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Abstract

Protoporphyrin IX (PpIX) occupies a unique nexus in photodynamic therapy (PDT) by
bridging the endogenous metabolism of heme biosynthesis with highly efficient, light-
induced cytotoxicity. Administered via its precursor 5-aminolevulinic acid (5-ALA) or
its derivatives, intracellularly generated PpIX undergoes intersystem crossing upon ir-
radiation to predominantly initiate Type II photochemistry. This process yields singlet
oxygen and ancillary reactive oxygen species (ROS) characterized by a strict, nanometer-
scale radius of molecular attack. Consequently, the spatiotemporal kinetics of PDT are
dictated by the precise subcellular compartmentalization of PpIX within the mitochondria,
mitochondrial-associated membranes (MAMs), endoplasmic reticulum, lysosomes, and
plasma membrane. Beyond inducing direct biomolecular damage, PpIX-PDT operates as a
localized selector of complex signaling networks, orchestrating organelle communication,
redox-mediated pathways, and cell fate adaptations. This comprehensive review systemati-
cally delineates the metabolic parameters governing intracellular PpIX accumulation, the
biophysical mechanisms driving its excitation, and the subsequent cascade from primary
oxidative stress to downstream signaling responses. Crucially, we present a novel, inte-
grated framework that seamlessly connects upstream transporter kinetics and metabolic
flux directly to downstream immunogenic and therapeutic outcomes. Ultimately, these
multifaceted properties establish 5-ALA-mediated PpIX-PDT as a powerful theranostic
platform, advancing pathway-oriented and personalized strategies to optimize modern
anticancer interventions.

Keywords: photodynamic therapy; protoporphyrin IX; 5-aminolevulinic acid; heme biosyn-
thesis; reactive oxygen species; singlet oxygen; ABCG2; ferrochelatase; mitochondria;
signal transduction

1. Introduction
Photodynamic therapy (PDT) relies on a simple yet elegant triad: a photosensitizer,

light of an appropriate wavelength, and molecular oxygen. This foundational simplicity,
however, gives rise to remarkable complexity at the systemic level [1,2]. In PDT, the final
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biological outcome depends not only on the absolute quantum yield of singlet oxygen, but
crucially on its spatial and temporal generation profiles [3–5]. Consequently, the tumor
selectivity of 5-ALA-mediated PDT does not depend solely on passive drug delivery; in-
stead, it is governed by metabolic pathway flux, differential enzyme activities, intracellular
iron availability, transporter dynamics, and complex pharmacokinetics. Thus, the distribu-
tion of PpIX mirrors that of a native metabolite rather than a conventional drug, varying
directly with the metabolic phenotype of the target tissue [4–8]. This intrinsic metabolic
linkage offers distinct translational advantages for 5-ALA-inducible PpIX. This platform is
highly effective for fluorescence-guided surgery (FGS), photodynamic diagnosis (PDD),
tumor-localized PDT, and the evaluation of premalignant lesions. Currently, 5-ALA-based
formulations are clinically approved for managing conditions such as actinic keratosis, basal
cell carcinoma, bladder cancer, and high-grade gliomas. Parallel to these clinical successes,
there is growing interest in mapping the complex metabolic and signaling networks altered
by PpIX-PDT. Unraveling these responses requires a deeply integrated framework span-
ning photophysics, cell biology, mitochondrial metabolism, redox chemistry, and oncogenic
signaling. While existing literature predominantly reviews the macro-clinical outcomes of
5-ALA therapies, this review uniquely bridges the gap between endogenous metabolism
and nanoscale organelle signaling to establish PpIX as a precision theragnostic tool. This
review is organized around this interdisciplinary approach. The following sections summa-
rize the biophysical foundations of PpIX in PDT, focusing on its spectral properties, the
diffusion radius of singlet oxygen, subcellular localization, and endogenous metabolic syn-
thesis. Subsequent chapters will evaluate heme pathway alterations in tumors, mechanisms
of PpIX-mediated reactive oxygen species (ROS) generation, metabolic reprogramming
under photodynamic stress, and the activation of apoptotic versus non-apoptotic death
pathways. Finally, we explore the emergence of immunogenic cell signaling and the de-
velopment of therapy resistance linked to hypoxia and antioxidant adaptive responses.
Despite these clinical successes, a fundamental knowledge gap remains unresolved in the
current literature: the lack of a unified, mechanistic framework that explains how sub-lethal
photodynamic stress dictates long-term tumor adaptation and survival. Consequently,
it leaves a critical question unanswered: how do the subtle, localized variations in PpIX
spatial distribution and temporal activation trigger systemic cellular reprogramming? This
omission is particularly problematic given that incomplete photodynamic clearance often
leads to the emergence of highly aggressive, therapy-resistant tumor phenotypes.

This review directly addresses this critical gap by systematizing recent data through
a nanoscale, organelle-specific lens. The pressing clinical problem is that conventional
PDT protocols frequently overlook the heterogenous metabolic rewiring of the tumor
microenvironment. By failing to account for how low-dose or peripheral photodynamic
stress modulates endogenous signaling cascades, current literature cannot explain why
certain tumors undergo rapid recurrence while others exhibit complete regression. Here,
we address this challenge by shifting the paradigm from global cytotoxicity to precise,
pathway-oriented regulation. We systematically map how the intra-organelle localization
of PpIX specifically within the mitochondria-associated membranes (MAMs) and endo-
plasmic reticulum acts as a selective master-switch. This positioning allows photodynamic
stress to control inter-organelle communication, retrograde signaling, and adaptive cell-fate
decisions long before the execution of apical apoptotic pathways. Furthermore, our data
systematization resolves a long-standing contradiction in PDT research regarding the dual
role of ROS as both destructive agents and signaling molecules. By critically evaluating
the cross-talk between PpIX photodynamics and metabolic pathways, this work high-
lights specific molecular nodes such as the Nrf2 antioxidant response, HIF-1alpha hypoxia
adaptation, and autophagy-mediated survival networks that are inadvertently activated
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during sub-optimal treatment. Bridging this gap between nanoscale organelle signaling
and macro-environmental adaptation allows us to transform a traditionally compilatory
narrative into a predictive conceptual model. Ultimately, this comprehensive systematiza-
tion provides the field with a clearer understanding of how to pharmacologically exploit
heme-pathway alterations, overcome adaptive resistance, and establish PpIX as a truly
precision theranostic tool. The main novelty of this narrative review lies in shifting the
focus of protoporphyrin IX (PpIX)-PDT from a conventional cytotoxic treatment to a highly
precise, pathway-oriented, organelle-specific signaling regulator. Unlike existing literature
that treats PpIX merely as a bulk photosensitizer, this work reconceptualizes its role at the
nanoscale level (Figure 1).

