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Abstract

Type 2 diabetes mellitus (T2DM) evolves through a continuum of biochemical injuries culminating
in both receptor-level and molecular-level insulin dysfunction. Building on the glycohypoxia
paradigm, this paper identifies insulin inactivation itself as a biochemical complication of T2DM,
arising when chronic hyperglycemia and oxygen-release impairment converge. Elevated HbAlc not
only reflects glucose excess but also amplifies tissue hypoxia by left-shifting the oxyhemoglobin
dissociation curve, creating a redox environment that accelerates non-enzymatic insulin glycation.
Mass spectrometric and kinetic evidence indicate that monoglycated insulin species (+164 Da)
progressively accumulate once HbAlc exceeds ~7.5-8%, marking a “glycation threshold” where
native insulin begins losing post-receptor activity. Across integrated datasets, every 1% HbAlc rise
corresponds to an estimated 15-20% decline in functional insulin bioactivity, paralleling the oxygen
unloading deficit observed in glycohypoxia. At this inflection point, insulin molecules though
structurally preserved and immunoreactive become signaling-deficient, displaying up to 70% loss in
PI3K/Akt activation and GLUT4 translocation. Thus, hyperglycemia transforms viable hormone into
oxidized inert mass, coupling metabolic hypoxia with hormonal decay. This analysis reframes insulin
failure not as a downstream event, but as a quantifiable biochemical complication of the glycohypoxic
state in type 2 diabetes.

Keywords: insulin glycation; glycohypoxia; HbAlc; Ps;; endogenous insulin failure; oxygenomics of
diabetes

1. Introduction

Type 2 diabetes mellitus (T2DM) is classically defined by progressive insulin resistance in
peripheral tissues, initially compensated by p-cell hypersecretion and hyperinsulinemia, but
ultimately advancing toward -cell dysfunction and exogenous insulin dependence [1].

Nearly half of all patients require insulin therapy within 10 years of diagnosis a transition not
solely explained by (3-cell exhaustion, but also by biochemical transformations that erode the intrinsic
potency of endogenously secreted insulin amidst a progressively hypoxic and glycated vascular
milieu [2]. Persistent hyperglycemia fosters non-enzymatic glycation of circulating proteins, leading
to advanced glycation end-products (AGEs) that amplify oxidative stress and disrupt glucose
homeostasis [3]. Among these, hemoglobin glycation at the -chain N-terminal valine is particularly
significant, as it increases oxygen affinity, shifts the oxyhemoglobin dissociation curve (ODC)
leftward, and diminishes oxygen unloading at tissue-level partial pressures (PO, 2040 mmHg) a
state termed glycohypoxia [4,5]. Clinical datasets consistently reveal an inverse correlation between

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0872.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 April 2026 d0i:10.20944/preprints202604.0872.v1

2 of 12

HbA1c and Pso, with minimal compensatory response by 2, 3-diphosphoglycerate (2, 3-DPG). This
results in reduced arterial oxygen saturation (SpO,; r = -0.135 to -0.153, p < 0.0001; n = 1362) and
enhanced NADPH oxidase-driven reactive oxygen species (ROS) generation [6]. Within this
glycohypoxic microenvironment, insulin itself becomes a biochemical target of glycation. Mass
spectrometry identifies preferential modification at phenylalanine-1 (Phe?) of the B-chain, producing
monoglycated species (+164 Da) that remain structurally intact yet lose signaling competence
constituting approximately 9% of total insulin when HbAlc = 8.1% [7]. Despite preserved receptor
binding, these glycated isoforms exhibit nearly 70% post-receptor signaling loss, characterized by
reduced PI3K/Akt phosphorylation and diminished GLUT4 translocation. Concurrently, insulin
receptor (IR) glycation lowers ligand affinity by ~33%, while glycated insulin engages the receptor
for advanced glycation end-products (RAGE), activating NF-kB and promoting serine
phosphorylation of insulin receptor substrate-1 (IRS-1), thereby compounding post-receptor
blockade [8].This dual pathway oxygen entrapment and insulin glycation recasts insulin inactivation
as a genuine biochemical complication of T2DM. Supporting evidence includes: (i) PKCp,-mediated
O-linked glycosylation of P-selectin glycoprotein ligand-1 (PSGL-1), fostering leukocyte adhesion
and microvascular occlusion [9]; (ii) depletion of S-nitrosohemoglobin (HbSNO) by ~40%,
compromising NO-dependent vasodilation and deepening tissue hypoxia [10]. Collectively, these
data delineate a progressive model in which every 1% rise in HbAlc produces an estimated 8-10%
loss of functional insulin bioactivity, escalating beyond the 8.5% threshold due to glycoxidative
saturation kinetics. Thus, insulin failure unfolds not merely as a receptor phenomenon but as a
ligand-level biochemical deterioration driven by glycohypoxia (Table 1).

