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Abstract— The pathophysiology of type  2 diabetes (T2D) remains poorly understood, largely because mul-

tiple early changes are obscure as they evolve during prolonged period of prediabetes. These changes are 

interconnected, involve feedback loops, and gradually develop in tissue-specific manner, ultimately leading 

to manifestation as overt diabetes. Insulin resistance  (IR) and pancreatic β-cell dysfunction are regarded 

as central events driven by lipotoxicity and glucotoxicity. Understanding molecular mechanisms of their 

causes and consequences is essential for developing effective preventive and therapeutic strategies for T2D. 

This review describes the evolution of current perspectives on T2D pathophysiology, examines the mecha-

nistic roles of lipotoxicity and glucotoxicity, and integrates current concepts on the molecular basis of  IR. 

The hypotheses on the early events in prediabetes and potential role of IR in their progression toward 

overt T2D are discussed. A deeper understanding of T2D as a metabolic disease of biochemical origin may 

provide new insights into T2D prevention and major associated mortality risks, including cardiovascular 

complications and cancer. 
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SECTION 1. INTRODUCTION: 
THE WALK OF LIFE

Diabetes is a major socially significant non-com-

municable disease with epidemic-level prevalence 

[1, 2]. Type  2 diabetes (T2D) accounts for 80-95% 

of all diabetes cases across various populations and 

exceeds 92% in the Russian Federation. The mortal-

ity rate in T2D is driven by comorbidities, such as 

cardiovascular diseases (~50%) and, to a lesser ex-

tent, cancer (~10%)  [2]. As a metabolic disorder, T2D 

highlights the central role of metabolic dysregulation 

in the development of the most prevalent chronic 

diseases.

The pathophysiology of T2D, defined as a se-

quence of metabolic alterations occurring during 

its development, includes a prolonged period of 

prediabetes that ultimately progresses to the overt 

disease (Fig.  1). In its advanced stages, T2D is char-

acterized by hyperglycemia and impaired insulin 

secretion, thus resembling type  1 diabetes (T1D). 

However, the critical metabolic disturbances arise 

much earlier, during prediabetes. In most cases, they 

are marked by dyslipidemia, including obesity, el-

evated triacylglycerol (TAG) levels in adipose tissue 

and the blood lipoproteins, increased plasma levels 

of free fatty acids (FFA), and ectopic lipid deposi-

tion in peripheral tissues. These changes are con-

sidered major predisposing factors, whereas insulin 

resistance (IR) is regarded as the principal predictor 
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Fig. 1. Trajectory of metabolic alterations and IR during the pathophysiological progression of T2D. IR  emerges and pro-

gresses in parallel with early hyperinsulinemia, preceding the onset of hyperglycemia. Dashed line indicates the approximate 

trajectory of total lipid burden (FFA and TAG) in tissues and plasma; shaded area on the right denotes the overt T2D stage.

and central pathophysiological feature of T2D [3-5]. 

IR emerges at the earliest stages of prediabetes, pro-

gressively worsens, and persists throughout advanced 

T2D. Although the temporal dynamics of metabolic 

parameters does not establish causality, it clearly de-

fines two pathophysiological states: lipotoxicity, driv-

en by excess lipid exposure, and glucolipotoxicity, 

reflecting a contribution of hyperglycemia (Fig.  1). 

Together, these trajectories support the notion that 

hyperglycemia is critical for the final β-cell defects 

that culminate in overt T2D.

IR is defined as a reduced responsiveness of insu-

lin-dependent tissues to insulin. As IR develops, insu-

lin progressively loses its ability to stimulate glucose 

uptake in skeletal muscle, suppress hepatic glucose 

production, and, as generally assumed, inhibit lipoly-

sis in adipose tissue. Pancreatic β-cells are thought 

to compensate for the diminished insulin efficacy by 

increasing insulin secretion, resulting in compensa-

tory hyperinsulinemia. With further progression of 

prediabetes, IR and associated metabolic disturbanc-

es lead to β-cell dysfunction, impaired insulin secre-

tion, hyperglycemia, and, ultimately, manifestation of 

overt T2D (Fig.  1). However, the mechanistic inter-

play and temporal sequence of these events remain 

incompletely understood. Long-standing questions re-

garding which event arises first and what drives its 

emergence, continue to be debated. Answering these 

questions may help identify effective strategies for 

disease prevention and therapy.

A major challenge in understanding IR is its het-

erogeneous onset across different organs. According 

to the accepted paradigm, IR initially develops in 

skeletal muscle [3, 4], but the following sequence of 

events remains unclear. Clinically, hepatic steatosis 

accompanied by pronounced hepatic IR (non-alcohol-

ic fatty liver disease, NAFLD) often precedes the onset 

of T2D and is thought to result from IR in adipose 

tissue, increased lipolysis, and elevated flux of FFA 

to the liver. Current concepts state that the excess lip-

id availability is the primary driver of IR in muscle 

cells, with FFA acting as the main inducers of IR  [4]. 

In rodents, impaired carbohydrate metabolism in ad-

ipose tissue induces IR in both muscle and liver  [6], 

suggesting a potential primary role for adipose  IR. 

However, the underlying causes remain unclear, as 

lipid-induced IR pathways described in myocytes and 

hepatocytes are less applicable to adipocytes, which 

are inherently adapted for lipid storage and turnover. 

Chronic low-grade inflammation has been implicated 

as a major contributor to adipose IR [7, 8]; however, 

in rodents, high fat diet induces adipose IR before 

overt inflammation becomes evident  [4]. In  humans, 

the situation is even less clear due to the limitations 

of mechanistic interventions and reliance on obser-

vational metabolic data only. Interpretation is further 

complicated by substantial inter-individual variabili-

ty, requiring large cohorts for robust conclusions. 

As  a result, a key unresolved question remains: is  IR 

a primary defect, or does it represent an adaptive 

cellular response to nutrient excess and hyperinsu-

linemia [9, 10]? Without a clear answer, clinical deci-

sions are challenging, particularly regarding whether 

IR should be directly targeted therapeutically and 

whether insulin therapy is appropriate in T2D man-

agement  [11,  12].

This review summarizes the historical mile-

stones in understanding T2D pathophysiology, key 

biochemical and molecular alterations during disease 

progression, and the roles of lipo- and glucotoxicity 
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Fig.  2. The timeline of key discoveries in understanding T2D as a metabolic disease. Events highlighted in grey denote 

the major milestones also detailed in the text. Abbreviations not included in the general list: KATP channels, ATP-sensitive 

K+  channels; RIA, insulin radioimmunoassay.

in prediabetes. It also examines the evidence on plas-

ma FFA levels as markers of prediabetes, outlines 

cellular mechanisms of IR development in skeletal 

muscle, and discusses potential primary drivers and 

plausible scenarios of metabolic events leading to 

T2D development.

SECTION 2. NATURAL HISTORY 
OF TYPE 2 DIABETES: SHOW MUST GO ON

Disease history describes disease progression in 

an individual over time, whereas the natural history 

refers to its course in the absence of treatment. Un-

ravelling the natural history of a disease provides 

insight into intrinsic mechanisms of its pathogene-

sis and helps identify the most relevant therapeutic 

targets. The multifactorial etiology of diabetes may 

explain its heterogeneity, including T1D, T2D, matu-

rity-onset diabetes of the young (MODY), gestational 

diabetes, and other less common forms. In T2D, a 

prolonged latent period of prediabetes precedes the 

clinical onset of overt disease. The natural history 

of T2D remains poorly characterized due to systemic 

metabolic alterations that obscure individual contrib-

uting factors, their interactions, and the sequence of 

pathological events. The molecular mechanisms un-

derlying the two hallmark defects, IR and β-cell dys-

function, are even less well defined. These defects 

characterize, respectively, the early prediabetes and 

the transition to overt diabetes and, therefore, have 

a primary focus in diabetes research for decades. 

Yet observational description of disease progression 

alone is insufficient to trace the development of these 

defects and to evaluate their contribution to the over-

all disease pathophysiology. Consequently, prevailing 

hypotheses must be validated experimentally in cellu-

lar and animal models, with careful extrapolation of 

findings to the human disease. The major milestones 

in the development and validation of these concepts 

are summarized in Fig.  2. They represent only a 

small fraction of the extensive literature; below, we 

address only the most essential aspects relevant to 

understanding IR mechanisms.

By the end of the 19th century, Oskar Minkowski 

and Joseph von  Mering had already established that 

the pancreas produces a factor regulating carbohy-

drate metabolism. This factor was later named in-

sulin, following the discoveries of Paul Langerhans, 

who identified the pancreatic islets, and Leonid 

Sobolev, who found that their function persists af-

ter pancreatic duct ligation. Building on these in-

sights, Frederick Banting developed a procedure for 

insulin isolation. When working in the laboratory of 

John Macleod in Toronto, Banting and Charles Best 

extracted insulin, administered it to a pancreatecto-

mized dog, and saved the animal  [13]. In  1922, the 

first insulin injection was administered to a human 

patient, 14-year-old Leonard Thompson with diabetes. 

