cell function
Moderate HbA1c

23 38

Severe 
insulin- 
resistant 
diabetes

High BMI
Older age at onset
Severe insulin resistance
Preserved β-cell function
High risk of complications

16 1

T2DM, type 2 diabetes mellitus. aPercentages recalculated excluding 6% of original sample 
with autoimmune diabetes to allow comparison with India (WellGen) data.
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weight loss and diabetes remission has been observed, independent of 
age, diabetes duration, HbA1c, BMI and type of intervention183. Remis-
sion has been proposed as a key therapeutic goal in the management  
of T2DM184.

Management
The goal of care for people with T2DM is to improve their quality of 
life while simultaneously decreasing the risk of diabetes-related com-
plications. Key objectives of T2DM management include achieving 
individualized glycaemic targets to prevent or delay microvascular 
complications while avoiding hypoglycaemia; weight management, as 
excess body weight, particularly visceral fat, plays a central part in the 
development and progression of insulin resistance and β-cell dysfunc-
tion; reduction of cardiovascular risk via comprehensive risk factor 
modification and appropriate use of medications with proven cardio-
vascular and renal benefits; prioritizing psychosocial well-being as a 
desired outcome to improve quality of life; and highlighting the impor-
tance of the 24-h physical behaviours20. Weight loss can considerably 
improve glycaemic control, reduce disease progression and the need 
for glucose-lowering medications, and contribute to improvements in 
cardiovascular risk factors (blood pressure, lipids and inflammation), 
thereby reducing the risk of cardiovascular disease. The importance of 
integrating early glycaemic control as a treatment goal in the hierarchy 
of diabetes management has been emphasized alongside multifactorial 
management using a multidisciplinary approach185.

Lifestyle modifications, including healthy eating and physical 
activity, are fundamental in managing T2DM. Importantly, care should 
be tailored according to the person’s age, comorbidities, preferences 
and social circumstances. Regular monitoring, shared decision-making 
and attention to mental health and diabetes distress are integral com-
ponents. Ultimately, the goal is to empower individuals to manage their 
condition effectively, minimize disease burden and maintain functional 
independence and well-being.

Diabetes self-management education and support
Diabetes self-management education and support (DSMES) should 
form an integral basis of any T2DM management plan that is develop-
mentally appropriate and culturally sensitive20,186. Traditionally involv-
ing face-to-face sessions (individual or group-based), the purpose of 
DSMES is to facilitate informed decision-making and problem-solving, 
optimize self-care behaviours and ultimately empower people to 
manage living with T2DM187, aligning with the model of holistic and 
person-centred care. DSMES programmes should be established on the-
ory and based on evidence188. Delivery models can include cost-effective 
and culturally adapted peer- or community health worker-led sessions 
when appropriately trained and linked with clinical oversight. Such 
approaches are effective at improving knowledge, confidence, HbA1c 
levels, psychosocial well-being and behavioural outcomes189–192.

Widescale use of digital DSMES programmes has increased expo-
nentially as a convenient and cost-effective alternative to traditional 
modes of delivery193. While demonstrating high levels of engage-
ment and retention194, digital DSMES interventions can be effective at 
improving HbA1c levels195,196, possibly to a greater extent than those 
observed with conventional face-to-face delivery methods197. Notably, 
selecting the optimal mode of delivery for DSMES comes down to 
individual preferences and circumstances.

Self-care recommendations should align with the person’s capac-
ity, including physical and psychological factors198. The person’s capac-
ity for self-care may be assessed by reviewing the individual biology, 

resources, environment, self-care workload and social support199. 
The interactions between these factors are pivotal in person-centred 
diabetes care200.

Lifestyle modification
Lifestyle modification is the mainstay of T2DM prevention and manage-
ment, including physical activity behaviours, nutrition therapy and 
weight management. In 2022, the American Diabetes Association and  
European Association for the Study of Diabetes consensus report high-
lighted the importance of the 24-h physical behaviours for people 
living with T2DM20 and coined the term, ‘the five Ss’ (sleep, sitting, step-
ping, sweating and strengthening) (Fig. 7). Alterations to these lifestyle 
factors considerably impact cardiometabolic health, psychosocial 
well-being and weight management in T2DM143.

Physical activity. Regular aerobic and resistance exercise is recom-
mended for all adults living with T2DM, with a target of ≥150 min 
per week of moderate-intensity activity, or ≥75 min per week of 
vigorous-intensity activity for those able to tolerate it (Table  2). 
Resistance training is also recommended two to three times per week 
given the increased risk of impaired physical function and frailty in 
this population187 and the loss of lean mass associated with some 
glucose-lowering medications201. Specifically, T2DM represents a 
model of accelerated biological ageing20, within which individuals 
are at increased risk of frailty and impaired physical function in the 
presence of obesity202. While the concept of frailty has traditionally 
been considered exclusively in the context of older adults, the frailty 
phenotype in T2DM can coexist in younger persons with underlying 
obesity and multiple comorbidities202.

Structured exercise interventions of at least 8 weeks have been 
shown to reduce HbA1c by 0.6–0.7%, even in the absence of substan-
tial weight loss203. Even modest increases in daily activity, such as an 
additional 500 steps per day, are associated with reduced cardiovas-
cular morbidity and all-cause mortality204,205. Breaking up prolonged 
sedentary time with light activity also confers metabolic benefits206.

Sleep. Sleep is now recognized as a key lifestyle factor in diabetes 
mellitus management. Both short (<6 h) and long (>9 h) sleep dura-
tions are associated with increased risk of T2DM, with optimal risk 
reduction at ~7 h of sleep per night177. Poor sleep quality and evening 
chronotype are also independently associated with increased T2DM 
risk and progression. Addressing sleep duration, quality and timing 
should be integrated into comprehensive diabetes care177.

Diet. Dietary interventions are a key component of diabetes manage-
ment. Nutrition regimens incorporating low carbohydrate intakes, 
foods with low glycaemic index, and Mediterranean, vegetarian and 
high-protein diets have all been shown to be effective207–209, with the 
Mediterranean diet particularly having robust evidence105. However, 
the evidence for one type of macronutrient profile over others is less 
convincing than that for hypocaloric diets in general210. Specifically, 
any diet that aids weight loss is likely to be effective in promoting gly-
caemic control and reducing cardiovascular risk. This concept is well 
evidenced with the approaches to very-low-energy diets, including 
the use of meal replacement products, which have been successfully 
deployed to achieve T2DM remission210.

Although the short-term effectiveness of lifestyle interven-
tions in the management of T2DM is well documented211, their effec-
tive implementation212 and long-term sustainability are limited by 
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fading motivation over time as well as behavioural or psychological 
and environmental or socioeconomic barriers. Long-term success 
requires continuous support and compliance, structured follow-up 
and individualized strategies to help sustain change.

Glucose-lowering medications
Nutrient-stimulated hormone-based treatments. Nutrient- 
stimulated hormone-based therapies harness the body’s natural hor-
monal responses to nutrient intake to improve glycaemic control. These 
therapies primarily target the incretin system, enhancing the actions 
of hormones such as GLP1 and GIP, which are released in response to 
food ingestion. These therapies offer a physiologically targeted and 
effective approach to managing T2DM and its complications.

