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Abstract

Over the past 25 years of studying type 2 diabetes mellitus, a working hypothesis has emerged to move the development of precision medicine for type 2

diabetes mellitus forward. Earlier studies using amplified genomic DNAs for genomic-wide searches of human genes have led many investigators astray.

However, a recent study has taken a different approach, using next-generation RNA sequencing, revealing an essential down-regulation of two genes,
TPD52L3 and NKX2-1. The current compendium focuses on describing all of the important priciples to clarify the hypothesis from the beginning: insulin
sensitivity and glucose effectiveness, genetics, free fatty acids, cell membranes, atomistic glucose and glucose transport, [3-cell functions, membrane

flexibility and (pre-) diabetes type 2.

Furthermore, this study sheds light on the importance of considering membrane flexibility in the context of type 2 diabetes and questions the potential

risk associated with using the term “insulin resistance’.
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Introduction

While Falta and Boller introduced the concept of “insulin
resistance” in their seminal work published in 1931, it was not
until 1933, when MacBryde noted that scholars had not reached a
consensus on its definition, leading to gaps in research and clinical
care. Despite remarkable advancements in medicine, these gaps
continue to exist, even after nine long decades [1,2]. Over the
years, accumulating data on insulin resistance have been published,
enabling reconsideration of its meaning. Another unresolved problem
relates to the diabetes susceptibility loci in and around the CDKALI,
CDKN2A/CDKN2B, HHEX, KCNJ11, SLC30A8, and TCF7L2 genes,
suggesting that the single-nucleotide polymorphisms within or near
these genes most likely do not alter their expression or function [3]. A
recent study reported that common variant studies of type 2 diabetes
mellitus have identified more than 700 risk loci for type 2 diabetes,
half of which have been discovered in the past three years [4]. The
question is: Are we on the right track? Indeed, genes are normally
copied exactly during chromosome duplication. Rarely, however,
mutations occur in genes to give rise to altered forms, most -but not
all- of which function less well than the wild-type alleles. One study;,
based on next-generation RNA sequencing, found that an inherited
mitochondrial defect, reducing the mitochondrial respiratory chain
complex activity, as well as a defect associated with alterations in
lipid storage played a critical role in the onset of type 2 diabetes
mellitus. Against the background of the above considerations, this
type 2 diabetes mellitus compendium furnishes an overview of recent
advances in biochemistry and molecular biology in the context
of type 2 diabetes mellitus. The compendium will help physicians
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and/or students of medicine gain an in-depth understanding of the
molecular mechanisms of this disease.

Insulin Sensitivity and Glucose Effectiveness

Computational modeling of glucose and insulin kinetics following
intravenous glucose challenge has demonstrated that individuals
with type 2 diabetes mellitus show significant reductions in insulin
sensitivity (S) and insulin-independent glucose removal rate (S.)
compared with normoglycemic individuals (Table 1) [5]. Insulin
sensitivity essentially reflects the ability of insulin to enhance the
effect of glucose to normalize its own concentration, and glucose
effectiveness refers to the ability of glucose, independent of a dynamic
insulin response, to enhance net glucose disappearance. Thus, these
individuals exhibit reduced responsiveness to circulating insulin as
well as reduced glucose effectiveness.

Table 1: Measures of glucose effectiveness and insulin sensitivity for a two- compartment
minimal model.

Units Control subjects | Type 2 diabetes individuals | P value | A (%) | Tracer
SG

h! 0.41 £0.04 0.33 £0.02 <0.001| 19.5 BC
h! 0.52 £0.05 0.37 £0.02 <0.001| 28.8 H
average 24.1

sl

pmolx L''xh? | 0.0082 +0.0012 0.0036 + 0.0006 <0.001| 56.1 13C
pmol x L' xh' | 0.0098 +0.0013 0.0042 + 0.0008 <0.001| 57.1 ’H
Average 56.6

Data are based on the reference data listed by Weijers [5]. S: glucose effectiveness; S:

insulin sensitivity.
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In the latter condition, glucose - independent of changes in the
insulin concentration - is less able to facilitate its own uptake through
a mass action effect and suppress its own release. A prospective study
investigated the development of type 2 diabetes in normoglycemic
offspring of parents who had type 2 diabetes. The study revealed that
the offspring exhibited significant defects in both glucose effectiveness
and insulin sensitivity more than a decade before disease development
[6]. Moreover, a key feature in type 2 diabetes is an essentially
larger defect in insulin sensitivity (56.6%) compared with glucose
effectiveness (24.1%). What do these findings imply?