However, this extract was poorly purified and caused 

an allergic reaction. Macleod then recruited James 

Collip, who optimized the purification procedure, and 

the second injection was successful. The 1923 Nobel 

Prize in Physiology or Medicine followed immediate-

ly. It  seemed that diabetes had been cured.

However, it soon became evident that insulin was 

not universally effective. In  1936, H.  Himsworth ex-

perimentally demonstrated that diabetes manifests in 

two different forms: one associated with impaired in-

sulin secretion and another characterized by  reduced 
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Fig. 3. Original hypothesis of the glucose–fatty acid cycle by P.  Randle  [22]. Intracellular lipid handling is illustrated through 

the TAG cycle, which relies on glucose to support FFA (re)esterification [18,  20]. When circulating FFA levels are high, such 

as during fasting, skeletal muscle predominantly utilizes FFA for oxidation, thereby reducing glucose uptake and metabolism 

(left). This increases glucose influx into adipose tissue and promotes FFA re-esterification into TAG in adipocytes (right). 

As  plasma FFA levels decline, FFA flux into adipose tissue decreases, FFA oxidation in muscle diminishes, and glucose 

transport and metabolism are restored. Under the action of insulin (e.g., postprandially), the fluxes are reversed: FFA are 

directed primarily into adipocytes, whereas glucose uptake is enhanced in myocytes. 3-PG, glycerol 3-phosphate.

tissue responsiveness to insulin  [14]. In his studies, 

patients received intravenous glucose along with 

insulin, followed by blood sampling. In one group, 

glucose levels fell and returned to baseline, where-

as in the other, insulin had little effect and glucose 

levels continued to rise. In  1959, Solomon Berson 

and Rosalyn Yalow developed the radioimmunoassay 

for plasma insulin, providing definitive evidence for 

the existence of insulin-dependent (type  1) and insu-

lin-independent (type  2) diabetes  [15]. Since then, the 

concept of diminished biological response to insulin 

has been firmly established and now recognized as 

insulin resistance (IR).

It has long been known that individuals with 

T2D exhibit elevated plasma TAG levels and are fre-

quently obese. In the early 1950s, V.  Dole developed 

a quantitative assay for plasma FFA and showed that 

FFA levels vary inversely with glucose, rising during 

fasting and falling after glucose ingestion, and are 

elevated in obese individuals  [16]. These findings in-

dicated that adipose tissue is not merely a passive 

energy reservoir but plays an active metabolic role 

by temporarily storing energy as TAG and supplying 

other tissues with FFA via lipolysis. G.  Reaven con-

sistently emphasized the strong association between 

IR and lipid metabolism abnormalities, particular-

ly elevated plasma TAG and FFA. Although initially 

met with skepticism, his idea that dysregulated lipid 

metabolism is central to T2D pathogenesis has been 

eventually accepted  [17]. It  was Reaven who coined 

the term “syndrome  X”  [5], now known as “metabol-

ic syndrome”, which is widely recognized as a major 

risk factor for both T2D and cardiovascular disease. 

He  believed IR to be the defining feature of metabol-

ic syndrome, while the combination of IR and β-cell 

dysfunction marks the transition from prediabetes 

to  T2D.

Studies using fragments of adipose tissue have 

revealed the TAG cycle in adipocytes, a continuous 

assembly-disassembly process in which a fraction of 

FFA is consistently re-esterified into TAG, even during 

intensive lipolysis [18,  19]. This cycle requires energy 

[19] and glucose to generate glycerol 3-phosphate, the 

glycerol backbone for TAG synthesis  [20]. Current evi-

dence confirms that glucose is the principal substrate 

in adipocytes  [21], and that its uptake and utilization 

suppress lipolysis and FFA release.

Distinct oxidative pathways for glucose and fatty 

acids have been recognized since the early 20th cen-

tury, both converging at their common end-product 

acetyl coenzyme A (CoA). The tricarboxylic acid (TCA) 

cycle was described in 1937 by Hans Krebs and Albert 

Szent-Györgyi. It was reasonable to hypothesize that 

the finite capacity of the TCA cycle limits the simul-

taneous maximal oxidation of both substrates. When 

both glucose and FFA are abundant, such as after a 

meal, they may compete for oxidative metabolism. 

This concept was formalized in 1963 by P.  Randle 

[22], who integrated systemic glucose and FFA fluxes 

into the unified glucose-fatty acid cycle (Fig.  3).

The Randle hypothesis was transformative, offer-

ing a novel perspective on the T2D etiology. Randle 

proposed that disturbances in carbohydrate metabo-

lism may arise as a consequence of altered lipid me-

tabolism. This idea seemed counterintuitive, as the 

clinical paradigm of diabetes had been almost entire-

ly glucose-centric and biochemists knew that lipids 

are synthesized from carbohydrates, not the reverse. 

The Randle’s seminal paper introduced this interplay 

as a “biochemical syndrome” in which “interactions 

between glucose and fatty-acid metabolism in mus-

cle and adipose tissue take the form of a cycle (the 

glucose fatty-acid cycle), and are fundamental to the 

control of glucose and fatty acid concentrations in the 
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Fig. 4. Biochemical mechanisms underlying substrate competition between (a)  FFA and glucose [22,  25] and (b)  between 

glucose and FFA  [26] as cellular energy substrates  [26]. a)  Excessive FFA availability drives mitochondrial accumulation of 

acetyl-CoA, which inhibits pyruvate dehydrogenase (PDH) within the pyruvate dehydrogenase complex. Acetyl-CoA is also 

exported to the cytosol via the citrate shuttle, where citrate inhibits phosphofructokinase  1 (PFK-1). This decreases the 

glycolytic flux and leads to glucose 6-phosphate (G6P) accumulation. Elevated G6P inhibits hexokinase (HK), reducing the 

transmembrane glucose gradient and limiting glucose uptake. b)  Excess glucose availability enhances glycolytic flux and 

pyruvate oxidation, resulting in the mitochondrial acetyl-CoA accumulation. Cytosolic export of acetyl-CoA via the citrate 

shuttle fuels malonyl-CoA synthesis and de  novo lipogenesis. Malonyl-CoA inhibits carnitine palmitoyltransferase (CPT) in 

the carnitine shuttle, suppressing the import of fatty acid into mitochondria and β-oxidation (β-Ox). Blue dashed arrows 

denote dominant fluxes; blue solid lines represent inhibitory interactions that maintain metabolic reciprocity; black dashed 

lines represent multistep glycolysis and electron transfer from β-oxidation and the TCA cycle via the electron transport 

chain (ETC).

blood, and of insulin sensitivity”  [22]. This ground-

breaking work has been cited more than 4000  times 

and still remains influential [23,  24].

The Randle hypothesis is founded on several 

key propositions: (1)  glucose and fatty acid oxidation 

are interconnected yet independent; (2)  catabolism 

of fatty acid, whether derived from circulating FFA 

or from intracellular TAG, suppresses glucose catab-

olism in muscle; (3)  fatty acid oxidation suppresses 

insulin-stimulated glucose uptake in muscle; (4)  hor-

monal regulation modulates this balance by influ-

encing lipolysis, glucose transport, or TAG synthesis 

[22, 25]. Figure  3 illustrates the first three principles, 

showing that the increased availability of FFA from 

the bloodstream shifts muscle metabolism from glu-

cose utilization toward fatty acid oxidation to support 

ATP generation. In adipocytes, higher glucose avail-

ability promotes re-esterification of fatty acids into 

TAG, thereby limiting FFA release into the circulation. 

Postprandial insulin reverses the metabolic fluxes by 

enhancing glucose transport into muscle and channel-

ing FFA into adipocytes. Importantly, insulin does not 

suppress lipolysis in muscle cells, thereby promoting 

a shift in lipid balance toward the storage in adipo-

cytes. In conditions such as obesity and diabetes, the 

glucose-fatty acid cycle becomes dysregulated due to 

altered availability of FFA and glucose.

Randle also proposed a biochemical mechanism 

to explain the substrate competition between FFA and 

glucose (Fig.  4a). This mechanism is particularly rel-

evant to skeletal muscle, the major site of postpran-

dial glucose disposal. Randle hypothesized that FFA 

suppress glucose oxidation by inhibiting pyruvate 

dehydrogenase (accounting for 40-60% of the effect) 

and phosphofructokinase  1, contributing addition-

al 20-30%. Inhibition of the latter was predicted to 

cause an accumulation of glucose 6-phosphate, which 

inhibits hexokinase, thus increasing intracellular glu-

cose concentrations, reducing the transmembrane 

gradient of glucose, and ultimately decreasing glucose 

uptake.

