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Abstract

Chronic stress can dysregulate the body’s adaptive stress responses, influencing immune, vascular,
and metabolic functions, which are significant in cardiovascular disease risks. This cumulative effect
of stress can heighten vulnerability to cardiovascular events, particularly in individuals with exist-
ing conditions like diabetes. Repeated stress responses may lead to inflammation, endothelial dys-
function, and plaque instability, thereby increasing the risk of atherosclerosis. This article highlights
the biochemical stressors with a focus on the mechanistic link towards vascular dysfunction associ-
ated with diabetes-mediated stress within a proatherogenic context. Type 2 diabetes causes a spec-
trum of systemic metabolic dysfunctions with the hallmark features of severe hyperglycemia and
associated hyperinsulinemia that both augment oxidative stress and inflammatory responses in the
vascular system. These effects are compounded by stress, which induces biochemical stress through
the upregulation of reactive oxygen species (ROS). We propose using mathematical modeling to shed
light on how stress-induced changes that lead to increased ROS levels and deleterious metabolic
pathways further promote plaque formation, contributing to the critical necessity of stress manage-
ment in attenuating cardiovascular pathologies in diabetic patients. The study highlights the neces-
sity to identify mechanisms of stress-diabetes interactions on atherosclerosis, which may allow new
strategies for improving therapeutics.
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1. Introduction

Atherosclerosis is a chronic inflammatory and systemic complication of the arterial wall; it remains
the first cause of death in the world related to cardiovascular disease [1-6]. Atherosclerosis is a
disease that can cause severe consequences, such as heart and brain infarction, by forming plaques
within the arteries, narrowing the vessels, and stiffening their caliber. It is characterized by the
thickening of arteries and their blockage, caused by the deposit of lipids, inflammatory cells, and
fibrous tissues in an artery’s innermost layer (intima) [1, 7, 8]. However, atherosclerosis has been
classically related to classical risk factors including hypercholesterolemia, hypertension, and smok-
ing. Ve already know that stress is a key player in type 2 diabetes, something that has been rec-
ognized in the past few years [9, 10]. Recently conducted research has emphasized the fact that
biochemical and hemodynamic stress both enhance atherosclerosis progression in diabetic patients.
Stress assistance in the biochemical overproduction of reactive oxygen species (ROS) leads to the
oxidation of low-density lipoproteins (LDL) and promotes endothelial impairment. Oxidized LDL
(ox-LDL) 1s one of the most atherogenic forms that recruits monocytes into the arterial wall, where
they are differentiated into macrophages and foam cells with a high lipid content and eventually
form part of atherogenic plaques [11-16]. In addition to the direct cytotoxicity of ROS on endothelial
cells, chronic ROS exposure stimulates a non-resolving inflammatory response that promotes the
evolution of early fatty streaks into advanced plaques.

At the same time, stress induces disastrous biochemical changes in the body, by persistent high
secretion of cortisol and other stress hormones. One of the reasons that creates metabolic disorders
is for type 2 diabetes. Insulin resistance, glucose intolerance, and type 2 diabetes may be triggered
by the continuously high blood pressure and hemodynamic changes that occur in response to stress.
Oxidative stress exacerbates type 2 diabetes, and ROS production due to stress is a known factor as
well. Insulin is a hormone made by the pancreas that helps glucose in your blood enter cells in your
muscle, fat, and liver that need glucose for energy production. This sequence of events demonstrates
the decisive role of stress in diabetogenesis [17-19].

Type 2 diabetes is a chronic disorder characterized by sustained hyperglycemia and insulin resis-
tance. Hyperglycemia leads to more oxidative stress, and insulin resistance leads to glucose not being
taken up by the tissues in an effective manner. This is mostly evident when a person is under stress.
This might increase blood sugar levels and lower insulin sensitivity, accelerating the rate at which
type 2 diabetes progresses. Raised blood sugar levels are a key concern as long-term stress induces
increased secretion of glucose, making type 2 diabetes harder to manage and causing more rapid
deterioration of the disease [20-22].

Consequently, this interplay of stress and type 2 diabetes has presented stress as a critical player
in the prevention and management of type 2 diabetes. The supplementation of stress management
techniques helps slow the progression or course of type 2 diabetes. New research shows that it is
especially important to reduce stress in diabetic patients to prevent metabolic syndrome and thus
may be an inevitable part of managing cardiovascular risks. Thus, tackling both stress and type 2
diabetes simultaneously can go a long way in treating the disease [23-25].

2. Stress and Atherosclerotic Plaques

Atherosclerosis is a chronic condition in which fatty deposits build up within the walls of arteries.
These plaques cause the arteries to narrow and eventually clog, preventing blood from freely flowing
through them. Stress is a crucial factor in the development and subsequent progression of athero-
sclerosis plaques. Stress causes inflammation to rise, and it can also damage the walls of arteries.
It is also the most crucial factor that contributes to endothelial dysfunction, rendering blood vessels
permeable, which allows lipoproteins to be retained in a vessel wall [26-31].

They can also be observed to advance more rapidly if one is stressed, as shown by [32], who
investigated the effect of stress on the clinical manifestations of coronary heart disease (CHD) and
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demonstrated that stress facilitates the formation of atherosclerotic plaques. In fact, in this study,
the potential biochemical pathway through which stress contributes to plaque formation by aug-
menting inflammatory responses was confirmed. Stress may promote platelet activation, increase
the risk of thrombosis, and ultimately disrupt plaques, which can result in heart attacks.

2.1. Impact of Stress on Type 2 Diabetes and Plaque Formation

The pathophysiological mechanisms underpinning the development of these two diseases share com-
mon features and are each influenced by stress. In another study by AI'’Absi (2018), it was evident
that stress is the link between type 2 diabetes and atherosclerosis, leading to the development of
both diseases [33-38].

In as much as stress increases insulin resistance leading to type 2 diabetes, it is also known that
it accelerates the formation of arterial plaque by inciting an inflammatory process. These can trans-
form into cardiac complications over the long term.

Detailed research by Steptoe and Kivimaki (2012) on the impact of stress on cardiovascular
diseases highlights that stress in its own way impacts glucose metabolism via the hypothalamic-
pituitary-adrenal (HPA) axis, increases insulin resistance, and has a pivotal role in inducing both
type 2 diabetes as well as atherosclerosis. Moreover, stress increases inflammatory responses asso-
ciated with plaque instability, enhancing the likelihood of experiencing a cardiovascular event [33,
39-41].

3. Does Stress Cause Type 2 Diabetes or Does Type 2 Diabetes Cause Stress?

The relationship between stress and type 2 diabetes is more complex and bidirectional. Studies have
clarified that stress is a major cause of the disease. In fact, it can lead to hormonal changes in the
body, releasing stress hormones that result in insulin resistance and a higher tendency towards type
2 diabetes. The body, in response to stress, releases hormones that effectively increase blood sugar
levels, predisposing individuals to the development of type 2 diabetes [18, 19, 42, 43].

However, type 2 diabetes can be a stressful condition as well. Being diagnosed with type 2 diabe-
tes can be stressful due to the necessity of managing blood sugar daily, making changes to diet, and
adhering to medications. These stressors can lead to high anxiety in some individuals. In addition,
health-related issues and type 2 diabetes-related complications can further exacerbate stress levels.

Stress has been shown to impair blood sugar control in people with type 2 diabetes. For exam-
ple, poorer blood sugar control in individuals who experience stress related to their type 2 diabe-
tes equates to more difficulty in managing the disease. As a result, methods to alleviate stress are
important for effective type 2 diabetes management [44—46].

This article will use a mathematical interpretation to argue that stress is the main triggering
factor of type 2 diabetes and how it can significantly affect the onset of this disease.

4. Stress-Induced Type 2 Diabetes and Atherosclerosis: Mathematical Model

In this section, we provide a comprehensive mathematical description of our model and present the
necessary preliminaries for the subsequent analysis in detail. Our goal is to explicitly state all the
components of our reaction-diffusion system and their interactions, thereby establishing a solid foun-
dation for the analysis steps that follow.

Reaction-diffusion equations are widely used for modeling chemical reactions, biological systems,
population dynamics, and nuclear reactor physics. They take the general form:

aa_;‘ = DA+ f(u, 2), (1)
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where u = (u,, . . ., u,) represents various substances in a chemical reaction or species in a biological
system, and A € RP is a vector of control parameters. The term A denotes the Laplace operator in the
spatial variables, and D € R¥?* is a symmetric and semi-positive definite matrix, describing the diffu-
sion of different substances.

The matrix D is often diagonal and corresponds to the diffusion rates of the substances. The func-
tion f: R* x R? - R” is a vector of smooth functions representing the reaction among the substances
[46-48].

In this study, we propose to develop a new mathematical model using a reaction-diffusion equa-
tion system that describes plaque formation in diabetic atherosclerosis. This model is based on the
reaction-diffusion equation system presented in reference [49]. Our new equation system is devel-
oped following the structure proposed in references [50, 51], aiming to effectively capture the dynam-
ics of plaque formation.

