POLITECNICO DI TORINO
Repository ISTITUZIONALE

Heat and Mass Transfer in Inflammation-Induced Glaucoma

Original
Heat and Mass Transfer in Inflammation-Induced Glaucoma / Grisolia, Giulia; Lucia, Umberto. - In: APPLIED
SCIENCES. - ISSN 2076-3417. - STAMPA. - 16:11(2026), pp. 1-17. [10.3390/app16115222]

Availability:
This version is available at: 11583/3011328 since: 2026-05-24T13:10:33Z

Publisher:
MDPI

Published
DOI:10.3390/app16115222

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

28 June 2026



% applied sciences

Article

Heat and Mass Transfer in Inflammation-Induced Glaucoma

Giulia Grisolia '*

W) Check for updates

Academic Editor: Roberto Zivieri

Received: 28 March 2026

Revised: 13 May 2026

Accepted: 19 May 2026

Published: 22 May 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Umberto Lucia ¥*

Dipartimento di Ingegneria dell’Ambiente, del Territorio e delle Infrastrutture, Corso Duca degli Abruzzi 24,
10129 Torino, Italy

Dipartimento Energia “Galileo Ferraris”, Politecnico di Torino, Corso Duca degli Abruzzi 24,

10129 Torino, Italy

*  Correspondence: giulia.grisolia@polito.it (G.G.); umberto.lucia@polito.it (U.L.); Tel.: +39-011-090-4558 (U.L.)

Abstract

Glaucoma is a complex condition with an unknown exact cause, but it involves progressive
damage to the optic nerve. This damage is primarily driven by high eye pressure, poor
blood flow, and oxidative stress, a process linked to cell ageing and inflammation that
harms the retina. Recent research highlights that these issues stem from structural changes
in the eye’s drainage system and visual pathways, which can be analysed through the
lens of engineering thermodynamics. This study proposes a thermal explanation for the
physiological processes linking ocular behaviour to inflammatory ion flux alterations.
We develop a thermal model demonstrating that temperature increases are tied to the
mechanical work necessary for maintaining water flux in the anterior ocular chamber. We
show that these changes alter the membrane potential and tissue pH, resulting in elevated
intraocular pressure. By clarifying the temperature—pressure effect, this research establishes
a theoretical framework to study the developments of future glaucoma therapies.

Keywords: heat transfer in eyes systems; thermal approach to glaucoma; irreversibility;
thermal effects in biosystems; first and second law analysis

1. Introduction

During the last two decades, substantial evidence from animal ocular diseases has
shown a relationship between glaucoma disease and eye inflammation [1-5].

Glaucoma is a multifactorial and progressive neurodegenerative ocular diseasem
characterized by progressive optic nerve damage and by specific visual field alterations [5,6]
due to a progressive loss of retinal ganglionic cells (RGCs) [7] mainly due to mechanical
and vascular stress related to hypoxia [8], mitochondrial dysfunction, oxidative stress [9],
and neuroinflammation [10]. Glaucoma is also able to cause blindness [5]. Indeed, it
represents the cause of approximately 11% of the global population’s (aged over 50 years
old) blindness [11]. Moreover, an increase from 76.5 million patients in 2020 to an estimated
number of 111.8 million patients in 2040 [12] is expected globally.

Elevated intraocular pressure is certainly among the most studied and most relevant
risk factors in glaucoma disease because the risk of a visual damage is generally associated
with an uncontrolled level of intraocular pressure [13], even if there also exist other non-IOP
related factors [14]. Therefore, the actual therapeutic treatment of glaucoma consists of
lowering the IOP [15], even if efforts are under development to test antioxidative and
immunomodulatory therapies [16].

The cause of the IOP increase is mostly due to aqueous humour resistance to drainage
across outflow pathways within the eye. Additionally, oxidative stress generates tissue
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stress with a related activation of local para-inflammation, a mechanism of adaptation
that is intermediate between a normal and an inflammatory state [17] but that is useful
for maintaining tissue homeostasis and functionality. Dysregulation of para-inflammation
causes inflammation (i.e., the primary response of the immune system to infections or
tissue injuries [18]) with a release of cytokines and chemokines and related damage to the
retina [19] but also an increase in resistance to aqueous outflow in the anterior chamber [20].
Moreover, all living organisms produce reactive oxygen species (ROS) as a by-product of
their cellular metabolism [21-23]. While these organisms have antioxidant defences, such
as enzymes, proteins, and vitamins, ROS can accumulate due to their overproduction or
ineffective antioxidant activity. This accumulation results in a state known as oxidative
stress [24]. Ongoing research into the role of ROS in living systems has highlighted their
dual effect as activator of a homeostatic compensatory response concerning survival ability
and as alleviators or aggregators of the living system’s damage, e.g., inflammation [25-27].