The reciprocal mechanism by which glucose 

suppresses fatty acid utilization had been unknown 

until 1977, when D.  McGarry identified malonyl-CoA, 
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the first intermediate of the de  novo synthesis of fat-

ty acid from glucose, as an inhibitor of the carnitine 

shuttle that transports fatty acids into mitochondria 

[26] (Fig.  4b). McGarry proposed that excessive glu-

cose, typical of individuals with IR and hyperglyce-

mia, traps fatty acids in the cytosol, where they accu-

mulate and become lipotoxic  [27]. These findings laid 

the foundations for the concepts of lipo- and gluco-

toxicity (see Section  3) and their involvement in IR, 

impaired metabolic flexibility, and T2D pathogenesis. 

It was found later that plasma FFA levels change little 

in obesity, prompting the emergence of the concept 

of ectopic fat accumulation, which referred to inap-

propriate TAG deposition in non-adipose tissues (see 

Section  4). It also became evident that FFA can affect 

cells not only from the outside, but also internally, 

via metabolism.

A major methodological advance came with the de-

velopment of clamp techniques by R.  DeFronzo  [28]1, 

which enabled quantitative and minimally invasive 

assessment of IR in humans and were instantly ad-

opted. In the 1990s, G.  Shulman applied these tech-

niques to test the Randle hypothesis in humans (see 

Section  5). Individuals with T2D exhibited decreased 

insulin-stimulated glucose uptake in skeletal muscle, 

contributing to reduced whole-body glucose dispos-

al  [29]. This phenotype was reproduced in healthy 

subjects through lipid-heparin infusion, suggesting 

a causal role of FFA. Subsequent studies in skeletal 

muscle identified mechanisms involving accumula-

tion of diacylglycerol (DAG), activation of Ca2+-inde-

pendent novel protein kinase  C (nPKC) isoforms, and 

disruption of insulin signaling [4,  30].

At the turn of the century, an alternative perspec-

tive emerged from the studies on β-cells by R.  Unger 

[10, 31, 32] and on muscle and adipose cells by 

S.  Summers  [33]. By that time, it had become clear 

that saturated FFA, such as palmitate, are more li-

potoxic than unsaturated FFA, such as oleate. Unlike 

oleate, palmitate is inefficiently incorporated into 

TAG and is instead diverted into ceramide synthesis, 

which induces IR and β-cell apoptosis [34]. Inhibi-

tors of key enzymes of ceramide biosynthesis (serine 

palmitoyl transferase and ceramide synthase) sup-

pressed IR in myocytes and adipocytes, and protected 

β-cells from apoptosis [35]. R.  Unger studied Zucker 

rats, which have impaired leptin function and spon-

taneously develop obesity. He viewed these animals 

as a natural model of lipotoxicity and demonstrated 

that lipid overload initially stimulated β-cell prolif-

eration and insulin secretion, but eventually led to 

the lipotoxic failure of β-cells  [10]. Unger proposed 

that hyperinsulinemia as a primary event, while IR 

is a secondary adaptive response of peripheral tis-

sues to avoid hypoglycemia, a concept that has been 

developed further in subsequent studies [12, 36, 37]. 

Mechanisms driving increased basal insulin secre-

tion may involve FFA-induced generation of reac-

tive oxygen species and altered β-cell redox status. 

Within this framework, primary hyperinsulinemia 

and IR are viewed as adaptive responses aimed to 

normalize circulating lipid and glucose levels under 

nutrient excess [9]. Further progression of adipose IR 

was thought to impair suppression of lipolysis while 

preserving lipogenic activity of insulin, thereby exac-

erbating obesity and lipotoxicity [10, 11]. In β-cells, 

increased lipid burden promotes ceramide accumula-

tion, oxidative stress, and impaired insulin secretion, 

leading to hyperglycemia, glucolipotoxicity, and overt 

T2D  [38].

Finally, the concept of impaired metabolic flexi-

bility has emerged  [39] that to a certain extent inte-

grated prior hypotheses at both cellular and whole-

body levels  [40] by applying the same principles 

of reciprocal substrate and metabolite competition 

originally proposed by Randle and McGarry (Fig.  4). 

The dysregulation of these mechanisms, compound-

ed by altered amino acid metabolism, leads to the 

mitochondrial overload and loss of ability to switch 

between glucose and fatty acids as cellular fuels 

[39]. Under these conditions, it is plausible that cells 

adapt to chronic FFA oversupply by downregulating 

insulin-stimulated glucose uptake as a protective re-

sponse. Alternatively, this may represent an adap-

tation to chronic hyperinsulinemia. Recent studies 

suggest that the insulin metabolic signaling can be 

selectively attenuated, while its mitogenic signaling 

remains relatively preserved [41,  42] (see  Section  6).

1 Hyperglycemic clamp. Plasma glucose is rapidly raised by intravenous glucose infusion and maintained at a target 
level through continuous feedback-controlled adjustment of glucose infusion rate. Once the steady state is achieved, 
the glucose infusion rate reflects the whole-body glucose disposal and metabolism at intact endogenous insulin secre-
tion. This clamp variant is used less frequently because it reflects the combined effects of IR and endogenous insulin 
release.

 Hyperinsulinemic-euglycemic clamp. Plasma insulin is acutely elevated by insulin infusion and then maintained at 
~100  μU/ml (~0.6  nM). Plasma glucose is monitored continuously, and the glucose infusion rate is adjusted in a feed-
back-controlled manner to maintain euglycemia at the individual’s basal level. Under these conditions, the glucose 
infusion rate equals the whole-body glucose disposal and therefore provides a quantitative measure of sensitivity to 
exogenous insulin. This approach is more commonly used because it isolates IR without the confounding influence 
of  endogenous insulin secretion. Combined use of both clamp procedures allows assessment of β-cell secretory dys-
function independently of IR.
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Excessive FFA availability increases cellular de-

mand for fatty acid disposal via lipid synthesis (phos-

pholipids, sphingolipids, and ceramides), mitochondri-

al β-oxidation for ATP generation, or storage as TAG 

in lipid droplets. Overloading these pathways may 

induce endoplasmic reticulum  (ER) stress, oxidative 

stress, or lipotoxicity, respectively, depending on the 

susceptibility of specific cell type. For example, when 

ATP consumption is low and ATP tends to accumu-

late, the FFA flux shifts toward lipid storage and 

synthesis, inducing formation of DAG and ceramides. 

The failure to adequately metabolize FFA may trigger 

lipotoxicity once the buffering capacity of FFA-bind-

ing proteins and/or pool of free CoA are exhaust-

ed. Depending on the cell type, impaired metabolic 

flexibility may reflect not only the IR itself, but also 

ER stress, mitochondrial overload, reduced electron 

transport chain activity, or increased oxidative stress 

[43,  44].

Despite significant progress, the mechanisms un-

derlying metabolic dysfunction in IR and T2D remain 

poorly understood. As a result, a unified theory that 

conclusively delineates the sequence of pathogenic 

events in prediabetes or identifies definitive therapeu-

tic targets has yet to emerge (see Section  7). Although 

disturbed lipid metabolism is widely recognized as a 

central contributor, understanding its complex conse-

quences continues to be a major challenge.

SECTION 3. LIPOTOXICITY AND GLUCOTOXICITY: 
DOES THE TAIL WAG THE DOG?

The term lipotoxicity was introduced by R.  Unger 

[31] in relation to the impaired insulin secretion by 

β-cells. The concept has been later expanded to other 

tissues, highlighting its broader systemic impact  [45], 

including impaired leptin signaling  [32]. Currently, 

lipotoxicity is understood as a series of interrelated 

events triggered by dysregulated lipid metabolism 

and excessive FFA action.

Dietary lipids enter the lymphatic system as 

chylomicrons and subsequently reach the systemic 

circulation through the superior vena cava. Lipopro-

tein lipase (LPL) located on the surface of vascular 

endothelial cells, hydrolyzes chylomicron TAG to re-

lease FFA. FFA cross the endothelial barrier with the 

assistance of albumin, which transiently binds them 

to mitigate acute cytotoxicity of unbound FFA  [46]. 

High LPL activity markedly increases local FFA lev-

els, leading to FFA “spillover,” which may account for 

up to one third of circulating FFA  [47]. Together with 

chylomicron remnants, these FFA eventually reach 

the liver, where they are re-esterified into TAG and 

packaged into very-low-density lipoproteins (VLDLs). 

In the postprandial state, the liver also receives FFA 

mobilized from adipose tissue and incorporates them 

into VLDL TAG. As VLDLs circulate, they gradually 

release FFA to peripheral tissues and are convert-

ed into intermediate- and low-density lipoproteins. 