We will then integrate the stress equations we derived into a previous system of reaction-diffusion
equations used to model plaque formation in diabetic atherosclerosis. Given that biochemical stress
may be a risk factor, if the included results describe potential stress-related elements in the patho-
genesis of plaque development, it will be enhanced and more multi-faceted.

Stress elicits a multitude of physiological responses, which can facilitate the development of type
2 diabetes. In times of stress, the cortisol message joins hands with other stress hormones to dimin-
ish insulin capabilities on glucose tolerance, known as insulin resistance. When insulin is no longer
effective, the blood glucose level increases, and hyperglycemia develops. This continual hyperglyce-
mic state raises the amount of toxic free radical molecules (reactive oxygen species, ROS), leading to
oxidative stress and injuring the endothelial cells in our blood vessels.

The inflammation then leads to vicious insulin resistance and atherosclerotic plaques in the
arteries. The narrowing of the arteries is caused by the creation of atherosclerotic plaques, charac-
terized as a lipid cell patch that causes secretion and angiosclerosis (hardening of the arteries) in the
arterial wall resulting from lipid deposition in addition to inflammatory response. This combination
induces oxidative stress, endothelial damage, and chronic inflammation that worsens blood sugar
control and adds to the risk of cardiovascular disease, showing how stress can play such a key role in
both developing type 2 diabetes, maintaining or worsening it, as well as driving the development of
atherosclerosis [18, 26].

For Mathematical Modelling, we can write the reaction-diffusion systems representing stress-
induced diabetes and atherosclerosis:

8 DoAG = Gy ~(Egy + S,11)G ~ AgH (G -G ) H (@)
%+v.(uﬂ)DﬁAﬂ=(—d0 +1,G-1,G*)p 3

o -D,aT- O‘f—zﬁ — ke~ gy RI (@)

8 DAL =k, RL+ g, (G- Go)L - % 5)
‘Z_Ij ~ Dy AH =k, RH - % ©)

% ~DyAR =D, ,V’R+R, - Rk, L + kyH) + Ap(G — G)R+ A, IR + kG + k,FFA— kR (7)
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Equation (2) describes the dynamics of glucose and insulin, where the third term on the right-
hand side of (2) represents that HDL helps lower glucose. Equation (3) describes the formation and
loss of S-cells [50]. The first term on the right-hand side of (4) represents the secretion of insulin [50,
52], while the second term accounts for the clearance of insulin. The third term on the right-hand
side of (4) models the effect of reactive oxygen species (ROS), which, in excess and over time, cause
chronic oxidative stress, resulting in a reduction of insulin secretion as well as increased apoptosis
[50, 53, 54], where A, is the reduction rate of insulin due to ROS.

Equations (5) and (6) describe the distribution of LDL and HDL. In these equations, LDL and
HDL are merged with oxidized LDL and oxidized HDL,, respectively. LDL and HDL are lost through
oxidation by free radicals, where k, and k,, are the reaction rates of oxidation. LDL is ingested by
macrophages, and its production is enhanced by advanced glycation end-products (AGEs), which is
assumed to be proportional to glucose. The reduction of oxidized HDL through ingestion by foam
cells is represented by the second term on the right-hand side of (6).

Equation (7) models the concentration of radicals, where R is the baseline growth. The second
term represents the reduction of radicals due to the oxidation of LDL and HDL. The third term on
the right-hand side models the mechanism whereby excess glucose metabolites inhibit the produc-
tion of nitric oxide (NO) by blocking endothelial nitric oxide synthase (eNOS) activation and increas-
ing the production of ROS [50, 55-57], where 1, is the growth rate of ROS due to excess glucose.
The fourth term on the right-hand side models the mechanism by which insulin resistance decreases
endothelium-derived NO and increases ROS production [58, 59], where A, is the growth rate of ROS
due to insulin resistance.

The evolution of macrophage density is modeled by (8). The first and second terms on the right-
hand side account for the transition between macrophages (M ) and LDL (L): when L molecules are
ingested by a macrophage, the macrophage becomes a foam cell (F'); when HDL (H) combines with
membrane proteins on a foam cell in a process that clears it from LDL, the foam cell transforms back
into a macrophage. The constants &, and k, express the influence of glucose and free fatty acids on
ROS production, while &, represents the rate at which ROS is degraded.

Equation (9) describes foam cells, where the right-hand side includes a gain of foam cells from
macrophages (M ) ingesting LDL (L) and a loss of foam cells triggered by HDL (H). The death rate of
foam cells is represented by d,, .

Equation (10) models the rate of change of endothelial cell damage over time, where k, represents
the damage caused by ROS to endothelial cells, and k_ represents the rate at which cells repair
themselves.

5. Parameters, Variables, and Values

The values in the Parameters, Variables, and Values section are based on real-world data from exten-
sive literature reviews. Every parameter and variable is selected from scientific papers to ensure
that the model accurately represents biological and physiological reality.
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This data-driven grounding enhances the precision and specificity of the model by ensuring that
it accounts for real biological processes. The parameters and variables are chosen based on observa-
tions from experimental and clinical data, which support their validity and relevance.

Hence, these values are not assumed but rather carefully extracted from the literature to ensure
that the simulations and analyses are based on realistic values.

Table 1: The variables of the model: concentrations and densities are in units of g/cm?.

Variable Description Unit (g/cm?)
L Concentration of LDL g/em?

H Concentration of HDL g/em3

G Concentration of Glucose glem?

1 Concentration of Insulin glem?®

R Concentration of free radicals g/em?

M Density of macrophages g/em?

yij Density of p-cells g/em?

F Density of foam cells g/em3

u Fluid velocity cm/day

Table 2: Steady concentrations of proteins and densities of cells are in units of g/cm?.

Proteins and Cells Concentrations (g/cm?®) Description

L: LDL 7x10%to1.9%x 1073 Range: 70-190 mg/dl [60]
H: HDL 4x10%to 1.6 X 10 Range: 40—-60 mg/dl [60]
G: Glucose 1073 100 mg/dl [52]

I: Insulin 10 10 mg/dl [52]

B B-Cell 1073 100 mg/dl [52]

Table 3: Parameters’ description and values.

Parameters Description

Value

)

=)

Net rate of production at zero glucose
Total glucose effectiveness at zero insulin
Total insulin sensitivity

Death rate at zero glucose for p cells
Rate constant

Rate constant

Max secretion rate for insulin

Constant in hill function with coefficient
Clearance rate for insulin

Diffusion coefficient for glucose
Diffusion coefficient for insulin
Diffusion coefficient for f cell

Diffusion coefficient for radicals
Diffusion coefficient for LDL

Diffusion coefficient for HDL

=
o)

o

SEISSISISEEIEIR IR

X

864 mg dI! day* [52]

1.44 gun™ [52]

0.72 mlpU~! giin-1 [52]

0.06 giin™* [52]

0.84 x 107" mg' dl day* [62]
0.24 X 10 mg* dl* day ' [52]
43.2 pU ml* day* [52]
20000 mg? dI2 [52]

432 day [52]

1.04 x 10t cm? day™ [60]
1.042 cm? day! (estimate)
8.64 X 1077 cm? day* [60]
2.05 X 107! cm? day* [60]
29.89 cm? day* [60]

3.93 cm? day [60]




Enver A. and Ayaz F. Results in Nonlinear Anal. 8 (2025), 204-225 210

Table 4: Parameters’ description and values.

Parameters Description Value

D, Diffusion coefficient for macrophage 8.64 X 107" cm? day* [60]

D, Diffusion coefficient for foam cells 8.64 x 107" cm? day [60]

K, Reaction rate of for LDL+ Radical 2.35x 10 g' ecm® day! [60]

K, Reaction rate of for HDL+ Radical 5.29 X 10°% g cm? day [60]

Aor Growth rate of radical due to excess glucose 124.69 day* (estimate)

- Growth rate of radical due to excess insulin 1253.055 day! (estimate)

A Rate of reduction due to HDL 860 cm3 g (estimate)

Aor Rate of production due to excess glucose 860 cm3 g ! day* (estimate)

A Parameter in Equation (7) for M 2.573 x 10 day! [61]

. Rate of LDL ingestion by macrophages 144.5 day [60]

- Rate of HDL ingestion by foam cells 10 day! [60]

d, Death rate of macrophages 0.015 day [60]

d, Death rate of foam cells 0.03 day* [60]

K, LDL saturation for production of macrophages 10-2 g cm™ [60]

K, HDL saturation for production of foam cells 0.5 g cm™ [60]

K, Parameter in Equation (7) —2.541 x 10% gem™ [61]

R, Source/influx of radical into intima 0.25 g cm™ day [60]

a, Influx rate of glucose into intima 1.0 cm™ (estimated)

a, Influx rate of insulin into intima 1.0 cm™ (estimated)

a, Influx rate of LDL into intima 1.0 cm™ [60]

ay Influx rate of HDL into intima 1.0 cm™ [60]

a, Influx rate of B cell into intima 0.2 cm™ [60]

a, Influx rate of Macrophages into intima 0.2 cm™ [60]
Table 5: Biochemical Stress Factors and Their Values.
Parameter Values (Mean + Standard Deviation) Measurement Unit
Reactive Oxygen Species (ROS) 5.2+ 0.8 MFI [62]
Malondialdehyde (MDA) 3.4+0.5 umol/L [62]
Glutathione (GSH) 2.1+04 umol/L [62]
Oxidized Glutathione (GSSG) 0.4+0.1 pumol/L [62]
C-Reactive Protein (CRP) 3.2+0.6 mg/L [62]
Interleukin-6 (IL-6) 15+3 pg/mL [62]
TNF-a 10+ 2 pg/mL [62]

Table 6: Biochemical Stress Model Variables.