GLP1RAs and GLP1RA dual agonists (for example, GLP1–GIP 
co-agonists) stimulate insulin secretion in a glucose-dependent man-
ner, suppress glucagon release, slow gastric emptying and promote 
satiety, leading to improved glycaemic control and weight loss21. 
GLP1RAs are a heterogeneous class with multiple agents that vary in 
their structure, route of administration (oral versus injectable), fre-
quency of administration (daily versus weekly) and their efficacy, which 
can range from 0.5% to 2.1% reduction in HbA1c and 3% to 14% reduction 
in body weight (Supplementary Table 1). Two long-acting GLP1RAs 

(liraglutide and semaglutide) and the long-acting dual GLP1–GIP recep-
tor agonist tirzepatide are also indicated for chronic weight manage-
ment and have demonstrated efficacy in this context among people 
with T2DM; studies have shown weight loss of up to 6.0%213, 10.6%214 
and 15.6%215, respectively.

Some of these agents have demonstrated cardiovascular and renal 
benefits in addition to their metabolic effects216. In a meta-analysis 
that included all outcome studies for GLP1RAs in people with T2DM, 
14% reduction in major adverse cardiovascular outcomes, 12% reduc-
tion in all-cause mortality, 14% reduction in hospitalization for heart 
failure and 17% reduction in composite kidney outcome were noted 
with these agents216. Owing to these demonstrated cardiovascular and 
kidney benefits, GLP1RAs are considered a foundational treatment for 
people with T2DM and atherosclerotic cardiovascular disease, with 
emerging guidelines also supporting their use among those with heart 
failure (with preserved ejection fraction) and chronic kidney disease.

These agents have been shown to have pleiotropic effects beyond 
the ones noted above217, including substantial improvements in car-
diovascular risk factors (for example, triglycerides, free fatty acids, 
blood pressure, inflammatory markers and waist circumference), 
improvements in MASH (semaglutide reduced markers of steatohepa-
titis and fibrosis, leading to specific licensing for use in individuals with 

Glycaemic management Weight management Physical function/functional capacity Cardiovascular risk factor management Psychosocial well-being
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↓ Lipids 
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↑ Quality of life 
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prolonged sitting) 
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↓ Lipids 
↑ Physical function 
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↑ Quality of life 

Sweating (moderate-
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↑ Quality of life  
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Fig. 7 | The importance of the 24-h physical behaviours for T2DM. All physical 
behaviours within the 24-h day are associated with clinical outcomes in 
individuals with type 2 diabetes mellitus (T2DM). These behaviours encompass 
the five Ss: sitting, stepping, sleep (inclusive of duration, quality and timing), 

strengthening and sweating. Outcomes are shown under each heading with a 
corresponding icon indicating the direction of the association with the exposure 
(heading) and the number of dots indicates the strength of the evidence.
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MASH218), obstructive sleep apnoea and osteoarthritis-associated 
pain, as well as potential benefits on addictive behaviour (for example, 
alcohol, gambling and drugs)219, all common comorbidities among 
people with T2DM.

The most common side effects with this class of medications are 
gastrointestinal in nature and include nausea, vomiting, constipa-
tion, diarrhoea, dyspepsia, flatulence, eructation, abdominal pain 
and abdominal distension. Although these symptoms are commonly 
mild and self-limited, up to 20% of people discontinue these medica-
tions owing to such side effects. Careful education, dose titration and 
symptom management improve tolerability and drug persistence220.

Finally, challenges that arise from medication costs may prohibit 
long-term and equal access to these newer pharmacotherapies221,222. 
These issues are likely to improve as patents expire and generic forms 
become available, which is also likely to improve access in regions 
with limited resources. For example, in many regions, generic forms of 
dapagliflozin (a sodium–glucose co-transporter 2 (SGLT2) inhibitor) 
and liraglutide (a GLP1RA) are already available.

DPP4 inhibitors. Dipeptidyl peptidase 4 (DPP4) inhibitors block the 
DPP4 enzyme, which degrades incretin hormones such as GLP1 and 
GIP. As such, DPP4 inhibitors are incretin enhancers, prolonging the 
actions of these hormones and enhancing glucose-dependent insu-
lin secretion and suppression of glucagon release. These agents are 
weight-neutral, have a low risk of hypoglycaemia and a favourable 
safety profile, making them suitable for use in older individuals or 
those at increased risk of hypoglycaemia. However, DPP4 inhibitors 
have modest glucose-lowering effects (HbA1c lowering of 0.3–0.7%) 
and do not provide cardiorenal protection.

SGLT2 inhibitors. SGLT2 inhibitors promote glycosuria by inhibit-
ing glucose reabsorption in the proximal renal tubules, leading to 
improvement in HbA1c of 0.5–1%223. The magnitude of glycaemic effect 
is dependent on baseline glycaemia and kidney function (limited gly-
caemic effect at estimated glomerular filtration rate (eGFR) levels 

<45 ml/min/1.73 m2)224. Treatment with SGLT2 inhibitors is associated 
with modest weight loss, usually <5% of the total body weight223.

Treatment with several SGLT2 inhibitors in people with T2DM has 
been shown to improve cardiovascular and kidney outcomes (Sup-
plementary Figs. 2 and 3). Among people with T2DM at high risk for 
atherosclerotic cardiovascular disease, treatment with SGLT2 inhibitors 
has shown an average reduction of 9% in the risk of major cardiovascular 
events225. Among people with T2DM and heart failure with preserved 
(or moderately reduced) ejection fraction, SGLT2 inhibitors reduced 
the risk of a composite of hospitalizations for heart failure and cardio-
vascular death by ~21%226, whereas among those with heart failure with 
reduced ejection fraction, the risk reduction was ~26%227. Among people 
with chronic kidney disease (irrespective of diabetes status), SGLT2 
inhibitors have been shown to reduce progression of kidney disease 
(composite outcome) by 33% but also reduce cardiovascular outcomes, 
including the risk of major adverse cardiovascular outcomes by 16%, car-
diovascular death by 13% and heart failure composite by 33%228. Owing to 
these demonstrated cardiovascular and kidney benefits, SGLT2 inhibi-
tors are considered a foundational treatment for people with T2DM 
and either heart failure, chronic kidney disease or a high risk for ath-
erosclerotic cardiovascular disease, with affordability and accessibility  
improving considerably as generic forms become available.

The mechanisms of action through which SGLT2 inhibitors exert 
beneficial cardiovascular and kidney effects are not fully understood; 
however, they may include plasma volume reduction229, lipolysis, 
ketogenesis, enhanced mitochondrial function and ATP efficiency230, 
natriuresis231, reduction in myocardial glucotoxicity232, modulation of 
iron metabolism233, anti-inflammatory actions234,235 and reduction 
in sympathetic tone236. Although transient eGFR dips are common 
following initiation of SGLT2 inhibitors, long-term renal preservation 
is maintained237,238.