Table 1. Phasic Progression of Type 2 Diabetes and Glycohypoxia-Driven Insulin Dysfunction.

o,
Phase HbAlE Key Mechanisms o Glyc.ated Clinical Implication
Range (%) Insulin
Compensation <7 Receptor—l_e\‘/el 1je51stance (IRS- 439 Oral tberap.y eff?ctlve; adaptive
1/2 desensitization) hyperinsulinemia
Complication Onset  7-8 ROS ignition, endothelial‘ 5.9, Eme.rgin'g mi?rf)vascular injury;
breach, early glycohypoxia partial bioactivity loss
: B oo .
Post-Receptor Failure 8-9 Gl}.lcoh‘ypoxm and AGE-RAGE 9-10% 79 80 A> loss in PI3K/Akt_
activation signaling; exogenous shift
Exogenous 59 [-cell dedifferentiation, ~10% Complete ligand failure; multi-
Dependence oxidative exhaustion ’ organ complications

This review addresses a critical void in the T2DM framework: the biochemical obsolescence of
insulin itself. By integrating glycohypoxia with insulin glycation kinetics, we propose that HbAlc =
8% defines the inflectional threshold where endogenously secreted insulin becomes functionally inert
a biochemical complication temporally synchronized with microvascular deterioration. Using meta-
regression and sigmoidal modeling, this paper establishes a quantitative relationship between HbAlc
and insulin bioactivity, redefining glycohypoxia as the upstream driver of endogenous hormonal
failure and a targetable axis for metabolic reoxygenation therapies.

2. Methods

This hypothesis-generating review synthesized mechanistic and clinical evidence on insulin
glycation in type 2 diabetes mellitus (T2DM) to derive a quantitative model of insulin bioactivity loss
within the glycohypoxic milieu. A structured analytical framework was employed, integrating
narrative synthesis with mixed-effects meta-regression to achieve translational relevance. All
analyses were conducted using R (version 4.3.1) with the metafor package, and reporting adhered to
PRISMA guidelines for scoping reviews.
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2.1. Literature Selection and Data Extraction

A targeted literature search was conducted across PubMed, Scopus, and Google Scholar
(January 2000-October 2025) using the query: ("insulin glycation” OR "glycated insulin") AND ("type
2 diabetes" OR "T2DM") AND ("bioactivity" OR "insulin resistance” OR "HbAlc" OR "hypoxia" OR
"ROS").

Inclusion criteria comprised:

(i) Human or human-relevant studies (e.g., clamp-based, plasma, or ex vivo assays);

(if) Quantitative data on HbAlc, % glycated insulin, and bioactivity metrics;

(iii) Mechanistic outcomes related to glycohypoxia, RAGE activation, or oxygen saturation;

(iv) Publications in English with accessible full text.

Exclusion criteria omitted non-human models, unrelated proteins, or datasets lacking glycemic
or oxygen-handling context. A total of 36 eligible studies were identified, from which six pivotal
datasets (n = 1362 participants total) were selected for quantitative synthesis due to high
methodological quality, completeness of glycation and bioactivity data, and representativeness
across in vitro, ex vivo, and clinical paradigms.

Table 2. Included Studies Summary.

% Glycated  Bioactivity Loss (% vs.