Concerning nerves, any stimulus able to cause cell membrane depolarization generates
an opening of the voltage-gated Na™ channels, with a related inflow of small amounts
of Na™, which decreases its electrochemical gradient and depolarises the cell membrane,
in turn opening more Na™ channels up to a value of the Na™ equilibrium potential of
+56 mV. At this state, the cell inactivates the Na™ channels and opens the voltage-gated K
channels [28]. As a consequence of the depolarization, the voltage-gated Ca?" channels
are opened, with a release of Ca?* stored in the sarcoplasmic reticulum into the cytosol
and the related cell contraction. Moreover, in response to a raised concentration of Ca?* at
the cytoplasmic face of the nerve cell membrane, the Ca?*-activated K* channel is opened.
In the case of membrane depolarization, Mg?* is released; however, if depolarisation occurs
together with glutamate binding to the receptor, then the N-methyl-D-aspartate (NMDA)
receptor channels (NMDARs), highly permeable to Ca?*, are gated with a great release of
glutamate [28].

On the other hand, the channel proteins form gap junctions between two adjacent
cells connecting their cytoplasm. Concerning transport efficiency, channels are 10 times
more efficient than carriers, allowing more than 10% ions s~ to pass through one open
channel. On the contrary, channels play a fundamental role only in relation to passive
transport, because they cannot be coupled to energy processes (ATP reactions) required for
active transport. Consequently, their function concerns the rapid diffusion of some specific
inorganic ions, e.g., Na™, K*, Ca?*, and Cl~, caused by electrochemical gradients between
the internal and external surface of the cell membrane. Hence, if ion concentrations increase,
their flux through a channel increases proportionally up to a saturation level of maximum
rate. Moreover, ion channels are not continuously open, but they are gated in response
to specific stimuli, e.g., membrane voltage changes, mechanical stresses, and binding of a
ligand as extracellular or intracellular mediators, even if many cell’s functions require the
control of these fluxes [28].

From these considerations, we can highlight that ion transport results in a fundamen-
tal aspect for modelling the biophysical mechanisms that cause glaucoma disease. Thus,
the biophysical bases of this topic suggest that we should shift our usual perspective by
incorporating an engineering thermodynamic and thermal physical approach to analyse
fluxes, with particular interest in inflammation [29]. We focus particularly on heat transfer
concerning the biochemical work performed by cells in opening and closing their chan-
nels [30,31]. Cells are adaptive biological systems that convert chemical energy into work
by linking metabolic and biochemical reactions with transport processes. Therefore, this
study aims to propose a thermal approach to understand inflammation related to glaucoma.
For this purpose, in Section 2, the thermal approach is developed using the first law of
thermodynamics and by introducing the Onsager phenomenological equations, which
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are useful for linking the macroscopic thermodynamic quantities to the electrochemical
quantities of the eye tissues. In Section 3, numerical data are presented together with the
related numerical evaluations, which are developed to assess the normal conditions of
the eyes; moreover, the link between the thermal and the biophysical quantities is carried
out to better understand the biological mechanism of intraocular pressure increase and
inflammation. In Section 4, some comments are developed concerning the ion fluxes and
the ROS’s role in the increase in pressure as a consequence of inflammation.

2. Materials and Methods

Analysing ocular temperature variations under different environmental conditions is
essential for understanding both its internal physiology and its interaction with external
stimuli. Due to the current lack of experimental facilities for in vivo intraocular temperature
measurement, early empirical research was confined to assessing ocular surface tempera-
ture [32-34]. Given these experimental constraints, theoretical and numerical simulations
have become a primary method for evaluating fluid dynamics and thermal distributions
within the eye. Amara [35] utilised a human eye model to investigate the impact of laser
power and wavelength on ocular tissues. Bayat et al. [36] utilised 2D and 3D models
to study the flow dynamics of partial vitreous liquefaction, treating it as a two-phase
viscoelastic Newtonian fluid. Further research by Rahman et al. [37] integrated four physio-
logical age-related variables—metabolism, blood perfusion, tear evaporation, and aqueous
humour (AH) flow—to analyse thermo-fluid dynamics. Additionally, Tang et al. [38]
simulated flow across diverse morphological structures to map velocity distributions and
temperature variations. Moreover, while the sclera is partially exposed to ambient air
when the eye is open, existing models often overlook this interaction. Although several
studies have investigated the influence of ambient temperature and convection coefficients
on ocular thermal variations, they often fail to correlate these coefficients with specific
environmental conditions [32].

The complexity of the human eye arises from the interdependent relationship between
thermal, fluid, and mechanical stressors. Because the flow of aqueous humour modulates
intraocular pressure—a critical factor in tissue health—accurate multi-physics computa-
tional models are required to map these interactions. Effective modelling necessitates the
integration of thermal regulation and fluid—structure interaction to capture the organ’s
physiological response. These predictive tools can be categorized by their methodology:
top—down strategies, which utilize in vivo parameter estimation, or bottom—up approaches,
which rely on mechanistic parameters to forecast concentration profiles [39].