Metformin. Since the 1950s, metformin has been a widely used, 
safe, effective and low-cost treatment option for treating individ-
uals with T2DM. Metformin primarily works by reducing hepatic 

Table 2 | Physical activity and sleep recommendations for adults with T2DM

Component Recommendation Frequency/distribution Key benefits

Aerobic exercise ≥150 min/week moderate intensity or 
≥75 min/week vigorous intensity

≥3 days/week; not >2 consecutive days off Improves insulin sensitivity, glycaemic control, 
cardiorespiratory fitness

Resistance training Moderate-to-vigorous intensity 2–3 times/week (non-consecutive days) Improves glycaemia, strength, balance, 
functional capacity
Counters frailty risk

Sedentary behaviour Minimize prolonged sitting; break up 
with light activity

Throughout the day Confers metabolic benefits

Sleep factora Definition or association Association with diabetes outcomes

Duration (short) <6 h per night ↑ Risk of developing T2DM
↑ Risk of progression in established T2DM

Duration (optimal) ~7 h per night ↓ Risk of T2DM

Duration (long) >9 h per night ↑ Risk of developing T2DM
↑ Risk of progression in established T2DM

Sleep quality Poor quality (for example, 
fragmentation and insomnia)

↑ T2DM risk and progression

Chronotype (evening) Preference for later sleep/wake times ↑ T2DM risk and progression

Key recommendation Addressing sleep duration, quality and timing as part of comprehensive diabetes care may help to improve clinical outcomes

T2DM, type 2 diabetes mellitus. aSleep data are predominantly derived from observational studies, and the impact of sleep-based interventions is generally understudied.
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glucose production and improving insulin sensitivity in peripheral 
tissues, thereby lowering blood glucose levels (HbA1c reduction of 
0.5–1%) without causing hypoglycaemia. Metformin is weight-neutral, 
and emerging evidence also suggests that it may reduce the risk of 
long-term complications239,240, with potential anti-inflammatory ben-
efits. Metformin is typically well tolerated, though gastrointestinal 
side effects may occur, and its use should be monitored in people 
with impaired kidney function owing to a small risk of lactic acidosis. 
Metformin represents a particularly important treatment option 
in LMICs owing to the low cost of medication, generally increased  
prevalence of T2DM without obesity and probable organ-protective 
effects.

Insulin. Despite the availability of numerous oral and non-insulin 
agents, insulin remains relevant as a therapeutic option owing to the 
gradual decline in pancreatic β-cell function and mass, which can lead 
to fasting and postprandial hyperglycaemia241,242. Current guidelines 
recommend continuing other glucose-lowering agents with insulin 
initiation, provided there is no evidence of insulin deficiency. GLP1-
based therapies (including GLP1–GIP co-agonists) should be used at 
the maximum tolerated doses before or alongside insulin use, when 
appropriate243,244.

Basal insulin is typically the first step in initiating insulin therapy. 
Basal insulin is available in vials or syringes and also in user-friendly 

delivery methods such as pens or patch pumps245 (Table 3). Connected 
pens, smart caps and apps, often integrated with continuous glucose 
monitoring systems, can assist with dosing through embedded titra-
tion algorithms. Although these technologies offer distinct advantages, 
especially for remote monitoring, they may be challenging for some 
individuals to use.

Initial basal insulin dosing is usually based on body weight and 
the degree of hyperglycaemia. Doses should be titrated over days to 
weeks to achieve and maintain glycaemic goals243. To minimize the risk 
of hypoglycaemia owing to excessive basal insulin, prandial (mealtime) 
insulin must be considered.

Basal insulins can vary in duration of action and cost (Table 4), 
with costs of specific insulin formulations also varying across regions. 
First-generation analogues like neutral protamine hagedorn are 
shorter-acting (~8 h) but are generally more affordable than newly 
developed insulins. Bedtime neutral protamine hagedorn can help 
to suppress overnight hepatic glucose production and reduce fasting 
hyperglycaemia. Next-generation basal insulins, such as degludec and 
glargine U-300, have durations closer to 24 h, offering more consist-
ent glycaemic control with fewer injections and decreased rates of 
hypoglycaemia246.

New, once-weekly basal insulins — icodec and efsitora alfa — have 
completed phase III trials, with icodec already approved in several 
countries247–253. These insulins offer simplified dosing regimens that 

Table 3 | Summary of types of insulin delivery devices for T2DM

Insulin delivery 
device

Advantages Disadvantages Target population Clinical application

Vial and syringe Easily available
Lower cost

Requires education
Less accurate dosing
Requires manual dexterity and good 
vision for dosing

Those with limited access to 
other forms of insulin delivery

Low-resource settings

Insulin pens Convenient and user-friendly
Accurate dosing
Easy for travel

Requires some patient education Patients needing simple 
dosing tools
Preferable for older people 
and those with visual or 
dexterity limitations

Appropriate for those 
requiring flexible and precise 
dose adjustments

Connected smart 
pens and caps

Facilitate integration with apps, 
continuous glucose monitoring 
and data transfer
Tracks insulin dose timing 
and temperature
Bolus calculator

Connected devices may need frequent 
troubleshooting
App may be overwhelming to manage
Variable battery life

People with a desire for 
algorithm-assisted dosing

May enhance remote patient 
monitoring

Patch pumps Tubeless design, lightweight and 
discreet
Greater mobility
More affordable than traditional 
pumps, simple to operate

Frequent device replacement required
Potential for catheter occlusion
Limited control of basal rates 
compared with traditional pumps

Patients with T2DM prioritizing 
convenience and mobility
Young adults preferring a 
modern solution
Suitable for those with stable 
insulin needs

Well suited for people with 
T2DM needing easy, flexible 
insulin delivery
Used for prandial insulin 
in social environments to 
reduce injection-related 
stigma

Automated 
insulin devices

More physiological insulin delivery
Customizable basal and bolus 
rates to meet patient needs
Minimizes hypoglycaemia

Some are bulky and may restrict 
movement
Frequent interaction is needed, which 
may increase mental burden or worsen 
stigma
Tubing can kink or disconnect
Regular catheter changes needed
High cost

People requiring intensive 
insulin management and 
frequent dose adjustments

Primarily used for people 
on multiple-dose injections

T2DM, type 2 diabetes mellitus.
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can improve adherence and reduce the treatment burden for people 
with T2DM and caregivers254. Hypoglycaemia rates, as measured by 
continuous glucose monitoring, remained low across studies, with 
time below the range <54 mg/dl (3.0 mmol/l) being consistently <1% 
over trial durations of up to 78 weeks250,255–257. The optimal method 
of initiation and dose titration remains a topic of debate. Prandial 
insulin should be added when post-meal glucose levels consist-
ently exceed individual targets. Future insulin formulations include 
glucose-responsive insulin, which becomes more active at high glucose 
levels and less active when glucose is low, potentially reducing the risk 
of hypoglycaemia258.

Insulin secretagogues. Insulin secretagogues, including sulfonylureas 
and meglitinides, are oral medications that stimulate insulin release 
from pancreatic β-cells259. They lower blood glucose levels independ-
ent of food intake, making them effective in the short term, especially 
early in the disease course when β-cell function is preserved. However, 
their use is associated with increased risk of hypoglycaemia and weight 
gain. Glimepiride and gliclazide are third-generation sulfonylureas with 
improved efficacy and safety over their predecessors259; these are still 
used by a large proportion of people with T2DM in LMICs. Although they 
are low-cost and widely available, insulin secretagogues do not provide 
cardiovascular or renal benefits and may accelerate β-cell exhaus-
tion over time. As such, their role has diminished with the availability  
of newer, safer therapies, except where cost is a limiting factor259.

Insulin sensitizers. Thiazolidinediones, such as pioglitazone, improve 
insulin sensitivity in adipose tissue, liver and muscle, which are core 
defects in T2DM. Pioglitazone lowers HbA1c by up to 1% and can be 
particularly useful in people with a high degree of insulin resistance. 
Pioglitazone has also shown cardiovascular benefits, including a reduc-
tion in stroke and myocardial infarction in individuals at high risk, as 
demonstrated in the PROactive260 and IRIS trials261; however, the IRIS 
trial included individuals with insulin resistance and not T2DM. Addi-
tionally, pioglitazone may improve hepatic steatosis and markers of 
MASLD. Despite its benefits, pioglitazone should be used with caution 
owing to potential adverse effects such as weight gain, fluid retention 

and increased risk of bone fractures and heart failure in susceptible 
individuals.

