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ESM Appendix 1  

Why we need more glucose-lowering agents 

Current management of type 2 diabetes is still far from optimal and shows considerable 

variations associated with national, ethnic and socio-economic factors as well as sub-types of 

diabetes, age, sex and co-morbidities. For example, in the USA the National Diabetes 

Statistics Report of 2024 noted that only 52.6% of all adults with diabetes had an HbA1c <53 

mmol/mol (<7%), and HbA1c values are higher amongst Black and Hispanic peoples and 

people living in less wealthy areas [1, 2].  The National Diabetes Audit for England 2021-

2022 recorded that only 36.3% of people with type 1 diabetes and 63.1% of people with type 

2 diabetes had an HbA1c <58 mmol/mol (<7.5%) [3].  Adolescents and elderly or frail 

individuals typically have worse than average glycaemic control based on HbA1c 

measurements, and studies using continuous glucose monitoring have confirmed that high 

glucose variability as well as high HbA1c are associated with diabetes complications [4-6].   

Beyond the constraints of genetics and exposure to unalterable environmental factors 

there are many modifiable barriers that contribute to poor metabolic control [7].  These 

include inappropriate lifestyle or behaviours, development of overweight and obesity 

(especially visceral adiposity), inadequate adherence, social and cultural pressures, 

insufficient health education or knowledge, injection or tablet phobias, fear of hypoglycaemia 

and financial constraints.  Limitations imposed by the structure of healthcare provision, 

scarcity of resources, insufficient clinical education, delayed diagnosis, and clinical inertia are 

further concerns.  

Poor metabolic control is associated with earlier onset and increased severity of 

diabetes complications, notably retinopathic, neuropathic, nephropathic and cardiovascular 

diseases (the latter are often independent co-morbidities), and most people with type 2 

diabetes will develop one or more complications in their lifetime [8, 9].  These complications 



reduce the quality and duration of life and account for most of the direct costs of diabetes (eg 

at least 60% of the direct costs of diabetes in England) [10-12].  Diabetes is estimated to 

account for about 10% of the National Health Service (NHS) expenditure in the UK.   Early 

intervention to re-establish and maintain near-normal blood glucose control (and to address 

cardiovascular risk and relevant co-morbidities) has been shown to reduce the development 

of complications [9, 13, 14].  Many studies have demonstrated the effectiveness of diabetes 

prevention programmes and large programmes of various types are underway in many 

communities [15].   

The established links between poor metabolic control and diabetes complications 

sound a loud mandate for more effective interventions to improve the metabolic management 

of diabetes.   
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ESM  Appendix 2 

Limitations of existing therapies: identifying unmet needs  

Table 1 of the main manuscript notes the variety of mechanisms of action of currently 

available glucose-lowering medications.  Most advanced stages of type 2 diabetes require 

combinations of two or more differently acting non-insulin glucose lowering agents in order 

to maintain an acceptable level of glycaemic control, and addition of insulin is usually 

reserved until non-insulin options are inadequate.  The efficacy of glucose-lowering 

https://doi.org/10.1111/dme.15323


medication is substantially dependent on disease progression and particularly -cell function 

in the face of insulin resistance.  However, exogenous insulin or agents that stimulate insulin 

secretion irrespective of the prevailing glucose concentration (sulfonylureas and meglitinides) 

carry the risk of overt hypoglycaemia.  This requires especial attention to dose titration, 

lifestyle (notably diet), self-monitoring of blood glucose and cautions over driving and 

physical activities. Risk of hypoglycaemia is also to be considered with use of combination 

therapies. Most agents are contraindicated for pregnancy and lactation, excepting insulin and 

the possible use of metformin in some circumstances.   Other common contraindications and 

cautions are listed in the table below (ESM Table 1).  For specific pharmacodynamic and 

pharmacokinetic constraints, potential drug interactions and practical concerns, readers are 

referred to the individual product labels (summaries of product characteristics) available at 

the Electronic Medicines Compendium   https://www.medicines.org.uk/emc#gref (accessed 

18 June 2025).     

 Although disease heterogeneity can considerably alter the phenotypic presentation of 

type 2 diabetes, underlying lesions affecting pancreatic beta-cell function and number, insulin 

resistance and glucotoxicity present unmet needs and potential therapeutic targets for almost 

all presentations.  Pancreatic beta-cell defects generate a wish list of agents to restore first 

phase glucose-induced insulin release and proinsulin-to-insulin processing.  To address the 

diminishing beta-cell population, further agents that reduce beta-cell apoptosis or promote 

beta-cell neogenesis would be highly advantageous.  Research that can exploit advances in 

cell reprogramming, microRNAs and gene editing offers particular opportunities here.   