Genetics

In the ongoing research on the genetic basis of type 2 diabetes,
earlier studies using amplified genomic DNAs for genome-wide
searches of human genes have led many investigators astray. However,
a recent study has taken a different approach, using next-generation
RNA sequencing to examine genome-wide changes in gene expression
in the skin of patients with type 2 diabetes, compared to non-diabetic
patients [7]. This new study identified two previously unknown genes
significantly downregulated in indivividuals.

The previous findings revealed that tumor protein D52-like3
(TPD52L3), a gene in the gene metabolism category, exhibited the
most significant downregulation with a value of 3.7 x 107 in the
studied group, which consisted of individuals with type 2 diabetes.
There is no established link between the gene TPD52L3 and type 2
diabetes or wound healing. However, a study involving exogenous
expression of human TPD52 in cultured cells demonstrated a notable

increase in lipid droplets [8]. Lipid droplets serve as storage organelles
for excess fatty acids within adipocytes, which are fat cells. Tumor
protein D52 is the founding member of the TP52-like protein family
representing four paralogous mammalian genes, i.e. TPD52, TPD52L1,
TPD52L2, and TPD52L3 [8,9]. When analyzing TPD52 and TPD52L3
genes, researchers found that the two sequencers shared 63 identical
positions and 42 similar positions, resulting in an overall homology of
67.9% (Figure 1) [10]. Indeed, based on the high sequence homology
with TPD52L3, it appears plausible that the primary function of
TPD52L3 is lipid storage in adipose cells. A reduction in TPD52L3
expression could increase the release of free fatty acids into the
bloodstream. The difference in the unsaturation index (number of cis
carbon-carbon double bonds per 100 fatty acyl-chains) between the
released free fatty acids from human white fat cells and the serum-
free fatty acids in the healthy controls (85.5 versus 191.9, respectively)
is significant [5]. The release of these saturated free fatty acids leads
to a considerable decrease in the unsaturation index of erythrocytes
and vascular membranes. As a result, the membrane flexibility
of these cells is reduced. The decrease in membrane flexibility, in
turn, negatively impacts the rate of glucose transport across the cell
membrane, initiating the onset of type 2 diabetes.

In the second scenario, the most downregulated gene in the gene
regulation category was NKX2-1, and it exhibited a down regulation
value of 3.7 x 10? [7]. NKX2-1, a transcription factor, is associated with
reduced mitochondrial respiratory chain complex activity, resulting
in decreased ATP production, among other cellular functions [11].
This idea supports a study’s data proposing that the dysregulation of

TPD52 MDRGEQGLLRTDPVPEEGEDVAATISATETLSEEEQEELRRELAKVEEEIQTLSQVLAAK 60
\ Do A e

TPD52L3 ——————— MPHARTETSVGTYESHSTSELEDLTEPEQRELKTKLTKLEAEIVTLRHVLAAK 53

TPD52 EKHLAEIKRKLGINSLOELKQONIAKGWODVTATSAYKKTSETLSQAGQOKASAAFSSVGESY 120
H | = o IR - N [ - -

TPD52L3 ERRCGELKRKLGLTALVGLRONLSKSWLDVQVSNTYVE-———————— QKTSAALSTMGTL 104

TPD52 ITKKLEDVENSPETFKSFEEKVENLEKSKVGGTKPAGGDFGEVLNSAANASATTTEPLPEKT 180
I N O O B B I R N N .
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Figure 1: Alignment of the human TPD52 (upper row) and the human TPD52L3 (lower row) protein sequences. Amino acid residues are indicated by single letters. Vertical lines indicate