Combination therapy. Treatment selection, that is, initiation and 
intensification, should be guided by the presence of established or 
high risk of cardiorenal comorbidities, presence of obesity and other 
obesity-related complications, risk of hypoglycaemia, individual 
choice, and costs and availability20. Given the relative potency of GLP1-
based agents in controlling glucose levels, combinations involving 
these agents may be particularly effective in managing hyperglycaemia 
while minimizing risk of complications. Early results suggest additive 
glycaemic and metabolic benefits through a combination of SGLT2 
inhibitors and GLP1-based agents262. As these medications target dif-
ferent aetiological pathways, and both classes of agents reduce risk 
of microvascular and macrovascular complications, if healthcare 
resource allows, they should be considered as a first option when 
combining medications to optimize outcomes263.

The combination of GLP1-based agents and basal insulin con-
stitutes another combination, which may be particularly useful in 
individuals with advanced disease and/or β-cell dysfunction. Trial data 
support the relative safety and efficacy of this combination in lowering 
glucose levels, although caution is warranted owing to the potential 
risk of hypoglycaemia264.

Hypoglycaemia and monitoring
Hypoglycaemia — typically defined as low blood glucose levels (that 
is, <3.9 mmol/l or <70 mg/dl)265 — poses an immediate risk to indi-
viduals with diabetes mellitus in those using insulin, sulfonylureas or 
glinides266. Beyond medication-related risk factors, other risk factors 
for hypoglycaemia in T2DM include longer duration of T2DM, hypo-
glycaemia unawareness, chronic kidney disease, alcohol consumption, 
strenuous exercise, older age, and cognitive impairment and dementia. 
The cumulative consequences of hypoglycaemia are wide-ranging 
and span from societal impacts, such as restricted employment and 
impaired workplace productivity, to reduced awareness of future hypo-
glycaemia, impaired cognitive function and increased risk of adverse 
cardiovascular events and mortality267,268. Risk mitigation involves 

Table 4 | Summary of types of insulin and duration of effect

Insulin type Examples Basal or bolus Onset of action Duration of action Comments

Rapid-acting Lispro, aspart, glulisine, 
inhaled insulin

Bolus 5–15 min 3–6 h
2–3 h for inhaled 
insulin

Should be used just before meals or to 
correct elevated glucose values

Short-acting Regular Bolus 30–60 min 5–8 h Looks clear, administered 30 min  
before meals

Intermediate-acting daily 
or twice daily

Neutral protamine 
hagedorn

Basal 2–4 h 10–16 h Looks cloudy, should be rolled to mix

Long-acting daily Glargine Basal 1–2 h 18–24 h Should be administered at the same time 
every day
Cannot mix with other insulins

Longer-acting daily Degludec, glargine U-300 Basal 1–2 h 24–30 h More flexible delivery
Cannot mix with other insulins

Once weekly Icodec, efsitora Basal 2–4 h 7–20 days Consider for convenience and better 
adherence

Pre-mixed 70/30, 50/50, 75/25 Combined basal 
and bolus

15–30 min 10–16 h Beneficial for those needing simplicity 
to cover meals and overnight 
hyperglycaemia
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careful medication management and using the lowest effective doses 
when high-risk therapies are used.

As symptoms of hypoglycaemia can be unreliable, especially in those 
with tight glycaemic control or in those unaware of hypoglycaemia, con-
tinuous glucose monitoring has become a valuable tool269. Modern con-
tinuous glucose monitoring systems offer up to 15 days of wear, real-time 
alerts and remote data sharing. Guidance on targets for assessment of 
glycaemic control for most people with T2DM recommends that people 
spend <4% of time below range (that is, <3.9 mmol/l or <70 mg/dl) and 
<1% of time below very low range (that is, <3.0 mmol/l or <54 mg/dl)270.

The use of continuous glucose monitoring should be prioritized 
for populations at high risk, including insulin users. However, chal-
lenges remain — sensor accuracy can vary269, especially on the first and 
last days of wear, devices may detach271, and integration with electronic 
health records is limited272. Aggregators offer some solutions to gen-
erate reports, charts and visualizations that highlight trends and pat-
terns in a person’s glucose levels and other health indicators that can 
streamline care. Despite these barriers, continuous glucose monitoring 
holds promise for hypoglycaemia prevention and behaviour change, 
particularly if cost and access barriers can be addressed.

Beyond glycaemic management
A considerable proportion of individuals with T2DM experience the 
additional burden of weight-related comorbidities owing to the inter-
connected nature of T2DM and obesity. Thus, the optimal manage-
ment of T2DM increasingly necessitates approaches beyond glycaemic 
management. Common weight-related comorbidities include cardio-
vascular disease, chronic kidney disease, MASH–MASLD, obstructive 
sleep apnoea, osteoarthritis and certain cancers. While best practice 
guidelines for the management of each comorbidity should be fol-
lowed in a person with T2DM, comorbidities should also be considered 
when deciding choice of glucose-lowering therapy (Fig. 8). For some 
comorbidities, certain glucose-lowering therapies are specifically 
licensed regardless of diabetes status, which includes the use of SGLT2 
inhibitors in individuals with heart failure or chronic kidney disease, 
and semaglutide is licensed for use in MASH273. Some therapies may 
also have additional benefits based on comorbidities despite lacking 

a specific licence, for example, both pioglitazone and SGLT2 inhibi-
tors may be beneficial for individuals with MASH165,166. Caution is also 
warranted for certain therapies, including sulfonylureas and insulin, 
in individuals with obesity (owing to weight gain) and frailty and/or 
sarcopenia (owing to the risk of hypoglycaemia).

Given the rising burden of comorbidities in individuals with T2DM, 
interventions that provide benefit across multiple systems will become 
ever-more important. Strategies to benefit multiple comorbidities may 
vary from system-based to individual-level strategies. System-based 
strategies potentially target models of care that address comorbidities, 
coordination of care and workforce training, ultimately moving beyond 
the single-disease approach. Similarly, individual-level interventions 
that are disease-modifying or that offer multi-system benefits should 
be prioritized274–277.

Owing, in part, to their effectiveness at inducing considerable 
weight loss, treatment with GLP1-based medications may offer 
multi-system benefits, which has already been demonstrated with 
tirzepatide. Studies have demonstrated improvements with tirzepa-
tide in a range of vascular risk factors, including HbA1c, body weight, 
triglycerides and low-density lipoprotein cholesterol, and in reducing 
disease burden and/or symptoms in obstructive sleep apnoea, MASH, 
osteoarthritis and heart failure215,278–282. Similarly, semaglutide has been 
shown to reduce cardiovascular disease risk, delay chronic kidney dis-
ease progression, reduce complications in heart failure and improve 
markers of disease in MASH (Supplementary Fig. 4). Lifestyle interven-
tions can also lead to multi-system improvements. Intensive lifestyle 
intervention in the Look AHEAD trial was compared with diabetes sup-
port and education and led to improvements in HbA1c, blood pressure, 
dyslipidaemia, microvascular complications, obstructive sleep apnoea, 
geriatric syndrome, incontinence, MASH, multimorbidity, disability 
and brain structure, and reduced healthcare use and costs. However, 
lifestyle interventions only showed a reduction in cardiovascular events 
in a subset of the population who lost >10% of their body weight.