 Because insulin resistance has a detrimental effect on many physiological functions 

beyond nutrient metabolism, it remains an important and inadequately addressed therapeutic 

target.  However, insulin signalling is often disrupted at more than one step along the 

signalling pathways, imposing rate-limiting constraints that diminish the effectiveness of 

individual interventions.  Similarly, an intervention that directly targets a particular step in a  

metabolic pathway may be impeded by ‘pinch-points’ at other steps in the pathway. 

 Agents to regulate food intake and improve weight control offer recognised 

opportunities to benefit beta-cell function, insulin resistance and glucotoxicity as well as 

reducing risk of associated morbidities that commonly accompany type 2 diabetes.   Many 

agents are already in development to take advantage of this approach.  

 

ESM Table 1.  Limitations of existing therapies for type 2 diabetes.   



 

Class Contraindications, limitations and risks 

Metformin 

     
Renal impairment; risk of lactic acidosis with advanced kidney 

disease; alcohol abuse; vitamin B12 deficiency; gastrointestinal 

disturbances may limit dose titration 
Sulfonylureas 

     
Hypoglycaemia; weight gain; durability may be reduced by hastened 

beta-cell exhaustion; cautions with advanced kidney or liver disease 

(depending on drug elimination route) 
Meglitinides 

     
Hypoglycaemia and weight gain are lesser risk than for 

sulfonylureas; caution with advanced liver disease 
DPP4 inhibitors     Some DPP4 inhibitors require dose adjustment in advanced kidney 

disease 
Pioglitazone      Weight gain; oedema (especially with insulin), heart failure; 

advanced liver disease; possible increased risk of bone fracture 
SGLT2 inhibitors 

       
Severe kidney disease/dialysis; dehydration; history of ketoacidosis; 

recurrent urinary infections  
Alpha-glucosidase 

inhibitors 
Gastrointestinal disorders (especially obstructive); advanced kidney 

or liver disease  
GLP-1 receptor 

agonists 
Gastrointestinal disorders (especially obstructive); pancreatitis; end-

stage kidney disease; ketoacidosis.  Cost; mostly given by injection.  
Insulin Hypoglycaemia; weight gain.  Injection. 

 And in some countries 

Pramlintide Gastroparesis; hypoglycaemia unawareness; adjustment of insulin 

and meals.  Injection 
Bromocriptine  Hypertension; cardiovascular caution if long-term use 
Colesevelam Gastrointestinal disorders (especially obstructive); pancreatitis; 

biliary disorders  

 

 

ESM  Appendix 3  

Potential therapies undeveloped, discontinued or not completed due to 

unresolved issues during development 

 

This appendix describes novel glucose-lowering mechanisms and interventions that have 

been discontinued or incurred unresolved issues during preclinical or clinical development 

but provide valuable lessons regarding potential therapeutic opportunities. 

 

Nutraceuticals   



Type 2 diabetes is frequently associated with deficiencies of intake and/or circulating 

concentrations of several vitamins and minerals, notably vitamins D (cholecalciferol), C 

(ascorbic acid), E (alpha-tocopherol), beta-carotene, B1 (thiamine), B12 (cyanocobalamine) 

and H (biotin), and minerals magnesium, chromium, zinc and iron [1].  Dietary 

supplementation to correct (but not over-correct) micronutrient deficiencies can often 

modestly improve glycaemic control but this is seldom a permanent disease-modifying 

intervention [2].   Similarly, prebiotic (non-digestible fibre) supplements can assist glycaemic 

management, and a substantial literature (outside of the present remit) is available regarding 

high fibre diets [3].  Evidence concerning probiotic (live organism) supplements is less 

consistent and much may depend on the pre-existing microbiome and diet, as well as the 

organisms within the supplements [4].  Endless claims of benefits from supplements 

containing antioxidants or possible anti-inflammatory factors have been difficult to validate, 

and although such supplements may provide modest assistance for individuals with particular 

deficiencies, they have not provided long-term protection against disease progression [4].  

 

Insulin mimetics 

The therapeutic potential of agents that can mimic insulin or potentiate insulin signalling has 

been hampered by multiple ‘bottle-necks’ in the signalling pathways such that the benefit of 

facilitating one step in the pathway is diminished by rate-limiting restrictions at distal steps 

[5, 6].  Regarding activation of the insulin receptor, crystal structures have shown that the 

interaction with insulin involves two spatially separated sites within the extracellular domain 

of the insulin receptor.  This illustrates why the development of small molecule insulin 

receptor agonists has been elusive [7]. The subtle manner of the interaction between insulin 

and the insulin receptor is further illustrated by studies with a monoclonal antibody showing 

that a different binding arrangement can create a different conformational change that enables 

only some of the intracellular effects of insulin [8].   Nevertheless, proof of principle for a 

non-peptide insulin receptor agonist is demonstrated by a small molecule fungal metabolite 