identical residues and colons/dots indicate highly/weakly conserved residues.
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intramyocellular fatty acid metabolism in the offspring of individuals
with type 2 diabetes is linked to an inherited defect in mitochondrial
oxidative phosphorylation [12]. The B-oxidation of fatty acids plays
a crucial role in compensating and restoring ATP production by
increasing plasma-free fatty acids through hydrolysis. However,
this increase in free fatty acids results in significant decrease in the
unsaturation index of serum free fatty acids. Consequently, the
reduction in the unsaturation index leads to decreased membrane
flexibility and lowers the rate of glucose transport across the cell
membrane, ultimately initiating the onset of type 2 diabetes. Notably,
reduced mitochondrial activity is recognized as one of the key
characteristics of type 2 diabetes [13].

Free Fatty Acids

After four billion years of evolution, the earliest protocells evolved
to ‘modern’ cells enclosed by membranes consisting of phospholipids,
the chief constituents of biological membranes. Glycerol-based
phospholipids are the major class of naturally occurring phospholipids.
Typically, a phospholipid consists of glycerol-3-phosphate, with
a saturated fatty acid at position 1 and an unsaturated fatty acid at
position 2 of the glycerol. Saturated fatty acids possess essentially linear
alkyl chains with no double bonds. On the other hand, double bonds
in unsaturated fatty acids are nearly in the cis configuration, which
creates a bend in the fatty-acid chain. Molecules such as palmitoleic
acid (C16:1) and oleic acid (C18:1) are bent at the cis double bond, and
the two chain parts form an angle of 133 degrees [14,15]. This bend has
important consequences for structure and functionality of biological
membranes because, while saturated fatty acids are able to pack closely
together, unsaturated fatty acids prevent such close packing.

Type 2 diabetes mellitus, gestational diabetes mellitus, and impaired
glucose tolerance are characterized by elevated plasma free fatty acid
levels [16,17]. This is confirmed by findings that the percentages of
docosahexaenoic acid (C22:6 n-3) and arachidonic acid (C20:4 n-6),
released from white adipocytes, are decreased by approximately 110-
fold and 9-fold, respectively, compared with the human serum pool,
and the unsaturation index of released free fatty acids from human
white adipocytes is markedly lower than the unsaturation index of
serum free fatty acids in healthy controls (85.5 and 191.9, respectively)
[5]. Therefore, an increased release of free fatty acids from adipose
tissue into the blood circulation elevates the plasma concentration
of saturated fatty acids. Hence, a shift from unsaturated to saturated
fatty-acyl chains in phospholipids of erythrocyte membrane and
vascular endothelium is a hallmark of type 2 diabetes mellitus [18].
Borkman et al. in 1993 suggested that decreased insulin sensitivity
is associated with decreased concentration of polyunsaturated fatty
acids in skeletal-muscle phospholipids, raising the possibility that
changes in the fatty-acid composition of muscle modulate the action
of insulin [19].

Cell Membranes

Phospholipid bilayers form spontaneously and rapidly, when
phospholipids are added to water. As evident in Figure 2, two acyl
chains (the hydrocarbon chain region) yield a roughly cylindrical
molecule with an area (A) that can pack in parallel arrays to form
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Figure 2: The most basic structural result obtained from x-ray scattering from oriented
bilayers in model phospholipid membrane systems is the area (A) per lipid molecule
(the cross-sectional area of the cylindrical part of the phospholipid). D, represents the
membrane bilayer thickness.

extended sheets of membranes composed of a mosaic of proteins and
phospholipids in a fluid phospholipid matrix [20].

The driving force behind this aggregation phenomenon is the
weak, noncovalent bond (van der Waals force) between a pair of carbon
atoms, which can be calculated with the Lennard-Jones potential
[21]. The interaction energy (U) is related to the distance (r) between
two carbon atoms, as illustrated graphically in Figure 3. This graph
suggests that the minimum energy principle favors a carbon-carbon
distance of about 4 A, which is the most stable distance between the
centers of two carbon atoms, with a minimum interaction energy
of -0.77 kJ/mol. Furthermore, when the carbon atoms in two acyl
chains of a phospholipid diverge, their interaction energy decreases
as a function of distance r approximately with the sixth power, and
when they approach each other, their interaction energy increases as
a function of distance r approximately with the sixth power. Thus, the
flexibility of a lipid bilayer is largely determined by the amount of weak
noncovalent forces of carbon-carbon interactions, i.e., the number of
-C=C- double bonds along the phospholipid unsaturated acyl chains.

