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Abstract

Sections

Theimpact of insulin resistance and compensatory hyperinsulinaemia
onkidney function, and their contribution to the development and
progression of chronic kidney disease, have largely been overlooked

in people with or without diabetes. Beyond its classical metabolic
targets (muscle, liver and adipocytes), insulin has an essential role in
kidney metabolism and physiology, regulating podocyte integrity,
tubular sodium handling and gluconeogenesis. In states of insulin
resistance, these homeostatic functions are disrupted, leading to
glomerular hyperfiltration, proteinuria, sodium retention, progressive
kidney injury and exacerbation of hyperglycaemia. Simultaneously,
chronic hyperinsulinaemia activates pro-growth and pro-fibrotic
pathways, resulting in vascular dysfunction, inflammation and fibrosis.
The emerging framework of a cardiovascular-kidney-metabolic
syndrome reframes kidney disease as a manifestation of systemic
metabolic dysfunction with insulin resistance and impaired insulin
signaling atits core. Here, we provide mechanistic insights linking
insulin resistance, hyperinsulinaemia, lipotoxicity and inflammation
to kidney pathology and highlight the therapeuticimplications of

this paradigm for renoprotective agents, including sodium-glucose
co-transporter 2 inhibitors, glucagon-like peptide 1 receptor agonists
and thiazolidinediones. Recognition of the pathogenicrole of insulin
resistance and hyperinsulinaemia will advance the development of
novel therapeutic approaches to prevent and slow the progression of
chronickidney disease.

Introduction

Insulin in the kidney

Insulin resistance and
kidney disease

Chronic kidney disease-driven
insulin resistance

Modulation of insulin
resistance-hyperinsulinaemia
by cardiovascular-kidney-
metabolic therapies

Conclusions

Texas Diabetes Institute, Diabetes Division, University of Texas Health Science Center at San Antonio, San Antonio,
TX, USA. < le-mail: defronzo@uthscsa.edu

Nature Reviews Nephrology


http://www.nature.com/nrneph
https://doi.org/10.1038/s41581-026-01066-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41581-026-01066-0&domain=pdf
http://orcid.org/0000-0002-4979-3799
http://orcid.org/0000-0003-3839-1724
mailto:defronzo@uthscsa.edu

Review article

Key points

o The kidney, traditionally under-recognized in insulin biology,
has pivotal roles in insulin clearance, with insulin affecting kidney
gluconeogenesis, podocyte function and sodium handling.
Disturbances in kidney insulin signaling contribute directly to

the pathogenesis of diabetic kidney disease.

o Insulin resistance in kidney tissues impairs podocyte integrity,
enhances tubular gluconeogenesis and disrupts sodium balance,
leading to albuminuria, hypertension and hyperglycaemia. These
processes collectively accelerate chronic kidney disease progression
in diabetes.

e Chronic hyperinsulinaemia, although initially compensatory,
becomes maladaptive by promoting oxidative stress, inflammation,
fibrosis and vascular dysfunction, positioning it as a key driver of
kidney and cardiovascular injury in cardiometabolic disease.

o Kidney lipotoxicity, fuelled by insulin resistance and hyperinsulinaemia,
induces podocyte dysfunction, mesangial expansion and tubular injury
through mitochondrial impairment, endoplasmic reticulum stress and
pro-inflammatory lipid mediators, exacerbating diabetic nephropathy
within the cardiovascular-kidney-metabolic syndrome framework.

e Therapies including sodium-glucose co-transporter 2 inhibitors,
glucagon-like peptide 1 receptor agonists and thiazolidinediones
provide renoprotection through insulin-independent pathways,
reducing glucotoxicity, lipotoxicity and hyperinsulinaemia, with benefits
extending beyond glycaemic control to non-diabetic kidney disease.

o Insulin resistance both contributes to and results from chronic
kidney disease, establishing a self-perpetuating cycle; breaking this
link requires therapies that target systemic insulin sensitivity, kidney
metabolism and inflammatory-oxidative pathways.

Introduction

Chronic kidney disease (CKD) is a major health problem, with con-
siderable morbidity and mortality. Approximately 35.5 million adults
(roughly 14% of adults in the USA) and 850 million people worldwide are
estimated to have kidney disease based on Kidney Disease: Improving
Global Outcomes guidelines, with >2 million people receiving kidney
replacement therapy'. Further, people with CKD have an elevated risk
of mortality, primarily owing to high cardiovascular risk. Type 2 dia-
betes (T2D) is estimated to be responsible for ~40% of CKD cases and
approximately one third of adults with T2D in the USA develops CKD
throughout their lifetime.

Hyperglycaemiais a well-established principal risk factor for dia-
betic nephropathy and each 1% increase in glycated haemoglobin
(HbA,,) levels is associated with a 40% increase in the risk of CKD. In
the Atherosclerosis Risk in Communities (ARIC) Study, the incidence
of CKD doubled (from 14.2 to 30.3 per 1000 person-years) with an
increasein HbA,. from 6.5% to 10%>. Of note, people with well-controlled
T2D (HbA,.<6% (mean 5.3%)) still had a CKD incidence of 9.8 per
1000 person-years, suggesting that, although hyperglycaemia is a
major risk factor for CKD, factors other than hyperglycaemia contrib-
ute to CKD in people with T2D? Moreover, many other prospective

studiesshowed anincreased incidence of kidney disease in people with
impaired glucosetolerance andinindividuals without diabetes but with
metabolic syndrome, suggesting that CKD can also develop in people
atahigh risk of diabetes without overt hyperglycaemia.

T2D is a complex, multifactorial disease characterized by two
major pathophysiological defects: insulin resistance and pancreatic
B-cell dysfunction®. Insulin resistance is the earliest detectable abnor-
mality and represents a state inwhichinsulin-responsive tissues, such
asskeletal muscle, liver and adipose tissue, have adiminished response
to insulin, resulting in impaired glucose uptake and utilization’. To
compensate for insulin resistance, pancreatic (3-cells increase their
secretion of insulin and insulin clearance is reduced — the resultant
hyperinsulinaemia maintains normoglycaemia. However, with time,
B-cellfailure ensues, resulting in progressive hyperglycaemia and the
clinical onset of diabetes. Although extensive research has focused on
the mechanisms of insulin resistance in classic insulin-sensitive tissues,
comparatively little attention has been given to the kidney, which is
acritical but underrecognized site of insulin action and resistance.

Insulin resistance can be present years before the onset of hyper-
glycaemiaand exerts deleterious effects beyond glucose metabolism,
including alterations in lipid handling, endothelial dysfunction and
low-grade inflammation’. These metabolic disturbances contribute
to the pathogenesis of cardiovascular and kidney disease, even in the
absence of overt diabetes. Thus, insulin resistance and hyperinsuli-
naemia are central abnormalities linking metabolic syndrome, T2D
and CKD within the broader cardiovascular-kidney-metabolic (CKM)
syndrome continuum.