In  obesity, lipodystrophy, and conditions involving 

limited storage capacity or inflammation in adipose 

tissue, the plasma levels of circulating lipoproteins 

increase, reflecting increased lipid burden, enhanced 

lipid flux to peripheral tissues, and increased risk of 

FFA excess and lipotoxicity. Chronic expose to elevat-

ed FFA promotes ectopic lipid deposition in non-ad-

ipose organs. In the liver, this manifests as NAFDL, 

while in skeletal muscle, ectopic lipids serve as en-

dogenous sources of FFA, which blunt insulin sensi-

tivity, reduce glucose uptake [4, 27, 30], and suppress 

glucose catabolism  [22,  25].

Lipotoxicity is defined as deleterious effects of 

FFA on cells. Circulating amphipathic FFA are inher-

ently cytotoxic and are rapidly sequestered by serum 

albumin. Each albumin molecule can bind up to sev-

en FFA, including three with high affinity (binding 

constants in the micromolar range)  [48]. Although 

plasma FFA concentrations vary considerably, they 

rarely exceed 2  mM (see Section  4), while normal al-

bumin levels (40-50  g/L) correspond to ~0.7  mM. Thus, 

under physiological conditions, albumin is in excess 

and effectively buffers FFA. However, albumin also 

transports other ligands, and its levels decline with 

aging and inflammation. Furthermore, glycation re-

duces albumin’s binding capacity  [49] and promotes 

expression of inflammatory cytokines in muscle cells 

[50]. Therefore, elevated levels of glycated albumin 

in hyperglycemia may increase susceptibility to lipo-

toxicity and could serve as a potential biomarker for 

T2D risk [51,  52].

Modeling lipotoxicity requires careful consid-

eration because of the risk of direct FFA toxicity. 

Under such conditions, the membrane compartment, 

including ion channels, transporters, receptors, and 

their proximal targets, is expected to be particular-

ly vulnerable. In  vitro, FFA are typically delivered to 

cells in a complex with albumin, whereas in  vivo, FFA 

levels are increased by infusing an emulsion of lipids 

(TAG) together with heparin to activate LPL. In both 

settings, the FFA-to-albumin ratio is critical  [53]. Once 

it exceeds a threshold of ~3  mol FFA per mol of al-

bumin, the concentration of unbound FFA approach-

es the solubility limit (10-20  nM), markedly increasing 

the risk of direct lipotoxicity. Although in  vivo this 

ratio rarely exceeds 2  mol FFA per  mol albumin, it 

may rise substantially in severe obesity, aging, hyper-

glycemia, or due to extensive albumin glycation.

Metabolic lipotoxicity arises from the intracel-

lular accumulation of excessive FFA and typically 

occurs when one of the four major FFA-processing 

systems becomes limited: (1)  the buffering capacity 
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of fatty acid-binding proteins (FABPs) that seques-

ter intracellular FFA  [54]; (2)  the availability of free 

coenzyme A required for FFA activation, retention, 

and subsequent metabolic processing or carnitine 

[55]; (3)  the capacity to synthesize and expand lipid 

droplets for extra TAG storage  [56]; (4)  mitochondrial 

β-oxidation capacity  [39]. The availability of CoA is 

limited by its cytosolic concentration (~0.1-0.15  mM) 

[55]. The efficiency of lipid droplets in sequestering 

FFA into TAG depends on the cell type. For instance, 

skeletal muscle cells express low levels of fatty acid 

synthase and generate lipid droplets poorly, except 

in endurance-trained athletes, whose myocytes ac-

cumulate substantial TAG and droplets, a phenom-

enon known as the “athlete’s paradox”  [57]. Thus, 

mitochondrial oxidation serves as the primary route 

of FFA disposal in muscle cells. By contrast, adipo-

cytes possess highly developed lipogenic machinery 

and active TAG cycling. White adipocytes oxidize FFA 

poorly due to low expression of carnitine palmito-

yltransferase (CPT-I)  [58], whereas beige and brown 

adipocytes express CPT-I and actively oxidize FFA to 

maintain lipid balance and support thermogenesis 

[59]. The term “toxicity” can be misleading, as it does 

not differentiate between acute physical damage and 

chronic metabolic reprogramming accompanied by 

adaptive cell responses. In essence, these metabolic 

shifts are reversible at both cellular and whole-body 

levels. A similar rationale applies to glucotoxicity, 

which refers to detrimental effects of sustained hy-

perglycemia  [60].

The concept of glucotoxicity also originated in 

relation to β-cells  [31]. Because the vascular endo-

thelium in the pancreas is fenestrated, even modest 

elevations in plasma glucose rapidly stimulate insulin 

secretion. This insulin promotes glucose disposal pri-

marily by skeletal muscles, which accounts for ~80% 

of glucose clearance from the circulation. Chronic hy-

perglycemia in  vivo or prolonged exposure of isolated 

islets to glucose in  vitro impair insulin secretion by 

β-cells, providing the basis for the glucotoxicity con-

cept [60,  61]. Experimental diabetes induced by par-

tial pancreatectomy in rats primarily resulted from 

impaired insulin secretion  [62]. Treatment with phlo-

rizin (an inhibitor of renal glucose reabsorption and 

a prototype of modern SGLT2 inhibitors) normalized 

blood glucose without affecting other blood param-

eters in these animals. These findings indicate that 

glycemic control is essential not only for reducing 

vascular risks, but also for reversing glucotoxic ef-

fects of hyperglycemia on β-cells and abating IR in 

skeletal muscle and liver  [60].

Lipotoxicity is likely to precede glucotoxicity in 

T2D. However, this does not exclude the possibility 

that hyperglycemia can exacerbate the lipotoxic ef-

fects. As noted above, β-cells are particularly vul-

nerable to glucolipotoxicity  [38]. Glycation reduces 

albumin’s affinity for FFA  [48], thereby increasing 

the risk of direct lipotoxicity. Because vascular en-

dothelium in the liver and pancreas is fenestrated, 

hepatocytes and β-cells are directly exposed to albu-

min-bound FFA. They sense elevated FFA in complex 

with FABP4, originating from adipose tissue  [63] or 

vascular endothelium  [64], and respond by increas-

ing glucose output (hepatocytes) or insulin secretion 

(β-cells). Platelets, frequently activated in metabolic 

disorders, increase phospholipid hydrolysis to release 

FFA that stimulate insulin secretion by β-cells  [65]. 

This unexpected finding suggests another FFA-medi-

ated mechanism of primary hyperinsulinemia induc-

tion occurring even before systemic FFA elevation or 

the onset of glucotoxicity.

The mechanism linking glucotoxicity and lipotox-

icity remains poorly understood. It may involve accu-

mulation of glucose-derived metabolic intermediates 

[21, 66, 67], some of which fuel de  novo lipogenesis 

and TAG synthesis, thereby promoting ectopic fat ac-

cumulation and increasing susceptibility to lipotox-

icity. Collectively, these changes converge into glu-

colipotoxicity. Alternatively, lipotoxicity may develop 

more insidiously, through the metabolic scenario, be-

coming clinically evident once glucotoxicity emerges. 

Perhaps, only in cases of severe obesity (body mass 

index, BMI  >  35) lipotoxicity can occur independently, 

potentially as a result of direct FFA toxicity, when the 

buffering capacity of blood plasma proteins and he-

patic mechanisms are exhausted, thereby increasing 

the mortality risk  [68] (see  below).

SECTION 4. OBESITY, 
FFA PLASMA LEVELS, AND ECTOPIC LIPIDS: 

OUTSIDE LOOKING INSIDE

Although T2D develops only in a subset of obese 

individuals, the population prevalence of obesity and 

T2D is comparable  [69]. Obesity is strongly associat-

ed with IR and is considered a major risk factor for 

T2D [5,  17]. Early studies reported elevated plasma 

FFA in individuals with T2D [22,  70,  71]; several stud-

ies also found increased plasma FFA levels in people 

with obesity but without diabetes [16,  72,  73]. Cases 

of elevated FFA in the absence of obesity, yet accom-

panied by abnormalities in carbohydrate metabolism 

[71], may reflect genetic factors (e.g., MODY) or insuf-

ficient adipose storage capacity to remove FFA from 

the circulation, as observed in lipodystrophy  [74]. 

These findings have raised questions about whether 

plasma FFA levels might be indicative of  IR.

Detailed analysis of diurnal FFA profiles re-

vealed no significant differences between individuals 

with and without obesity [74,  75]. However, increased 
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lipoprotein-TAG and hyperinsulinemia in subjects 

with obesity indicated the presence of IR. In this 

study, small groups of participants (n  =  10 each) were 

stratified by body mass index (BMI 27-32 vs. 19-25). 

Across all participants, the plasma levels of FFA var-

ied substantially throughout the day, largely depend-

ing on the food intake and insulin levels, but were 

essentially independent on the obesity status. These 

findings prompted the authors to question whether 

FFA alone could account for IR and adverse metabol-

ic consequences of obesity [74,  76]. Further support 

came from an extended analysis of blood samples 

from 1,591 individuals registered in the Oxford Bio-

bank, which confirmed the absence of direct associ-

ation between the BMI and fasting FFA levels  [76]. 