2.1. The Physiological Bases for the Thermophysical Model: Fluid-Dynamic Considerations

The aqueous humour, secreted by the ciliary body, is a clear intraocular fluid that circu-
lates from the posterior to the anterior chamber. Its subsequent drainage via the trabecular
meshwork and uveoscleral routes is a primary determinant of intraocular pressure (IOP). Be-
yond the pressure gradients established by AH secretion and outflow, the fluid’s behaviour
is affected by gravitational orientation and thermal gradients, specifically the convective
currents arising from the temperature differential between the core body temperature
and the cooler corneal surface. Adopting the methodology of Abdelhafid et al. [40] and
Wang et al. [41,42], this model treats the AH as an incompressible Newtonian fluid. Fur-
thermore, the Boussinesq approximation is usually applied, wherein density fluctuations
are ignored in all instances except for the buoyancy term, providing a simplified framework
for analysing thermally driven flow [39].
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2.2. The Physiological Bases for the Thermophysical Model: Thermal Considerations

In healthy populations, central corneal surface temperatures typically fluctuate be-
tween 32 °C and 36 °C [43]. Research indicates a centripetal thermal gradient; temperatures
rise progressively from the corneal apex toward the periphery [44]. Specifically, the limbal
region is approximately 0.45 °C to 1.0 °C warmer than the center [45]. This disparity is
attributed to the lack of corneal vasculature and the cooling effects of continuous tear film
evaporation at the center. In static air, a linear correlation exists between environmental and
corneal temperatures; for instance, every 1 °C increase in room temperature corresponds
to a 0.15 °C to 0.20 °C rise in ocular surface temperature (OST) [46]. Conversely, lower
ambient temperatures and increased air velocity serve to depress OST [47], while relative
humidity appears to have a negligible impact [48]. The integrity of the tear film is a critical
determinant of OST [45]. Patients with dry eye syndrome often exhibit lower corneal
temperatures and accelerated cooling rates compared to healthy controls [49]. Further-
more, blinking introduces dynamic thermal shifts [33]; the action restores the tear film
and brings the ocular surface into contact with the vascularized palpebral conjunctiva,
momentarily raising the OST toward core body temperatures [33]. Upon eye opening,
rapid cooling occurs, with healthy subjects showing an average decrease of 0.24 °C in
the first second [50]. Mydriasis has been associated with an average corneal temperature
increase of 0.82 £ 0.13 °C and higher heat flux density [43]. This may occur because the
iris, characterized by low blood flow, otherwise acts as a thermal barrier between the
choroid and the anterior chamber [43]. OST strongly mirrors systemic body temperature,
with a 1 °C increase in core temperature resulting in a nearly equivalent 0.98 °C rise in
OST [48]. While interocular temperature differences are generally negligible, with 95%
of the population showing a difference of <0.60 °C [51], significant diurnal variations
exist. Temperatures typically peak in the afternoon, tracking the body’s natural circadian
rhythm [52]. Advancing age correlates with a decline in OST, estimated at a reduction of
0.010 °C to 0.023 °C per year [43]. Comparative studies show that individuals in their sixth
decade exhibit central corneal temperatures approximately 1 °C lower than those in their
twenties: this age-related cooling and the accompanying reduction in heat flux density are
likely secondary to choroidal atrophy and diminished ocular blood flow [43].

2.3. The Physiological Bases for the Thermophysical Model: Scaling Considerations

The intraocular fluid dynamics within the anterior chamber are characterized by a
single convection cell, with buoyant ascent occurring near the posterior boundary and
descent occurring along the anterior wall. Lateral fluid velocity is negligible, suggesting a
predominantly two-dimensional flow field. Empirical observations indicate typical transit
times of approximately 60 s, the duration required for a fluid particle to traverse from the
superior to the inferior pole. The aqueous humour is continuously secreted by the ciliary
body, entering the chamber via the pupillary aperture [53].

2.4. The Thermophysical Approach

In this section, we develop a thermodynamic model. It is based on the following
assumption, derived from previous physiological evidence. For the purposes of this model,
the medium is treated as a Newtonian fluid, with physical properties equivalent to those of
water. Outflow occurs via the trabecular meshwork located at the iridocorneal angle. This
convective flow is driven by a trans-corneal temperature gradient. The posterior boundary
of the chamber is maintained near core body temperatures, whereas the external corneal
surface is exposed to ambient conditions. Given a constant corneal thickness and thermal
conductivity comparable to water, the temperature of the internal corneal endothelium
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remains slightly below core temperatures. In this framework, we must consider only
average values of the physical quantities (pressure, density, efc.).