Inthis Review, we summarize the evidence suggesting thatinsulin
has a pivotal role in maintaining normal kidney function, and thatinsu-
linresistance and the accompanying hyperinsulinaemiaare key contrib-
utors to the development of CKD, independently of hyperglycaemia.
We also examine how these mechanisms interact with lipid metabolism
andinflammation to promotekidney injury, and discuss how emerging
therapies might restore metabolic and kidney homeostasis.

Insulin in the kidney

The kidneys have an important role in the maintenance of normal
glucose homeostasis through insulin-responsive gluconeogenesis
(discussed below)*, as well as a pivotal and often underappreciated role
insystemicinsulinhomeostasis. In addition to the liver, which removes
6-8 unitsofinsulin per day (-60 %), approximately 4-6 units of insulin
(-40%) are cleared daily by the kidneys in a process that involves both
glomerular filtration of circulating insulin and receptor-mediated
uptake from peritubular capillaries®. Filtered insulin is reabsorbed
almost entirely in the proximal tubule via the endocytic receptors
megalin and cubilin®, after which it undergoes lysosomal degrada-
tion. In parallel, insulin uptake from the basolateral membrane triggers
downstreamintracellular signalling cascades, notably the insulin recep-
tor substrate 1 (IRS1) or IRS2-PI3K-AKT (Fig. 1) and MAPK pathways’.
These signalling routes regulate not only metabolic gene expression
and protein synthesis but also transport functions and cell survival.
The kidney is therefore an insulin-responsive organ, with podocytes,
mesangial cells, endothelial cells and proximal tubule epithelial cells
expressing insulin receptors and downstream signalling machinery
thatenableinsulin-regulated glucose uptake® (Fig. 2). Of note, glucose
handling in the kidneys also includes insulin-independent glucose
reabsorption viasodium-glucose co-transporter 2 (SGLT2) expressed
inthe proximal tubule, which reclaims most filtered glucose regardless
of insulin levels’.
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Fig.1|Insulin signalling pathway and downstream
metabolic and vascular effects. Binding of insulin
toits receptor on the plasma membrane activates
insulin receptor substrate-1(IRS-1), whichin turn
stimulates phosphoinositide 3-kinase (PI3K). The
PI3K complex (p85-p110) activates protein kinase

B (AKT). AKT activation promotes glucose uptake
through translocation of glucose transporter 4
(GLUT#4) to the cellmembrane. leading to multiple
downstream effects, including stimulation of
protein, lipid and glycogen synthesis. AKT also
activates endothelial nitric oxide synthase (NOS),
increasing the production of nitric oxide, whichisa
potent vasodilator and anti-atherogenic molecule.
Ininsulin-resistant states, the insulin signalling
pathway is selectively impaired, reducing glucose
uptake while maintaining or enhancing renal
sodium reabsorption and protein synthesis, thereby
contributing to hypertension and glomerular injury.
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The health of podocytes, which are terminally differentiated epi-
thelial cells essential for the maintenance of the glomerular filtration
barrier, is critically dependent on insulin and a normal insulin signal
transduction system'. Insulin also has a potent action on the kidney
tubules, where it augments sodium reabsorption™. Insulin resistance
in the kidney and impaired insulin signalling can, therefore, stimu-
late kidney gluconeogenesis, disrupt sodium handling and vascular
tone, contributing to hypertension and glomerular dysfunction™'%;
cause podocyte dysfunction resulting in albuminuria™*; promote
hyperglycaemia*®; contribute to hyperinsulinaemia*"*, which is a
self-perpetuating cause of insulin resistance'; and both directly and
indirectly induce kidney injury".

Glomerular cell function

The glomerulus comprises three distinct cell types: mesan-
gial cells, endothelial glomerular cells and podocytes, all of which are
insulin-responsive. The interaction between these three cell types,
as well as their interaction with blood capillaries in the glomerulus,
regulate kidney filtration. The receptors for insulin and insulin-like
growthfactorlarestructurally related transmembrane glycoproteins
and are both expressed in mesangial cells, where they functionas hybrid
receptors, binding insulin-like growth factor 1 with high affinity and
insulin with somewhat lower affinity'®. Animal studies show that insu-
lininhibits apoptosis by activating the IRS-PI3K-AKT pathway and
stimulating mesangial cell proliferation”, with an expanded mesan-
gial cellcompartmentbeing a consistent finding in CKD. Further, insu-
lin signalling is essential for calcium uptake in mesangial cells, which
regulates mesangial cell contraction and glomerular filtration rate
(GFR)®. Interfering with insulin action in mesangial cells thus alters
mesangial cell contraction and contributes to kidney hyperfiltration,
whichis often observed inindividuals with insulin resistance and occurs
early in diabetes. In endothelial glomerular cells, insulin stimulates
endothelial nitric oxide synthase activity, leading to anincrease in nitric
oxide production® and consequent vasodilation (Fig. 2). Insulin also
directly influences the function and survival of podocytes, whose loss
or dysfunctionislinked to the development of albuminuriaand occurs
earlyin diabetic nephropathy. Podocytes express key insulin signalling
molecules, including IRS2 and AKT, as well as glucose transporters

(GLUT1and GLUT4)'**, Insulin binding activates PI3K-AKT signalling
in podocytes, supporting actin cytoskeletal organization and GLUT4
trafficking, essential for podocyte energy homeostasis'.

Gluconeogenesis

Insulin serves as a crucial regulator of gluconeogenesis. Approxi-
mately 10-20% of endogenous glucose production in humans in the
post-absorptive (fasting) state is derived from gluconeogenesis***
in proximal tubular cells located in the kidney cortex?*. During fast-
ing, low insulin levels permit the activation of gluconeogenic tran-
scription factors such as FOXOI and PGCIA, which induce expression
of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-
6-phosphatase (G6Pase). Insulin inhibits kidney gluconeogenesis* via
PI3K-AKT-mediated phosphorylation of FOXO1, suppressing transcrip-
tion of gluconeogenic enzymes and shifting kidney metabolism from
glucose production to glucose conservation in animal model studies®.

Kidney tubular sodium transport

In humans and in animals, insulin potently augments kidney sodium
uptake in concert with phosphate, calcium and uric acid and this
ability is maintained in individuals with insulin resistance®. The
anti-natriuretic effect ofinsulinon kidney electrolyte transportis inde-
pendent of changes in plasma aldosterone, GFR, kidney plasma flow,
filtered glucose load or plasma glucose concentration, and was demon-
strated inisolated perfused dog kidneys?. This anti-natriuretic action
of insulin is mediated by the sodium-hydrogen exchanger 3 (ref. 28).
Insulin stimulates the IRS2-AKT2-mechanistic target of rapamycin
complex2signalling pathway to augment sodium reabsorptioninthe
proximal tubule, potentially contributing to hypertensionin metabolic
syndrome'?, Insulinalso stimulates the sodium chloride cotransporter
inthedistal convoluted tubule and the epithelial sodium channelin the
collecting duct by activating the insulin receptor-AKT-mechanistic
target of rapamycin complex 2 signalling pathway*°.

