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ABSTRACT

Introduction. Cordyceps militaris (CM), a traditional medicinal fungus in East Asia, has garnered increasing
attention due to its potential anticancer properties. Despite extensive use in traditional medicine, the mech-
anisms underlying its antimetastatic and antiangiogenic effects in breast cancer remain unclear. This study
aimed to explore the bioactive components of aqueous extracts derived from CM's mycelium (Ag-CMM) and
fruiting body (Ag-CMF), focusing on their potential inhibitory activities on metastasis and angiogenesis in

triple-negative breast cancer cells (MDA-MB-231).

Materials and methods. In silico molecular docking was conducted to screen for key CM bioactive com-
pounds and evaluate their binding affinities toward metastasis- and angiogenesis-related targets, NF-kB
and VEGFR. In vitro cytotoxicity was assessed using 2D monolayer and 3D spheroid MDA-MB-231 cultures

Journal of Medical Science 2025 September;94(3)




190

treated with Aq-CMM and Aq-CMF. Cell viability (ICs,) was determined at 48 hours, and microscopic evalua-
tion of treated spheroids was performed to assess morphological disruption.

Results and conclusions. Docking analyses identified ergothioneine as a primary CM-derived compound
with strong binding affinity to NF-kB (-7.83 kcal/mol) and VEGFR (-7.62 kcal/mol), suggesting potent inhibi-
tory effects on metastatic and angiogenic pathways. In vitro assays showed that Aq-CMF exerted greater
growth-inhibitory effects (ICs, = 54 pg/mL in 2D; 46 pg/mL in 3D) than Aq-CMM at 48 hours. Microscop-
ic observations confirmed notable disruption of spheroid architecture following treatment. These findings
highlight the therapeutic potential of ergothioneine-rich CM extracts, particularly from the fruiting body, as
promising anticancer agents that warrant further mechanistic and translational studies.

Introduction

Regardless of ongoing efforts to discover novel
treatment methods, breast cancer remains one
of the most devastating diseases in the world.
According to the WHO, 2.3 million women were
diagnosed with breast cancer, and 685,000 wom-
en died worldwide in 2020. It is predicted that the
prevalence of cancer patients will rise to 19 mil-
lion or more by 2025. Hence, breast cancer is the
most common cancer in the world and continues
to be the leading cause of cancer-related deaths,
presenting a high mortality rate attributed to its
high metastatic and angiogenic properties. Cur-
rent therapeutic compounds and cancer treat-
ments that are available for public use exhibit
unwanted effects [1], highlighting the demand for
new natural products as treatment options for
breast cancer.

Cordyceps militaris (CM), a traditional medici-
nal fungus widely used in traditional East Asian
medicine, has garnered significant scientific
interest due to its various health benefits, par-
ticularly its potential anticancer properties [2,3].
Several bioactive constituents of CM, includ-
ing ergothioneine, cordycepin, and adenosine,
have demonstrated promising antimetastatic
and antiangiogenic properties [1,4-9]. Ergothio-
neine, in particular, has shown antioxidative and
cancer-regulatory effects, including inhibition
of tumour growth and modulation of signalling
pathways [1]. However, the detailed mechanisms
by which compounds act on breast cancer cells
remain inadequately understood [10], necessitat-
ing further investigation of their molecular inter-
actions and therapeutic potential.

In this study, we compare the anticancer
effects of Cordyceps militaris fruiting body (CMF)

Journal of Medical Science 2025 September;94(3)

and mycelium (CMM) extracts on breast cancer
cells. This comparison is scientifically relevant,
as CMF and CMM may differ in the concentra-
tion and composition of bioactive compounds
due to distinct metabolic processes during their
growth stages. Understanding these differences
is crucial for identifying the more therapeutically
potent component and optimising the use of CM
in cancer treatment applications.

Furthermore, to clarify the molecular rationale,
we focused on NF-kB and VEGFR as potential tar-
gets for analysis. NF-kB is a master regulator of
genes involved in inflammation, proliferation, and
metastasis, whereas VEGFR is central to angio-
genesis and tumour vascularisation. Given that
metastasis and angiogenesis are key hallmarks
of breast cancer progression, both NF-kB and
VEGFR provide suitable targets for in silico dock-
ing and in vitro validation of CM-derived com-
pounds.

This study aims to comprehensively evaluate
the antimetastatic and antiangiogenic effects of
CM extracts, particularly those enriched in ergot-
hioneine, on breast cancer cells. Employing inte-
grated approaches of computational molecular
docking studies and advanced in vitro models,
including 2D monolayer and 3D spheroid cultures,
the research seeks to elucidate potential molecu-
lar targets and assess the efficacy of CM extracts
as promising anticancer agents.

Materials and methods

Preparation of targeted macromolecules

and ligands

The ZINC database (https://zinc.docking.org)
provides a list of available compounds that can



be used for virtual screening to identify molecu-

lar targets. The following ligands were selected

for molecular docking based on their reported
biological relevance:

> Cordycepin (ZINC1319796) and Adenosine
(ZINC2169830): bioactive constituents of CM
with reported anticancer activities [11,12].

»  Ergothioneine (ZINC1530224): an antioxidant
naturally found in CM with potential can-
cer-protective properties [13].

> Aspirin (ZINC ID: ZINC 53) is used as a posi-
tive control for NF-kB docking, as it inhibits
IKKB-mediated NF-kB activation [14].

> Tivozanib (ZINC ID: ZINC1489430): a selective
VEGFR tyrosine kinase inhibitor, included as
a positive control for VEGFR docking [15].

> Resveratrol (ZINC ID: ZINC6787): a natural
polyphenol reported to inhibit angiogenesis
via VEGFR signalling [16].

> Lovastatin (ZINC ID: ZINC3812841): a sta-
tin with documented NF-kB modulatory and
anti-proliferative effects in breast cancer [17].

> GABA (ZINC1532620): Although primar-
ily a neurotransmitter, recent evidence links
GABAergic signalling to tumour suppression,
inhibition of cancer cell migration, and modu-
lation of angiogenic pathways [18].

> Cisplatin (Tokyo Chemicals, Japan) was used
as a positive control in in vitro assays, while
untreated cells served as the negative control.
For in silico docking, baseline docking scores
without ligands were considered as negative
reference values.

Molecular docking simulation

The protein structures of NF-kB (PDB ID: 1SVC)
and VEGFR (PDB ID: 4ASE) proteins were retrieved
from the RCSB Protein Data Bank (https://www.
rcsb.org). All the molecules were prepared,
trimmed, and optimised using BIOVIA Discovery
Studio Visualizer 4.5. The localisation of bonds
was performed, followed by the addition of polar
hydrogen atoms, while also excluding water mol-
ecules and ligands from the 3D protein structure
[19]. The structures of the molecular interactions
between the target proteins and the natural com-
pounds were then predicted and better repre-
sented using UCSF Chimera (https://www.cgl.
ucsf.edu/chimera). The molecular docking result
includes a Jmol applet for web browser visuali-
sation of the expected binding modes [20]. The

binding affinity between the target protein and the
molecular compound was displayed. UCSF Chi-
maera was launched for additional visual investi-
gations to view the predicted binding modes [20].
In UCSF Chimera, the CSV file from SwissDock
was accessed. High-quality images of the dock-
ing results of the molecular structures were best
simulated and modelled. Finally, both 2D and 3D
interactions and bonds at the binding active site
were shown in Discovery Studio Visualiser.

Preparation of Cordyceps militaris (CM)
extracts and the standard drug.

Lyophilised form of fresh mycelia and fruiting
bodies of CM were provided by Mae Fah Luang
University (Chiang Rai, Thailand). The master
stock was prepared by diluting fresh mycelia (M)
and fruiting bodies (F) of CM with distilled water
to concentrations of 4 mg/mL and 6 mg/mL,
respectively, to obtain master stocks of aqueous
(Ag)-CMM and Ag-CMF. The positive control, cis-
platin (Tokyo Chemicals, Japan), was prepared
at a concentration of 2.53 mg/mL. The master
stocks were stored at -20 °C before use.

2D cytotoxicity screening

Briefly, MDA-MD-231 cells were seeded at a con-
centration of 5000 cells/well into a 96-well plate
and incubated overnight for attachment. After 24
hours, cells were treated with different concen-
trations of Aq-CMM (0-1000 pg/mL), Aq-CMF
(0-1000 pg/mL), and cisplatin (0—200 pg/mL),
and further incubated for 24, 48, or 72 hours at
37 °C. At the end of incubation time, 20 pL of MTT
solution (5 mg/ml) (Nacalai Tesque Inc, Japan)
was added and incubated at 37°C for 4 hours. Cell
viability was estimated by measuring the absor-
bance at 570 nm using the EPOCH 2 microplate
reader (Bio-Tek Instruments, USA). This wave-
length corresponds to the detection of formazan
crystals produced by the reduction of MTT by
mitochondrial succinate dehydrogenase in via-
ble cells, reflecting overall metabolic activity [21].
The absorbance value that was determined for
untreated cells was based on 100% viable cells.
Each measurement was performed in triplicate.

Generation and treatment of multicellular
tumour spheroidal (MCTS) cultures

Briefly, MDA-MB-231 cells were seeded at a con-
centration of 5,000 cells/well into a 96-well
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ultra-low round-bottom plate and incubated for
3 days to allow the formation of compact and
homogeneous spheroids. For treatment, the
3-day-old MCTS were treated with different con-
centrations of Aqg-CMM (0-1000 pg/mL), Aq-CMF
(0-1000 pg/mL), and cisplatin (0—200 pg/mL),
and then further incubated for 24, 48, or 72 hours
at 37 °C. At the end of the incubation time, 20 pL
of MTT solution (5 mg/mL) (Nacalai Tesque Inc.,
Japan) was added and incubated at 37 °C for 4
hours. Cell viability was estimated by measur-
ing absorbance at 570 nm using the EPOCH 2
microplate reader (Bio-Tek Instruments, USA).
The absorbance value that was determined for
untreated cells was based on 100% viable cells.
Each measurement was performed in triplicate.

Light microscopic assessment

The morphological appearances of the MCTS
cultures and their structural changes after treat-
ment with Aq-CMM, Ag-CMF, and cisplatin were
observed using a Nikon Diaphot-TMD (Nikon,
Japan) inverted light microscope equipped with
a Phase contrast-2 ELWD 0.3 phase-contrast
condenser. The images were captured using the
Digital Sight DS-L2 camera (Nikon, Japan).

Statistical Analysis

All experiments were performed in triplicate. The
results were analysed using IBM SPSS Statistics
25.0 for Macintosh (SPSS Inc., USA). All results
were expressed as mean + standard deviation
(S.D.). Each value is the mean of at least three
separate experiments with triplicate. The com-
parison of cell viability between the untreated and
treated groups was performed using one-way
ANOVA. The results were considered statistically
significant when P < 0.05.

Results

In Silico antimetastatic effects of CM
compounds targeting NF-kB

Aspirin was selected as the positive control for
the in silico study, targeting NF-kB. According to
Li et al. [22], aspirin inhibits the proliferation and
stimulates the apoptosis of cancer cells. There-
fore, the study found that aspirin may be a prom-
ising candidate for combination therapy in breast
cancer [22]. Based on Table 1, ergothioneine (-7.83
kcal/mol) displayed the highest binding affinity
scores for the target protein NF-kB compared to
aspirin (-7.24 kcal/mol). This strongly suggests
that the ergothioneine compound of CM can tar-
get the NF-kB pathway more successfully than
a well-known synthetic drug. A more negative
score denotes a stronger binding affinity, sug-
gesting a greater likelihood of stable interaction
[23]. In general, binding affinity values more neg-
ative than —6.0 kcal/mol are considered indica-
tive of strong binding affinity in molecular dock-
ing studies [24]. This threshold has been widely
referenced in computational drug discovery lit-
erature to differentiate between weak, moderate,
and potent ligand—receptor interactions.

The molecular docking results presented in
Figure 1 offer valuable insights into the poten-
tial inhibitory interactions of ergothioneine and
GABA with the NF-kB protein. In the 3D and 2D
interaction visualisations, both ligands demon-
strated favourable binding within the active site
of NF-kB, suggesting possible interference with
its functional activity. Specifically, ergothioneine
exhibited strong binding affinity through multiple
hydrogen bonds with critical residues, including
Ser281, Glu285, and Tyr227. These residues are
located within the DNA-binding domain of NF-kB,

Table 1. Binding affinity prediction of each ligand toward the target protein, NF-kB (PDB ID: 1SVC).

No Ligand Target Protein Binding Affinity
1 Ergothioneine NF-kB -7.83 kcal/mol
2 Aspirin NF-kB -7.24 kcal/mol

(positive control)

3 y-aminobutyric Acid (GABA) NF-kB -7.01 kcal/mol
4 Lovastatin NF-kB -6.91 kcal/mol
5 Adenosine NF-kB -6.75 keal/mol
6 Cordycepin NF-kB -6.41 kcal/mol

Journal of Medical Science 2025 September;94(3)
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Figure 1. 3D interaction (top) and 2D interaction (bottom) visualisation of ligand-receptor complex interaction. (A) Interaction pre-
diction of ergothioneine with the NF-kB protein. (B) Interaction prediction of GABA with the NF-kB protein.

which plays a central role in its transcriptional
regulatory functions. Additionally, ergothioneine
established hydrophobic contacts with Phe239
and Ile235, further potentially stabilising the
ligand within the binding pocket. These interac-
tions indicate that ergothioneine may potentially
inhibit NF-kB activity by sterically hindering its
ability to bind to DNA or disrupting conformation-
al integrity required for transcriptional activation.

In contrast, GABA formed hydrogen bonds
with Lys221 and Asp245, and a n—n interaction
with Tyr227. Although the number of interactions
was fewer compared to ergothioneine, their stra-
tegic placement near the DNA-binding interface
suggests that GABA may also exert modulatory
effects on NF-kB signalling, albeit with potential-
ly lower binding stability. The m—m stacking with
Tyr227 is particularly notable, as this residue is
frequently implicated in ligand-mediated modu-
lation of NF-kB function.

Taken together, these docking observations
support the hypothesis that both compounds

could act as NF-kB inhibitors through direct
binding, which may contribute to anti-inflamma-
tory or anti-angiogenic effects. These findings
are consistent with previous reports highlight-
ing NF-kB as a therapeutic target in cancer and
chronic inflammatory conditions.

In Silico antiangiogenics effects of CM
compounds targeting VEGFR
Two well-known VEGFR inhibitors, tivozanib
(a synthetic drug) and resveratrol (a natural poly-
phenolic compound), are used as positive con-
trols in this study. Based on Table 2, tivozanib
displayed the most decisive inhibitory action on
VEGFR (-11.24 kcal/mol), followed by resveratrol
and ergothioneine. It is worth noting that ergothi-
oneine is present in higher quantities in both the
mycelium and fruiting bodies of CM compared to
GABA, lovastatin, and cordycepin [25,26].

Figure 2 illustrates the molecular docking
results of ergothioneine and adenosine with the
VEGFR, a critical regulator of angiogenesis in

Journal of Medical Science 2025 September;94(3)
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Table 2. Binding affinity prediction of each ligand toward the target protein, VEGFR (PDB ID: 4ASE).
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3 Ergothioneine VEGFR -7.62 kcal/mol
4 Adenosine VEGFR -7.33 keal/mol
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Figure 2. 3D interaction (top) and 2D interaction (bottom) visualisation of ligand-receptor complex interaction. (A) Interaction pre-
diction of ergothioneine with the VEGFR protein. (B) Interaction prediction of adenosine with the VEGFR protein.

cancer and other pathological conditions. The 3D
and 2D visualisations provide detailed interaction
profiles that suggest both ligands possess the
ability to occupy the VEGFR binding pocket and
potentially interfere with its activation.
Ergothioneine, as shown in Figure 2A, dis-
played a stable docking pose within the ATP-bind-
ing site of VEGFR. It formed hydrogen bonds with
key residues, including Glu885 and Cys919, which
are known to be crucial for kinase activity [27-29].
Additional interactions were observed with

Journal of Medical Science 2025 September;94(3)

Lys868 and Asp1046 [29], suggesting a potential
to inhibit autophosphorylation and downstream
VEGF signalling. The presence of both polar and
non-polar interactions indicates a well-balanced
binding profile, supporting the compound's
potential to function as a VEGFR inhibitor.

In Figure 2B, adenosine also demonstrated
favourable binding within the VEGFR active site.
It formed hydrogen bonds with residues Asp1046,
Glu885, and Thr916, which are highly conserved
in the kinase domain and essential for catalytic



function [27-29]. The m-cation interaction with
Lys868 further enhanced the binding stability.
Although adenosine is an endogenous purine
nucleoside, its docking pose overlaps with that of
known VEGFR inhibitors, suggesting that struc-
tural analogues of adenosine might be developed
into targeted anti-angiogenic agents.

Collectively, these results suggest that both
ergothioneine and adenosine can interact with
critical residues within the VEGFR active site,
potentially modulating receptor function. This
supports the hypothesis that these ligands may
exert anti-angiogenic effects by inhibiting VEGFR
signalling, making them promising candidates for
further validation in cancer or vascular disease
models.
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Cytotoxic screening

Figure 3 illustrates the time-dependent effects of
Ag-CMM and Ag-CMF treatments on cell viabil-
ity in both 2D monolayer and 3D spheroidal cul-
ture systems at 24, 48, and 72 hours. In the 2D
monolayer culture, both Aqg-CMM and Aq-CMF
exhibited a progressive cytotoxic effect over
time. After 24 hours, a mild reduction in viabil-
ity was observed for both extracts, with no sta-
tistically significant differences compared to the
control. However, by 48 hours, Aq-CMF showed
a more pronounced inhibitory effect. By 72 hours,
both Ag-CMM and Aq-CMF significantly reduced
cell viability compared to the untreated control
(p < 0.05), with Ag-CMF displaying a slightly more
potent effect.
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Figure 3. Percentage of viable MDA-MB-231 breast cancer cells after administration with Aq-CMM and Ag-CMF in 2D monolayer
culture and 3D spheroidal culture. 2D cell culture treatment for (A) 24 hours, (B) 48 hours, and (C) 72 hours. 3D cell culture treatment
for (D) 24 hours, (E) 48 hours, and (F) 72 hours. Data are represented as mean + S.D., n = 3. Statistical significance was assumed for
P-values < 0.05 (P < 0.05, **P < 0.01) compared to the untreated control.
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In the 3D spheroidal culture, the response to
treatment was more delayed. Minimal changes in
viability were noted at 24 hours for both extracts,
indicating limited early penetration or activity in
the dense spheroid structure. At 48 hours, mod-
erate reductions were observed, with Aq-CMF
showing a slightly greater effect than Aq-CMM.
By 72 hours, both treatments resulted in a sig-
nificant decrease in spheroid viability compared
to the untreated control (p < 0.05). However,
the extent of inhibition was slightly lower than
that observed in the 2D model, likely due to the
enhanced cellular resistance characteristic of 3D
cultures.

These findings suggest that while both
Agq-CMM and Aq-CMF exert cytotoxic effects in
a time-dependent manner, Aq-CMF consistent-
ly demonstrated a more potent inhibitory effect
in both models. The results also underscore the
importance of considering 3D culture systems for
better approximation of in vivo tumour behaviour,
as the delayed response observed highlights the
barriers to drug diffusion and resistance mech-
anisms present in three-dimensional environ-
ments.

Additionally, Aq-CMF was able to pres-
ent a lower number of viable cells after treat-
ment during cell cytotoxicity testing compared
to Ag-CMM. It is worth emphasising that the 3D
spheroid cells displayed higher levels of viable
cells after treatment compared to the 2D mono-
layer cells (Table 3). With treatment of Aq-CMF
(250 pg/mL), the percentage of cell viability of
MDA-MB-231 decreased to 37.17 + 26.91 % com-
pared to the untreated control (p < 0.05) in the
2D cell culture. In contrast, in the 3D culture, the
percentage of cell viability was 48.23 + 16.33% by
administration of the same treatment.

At a concentration of 1000 pg/mL, Aq-CMM
exhibits a modest effect, with approximately
64.99 + 13.91 % of viable cells remaining (Table 3).
In contrast, Aqg-CMF demonstrates a remarkably
intensified impact, eliciting a response more than
double that of the control. Following treatment
with Ag-CMF at the same concentration, the per-
centage of cell viability of MDA-MB-231 cells was
substantially reduced to 32.10 + 23.34 %. These
findings emphasise the potent cytotoxic potential
of Aq-CMF and its significant capacity to prevent
the survival of MDA-MB-231 cells. Treated cells

Table 3. Comparison of % + SD cell viability at different concentrations between treatments of CMM on
MDA-MB-231 in 2D and 3D culture systems, at 72 hours.

Cell Viability (% * S.D.)

c°":]'L§"g' Aq-CMM Aq-CMM Aq-CMF Aq-CMF
(2D) (3D) (2D) (3D)
0 100 0° 100 0° 100 0° 100 0°
625 59.30 + 23.70° 63.40 + 29.53° 50.57+19.72° 62.04 + 30.82°
125 61.32 4 18.10° 55.27 + 32.46° 3824+ 18.39° 52.33 £ 22.28°
250 6570+ 1557 4872 + 31.49° 3717+ 26.97° 48.23+16.33°
500 66.32 + 10.45° 4340+ 26.93° 31.18 £ 21.76° 28.81 £ 16.99°
1000 64.99 + 13.97° 39.33 25.34° 3210 £ 23.34° 40.55 £ 27.29°

Data were expressed as means #* standard deviation of means.
Data were obtained in triplicate from three sets of runs (n =3 x 3=9).
* indicates the values differ significantly within the same column for cell viability (p < 0.05).

Table 4. Comparison of IC, + SD values between treatments of CMM and CMF on MDA-MB-231 in 2D
and 3D culture systems, at 72 hours. Statistical significance was assumed for P-values < 0.05 (P < 0.05,
*+P < 0.01) compared to the untreated control.

IC5, (ng/mL)
Time Aq-CMM Aq-CMM Aq-CMF Aq-CMF
(2D) (3D) (2D) (3D)
24 N/A 58 12.36° 60+ 7.29 97+ 8.27
48 N/A 57 +1.50° 5441.38 46 15.28
72 N/A 997 +5.63" 90+8.38 280+ 0.93°
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also showed a decrease in cell viability due to
cytotoxicity of Aq-CM, relative to untreated cells
(p < 0.05).

Similarly, in a study conducted by Jenkham et
al. [30], similar percentages for cell viability were
observed. At an effector-to-target ratio of 20:1, it
was found that Aq-CM at 100 pg/mL consider-
ably increased the efficacy of non-adherent cells
in killing MDA-MB-231 compared to the group
treated with extract at 100 pg/mL and without
immune cells. The percentage of cell viability for
MDA-MB-231 cells was 70.26 + 8.29 [30].

The IC,, values were determined by analysing
the dose-response relationship depicted in
Table 4. It can be observed that lower concentra-
tions of Aq-CMF were sufficient to achieve 50%
inhibition of cell growth or viability compared
to Aqg-CMM at both 48 and 72 hours (Figure 3).
This suggests that the fruiting body of CM exhib-
ited higher potency or effectiveness in inhibiting
the growth of MDA-MB-231 cells compared to
the mycelium. Additionally, Aq-CMF is potential-
ly effective at lower concentrations when com-
pared to Aq-CMM. The estimation of IC,, values
provides valuable information about the relative
potency of various CM components in inhibit-
ing cancer cell growth. These quantifiable values

500 pm

500 um

enable researchers to assess their efficacy, deter-
mine appropriate dosages for future studies, and
explore potential therapeutic applications [31].

In the 3D MCTS cultures at the 48-hour treat-
ment period, both Aq-CMM and Aq-CMF had
the lowest ICg, of 57 + 1.50 pg/mL and 46 + 5.28
pg/mL, respectively. These results suggest that
administering treatment for 48 hours may be
optimal for 3D cell culture. Additionally, Aq-CMF
is potentially effective at lower concentrations
when compared to Aqg-CMM. The estimation of
IC, values provides valuable information about
the relative potency of various CM components in
inhibiting cancer cell growth. These quantifiable
values enable researchers to assess their effi-
cacy, determine appropriate dosages for future
studies, and explore potential therapeutic appli-
cations [31].

The fruiting body of CM exhibited a higher
capacity to induce cell death compared to the
mycelium of CM. Microscopic examination of
the 3D spheroidal cells revealed more promi-
nent changes in diameter following treatment
with Agq-CMF and cisplatin, as demonstrated in
Table 5. Initially, the matured spheroids displayed
uniformity with an average diameter of approxi-
mately 385.58 pm. However, post-treatment with

C D

500 pm 500 um

Figure 4. Morphology of breast cancer MDA-MB-231 spheroids (10x magnification). Representative images (A) Pre-treatment (con-
trol) and post-treatment of cells with (B) Ag-CMM (250 pg/mL), (C) Ag-CMF (250 pg/mL) and (D) Cisplatin (50 pg/mL) for 72 hours.

Images were assembled using ImageJ; scale bar, 500 pm.

Table 5. Comparison of spheroid size between untreated and treated
3D spheroid cancer cells. Treatment with Aq-CMM, Aq-CMF and cis-
platin resulted in a significant reduction in spheroid size compared to
the untreated control group. Data are presented as mean + SD from
three independent experiments. Statistical significance was assumed
at P <0.05 (P < 0.05), compared to the untreated control.

MDA-MB-231 Spheroids Treatment

Diameter (um) % S.D.

Untreated

385.58+9.54

Ag-CMM (250 pg/mL)

369.23+12.72

Aq-CMF (250 pg/mL)

336.54 £ 15.41"

Cisplatin (50 pg/mL)

364.71+£10.98
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Agq-CMF and Ag-CMM, a reduction in cell diam-
eter was observed, measuring 336.54 ym and
369.23 um, respectively.

Discussion

This study demonstrates the significant anti-
metastatic and antiangiogenic  activities
of Cordyceps militaris (CM) extracts on the
MDA-MB-231 breast cancer cell line, utilising
both in silico molecular docking and in vitro 2D
and 3D cell culture systems. Ergothioneine, iden-
tified as a key bioactive compound in CM, exhib-
ited strong binding affinities toward crucial met-
astatic and angiogenic pathway targets, NF-«kB
and VEGFR. These interactions suggest that
ergothioneine may play a vital role in modulating
pathways associated with cancer cell metastasis
and angiogenesis [32].

The docking results highlighted ergothion-
eine's higher affinity for NF-kB compared to aspi-
rin, a well-established anti-inflammatory agent,
indicating a substantial potential for therapeutic
intervention in NF-kB-mediated pathways [33].
Similarly, ergothioneine's notable binding affinity
for VEGFR suggests efficacy in disrupting angio-
genic signalling. These findings align well with
previous reports highlighting ergothioneine's
antioxidative and anti-inflammatory effects [34].

Ergothioneine, which is found in the fruiting
body of CM, exhibits antioxidant activity [34]. One
of the primary functions of ergothioneine is to
absorb and neutralise free radicals. Free radicals
are chemical compounds produced during the
oxygen metabolism process, exhibiting a remark-
able level of reactivity towards a wide range of
chemicals. As both high and low levels of reac-
tive oxygen species (ROS) can induce cell death,
the presence of ROS within cells must be care-
fully managed to sustain cell proliferation. Natu-
ral defence mechanisms in the human body work
to mitigate the damaging effects of free radicals
by slowing down cell proliferation and, in some
instances, repairing the damage caused by these
radicals. Inflammatory responses can be pro-
duced in a tumour microenvironment where ROS
levels are increased. To treat cancer, controlling
and maintaining an ideal level of free radicals
may be an effective strategy. A higher amount of
oxidative stress can also make cancer cells more
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resistant to treatment with pharmaceuticals.
Correspondingly, excessive oxidative stress can
directly harm cells and induce cell death through
apoptosis [35,36]. Hence, ergothioneine, found in
CM, emerges as a valuable bioactive compound
with demonstrated antioxidative properties,
capable of mitigating free radicals.

The comparative cytotoxic analyses of CM
extracts showed that the aqueous extract of CM
fruiting bodies (Aq-CMF) demonstrated signifi-
cantly higher anticancer potency compared to
the mycelium extract (Aqg-CMM). Notably, the
fruiting body extract displayed lower IC,, values,
indicating higher potency at lower concentra-
tions, particularly evident in 3D cultures, which
more closely mimic the in vivo tumour microen-
vironment. This aligns with previous studies
reporting higher ergothioneine and bioactive
metabolites concentrations in the fruiting body
compared to the mycelium, enhancing its thera-
peutic potential [37].

It is essential to recognise that the use of
aqueous extraction in this study may impact the
spectrum of bioactive compounds present in the
CMF and CMM extracts. Aqueous solvents are
effective at extracting water-soluble constituents
such as cordycepin, adenosine, and ergothion-
eine, which have been reported to exhibit potent
antimetastatic and antiangiogenic effects [12,38].
However, hydrophobic or lipophilic compounds,
which may also contribute to the therapeutic
potential of Cordyceps militaris, are likely under-
represented due to their poor solubility in water.
Therefore, the observed biological effects in this
study may predominantly reflect the activity of
water-soluble compounds. Further work utilis-
ing organic or mixed-solvent extraction methods,
followed by compositional profiling and compar-
ative bioactivity assays, is warranted to compre-
hensively evaluate the contribution of hydropho-
bic constituents to the overall anticancer activity
of CM extracts.

Interestingly, the 3D spheroid models demon-
strated higher cell viability post-treatment com-
pared to the 2D monolayer cultures. This differ-
ence likely arises from nutrient and oxygen gradi-
ents, cellular heterogeneity, and the limited pen-
etration of treatments into the spheroids, which
closely resemble the in vivo conditions of solid
tumours [39]. This observation highlights the
importance of employing 3D culture systems for



an accurate assessment of drug efficacy in can-
cer research, as monolayer cultures may overes-
timate treatment effectiveness [40].

Besides ergothioneine, multiple bioactive
compounds in CM demonstrate antimetastat-
ic and antiangiogenic characteristics, includ-
ing GABA, adenosine, lovastatin, and cordycepin
(Table 1 and Table 2). The binding affinity val-
ues of all bioactive compounds were below -6.00
kcal/mol. Therefore, the agents demonstrated
potential abilities to inhibit the target proteins of
NF-kB and VEGFR.

Furthermore, adenosine, another significant
bioactive component from CM, potentially con-
tributes to anticancer activities through inhibi-
tion of the phospho-AMPK1la signalling path-
way, consequently decreasing proliferation and
invasiveness of breast cancer cells [41,42]. Addi-
tionally, y-aminobutyric acid (GABA) displayed
notable anticancer effects by regulating ERK1/2
phosphorylation and matrix metalloproteinases
(MMPs). These findings align with previous stud-
ies emphasising GABA's capability to modulate
pathways closely regulated by NF-kB, suggesting
its potential role in hindering cancer cell migra-
tion and invasion [43—-45].

Lovastatin, another bioactive compound from
CM, also exhibits vigorous anticancer activ-
ity through the effective inhibition of the NF-kB
and VEGFR signalling pathways. Previous stud-
ies highlighted its capability to modulate cancer
cell growth and apoptosis by affecting the PI3K/
AKT/mTOR signalling axis [46]. Interestingly,
lovastatin can reverse receptor-negative phe-
notypes in triple-negative breast cancer cells,
sensitising these cells to targeted therapies by
re-expressing human epidermal growth factor
receptor 2 (HER2) [47]. Apart from that, lovas-
tatin and other chemotherapeutic medications
may work together to minimise the drug resis-
tance of cancer cells, which would significantly
enhance the therapeutic efficacy of these medi-
cations [48]. These observations highlight the
potential use of lovastatin in combination thera-
pies to improve treatment efficacy and overcome
drug resistance.

Cordycepin, widely researched for its anti-
cancer properties, showed pronounced inhibi-
tory effects on metastasis and angiogenesis by
targeting critical signalling pathways, including
NF-kB, VEGFR, mTOR, and the Hedgehog path-

way [49,50]. Cordycepin further induced oxida-
tive stress (ROS production), promoted apopto-
sis, and disrupted cellular metabolism by activat-
ing the AMPK pathway [41,51-53]. These multi-
faceted mechanisms underscore cordycepin's
broad-spectrum therapeutic potential against
breast cancer, reinforcing the importance of fur-
ther mechanistic studies.

In the comparison of culture models, the high-
er resistance observed in 3D spheroid cultures
compared to 2D monolayers is consistent with
the biological characteristics of solid tumours.
Factors such as nutrient gradients, hypoxic
conditions, cellular heterogeneity, and limited
treatment penetration likely contributed to the
observed reduced drug sensitivity in 3D cultures.
Consequently, this underscores the necessity of
using 3D culture systems for more accurate pre-
dictions of in vivo drug responses and highlights
the limitations inherent in traditional monolayer
assays for anticancer drug screening [39,40]. The
variability in IC;, data and the. Nonlinear respons-
es in cytotoxic assays highlight common chal-
lenges associated with in vitro assays, including
interference from assay components, variations
in cell density, and random fluctuations in experi-
mental conditions. These factors emphasise the
importance of rigorous protocol optimisation and
standardisation, ensuring consistent, reproduc-
ible, and accurate data interpretation, particularly
when evaluating cytotoxicity.

In addition to limited drug penetration, the 3D
spheroidal culture system itself contributes to
reduced treatment efficacy due to its ability to
better recapitulate the complexity of the in vivo
tumour microenvironment. Unlike 2D monolayer
cultures, 3D models enable cell-cell and cell-
matrix interactions, the development of oxygen
and nutrient gradients, and the establishment
of hypoxic cores, which are hallmarks of solid
tumours [54,55]. These physiological features
contribute to enhanced cancer cell survival, pro-
gression, and drug resistance, making 3D cul-
tures a more predictive platform for evaluating
therapeutic responses.

The increased resistance observed in the 3D
modelin this study likely reflects these microenvi-
ronmental barriers, which more closely resemble
actual tumour conditions. Consequently, the dif-
ferential responses between 2D and 3D cultures
underscore the importance of incorporating 3D
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models in preclinical evaluations, as they provide
a more realistic context for screening the effi-
cacy of natural product-based treatments, such
as Cordyceps militaris extracts. This approach
aligns with current trends in cancer research,
which emphasise the use of physiologically rel-
evant in vitro models to bridge the gap between in
vitro findings and in vivo outcomes [56].

While this study provides important insights
into the potential anticancer properties of
Cordyceps militaris extracts, several limitations
should be acknowledged. Firstly, the conclu-
sions regarding anti-metastatic and anti-an-
giogenic effects are based primarily on molec-
ular docking predictions and general cytotox-
icity assays in 2D and 3D culture models. More
targeted in vitro experiments—such as wound
healing assays, migration and invasion assays,
and endothelial tube formation—would be nec-
essary to confirm the anti-metastatic and
anti-angiogenic mechanisms directly. Addition-
ally, although aqueous extracts were analysed,
the absence of detailed compositional profiling,
such as LC-MS quantification of ergothioneine
and other bioactive compounds, limits the pre-
cision of structure—activity correlations. These
aspects are the focus of ongoing work and will
be addressed in future studies to support a bet-
ter understanding and validate the therapeutic
potential of CM extracts.

Further research could explore the potential
synergistic effects of CM extracts when combined
with conventional chemotherapy drugs. Addi-
tionally, conducting in vivo studies would provide
deeper insights into the pharmacodynamics, bio-
availability, and systemic effects of these bioac-
tive compounds, particularly ergothioneine and
cordycepin, in preclinical models of breast cancer.
Such studies would be crucial in evaluating CM's
suitability and efficacy as an adjunct or alter-
native therapeutic strategy in clinical settings.
Moreover, understanding the precise molecular
mechanisms through advanced molecular tech-
niques, such as transcriptomics and proteomics
analyses, would significantly contribute to elu-
cidating the mode of action of CM. Investigating
these underlying mechanisms can facilitate the
targeted application of CM-derived compounds
and enhance therapeutic precision, ultimately
enabling more effective and personalised treat-
ment approaches for breast cancer.
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Conclusions

This study demonstrates that Cordyceps militaris
(CM) extracts, particularly those derived from the
fruiting body, exhibit potential antimetastatic and
antiangiogenic activities against the MDA-MB-
231 breast cancer cell line, as supported by
molecular docking and time-dependent cytotox-
icity analyses. Ergothioneine and other bioactive
compounds such as adenosine, GABA, lovastatin,
and cordycepin were predicted to interact with
key targets involved in cancer metastasis and
angiogenesis, notably NF-kB and VEGFR. The
higher potency observed in fruiting body extracts
compared to mycelium extracts highlights the
importance of bioactive compound concentra-
tion in therapeutic efficacy. Additionally, the utili-
sation of 3D cell culture systems provided more
realistic insights into the tumour microenviron-
ment and revealed essential differences in drug
sensitivity compared to traditional 2D cultures.
These findings underscore the potential of CM,
especially its fruiting body extracts, as promising
natural sources for developing adjunct or alter-
native therapies for breast cancer.