IOP is generated and maintained by water inflows and outflows between the ocular
anterior chamber and blood vessels. Thus, by introducing a thermodynamic approach, we
can consider the eye as an open system, for which the first law of thermodynamics can be
written as follows [50]:

Q—W:<U+ V+/ e+ e dV) v
it Po VP( k pot) o 1)

+ Hiout (h + e + epot)out — My (h +ex + epot)in

where Q is the heat rate exchanged between the cornea and its environment; W is the
mechanical power exhibited by the tissue concerning pressure and the cornea’s elastic
properties; t is the time; U is the internal energy; py is the environmental pressure; V is the
volume of the anterior chamber; p is the water density; r is the water’s mass flow rate; ¢ is
the specific energy; k and pot stand for kinetic and potential, respectively; & is the water’s
specific enthalpy; in and out stand for inflow and outflow respectively; CV means control
volume. The kinetic energy and potential energy variations can be neglected, because their
magnitudes are negligible relative to the enthalpy components, and the system is analysed
in stationary conditions so that it follows

Q -W= titout Rout — My Niy 2)
where the specific enthalpy concerns the under-cooling state of water [54]:

W(T) = hsat(T) 4 0sat(T) - (p — psat(T)) 3)

where hg,¢(T) is the water’s saturation enthalpy at temperature T, psq.(T) is the water’s
saturation pressure at temperature T, vsat (T) is the water’s saturation specific volume at
the temperature T, and p is the working pressure.

From Equation (2), it is possible to evaluate the work done by the eye system to
maintain the normal condition, i.e., IOP = p = (16 £ 2) mmHg [55,56]. Of course, in that
case, we expect to obtain a range of normal behaviour.

The mechanical power generated is the (mechanical and electrochemical) work of
the tissue cells’ membranes. In order to model this process, we can consider the Onsager
phenomenological equations [57-61]:

Je=—-Ln ? — L %
(4)

Jo=-Ln ? - Lzz%
where J, depicts the current density [A m2], Jo stands for the heat flux [W m~2], ¢ is the
membrane electric potential, T is the living cell temperature, L;; denotes the phenomenolog-
ical coefficients such that L1p = Ly in the absence of magnetic fields and L1; > 0, Ly > 0,
and Li1Ly — L%Z > 0[57-63]: L1 and Ly, represent heat conductivity and electrical con-
ductivity, respectively, while L1, and Lp; are cross-coefficients independent of both L4
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and Ly, [62,63]. These relations, in the approximation of constant temperature, become the

following:
\%
Je=—-Ln Tgb
®)
_ V¢
] Q— —Ln T
Consequently,
_Ln _Ln
Je—L21JQ:>V Je—L21v JQ (6)
Now, considering that
J,V-Jodv =0 7)
it follows that L L
\v@ dvzﬂ/v. v = 211 ¢ 8
/v Je Ly Jv Jo Loy e ®)

which means that the result of any thermal perturbation (inflammation in our analysis)
can not only be converted in ion fluxes but also that every ion flux causes heat flux. In this
study, we have introduced the Onsager equations only to highlight the effects that thermal
perturbations can have on the electrochemical response and vice versa, without using
them for any numerical evaluation. This work does not aim to provide an exhaustive
examination of the Onsager theory itself. Rather, our analysis is developed within the
context of a biophysical framework. For comprehensive details on the Onsager theory,
readers are referred to the original papers in Refs. [62,63]. Thus, this approach points
out the relationship between the previous introduced distinct biophysical phenomena.
To evaluate them, we consider the accepted approach to the living cell membrane based on
the effects of ion fluxes, which, in turn, change the membrane electric potential; therefore,
the cell must restore its normal membrane electric potential by generating counter-fluxes.
Indeed, the electric membrane potential can be expressed as follows:

nZF Ap = Aoy — QT + 2.3 RTy A(pH) =

. )
= AHmemh - (W + titout hout — Ty hin) T+ 2.3RTy A(pH)

where ¢ denotes the tissue cells” electric membrane potential; AH,,.,;, is the enthalpy
variation of the tissue cells’ membrane system; Q stands for the heat flow; T represents the
characteristic time of the process; 1 is the number of moles of ions considered; R and F are
the universal ideal gas and the Faraday constants, respectively; Ty is the environmental
temperature of the cell; Z is the ion valence; ApH is the variation of the pH inside the
tissue. In particular, these electric processes generate biochemical phenomena: Na*t, K+,
and C1~ ion fluxes determine membrane voltage regulation, while Ca>* and Mg?* ion
fluxes control protein folding; Zn?* controls HCO®~ formation; Fe?" activates molecular
oxygen and works as a catalyst for the generation of ROS in pathological conditions such
as inflammation, carcinogenesis, and perfusion injury.

3. Results

In this work, we focus and analyse eye inflammation using the first principle of
thermodynamics. To this purpose, first, we must evaluate the normal range of biophysical
quantities related to the eyes.