Overall, several studies indicate that insulin directly enhances
kidney sodium reabsorption in humans and dogs, contributing to
anti-natriuresis, independent of other hormonal or haemodynamic
changes". However, although this effect correlates with insulin and
salt sensitivity at the level of specific transport mechanisms, it does
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Fig. 2| Insulin exerts multiple actions in the kidney. In proximal tubular

cells, insulin stimulates sodium reabsorption through activation of the
sodium-glucose co-transporter 2 and the sodium-hydrogen exchanger

3 (NHE3). Insulinalso inhibits gluconeogenesis in the kidney by activating the
phosphatidylinositol 3-kinase-protein kinase B signalling pathway, which
phosphorylates the transcription factor forkhead box protein O1 (FOXO1),
thereby inhibiting its nuclear translocation and reducing expression of
gluconeogenic enzymes including phosphoenolpyruvate carboxykinase and
glucose-6-phosphatase. In podocytes, insulin promotes glucose uptake, and
reorganization of the actin cytoskeleton, all of which are essential for maintaining
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slit diaphragm integrity and podocyte survival. In addition, insulin stimulates
kidney lipogenesis by increasing the expression of fatty acid synthase (FAS) and
acetyl coenzyme A carboxylase (ACC) through activation of sterol-regulatory
element binding protein (SREBP), supporting physiological lipid synthesis
inkidney epithelial cells. Collectively, these physiological insulin-mediated
actions integrate the kidney into pathways for systemic glucose, lipid and energy
homeostasis. Insulin also contributes to the preservation of glomerular and
tubular structure and function, including arole in the regulation of glomerular
filtration rate (GFR) through its effects on mesangial and endothelial cells.

not necessarily change overall sodium excretion or blood pressure™,
and remains modest compared with that of dominant blood pressure
regulators such as the renin-angiotensin-aldosterone system.

Vascular tone

Insulinisavasodilator that affects vascular tone directly and augments
kidney blood flow, leading to increased GFR*%. Accordingly, in healthy
individuals, acute elevation of plasmainsulin concentrationsincreased
kidney blood flow accompanied by an increase in GFR. In one study®,
acute elevation of plasma insulin concentration (euglycaemic insulin
clamp) led to a19% and 11% increase in kidney blood flow and GFR,
respectively. These vascular actions of insulin are probably mediated
through nitric oxide synthase given that they could be blocked, at least
in part, with the nitric oxide synthase inhibitor L-NAME®. Importantly,
theincreaseinkidneyblood flow and GFR correlated strongly withinsu-
linsensitivity measured with the euglycaemicinsulin clamp (r = 0.64,
P<0.01), suggesting that insulin-induced increases in kidney blood
flow might be attenuated in insulin-resistant individuals.

Lipogenesis

Although the effects of insulin on lipid metabolism in muscle, liver
and adipocytes have been extensively studied, the action of insulin on
lipid metabolismin thekidney has received little attention. Inliver and
adipocytes, lipogenic enzymes — fatty acid synthase and acetyl-CoA
carboxylase (ACC) — are strongly upregulated by insulin through

transcriptional regulation mediated by sterol-regulatory element
binding protein (SREBP)**. Because of their high energy demands,
kidney cellsingeneral, and proximal tubular cells in particular, rely on
fatty acid oxidation (FAO) as their main source of energy production®.
Circulating fatty acids are important sources of substrates for fat oxida-
tion, but, similar to hepatocytes, kidney cells can also synthesize fatty
acids fromacetyl CoA.

Increased kidney lipid content (that is, kidney steatosis) has
been associated with diabetic kidney disease, with morphological
studies demonstrating elevated lipid droplets in all cell types in the
glomeruli (including podocytes, mesangial cells and fenestrated
endothelial cells), as well as in tubular epithelial cells**. Altered de novo
lipogenesis has also been reported in CKD*. Enhanced fatty acid avail-
ability and impaired mitochondrial FAO contribute to kidney steatosis
and both have been linked to impaired kidney function and fibrosis
(Fig.3).Increased tubular uptake of free fatty acids (FFAs), which occurs
in proportion to the plasma FFA concentration (basolateral side) and
glomerular albuminuria (luminal side)*, and increased de novo lipo-
genesis in the kidney both contribute to increased FFA availability in
kidney cells. Kidney lipogenesis, determined by increased fatty acid
synthase and ACC activity, is markedly enhanced by high fat feeding
in animal model studies®, which is also associated with hyperinsuli-
naemia. The accumulation of triacylglycerol in proximal tubular cells
can induce insulin resistance*® and drive gluconeogenesis through
increased ACC concentration.
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FFAs can be oxidized to generate ATP to support energetic trans-
port processes or incorporated into lipid-containing triacylglycerol
droplets®. In insulin-resistant states, plasma FFA concentration is
markedly increased®and increased tubular uptake would be expected
to promote tubular resistance to insulin.

Insulin resistance and kidney disease

Insulinresistance is conventionally viewed as a pathological state that
contributes to metabolic and vascular injury. However, insulin resist-
ance might also serve, at least initially, as a protective mechanism,
particularly in the context of nutrient excess and hyperglycaemia*.
This adaptive response is hypothesized to reduce glucose uptake in
insulin-sensitive tissues, including skeletal muscle and kidney, thereby
preventing intracellular glucotoxicity, mitochondrial overload and
oxidative stress.

Inthe kidney, particularly within proximal tubular cells and podo-
cytes, excess intracellular glucose can disrupt redox homeostasis,
promote formation of advanced glycation end-products and impair
mitochondrial function®’. By downregulating insulin signalling path-
ways and their downstream effects, such as GLUT4 translocation,
transient insulin resistance might restrict glucose influx, preserv-
ing cellular bioenergetics during periods of metabolic stress. A similar
adaptive framework has been proposed in skeletal muscle and liver,
where insulin resistance might help to redirect substrates away from
saturated oxidative pathways*.