Figure 1. The dual-fate paradigm of 5-ALA-mediated PpIX photodynamic therapy. Endogenous
biosynthesis of protoporphyrin IX (PpIX) from exogenous 5-aminolevulinic acid (5-ALA) sets the
foundation for photodynamic intervention upon light irradiation and molecular oxygen engagement.
Rather than acting merely as a non-specific, bulk cytotoxic agent, the spatial and temporal generation
profiles of singlet oxygen 1O2 at the nanoscale level operate as a precise organelle-specific master-
switch. High photodynamic stress drives overwhelming reactive oxygen species (ROS) production,
apical apoptotic pathways, and successful tumor clearance (Path A). Conversely, sub-lethal or
peripheral photodynamic stress activates complex inter-organelle communication and survival
networks (Path B). This regulatory arm triggers adaptive tumor responses via the Nrf2 antioxidant
cascade, HIF-1 α hypoxia signaling, and autophagy-mediated pathways, establishing a cellular
blueprint for therapy resistance and tumor recurrence.

2. Literature Search Strategy and Selection Criteria
To ensure a comprehensive and objective synthesis of the literature, a structured search

strategy was employed across major biomedical databases, including PubMed/MEDLINE,
Scopus, and Web of Science. The search queries combined keywords and MeSH terms
relevant to the review’s core scope: “photodynamic therapy”, “protoporphyrin IX”,
“5-aminolevulinic acid”, “heme biosynthesis”, “reactive oxygen species”, “ABCG2”, and
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“organelle signaling”. Articles were evaluated for inclusion based on a targeted approach
to isolate mechanistic, nanoscale data.

Inclusion Criteria: Primary research and critical reviews focusing on the subcellular,
microscale, or nanoscale localization of PpIX; studies evaluating redox signaling pathways,
organelle cross-talk (mitochondria, MAMs, ER, lysosomes), and cellular adaptation or
cell-fate regulation post-PDT; molecular studies addressing ABCG2 transport dynamics
and ferrochelatase regulation.

Exclusion Criteria: Papers focusing strictly on clinical surgical protocols or macro-
level tumor destruction without evaluating molecular mechanisms; studies evaluating
synthetic, non-endogenous photosensitizers unrelated to the 5-ALA pathway; conference
abstracts, non-peer-reviewed preprints, and non-English publications. A comprehen-
sive literature search was conducted across the PubMed, Scopus, and Web of Sciences
databases to identify relevant studies. The search strategy utilized combinations of the
following medical subject headings (MeSH) and keywords: photodynamic therapy; proto-
porphyrin IX; 5-aminolevulinic acid; heme biosynthesis; reactive oxygen species; singlet
oxygen; ABCG2; ferrochelatase; mitochondria; signal transduction. Only peer-reviewed
articles published in English were included. Document types were limited to original re-
search articles, systematic reviews, and meta-analyses to ensure a rigorous synthesis of the
current literature.

3. View on PpIX as Endogenous Photosensitizer
PpIX is directly a precursor of heme in the eight-enzyme-driven heme biosynthetic

pathway of the heme biosynthesis. The first substrates are glycine and succinyl-CoA. Under
normal physiological conditions, an enzyme called ferrochelatase (FECH) inserts Fe2+ into
PpIX. This process suppresses the accumulation of PpIX in tissues, because all excess of
this compound is used to synthesize the heme [8,9].

Incubation of the cancer cells with 5-ALA allows for bypassing of the first stage of
this biosynthetic pathway. Such a condition stimulates porphyrin flux. In many cancer
cells, the balance between biosynthesis of heme and its degradation is changed so that
it becomes a way of accumulating intracellular PpIX [4,5]. This malformed balance is a
reflection of reduced FECH activity and changed iron homeostasis, increased pathway
time of throughput, altered cancer signaling, and higher sensitivity of the mitochondria to
oxidative stress [4,6,8].

This endogenous route is a dominant difference between ALA-PpIX and traditional
exogenous photosensitizers. Because of the intracellular origin of PpIX, the spatial location
of its synthesis and accumulation became highly important. Beginning in the mitochondria
from glycine and succinyl-CoA, biosynthesis moves to the cytoplasm as a metabolite of
5-ALA, and then comes back to the mitochondria at the stage of coproporphyrin III, in
close contact with membranes [2,3,10].

Similar to other porphyrins, PpIX, has a typical optical spectrum, with an intense Soret
band. It is usually located in the blue part of the absorption spectrum, in the visible region,
with multiple Q-bands. These parameters have their roots in a conjugated tetrapyrrolic
macrocycle, which is a determinant of both fluorescence and PDT activation efficiency.
Excitation to the singlet (S1) state is followed by decomposition pathways; among them are
fluorescence, internal conversion, and intersystem crossing to the triplet state. This is caused
by the transfer of electrons from the triplet state of the photosensitizers to the molecules of
the substrate. Such perturbation can initiate Type II and Type I photochemistry [1,2,11].

If there are oxygen-rich conditions, photochemistry Type II predominates. It causes
the production of singlet oxygen (1O2), which is more chemically reactive in comparison
with unexcited normal oxygen. In contrast, Type I systems generate ROS through elec-
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tron or hydrogenase transfer reactions. Inside the biological system, each pathway does
not exclude the others. They can coexist, depending on local oxygen concentration and
substrate availability, microenvironmental polarity, and the physicochemical state of the
sensitizer [1,2,11]. Light does not provide oxidative output alone, as we can understand
from PpIX-mediated PDT. The oxidative chemistry of PpIX is dependent on excitation
physics and the biochemical context of protoporphyrin usage.

Singlet oxygen has a very short lifetime, and this limits its diffusion. It is critical for
PDT effectiveness, the radius of which is measured in 10–20 nm [12], depending on the
microenvironment and media [1,3,13]. Because of this, PPT has influence and damages cell
molecules near the site of propagation. It does not irradiate long distances or whole cells.
In the case of ROS produced at comparable levels, localization of the origin of ROS in the
mitochondrial inner membrane, outer membrane, endoplasmic reticulum, lysosomes, or
plasma membrane causes different downstream signaling reactions [1–3].

From a biophysical standpoint, cells synthesize the photosensitizer directly within
their most oxidatively vulnerable nanodomains. Furthermore, this metabolic bottleneck is
tightly regulated by the tumor’s genetic landscape. The malformed balance leading to PpIX
accumulation is not merely passive; it is actively driven by oncogenic signaling pathways
(such as MYC and HIF-1α) that transcriptionally suppress FECH expression and disrupt
iron homeostasis. During subsequent irradiation, the intracellular microenvironment
undergoes a dynamic evolution.

Why Subcellular Localization Determines Signaling Outcome

As we understand from the previous subchapter, PDT acts on very short distances.
So, the cellular localization of photosensitizers is very important for PDT effectiveness and
determines cell signaling that appears as a response, and metabolic pathways that are under
influence [2]. Mitochondrial localization is most beneficial for PDT, where it can damage
cardiolipin-rich membranes, respiratory complexes, or transport (permeability)-regulated
proteins. It can also have consequences like rapidly amplifying stress signaling, collapsing
membrane potential, impairing oxidative phosphorylation, and promoting the release
of pro-apoptotic factors [2]. From the points of view of Zhang and colleagues [3], ROS
generated in mitochondria can have a biological effect on cancer stem cells and the whole
tumor population. Damage of this organelles can be too effective to convert local oxidative
consequences to fate-determining decisions.