Concerning the thermal properties of water, we consider the usual thermodynamic prop-
erties tables in engineering thermodynamics reported in Ref. [54]; for biophysical properties,
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we refer to Refs. [64,65]; regarding the thermal properties of eyes, we consider the results
summarised in Ref. [66].

To solve Equation (2), first, we evaluate the enthalpies of water inflow and outflow
using Equation (3).

The water inflow temperature Tj, is assumed to be equal to the artery temperature of
36.7 °C [66], while the water outflow temperature T,,; is assumed to be the eye’s anterior
chamber temperature of (30.7 £ 1.7) °C [64]. In stationary and healthy conditions, water
flows result in Vj,, = Vs = (2.25 4+ 0.75) uL min~! [41]. The ocular anterior chamber
volume is V = (171.4 +42.4) uL [65].

Concerning water inflow, we introduce the hypotheses usually accepted in medicine,
i.e., temperature and pressure of inflowing water are the same of blood:

e Pressure Range: p € [80,120] mmHg = [10,666, 15,999] Pa, with a mean value evalu-
ated as follows [67]:

Pao = Ponin + w — 933 mmHg ~ 93 mmHg = 12443Pa  (10)
where p;, = 80 mmHg and pyary= 120 mmHg are the minimum and maximum
value of blood pressure considered in healthy conditions, and p, is its mean value,
the pressure with respect to which we have evaluated the subsequent thermodynamic
quantities;

e Water density results in 994.5 kg m~3, obtained by interpolation of the values in
the range t € [25.0,40.0]°C, considering that the inflow water is at a temperature of
36.7 °C and the outflow water is at 30.7 °C [54];

e Water Mass Flow: 71 = p V=~ (3.734+1.24) x 10 8 kg s~!, where V =V, = Vo

* The water’s specific enthalpy evaluated using Equation (3) and the table of water
properties in Ref. [54]:
- Inflow: Value at inflow mean pressure (93 mmHg) of h,;, ;, = 153.75 k] kg’l;
—  Outflow: Value at inflow mean pressure (93 mmHg) and in the temperature range

(30.7 £1.7) °C, with hgpour = 128.67 k] kg’1 at its central value;

e Water enthalpy rate evaluated as H = dH /dt = 1i hyy, as published in Ref. [54]:

- Inflow: H = titj hgpin = (5.73 £1.91) mW;

- Outflow: H = ritoyt hap oyt = (4.81 4 1.60) mW.

Concerning Equation (2), we can calculate the enthalpy rate variation as 1o, Hour —
iy hiy = —(0.92 £0.31) mW.

Now, we must evaluate the heat exchanged by the eye. To achieve this, we consider the
approach followed in Ref. [66] but for a stationary state for eyes, corresponding to a normal
mean behaviour of the eyes themselves. Thus, we consider the electric equivalence [54] for
the cornea, and we introduce its thermal properties:

e Corneal Thermal Conductivity: A = 0.580 Wm~! °C~1;

e Corneal Convective Coefficient: « = 14 Wm ™2 °C~1;

. Emissivity: ¢ = 0.975;

*  The minimum temperature of the cornea external surface was experimentally mea-

sured, and it can be set at T, ~ (34.30 £ 0.07)°C [68];
¢  Following Pennes” approach for the bioheat equation [69], the temperature of the

cornea’s internal surface is set to T,y;
¢  The ambient temperature is chosen at Ty = 25°C= 298.15 K.

The heat power can be evaluated as follows:

Q = Qcond + Qconv + de (11)
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where Qg = A A (Te — Tout) / (Fext — int), with ri = 6.8 mm being the average cornea
internal radius and 7.x; = 7.2 mm being the average cornea external radius. Then, Qcono =
aA(To—Tc) and Qpy = o (T§ —eTH) A [54], and 0 = 5.67 x 1078 W m~2 K~ is the
Stefan-Boltzmann constant [54], A = (1.3 — 1.4) cm? is the area of the surface of the cornea,
and 4 is its thickness. The conductive heat power must be considered in relation to the
cornea’s geometry.

To do so, we approximate the cornea as a part of a sphere, so we evaluate the thermal
conductive resistance for the cap of a hollow sphere. For that purpose, we consider the
thermal flux as follows:

, dT

Qu = —AQr 5 (12)

where () is the solid angle at the center of the sphere cap, determined by considering that
the cap areais A ~ 1.35 cm? = 1.35 x 10~* m? in relation to a radius of 7oyt = 7.2 x 1073 m,
obtaining Q = A/r2, = 2.60 sr. From Equation (12), it follows that

-1
) 1 1
Qi = —)\Q( — ) (TC - Tout) = 665.6 mW (13)
Text  Tint
The convective flux results in Qc, = —17.6 mW, while the radiative flux results in

Qrad = —6.2 mW. Consequently, the net heat flux results in Q = 641.8 mW. We highlight
that the conductive heat transfer is the dominant effect over convection, radiation, and flow
rate enthalpy variation. For future experimental use of the model, this approach could be
simplified by considering only conductive heat transfer with a deviation of 3.6% based on
the difference between 665.6 mW and 642.7 mW.