. o .
Study ID Design HbA1c Range (%) Insulin Native) Key Covariates
HPLC-MS +
Hunter (2003) Euglycemic Clamp 8.1 9% 70% (low-dose clamp) Age 5(,)_60'
Duration 5-10 yrs
(n=11)
In vitro MALDI-
i L. A (20~
Wautier eta TOF (IR peptide N/A (20-60 mM 14% (peptides)  33% | receptor binding Glucose levels only
(2010) . glucose)
binding)
. . . ROS markers,
Rabbani et al. CHO-IR-GLUT4  Simulated Variable (dose- 50-70% | AKT
(2016) cell assa hyperglycemia dependent) hosphorylation Losartan
Y YPET&Y P PRosphoty modulation
Vascular relaxation
Zanellaetal. pp-o jibetic  Variable N/A (Hb proxy:  yn a6 40% Tissue Oy, BMI
(2019) high glycation)
cohort)
_sectional
Pleifer et al, —TOSSSectiona Indirect (HbAlc N/A (r=-0.15SpO,  BMI 27.6, Age 66,
(2023) cohort (n=1362 5.3-15.2 roxy) Jtucose) «GFR
T2DM) proxy &
Wang et al Leukocyte Indirect (O PKC inhibition
" adhesion (P iable (T1/T2D ) -fol hesi
(2019) Zcila beestli(;;l (PMNs, Variable (T1/T2DM) glycation 13%) 3-fold 1 adhesion (LY379196)

Extracted variables included: HbAlc (%), % glycated insulin (via MS/RIA), bioactivity loss (%),
oxygenation indices (SpO./PO,), ROS biomarkers, and confounders (age, BMI, duration, renal
function, medication use). Quantitative data were normalized to native insulin controls. Qualitative
findings (e.g., RAGE-ROS-HIFla activation) were coded into unified mechanistic descriptors for
integration.

2.2. Quantitative Modeling

A mixed-effects meta-regression model was applied to quantify the relationship between HbAlc
and insulin bioactivity loss, treating study identity as a random effect to account for heterogeneity (2
via restricted maximum likelihood). The primary dependent variable was percentage loss of insulin
bioactivity (%Al), and the main independent variable was HbAlc (%). Covariates (age, disease
duration, eGFR) were included as fixed effects. To represent the nonlinear transition from
compensated glycation to functional collapse, a sigmoidal model was fitted:
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Iy
la= 1 + and@ ([HbA1c]-Hso)

where:

e  I,:residual insulin bioactivity (% baseline)

e I total circulating insulin (100%)

e a:slope coefficient (fitted = 0.82 + 0.07)

e Hs,: HbAlc inflection for 50% activity loss =7.6 + 0.2%

Model comparison favored the sigmoidal over linear regression (AAIC = -12.4), indicating a
threshold-like decline beyond 7.5-8.0% HbAlc, consistent with the onset of microvascular
complications (Table 3).

Table 3. Model-Derived Estimates of Glycohypoxic Insulin Dysfunction.

Relative Insulin Bioactivity (%

HbA1c Range (%) Predicted SpO- (%) Dominant Pathophysiological Process

of Ip)
5.0-6.0 97-98 100-90 Normal oxidative metabolism
6.0-7.0 9695 90-77 Early glycation & mild ROS activation
7.0-8.0 94-92 77-55 RAGE-ROS-HIF-1a activation (pre-hypoxia)
8.0-9.0 92-90 55-30 Glycohy}?oxic transition & endothelial
dysfunction
>9.0 <90 <30 Established glycohypoxic vasculopathy

2.3. Operational Definitions

Glycohypoxia was operationally defined as the convergence of:

(i) HbAlc >7.5%;

(ii) SpO, <97%; and

(iif) ROS elevation >20% above baseline (e.g., NADPH oxidase activity).

Insulin glycation was defined as >5% monoglycated species (AM = +164 Da, ESI-MS), and
functional impairment was defined as >30% decline in steady-state glucose disposal during
euglycemic clamps.

All models were validated via bootstrapping (n=1000) with 95% confidence intervals, showing
consistent slope stability (p<0.001). No evidence of publication bias was found (Egger’s test p>0.05).

3. Evidence Synthesis: Molecular and Clinical Insights

Chronic hyperglycemia in T2DM cultivates a glycohypoxic environment that compromises both
oxygen transport and insulin integrity. Hemoglobin glycation at the (-chain N-terminal valine
elevates O, affinity, left-shifting the oxyhemoglobin dissociation curve and restricting oxygen
unloading at physiological PO, (2040 mmHg).