Variables Value Range Measurement Unit
R: ROS 0.1-1.0 pmol/L [62]

G: Glucose 5—-20 mmol/L [43]
FFA: Free Fatty Acids 0.3-0.6 mmol/L [60]

D: Damage 0-10 Damage Unit [61]
RE: Repair 0-5 Repair Unit [61]

Table 7: Biochemical Stress Model Coefficients.

Coefficients Description Value Measurement Unit

k, Effect of Glucose on ROS Production 0.01 umol ROS / (umol Glucose X min) [62]
k, Effect of Free Fatty Acids (FFA) on ROS Production 0.05 umol ROS / (umol FFA X min) [63]

k, ROS Degradation Rate 0.02 / min [62]

k, Damage Caused by ROS to Endothelial Cells 0.1 Damage unit / (umol ROS X min) [63]
k. Cell Self-Repair Rate 0.03 / min [63]
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6. Stability Analysis

V. B. Fitzgibbon and his colleagues have studied stability analysis in relation to reaction-diffusion
equations and the modeling of biological processes. Stability in reaction-diffusion systems is par-
ticularly important for understanding dynamic equilibrium in biological systems. Such models are
used to study how biochemical processes evolve and the existence of stationary solutions. Stationary
solutions of the system represent situations in which, under certain parameters, the model remains
constant without temporal variations [47, 64, 65].

Theorem 6.1. The equilibrium point x = 0 of the system
%= Ax (11)

is stable if and only if all eigenvalues of A satisfy Re A, < 0, and for every eigenvalue with Re Ai = 0 and
algebraic multiplicity q,> 2, the rank condition

rank(A -1l =n—gq, (12)

holds, where n is the dimension of x.
The equilibrium point x = 0 is (globally) asymptotically stable if and only if all eigenvalues of A
satisfy Re A, <0 [66].

The reaction-diffusion equations in the mathematical modeling section are used to study the
interactions of species and diffusion processes in biological systems. Stability analysis determines
how the solutions of these equations behave over time and whether they reach a stationary equilib-
rium within a given range of parameters. Ensuring stability plays a critical role in maintaining bio-
logical equilibrium and understanding the long-term behavior of the system [47].

Stability analysis for reaction-diffusion systems is based on testing whether stationary solutions
remain stable under small perturbations. If small perturbations cause the system to return to its sta-
tionary solution, that solution is stable; however, if the system deviates towards a different solution,
then the original solution is unstable [65].

An appropriate Lyapunov function is selected for stability analysis. This function must be defined
in such a way that all variables in the system remain positive and the function attains a minimum at
the equilibrium state of the system.

6.1. Lyapunov Functions and Stability Analysis

The form of Lyapunov functions is usually as follows:
V(u)=> V() (13)
i-1
Here, V. is a function that measures the distance of each component to the equilibrium state. The
negative differentiation of this function guarantees the stability of the system. The derivative of

the system with respect to the Lyapunov function is used to analyze the stability of the equilibrium
state. If the derivative is negative, the system is stable:

Vzgg—zﬁ(u)so (14)

Here, f,(u) is the function on the right side of the reaction-diffusion equation for each component of
the system.
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The important thing here is that if the derivative of the Lyapunov function is negative, the sys-
tem will be asymptotically stable. This means that the system will return to a state of equilibrium
after a small perturbation.

6.2. Jacobian Matrix and Stability Analysis

The Jacobian matrix J of the system is given by:

of oh oh Oh oof 20 Oh Oh Of |
0G oI oL 0H oR oM oF oD of
oh o % O oh O O Oh O
J=|0G oI oL oH OR oM oF oD 0f (15)

Uy Oy Oy Oy Oy Ofy O Oy O
oG ol oL oH oR oM oF oD op|

The stability of the equilibrium point is determined by the eigenvalues of the Jacobian matrix.
Eigenvalues are complex numbers that describe the nature of the system’s response to perturbations:

« If all eigenvalues have negative real parts, any small deviation from the equilibrium point will
decay over time, meaning the system will return to the equilibrium. This indicates that the
equilibrium is asymptotically stable.

+ If at least one eigenvalue has a positive real part, the system will diverge from the equilib-
rium point when perturbed. This suggests that the equilibrium is unstable.

« If all eigenvalues have non-positive real parts (some may be zero), the system may neither
settle back to the equilibrium nor diverge outright. In this case, the equilibrium could be mar-
ginally stable, meaning it might exhibit oscillatory or periodic behavior, or even require non-
linear analysis for a definitive stability conclusion.

At steady state, all time derivatives are zero. We set 9 =0 for all variables and assume homoge-

t
neous conditions (no spatial variations), so all spatial derivatives are zero (V2=0, V = 0).
The equations at steady state are:

0=G,—(Egy +S;I)G" = 2,4, (G -Gy )H (16)
0=(-d,+r,G -GS (17)

o(G ) S . . e
0=" 2L kI - ,R'T 18
a+(@y TR 4o
0=-k,RL + 1, (G -Gy)L - M (19)

K,, +L
0=-k,RH —M (20)
K,,+H

0=R,— R'(k, L'+ k,H) + A, (G'— G)R + A, 'R + kG +k,FFA- kR (21)
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ML . dypH F” .\ ML

- * * * (iMM”r (22)
K,,+L K, ,+H K,;+H
0= A M L* N Agr H F* —dFF* 23)
K,,+L Ky,+H
0= k4R* - kSO* (24)

Note: Variables with asterisks (¥*) denote steady-state values.
Let each variable be expressed as the steady-state value plus a small perturbation:

G=G +g,
B=5+0,
I=T+1,
L=L"+1
H=H +h,
R=R+r,
M=M +m,
F=F+/,
D=D +d.

We will linearize each equation by expanding it to first order in the perturbations.
The Jacobian matrix o consists of the partial derivatives of the right-hand sides of the equations
with respect to each variable, evaluated at the steady state.

6.3. Computing Partial Derivatives

For Glucose Equation:

aF * *
a_é_ (Ego+S,T") = Agu H',
oK _ SIG*7

ol

OF; .

6_1-}:_ ou (G = Gy).

All other partial derivatives are zero.
For -Cell Equation:

@— d0+r1G*—r2(G*)2,
op
oF. oo
6_G2:(r1 -2r,G)p".
For Insulin Equation:
oF, o(G")?
B a+(G)’
oF. "
6_13 = kl - A’RIR ’
oF. .
—2 = I.
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For LDL Equation:

oF . . Ay MK
—t =k R + (G -Gg) - M——
oL (K + L)
oF .
-k L,
oR
oF .
oG Tl
OF, _ L
oM K, +L
For HDL Equation:
OF; _  pr AP Ky
- H *\9 ?
oH (Kyp +H)
oF, .
—5—_k H,
oH a
oF,  AgeH

For ROS Equation:
or,
OR
OF;

oH Ky +H

— S =R +h,

oG
oF,

oL
oF,

oH
ar,

ol

For Macrophages Equation:

-k, R,

= kR,

*

*

=R

oF, Ay L . Ay L

- * * dM7
oM  K,,+L K,;+H
or; _AMLM*KML + Ay L

oL (KML+L*)2 KMH+H*,

or; _ Aar P Kpp _ Ay L MKy

O0H (Kup +H')? (Kyy+H)? '
OF, H

=1 -
oF "MK, . +H

kL =y H + e (G7 =G, )+ Al ~ ky,
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For Foam Cell Equation:

oF, AgpH
= PN dF ’
OF (Kyz+H")
oF, AL
oM K, +L°

aFB _ ﬂ'MLM*KML
OL (K, + L)’
aFS _ AHFF*KHF
OH (K, +H)?

For Damage Equation: Since O is not defined in the system, we will assume it is a constant or
depends on D in a way that can be linearized.

OR
% =—k; %(assuming O depends on D).

The Jacobian matrix o consists of the partial derivatives of the right-hand sides of the equations
with respect to each variable, evaluated at the steady state.

-432.0000 --- 0
J = : - :
0 -+ =0.0002

The eigenvalue plot has been generated, showing the real and imaginary parts of the eigenvalues.
All the eigenvalues have negative real parts, which suggests that the system is stable for the given
parameters.

Here are the eigenvalues for reference:

—432.0000, —80.2000, —44.8400, —2.3760, —0.9000, —0.0300, —0.0150, —0.0024, —0.0002

Since all the real parts are negative, the system tends to return to equilibrium after small perturba-
tions, indicating stability under the current parameter settings.