Further comprehensive preclinical and clini-
cal studies are warranted to validate these prom-
ising results, elucidate detailed mechanisms of
action, and explore the practical applicability of
CM extracts in cancer therapy. Ultimately, this
research contributes valuable knowledge toward
developing safer and more effective antican-
cer therapeutic strategies derived from natural
products.
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ABSTRACT

Introduction. Sezary syndrome (SS) is a rare and aggressive form of cutaneous T-cell lymphoma that has
a poor prognosis, with a median overall survival time of less than 3 years. Despite advances in its treatment,
SS is a challenge to manage, often characterised by high rates of relapse and limited response to therapy in
many patients. The main challenge for treatment, including vaccine development, is its heterogeneity in its
molecular and genetic characteristics, clinical presentation, disease progression, and treatment response.
Understanding the SS heterogeneity at the omics level is vital in developing T-cell-mediated immunothera-
peutic.

Material and methods. In this study, naturally presented human leukocyte antigen class | (HLA-I) peptides
were isolated from leukapheresis samples of SS patients and analysed using high-performance liquid chro-
matography coupled to tandem mass spectrometry (LC-MS/MS). The source proteins were evaluated for
potential immunotherapy applications.

Results. The total number of HLA-I-restricted peptides and source proteins identified in SS leukapheresis
patient samples was approximately the same, and they were heterogeneous and individualised. Only a small
fraction of HLA-I peptides and source proteins was found to be shared between and among the patients.
Peptide lengths were dominated by nanopeptides, with a preference for processing by chymotrypsin. The
source proteins were predominantly from the cytoplasm and were primarily involved in biosynthesis and
regulation. Furthermore, the HLA-I peptides were presented from proteins of the top 20 genes with somat-
ic mutations in SS, which include NCOR1, TRRAP, JAK3, PLCG1, TP53, and STAT3 (SS-associated antigens —
SAAs). These SAAs had varying mutation types and frequencies, dominated by missense variants, with
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allele-dependent immunogenicity being highest in HLA-A*11:01 and HLA-A*02:01, lowest for HLA-A*01:01.
TRRAP showed high-affinity peptides and low gene expression levels in normal tissue (except for STAT3), as
well as a significant protein interaction network, including JAK3 and STAT3 at the primary level.
Conclusions. This study's findings contribute to the overall understanding of the SS HLA-I peptidome land-
scape and highlight potential T-cell-mediated immunotherapeutic targets.

Introduction

Sezary syndrome (SS) is a rare and aggressive
form of cutaneous T-cell lymphoma, charac-
terised by the proliferation and accumulation of
malignant T cells in the skin [1,2]. SS typically
presents with generalised erythroderma, intense
pruritus, and the presence of atypical Sezary cells
in the peripheral blood [2]. The disease primarily
affects older individuals, with a higher incidence
in males [3]. Unfortunately, SS has a poor prog-
nosis, with a median overall survival time of less
than 3 years [3,4]. Therapeutic management of
SS involves a multimodal approach, combining
skin-directed therapies (topical corticosteroids,
phototherapy, and local radiotherapy), extracor-
poreal photopheresis, systemic treatments such
as retinoids, chemotherapy, and targeted agents
[6=7]. Immunotherapies, including immune
checkpoint inhibitors and adoptive T-cell therapy,
show promise in enhancing anti-tumour immune
responses [8]. Despite these advances in treat-
ment, SS remains challenging to manage, often
characterised by high rates of relapse and limited
response to therapy in many patients [9].

The main challenge for SS treatment, including
vaccine development, is its heterogeneity [7,10—
12] in clinical presentation, disease progression,
and treatment response, as well as molecular and
genetic characteristics among patients, which
leads to distinct patterns of gene expression and
signalling pathways. Understanding the SS het-
erogeneity at the omics level is vital in developing
T-cell-mediated immunotherapeutic approaches,
such as peptide-based vaccines.

HLA peptidomics refers to the study of the
peptide repertoire presented by human leukocyte
antigen (HLA) molecules [13-18]. These peptides
are processed from intracellular proteins primar-
ily by the proteasome and presented to the cell
surface by HLA for T-cell recognition. HLA pepti-
domics enables the understanding of the mech-

anism of antigen processing and presentation in
cancer cells. Including identification and char-
acterisation of peptides from tumour-associat-
ed antigens (TAAs) and neoepitopes presented
by HLA molecules on cancer cells. Overall, HLA
peptidomics in cancer represents a powerful tool
for understanding the mechanisms of antigen
processing and presentation, highlighting poten-
tial tumour targets for T-cell-mediated immuno-
therapies.

HLA peptidomics studies for SS are war-
ranted to determine how this SS heterogene-
ity impacts antigen processing and presen-
tation, and to identify potential targets for SS
T-cell-mediated immunotherapeutic vaccines.
In this study, immunoaffinity purification of
HLA-1 peptide complexes from samples of SS
clinical leukophoresis patients was carried out
and analysed by high-performance liquid chro-
matography coupled to tandem mass spectrom-
etry (HPLC-MS/MS). These HLA peptidomes
were studied and compared in reference to pre-
sentation, lengths, subcellular locations, molec-
ular/biological functions, and the top 20 genes
with somatic mutation in SS as per the COSMIC
database and whose protein HLA-I peptides were
presented by all the four patients or at least 3 of
the four patients (Rom, IrK, FrA and Seo); NCORT,
TRRAP, JAK3, PLCG1, TP53 and STAT3 (SAAs)
analysed according to their immunogenicity,
gene expression profiles, and protein interaction
partners.

Materials and methods

Sezary Syndrome patients

The clinical leukapheresis material from 4 SS
patients was used, with approval from the Charité
ethics committee (Approval Nos. EA1/222/14 and
EA1/026/14, dated 10/09/2014 and 28/02/2014,
respectively) and written informed consent from
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the volunteer donors. HLA type was determined
by Charité — Universitatsmedizin Berlin, HLA typ-
ing laboratory.

Isolation and purification of MHC
I-presented peptides

MHC class I molecules were isolated as described
in detail elsewhere [19]. Briefly, cells were lysed
in 20 mM Tris-HCI buffer, pH 7.4, containing 0.3%
CHAPS, 0.2% NP-40, 145 mM NaCl, 1 mM EDTA,
and 1 mM Pefabloc. Lysates were ultracen-
trifuged for 1h at 100,000 x g. The supernates
were passed through a column with a monoclo-
nal antibody of irrelevant specificity, followed by
a column with the HLA-I anti-human monoclonal
antibody (W6/32), both coupled to activated CH
Sepharose as per the manufacturer's protocol
(Amersham Biosciences AB, Uppsala, Sweden).
After adsorption of the proteins, the anti-human
HLA-I column was washed with the following in
descending order: 20 mM Tris, 145 mM NacCl, pH
7.4 (TBS), 0.3% CHAPS in TBS, TBS, 0.3% R-oc-
tylglycoside in TBS, TBS, and lastly with ultra-
pure H,0. HLA-peptide complexes were eluted
from the column with 0.7 % TFA in ultrapure H,0.
High-molecular-weight components were sepa-
rated from peptides by centrifugal ultrafiltration
using a molecular weight cutoff of 3 kDa (Cen-
tricon, Millipore, Schwalbach, Germany). The fil-
trates were fractionated on a Smart HPLC sys-
tem (Amersham Biosciences, Freiburg, Germa-
ny) using a reverse phase column pRPC C2/C18,
SC2.1/10 (Amersham Biosciences) and an ace-
tonitrile gradient of 5-90% of B (solvent B: 0.1%
TFA, 90% of acetonitrile; solvent A: 0.1% TFA in
ultrapure H,0). The fractions obtained were lyo-
philised and then re-dissolved in 0.1% TFA and
2% acetonitrile for LC-MS/MS analysis.

LC-MSMS analysis of HLA ligands

The peptide fractions were analysed by
reversed-phase LC (Ultimate 3000 RSLCnano)
coupled online with Q Exactive Plus MS (both,
Thermo Fisher Scientific). Fractionated peptides
were trapped on a C18 precolumn at 20 pL/min
(2% acetonitrile, 0.1% TFA) for 4 min. Subsequent-
ly, peptides were separated at a flow rate of 300nl/
min onto a 75-pym x 25 cm PepMap nano-HPLC
column with a gradient of 3-30% of 80% ace-
tonitrile and 0.1% FA acid in ultrapure H,0 over
90 min. Eluted peptides were nanospray-ionised
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and fragmented based on the ten most intense
precursor ion signals, with a 20 sec dynamic
exclusion time to avoid repeated fragmentation.

Data processing and analysis

The MS and MS/MS spectra were processed via
Data Analysis (vers. 3.4) and Bio-tools (vers. 3.1)
software (Bruker Daltonics). The local MASCOT
server (vers. 2.2), utilising the Swissprot databank
(vers. 56.3) for human proteins (20,408 reviewed
entries), was used to identify the peptides. The
precursor mass tolerance was 5 ppm for MS and
10 ppm for MS/MS, with methionine oxidation as
a possible variable modification. For each pep-
tide-spectrum match, candidate sequences were
validated using a statistical evaluation -10logP,
where logP is the logarithm to the base 10 of P
(P < 0.05) as the absolute probability. Further
validation of the identified peptides by de novo
sequencing was performed using the Sequit soft-
ware [20] and by manual inspection of the pep-
tide-spectrum matches. The protein sequence,
protein ID, and gene symbol for proteomic data
analyses were extracted from the UniProt data-
base [21]. The Human Protein Database [22] was
used to classify proteins according to their sub-
cellular location and biological function.

Somatic mutations.

To identify the top 20 genes with somatic muta-
tions in SS, the Catalogue of Somatic Mutations
in Cancer (COSMIC) was utilised https://cancer.
sanger.ac.uk/cosmic [23]. The main search was
set to SS, using the following browser filters: Tis-
sue selection (Hematopoietic and lymphoid),
Sub-tissue selection (All), Histology selection
(lymphoid neoplasm) and Sub-histology selec-
tion (mycosis fungoides-sezary syndrome). In
addition, the type of somatic mutation of the
SAAs (The top 20 genes with somatic mutation in
SS as per the COSMIC database and those whose
HLA-I peptides were presented by all four patients
or at least 3 of the four patients (Rom, IrK, FrA and
Seo)) was also determined by COSMIC.

Sezary syndrome-associated antigens
(SAAs) and their immunogenicity

To determine the immunogenicity of the SAAs,
NetMHCpan 4.1 was used in the IEDB (http:/
www.iedb.org) [24]. The immunogenicity was
determined for HLA-A+01:01, HLA-A+02:01,



HLA-A*11:01, HLA-A*24:02, HLA-C+06:02,
HLA-C+07:01 and HLA-C+07:02, individually and
all combined. These alleles are expressed togeth-
er in 90% of the population [25]. IC50(500) nM
binding affinity threshold was used as a thresh-
old for immunogenicity, and immunogenicity
scores were presented as 1/IC50(500) nM.

SAAs gene expression in primary normal
human tissues, and protein interaction
partners

To determine the gene expression profiles of the
SAAs in normal major human tissues, the Gene-
Cards database [26] was used, with a low gene
expression intensity cut-off of 10%. The SAAs'
protein interaction partners were determined
using STRING version 11.5, a database of known
and predicted protein-protein interactions [27].
STRING was used to determine known SAAs pro-
tein interaction partners, experimentally deter-
mined from various biochemical, biophysical and
genetic techniques. A medium interaction score

9000

of 0.400 was applied, with a cut-off of 10 interac-
tion partners at the primary level, against Homo
sapiens.

Results

Naturally presented HLA | ligands of Sezary
syndrome patients

The SS leukophoresis patient samples (Rom, IrK,
FrA, and Seo) were lysed, and MHC class | mol-
ecules were isolated by affinity chromatogra-
phy. LC-MS/MS then analysed peptides extract-
ed from the MHC molecules. The sequences of
a total of 7668, 8492, 8123, and 4854 HLA class
I-bound peptides were identified from 3003, 4027,
3865, and 2390 source proteins in Rom, IrK, FrA,
and Seo, respectively (see Figure 1A). 6086, 7512,
6905, and 3441 HLA class I-bound peptides were
unique in Rom, IrK, FrA, and Seo, respectively (see
Figure 1A). The shared peptides between patients
ranged from 146 (0.6%) to 748 (2.8%), and were
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Figure 1. Naturally presented HLA class | ligands and Source proteins of Sezary syndrome leukapharesis patients’' samples. The
leukapharesis samples were lysed, MHC | molecules were isolated by affinity chromatography, and LC-MS/MS analysed peptides
extracted from the MHC molecules. A) Number of naturally presented HLA class | ligands and Source proteins. B) Shared-Naturally
presented HLA class | ligands. C) Shared- Naturally presented HLA class I ligand source proteins.
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well below 1% among the patients. Only 69 (0.3%)
HLA | peptide sequences were found to be shared
among all four patients based only on peptide
sequences. Precursor peptide mass signals and
retention time, respectively (see Figure 1B). The
HLA expression was HLA-A2, HLA-A24, HLA-B7
and HLA-BS8, HLA-C6 and HLA-C7 in Seo, HLA-A1,
HLA-A33, HLA-B8, HLA-B14, HLA-C7 and HLA-C8
in Rom, while the HLA expression in IrK and FrA
was undetermined. The shared proteins between
the patients ranged from 187 (2.6%) to 652 (9.1%),
with only 627 (8.7%) shared among the four
patients (see Figure 1C).

MHC I-bound peptide lengths and
C-Terminus processing

The MHC I-bound peptide lengths in all patients
were dominated by nanopeptides, constituting

29.0% to 55.1% of all identified peptides. At the
same time, decapeptides were the second domi-
nant, constituting 8.0% — 14.8%. Undecapeptides
and above, on the other hand, were less than
11% in all patients (see Figure 2). The C-terminus
peptide processing by the proteasome, based
on peptide numbers and percentages, was Chy-
motrypsin > Trypsin > Caspase in all patients (see
Figure 3).

Sub-cellular locations and molecular
functions of source proteins

The human protein reference database was used
to assign the subcellular location of the source
proteins of the HLA I-bound peptides from Rom,
IrK, FrA and Seo. The cytoplasm, intracellular
membrane-bounded organelles, and cytosol were
the dominant subcellular locations of the source
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Figure 2. MHC Class | -peptide lengths in Sezary syndrome Leukapheresis
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Figure 3. MHC Class | —peptides C-Terminus processing by the proteasome.
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proteins (see Figure 4). Together, they account-
ed for 29.6%, 28.8%, 27.1%, and 24.7% of all the
source proteins in Rom, IrK, FrA, and Seo, respec-
tively. Approximately half of this percentage was
solely from the cytoplasmic part, which account-
ed for more than 14% of all the source proteins.
Source proteins from the cell junction were 10.3%
in Seo, considerably higher compared to those
in Rom, Irk, and FrA, which were 3.9%, 3.9%, and
3.3%, respectively. Source proteins’ subcellular
locations were lowest in the condensed chromo-
some, endoplasmic reticulum lumen, and intrac-
ellular organelle lumen in all patients, with values
ranging from 0% to 0.32% (data not shown). The
source proteins originated from diverse subcellu-
lar locations in all patients (see Figure 4). These
proteins were further evaluated for their biologi-
cal/molecular functions, using the human protein
reference database [22]. Although source pro-
teins possessed multiple biological/molecular
functions, a vast majority were involved in bio-
synthetic process (14.7%, 13.4%, 12.0%, 11.6%),
biological regulation (8.9%, 10.0%, 10.5%, 11.1%),
catabolic process (8.1%, 5.3%, 4.8%, 5.6%) and
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anatomical structure development (5.3%, 4.1%,
4.6%, 4.4%) in Rom, IrK, FrA and Seo respectively
(see Figure 5). They were also those involved in
immune response, cell death and apoptosis, but
were below 2% in all patients.

Somatic mutations in cosmic

To determine the top 20 genes with somatic muta-
tions in SS, the Catalogue of Somatic Mutations
in Cancer (COSMIC) was used. The top 20 genes
with somatic mutation as per COSMIC, search
filtered as follows; tissue (hematopoietic and
lymphoid), sub-tissue (All), histology (lymphoid
neoplasm) and sub-histology (mycosis fungoi-
des-sezary syndrome) were Fat Atypical Cadherin
4 (FAT4), Fat Atypical Cadherin 1 (FATT), Caspase
Recruitment Domain Family Member 11 (CARD17),
Nuclear Receptor Corepressor 1 (NCORT), Phos-
pholipase C Gamma 1 (PLCGT), Tumor Protein
P53 (TP53), Glutamate lonotropic Receptor NMDA
Type Subunit 2A (GRIN2A), AT-Rich Interaction
Domain 1A (ARID1A), LDL Receptor Related Protein
1B (LRP1B), phosphatidylinositol-3,4,5-trisphos-
phate dependent rac exchange factor 2 (PREX2),

g
£
3
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Figure 4. Subcellular location of the source proteins. The subcellular locations of the source pro-
teins of the HLA class I-bound peptides from Sezary syndrome leukapheresis patients' samples
identified by mass spectrometry were assigned using the Human Protein Reference Database.
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Figure 5. Biological/molecular functions of the source proteins. The biological/molecular functions
of the source proteins of the HLA class I-bound peptides from Sezary syndrome Leukapheresis pa-
tients' samples were assigned using the Human Protein Reference Database.

Protection of Telomeres 1 (POTT1), Tet Methylcy-
tosine Dioxygenase 2 (TET2), DNA Methyltrans-
ferase 3 Alpha (DNMT3A), Protein Tyrosine Phos-
phatase Receptor Type K (PTPRK), Erb-B2 Recep-
tor Tyrosine Kinase 4 (ERBB4), Signal Transducer
and Activator of Transcription 5B (STAT5B), Trans-
formation/Transcription Domain Associated Pro-
tein (TRRAP), Janus Kinase 3 (JAK3), Platelet-De-
rived Growth Factor Receptor Alpha (PDGFRA)
and Signal Transducer and Activator of Transcrip-
tion 3 (STAT3) with mutation frequencies of 16%,
15%, 14%, 14%, 14%, 13%, 11%, 10%, 10%, 10%, 8%,
8%,7%,71%, 6%, 5%, 5%, 4%, 4%, and 4% respectively,
from the all the tumors samples (see Figure 6A).
HLA-I peptides from NCOR1, TRRAP and JAK3
were presented by all the four patients Rom, IrK,
FrA and Seo. PLCG1, TP53, and STAT3 were altered
in at least three of the four patients, while FAT1
and LRP1B were changed in at least two of the four
patients, and FAT4, TET2, and PTPRK were altered
in at least one of the four patients. No HLA-I pep-
tides was presented from FAT4, CARD11, GRIN2A,
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ARIDTA, PREX2, POT1, DNMT3A, ERBB4, STAT5B
and PDGFRA (see Figure 6B). The somatic in the
SAAs (the top 20 genes with somatic mutation in
SS as per the COSMIC database and those whose
HLA-I peptides were presented by all the four
patients or at least 3 of the four patients (Rom, IrK,
FrA and Seo), that include NCOR1, TRRAP, JAK3,
PLCGT, TP53 and STAT3), were predominantly mis-
sense variant (a type of substitution in which the
nucleotide change results in the replacement of
one amino acid with another, a replacement that
may alter the function of the protein). With muta-
tion frequencies of 46.7%, 60.0%, 100%, 94.74%,
52.4% and 70% respectively. Nonsense mutations
(that occur due to the substitution of a single base
pair in a triplet codon), leading to one of three stop
codons (UAG, UAA, and UGA). The triplet codon
coding for an amino acid is therefore altered to
one that prematurely stops mRNA translation and
results in a truncated protein. They were found
only in NCOR1 and TP53, with frequencies of 20%
and 23%, respectively (data not shown).
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Figure 6. Top 20 genes with somatic mutation in Sezary syndrome as per catalogue of Somatic mutations in Cancer (COSMIC).
A) COSMIC search set to Sezary syndrome, and filtered by tissue selection (hematopoietic and lymphoid), Sub-tissue selection (All),
Histology selection (lymphoid neoplasm) and Sub-histology selection (mycosis fungoides-sezary syndrome). B) Frequency of somat-
ic mutation of the SAAs (the top 20 genes with somatic mutation in Sezary syndrome as per the COSMIC database and HLA-I peptides

presentation from the SAAs by the patients (Rom, IrK, FrA and Seo).

Immunogenicity of the LAAs

The immunogenicity of the SAAs ( the top
20 genes with somatic mutation in SS as per the
COSMIC database and whose protein HLA-I pep-
tides were presented by all four patients or at
least 3 of the four patients (Rom, IrK, FrA and Seo);
NCOR1, TRRAP, JAK3, PLCGT, TP53 and STAT3)
was determined by reverse immunology. NetMH-
Cpan 4.1 BA in the IEDB was used with a binding
affinity threshold of IC,, (500 nM), for the most
frequent HLA alleles HLA-A*01:01, HLA-A*02:01,
HLA-A%11:01, HLA-A*24:02, HLA-C+06:02,
HLA-C+07:01 and HLA-C+07:02 that together
represent ~90% of the human population. The
immunogenicity score is represented as 1/ICy,
(500 nM) and ranges from 0 to 1, indicating low to
high immunogenicity. The immunogenicity of the
SAAs varied depending the HLA allele (see Fig-
ure 7). It was generally highest for HLA-A*11:01
and HLA-A+02:01 and lowest for HLA-A*01:01.
The immunogenicity of SAAs for all the alleles
was comparable, with median score of less than
0.2 for HLA-A*11:01 and HLA-A*02:01 alleles,
and less than 0.4 for all the other alleles, except
HLA-A+01:01 which ranged between 0.1 and 0.6.
TRRAP had the highest number of peptides within
this binding affinity threshold of IC50 (500 nM).

SAA gene expression in major normal
tissues

The gene expression profiles of the SAAs in pri-
mary normal human tissues were compared
using the GeneCards database, as detailed in
the Materials and Methods section. All the SAAs
were expressed at low levels in all primary nor-
mal human tissues based on a 10% gene expres-
sion intensity cutoff. Only STAT3 were expressed
beyond the 10% cutoff. Beyond this cutoff, STAT3
was expressed in whole blood, thymus, adipo-
cyte, lung and prostate (see Figure 8).

Protein interaction partners of the LAAs

High numbers of protein interaction partners and
the interaction of SAAs (NCOR1, TRRAP, JAKS,
PLCG1, TP53 and STAT3) between and among
them may indicate vital roles in SS. The STRING
database was used to determine the protein inter-
action partners of the SAAs, which had been ini-
tially identified from experimental data obtained
using a variety of biochemical, biophysical, and
genetic techniques, as detailed in the Materials
and Methods section. All SAAs (NCORT1, TRRAP,
JAK3, PLCG1, TP53 and STAT3) had ten known
interaction partners (see Figure 9). None of the
SAAs were found to interact with each other, both
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at primary (directly via the first shell) (see Fig-
ure 9) and at secondary level (indirectly via the
second shell) (data not shown), except JAK3 and
STAT3, which interacted at the primary level.

Discussion

The total number of HLA-I-restricted peptides
and source proteins identified in SS leukopho-
resis patient samples was about the same, and
they were heterogeneous and individualised
(see Figure 1A, B and C). Only a small fraction of
HLA-I peptides and source proteins was found
to be shared between and among the patients
(see Figure 1B and C). The HLA-I-bound pep-
tides were more heterogeneous and individual-
ised than the source proteins, as the number of
shared HLA-I peptides was slightly lower com-
pared with that of the source proteins. This has
also been observed in other human cell lines and
tumour samples, such as melanoma, and depicts
differences in the antigen processing and pre-
sentation in SS. In this case, the HLA-I peptides

may also be attributed to the difference in the
patient's HLA type, although this has not been
fully confirmed.

Despite the fact that the HLA-I peptides and
the source proteins were heterogeneous and
individualised, a number of similarities were
observed. First, in all SS leukophoresis patients'
samples, nanopeptides were the most dominant
and constituted between 29.0% to 55.1% of all
the peptides identified, followed by decapeptides
with 8.0% to 14.8% (see Figure 2). This dominance
of nanopeptides has also been observed in other
patient tumour samples and cell lines [19,28-31].
It indicates that the optimum length for MHC
I-binding peptides in SS is nine amino acids. Sec-
ondly, the proteasome activity, in reference to
C-terminus peptide processing, was found to be
decreasing in activity with chymotrypsin, trypsin,
and, lastly, caspase in all patients (see Figure 3).

Similarities were also observed in the
HLA-I peptides of SS patients, their source pro-
teins, subcellular locations, and molecular func-
tions. The cytoplasm part, intracellular mem-
brane-bounded organelle and cytosol were the
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dominant subcellular locations of the source
proteins (see Figure 4). Together, they account-
ed for 24.7% to 29.6 %, with the cytoplasmic part
accounting for more than 14% of all the source
proteins. This is different to the dominant sub-
cellular locations of the HLA-I peptide source
proteins of other human tumor samples and
cell lines such as melanoma, multiple sclero-
sis autopsy samples, B lymphoblastic cell line,
tipple- negative breast cancer cell line, leukemia
tumuor samples and cell lines; where the domi-
nant subcellular locations differed and varied e.g.
in melanoma the dominant subcellular locations
were the nucleus and the cytoplasm, multiple
sclerosis autopsy samples, where cytoplasm and
plasma membrane [19,28—-32].

Second, the source proteins were involved in
various molecular functions, especially in bio-
synthetic processes, biological regulation, cata-
bolic processes, and anatomical structure devel-
opment, with a similar proportion of proteins per
molecular function (see Figure 5). This is differ-
ent from other human tumour samples and cell
lines. For instance, in leukaemia cell lines MUTZ3
and THP1, the source proteins were involved in
cell communication/signal transduction, protein
metabolism, and transcription factor activity/reg-
ulator activity [19]. In the B lymphoblastic cell line
721.221, the source proteins were predominantly
involved in metabolism, cell growth and mainte-
nance, cell communication, and stress response
[30]. In multiple sclerosis autopsy samples, they
entailed cellular assembly and organisation, ner-
vous system function and development, cellular
growth, and proliferation [31]. The similarities in
source protein peptide sampling in SS, although
unconfirmed, would imply similarities in protein
turnover, because protein turnover correlates
with source protein peptide sampling [33,34]. The
availability of source proteins involved in immune
response, apoptosis, and cell death in all patients
would indicate an active immune response
against the cancer cells by the patients.

Furthermore, the top 20 genes with somatic
mutation in SS were FAT4, FAT1, CARD11, NCOR]I,
PLCG1, TP53, GRIN2A, ARID1A, LRP1B, PREX2,
POT1, TET2, DNMT3A, PTPRK, ERBB4, STAT5B,
TRRAP, JAK3, PDGFRA and STAT3, as per COSMIC,
with decreasing mutation frequencies of 16% to
4% (see Figure 6A). Out of these, only HLA-I pep-
tides from NCOR1, TRRAP and JAK3 were pre-
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sented by all the four patients, PLCG1, TP53 and
STAT33 by three of the four patients, FAT1 and
LRP1B by two of the four patients, TET2 and
PTPRK by one of the four patients. No HLA-I pep-
tides were presented from FAT4, CARD11, GRI-
N2A, ARIDTA, PREX2, POT1, DNMT3A, ERBB4,
STAT5B and PDGFRA (see Figure 6B). The mis-
sense mutation was the predominant mutation,
with mutation frequency ranging between 46.7%
to 100% in the top 20 genes sampled by at least
three of the four patients (see Supplementary
Figure 1). Nonsense mutations were found only
in NCORT1 and TP53, with mutation frequency of
20% and 23% respectively (see Supplementary
Figure 1). These mutation finding highlights the
genetic heterogeneity of SS and points to NCOR],
TRRAP, JAK3, PLCG1, TP53 and STAT3 (the SAAs)
as initial potential targets for T-cell based immu-
notherapeutic intervention, based on their high
mutation rate and their protein HLA-I peptide
presentation by at least three of the four patients.
This is further substantiated by previous stud-
ies showing that SAAs are key regulators in vari-
ous stages of cancer progression and are criti-
cal therapeutic targets. NCOR1 promotes cancer
progression and therapy resistance by dysregu-
lating transcriptional networks [35—-41]. TRAPP
promotes cancer development and progression
by enhancing cancer stem cell traits, suppress-
ing immune responses, regulating oncogenic
transcription factors, and supporting cancer cell
proliferationsupport [42—46]. JAK3 promotes the
proliferation and survival of malignant T-cells
and influences immune suppression [47-52].
PLCG1 promotes progression by supporting
tumour growth and therapy resistance (53,54).
TP53 mutations impair tumour suppression and
contribute to therapy resistance and poor prog-
nosis [53—59]. STAT3 promotes tumour cell sur-
vival, proliferation, immune evasion, and therapy
resistance (62—-64).

Furthermore, the immunogenicity of these
SAAs (NCORIT, TRRAP, JAK3, PLCGT1, TP53 and
STAT3) was allele-dependent. It was generally
highest for HLA-A*11:01 and HLA-A*02:01 and
lowest for HLA-A*01:01 (see Figure 7). The immu-
nogenicity of SAAs for all the alleles was compa-
rable, with TRRAP showing the highest number
of affinity peptides. These findings suggest that
specific alleles may play a crucial role in shap-
ing the immune response to SAAs in SS, with



implications for personalised immunotherapy
approaches. Regarding the gene expression pro-
file of the SAAs in normal human tissues, expres-
sion levels were generally low, except for STAT3
in certain tissues (see Figure 8). Therefore, tar-
geting STAT3 in SS immunotherapy may lead to
off-target effects in these select tissues. Regard-
ing the protein interaction partners, all SAAs
exhibited a high number of protein interaction
partners, emphasising their vital roles in SS (see
Figure 9). With only JAK3 and STAT3 interacting
with each other at the primary level, this interac-
tion warrants further investigation to determine
its role in SS.

Overall, despite the small patient sample size
and limited demographics, this study’s findings
primarily contribute to our understanding of the
peptidomic landscape in SS and highlight SAAs
(NCOR1, TRRAP, JAK3, PLCG1, TP53) as poten-
tial targets for immunotherapeutic interventions.
The immunotherapeutic potential is based on the
SAAs high mutation rate in SS, HLA-I peptides
presentation, high immunogenicity, low gene
expression profiles in normal human tissue, and
a high number of protein interaction partners.
Including their role in cancer, as mentioned in the
previous studies above. STAT3 falls short in the
SAAs list, as it is also highly expressed in some
normal human tissues. However, its interaction
with JAK3 at the primary level warrants future
studies to determine the role of this interaction.
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ABSTRACT

Aim. Clostridioides difficile infection (CDI) poses a significant threat to postoperative cardiac surgery
patients. This study examines the impact of specific pre-, intra-, and post-operative factors, along with geo-
graphical considerations, on Clostridioides difficile (CD) incidence and its consequences. The study aims to
identify factors contributing to increased CD prevalence in cardiac surgery units.

Material and methods. A single-centre cohort of 3502 patients undergoing surgical myocardial revasculari-
sation between January 2013 and March 2018 was analysed, with 48 diagnosed with CDI. Preoperative risk
factors include the use of broad-spectrum antibiotics, advanced age, comorbidities, and prolonged hospi-
tal stays. Intraoperatively, attention is given to catheter-related issues, mechanical ventilation, and the use
of blood products. Postoperatively, the study assesses CDI's impact on recovery, complications, and out-
comes. A geographical analysis explores regional variation in CDI incidence.
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Results. Results indicate a CDI incidence of 1.37%, aligning with existing literature trends. Demographical-
ly matched controls show no significant differences in age, gender, or location. Higher Body Mass Index and
lower left ventricular ejection fraction are identified as significant risk factors. Laboratory findings indicate
elevated CRP levels and increased platelet count associated with CDI. Postoperative CDI significantly prolongs
hospitalisation time. EuroSCORE Il values are higher in the CDI group, though not statistically significant.

Conclusions. The study offers a comprehensive understanding of CDI dynamics in cardiac surgery, empha-
sising the need for tailored preventive measures. Specific risk factors and regional variations underscore the
importance of vigilant monitoring and early intervention. Future research should include larger cohorts and

explore gut microbiota for refined strategies.

Introduction

Clostridioides difficile (CD) is the leading cause of
antibiotic-associated diarrhoea, healthcare-as-
sociated diarrhoea, and colitis, representing a sig-
nificant risk for postoperative patients [1-3]. This
gram-positive, strictly anaerobic, spore-forming
bacillus is widely present in the environment, with
asymptomatic colonisation observed in approxi-
mately 2% of healthy adults and up to 14% of the
elderly population [1]. Despite ongoing efforts
to curb nosocomial transmission, both the inci-
dence and severity of Clostridioides difficile
infection (CDI) have increased globally in recent
years [4]. The use of broad-spectrum antibiotics
remains the principal risk factor, compounded by
advanced age, comorbidities, extended hospital
stays, and the use of proton pump inhibitors or
histamine-2 receptor antagonists [2,5]. Certain
geographic areas, notably the Northeastern Unit-
ed States, have been identified as regions with
particularly high CDI prevalence [5,6].

Surgical patients, particularly those undergo-
ing cardiac procedures, are exposed to additional
infection risk factors, including catheter-related
complications, prolonged mechanical ventilation,
substantial blood product transfusions, indwell-
ing catheter drainage, and open surgical fields
[7]. The clinical presentation of CDI ranges from
asymptomatic colonisation and mild diarrhoea
to severe, life-threatening conditions such as
fulminant colitis with sepsis, pseudomembra-
nous colitis, toxic megacolon, transmural pan-
colitis requiring colectomy, and multi-organ fail-
ure [1-4]. The reported incidence of CD-related
diarrhoea following surgical interventions varies
widely, ranging from 0.3% to 8.4% [3].

The rising number of CDI cases observed in
the cardiac surgery unit has prompted a com-
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prehensive investigation aimed at evaluating the
influence of specific preoperative, intraoperative,
and postoperative factors — as well as patients’
geographic origin — on the risk of CDI. The study
further seeks to assess the downstream impact
of CDI on postoperative recovery and outcomes.

Factors under scrutiny

To comprehensively evaluate the multifactorial
nature of CDI following cardiac surgery, the present
study examines preoperative conditions, intraoper-
ative factors, and postoperative outcomes. Key pre-
operative risk factors under investigation include
the use of broad-spectrum antibiotics, advanced
age, coexisting medical conditions, and pro-
longed hospitalisation. Intraoperatively, the analy-
sis focuses on catheter-associated complications,
extended mechanical ventilation, high-volume
transfusion of blood products, persistent drainage
via indwelling catheters, and the presence of open
surgical cavities. In the postoperative phase, the
study explores how CDI influences recovery, with
particular attention to complication rates and the
potential need for additional interventions.

Geographical considerations

In addition to patient-related factors, this study con-
siders geographic location as a potential contribu-
tor to CDI incidence. Building on prior findings that
identify certain regions as CDI hotspots, we explore
whether similar regional disparities exist within car-
diac surgery settings. This analysis moves beyond
simple geographic correlation, aiming instead to
identify contextual or systemic factors that may
underlie higher local prevalence rates.

Impact on postoperative course
The final dimension of this study focuses on the
postoperative impact of CDI. By analysing how



CDI influences recovery patterns, the incidence
of complications, and overall clinical outcomes,
we aim to offer clinicians actionable insights that
support risk reduction and optimise postopera-
tive care pathways.