Another prospective target is the endoplasmic reticulum. In this compartment, protein
folding and calcium storage are connected with the IRN1(IRE1) signaling pathway [14,15].
Photo-oxidation in the ER can provoke signaling in the unfolded protein response pathway,
calcium mobilization, and, possibly, cross-talk with mitochondria [16,17].

The critical point is the lysosome. Lysosomes are historically referred as “a suicidal
bag of the cell”, because damage to a lot of lysosomes can lead to resolvins in their enzymes,
which work at a pH of 4.0–5.0 but still have activity near a pH of 7.2 [18]. The acid content
of the lysosomes can make cellular cytoplasm pH lower and, released from lysosomes,
cathepsins and other proteases can damage cell skeletons, and even mitochondria. The last
organelle can release cytochrome C and start apoptosis [19,20].

In the case of PDT damaging a plasma membrane, a cell can lose its Nernst potential
and experience a collapse of transport processes. Also, processes such as apoptosis and
ferroptosis can be easily started from a cell’s surface membrane. More information about
affected organelles can be found in Table 1 below. PpIX serves as the immediate precur-
sor to heme in the eight-enzyme-driven biosynthetic pathway, where 5-ALA incubation
allows cancer cells to bypass the initial rate-limiting step, leading to PpIX accumulation,
primarily in the mitochondria due to reduced ferrochelatase (FECH) activity [4–6,8,9]. The
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5-ALA-PpIX platform relies on this endogenous, tumor-specific pathway rather than exter-
nal photosensitizer delivery, enabling selective treatment via the localized production of
reactive oxygen species (ROS) that affect organelles like the ER and lysosomes, in addition
to the mitochondria [1,2,11]. The primary mechanism involves Type II photochemistry
in oxygen-rich zones, producing singlet oxygen, while local oxygen consumption during
treatment causes a shift to Type I ROS generation [1,2,11–13]. The efficacy of this therapy,
and the resulting cellular death pathways, is directly dictated by the specific subcellular
localization of the within a tumor cell [2,3,14–20].

Table 1. Cell organelles affected by PpIX-PDT.

Cell Organelles
Affected by PpIX-PDT Influence on Cell Survival or Death

Mitochondria Inhibition of TCA, β-oxidation, start of apoptosis. The result of low
doses—adaptation; the result of higher doses—cell death [21].

Endoplasmic reticulum Unfolded protein response activation, calcium efflux. Adaptation to lower doses;
death with larger doses [22].

Ca2+ efflux from ER ALA-PDT activates both mitochondrial and ER-stress pathways and disrupts Ca2+

homeostasis [21].

Lysosomes Leakage of enzymes leads to slight damage, autophagy process malformation, and
apoptosis [23].

Plasma membrane If GPX4 does not recover its membrane, ferroptosis or pyroptosis begin [24,25].

So, the effectiveness of PDT can depend on localization, dose, oxygenation, and the
adaptive state of the cancer cell [1–3,11]. This situation can explain why different photosensitizers
can induce apoptosis, autophagy-associated survival, inflammation, or immunogenic cell death
in the last case. The primary effect is that PDT injury is local, and the signaling consequences of
it are secondary, and they are emergent. With this focus, the rest of this review will consist of an
analysis of PpIX PDT as a localized–constrained signal in the cellular pathway generator and
stimulator. This approach is different from the mechanistic point of view, where PpIX is only an
ROS generator. Then, we will focus on metabolic determinants of PpIX accumulation in tumors.

Given that the diffusion radius of singlet oxygen is strictly limited to 10–20 nm, PDT-
induced damage is highly compartmentalized. This physical constraint means that the thera-
peutic outcome is not generalized cellular stress, but a precise, localized destruction of molecular
structures immediately adjacent to the accumulated PpIX. Because the local microenvironment,
oxygen tension, and structural composition vary drastically between cellular compartments,
each organelle dictates a completely distinct molecular trajectory upon irradiation. To system-
atically clarify how these sub-cellular coordinates govern the therapeutic mechanism, Table 2
maps the primary nanometer-scale targets of PpIX-PDT to their immediate molecular damage
and subsequent downstream cell death pathways.

Table 2. Nanometer-scale targets and signaling outcomes of PpIX-mediated PDT.

Organelle/Subcellular Site Primary Nanoscale Target
Molecule(s)

Immediate
Photochemical/Biophysical

Damage

Key Downstream Signaling Cascades and
Cell Death Outcome

Mitochondria (Inner
Membrane/Cristae)

Cardiolipin, adenine
nucleotide translocator
(ANT), complex I/IV

Oxidation of cardiolipin;
disruption of the electron
transport chain (ETC).

Loss of mitochondrial membrane potential
(\(\Delta\Psi_m\)); release of cytochrome c
and Smac/DIABLO; intrinsic apoptosis and
mitophagy.

Endoplasmic Reticulum (ER)
SERCA2 calcium pumps,
BiP/GRP78 chaperones,
IRE1α

Inhibition of calcium
pumping; accumulation of
misfolded proteins in the
lumen.

Activation of the unfolded protein response
(UPR) via PERK, ATF6, and IRE1α; massive
Ca2+ efflux into the cytosol;
ER-stress-mediated apoptosis.
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Table 2. Cont.

Organelle/Subcellular Site Primary Nanoscale Target
Molecule(s)

Immediate
Photochemical/Biophysical

Damage

Key Downstream Signaling Cascades and
Cell Death Outcome

Lysosomes LAMP-1/2, V-ATPase proton
pumps

Membrane permeabilization
(LMP); leaking of acidic
content into the cytoplasm.

Release of cathepsins (B, D, L) into the cytosol;
cleavage of Bid to tBid; secondary
mitochondrial damage; necroptosis or
autophagic cell death.

Plasma Membrane
Na+/K+-ATPase,
phospholipids (lipid
peroxidation), E-cadherin

Disruption of osmotic balance;
loss of membrane integrity
and Nernst potential.

Rapid influx of extracellular calcium; cell
swelling and lysis; activation of
GPX4-independent lipid peroxidative
pathways; ferroptosis or necrosis.

4. Metabolic Determinants of the Accumulation of PpIX in Terms of
Tumor Selectivity

To achieve clinical success, usually 5-ALA is added to cancer. This causes intracellular
accumulation of PpIX and leads to the ability to provide photodiagnosis and PDT. This
accumulation provides the selectivity of influence of PpIX-mediated PDT, which arises
from several mechanisms. First, exogenous 5-ALA can increase pathway flux. It helps
to explore bottlenecks in the cancer cells’ metabolism. Second, reduced activity of FECH
or low ferrum availability decreases heme formation and increases PpIX accumulation.
Third, there are transporter systems like ABCG2 that can increase the efflux of intracellular
PpIX. Fourth, the oncogenic stage can activate reprogramming of cell signaling, causing the
accumulation of PpIX in cancer cells, leading to a malformed balance between synthesis
and efflux of this compound [4–7,9].

