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Abstract

This manuscript presents the “Sulfur Insulin Deformation Hypothesis,” proposing that organic sulfur deficiency
contributes to the improper formation of insulin’s disulfide bonds, leading to insulin structural deformation and functional
impairment in Type 2 Diabetes (T2D). The hypothesis suggests that rather than insulin resistance being the primary
defect, T2D may originate from sulfur-mediated misfolding of insulin, resulting in reduced receptor binding and
hyperglycemia. The authors explore the role of Methylsulfonylmethane (MSM), an organosulfur compound, as a
potential therapeutic by restoring sulfur availability, enhancing disulfide bond formation, and improving insulin stability.
A case report is included, highlighting successful glycemic control after MSM supplementation in a patient with
diabetes. While the initial findings support the hypothesis, further clinical studies are essential to validate MSM’s

efficacy as a novel treatment for T2D.

"Corresponding author: Maher Monir. Akl, maherakl555@gmail.com

Human insulin is a peptide hormone essential for regulating glucose homeostasis. It is synthesized as preproinsulin in the
beta cells of the pancreas and directed into the endoplasmic reticulum, where it is cleaved to form proinsulin. Proinsulin
consists of the A chain, B chain, and C-peptide. In the endoplasmic reticulum, proinsulin folds into its active conformation,
stabilized by crucial disulfide bonds. These bonds hold the structure together, with two inter-chain disulfide bonds linking
the A and B chains, and one intra-chain bond within the A chain, essential for stability. Afterward, proinsulin is processed
in secretory granules, where the C-peptide is removed, forming mature insulin, which is stored until secretion in response

to elevated blood glucose!!.

Insulin, a polypeptide of 51 amino acids, consists of an A chain (21 amino acids) and a B chain (30 amino acids) linked by
two inter-chain disulfide bridges, with an additional intra-chain bond in the A chain. These disulfide bonds are critical for
maintaining insulin's three-dimensional structure, which is essential for binding to the insulin receptor. Proper folding and

bond formation ensure that the receptor-binding domains are correctly presented for biological activity[z].

Qeios ID: UK9O6V - https://doi.org/10.32388/UK906V 1/6


https://www.qeios.com/read/UK9O6V#reviews
https://www.qeios.com/profile/49477
https://www.qeios.com/profile/49232
mailto:maherakl555@gmail.com

Q Qeios, CC-BY 4.0 - Article, October 11, 2024

Organic sulfur plays a pivotal role in the stabilization of various biological compounds, hormones, and enzymes by
regulating and forming sulfide bonds, particularly disulfide bonds, which are crucial for maintaining the structural and
functional integrity of proteins. Sulfur is found in several amino acids, such as cysteine and methionine, which contribute
significantly to the conformation and stability of biomolecules®\. Cysteine, in particular, is essential for the formation of
disulfide bonds, as its thiol (-SH) group allows for the creation of covalent links between polypeptide chains or within the

same chain, thereby stabilizing the three-dimensional structure of proteins!*..

In hormones such as insulin, disulfide bonds are fundamental to maintaining a specific conformation that is required for
receptor binding and subsequent biological activity. Without these covalent sulfur linkages, the hormone would lose its
structural stability, leading to impaired signaling and metabolic dysregulation[?.. Similarly, in enzymes, disulfide bonds
contribute to the correct folding and assembly of catalytic domains, ensuring that the active sites are appropriately formed
and accessible for substrate binding. This contributes not only to enzymatic efficiency but also to resistance against

denaturation in varying physiological conditions!!.

Sulfur also has a crucial role in the antioxidant systems of the body, particularly through glutathione, a tripeptide

containing cysteine.

Glutathione contains a sulfhydryl group that allows it to undergo oxidation-reduction reactions, which help to maintain the
redox state of cells and protect them from oxidative stress. The dynamic formation and reduction of disulfide bonds in
glutathione are vital for detoxifying reactive oxygen species (ROS) and maintaining protein stability under oxidative

conditions(®!.