7. Numerical Solution of the Model

We are studying an extremely complicated mathematical model because the variables are very
inter-dependent, and the reaction-diffusion equations are nonlinear. Such complexity makes obtain-
ing a precise analytical solution extremely difficult, if not impossible. Analytical solutions are
restricted to simpler systems involving fewer degrees of freedom or linear behaviors. In this case,
however, interactions between the various biological components—glucose, insulin, lipids, and reac-
tive oxygen species (ROS)—create a system that is highly nonlinear and dynamic, lending itself to no
exact solution method [67—69].

Considering these difficulties, we take a numerical approach to approximate the dynamics of the
system in a variety of conditions. When analytic approaches fail due to the complexity of the under-
lying model, numerical methods take the spotlight as particularly useful tools. Among the numerical
methods presented, the finite difference method (FDM) is adapted to our purpose. FDM enables us to
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discretize both time and spatial domains such that our continuous differential equations break down
into a set of algebraic equations to be solved iteratively [67].

The finite difference method allows for this: we discretize the spatial domain into small evenly
spaced points and approximate the derivatives by differences between values at these discrete points.
The advantage of this is the simplification of these equations, allowing the model to run in time
and see the impact of initial conditions and parameter values on the system. This iterative strategy
yields information about how the system behaves (e.g., how glucose and insulin levels change as a
function of different biological and environmental inputs).

We will now discretize equations (2-10) using the finite difference method.

7.1. Discretization of Time and Space

To move forward in time, we use a time step A¢, and for space, we divide the spatial domain into dis-
crete points with spacing Ax.

7.2. Spatial Discretization (Central Difference Method)

The second spatial derivative, representing diffusion, is approximated using the central difference
method:
o'U U, —207 +U},
5 i+1 5 (25)
ox ( Ax)

where U represents the concentration at spatial point i and time step 7.

7.3. Time Discretization (Forward Difference Method)
The time derivative is approximated using the forward difference method:
n+l n
8U ur -U] 26)
at At

By substituting these discretizations into the reaction-diffusion equation, the general finite dif-
ference form becomes:

urt —ur 4 at| pYa =20 XYL gy 27)
(Ax)”
7.4. Finite Difference Discretization for Model Equations
For Glucose Equation:
n+ n Gzr:— ZGzn + Gln— ~ n n n n n
For Insulin Equation:
Ii(n+1) :Iln +At D IL+1 2I +I f(Gn In (28)
(Ax)®
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For LDL Equation:
L, -2L'+ L,

il

(Ax)?

L) =1 +At£DL +1,(L!,ROS!") —r2(Mi”,L§‘)} (30)

For HDL Equation:

H"D =H +At(DH i _2H;2+H£1 +r,(H!,ROS") —r4(Fi”,Hi”)} (31)
(Ax)
For ROS Equation:
R™V =R +At(DR L _(ii‘;JFRL +ROS production-ROS degradation} (32)
For Macrophage Density Equation:
M l.("*l) =M+ At (Macrophage production — Macrophage conversion) (33)
For Foam Cell Density Equation:
FD = F»+ At (Foam cell production — Foam cell loss) (34)
For Endothelial Damage Equation:
D"V = Dr + At - f (Rin, other factors) (35)
For S-Cell Density Equation:
BV = B+ At (B-cell production — f-cell loss) (36)

Now, to solve reaction-diffusion system equations for healthy people and healthy persons under
stress numerically, we are using MATLAB. The reaction-diffusion system yields the following graphs,
which can be obtained for both healthy people and people under stress.

8. Simulation of the Role of Stress in Type 2 Diabetes and Atherosclerosis

This simulation aims to explore the impact of stress on the development and progression of type
2 diabetes and atherosclerosis. Stress is known to exacerbate both conditions by inducing chronic
inflammation, increasing oxidative stress (ROS), and causing beta cell dysfunction.

By simulating the interaction between stress-induced factors, such as elevated glucose levels,
insulin resistance, and lipid imbalance (HDL and LDL), this model investigates how stress contrib-
utes to cellular damage, beta cell declines, and plaque formation in arteries.

The key parameters include stress levels, beta cell density, ROS concentration, and lipid profiles,
which are analyzed to predict the long-term effects of stress on the progression of these diseases.
The simulation aims to provide insights into how managing stress could reduce disease severity and
improve therapeutic outcomes for both type 2 diabetes and atherosclerosis.

8.1. Simulation for Healthy Person and Healthy Person Under Stress

First, we will simulate the biological parameters of a healthy person to observe the baseline system’s
functioning. In a healthy person, glucose, insulin, lipid levels (HDL and LDL), beta cell density, and
stress levels should be well-balanced. After that, we will simulate the system under stress.

This simulation examines the interaction between key variables such as beta cell density, insulin,
glucose levels, ROS (reactive oxygen species), and lipid metabolism (HDL, LDL) in the progression of
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type 2 diabetes and atherosclerosis. The model illustrates how beta cell loss, insulin resistance, and
oxidative stress contribute to impaired glucose regulation and increased cellular damage.

It also highlights the role of macrophages and foam cells in promoting atherosclerotic plaque
formation, providing insight into the interconnected mechanisms driving both metabolic and cardio-
vascular complications.

8.2. Descriptions of The Simulation Images

(1) Glucose Concentration:

For Healthy Person: The glucose concentration shows a smooth distribution across space and time,
with some spatial variability but within a narrow range (between 20 mg/dL: and 100 mg/dL). This
suggests a controlled glucose environment, reflecting effective regulation by insulin or low levels of
metabolic stress [43].

For Healthy Person Under Stress: Glucose levels are initially high ( 100 mg/dL), but over time,
they drop dramatically to around 40—-50 mg/dL. Initially, insulin controls glucose levels, but the dras-
tic drop later suggests excessive glucose uptake, which may lead to hypoglycemia (low blood sugar).
Glucose levels should not typically fall this low, indicating a potential break-down in glucose regula-
tion mechanisms [43].

(2) Insulin Concentration:

For Healthy Person: The insulin concentration remains largely stable at around 60 xU/mL
throughout the simulation. This suggests that glucose levels are regulated effectively, and insulin
secretion and clearance are balanced, preventing large fluctuations [69, 70].

For Healthy Person Under Stress: Insulin levels remain relatively stable and high ( 60 xU/mL)
throughout the simulation. High insulin levels may indicate insulin resistance. This means that,
despite high insulin production, the body is unable to effectively use it to transport glucose into the
cells. This is often seen in the initial stages of type 2 diabetes, where the body compensates for insu-
lin resistance by producing more insulin [69, 70].

(3) Beta Cell Density:
For Healthy Person:
This figure charts the spatiotemporal distribution of beta cell density. The beta cell number density
remains constant at around 5 X 10* during the simulation. It suggests little to no beta cell turnover,
which could be because there are no large swings in glucose levels or factors that lead to stress caus-
ing growth or death of beta cells [71-73].
For Healthy Person Under Stress:
Beta cell density decreases over time. Initially high, the beta cell density drops dramatically as time
progresses. Beta cells produce insulin, and their reduction can lead to a loss of glucose control, poten-
tially causing hyperglycemia (high blood sugar). The reduction in beta cells is a common feature in
the later stages of type 2 diabetes, contributing to uncontrolled glucose levels [71-73].

(4) Reactive Oxygen Species ROS Concentration:

For Healthy Person: .

The concentration of ROS remains stable during the duration of the simulation (~ 0.1 Aumol/L).
Since ROS are the cause of oxidative stress, a stable concentration may indicate that the balance of
the system is being preserved, and that oxidative damage and/or inflammation is not heightened [74].
For Healthy Person Under Stress:

ROS levels remain elevated and relatively stable (~10 — 15 Aumol/L) throughout the simulation.
Elevated ROS levels are a major indicator of oxidative stress, which can lead to cell damage and
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inflammation. ROS levels tend to increase in diabetic conditions, further contributing to cell damage.
High ROS is associated with oxidative stress-induced cell death and chronic inflammation [74].

(5) HDL (High-Density Lipoprotein) Concentration:
For Healthy Person:
This was approximately 37.5 and 40 mg/dL for HDL concentration, which follows a smoother curve
tendency with minimal variability. HDL is protective of cardiovascular health, and these minor
changes indicate that the system is maintaining HDL levels at relative constancy [75, 76, 77, 78].
For Healthy Person Under Stress:
HDL (High-Density Lipoprotein) levels show a slight decrease over time, dropping from 40 mg/dL to
around 20 mg/dL. HDL plays a significant role in removing Low-Density Lipoprotein (LDL) from the
arteries. The decrease in HDL suggests that cardiovascular risk may increase, contributing to the
progression of atherosclerosis. Low HDL is an indicator of impaired lipid metabolism and increased
plaque formation risk [75, 76, 77, 78].