Healthy kidney
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Fig.3|Insulin regulation of kidney lipid metabolism in healthy versus insulin-
resistant kidney. Under physiological conditions, proximal tubular cells rely
predominantly on fatty acid oxidation for ATP production, with balanced free
fatty acid (FFA) uptake, de novo lipogenesis and fatty acid export. Insulin stimulates
sterol-regulatory element binding protein (SREBP)-mediated transcription of
lipogenic enzymes such as acetyl-CoA carboxylase (ACC), but lipid handling
remains physiologically regulated. Ininsulin-resistant states — characterized by
hyperinsulinaemia, elevated plasma FFAs and albuminuria — kidney fatty acid

However, the compensatory hyperinsulinaemic response toinsu-
linresistance becomes maladaptive when prolonged. Chronicinsulin
resistance triggers persistent hyperinsulinaemia**, which, in concert
with insulin resistance, exacerbates kidney injury through haemody-
namic and metabolic dysregulation, enhanced sodium reabsorption
and stimulation of pro-inflammatory and pro-fibrotic pathways (Fig. 4).
Thus, although transient insulin resistance has been hypothesized
to offer short-term cytoprotection, its persistence contributes to
the pathogenesis of progressive CKM disease. Importantly, insulin
resistance can predict early kidney injury independent of glycaemic
control. A prospective cohort study demonstrated that individuals
with new-onset diabetes and marked cellular insulin resistance were
significantly more likely to develop albuminuria and experience GFR
decline, even after adjusting glucose levels®.

Of note, not all tissues and pathways become resistant to insulin
and we have demonstrated that, in individuals with T2D and insu-
lin resistance, insulin-mediated regulation of protein synthesis and
degradation is normal*®. Thus, normal or enhanced insulin signal-
ling in kidney tubules and glomerular cells, even in the presence of
severe insulin resistance, can stimulate protein synthesis, leading to
glomerulosclerosis and tubular injury**%,

Disrupted haemodynamic regulation
Individuals without diabetes but with insulin resistance and normal
kidney function, as evidenced by normal serum creatinine levels and

Insulin-resistant kidney
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uptakerises, SREBP-driven de novo lipogenesis is upregulated, and fatty acid
oxidation and export become impaired. This imbalance promotes intracellular
accumulation of triglyceride (TG)-rich lipid droplets (that is, kidney steatosis),
contributing to tubular insulin resistance, mitochondrial dysfunction, increased
ACCactivity and activation of pro-fibrotic pathways. All of these effects have
beenlinked to chronic kidney disease progression. ABCG1, ATP-binding cassette
sub-family G member 1; FABP, fatty acid binding protein; FATP, fatty acid
transport protein.
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Fig. 4 |Mechanisms linking insulin resistance to kidney injury. Insulin
resistance affects multiple kidney compartments, contributing to progressive
kidney damage. In the glomerulus, increased proximal sodium reabsorption
reduces sodium delivery to the macula densa, leading to afferent arteriolar
dilation and efferent arteriolar vasoconstriction; the net result is increased intra-
glomerular pressure and kidney hyperfiltration. Podocytes develop cytoskeletal
abnormalities and reduced nephrin expression, resulting in detachment,
apoptosis and proteinuria. Endothelial dysfunction, driven by reduced

nitric oxide (NO) bioavailability and oxidative stress, disrupts the filtration
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barrier and promotes albuminuria. In mesangial cells, hyperinsulinaemia and
enhanced insulin-like growth factor 1 (IGF-1) and angiotensin Il (Angll) signalling
stimulate proliferation and extracellular matrix (ECM) expansion, leading

to glomerulosclerosis. In the proximal tubules, pro-inflammatory cytokine
production (IL-6 and tumour necrosis factor (TNF)) and enhanced transforming
growth factor-f (TGFp) signalling drive fibrosis and tubular atrophy. In the
interstitial compartment, chronic inflammation, macrophage recruitment and
ECM deposition promote interstitial fibrosis. Collectively, these alterations link
insulin resistance to theinitiation and progression of chronic kidney disease.

absence of albuminuria, have elevated kidney blood flow, GFR and
filtration fraction compared with insulin-sensitive individuals*’. This
increase in GFR is associated with worsening insulin sensitivity and
is attributed to chronic hyperfiltration caused by insulin resistance.
Similar inverse relationships between insulin sensitivity (measured
with the euglycaemicinsulinclamp) and GFR or filtration fraction were
also demonstrated in people with well-controlled T2D and preserved
kidney function, defined by normal measured GFR and absence of
albuminuria®. Inone study of people without diabetes in which kidney
blood flow was measured with para-aminohippuricacid (PAH) clearance
and GFR was measured with insulin clearance, both intraglomerular
pressure and GFRincreased withinsulin resistance but not with obesity.
Further, urinary microalbumin levels increased with the decrease in
insulin sensitivity*. Collectively, these studies suggest that chronic
insulinresistance, independent of hyperglycaemia or obesity, directly
influences kidney haemodynamics and is associated with increased
blood flow, kidney filtration and microalbuminuria. Importantly,
these observations reflect the chronic haemodynamic state associ-
ated with insulin resistance rather than the acute vascular effects of
insulinitself. By contrast, acute rises in plasma insulin concentration
induced with a euglycaemic clamp in people with T2D and preserved
kidney function (normal measured GFR and absence of albuminuria)
significantly decreased both kidney blood flow and GFR (by 18% and 5%,
respectively)®. Insulininduced this effect by increasing preglomerular
vascular resistance, suggesting that the kidney vasodilatory effects of
insulin observedin healthy individuals are countered by vasoconstric-
tive factorsin people withinsulin resistance and T2D. Accordingly, by
increasing angiotensin Il type 1 receptor (AT1R) expression, insulin

also potentiates renin-angiotensin-aldosterone system signalling,
promoting inflammatory responses and vasoconstriction.

The cellular and molecular mechanisms by whichinsulinresistance
influences kidney haemodynamics are probably complex. As discussed
above, the alterations are partly driven by altered insulin signalling in
mesangial cells, with consequent changes in their contractile response
and the capillary surface area. Moreover, increased tubular sodium
absorption caused by hyperinsulinaemia promotes glomerular hyper-
filtration by reducing sodiumdelivery to the maculadensaandblunting
tubuloglomerular feedback (see discussion below), a key mechanism
drivingglomerularinjury. Last, hyperinsulinaemia-induced NO activa-
tion in the vascular endothelium can also contribute to vasodilation
and hyperfiltrationininsulin-sensitive physiological states. However,
in the setting of chronic insulin resistance, this NO-mediated vaso-
dilatory pathway becomes impaired. In the vasculature, hyperinsu-
linaemia then impairs NO-mediated vasodilation while promoting
oxidative stress and endothelin-1activity, contributing to endothelial
dysfunction and atherosclerosis"*.