Moreover, sulfur bridges contribute to the stability of extracellular proteins and are particularly significant in structural
proteins like keratin, found in hair, nails, and skin, where they confer rigidity and strengthl”\. The versatility of sulfur bonds
in stabilizing diverse biomolecules underscores their importance in maintaining the structural and functional homeostasis
of the body. Proper regulation of sulfur-containing compounds and their bonding mechanisms is, therefore, essential for

preserving the activity of hormones, enzymes, and structural proteins, ultimately ensuring normal physiological function!®l.

Biochemically, the integrity and functionality of the insulin molecule rely heavily on the presence of correctly formed
disulfide bonds, which are established between specific cysteine residues. Human insulin comprises two peptide chains,
designated as A and B chains, which are linked by two inter-chain disulfide bonds, with an additional intra-chain disulfide
bond within the A chain. These bonds are crucial for maintaining the active conformation of insulin, which is necessary for
its interaction with the insulin receptor (IR) on the target cells. Any disruption in these disulfide bonds can significantly alter

the tertiary structure of insulin, impairing its biological activity[®!.

In this proposed hypothesis, a deficiency in organic sulfur can be implicated in the improper formation or stability of these
disulfide bonds, ultimately leading to insulin deformation. Organic sulfur is critical for synthesizing sulfur-containing amino
acids like cysteine, which is a precursor for the formation of disulfide bonds. In the absence of adequate sulfur, the thiol (-
SH) groups of cysteine residues may not undergo appropriate oxidation to form disulfide linkages (-S-S-), resulting in an

improperly folded insulin protein!'%l. Such misfolding not only reduces the affinity of insulin for its receptor but also makes
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it more susceptible to degradation, thus reducing the effective concentration of functional insulin in the circulation.

Mechanistically, when insulin with deformed disulfide bonds attempts to bind to the insulin receptor, the receptor's
tyrosine kinase domain is not properly activated, leading to suboptimal autophosphorylation. This lack of efficient receptor
activation disrupts the downstream signaling cascade, notably affecting the phosphorylation of insulin receptor substrates
(IRS). Consequently, the activation of the phosphoinositide 3-kinase (PI3K) and protein kinase B (Akt) pathway, which is
vital for glucose transporter type 4 (GLUT4) translocation to the cell membrane, is impaired. This results in decreased

glucose uptake by muscle and adipose tissues, leading to hyperglycemia, one of the defining characteristics of T2D[' 1.

Furthermore, the hypothesis proposes that, instead of insulin resistance originating from defects within the target cells, the
issue lies in the bioavailability and structural stability of insulin itself. Insulin, lacking proper disulfide bonds due to sulfur
deficiency, may also fail to inhibit hepatic glucose production effectively, further contributing to elevated blood glucose
levels. Thus, targeting sulfur metabolism and ensuring sufficient organic sulfur intake may improve the structural stability

of insulin, restore its biological activity, and potentially reverse the hyperglycemic condition associated with T2D.

Methylsulfonylmethane (MSM) is an organic sulfur compound that has potential therapeutic applications in Type 2
Diabetes (T2D) in line with the "Sulfur Insulin Deformation Hypothesis." According to this hypothesis, T2D results not
merely from insulin resistance but from the deformation of insulin molecules, particularly involving defects in the disulfide
bonds due to a deficiency of organic sulfur. MSM, as a rich source of bioavailable sulfur, could play a crucial role in

addressing this underlying issue by providing the sulfur necessary for proper disulfide bond formation in insulinl'2].

MSM can contribute to restoring the integrity of insulin through several biochemical mechanisms. Upon ingestion, MSM is
absorbed and metabolized, releasing sulfur that can be used for the synthesis of sulfur-containing amino acids, such as
cysteine. Cysteine residues in insulin are responsible for the formation of disulfide bonds, which are vital for maintaining
the correct tertiary and quaternary structure of the insulin molecule. In the context of T2D, where insufficient organic sulfur
leads to improper insulin folding and deformation, supplementation with MSM could provide the sulfur required to correct

these deficiencies!'.