Therapeutic inertia and medication-taking behaviours
Despite evidence that tight glycaemic management leads to better 
outcomes in T2DM, therapeutic inertia — defined as failure to initiate 
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Fig. 8 | Glucose-lowering pharmacotherapy with additional organ-specific 
benefits for people with T2DM according to their comorbidities. When 
choosing appropriate pharmacotherapy for people with type 2 diabetes 
mellitus (T2DM) and additional comorbidities, agents with organ-specific 
benefits established with each comorbidity are summarized. Medications 
for which caution is warranted with certain comorbidities due to potential 
adverse effects are also highlighted. ASCVD, atherosclerotic cardiovascular 

disease; CKD, chronic kidney disease; DPP4, dipeptidyl peptidase 4; eGFR, 
estimated glomerular filtration rate; GIP, glucose-dependent insulinotropic 
polypeptide; HF, heart failure; MASH, metabolic dysfunction-associated 
steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver 
disease; RA, receptor agonist; SGLT2, sodium/glucose co-transporter 2; SU, 
sulfonylureas; TZD, thiazolidinediones. *Medications with a specific licence for 
comorbidity.
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or intensify therapy, according to clinical guidelines283, is a global issue. 
For example, up to two-thirds of people with T2DM experience thera-
peutic inertia in the UK284. Individuals with T2DM often experience 
large delays in receiving indicated medication, with >6 years’ delay 
for intensification with insulin285. The causes of therapeutic inertia are 
complex and driven by clinician-level, person-level and system-level 
factors286,287. Therapeutic inertia in a progressive disease such as T2DM 
can lead to reduced likelihood of achieving target levels later in the 
disease trajectory288, ultimately increasing complications and mor-
tality. Therapeutic inertia potentially accounts for 80% of cardiovas-
cular events285,287. Methods for overcoming therapeutic inertia can 
also be addressed by provider-level, person-level and system-level 
approaches287.

The effectiveness of pharmacological interventions in T2DM 
management is dependent upon medication-taking behaviours and 
persistence with therapy plans (that is, continued medication use). 
Suboptimal medication-taking behaviour has been shown to affect 
almost 50% of people with T2DM and contributes to increased risks of 
complications and mortality as well as increased healthcare costs289,290. 
A range of factors contribute to poorer medication-taking behaviours 
and early treatment discontinuation in people with T2DM, including 
concerns about medication effectiveness, fear of hypoglycaemia, lim-
ited access to medications and unwanted adverse effects291. Addressing 
key facilitators, such as strong social, family and healthcare provider 
support, motivation, education and reliable access can help improve 
medication-taking behaviours292.

Quality of life
Quality of life is often impaired in people with T2DM; therefore, optimiz-
ing quality of life is a key target of the principles of person-centred care 
in T2DM20. Impaired quality of life can be related to the physical and 
psychological effects of diabetes complications, the burden of multiple 
long-term conditions, the psychological burden of T2DM and stigma.

Approximately one in four adults with T2DM experiences comor-
bid depression114, although prevalence varies considerably between 
geographical regions and assessment methods used293. Diabetes dis-
tress encompasses a range of negative emotions associated with living 
with the condition such as feeling overwhelmed by the demands of 
self-management115. Diabetes distress is experienced by approximately 
one-third of people living with T2DM115. Both depression and diabetes 
distress are associated with impaired diabetes-related outcomes, 
culminating in poor disease self-management and worse health 
outcomes294. Notably, early identification and appropriate treatment, 
whether through psychotherapy, group therapy, lifestyle interventions 
or medication, is essential to alleviating the rising burden of depression 
and distress in people with T2DM.

Diabetes stigma, defined as negative social judgements, stereo-
types and prejudices about diabetes or about a person or group because 
they have diabetes, affects ~80% of individuals living with T2DM. Dia-
betes stigma is driven primarily by blame, perceptions of burden or 
sickness, invisibility, and fear or disgust and can include assumptions 
that individuals are sick, weak, lazy or lacking motivation, willpower, 
self-control or capability, or that they are to blame for their condition 
and/or health outcomes. Diabetes stigma occurs across a wide range of 
settings and is pervasive throughout society across multiple countries 
and cultures. Healthcare professionals may contribute to diabetes 
stigma, for example, by blaming, judging and/or mistrusting people with 
diabetes. Diabetes stigma is associated with poorer health outcomes, 
physical well-being and self-care, psychological well-being, quality of 

life and social well-being, as well as with ill effects of discrimination 
experienced at work, in education or other areas in society295.

Efforts to end diabetes stigma are imperative, which will require 
action from all sectors of the community, including from within 
research, healthcare, industry, policy and media, and must involve 
individuals with lived experience296. The Language Matters movement 
is a notable example of steps towards ending diabetes stigma, started 
by Diabetes Australia, and soon followed by other advocacy groups 
across the world297.

Outlook
Underserved populations
Decisions regarding the treatment of specific populations with 
T2DM may be limited by their under-representation within clinical 
trials. Such populations include older adults, women, various minor-
ity ethnic groups and adults with EOT2D. In some populations, this 
under-representation may be compounded by disproportionately high 
rates of diabetes complications and adverse outcomes298. Strikingly, 
>80% of people with diabetes worldwide reside in LMICs, with >50% of 
these people remaining undiagnosed29,299. This disparity represents 
an important global healthcare burden, underlined by contributing 
factors such as resource constraints that preclude routine screening 
and access to simple diagnostic tools, lack of awareness and education 
among healthcare professionals and people at risk of T2DM, and the 
largely asymptomatic nature of T2DM early in the disease course. As 
a result, diabetes research has remained predominantly within the 
context of higher-income countries, meaning that clinical guidelines 
are often inadequate in LMICs300.

Early-onset T2DM
The under-representation of people with EOT2D within research is 
of particular concern301. The incidence of EOT2D is rapidly increas-
ing, driven predominantly by the rising prevalence of overweight 
and obesity in younger individuals, disproportionately affecting 
people from ethnic minority groups302,303 and people with higher 
socioeconomic deprivation304. EOT2D is underpinned by a high-risk 
phenotype, characterized by increased BMI, lower physical activity 
levels, and a higher prevalence of dyslipidaemia than in individuals 
diagnosed with T2DM later in life5. This extreme risk factor profile 
in people with EOT2D results in a higher risk of complications305,306 
and a shorter life expectancy45. EOT2D is also associated with a 
greater burden of mental illness, such as anxiety, depression and 
diabetes-related distress10,307, which may impair quality of life and 
contribute to low engagement with traditional models of healthcare. 
This transition to EOT2D poses a considerable societal and healthcare 
burden worldwide30, necessitating future management approaches 
that are tailored to the unique metabolic and psychosocial factors 
in this population308.

Models of care
Integrated chronic care models offer opportunities for improved care 
outcomes309 given the chronicity of T2DM, despite uncertainty of effect 
in LMICs. Models of care simplify the process of navigating the com-
plex interplay between diabetes progression and sociocultural and 
economic circumstances, and impact positively on long-term diabetes 
outcomes.

The Chronic Care Model of Wagner et al. posits that a prepared 
practice team interacting with an activated person results in improved 
outcomes310. The components of this model are self-management 
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education, healthcare financing, service delivery, decision support, 
health information systems and community linkages. Ideally, institu-
tions should be deliberate about optimizing each of these compo-
nents when delivering care to people with diabetes mellitus. However, 
implementing the chronic care model in resource-constrained set-
tings, where insurance coverage is minimal and where people must 
pay out-of-pocket, is challenging.