(6) LDL (Low-Density Lipoprotein) Concentration:
For Healthy Person:
While the concentration of LDL is spatially and temporally variable, it remains within a normal
range, somewhere between 20 mg/dL and 160 mg/dL. High LDL increases the risk of atherosclerosis;
therefore, controlled concentration levels may reflect a healthy ability to regulate lipid metabolism.
For Healthy Person Under Stress:
LDL (Low-Density Lipoprotein) levels gradually decrease over time. Initially around 160 mg/dL,
LDL levels drop to below 100 mg/dL: by the end of the simulation. The decrease in LDL levels may
indicate reduced cardiovascular risk. High LDL levels contribute to plaque formation in the arteries,
increasing the risk of atherosclerosis. Lower LDL levels could reflect effective lipid management,
which is beneficial for cardiovascular health.

(7) Macrophage Density:
For Healthy Person:
The simulation finds that macrophage density never changes, remaining around 10,000 cells/cmA?
throughout the entirety of the simulation. This could suggest a sustained immune response or con-
tinuous infiltration of macrophages in the modeled environment, which is critical for foam cell forma-
tion and plaque development [79, 80, 81, 82].
For Healthy Person Under Stress:
Macrophage density remains relatively stable over time ( 10,000 cells/cmA?), suggesting consistent
macrophage activity without dramatic accumulation. Macrophages gather in the arterial walls to
ingest oxidized LDL, transforming into foam cells. The high macrophage density in the simulation
indicates chronic inflammation. Increased macrophage accumulation can contribute to atheroscle-
rotic plaque development in the arteries, leading to cardiovascular complications [79, 80, 81, 82].

(8) Foam Cell Density:
For Healthy Person:
It appears that the density of foam cells remains steady over the course of the simulation. Foam
cell formation is central to atherosclerosis, and stability may suggest that the systems modeled
(such as LDL or macrophage interactions) are well balanced and do not promote excessive foam cell
generation.
For Healthy Person Under Stress:
Foam cell density increases over time, reaching around 2000 cells/cmA?, indicating an increase in
LDL uptake by macrophages. The increase in foam cells is a hallmark of advancing atherosclero-
sis. As macrophages ingest oxidized LDL, they transform into foam cells, contributing to plaque
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formation in the arterial walls. The accumulation of foam cells indicates a progression of cardiovas-
cular risk and plaque development.

(9) Damage Density:
For Healthy Person:
This plot exhibits very oscillatory behavior, which suggests either instability or large oscillations
in the damage model. The substantial swings and outliers indicate that the system could be going
through frequent rounds of repair and accumulation of damage, or that specific drivers are forcing
the damage variable into extreme values [83].
For Healthy Person Under Stress:
The damage graph is characterized by large fluctuations and sharp increases, particularly with rapid
spikes in damage over time. This damage could be caused by elevated ROS (oxidative stress) and
glucose levels. Cell damage increases, especially under conditions of chronic inflammation and oxi-
dative stress, which are often seen in type 2 diabetes. These fluctuations indicate that cellular stress
reaches extreme levels [83].

Comprehensive Analysis and Commentary

+ Beta Cells and Insulin: The decrease in beta cell density negatively impacts insulin pro-
duction over time. However, insulin levels remain high, indicating insulin resistance. As beta
cells decrease, it becomes more difficult to control glucose levels, which exacerbates the risk of
type 2 diabetes.

* Glucose Levels and Insulin: Despite high insulin levels, glucose levels show a dramatic
drop, which could indicate rapid glucose uptake by cells. However, this could also lead to hypo-
glycemia (low blood sugar), suggesting a malfunction in glucose regulation.

+ LDL and HDL: While the decreasing levels of LDL are advantageous to cardiovascular
health, the simultaneous reduction in HDL levels is worrying. High LDL and low HDL levels
imply a less effective clearance of LDL from the arteries, making someone more at risk of ath-
erosclerosis in the long term.

+ Damage and ROS: The elevated levels of cellular damage are associated with ROS levels.
Chronic oxidative stress causes more cell damage that increases over time. Elevated levels of
ROS that are stable over time infer that the cells are not managing oxidative stress, leading to
progressive cellular damage.

+ Macrophages and Foam Cells: The high density of macrophages and increased foam cells
1s indicative that atherosclerosis is progressing. Macrophages migrate and become foam cells
built up in the arterial walls and are critical in causing plaque formation and increasing car-
diovascular risk.

9. Conclusion

In the current paper, we investigated a variety of stress-induced pathways and their interactions in
relation to type 2 diabetes as well as atherosclerosis using theoretical formulations complemented by
simulation studies.

Alongside detailing how stress further impairs metabolism and increases cardiovascular risks,
the study’s wider analysis additionally explored pathways biochemically, physiologically, and patho-
logically that link these chronic diseases.

An important biochemical mechanism exemplifies stress as a central mediator between type 2
diabetes and atherosclerosis. Stress activates the hypothalamic-pituitary-adrenal (HPA) axis, result-
ing in increased cortisol production and insulin resistance. The continuous deterioration of the body’s
glucose regulation leads to hyperglycemia, which provokes other complications like oxidative stress
and inflammation. The importance of these interconnecting pathways was readdressed throughout
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the study, highlighting that stress is not just about negative aspects but also a significant physiolog-
ical contributor to disease susceptibility as well.

The results of our simulation support the well-established observation that oxidative stress is a
root cause of cellular damage and metabolic dysfunction. The elevated levels of reactive oxygen spe-
cies (ROS), which were observed in the simulated models, reflect this damage that occurs with stress
in the long term. In addition to its role in endothelial dysfunction, ROS are also directly involved in
atherosclerotic plaque formation. Oxidative stress in the endothelium increases tissue damage with
ROS levels, leading to atherosclerotic conditions.

Regarding lipid metabolism, the simulation and additional elaboration indicated mechanisms
where stress may disturb the ratios of LDL versus HDL cholesterol. The decline in HDL, associated
with continued elevated LDL levels (Low-Density Lipoprotein), characterizes a more rapid pace of
plaque development. Dyslipidemia, a key feature of lipid abnormalities in individuals undergoing
stress, is indicative of type 2 diabetes, which further serves to increase dysmetria and cardiovascular
risk. This underscores the value of lipid profile management when identifying strategies to concur-
rently alleviate type 2 diabetes and atherosclerosis.

Secondly, the decrease in beta cell density due to glucotoxicity, as observed from simulations, is
consistent with long-term stressed patients’ population. Beta cells, the insulin-producing bastions of
the body, as we know from previous studies, are especially vulnerable to stress-induced damage.

As beta cells decrease, insufficient levels of insulin are produced, leading to increased blood sugar
levels and a worsening progression towards the metabolic abnormalities of type 2 diabetes. The rela-
tionship between stress and beta cell destruction increases the motivation to develop anti-stress
methods to safeguard pancreatic function and prevent insulin-dependent type 2 diabetes.

In addition, this study focused on the inflammatory course of atherosclerosis in which macro-
phage activation is involved. The accumulation of oxidized LDL in arterial walls leads to the trans-
formation of macrophages into foam cells, contributing to the progression of atherosclerotic plaques.
These results suggest that stress might be involved in macrophage activation and LDL oxidation,
leading to atherosclerosis. This highlights the importance of strategies designed to treat inflamma-
tion as part of the therapeutic approaches developed to prevent diabetic vascular disorders.

Finally, this study shows that stress is the main hub linking metabolic and oxidative disturbances
to cardiovascular risk. Ve have unraveled molecular mechanisms by combining experimental studies
with theoretical concepts and computational models, which can be employed to extrapolate capabil-
ities of stress exacerbation in type 2 diabetes and atherosclerosis as discussed above. These results
indicate that managing stress should take priority in clinical practice and public health strategies
for halting chronic disease globally. Reduction of emotional stress through appropriate relaxation
techniques could be a cost-effective approach in the management and prevention of type 2 diabetes,
as well as its associated progression to atherosclerosis, by preserving f-cell function and maintaining
glucose homeostasis. This approach could also reduce the need for oral hypoglycemic agents, leading
to significant healthcare cost savings.

Additionally, managing stress-related pathways associated with inflammation and oxidative
stress could significantly reduce the risk of cardiovascular events in populations at high risk for
cardiovascular disease. Further research is merited to examine approaches for addressing stressful
life events that attenuate the physiological effects of stress and to determine when reductions in ear-
ly-life stress might be expected to alter the trajectory of future chronic disease risk.

9.1. Clinical Observations and Future Directions

Building on the implications of our findings, we suggest that stress-reducing interventions such as
mindfulness-based therapies, pharmacological strategies targeting stress hormones, and lifestyle
modifications may modify disease trajectory as indicated by our model. Furthermore, the incorpora-
tion of stress management within diabetes and cardiovascular management may prevent progression
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to disease, as well as accelerate the delivery of improved patient outcomes, such as fS-cell preserva-
tion and decreasing inflammatory levels. Ve envisage future exploration to develop patient-centric
stress-reduction strategies, guided by the state of individual-specific stress biomarkers for further
optimization of therapeutic interventions.

Moreover, our modeling indicates that targeted therapeutic approaches addressing oxidative
stress and inflammation may counteract the adverse effects of stress on metabolic and vascular
health. Antioxidants and antiinflammatory agents, for example, may enhance traditional treatment
of diabetes and cardiovascular disease through their effects on stress-induced damage.