FECH activity is clinically important, and a decrease in FECH activity has repeatedly
been associated with enhanced PpIX accumulation in tumors in experimental cancer mod-
els [4,8,9]. In a lot of research, ABCG2 has been marked as the most important negative
regulator of PpIX level. Activity of ABCG2 modulates tissue distribution of PpIX. Also, it
has an influence on PpIX-mediated PDT toxicity, decreasing PDT by exporting PpIX from
cells [6]. Due to this specific influence, in terms of the inhibition of ABCG2, a suitable
strategy was proposed to increase the intracellular concentration of this photosensitizer,
which causes the 5-ALA-induced fluorescence and PDT process to be induced in tumor
cells [7]. This finding has made therapies with respect to multidrug resistance of cancer
using membrane transport pharmacology and PDT more effective and promising.

Oncogenic signaling has an influence on PpIX metabolism. Yoshioka et al. demon-
strated Ras/MEK signaling in the case of PpIX accumulation in cancer. If the pathway
is inhibited, it can enhance PpIX levels in vivo and in vitro [5]. This is a very important
observation. It turns the situation from simply mitochondrial dysfunction in cancer to
the specific regulated phenotype of oncogenic pathways. From another point of view,
ALA-PpIX is a readout of a tumor’s metabolic profile [5]. This finding opens the possibility
of using pathway inhibitors, such as ferrum modulators or transporter inhibitors with
PDT to improve selectivity and potency. Unlike earlier studies that treat 5-ALA metabolic
components as isolated mechanisms, this review synthesizes FECH activity, ABCG2 trans-
port, iron levels, and oncogenic signaling into a unified regulatory network [4–9]. It shifts
the paradigm from individual observations to a multi-pronged theranostic strategy, utiliz-
ing PpIX accumulation as a diagnostic readout of the tumor’s metabolic profile to guide
combined therapeutic interventions.

To achieve clinical success, photodiagnosis and photodynamic therapy (PDT) rely on
the selective intracellular accumulation of protoporphyrin IX (PpIX) in cancer cells follow-
ing exogenous 5-aminolevulinic acid (5-ALA) administration. This selectivity is mediated
by a multi-pronged regulatory network consisting of four core mechanisms: enhanced
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metabolic pathway flux that exposes tumor-specific bottlenecks, reduced ferrochelatase
(FECH) activity or limited iron availability that prevents the conversion of PpIX into heme,
transport proteins like ABCG2 that drive intracellular PpIX efflux, and oncogenic signaling
pathways—such as Ras/MEK—that reprogram cellular machinery to distort the balance
between synthesis and excretion [4–7,9]. Recent evidence shifts the understanding of this
phenomenon from a generic mitochondrial dysfunction to a strictly regulated oncogenic
phenotype; for instance, inhibiting the Ras/MEK pathway has been shown to significantly
enhance PpIX levels both in vitro and in vivo. Consequently, the ALA-PpIX axis serves as a
direct readout of the tumor’s metabolic profile, opening promising theranostic avenues that
combine PDT with ABCG2 inhibitors, iron modulators, or signaling pathway blockers to
reverse multidrug resistance and boost phototoxicity [5–7]. Such visual aids are crucial to
summarize, categorize, and cross-reference contradictory data from various experimental
sources [4–9].

5. Clinical and Conceptual Importance of PpIX in Theranostics
Clinical conception of ALA-induced PpIX demonstrates the power and flexibility of the

platform. In medical practice, PpIX is used not only for PDT, but for fluorescence-guided
detection during cancer resection. According to recent reviews, ALA-based agents are very
successful in translational medicines. They unify diagnostics and PDT with a single metabolic
pathway [4–9]. Such theranostic logic has had success in oncology, where fluorescence can
mark cancer tissue for detection, and where, for PDT, the same chromophore can be used [4,26].

From a mechanistic point of view, the connection between the metabolic state of the
cell and PpIX-mediated cytotoxicity in PDT is very valuable. This is the main fundamental
difference between 5-ALA-mediated therapy and cytostatics and other PDT agents, which are
only secondarily modified by metabolism [27]. So, PpIX-PDT is a pathway-oriented approach.
It can have an influence on mitochondrial activity, heme-pathway flux, transporter status,
oncogenic signaling, and hypoxia-linked redox adaptation. At the same time, PpIX PDT can
provide localized oxidative damage to cell components [28].

Taken together, in terms of PDT and diagnostics, the theranostic approach is focused on
a specific biosynthetic pathway of heme biosynthesis. The following chapters of this review
will describe and provide a detailed analysis of pathway-specific responses, signaling in the
case of mitochondrial damage, endoplasmic reticulum stress, calcium transfer, ferroptosis
and lipid peroxidation, immunogenic signaling, and adaptive resistance under hypoxia.
While traditional exogenous photosensitizers rely primarily on passive cellular uptake, the
5-ALA-PpIX platform represents a unique, pathway-oriented theranostic paradigm that is
intrinsically hardwired into the cancer cell’s metabolic architecture. Rather than treating
5-ALA metabolic flux, FECH downregulation, ABCG2 transport, and oncogenic signaling
(such as Ras/MEK, MYC, and HIF-1α) as isolated phenomena, this review provides a novel,
comprehensive synthesis of these components as a unified regulatory network. By evaluating
PpIX accumulation as a direct readout of the tumor’s distinct metabolic profile, we bridge the
critical gap between basic photophysical principles—such as the strict 10–20 nm diffusion limit
of singlet oxygen—and organelle-specific stress responses. The following chapters provide a
systematic, multi-organelle roadmap detailing how localized photo-oxidative damage to the
mitochondria, endoplasmic reticulum, and lysosomes directly cross-talks to dictate complex
signaling cascades, including calcium mobilization, ferroptosis, immunogenic cell death
(ICD), and adaptive resistance under hypoxia. Ultimately, this integrated perspective moves
beyond descriptive biochemistry to outline how shifting tumor phenotypes can be strategically
exploited using targeted pathway inhibitors and transport pharmacology to maximize the
selectivity and potency of next-generation photodynamic regimes.
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The clinical conception of ALA-induced PpIX demonstrates the power and flexibility
of the platform. In medical practice, PpIX is used not only for PDT, but for fluorescence-
guided detection during cancer resection. According to recent reviews, ALA-based agents
are highly successful in translational medicine because they unify diagnostics and PDT
within a single metabolic pathway. Such theranostic logic has achieved significant success
in oncology, where fluorescence can mark cancer tissue, allowing the same chromophore
to be used for both detection and targeted destruction. From a mechanistic point of view,
the connection between the cellular metabolic state and PpIX-mediated cytotoxicity in PDT
is uniquely valuable. This represents the primary, fundamental difference between 5-ALA-
mediated therapy and traditional cytostatics or other PDT agents, which are only secondarily
modified by metabolism. Consequently, PpIX-PDT is a pathway-oriented approach capable of
influencing mitochondrial activity, heme-pathway flux, transporter status, oncogenic signaling,
and hypoxia-linked redox adaptation, while simultaneously providing localized oxidative
damage to cell components.

Despite this paradigm-shifting metabolic precision, the translational trajectory of the
5-ALA-PpIX platform is tightly bottlenecked by critical pharmacological, physiological, and
physical limitations that challenge its routine clinical efficacy. Systemically, the administration
of 5-ALA can induce transient toxicities, most notably acute systemic skin photosensitivity
requiring strict post-treatment patient isolation from ambient light—as well as transient
hepatotoxicity characterized by elevated liver transaminases. These safety concerns are
further compounded by unfavorable pharmacokinetics; 5-ALA suffers from rapid clearance
and a narrow therapeutic window, which often risks systemic saturation before adequate,
tumor-selective accumulation can be achieved.