Loss of barrier function

Insulin resistance in podocytes disrupts insulin receptor signalling,
contributing to glomerular dysfunction, podocyteinjury and proteinu-
riain CKD and metabolic syndrome™>***, In mice, podocyte-specific
knockout of the insulin receptor gene results in foot process efface-
ment, apoptosis, basement membrane thickening, albuminuria and
glomerulosclerosis, withoutany change in blood glucose levels'. These
histological changes mimic those observed in diabetic kidney disease in
humans. Mechanistically, impaired insulin signalling leads to reduced
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activation of the PI3K-AKT pathway, whichis essential for maintaining
podocyte viability, cytoskeletal integrity and glucose uptake'*. High
levels of glucose, saturated fatty acids (particularly palmitic acid) and
the pro-inflammatory cytokines TNF and IL-6, as observed in CKM
syndrome, promote serine phosphorylation and degradation of IRS-1
through activation of IKKf3 and mTORCI, thereby exacerbating insulin
resistance and promoting apoptosis™**’,

Disruption of insulin signalling impairs GLUT4 translocation,
alters actin cytoskeleton dynamics and interferes with calcium chan-
nel regulation, ultimately leading to foot process effacement and
increased glomerular permeability™*>*, Prolonged hyperinsulinaemia
exacerbates these effects by promoting lysosomal and proteasomal
degradation of insulin receptors, reducing podocyte resilience to
persistent haemodynamic and metabolic stress®. Further, impaired
activation of store-operated Ca2* entry by insulin contributes to
maladaptive actin remodelling and albumin leakage, directly driving
proteinuria®®. Importantly, albuminuria is not only a well-established
marker of glomerularinjury and astrong predictor of CKD progression
but can also exert direct tubular toxicity”. Albuminuria is associated
with glomerulosclerosis, mesangial hyperplasia, tubular atrophy and
fibrosis, and interstitial nephritis***°. Inindividuals with diabetes, each
10-mg/greductioninalbuminuriais associated with aslower declinein
GFR, by approximately 0.5-1.0 ml/min/1.73 m2 per year®.

Collectively, deranged insulin signalling culminates in podocyte
detachment, apoptosis and loss, which promote glomerular base-
ment membrane thickening, mesangial expansion and progressive
glomerulosclerosis. Insulin also modulates tubular reabsorption of
albumin by enhancing the expression of megalin and cubilin receptors
in proximal tubular cells®. In diabetes, insulin deficiency or resistance
reduces megalin expression, impairing albumin reabsorption and
promoting tubular albuminuria®.

Impaired sodium handling

The proximal tubule is central to the kidney actions of insulin, and
critical links between insulin resistance, sodium handling and gluco-
neogenesis underlie tubular dysfunction. In vivo human studies and
kidney micropuncture studiesin dogs demonstrated the potent effect
of insulin on proximal tubular reabsorption of sodium?®. Follow-up
studies in an insulin-resistant obesity model revealed that a high-fat
dietincreased kidney cortical phosphorylation ofinsulinreceptor-AKT,
expression of extracellular matrix proteins, urinary albumin excre-
tion and blood pressure*®. All of these parameters were ameliorated
in mice with a proximal tubule-specific knockout of the insulin recep-
tor gene. In wild type mice, acute physiological hyperinsulinaemia
increased expression of kidney cortical matrix proteins (laminin and
fibronectin), AKT and mTOR, and provoked kidney inflammation and
oxidative stress®.

Metabolic vulnerability to hypoxia

The kidney is exceptionally metabolically active, with oxygen con-
sumption second only to the heart®’. Effective sodium reabsorption
requires substantial ATP, primarily generated via aerobic metabolism®.
Ininsulin-resistant states, impaired substrate utilization might limit
ATP production, predisposing the kidney to hypoxia, oxidative stress
and inflammatory signalling®*. This metabolic mismatch s particularly
relevantin the proximal tubule, where increased sodium and glucose
reabsorption occurs in the setting of hyperglycaemia and hyperin-
sulinaemia, which elevates oxygen demand, and insufficient ATP can
contribute to cellular injury and CKD progression.

Increased gluconeogenesis

Insulin resistance in the proximal tubule impairs the ability of insu-
lin to suppress gluconeogenesis®°® and the compensatory hyper-
insulinaemia augments sodium and glucose reabsorption”*”*®, The
increase in gluconeogenesis in the proximal tubule occurs primarily
through selective impairment of the IRS1-PI3K-AKT signalling path-
way, leading to reduced inhibition of gluconeogenic enzymes and
increased kidney glucose production, which contributes to systemic
hyperglycaemia®. By contrast, the IRS2 pathway, which is responsible
for stimulating sodiumreabsorption via upregulation of transporters,
such as SGLT2 and sodium-hydrogen exchanger 3, remains intact or
isupregulated, resulting in sodium retention, volume expansion and
hypertension®.

Inflammation, oxidative stress and fibrosis

Inflammation serves as a central driver of kidney insulin resistance,
withacritical roleinthe development of CKD and metabolic syndrome.
Pro-inflammatory cytokines —including TNF, IL-1, IL-6 and IL-18 — are
elevated both in the circulation and in kidney tissue in these condi-
tions and correlate with markers of podocyte injury (for example,
nephrin, podocalyxinl and synaptopodin) and of proximal tubular
dysfunction (for example, kidney injury molecule 1 and N-acetyl
-B-D-glucosaminidase)®. In podocytes, inflammation and lipotoxic-
ity induce oxidative and endoplasmic reticulum stress, activating
kinases such as IKKB and mTORC1*°. These kinases promote serine
phosphorylation and degradation of IRS-1, disrupting PI3K-AKT sig-
nalling and leading to cytoskeletal disorganization, slit diaphragm
proteinloss, apoptosis and detachment, resulting inalbuminuriaand
glomerulosclerosis®®®.

Similarly, in proximal tubular cells, chronic inflammation and
oxidative stress impair insulin signalling by degrading IRS-1, reduc-
ing insulin-mediated suppression of gluconeogenesis and altering
sodium-glucose reabsorption®. These effects contribute to systemic
hyperglycaemia, sodium retentionand further tubular injury’. Meta-
bolic stressors such as hyperglycaemia and high levels of saturated
fatty acids further amplify cytokine production and oxidative damage,
perpetuating a cycle of inflammation, insulin resistance and kidney
injury®*’°,

Although insulin is normally anti-fibrotic, it promotes mesan-
gial cell proliferation and extracellular matrix accumulation via stimu-
lation of mMTOR and transforming growth factor-f3 (TGFp) signalling,
which are key mediators of fibrosis'**.