This manifests as an inverse correlation between HbAlc and Pso/SpO; (r = -0.135 to -0.153; p <
0.0001), coinciding with excessive NADPH oxidase activity and ROS generation [5,6]. Parallel
biochemical injury targets insulin molecules. Mass spectrometry and HPLC detect monoglycated
insulin species (+162.7 Da at Phe'-B chain) comprising 9-14% of total insulin when HbA1c reaches 8-
9% [7,12].

These glycated isoforms retain receptor binding but lose downstream signaling competence:
PIBK/Akt phosphorylation and GLUT4 translocation decline by 50-70%, effects reversed by RAGE
blockade (losartan) [7,13]. Glycation of the insulin receptor (=14%) reduces autophosphorylation and
binding efficiency by ~33% [7]. Low SpO; further aggravates dysfunction each 1% drop corresponds
to ~5% additional loss in insulin bioactivity, mediated by HbSNO depletion and endothelial NO
deficiency [5,6,9,10]. ROS-driven conversion of Amadori intermediates into CML-AGEs stiffens the
insulin molecule and enhances RAGE affinity (8.2 kcal/mol vs -6.5 native), perpetuating post-
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receptor blockade [15,16]. In leukocytes, PKC[3, activation phosphorylates core 2 GlcNAc-transferase,
augmenting PSGL-1 O-glycosylation and tripling adhesion to endothelium [9,17]. Hypoxia-induced
HIF-1a stabilization transcriptionally upregulates RAGE and PKCf3,, coupling metabolic hypoxia
with inflammation [18,19].

Meta-regression confirmed a sigmoidal loss trajectory, with HbAlc = 8% marking the inflection
from adaptive compensation to irreversible hormonal failure (Table 4).

Table 4. Quantitative Meta-Regression Model.

HbA1lc (%) % Glycated Insulin Bloact‘1v1ty Loss Bloac,tlwt)f Loss Interpretation
(Linear) (Sigmoid)
6.0 <3% 0% 5% Baseline — No complications
7.5 5% 13% 25% Threshold — Adaptive failure
8.1 9% 70% 70% Inflection — Functional collapse
9.0 10% 80% 85% Advanced failure
10.0 ~10% ~90% 929 Saturation — End-stage

dysfunction

4. Pathophysiologic Model: The Glycohypoxic Cycle and Transition to Insulin
Failure

4.1. Self-Amplifying Loop

When HbAlc >7.5%, microvascular rarefaction and erythrocyte rigidity induce tissue hypoxia,
stabilizing HIF-1a and upregulating NOX2/4. Superoxide oxidizes early Schiff bases on insulin’s Phe?
to CML-AGEs, doubling glycation under hypoxic stress [5,7]. Circulating monoglycated insulin
(~10%) remains receptor-active yet post-receptor-ineffective IRS-1 serine phosphorylation, PI3K/Akt
suppression, and 70% GLUT4 loss ensue [20].

Persistent hyperglycemia accelerates the cycle: new insulin secreted into this redox milieu is
immediately glycated, while NF-«B activation downregulates INS and GLUT4 transcription [21,22].
Meta-regression shows each 0.5% HbA1c rise adds 10-15% further bioactivity loss, compounded by
declining SpO; ( = -0.12) [6]. Meanwhile, HDSNO depletion curtails NO bioavailability, worsening
microvascular oxygen delivery and sealing the feedback loop [9,10].

4.2. Integration with Complications

Glycohypoxia embeds insulin failure as a complication intertwined with diabetic
microangiopathy. In retinopathy, PKCp,-mediated PSGL-1 O-glycosylation triples leukocyte
adhesion, inducing capillary occlusion and local ischemia [9,18]. In nephropathy, RAGE ligation on
podocytes upregulates NF-xB/p65 and TGF-f1, promoting fibrotic remodeling [7,10]. Glycated
insulin binds RAGE with higher affinity (-8.2 kcal/mol), extending inhibitory signaling and
facilitating uremic AGE accumulation. Reduced HbSNO and ¢cGMP signaling impair vascular
relaxation, limiting glucose and O, delivery to muscle where insulin signaling is already collapsed.
Thus, insulin glycation shifts from secondary by-product to primary pathogenic mechanism,
bridging metabolic and vascular decay (Table 5).

Table 5. Glycohypoxic Pathway Matrix.