(chaetochromin A).  This interacts with the extracellular domain of the insulin receptor 

independently of insulin binding, initiating phosphorylation of the intracellular receptor 

domain which in turn activates insulin receptor substrate IRS-1 and signalling through Akt 

(protein kinase B) to increase glucose uptake by muscle cells.  Oral administration of the 

compound also lowered blood glucose in diabetic mice [9].  Another fungal metabolite, 

demethylasterriquinone, has initiated insulin action and lowered blood glucose independently 

of insulin by interaction directly with the intracellular domain of the beta-subunit of the 



insulin receptor [10].  Also, several small molecules have been shown to interact with the 

intracellular domain of the insulin receptor to increase insulin receptor signalling after 

receptor phosphorylation has been initiated by insulin, but none of the above has progressed 

for clinical evaluation [11].  It is noted that interventions to mimic insulin action must avoid 

over compensation, to prevent risk of ‘hypos’ and other adverse effects seen with 

hyperinsulinaemia.      

 

Phosphatase inhibition 

Inhibitors of protein tyrosine phosphatase-1B (PTP1B) can interrupt deactivation of the 

insulin receptor (eg. metformin inhibits PTP1B) and thereby prolong post-receptor signalling.  

Vanadium salts provide an interesting example because they can lower blood glucose in type 

2 diabetes and the effect lasts for several days, but the narrow therapeutic window and ‘off-

target’ effects have precluded development [12]. 

 

Post-receptor insulin signalling    

Several interventions have increased insulin post-receptor signalling by inhibiting 

intermediates that exert negative feedbacks, such as some isoforms of protein kinase C which 

cause serine phosphorylation of IRS-1 to preclude signalling.  Agents that boost the 

intracellular supply of signalling intermediates can increase insulin action: for example, 

methyl-chiroinositol (pinitol) increases signalling by phosphatidylinositol 3-kinase.  

However, non-specific effects have limited the application of this approach [13].   

 

Adipokines    

Receptor agonists and antagonists have been developed for several adipokines that provide 

potential opportunities to modify insulin action or appetite control, but none has yet to fulfil 

the requirements for an effective long-term medicine for glycaemic control in type 2 diabetes.  

Small molecule agonists of adiponectin receptors (AdipoR1 and AdipoR2) continue in 

consideration as opportunities to reduce gluconeogenesis and increase fatty acid oxidation via 

activation of AMPK and PPAR-alpha [14].  Adipocyte peptides that support insulin action 

such as apelin, omentin and visfatin, or peptides that impede insulin action such as resistin, 

retinol-binding protein-4, tumour necrosis factor-alpha and interleukin-6 also remain in 

consideration as therapeutic targets for type 2 diabetes [15]. To specifically reduce adipose 

tissue mass without affecting lean body mass, preclinical studies have inhibited the activin 

receptor-like kinase-7 (ALK7), which is predominantly expressed in adipose tissue. Gene 



knock-out, a neutralising antibody or a small interfering RNA to inhibit ALK7 have increased 

catecholamine sensitivity, lipolysis and fat oxidation and achieved weight loss while 

preserving muscle [16].  

 

Duodenal mucosal disruptors  

Surgical procedures that by-pass the duodenum, or endoscopic interventions that damage the 

duodenal mucosa or prevent contact between the duodenal mucosa and content of the lumen 

have all been reported to reduce hyperglycaemia and improve weight control in type 2 

diabetes [17].  The efficacy of Roux-en-Y gastric by-pass (RYGBP), mini-gastric by-pass 

(MGBP), and biliopancreatic diversion (BPD) is well recognised, and endoscopic procedures 

such as an endoluminal duodenal liner (Endobarrier) or thermal, electroporation or laser 

disruption of the duodenal mucosa have all improved glycaemic and weight control. This 

illustrates the opportunity for further consideration of intestinal peptides as templates for new 

glucose-lowering therapies [18].      

 

 Selective peroxisome proliferator-activated receptor modulators 

Previously approved thiazolidinedione molecules have improved insulin sensitivity, but side 

effects including weight gain, risk of oedema and other concerns have precluded further 

usage in many regions.  Manipulation of thiazolidinedione and non-thiazolidinedione 

molecules to selectively regulate the peroxisome proliferator-activated receptors (PPARγ, 

PPARα and PPARδ, collectively referred to as selective peroxisome proliferator-activated 

receptor modulators, SPPARMs) remains in consideration.  However, this approach has yet to 

minimise unwanted side effects sufficiently to yield new glucose-lowering compounds for 

full development [19].   