The unsaturation index is widely recognized as a useful parameter
for describing the flexibility of a biological membrane. It is calculated
by multiplying the mean number of cis double bonds per lipid acyl
chain by 100 [22]. Therefore, an increase in saturated fatty acids of
membrane phospholipids, as observed in erythrocytes, results in a
decrease in membrane flexibility and is marked by a decrease in the
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Figure 3: The van der Waals interaction energy profile as a function of the distance (r) between the centers of two carbon atoms. The energy is calculated using the empirical equation U=B/
r'2 — A/rf. Values for the parameters B=11.5 x 10 kJnm'*/mol and A=5.96 x 10~ kJnm®/mol for the interaction between two carbon atoms.

Table 2: Experimental data of fully hydrated fluid phase phosphatidylcholine lipid bilayers.

DLPC DMPC DPPC DOPC PDPC
Fatty acid structure [C12:0)], [C14:0], [C16:0], [C18:1], C16:0,C22:6
Temperature (C°) 30 30 50 30 30
Area A per lipid molecule (A) 63.2 60.6 64.0 725 74.8
Mean Area A sat. unsat. (A)? 62.6 73.6
Mean -C=C- interchain dist.(A) 4.48 4.84
Mean interact. energy U (kJ/mol) -0.59 -0.39
Ul 0 0 0 100 300

Data are based on the original data listed by Weijers [40].

DLPC: Dilauroylphosphatidylcholine; DMPC: Dimyristoylphosphatidylcholine; DPPC: Dipalmitoylphosphatidylcholine; DOPC: Dioleoylphosphatidylcholine; PDPC: Palmitoyl-
Docosahexaaenoic-Phosphatidylcholine; -C=C-: Carbon-Carbon double bound; UI: Unsaturation Index.

unsaturation index. A number of studies of fully hydrated, fluid phase,
model phosphatidylcholine bilayers have shown that introducing one
or more carbon-carbon cis double bonds into the saturated acyl chains
will increase the cross-sectional area A by about 18% and decrease the
attraction energy by about 34% (Table 2) [23].

Animportant different method, compared to the number of studies
of fully hydrated, fluid phase, model phosphatidylcholine bilayers, for
quantifying the mechanical properties of a single cell, has recently
developed, in which a spherical cell is aspirated into a micropipette
aspiration channel with a controlled suction pressure [24]. The
micropipette pressurization of giant diacylphosphatidylcholine
bilayers demonstrated that poly-cis unsaturated chain bilayers are
thinner and more flexible than saturated/monounsaturated chain
bilayers. However, the most striking result was the major increase
in bending flexibility, which occurred when two or more cis double
bonds were present in one or both chains of the lipid [25].

Atomistic Glucose and Glucose Transport

Glucose tissue uptake is performed by different specific glucose
transporters. Glucose transporter proteins are integral membrane
proteins containing 12 membrane-spanning helices. The glucose
channel of a glucose transporter comprises eight helices that are
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immersed in a box formed by the remaining four helices [26]. The
cross-section of this box has a mean surface area of 1,100 A2 which
covers an area of about 17 molecules of a phosphatidylcholine bilayer
with saturated fatty acyl chains. Thus, the insertion of a glucose
transporter molecule across a phospholipid cell membrane requires
flexibility of the bilayer membrane.

B-Cell Functions

Variations in the lipid composition of cell membranes can
profoundly impact the function of proteins embedded with them.
Even small changes in the lateral pressure of a bilayer membrane can
lead to significant alterations in the conformational distribution of the
embedded proteins [27]. In type 2 diabetes mellitus, the redistribution
process in membrane phospholipids can be triggered by a deficiency
in cis carbon-carbon double bonds, compared to healthy individuals.
A reduction in the area A of lipid molecules in the cell membranes
leads to decreased flexibility. This reduction in flexibility can hinder
the movement and conformational changes of proteins embedded in
the membrane glucose transporters.