Precision medicine and therapeutic options
An unprecedented increase in the number of medications licensed for 
T2DM and obesity is expected to happen within the next decade21,22. 
Following the successes of tirzepatide, other medications with actions 
on multiple enteropancreatic hormones will become commonplace 
(Supplementary Tables 2, 3 and 4). For example, several GLP1–gluca-
gon co-agonists (mazdutide and survodutide), a GLP1–GIP–glucagon 
triple agonist (retatrutide), a combination of GLP1 and amylin agonists 
(CagriSema), and a GLP agonist and GIP antagonist (MariTide) are in 
late stages of development19. Phase II data suggest that all of these 
agents lead to improvements in weight and glucose levels in individuals  
with T2DM273,311–314.

The increase in available therapeutic options will have the poten-
tial to enable greater personalization of care, with certain agents 
potentially being more effective in certain populations. For example, 
medications with glucagon-receptor agonism may be particularly effec-
tive in reducing hepatic steatosis for individuals with MASH–MASLD 
owing to direct actions in the liver in addition to their weight-lowering 
effects315–317. Similarly, medications with non-enteropancreatic targets 
may offer additional benefits, such as preservation of lean mass with 
weight loss, with agents such as bimagrumab, an activin type II receptor 
inhibitor318, or addition of a selective androgen receptor modulator 
such as enobosarm to a GLP1-based medication, which may be most 
relevant to populations at risk of frailty.

In addition to T2DM management, newer medications may also be 
effective at preventing or delaying the onset of T2DM. For example, in 
people with obesity and prediabetes, semaglutide resulted in superior 
rates of reversion to normoglycaemia319 and treatment with tirzepatide 
was associated with ~94% reduction in progression to T2DM compared 
with placebo320.

A better understanding of the heterogeneity of T2DM presen-
tation and progression utilizing newer techniques, such as genetic 
sequencing, machine learning and omics approaches, would improve 
identification of atypical T2DM and further refine precision medicine 
interventions321,322. Regarding medication, as well as crude personaliza-
tion based on comorbidities or functional status, advances in genetics 
and artificial intelligence may allow greater prediction of treatment 
response across multiple agents and multiple actions. Indeed, combin-
ing mono-receptor agonists, rather than uni-molecular polyagonists, 
could lead to even greater flexibility and optimization of the ideal 
ratio of receptor agonism or antagonism for an individual. As well 
as CagriSema, trials are under way investigating the combination of 
tirzepatide with various other medications, including eloralintide323 
(NCT06603571), an amylin receptor agonist; mibavademab324, a lep-
tin receptor agonist (NCT06373146); bremelanotide325, a melano-
cortin 4 receptor agonist (NCT06565611); and bioglutide326, an oral 
IGF1–GLP1–GIP–glucagon quadruple agonist (NCT06564753).

Use of technology
Innovations in technological approaches to diabetes care offer great 
promise in an increasingly digital world. Technology may be applied to 

each element of the chronic care model to enhance access and quality 
of care327.

At the health system level, IT systems and electronic medical 
records allow for the creation of registries to aid in identifying peo-
ple at high risk or those not meeting treatment goals. Furthermore, 
financially incentivizing healthcare providers to not only deliver 
high-quality clinical care but also to report data further bolsters the 
power of electronic medical records, evidenced in the Quality and 
Outcomes Framework in England328.

Examples of community-level approaches include digital means of 
delivering healthcare such as telemedicine (eHealth) and mobile health 
(mHealth). These approaches involve various elements, such as video con-
ferencing, remote monitoring and SMS and/or website-based interven-
tions, enabling efficient remote data sharing and clinical decision-making 
while potentially enhancing engagement and satisfaction. Systematic 
reviews corroborate the potential for glycaemic improvement via tel-
emedicine, although heterogeneity exists, influenced by individual 
education, attitude and cost195,329. This digital convergence addresses 
equity gaps, considerably improving access for rural populations  
and ethnic minorities through culturally tailored interfaces330.

The utility of digital technologies in supporting diabetes 
self-management is evidenced in the expanding landscape of device 
technologies, including continuous glucose monitoring sensors, 
insulin pumps and closed-loop insulin therapy, all of which have 
been recommended internationally for people with T1DM148. More 
meta-analyses solidify the efficacy of continuous glucose monitor-
ing sensors across the T2DM spectrum, even in non-insulin-treated 
individuals. Notable HbA1c reductions (–0.32%, 95% CI –0.46 to –0.18) 
and improved time in range (+8.7%, 95% CI 5.2–12.2) have been dem-
onstrated without increased hypoglycaemia risk in this population331. 
Critically, time in range improvements — recognized as a superior 
predictor of microvascular outcomes than HbA1c alone270 — are con-
sistently achieved with continuous glucose monitoring in T2DM. 
Furthermore, the reduction in hypoglycaemia risk holds particular 
importance for vulnerable populations such as older individuals. 
Real-world registry data corroborate sustained benefits, revealing 
HbA1c reductions (–0.52%) maintained over 24 months regardless of 
therapeutic regimen332.

The personalization potential is further amplified by machine 
learning. Machine learning algorithms analyse vast datasets (electronic 
health records, demographics, historical responses, real-time continu-
ous glucose monitoring or lifestyle data) to inform optimized treat-
ment decisions333. This approach enables more proactive management 
with real-time adjustments and fosters a collaborative environment 
essential for optimal care.

Despite compelling evidence, implementation barriers hin-
der widespread adoption, while digital literacy gaps necessitate 
user-centred design and adaptive interfaces. Promising solutions 
include a secure decentralized database for enhanced data security. 
However, urgent policy priorities remain, particularly reimbursement 
parity for digital tools and establishing standardized frameworks for 
validating machine learning algorithms in clinical practice.

Finally, clinical decision aids and support software can facilitate 
shared decision-making and person-centred care by offering people 
with T2DM evidence-based information regarding various lifestyle 
and medication-based management options, helping to educate them 
to choose their own preferred treatment path334. Integrating tools 
and resources to address social determinants of health into clinical 
guidelines, decision aids and electronic health systems represents a 
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crucial step towards improving diabetes outcomes and reducing care 
disparities. Notably, cost and poor health and digital literacy can be 
barriers to diabetes technology in LMICs and high-income countries, 
making equity of access across all nations and socioeconomic groups 
a key challenge335.
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Supplementary Figure 1. Diagnostic criteria for T2DM, prediabetes (intermediate hyperglycaemia) and normal glucose tolerance. HbA1c=haemoglobin A1c. PG=plasma 

glucose. FPG=fasting plasma glucose. WHO=world health organisation. ADA=American diabetes association. *1h PG has been recommended as a diagnostic criteria for 

prediabetes and diabetes. 
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Supplementary Figure 2. Major trials reporting a composite renal outcome in people with T2DM. HR=hazard ratio. CI=confidence interval. All HRs represent the ratio of the 

rate of composite renal outcome with the specified medication, as compared to placebo. *The hazard ratio for DAPA-CKD presented is from the subgroup analysis involving 

only individuals with type 2 diabetes mellitus (T2DM). Similarly, the HR for EMPA-Kidney presented is from a subgroup analysis involving individuals with diabetes, of which 

the subtype was unspecified, however individuals with type 1 diabetes mellitus (T1DM) were not eligible for this trial.  
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Supplementary Figure 3. Major trials reporting heart failure outcomes in people with T2DM. HR=hazard ratio. CI=confidence interval. All HRs represent the ratio of the rate 

of heart failure outcomes with the specified medication, as compared to placebo. *This excludes CAROLINA (versus glimepiride). **HRs presented from the DAPA-HF; 

EMPEROR-Reduced; EMPEROR-Preserved; DELIVER; SUMMIT are in individuals with diabetes only from subgroup analysis. ***Hospitalisations or urgent heart failure visits 

were an exploratory endpoint, with fewer events in the STEP-HFpEF DM trial. 
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Supplementary Figure 4. Major trials reporting 3-point major cardiovascular event outcomes in people with T2DM. HR=hazard ratio. CI=confidence interval. All HRs 

represent the ratio of the rate of heart failure outcomes with the specified medication, as compared to placebo. *This excludes CAROLINA (versus glimepiride) and SURPASS 

CVOT (versus dulaglutide). 
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Supplementary Table 1. Medications with multi-system benefits in T2DM management. Source: Original.  
 