In summary, our study highlights the need to include the aspect of stress reduction in the treat-
ment regimens for diabetes and atherosclerosis. Further work will be necessary to refine the model
with larger and more detailed sets of clinical data and to validate its predicted effects of stress reduc-
tion strategies in patient populations. By focusing on these areas, we may be able to provide more
systemic and integrative interventions for metabolic and cardiovascular diseases.

References

[1] C. Weber and H. Noels, “Atherosclerosis: current pathogenesis and therapeutic options,” Nat Med, vol. 17, no. 11, pp.
1410-1422, Nov. 2011, doi: 10.1038/NM.2538.

[2] A.d. Lusis, “Atherosclerosis,” Nature, vol. 407, no. 6801, pp. 233—241, Sep. 2000, doi: 10.1038/35025203.

[3] A. Shaito et al.,, “Oxidative Stress-Induced Endothelial Dysfunction in Cardiovascular Diseases,” Frontiers in
Bioscience — Landmark, vol. 27, no. 3, Mar. 2022, doi: 10.31083/J.FHL2703105.

[4] L. Jing, D. Shu-xu, and R. Yong-xin, “A review: Pathological and molecular biological study on atherosclerosis,”
Clinica Chimica Acta, vol. 531, pp. 217-222, Jun. 2022, doi: 10.1016/j.cca.2022.04.012.

[6] Y. Y. Lee and M. H. Rhee, “Atherosclerosis,” Recent Advancements in Microbial Diversity: Macrophages and their
Role in Inflammation, pp. 265—275, Aug. 2023, doi: https://doi.org/10.1016/B978-0-12-822368-0.00012-8.

[6] G. Douglas and K. M. Channon, “The pathogenesis of atherosclerosis,” Medicine, vol. 42, no. 9, pp. 480-484, Sep.
2014, doi: 10.1016/J. MPMED.2014.06.011.

[71 A. Cagnina et al., “Atherosclerosis-an inflammatory disease,” N Engl J Med, vol. 340, no. 2, pp. 302—-309, May 1999,
doi: 10.1056/NEJM199901143400207.

[8] G. D. Sloop, “Atherosclerosis-an inflammatory disease,” N Engl J Med, vol. 340, no. 24, pp. 1928; author reply 1929,
Jun. 1999, doi: 10.1056/NEJM199906173402418.

[9] T. Dendup, X. Feng, S. Clingan, and T. Astell-Hurt, “Environmental Risk Factors for Developing Type 2
Diabetes Mellitus: A Systematic Review,” Int J Environ Res Public Health, vol. 15, no. 1, Jan. 2018, doi: 10.3390/
1JERPH15010078.

[10] P. Libby, P. M. Ridker, and G. K. Hansson, “Progress and challenges in translating the biology of atherosclerosis,”
Nature, vol. 473, no. 7347, pp. 317-325, May 2011, doi: 10.1038/NATURE10146.

[11] Y. Tan, M. S. Cheong, and W. S. Cheang, “Roles of Reactive Oxygen Species in Vascular Complications of Diabetes:
Therapeutic Properties of Medicinal Plants and Food,” Oxygen, vol. 2, no. 3, pp. 246-268, Jul. 2022, doi: 10.3390/
OXYGEN2030018.

[12] Y. Li et al., “Diabetic vascular diseases: molecular mechanisms and therapeutic strategies,” Signal Transduction and
Targeted Therapy, vol. 8, no. 1, pp. 1-29, Apr. 2023, doi: 10.1038/s41392-023-01400-z.

[13] dJ. Cao et al.,, “Mechanistic insight on nanomaterial-induced reactive oxygen species formation,” Journal of
Environmental Sciences, vol. 151, pp. 200-210, May 2025, doi: 10.1016/J.JES.2024.03.009.

[14] J.S. Bhatti et al., “Oxidative stress in the pathophysiology of type 2 diabetes and related complications: Current ther-
apeutics strategies and future perspectives,” Free Radic Biol Med, vol. 184, pp. 114-134, May 2022, doi: 10.1016/].
freeradbiomed.2022.03.019.

[15] P.Zhang, T. Li, X. Wu, E. C. Nice, C. Huang, and Y. Zhang, “Oxidative stress and diabetes: antioxidative strategies,”
Front Med, vol. 14, no. 5, pp. 583—600, Oct. 2020, doi: 10.1007/S11684-019-0729-1.

[16] V. P. Reddy, “Oxidative Stress in Health and Disease,” Biomedicines, vol. 11, no. 11, p. 2925, Nov. 2023, doi: 10.3390/
HIOMEDICINES11112925.

[17] P. Gonzalez, P. Lozano, G. Ros, and F. Solano, “Hyperglycemia and Oxidative Stress: An Integral, Updated and
Critical Overview of Their Metabolic Interconnections,” Int J Mol Sci, vol. 24, no. 11, p. 9352, Jun. 2023, doi: 10.3390/
1JMS24119352.

[18] R. A. Hackett and A. Steptoe, “Type 2 diabetes mellitus and psychological stress ae’ a modifiable risk factor,” Nature
Reviews Endocrinology, vol. 13, no. 9, pp. 547-560, Jun. 2017, doi: 10.1038/nrendo.2017.64.

[19] J.d. Joseph and S. H. Golden, “Cortisol dysregulation: the bidirectional link between stress, depression, and type 2
diabetes mellitus,” Ann N Y Acad Sci, vol. 1391, no. 1, pp. 20-34, Mar. 2017, doi: 10.1111/NYAS.13217.



Enver A. and Ayaz F. Results in Nonlinear Anal. 8 (2025), 204-225 223

[20]
[21]
[22]
(23]

[24]

[25]

[26]

[27]

(28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]

[36]

[37]
[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

R. S. Surwit, M. S. Schneider, and M. N. Feinglos, “Stress and diabetes mellitus,” Diabetes Care, vol. 15, no. 10, pp.
1413-1422, 1992, doi: 10.2337/diacare.15.10.1413.

R. S. Surwit and M. S. Schneider, “Role of stress in the etiology and treatment of diabetes mellitus,” Psychosom Med,
vol. 55, no. 4, pp. 380—393, 1993, doi: 10.1097/00006842-199307000-00005.

E. J. Henriksen, “Role of Oxidative Stress in the Pathogenesis of Insulin Resistance and Type 2 Diabetes,” Bioactive
Food as Dietary Interventions for Diabetes, pp. 3—17, Jan. 2019, doi: 10.1016/H978-0-12-813822-9.00001-1.

N. Sattar and J. M. R. Gill, “Type 2 diabetes as a disease of ectopic fat?,” BMC Med, vol. 12, no. 1, pp. 1-6, Aug. 2014,
doi: 10.1186/S12916-014-0123-4.

S. J. Kelly and M. lsmail, “Stress and type 2 diabetes: A review of how stress contributes to the devel-
opment of type 2 diabetes,” Annu Rev Public Health, vol. 36, pp. 441-462, Mar. 2015, doi: 10.1146/
ANNUREV-PUHLHEALTH-031914-122921.

H. Y. Ngan, Y. Y. Chong, and W. T. Chien, “Effects of mindfulness- and acceptance-based interventions on diabetes
distress and glycaemic level in people with type 2 diabetes: Systematic review and meta-analysis,” Diabetic Medicine,
vol. 38, no. 4, p. e14525, Apr. 2021, doi: 10.1111/DME.14525.

P. Libby, “Inflammation in atherosclerosis,” Nature, vol. 420, no. 6917, pp. 868-874, Dec. 2002, doi: 10.1038/
NATURE01323.

T. Dar, A. Radfar, S. Abohashem, R. K. Pitman, A. Tawakol, and M. T. Osborne, “Psychosocial Stress and
Cardiovascular Disease,” Curr Treat Options Cardiovasc Med, vol. 21, no. 5, May 2019, doi: https://doi.org/10.1007/
S11936-019-0724-5.

A. Steptoe and M. Kivimiki, “Stress and cardiovascular disease,” Nat Rev Cardiol, vol. 9, no. 6, pp. 360-370, Jun.
2012, doi: https://doi.org/10.1038/NRCARDIO. 2012.45.

A. Halaris, “Inflammation-associated co-morbidity between depression and cardiovascular disease,” Curr Top Behav
Neurosci, vol. 31, 2017, doi: https://doi.org/ 10.1007/7854_2016_28.

P. H. Black and L. D. Garbutt, “Stress, inflammation and cardiovascular disease,” JJ Psychosom Res, vol. 52, no. 1, pp.
1-23, 2002, doi: https://doi.org/10.1016/ S0022-3999(01)00302-6.

P. H. Black, “Stress and the inflammatory response: A review of neurogenic inflammation,” Brain Behav Immun,
vol. 16, no. 6, pp. 622—653, 2002, doi: https: //doi.org/10.1016/S0889-1591(02)00021-1.