In summary, this investigation provides acom-
prehensive assessment of CDI following cardiac
surgery, with particular attention to its multifac-
torial risk profile and postoperative consequenc-
es. Our findings aim to deepen the understanding
of CDI in this high-risk population and inform the
development of targeted preventive and manage-
ment strategies in cardiac surgical practice.

Material and methods

Patient selection and diagnostic criteria
This retrospective study was conducted at the
Department of Cardiac Surgery, J. Strus Municipal
Hospital in Poznan, and covered the period from
January 2013 to March 2018. During this time,
3502 patients underwent surgical myocardial
revascularisation. Among them, 48 cases of CDI
were identified. For comparative analysis, a con-
trol group of 52 patients without CDI was select-
ed, matched for key demographic parameters.
The diagnosis of CDI was based on the pres-
ence of clinical symptoms and laboratory con-
firmation of CD toxin in stool samples [8]. For
patients presenting with diarrhoea during hos-
pitalisation, defined according to World Health
Organisation criteria as three or more loose or
liquid stools per day or an increase relative to the
patient's regular pattern [9], nucleic acid ampli-
fication testing was performed. Stool specimens
were analysed using the C. diff Quik Chek Com-
plete assay (TECHLAB, USA).

Retrospective statistical analysis
The retrospective analysis encompassed a broad
range of variables, including demographic and
laboratory data, preoperative clinical status, sur-
gical characteristics, procedure type and tim-
ing, intraoperative durations, and the quantity of
transfused blood products. Outcomes assessed
included in-hospital mortality, defined as death
occurring during the same hospitalisation as the
cardiac surgery, and total length of stay.

The study was conducted in accordance with
the Declaration of Helsinki and received approv-

al from the Local Bioethics Committee of the
Poznan University of Medical Sciences (approval
date: July 3, 2024; ID: KB-533/24). The committee
classified the research as a non-interventional,
retrospective study based on analysis of existing
medical records. Data were extracted from the
electronic records of the Department of Cardiac
Surgery at J. Strus Multispecialty Municipal Hos-
pital in Poznan between July and August 2024.
All personally identifiable information was ano-
nymised at the point of extraction, and patients
were assigned sequential numerical codes.

Perioperative antibiotic therapy

All patients received standard perioperative anti-
biotic prophylaxis, consisting of cefazolin admin-
istered at a weight-adjusted dose. The initial
dose was given one hour before the start of sur-
gery, and antibiotic coverage was continued for
48 hours following the procedure.

Severity stages of CDI and treatment
protocol
The severity of CDI was classified into three cate-
gories: non-severe (white blood cell count <15,000
cells/mL and serum creatinine <1.5 mg/dL), severe
(white blood cell count 215,000 cells/mL or serum
creatinine >1.5 mg/dL), and fulminant, defined
by the presence of hypotension or shock, ileus,
or megacolon [10]. Treatment followed the cur-
rent guidelines of the European Society of Clini-
cal Microbiology and Infectious Diseases [11].
Patients with confirmed CDI based on stool toxin
testing were isolated from asymptomatic individu-
als. Therapeutic regimens included metronidazole
and vancomycin, in accordance with established
recommendations. Notably, none of the patients
in the study group progressed to fulminant CDI.
This structured approach to patient selection,
diagnostic confirmation, and treatment stan-
dardisation provides the methodological basis
for evaluating the clinical impact of CDI in the
context of cardiac surgery.

Statistical analysis

Statistical analyses were adapted to the scale
and distribution of each variable. Quantitative
data were presented as means accompanied by
minimum and maximum values, while qualitative
variables were expressed as absolute numbers
and percentages.
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The normality of continuous variables was
evaluated using the Shapiro-Wilk test. Variables
with normal distribution and homogeneity of vari-
ance were compared using the Student's t-test
for independent samples. In contrast, non-nor-
mally distributed variables were assessed using
the Mann-Whitney U test.

For categorical variables, statistical sig-
nificance was determined using Pearson's
chi-square test for comparisons involving two
groups, and the Fisher-Freeman-Halton test for
variables with more than two subgroups.

A p-value of < 0.05 was considered statistical-
ly significant. All analyses were performed using
Statistica 13 software (StatSoft, USA).

Results

Incidence of CDI

Out of the 3502 patients subjected to analysis,
CDI was identified in 48 individuals, representing
an incidence of 1.37%.

Demographic characteristics

The control group, meticulously selected to be
demographically comparable, exhibited no sta-
tistically significant differences in terms of age
p-value = 0.4724 and gender p-value = 0.2949
when compared to the CDI group (see Table 1).
Similarly, an exploration of the county's location
concerning Poznan p-value = 0.2171 and the ZIP
code p-value = 0.4069 (see Table 2) revealed no
discernible relationship between the region of
residence and the occurrence of CDI.

Comorbidities and their correlation with CDI
No significant differences were observed between
the two study groups concerning the impact of
diabetes, hypertension, pulmonary hypertension,
hyperlipidemia, kidney failure, asthma, chronic
lung disease, cerebrovascular diseases, periph-
eral vascular diseases, past heart attack, and
nicotine use on the risk of CDI (see Table 3).

It is noteworthy that both study groups exhib-
ited a high prevalence of hypertension (87.5% and
94.2%) and hyperlipidemia (91.7% and 92.3%).

Table 1. Demographic characteristics of patients in the study, comparing those with CDI to those without CDI.

Coefficient Patients with CDI Patients without CDI p-value
(N=48) (N =52)
Age [years] 67 [51-87] 68 [52-83] 0.4724"
Gender (female/male) 8[16.7%]/40 [83.3%] 51[9.6%]/47 [90.4%] 0.2949*
' Student's t-test; 2 Pearson'’s chi-square test; CDI - Clostridioides difficile infection
Table 2. Distribution of CDI and non-CDI patients according to geographic location and ZIP code.
Coefficient Patients with CDI Patients without CDI p-value
(N =48) (N =52)
Geographical Poznan county 19 [39.6%) 22 [42.3%] 0.2171"
location On the east side 11[22.9%] 12[23.1%]
On the south side 4[8.3%) 11 [21.2%]
On the west side 10 [20.8%] 519.6%]
On the north side 2 [4.2%] 2[3.8%|
Other location 2[4.2%] 01[0.0%)
ZIP code 56-xxx 1[2.1%] 01[0.0%] 0.4069'
60-xxx 5[10.4%] 7[13.5%]
61-xxx 48.3%] 3[5.8%)
62-XXX 23[47.9%) 25 [48.1%)
63-XXX 1[2.1%] 61[11.5%]
64-xxx 13 [27.1%] 11 [21.2%]
66-xxx 1[2.1%] 01[0.0%]

! Pearson's chi-square test; CDI - Clostridioides difficile infection; ZIP — Zone Improvement Plan
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These findings highlight the prevalent comorbidi-
ties within the studied population (see Table 3).

Platelet count and C-reactive protein levels
Statistical significance was attained for a higher
number of platelets and an elevated level of C-re-
active protein in preoperative laboratory param-
eters (see Table 4), as depicted in Figure 1.

European heart surgical risk assessment
system (EuroSCORE)

Values derived from the EuroSCORE were not
statistically significant p-value = 0.8930 but
were higher in patients with CDI (Table 5). Con-
versely, statistical analysis revealed that patients
with a higher Body Mass Index (BMI) (p-value =
0.0028) and lower left ventricular ejection frac-

Table 3. Prevalence of comorbidities and health indicators in patients with CDI and patients without CDI.

Coefficient Patients with CDI Patients without CDI p-value
(N = 48) (N=52)

Diabetes 16 [38.1%) 15[28.9%] 0.3430"
Hypertension 42 [87.5%) 49[94.2%) 0.2400"
Pulmonary hypertension 1[2.1%] 1[1.9%] 0.9544"
Hyperlipidemia 44[91.7%] 48[92.3%) 0.9060'
Kidney failure 2[4.17%] 1[1.9%] 0.5111"
Asthma 4[8.3%] 3[5.8%] 0.6156"
Chronic lung disease 0[0.0%] 11[1.9%] 0.3342'
Cerebrovascular diseases 12 [25.0%] 16 [30.8%] 0.5209'
Peripheral vascular diseases 10 [20.8%] 13 [25.0%] 0,6208"
Number of heart attacks experienced 0.48[0-2] 0.44[0-2] 0.74092
Current nicotinism 10 [20.8%] 11 [21.2%] 0.9686"

! Pearson’s chi-square test; > Mann-Whitney test; CDI — Clostridioides difficile infection

Table 4. Laboratory parameters and clinical characteristics in patients with CDI and patients without CDI.

Coefficient Patients with CDI Patients without CDI p-value
(N=48) (N =52)
RBC [10'/L] 4.46 [2.58-5.50] 4.57[2.84-5.51] 0.3865°
WBC [10°/L] 8.53 [4.10-22.30] 8.09 [3.00-16.10] 0.7431°
PLT [10%/L] 257.36 [104.00-759.00] 212.33 [62.00-390.00] 0.0203'
Hemoglobin [mmol/L] 7.56 [4.05-9.07] 7.95[0.03-9.07] 0.4169°3
Na [mmol/L] 139.45 [129.00-147.00] 140.45 [134.00-145.00] 0.1269°
K [mmol/L] 4.36 [3.60-5.45] 4.45[3.32-6.28] 0.0991°
Creatinine [pmol/L] 103.94 [54.00-200.00] 99.94 [56.00-229.00] 0.8685°
HbAlc 6.51[4.90-11.20] 6.21[4.90-9.40] 0.3379°
CRP [mg/L] 24.77[0.50-282.10] 4.17 [0.50-74.40] 0.0142°
BMI [kg/m?] 29.92[21.43-37.77] 27.70 [22.39-36.57] 0.0028'
CCS Class| 2 [4.1%] 1[1.9%] 0.5106 *
Class I 33[68.75%] 33 [63.5%]
Class I 12 [25.0%] 18 [34.6%]
Class IV 1[2.1%] 01[0.0%]
NYHA Class| 01[0.0%] 7[13.5%] 0.0118*
Class|l 01[0.0%] 1[1.9%]
Class I 38 [79.2%] 39 [75.0%]
Class IV 10 [20.8%] 5[9.6%]
LVEF [%] 47 [25-60] 50 [29-60] 0.0051°
Decreased creatinine clearance 19 [45.2%] 28 [53.9%] 0.40662

! Student's t-test; 2 Pearson's chi-square test; * Mann-Whitney test; * Fisher-Freeman-Halton test; BMI — Body Mass
Index; CCS - Canadian Cardiovascular Society Angina Grading Scale; CDI - Clostridoides difficile infection; CRP —
C-reactive protein; HbA1c — glycated hemoglobin; K — potassium; LVEF - left ventricular ejection fraction; Na — sodium,
NYHA - New York Heart Association classification; PLT — platelet; RBC - red blood cells; WBC — white blood cells
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tion (LVEF) (p-value = 0.0051) in the preoperative
period were more prone to developing CDI dur-
ing hospitalisation, as illustrated in Figure 2 (see

ue = 0.0118 (see Table 4). Conversely, param-
eters related to surgical characteristics, type
and timing of surgery, intraoperative times,

Table 4). the number of transfused blood products, and
in-hospital mortality did not exhibit statistical
significance. However, postoperative CDI sig-
nificantly extended the total hospitalisation

time (p-value = 0.0001), as depicted in Figure 3

New York Heart Association (NYHA)
scale of heart failure
The NYHA degree of heart failure was sig-

nificantly higher in patients with CDI, p-val- and Table 5.
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Figure 1. A: Platelet Counts (PLT [109/L]) in patients with CDI and patients without CDI. The boxplots depict the distribution of plate-
let counts, with median values and interquartile ranges indicated. The platelet count is significantly different between the two groups
(p-value = 0.0203). B: C-reactive protein levels (CRP [mg/L]) in patients with CDI and patients without CDI. The boxplots illustrate the
distribution of CRP levels, showing median values and interquartile ranges. A statistically significant difference is observed between
the two groups (p-value = 0.0142).
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Figure 2. A: BMI Comparison between patients with CDI (N = 48) and without CDI (N = 52). The figure presents the distribution of
Body Mass Index (BMI) in patients with CDI and those without CDI, with medians and interquartile ranges. B: Left Ventricular Ejection
Fraction (LVEF) comparison between patients with CDI (N = 48) and without CDI (N = 52). The comparison of Left Ventricular Ejection
Fraction (LVEF) between patients with CDI and those without CDI.
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Figure 3. Hospitalisation time in patients with CDI (N = 48) and those without CDI (N = 52) was compared to
examine the difference in hospitalisation time between patients with CDI and those without CDI. The boxplots
present the distribution of hospitalisation time, including median values and interquartile ranges. Significant
divergence is observed between the two groups, with a p-value of 0.0001.

Table 5. Surgical and procedural characteristics of patients with CDI and patients without CDI.

Coefficient Patients with CDI Patients without CDI p-value
(N = 48) (N =52)
EuroSCORE [points] 3.6[0,5-29.3] 2.3[0.6-13.1] 0.8930°
Urgency Elective 41 [85.4%] 47[90.4%] 0.3389*
of operation Urgent 418.3% 1[1.9%]
Emergency 3[6.3%] 47.7%]
Salvage 0[0.0%] 0[0.0%]
Preoperative ACS 11 [22.9%) 8[15.4%) 0.3375*
Number 0 3[6.3%] 1[2.0%] 0.5479*
of arterial 1 42 [87.5%) 48[96.0%]
bypasses 2 316.3%] 1[2.0%]
Number 0 7[14.6%] 2[3.9%] 0.06612
of venous 1 8[16.7%] 417.7%]
bypasses 2 26 [54.2%] 30 [57.7%]
3 7[14.6%] 16 [30.8%]
Extracorrporeal circulation time [min] 77 [41-143] 75 [52-132] 0.9015°
Aortic cross-clamp time [min] 44 [24-99] 41 [26-76) 0.7980°
Transfusion Red blood cells [units] 4[0-20] 3[0-10] 0.3715°
Plasma [units] 1[0-12] 1[0-8] 0.7826°
Hospitalization time [days] 22 [5-106] 12 [4-22] 0.0001°®

! Student's t-test; > Pearson's chi-square test, > Mann-Whitney test, * Fisher-Freeman-Halton test; ACS - acute coro-
nary syndrome

Discussion

The incidence of CDI observed in this study, at
1.3%, is consistent with previous reports in car-
diac surgery cohorts, indicating CDI as a sig-
nificant postoperative complication. Our analy-
sis showed no notable demographic differences
between the CDI and control groups in terms of

age, gender, or geographic distribution, support-
ing a stable comparison basis. In a similar study,
Sanaiha et al. [12] reported a CDI incidence of
0.5% among patients undergoing elective cardiac
surgeries between 2005 and 2016. They identi-
fied advanced age, female sex, and heart failure
as significant risk factors for CDI development,
while also noting that academic centres had the
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highest incidence but the lowest mortality due
to superior access to diagnostic and therapeutic
resources.

Furthermore, Keshavamurthy et al. [13] report-
ed a CDI incidence of 0.63% among cardiac sur-
gery patients between 2005 and 2011, based on
a large multicenter cohort. Their analysis empha-
sised that patients who developed CDI exhibited
a significantly higher burden of comorbidities,
including chronic kidney disease, heart failure,
and diabetes. These patients also required more
frequent surgical reinterventions and had a mark-
edly increased in-hospital mortality compared to
non-CDI counterparts.

Our findings are consistent with these obser-
vations. In our cohort, we observed that patients
with higher BMI and LVEF were more likely to
develop CDI, echoing previous studies that have
linked obesity and impaired cardiac function to an
increased risk of infectious complications. These
associations may be explained by the proinflam-
matory state and immune dysregulation often
seen in patients with metabolic syndrome and
advanced heart failure, both of which can exac-
erbate the intestinal barrier dysfunction and dys-
biosis that predispose to CDI.

In contrast to the findings by Chatterjee et
al. [14], who reported no significant association
between BMI and the severity of Clostridioides
difficile infection, instead identifying female Hsex
and hypoalbuminemia as stronger predictors of
adverse outcomes, our results align with those
of Mulki et al. [15], who demonstrated that a BMI
greater than 35 kg/m2? was independently asso-
ciated with a 1.7-fold increase in the likelihood
of developing severe CDI. This discrepancy may
reflect differences in study populations, comor-
bidity burden, or definitions of disease severity.

Furthermore, the elevated NYHA classifica-
tion observed among CDI patients in our cohort
underscores the potential role of advanced heart
failure in predisposing individuals to worse infec-
tious outcomes. Méndez-Bailon et al. [16] simi-
larly reported an increase in in-hospital mortal-
ity and CDl incidence in heart failure patients with
complex comorbid profiles. Likewise, Mamic et
al. [17] highlighted the adverse impact of CDI on
heart failure-related hospitalisations, empha-
sising the importance of early identification and
preventive strategies tailored to high-risk cardiac
surgery populations.

Journal of Medical Science 2025 September;94(3)

Pathophysiological mechanisms

The increased susceptibility to Clostridioides dif-
ficile infection in cardiac surgery patients can be
explained by several converging pathophysiolog-
ical mechanisms. A key factor is the periopera-
tive administration of broad-spectrum antibiot-
ics, which disrupts gut microbiota composition
and impairs colonisation resistance. Foley et al.
[18] demonstrated that post-antibiotic disrup-
tion of microbial communities in a murine model
modulates susceptibility to CDI in a strain-spe-
cific manner, showing that Lactobacillus acido-
philus increases CDI risk. In contrast, Lactobacil-
lus gasseri enhances colonisation resistance via
bacteriocin-mediated effects and the enrichment
of protective Muribaculaceae species.

Moreover, CD itself contributes to intesti-
nal damage through its toxins, particularly toxin
A, which disrupts epithelial integrity and induc-
es apoptosis in intestinal cells. Gigli et al. [19]
showed that exposure of Caco-2 cells to toxin
A significantly reduced transepithelial resistance
and tight junction protein expression, impair-
ing mucosal barrier function. This confirms that
toxin-mediated epithelial injury is a key driver of
CDI pathogenesis, especially in postoperative
patients with compromised gut function.

Additional contributing factors include peri-
operative immunosuppression, use of opioids
and proton pump inhibitors, and hemodynamic
changes during cardiopulmonary bypass, which
may exacerbate dysbiosis and compromise epi-
thelial defence. A better understanding of these
mechanisms is essential for developing target-
ed prophylactic strategies, including microbio-
ta-preserving antibiotic regimens, judicious use
of gut-disruptive medications, and adjunctive
therapies supporting barrier function.

Biomarkers and CDI risk

Analysis of laboratory biomarkers in our cohort
revealed a strong association between elevated
C-reactive protein (CRP) and platelet counts and
the incidence of CDI, reinforcing the known link
between systemic inflammation and infectious
risk. These findings are consistent with a study
by Nseir et al. [20], which demonstrated that ele-
vated CRP levels, the neutrophil-to-lymphocyte
ratio, and mean platelet volume were significantly
associated with both recurrence and mortality in
CDI patients. The authors proposed that these



inflammatory markers may reflect host immune
response dysregulation and mucosal injury
severity.

In our patient group, the presence of elevated
CRP and thrombocytosis in CDI cases suggests
a hyperinflammatory state that may predispose
individuals to worse clinical outcomes. These
parameters are readily available and cost-ef-
fective, making them attractive candidates for
early risk stratification in surgical populations.
Incorporating such biomarkers into periopera-
tive surveillance protocols may facilitate earlier
diagnosis, targeted interventions, and potentially
improved prognosis.

Further prospective studies are warranted to
evaluate the predictive value of these and other
inflammatory or immune-derived markers—such
as procalcitonin, interleukin-6, or faecal calpro-
tectin—in the context of CDI following cardiac
surgery. Understanding the interplay between
systemic and mucosal inflammation may offer
novel insights into disease progression and
recovery dynamics.

Preventive strategies, healthcare
implications, and broader postoperative
considerations

Given the substantial impact of CDI on postoper-
ative outcomes and healthcare resource utilisa-
tion, the implementation of effective preventive
strategies in cardiac surgery patients is essen-
tial. Antibiotic stewardship plays a pivotal role in
minimising broad-spectrum antimicrobial expo-
sure, thereby preserving gut microbiota diversity.
Additionally, interventions aimed at supporting
intestinal microbial balance—such as selective
digestive decontamination or the use of care-
fully selected probiotic strains—may hold prom-
ise. However, their efficacy in the cardiac surgery
population requires further investigation.

Early identification of high-risk individuals is
equally important. Enhanced screening protocols
and standardised postoperative monitoring—es-
pecially in elderly patients or those with immu-
nosuppression—may facilitate timely recognition
of CDI and mitigate complications. In our cohort,
CDI was associated with significantly prolonged
hospitalisation, consistent with previous reports.
Kiersnowska et al. [21] described the substan-
tial economic burden of CDI in Polish hospitals,
emphasising increased treatment costs and

extended inpatient care. Similarly, Crabtree et
al. [22] identified CDI as a contributing factor to
prolonged mechanical ventilation, extended ICU
stays, and overall longer hospitalisations in car-
diac surgery patients. These data reinforce the
urgent need for robust infection prevention and
early intervention frameworks tailored to surgical
populations.

The complexity of postoperative care in car-
diac surgery extends beyond infectious compli-
cations. Rare but serious non-infectious events
continue to challenge clinicians. We previously
reported a case of Abiotrophia defectiva endo-
carditis requiring urgent mitral valve surgery due
to diagnostic delays, highlighting the importance
of early pathogen identification and targeted
microbiological evaluation in atypical presenta-
tions [23]. Likewise, stress-induced Takotsubo
syndrome can clinically mimic acute heart failure
after valvular or coronary interventions, neces-
sitating careful differential diagnosis in early
postoperative decompensation [24]. Late compli-
cations may also arise, such as ascending aor-
tic injury secondary to a dislocated sternal wire
nearly two decades post-Ravitch procedure,
manifesting with tamponade and cardiogenic
shock [25].

While these cases are unrelated to CDI, they
illustrate the critical need for comprehensive
postoperative vigilance. Given the frequently
nonspecific and delayed presentation of CDI, cli-
nicians should maintain broad diagnostic aware-
ness and integrate infection risk into the wider
context of post-cardiac surgery surveillance.

Future research in this field should prioritise
large, multicenter prospective trials integrat-
ing microbiota profiling better to understand the
dynamics of gut dysbiosis in postoperative CDI.
Investigating the role of specific probiotic or
prebiotic therapies, alongside the development
of predictive models that incorporate clinical,
demographic, and microbiome-derived variables,
may enable personalised risk stratification and
ultimately improve surgical outcomes.

Perspectives
Despite the comprehensive nature of our study,

certain limitations should be acknowledged. The
single-centre design and relatively small sample
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size may limit the generalizability of our findings.
Additionally, a more in-depth exploration of the
gut microbiota and its role in CDI development
could provide further insights into preventive
strategies.

Conclusion

In conclusion, our study highlights the multifac-
torial nature of Clostridioides difficile infection in
patients undergoing cardiac surgery, underscor-
ing the interplay between demographic, comor-
bid, and perioperative risk factors. In particular,
elevated body mass index and reduced left ven-
tricular ejection fraction emerged as relevant
correlates of CDI susceptibility in this population.
These findings support more individualised risk
stratification and targeted preventive approaches
in the perioperative setting.

Moreover, the observed association between
CDI and prolonged hospitalisation reinforces the
clinical and economic burden of this complica-
tion and emphasises the importance of early
identification and intervention. Future research
involving larger, multicenter cohorts and incor-
porating comprehensive clinical, microbiologi-
cal, and microbiome data is warranted to refine
risk prediction models further and inform evi-
dence-based prevention strategies tailored to the
needs of cardiac surgery patients.
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ABSTRACT

Introduction. Clearly defined roles and educational standards are crucial for enhancing professional status
and facilitating Market Access (MA) in the pharmaceutical industry (pharma). However, literature on this top-
ic remains limited. This study explored MA professionals’ roles within pharma in the United Kingdom (UK),
including the knowledge, skills, competence, and other attributes required.

Materials and methods. A document analysis of UK MA job advertisements from pharmaceutical companies,
National Health Service websites, and Google search engine was undertaken between February and August
2019, and updated between 1st and 31st August 2023. Thematic content analysis was used to analyse the data.
Results. Eighty advertisements met the inclusion criteria, classified by seniority: entry-level (44%), senior
level (15%), pricing and reimbursement (11%), and head/director positions (30%). Entry-level roles displayed
the most variability in titles. A degree in a relevant field was required for 86% of these positions, dropping to
38% for senior MA roles. While skills and activities varied, a strong understanding of healthcare systems and
excellent communication skills were essential across all positions. The core attributes of MA professionals
in pharma were defined by three MA components: 'right roles’ (job responsibilities), 'right people’ (reputation
and skills), and 'right reward’ (wages and remuneration).

Conclusions. This study is the first document analysis of MA job roles in pharma, focusing on their concep-
tualisation and definition. MA is an emerging profession characterised by diverse roles, varying entry require-
ments, and the need for collaboration across healthcare systems. The findings indicate that MA in pharma is
still in the early stages of professionalisation and needs further development. To advance this evolution, devel-
oping competency frameworks, standardising job roles, and guiding curriculum design are recommended.
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Introduction

Market access (MA) in healthcare is a complex and
diverse concept, particularly in the pharmaceuti-
cal industry (pharma) [1-4]. Unlike typical goods
influenced by supply and demand dynamics, the
healthcare market poses unique challenges to the
conventional economic model [1-3,5]. According to
Gold [6], current frameworks for assessing access
are person-based and fail to capture the complexity
of the healthcare system and the varied structures
of managed care organisations that integrate deliv-
ery and financing. Therefore, MA in pharma is cru-
cial for enabling manufacturers to convey the value
of their products to stakeholders before patient
access. Its implications vary depending on wheth-
er it applies to private, public, or mixed healthcare
systems, and the type of healthcare market organi-
sation (centralised, decentralised, or fragmented)
[1]. Effective MA demands collaboration among
various stakeholders—healthcare providers, payers,
regulatory bodies, and patient advocacy groups—
each offering unique expertise and insights. More-
over, with the shift toward patient-centric care,
companies must prioritise patient needs and out-
comes in the MA process [7]. MA involves various
processes to engage diverse stakeholders [8], with
variations in healthcare systems across countries
influencing its conceptualisation. For example, in
the United Kingdom (UK), key gatekeepers include
the Medicines and Healthcare Products Regula-
tory Agency, National Institute for Health and Care
Excellence, and the National Health Service (NHS).
In contrast, the US insurance system significantly
influences the roles of regulatory agencies like the
Food and Drug Administration and the Institute for
Clinical and Economic Review [2].

Pharma, like any commercial industry,
depends on profits for survival, with research
and development, sales, and marketing tradition-
ally driving success [8]. Increasing financial con-
straints on healthcare provision and the need for
evidence to support healthcare decisions have
made MA a key component of pharma. MA pro-
vides evidence related to patient needs, safe-
ty, efficacy, effectiveness, budget impact, and
cost-effectiveness of technologies compared
with existing treatments [9]. This involves the
application of tools and methodologies such as
cost-effectiveness modelling to assess value,
budget impact analysis to evaluate affordability

within healthcare systems, stakeholder mapping
to identify and engage key decision-makers, and
healthcare system analysis to align access strat-
egies with NHS structures and policy priorities.
Consequently, pharma has started employing
MA professionals, and to navigate the dynamic
regulatory environment, some have established
MA functions as integral parts of their organi-
sations, though few have dedicated MA teams
with well-defined roles [8]. MA is associated with
delivering value for money through pharmaceu-
tical products [10]. From the manufacturer's per-
spective, MA aims to maximise patient access
to their products [1,10]. However, MA can be
oversimplified and confused with activities like
obtaining licensing, market authorisation, medi-
cal representatives gaining access to healthcare
professionals, ensuring product availability in
pharmacies, and selecting promotion channels.
This underscores the need for clearly defined MA
roles and activities within pharma [1,8-10].
Establishing a professional identity by defin-
ing roles and developing educational standards is
crucial for enhancing professional status. Evalu-
ating the roles of emerging professionals like
MA in pharma, along with the practical skills and
knowledge of current practitioners, can inform
the necessary educational standards, ultimately
enhancing the preparedness and effectiveness of
MA professionals. Due to the limited primary lit-
erature on the skills and roles of MA profession-
als in pharma, a document analysis (DA) of grey
literature was undertaken to fill this gap. This grey
literature offers valuable insights into the devel-
opment of MA and the identity of its practitioners.
According to Bowen [11], DA is a systematic pro-
cess that can complement other data sources.
This study explored the roles of MA professionals
within pharma in the UK, including the knowledge
(theoretical and contextual understanding), skills
(practical and interpersonal abilities), competenc-
es acquired and expected (the integrated appli-
cation of knowledge and skills in real-world set-
tings), and other attributes required for an MA job.

Materials and methods
Methods

A DA of published UK MA job advertisements
from pharma, NHS websites, and Google search
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engine was conducted. These advertisements
were public records, and did not require ethics
approval [11,12], and were retrieved between Feb-
ruary and August 2019 and updated between 1st
and 31st August 2023. A job analysis template
was used for this DA. Duties, tasks, and respon-
sibilities associated with MA roles, as well as the
knowledge, abilities, and skills required, were
gleaned from the advertisements.

Search strategy

The search terms used were "market access
jobs" and "MA jobs." The selected websites
(NHS, pharmaceutical companies, Google) were
deemed the most common sites for advertising
MA jobs during the data collection period. The
selected pharma websites included Pharmapho-
rum, CarrotPharma, and Pharmiweb.jobs, as they
were top-ranked for advertising MA jobs during
the data collection period. MA jobs advertised
outside the UK were excluded.

Data extraction

An adapted template from O'Leary [12] was used

for data extraction, following an eight-step frame-

work:

1. Create a list of text to explore relevant key-
words: The keywords used were ‘market access
jobs' and 'MA jobs." All MA jobs advertised in
the UK (in English only), regardless of hierar-
chical level, from entry-level to top manage-
rial roles, were considered. Job roles in health
economics and similar roles were excluded.

2. Consider how texts would be accessed: Online
MA job advertisements were gleaned using
a job analysis data extraction template.

3. Acknowledge and address biases (inclusion
and exclusion): Eligibility criteria were set
based on a preliminary cursory search. CF
retrieved documents based on the eligibility
criteria, and GY and CM checked the search
strategy and criteria. MA jobs lacking person
specification details and required skills, or
outside the scope of MA, were excluded.

4. Develop appropriate skills for research: CF,
a PhD candidate with work experience in
MA, and the other authors (GY, EM, CM, and
10), experienced academics/researchers in
research methodology, conducted the study.

5. Consider strategies for ensuring credibility:
Data were obtained from reputable pharma-
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ceutical companies' websites, NHS websites,
and Google search. Duplicate job advertise-
ments were removed from search results.

6. Ensure data specificity to the study's objec-
tive: Sensitive keywords 'MA jobs' or ‘market
access jobs' were used for data identification.
Data were sourced from pre-determined rel-
evant sources based on a cursory literature
review.

7. Consider ethical issues: An exempt approval
was granted by Faculty Ethics, Manchester
Metropolitan University, UK, as the study was
considered low-risk being an analysis of pub-
licly available documents.

8. Explore content: A job analysis template was
used in this study. Data were gleaned on the
job role advertised, the website where the
job was published, the date the job data was
retrieved, the remuneration for the job, the job
location, the required job skills, the job hierar-
chy, and key features or elements of the role.

Data analysis

DA is typically regarded as a qualitative analysis
method [11]. Thematic Content Analysis (TCA)
was employed to analyse the data. TCA was used
to identify key themes across the dataset by
grouping conceptually similar codes into themes.
The data were quantified in terms of frequency to
examine the presence, meanings, and relation-
ships of text, codes, and relevant themes.

Results

Eighty MA job advertisements were compiled
from February to August 2019 (n = 60) and updat-
ed between 1st and 31st August 2023 (n = 20)
(see Figure 1). Three main MA components were
identified: Role Advertised, Skills and Activities,
and Rewards.

Role advertised

The job roles were categorised as: entry-level
(44%), senior-level (15%), pricing and reimburse-
ment (P&R) (11%), and head and director roles
(30%). Entry-level roles exhibited the most vari-
ability in job titles. The entry-level role with the
highest frequency was the MA consultant (29%).
Senior MA roles included senior MA manager
(25%) and senior analyst MA (17%). P&R roles



MA role consultant/director/project manager/lead
global/medical writter/value consultant/analyst

Directors/global/associate

Senior MA role manager/adviser

MA pricing and reinbursement role

44%

30%

15%

11%

Percentages of Jobs Advertised - Categorised under 4 Headings

Figure 1. Total number of MA Jobs Advertised.

included pricing and MA consultant (33%) and
MA and pricing specialist (33%). Head and direc-
tor roles included global category manager (17%)
and MA director (13%) (see Table 1).

Skills and activities

For entry-level roles, key skills include under-
standing healthcare systems and managing
stakeholder collaborations (98%), and generating
new business through client partnerships in MA,
health economics, and pharmaceuticals (98%).
Others include managing day-to-day deliverables
of projects (95%), demonstrating healthcare value
(95%), and communicating P&R (93%).

For senior MA roles, essential skills include
ownership in resolving methodological issues
like P&R (92%), effective communication to build
trust and identify opportunities (92%), a strong
understanding of healthcare systems (92%), and
project management skills (92%).

In P&R roles, key required skills include under-
standing healthcare systems and managing
stakeholder collaborations (100%). Generating
new business through client collaboration in MA
and health economics is also vital (100%). Other
important skills are communicating P&R (89%)
and managing project deliverables (89%).

For head and director roles, the key skills
required included managing the transition from

pre-launch to post-launch and developing effec-
tive launch strategies (100%). Other important
skills were team management (92%) and strong
organisational and technical abilities (83%) (see
Table 2).

Rewards

For entry-level roles, the top reward was accrue
holiday (53%), followed by performance bonus-
es (45%) and personal development opportuni-
ties (40%). For senior roles, the most common
reward was a competitive salary and bonus
(£104,600.00—-£209,200.00) (54%), along with
opportunities to work with international profes-
sionals (46%) and career development (46%). In
P&R roles, the standout reward was a care flex-
ible spending account (99%), with a friendly work
environment (88%) also noted. For head and
director roles, key rewards included a challeng-
ing environment with high-performance rewards
(25%) and competitive salary and benefits (25%)
(see Table 3).

Discussion
This study investigated the roles of MA pro-

fessionals within the pharmaceutical industry
through a DA of MA job advertisements. Three
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Table 1. Frequency distribution of all advertised roles.

Roles advertised Frequency (%)
MA Entry-Level Role (n = 35)
Market access consultant 10(29)
Market access manager 5(14)
Medical writer market access 4(11)
Analyst health market access 1(3)
Business development manager — health economics 1(3)
Consultant market access 1(3)
Health economics and MA project manager 1(3)
Market access analyst 1(3)
Market access editor 1(3)
National market access associate 1(3)
National MA lead 1(3)
Associate value consultant MA 1(3)
Health economics and MA graduate 1(3)
Market access and pharmaceutical sales 1(3)
Market access and project manager 1(3)
Market access and business development manager 1(3)
Payer value and patients access manager 1(3)
Business manager — HEOR (Health Economic and Outcomes Research) and MA 1(3)
Rare disease MA manager 1(3)
Senior MA Role Advertised (n = 12)
Senior MA manager 3(25)
Senior analyst MA 2(17)
Senior MA adviser 2(17)
Market access senior analyst 1(8)
Senior global manager of MA 1(8)
Senior MA manager 1(8)
Senior manager UK MA 1(8)
Senior UK MA manager 1(8)
Pricing and Reimbursement role Advertised (n = 9)
Pricing and MA consultant 3(33)
MA and pricing specialist 3(33)
Pricing and MA Associate 1(17)
Pricing and MA 1(17)
MA and pricing managing consultant 1(17)
MA Head & Directors Role Advertised (n = 24)
Global category manager 4(17)
Market access director 3(13)
Principal Consultant MA 3(13)
Head of MA 2(8)
Director/Associate director of HEOR & MA 2(8)
Director international MA 2(8)
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Keys: HEOR - Health Economics and Outcomes Research; MA — Market Access; UK — United Kingdom;
VP - Vice President
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Table 2. Entry Level Role: Skills and Activities.