  GLP1-based  
agent 

SGLT2i DPP4i TZD ACEi or ARB 
Statins ±  

ezetimibe 
Fibrates EPA nsMRA 

Factors Glucose or IR ↓↓ ↓ ↓ ↓↓ Slightly↓ Slightly↑ Slightly↓ Slightly↓ − 

Blood pressure ↓ ↓ − − ↓↓ − − − ↓ 

Obesity ↓↓ ↓ − ↑ − − − − − 

Triglyceride ↓↓ ↓ ↓ ↓↓ − ↓ ↓↓ ↓↓ − 

LDL-C ↓ ↑ - ↑ - ↓↓ - or ↓ - -  

HDL-C ↑ ↑ − ↑ − − ↑ ↑ − 

Inflammation ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 

 Quality of gut 
microbiome 

↑ ↑ ↑ − − − − ↑ − 

Target or
gan 

CVD ↓↓ ↓↓ − − ↓↓ ↓↓ − or ↓ − or ↓  ↓↓ 

Stroke ↓↓ − − ↓↓ ↓↓ ↓↓ − or ↓ − or ↓ ↓ 

CKD ↓ ↓↓ − or ↓ − ↓↓ ↓ ↓ − ↓↓ 

MASLD/MASH ↓↓ ↓ − ↓↓ − potential↓ − ↓ − 
 

Heart Failure - or↓ ↓↓ - or ↑ ↑ ↓ - - - -  

Strengths 
CV benefits  
in ASCVD  
Kidney benefits 

CV benefits  
in HF, 
Kidney benefits 

Albuminuria  
Reduction 

CV benefits  
mainly in stroke 

CV benefits,  
Kidney benefits 

CV benefits 
Diabetic microva
scular  
complication↓ 

CV benefits 
Kidney benefits, 
CV benefits 

Adverse effects 
GI adverse  
events 

Genital tract  
infection↑ 
volume  
depletion, 
ketosis 

HF risk↑ in  
saxagliptin 

Weight gain,  
fluid retention,  
HF risk↑, 
osteoporosis  
risk↑ 

Cough by ACEi 

Muscle-related 
side effect, 
glucose  
dysregulation, 
liver function  
abnormality  

Transient eGFR
↓ 

Atrial fibrillation 
in high dose  

Potassium ↑ 
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Examples of medications 

Exenatide,  
lixisenatide,  
dulaglutide, 
liraglutide,  
semaglutide, 
tirzepatide 

dapagliflozin,  
empagliflozin,  
canagliflozin 

Sitagliptin,  
vildagliptin,  
linagliptin,  
alogliptin,  
saxagliptin 

Pioglitazone,  
rosiglitazone 

Losartan,  
irbesartan,  
eprosartan,  
telmisartan,  
candesartan,  
fimasartan,  
olmesartan,  
azilsartan, 
enalapril, 
lisinopril, 
ramipril, 
captopril, 
quinapril, 
perindopril, 
trandolapril 

Atorvastatin,  
rosuvastatin,  
simvastatin,  
fluvastatin,  
pravastatin,  
lovastatin,  
pitavastatin 

fenofibrate,  
gemfibrozil 

Icosapent ethyl Finerenone  

 

For factors ↑ represents an increase and ↓ represents a decrease in each parameter with medication use; For target organs, ↑ represents an increase in risk of adverse 

target organ outcome and ↓ represents a decrease (i.e., a protective effect). Double arrows represent a stronger effect size as compared to single arrows. – represents 

either no association or insufficient evidence. Note that the table is limited to medications developed over the last 50-years as the potential effect of medications 

developed prior to this period (e.g., metformin) mainly comes from observational evidence, rather than interventional. 

 

GLP-1=glucagon-like peptide-1. IR=insulin resistance. LDL-C=low-density lipoprotein cholesterol. HDL-C=high-density lipoprotein cholesterol. ASCVD=atherosclerotic 

cardiovascular disease. CKD=chronic kidney disease. CV=cardiovascular. GI=gastrointestinal. HF=heart failure. eGFR=estimated glomerular filtration rate. DPP4i=Dipeptidyl 

peptidase-4 inhibitor. SGLT2i=Sodium/glucose co-transporter 2 inhibitor. TZD=thiazolidinediones. ACEi= angiotensin-converting-enzyme inhibitor. ARB=angiotensin receptor 

blocker. EPA= eicosapentaenoic acid. nsMRA= non-steroidal mineralocorticoid receptor antagonist. 
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Supplementary Table 2: Pharmacological Characteristics of pipeline GLP-1-based medication currently undergoing phase 3 trials for the treatment of T2DM and obesity. 

 

Trials shown are the medication with phase 3 trials underway at the date of submission: 28th August 2025 

Name Molar mass Feature Dose Bioavailability Half-life Ref. 

Orfoglipron (LY-3502970) 882.97 g/mol Oral, non-peptide, small 

molecule, GLP-1RA 

9, 15, 27, or 45 mg 20-40% 25-68 hours  1–3 

Maridebart cafraglutide 

(MariTide) (AMG 133) 

4600.70 g/mol Agonist of GLP-1R and  

antagonist of GIPR 

(monoclonal antibody) 

21 to 840 mg NA 16.5-23.8 days 4 

Cagrilintide/semaglutide 

(Cagrisema) (NN-9388) 

31,200 g/mol + 

4113.64 g/mol 

Amylin and GLP-1 receptors 

dual agonist 

Cagrilintide 2.4 mg/ 

semaglutide 2.4 mg 

Cagrilintide 30%5 / 

semaglutide 89% 

Cagrilintide 159-195 

hours / semaglutide 145-

165 hours 

6 

Survodutide (BI 456906) 4231.69 g/mol Glucagon/GLP-1 receptors 

dual agonist 

0.45, 1.8, 2.4, 3.0, or 4.8 mg 93%7 100 hours 8 

Mazdutide (IBI362 or 

LY3305677)  

4476.06 g/mol Glucagon/GLP-1 receptors 

dual agonist 

3.0, 4.5, or 6.0 or 9.0 mg NA 7.3–44.8 days 9,10 

Retatrutide (LY-3437943) 4845.44 g/mol GLP-1, GIP, and glucagon 

receptors triple agonist 

1, 3, 8, or 12 mg NA 6 days 11,12 

Ecnoglutide (XW003) 4284.76 g/mol GLP-1 receptor agonist 1.2, 1.8, or 2.4 mg NA 5.2 to 6.8 days 13 

RA, receptor agonist; Ref., reference; NA, not available. 
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Supplementary Table 3: Efficacy of pipeline GLP-1-based medication currently undergoing phase 3 trials for glucose management: the data thus-far 

Name Doses tested 
Weeks 

(primary) 

Age (years 

± SD) 

% 

Female 

Baseline 

weight & BMI 

(kg ± SD / 

kg·m² ± SD) 

Baseline 

HbA1c (% 

± SD) 

HbA1c 

reduction 

(%; 95% CI*) 