The collected information enables an exploration of ‘insulin
resistance’ in the pathophysiology of type 2 diabetes. During the
prediabetic phase, a crucial aspect of type 2 diabetes etiology is a
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decrease in unsaturation index of membrane phospholipids observed
in erythrocytes compared to healthy controls. This reduction in the
unsaturation index lowers flexibility of B-cell membranes, leading to
a slower transmembrane glucose transport via GLUT2 in the B-cells.
Consequently, the insulin granules inside the p-cells contain reduced
insulin. Thus, instead of attributing the condition solely to ‘insulin
resistance, the primary factor behind decreased glucose levels within
the B-cells and subsequent lower insulin production is the reduction
in membrane flexibility.

Following the synthesis of monomer insulin within the B-cell, six
monomer insulin molecules come together to form stable hexamers
with a molecular weight of 36,000 [28]. These hexamers are then
enclosed within mature intracellular vesicles and transported at
any time to the p-cell’s plasma membrane. A fusion pore is created
upon the fusion of the intracellular vesicle membrane with the
B-cell plasma membrane, releasing monomer insulin molecules
into the bloodstream. Given the relative large size of the monomer
insulin molecule (30A wide and 35A high), compared to the glucose
molecule (overall size 10A), both the vesicle membrane and the
B-cell plasma membrane require significantly flexibility [29,30].

Table 3: Erythrocyte acyl composition in phospholipids of control individuals, individuals with gestational diabetes, with impaired glucose tolerance, with type 2 diabetes without and with

retinopathy, and type 2 diabetic men (study group).

In individuals with type 2 diabetes, a reduction in the unsaturation
index results in decreased membrane flexibility, leading to a slower
rate of transmembrane insulin transport in the bloodstream. This
phenomenon is in accordance with the data of individuals with type
2 diabetes, showing a reduction in insulin sensitivity by 57.9% and
a much lower reduction in glucose effectiveness by 26.2% (Table 1).
Thus, instead of using the term ‘insulin resistance) the key issue lies
in reducing flexibility in vesicle and p-cell plasma membranes, which
impacts insulin release.

Membrane Flexibility and (Pre)diabetes Type 2

Table 3 records the biochemical outcomes of control individuals
and individuals with prediabetes or type 2 diabetes mellitus. A study
demonstrated that compared with healthy controls, individuals
with gestational diabetes mellitus showed reductions in total
polyunsaturated fatty acids (31.9 vs. 37.5; A=-14.9%), arachidonic
acid (11.0 vs. 12.8; A=-14.1%), and unsaturation index (137 vs.
163; A=-15.8%) [31]. Another study revealed that compared with
healthy controls, individuals with impaired glucose tolerance showed
reductions, in total polyunsaturated fatty acids (25.8 vs. 30.7; A= -
16.0%), arachidonic acid (11.1 vs. 12.5; A= - 11.2%), and unsaturation

Total SFAs (%) Total MUFAs (%) Total PUFAs (%) C20:4 n-6 (%) Ul
GDM
Controls (n=61) 33.6 15.9 37.5 12.8 163
Patients (n=53) 37.7 18.0 31.9 11.0 137
A (%) +122 +132 149 141 -15.8
IGT
Controls (n=42) 42.4 22.6 30.7 12,5 130
Patients (n=28) 44.8 24.6 258 11.1 113
A (%) +5.6 +8.8 -16.0 -11.2 -13.1
Type 2 diabetes ret.(-)
Controls (n=42) 42.1 18.8 38.0 13.0 155
Patients (n=28) 44.2 21.7 31.9 11.3 134
A (%) +5.0 +15.4 -16.1 -13.1 -13.6
Type 2 diabetes ret.(+)
Controls (n=42) 42.1 18.8 38.0 13.0 155
Patients (n=28) 46.9 21.3 29.5 9.7 128
A (%) +11.4 +13.3 -22.4 -25.4 -17.4
Type 2 diabetes (study group)
Controls (n=42) 44.0 20.2 28.8 11.1 126
Patients (n=28) 42.9 20.6 31.6 14.3 141
A (%) -2.5 +2.0 +9.7 +28.8 +11.9