Skills and Activities Frequency (%)
MA Entry Level Skills and Activities (n = 35)
Understanding of different healthcare system and managing collaborations with stakeholders 34(98)
Generate new business through collaboration with clients for MA, HE, pharma, and healthcare policy 34(98)
Managing day to day deliverables of projects including time and budget 33(95)
Expertise in healthcare value demonstration including HTA, Pricing and reimbursement submissions & KPlIs 33(95)
Communicating price and reimbursement and making submissions to HTA agencies 32(93)
Leadership capabilities with passion to develop others within the team 32(93)
Strategic insight, creative insight, creative mind-set, and active listening & paying attention to detail 31(97)
Record of accomplishment of strong analytical skills and been able to work with analyst on the team 31(91)
Degree and a post graduate degree in relevant fields such as MA, HE, life science and public health and PhD. 30(86)
Meaning degree can be BSc, MSc and PhD
Qualitative and quantitative research including systematic reviews 29(84)
Active business and clients, stakeholder's relationship to ensure high quality deliverables 28(80)
Creating and delivery solutions for clients to inform development of value proposition through MA and medical 28(80)
communication
Communication, interpersonal and management skills 26(75)
Team player, mentoring other team members with strong work ethics 25(73)
Computer and statistical analysis skills with experience of using STATA/SAS, Excel, and spreadsheet 24(70)
Global value dossier, market access tools and client deliverables 23(66)
Interpretations of clinical trials and observational studies 20(57)
Experience of working with the NHS and it goals, NICE & MA insight 8(23)
Minimum of 3 years' experience 6(16)
Fluent in English 4(11)
Willingness and ability to travel and current full driving licence 2(5)
Another European language 1(2)
Senior MA Skills and Activities (n = 12)
Experience of taking ownership & resolving methodological problems including pricing & reimbursement 11(92)
Proven track records of effective communication to generate trust and tactics for MA opportunities 11(92)
Strong understanding of healthcare systems liaising with relevant business and external affairs & global strategy 11(92)
Project management and High understanding of HTA submissions & working independently at senior level 11(92)
Proven capabilities to represent at NICE, NHS on cross system initiatives & developing KPIs 10(85)
Excellent negotiation skills and Project management including day-to-day delivery of projects & prepare dossiers 10(85)
Ensuring that barriers to product uptake & early adoption including the use of Excel & spreadsheet 9(77)
Experience in MA role in pharma sector and in multi-disciplinary, matrix and global context 9(77)
Providing line management, mentoring and technical leadership on portfolio of projects 8(69)
Analysing data, rolling out tools, materials, and projects to drive access and drawing conclusions 7(62)
Having a post graduate qualification in scientific discipline & experience with qualitative and quantitative research 5(38)
Extremely strong written and spoken English 4(31)
MA Pricing & Reimbursement Skills and Activities (n = 9)
Understanding of different healthcare system and managing collaborations with stakeholders 9(100)
Generate new business through collaboration with clients for MA, HE, pharma, and healthcare policy 9(100)
Communicating price and reimbursement and making submissions to HTA agencies 8(89)
Managing day to day deliverables of projects including time and budget 8(89)
Qualitative and quantitative research including systematic reviews 7(78)
Expertise in healthcare value demonstration including HTA, Pricing and reimbursement submissions 7(78)
Active business and clients, stakeholder's relationship to ensure high quality deliverables 6(67)
Creating and delivery solutions for clients to inform development of value proposition through MA and medical 6(67)
communication
Team player, mentoring other team members with strong work ethics & and ability to attend medical and 5(56)
commercial conferences
Leadership capabilities with passion to develop others within the team 5(56)
Degree and a post graduate degree in relevant fields such as MA, HE, life science and public health 3(33)
Record of accomplishment of strong analytical skills and been able to work with analyst on the team 3(33)
Global value dossier, market access tools and client deliverables 3(33)
Communication, interpersonal and management skills & to build professional relationship with team members 2(22)
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Table 2. (Continued).

Skills and Activities

Frequency (%)

Computer and statistical analysis skills with experience of using STATA/SAS, Excel, and spreadsheet 2(22)
Interpretations of clinical trials and observational studies & performing qualitative and quantitative analysis 2(22)
Strategic insight and creative mind-set and able to create clients ready report 1(17)

MA Head and Director Skills and Activities (n = 24)

Bringing assets from prelaunch to post launch develop through implement effective launch strategy including 24(100)
responses to clients' queries

Managing and leading team of well-trained analysis and consultants on MA pathways for a variety of products 22(92)
Excellent organisational skills and technical skills including Working with MA to implement, sustain and optimise 20(83)
pricing, access, and reimbursements

Develop and implement effective MA strategies ensure project management such as pharma, biotech, medical 18(75)
devices projects

Responsible for strategic insight and development of HTA as set out by NICE and demonstrate initiative 18(75)
Conducting research activities in various therapy areas and initiative on clinical trials and observational studies 16(67)
Degree in life science, medical degree, health economics, mathematics, epidemiology, and Biostatistics 14(58)
Collaborating with stakeholders and ensure that the local market activities comply with regulatory agencies 14(58)
Effective building relationship with internal team and stakeholders 13(54)
Excellent presentation, communication skills including clients influencing skills, value dossier, payer value 13(54)
propositions

Responsible for managing multiple projects Working with senior leaders across healthcare business unit to 10(42)
ensure integration

Experience of 2 to 8 years 6(25)

Keys: HE - BSc — Bachelor of Sciences; Health Economics; HTA - Health Technology Assessment; KPI — Key performance indicator; MA -
Market Access; MSc — Master of Science; NHS — National Health Science; NICE — National Institute for Health and Care Excellence; PhD -
Doctor of Philosophy; SAS - Statistical Analysis System; STATA - Statistics and Data

main MA components emerged: roles, skills and
activities, and rewards. These were re-labelled
as the 'right roles' (job responsibilities), ‘'right
people’ (skills and activities), and 'right reward'
(wages and remuneration) to align with a related
scoping review on the conceptualisation and role
of MA in pharma [13].

Right roles

The advertised roles included entry-level,
senior-level, P&R, and head and director roles.
Entry-level roles were the most common, offering
opportunities to learn about market dynamics,
pricing strategies, and stakeholder management
[14-16]. These roles often assist with research,
data analysis, and strategy development. How-
ever, the lack of consistency in job titles sug-
gests that the profession is in the early stages of
professionalisation. Compared to other profes-
sions, MA in pharma is relatively new and may
be described as a ‘semi-profession’ [17]. This
is because it currently shares characteristics of
a semi-profession, such as no specific training
requirement, shorter training periods, and less
autonomy from supervision [17].

Journal of Medical Science 2025 September;94(3)

Many healthcare occupations have transi-
tioned to professional status through the devel-
opment of educational standards and profes-
sional certificates. For example, nursing and
physiotherapy have evolved from occupations
to professions [18,19]. Nursing and physiothera-
py have registered titles for entry roles, such as
‘newly qualified nurse' and ‘junior physiothera-
pist,’ with fixed starting pay bands, unlike MA in
pharma where the starting pay point is negotiat-
ed [18,19]. Similarly, the transition to professional
status for the UK pharmacy profession between
1880 and 1905 involved lower-status profes-
sionals engaging in mnemonic work to main-
tain professional purity and collectively mobilis-
ing to influence professional bodies dominated
by higher status peers [20]. Considering that MA
is a relatively new field in the pharma, Koch [21]
suggested integrating MA into health economics
in research and development.

The 'P&R' role was the least advertised MA
role. This role requires skills and competencies in
pricing and market consultation. P&R in pharma
refer to establishing a price and obtaining a posi-
tive reimbursement decision for a new product



Table 3. Rewards offered for the different MA roles.

MA Entry Level Reward (n = 35) Frequency (%)
Holidays accrued 19(53)
Performance related bonus/Bonus £21900/ Salary 40k to 73k and pension 16(45)
Personal development 14(40)
Competitive salary/statutory payment 12(33)
Working alongside talented professionals 10(28)
Other incentives 9(26)
Healthcare 9(26)
Flexible working including flexible working abroad — hybrid 7(21)
MA Senior Role Reward (n = 12)
Excellent bonus/competitive salary 104,600.00 - 209,200.00 7(54)
Opportunity to work alongside international & group of talented professionals and personal development 6(46)
Career development opportunities and enhancement 6(46)
International experience of working with other companies such as San Francisco & Singapore and top 100 2(16)
companies
Excellent health &wellness programmes such as Yoga, meditation & summer day out 1(8)
MA pricing & Reimbursement Rewards (n = 9)
Care and flexible spending account 9(99)
Incentives & friendly work environment 8(88)
Competitive compensation package/Bonus incentive 6(67)
Fast paced career progression 3(33)
Opportunity to develop internal engagement including line management role 2(22)
Ability to manage multiple work streams 2(22)
Retirement/Salary range $104,600.00 - $209,200.00 2(22)
Medical, dental insurance 1(11)
MA Head & Vice President and Director & Associate Reward (n = 24)
A challenging and fun environment with High performance reward system 6(25)
Competitive salary and benefits 6(25)
BUPA health Insurance including partners and children cover 5(21)
Company shares option scheme including Health insurance 5(21)
Employer matched pension scheme 5% 5(21)
Free gym membership 5(21)
Clear and solid foundation for future growth including excellent career prospect 4(17)
Cycle to work scheme 14

Excellent long-term position

[8,9,21,22]. P&R are crucial in MA because they
determine whether pharmaceutical products can
reach patients and be financially viable [23]. Con-
sidering that P&R measures affect the capacity
of pharma to sell their products, the right per-
son with competence and experience is needed
for these roles. Berndt and Newhouse [23] high-
light how federal legislation in the United States,
insurance systems, and distribution logistics
significantly impact drug prices and utilisation,
thus requiring effective P&R strategies to ensure
that pharmaceutical products are accessible to
patients while maintaining the economic sustain-
ability of pharmaceutical companies.

The MA head and director roles were the last
in the category. The ‘global category manager’

—_
—_ =
=Y

= =

was the most frequently advertised job role in this
category. Holders of this role need deep indus-
try knowledge, understanding of market trends,
research and data-driven insights, and robust
payer relationships [14]. Overall, there were differ-
ent 'right roles' with diverse tasks, yet all aimed
towards ensuring patient access to pharmaceuti-
cal products. MA roles are not uniform and often
vary significantly depending on therapeutic area,
product lifecycle stage, and organisational con-
text [24-26]. For example, MA professionals in
oncology may need to engage more deeply with
accelerated access schemes, orphan drug poli-
cies, and complex evidence packages compared
to their counterparts in primary care, where the
focus is often on cost-effectiveness and the
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overall impact on the population [25,27 28]. Addi-
tionally, responsibilities change throughout the
product lifecycle: pre-launch roles generally pri-
oritise early value strategy, evidence generation,
and stakeholder mapping, while post-launch
roles focus on maintaining access, managing
real-world evidence (RWE), and adapting to shift-
ing payer requirements [29-31].

The roles and competencies identified in
stakeholder engagement, Health Technology
Assessment (HTA) navigation, and evidence
communication are particularly relevant to
real-world challenges. These include overcom-
ing local formulary restrictions by creating tai-
lored value propositions, utilising RWE to sup-
port reimbursement in areas with limited data
and negotiating managed entry agreements that
align clinical uncertainty with payer risk-sharing
mechanisms [32—35]. The type of employer also
shapes role expectations; large pharmaceutical
companies may offer more specialised MA func-
tions with access to internal health economics
and outcomes research (HEOR) and policy teams,
whereas consultancies often require broader,
cross-functional expertise to support multiple
clients across diverse markets. These contex-
tual differences underscore the need for flexible,
role-specific competencies within any framework
aimed at professionalising MA [36-38].

Right people

The theme ‘right people' refers to MA profes-
sionals. Employing or outsourcing MA roles to
the right people is crucial for achieving patient
access to products. A candidate's reputation in
skills and experience is highly desirable to phar-
maceutical employers. MA professionals need
experience in different therapy areas and expo-
sure to health economics.

MA professionals handle various responsi-
bilities, including crafting the product's value
proposition, conducting health economics and
outcomes research, and managing price negoti-
ations. They also engage with stakeholders like
healthcare professionals and patient advocacy
groups [8,9,21]. The findings show that under-
standing different healthcare systems and man-
aging collaborations with stakeholders were the
most commonly required skills. These require-
ments resonate with the field realities of an MA
professional in pharma.
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Other essential attributes required include
external stakeholder engagement, such as map-
ping and prioritising decision-makers across
NHS structures, tailoring value messages to
payer needs, and facilitating advisory boards or
consultations with patient groups. Additionally,
strong data analytics capabilities are essential.
This includes interpreting RWE, conducting bud-
get impact analyses, and modelling cost-effec-
tiveness to guide pricing and access strategies
[39-42]. In addition to traditional competencies,
modern MA roles increasingly require proficien-
cy in digital tools and data-driven approaches
[43-45]. Thus, the integration of RWE, patient-re-
ported outcomes, and Al-enabled analytics is
transforming how value is demonstrated and
communicated [43-45]. For instance, RWE
supports the validation of value post-launch
[46,47], while patient-reported outcomes cap-
ture patient-centric outcomes that are critical for
decision-making [48,49]. Thus, MA professionals
are crucial to product launch success because
they enable priced and well-timed product fulfil-
ment for appropriate patients.

Additionally, the use of Al-driven tools
enhances forecasting, segmentation, and stake-
holder targeting in MA [50,51]. These capabili-
ties are becoming essential for MA profession-
als for navigating complex access environments
and aligning with the evolving expectations of
payers. Also, the changing regulatory landscape
driven by digital health innovations, the growing
use of RWE, adaptive licensing pathways, and
the transformation of HTA processes require MA
professionals to develop new skills. These skills
include the ability to interpret and apply RWE
in regulatory and reimbursement submissions,
navigate digital health policy frameworks, and
engage with adaptive HTA models that empha-
sise early access and iterative evidence gen-
eration. Consequently, regulatory literacy, data
governance, and cross-functional collaboration
are becoming essential components of the MA
skillset [52,53].

Furthermore, the MA strategy entails providing
clinical and economic evidence and bargaining
with healthcare access stakeholders. A combina-
tion of regulatory frameworks, market dynamics,
and innovation pressures shapes the pharma's
financial and policy landscape. Companies must
navigate complex pricing and reimbursement



systems, which vary significantly across coun-
tries and impact drug accessibility and afford-
ability [54].

The job adverts indicated that MA profession-
als must interpret and understand the healthcare
system and collaborate with other profession-
als to achieve organisational goals. Entry-level
MA professionals are typically field workers who
ensure better patient access to pharmaceutical
products. Usually, MA professionals in pharma
play a key role in marketing and managing com-
panies by enhancing interactions with various
business and non-business actors to ensure MA
for ethical drugs. These relational interactions are
critical in navigating the regulatory environment,
acquiring knowledge, and establishing legitimacy,
viewed from an industrial marketing perspective
[55]. Other roles requiring core skills and compe-
tencies include negotiating price/reimbursement
and obtaining authorisation for new products
[56]. Guercini et al. [57] stressed that conceptual-
ising MA in pharma should involve engaging the
company in a network of relationships with other
actors to sustain a national healthcare system.

No specific academic requirement was nec-
essary for an MA entry role, other than hold-
ing a degree in a broadly relevant field. Instead
of needing skills specific to MA jobs, candidates
were expected to possess a transversal skillset
that applies across various backgrounds and
contexts [58,59]. This suggests that persons
with varying academic backgrounds, especially
in life sciences, can work as MA professionals.
This finding aligns with a related scoping review
[15] and another report [56]. Currently, MA roles
increasingly reflect the 'T-shaped' model, where
professionals combine deep expertise in MA
(vertical) with broad, cross-disciplinary skills
(horizontal) essential for navigating complex
healthcare challenges [60]. The multidisciplinary
nature of the knowledge and skills possessed by
these professionals enables them to have unique
insights into their tasks [61].

The lack of a restricted academic background
to qualify as an MA professional in pharma is
a testament to its semi-professional status.
Due to the diverse skill requirements and vary-
ing activities for MA entry roles, there is a need
to establish MA functions, especially in emerging
markets, where the complex and dynamic health-
care landscape confounds product approval and

uptake [3,8,58]. Adopting a conceptualised frame-
work could help establish MA as a profession [8].
Batt, Tavares, and Williams [62] emphasise that
competency frameworks are crucial for defin-
ing workforce attributes, facilitating professional
mobility, and assessing expertise. The authors
emphasise the need for tailored development
processes for competency frameworks in health-
care professions to ensure valid outcomes.

Also, Fallis et al. [63] advocate for the adoption
of more structured and contextually appropriate
approaches to the development and reporting
of competency frameworks, in response to the
methodological inconsistencies identified across
the existing literature. Thus, as is familiar with
other emerging fields, professionalisation of MA
requires the establishment of formal structures,
including accreditation bodies, certification path-
ways, and standardised curricula [64,65]. For
instance, the European Market Access Univer-
sity Diploma in France, and organisations like
the Market Access Society, International Market
Access Society, and the International Society for
Pharmacoeconomics and Outcomes Research,
a leading global professional society for HEOR,
which plays a central role in MA, provide recog-
nised training and certifications. Incorporating
these trainings into career pathways, along with
university-affiliated programmes and indus-
try-led training, could help establish a formally
recognised and regulated MA profession.

Right reward

The MA component of “right reward" encompass-
es remuneration, salary, wages, and other entitle-
ments. The study found that remuneration varied
across different MA roles. Only a few job adverts
specified exact salaries, with most emphasising
“competitive benefits" or a “competitive com-
pensation package.” The most frequently men-
tioned reward was the ability to accrue holiday,
suggesting a flexible working pattern. Senior
MA roles offered a competitive salary range
between £104,600.00 and £209,200.00. P&R roles
were associated with a “care flexible spending
account,” allowing employees to set aside pre-tax
money to cover healthcare and dependent care
expenses. Head and director roles were linked to
high-performance reward systems and competi-
tive salary and benefits, indicating that employers
value and recognise exceptional performance.
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Rewards are typically tangible or transaction-
al, often fixed and lacking personalisation, with
a focus on outcomes rather than employee behav-
iour. The literature distinguishes between finan-
cial rewards, such as raises, bonuses, and bene-
fits, and nonfinancial rewards, like autonomy, flex-
ibility, and recognition [56]. Offering encouraging
rewards and recognition can help retain employ-
ees in the long term, enabling them to advance
in their careers. Studies among other health
professionals have shown that remuneration is
a strong predictor of job retention and satisfaction
[18,19,64]. Specifically, organisational commit-
ment, job satisfaction, and employee retention in
the pharma industry are significantly associated
with compensation and remuneration [65,66].

This study represents the first DA of MA job
roles aimed at understanding how the MA in phar-
ma is conceptualised. The findings highlight the
necessity for defining professional roles, skills,
and knowledge to meet the diverse and evolving
demands of the MA in pharma. These insights
can inform the development of educational stan-
dards for a field that currently lacks them, better
preparing individuals for industry challenges and
enhancing healthcare quality.

However, this DA is limited by its exclusive
reliance on publicly available job advertisements
from selected UK-based websites, which may
introduce sample bias and restrict the gener-
alisability of findings beyond the UK context or
across different recruitment platforms. Moreover,
by excluding international roles, the analysis does
not capture regional variations in MA roles, com-
petencies, regulatory expectations, or health-
care system structures that shape the profession
globally. Therefore, future research should incor-
porate broader geographic and platform diversi-
ty to enhance the applicability and relevance of
findings across different contexts. A further lim-
itation of this study is the temporal distribution
of data, with 60 of 80 job postings from 2019 and
only 20 from 2023. This imbalance may limit the
study's ability to capture recent shifts in MA roles
following COVID-19 and amid ongoing regulatory
changes. This study focuses on advertised MA
roles in the UK, and does not incorporate the per-
spectives of hiring managers, MA team leads, or
HR professionals who define these roles in prac-
tice. Future research could incorporate these per-
spectives to enhance document-based analyses.
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Conclusions

A Master's in Pharmacy is an emerging profes-
sion with heterogeneous job roles and titles, vari-
able entry requirements, and requires a demon-
strable ability to understand and collaborate in
different healthcare systems. The findings sug-
gest that the MA in pharma is in the early stages
of professionalisation and needs further devel-
opment. To advance this evolution, developing
industry-wide competency frameworks, estab-
lishing standardised job taxonomies, and creat-
ing educational guidelines to inform MA curricula
and training pathways are recommended.
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ABSTRACT

Introduction. HO-1 is a stress-responsive enzyme involved in cellular protection against oxidative damage,
inflammation, and tissue injury. However, in cancer, its cytoprotective functions may paradoxically support
cancer progression, immune evasion, and therapy resistance.

Material and methods. This review explores current findings on HO-1's dual role in cancer biology. We ana-
lysed studies addressing its function in redox regulation, angiogenesis, immune modulation, iron metabo-
lism, and its impact on treatment response. Particular focus was placed on HO-1's downstream metabolites
(CO, biliverdin/bilirubin, and iron) and their influence on tumour development.

Results. HO-1 contributes to cellular defence by limiting reactive oxygen species and supporting DNA repair.
However, its overexpression in tumours promotes survival signalling, angiogenesis (via VEGF and HIF-1a),
metabolic reprogramming, and resistance to apoptosis and chemotherapy. Additionally, HO-1 regulates fer-
roptosis by modulating intracellular iron and lipid peroxidation. The Nrf2/HO-1 axis is frequently upregulated
in tumours, enhancing antioxidant capacity and undermining therapeutic efficacy. Preclinical studies show
that HO-1 inhibition—via gene silencing, small molecules, or combination with chemotherapy and photody-
namic therapy—can restore treatment sensitivity and suppress tumour growth.

Conclusions. HO-1 plays a context-dependent, dual role in cancer as both a protector and promoter. Thera-
peutic targeting of HO-1 holds promise but requires precision to avoid disrupting its protective roles in nor-
mal tissues. Further research should aim to develop selective, tumour-specific HO-1 inhibitors and integrate
them into combination treatment strategies.

tissue injury, playing a multifaceted cytoprotec-
tive role in various physiological and pathologi-
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Cytoprotective Role of HO-1
HO-1 is a key component of the endogenous cel-
lular defence system against oxidative stress and
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cal contexts. HO-1 is an inducible enzyme that
catalyses the first and rate-limiting step in heme
degradation, producing biliverdin, free iron, and



CO. Each of these products contributes to cel-
lular homeostasis and protection. Biliverdin is
rapidly converted into bilirubin, one of the most
potent endogenous antioxidants, which neutra-
lises ROS and prevents lipid peroxidation [1]. CO,
despite its known toxicity at high levels, functions
as a signalling molecule at physiological concen-
trations, inhibiting excessive inflammation and
apoptosis via modulation of the mitogen-activat-
ed protein kinase (MAPK) and NF-kB pathways
[1,2]. The free iron released during heme break-
down induces ferritin expression, thereby limit-
ing Fenton reaction-mediated oxidative damage
[3]. HO-1 expression is upregulated in response
to diverse stressors, including hypoxia, pro-in-
flammatory cytokines, heavy metals, and UV
radiation. Experimental models have demon-
strated that elevated HO-1 levels protect tissues,
including the liver, heart, kidneys, lungs, and cen-
tral nervous system, from ischaemia-reperfusion
injury, toxins, and inflammation [2]. In vivo, HO-1
overexpression reduces necrosis and apoptosis,
limits leukocyte infiltration, and promotes tissue
repair. HO-1 also modulates immune respons-
es by influencing the function of T lymphocytes
and macrophages, thereby fostering a tolero-
genic immune profile and supporting regenera-
tion mechanisms relevant to inflammatory dis-
eases and transplant tolerance. Therefore, this
effect is highly context-dependent; in specific
cancer types, persistent HO-1 overexpression
may paradoxically promote tumour cell survival
and therapy resistance by enhancing antioxidant
defences and inhibiting apoptosis [3]. Impor-
tantly, maintaining a balance in HO-1 activity is
crucial, as chronic, uncontrolled overexpression
of this enzyme has been observed in some can-
cers, where it enhances cancer cell survival and
treatment resistance, posing a challenge for the
development of targeted therapies [4].

In summary, HO-1 functions as a central cyto-
protective mechanism by orchestrating anti-
oxidant defence, immune modulation, and iron
homeostasis. Its diverse biological effects make
it a promising therapeutic target in conditions
such as ischaemia-reperfusion injury, autoim-
mune disease, neurodegeneration, and cardio-
vascular pathology, while also demanding cau-
tion due to its potential pro-tumorigenic role,
unlike earlier reviews published so far [5,6]. This
work highlights novel insights into HO-1 regu-

lation by exosomes, its dual role in ferroptosis,
and its interplay with photodynamic therapy and
immunotherapy, providing an updated perspec-
tive on the therapeutic potential of HO-1.

Anti-inflammatory effects

HO-1 and its metabolic byproducts exert antioxi-
dant and anti-inflammatory effects by scavenging
reactive oxygen species and limiting lipid peroxida-
tion. Among its byproducts, carbon monoxide, gen-
erated during heme catabolism, acts as a signal-
ling molecule that inhibits key inflammatory path-
ways such as NF-kB. This leads to reduced expres-
sion of pro-inflammatory cytokines, including IL-6,
TNF-a, and IL-1B. A notable example of HO-1's
anti-inflammatory relevance is andrographolide,
a plant-derived compound that ameliorates ulcer-
ative colitis by activating the Nrf2 (nuclear factor
erythroid 2-related factor 2)/HO-1 pathway. Acti-
vation of Nrf2 leads to upregulation of HO-1, reduc-
tion of oxidative stress, and suppression of inflam-
matory cytokines, including IL-23, IL-17, and TNF-a.
Andrographolide also restores levels of major anti-
oxidant defence players like glutathione and super-
oxide dismutase. These effects are likely mediated
through Nrf2 activation, rather than direct upreg-
ulation of antioxidant genes. These effects are
reversed by the Nrf2 inhibitor ML385, confirming
the central role of the Nrf2/HO-1 axis in mediating
its protective action [7].

CO itself significantly contributes to immune
modulation. Both endogenous CO production
and pharmacological HO-1 induction suppress
inflammatory cytokines (e.g., TNF-q, IL-17), while
simultaneously increasing anti-inflammato-
ry mediators, among which are IL-10 and IL-22
in colonic tissue. Inhibition of HO-1 attenuates
these effects, highlighting CO's immunoregulato-
ry potential [8]. Overall, HO-1 and its byproducts,
such as CO, demonstrate potent anti-inflamma-
tory and antioxidant actions by modulating key
signalling pathways and cytokine production.
This underscores its therapeutic relevance in
inflammatory diseases and tissue protection.

Vascular regulation

HO-1 plays a critical role in regulating vascular
dynamics within the tumour microenvironment,
particularly in angiogenesis and vascular remod-
elling. As part of the cellular antioxidant defence
system, HO-1 expression is strongly upregulated
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under oxidative and inflammatory conditions,
frequently observed in tumours. One of the key
mechanisms involves the upregulation of vas-
cular endothelial growth factor (VEGF) through
interaction with the HIF-1a pathway under hypox-
ia. This promotes neovascularisation, facilitat-
ing tumour growth and nutrient supply. However,
under specific contexts, excessive HO-1 expres-
sion can paradoxically suppress VEGF signalling,
reflecting its context-dependent role in regulating
the vascular system. HO-1-derived carbon mon-
oxide promotes endothelial cell survival by inhib-
iting apoptosis through the NF-kB and MAPK
pathways, while also downregulating adhesion
molecules, including intercellular adhesion mol-
ecule 1 and vascular cell adhesion molecule 1.
This dampens immune cell infiltration, creating
an immunosuppressive microenvironment con-
ducive to cancer progression [4].

Exosome-mediated signalling has emerged
as another layer of HO-1. Tumour-derived exo-
somes can carry regulatory molecules such as
microRNAs, long non-coding RNAs, and proteins
that influence HO-1 expression and downstream
signalling in recipient stromal and endothelial
cell regulation. In prostate cancer, tumour-de-
rived exosomes enriched with regulatory RNAs
activate HO-1 pathways in neighbouring stromal
or endothelial cells, promoting angiogenesis and
resistance to anti-androgen therapy [9]. These
findings highlight the importance of intercellu-
lar communication in reinforcing HO-1-mediated
tumour adaptations. In line with these findings,
HO-1 has been shown to modulate endothelial
cell proliferation, migration, and tube formation,
primarily through VEGF and activation of tran-
scription factors such as NF-kB and Nrf2. While
inhibition of HO-1 can effectively reduce angio-
genesis and tumour growth in some settings, it
may also impair endothelial integrity or increase
oxidative stress in others.

Nevertheless, systemic HO-1 inhibition may
impair endothelial function in normal tissues,
increase oxidative stress, and compromise vas-
cular perfusion, necessitating careful therapeutic
targeting. Therefore, any therapeutic strategy tar-
geting HO-1 must carefully consider the tumour
type, vascular context, and potential systemic
side effects [4].

Interestingly, cannabinoids, for example, can-
nabidiol (CBD), modulate vascular smooth muscle
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cell behaviour through HO-1 induction via ROS-de-
pendent mechanisms. While HO-1 contributes to
cytoprotection, CBD's antiproliferative and anti-
migratory effects appear to be both receptor-de-
pendent and -independent. Notably, inhibition of
HO-1 enhances the antiproliferative action of CBD,
suggesting a complex interplay between ROS sig-
nalling and vascular regulation [10].

Finally, HO-1 metabolites—CO and bilirubin—
contribute directly to vascular homeostasis. CO
stimulates VEGF expression and endothelial pro-
liferation. At the same time, bilirubin, with potent
antioxidant activity, protects vascular structures
and limits leukocyte adhesion and migration[11]. In
summary, HO-1 plays a pivotal, highly context-de-
pendent role in shaping tumour vasculature. It
supports angiogenesis, preserves endothelial
cell integrity, and contributes to immune evasion.
This dual functionality makes HO-1 both a poten-
tial therapeutic ally and a risk factor, underscoring
the need for precise, tumour-specific modulation
in anticancer strategies.

Iron homeostasis

HO-1 is a key regulator of iron homeostasis, par-
ticularly within the tumour microenvironment,
where it catalyses the degradation of heme into
biliverdin, carbon monoxide, and free iron. This
process not only supports cellular antioxidant
defence but also influences several metabol-
ic pathways linked to cancer progression and
therapy response. By breaking down heme, HO-1
facilitates iron recycling within tissues. Although
essential for local iron turnover, HO-1 is not the
primary contributor to systemic iron needed for
haematopoiesis. In HO-1 knockout mouse mod-
els, iron abnormally accumulates in the liver and
kidneys while circulating levels decrease, leading
to impaired systemic iron regulation [12]. Under
normal conditions, intracellular iron is either
exported via ferroportin or safely stored in ferritin.
However, excessive HO-1 activity increases intra-
cellular free iron, which can overwhelm detoxifi-
cation systems and lead to reactive oxygen spe-
cies production via Fenton reactions, ultimately
driving lipid peroxidation and DNA damage. While
HO-1 generally protects tumour cells from oxi-
dative injury, under certain stress conditions, for
instance, impaired ferritin buffering or increased
ROS, excess iron can trigger ferroptosis, a form
of regulated, iron-dependent cell death. Ferrop-



tosis is triggered by iron accumulation but also
depends on the presence of polyunsaturated fat-
ty acids (PUFAs) in membranes and the depletion
of protective systems, such as glutathione or the
glutathione peroxidase 4 enzyme [5]. This paradox
highlights HO-1's dual role: promoting survival in
early tumorigenesis by supporting redox homeo-
stasis, yet potentially inducing cell death when
iron accumulation exceeds protective thresholds.
Notably, HO-1 is part of a broader antioxidant
network regulated by transcription factors, par-
ticularly Nrf2, which is often activated in cancer.
This activation frequently results from mutations
in genes such as Kelch-like ECH-associated pro-
tein 1 (KEAP1) or nuclear factor, erythroid 2-like
2, leading to constitutive Nrf2 signalling that
enhances antioxidant capacity and promotes the
survival of cancer cells. Through the Nrf2/HO-1
axis, cancer cells can adapt to oxidative stress,
enhance glutathione production, and resist che-
motherapy or radiotherapy. However, this same
system can be exploited therapeutically. Under
certain conditions, HO-1-driven increases in
intracellular iron may be redirected to promote
ferroptosis, offering a strategic vulnerability in
tumours resistant to conventional therapies [5].
In summary, HO-1 maintains a delicate bal-
ance between iron recycling and oxidative stress.
While it protects against iron-mediated dam-
age in normal physiology, its dysregulation in
tumours may contribute to both survival and sus-
ceptibility. Understanding this balance is critical
for leveraging HO-1 as a therapeutic target—ei-
ther by enhancing its protective role or tipping it
toward ferroptotic cell death in cancer therapy.

A dual role of HO-1 in cancer

HO-1 plays a complex and paradoxical role in
cancer, acting as both a tumour suppressor and
a promoter of cancer progression depending on
the stage of tumorigenesis and the cellular con-
text. This duality highlights the intricate interplay
between oxidative stress, cellular metabolism, and
survival mechanisms in cancer biology. This dual-
ity is also influenced by HO-1's subcellular locali-
sation (cytosolic vs mitochondrial vs nuclear),
stage-specific expression, and interactions with
microenvironmental stressors such as hypoxia,
inflammation, and immune cell activity [13].

HO-1 as a tumour suppressor

While HO-1 is often associated with cancer pro-
gression due to its antioxidant and cytoprotective
functions, emerging evidence suggests thatit can
also exert tumour-suppressive effects, particu-
larly in early stages of carcinogenesis. A key reg-
ulatory mechanism involves TRC8, an endoplas-
mic reticulum-associated E3 ubiquitin ligase with
tumour-suppressive function. TRC8 targets HO-1
for ubiquitination and proteasomal degradation,
limiting its accumulation and oncogenic potential.
Loss of TRC8 leads to elevated HO-1 levels, which
in turn enhance tumour cell proliferation, migra-
tion, and invasion. Conversely, reduced HO-1
expression is associated with increased oxidative
stress, G2/M cell cycle arrest, and activation of
DNA damage checkpoints—highlighting its role in
redox homeostasis and genome surveillance [14].
These tumour-suppressive properties of HO-1
appear particularly relevant in the early phases
of tumorigenesis, when genomic instability and
oxidative damage are major drivers of malig-
nant transformation. In addition, HO-1 and its
metabolic product carbon monoxide contribute
to genomic stability by mitigating ROS-induced
damage and supporting DNA repair mechanisms.
HO-1 has been shown to facilitate the activation
of key DNA repair kinases such as ATM and ATR,
which are essential for homologous recombina-
tion and non-homologous end joining. CO fur-
ther enhances this protective effect by promoting
efficient DNA repair, thereby reducing the accu-
mulation of mutations that could drive malig-
nant transformation or premature cellular senes-
cence. Significantly, HO-1 and CO may modulate
apoptotic responses to DNA damage, allowing
time for repair before irreversible cell death is ini-
tiated [15]. Collectively, these findings suggest
that HO-1 can function as a tumour suppressor
by maintaining oxidative balance, promoting DNA
integrity, and regulating cell cycle progression.
Its interaction with tumour-suppressive regula-
tors such as TRC8 underscores the relevance of
post-translational control in limiting early tumour
development.