From the first principle (Equation (2)), the chemical and mechanical power developed
to maintain a stationary state for the eye at a normal pressure of (16 + 2) mmHg results
in W = Q — ritous hout + titjy hiyy = 642.7 mW. This power is required to overcome the
mechanical friction of water flows and to maintain the ion fluxes in the tissue cells for their
work. Recently, we have developed an analysis of inflammation in the context of pain,
showing that when inflammation occurs, temperature changes with a related variation in
heat flux and entropy rate, with a consequent variation in mechanical power too.

In Figure 1, mechanical power, evaluated using Equation (2), is represented as a
function of the temperature of water outflow. We highlight that mechanical power decreases
with temperature growth (inflammation state). This can be interpreted as a related demand
of energy from the tissue cells in order to maintain normal pressure conditions. Moreover,
we consider the Gibbs free energy variation:

dG = —dW = Vdp —SdT +)_u;dN; (14)
i

where G is the Gibbs free energy; W is the work; V is the volume; p is the pressure (IOP—
intraocular pressure in this study); S is the entropy; T is the temperature; y; is the chemical
potential of the i-th chemical species; N; is the number of particles that flow across of the
boundary of the system. It follows that in isothermal conditions (dT = 0) with constant
ion flux (i.e., stationary inflammation state), every decrease in mechanical work causes an
increase in pressure.

Now, from Equation (14), by introducing the definition of the electrochemical potential
for a living cell membrane, i.e., the Gibbs free energy density [70] for a cell membrane,

G

fi=7 =FAp—23RTApH (15)
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and the definition of membrane electric potential elementary variation in relation to the ion

concentration,
RT dc
=-_—= 1
d¢ 7T ¢ (16)
we can obtain the following relation:
RT dc Ui RT
dp=——-=——) —dN;—23—dpH 17

This last equation related the pressure variation with the pH changes in the eye and the
flux of the involved ions. Some numerical results previously evaluated in Ref. [30] are
summarised in Table 1.

1.00
0.80 o

0.60 »

0.40 +

0.20 »

0.00
28.0 29.0 30.0 31.0 32.0 33.0 34.0 ¢ 3%.0 36.0 37.0 38.0 39.0 40.0
—0.20

Power (1) [W]

—0.40 -
—0.60 .

—0.80 .
—1.00

Anterior chamber temperature (T,,,) [°C]

Figure 1. Mechanical power related to water inflow and outflow is a function of outflow temperature
(Equation (2)). The shape of the mechanical power line highlights that it decreases with an increase in
temperature (inflammation). Consequently, energy is demanded from the tissue to maintain normal

pressure conditions.

Table 1. Pressure drop evaluation of Equation (17) on the basis of C1~ fluxes across the ciliary body
or ciliary epithelium, as summarized in Reference [71].

. Net Fluxes Pressure Drop
Species 1.
[mol s~ m—2] [mmHg]
Cat 8.03 x 10° +6.1
Toad 7.23 x 1070 +5.4
Rabbit 6.26 x 10~ +4.7
Bovine 2.86 x 107 +2.1

In order to compare our results with the experimental ones, we consider that the ion
concentration can be evaluated as follows:
Ipeit At
14

Cf = Cj (18)

where ¢y is the concentration after the intraocular pressure variation; ¢; is the concentration
before the intraocular pressure variation; , is the intraocular pressure ratio, 7 is the ion
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flux; V is the eye’s anterior chamber volume; A = 1.04 £ 0.12 cm? is the cornea’s surface; t
is the time during which the intraocular pressure variations occur.

As a case study, we consider the rabbit eye. Concerning rabbits, our results can be
compared with the experimental ones reported in Ref. [72], and they are summarised
in Table 2. We evaluate ¢y and compare them with the measured values, as reported in
Table 2. The concentration c; before the intraocular pressure variation can be obtained by
the experimental results reported in Table 2; r,, is the ratio between the intraocular variation
(obtained considering the values in Table 2) and the value obtained in Table 1 (pressure
drop), where the value of 1 is reported for rabbits: t = 35 min as reported in Ref. [72] and
V = 0.29 mL as reported in Ref. [73]. The comparison is reported in Table 3 by considering
the pressure drop evaluated using Equation (17) on the basis of C1~ fluxes through the
ciliary body or ciliary epithelium. This table shows an agreement between our theoretical
results and the experimental ones from the literature, with an error in the range of [3.1,
19.0] with a mean error of 10%. We highlight that our results depend on the initial values.
The initial values used in our simulation are the ones of Ref. [72], so our results are affected
by the inhomogeneous behaviour of the eyes in relation to the expected CI~ concentration
that varies in the range of [3.0, 16.0]%. Moreover, we are not able to evaluate whether our
confidence interval agrees with the experimental one, because the data collected in the
literature were reported without the error range.