W. J. Kop, “Chronic and acute psychological risk factors for clinical manifestations of coronary artery disease,”
Psychosom Med, vol. 61, no. 4, pp. 476—487, 1999, doi: https://doi.org/10.1097/00006842-199907000-00012.

M. Kiviméki and A. Steptoe, “Effects of stress on the development and progression of cardiovascular disease,” Nature,
Dec. 07, 2017, doi: https://doi.org/10.1038/ nrcardio.2017.189.

A. Steptoe and M. Kiviméki, “Stress and cardiovascular disease: an update on current knowledge,” Annu Rev Public
Health, vol. 34, pp. 337—354, Mar. 2013, doi: https://doi.org/10.1146/ANNUREV-PUBLHEALTH-031912-114452.

M. Al'Absi, M. Nakajima, and J. Grabowski, “Stress response dysregulation and stress-induced analgesia in nic-
otine dependent men and women,” Biol Psychol, vol. 93, no. 1, pp. 1-8, Apr. 2013, doi: https://doi.org/10.1016/j.
biopsycho.2012.12.007.

M. al’Absi, A. T. Ginty, and W. R. Lovallo, “Neurobiological mechanisms of early life adversity, blunted stress
reactivity and risk for addiction,” Neuropharmacology, vol. 188, May 2021, doi: https://doi.org/10.1016/j.
neuropharm.2021.108519.

M. al’Absi, “The influence of stress and early life adversity on addiction: Psychobiological mechanisms of risk and
resilience,” Int Rev Neurobiol, vol. 152, pp. 71-100, Jan. 2020, doi: https://doi.org/10.1016/bs.1irn.2020.03.012.

M. Al'Absi, “Stress and Addiction: When a Robust Stress Response Indicates Resiliency,” Psychosom Med, vol. 80,
no. 1, pp. 2-16, Jan. 2018, doi: https://doi.org/10.1097/PSY.0000000000000520.

D. B. O’Connor, J. F. Thayer, and K. Vedhara, “Stress and Health: A Review of Psychobiological Processes,” Annu Rev
Psychol, vol. 72, pp. 663-688, Jan. 2021, doi: https://doi.org/10.1146/ANNUREV-PSYCH-062520-122331.

P. Kong, Z. Y. Cui, X. F. Huang, D. D. Zhang, R. J. Guo, and M. Han, “Inflammation and atherosclerosis: signal-
ing pathways and therapeutic intervention,” Signal Transduct Target Ther, vol. 7, no. 1, Dec. 2022, doi: https://doi.
org/10.1038/ S41392-022-00955-7.

M. Esler, E. Lambert, and M. Schlaich, “Point: Chronic activation of the sympathetic nervous system is the dominant
contributor to systemic hypertension,” J Appl Physiol (1985), vol. 109, no. 6, pp. 1996—-1998, Dec. 2010, doi: https://doi.
org/10.1152/ JAPPLPHYSI0L.00182.2010.

T. Chandola, E. Brunner, and M. Marmot, “Chronic stress at work and the metabolic syndrome: prospective study,”
BM.J, vol. 332, no. 7540, pp. 521-524, Mar. 2006, doi: https://doi.org/10.1136/BMJ.38693.435301.80.

H. Feldman et al., “Standards of Care in Diabetes—2023 Abridged for Primary Care Providers,” Clinical Diabetes,
vol. 41, no. 1, pp. 4-31, Jan. 2023, doi: https://doi.org/10.2337/CD23-AS01.

C. De Block, C. Bailey, C. Wysham, A. Hemmingway, S. E. Allen, and J. Peleshok, “Tirzepatide for the treatment of
adults with type 2 diabetes: An endocrine perspective,” Diabetes Obes Metab, vol. 25, no. 1, pp. 3—-17, Jan. 2023, doi:
https://doi.org/10.1111/DOM.14831.

C. Taubes, “Modeling differential equations in biology,” p. 500, 2001.

T. Hillen, “Modeling differential equations in biology,” Mathematical Intelligencer, vol. 27, no. 2, pp. 82—83, Mar.
2005, doi: https://doi.org/10.1007/BF02985799/ METRICS.



Enver A. and Ayaz F. Results in Nonlinear Anal. 8 (2025), 204-225 224

[47]
(48]
[49]
[50]
[51]

[52]

(53]
[54]

[55]

[56]

[57]

(58]

[59]

[60]
[61]
[62]
[63]
[64]

[65]

[66]
[67]

[68]

[69]
[70]

[71]

[72]

L. Natr, “Murray, J.D.: Mathematical Biology. I. An Introduction.3rd Ed.,” Photosynthetica, vol. 40, no. 3, pp. 414—
414, Sep. 2002, doi: https://doi.org/10.1023/A:1022616217603.

P. K. Maini, “Mathematical Hiology: Looking Hack and Going Forward,” Lecture Notes in Mathematics, vol. 2313, pp.
413-416, 2023, doi: https://doi.org/10. 1007/978-3-031-12244-6_28.

X. Xie, “Steady solution and its stability of a mathematical model of diabetic atherosclerosis,” / Biol Dyn, vol. 17, no.
1, 2023, doi: https://doi.org/10.1080/ 17513758.2023.2257734.

X. Xie, “Well-Posedness of a Mathematlcal Model of Dlahetlc Atherosclerosls With Advanced Glycatlon End-Products,”
Appl Anal, vol. 101, no. 11, pp. 3989—4013, 2022, doi: https://doi.org/10.1080/ 00036811.2022.2060210.

X. Xie, “Well-Posedness of a Mathematlcal Model of Dlabetic Atherosclerosis.,” J Math Anal Appl, vol. 505, no. 2, Jan.
2022, doi: https://doi.org/10.1016/j.jmaa.2021.125606.

B. Topp, K. Promislow, G. Devries, R. M. Miura, and D. T. Finegood, “A Model of -Cell Mass, Insulin, and Glucose
Kinetics: Pathways to Diabetes,” J Theor Biol, vol. 206, no. 4, pp. 605-619, Oct. 2000, doi: https://doi.org/10.1006/
JTBI. 2000.2150.

R. Singh, S. Devi, and R. Gollen, “Role of free radical in atherosclerosis, diabetes and dyslipidaemia: larger-than-life,”
Diabetes Metab Res Rev, vol. 31, no. 2, pp. 113-126, Feb. 2015, doi: https://doi.org/10.1002/DMRR.2558.

R. P. Robertson, “Oxidative stress and impaired insulin secretion in type 2 diabetes,” Curr Opin Pharmacol, vol. 6, no.
6, pp. 615-619, Dec. 2006, doi: https://doi. org/10.1016/J.COPH.2006.09.002.

S. B. Williams, J. A. Cusco, M. A. Roddy, M. T. Johnstone, and M. A. Creager, “Impaired nitric oxide-mediated vasodi-
lation in patients with non-insulin-dependent diabetes mellitus,” J Am Coll Cardiol, vol. 27, no. 3, pp. 567-574, Mar.
1996, doi: https://doi.org/10.1016/0735-1097(95)00522-6.

J. Hyeok Kim, “Perspective Chapter: Diabetic Foot Pathophysiology and Prevention of Amputation through
Behavioral Modification,” Diabetic Foot Ulcers — Pathogenesis, Innovative Treatments and Al Applications, Jan.
2024, doi: https://doi.org/10.5772/INTECHOPEN.1003652.

M. T. Johnstone, S. J. Creager, K. M. Scales, J. A. Cusco, B. K. Lee, and M. A. Creager, “Impaired endothelium-
dependent vasodilation in patients with insulin-dependent diabetes mellitus.,” Circulation, vol. 88, no. 6, pp. 2510—
2516, 1993, doi: https://doi.org/10.1161/01.CIR.88.6.2510.

T. Inoguchi et al., “High glucose level and free fatty acid stimulate reactive oxygen species production through protein
kinase C-dependent activation of NAD(P)H oxidase in cultured vascular cells,” Diabetes, vol. 49, no. 11, pp. 1939—
1945, 2000, doi: https://doi.org/10.2337/DIABETES.49.11.1939.

M. M. 1. Hennes, 1. M. O’Shaughnessy, T. M. Kelly, P. LaBelle, B. M. Egan, and A. H. Kissebah, “Insulin-resistant
lipolysis in abdominally obese hypertensive individuals. Role of the renin-angiotensin system,” Hypertension, vol. 28,
no. 1, pp. 120-126, 1996, doi: https://doi.org/10.1161/01.HYP.28.1.120.

W. Hao and A. Friedman, “The LDL-HDL profile determines the risk of atherosclerosis: a mathematical model,” PLoS
One, vol. 9, no. 3, Mar. 2014, doi: https://doi.org/10.1371/JOURNAL.PONE.0090497.

A. Friedman, W. Hao, and B. Hu, “A free boundary problem for steady small plaques in the artery and their stability,”
J Difer Equ, vol. 259, no. 4, pp. 1227-1255, Aug. 2015, doi: https://doi.org/10.1016/J.JDE.2015.02.002.

