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To Editor,
Type 2 diabetes mellitus (T2DM), projected to affect
over 700 million individuals by 2045, is conventionally
attributed to peripheral insulin resistance driven by obesity,
inflammation, and impaired insulin signaling.! We propose
the Sulfur Insulin Deformation Hypothesis, a conceptual
framework suggesting that insulin misfolding, potentially
arising from organic sulfur deficiency, may disrupt the
integrity of insulins three disulfide bonds (A6-A11, A7-
B7, A20-B19), thereby contributing to insulin resistance.
This hypothesis proposes that T2DM may involve a
sulfur metabolism disorder linked to mitochondrial
dysfunction in intestinal epithelial cells, offering a novel
perspective for further investigation into its pathogenesis.
Insulin, a 51-amino-acid polypeptide comprising A (21
amino acids) and B (30 amino acids) chains, relies on
three disulfide bonds formed through cysteine thiol
oxidation to maintain its bioactive conformation and
high-affinity binding to the insulin receptor (IR).>* In
pancreatic beta cells, insulin biosynthesis begins with
preproinsulin, which is cleaved to proinsulin and folded
in the endoplasmic reticulum (ER). Protein disulfide
isomerase (PDI) facilitates disulfide bond formation, a
process dependent on cysteine availability.* The A6-A1l
bond, acting as a dynamic hinge, aligns critical residues
(e.g., ValA3, TyrA19) for IR docking, while A7-B7 and
A20-B19 stabilize the hydrophobic core.>® Disruption of
these bonds, particularly A6-A11, may reduce IR affinity
by 50-70%, potentially impairing phosphoinositide
3-kinase (PI3K)-Akt signaling and glucose transporter
type 4 (GLUT4) translocation, which could contribute to
hyperglycemia.”®

This hypothesis suggests that mitochondrial dysfunction
in intestinal epithelial cells may impair the transsulfuration
pathway (involving cystathionine [-synthase and
y-lyase), potentially reducing cysteine synthesis.” Such
cysteine deficiency could limit glutathione production,
a critical antioxidant, by 30-73.8% in T2DM patients.

A 2011 study reported a 73.8% reduction in red blood
cell (RBC) glutathione in 12 T2DM patients (1.78 +0.28
vs. 6.75£0.47 pmol/g Hb, P<0.001) alongside lower
plasma cysteine levels, attributed to impaired synthesis
and elevated oxidative stress.'"” A 2014 study of 79 T2DM
patients observed reduced cysteine and glutathione levels,
with a strong correlation (r=0.81, P=0.001) and an
inverse relationship with insulin resistance (HOMA-IR,
r=-0.65, P<0.05)."

Additionally, a 2018 study of 16 T2DM patients showed
lower glutathione levels (0.35+£0.30 vs. 0.90+0.42
mmol/L, P<0.01) and synthesis rates (0.50+0.69 vs.
1.03+£0.55 mmol/L/day, P<0.05), particularly in those
with microvascular complications, suggesting a role for
cysteine deficiency in exacerbating oxidative stress."
These findings indicate that sulfur deficiency may impair
PDI activity, potentially leading to misfolded insulin with
compromised disulfide bonds."

Cysteine scarcity could also elevate reactive oxygen
species (ROS), activating nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), which may
upregulate pro-inflammatory cytokines (e.g., TNF-q,
IL-6)."* These cytokines could induce c-Jun N-terminal
kinase (JNK)-mediated serine phosphorylation of insulin
receptor substrate-1 (IRS-1), potentially disrupting
PI3K-Akt signaling.!>'® Furthermore, reduced cysteine
availability may impair mucin synthesis, weakening gut
barrier integrity and possibly enabling lipopolysaccharide
(LPS)-induced endotoxemia via toll-like receptor 4
(TLR4), which could amplify systemic inflammation.”
This framework offers a potential explanation for the
coexistence of hyperinsulinemia and hyperglycemia in
T2DM; misfolded endogenous insulin may accumulate
but lack bioactivity due to reduced IR affinity, whereas
exogenous insulin, with intact disulfide bonds, may retain
functionality.®