Table 2. Concentration of chloride, sodium, and potassium (mEq L) in aqueous humour and
intraocular pressure (IOP mmHg) of rabbits before the induced ion-concentration reduction and after
35 min of the induced ion reduction, as summarized in Reference [72].

Concentration 10P
Cl- Nat K+ oD 0s
[mEq L1 [mEq L] [mEq L1 [mmHg] [mmHg]

Before concentration reduction

110 161 4.60 18.86 20.55
113 155 4.60 18.86 20.55
101 141 4.48 20.55 18.86
99 133 4.35 17.30 18.86
99 135 3.90 18.86 20.55
100 147 4.60 17.30 17.30
104 138 4.86 18.86 18.86
98 141 4.48 20.55 20.55
104 138 512 18.86 17.30

After concentration reduction

100 133 5.12 10.24 11.20
103 138 524 14.57 10.24
94 133 4.22 10.24 10.24
96 141 5.63 8.54 9.36
84 114 4.22 10.24 8.54
84 110 4.22 9.36 10.24
108 143 4.35 9.36 9.36
87 122 4.82 10.24 11.20
91 127 4.10 7.10 7.79
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Table 3. Comparison between our results and the experimental ones reported in Reference [72].

Pressure Related C1~ Cl~ Concentration Percentage

Ratio Flux Calculated Final Measured Final Error

Tp n Cfcalc Cfmeas ACfo/"
[adim] [mmol h~! em—2] [mmol L] [mmol L] [%]
9.00x10~% 2.02x107¢ 110.00 100 10.0
7.31x1074 1.64x106 113.00 103 9.7
1.35x1073 3.05x10°° 100.99 94 7.4
3.05x103 6.86x107° 98.99 9 3.1
6.89x107* 1.55x10° 99.00 84 17.9
469%x10~* 1.06x10 100.00 84 19.0

—2.38x1073 —5.35%x1076 104.01 108 —37
8.95x10~* 2.01x10°6 98.00 87 12.6
8.19x10~* 1.84x10° 104.00 91 14.3

4. Discussion

Glaucoma is a progressive multifactorial neuropathy that affects the optic system by
inducing retinal ganglion cell apoptosis and optic disc cupping [74]. Thus, it introduces
damage to the optic nerve and retinal nerve fibre layer. After cataracts, it is the major
cause of blindness worldwide, and in most cases, it is detected only once visual damage is
widely declared (partial vision loss). Elevated values of IOP remain a key determinant for
assessing glaucoma progression, and being the sole known modifiable risk factor, the IOP
is the one targeted by glaucoma treatments.

Within the eye, the role of the aqueous humour is to maintain stable intraocular
pressure at normal values, as well as maintaining the shape of the eyeball. The ciliary
body produces the aqueous humour, which percolates across the posterior chamber, at the
border of the lens, and by the pupil, exiting through the semiporous trabecular meshwork
(iridocorneal angle of the anterior chamber); therefore, it flows into the Schlem canal and
passes through the distal collector channels, leaving the eye. Finally, it is drained into the
venous system. The insufficient drainage of the aqueous humour (due to higher resistance
through the trabecular meshwork or to the occlusion of the angle, or both) is included
within the pathogenesis of glaucoma. Both causes of insufficient drainage results in an
increase in the IOP, which in turn leads to progressive and irreversible neuropathy, resulting
in ganglion cell apoptosis [75].

Moreover, secretion of aqueous humour is physiologically important because it pro-
vides nutrients and oxygen to the avascular anterior segment and sustains inflation of
the globe, ensuring normal visual function; today, reducing the secretory rate to lower
intraocular pressure is a major strategy in treating glaucomatous patients [71]. The non-
pigmented cell represents the site of solute and water efflux into the posterior aqueous
chamber [76], and the mechanisms are mediated by the Na/K-ATPase, which is localised
to the basolateral membrane of non-pigmented cells [77]. Due to this active pumping by
the Na/K-ATPase, the intracellular potassium concentration is high. As a consequence of
the electrochemical gradient, the C1~ ions leave the non-pigmented cells and pass into the
posterior chamber [76]. Membrane hyperpolarisation increases the driving force for C1~
ion efflux [77]. The mechanisms and regulation of anion transport are important in under-
standing aqueous humour formation, but CI~ is the anion of crucial importance [71]. The
Na*/H™ exchanger mediates sodium entry into the pigmented cells, while the C1/HCO;
exchanger is responsible for C1~ ion entry. These exchangers are independent, even if they
are physiologically coupled via carbonic anhydrase [77].
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In particular, these electric processes generate different biochemical phenomena: Na™,
K*, and Cl~ ion fluxes determine membrane voltage regulation, while Ca?* and Mg?* ion
fluxes control protein folding; Zn?* controls HCO?~ formation, and Fe?" activates molecu-
lar oxygen and works as a catalyst for the generation of ROS in pathological conditions,
such as inflammation [78,79], carcinogenesis, and perfusion injury.