HO-1 as a tumour promoter

Despite its well-established cytoprotective and
anti-inflammatory functions, HO-1 is frequent-
ly overexpressed in various malignancies and is
now widely recognised as a key pro-tumorigen-
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ic factor. Emerging evidence demonstrates that
HO-1 promotes cancer progression by shaping
a microenvironment that favours immune eva-
sion, metabolic adaptation, angiogenesis, metas-
tasis, and resistance to therapy [5]. HO-1 facili-
tates cancer cell survival and proliferation pri-
marily by modulating redox homeostasis and pre-
serving mitochondrial integrity under stress. lts
enzymatic degradation of heme produces biliver-
din, bilirubin, CO, and ferrous iron—each of which
contributes to tumorigenesis. Biliverdin and its
reduced form, bilirubin, act as potent antioxidants
that scavenge ROS, shielding tumour cells from
oxidative damage and apoptosis [5]. CO, in turn,
activates pro-survival pathways, including the
MAPK cascade and phosphoinositide 3-kinase/
protein kinase B (PI3K/Akt) signalling, while pro-
moting angiogenesis via soluble guanylate cycla-
se/cyclic guanosine monophosphate and VEGF
pathways and supporting anti-apoptotic gene
expression [4]. Beyond redox control, HO-1 repro-
grams iron metabolism in tumour cells. The enzy-
matic release of free iron from heme degradation
increases intracellular Fe”* levels, which can ini-
tially be sequestered by ferritin, serving an antioxi-
dant buffering function. However, when iron accu-
mulation exceeds cellular capacity, redox-active
iron promotes the Fenton reaction, leading to ROS
generation, DNA damage, genomic instability, and
potentially oncogenic transformation [5]. HO-1
further contributes to immune evasion by regulat-
ing macrophage polarisation, suppressing den-
dritic cell maturation, and enhancing the activity
of regulatory T cells. Its metabolic byproducts,
CO and bilirubin, inhibit the expression of pro-in-
flammatory cytokines (e.g., IL-12, TNF-a) and pro-
mote the production of anti-inflammatory media-
tors such as IL-10 and TGF-B, thereby dampening
effective immune surveillance [5]. Moreover, HO-1
has been shown to facilitate epithelial-to-mesen-
chymal transition, a critical mechanism underly-
ing tumour invasion and metastasis, particularly
in breast and prostate cancer models [13]. HO-1
also plays a pivotal role in the metabolic repro-
gramming of cancer cells. It induces glucose-
6-phosphate dehydrogenase, the rate-limiting
enzyme of the PPP, enhancing NADPH production
and supporting glutathione regeneration. This
shift not only strengthens antioxidant defenc-
es but also facilitates anabolic biosynthesis and
tumour survival under metabolic stress.
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Additionally, activation of the CO/cystathio-
nine B-synthase pathway by HO-1 decreases
6-phosphofructo-2-kinase/fructose-2,6-bispho-
sphatase isoform 3 methylation, further diverting
glucose flux into the PPP to sustain redox bal-
ance and proliferation, even under hypoxia [16].
The enzyme's contribution to therapy resistance
is well documented. Overexpression of HO-1 in
tumour cells confers protection against chemo-
therapy and radiotherapy by mitigating treat-
ment-induced oxidative stress. This protection
is mediated through Nrf2-dependent antioxidant
responses, the upregulation of cyclin-depen-
dent kinase inhibitor 1, and the suppression of
caspase-3 activation [17,18]. Conversely, phar-
macological or genetic inhibition of HO-1 has
been shown to sensitise tumour cells to chemo-
therapeutic agents such as doxorubicin, cispla-
tin, and paclitaxel [13]. An especially intriguing
aspect of HO-1 biology is its subcellular locali-
sation. In some tumour types, notably prostate
cancer, HO-1 is aberrantly translocated to the
nucleus, where it loses its enzymatic activity but
gains non-canonical regulatory functions. Nucle-
ar HO-1 is associated with increased prolifera-
tion, resistance to apoptosis, enhanced oxidative
metabolism, and recurrence, particularly under
hypoxic conditions [13]. While CO may paradoxi-
cally sensitise tumour cells to genotoxic agents
by increasing oxidative stress, HO-1 simultane-
ously protects surrounding healthy tissues from
damage, highlighting the enzyme's context-de-
pendent duality [19]. Altogether, these findings
highlight the complexity of HO-1 as a potential
tumour promoter. Its ability to modulate redox
balance, immune function, metabolism, and ther-
apeutic response makes it a compelling but chal-
lenging target in cancer therapy. Depending on the
tumour type, cellular context, and disease stage,
HO-1 may shift from a protective enzyme to an
oncogenic driver, underscoring the importance of
tumour-specific context when evaluating its role.
Indeed, while some research groups emphasise
the protective functions of HO-1 in preventing
oxidative damage, maintaining genomic stability,
and limiting early tumour initiation, others con-
sistently report that its persistent overexpression
promotes angiogenesis, immune evasion, and
therapy resistance. This divergence reflects the
highly context-dependent nature of HO-1 biology.
In our view, the preponderance of recent evidence



indicates that in advanced malignancies, HO-1
functions predominantly as a tumour promoter.
In contrast, its protective role appears more rel-
evant in normal tissues and at the earliest stages
of carcinogenesis.

Role of HO-1 in angiogenesis and Nrf2
pathway activation

HO-1 expression is strongly induced under
hypoxic conditions, where it stabilises hypox-
ia-inducible factors (HIF-1a and HIF-2a), leading
to upregulation of angiogenic mediators such as
VEGF and COX-2. This promotes neovasculari-
sation, fuelling tumour growth and metastasis.
In contrast, under normoxia, HO-1 overexpres-
sion has a limited impact on angiogenesis, high-
lighting the importance of oxygen tension in its
pro-angiogenic effects. Pharmacological inhibi-
tion of HO-1—for example, with ZnPP—has been
shown to reduce VEGF levels and microvessel
density both in vitro and in vivo, confirming its
functional relevance [20,21]. The Nrf2/HO-1 axis,
a key regulator of oxidative stress responses,
also plays a central role in tumour angiogenesis.
In hypoxia, Nrf2 activation leads to increased
HO-1 expression and enhanced VEGF production.
Compounds such as dextran sulphate and bru-
satol, which inhibit Nrf2, effectively suppress the
expression of HO-1 and VEGF in gastric cancer
models, thereby reducing their angiogenic poten-
tial. Conversely, tert-butylhydroquinone, a known
Nrf2 activator, promotes angiogenesis—an effect
that can be reversed by dextran sulphate [22].
These findings suggest that modulating Nrf2 sig-
nalling can significantly impact tumour vascular-
isation. Huang and coworkers [23] further dem-
onstrated that hypoxia-induced Nrf2 activation
increases HO-1 and VEGF levels, with CO serving
as an intermediary pro-angiogenic signal. Anal-
ysis of tumour tissues revealed that Nrf2, HO-1,
and VEGF expression positively correlate with
microvessel density and tumour grade. The Can-
cer Genome Atlas datasets support these obser-
vations, showing co-expression of these genes in
more aggressive cancers. Although Nrf2 is essen-
tial for maintaining redox homeostasis under
physiological conditions, its persistent activa-
tion in tumours provides cancer cells with a sur-
vival advantage, enhancing resistance to chemo-
therapy and facilitating metastasis [24]. HO-1, as
a downstream effector of Nrf2, contributes to this

adaptation by inhibiting apoptosis and induc-
ing cytoprotective autophagy. Pharmacological
HO-1 inhibitors, such as ZnPP and SnPP, as well
as gene-silencing strategies, have been shown to
restore treatment sensitivity; however, their use is
limited by potential off-target effects and the loss
of HO-1's protective role in normal tissues [25]. In
conclusion, the Nrf2/HO-1 signalling axis is a key
driver of tumour angiogenesis under hypoxic
stress, promoting vascular remodelling, immune
evasion, and therapy resistance. Although tar-
geting this pathway holds significant therapeutic
promise, successful intervention will require con-
text-specific approaches that minimise harm to
normal cells while disrupting tumour-supportive
angiogenesis.

Therapeutic implications of targeting HO-1
Given its dual role in cancer biology, HO-1 repre-
sents both a therapeutic target and a clinical chal-
lenge. Overexpression of HO-1 has been observed
in various tumour types, where it contributes to
proliferation, invasion, and metastasis via key
oncogenic pathways, including MAPK/ERK and
p38 signalling. Pharmacological inhibition of HO-1
reduces oxidative stress, lowers protein carbony-
lation, and suppresses tumour growth in vitro and
in vivo. For example, the small-molecule inhibitor
2-[2-(4-bromophenyl)ethyl]-2-[(1H-imidazol-1-yl)
methyl]-1,3-dioxolane hydrochloride has demon-
strated significant anticancer activity and syner-
gised with chemotherapy agents such as Taxol,
enhancing tumour regression and reducing meta-
static spread [26]. However, targeting HO-1 is com-
plicated by its essential cytoprotective functions
in healthy tissues. Systemic inhibition may disrupt
antioxidant defence, provoke toxicity, and interfere
with physiological immune regulation. Moreover,
tumours may activate compensatory survival path-
ways when HO-1 is suppressed, limiting therapeu-
tic effectiveness. An additional layer of complex-
ity arises in cancers influenced by hormonal sig-
nalling, such as prostate cancer, where androgen
deprivation has been associated with increased
HO-1 expression, potentially undermining thera-
peutic response [26,27]. Gene-silencing strategies,
such as small interfering RNA or short hairpin RNA,
offer more specific approaches but often suffer
from incomplete inhibition, off-target effects, and
delivery challenges—especially when targeting
tumour tissue while sparing vital organs like the
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liver and kidneys. Despite these limitations, HO-1
inhibition remains a promising approach, particu-
larly when combined with standard therapies, such
as chemotherapy, radiotherapy, or immunotherapy.
Preclinical studies have consistently shown that
disrupting HO-1 signalling can restore chemosen-
sitivity, enhance oxidative damage in tumour cells,
and improve treatment outcomes [18,28,29].

In summary, effective targeting of HO-1 requires
a context-specific and selective approach—one
that suppresses its tumour-promoting activ-
ity while preserving protective functions in nor-
mal tissues. Future therapeutic strategies should
aim to develop tumour-specific delivery systems,
identify predictive biomarkers of HO-1 depen-
dence, and explore rational combination thera-
pies. Optimising HO-1 modulation could signifi-
cantly improve therapeutic efficacy and expand
the arsenal of targeted cancer treatments.

HO-1 inhibitors: mechanisms
and therapeutic potential

Direct enzymatic inhibition

HO-1 inhibitors mainly block the catalytic activ-
ity of the enzyme, which involves the breakdown
of heme to CO, biliverdin, and free iron. These
inhibitors often act through competitive mecha-
nisms, binding to the enzyme's active site and
preventing heme interaction. Metalloporphy-
rins, for example, mimic the heme structure and
bind to the catalytic domain of HO-1. By compet-
ing with heme, these inhibitors block enzymatic
activity, leading to an accumulation of free heme,
which acts as a pro-oxidant, inducing oxidative
stress and apoptosis, especially in cancer cells.
A critical structural feature for HO-1 inhibition is
the presence of an azole nucleus (such as imida-
zole) that coordinates with the iron atom in the
enzyme's active site. The therapeutic potential
of these inhibitors lies in their ability to reverse
HO-1's anti-apoptotic and pro-angiogenic effects,
thereby reducing tumour proliferation, enhancing
chemotherapy efficacy, and increasing oxidative
stress within tumour cells [30]. It must, there-
fore, always be considered that direct enzymat-
ic inhibitors competitively block HO-1's catalytic
function, elevate intracellular heme, and promote
pro-oxidant conditions that sensitise cancer cells
to apoptosis and therapy.
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Impact on downstream products of HO-1
Pharmacological inhibition of HO-1, such as
with ZnPPIX or PEG-ZnPPIX, elevates oxidative
stress and reduces angiogenesis by decreasing
its downstream products. Bilirubin protects cells
from oxidative damage, while CO, a key signal-
ling molecule, contributes to tumour growth and
treatment resistance by activating anti-apoptotic
pathways and promoting angiogenesis. Addition-
ally, free iron from heme breakdown can cause
cytotoxicity via ROS formation if it accumulates
excessively; however, cancer cells often upregu-
late iron regulation mechanisms to counteract
this. HO-1 inhibition disrupts this balance, lead-
ing to increased oxidative stress and iron-medi-
ated damage in cancer cells [6]. Blocking HO-1
-derived metabolites removes cytoprotective
effects, weakens tumour antioxidant defences,
and enhances oxidative stress and cytotoxicity.

Iron dysregulation and oxidative stress

HO-1 inhibition also targets tumour survival by
disrupting iron homeostasis. Hyperactive HO-1
increases Fe” release from excessive heme deg-
radation, producing hydroxyl radicals through the
Fenton reaction and elevating iron-dependent oxi-
dative stress. Tumours counteract this by increas-
ing ferritin expression and activating survival
pathways such as the Nrf2-Keap1 axis, protecting
against ferroptosis. HO-1 inhibitors like ZnPPIX
and SnPPIX can suppress the Nrf2-HO-1-FTH1
(FTH1 — ferritin heavy chain 1) pathway, increasing
free iron and triggering lipid peroxidation and fer-
roptosis. Inhibition of HO-1 also upregulates trans-
ferrin receptor 1 (TFR1) and increases iron uptake,
exacerbating iron dyshomeostasis and promoting
cell death. Combining HO-1 suppression with fer-
roptosis-inducing drugs like Ras-selective lethal
3 MQC and Iristin further enhances therapeutic
effects [31-34]. Targeting HO-1 disrupts iron regu-
lation, triggers ferroptosis, and amplifies oxidative
stress to overcome tumour resistance.

Future therapeutic directions
and clinical perspectives

Inhibition of tumour growth and
angiogenesis

HO-1 promotes tumour cell survival by support-
ing angiogenesis and counteracting oxidative



stress. Carbon monoxide, a product of heme deg-
radation by HO-1, activates pro-survival path-
ways including the MAPK cascade and soluble
guanylyl cyclase, facilitating proliferation and
vascularisation. Concurrently, biliverdin and bili-
rubin function as potent antioxidants, scaveng-
ing reactive oxygen species that would other-
wise impair tumour cell viability. Pharmacologi-
cal or genetic inhibition of HO-1 disrupts these
cytoprotective mechanisms, leading to reduced
tumour cell proliferation, increased apoptosis,
and suppression of angiogenic signalling. Stud-
ies have shown that HO-1 inhibition decreases
cell viability in breast, melanoma, and pancreatic
cancer models and can potentiate the efficacy of
conventional chemotherapeutics such as pacli-
taxel or cisplatin [30,35]. Thus, HO-1 represents
a promising target for impairing tumour vascular
support and enhancing therapeutic responses.

Overcoming chemoresistance

HO-1 overexpression is frequently associated
with resistance to chemotherapy, as tumour cells
exploit its antioxidant and cytoprotective func-
tions to withstand treatment-induced oxidative
stress. Inhibiting HO-1 depletes intracellular anti-
oxidant reserves, thereby resensitising tumour
cells to chemotherapeutic agents. Combination
therapies involving HO-1 inhibitors and cytotoxic
drugs such as cisplatin or doxorubicin have been
shown to enhance apoptosis and reduce tumour
viability [6]. In breast carcinoma cell lines, HO-1
upregulation is linked to increased autophagy,
which contributes to drug resistance. Silenc-
ing HO-1 expression or targeting upstream sig-
nalling pathways, such as PI3K/Akt, can inhibit
autophagy and restore chemosensitivity [36].
Similar effects are reported in brain tumours,
neuroblastoma, pancreatic ductal adenocarci-
noma, and gastric cancer, where HO-1 inhibition
enhances apoptosis, reduces immunosuppres-
sion, and improves prognosis [37-40]. Suppress-
ing HO-1 disrupts tumour cell defence mecha-
nisms, reverses chemoresistance, and enhances
the cytotoxicity of anticancer drugs.

Inducing apoptosis in cancer cells

Inhibition of HO-1 promotes apoptosis through
multiple mechanisms, including the accumulation
of free heme, induction of oxidative stress, cas-
pase activation, and mitochondrial dysfunction.

HO-1 typically supports mitochondrial quality
control and redox balance; however, its suppres-
sion compromises mitochondrial integrity, mak-
ing tumour cells more susceptible to stress-in-
duced apoptosis [25]. While HO-1 also influences
mitochondrial quality control by regulating oxi-
dative stress, its suppression can increase mito-
chondrial damage in tumour cells, compromis-
ing their survival under stress [41]. Interestingly,
HO-1's dual role means that its inhibition can
either prevent antioxidant protection or induce
ferroptosis by increasing lipid peroxidation.

Indeed, HO-1 has emerged as a critical regula-
tor of ferroptosis—a distinct, iron-dependent form
of programmed cell death marked by lipid peroxi-
dation. The enzymatic activity of HO-1 breaks
down heme into free ferrous iron (Fe?), biliver-
din, and carbon monoxide. Elevated intracellu-
lar iron levels can catalyse the Fenton reaction,
enhancing ROS production and triggering lipid
peroxidation, which are hallmarks of ferropto-
sis. Activation of HO-1 (e.g., via haemin or carbon
monoxide-releasing molecules) sensitises can-
cer cells to ferroptosis inducers such as erastin.
In contrast, pharmacological inhibition of HO-1
(e.g., with ZnPP) reduces ferroptotic cell death,
suggesting a dose- and context-dependent role
of HO-1 in this pathway. While HO-1-derived biliv-
erdin and bilirubin serve as antioxidants that may
mitigate ferroptotic damage, excessive HO-1
activity can overwhelm redox buffering systems
and promote cell death. Moreover, the transcrip-
tional regulation of HO-1 by Nrf2 links oxidative
stress to ferroptosis: Nrf2 activation induces
HO-1 expression in response to redox imbal-
ance, which paradoxically can increase cellular
susceptibility to iron-driven lipid peroxidation in
cancer cells. The subcellular localisation of HO-1
further modulates its function—mitochondrial
HO-1 contributes to redox regulation and cellu-
lar adaptation to stress, whereas nuclear HO-1
is associated with aggressive tumour behaviour
and poor prognosis [13]. Thus, modulation of
HO-1 activity—whether to promote apoptosis via
mitochondrial damage or to induce ferroptosis
through iron overload—represents a potent ther-
apeutic avenue. Collectively, these mechanisms
demonstrate how HO-1 inhibition selectively
impairs tumour cell survival pathways, providing
an effective strategy for inducing programmed
cell death in cancer cells.
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Combination with immunotherapy and PDT
Photodynamic therapy (PDT) relies on the gener-
ation of ROS to eliminate tumour cells. However,
HO-1 mitigates PDT-induced oxidative damage
by neutralising ROS and promoting survival sig-
nalling, thus reducing treatment efficacy. Inhibi-
tors such as ZnPPIX have been shown to sen-
sitise tumours to PDT by lowering the levels of
cytoprotective HO-1 metabolites [6,42]. Recent
advances in nanomedicine and combination
therapies aim to overcome this limitation. For
example, ZnPP@FQOS (a tumour microenviron-
ment-responsive organosilica hybrid nanofor-
mulation) enhances ROS production, downregu-
lates HO-1, and stimulates dendritic cell matu-
ration and cytotoxic T lymphocyte activation,
thereby augmenting both PDT and immunother-
apy effects [43]. Combining HO-1 inhibition with
PDT and immunotherapy sensitises tumours to
oxidative damage and enhances immune-medi-
ated tumour clearance.

In summary, therapeutic strategies target-
ing HO-1 can inhibit tumour growth, overcome
chemoresistance, induce apoptosis, and improve

the efficacy of adjunct therapies, including immu-
notherapy and PDT. However, the dual nature of
HO-1 necessitates a context-specific approach
that maximises antitumor effects while minimis-
ing potential harm to normal tissues. Ongoing
research into selective inhibitors and tumour-tar-
geted delivery systems will be critical for trans-
lating these insights into effective clinical inter-
ventions (see Table 1).

Divergent therapeutic perspectives on HO-1
Different groups have reached contrasting con-
clusions regarding the therapeutic targeting of
HO-1. While some suggest that HO-1 induction
may confer beneficial anti-inflammatory and
cytoprotective effects, others argue that inhi-
bition is necessary to overcome therapy resis-
tance and sensitise tumours to chemotherapy,
radiotherapy, or photodynamic therapy. Based on
the integration of recent preclinical evidence, we
consider selective HO-1 inhibition, particularly in
combination with other therapeutic modalities, to
be the more promising strategy in the oncologi-
cal setting.

Table 1. Dual role of HO-1: protective in normal cells vs. tumour-promoting in cancer cells.

Mechanism Role of HO-1 in Normal Cells Role of HO-1 in Cancer Cells
Redox homeostasis and ROS Maintains redox homeostasis and eliminates Neutralises ROS generated during
scavenging ROS, preventing oxidative DNA damage and chemotherapy/radiotherapy, reducing DNA
mutations that could lead to cancer. damage and enabling resistance.
DNA repair Activated in response to ROS to promote DNA  Enhances DNA repair after therapy-induced

repair and genome stability via pathways such  damage, contributing to chemoresistance and

as ATM/ATR and BRCAT.

radioresistance.

Cytoprotective and
anti-inflammatory functions

Reduces oxidative stress and inflammation,
supports mitochondrial integrity, and

Promotes tumour cell survival under stress,
including drug-induced stress.

promotes cell survival.

Antioxidant heme metabolites

Biliverdin and bilirubin scavenge ROS;
CO mediates anti-inflammatory signalling and
cytoprotection.

CO signalling promotes cell survival, inhibits
apoptosis, and facilitates treatment
resistance.

Role of HO-1 in Cancer Cells only

Therapy resistance

Overexpression correlates with poor prognosis and therapy resistance; it increases after
exposure to therapy-induced ROS.

Autophagy regulation

Regulates autophagy via Beclin-1, p62, LC3B-I/Il, aiding in survival and resistance.

Anti-apoptotic effects

Increases anti-apoptotic proteins (e.g., Bcl-xL), suppresses apoptotic pathways (e.g.,

caspase-3), promotes survival in response to targeted drugs (e.g., rapamycin, sorafenib).

Proliferation, angiogenesis,
metastasis

Supports mitochondrial biogenesis and metabolic adaptation; promotes angiogenesis via VEGF

and enhances metastasis.

Subcellular localization

Nuclear HO-1 is associated with malignancy and poor prognosis; mitochondrial HO-1 supports
metabolic flexibility and redox control.

ATM, ataxia telangiectasia mutated; ATR, ATM- and Rad3-related; BRCAT, breast cancer 1, early onset; Beclin-1, Bcl-2-interacting protein 1,
p62, sequestosome 1 (SQSTMT); LC3B-I/1I, microtubule-associated protein 1 light chain 3 beta-I/II; Bcl-xL, B-cell lymphoma-extra large;

caspase-3, cysteine-aspartic acid protease-3
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Conclusion

HO-1 is a paradoxical regulator in cancer biolo-
gy. It simultaneously exerts cytoprotective, anti-
oxidant, anti-apoptotic, and immunomodulatory
functions that can either safeguard tissues or
promote cancer progression. The long-standing
debate over whether HO-1 acts as a “friend or
foe" in tumours has been discussed in previous
reviews [5,6]. Our synthesis builds upon this dis-
cussion by incorporating recent advances that
substantially refine this duality. In particular, we
highlight novel aspects such as the contribution
of HO-1 to ferroptosis, the impact of its subcel-
lular localisation (nuclear versus mitochondrial
HO-1) on tumour aggressiveness and therapy
response, and the regulation of HO-1 signalling
through tumour-derived exosomes. These mech-
anisms provide additional layers of complexity
not fully addressed in earlier literature and point
to emerging opportunities for therapeutic exploi-
tation.

Significantly, the interpretation of HO-1's role
depends heavily on tumour type, disease stage,
and microenvironmental context. While some
groups emphasise the protective effects of lim-
iting oxidative damage and maintaining genomic
stability, others demonstrate that persistent HO-1
overexpression promotes angiogenesis, immune
evasion, and therapy resistance. Based on the
weight of current evidence, we consider sus-
tained HO-1 activity in advanced malignancies to
be predominantly tumour-promoting. In contrast,
its physiological role in normal tissues and ear-
ly carcinogenesis remains protective. This con-
text-specific duality must therefore inform future
therapeutic strategies.

Looking ahead, several directions appear
particularly promising. First, selective inhibition
of HO-1 should be investigated as a means to
overcome drug resistance, enhance ferroptosis,
and improve the efficacy of chemotherapies and
radiotherapies. Second, combining HO-1 modu-
lation with photodynamic therapy and immuno-
therapy represents a timely avenue, supported by
recent nanomedicine-based approaches. Third,
understanding the non-canonical functions of
nuclear HO-1 and its role in metabolic repro-
gramming may open new therapeutic frontiers.
Finally, the identification of biomarkers predicting
tumour dependence on HO-1 could enable patient

stratification and personalised interventions.
In summary, while the dual role of HO-1 has been
recognised for more than a decade, our review
distinguishes itself by highlighting cutting-edge
insights into ferroptosis, exosomal signalling,
subcellular localisation, and combined treatment
approaches. We conclude that selective and
context-specific inhibition of HO-1 in advanced
cancers holds the most significant translation-
al potential, whereas its activation may remain
advantageous in non-malignant pathologies.
Fully exploiting HO-1 as a therapeutic target will
require reconciling divergent observations. Still,
we believe that its integration into rational com-
bination strategies offers one of the most prom-
ising directions for the future of cancer therapy.

Glossary

HO-1, heme oxygenase-1; CO, carbon monoxide; ROS,
reactive oxygen species; Nrf2, nuclear factor eryth-
roid 2-related factor 2; HIF-1a, hypoxia-inducible fac-
tor 1-alpha; VEGF, vascular endothelial growth factor;
FTH1, ferritin heavy chain 1; ATM, ataxia telangiectasia
mutated; ATR, ataxia telangiectasia and Rad3-related;
PPP, pentose phosphate pathway; CLs, cytotoxic T
lymphocytes; DCs, dendritic cells; PD-L1, programmed
death-ligand 1; OB-24, 2-[2-(4-bromophenyl)ethyl]-2-
[(1H-imidazol-1-yl)methyl]-1,3-dioxolane  hydrochlo-
ride; ZnPP, zinc protoporphyrin IX; SnPP, tin protopor-
phyrin IX; PDT, photodynamic therapy; TNF-a, tumour
necrosis factor alpha; IL-10, interleukin-10; IL-6, inter-
leukin-6.

Disclosures

The author's contribution

Both authors (MR and MM) contributed equally to
the conceptualisation, literature search, analysis and
interpretation of the data, as well as to writing, review-
ing and editing the manuscript. Both authors have read
and approved the final version of the manuscript.

Conflict of interest statement
The authors declare no conflict of interest.

Funding sources

This work was supported by the National Science Cen-
tre, Poland, grant number UM0-2021/43/B/NZ7/02476
(granted to M.M.).

References

1. Ryter SW, Alam J, Choi AMK. Heme oxygenase-1/
carbon monoxide: from basic science to therapeutic
applications. Physiol Rev. 2006 Apr;86(2):583—-650.
https://doi.org/10.1152/physrev.00011.2005.

2. Consonni FM, Incerti M, Bertolotti M, Ballerini G, Gar-
latti V, Sica A. Heme catabolism and heme oxygen-
ase-1-expressing myeloid cells in pathophysiolo-

Journal of Medical Science 2025 September;94(3)

VAK]



254

10.

11.

12.

13.

14.

15.

gy. Front Immunol. 2024 Oct;15:1433113. https://doi.
org/10.3389/fimmu.2024.1433113.

. Gozzelino R, Jeney V, Soares MP. Mechanisms of cell

protection by heme oxygenase-1. Annu Rev Phar-
macol Toxicol. 2010 Feb;50(1):323-54. https://doi.
org/10.1146/annurev.pharmtox.010909.105600.

. Luu Hoang KN, Anstee JE, Arnold JN. The diverse

roles of heme oxygenase-1 in tumor progression.
Front Immunol. 2021 Mar;12:658315. https://doi.
org/10.3389/fimmu.2021.658315.

. Chiang SK, Chen SE, Chang LC. A Dual role of heme

oxygenase-1 in cancer cells. Int J Mol Sci. 2018
Dec;20(1):39. https://doi.org/10.3390/ijms20010039.

. Jozkowicz A, Was H, Dulak J. Heme oxygenase-1 in

tumors: is it a false friend? Antioxid Redox Signal..
2007 Dec;9(12):2099-117. https://doi.org/10.1089/
ars.2007.1659.

. Shu L, FuH, Pi A, Feng Y, Dong H, Si C, Li S, Zhu F,

Zheng P, Zhu Q. Protective effect of androgra-
pholide against ulcerative colitis by activating Nrf2/
HO-1 mediated antioxidant response. Front Pharma-
col. 2024 Jul;15:1424219. https://doi.org/10.3389/
fphar.2024.1424219.

. Sheikh SZ, Hegazi RA, Kobayashi T, Onyiah JC, Rus-

so SM, Matsuoka K, Sepulveda AR, Li F, Otterbein LE,
Plevy SE. An anti-inflammatory role for carbon mon-
oxide and heme oxygenase-1 in chronic Th2-mediat-
ed murine colitis. J Immunol. 2011 May;186(9):5506—
13. https://doi.org/10.4049/jimmunol.1002433.

. Zhang Y, Chen B, Xu N, Xu P, Lin W, Liu C, Huang P.

Exosomes Promote the transition of androgen-de-
pendent prostate cancer cells into androgen-inde-
pendent manner through up-regulating the heme
oxygenase-1. Int J Nanomedicine. 2021 Jan; 16:315—
27. https://doi.org/10.2147/IJN.S281710.

Schwartz M, Bockmann S, Hinz B. Up-regula-
tion of heme oxygenase-1 expression and inhibi-
tion of disease-associated features by cannabidiol
in vascular smooth muscle cells. Oncotarget. 2018
Oct;9(77):34595-616. https://doi.org/10.18632/
oncotarget.26191.

Nitti M, Ivaldo C, Traverso N, Furfaro AL. Clinical sig-
nificance of heme oxygenase 1 in tumor progres-
sion. Antioxidants. 2021 May;10(5):789. https://doi.
org/10.3390/antiox10050789.

Poss KD, Tonegawa S. Heme oxygenase 1 is required
for mammalian iron reutilization. Proc Natl Acad
Sci USA. 1997 Sep;94(20):10919-24. https://doi.
org/10.1073/pnas.94.20.10919.

Chiang SK, Chen SE, Chang LC. The role of HO-1
and its crosstalk with oxidative stress in cancer
cell survival. Cells. 2021 Sep;10(9):2401. https://doi.
org/10.3390/cells10092401.

Lin PH, Lan WM, Chau LY. TRC8 suppresses tum-
origenesis through targeting heme oxygenase-1
for ubiquitination and degradation. Oncogene.
2013 May;32(18):2325-34. https://doi.org/10.1038/
onc.2012.244.

Otterbein LE, Hedblom A, Harris C, Csizmadia E, Gallo
D, Wegiel B. Heme oxygenase-1 and carbon monox-
ide modulate DNA repair through ataxia-telangiecta-
sia mutated (ATM) protein. Proc Natl Acad Sci USA.

Journal of Medical Science 2025 September;94(3)

16.

7.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2011 Aug;108(35):14491-6. https://doi.org/10.1073/
pnas.1102295108.

Yamamoto T, Takano N, Ishiwata K, Ohmura M, Naga-
hata Y, Matsuura T, Kamata A, Sakamoto K, Nakani-
shi T, Kubo A, Hishiki T, Suematsu M. Reduced meth-
ylation of PFKFB3 in cancer cells shunts glucose
towards the pentose phosphate pathway. Nat Com-
mun. 2014 Mar;5(1):3480. https://doi.org/10.1038/
ncomms4480.

Kongpetch S, Kukongviriyapan V, Prawan A, Seng-
gunprai L, Kukongviriyapan U, Buranrat B. Crucial role
of heme oxygenase-1 on the sensitivity of cholangi-
ocarcinoma cells to chemotherapeutic agents. PLoS
One. 2012 Apr;7(4):e34994. https://doi.org/10.1371/
journal.pone.0034994.

Liu YS, Li HS, Qi DF, Zhang J, Jiang XC, Shi K, Zhang
XJ, Zhang XH. Zinc protoporphyrin IX enhances
chemotherapeutic response of hepatoma cells to
cisplatin. World J Gastroenterol. 2014;20(26):8572—
82. https://doi.org/10.3748/wjg.v20.i26.8572.

Wegiel B, Gallo D, Csizmadia E, Harris C, Belch-
er J, Vercellotti GM, Penacho N, Seth P, Sukhatme V,
Ahmed A, Pandolfi PP, Helczynski L, Bjartell A, Pers-
son JL, Otterbein LE. Carbon monoxide expedites
metabolic exhaustion to inhibit tumor growth. Can-
cer Research. 2013 Dec 1;73(23):7009-21. https://
doi.org/10.1158/0008-5472.CAN-13-1075.

Birrane G, Li H, Yang S, Tachado SD, Seng S. Ciga-
rette smoke induces nuclear translocation of heme
oxygenase 1 (HO-1) in prostate cancer cells: nucle-
ar HO-1 promotes vascular endothelial growth fac-
tor secretion. Int J Oncol.. 2013 Jun;42(6):1919-28.
https://doi.org/10.3892/ij0.2013.1910.

Miyake M, Fujimoto K, Anai S, Ohnishi S, Kuwada M,
Nakai Y, Inoue T, Matsumura Y, Tomioka A, lkeda T,
Tanaka N, Hirao Y. Heme oxygenase-1 promotes
angiogenesis in urothelial carcinoma of the urinary
bladder. Oncol Rep. 2011 Mar;25(3):653-60. https://
doi.org/10.3892/0r.2010.1125.

Xu'Y, Yang Y, Huang Y, Ma Q, Shang J, Guo J, Cao X,
Wang X, Li M. Inhibition of Nrf2/HO-1 signaling path-
way by Dextran Sulfate suppresses angiogenesis of
Gastric Cancer. J Cancer. 2021 Jan;12(4): 1042-1060.
https://doi.org/10.7150/jca.50605.

Huang Y, Yang Y, Xu Y, Ma Q, Guo F, Zhao Y, Tao Y, Li
M, Guo J. Nrf2/HO-1 axis regulates the angiogenesis
of gastric cancer via targeting VEGF. Cancer Manag
Res.. 2021 Apr; 13:3155-69. https://doi.org/10.2147/
CMAR.S292461.

Furfaro AL, Traverso N, Domenicotti C, Piras S, Moret-
ta L, Marinari UM, Pronzato MA, Nitti M. The Nrf2/
HO-1 axis in cancer cell growth and chemoresist-
ance. Oxid Med Cell Longev. 2016 Jan;2016:1958174.
https://doi.org/10.1155/2016/1958174.

Wang H, Cheng Q, Bao L, Li M, Chang K, Yi X. Cyto-
protective role of heme oxygenase-1 in cancer
chemoresistance: focus on antioxidant, antiapop-
totic, and pro-autophagy properties. Antioxidants.
2023 Jun;12(6):1217. https://doi.org/10.3390/anti-
0x12061217.

Alaoui-Jamali MA, Bismar TA, Gupta A, Szarek WA, Su
J, Song W, Xu Y, Xu B, Liu G, Vlahakis JZ, Roman G,



27.

28.

29.

30.

31.

32.

33.

34

35.

Jiao J, Schipper HM. A novel experimental heme oxy-
genase-1-targeted therapy for hormone-refractory
prostate cancer. Cancer Res. 2009 Oct ;69(20):8017—
24. https://doi.org/10.1158/0008-5472.CAN-09-0419.
Mayerhofer M, Gleixner KV, Mayerhofer J, Hoermann
G, Jaeger E, Aichberger KJ, Ott RG, Greish K, Naka-
mura H, Derdak S, Samorapoompichit P, Pickl WF,
Sexl V, Esterbauer H, Schwarzinger |, Sillaber C, Mae-
da H, Valent P. Targeting of heat shock protein 32
(Hsp32)/heme oxygenase-1 (HO-1) in leukemic cells
in chronic myeloid leukemia: a novel approach to
overcome resistance against imatinib. Blood. 2008
Feb;111(4):2200-10. https://doi.org/10.1182/blood-
2006-11-055723.

Berberat PO, Dambrauskas Z, Gulbinas A, Giese
T, Giese N, Kiinzli B, Autschbach F, Meuer S, Biich-
ler MW, Friess H. Inhibition of heme oxygenase-1
increases responsiveness of pancreatic cancer
cells to anticancer treatment. Clin Cancer Res. 2005
May;11(10):3790-8.  https://doi.org/10.1158/1078-
0432.CCR-04-2159.

Sass G, Leukel P, Schmitz V, Raskopf E, Ocker M, Neu-
reiter D, Meissnitzer M, Tasika E, Tannapfel A, Tiegs G.
Inhibition of heme oxygenase 1 expression by small
interfering RNA decreases orthotopic tumor growth
in livers of mice. Int J Cancer. 2008 Sep;123(6):1269—
77. https://doi.org/10.1002/ijc.23695 .