By that time, results from the large Paris Prospective 

Study were also available (n  =  5790; BMI  <  33)  [77]. 

Retrospective analysis of these data found no signifi-

cant differences in FFA plasma levels across individ-

uals without or with obesity of varying degrees  [77].

The Stockholm study, which included ~4000 in-

dividuals provided further insights into relationship 

between obesity and circulating FFA  [78]. Obesity 

was defined as BMI  ≥  30, although no upper BMI 

limit was specified. Obese individuals exhibited small 

but statistically significantly higher FFA plasma lev-

els (0.71  ±  0.23  mM) compared to non-obese subjects 

(0.57  ±  0.23  mM). Similar differences were observed 

for plasma glycerol, a marker of adipose tissue lip-

olysis. Notably, no difference in FFA levels was found 

between individuals with or without IR.

A subsequent study examined healthy volunteers 

(n  =  48), individuals with prediabetes (n  =  20), and pa-

tients with either newly diagnosed or controlled T2D 

(n  =  48 per group)  [52]. Median plasma FFA levels in 

T2D patients were more than 3-fold higher than in 

healthy controls (~1.1  mM vs. ~0.3  mM, respectively), 

yet no definitive FFA threshold distinguishing healthy 

individuals from diabetic subjects was observed. 

A pilot prospective analysis revealed that in individu-

als with prediabetes who later progressed to T2D, FFA 

levels steadily increased over four years. These find-

ings suggest that plasma FFA rise during prediabetes 

and become significantly elevated in T2D. Notably, 

the predictive value of FFA levels improved substan-

tially when combined with the degree of albumin gly-

cation  [52]. Glycation-induced reduction in albumin’s 

affinity for FFA may explain relatively weak lipotoxic 

effects in prediabetes, which later amplify as obesity, 

IR, hyperglycemia converge during T2D progression.

More recently, a large-scale Copenhagen popula-

tion study was conducted that involved ~110,000 in-

dividuals. Metabolic profiling of blood samples was 

performed for nearly 30,000 participants, and mortal-

ity outcomes (all-cause, cancer-related, cardiovascular, 

and other causes) have been tracked over the follow-

ing 10-11 years  [68]. A  distinctive aspect of this study 

was inclusion of individuals with BMI  >  35, whereas 

earlier studies either rarely included participants 

with BMI exceeding 32-33 [76,  77], or did not clearly 

report the proportion of participants with BMI  >  35 

[78]. Thus, the Copenhagen study provided unique 

insights into metabolic features in individuals with 

severe obesity.

The study demonstrated that plasma glycerol 

levels increased proportionally to BMI and continued 

to rise in individuals with BMI  >  35 [68]. Similar to 

FFA, glycerol served as a marker of adipose tissue 

lipolysis, indirectly reflecting FFA release, which was 

not directly measured. In contrast, plasma lipopro-

tein-TAG increased only up to BMI of 35-37, after 

which they plateaued, and declined at BMI  >  40-42 

[68]. This pattern suggests that lipoprotein buffer-

ing capacity becomes exhausted at BMI  ~  35, beyond 

which the liver can no longer sufficiently sequester 

FFA into lipoprotein TAG. Accordingly, 3-hydroxybu-

tyrate plasma levels started to increase exponential-

ly at BMI 33-35, indicating a metabolic shift toward 

channeling excess FFA into hepatic ketogenesis.

Both elevated glycerol and 3-hydroxybutyrate 

were strongly associated with mortality  [68]. The 

hazard ratio surpassed the significance threshold and 

continued to rise with increasing 3-hydroxybutyrate 

levels at BMI  ≥  35. These findings suggest that FFA 

may become increasingly lipotoxic in severe obesity 

(BMI  >  35). Moreover, the mortality risk correlated 

directly with plasma glycerol levels across their en-

tire range, highlighting hepatic dysfunction as an im-

portant mortality risk, which manifests as impaired 

hepatic clearance of glycerol and FFA generated by 

high adipocyte lipolysis.

Collectively, the studies of plasma levels of FFA, 

metabolites of adipose-tissue lipolysis, and their he-

patic products across different degrees of obesity 

suggest that the buffering capacity of circulating li-

poproteins is generally sufficient to prevent overt li-

potoxicity across a broad BMI range. However, this 

protective mechanism deteriorates when BMI exceeds 

~35-37. This likely explains why earlier studies in in-

dividuals with BMI  <  35 reported little or no associa-

tion between plasma FFA levels and BMI [74-78]. The 

expected relationship is likely to emerge in severe 

obesity (BMI  >  35-37), when the storage capacity of 

lipoproteins and, possibly, adipocytes, is exhausted, 

leading to marked FFA elevation that increases the 

risks of all-cause, cardiovascular, and cancer mortal-

ity  [68].

In summary, individuals with T2D and IR ex-

hibit substantially higher FFA plasma levels than 

healthy subjects. In contrast, those with mild-to-mod-

erate obesity (up to BMI  ~  33-35) typically maintain 

plasma FFA within the normal range (<  ~  0.75  mM), 
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regardless of IR status. This raises an important ques-

tion: how can FFA drive IR in prediabetes if their 

plasma levels remain normal? A plausible explana-

tion is that chronic accumulation of FFA in periph-

eral tissues induces local IR [30,  74], effectively shift-

ing the primary site of FFA action from extracellular 

(plasma-derived) to intracellular (ectopic  fat).

SECTION 5. SKELETAL MUSCLE 
INSULIN RESISTANCE: WHO IS TO BLAME?

Tissue-specific mechanisms of IR have been re-

cently reviewed in  [4]. The studies of these mech-

anisms have shaped a concept of lipid-induced IR 

etiology across distinct tissues  [79]. However, closer 

examination suggests that the mechanisms driving 

skeletal muscle IR may be more complex than ini-

tially assumed. A key challenge is that metabolic ab-

normalities observed in T2D individuals reflect an 

end-stage phenotype that develops gradually over a 

prolonged period of prediabetes. Because long-term 

interventional studies in healthy subjects are not fea-

sible, short-term approaches have been used to infer 

causality. Few-hour hyperinsulinemic clamp proto-

cols and lipid-heparin infusions have been employed 

in healthy volunteers to assess the acute effects of 

elevated plasma FFA. An inherent limitation of this 

approach is that acute FFA elevations may produce 

rapid direct effects on proximal targets, such as those 

near the plasma membrane, without fully recapitu-

lating chronic metabolic remodeling. Nonetheless, 

the similarity between the findings from lipid infu-

sion studies in healthy subjects and observations in 

T2D patients, who had elevated FFA without lipid in-

fusion, suggested a common mechanism for lipid-in-

duced IR in humans. Apparently, this rationale has 

guided the seminal studies by G.  Shulman, G.  Boden, 

and colleagues in the 1990s, which have shaped cur-

rent understanding of lipid-induced  IR.

G.  Shulman employed 31P and 13C isotopes along 

with magnetic resonance spectroscopy (MRS) to quan-

tify glucose 6-phosphate (G6P) in skeletal muscle in 

healthy individuals and patients with T2D. Contrary 

to the predictions of the Randle hypothesis, intracel-

lular G6P levels were not elevated in T2D; instead, 

they were markedly reduced  [80]. Moreover, insu-

lin-stimulated glycogen synthesis, the primary route 

of glucose disposal in skeletal muscle  [81], was no-

ticeably impaired in T2D. These observations indicat-

ed that glucose uptake by myocytes is defective at a 

step preceding G6P formation, implicating abnormali-

ties in either glucose transport or hexokinase activity 

(Fig.  4a).

To assess whether glucose transport is impaired, 

open microdialysis technique was used to quantify 

intracellular glucose and its transmembrane gradi-

ents in skeletal muscle in  vivo. This technique had 

been developed to measure interstitial glucose con-

centrations in human adipose tissue during a clamp 

[82]. Later, it was combined with isotopic tracers and 

MRS, first validated in rats  [83], and then applied in 

humans  [84]. In rats, intracellular glucose amounted 

to <1  mM under hyperglycemia (20  mM) without in-

sulin, when glucose uptake by cells was low, and to 

<0.1  mM under 10  mM glucose with hyperinsulinemia 

(1200  pM)  [83]. Human data showed slightly different 

values, but followed the same the principle: intracel-

lular glucose remained far below extracellular lev-

els during hyperglycemic (10  mM) hyperinsulinemic 

(50-60  µU/mL, or 310-370  pM) clamp  [84]. In healthy 

lean individuals (BMI  ~  22), intracellular glucose was 

~0.1  mM, whereas in T2D patients (BMI  ~  31), it was 

~0.24  mM, which was still ~25-fold lower than would 

be expected if hexokinase were inhibited. The whole-

body glucose disposal in these patients was ~5-fold 

lower, accompanied by reduction in both glycogen 

synthesis and G6P  levels.