Weight reduction 

(% -unless 

otherwise stated; 

95% CI) 

Trial details Reference 

Orforglipron 

(LY-3502970) 
3, 12, 36 mg SC QD 40 

53.8 ± 

11.8  
51.1 

90.2 ± 23.1 / 

33.0 ± 7.5 
7.99 ± 0.89 

−1.48 (-1.66, 

1.96) with 

36mg 

vs  

−0.41 

(−0.60, 

−0.22) with 

placebo 

−7.6 (−8.8, −6.4) 

with 36mg 

vs  

−1.7 (−2.6, −0.8) 

with placebo 

ACHIEVE-1, phase 

3 (NCT05971940) 

14 

Mazdutide 

(IBI362) 
4, 6 mg SC QW 24 50.4 ± NR NR 77.7 ± NR/ NR 8.24% ± NR 

−2.15 (SE 

0.109) with 

6 mg  

vs  

−0.14 (SE 

0.107) with 

placebo 

−7.8 (SE 0.47) with 

6mg 

vs 

-1.3 (SE 0.46) with 

placebo 
 

DREAMS-1, phase 

3 (NCT05643961) 

15 

CagriSema 

(NN-9388) 

2.4 mg semaglutide + 2.4 

mg cagrilintide SC QW 
32 58 ± 9 36% 

105.7 ± 24.1 / 

35.5 ± 6.3 
8.4 ± 0.8 

−2.2 (SE 

0.15) with 

2.4 mg/ 2.4 

mg 

vs  

−1.8 (SE 

0.16) with 

−15.6 (SE 1.26) with 

2.4 mg/ 2.4 mg 

vs  

−5.1 (SE 1.26) with 

2.4 mg semaglutide  

vs 

Phase 2 

(NCT04982575) 

16 
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Name Doses tested 
Weeks 

(primary) 

Age (years 

± SD) 

% 

Female 

Baseline 

weight & BMI 

(kg ± SD / 

kg·m² ± SD) 

Baseline 

HbA1c (% 

± SD) 

HbA1c 

reduction 

(%; 95% CI*) 

Weight reduction 

(% -unless 

otherwise stated; 

95% CI) 

Trial details Reference 

2.4 mg 

semaglutide  

vs 

−0.9 (SE 

0.15) with 

2.4mg 

cagrilintide 

−8.1 (SE 1.23) with 

2.4mg cagrilintide 

Survodutide 

(BI 456906) 

0.3, 0.9, 1.8, 2.7 QW; 1.2, 

1.8 mg SC BIW 
16 57.3 ± 9.8 43.3 

96.6 ± 21.6/ 

33.9 ± 6.0 
8.07 ± 0.84 

−1.68 

(−1.91, 

−1.45) with 

1.8mg BIW 

Vs 

−0.15 

(−0.35, 0.05) 

with 

placebo 

−8.7% (−10.1, −7.3) 

with 1.8mg BIW 

Vs 

–5.3% (−6.6, −4.1) 

with 1mg 

semaglutide  

(Placebo NR) 

Phase 2 

(NCT04153929) 

17 

Retatrutide 

(LY-3437943) 

0.5, 4 (with dose 

escalation), 4 (no dose 

escalation), 8 (slow 

escalation), 8 (fast 

escalation). 12 mg SC QW 

24 (36 for 

extension) 
56.2 ± 9·7 56 

98.2 ± 21.1 / 

35.0 ± 6.3 
8.3 ± 1.1 

At 36 

weeks: 

-2.16 (SE 

0.13) with 

12mg  

Vs 

At 36 weeks: 

-16.94 (SE 1.30) with 

12mg  

Vs 

 -3.00 (SE 0.86) 

with placebo 

Phase 2 

(NCT04867785) 

18 
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Name Doses tested 
Weeks 

(primary) 

Age (years 

± SD) 

% 

Female 

Baseline 

weight & BMI 

(kg ± SD / 

kg·m² ± SD) 

Baseline 

HbA1c (% 

± SD) 

HbA1c 

reduction 

(%; 95% CI*) 

Weight reduction 

(% -unless 

otherwise stated; 

95% CI) 

Trial details Reference 

−0.30 (SE 

0.24) with 

placebo 

Ecnoglutide 

(XW003)  
0.4, 0.8, 1.2 mg SC QW 20 

50.2 ± 

9.62 
32.1 

74.0 ± 13.4 / 

26.2 ± 3.4 
8.59 ± 0.72 

-2.39 (SE 

0.15) with 

1.2 mg  

Vs 

-0.55 (SE 

0.15) with 

placebo 

-2.26kg (CI NR) with 

1.2 mg 

Vs 

0.50 (CI NR) with 

placebo 
 

Phase 2 

(CTR20211014) 
 

19 

*95% CI presented unless other measure of variance presented 

SD: Standard deviation; BMI: Body mass index; CI: Confidence interval; QD: Once daily; QW: Once weekly; NR: Not reported; SE: Standard error; BIW: Bi-weekly; SC: 

Subcutaneous 

Trials shown are the medication with phase 3 trials underway at the date of submission: 28th August 2025 
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Supplementary Table 4: Efficacy of pipeline GLP-1-based medication currently undergoing phase 3 trials for weight management in individuals with T2DM: the data 

thus-far 

Name 
Doses 

tested 

Weeks 

(primary) 

Age 

(years ± 

SD) 

% 

Female 

Baseline weight & 

BMI (kg ± SD / 

kg·m² ± SD) 

Baseline 

HbA1c (% ± 

SD) 

Weight 

reduction (%; 

95% CI) 

HbA1c 

reduction (%; 

95% CI) 

Trial details Reference 

Orforglipron (LY-

3502970) 

6, 12, 36 mg 

PO QD 
72 weeks NR NR  101.4 ± NR / NR  8.1 ± NR 

−10.5 (CI NR) 

with 36mg  

Vs 

-2.2 (CI NR) with 

placebo 

−1.8 (CI NR) 

with 36mg  

Vs 

-0.1 (CI NR) with 

placebo 

ATTAIN-2, phase 

3 

(NCT05872620) 

20 

Maritide (AMG 133; 

maridebart 

cafraglutide) 

140, 280, 

420 mg SC 

Q4W 

52 
55.1 ± 

11.2  
42 

103.9 ± 21.7 / 36.5 ± 

7.0 
7.9 ± 0.7 

−12.3 (-15.3, -

9.2) with 420 mg 

Vs 

-1.7 (-2.9, -0.6) 

with placebo  

−1.5 (-1.9, -1.0) 

Vs 

-0.1 (-0.4, -0.5) 

with placebo 

Phase 2 

(NCT05669599) 

21 

CagriSema (cagrilintide 

+ semaglutide) 

2.4 mg + 2.4 

mg SC QW 
68 

56.0 ± 

NR 
47.2% 

102.2 ± NR / 36.2 ± 

NR 
8.0 ± NR 

−13.7 (CI NR) 

with 2.4/2.4mg 

Vs 

-3.4 (CI NR) with 

placebo  

−1.8 (CI NR) 

with 2.4/2.4mg 

Vs 

-0.4 (CI NR) with 

placebo  

REDEFINE-2, 

phase 3a 

(NCT05394519) 

22 

SD: Standard deviation; BMI: Body mass index; CI: Confidence interval; QD: Once daily; QW: Once weekly; NR: Not reported; SE: Standard error; BIW: Bi-weekly; SC: 

Subcutaneous; PO: Oral 

Trials shown are the medication with phase 3 trials underway at the date of submission: 28th August 2025 
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