Our results are consistent with prior experimental studies. Indeed, the volume inside
trabecular meshwork cells is controlled by the intracellular Na-K-Cl cotransport system.
Some experimental evidence suggests that the volume of trabecular meshwork cells affects
the permeability of the trabecular meshwork itself [80]. A decrease in outflow facility
through the trabecular meshwork is believed to be the main reason for high intraocular
pressure in primary open-angle glaucoma. This implies that the function of the Na-K-Cl
cotransport system may change in glaucomatous trabecular meshwork cells compared to
normal trabecular meshwork cells [80,81]. Researchers studied the activity of the Na-K-Cl
cotransport system in monolayers of trabecular meshwork cells, which was measured as
ouabain-insensitive and bumetanide-sensitive K. They found that the Na-K-ClI cotransport
activity in glaucomatous trabecular meshwork cells was (32 £ 2)% lower than in normal
trabecular cells [81]. Additionally, Western blot analyses revealed that the expression
of cotransporter proteins in glaucomatous trabecular meshwork cells was reduced by
(64 + 14)% compared to normal trabecular cells [81]. As a result, it is proven that the
function and regulation of Na-K-Cl cotransport are altered in glaucomatous trabecular
meshwork cells compared to normal ones. However, despite reduced Na-K-Cl cotransport
activity, the observation that the cell volume of glaucomatous trabecular meshwork cells
is greater than that of normal trabecular cells suggests that other pathways for ion flux,
involved in the regulation of cell volume, may play a role in the reduced outflow of
glaucoma [80,81].

The thermodynamic approach developed here allows us to link all the biophysical
evidence to an analytical model for the comprehension of the processes involved, linking
macroscopic to microscopic results and vice versa. Indeed, our analytical results allow
us to show how the temperature increase (inflammation) is able to determine pressure
growth. On the other hand, this pressure increase is also related to ion fluxes (Equation (17))
through the Gibbs’ equation. The thermodynamic approach allows the comprehension of
how persistent ocular inflammation can induce glaucoma.

Specifically,the trabecular meshwork outflow pathways play a crucial role in reg-
ulating the drainage of the aqueous humour, thereby controlling intraocular pressure.
The structure of these pathways and the level of resistance they offer seem to be influenced
by the contraction of the ciliary muscle and the cells of the scleral spur. The scleral spur
contains axons that either innervate the scleral spur cells or exhibit characteristics similar
to mechanosensory nerve endings [82]. In this context, chloride (C1™) ions are the primary
anions transported across the epithelium through chloride channels [83]. This process is
related to the Na-K-Cl cotransport mechanism. Furthermore, experimental observations
have shown that variations in corneal temperature are correlated with changes in blood
flow [84-86] and in IOP [87,88]. Consequently, it is believed that both oxidative stress
and the stimulation of sympathetic nerve fibres due to temperature fluctuations can in-
fluence the regulation of aqueous humour vortex flow and turnover, thus impacting IOP
values [88].

5. Conclusions

Our results represent an engineering thermodynamic approach to an open problem
in a particular biosystem, the eye, concerning the pathology of glaucoma. Our results
agree with studies on morphological changes in the trabecular meshwork (TM) that have
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been observed through transmission electron microscopy. In human TM tissues from
patients with primary open-angle glaucoma (POAG), significant immunoreactivity for
cytokines IL-6, IL-13, and TNF-a« was noted when compared to control subjects, suggesting
that these cytokines may be associated with disease activity. Indeed, TM endothelial
cells secrete various factors and cytokines that modulate the functions of the cells and
the extracellular matrix (ECM) within the conventional outflow pathway. In the context
of glaucoma, macrophages in the TM produce cytokines such as IL-6, IL-15, and TNF-
«, which trigger an acute inflammatory response and recruit additional immune cells,
including T lymphocytes. Furthermore, TGF-$1 regulates and promotes the expression of
IL-6 in the TM, which can indirectly induce angiogenesis by stimulating the expression of
vascular endothelial growth factor (VEGF). These findings not only support both previous
evidence suggesting that growth factors and cytokines can induce ECM remodelling and
alter cytoskeletal interactions in the TM but also support the engineering thermodynamics
results that represent a theoretical explanation of this process.

Thus, the result obtained represents an improvement in the comprehension of this
pathology that could allow us to develop potential anti-inflammatory and antioxidant
strategies able to support present anti-glaucoma therapies.
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