Salerno L, Floresta G, Ciaffaglione V, Gentile D, Mar-
gani F, Turnaturi R, Rescifina A, Pittala V. Progress
in the development of selective heme oxygenase-1
inhibitors and their potential therapeutic application.
Eur J Med Chem. 2019 Apr;167:439-53. https://doi.
org/10.1016/j.ejmech.2019.02.027.

Consoli V, Sorrenti V, Grosso S, Vanella L. Heme
oxygenase-1 signaling and redox homeosta-
sis in physiopathological conditions. Biomole-
cules. 2021 Apr;11(4):589. https://doi.org/10.3390/
biom11040589.

Kwon MY, Park E, Lee SJ, Chung SW. Heme oxyge-
nase-1 accelerates erastin-induced ferroptotic cell
death. Oncotarget. 2015 Sep;6(27):24393-403.
https://doi.org/10.18632/oncotarget.5162.
McDonagh AF. The biliverdin—bilirubin antioxidant
cycle of cellular protection: Missing a wheel? Free
Radic Biol Med. 2010 Sep ;49(5):814-20. https://doi.
org/10.1016/j.freeradbiomed.2010.06.001.

. Sun J, Brand M, Zenke Y, Tashiro S, Groudine M, lgar-

ashi K. Heme regulates the dynamic exchange of
Bach1l and NF-E2-related factors in the Maf tran-
scription factor network. Proc Natl Acad Sci USA.
2004 Feb;101(6):1461-6. https://doi.org/10.1073/
pnas.0308083100.

Morita T, Kourembanas S. Endothelial cell expres-
sion of vasoconstrictors and growth factors is reg-
ulated by smooth muscle cell-derived carbon mon-

36.

37.

38.

39.

40.

41.

42.

43.

oxide. J Clin Invest. 1995 Dec;96(6):2676—82. https://
doi.org/10.1172/JCI118334.

Pei L, Kong Y, Shao C, Yue X, Wang Z, Zhang N. Heme
oxygenase-1 induction mediates chemoresistance
of breast cancer cells to pharmorubicin by promot-
ing autophagy via Pl 3K/Akt pathway. J Cell Mol Med.
2018 Nov;22(11):5311-21. https://doi.org/10.1111/
jecmm.13800.

Ahmad IM, Dafferner AJ, O'Connell KA, Mehla K, Brit-
igan BE, Hollingsworth MA, Abdalla MY. Heme oxy-
genase-1 inhibition potentiates the effects of nab-
paclitaxel-gemcitabine and modulates the tumor
microenvironment in pancreatic ductal adenocar-
cinoma. Cancers. 2021 May;13(9):2264. https://doi.
org/10.3390/cancers13092264.

Barbagallo I, Giallongo C, Volti GL, Distefano A, Cami-
olo G, Raffaele M, Salerno L, Pittala V, Sorrenti V,
Avola R, Di Rosa M, Vanella L, Di Raimondo F, Tibul-
lo D. Heme oxygenase inhibition sensitizes neurob-
lastoma cells to carfilzomib. Mol Neurobiol. 2019
Feb;56(2):1451-60. https://doi.org/10.1007/s12035-
018-1133-6.

Ren QG, Yang SL, Li PD, Xiong JR, Fang X, Hu JL, Wang
QS, Chen RW, Chen YS, Wen L, Peng M. Low heme
oxygenase-1 expression promotes gastric cancer
cell apoptosis, inhibits proliferation and invasion, and
correlates with increased overall survival in gastric
cancer patients. Oncol Rep. 2017 Nov;38(5):2852-8.
https://doi.org/10.3892/0r.2017.5967.

Sferrazzo G, Di Rosa M, Barone E, Li Volti G, Musso
N, Tibullo D, Barbagallo I. Heme oxygenase-1 in cen-
tral nervous system malignancies. J Clin Med. 2020
May;9(5):1562. https://doi.org/10.3390/jcm9051562.
Shi J, Yu J, Zhang Y, Wu L, Dong S, Wu L, Wu L, Du
S, Zhang Y, Ma D. PI3K/Akt pathway-mediated HO-1
induction regulates mitochondrial quality control
and attenuates endotoxin-induced acute lung injury.
Lab Invest. 2019 Dec;99(12):1795-809. https://doi.
0rg/10.1038/s41374-019-0286-x.

Nowis D, Legat M, Grzela T, Niderla J, Wilczek E, Wilc-
zynski GM, Gtodkowska E, Mréwka P, Issat T, Dulak
J, Jozkowicz A, Was H, Adamek M, Wrzosek A, Naza-
rewski S, Makowski M, Stoktosa T, Jakdbisiak M,
Gotab J. Heme oxygenase-1 protects tumor cells
against photodynamic therapy-mediated cytotoxici-
ty. Oncogene. 2006 Jun;25(24):3365-74. https://doi.
org/10.1038/sj.onc.1209378.

Zou J, Jiang C, Hu Q, Jia X, Wang S, Wan S, Mao Y,
Zhang D, Zhang P, Dai B, Li Y. Tumor microenviron-
ment-responsive engineered hybrid nanomedicine
for photodynamic-immunotherapy via multi-pronged
amplification of reactive oxygen species. Nat Com-
mun. 2025 Jan;16(1):424. https://doi.org/10.1038/
s41467-024-55658-0.

Journal of Medical Science 2025 September;94(3)

255



REVIEW PAPER

J M S éolllhrgfi’l!cal Science

Therapeutic Targeting of Low-density lipoprotein
receptor-related protein-1 (LRPT) gene in
Ovarian Cancer: A Comprehensive Review

R.B. Devi Krishna

Department of Human Genetics, Sri Ramachandra Institute of
Higher Education and Research, Chennai, Tamil Nadu, India

https://orcid.org/0009-0000-3466-9800

Nandini Krishnamurthy

Department of Human Genetics, Sri Ramachandra Institute of
Higher Education and Research, Chennai, Tamil Nadu, India

https://orcid.org/0009-0000-2710-3577

Sanjana Murali

Department of Human Genetics, Sri Ramachandra Institute of
Higher Education and Research, Chennai, Tamil Nadu, India

https://orcid.org/0009-0006-3549-0080

Preet Agarwal

Department of Gynaecology, Sri Ramachandra Institute of
Higher Education and Research, Chennai, Tamil Nadu, India

https://orcid.org/0000-0001-9907-5747
Elizabeth Rani Chellappan

Department of Biotechnology, Hindustan College
of Arts & Science, Chennai, Tamil Nadu, India

https://orcid.org/0009-0000-6664-363X

Leena Dennis Joseph

Department of Pathology, Sri Ramachandra Institute of
Higher Education and Research, Chennai, Tamil Nadu, India

https://orcid.org/0000-0002-9395-2961

Banu Keerthana

Department of Pathology, Sri Ramachandra Institute of
Higher Education and Research, Chennai, Tamil Nadu, India

https://orcid.org/0000-0001-7858-8666

Andrea Mary Francis

Department of Human Genetics, Sri Ramachandra Institute of
Higher Education and Research, Chennai, Tamil Nadu, India

https://orcid.org/0000-0003-2260-7199

Corresponding author: andreamary@sriramachandra.edu.in

https://doi.org/10.20883/medical.e1221

Keywords: ovarian cancer, LRP1T, proliferation,
tumour, therapeutic target, clinical implication

Received 2025-02-04
Accepted 2025-08-28
Published 2025-09-22

How to Cite: Krishna RBD, Krishnamurthy N, Murali S,
Agarwal P, Chellappan ER, Joseph LD, Keerthana B, Fran-
cis AM. Therapeutic Targeting of Low-density lipoprotein
receptor-related protein-1 (LRPT) gene in Ovarian Cancer: A
Comprehensive Review. Journal of Medical Science. 2025
September;94(3),e1221. doi:10.20883/medical.e1221

© 2025 by the Author(s). This is an open access article distribu-
ted under the terms and conditions of the Creative Commons At-
tribution (CC BY-NC) licencse. Published by Poznan University of
Medical Sciences

ABSTRACT

Low-density lipoprotein receptor-related protein 1 (LRP1, also known as CD97) is a multifunctional endocyt-
ic and cell-signalling receptor widely expressed in various cell types, including neurons, fibroblasts, hepa-
tocytes, muscle cells, astrocytes, and tumour cells. It maintains cellular homeostasis by mediating interac-
tions with extracellular matrix proteins, growth factors, and proteases. These interactions enable LRPT to
act as a co-receptor that modulates and influences signalling pathways associated with cell migration, sur-
vival, and proliferation. In ovarian cancer, LRP1 is frequently activated and contributes to tumour progres-
sion. Functional studies have demonstrated that LRP1 promotes these malignant traits through activation
of PI3K/Akt and MAPK/ERK pathways, while its inhibition suppresses proliferation and invasion. This review
aims to comprehensively examine the functional role of LRP1 in ovarian cancer, with particular emphasis on
its capacity to regulate tumour cell migration and invasion through key molecular pathways. Understanding
these mechanisms may provide insights into novel therapeutic strategies for ovarian cancer treatment.
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Introduction

Ovarian cancer (OC) is one of the most lethal
gynaecologic malignancies, primarily due to late-
stage diagnosis [1]. It originates from ovarian
tissue or, more commonly, from adjacent struc-
tures such as the fallopian tubes or the perito-
neal lining, which are connected to the ovaries.
The ovary consists of three distinct cell types:
stromal, germ, and epithelial. When epithelial
cells undergo abnormal growth, they can prolif-
erate uncontrollably, leading to tumour forma-
tion [2,3]. According to the Global Cancer Obser-
vatory 2022, OC accounts for approximately 6.7
cases per 100,000 women globally, with an esti-
mated 324,603 new cases reported in that year.
In India, the incidence rate is around 6.6 cas-
es per 100,000 women, totalling approximately
47,333 new cases. A major contributor to OC's
high mortality is the lack of early, recognisable
symptoms, resulting in delayed diagnosis [4].
However, vaginal ultrasound and serum Cancer
Antigen 125 (CA125) testing are commonly used
diagnostic tools; their low sensitivity and speci-
ficity limit early-stage detection [5]. The current
standard of care involves cytoreductive sur-
gery followed by platinum-based chemotherapy,
often in combination with taxane agents. While
these regimens initially induce remission in most
patients, recurrence is frequent, and many even-
tually develop platinum-resistant ovarian cancer
[6,7]. This therapeutic resistance underscores the
urgent need for novel strategies that can over-
come chemoresistance and improve long-term
outcomes. Recent research efforts have focused
on molecular targets, immune modulation, and
receptor-mediated pathways, including the low-
density lipoprotein receptor-related protein 1
(LRP1), which has emerged as a promising candi-
date for therapeutic intervention.

Initially identified as a receptor involved in
lipid metabolism, LRP1 was subsequently shown
to be a receptor for active a2-macroglobulin [8].
LRPT was once thought to function as a scaven-
ger receptor. Still, an increasing amount of evi-
dence points to the possibility that it may also
control the activity of other membrane receptors,
such as adhesion and tyrosine kinase receptors,
and facilitate intracellular signalling [9]. LRP1
influences tumour cell invasion and migration
by regulating the expression of matrix metallo-

proteinases MMP2 and MMP9, which degrade
the extracellular matrix and facilitate cancer cell
movement. Additionally, LRP71-mediated acti-
vation of ERK signalling enhances tumour cell
adhesion and motility, while its suppression of
JNK signalling prevents apoptosis, further sup-
porting invasive behaviour [9,10].

Among emerging molecular targets, LRPT has
garnered significant interest due to its multifac-
eted role in cancer biology. LRPT is a transmem-
brane receptor involved in endocytosis and sig-
nal transduction, and its dysregulation has been
associated with malignant behaviours such as
enhanced cell motility, extracellular matrix remod-
elling, and reduced treatment efficacy. Notably,
LRP1 plays a key role in lipoprotein metabolism,
facilitating the uptake of lipid-rich particles into
cells. Tumours, including OC, often exploit these
lipoprotein metabolic pathways to support rapid
proliferation, with increased lipid intake and stor-
age accelerating tumour growth and contributing
to chemoresistance [11]. The viable therapeutic
strategy for ovarian cancer involves inhibiting
LRPT [12]. Inhibitors targeting LRP1 and related
proteins are being researched as potential ther-
apeutic agents since they have demonstrated
promise in preclinical trials. It may be possible to
prevent tumour growth and metastasis, as well as
improve the efficiency of currently available ovar-
ian cancer treatments, by impairing the functions
of LRP1 [12-15]. While LRP1 shows potential as a
therapeutic and diagnostic biomarker in ovarian
cancer, its functional specificity and clinical util-
ity remain to be fully elucidated.

Structure and Function of LRP1

LRP1 is alarge endocytic receptor. During biosyn-
thesis, the 600 kDa protein LRPT is cut into two
polypeptides, which are permanently associated
with the N-terminal extracellular domain (~515
kDa) and a transmembrane C-terminal frag-
ment (~85 kDa) [13]. LRP1 has a variety of bio-
logical functions that include lipid metabolism,
cell proliferation, migration, inflammation, and
death. LRP1 functions as a key regulatory recep-
tor in multiple physiological processes, including
blood-brain barrier permeability, vascular tone
modulation, and platelet-derived growth factor
(PDGF) receptor signalling, which collectively
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Figure 1. Low-density lipoprotein receptor-related protein 1 (LRPT) increases cell division by activat-
ing the Mitogen-Activated Protein Kinase/Extracellular Signal-Regulated Kinase (MAPK/ERK) pathway,
and itimproves cell survival by blocking the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)
pathway, which prevents apoptosis, or programmed cell death. The alteration of extracellular matrix
(ECM) elements promotes the invasion and migration of cancer cells, aiding in the internalisation and
degradation of signalling molecules, thereby inhibiting their access and activity. Interacting with several
growth factors also affects the development and spread of cancer cells. Image created using Microsoft

PowerPoint.

influence cellular migration and tissue remodel-
ling. LRPT is also connected to diseases such as
cancer, atherosclerosis, and neurological disor-
ders [14,15]. LRPT may also affect several physio-
logical processes by regulating cellular signalling
and functioning as an endocytic receptor, accord-
ing to earlier research. LRPT has been implicated
in several cancers, including glioblastoma, breast
cancer, and ovarian cancer, where it influences
tumour progression through pathways involving
vascular endothelial growth factor (VEGF). Stud-
ies suggest that LRP1 can regulate VEGF expres-
sion, contributing to angiogenesis, tumour prolif-
eration, and metastasis [8-10].

The function of this receptor is to regulate cell
signalling pathways, such as the MAPK pathway
(see Figure.1), which includes enzymes impli-
cated in cancer invasion. It also participates in
the metabolism of several external ligands, such
as PDGF and MMP. By activating the MAPK/ERK
pathway, LRP1 promotes cell division. Several
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studies have examined LRP1 gene expression
and its function in various tumours. Additionally,
LRP1 modulates the TGF-B signalling axis, which
plays a dual role in OC, suppressing early tumori-
genesis but promoting epithelial to mesenchy-
mal transition (EMT) and metastasis in advanced
stages. Through its interaction with urokinase-
type plasminogen activator (UPA) and MMPs,
LRP1 contributes to extracellular matrix (ECM)
remodelling, facilitating tumour cell migration and
invasion. The modification of ECM components
facilitates the migration and invasion of tumour
cells and helps internalise and degrade signal-
ling molecules to regulate their exposure and
activity. Tumours activate lipoprotein metabolic
pathways, leading to increased lipid uptake and
storage in various malignancies. This enhanced
lipid metabolism supports rapid tumour growth
and progression [16,17]. Several studies were
conducted for the LRP1 gene expression and
functions in other tumours; however, its specific



involvement in the development of OC has not
been thoroughly characterised [18].

Expression and
localisation of LRP1

The LRP1 gene is located on chromosome
12q13.14. There are 89 coding exons in the 85
kb gene. In addition, it has eight B-propeller
domains, 22 EGF repeats, and 31 ligand-binding
repeats. The endoplasmic reticulum synthesises
LRP1, which is then cleaved into two subunits in
the Golgi complex. LRPT is expressed in the cyto-
plasm of various cell types, including adipocytes,
mesothelial cells, smooth muscle cells, fibro-
blasts, astrocytes, neurons, hepatocytes, mac-
rophages, and malignant cells (see Table 1). It is
essential for signalling pathways and endocyto-
sis. It is found in the nucleoplasm and vesicles
[19,20]. Amyloid-B (AB) peptide metabolism and
lipid transport are regulated by LRP1, which is
primarily present in the postsynaptic domain and
the cell body of neurons [21].

The contribution of LRPT in ovarian cancer
is complex, as both higher and lower expres-
sion have been implicated in tumour progression,
depending on the cellular context. Elevated LRP1
expression has been associated with enhanced
tumour invasion and metastasis, primar-
ily through its regulation of MMP2/MMP9. Con-
versely, LRP1 downregulation has been linked to
reduced tumour cell migration and proliferation,
suggesting its involvement in maintaining tumour
aggressiveness [22].

Role of LRPT in cancer
progression and metastasis

In ovarian cancer, LRP1 has been linked to both
tumour growth and survival. It is capable of
regulating several signalling pathways that are
involved in cell survival, proliferation, and apop-
tosis resistance. The ability of ovarian tumour
cells to spread is correlated with LRP1 expres-
sion [22-24]. Through its modulation of process-
es such as extracellular matrix disintegration,
cytoskeletal restructuring, and the EMT, it pro-
motes invasion and metastasis [25,26)].

Angiogenesis, which is essential for the
development and spread of ovarian cancers,
LRP1 promotes angiogenesis, a key process
in tumour growth and dissemination. It regu-
lates the expression and activity of angiogenic
mediators, including MMP and VEGF [27]. Che-
motherapy resistance in OC has been linked to
LRP1 expression. It regulates the efflux of che-
motherapeutic agents from cancer cells [28].
LRPT interacts with immune cells, extracellular
matrix proteins, and stromal cells in the tumour
microenvironment. This interaction affects
immune suppression, inflammation, and the
response to therapy, among other aspects of
tumour growth [22,29].

Growth components, extracellular matrix pro-
teins, toxins, protease inhibitor complexes, and
viral proteins are examples of ligands for LRP1.
LRP1 maintains the integrity of the extracellular
matrix and regulates the homeostasis of several
secreted proteins by clearing proteases such as
MMPs and extracellular proteins like coagula-

Table 1. LRPT plays distinct roles depending on its cellular localisation.

Localization

Function

Neurons

Regulates AR metabolism, lipid transport, and synaptic plasticity.

Implicated in Alzheimer's disease due to its role in A clearance.

Liver Facilitates lipoprotein metabolism, including uptake of chylomicron
remnants and regulation of cholesterol homeostasis.

Macrophages Modulates inflammatory responses, phagocytosis, and clearance of
apoptotic cells. Plays arole in atherosclerosis by influencing lipid uptake.
Cancer cells Regulates tumor invasion and metastasis by regulating MMP2/MMP9

expression and interacting with PI3K/Akt and MAPK/ERK pathways.

Vascular Smooth Muscle Cells

Influences vascular remodeling, migration, and proliferation,

contributing to atherosclerosis and vascular diseases.

Amyloid-B (AB), Extracellular signal-regulated kinase (ERK), Matrix Metalloproteinase (MMP), Mitogen-acti-
vated protein kinase (MAPK), Phosphatidylinositol 3-kinase (PI3K), Protein kinase B (Akt).
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tion factor VIII [20]. LRPT may influence tumour
growth by regulating the attachment and detach-
ment of malignant cells. LRP1 promotes inva-
sion and metastasis, as demonstrated by in vit-
ro migration assays and in vivo mouse models
showing enhanced metastatic potential via ERK-
mediated MMP regulation [30]. It modulates focal
adhesion dynamics through interactions with
key proteins such as paxillin and focal adhesion
kinase (FAK), which are involved in cell migration
and invasion. This regulates integrin stimulation
and the turnover of focal adhesions. The intricate
nature of LRP1's function in tumour cell invasion
and migration is probably influenced by the type
of tumour cell as well as the makeup and struc-
ture of the surrounding environment [31].

Researchers used short hairpin RNA (shRNA)
to suppress LRP1 expression in CL16 cells. This
knockdown led to reduced VEGF expression and
increased cell mortality under hypoxic conditions
in vitro. In Severe Combined Immunodeficiency
mice, LRP1-silenced cells created tumours and
spread to the lungs, but the metastases did not
expand, indicating a problem with cell prolifera-
tion or survival. These findings are supported by
both in vitro and in vivo studies, which collective-
ly validate the functional role of LRP1 in ovarian
cancer progression, angiogenesis, and chemore-
sistance [32].

LRP1-Mediated tumour survival
mechanisms in ovarian cancer

LRP1 significantly influences the regulation of cell
apoptosis through its interactions with signalling
pathways and apoptotic mediators. Through reg-
ulation of the expression of Caspase-3, the insu-
lin receptor, the serine/threonine kinase signal-
ling pathway, and LRP1 has been shown to pre-
vent cell apoptosis. The activation of caspase-3,
an essential enzyme in cell death, is stimulated
by LRP1 [32]. AKT phosphorylation, insulin recep-
tor signalling, apoptosis, and Caspase-3 activa-
tion were all markedly reduced in neurons upon
LRP1 knockdown. This implies that LRPT may
inhibit Caspase-3 activation, hence preventing
cancer cells from undergoing apoptosis [33]. The
forebrain of mice lacking LRP1 showed increased
cell apoptosis, supporting LRP1's facilitation of
insulin receptor signalling and AKT pathway acti-
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vation, which regulates cell survival and meta-
bolic regulation. The function of LRP1 in apopto-
sis and its potential as a therapeutic target and
its viability as a therapeutic target in the treat-
ment of cancer require more investigation [34].
Apoptosis is orchestrated by a complex interplay
of intracellular signalling pathways, including the
insulin receptor, ERK, AKT, and JNK cascades.
The insulin receptor activates downstream PI3K/
AKT and MAPK/ERK pathways, which promote
cell survival by inhibiting pro-apoptotic media-
tors such as BAD and caspase-9. AKT phospho-
rylation is particularly critical for suppressing
apoptosis through modulation of transcription
factors and metabolic regulators. ERK signalling,
while primarily associated with proliferation, can
exert anti-apoptotic effects depending on cel-
lular context. In contrast, JNK activation is typi-
cally related to stress-induced apoptosis through
c-Jun phosphorylation and the upregulation of
death receptors [35].

Mechanisms of LRP1
involvement in ovarian cancer

LRP1 was initially thought to have a tumour-
suppressive function when multiple research
groups reported lower LRPT expression in vari-
ous tumour cell lines and tissues. It was recently
demonstrated that LRPT acts as an internal sup-
pressor of the melanoma aggressive phenotype
in response to ApoE [36]. Nevertheless, conflict-
ing data point to LRPT's potential contribution
to breast and ovarian cancer cell invasion and
metastasis. Furthermore, it was discovered that
elevated LRPT expression in endometrial carcino-
mas was linked to a higher histological grade and
indicative of a more aggressive tumour behav-
iour. Since the extracellular portion of LRPT was
initially discovered to be soluble in human plas-
ma, LRP1 shedders have been recognised as pro-
teolytic enzymes belonging to various classes.
These include BACE-1 and the serine proteinase
tPA, MMP2 and MMP14, and others. The intracy-
toplasmic region of LRPT is capable of exiting the
cytoplasmic membrane by y-secretes after LRP1
is shed, and this could serve as a mediator for
signalling [36,37].

Early research on LRPI1's potential connec-
tion to cancer primarily used tumour cell lines



and hypothesised that the development of can-
cer is linked to a decrease in LRPT expression
or, possibly, the gene's total deletion [38]. How-
ever, another study showed that hypoxic environ-
ments, which are typical of in vivo cancers, sig-
nificantly boost LRPT expression. Therefore, the
level of LRP1 expression in cancer may not accu-
rately reflect the expression of the protein in can-
cer cells grown under ambient conditions with
abundant oxygen [39]. The involvement of LRP1
in cancer, acting as both a promoter and suppres-
sor of tumour progression, is regulated in a cellu-
lar context. On one hand, LRPT enhances tumour
invasion and metastasis by regulating MMP2 and
MMP9 and activating ERK signalling, which sup-
ports cancer cell migration.

On the other hand, LRPT has been shown to
suppress tumour growth in specific conditions
by modulating apoptotic pathways and immune
responses, potentially limiting cancer cell survival
[31,40]. Understanding these opposing functions
is crucial for determining the therapeutic poten-
tial of LRP1 in ovarian cancer. It has been found
that LRP1 is increased in triple-negative breast
cancer, malignant gliomas, and endometrial car-
cinomas. Itis also associated with poor prognosis
and tumour spread. LRP1 is also an unfavourable
prognostic factor for renal and urothelial can-
cers. It's interesting to note that tumour cell lines
from ovarian, breast, and melanoma cancers all
express LRP1T, albeit to varying degrees, inhibiting
the complexity of the link between LRPT expres-
sion and the development of cancer [41,42].

Proteomics research has demonstrated that
the serum of OC patients contains higher levels
of exosomal LRP1 than that of healthy individuals
[43]. Its function in the development of cancer has
recently come into focus. OC progression is influ-
enced by angiogenesis regulation, matrix metal-
loproteinase activity, and interactions with ERK
signalling. These factors contribute to tumour
invasion, metastasis, and resistance to apoptosis,
highlighting key molecular mechanisms involved
in OC pathophysiology. However, LRP1 expres-
sion levels both low and high have been linked
to worse prognosis in various cancer types (see
Figure 2) [17]. Silencing LRPT disrupts cancer cell
migration in a three-dimensional matrix by inhib-
iting FAK activation and increasing myosin light
chain-2 (MLC-2) phosphorylation. This altera-
tion in cytoskeletal dynamics reduces cell protru-

sion and motility, highlighting LRP1's regulation
in tumour invasion. In fact, despite a significant
increase in pericellular proteolytic activity, LRP1
knockdown limits cancer cell invasiveness. LRP1
promotes cell invasion by precisely regulating the
structure and adhesive properties of the actin
network, facilitating cytoskeletal remodelling and
dynamic cell movement. LRP1 facilitates ovar-
ian cancer cell invasion by regulating focal adhe-
sion disassembly and activating key signalling
cascades, notably the MAPK/JNK and ERK path-
ways [44]. It also modulates phosphatidylinosi-
tol 3-kinase signalling through adaptor protein
interactions, contributing to enhanced cell sur-
vival [45]. Bioinformatics analyses have identified
LRP1 as a central node within the Notch signal-
ling pathway's network, implicated in the dys-
regulation associated with various malignancies
[46]. In both in vitro and in vivo models, LRP1 has
been shown to influence ovarian cancer migra-
tion through multiple pathways, including p-ERK/
MMP2/MMP9 and Wnt signalling [47, 48].

LRP1 gene polymorphism

Cancer specimens were found to have mutations
in the LRPT gene (see Table 2). The C766T poly-
morphism has been linked to an increased risk of
breast carcinoma in Caucasian females. Despite
being a silent variation that does not result in an
amino acid change, it has also been associated
with Alzheimer's disease and coronary artery dis-
ease [49]. The polymorphism 663 C>T (rs1800127)
affects exon six and is linked to an increased like-
lihood of recurrent venous thromboembolism
and coronary heart disease. Although the poly-
morphism's whole effect on the LRPT gene is
unknown, it most certainly affects ligand binding.
The exon 8 polymorphism rs1800137 results in a
frameshift in exon 9, leading to a premature stop
codon and potential mMRNA instability and poten-
tial disruption of protein function [50].

Clinical implications of the LRP1
gene as a key therapeutic target

A novel biomarker of OC cancer is necessary to
enable early detection. While elevated carcinoem-
bryonic antigen levels are considered a poor prog-
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Figure 2. LRPT-mediated signalling pathways are involved in regulating various cellular processes, particularly those related to
tumorigenesis and progression. LRPT modulates multiple signalling pathways in a manner regulated by phosphorylation. One such
pathway is activated when LRPT binds to the growth factor (GF) receptor, triggering the mitogen-activated protein kinase (MAPK)
signalling cascade. This activation eventually promotes the invasion and proliferation of cancer cells by activating the extracellular
signal-regulated kinase (ERK) pathway and inhibiting c-jun N-terminal kinase (JNK). Furthermore, ERK promotes MMP2 and MMP9
gene expression patterns, which aid in the invasion of cancer cells. This figure was created using Microsoft PowerPoint.

Table 2. LRPT gene polymorphism and disease [23].

Known SNPs Disease Association Affect
1s1800127 Cardiovascular disease, obesity, cancer LRP1 expression and function
1s715948 Cancer LRP1 function
11799986 Hyperlipidemia and dyslipidemia, cancer, diabetes and metabolic syndrome LRP1 structure
rs138854007 Coronary atherosclerosis, familial hypercholesterolemia LRP1 expression
11800137 Obesity, hypertension, cancer LRP1 expression
1s1799986 Metabolic syndrome, cardiovascular disease, Alzheimer's disease LRP1 function
1s1800194 Cardiovascular disease, cancer, Alzheimer's disease LRP1 function
rs12814239 Unknown LRP1 function
rs34577247 Unknown LRP1T structure
1s7397167 Unknown LRPT structure

c-Jun N-terminal Kinase (JNK), Extracellular Signal-Regulated Kinase (ERK), Low-Density Lipoprotein Receptor-Related Protein 1 (LRPT),
Matrix Metalloproteinase (MMP), Mitogen-Activated Protein Kinase (MAPK).
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Figure 3. One particular inhibitor targets the ovarian cancer cell's surface LRPT receptor explicitly and blocks it. Signalling pathways
like MAPK/ERK, which are essential for cell division and development, are disrupted by LRP1. The cancer cell's capacity to multiply is
therefore reduced. Additionally, LRPT inhibition impacts the PI3K/AKT pathway, which often enables cancer cells to evade apoptosis.
Inhibiting LRPT limits the cell's capacity for interaction with ECM, which in turn restricts the cell's ability to move around and invade
other tissues—two essential processes in the metastasis of cancer—created using Microsoft PowerPoint.

nostic indicator in early-stage ovarian cancer, the
favourable detection rates of a-fetoprotein and
CA19-9 are comparatively low. However, CA125
and HE4 remain the most reliable biomarkers for
ovarian cancer detection, with HE4 demonstrat-
ing higher specificity in differentiating malignant
from benign pelvic masses. In OC tissues with
downregulated LRP1T, there was a decrease in the
levels of MMP2, MMP9, and p-ERK (see Figure 3).
Meanwhile, following LRP1 knockdown, the MMP
agonist 4-aminophenylmercuric acetate restored
MMP2 and MMP9 expression. OC cells exposed
to exosomes from healthy volunteers exhibited
significantly higher levels of MMP9, MMP2, LRP1,
and phosphorylated ERK (p-ERK) protein com-
pared to OC cells treated with siRNA-mediated
LRP1 knockdown (SI-LRP1-Exos). Both exosom-
al and secreted forms of LRPT have been shown
to influence ovarian cancer cell motility, primar-
ily through activation of downstream signalling
cascades such as p-ERK and matrix metallopro-
teinases [MMP2/MMP9]. The secreted LRP1 and
exosomal LRP1 had a comparable mechanism
influencing OC migration. Exosomes produced

from tumour cells have been shown in accumu-
lating data to facilitate cancer spread potentially.
It was also demonstrated that the serum exo-
somes of OC patients encouraged the migration
of OC cells.

Recent studies (see Table 3) have explored
various strategies to inhibit LRP1, including
receptor-associated protein, monoclonal anti-
bodies, and siRNA-mediated knockdown. These
approaches primarily function by blocking ligand
binding, disrupting endocytic trafficking, or atten-
uating downstream signalling cascades such as
ERK/MAPK and PI3K/AKT pathways known to
regulate cell survival, migration, and chemoresis-
tance [3,56]. Inhibiting the proliferation of tumour
cells was observed in pancreatic cancer PANC-1
cells with the knockdown of LRPI. In pancreatic
cancer, LRP1 overexpression is linked to both cell
invasion and a poor prognosis. LDLR is upregu-
lated in tumour cells, and cholesterol levels rise
as a result of the lipoprotein metabolic pathway
in pancreatic cancer. High-grade gliomas, such
as glioblastoma multiforme, are distinguished
from low-grade astrocytomas by significantly
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Table 3. Overview of in vitro and in vivo approaches targeting LRPT inhibition.

Author Placeand  Study type Sample Description of the study Finding
Nameand study year Size
reference
Wei Zhou  China, 2023 Experimental Case-5  Serum exosome proteomics analysis. Exosomal LRP1 levels were
etal.[3] studies Control-5 ~ Comparison of exosomal LRPT levels  significantly higher in ovarian
between ovarian cancer patients and cancer patients compared to
healthy individuals. healthy individuals.
In-vitro and in-vivo migration assays to LRP1 influenced MMP2/MMP9
assess LRP1's role in MMP2/MMP9 production via ERK signaling,
regulation via ERK signaling. affecting cell migration
Mengying  China, 2023 Experimental  Cell line Bioinformatics analysis of LRP1 LRP1 knockdown in
Zhuetal. studies expression in Gl cancer. gastrointestinal cancer cells

[24] Western blot validation of LRPT
protein presence in HepG2, BxPC-3,
and HGC-27 cells.
Lentivirus-mediated shRNA
knockdown of LRP1.
Functional assays to evaluate
migration, invasion, and proliferation.

reduced CD36 expression,
inhibiting migration, invasion,
and proliferation.

Aline France,  Experimental 3D Cell FTC-133 thyroid cancer cell model. LRP1 suppression altered cell

Appert- 2017 studies line 3D collagen type | matrix experiments. morphology, inhibited FAK

-Collin Analysis of morphological changes,  activation, and increased RhoA
etal. [20] actin-cytoskeleton reorganization, and activity, leading to reduced

cell-matrix interactions. migration.
Assessment of FAK activation, RhoA
activity, and MLC-2 phosphorylation.

Océane France,  Experimental Cell line RNA interference to silence LRPT in LRPT suppression in TNBC
Campion 2021 studies MDA-MB-231 cells. models delayed tumor growth by
etal. [23] In-vivo tumor growth assessment 60%, disrupted vascular

using angiogenic assays and structures, and inhibited

orthotopic xenograft models. angiogenesis via plasminogen/

DCE-MRI, FMT, and IHC for vascular TGF signaling
structure and function analysis.
Proteomic analysis of LRPT-regulating
signaling pathways.
Cao France,  Experimental  Cell line 3D collagen matrix experiments. LRP1-mediated DDRI1

Cuong Le 2020 studies Analysis of LRP1-DDR1 molecular endocytosis enhanced colon
etal. [58] interactions at the plasma membrane. cancer cell proliferation, reduced

apoptosis, and regulated tumor
microenvironment interactions

Endocytosis studies to assess DDR1
expression regulation.
Cell cycle progression and apoptosis
assays.

Cluster of Differentiation 36 (CD36), Discoidin Domain Receptor 1 (DDRT1), Dynamic contrast enhanced MRI (DCE-MRI), Extracellular Signal-
Regulated Kinase (ERK), Faecal Microbiota Transplantation (FMT), Focal Adhesion Kinase (FAK), Gastrointestinal Cancer (Gl cancer),
Immunohistochemistry (ICH), Low Density Lipoprotein Receptor-related Protein 1 (LRPT), Matrix Metalloproteinase (MMP), Myosin Light
Chain 2 (MLC-2), Ras homolog gene A (RhoA), Triple-Negative Breast Cancer (TNBC)

other bodily regions. This highlights the poten-
tial therapeutic benefits of targeting LRPT in the
treatment of ovarian cancer.

elevated levels of LRP1 protein and mRNA. Low
hepatocellular carcinoma metastatic potential is
associated with high LRPT expression.