Disturbed kidney lipid metabolism in insulin-resistant states
and lipotoxicity

Lipotoxicity has a pivotal role in the progression of diabetic
nephropathy, particularly in the context of insulin resistance and
metabolic syndrome (Fig. 5). In podocytes, insulin resistance leads to
triglyceride-rich lipid droplet accumulation due to SREBP upregula-
tion, which drives de novo lipogenesis®*’. At the same time, essential
cholesterol transporters — including ABCA1, ABCG1 and SR-BI — are
downregulated, leading to impaired cholesterol efflux and enhanced
lipid build-up”™”. Exposure of cultured podocytes to serum from
people with diabetic nephropathy replicates this phenotype, leading
to intracellular lipid accumulation and reduced ABCA1 expression”.
Mitochondrial dysfunction, triggered by ABCA1 deficiency, contrib-
utes further topodocyteinjury through cardiolipin accumulationand
altered mitochondrial dynamics™. Enzymatic regulators, including
PLA2 and SMPDL3b, exacerbate this dysfunction by promoting the
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Podocytes

o Lipid droplet buildup - cytoskeletal

o \ Nephrin and ABCA1 - filtration
barrier loss

* Apoptosis > proteinuria

Glomerulus

o | VEGF-B - lipid misdelivery

» Fenestration loss - protein leak

e Lipid buildup > podocyte damage

* Mesangial fat > matrix expansion
Fig. 5| Lipid-driven mechanisms of kidney injury. Excess lipid accumulation
perturbs podocytes, the glomerulus and proximal tubules, while promoting
mitochondrial dysfunction. In podocytes, lipid droplet build-up disrupts the
cytoskeleton, causes downregulation of nephrin and ATP-binding cassette
subfamily Amember 1(ABCA1), weakening the filtration barrier, and promotes
apoptosis leading to proteinuria. In the glomerulus, reduced vascular endothelial
growth factor B (VEGF-B) signalling causes lipid misdelivery whereas lipid
accumulation causes fenestration loss and augments podocyte injury, thereby
exacerbating proteinuria, and mesangial lipid deposition drives matrix

Mitochondrial dysfunction

o Impaired B-oxidation > TG accumulation
* P mtROS - oxidative damage

e | ATP and defective mitophagy

o Warburg effect (shift to glycolysis)

Proximal tubule

e N CD36 and FATP2 1 - fatty acid influx
e Lipid overload > ROS and ER stress
o ATF6a activation = apoptosis, fibrosis

expansion. In the proximal tubule, increased CD36 and fatty acid transport
protein 2 (FATP2) expression enhances fatty acid influx, lipid overload increases
reactive oxygen species (ROS) production and induces endoplasmic reticulum
(ER) stress, and cyclic AMP-dependent transcription factor (ATF6a) activation
promotes apoptosis and fibrosis. Mitochondrial dysfunction, with impaired
B-oxidation, triglyceride (TG) accumulation, increased mitochondrial ROS
(mtROS), ATP depletion, defective mitophagy and metabolic shift to glycolysis
(Warburg effect), accentuates cellular injury and loss of kidney function.

expression of pro-inflammatory lipid mediators and disrupting sphin-
golipid metabolism, respectively. These effects are associated with
proteinuriaand cytoskeletal instability””>. APOL1 is highly expressedin
podocytesandits risk variants enhance susceptibility to lipid-induced
glomerular injury and glomerulosclerosis’.

Mesangial cells are also affected by lipid-induced toxicity.
These cellstake up circulating lipids via CD36 (also known as fatty acid
translocase (FAT)) and low-density lipoprotein (LDL) receptors, leading
totriglyceride accumulation and expansion of the mesangial matrix”’.
Lipid accumulation in mesangial cells increases SREBP1 expression,
which subsequently mediates TGFB1-driven fibrotic signalling’®. Expo-
sure tonon-esterified fatty acids triggers apoptotic pathways viaboth
intrinsic and extrinsic mechanisms, contributing to progressive glo-
merular scarring’’. Of note, therapeutic activation of peroxisome
proliferator-activated receptor-a using fenofibrate attenuated this
lipotoxic response by enhancing lipolysis and reducing fibrosis®.

Glomerular endothelial cells, although not typically lipid-laden
themselves, serve as crucial intermediaries in lipid trafficking.
These cells facilitate trans-endothelial transport of lipids towards the
glomerulus through pathways involving vascular endothelial growth
factor B and associated mitochondrial proteins®-*% Disruption of
this process alters lipid delivery to glomerular cells and contributes
indirectly to lipid toxicity and microvascular injury.

Infiltrating macrophages and foam cells further amplify
lipid-mediated glomerular injury in diabetic nephropathy. These
infiltrating cells express lipid transporters (CD36, SR-A and SR-B2)
that internalize oxidized LDL and transform into foam cells that
secrete inflammatory cytokines and promote glomerular injury®.
SREBP activity is increased by pro-inflammatory cytokines such as
TNF and IL-1B, which enhance lipid uptake and perpetuate foam cell
formation®. These foam cells are frequently observed in glomerular
biopsy tissue from people with diabetic nephropathy, underscoring
their pathological relevance®.

Proximal tubular cells are particularly vulnerable to lipotoxic
injury, especially in the setting of albuminuria. These cells reabsorb
albumin-bound fatty acids through endocytic pathways, creating a
mechanism through which lipids gain access to the tubular epithelium
and induce cytotoxicity®. Fatty acid transport proteins, such as CD36
and FATP2, are upregulated in insulin-resistant states such as diabe-
tes and obesity, and mediate increased lipid influx, which promotes
oxidative stress, apoptosis and fibrosis®. In proximal tubular cells,
impaired FAO and lipid peroxidation drive maladaptive metabolic
reprogramming and inflammatory injury®®. Saturated fatty acids such
as palmitate downregulate stearoyl-CoA desaturase-1(SCD-1), thereby
reducing monounsaturated fatty acid synthesis and exacerbating
lipotoxicity; conversely, overexpression of SCD-1is renoprotective®.
ATF6a, a mediator of ER stress, further augments lipid accumulation
and enhances apoptotic signalling in tubular cells”.

Mitochondrial dysfunctionis a central mediator of kidney lipotox-
icity across all nephron segments. In diabetic kidneys, mitochondrial
B-oxidation is impaired, leading to the accumulation of intracellular
triglycerides, swollen mitochondria and disrupted cristae®**. Cardi-
olipin peroxidation and suppression of the AMPK-PGC-1a pathway
impair oxidative phosphorylation and reduce ATP production, worsen-
ing cellular energy deficits’*. Mitochondrial structural changes — such
as loss of cristae and abnormal fission-fusion dynamics — disrupt
mitochondrial quality control and facilitate the accumulation of dys-
functional organelles”. These alterations are accompanied by defec-
tive mitophagy, increased reactive oxygen species generation, and
metabolic reprogramming towards glycolysis (that is, the Warburg
effect), particularly in advanced diabetic nephropathy”®”’. Notably,
early stages of diabetic nephropathy are marked by elevated mitochon-
drial reactive oxygen species production, which contributes to insulin
signalling disruption through multiple complementary mechanisms.
Mitochondrial reactive oxygen species promotes serine phosphoryla-
tion of IRS-1, enhances IRS-1 degradation and activates inflammatory
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pathways such as the nuclear factor-kB pathway, collectively impair-
ing PI3K-AKT signalling and reinforcing local and systemic insulin
resistance, thereby amplifying tubular and glomerular injury®®.
Within the CKM syndrome framework, these mechanisms explain
how insulin resistance and lipid dysregulation synergize to drive
multiorgan pathology. Kidney lipid accumulation parallels similar
processes observed in the vasculature and other insulin-sensitive
tissuesincluding the liver, heart and skeletal muscle’*'°°, The conver-
gence of impaired insulin signalling, ectopic lipid storage, oxidative
and ER stress, and chronic inflammation underscores the need for
therapeutic strategies that target lipid metabolism as an approach
to mitigating kidney and cardiovascular disease in individuals with

insulin resistance'®..