Ex-posed calculations performed by the author are based on the original data listed by Min et al. [31,32], Koehrer et al. [33], and Pelikinova et al. [40]. SFA: saturated fatty acid; MUFA: mono-
unsaturated fatty acid; PUFA: poly-unsaturated fatty acid; UL: unsaturated index; C20:4 n-6: arachidonic acid. The values of gestational diabetes mellitus and impaired glucose tolerance are the means
of phosphatidylcholine and phosphatidyletanolamine values. The values of type 2 diabetes mellitus with retinopathy are the means of mild, moderate, and severe diabetic retinopathy values [33].
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index (113 vs. 130; A= - 12.6%) [32]. Furthermore, a study found
that compared with healthy controls, individuals with type 2 diabetes
without retinopathy showed reductions in total polyunsaturated fatty
acids (31.9 vs. 38.0; A= - 16.1%), arachidonic acid (11.3 vs. 13.0; A= -
13.1%), and unsaturation index (134 vs. 155; A= - 13.6%) [33], whereas
individuals with type 2 diabetes with retinopathy showed even lower
values, compared to healthy controls, in total polyunsaturated fatty
acids (29.5 vs. 38.0; A= - 22.4%), arachidonic acid (9.7 vs. 13.0; A= -
25.4%), and unsaturation index (128 vs. 155; A= - 17.4%) [33].

These results imply that a decrease in the unsaturation index
in individuals with prediabetes or type 2 diabetes mellitus has the
potential to translate into an increase in attractive forces between the
mutual membrane phospholipid acyl chains, which redistributes the
lateral pressure profile of the cell membrane [27]. This redistribution
induces alterations in mechanical and biochemical properties of the
glucose transport channel proteins, i.e., it reduces the pore diameter,
which in turn, reduces the rate of glucose transport across the cell
membrane, and therefore causes the onset of type 2 diabetes mellitus
[10].

These findings are substantiated by two surprising facts. First,
Shulman et al. studied muscle glycogen synthesis in subjects with
type 2 diabetes mellitus and matched controls using in vivo carbon-13
nuclear magnetic resonance spectroscopy [34-36]. They noted that the
muscle glycogen synthesis rates in subjects with type 2 diabetes were
about 50% lower of the rates observed in controls. The same group
of researchers investigated, under hyperglycemic-hyperinsulinemic
conditions, the pathway: transmembrane glucose transport into
the muscle cell, conversion of intracellular glucose into glucose-6
phosphate, and then, after two more intermediates, the addition
of the latter through glycogen synthase to the glycogen polymer.
They concluded that their experimental results are consistent with
the hypothesis that the transmembrane glucose transport into the
muscle cell is the rate-controlling step in insulin-stimulated muscle
glycogen synthesis in patents with type 2 diabetes, and the delivery
of insulin is not responsible for the insulin resistance. This idea is in
agreement with a constriction of the glucose channel within the three-
dimensional structure of glucose transporter-4, which reduces the rate
of transmembrane glucose-transport in type 2 diabetes [37]. Second,
epidemiological evidence suggests that human plasma free fatty
acid levels are generally elevated during the course of a pregnancy,
probably with vital functions on fetal energy metabolism [38,39]. It is
not unlikely that this increase also leads to an additional reduction in
membrane flexibility and increases the amount of maternal glucose as
an additional source of energy for the fetus.