Furthermore, the fundamental operational threshold of the platform is strictly bounded
by the optical properties of biological tissue. Because the absorption maxima required for
both blue-light PpIX fluorescence excitation (~405 nm) and red-light photodynamic activa-
tion (~635 nm) sit outside or at the absolute edge of the near-infrared biological window,
photon scattering and endogenous tissue absorption heavily restrict light penetration depth
to just a few millimeters. This physical constraint renders deep-seated tumors, large bulky
masses, or infiltrative margins largely inaccessible to standard surface illumination, necessi-
tating invasive interstitial fiber-optic setups or complex multi-organelle strategies to salvage
therapeutic efficacy.

Therefore, taking this theranostic approach as a whole focused entirely on the biosynthetic
pathway of heme biosynthesis requires a comprehensive framework that addresses both its
biochemical brilliance and these translational hurdles (Table 3).

Table 3. Comprehensive synthesis of the 5-ALA-PpIX platform: regulatory mechanisms, multi-
organelle targets, and theranostic outcomes.

Regulatory Module and
Platform Component

Primary Biological
Mechanism in Cancer

Contradictory
Data/Modulating

Variables

Targeted Pharmacological
Strategy

Theranostic and Clinical
Outcome [4,26–28]

5-ALA-PpIX Theranostic
Axis

Endogenous intracellular
synthesis hardwired into
the tumor’s metabolic
architecture.

Traditional
photosensitizers rely on
passive uptake; synthesis
rates vary by cell line.

Dual exploitation of a
single metabolic pathway
for diagnostics and
therapy.

Fluorescence-guided
resection to accurately
mark cancer tissue,
followed by targeted PDT
using the same
chromophore.

Pathway-Oriented
Cytotoxicity

Localized photo-oxidative
damage constrained by
the 10–20 nm singlet
oxygen diffusion limit.

Cytostatics/other PDT
agents are only
secondarily modified by
baseline metabolic state.

Maximizing subcellular
localization to trigger
organelle-specific stress.

Direct metabolic readout
influencing mitochondrial
activity, heme flux, and
hypoxia-linked
adaptation.
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Table 3. Cont.

Regulatory Module and
Platform Component

Primary Biological
Mechanism in Cancer

Contradictory
Data/Modulating

Variables

Targeted Pharmacological
Strategy

Theranostic and Clinical
Outcome [4,26–28]

Enzymatic Blockade
(FECH and Iron)

Downregulation of FECH
or low iron levels halts
conversion of PpIX to
heme.

Heterogeneous baseline
FECH expression creates
variable accumulation
across tumor models.

Administration of iron
modulators, chelators, or
specific FECH inhibitors.

Blocks terminal heme
synthesis; forces upstream
accumulation and
entrapment of PpIX inside
the cell.

Efflux Transporters
(ABCG2)

Active membrane
transport purging
intracellular PpIX;
negative regulator of
phototoxicity.

Variably upregulated in
multidrug-resistant (MDR)
phenotypes; tissue
distribution profiles differ.

Application of membrane
transport pharmacology
(e.g., ABCG2-specific
inhibitors).

Inhibits active efflux;
dramatically increases
intracellular concentration
to rescue PDT potency in
MDR tumors.

Oncogenic Signaling
(Ras/MEK, MYC, HIF-1α)

Oncogenic
reprogramming alters the
fundamental balance
between synthesis and
efflux.

Historically viewed as
generic mitochondrial
dysfunction rather than a
pre-regulated oncogenic
phenotype.

Combined intervention
using targeted signaling
pathway inhibitors (e.g.,
MEK inhibitors).

Corrects synthesis/efflux
equilibrium; boosts PpIX
accumulation in vitro and
in vivo.

Multi-Organelle
Cross-Talk

Photo-oxidative
destruction concentrated
in the mitochondria, ER,
and lysosomes.

Downstream cellular
survival vs. death
signaling shifts based on
localized organelle
damage.

Systematic multi-organelle
roadmap guiding
next-generation combined
photodynamic regimens.

Dictates complex
downstream cascades:
calcium mobilization,
ferroptosis, lipid
peroxidation, ICD, and
hypoxic resistance.

5-ALA-induced PpIX acts as a pathway-oriented theranostic platform that connects
tumor-specific metabolic states with localized, organelle-specific photo-oxidative damage,
rather than relying on passive cellular uptake [4,27]. This review synthesizes heme biosyn-
thesis, FECH down-regulation, and ABCG2 transport into a unified regulatory network,
providing a comprehensive roadmap for exploiting adaptive resistance to maximize the
potency of next-generation photodynamic regimes [4,28].

6. The Metabolic “Factory”: Heme Biosynthesis and PpIX Accumulation
Protoporphyrin IX can selectively accumulate after exposure of cancer cells to

5-aminolevulinic acid. In real cells, PpIX accumulates during the long metabolic path-
way, which includes cytosol, mitochondria, membranes, iron-trafficking machinery, and
efflux transporters [9,26]. This long pathway works like a “biochemistry factory”, which
reacts with respect to the present substrate and iron availability, enzyme kinetics, or-
ganelle trafficking, and amount of photosensitizer available for fluorescent diagnostics and
PDT [9,29]. This network works for PpIX accumulation in heterogeneous tumors and its
distribution between normal and malignant tissues, and it can behave differently even
between subclones of the same cancer.

In the case of cancer, this factory rarely stays neutral [5]. Tumor cells often demonstrate
altered mitochondrial function, an abnormal Krebs cycle, dysregulated iron homeostasis,
and oncogenic signaling programs that modify the flux from 5-ALA to heme [28]. Some
influences increase the accumulation of PpIX, while others decrease it; for example, fer-
rochelatase activity reduction and porphyrin efflux inhibition cause the accumulation of
PpIX in cells. Thus, the amount of intracellular PpIX depends on the balance between
production, conversion, sequestration, and export rather than on simple synthesis and
5-ALA uptake [30].

6.1. Pathway Flow: Through 5-ALA to Mitochondrial PpIX

The addition of 5-ALA helps to bypass the first step of the synthesis of PpIX. It is
converted to PpIX by ALA dehydratase to porphobilinogen. Then, four molecules of
porphobilinogen condense to the linear tetrapyrrole hydroxymethylbilane via the hydrox-
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ymethylbilane synthase enzyme [31]. After this stage, tetrapyrrole hydroxymethylbilane
cycles from the uroporphyrinogen III synthase to uroporphyrinogen III [31,32].

The subsequent decarboxylation of uroporphyrinogen III by uroporphyrinogen de-
carboxylase leads to the origin of coproporphyrinogen III, which comes back to the mito-
chondria. In the mitochondria, two enzymes, coproporphyrinogen oxidase and protopor-
phyrinogen oxidase, start the synthesis of protoporphyrin IX. PpIX becomes heme under
the influence of ferrochelatase (FECH), the terminal stage of the heme pathway, in which
Fe2+ is inserted into PpIX [28]. This sequence has sensitive nodes that are important for
PpIX accumulation during theranostic or therapeutic 5-ALA loading. The first is overload-
ing of the pathway, which is caused by the addition of 5-ALA. The second is a downstream
process that leads to overloading of the cell by PpIX. In cancer, both of these effects exist
simultaneously [33,34]. It explains how malignant cells accumulate more PpIX than normal
cells after 5-ALA exposition following injection (Figure 2) [35].