In contrast to similar normal tissues, LRP1 was
found at increased levels in cancer cells, such as

pancreatic, ovarian, renal, and breast malignan-
cies, among others [51,52]. The effect of LRP1
inhibition is a marked decrease in the aggressive
characteristics of ovarian cancer cells, including
their capacity for unchecked proliferation, sur-
vival in harsh environments, and metastasis to
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Challenges and future directions

Exploring how LRP1 contributes to ovarian cancer
remains challenging due to its complex involve-
ment in tumour initiation, progression, and ther-
apy response. Overcoming these obstacles is



essential to elucidating its specific functions
in cancer biology fully. Scientists are attempt-
ing to determine if mutations in or levels of LRP1
expression can act as predictive or prognostic
indicators for ovarian cancer. Patient classifica-
tion and personalised treatment plans may ben-
efit from this. Another crucial avenue to pursue
is the investigation of LRP1 targeting's thera-
peutic potential in ovarian cancer. This involves
creating antibodies, small-molecule inhibitors, or
other targeted treatments that can successfully
block LRPT-mediated pathways linked to tumour
growth and metastasis [53,54].

There are several obstacles to overcome
to comprehend the function of LRPT in ovar-
ian cancer, especially when considering tumour
genesis, development, and treatment resis-
tance. Their unintentional contribution to drug
resistance may compromise the effectiveness
of treatments targeting LRP1-related pathways.
Essential processes that inhibit LRPT expres-
sion and affect cancer cell survival include epi-
genetic changes, such as DNA methylation and
histone alterations, as well as noncoding RNA
activity. Additionally, microRNAs (miRNAs) mod-
ulate LRP1 levels, influencing response to thera-
py. Beyond genetic regulation, LRPT-expressing
ovarian cancer cells interact with extracellular
matrix components, immune cells, and stromal
cells, shaping tumour progression and resis-
tance pathways. Investigating these interac-
tions is crucial for predicting disease trajectory
and therapeutic response. Translating preclinical
findings into clinical trials is another challenge,
as assessing the safety and efficacy of LRPI-
targeted therapies requires extensive validation.
Furthermore, identifying LRP1 as a biomarker for
therapy prediction could enhance precision med-
icine approaches, improving patient outcomes.
Addressing these complexities will be essential
for advancing ovarian cancer research and treat-
ment strategies [55-57].

Conclusion

Although bioinformatics analyses have suggest-
ed that LRPT may serve as a prognostic indica-
tor in OC, direct clinical validation remains limit-
ed, and further studies are required to establish
its diagnostic significance. High LRPT expression

correlates with advanced disease stage, poor dif-
ferentiation, and worse clinical outcomes. LRP1
is being explored as a therapeutic target in ovar-
ian cancer. Strategies targeting LRP1 signalling
or its downstream effectors have shown encour-
aging outcomes in preclinical research, including
the reversal of chemotherapy resistance and the
prevention of tumour growth and metastasis. Pri-
or research indicates that LRP1 inhibited MMP2
and MMP9 expression via ERK signalling path-
ways. Enhancing the prognosis and survival of
individuals with OC is contingent upon the time-
ly identification of OC genesis. Although vaginal
ultrasonography and blood CA125 testing are
widely used for ovarian cancer diagnosis, their
low sensitivity and specificity limit early-stage
detection. Given these challenges, recent stud-
ies have explored alternative biomarkers, includ-
ing LRP1, which has been found at elevated levels
in ovarian cancer patients. This review highlights
the role of LRPT in modulating the p-ERK/MMP2/
MMP9 signalling axis, which facilitates ovarian
cancer cell motility and invasion. Based on cur-
rent evidence, we propose that LRP1 expression
holds potential as a diagnostic and prognostic
biomarker in ovarian cancer. However, its clini-
cal relevance remains to be fully elucidated, and
further validation through comprehensive in vitro
and in vivo studies is warranted.

Glossary

OC: Ovarian Cancer, LRP1: Low-density lipoprote-
in receptor-related protein-1, MMP: Matrix metal-
loproteinases, LDL-R: Low-density lipoprotein
receptor, ECM: Extracellular matrix, EMT: Epithe-
lial-to-mesenchymal transition, VEGF: Vascular
endothelial growth factor, shRNA: Short hairpin
RNA, PDGF: Platelet-derived growth factor, FAK:
Focal adhesion kinase.
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ABSTRACT

Introduction. The increasing reliance on digital technology has led to a significant rise in daily screen expo-
sure, raising concerns about its potential impact on eye health and the nervous system. Prolonged screen
use is associated with conditions such as dry eye disease (DED), computer vision syndrome (CVS), progres-
sive myopia, sleep disturbances, mental fatigue, and screen addiction - especially among children and ado-
lescents.

Material and methods. A narrative review of peer-reviewed articles, systematic reviews, and meta-analyses
indexed in PubMed and Google Scholar was conducted. Boolean search strategies combined terms related
to digital screens, ocular health, neurocognitive effects, and preventive interventions. Studies published up
to 2025, with emphasis on data from 2020-2025, were included. The review focused on both ophthalmologi-
cal and neurological consequences of screen exposure.

Results. Current evidence indicates a strong correlation between prolonged screen use and the incidence of
DED, CVS, and myopia. Neurocognitive impacts include circadian rhythm disruption due to blue light expo-
sure, sensory overload, mental fatigue, and early signs of attentional deficits — especially in younger pop-
ulations. Screen addiction amplifies these risks. Although some mitigation strategies, such as the 20-20-
20 rule and digital detox programmes, have demonstrated effectiveness, others, like blue light filters, show
inconsistent results.

Conclusions. Prolonged use of digital screens has been shown to affect both visual and neurological health
adversely. While complete avoidance is unrealistic, adopting healthy screen habits and evidence-based pre-
ventive strategies is critical. Further longitudinal research is essential to clarify long-term effects and sup-
port informed public health recommendations.
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Introduction

The modern world is increasingly reliant on digi-
tal technology, with screens of electronic devices
such as smartphones, computers, tablets, and
televisions becoming an integral part of every-
day life. These devices are used for work, educa-
tion, entertainment, and communication, result-
ing in a steadily increasing amount of screen time
[1,2]. According to research, the average user
may spend several hours per day in front of digi-
tal screens, with this number rising significantly
among individuals working remotely or engag-
ing in online learning [3]. This issue was further
exacerbated by the Coronavirus Disease 2019
(COVID-19) pandemic, during which people con-
fined to their homes reported an even greater
increase in digital screen use [4]. While modern
technologies offer many advantages, exces-
sive use has raised growing concerns regarding
potential health consequences, particularly in
relation to visual health and the nervous system.

Scientific literature increasingly highlights
a link between prolonged screen exposure and
a variety of health disorders, such as diminished
visual quality, chronic fatigue, sleep disturbanc-
es, sensory overload, and even neurobiologi-
cal changes in brain structure and function [5].
A growing concern is also digital device addiction,
which may intensify these symptoms and hinder
their management. These issues are especial-
ly alarming in children and adolescents, whose
visual and nervous systems are in a critical stage
of development and are therefore particularly vul-
nerable to environmental stressors [6].

The purpose of this review is to systemati-
cally summarise and critically assess the current
evidence regarding the effects of prolonged digi-
tal screen use on visual and neurological health.
Additionally, the review aims to identify key risk
factors, highlight gaps in existing research, and
present practical, evidence-based strategies to
mitigate the adverse health outcomes associated
with excessive screen exposure.

Methods

Study design
This narrative review aimed to provide an in-depth
overview of the current scientific evidence on the

Journal of Medical Science 2025 September;94(3)

impact of digital screen use on ocular health and
the nervous system. The review focused on pri-
mary screen-related conditions such as Dry Eye
Disease, Computer Vision Syndrome, myopia, cir-
cadian rhythm disturbances, sensory overload,
and screen addiction.

A literature search was conducted using
PubMed and Google Scholar, covering publica-
tions up to 2025, with particular emphasis on
studies from 2020 to 2025. Older studies were
included when recent data were limited or when
they provided foundational insights into the stud-
ied phenomena.

The inclusion criteria encompassed peer-re-
viewed original research articles, systematic
reviews, meta-analyses, and clinical studies
focused on the ocular or neurocognitive effects
of digital screen use in both children and adults.
Studies addressing interventions and preventive
strategies were also included.

Exclusion criteria involved studies unrelated
to screen use (e.g., general visual impairment
causes, non-digital media exposure), animal
studies not directly translatable to human health,
and reports lacking primary data (e.g., editorials,
non-systematic opinion pieces).

Additionally, reference lists of key publica-
tions were manually reviewed to identify further
relevant studies. Given the heterogeneity of study
designs, outcome measures, and populations,
this review did not include a meta-analytic syn-
thesis. Instead, it focused on summarising recur-
ring findings, highlighting contradictory results,
and identifying research gaps to inform future
investigations.

Risk of bias

As a narrative review, this work lacks a formal
systematic review protocol or standardised qual-
ity assessment of included studies, which intro-
duces a potential risk of selection bias. Study
inclusion was based on the authors' critical
judgement rather than predefined methodologi-
cal scoring systems.

Although efforts were made to ensure com-
prehensive literature coverage using Boolean
strategies across major databases, reliance on
English-language publications and selected
databases may have resulted in the omission of
relevant studies.



The heterogeneity of clinical endpoints, study
populations, and methodological approach-
es limited the possibility of direct comparisons
between studies. Therefore, this review provides
a qualitative synthesis rather than a quantitative
assessment.

Furthermore, the possibility of publication
bias cannot be excluded — studies reporting sig-
nificant or positive findings are more likely to
be published, potentially skewing the evidence
base. While priority was given to recent research,
the exclusion of older studies may have led to
under-representation of important historical
data.

The authors aimed to maintain a balanced
and objective perspective; however, subjective
interpretation of study outcomes and emphasis
on specific findings may have influenced the nar-
rative. The conclusions presented should be con-
sidered as a foundation for further research rath-
er than definitive clinical guidance.

Effects of screens on eye health

This chapter provides an in-depth analysis of
the effects of digital screen exposure on ocular
health, with a particular emphasis on the prev-
alence and clinical implications of Computer
Vision Syndrome, Dry Eye Syndrome and the ris-
ing incidence of myopia.

Dry Eye Syndrome and Dry Eye Disease

Dry Eye Syndrome (DES), or more broadly referred
to as Dry Eye Disease (DED), is one of the most
common causes of ophthalmologic consulta-
tions. It is characterised by insufficient ocu-
lar surface lubrication, most commonly due to
reduced tear production or excessive tear evapo-
ration. The most frequently reported symptoms
include dryness and burning sensations, a for-
eign body or "gritty” sensation under the eyelids,
red and fatigued eyes, blurred vision, and photo-
phobia [7].

According to the Tear Film and Ocular Surface
Society, the prevalence of DED ranges from 5% to
50% of the population, occurring more frequently
in women and individuals of Asian descent, with
age being the most significant risk factor [8]. In
addition to non-modifiable risk factors, modi-
fiable contributors have also been identified,

most notably excessive use of digital screens [9].
Prolonged screen exposure is associated with
a decreased blink rate and an increased frequen-
cy of incomplete blinks. These factors contribute
to tear film instability, increased evaporation, tear
hyperosmolarity, and ocular surface inflamma-
tion and damage [10].

Fjaervoll et al. [11] conducted a systematic
review in which, following predefined inclusion
and exclusion criteria, they selected 57 stud-
ies investigating the relationship between digital
screen use and the occurrence of DED. Their anal-
ysis demonstrated a strong correlation between
excessive screen time and the incidence of DED.
Notably, they found that even 1-2 hours of screen
use per day may contribute to DED-related symp-
toms [11].

A recent study by Jadeja et al. [12] focused on
the paediatric population to assess the impact
of screen exposure on the development of DED.
Among 462 children examined, 90.5% were diag-
nosed with DED. The study revealed that moder-
ate and severe DED were significantly associated
with higher digital screen use compared to mild
DED (P =0.001). Furthermore, screen time exceed-
ing three hours per day markedly increased the
risk of DED in children. Additional factors, such as
every 30-minute increment of computer use and
being in higher school grades (which are asso-
ciated with more screen-based academic work),
were found to significantly increase the likelihood
of moderate to severe DED [12].

DED represents a prevalent ophthalmologi-
cal condition strongly linked to modern lifestyle
factors. The studies indicate that even short daily
exposures to screens can substantially elevate
the risk of DED, especially in children. The ris-
ing prevalence in this age group underscores the
urgent need for greater awareness and preventa-
tive measures, such as limiting screen time and
promoting healthy visual habits.

Computer Vision Syndrome

Computer Vision Syndrome (CVS), also known as
digital eye strain, refers to a collection of visual
and ocular symptoms associated with prolonged
use of electronic screens, such as computer
monitors, smartphones, and tablets. Contempo-
rary work and lifestyle patterns have led to a sig-
nificant increase in daily screen time, often result-
ing in visual strain and a range of related com-
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plaints. CVS encompasses symptoms including
eye fatigue, dryness, burning sensations, head-
aches, double vision, blurred vision, and difficulty
with accommodation. The primary contributing
factors include extended screen exposure under
suboptimal lighting conditions, reduced blink
rate, excessive exposure to blue light, and poor
ergonomic design of the workspace [13,14].

According to a meta-analysis by Anbesu and
Lema (2023) [15], the overall prevalence of CVS,
based on 45 studies, was found to be 66% in the
studied populations [15]. Given the increasing
number of individuals affected, CVS has become
a significant concern in both ophthalmology and
optometry, with potential consequences not only
for visual comfort but also for work efficiency and
general well-being.

Alamri et al. [16] conducted a question-
naire-based study involving 400 participants to
assess symptoms, risk factors, and other aspects
related to CVS. Their findings revealed that 9% of
respondents reported isolated eye pain, 8% expe-
rienced DES, 6% reported tearing and eye redness,
20% exhibited multiple symptoms simultaneous-
ly, and 9% were asymptomatic. Notably, 69% of
participants reported a worsening of symptoms
following the onset of COVID-19 lockdowns [16].

A comparable investigation was carried out by
Abudawood et al. [17], aiming to assess the prev-
alence of CVS symptoms and their associated
risk factors among 651 medical students at King
Abdulaziz University in Jeddah, Saudi Arabia.
The study reported that 95% of respondents (558
individuals) experienced at least one CVS-relat-
ed symptom while working on a computer. Key
risk factors identified included prolonged screen
time, close head positioning to the screen, and
high screen brightness. The most common ocu-
lar symptoms were excessive tearing and dry-
ness, while non-ocular symptoms included neck,
back, shoulder, and head pain [17].

CVS represents a growing public health con-
cern affecting a substantial portion of digital
screen users. Studies consistently report a high
prevalence of CVS and emphasise the role of sig-
nificant risk factors, such as extended screen
exposure, poor ergonomics, and intense screen
light. The observed exacerbation of symptoms
during pandemic-related lockdowns further
underscores the relevance of this condition. Con-
tinued research into effective preventive and ther-
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apeutic strategies for CVS is crucial for enhanc-
ing visual comfort and overall quality of life for
individuals exposed to prolonged screen use.

Myopia and its association with digital
screen exposure

Myopia, or nearsightedness, is a refractive error
in which light rays focus in front of the retina
rather than directly on it. This condition results in
blurred distance vision while near objects remain
clear. Although genetic predisposition plays
a role, environmental factors — particularly pro-
longed near work involving digital screens — may
significantly accelerate the onset and progres-
sion of myopia [18].

Extended periods of near work with digi-
tal devices require sustained accommodation,
wherein the eye continually focuses on nearby
objects (e.g., a smartphone or computer screen).
This persistent engagement of the ciliary mus-
cle can lead to accommodative spasm [19]. Over
time, the eye may adapt to near vision at the
expense of distance clarity. This phenomenon
is especially concerning in children and adoles-
cents whose visual systems are still developing,
thereby increasing the likelihood of permanent
myopic changes.

Numerous studies have investigated the
relationship between digital screen use and the
development of myopia. A meta-analysis by Ha
et al. [20] found that each additional hour of dai-
ly screen time increases the risk of developing
myopia by 21%. When analysing the correlation
between screen exposure duration and refractive
risk, a substantial increase in risk was observed
with increasing screen time. The study indicated
that exposure of less than one hour per day is
associated with low risk, whereas exposure rang-
ing from 1 to 4 hours is linked to a sharp increase
in risk. Beyond 4 hours, the risk continues to rise
but at a slower, more stable rate [20].

Similarly, a meta-analysis by Zong et al. [21]
confirmed a significant correlation between more
prolonged digital screen exposure and the risk of
developing myopia, compared to shorter dura-
tions. The authors reported a 7% increase in myo-
pia risk for every additional hour of daily screen
use. Notably, a subgroup analysis examined the
influence of specific device types on myopia
development. Results indicated that extended
use of computers and televisions was significant-



ly associated with increased risk, whereas smart-
phone use did not show a similar correlation [21].
This discrepancy may stem from typical smart-
phone usage patterns, which often involve short-
er, more intermittent sessions interspersed with
rest periods, potentially reducing their cumulative
impact on ocular development.

In response to increased screen time among
children and adolescents during the COVID-
19 pandemic, mainly due to remote learning,
AlShamlan et al. [22] conducted a retrospec-
tive study demonstrating that the progression
of myopia accelerated significantly in these age
groups during the lockdown period [22].

In summary, available evidence clearly dem-
onstrates a significant association between pro-
longed digital screen exposure and an elevated
risk of myopia. Moreover, intensive use of digi-
tal devices during early life stages — especially
during periods of active eyeball growth — may
accelerate both the onset and progression of this
refractive error. Given the increasing prevalence
of screen use among children and adolescents,
further research and the implementation of effec-
tive preventive strategies are essential.

The impact of screens on
the nervous system

This chapter examines the effects of prolonged
digital screen exposure on the functioning of
the nervous system. Drawing on current scien-
tific research, it discusses potential associations
between screen use and sleep disturbances,
impaired concentration, increased stress levels,
and symptoms of anxiety and depression. Evi-
dence from the literature is presented to support
the existence of correlations between the intensi-
ty of screen use and alterations in neuropsycho-
logical functioning.

Disruption of circadian rhythm and sleep
problems

Melatonin is a key hormone involved in main-
taining the body's homeostasis, particularly in
regulating the circadian sleep-wake cycle. It is
primarily synthesised and secreted by the pine-
al gland and exerts its effects through MT1 and
MT2 receptors, which facilitate sleep onset and
inhibit arousal-promoting signals. The rhythm of

melatonin secretion is regulated by the interac-
tion between the suprachiasmatic nucleus and
the retina; secretion increases in response to
low-light conditions [23,24].

A growing body of evidence suggests that
evening use of screen-based electronic devices—
such as smartphones, computers, tablets, and
televisions—may impair sleep quality and lead to
increased daytime sleepiness [25]. This effect is
believed to be associated with the high levels of
blue light emitted by modern LED-based digital
screens. Blue light, particularly in the wavelength
range of 446 to 477 nm, has been shown to exert
the most potent suppressive effect on melatonin
secretion, thereby disrupting circadian rhythms
[26,27].

In a study conducted by Heo et al. [28], the
effects of blue light emitted from conventional
smartphone LED screens were evaluated in rela-
tion to plasma melatonin and cortisol levels, core
body temperature, and outcomes on standardised
psychiatric tests. The control group used smart-
phones equipped with blue light-blocking fil-
ters. Participants were exposed to the respective
device from 19:30 to 22:00, with blood samples
and temperature measurements collected before,
during, and after the experiment. Results showed
that participants using conventional smart-
phones reported lower subjective sleepiness,
greater confusion-bewilderment, and a higher
number of commission errors on cognitive per-
formance tasks (as assessed by the Profile of
Mood States, Epworth Sleepiness Scale, Fatigue
Severity Scale, and auditory and visual Continu-
ous Performance Tests). Additionally, the onset
of melatonin secretion under dim light condi-
tions was delayed in these individuals. Although
increases in melatonin, cortisol, and body tem-
perature were observed, these changes were not
statistically significant. The findings suggest that
evening smartphone use can impair sleep onset
and increase cognitive errors, particularly com-
mission-type errors [28].

A similar study by Chinoy et al. [29] compared
the use of screen-based devices versus tradition-
al reading before bedtime. Consistent with prior
findings, participants who used screen-emitting
devices reported reduced sleepiness, opted for
later bedtimes, and experienced longer sleep
latency. Laboratory assessments showed low-
er evening melatonin levels and delayed onset
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of melatonin secretion. Moreover, these indi-
viduals demonstrated reduced alertness the fol-
lowing day compared to those who read from
non-light-emitting sources before sleep [29].

Melatonin plays a crucial role in regulating cir-
cadian rhythms through interactions with the MT1
and MT2 receptors. Its secretion is highly sensitive
to lighting conditions and particularly susceptible
to suppression by blue light. Studies have shown
that evening exposure to blue light from LED-based
screen devices delays melatonin onset, disrupts
sleep patterns, reduces subjective sleepiness, and
increases the occurrence of cognitive errors such
as commission mistakes. These findings collec-
tively support the conclusion that exposure to blue
light negatively affects sleep-wake homeostasis
and cognitive functioning.

Sensory overload and mental fatigue

In addition to sleep disturbances caused by
excessive blue light exposure and the subse-
quent suppression of melatonin secretion, the
use of screen-based digital devices contributes
to sensory overload and mental fatigue. Continu-
ous stimulation from digital cues (e.g., notifica-
tions, messages, and rapid visual transitions)
may induce a state of mental fatigue, character-
ised by cognitive exhaustion, lack of energy for
mental tasks, and difficulty maintaining attention.
Research suggests that sustained digital device
use without adequate breaks lowers overall alert-
ness and may trigger symptoms resembling sen-
sory overstimulation, as observed in anxiety dis-
orders [30].

Excessive and frequent use of screens can
lead to a phenomenon referred to as 'digital burn-
out' — a condition of physical and mental exhaus-
tion caused by chronic digital overstimulation
[31]. Individuals experiencing digital burnout
commonly report persistent fatigue, sleep dis-
turbances, headaches, and emotional symptoms
such as apathy, irritability, and heightened anxi-
ety. Mental health professionals have observed
a growing number of patients experiencing media
overload, including symptoms of information
stress related to compulsive monitoring of online
news content [32].

An illustrative phenomenon emerged during
the COVID-19 pandemic, when social isolation led
to increased use of video conferencing platforms,
resulting in what is now known as “Zoom fatigue”.
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Ahn et al. [33] conducted a survey study which
revealed that prolonged participation in virtual
meetings contributed to fatigue, reduced moti-
vation, and elevated stress levels. The causes
included cognitive overload (e.g., constant eye
contact, self-view monitoring, sustained atten-
tion) and the absence of natural breaks and phys-
ical movement [33].

Lastly, a study by Nagata et al. [34] demon-
strated a correlation between screen time and the
prevalence of various behavioural disturbances.
It was found that higher overall screen exposure
was associated with a small but statistically sig-
nificant increase in symptoms of depression and
Attention-Deficit/Hyperactivity Disorder [34].

Screen use can have adverse effects on men-
tal well-being and cognitive performance. Neu-
ral overload may manifest as fatigue, irritability,
difficulty concentrating, and reduced efficiency
in academic or professional tasks. Modern life-
styles, characterised by continuous technologi-
cal engagement, are increasingly linked to digital
burnout and heightened levels of information-in-
duced stress. These effects were especially pro-
nounced during the COVID-19 pandemic, when
daily life shifted even more heavily into the digital
realm.

Neurocognitive effects of digital screen
exposure

With the growing accessibility and pervasive
use of digital devices, increasing scientific inter-
est has been directed toward the impact of
screen exposure not only on physical health but
also on neurocognitive functioning. The use of
screen-based technologies — whether passive
(e.g., video viewing) or interactive (e.g., gaming,
social media) — has been associated with alter-
ations in neuronal activity, brain structure, and
cognitive processing. Recent research efforts
have focused on identifying correlations between
digital media use and neural patterns observed
via electroencephalography (EEG) and magnetic
resonance imaging (MRI).

A substantial body of evidence suggests
arelationship between excessive screen time and
attentional deficits, particularly among children
and adolescents during critical stages of neu-
rodevelopment. A longitudinal study demonstrat-
ed that children with increased screen exposure
at age one exhibited significantly more attention



and executive function difficulties by age nine, as
assessed through standardised neuropsychologi-
cal tests and parent-teacher reports. Notably, EEG
data revealed early neurophysiological changes
as soon as 18 months of age in high screen-time
infants, including elevated theta/beta ratios — an
established biomarker of hypoarousal and atten-
tional vulnerability [35]. These findings imply that
excessive screen-mediated stimulation during
early childhood may disrupt normative patterns
of attentional development.

In a 2023 EEG study, children with high lev-
els of screen use showed reduced cortical acti-
vation during tasks involving attentional con-
trol. Specifically, decreased amplitudes of the
P2 and P3 event-related potential components
were recorded during Go/No-Go paradigms,
suggesting diminished efficiency in processing
inhibitory cues. This occurred despite no signif-
icant differences in response times or accuracy,
indicating potential subclinical cognitive altera-
tions [36].

Among young adults, functional MRI studies
have identified subtle yet statistically significant
differences in intrinsic brain connectivity asso-
ciated with problematic smartphone use. In one
investigation, individuals with elevated scores on
smartphone addiction scales exhibited increased
static functional connectivity within the fron-
toparietal control network (implicated in execu-
tive functions) and decreased dynamic variability
within attentional networks. These patterns may
reflect reduced cognitive flexibility and impaired
attentional switching mechanisms potentially
underlying compulsive engagement with digi-
tal devices [37]. Although intergroup behavioural
differences were modest, the neuroimaging data
suggest that excessive smartphone use is asso-
ciated with functional reorganisation of brain
networks.

Collectively, the current literature indicates
that intensive exposure to screen-based media
may alter neurocognitive function, particu-
larly in domains related to attention, executive
control, and cognitive flexibility. These effects
appear to be most pronounced during neurode-
velopment windows in childhood and adoles-
cence. While such changes may not be overtly
observable in behaviour, advanced neuroim-
aging methodologies provide robust evidence
of disrupted neural processes and information

integration mechanisms as a consequence of
excessive digital stimulation.

Screen addiction

The rapid development of digital technologies
and the widespread availability of screen-based
devices have significantly altered the daily func-
tioning of modern individuals. Increasingly,
excessive and difficult-to-control screen use is
being recognised as exhibiting features charac-
teristic of behavioural addiction. This trend has
intensified notably since 2010, coinciding with
the proliferation of communication technologies,
and accelerated even further after 2020, follow-
ing the global shift to remote interaction during
the COVID-19 pandemic [38]. A central role in this
process is played by the brain's reward system,
particularly dopamine, a key neurotransmitter
involved in the experience of pleasure, motiva-
tion, and learning [39]. This subsection aims to
explore the impact of screen use on the risk of
addiction and the intensification of screen-relat-
ed behavioural symptoms.

A significant risk factor for screen addiction
is high exposure to digital screens during early
developmental periods. The American Academy
of Paediatrics recommended that children under
the age of two should not be exposed to screens
at all, children between the ages of two and five
should be limited to a maximum of one hour per
day, and those over five years of age should not
exceed two hours of daily screen time [40]. Simi-
lar limitations were included in the 2019 World
Health Organisation (WHO) guidelines on physi-
cal activity, sedentary behaviour and sleep for
children under 5 years of age [41]. Tekeci et al.
[42] investigated the impact of increased screen
exposure on digital screen addiction, measured
using the Problematic Media Use Scale, as well
as behavioural disorders in children aged 6 to 10.
Children were divided into groups based on daily
screen time: more than 2 hours versus less than
2 hours. The high-exposure group demonstrated
significantly greater rates of screen addiction,
attentional difficulties, and sedentary behav-
iour. These findings underscore the need to limit
screen exposure in developing children.

Screen addiction also exacerbates oth-
er adverse effects associated with excessive
screen use, as individuals with addictive tenden-
cies spend more time in front of screens, par-
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ticularly in the evening. This was confirmed in
a large-scale Norwegian survey involving 49,051
university students. The study found that partici-
pants exhibiting signs of screen addiction were
more likely to engage with digital devices in the
evening and experienced greater disruptions in
both the quantity and quality of sleep compared
to non-addicted individuals. Notably, the severity
of these disruptions was directly proportional to
the degree of addiction. The findings suggest that
screen addiction negatively affects psychophysi-
cal health, with evening use being especially det-
rimental to sleep regulation, more so than exces-
sive daytime use. Digital screen use exerts mul-
tifaceted adverse effects, and addiction further
amplifies its impact on health [43].

Screen addiction is a complex process under-
pinned by neurobiological mechanisms, par-
ticularly those involving dopaminergic signal-
ling. This issue is increasingly prevalent among
children and adolescents and is associated with
sleep disturbances, attentional deficits, and the
adoption of sedentary behaviours. Evening expo-
sure to screens further exacerbates these adverse
outcomes. Given the growing prevalence of this
phenomenon, the implementation of preventa-
tive and educational interventions is critical to
mitigating the risk of addiction and its long-term
consequences for mental health and the func-
tioning of the nervous system.

20/20/20

Minimising the negative
effects of screen use

Inlight of the growing body of evidence document-
ing the negative impact of digital screen use on
human health, preventive measures and mitiga-
tion strategies have become increasingly impor-
tant. While complete avoidance of screen-based
devices is unrealistic in modern society, adopting
healthy digital habits is both feasible and strong-
ly recommended. Such practices can help reduce
the risk of visual disturbances, sleep disorders,
mental fatigue, and behavioural addiction.

This subsection presents evidence-based,
practical approaches to minimising the adverse
outcomes associated with prolonged screen
exposure. These include digital detox protocols,
the use of blue light filters, making proper ergo-
nomic adjustments in the workspace, and incor-
porating regular breaks during screen use. The
implementation of these strategies aims to sup-
port physical and mental well-being in a digitally
saturated environment.

20-20-20 rule

One of the simplest and most effective strate-
gies for mitigating the adverse visual effects of
screen exposure is the 20—20-20 rule (see Fig-
ure 1). Initially proposed by Anshel [44] in the late
1990s, the rule recommends that every 20 min-

TO PREVENT DIGITAL EYE STRAIN

LOOK AT
SOMETHING

2

FEET
AWAY

Figure 1. The 20-20-20 rule, as recommended by the American Optometric Association, is to reduce digital eye strain. Source:

American Optometric Association, www.aoa.org
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utes of screen use be followed by a 20-second
break, during which the user focuses on an object
at least 20 feet (approximately 6 metres) away
[44,45]. This method has gained widespread rec-
ognition among ophthalmologists and occupa-
tional health professionals as an effective pre-
ventive tool for CVS.

The efficacy of the 20—-20-20 rule has been
investigated in multiple studies. For example,
Talens-Estarelles et al. [46] conducted a study in
which participants (n = 29) used a software appli-
cation that provided reminders to take breaks
according to the 20-20-20 guideline. Results
demonstrated a reduction in symptoms of CVS
and DES during the intervention period. Notably,
these symptoms returned within two weeks after
discontinuation of the method, suggesting a direct
link between adherence and symptom control [46].

In another study, researchers divided partici-
pants diagnosed with CVS into two groups: one
was instructed to follow the 20—20-20 rule, while
the control group received no such interven-
tion. The experimental group showed significant
improvement in both subjective symptoms and
tear film quality, further supporting the clinical
relevance of this strategy [47].

Regular implementation of the 20—20-20 rule
helps alleviate ocular muscle tension, prevent
corneal dryness, and support the eye's natural
accommodative mechanisms, thereby reducing
the risk of long-term visual impairment associ-
ated with prolonged digital device use.

Blue light filters and night modes
Modern digital screens emit a considerable
amount of blue light (wavelengths between 400-
490 nm), which has been shown to disrupt cir-
cadian rhythms, impair sleep quality, and nega-
tively affect visual comfort, particularly during
prolonged screen use in the evening hours. In
response to health concerns related to blue light
exposure, a growing number of mitigation strat-
egies have been introduced. These include both
physical blue light filters, such as specially coat-
ed lenses, and digital solutions like Night mode
available on most electronic devices. However,
the actual effectiveness of these interventions
remains under scrutiny.

A systematic review by Singh et al. [48] inves-
tigated the efficacy of blue light-filtering lenses.
The results raised questions about their clinical

relevance. Specifically, no significant differences
were found in the reduction of CVS symptoms
when compared to standard lenses. Similarly,
the impact on sleep quality was inconclusive —
approximately half of the included studies report-
ed subjective improvement, while the other half
found no statistically significant effects [48].

The use of night-mode features on digital
devices has also yielded mixed findings. Two
separate studies involving smartphone and tablet
users demonstrated that activating night mode
alone, without concurrently reducing screen
brightness, had no measurable effect compared
to everyday device use. Only when screen bright-
ness was decreased in conjunction with night
mode did researchers observe a positive impact
on endogenous melatonin production [49, 50].

Currently, there is insufficient evidence to
support the widespread assumption that blue
light-filtering lenses or built-in night-mode fea-
tures provide significant benefits in terms of
reducing eye strain, improving visual acuity,
enhancing sleep quality, or optimising other visu-
al parameters. Further high-quality, controlled
studies are needed to determine the actual effec-
tiveness of these technologies.

Ergonomic practices for digital screen use
The ergonomics of digital screen use play a criti-
cal role during prolonged interaction with elec-
tronic devices. A well-designed workstation can
significantly reduce the risk of discomfort and
disorders related to visual strain and musculo-
skeletal overload. In Poland, the first regulations
concerning occupational safety and health for
screen-based workstations were introduced in
1998, and in 2023, these regulations were updated
to reflect the current realities of computer-based
work environments [51,52].

Key ergonomic recommendations include
using appropriate ambient lighting, positioning
the monitor at eye level and a comfortable viewing
distance, and allowing for adjustable screen tilt
angles. Equally important is maintaining a proper
seated posture, supported by an adjustable ergo-
nomic chair, along with a workstation layout that
allows for natural arm positioning while using
a keyboard and mouse. For individuals using
a laptop for extended periods, the addition of an
external monitor, keyboard, and mouse becomes
essential to maintain ergonomic integrity.
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Another crucial element of preventing visual
fatigue and physical strain is the incorporation
of regular work breaks. According to occupation-
al health guidelines, at least a five-minute break
should be taken after each hour of computer use.
Additionally, implementing the 20-20-20 rule
offers a practical and time-efficient strategy for
preserving visual health.

Adherence to ergonomic principles not only
minimises the adverse effects of prolonged
screen exposure but also promotes overall
well-being and supports both physical and men-
tal health in screen-intensive environments.

Reducing exposure to digital devices

While numerous strategies exist to mitigate the
adverse effects of digital screen use, the most
effective, yet arguably the most challenging to
implement, remains a reduction in overall screen
exposure. Although the modern lifestyle makes
complete avoidance of screen-based technolo-
gies unrealistic, even partial reductions, particu-
larly during critical times of day, can yield mea-
surable benefits for health and well-being.

One practical example involves minimising
digital device use during evening hours. A study
conducted at the University of Oxford demon-
strated that restricting screen use among ado-
lescents after 9:00 p.m. led to earlier sleep onset
and increased total sleep duration, which in turn
improved alertness and daily functioning [53].
Similarly, a study involving adult participants
found that avoiding screen use for 30 minutes
before bedtime resulted in shorter sleep latency
and longer and higher-quality sleep, as well as
improved mood and working memory perfor-
mance compared to a control group [54].

Another promising approach is the practice
of digital detox, defined as intentional and sched-
uled breaks from the use of electronic devices
and digital media [55]. Studies have shown that
such digital abstinence can reduce symptoms of
anxiety and depression [56], as well as lower lev-
els of digital media dependency [57].

Although total avoidance of digital screens is
virtually unattainable in today's world, even mod-
est reductions in screen time, especially before
bedtime, and periodic disconnection from elec-
tronic devices may significantly enhance sleep
quality, psychological well-being, and overall
cognitive functioning.
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Limitations

Despite the growing body of research on the
effects of digital screen exposure on visual and
neurological health, key limitations persist. Most
studies are observational or cross-sectional, lim-
iting causal inference. While associations with
dry eye disease, myopia, or sleep disturbances
are well-documented, causation remains specu-
lative, and potential confounders—such as genet-
ics, outdoor activity, or lifestyle—are often inad-
equately controlled.

Existing research also focuses mainly on
short- to medium-term effects, with a notable
lack of longitudinal studies assessing the last-
ing impact of chronic screen exposure on ocular
health and neurodevelopment.

Moreover, screen use is frequently measured
by total daily time, neglecting qualitative factors
like content type, interaction mode, or context, all
of which may influence health outcomes.