Chronic kidney disease-driven insulin resistance
As discussed above, insulin resistance can promote kidney injury
via multiple pathogenic mechanisms, but the reverse is also true —
that is, CKD can cause insulin resistance. Euglycaemic insulin clamp
experiments demonstrated that people with CKD without diabetes
had severe muscle insulin resistance®®'?, Insulin resistance is present
in the early stages of CKD'**'°* and becomes more severe as the dis-
ease progresses®®'®, The aetiology of CKD-induced muscle insulin
resistance is multi-factorial'®, involving disruption of the insulin
signalling cascade'’® and impaired GLUT4 expression'®” In rat adi-
pocytes, exposure to serum from people with CKD markedly inhibits
insulin-stimulated glucose uptake'®?, suggesting a role for uraemic
toxins that increase progressively as GFR declines. The strong link
between hyperinsulinaemia, insulin resistance and the risk of develop-
ing CKD'”” suggests a self-perpetuating cycle in which CKD exacerbates
insulin resistance, which in turn accelerates CKD progression.

Modulation ofinsulinresistance-hyperinsulinaemia
by cardiovascular-kidney-metabolic therapies
Glucagon-like peptide-1RAs

Glucagon-like peptide-1(GLP-1) has arenoprotective rolein CKM syn-
dromeby mobilizing fat out of the kidney, thus reducing lipotoxicity®$'%®
and lowering inflammation, oxidative stress, mitochondrial dysfunc-
tion and insulin resistance in both podocytes and proximal tubu-
lar cells'*>"°. GLP-1receptor agonists (GLP-1RAs) exert a natriuretic
effect onthe kidney, which is blocked by GLP-1R antagonists™'. GLP-1R
activation reduces kidney inflammation through downregulation of
the receptor for advanced glycation end products, suppression of
pro-inflammatory cytokines and promotion of macrophage polari-
zation towards an anti-inflammatory phenotype. Collectively, these
mechanisms attenuate immune-mediated damage in both diabetic
and non-diabetic kidney disease models™>.

GLP-1signalling also mitigates oxidative stress by inhibiting
NAD(P)H oxidase activity and limiting superoxide production. These
effects are mediated in part by cAMP-protein kinase A (PKA) signal-
ling and upregulation of SIRT1, leading to reduced podocyte apop-
tosis and preservation of glomerular filtration barrier integrity™>.
In proximal tubular cells, GLP-1enhances autophagy via activation of
the AMPK-mTOR pathway, supporting mitochondrial homeostasis
and alleviating oxidative stress, thereby reducing tubular injury and
proteinuria™.

GLP-1receptor activation might improve insulin signalling in
certain kidney cells via direct receptor-mediated effects, with addi-
tional benefits being mediated indirectly through improvements in
systemic glycaemic control, blood pressure and inflammation™>"¢,

However, many of these renoprotective actions occur indepen-
dently of glucose lowering and are observed across both diabetic and
non-diabetic models of kidney injury">', Together, these pleiotropic
effects position GLP-1R as a key therapeutic modulator of the insulin
resistance-hyperinsulinaemia, inflammatory, oxidative and metabolic
processes that drive CKM syndrome progression, with direct cellular
benefits for both glomerular and tubular compartments'2 !¢,

Sodium-glucose co-transporter 2 inhibitors

SGLT2 inhibitors exert renoprotective effects primarily through
insulin-independent mechanisms thatimprove glomerular and tubu-
lar disturbances generated by insulin resistance™”"'®, However, the
precise mechanisms by which SGLT2 inhibitors slow progression of
insulin-resistant kidney disease are not completely understood. Cur-
rent evidence suggests a combination of direct tubular actions and
indirect systemic effects'”'2°,

These drugs have anti-inflammatory, haemodynamic and antifi-
broticeffects that counter the pathological processes thatare, in part,
driven by the underlying insulin resistance and hyperinsulinaemia.
In addition to reducing both fasting and postprandial glucose lev-
els, SGLT2 inhibitors lower HbA, by ~1% in individuals with T2D and
baseline HbA, levels between 8.0% and 8.5%"”. Their mechanism of
action involves lowering the kidney glucose reabsorption threshold
from around 10 mmol/I (180 mg/dl) to 2.2 mmol/l (40 mg/dl), thereby
promoting glucosuria'. The resulting reduction in plasma glucose
concentration mitigates glucotoxicity, leading to improved B-cell
function and enhanced insulin sensitivity""'?,

Unlike insulin-dependent glucose uptake in muscle, liver and
adipose tissue via GLUT4, kidney tubular glucose uptake is directly
proportional to circulating glucose levels'®. In diabetes, this unregu-
lated uptake causes intracellular glucose overload in kidney cells,
with excess glucose being diverted into alternative metabolic routes
such as the hexosamine and aldose reductase pathways. These shifts
promote advanced glycation end-product formation, contributing
to mitochondrial dysfunction, oxidative stress and inflammation.
By reducing the systemic glucose burden, SGLT2 inhibitors alleviate
these maladaptive intracellular processes that are propagated by
insulin resistance.

Beyond glycaemic effects, SGLT2 inhibitors consistently reduce
plasma insulin concentration, promote modest weight loss (-2-3 kg
within3-6 months) andimprove kidney haemodynamics'”. By blocking
the hyperinsulinaemia-drivenrise in proximal tubule sodium reabsorp-
tion, they increase sodium delivery to the maculadensa, restore tubu-
loglomerular feedback and induce adenosine-mediated constriction
of the afferent arteriole alongside dilation of the efferent arteriole,
thus lowering intraglomerular pressure'”"'$'?* Interestingly, in T2D,
these drugs mainly reduce post-glomerular resistance, highlighting
context-specific adaptations'®.

Atthecellularlevel, SGLT2 inhibitors trigger a shift from glucose to
FAO, lowering levels of lipotoxic intermediates such as fatty acyl-CoA,
diacylglycerol and ceramides?*'?. This shift reduces oxidative and
endoplasmicreticulumstressin podocytes, mesangial cells and tubu-
lar epithelial cells'*®, SGLT2 inhibitors also enhance mitochondrial
functioninkidney tubules, bothinvitroandinvivo'”,and upregulate
genes involved in mitochondrial oxidative phosphorylation°. These
findings support potential direct tubular benefits, although systemic
metabolic changes might also contribute.