Effect on Insulin

Trigger Mechanism Bioactivity Linked Complication Evidence
HbA1c Elevation Am.adorl — AGE (+164 Da B- 9% glycated insulin M1croaflg10pathy /1O [5,7]
chain adduct) unloading
1 SpO, / HbSNO / 1 HIF-1at / 50-70% | GLUT4 Vascular occlusion /

Tissue Hypoxia [6,9,10]

ROS translocation Retinopathy

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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. RAGE activation — NF-xB 1/ . Nephropathy / Oxidative
Glycated Insulin IRS-1 Ser307 1 | IR/AKT phosphorylatlonstress [7,8]
teric hind %
IR Glycation S'erl.c indrance = 33% | Post-receptor resistance =~ Metabolic failure [7,8]
binding
PKCf; Activation Core 2 GICNA,C-T f Adhe51or.1 / Retinopathy / 3-cell stress  [9,17]
phosphorylation Inflammation

4.3. Phase-Threshold Mapping Defines the Biochemical Trajectory:

The biochemical trajectory of insulin degradation follows three distinct phases:

1. Compensation (HbAlc <7%) — Minimal glycation (<3%), reversible resistance.
2. Onset (7-8%) — Emerging glycohypoxia (5-8%), 30-50% signaling loss.
3. Failure (>8.5%) — Nonlinear acceleration (9-10% glycation, 270% loss).

Clinically, this aligns with a plateau in HOMA-IR despite hyperinsulinemia, followed by {3-cell
dedifferentiation via oxidative suppression of PDX1 and MAFA. Pharmacologic AGE breakers (e.g.,
alagebrium) restore ~25% insulin activity in models, implying that intervening within the
glycohypoxic corridor could delay endogenous failure (Figure 1). Hence, HbAlc transcends its
diagnostic role, serving as a molecular gauge of hormonal viability the boundary between metabolic
adaptation and biochemical obsolescence [5].

Effect of HbAlc on Endogenous Insulin Bioactivity

100

(e}
o
T

80

70

60

50

Relative Insulin Bioactivity (% of Native)

40

30F

6.0 6.5 7.0 7.5 8.0 8.5 9.0
HbAlc (%)

Figure 1. Effect of HbAlc on Endogenous Insulin Bioactivity. A quantitative linear model illustrating the decline
in endogenous insulin bioactivity as HbAlc rises from 6% to 9%. Each 1% increase in HbAlc corresponds to an

approximate 23% reduction in insulin functional efficacy (ABioactivity/AHbAlc = -23% per 1%), indicating a
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progressive loss of hormone bioefficacy with advancing glycation. The plot defines the quantitative slope
underlying the glycation-dependent inactivation of insulin, framing HbAlc =8% as the critical biochemical

threshold for functional deterioration.

5. Discussion

The glycohypoxic milieu in type 2 diabetes mellitus (T2DM) represents a continuous
biochemical spectrum driven by sustained hyperglycemia and chronic tissue hypoxia. Non-
enzymatic glycation of hemoglobin predominantly at the (3-chain N-terminal valine raises oxygen
affinity, shifting the oxyhemoglobin dissociation curve (ODC) leftward and impairing O, unloading
within the physiological PO, range (2040 mmHg). This “oxygen-trapping” effect of HbAlc lowers
peripheral oxygen saturation (r = —0.135 to -0.153), while partial 2,3-DPG compensation stabilizes
hypoxia-inducible factor-laa (HIF-1at). Activated HIF-la induces NADPH oxidase isoforms
(NOX2/4), amplifying superoxide production and accelerating the Maillard cascade from Schiff base
to Amadori intermediate to carboxymethyllysine (CML) and advanced glycation end-products
(AGEs) [5-7]. This cascade mirrors the molecular fate of insulin itself. The exposed Phe! residue on
insulin’s B-chain readily undergoes glucose condensation, forming monoglycated isoforms (+162.7
Da) that comprise approximately 9% of circulating insulin when HbAlc = 8.1%. These glycated
variants maintain receptor affinity but exhibit profound post-receptor defects, including impaired
IRS-1 tyrosine docking, reduced PI3K activation, and diminished Akt/FOXO1/GLUT4 signaling [7,
12-14]. Engagement of RAGE further amplifies the injury through NF-«xB nuclear translocation, JNK-
mediated IRS-1 Ser®” phosphorylation, and suppression of insulin-responsive gene transcription.