Mechanistically, when MSM is metabolized and incorporated into cellular sulfur pools, it facilitates the proper formation of
disulfide bonds between cysteine residues in proinsulin during its folding process in the endoplasmic reticulum. This

correct disulfide bond formation is essential to create a structurally stable and biologically active form of insulin, which has
a high binding affinity for the insulin receptor (IR). As a result, properly formed insulin molecules can effectively bind to the

receptor on the target cells, leading to optimal activation of the receptor’s intrinsic tyrosine kinase activity!'*).

This receptor activation triggers a cascade of intracellular signaling events, beginning with the phosphorylation of insulin
receptor substrates (IRS). Activated IRS then stimulates the phosphoinositide 3-kinase (PI3K) pathway, leading to the
activation of protein kinase B (Akt). Akt plays a crucial role in the translocation of glucose transporter type 4 (GLUT4) to
the cell membrane, allowing increased glucose uptake by muscle and adipose tissues. The increased glucose uptake

results in lower blood glucose levels, effectively mitigating hyperglycemial'®!.

Additionally, MSM might help reduce oxidative stress, which is often elevated in individuals with T2D and can further
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damage insulin structure and function. By acting as an antioxidant, MSM can help maintain the redox balance within beta
cells and other insulin-producing or -responding tissues, thus ensuring that cysteine residues remain available for disulfide

bond formation rather than being oxidized by reactive oxygen species (ROS)!6117],

Thus, MSM, by providing a bioavailable form of sulfur, can directly address the sulfur deficiency posited in the "Sulfur
Insulin Deformation Hypothesis," leading to the restoration of insulin’s structural integrity and functionality. This makes
MSM a promising therapeutic candidate, potentially able to tackle the root cause of T2D as proposed by this hypothesis,

rather than merely treating its symptoms or attempting to bypass insulin resistance!'®!.

A promising result has emerged from the case report of a 22-year-old patient diagnosed with MODY (Maturity Onset
Diabetes of the Young), who exhibited classic symptoms such as frequent nocturnal urination. His initial HoA1c (Glycated
Hemoglobin) was recorded at 8% (normal range: 4%-5.6%), indicating poor long-term glucose control. Additionally, the
patient had a high level of insulin resistance, with fasting blood glucose levels of approximately 220 mg/dL (normal range:

70-100 mg/dL) and postprandial glucose levels around 360 mg/dL (normal range: <140 mg/dL).

The patient was started on an exercise regimen along with Methylsulfonylmethane (MSM) supplementation at a dose of
1000 mg twice daily for three months. After this period, all glucose levels improved significantly, with fasting glucose

dropping to 90 mg/dL, postprandial glucose at 130 mg/dL, and HbA1c reducing to 5.4%, all within normal ranges.

This initial success supports the "Sulfur Insulin Deformation Hypothesis" and highlights the potential of MSM as a
therapeutic approach to restore insulin functionality by enhancing disulfide bond formation. However, further clinical trials

are urgently needed to confirm these findings and explore MSM's broader efficacy in managing diabetes.

Conclusion: This research presents a novel hypothesis for the pathogenesis of Type 2 Diabetes (T2D), suggesting that
structural deformation of insulin, resulting from a deficiency in organic sulfur, may be a more plausible explanation for the
disease compared to the conventional concept of insulin resistance. This hypothesis emphasizes the critical role of
organic sulfur in maintaining proper disulfide bond formation within the insulin molecule. The study proposes that
supplementation with Methylsulfonylmethane (MSM) could play a significant therapeutic role in T2D by restoring the
correct structural conformation of insulin and enhancing its biological functionality. By addressing the underlying sulfur
deficiency, this approach offers a new perspective for therapeutic intervention, aiming to target the root cause of T2D

rather than simply managing its symptoms.
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