Further kidney benefits include decreased tubular oxygen
consumption, reduced growth factor signalling and attenuation of
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hypertrophy and fibrogenesis'"'*. Experimental data suggest that
SGLT2inhibition protects against podocyte injury, mesangial matrix
expansion and glomerulosclerosis by suppressing profibrotic media-
tors such as TGFB and CTGF', SGLT2 inhibitors also improve corti-
cal oxygenation by decreasing active sodium transport demand®*,
enhance ATP production via a shift to ketone metabolism'* and
downregulate inflammatory pathways such as nuclear factor-kB and
JAK-STAT signalling, supportingkidney cell survival*®. Together, these
observations illustrate likely contributions from both direct cellular
effects and indirect systemic improvements; however, the relative
contribution of each pathway remains incompletely defined.

Insulin sensitizers

Although no therapies are currently approved specifically for hyper-
insulinaemia and insulin resistance in CKD, thiazolidinediones
(TZDs) have potential kidney-protective effects, although dedicated
kidney outcome trials are warranted. TZDs, including pioglitazone
and rosiglitazone, act as potent insulin sensitizers through activa-
tion of peroxisome proliferator-activated receptor gamma, thereby
enhancing insulin sensitivity in skeletal muscle, liver and adipose tis-
sue'”. By improving systemic insulin action, TZDs reverse the diver-
sion of glucose and free fatty acids away from oxidative pathways,
whichreduces the generation and delivery of lipotoxic intermediates
to non-adipose tissues such as the kidney'®, improve mitochondrial
function' and might protect against structural kidney injury based
on preclinical and small clinical studies™. These effects translateinto
less ectopic lipid accumulation, attenuated kidney inflammation and
oxidative stress, and protection against structural injury inanimal and
human studies".

Beyond these mechanisticinsights, clinical data strongly support
arenoprotective effect of TZDs. Meta-analyses and randomized con-
trolled trials consistently demonstrate that TZDs reduce albuminuria
and proteinuriain people with diabetes, independent of their glucose-
lowering properties™*’. The reductions in albumin-to-creatinine ratio
are clinically meaningful, with pooled analyses reporting ~25% decrease
compared with controls'’. In a nationwide study in which people
with T2DM and CKD were treated with pioglitazone or a dipeptidyl
peptidase inhibitor, pioglitazone led to a13% reduction in mortality™".
Importantly, these benefits seemto arise from improvements inkidney
insulin sensitivity and reduced substrate-driven lipotoxicity, rather
than solely fromimproved glycaemic control.

The impact of TZDs on whole-body metabolism further rein-
forces their potential role in CKD. In muscle, these drugs are potent
insulin sensitizers, whereas in the liver, TZDs effectively suppress
gluconeogenesis and mobilize lipid away from hepatocytes, thereby
reducing hepatic and systemic insulin resistance™”'*, In adipose
tissue, TZDs not only improve insulin sensitivity but also suppress
lipolysis, limiting the flux of free fatty acids into the circulation and
protecting insulin-sensitive organs from lipotoxic stress'**. By mobi-
lizing fat out of liver, muscle, kidney and (3-cells, TZDs contribute to
preservation of organ function, including protection of the kidney
parenchyma.

Prevention trials, such as ACT NOW and DREAM, showed reduc-
tions of 72% and ~60% in the progression fromimpaired glucose toler-
ance to T2D with pioglitazone and rosiglitazone, respectively**'*,
Further, rosiglitazone reduced a composite kidney outcome (com-
prising progression of microalbuminuria plus >30% reductionin esti-
mated GFR (eGFR)) by 20%'*°. These findings highlight not only the
insulin-sensitizing properties of these drugs but also the possibility

that TZDs might prevent or slow the progression of CKD via their
insulin-sensitizing effect.

Taken together, these data indicate that TZDs might alleviate
kidney insulin resistance by enhancing systemic metabolic control,
mitigating kidney lipotoxicity and lowering albuminuria. However,
clinical application of these drugs requires careful balancing against
risks of fluid retention, weight gain and heart failure'*, especially in
people with advanced CKD or cardiovascular disease.

Conclusions

Although the molecular crosstalk between insulin resistance, insu-
lin signalling, lipid metabolism and endothelial pathways in the
kidney have not been fully elucidated, insulin resistance and hyper-
insulinaemiarepresentacore defectin metabolic disease and remain
underappreciated as active pathogenic drivers that promote kidney
and cardiovascular dysfunction. Although traditionally regarded as
a compensatory marker of insulin resistance, emerging evidence
suggests that persistent hyperinsulinaemia is an active disrupter of
kidney structure and vascular integrity that independently drives
mesangial proliferation, podocyte injury, sodium retention and sym-
pathetic activation. The combined effects of tubular insulin resist-
ance, sodium-glucose reabsorption and activation of inflammatory
signalling contributes to progressive proteinuria through both glo-
merular injury and impaired tubular albumin reabsorption. These
mechanisms are central to the development of CKD, particularly in
individuals with metabolic syndrome'¥’. A lack of appreciation for
these pathological effects has directed clinical strategies to prior-
itize glucose normalization without addressing the underlyinginsulin
resistance and compensatory — at least with respect to glycaemic
control — hyperinsulinaemia. Recognizing hyperinsulinaemia and
insulin resistance as primary and modifiable contributors to CKM
syndrome would shift the therapeutic focus from reactive glycaemic
control to correction of the basic pathophysiological disturbances.
Therapeutic strategies aimed at reducing both insulin resistance
and compensatory hyperinsulinaemia represent animportant target
for preserving kidney and cardiovascular function. Thus, interven-
tions that reduce insulin demand — such as SGLT2 inhibitors, GLP-1
receptor agonists and TZDs — might offer renoprotective benefits
even in people without overt diabetes, especially when combined
with strategies that directly lower insulin secretion and improve
insulin sensitivity.

Notably, CKM syndrome is phenotypically heterogeneous, with
variable disease trajectories and treatment responses. The American
Heart Association has called for integrative preclinical models and
more comprehensive longitudinal studies to clarify disease mecha-
nisms and refine clinical strategies'®. Suchinterdisciplinary researchis
essential to untangle the multifactorial mechanisms, especially insulin
resistance, that contribute to CKD and CKM syndrome, and to design
interventions that target key molecular drivers.

Animportantresearch frontier involves the development of novel
diagnostic tools and biomarkers for early detection, risk stratifica-
tion and treatment monitoring. Advanced imaging modalities, such
as MRI-based lipid mapping and functional kidney imaging, offer
non-invasive options for assessing lipid accumulation, fibrosis and
microvascular integrity. These tools have been highlighted in recent
Kidney Disease: Improving Global Outcomes guidelines' as essential
components for future clinical research.
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