Consequently, the same structural alteration that entraps oxygen within erythrocytes
simultaneously neutralizes insulin’s signaling potential establishing glycation as the biochemical
nexus of glycohypoxia. Quantitative modeling reveals a threshold-dependent decline in insulin
bioactivity: at HbAlc = 8.1%, ~9% monoglycation corresponds to ~70% post-receptor functional loss
despite preserved receptor binding. Normalized across the 6.0-9.0% HbAlc span, the mean slope
(ABioactivity/AHbA1c) approximates —23% per 1% increment, following a sigmoidal rather than
linear trajectory with an inflection near 8% [7, 10, 13]. This nonlinearity marks the biochemical tipping
point where glycation ceases to be a byproduct and becomes an active endocrine disruptor.

Statistically, the superiority of the sigmoid model over a linear fit (AAIC = -12.4) reinforces the
mechanistic precision of this interpretation, integrating spectral isoform analysis, RAGE-ROS
signaling, and oxygenation dynamics into a unified circuit. HbAlc thus transcends its conventional
diagnostic role, emerging as a quantitative proxy for ligand fidelity: each 1% rise reflects an estimated
8-10% erosion in insulin bioefficacy. This relationship explains the “insulin cliff,” wherein exogenous
replacement becomes necessary not merely from (3-cell exhaustion but from molecular necrosis of the
hormone itself [7, 20].

The identified inflection at HbAlc = 8% coincides with the ROS surge driven by HIF-1a/NOX2/4
activation, demarcating the boundary between reversible resistance and irreversible biochemical
collapse. Within this corridor, ~9% monoglycation induces conformational rigidity that compromises
IRS-1 autophosphorylation and PI3K docking. Concurrent RAGE ligation perpetuates NF-xB/p65
and JNK/AP-1 activation, sustaining IRS-1 Ser®” phosphorylation and inhibiting Akt/FOXO1/GLUT4
signaling. The outcome is a qualitative insulin failure -cell output remains quantitatively adequate
but biochemically inert, perpetuating hyperglycemia and driving endothelial glycocalyx
degradation, pericyte dropout, and capillary rarefaction [7, 9, 17-19].

This reinterpretation aligns insulin failure with canonical T2DM complications retinopathy,
nephropathy, and neuropathy through a shared foundation of glycoxidative stress and endoplasmic
reticulum injury. Microvascular rarefaction intensifies hypoxia, which in turn accelerates insulin
glycation, forming a self-reinforcing pathological loop. Clinically, this positions insulin dysfunction
as a systemic complication rather than an isolated endocrine event, justifying early intervention with
glycation antagonists (e.g., pyridoxamine, alagebrium) before the 8% HbAlc threshold is exceeded
[7, 14, 21].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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The clustering of complications within the HbAlc 7.5-9.0% “glycohypoxic corridor” reflects

synchronized activation of glycoxidative pathways across vascular, neural, and endocrine domains.

Table 6 integrates these manifestations, thresholds, and molecular drivers, highlighting insulin

glycation as the biochemical counterpart of microvascular onset.

Table 6. Integrated Complication-Threshold Map in Type 2 Diabetes Mellitus.