Figure 2. PPIX/heme biosynthesis and disposition in mammalian cells. Multiple enzymes, cofactors,
and transporters are involved in the pathway of PPIX/heme biosynthesis and in PPIX disposition. Ab-
breviations: ALAS, 5-aminolevulinic acid synthase; ALAD, aminolevulinic acid dehydratase; HMBS,
hydroxymethylbilane synthase; UROS, uroporphyrinogen III synthase; UROD, uroporphyrinogen
decarboxylase; CPOX, coproporphyrinogen oxidase; PPOX, protoporphyrinogen oxidase; FECH,
ferrochelatase; PLP, pyridoxal phosphate; SLC25A38, solute carrier family 25 member 38; MFRN1,
mitoferrin-1; FLVCR1, feline leukemia virus subgroup C receptor 1; PBzR, peripheral benzodiazepine
receptor; ABCB6/ABCB10/ABCG2, ATP-binding cassette transporters.

6.2. The Central Role of Ferrochelatase and Enzymatic Bottlenecks in the PpIX Pathway

In terms of pathway flow, the FECH stage is the strongest bottleneck, controlling
PpIX accumulation. Localization of FECH—on the inner side of the inner mitochondrial
membrane, where it provides catalytic activity—inserts Fe2+ in PpIX [36]. When FECH
is blocked, PpIX arises because it is the substrate of FECH. So, silencing this enzyme in
the experiment causes PpIX accumulation and an increase in photosensitivity of such
cancer models. Activation of FECH expression has been associated with decreasing PpIX
fluorescence, induced by 5-ALA in tumors in a lot of cancers. Among them, bladder cancer,
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colon cancer, and glioma provide evidence that decreased FECH correlates positively with
PpIX accumulation in these types of cancers [37–39].

The role of FECH is not limited by the expression level; its function also depends
on mitochondrial function, the integrity of iron–sulfur clusters, and the availability of
ferrum in the cell. FECH function can decrease in the presence of oxidative stress,
changed mitochondrial membrane potential and malformation of Fe-S clusters; distur-
bances in Fe and sulfur homeostasis can dramatically change enzyme activity, even when
expressed [40–42]. This situation is typical for cancer cells, which are under metabolic stress.
In such cells, FECH activity may decrease under conditions of cell stress, hypoxia, nutrient
stress, or oncogene signaling and mitochondrial dysfunction [43]. As a result of blocking
the terminal pathway reaction, the entire chain of transformation causes the accumulation
of photosensitizers [44,45].

Other enzymes make their contributions to phenotypes, but not in a dominant manner.
Specific tumor settings can occur during porphobilinogen deaminase changes, malformed
expression of coproporphyrinogen oxidase, and enhanced protoporphyrinogen oxidase.
However, according to the literature, upstream points of the pathway do not cause higher
PpIX accumulation if FECH is not blocked or decreased. During this process, FECH
occupies a central place in the mechanistic model of ALA-PDT selectivity [46,47].

In summary, ferrochelatase (FECH) serves as the primary metabolic bottleneck and
central determinant of ALA-PDT tumor selectivity. Rather than being governed strictly
by upstream enzymatic kinetics, the accumulation of PpIX is overwhelmingly dictated
by the downregulation or functional impairment of FECH at the inner mitochondrial
membrane. Crucially, this review highlights that FECH activity is not merely a reflection of
protein expression levels, but a highly sensitive readout of the tumor microenvironment.
Metabolic stress, altered mitochondrial membrane potential, hypoxia, and disruptions in
iron–sulfur (Fe-S) cluster biogenesis all act as environmental brakes that suppress FECH
activity in malignant cells, forcing the accumulation of the photosensitizer even when the
enzyme is physically present. While other heme pathway enzymes contribute to the overall
tumor phenotype, they play a subordinate role; without a functional or expression-based
block at the FECH stage, upstream pathway flux fails to yield significant PpIX retention.
Recognizing FECH as a multi-layered regulatory hub explains the heterogeneous success
of 5-ALA across different cancer types and transitions the understanding of PDT selectivity
from a simple gene-expression model to a dynamic, stress-responsive network, laying the
groundwork for the detailed discussion on iron trafficking that follows.

6.3. Ion Metabolism, Ferroportin, and Metabolic Control of Terminal Heme Synthesis

To complete biosynthesis of heme, FECH needs ferrous ions. Because of this, iron
metabolism is closely connected to PpIX accumulation. It is commonly understood that
heme synthesis is determined not only by FECH activity but also by the delivery process
of ferrous ions to the cell through the cell membrane and then to the right compartment
of mitochondria [47]. The delivery process can have its own timeline. Cancer cells often
demonstrate malformed and deregulated iron metabolism in terms of import, storage and
export. The deregulation may affect transferrin receptor 1 and ferritin dynamics, and iron
utilization may be redirected because of rapid proliferation [48]. These changes mostly do
not support an effective iron supply to FECH [40]. So, bioactive mitochondrial iron can be
limited with respect to the entire pathway flux, causing PpIX retention.

The only known mammalian cellular iron transporter is ferroportin [38,49,50]. It
governs cell iron balance, and its influence is greater than that of porphyrin transporters.
Reduced ferroprotein expression in different tumors can cause iron sequestration and dereg-
ulation [51,52], while hepcidin proinflammatory signaling can malformed incoming iron
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much more. The relationship between ferroprotein and ALA-induced PpIX accumulation
is not linear [52,53]. The main variable is not just total iron, but the relationship between
cytosolic iron, labile pools, and mitochondrial delivery. Because of this, a strategy such
as iron chelation can increase intracellular PpIX by blocking its access to FECH [49]. But
total cell iron is still able to be measured. Classic works with deferoxamine and similar
chelators have demonstrated increased PpIX concentration and greater phototoxicity [54].
This principle is most important with respect to demonstrating terminal metalation as a
checkpoint of the whole pathway.

Two mitochondrial iron transporters are mitoferrin-based, and proteins coordinating
iron–sulfur clusters are responsible for influencing this checkpoint of the pathway [55].
They give evidence of the variability of the model. Together, such observations give birth
to the concept: the heme pathway is not an isolated biosynthetic chain, but a sequence
of transformation included in metabolism [40]. Any tumor with a phenotype allowing
disruption between iron metabolism and PpIX accumulation can create a therapeutic
window for PpIX PDT that can be exploited. Malignant cells frequently rewire their iron
trafficking networks—upregulating transferrin receptor 1 while dysregulating ferritin
dynamics and suppressing the sole iron exporter, ferroportin, to sustain rapid proliferation.
Crucially, this systemic iron deregulation often starves the inner mitochondrial membrane
of bioavailable ferrous Fe2+ ions, creating a localized iron deficiency that forces PpIX
retention even in the presence of functional FECH enzymes. Rather than being determined
by total cellular iron concentrations, the kinetic throughput of the pathway relies on the
continuous delivery of iron through mitochondrial transporters like mitoferrin and iron–
sulfur cluster assembly machinery. This intricate linkage is validated by the clinical success
of iron chelation strategies (e.g., using deferoxamine), which artificially sever the iron-FECH
axis to drastically enhance PpIX fluorescence and phototoxicity. Ultimately, this interplay
demonstrates that the heme pathway is not an isolated biosynthetic chain, but a deeply
integrated metabolic circuit.