Supporting evidence includes in vitro studies where
cysteine supplementation in hyperglycemic U937
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monocytes restored glutamate-cysteine ligase expression
and glutathione levels, suggesting a potential role in
mitigating sulfur-dependent insulin dysfunction."' A 2016
study noted impaired glutathione peroxidase activity and
elevated malondialdehyde in T2DM, indicating increased
glutathione consumption under oxidative stress, which
may contribute to insulin misfolding.'® Synthetic insulin
analogs with disrupted A6-A11 bonds exhibited 50-70%
reduced IR affinity, while A7-B7 mutations impaired PI3K-
Akt signaling, aligning with the proposed mechanism.”8
Conversely, engineering an additional disulfide bond
enhanced insulin stability, underscoring the importance
of sulfur-dependent bonds.*"”

This hypothesis challenges conventional T2DM
models by suggesting that insulin resistance may partly
stem from defective insulin structure rather than solely
post-receptor signaling defects. It proposes the gut-
mitochondria-sulfur-insulin axis as a potential driver of
pathogenesis, with sulfur deficiency possibly disrupting
disulfide bond integrity and insulin function. However,
this hypothesis remains speculative, as direct structural
evidence of endogenous insulin misfolding in T2DM
patients is limited due to technical challenges in isolating
native insulin. Future studies employing high-resolution
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) and Raman spectroscopy are needed to validate
disulfide bond disruptions and confirm the role of sulfur
metabolism in T2DM pathogenesis. This hypothesis
aims to stimulate research into sulfur metabolism’s
role in T2DM, potentially offering new avenues for
understanding its pathogenesis.

Authors’ Contribution

Conceptualization: Maher M. Akl.

Methodology: Maher M. Akl.

Supervision: Amr Ahmed.

Writing - original draft: Maher M. AkI.

Writing — review & editing: Maher M. Akl, Amr Ahmed.

Competing Interests
The authors declare that there are no conflicts of interest.

Ethical Approval
Not applicable.

Funding
The authors received no financial support for the research and
publication of this article.

References

1. WeiJ, Fan L, He Z, Zhang S, Zhang Y, Zhu X, et al. The global,
regional, and national burden of type 2 diabetes mellitus
attributable to low physical activity from 1990 to 2021: a
systematic analysis of the global burden of disease study 2021.
Int ] Behav Nutr Phys Act 2025;22(1):8. doi: 10.1186/512966-
025-01709-8

2. Jia XY, Guo ZY, Wang Y, Xu Y, Duan SS, Feng YM. Peptide
models of four possible insulin folding intermediates with
two disulfides. Protein Sci 2003;12(11):2412-9. doi: 10.1110/
ps.0389303

3. Weil-Ktorza O, Rege N, Lansky S, Shalev DE, Shoham G,

Weiss MA, et al. Substitution of an internal disulfide bridge
with a diselenide enhances both foldability and stability
of human insulin. Chemistry 2019;25(36):8513-21. doi:
10.1002/chem.201900892

Liu M, WrightJ, Guo H, Xiong Y, Arvan P. Proinsulin entry and
transit through the endoplasmic reticulum in pancreatic beta
cells. Vitam Horm 2014;95:35-62. doi: 10.1016/b978-0-12-
800174-5.00002-8

van Lierop B, Ong SC, Belgi A, Delaine C, Andrikopoulos S,
Haworth NL, et al. Insulin in motion: the A6-A11 disulfide
bond allosterically modulates structural transitions required
for insulin activity. Sci Rep 2017;7(1):17239. doi: 10.1038/
s41598-017-16876-3

Chang SG, Choi KD, Jang SH, Shin HC. Role of disulfide
bonds in the structure and activity of human insulin. Mol Cells
2003;16(3):323-30. doi: 10.1016/s1016-8478(23)13808-8
Jarosinski MA, Dhayalan B, Chen YS, Chatterjee D, Varas
N, Weiss MA. Structural principles of insulin formulation
and analog design: a century of innovation. Mol Metab
2021;52:101325. doi: 10.1016/j.molmet.2021.101325

Ong SC, Belgi A, van Lierop B, Delaine C, Andrikopoulos S,
MacRaild CA, et al. Probing the correlation between insulin
activity and structural stability through introduction of the
rigid A6-A11 bond. / Biol Chem 2018;293(30):11928-43. doi:
10.1074/jbc.RA118.002486