These results demonstrate that intracellular glu-

cose concentrations are consistently much lower than 

the extracellular levels, and that insulin further re-

duces intracellular glucose concentrations several-fold 

[83]. This implies that insulin stimulates intracellular 

glucose utilization. Although not explicitly discussed 

by the original authors, these data suggest that insu-

lin regulates not only glucose transport but also in-

tracellular glucose metabolism. That is, glucose influx 

into a cell may not be the primary rate-limiting step 

for metabolism. Instead, increased intracellular glu-

cose consumption may itself enhance glucose influx, 

as intracellular utilization begins to outpace extracel-

lular availability of glucose. This passive metabolic 

reinforcement by the “pull” mechanism may be com-

plemented by the active “push” mechanism, whereby 

insulin drives the translocation of glucose transport-

ers to the plasma membrane. To determine which 

mechanism predominates, it is necessary to find out 

which responds earlier to insulin stimulation. Recent 

metabolomic studies in cultured 3T3-L1 adipocytes 

[21], which share the canonical mechanism of insu-

lin-dependent glucose uptake with skeletal muscle, 

have addressed this question. These studies showed 

that insulin activates intracellular glucose utilization 

before increasing glucose entry into the cells  [21]. 

Specifically, insulin first rapidly stimulated glycolysis, 

lactate production, and the pentose phosphate path-

way, while glycogen synthesis increased independent-

ly of glucose influx  [85]. Although the mechanism of 

this rapid metabolic action of insulin remains unclear, 

it also involves triggering of synthesis of fatty acids 

and glycerol 3-phosphate required for TAG formation 

(Fig.  3), with increased glucose influx occurring only 
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subsequently  [86]. These results are in line with ob-

servations that intracellular glucose concentration in 

skeletal muscle of T2D patients are elevated, rather 

than reduced compared to healthy controls [84], sug-

gesting that the defects in T2D may involve not only 

glucose uptake, but also dysregulation of intracellular 

glucose metabolism. Notably, muscle glycogen content 

is reduced in T2D subjects [87], which rules out sat-

uration of glycogen stores as the cause of increased 

glucose concentrations, but does not exclude the pos-

sibility that glucose catabolism is impaired in T2D.

This logic required examination of the effects of 

circulating FFA on glucose transport and metabolism 

in skeletal muscle of healthy humans in  vivo. The ear-

liest such studies were likely conducted by Boden and 

colleagues [88]. They showed that lipids rapidly (with-

in an hour) replaced glucose as oxidation substrates 

in the vastus lateralis muscle, consistent with the 

Randle hypothesis. Acetyl-CoA levels increased more 

than 4-fold within 6  h of lipid infusion compared 

with the no-infusion control, supporting proposed 

inhibition of pyruvate dehydrogenase by excess FFA 

(Fig.  4a). In addition, following lipid infusion the gly-

cogen synthase activity declined to basal levels, simi-

lar to those observed in the absence of insulin, indi-

cating a loss of insulin-stimulated glycogen synthesis 

in response to FFA. The whole-body glucose disposal 

declined within 3-4  h of lipid infusion, although G6P 

and citrate levels in muscle remained unaltered at 

6 hours. Notably, a 2-hour lipid infusion produced a 

comparable delay in the suppression of glucose up-

take, which began to recover ~3  h after the end of 

infusion [87]. Together, these findings suggest that the 

classical Randle mechanism operates only transiently 

following increase in plasma FFA levels, after which 

additional mechanisms may take over.

Boden and colleagues then examined the dose-re-

sponse relationship between circulating FFA and in-

sulin action  [89]. At low plasma FFA concentrations 

(0.05  mM), insulin-stimulated whole-body glucose dis-

posal and glycogen synthesis in skeletal muscle were 

not affected. Physiological FFA levels (~0.55  mM, see 

[76  78]) caused detectable metabolic impairment: 

insulin increased glucose uptake only during the 

first 3  h of the clamp and failed to stimulate glyco-

gen synthesis, whereas G6P levels declined. At higher 

FFA concentrations (0.75  mM), insulin no longer stim-

ulated glucose uptake or glycogen synthesis, although 

intracellular G6P was transiently elevated between 4 

and 6  h of the clamp. Taken together with the earlier 

findings  [88], these results suggested that the Randle 

cycle may operate transiently and in a context-depen-

dent manner following substantial elevation in plas-

ma FFA. However, FFA also appear to act through 

additional mechanisms, inhibiting glucose utilization 

without accumulation of intracellular G6P.

Resolving these mechanisms required accurate 

in  vivo quantification of intracellular G6P. Conven-

tional biochemical assays performed in tissue ho-

mogenates are limited and can yield imprecise re-

sults  [90]. To overcome these limitations and enable 

time-resolved quantification of G6P in human muscle 

in  vivo, Shulman and colleagues combined 31P- and 
13C-MRS and hyperinsulinemic euglycemic clamps 

[90]. Lipid infusion in healthy volunteers increased 

plasma FFA to ~2  mM and was shortly followed by a 

decline in glucose oxidation. After some delay, both 

glucose influx into muscle and glycogen synthesis 

decreased. Intracellular G6P concentrations increased 

only within the first hour and subsequently fell be-

low the control values, consistent with a biphasic 

response: an initial transient Randle effect followed 

by impaired insulin-dependent glucose uptake and/or 

reduced G6P formation due to hexokinase inhibition.

To determine whether FFA selectively impair 

glucose transport, the open microdialysis technique 

previously validated in animals  [83] and in patients 

with T2D  [84], was combined with MRS and eugly-

cemic (5  mM) hyperinsulinemic (400  pM) clamp and 

muscle biopsies in healthy volunteers  [91]. Lipid-hep-

arin infusion raised FFA concentration to ~1.8  mM, 

whereas glycerol infusion (control) reduced FFA from 

~0.5  mM to ~0.1  mM. In the lipid infusion group, glu-

cose uptake, glucose oxidation, and glycogen synthe-

sis were markedly reduced throughout the 6-hour 

clamp, while G6P levels remained largely unaltered. 

Overall, these responses resembled previous observa-

tions in patients with T2D  [84], supporting the notion 

that these metabolic defects were driven by excess 

FFA. Intracellular glucose concentrations measured 

2-4  h into the clamp were markedly lower in the lip-

id-infusion group (0.04  mM) than in the control group 

(0.25  mM)  [91]. On the one hand, this pattern indi-

cated that the Randle mechanism was not operative 

under these conditions, as intracellular glucose failed 

to accumulate. On the other hand, these values con-

trasted with earlier measurements in healthy subjects 

(~0.1  mM) with that in patients with T2D (~0.24  mM) 

[84]. This discrepancy suggests that chronic IR in T2D 

may involve additional defects in glucose catabolism 

that weaken the intracellular “pull” mechanism of 

glucose influx, similar to mechanisms described in 

adipocytes [21,  86]. Whether similar defects occur in 

human skeletal muscle and contribute to disease pro-

gression remains unresolved.

In summary, these complex in  vivo studies demon-

strated that skeletal muscle glucose transport is sup-

pressed in a lipid-dependent manner and that the 

Randle cycle may operate only transiently at high 

FFA levels. Although these findings revealed acute, 

and possibly direct, lipotoxic effects of FFA, it is like-

ly that additional metabolic mechanisms contribute 
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to impaired glucose utilization in skeletal muscle in 

response to chronic ectopic lipid accumulation in pre-

diabetes. Many of these mechanisms are discussed 

by  the authors themselves [4].

SECTION 6. MOLECULAR LANDSCAPE 
OF INSULIN RESISTANCE: 

WHAT IS TO BE DONE?

Because lipid infusion impairs insulin-dependent 

glucose uptake in skeletal muscle, it was logical to 

propose that the primary targets of FFA may reside 

in the plasma membrane compartment. Indeed, West-

ern blot analysis of muscle biopsies from healthy vol-

unteers demonstrated that lipid infusion blunted in-

sulin-induced activation of phosphoinositide 3-kinase 

(PI3K), a principal intracellular effector of insulin 

action  [91]. These observations led to the hypothe-

sis, and subsequent demonstration, that FFA act by 

increasing intracellular levels of DAG, which in turn 

activates a subset of Ca2+-independent nPKC isoforms 

(Fig.  5). Activated nPKCs phosphorylate insulin re-

ceptor substrate (IRS) proteins, the immediate down-

stream targets of the insulin receptor. This serine-di-

rected phosphorylation of IRS proteins blocks insulin 

signaling via PI3K and Akt kinase (protein kinase 

B/AKT1-3). Subsequent studies identified similar IRS 

inactivation via serine phosphorylation in other cell 

types [8,  17]. This mechanism is now recognized as a 

part of a large regulatory network in which multiple 

serine/threonine kinases phosphorylate distinct ser-

ine residues in IRS proteins to attenuate various as-

pects of their function [42, 92, 93]. Collectively, these 

findings established the concept of lipid-induced IR, 

whereby elevated FFA suppress insulin signaling and 

glucose uptake in peripheral tissues [30,  79].