F. Giacco and M. Hrownlee, “Oxidative stress and diabetic complications.,” Circ Res, vol. 107, no. 9, pp. 1058-1070,
Oct. 2010, doi: https://doi.org/10.1161/ CIRCRESAHA.110.223545.

M. Brownlee, “The pathobiology of diabetic complications: a unifying mechanism,” Diabetes, vol. 54, no. 6, pp. 1615—
1625, Jun. 2005, doi: https://doi.org/10.2337/ DIABETES.54.6.1615.

J. Smoller, “Shock Waves and Reaction—Diffusion Equations,” vol. 258, 1994, doi: https://doi.org/10.1007/
978-1-4612-0873-0.

W. E. Fitzgibbon, J. J. Morgan, B. Q. Tang, and H. M. Yin, “Reaction-Diffusion-Advection Systems with Discontinuous
Diffusion and Mass Control,” SIAM J. Math. Anal., vol. 53, no. 6, pp. 6771-6803, Dec. 2021, doi: https://doi.org/10.1137/
21M1409068.

H. K. Khalil, “Nonlinear Systems, Third Edition,” cdswebcernch, p. 750, 2002, doi: https://doi.org/10.1016/].
physa.2006.08.011.

R. J. LeVeque, “Finite Difference Methods for Ordinary and Partial Differential Equations,” Finite Diference Methods
for Ordinary and Partial Diferential Equations, Jan. 2007, doi: https://doi.org/10.1137/1.9780898717839.

M. Heidari, M. Ghovatmand, M. H. N. Skandari, and D. Haleanu, “Numerical Solution of Reaction—Diffusion
Equations with Convergence Analysis,” Journal of Nonlinear Mathematical Physics, vol. 30, no. 2, pp. 384-399, Jun.
2023, doi: https://doi.org/10.1007/S44198-022-00086-1/TABLES/3.

“Resources Archive — International Diabetes Federation.” Accessed: Feb. 25, 2025. [Online]. Available: https://idf.org/
about-diabetes/resources/.

1. Kyrou, G. P. Chrousos, and C. Tsigos, “Stress, visceral obesity, and metabolic complications,” Ann N Y Acad Sci, vol.
1083, pp. 77-110, 2006, doi: https:// doi.org/10.1196/ANNALS.1367.008.

M. Cnop, N. Welsh, J. C. Jonas, A. Jorns, S. Lenzen, and D. L. Eizirik, “Mechanisms of pancreatic beta-cell death in
type 1 and type 2 diabetes: many differences, few similarities,” Diabetes, vol. 54 Suppl 2, no. SUPPL. 2, Dec. 2005,
doi: https://doi.org/10.2337/DIABETES.54.SUPPL,_2.S97.

G. C. Weir and S. Honner-Weir, “Five Stages of Evolving Heta-Cell Dysfunction During Progression to Diabetes,”
Diabetes, vol. 53, no. suppl_3, pp. S16—S21, Dec. 2004, doi: https://doi.org/10.2337/DIABETES.53.SUPPL_3.S16.



Enver A. and Ayaz F. Results in Nonlinear Anal. 8 (2025), 204-225 225

[73]

[74]

[75]

[76]
[77]
[78]
[79]
[80]
[81]
[82]

[83]

A. E. Hutler, J. Janson, S. Honner-Weir, R. Ritzel, R. A. Rizza, and P. C. Hutler, “Heta-cell deficit and increased
beta-cell apoptosis in humans with type 2 diabetes,” Diabetes, vol. 52, no. 1, pp. 102-110, Jan. 2003, doi: https://doi.
org/10.2337/DIABETES.52.1.102.

X. Li, P. Fang, J. Mai, E. T. Choi, H. Wang, and X. F. Yang, “Targeting mitochondrial reactive oxygen species as
novel therapy for inflammatory diseases and cancers,” J Hematol Oncol, vol. 6, no. 1, Feb. 2013, doi: https://doi.
org/10.1186/1756-8722-6-19.

M. Femlak, A. Gluba-Brzézka, A. Cialkowska-Rysz, and J. Rysz, “The role and function of HDL in patients with
diabetes mellitus and the related cardiovascular risk,” Lipids Health Dis, vol. 16, no. 1, Oct. 2017, doi: https://doi.
org/10.1186/ S12944-017-0594-3.

A. Rohatgi et al., “HDL cholesterol efflux capacity and incident cardiovascular events,” N Engl J Med, vol. 371, no. 25,
pp. 2383-2393, Dec. 2014, doi: https://doi.org/10.1056/NEJMO0A1409065.

A. Ritsch, H. Scharnagl, and W. Mérz, “HDL Cholesterol Efflux Capacity and Cardiovascular Events,” New England
Journal of Medicine, vol. 372, no. 19, pp. 1869—-1872, May 2015, doi: https://doi.org/10.1056/nejmc1503139.

P. J. Harter and K. A. Rye, “HDL cholesterol concentration or HDL function: which matters?,” Eur Heart J, vol. 38,
no. 32, pp. 2487-2489, Aug. 2017, doi: https://doi.org/10.1093/ EURHEARTJ/EHX274.

M. 1. Cybulsky, C. Cheong, and C. S. Robbins, “Macrophages and Dendritic Cells: Partners in Atherogenesis,” Circ
Res, vol. 118, no. 4, pp. 637-652, Feb. 2016, doi: https://doi.org/10.1161/CIRCRESAHA.115.306542.

K. Ley, Y. I. Miller, and C. C. Hedrick, “Monocyte and macrophage dynamics during atherogenesis,” Arterioscler
Thromb Vasc Biol, vol. 31, no. 7, pp. 15061516, Jul. 2011, doi: https://doi.org/10.1161/ATVBAHA.110.221127.
“Macrophages in the pathogenesis of atherosclerosis. — Abstract — Europe PMC.” Accessed: Feb. 25, 2025. [Online].
Available: https://europepmec.org/article/ MED/21529710.

K. J. Moore and I. Tabas, “Macrophages in the pathogenesis of atherosclerosis,” Cell, vol. 145, no. 3, pp. 341-355, Apr.
2011, doi: https://doi.org/10.1016/J. CELL.2011.04.005.

I. S. Palamarchuk, G. M. Slavich, T. Vaillancourt, and T. K. Rajji, “Stress-related cellular pathophysiology as a cross-
talk risk factor for neurocognitive and psychiatric disorders,” BMC Neurosci, vol. 24, no. 1, Dec. 2023, doi: https://doi.
org/10.1186/ S12868-023-00831-2.



	1._Introduction
	2._Stress_and_Atherosclerotic_Plaques
	2.1._Impact_of_Stress_on_Type_2_Diabetes
	3._Does_Stress_Cause_Type_2_Diabetes_or_
	4._Stress-Induced_Type_2_Diabetes_and_At
	5._Parameters,_Variables,_and_Values
	6._Stability_Analysis
	6.1._Lyapunov_Functions_and_Stability_An
	6.2._Jacobian_Matrix_and_Stability_Analy
	6.3._Computing_Partial_Derivatives
	7._Numerical_Solution_of_The_Model
	7.1._Discretization_of_Time_and_Space:
	7.2._Spatial_Discretization_(Central_Dif
	7.3._Time_Discretization_(Forward_Differ
	8._Simulation_of_the_Role_of_Stress_in_T
	8.1._Simulation_for_Healthy_Person_and_H
	8.2._Descriptions_of_The_Simulation_Imag
	Comprehensive_Analysis_and_Commentary
	9._Conclusion
	9.1._Clinical_Observations_and_Future_Di
	References
	_bookmark0
	_bookmark1
	_bookmark2
	_bookmark3
	_bookmark4
	_bookmark5
	_bookmark6
	_bookmark7
	_bookmark8
	_bookmark9
	_bookmark10
	_bookmark11
	_bookmark12
	_bookmark13
	_bookmark14
	_bookmark15
	_bookmark16
	_bookmark17
	_bookmark18
	_bookmark19
	_bookmark20
	_bookmark21
	_bookmark22
	_bookmark23
	_bookmark24
	_bookmark25
	_bookmark26
	_bookmark27
	_bookmark28
	_bookmark29
	_bookmark30
	_bookmark31
	_bookmark32
	_bookmark33
	_bookmark34
	_bookmark35
	_bookmark36
	_bookmark37
	_bookmark38
	_bookmark39
	_bookmark40
	_bookmark41
	_bookmark42
	_bookmark43
	_bookmark44
	_bookmark45
	_bookmark46
	_bookmark47
	_bookmark48
	_bookmark49
	_bookmark50
	_bookmark51
	_bookmark52
	_bookmark53
	_bookmark54
	_bookmark55
	_bookmark56
	_bookmark57
	_bookmark58
	_bookmark59
	_bookmark60
	_bookmark61
	_bookmark62
	_bookmark63
	_bookmark64
	_bookmark65
	_bookmark66
	_bookmark68
	_bookmark69
	_bookmark70
	_bookmark71
	_bookmark72
	_bookmark73
	_bookmark74
	_bookmark75
	_bookmark76
	_bookmark77
	_bookmark78
	_bookmark79
	_bookmark80
	_bookmark81
	_bookmark82