The problem with the hypothesis is the lack of evidence of the
healing power of an increase in unsaturation index in relation to type
2 diabetes. There is, however, an overlooked study with a surprising
result. In 1991, Pelikdnova et al. described, among others, a study
group of 21 men with mild-to-moderate type 2 diabetes and 14
control men matched for age, sex, bodyweight, and dietary intake
[40]. In this study, type 2 diabetes was defined by the criteria of the
National Diabetes Data Group. The individuals were enrolled within 1
year after diagnosis, treated only with a diet, were less than 45 years of
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age and free of signs of atherosclerotic complications, and had a BMI
< 30 kg/m? [41]. The amount of saturated fatty acids in the diet was
lower for the type 2 diabetes individuals than for the healthy controls
(35.4 £ 12.2 g/d vs. 47.7 + 10.8 g/d). Table 3 presents the ex-post
calculations based on the original data of erythrocyte phospholipids,
described by Pelikanova et al. [40]. The salient points in the data of
the individuals in the study group show essential increases, compared
with healthy controls, in the total polyunsaturated fatty acids (31.6
vs. 28.8; A=+9.7% ), arachidonic acid (14.3 vs. 11.1; A=+28.8%), and
unsaturation index (141 vs. 126, A=+11.9%).

For the first time in the type 2 diabetes literature, individuals with
mild-to-moderate type 2 diabetes have been treated successfully with
diet alone in combination with a rise in the arachidonic acid level.
The authors of the Pelikanova-study suggested that the increase in
arachidonic acid level could be diet-induced or represent an increased
incidence of atherosclerotic complications. A third option, however,
arises in the use of arachidonic acid as a supplement in training
adaptations among resistance-trained males [42]. However, the
crucial biochemical outcome of this study concerns, independent
of the provenance of arachidonic acid, the experimental result of
an increase, compared with healthy controls, in the number of
carbon-carbon double bonds in the cell membranes of the 21 men
of the study group. This increased the unsaturation index, which is
intricately linked to a rise of membrane flexibility and therefore led to
an additional increase in the rate of glucose transport across the cell
membrane. In addition, the increase in membrane flexibility resulted
in an improved transmembrane insulin transport from pancreatic
B-cells into the blood circulation. The influence of arachidonic acid
on membrane flexibility is particularly important because arachidonic
acid with four carbon-carbon double bonds is an important molecule
in the field of membrane flexibility.

The most important steps of the hypothesis are diagrammatically
illustrated in Figure 4 and predict that using RNA sequencing, the
most essentially downregulated regulation-related gene, NKX2-1,
and the most essentially downregulated metabolism-related gene,
TPD52L3, cause an increase in plasma saturated free fatty acid levels,
which leads to a decrease in the membrane unsaturation index and
thereby reduces the rate of transmembrane glucose transport, resulting
in type 2 diabetes mellitus. The reliability of the ideas is supported by
the understanding of the observations that, first, the reduced glycogen
synthesis rate in subjects with type 2 diabetes mellitus was about 50%
of the rate observed in healthy controls; second, the normoglycemic
offspring of parents, who had type 2 diabetes, exhibited significant
defects in both insulin sensitivity and insulin-independent glucose
removal rate; and third, the key feature of type 2 mellitus is an
essentially larger defect in insulin sensitivity compared with glucose
effectiveness.

Attention to this hypothesis was very tastefully articulated by
late Denis McGarry in his article “What if Minkowski had been
ageusic...” [43]. He argued that hyperglycemia and insulin resistance
might be better explained when viewed in the context of underlying

abnormalities of lipid metabolism.
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Figure 4: Hypothetical pathway of the development of type 2 diabetes.

Obesity and Type 2 Diabetes

Obesity is a chronic metabolic disease that has become the main
risk factor for various non-communicable diseases, in particular, type
2 diabetes. Obesity has been reported to account for 80-85% of the risk
of developing type 2 diabetes, while recent research suggests that obese
people are up to 80 times more likely to develop type 2 diabetes than
those with a BMI of less than 22 [44]. The concentration of free fatty
acids is elevated in obese individuals [45]. The increased release of free
fatty acids from adipose tissue into the blood circulation elevates the
plasma concentration of saturated fatty acids because the unsaturation
index of released free fatty acids from human white adipocytes is
markedly lower than the unsaturation index of serum free fatty acids
in healthy controls (85.5 versus 191.9, respectively). This phenomenon
causes a shift from unsaturated to saturated fatty-acyl chains in
phospholipids of erythrocyte membrane and vascular endothelium
with all the associated consequences (Figure 4). There is no question
of suggesting that free fatty acids cause insulin resistance, as suggested
by Boden, but a decrease in the unsaturation index reduces the pore
diameter of the glucose transporter protein, which in turn, reduces the
rate of glucose transport across the cell membrane [45].