In addition to lipid-induced mechanisms that 

impair insulin signaling, several other pathways may 

contribute to FFA-induced metabolic dysfunction. 

Among these, ceramide-mediated mechanism has at-

tracted particular attention  [35]. Ceramides are syn-

thesized from palmitate, the most abundant saturat-

ed FFA in humans  [38]. Ceramides attenuate insulin 

signaling and exert independent metabolic effects 

[33-35]. With respect to insulin signaling, ceramides 

inhibit insulin action by activating Akt phosphatase or 

by preventing Akt translocation to the plasma mem-

brane, thereby interrupting signaling downstream of 

the insulin receptor and IRS proteins. Independent-

ly of insulin signaling, ceramides promote FFA 

channeling into TAG in adipocytes and hepatocytes, 

Fig.  5. Signaling mechanisms of insulin resistance. The scheme illustrates the major branches of insulin signaling, includ-

ing the mitogenic arm (pink) and the metabolic arm (dark and light blue). The lower panel shows the major metabolic 

processes regulated by insulin: lipid synthesis in the ER, protein synthesis on the ribosomes of the rough ER, glycogen 

synthesis in the cytoplasm, and mitochondrial substrate oxidation for ATP production. Lipid metabolism and the TAG cycle 

are shown in green and include TAG, DAG, FFA, and ceramides (Cer). Black blunt-ended arrows indicate inhibitory signals 

that attenuate insulin signaling from insulin receptors and involve nPKCs, insulin-independent inflammatory protein kinases 

IKK (IkB kinase) and JNK (c-Jun N-terminal kinase), and ceramides. TSC1/2 (tuberous sclerosis proteins  1 and  2, GTPase- 

activating proteins for Rheb GTPase) and PRAS40 (proline-rich Akt substrate of 40  kDa, also known as AKT1S1) function 

as independent Akt effectors.
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impair mitochondrial function, and suppress respira-

tory chain activity [44]. Importantly, IR mechanisms 

that do not directly involve canonical insulin signal-

ing are receiving increasing attention. In addition to 

mitochondrial dysfunction, these include ER stress, ac-

cumulation of acyl-carnitines, and oxidative stress [4, 

9]. Importantly, in endothelial cells, excessive FFA in-

duce oxidative stress and cell death without affecting 

the IRS-Akt signaling, at least while cells remain via-

ble for several days [94]. This observation highlights 

that FFA do not invariably act through direct lipotox-

icity, but may also exert broader metabolic effects.

The insulin-signaling network coordinates a 

wide array of cellular processes that can be broadly 

grouped into mitogenic and metabolic branches  [42] 

(Fig.  5). The metabolic arm is structurally heteroge-

neous and regulates carbohydrate metabolism as well 

as anabolic programs of lipid and protein synthesis 

via mTORC1 (mechanistic target of rapamycin com-

plex  1). Accumulating evidence suggests that in IR 

and/or T2D, signaling defects arise in the metabolic 

branch, specifically at distal post-receptor nodes that 

are directly linked to the glucose transport control 

[41, 95-98]. One proposed explanation is that this may 

be due to an excess (“spareness”) of the key signal-

ing molecules, such as Akt, which may be unevenly 

distributed across downstream pathways  [41]. Conse-

quently, partial attenuation of Akt activity in IR or 

T2D may disproportionately impair the glucose-trans-

port arm of insulin signaling. However, direct in  vivo 

evidence has been lacking until recently, especially 

in the context of physiological postprandial response.

We addressed this gap by performing phosphopro-

teomic  [99] and transcriptomic  [100] profiling of skel-

etal muscle from healthy individuals and obese pa-

tients with T2D before and one hour after ingestion 

of a mixed meal adjusted for body weight. In healthy 

participants, plasma glucose and insulin peaked at 

~30  min with glucose returning to baseline within 

an hour  [101]. A weaker, prolonged second phase of 

insulin secretion was observed, that resolved by ~3  h, 

indicating that under physiological conditions, insu-

lin action is largely completed within an hour, en-

suring efficient clearance of excess glucose from the 

circulation. In contrast, obese T2D patients exhibited 

markedly higher glucose and insulin levels, which 

remained near maximum for at least 2  h postpran-

dially and did not return to baseline even after 3  h. 

Fasting glucose and insulin were also elevated rela-

tive to healthy donors, consistent with chronic IR and 

uncompensated hyperglycemia.

Phosphoproteomic profiling of the vastus later-

alis muscle revealed similar postprandial signaling 

patterns in healthy donors and obese patients with 

T2D. In healthy muscle, insulin activated virtual-

ly all signaling branches, including metabolic [Akt, 

TBC1D4 (GAP for Rab GTPase, also known as AS160), 

GSK3β (glycogen synthase kinase-3α/β), mTORC1, Cbl/

TC10 (ubiquitin ligase Cbl/GTP-binding protein TC10)] 

and mitogenic (extracellular regulated MAP kinases 

Erk1/2) arms  [99]. In T2D muscle, insulin signaling 

was attenuated, but not completely abolished. Con-

sistently, transcriptomic analysis showed no major 

differences between the groups  [100], suggesting at 

least partially preserved insulin responsiveness in 

T2D with obesity. Western blot analysis confirmed 

significantly increased postprandial phosphorylation 

of Akt in patients with T2D relative to fasting lev-

els, whereas TBC1D4 phosphorylation remained un-

changed. Notably, insulin failed to activate the Cbl/

TC10 ubiquitin ligase pathway, which regulates traf-

ficking of insulin-responsive GLUT4 storage vesicles 

to the plasma membrane  [102]. These results indicate 

that insulin signaling in T2D with obesity is not glob-

ally impaired; rather, the metabolic branch governing 

glucose transport appears selectively affected. These 

findings support the emerging concept of selective IR, 

where discrete branches of metabolic signaling are 

differentially impaired in T2D [41, 96, 103]. Further 

studies with larger volunteer cohorts and detailed 

temporal analyses of postprandial signaling dynam-

ics are needed to test this hypothesis and decipher 

specific defects in insulin signaling that emerge in 

obesity and prediabetes, ultimately shaping the mo-

lecular landscape of IR in overt  T2D.

SECTION 7. HEPATIC LIPOTOXICITY 
AND Β-CELL DYSFUNCTION: 
WHEN THE LEVEE BREAKS

The early coexistence of dyslipidemia, insulin hy-

persecretion, and IR in prediabetes makes it difficult 

to conclusively determine which of these features is 

primary (Fig.  1). The molecular mechanism underly-

ing insulin secretion by β-cells and its dependence on 

plasma glucose levels have been well characterized 

[104]. Interestingly, in prediabetes, the arterial blood 

levels of FFA and glucose (both fasting and postpran-

dial) typically remain within a normal range, while 

insulin levels are almost persistently elevated in 

obese individuals  [74]. It is hard to imagine how and 

why IR would arise in skeletal muscle under these 

conditions, with compensatory hyperinsulinemia fol-

lowing. Consequently, some researchers believe that 

hyperinsulinemia is the primary abnormality, rather 

than the compensatory response, with IR developing 

subsequently [10, 36, 37, 95]. Primary hyperinsulin-

emia could be caused by increased lipid influx into 

β-cells, which stimulates insulin secretion  [31], and/

or by elevated production of reactive oxygen species 

in β-cells through mechanisms that are not yet fully 
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understood  [9]. Regardless of the precise pathway, 

these observations underscore the central role of dys-

lipidemia and/or excess dietary fat.

Blood enters the liver from the pancreas. The 

liver and kidneys are the primary sites for insulin 

clearance from the blood. Incomplete hepatic degra-

dation of insulin can therefore increase insulin levels 

in systemic circulation and sustain hyperinsulinemia. 

Normally, the liver removes up to 70% of insulin, but 

in the presence of fat infiltration, it degrades only 

30-40% of insulin [105]. When combined with insu-

lin hypersecretion by β-cells, this decreased hepatic 

degradation likely contributes to basal hyperinsulin-

emia in response to surplus food and chronic excess 

of lipids and carbohydrates in the venous outflow of 

the portal vein system.