Generalisability is further limited by nar-
row study populations, often confined to specif-
ic regions or age groups. Older adults, patients
with comorbidities, and diverse cultural contexts
remain under-represented.

Addressing these gaps through robust, pro-
spective studies will be crucial in informing evi-
dence-based guidelines. Notably, the potential
link between prolonged screen exposure and
neurodegeneration remains an open area for
future research.

Conclusions

The ongoing digitalisation of daily life, education,
and professional activity has rendered exposure
to electronic screens virtually unavoidable. While
technology offers numerous benefits, its exces-
sive and unregulated use is increasingly associ-
ated with significant health risks. This in-depth
review of the scientific literature suggests that
prolonged screen exposure has adverse effects
on both the visual and nervous systems.

From an ophthalmological perspective, Dry
Eye Disease, Computer Vision Syndrome, and
progressive myopia remain the most significant
screen-associated disorders. Evidence confirms
that even short-term daily screen use may disrupt
tear film stability, strain accommodative mecha-



nisms, and increase the risk of refractive chang-
es — particularly in children and adolescents.

Regarding the nervous system, prolonged
exposure to screen-emitted blue light impairs
circadian rhythms and sleep quality. Further-
more, continuous sensory and cognitive stimula-
tion from digital content can contribute to mental
fatigue and attention deficits and may also influ-
ence brain activity patterns. These effects appear
particularly pronounced among younger popula-
tions. The growing phenomenon of screen addic-
tion further exacerbates these risks, potentially
leading to emotional dysregulation and behav-
ioural disturbances.

Although complete avoidance of digital devic-
es is neither realistic nor necessary, it is both
possible and imperative to implement preven-
tive strategies aimed at mitigating these adverse
health effects. This review highlights practical,
evidence-based measures, including ergonomic
interventions, visual hygiene practices such as
the 20-20-20 rule, limiting screen time before
bedtime, and promoting digital detox habits.

Given the interdisciplinary impact of digi-
tal screen exposure, healthcare professionals,
including ophthalmologists, neurologists, psy-
chiatrists, and primary care physicians, should
be aware of its multifaceted health implications.
Incorporating preventive counselling on screen
time management and digital hygiene into rou-
tine clinical practice may offer tangible benefits
for patient well-being.

Future research should explore how different
types of screen content and modes of interaction —
such as passive viewing versus active engage-
ment — affect visual and neurological health. Equal-
ly important is the need for longitudinal studies
evaluating the long-term impact of chronic screen
exposure across various populations and age
groups. Such evidence is crucial for guiding pub-
lic health strategies and informing evidence-based
policy in an increasingly digital world.

Glossary

Accommodation — The eye's ability to adjust
focus between near and distant objects.
Accommodative spasm — A temporary focusing
problem after prolonged near work.

Blue light — High-energy light from screens that
can interfere with sleep and cause eye strain.

Blue light filter — A screen setting or lens coating
that reduces blue light exposure, especially in the
evening.

Circadian rhythm — The body's internal 24-hour
cycle that regulates sleep, alertness, and hor-
mone release.

Digital burnout — a state of mental and physical
exhaustion resulting from prolonged screen use
and constant connectivity.

Digital detox — A planned break from digital
devices to reduce stress and improve well-being.
Dopamine — A brain chemical involved in moti-
vation and reward, linked to habit formation and
screen addiction.

Electroencephalography (EEG) — A method for
recording brain activity using electrodes on the
scalp.

Ergonomics — The science of designing comfort-
able and health-supportive work environments,
especially during screen use.

Functional MRI (fMRI) — A brain scan that detects
active areas based on blood flow during tasks or
rest.

Melatonin — A hormone that promotes sleep, often
suppressed by evening exposure to screen-emit-
ted blue light.

Myopia — A vision condition (nearsightedness)
where distant objects appear blurry.
Photophobia — Sensitivity or discomfort when
exposed to bright light.

Reward system — A group of brain structures that
regulate pleasure, motivation, and reinforcement
behaviour.

Screen addiction — Excessive and compulsive
screen use that negatively affects health and dai-
ly functioning.

Sensory overload — Feeling overwhelmed by too
much visual, auditory, or informational input.
Zoom fatigue — Tiredness and concentration dif-
ficulties caused by prolonged video conferencing.
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ABSTRACT

Introduction. Electronic nicotine dispensing systems, commonly known as e-cigarettes, remain the most
widely used tobacco product among the youth, with current worldwide use estimated at approximately 5 to
7%. Nevertheless, several aspects of knowledge on their sustained consumption are based on suppositions,
such as their role as a “gateway” into cigarette smoking for new generations and the potential subsequent
renormalisation of tobacco use. Moreover, recent clinical trials and toxicological assessments have yielded
noteworthy findings, revealing their potential to cause tissue damage in the lungs, heart, and oral cavity.
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Material and methods. PubMed searches yielded 253 studies on e-cigarette use among youth, of which 78
met inclusion criteria (original data, published between 2000 and July 1, 2025). Keywords covered “elec-
tronic cigarette”, "e-cigarette”, "ENDS", “electronic nicotine delivery system”, “electronic nicotine delivery

device", and "EVALI".

Results. This narrative review offers a synthesis of the current state of knowledge on e-cigarette consump-
tion patterns and their influencing factors, the public health implications of sustained use, and recent policy

developments, along with their presumed effectiveness.

Conclusions. We aim to inform clinicians and youth caregivers about the high prevalence of e-cigarette use
among adolescents and present clinically relevant information derived from the latest empirical evidence.

Introduction

Electronic cigarettes continue to be used by mil-
lions around the world, particularly among the
younger population. A total of 1.63 million (5.9%)
American students currently use e-cigarettes,
including 410,000 middle schoolers and 1.21 mil-
lion high schoolers [1]. Since e-cigarettes are
combustion-free, there is a widespread assump-
tion that their use is much safer than that of con-
ventional cigarettes [2]. Similar messages are
conveyed in e-cigarette advertisements, often
featuring celebrities, which are widely present
throughout social media to reach their audience
most effectively. Along with the ability to bypass
smoke-free laws by enabling users to “smoke any-
where" [3], e-cigarettes have become a step toward
the normalisation of smoking behaviour. All of this
occurs in the context of the widespread and con-
tinued availability of conventional cigarettes and
other tobacco products, with high levels of dual
use [4]. Despite evidence that the toxins present
in e-cigarette aerosol can compromise both heart
and lung function [5], long-term health risks asso-
ciated with their use are not yet fully established.

This paper provides a contemporary overview
of e-cigarette use patterns among adolescents,
critically examines the current evidence regard-
ing their health impacts, and discusses prospec-
tive public health implications associated with
their sustained use.

Material and methods

Initial searches conducted via PubMed yielded
253 studies. Keywords included “electronic cig-
arette”, "e-cigarette”, "ENDS", "electronic nico-

tine delivery system"”, “electronic nicotine deliv-
ery device", and "EVALL" Articles or abstracts

Journal of Medical Science 2025 September;94(3)

presenting original data on any topic relevant to
e-cigarette use among youth, published between
2000 and July 1, 2025, were included. Articles
that were not relevant, not in English, or were
reviews or commentaries without original data
were excluded; however, some were cited for
background and context. We also reviewed tech-
nical reports prepared by health organisations,
news articles, and relevant websites. The final
reference list was determined based on relevance
to the main topic, resulting in a total of 78 articles
forming the basis for this review. Given the scope
and heterogeneity of the available literature,
a narrative review format was chosen to allow for
a more flexible and interpretive synthesis.

E-Cigarette use and
device characteristics

Electronic nicotine dispensing systems (ENDS),
commonly known as electronic cigarettes or
e-cigarettes, were invented in their current form
by Chinese pharmacist Hon Lik in the early 2000s
[6]. They first appeared on the market over a dec-
ade ago, becoming widely available around 2013.
In 2024, e-cigarettes were the most commonly
used tobacco product among middle and high
school students in the United States. A total of
1.63 million (5.9%) students currently use e-cig-
arettes, with 26.3% of them using an e-cigarette
every day [1]. The current use rate was higher
among females than among males. Prevalence
has mostly remained stable in recent years, fol-
lowing a peak in 2019 when it exceeded 20% [7].

Device evolution
The evolution of ENDS spans four generations.
First-generation devices, known as "cigalikes,”



are designed for single use. Second-generation
e-cigarettes feature rechargeable batteries and
replaceable pre-filled pods, which may contain
traditional e-liquid or tetrahydrocannabinol (THC)
oil. Third-generation devices, such as tanks or
mods, are larger, more customizable, and capable
of producing higher aerosol volumes. "Sub-ohm"
models, featuring low-resistance coils, provide
greater nicotine delivery through increased heat
and vapour production. Fourth-generation e-cig-
arettes use nicotine salts, enabling smoother
inhalation of high nicotine concentrations with
fewer side effects; compatible pods may also
contain cannabidiol.

Consumer preference

Several studies have examined consumer pref-
erences for e-cigarette attributes. Starting with
device type, a pooled analysis by Barrington-Tri-
mis et al. [8] involving 2,166 adolescent and young
adult e-cigarette users found that fewer than 15%
primarily used disposable/cigalike devices in
the past month. In contrast, 77% reported using
later-generation devices. More recent data from
an online survey of 636 Australian users aged 12
and older showed that 82% used nicotine-con-
taining e-liquids, 60% used non-nicotine variants,
and disposable e-cigarettes were most common
among those under 25 [9].

Findings show that flavour is the primary rea-
son adolescents try e-cigarettes [9]. In a U.S.
national survey of 2,253 individuals aged 14-20,
92% of past 30-day e-cigarette users reported
using at least one non-tobacco flavour — most
commonly sweet (76%) or menthol/fruit-ice
(70%) [10]. Latent class analysis identified four
flavour preference groups: mint, no preference,
fruit/sweet, and flavour aversion. Compared to
the no preference group, those favouring fruit/
sweet or mint flavours were more likely to have
used e-cigarettes =50 times. Notably, fruit/sweet
preference was negatively associated with com-
bustible tobacco use.

Marketing and promotion
of e-cigarettes

E-cigarettes entered the U.S. market around
2006-2007, and since then, the promotion and
distribution channels for these products have

undergone significant evolution. Marketing
expenditures can be traced back to 2008 for
approximately 130 e-cigarette brands [11]. The
minimal spending through 2010 was followed
by an acceleration from $12 million in 2011 to
$125 million in 2014. The trajectory for spend-
ing was consistent with the pattern for product
sales.

It is noteworthy that the product class took
hold when e-commerce was rapidly expanding in
the United States, and major social media plat-
forms — such as Facebook (founded in 2004),
YouTube (2005), and Twitter (2006) — were emerg-
ing [12]. In this environment, information about
new products like e-cigarettes can spread rap-
idly across regions, facilitating swift adoption. To
assess the magnitude of this effect, Peak et al. [13]
conducted a content analysis of 365 e-cigarette—
related videos on YouTube, published between
June 2007 and June 2011. They estimated that
more than 1.2 million youth and approximately
15.5 million individuals worldwide were exposed
to these clips. Only 16% of the videos were formal
advertisements or news segments, while 79.2%
were coded as user-generated content. E-ciga-
rette companies or their affiliates sponsored the
majority (85.2%) of the videos.

As of July 2022, the Institute for Global Tobac-
co Control identified 109 countries or jurisdictions
that regulate or ban ENDS, counting 31 distinct
e-cigarette requlatory policy approaches [14].
However, the effectiveness of these regulatory
measures remains a subject of investigation. The
most recent cross-sectional study on this topic
analysed data from 165,299 respondents across
48 countries, with a mean participant age of 14,
following the 2016/2018 World Health Organisa-
tion Framework Convention on Tobacco Control
implementation reports. Approximately one in
ten respondents reported current e-cigarette use
[15]. Only internet tobacco advertising, promo-
tion, and sponsorship (TAPS) bans were found
to be effective across all countries. Additionally,
in lower-middle-income and low-income coun-
tries, bans on displaying tobacco products at the
point of sale, bans on product placement, and the
strength of additional TAPS measures were asso-
ciated with a lower prevalence of e-cigarette use
among students, as well as being taught about
the dangers of tobacco use in school. Surpris-
ingly, no significant differences in e-cigarette
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use were observed across TAPS policy types in
high-income countries.

Some practitioners argue that the limited
effectiveness of e-cigarette regulatory measures
may stem from significant delays in their imple-
mentation, which allowed marketing materials to
spread widely across jurisdictions and capital-
ise on the most profitable strategies for reaching
potential consumers. A primary example is the
case of the United States Food and Drug Admin-
istration (FDA), which repeatedly postponed the
enforcement of its first major regulatory policy —
the premarket tobacco product application —
until August 2022. It was only after a lawsuit was
filed against the FDA by various public health
advocacy groups, citing the delays surrounding
e-cigarette reviews, that the deadline was ulti-
mately moved forward to May 2020. Despite this
adjustment, the U.S. e-cigarette market remained
largely unregulated in terms of distribution and
marketing for approximately 14 years.

The ensuing backlash accompanying these
events was directed primarily at the company
JUUL, which was widely criticised for its central
role in the youth e-cigarette epidemic. Consider-
able attention was focused on cartridge-based
e-cigarettes with fruity and sweet flavours —
products that significantly contributed to JUUL's
sales growth and were found to be particularly
appealing to youth — ultimately leading to pres-
sure on the company to withdraw them from the
market [16]. In light of these concerns, in April
2020, the FDA issued a final enforcement guid-
ance with the intention to implement stricter con-
trols over the marketing of ENDS flavoured prod-
ucts. By September 2021, the FDA had issued
approximately 946,000 Marketing Denial Orders,
and as of January 2024, not a single flavoured
ENDS manufacturer had received authorisation
to market their product [17].

Studies aimed to illustrate the impact of fla-
voured e-cigarette regulations report mixed
findings. A cross-sectional study conducted by
Ali et al. [18] found that statewide restrictions
on non-tobacco-flavoured e-cigarette sales
were associated with a 25.01% to 31.26% reduc-
tion in total e-cigarette unit sales compared to
states without such restrictions. Conversely,
other research has identified a marginally sig-
nificant shift of 0.7 to 1.9 percentage points from
e-cigarette use to combustible cigarette smok-
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ing, particularly among individuals aged 18 to
20 [19]. Additional studies indicate that users
often circumvent flavour bans by obtaining prod-
ucts through in-state stores (45.1%), out-of-state
retailers (31.2%), online sources (25.5%), or infor-
mal channels [20]. Moreover, some users transi-
tioned from restricted cartridge-based products
to flavoured disposable e-cigarettes, the sales of
which surged from 29.9% to 49.6% [21].

Neurobiological mechanisms
of dependence

The National Institute on Drug Abuse reports that
tobacco use is primarily established during ado-
lescence, with nearly 90% of adult smokers start-
ing before the age of 18 [22]. Youth are particu-
larly vulnerable to nicotine addiction, with even
infrequent use significantly increasing the risk
of dependence. Adolescent smokers are also the
most likely to relapse and are more vulnerable to
peer pressure, which makes them more suscep-
tible to smoking relapse after cessation [23].

During adolescence, nicotinic acetylcholine
receptors remain functionally immature. These
receptors are widely distributed across neuroan-
atomical regions associated with tobacco addic-
tion [24], and their activation regulates monoam-
inergic neurotransmitter systems, particularly
dopamine, which plays a key role in reward pro-
cessing and drug reinforcement. In rodent stud-
ies, the expression and binding of specific nico-
tinic acetylcholine receptor subtypes are higher
in many brain regions during adolescence com-
pared to adulthood [25].

Furthermore, nicotine more robustly enhanc-
es neuronal activity in adolescents than in adults,
as indicated by increased c-fos mRNA expression
in several reward-related brain regions, includ-
ing the nucleus accumbens shell, basolateral
amygdala, and ventral tegmental area [26].

The altered neuronal sensitivity to nicotine
during adolescence is paralleled by behavioural
responses [27]. Following nicotine exposure, ado-
lescent rodents exhibited increased locomotor
activity and reduced anxiety [28]. They also asso-
ciated nicotine with greater rewarding effects
and self-administered higher amounts of nico-
tine compared to adults [29]. In contrast, ado-
lescent rodents demonstrated lower aversion to



nicotine and experienced less pronounced with-
drawal symptoms than their adult counterparts
[30]. This shift in the balance between nicotine's
positive and negative effects during adolescence
may contribute to increased vulnerability to nico-
tine dependence.

The heightened vulnerability, coupled with
the increased likelihood of relapse, constitutes
alarming evidence that strongly supports the
implementation of stricter age restrictions on the
purchase of e-cigarettes. In parallel, the develop-
ment of comprehensive school-based interven-
tions focused on early education is essential to
increase legal awareness, heighten harm percep-
tion, and reduce the likelihood of current or future
e-cigarette use among youth.

E-Cigarettes as a gateway
to nicotine addiction

Over recent years, the proportion of U.S. youth
using electronic cigarettes has remained high.
This trend has raised concerns that e-cigarettes
may contribute to the renormalisation of tobac-
co use and initiate new generations of youth into
cigarette smoking, potentially reversing decades
of progress in reducing tobacco-related disease
and mortality [31].

A range of research approaches has been
employed to evaluate this theory. Barrington-Tri-
mis et al. [32] conducted a prospective cohort
study of approximately 300 11th—12th graders
(mean age 17.4), comparing never-smoking e-cig-
arette users (n = 146) to never-smoking, never-e-
cigarette users (n = 152). Participants report-
ed their use of e-cigarettes, cigarettes, cigars,
pipes, and hookah at baseline and follow-up (~16
months). Cigarette initiation occurred in 40.4%
of e-cigarette users versus 10.5% of never users,
with e-cigarette users having 6.17 times the odds
of initiating cigarette use. This association was
stronger among those initially reporting no inten-
tion to smoke. E-cigarette users were also more
likely to begin any combustible tobacco use.

Berry et al. [33] conducted a prospective
cohort study using Waves 1-3 (2013-2016) of
the Population Assessment of Tobacco and
Health Study, including 6,123 youth aged 12-15.
By Wave 3, cigarette use was reported by 20.5%
of prior e-cigarette users, compared to 3.8% of

those with no prior tobacco use. Prior e-ciga-
rette use was linked to over four times the odds
of ever smoking and nearly three times the odds
of current smoking. Between 2013 and 2016, it
was estimated that 21.8% new cases of ever cig-
arette use (178,850 youth) and 15.3% of current
cigarette use (43,446 youth) could be attributed
to prior e-cigarette use. These findings suggest
that e-cigarette use may contribute to cigarette
smoking initiation at the population level.

Additionally, a meta-analysis of 25 longitu-
dinal studies conducted by Baenziger et al. [34]
found evidence that young never-smokers and
non-smokers who use e-cigarettes are about
three times as likely as non-users to start smok-
ing tobacco and to become regular smokers. All
included studies identified elevations in risk.

On the contrary, in their paper exploring the
gateway theory in the context of e-cigarettes,
Bell and Keane [35] suggest that the theory itself,
often treated as a straightforward concept, in
the case of e-cigarettes, is rather a retroactively
assembled notion. Since the "gateway” in ques-
tion is from nicotine to nicotine, the same sub-
stance is portrayed as both innocuous and harm-
ful. Etter [36] offers a similar perspective and
argues that the experiments used to assess the
gateway theory cannot account for all the vari-
ance in smoking propensity, as most are obser-
vational studies that solely adjust for confound-
ers. He warns that policies based on this theory
could have adverse consequences on smok-
ing rates, particularly if common liabilities bet-
ter explain the association between vaping and
smoking. If access to less harmful alternatives to
combustible cigarettes is restricted, more young
people may resort to smoking rather than adopt-
ing new alternative technologies.

A significant new concern has recently
emerged alongside evidence that the nicotine
content of e-cigarettes has increased over time
[37]. At present, a substantial proportion of e-cig-
arettes contain nicotine salts, which allow users
to consume high levels of nicotine without expe-
riencing the harshness associated with free-
base nicotine [38]. In fact, high-nicotine prod-
ucts dominate U.S. e-cigarette unit sales. As of
March 2022, products with a nicotine strength
of 5% or more accounted for 81% of total e-cig-
arette unit sales. Moreover, in recent years, the
price of high-nicotine products has decreased
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or remained stable, while the cost of low-nico-
tine products has increased [39]. Even if gateway
effects are not currently substantial, this could
change in the future if newer e-cigarette models
prove significantly more addictive than current
ones.

Considering the evidence presented above,
the gateway theory cannot be confidently accept-
ed at this time. Clearly determining whether the
relationship between e-cigarette use and com-
bustible cigarette smoking is causal or merely
correlational remains a critical priority.

Health Outcomes of e-cigarette use

Understanding the harms of prolonged e-ciga-
rette use requires examining e-liquid composi-
tion, which typically includes propylene glycol,
vegetable glycerin, nicotine, flavourings, and oth-
er additives [40]. While propylene glycol and veg-
etable glycerin are considered safe for ingestion,
their long-term inhalation effects remain unclear.
Similarly, flavourings deemed "generally recogn-
ised as safe" by the FDA apply to ingestion, not
inhalation [41]. Margham et al. [42] investigated
the chemical composition of e-cigarette aerosols
and discovered that they encompass a diverse
array of volatile organic chemicals, including
aldehydes, ketones, and hydrocarbons. Addition-
ally, in the case of cannabis-containing e-liquids,
a commonly used thickening agent is vitamin E
acetate, which has been strongly linked to e-cig-
arette or vaping product use-associated lung
injury (EVALI) [40].

Physical health problems associated with
the use

The current state of research on the adverse
effects of e-cigarette use on physical health indi-
cates that, although e-cigarettes may be consid-
ered a safer alternative to combustible cigarettes,
their chronic use is not free of health risks. The
chemicals and oxidant metals present in aero-
sols from e-cigarette use have the potential to
cause damage to tissues in the lungs, heart, and
mouth [5]. There is evidence of nicotine-contain-
ing e-cigarettes causing poisoning and immedi-
ate inhalation toxicity (including seizures, dizzi-
ness, nausea, and vomiting), particularly in chil-
dren and adolescents [43].
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Around the turn of the millennium, concerns
emerged regarding the safety of diacetyl, a fla-
vouring agent commonly used in e-liquids to pro-
duce a buttery flavour [44]. This compound was
associated with the onset of bronchiolitis oblit-
erans, a severe pulmonary condition colloquially
known as “popcorn lung", in workers at a micro-
wave popcorn factory. The disease is character-
ised by inflammation and scarring of the lung tis-
sue, leading to airway obstruction [45]. Propylene
glycol, another frequently used e-liquid compo-
nent that facilitates the mixing of other ingredi-
ents, has been shown to damage the epithelial
lining of the airways and impair cellular repair
mechanisms [46]. This may pose risks for e-cig-
arette users with chronic obstructive pulmonary
disease. In addition, vegetable glycerin has been
found to interfere with normal nasal function,
potentially leading to the production of thicker
mucus and an increased risk of inflammation and
compromised airway function [47].

According to research conducted by the Center
for Tobacco Research and Education at the Univer-
sity of California, San Francisco, daily use of e-cig-
arettes can also double the risk of heart attack
[48]. This study, which involved nearly 70,000
participants, found that the elevated risk of heart
attack among e-cigarette users is comparable to
that of combustible cigarette users. Among indi-
viduals who use both combustible cigarettes and
e-cigarettes daily, the risk increases five times.

The oral cavity is the first site of exposure to
nicotine and other chemicals in e-cigarette aer-
osol. Pushalkar et al. [49] found that e-cigarette
users exhibited significantly altered oral micro-
biome beta-diversity and elevated levels of inter-
leukins IL-6 and IL-1B, indicating an inflamma-
tory immune response. E-cigarette aerosol also
induced hypoxia and oxidative stress, increasing
epithelial susceptibility to infection.

The adverse effects of e-cigarette use may
further compromise oral health through different
pathways. Propylene glycol degrades into com-
pounds toxic to enamel and soft tissue, contrib-
utes to xerostomia, and promotes caries and gum
disease. Vegetable glycerin enhances microbial
adhesion and biofilm formation while also reduc-
ing enamel hardness [43]. Additionally, nicotine's
vasoconstrictive effects impair gingival blood
flow and immune responses and increase the risk
of periodontal disease and tooth loss [49].



To enable a general comparison, it is worth
recalling the adverse health risks connected to
other forms of nicotine consumption, including
nicotine replacement therapy. Smoking of com-
bustible cigarettes was linked to elevated risks of
multiple systemic diseases — including cardio-
vascular, digestive, musculoskeletal, endocrine,
metabolic, and eye disorders — and a range of
cancers, such as lung, head and neck, oesopha-
geal or pancreatic cancer. Evidence linking nico-
tine replacement therapy use to serious adverse
health effects is limited, with one study suggest-
ing a possible association with respiratory con-
genital abnormalities, while no clear links were
found for cardiovascular, reproductive, cancer, or
stroke-related outcomes [50]. Dual use of both
e-cigarettes and combustible cigarettes appears
to be associated with greater health risks than the
use of either product alone. A recent meta-anal-
ysis reported significantly higher odds ratios for
various disease outcomes — including chronic
obstructive pulmonary disease, cardiovascu-
lar events, and asthma — among dual users [51].
Another study found that dual users had signifi-
cantly higher odds of experiencing incident respi-
ratory symptoms within the past 12 months [52].
To date, this issue remains a subject of ongoing
investigation, with the available evidence too lim-
ited to permit definitive conclusions.

Mental health problems associated with
e-cigarette use
Depression and depressive symptoms seem to
emerge more often in adolescent e-cigarette
users than non-users [53]. This theory was
explored in a study conducted by Dunbar et al.
[54], which included 2,039 youths. Participants
completed three web-based surveys over the
course of three years, beginning at age 16 and
continuing until age 20. The subsequently created
model assessed the correlation between e-ciga-
rette use and mental health symptoms over time
and revealed no associations between the two.
Leventhal et al. [55] investigated psychiatric
comorbidity among 3,310 ninth-grade students
(mean age 14) in Los Angeles. Participants com-
pleted self-reports on e-cigarette/conventional
cigarette use, emotional disorders, substance
use, and transdiagnostic psychiatric phenotypes.
E-cigarette-only users reported lower levels of
internalizing symptoms and transdiagnostic

traits (e.g., distress intolerance, anxiety sensi-
tivity) compared to conventional cigarette users.
However, depression, panic disorder, and anhe-
donia were higher among e-cigarette users than
non-users. An ordered pattern of externalizing
outcomes (e.g., mania, substance use) and anhe-
donia was observed: lowest in non-users, moder-
ate in single-product users, and highest in dual
users.

Research findings suggest that use of e-cig-
arettes could be associated with higher suicidal-
ity. This hypothesis was assessed by a study
conducted by Lee and Lee [56], in which they
examined the results of the 2017 Korean Youth
Risk Behavior Web-based Survey of 62,276 stu-
dents. The statistical analysis of the associa-
tion between suicidality and patterns of ciga-
rette use revealed that, for lifetime use, e-ciga-
rette-only users were three times more likely to
have engaged in suicide planning and five times
more likely to have made a suicide attempt than
non-users. Additionally, current e-cigarette-only
users were six times more likely to have made
a suicide attempt than non-users.

Although these studies present promising
findings, they are subject to several limitations
and should be interpreted with caution. First, the
data were self-reported, introducing the possi-
bility of information and/or recall bias. Neither
the type nor the nicotine content of e-cigarettes
was assessed, limiting the ability to determine
whether a higher e-cigarette use profile is genu-
inely associated with an increased prevalence of
depressive and suicidal behaviors. Moreover, it
is possible that the causal relationship between
e-cigarette use and depressive symptoms oper-
ates in the opposite direction from what was
assumed in the studies. Previous research has
demonstrated that adolescents who use e-cig-
arettes are more likely to engage in risk-prone
behaviors than non-users, and that adolescents
with problem behaviors are more prone to depres-
sion [56]. To address this issue, future research
should include externalizing behaviors as poten-
tial confounding variables in the analysis.

EVALI

EVALI is a syndrome, with no specific diagnos-
tic test that defines the condition. According to
the CDC criteria, confirmed cases are defined as
the onset of pulmonary infiltrates on chest X-ray
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or computed tomography that occur within 90
days of e-cigarette use, with no alternative cause
found after medical assessment [57].

It was officially identified and named in 2019
because of its outbreak in March 2019, when
a cluster of cases emerged in the USA of patients
who had developed lung injuries associated with
using e-cigarettes. As of February 2020, more
than 2,800 patients had been admitted to vari-
ous hospitals in the US due to an EVALLI, with 68
deaths reported so far [58]. It has been reported in
abroad age range but was most common in young
males between the ages of 18 and 24 years [59].

EVALI was primarily linked to the inclusion
of vitamin E acetate in e-liquids, mainly from
THC-containing e-cigarettes, largely, but not
exclusively, from informal sources [60]. Vitamin
E acetate was often used as a thickening agent,
likely to dilute THC oil without significantly alter-
ing its viscosity. Studies show that it can impair
breathing and, when heated, decomposes into
harmful compounds such as ketene, alkenes, and
benzene, all of which can damage lung tissue [61].
In fact, the CDC found vitamin E acetate present
in the bronchoalveolar lavage fluid of most EVALI
patients and in product samples associated with
the outbreak.

Furthermore, research indicates that vitamin
E acetate interferes with the normal function of
lung surfactant. It can disrupt the performance
of the surfactant system by interfering with the
kinetic lipid processes that stabilize the mono-
layer under compression, contributing to the
respiratory distress associated with EVALI [62].

EVALI typically presents as an acute or sub-
acute respiratory illness characterized by non-
specific symptoms, including dyspnea, cough,
chest pain, and/or hemoptysis [63]. The majority
of patients also exhibit gastrointestinal manifes-
tations (such as nausea, vomiting, and/or diar-
rhea) and/or constitutional symptoms (including
fever, chills, fatigue, and/or weight loss), which
tend to develop over a period of days to weeks. On
physical examination, patients commonly pres-
ent with fever (33%), tachycardia (63%), and tac-
hypnea (43%). Additionally, impaired oxygenation
is frequently observed, with approximately one in
four patients demonstrating a pulse oxygen satu-
ration of <89%. Laboratory findings are generally
nonspecific and may include leukocytosis and an
elevated erythrocyte sedimentation rate.
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In certain cases, the clinical presentation of
EVALI associated with vitamin E acetate in ado-
lescents appears to differ from that observed
in adults. One case series reported that adoles-
cents with EVALI experienced significant weight
loss secondary to gastrointestinal symptoms,
necessitating hospitalization [64]. Another series
described the use of venovenous extracorporeal
membrane oxygenation to manage EVALI in ado-
lescents with preexisting asthma [65]. Although
the pathophysiology of EVALI in adolescents
remains not fully understood, it is reasonable to
suspect a distinct clinical presentation in terms
of symptomatology, severity, or both.

No randomized clinical trials have evaluated
specific therapies for EVALI, and long-term out-
come data remain limited. Cessation of e-cig-
arette use is essential, as continued vaping has
been linked to recurrent EVALI and respiratory
failure [66]. Supportive care is the primary treat-
ment, typically involving supplemental oxygen
(target saturation 88-92%) via nasal cannula,
high-flow oxygen, or high-flow nasal cannula.
Mechanical ventilation, required in ~26% of cases,
follows lung-protective strategies used in acute
respiratory distress syndrome [63]; extracorpo-
real membrane oxygenation is rarely needed.

Infectious causes must be ruled out, with test-
ing for influenza and empiric antiviral/antimicro-
bial therapy recommended. Patients with severe
lung injury and suspected EVALI have shown
favourable responses to systemic corticosteroids
[67], though their efficacy has not been formally
studied. Given the risk of worsening undiagnosed
infections, pulmonologist consultation is advised
before initiating corticosteroids.

The Future Perspectives

Emerging novel technologies offer promis-
ing solutions to combat current challenges in
e-cigarette cessation. A variety of digital health
interventions help establish a more inclusive
and readily accessible healthcare environment
[68], offering innovations such as interactive
text-messaging programs that remotely deliv-
er cognitive-behavioural coping strategies and
peer support. The capabilities of artificial intelli-
gence keep extending across various domains —
machine learning enables predictive modelling of



relapse risk and tobacco initiation patterns, while
reinforcement learning optimises personalised
cessation interventions based on user engage-
ment data [69]. Novel pharmacological options
are also being studied — the first U.S. place-
bo-controlled randomized trial of varenicline for
e-cigarette cessation showed promising results,
revealing a 15% higher quit rate in the medication
group (45%) compared to the control group [70].

Concerning future regulatory policy, beginning
at the federal level, agencies responsible for pro-
tecting public health should assert their regula-
tory authority by requiring e-cigarette manufac-
turers to register their products, disclose ingre-
dient lists, and comply with good manufactur-
ing practices. In addition, manufacturers should
be obligated to address the presence of impure
or untested additives, resolve issues related to
misbranding, and adhere to strict regulations on
marketing and sales. It is essential to accelerate
the implementation of evidence-based interven-
tions, such as reducing youth exposure to smok-
ing imagery in media, conducting robust coun-
ter-marketing campaigns, and ensuring equi-
table access to tobacco dependence treatment
for all who are seeking to quit. Further state pol-
icy measures may include increasing the cost of
e-cigarettes and restricting their sale exclusively
to adult consumers. Additionally, school-based
policies, such as banning the use of e-cigarettes
on school grounds and/or implementing pre-
vention and cessation programs, represent an
important context for shaping youth tobacco
use behavior. Equally important is the pursuit
of novel solutions and maintaining openness to
innovative approaches in responding to emerging
public health challenges. However, it is crucial
to proceed cautiously, as overly restrictive poli-
cies may support the established tobacco indus-
try, encourage the poly-use of tobacco products,
and, as a result, perpetuate sales of conventional
cigarettes well into future decades rather than
hurry their disappearance.

Applied to tobacco, the most effective strat-
egies for harm reduction are those that promote
cessation among current users and prevent ini-
tiation among non-users. In this context, the role
of e-cigarettes remains a complex public health
issue due to their dual influence on population
health outcomes. On one hand, e-cigarettes can
serve as a harm reduction tool for current smok-

ers, for whom switching completely to e-ciga-
rettes may significantly reduce exposure to harm-
ful combustion-related toxins. On the other hand,
the concern that e-cigarette use among adoles-
cents introduces nicotine dependence cannot be
ruled out.

Carefully framing public health messaging
may be one of the keys to navigating this com-
plex issue. One example would be avoiding bina-
ry messaging that might discourage combus-
tible cigarette smokers from switching. Another
is crafting messages that support cessation
without inadvertently attracting youth or down-
playing risks for non-users. A complementary
strategy should focus on removing features that
make e-cigarettes disproportionately appealing
to youth, such as by promoting adult-only sales
environments or limiting flavor profiles and mar-
keting tactics known to attract adolescents. To
ensure the effectiveness of such efforts, con-
tinuous monitoring of relevant data is essential,
including current trends in youth e-cigarette use
and updates on the efficacy of e-cigarettes in
smoking cessation. New policies should evolve
accordingly and adapt in the shortest possible
time to avoid negative public health consequenc-
es resulting from legislative delays.

Conclusions

This review aimed to summarise and systematise
the current state of knowledge on various aspects
of e-cigarette use among adolescents. Extensive
research has demonstrated that, in this particular
age group, the central nervous system is espe-
cially sensitive to the effects of nicotine, making
it more likely for nicotine addiction to develop and
persist over time. Nevertheless, to date, defini-
tive evidence supporting the "gateway theory" is
lacking. Current research findings conclude that
e-cigarettes are responsible for the development
of EVALI and suggest that they may cause lung
injury; many of their chemical components have
been linked to adverse health effects. Several
aspects of e-cigarette consumption among youth
remain poorly understood. Future research should
focus on the chemical safety of e-liquids, exam-
ine the stability of their ingredients when heated,
and identify potential by-products resulting from
thermal degradation. It is essential to determine
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the long-term health outcomes of e-cigarette
use and evaluate their effectiveness as a smok-
ing cessation tool. The "gateway theory" requires
confirmation through further high-quality trials.
Based on such clinical evidence, effective new
cessation strategies targeted at youth should be
developed. Rigorous enforcement of regulations
governing e-cigarette production and marketing
remains an urgent priority.
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