Rocha AG, Knight SAB, Pandey A, Yoon H, Pain J, Pain D, et al.
Cysteine desulfurase is regulated by phosphorylation of Nfs1
in yeast mitochondria. Mitochondrion 2018;40:29-41. doi:
10.1016/j.mito.2017.09.003

Sekhar RV, McKay SV, Patel SG, Guthikonda AP, Reddy VT,
Balasubramanyam A, et al. Glutathione synthesis is diminished
in patients with uncontrolled diabetes and restored by dietary
supplementation with cysteine and glycine. Diabetes Care
2011;34(1):162-7. doi: 10.2337/dc10-1006

Jain SK, Micinski D, Huning L, Kahlon G, Bass PF, Levine SN.
Vitamin D and L-cysteine levels correlate positively with GSH
and negatively with insulin resistance levels in the blood of
type 2 diabetic patients. Eur / Clin Nutr 2014;68(10):1148-53.
doi: 10.1038/ejcn.2014.114

Lutchmansingh FK, Hsu JW, Bennett FI, Badaloo AV,
McFarlane-Anderson N, Gordon-Strachan GCM, et al.
Glutathione metabolism in type 2 diabetes and its relationship
with microvascular complications and glycemia. PLoS One
2018;13(6):€0198626. doi: 10.1371/journal.pone.0198626
Carelli S, Ceriotti A, Cabibbo A, Fassina G, Ruvo M, Sitia R.
Cysteineandglutathionesecretioninresponsetoproteindisulfide
bond formation in the ER. Science 1997;277(5332):1681-4.
doi: 10.1126/science.277.5332.1681

Li R, Yan X, Zhao Y, Liu H, Wang J, Yuan Y, et al. Oxidative
stress induced by nuclear factor erythroid 2-related factor
2 (NRF2) dysfunction aggravates chronic inflammation
through the NAD +/SIRT3 axis and promotes renal injury in
diabetes. Antioxidants (Basel) 2025;14(3):267. doi: 10.3390/
antiox14030267

Velloso LA, Folli F, Saad MJ. TLR4 at the crossroads of nutrients,
gut microbiota, and metabolic inflammation. Endocr Rev
2015;36(3):245-71. doi: 10.1210/er.2014-1100

Gawlik K, Naskalski JW, Fedak D, Pawlica-Gosiewska D,
Grudzien U, Dumnicka P, et al. Markers of antioxidant
defense in patients with type 2 diabetes. Oxid Med Cell Longev
2016;2016:2352361. doi: 10.1155/2016/2352361

Vinther TN, Pettersson I, Huus K, Schlein M, Steensgaard
DB, Serensen A, et al. Additional disulfide bonds in insulin:
prediction, recombinant expression, receptor binding affinity,
and stability. Protein Sci 2015;24(5):779-88. doi: 10.1002/
pro.2649

692|  Advanced Pharmaceutical Bulletin. 2025;15(4)


https://doi.org/10.1186/s12966-025-01709-8
https://doi.org/10.1186/s12966-025-01709-8
https://doi.org/10.1110/ps.0389303
https://doi.org/10.1110/ps.0389303
https://doi.org/10.1002/chem.201900892
https://doi.org/10.1016/b978-0-12-800174-5.00002-8
https://doi.org/10.1016/b978-0-12-800174-5.00002-8
https://doi.org/10.1038/s41598-017-16876-3
https://doi.org/10.1038/s41598-017-16876-3
https://doi.org/10.1016/s1016-8478(23)13808-8
https://doi.org/10.1016/j.molmet.2021.101325
https://doi.org/10.1074/jbc.RA118.002486
https://doi.org/10.1016/j.mito.2017.09.003
https://doi.org/10.2337/dc10-1006
https://doi.org/10.1038/ejcn.2014.114
https://doi.org/10.1371/journal.pone.0198626
https://doi.org/10.1126/science.277.5332.1681
https://doi.org/10.3390/antiox14030267
https://doi.org/10.3390/antiox14030267
https://doi.org/10.1210/er.2014-1100
https://doi.org/10.1155/2016/2352361
https://doi.org/10.1002/pro.2649
https://doi.org/10.1002/pro.2649