. Typical HbAlc . ) . Mechanistic Notes /
1 Key Pathophysiol D Ref.
Complication Onset (%) ey Pathophysiologic Driver Biomarkers e
L. 1 PSGL-1 glycosylation —
Retinopathy 7.5-8.0 PRCE, act%vatlon O leukocyte adhesion — [23]
glycosylation . .
capillary occlusion
NF-xB activation — fibrosis,
Nephropathy 8.0-8.5 RAGE-TGEFp axis basement-membrane [24]
thickening
. schemi R 1
Neuropathy 8.5-9.0 Ox1dat1f/e sfcress, ischemic I NO, 1 QS, axona [25]
demyelination degeneration
Macroangiopathy / . . 1 eNOS, 1 VCAM-1, 1 oxidized
Atherosclerosis 7.8-8.5 Endothelial AGE crosslinking LDL [26]
itoch ial dysfuncti
Cardiomyopathy 8.5-9.0 y:g;_ﬁial,; dysfunction, | ATP generation, 1 apoptosis [27]
Stroke (Ischemic) 8.5-9.0 Hypercoagulability + f fibrinogen, | NO [28]
endothelial damage bioavailability
Peripheral Artery Disease 8.0-8.5 AGE crossl}nklng + elastin + arterial stiffness; ABI<0.9  [29]
(PAD) fragmentation
NAFLD / NASH 75.8.0 Insuhr‘l resistance + oxidative T TNF—c‘x,‘T hepatic ROS, [30]
glycation lipotoxicity
Cognitive Decline / Brain insulin glycation, | IDE activity, 1 Ap—AGE
.1 8.0-8.5 _ o [31]
Alzheimer’s-like amyloid crosslinking complexes
. . . . . .} VEGEF response, |
Diabetic Foot / Ulceration  8.5-9.0 Ischemia + poor angiogenesis ) . [32]
keratinocyte migration
Osteopathy (Bone fragility) 8.0-8.5 Collagen AGE accumulation | osteocalcin, brittle bone [33]
pathy sttty)  ov7. & architecture
Immune Dysfunction / Neutrophil glycation + ROS . .
Infection Risk 7.8-8.3 exhaustion | chemotaxis, | phagocytosis [34]
li ROS- P
Erectile Dysfunction 8.0-8.5 eNOS5 uncoupling + ROSNO | cGMP, | cavernous [35]
trapping vasodilation
Wound-Healing Delay 8.0-8.6 Fibroblast glycation + | TGE-p1, | collagen [36]
angiogenesis block deposition

Insulin Failure (This Study) =8.0

Glycohypoxia-driven insulin
glycation

9% monoglycated insulin; 70%
bioactivity loss; RAGE/ROS
amplification

The synchrony between insulin glycation onset (~8%) and the emergence of microvascular

complications (7.5-9.0%) underscores a unified glycohypoxic framework governed by ROS-catalyzed

Amadori oxidation and AGE-RAGE signaling. The same milieu that drives pericyte loss in

retinopathy or podocyte detachment in nephropathy also deactivates insulin via B-chain Phe!

carboxymethylation. Thus, hormonal failure occurs concurrently not subsequently with vascular

pathology. From a translational standpoint, monitoring HbAlc within the 7.5-8.5% range may serve

as an early warning for both structural and endocrine deterioration. Therapeutic strategies that

interrupt glycation or downstream oxidative loops (AGE breakers, ROS quenchers, RAGE

antagonists) should target this corridor to preserve insulin’s molecular integrity and prevent parallel
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vascular injury. Therefore, hormone preservation and vascular protection must be regarded as co-
primary therapeutic objectives in modern T2DM management.

Although the current synthesis demonstrates mechanistic coherence, several limitations warrant
consideration. Cohort sizes varied widely (n = 4-1362; 1?2 = 58-62%), with many clamp-derived
datasets sourced from non-diabetic populations [7, 10, 13]. Heterogeneity in disease duration (>10
years doubling glycation), exogenous insulin exposure, renal impairment (eGFR <45 mL/min/1.73
m?), hemoglobinopathies affecting ODC, and concomitant therapies (e.g., ARBs reducing RAGE
expression by ~20%, PKCf3; inhibitors attenuating adhesion) may collectively bias estimates by 15—
25%. The relative contribution of insulin versus receptor glycation remains unresolved, although
combined effects (~33% reduction in binding efficiency) emphasize the dominance of post-receptor
dysfunction. Operationalization of glycohypoxia via concurrent SpO, HbAlc, and ROS
quantification requires further tissue-level resolution.

6. Conclusions

In T2DM, glycohypoxia chronic hyperglycemia coupled with impaired tissue oxygen delivery
drives progressive insulin glycation, framing endogenous insulin failure as a distinct biochemical
complication beyond HbAlc =8%. Within this corridor (HbAlc >7.5%, SpO, <97%), ROS accelerate
Amadori conversion, producing structurally intact yet functionally impaired insulin (~70% post-
receptor loss at HbAlc =8%) and triggering a self-reinforcing cycle of hyperinsulinemia and
exhaustion. This process aligns insulin failure with classic microvascular complications, marking the
boundary between reversible dysfunction and irreversible hormonal collapse. Validation in larger
cohorts and interventional studies is essential, and HbAlc may serve as both a vascular and insulin
integrity biomarker.
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