Insulin Resistance

The findings presented above propose a potential solution for the
importance of ‘insulin resistance’ in the pathogenesis of type 2 diabetes.
Specifically, the significant downregulation of NKX2-1 and TPD52L3
appears to be the main cause of the reduction in cis carbon-carbon
double bonds of phospholipid membranes. This reduction decreases
the cross-sectional area A of the cylindrical part of the phospholipid
molecule. As a result, there are increased attractive forces between the
phospholipid acyl chains, causing a redistribution of lateral pressure
in cell membranes. This, in turn, induces a cross-sectional contraction
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of all Classl GLUT proteins, ultimately leading to a lower rate of
transmembrane glucose transport. The idea aligns with observations
from biophysical and structural studies, highlighting the critical role
of interactions between membrane proteins and lipid molecules in
their folding and stability [46-48]. Clinically, the results of a study by
the Diabetes Prevention Program Research group, are quite exciting.
They indicate that among high-risk individuals, lifestyle intervention
resulted in a 50% reduction in the incidence of type 2 diabetes
development, while metformin led to a 31% reduction, compared
to placebo [49]. This valuable insight into treating type 2 diabetes
according the Diabetes Prevention Program Research group deserves
wider recognition and attention.

The consistent findings from various studies strongly support the
conclusion that lifestyle change treatment can effectively compensate
for the loss of membrane flexibility by inducing an increase in the
membrane unsaturation index. Therefore, it is advisable to incorporate
the assessment of the unsaturation index into the treatment protocol.
By doing so, we can better address the needs of individuals with
type 2 diabetes and work towards normalizing membrane flexibility.
Furthermore, it is essential to reconsider the notion of ‘insulin
resistance’ The original interpretation that cells do not respond to
insulin is inaccurate. Instead, the correct understanding is that the
amount of carbon-carbon double bonds of cell membrane regulates
the rate of glucose transport. Thus, the concept of ‘insulin resistance’
loses relevance, especially considering the significant role of membrane
flexibility in glucose transport.

Conclusions and Future Recommendations

The proposals of the Diabetes Prevention Program Research group
remain the method of choice for the treatment of type 2 diabetes.
The key to lifestyle modification consists of increasing the patient’s



Rob NM Weijers (2023) The Evolution of Type 2 Diabetes Mellitus and Insulin Resistance

unsaturation index level, which would promote a phospholipid shift
from saturation to unsaturation, and thus reduce the incidence of
type 2 diabetes. Clinical evidence has demonstrated that all of the 21
men in the study group managed their disease by increasing the level
of the unsaturation index without taking metformin. Based on the
considerations described above, one could conclude that considerable
clinical benefit would accrue by the essential concept: saturated fatty
acids makes the human cell membrane more rigid, while unsaturated
fatty acid increases its flexibility, which ultimately postpones the onset of
type 2 diabetes mellitus.

Two different techniques quantifying the mechanical properties of
cell membranes came to the same conclusions: an increase in carbon-
carbon double bonds by poly-cis unsaturated chain bilayers creates
more membrane flexibility than saturated/monounsaturated chain
bilayers.

A substantial difference can be made in extending the quality of
type 2 diabetes mellitus treatment by introducing the unsaturation
index assessment, because the regulation of membrane flexibility
represents a great step forward in the development of precision
medicine for type 2 diabetes mellitus.

The investigation of the genetic origin of type 2 diabetes mellitus
must be moved from chemistry of DNA to chemistry of RNA.

Physical activity, as a part of standard lifestyle intervention, needs
to be accompanied by the following official instructions throughout
the disease period:

- Increase the rate of glucose transport and insulin transport
across cell membranes through caloric restriction and walking 3 to 3.5
miles per hour, for at least 150 minutes per week.

- Replace “insulin resistance” by “reduction in membrane
flexibility”
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