Adipose tissue, which takes up dietary fats in re-

sponse to insulin, protects the liver from fat infiltra-

tion. The levels of circulating FFA remain within the 

normal range throughout the day, even in individuals 

with moderate obesity [74,  75]. This suggests that in 

prediabetes, adipose tissue effectively accommodates 

increased dietary fat influx, thus protecting the liv-

er from fat infiltration. Between meals, when plas-

ma insulin is low, the liver adapts to the increased 

FFA influx from adipose tissue by redirecting FFA 

to lipoprotein TAG. The lack of such a protection in 

conditions associated with overload of adipocyte fat 

depots, such as lipodystrophy or morbid obesity, in-

creases the risks of ectopic fat accumulation and T2D 

[74]. This again emphasizes the key role of adipose 

tissue in T2D pathophysiology and in neutralizing po-

tential lipotoxicity of excess dietary fats.

Primary basal hyperinsulinemia may trigger a 

cascade of events, such as fat accumulation in ad-

ipocytes due to insulin lipogenic activity [10,  11]. 

The prolonged duration of prediabetes may reflect 

the slow progression of these events. Adipocyte hy-

pertrophy is associated with macrophage infiltration 

and the development of latent inflammation  [8], re-

duction in the proliferative and regeneration poten-

tial of progenitor cells  [106], and emergence of IR in 

adipose tissue  [7]. However, even in the absence of 

adipose IR, hypertrophied adipocytes can serve as a 

source of excessive postprandial FFA and leptin. De-

velopment of systemic leptin resistance may redirect 

FFA to other tissues, causing ectopic obesity and IR 

development in peripheral tissues [10,  32]. Determin-

ing whether, when, and to what extent IR develops in 

adipose tissue appears critical for understanding the 

pathophysiology of T2D.

The liver is the primary acceptor of FFA released 

from adipose tissue, placing a substantial burden on 

hepatic TAG synthetic machinery. Hepatocytes gen-

erate glycerol-3-phosphate for glyceroneogenesis, as 

part of gluconeogenic pathway, using glycerol and, 

potentially, lactate delivered from adipose tissue 

[107]. In adipocytes, glucose conversion to lactate is 

prioritized  [85], and the lactate cycle operates in adi-

pose tissue, similar to the Cori cycle in muscle  [108]. 

Normally, insulin suppresses adipose lipolysis and he-

patic gluconeogenesis, redirecting the FFA flux back 

to the adipose tissue within minutes. IR in adipose 

tissue is thought to remove the inhibition of lipolysis 

in adipocytes, thus increasing FFA export and its de-

livery to hepatocytes, whereas hepatic IR unrepresses 

glyceroneogenesis, promoting TAG synthesis and ac-

cumulation from incoming FFA  [4]. The combination 

of adipose IR and hepatic IR disrupts coordinated 

regulation of the opposing lipid fluxes, thus shifting 

the balance toward TAG synthesis in the liver. The 

export of TAG in lipoproteins facilitates redistribution 

of the excessive fat to muscle and other tissues, thus 

triggering ectopic obesity, potentially, even in the ab-

sence of leptin resistance. This again underscores the 

metabolic connection between the liver and adipose 

tissue and the role of adipose IR in the development 

of hepatic IR.

According to this scenario, IR may develop last in 

skeletal muscle and represent a protective adaptation, 

reducing glucose influx into cells and lipogenesis in 

response to increased availability of circulating FFA 

[10]. Alternatively, IR may arise earlier, even first, in 

skeletal muscle if it results from excessive dietary 

fat. In this case, dietary lipids are transported from 

intestinal enterocytes by chylomicrons in the lymph 

into the vena cava and then into the arterial blood 

via the pulmonary circuit. In this scenario, skeletal 

muscle, like other organs, would be the first target 

of FFA, further exacerbated by “spillover” effects as-

sociated with high LPL activity  [47]. The difference 

between these scenarios appears to lie in the source 

of plasma FFA: the chylomicron-derived FFA may first 

promote IR in skeletal muscle, whereas the liver li-

poprotein-derived FFA may cause muscle IR at later 

stages.

The skeletal muscle response to plasma FFA like-

ly also depends on the duration of FFA exposure [88, 

89]. Whereas transient IR may develop through the 

Randle glucose-fatty acid cycle  [22] during substantial 

intervals between the meals, such as overnight fast-

ing, the risk of lipid-induced IR [4,  79] may increase 

with a continuous and/or abundant influx of chylo-

microns into the circulation. Ectopic obesity is char-

acterized by gradual accumulation and slow shifts in 

metabolic fluxes, the processes that may be accom-

panied by rewiring of intracellular insulin signaling 

network  [42] and selective suppression of glucose 

uptake  [41]. In contrast, the insulin signaling may be 

switched off completely probably only under extreme 

and/or long-term ectopic obesity  [30], as observed in 

fat infusion and hyperinsulinemic clamp experiments 
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discussed in Sections  5 and  6. Regardless of the un-

derlying mechanism, skeletal muscle IR reduces glu-

cose clearance from the circulation, thereby causing 

hyperglycemia and increasing glucose flux back to 

the liver.

The clinical presentation of T2D suggests that fat-

ty liver and β-cell dysfunction are key indicators of 

transition from prediabetes to T2D. Fatty liver likely 

becomes clinically evident once circulating and adi-

pose fat depots are saturated with TAG. When hepatic 

export of excess TAG via lipoproteins is exceeded, ke-

tone body production increases sharply and circulat-

ing FFA levels become elevated in people with severe 

obesity  [68], as discussed in Section  4. It might be ex-

pected that under these conditions, the liver begins 

to accumulate excess fat and develop ectopic obesi-

ty while suppressing insulin signaling and control 

of glucose production. The resulting glucolipotoxicity 

would damage β-cells, impair insulin secretion, and 

lead to manifestation of overt T2D (Fig.  1). Thus, fatty 

liver may be regarded as an early warning sign of 

the metabolic levee break that culminates in systemic 

fat spillover and glucolipotoxicity.

SECTION 8. CONCLUSIONS: THE FINAL CUT

The network organization of systemic metab-

olism and its regulation by insulin, complicated by 

tissue-specific features, continues to hinder a full 

comprehension of IR etiology and sequence of events 

in T2D pathophysiology, which is essential for iden-

tifying effective therapeutic targets [4, 9, 12, 40, 42, 

60,  95]. The framework outlined above integrates nu-

merous findings, of which only the most represen-

tative are cited, and therefore inevitably constitutes 

a simplification. The progression from prediabetes 

to  T2D is shaped by multiple factors, their combi-

nations and interactions, resulting in substantial in-

dividual variability in disease histories and clinical 

phenotypes. Elucidation of molecular and (patho)

physiological mechanisms that underlie this complex-

ity poses a  major challenge for both basic research 

and clinical medicine.

A central unresolved question is what triggers 

the metabolic dysfunction? The above analysis points 

to excessive nutrient availability and overnutrition, 

the hallmarks of modern society, as major contribu-

tors. Primary hyperinsulinemia appears to represent 

a critical early response; however, its underlying 

causes and downstream consequences remain poor-

ly understood. Moreover, the tissue in which IR first 

arises is still unknown. Whether skeletal muscle IR 

constitutes an early initiating event or late adaptive 

response to sustained hyperinsulinemia or lipid over-

load needs further investigation and careful scrutiny. 

Hence, early diagnostics of IR and deep exploration 

of its molecular mechanisms across multiple tissues 

are highly important. In this respect, omics technolo-

gies are powerful tools for simultaneous monitoring 

of hundreds of molecules and their post-translational 

modifications [42, 99, 103], offering the possibility to 

identify specific molecular perturbations at different 

stages of prediabetes and in  T2D.

Ectopic lipid accumulation and lipotoxicity ap-

pear to be central determinants in disease pathogen-

esis [30]; however, the underlying mechanisms re-

main incompletely understood and warrant further 

investigation. Adipose tissue plays a pivotal role at 

multiple steps of disease progression, yet molecular 

drivers of adipose IR remain poorly defined. Remov-

al of adipose tissue to reduce fat mass, such as by 

liposuction, are problematic due to potential impair-

ment of adipose endocrine function and/or regenera-

tive capacity. In contrast, modulation of adipogenesis 

appears as a more promising method to upregulate 

the lipid-oxidative capacity of adipocytes. Combining 

these strategies with increased skeletal muscle activ-

ity to promote lipid utilization may offer the most 

realistic prospects for preventing T2D. Finally, hepatic 

steatosis becomes particularly critical during transi-

tion from prediabetes to overt T2D, potentially ne-

cessitating pharmacological interventions to prevent 

irreversible metabolic deterioration.

Insulin therapy for prevention or early treatment 

of T2D seems inappropriate  [12] largely because IR 

represents, in essence, an adaptive response to in-

creased availability of energy substrates. Exogenous 

insulin would not eliminate the underlying causes of 

IR and is likely to exacerbate metabolic stress by pro-

moting additional energy influx. Instead, glucose-low-

ering therapies and dietary interventions that reduce 

fat mass are likely to be more effective. Achieving 

rapid and sustained metabolic improvements will re-

quire the development of new therapeutics directed 

at specific molecular targets. Identifying these targets 

remains a priority in metabolic research.
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