 

Hydroxysteroid dehydrogenase-1 inhibitors 

Hypercortisolism is often a finding in individuals with poorly controlled type 2 diabetes, and 

inhibition of 11β-hydroxysteroid dehydrogenase-1 can reduce cortisol concentrations by 

preventing conversion of cortisone back to active cortisol in the liver and adipose tissue. Such 

inhibitors have improved insulin sensitivity, glycaemic control and weight control in type 2 

diabetes patients, but compensatory increases in adrenocorticotropic hormone (ACTH) 

remain problematic [20].      

 

Adenosine monophosphate-activated protein kinase activators 



Activators of adenosine monophosphate-activated protein kinase (AMPK) provide a 

recognised approach to improve metabolic control in type 2 diabetes by enhancing glucose 

uptake and oxidation, decreasing gluconeogenesis, decreasing lipogenesis and increasing 

fatty acid oxidation.   Metformin, some PPARγ agonists, alpha-lipoic acid, adiponectin 

receptor agonists and various analogues of AMP such as AICAR (5-amino imidazole-4-

carboxamide-1-B-D-ribofuranoside) can activate AMPK.  Further activators have received 

preclinical evaluation, but have not entered or not completed clinical assessment [21]. 

Increasing the action of AMPK has the added advantage of suppressing the mammalian target 

of rapamycin complex (mTORC) and indirectly inhibiting nuclear factor kappa-B (NF-κB), 

so reducing the production of proinflammatory cytokines. 

 

Inhibitors of hepatic glucose output, glucose production and metabolism 

Inhibitors of glucose 6-phosphatase and fructose 1,6 bisphosphatase, which suppress hepatic 

gluconeogenesis and/or glycogenolysis have shown effective blood glucose lowering activity 

in preclinical and clinical studies, but the avoidance of hypoglycaemia remains a particular 

challenge [22].    

 

Sirtuins 

Sirtuins are nicotinamide-adenine-dinucleotide-dependent histone deacetylases and ADP-

ribosyltransferases.  Small molecule activators of several sirtuins (notably SIRT1) have 

provided an epigenetic route to modify the transcription of genes that increase mitochondrial 

biogenesis and energy expenditure, improve body weight control, lower blood glucose and 

slow the progression of nephropathy and neuropathy in diabetic animal models [23].  

However, the results of clinical trials with some of these activators have been mixed, and 

none has proceeded successfully in clinical development [24].   

 Bromodomain and extra-terminal (BET)) proteins exert epigenetic effects via 

interaction with acetylated histones, and some small molecule modulators have protected 

against cytokine-induced beta-cell apoptosis and improved insulin sensitivity in preclinical 

studies [25].  However, glucose-lowering effects suited to the treatment of type 2 diabetes 

have yet to emerge during clinical studies [26].   

 

Mitophagy agents  

Because the removal of ageing and damaged mitochondria (mitophagy) can reduce oxidative 

stress and chronic inflammation, and improve insulin action, interventions to increase 



mitophagy have been considered as a treatment strategy to assist in the management of type 2 

diabetes.  These include activators of sirtuin 1 (SIRT1), AMPK and PGC-1alpha (eg 

thiazolidinediones) as considered above [27, 28].   

 

Diacylglycerol acyltransferase regulation 

Diacylglycerol acyltransferase enzymes (DGAT1/2) convert diacylglyceride to triglyceride, 

and inhibitors of DGAT1 have reduced lipid storage, improved insulin sensitivity and 

lowered blood glucose in preclinical models, but clinical studies in type 2 diabetes have yet to 

be successful [29].   

 

Testosterone and selective androgen receptor modulators  

Testosterone replacement therapy and some selective androgen receptor modulators 

(SARMs) have been helpful in improving insulin sensitivity and glycaemic control in some 

men with type 2 diabetes, especially hypogonadal individuals with excess visceral adiposity, 

but efficacy is probably not sufficient for more general glucose-lowering purposes [30].   

 

Microbiome modulators 

Although the microbiome is highly variable between individuals, at least partly due to ethnic 

and dietary factors, type 2 diabetes is often associated with a reduction in bacteria that 

produce butyrate and other short-chain fatty acids.  Pre- and pro-biotic supplements 

(considered above) and faecal transplants to increase relevant bacteria have had mixed 

effects, and a reliable alteration to the microbiome that produces predictable and lasting 

benefits to glycaemic control has yet to emerge [31].   

 

MicroRNAs 

RNA targets to improve pancreatic beta-cell function are included in the main text.  

Appealing targets to improve insulin action in type 2 diabetes have been identified, but 

potentially effective miRNA approaches have been impeded by the difficulty of limiting 

action to selected tissues [32, 33].   
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