6.4. Transport Processes from the Influx to Mitochondrial Trafficking and ABCG2-Dependent Efflux

Transport systems form PpIX accumulation on different levels. At the first check-
point, exogenous 5-ALA must cross the plasmatic membrane. This process is driven by
multiple transporters, including proton-coupled amino acid and peptide transport sys-
tems (PEPT1, PEPT2) [56]. There is a difference between free 5-ALA and its esters, like
methyl-aminolevulinate [57]. At the second checkpoint, porphyrin intermediates must be
transferred from the cytosol to the mitochondria. Also, we have omitted multiple enzyme
steps, which appear in the cytosol during the process of the synthesis of PpIX.

The most important export component is ATP-binding cassette transporter ABCG2.
This is a breast cancer-resistant protein. ABCG2 excretes porphyrins and PpIX, which
decreases the concentration of this porphyrin in the cell. High ABCG2 activity decreases
PDT efficacy and fluorescence. Pharmacology or genetic inhibition of ABCG2 increases
intracellular PpIX concentration and PDT efficacy [58]. This principle has broad pharma-
cological significance because ABCG2 is also known as a multidrug-resistant transporter.
Resistant to a broader line of pharmacology compounds, typical of some tumors, it can also
be resistant to 5-ALA-based theranostics and PDT. They can simply pump out PpIX from
the cell to less effective levels [57].

Some studies have expanded this model. It has been shown that ABCG2 does not
work alone in the process of PpIX excretion. In the process of porphyrin evacuation,
other processes that participate are endocytic trafficking, vesicular transport, membrane
cholesterol composition, and dynamin-dependent processes [59]. Nevertheless, ABCG2
remains the best validated PpIX efflux node. Some inhibitors, like Ko143, were shown to be
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able to increase ALA-induced PpIX concentration in the cytosol. The importance of ABCG2
is in demonstrating that a tumor is not only a hub with synthetic capacity. What matters is
how effectively a cell can move photosensitizers from the cytoplasm to the outside. If we
provide an analogy with “the metabolic factory”, ABCG2 is the export gate, which can leak
all the products synthesized in the “factory” before they can be used [60].

Transmembrane transport systems, particularly proton-coupled peptide transporters
(PEPT1/2) and ATP-binding cassette transporter ABCG2, act as key checkpoints for the
uptake and export of 5-ALA and PpIX, directly impacting photodynamic therapy (PDT)
efficacy [56,58]. ABCG2 serves as the primary export mechanism, with its inhibition or
modulation of cellular processes like endocytic trafficking, and is capable of increasing
intracellular PpIX concentration to overcome tumor resistance [58,59].

6.5. Oncogenic Regulation: Influence of Ras/MAPK/ERK Pathways on PpIX Accumulation

The finding that oncogenic signaling regulates the accumulation of PpIX changes
the field of research from metabolism to signaling and cell function regulation. The best-
studied examples are Ras/MAPK/ERK pathways. Yoshioka et al. demonstrated, in the
case of inhibited Ras/MEK, the accumulation of PpIX after 5-ALA addition to the cells [5].
The situation occurred as a reflection of two effects that are coordinated. Suppression of
ABCG2-mediated PpIX excretion is the first; the second is the decreasing conversion of PpIX
to heme. Signaling through RSKs and hypoxia-inducible factor-related modules is a great
illustration of how classic pathways adapted to growth can influence PpIX metabolism
remodeling [5,61].

ABCG2/BCRP is another important PpIX efflux transporter. It participates in growing
5-ALA-dependent PpIX accumulation. Do not confuse it with RSK–ABCB1, downstream of
Ras/MEK [61].

This observation has a few implications. Oncogenic pathways not only facilitate prolif-
eration, they actively influence the metabolic parameters of the cell, which are important for
PpIX PDT. Second, the last step of pathway inhibition can be used for increased photosensi-
tizer concentration and efficacy of PDT. It provides selectivity rather than just the simple
accumulation of PpIX in the nearest tissues [5,61]. Third, the presence of intertumoral
heterogeneity, found in PDT and fluorescence: It can express not only histology, but also
the expression level of enzymes of heme metabolism. Tumors with active Ras/ERK may
have lower PpIX retention. It can have a place despite mitochondrial properties. In this
case, target inhibition can increase success of PDT [62,63].

Other signaling pathways are also connected with signaling, like PI3K-AKT, HIF-1,
MYC, and mitochondrial programs connected to cancer. Stress-adaptive transcription
factors like Nrf2 can influence transporter expression, antioxidant capacity, mitochondrial
function, and iron metabolism [26,46]. Each of these subsystems can have an influence on
the accumulation of PpIX. This oncogenic control is well known as a control layer of the
core enzymatic pathway [46]. That explains why the same pathway with its biosynthesis
demonstrates such different behavior in different PDT or theranostic conditions [61]. In the
chapter below we will focus on accumulation of photosensitizers in real tumors with their
features. Oncogenic signaling regulates 5-ALA-induced protoporphyrin IX (PpIX) accu-
mulation by controlling metabolic pathways through modules like Ras/MAPK/ERK and
HIF, influencing both exporter activity and heme conversion [5,61]. This mechanism, often
involving ABCG2/BCRP, suggests that inhibiting pathways like MEK/ERK can increase
photosensitization efficacy, while tumor heterogeneity and stress-responsive transcription
factors like Nrf2 further modulate PpIX retention and PDT outcomes [26,61–63].
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6.6. Reasons for PpIX Accumulation in the Real Tumors

Clinical and preclinical trials demonstrate that fluorescence of the cancer tissue, in-
duced by 5-ALA, is spatial and heterogeneous. Even in the case of a single cancer tumor,
some regions demonstrate strong fluorescence, while others are dim. This chapter explains
only the mechanistic point of view on heterogeneity. Heterogeneity can be caused by
nonuniform drug delivery. It can also depend on regional differences in oxygenation, mito-
chondrial mass, proliferation state, iron availability, FECH activity, and ABCG2 expression.
Hypoxic zones in the tumor can cause changes in fluorescence and PDT because of a lack
of oxygen, and hypoxia can dramatically change both heme metabolism and transporter
programs [62,64].

Cells that are in a dormant or more differentiated state can accumulate more PpIX
than aggressive malignancies or migrated cells. This suggests that malignancy does not
correlate with fluorescence. This is a very relevant finding for clinical fluorescence and
relevant surgery. Non-fluorescent cells that infiltrate lesions can contain malignant cells
with malformed PpIX metabolism [65,66].

Multiple layers of biology explain heterogeneity rather than technical noise. For the
PDT optimization, metabolic priming may have the same importance as light delivery.
Different strategies are important with respect to increasing PpIX accumulation before light
activation: iron chelators, ABCG2 inhibitors, Ras/MEK blockade, and other formulation
strategies [26,66].

6.7. Common Concluding Remarks with Respect to the Biochemical PpIX Synthetic Pathway and
Its Regulation

This long, multicompartment metabolic pathway acts as a “biochemical factory”, pro-
ducing PpIx from priming ALA. In this “factory assembly line”, FECH and iron availability
form the end bottleneck, and ABCG2 is a checkpoint whereby accumulated PpIX is excreted
from the cell [66]. ABCG2 in the next turn is under the control of an oncogenic signaling
pathway, such as Ras/MAPK/ERK. They modulate not only retention but conversation [67].
PpIX accumulation is the product of heme pathway flux, metalation efficiency, transporter
balance, and signaling state. Understanding the relationship between signaling and PpIX
accumulation is important with respect to explaining tumor selectivity, growing resistance
heterogeneity, and therapy strategies.

Heterogeneity in 5-ALA-induced fluorescence arises from biological factors including,
but not limited to, inconsistent drug delivery, varying iron levels, mitochondrial mass, and
ABGC2 expression, which create distinct “bottleneck” points for PpIX accumulation [62,64].

7. Signaling Pathways and Second Messengers, Activated by ROS
The introduction of PDT is typical as an approach that allows for killing cells by

oxidative damage. This is the correct point of view, but incomplete. When PpIX generates
ROS in biological systems, it does not behave as an indiscriminate toxin. They also have a
signaling function or participate in cell signaling cascades [68].

The critical point of PpIX-PDT is that it begins from a localized photochemical event.
And only after the consequences have cumulated does the cell stress response expand
to the system level. Very short lifetime and short, diffuse distance are typical of singlet
oxygen. The first oxidized compounds are proteins, lipids, and coenzymes located near
the pool of PpIX. Once the local oxidation appears, the weaves of intracellular events
appear [69]. Among them are: mitochondrial dysfunction, calcium redistribution, kinase
activation, endoplasmic reticulum stress, and proteostasis collapse. From this point of view,
the cascade of signaling, initiated by ROS, leads to the connection of global photophysics
and cell-fate-determined events [70].
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In the signaling point of view, endogenously produced PpIX from 5-ALA priming
can accumulate in membrane organelles or the plasma membrane: mitochondria and
mitochondria-associated membranes, ER, and lysosomes. This compound has an am-
phiphilic nature, so it can coexist in the cytoplasm, depending on cell type and physiological
state. Accumulation of PpIX in the mitochondria gives cells the ability to oxidize damage
to respiratory complexes, cardiolipin-rich membranes, permeability transition mechanisms
and proteins, and ER–mitochondria contact sites. Even moderate photodamage, if it takes
place in the mitochondria, can initiate apoptosis [1]. Moderate photodamage may be the
cause of structured apoptosis or stress adaptation, while hard photodamage may collapse
chemiosmotic coupling and force necrotic or apoptotic death [16]. Signaling during light
irradiation in PDT depends on light dose, fluence rate, oxygenation, organelle localization,
and pre-existing metabolic state. This alters both treatment efficacy and the type of cell
death. In the chapter below we will discuss spatial problems that appear in the ROS
generation process.

In the signaling point of view, endogenously produced PpIX from 5-ALA priming
can accumulate in membrane organelles or the plasma membrane: mitochondria and
mitochondria-associated membranes, ER, and lysosomes. This compound has an am-
phiphilic nature, so it can coexist in the cytoplasm, depending on cell type and physiological
state. Accumulation of PpIX in the mitochondria gives cells the ability to oxidize damage
to respiratory complexes, cardiolipin-rich membranes, permeability transition mechanisms
and proteins, and ER–mitochondria contact sites. Even moderate photodamage, if it takes
place in the mitochondria, can initiate apoptosis [1]. Moderate photodamage may be the
cause of structured apoptosis or stress adaptation, while hard photodamage may collapse
chemiosmotic coupling and force necrotic or apoptotic death [16].

7.1. Spatial Restriction of ROS Generation and Redox Logic

After being illuminated, the PpIX electron comes to an excited state and can be
transferred to the surrounding molecules. In this process, singlet oxygen and ROS can
be generated. Singlet oxygen has a very low diffusion distance before quenching [12]. So
the first radius of oxidative injury is topology-restricted. Nearest-neighbor proteins can
be quickly oxidized, but the rest of the cells are not affected. In the case of mitochondria,
the targets can be cardiolipin, respiratory chain components, and transporters [1]. For
PpIX, associated with ER, potential targets can be different. They can be luminal folding
machinery, redox enzymes, calcium-handling proteins, and membrane lipids. This locality
explains, from a mechanistic point of view, the original dependent signaling as a response
to PDT [16].

However, the localized injury does not stay local all of the time. The electron transport
chain can leak superoxide. The membrane, after damage, can release calcium, and the ATP
diffusion can have an influence on enzyme kinetics and protein quantity control in the
cell. So, in this way, the secondary consequence can amplify PDT damage. PDT-mediated
signaling can work as a redox relay. If the first singlet oxygen is generated at the PDT
site, the second ROS and damaging response is created by the damaged organelles by
themselves [71].

7.2. Mitochondrial Signaling During PDT, Oxidation of Cardiolipin, mPTP Generation, and
Release of Death-Associated Factors

In case of PpIX-mediated PDT, mitochondria are a central point of attachment of
the “PDT force”. This is the central hub converting photodamage to PDT signals and
proapoptotic signals. Early events during PDT are oxidation of cardiolipin, an tetra-acyl
phospholipid of the inner mitochondrial membrane [72]. The latter stabilizes respiratory
supercomplexes and anchors cytochrome c. Oxidation of cardiolipins alters interaction
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with cytochrome c, and it modifies the inner membrane structure. A parallel process is the
damage to the membrane respiratory complex [73]. This damage has the following conse-
quences: it lowers membrane potential, limits oxidative phosphorylation, and increases
electron leakage. As a result of this chain of transformation caused by PDT, mitochondria
are damaged and become a source of ROS for the whole cell.

In the case of growth of oxidative damage intensity, the mitochondrial membrane
begins to leak because of permeabilization. There are two major models of permeabilization
that can take place with the outer membrane. The first case is governed by the BCL-2 family
of proteins, and the second case is the working process of the mitochondrial transition
pore. mPTP is regulated by calcium overload, oxidation, adenine nucleotide depletion,
and matrix conditions [74]. It is not a simple on–off switch model. As soon as membrane
changes appear and a solution enters, mitochondria begin swelling, there is collapsed
membrane potential, and decomposition of outer membrane integrity takes place. These
transformations identify mitochondria as the origin of death signals.

Cytochrome c and Smac/DIABLO are two molecules that are released from the mi-
tochondria and have proapoptotic properties. Cytochrome c is an apoptosome activator
through caspase-9 [75]. This means that there exists a linkage between the organelle and
the executable protein of the caspase cascade. Smac/DIABLO facilitates this transition by
inactivating AIP, an apoptosis inhibitor protein. This process makes caspase activation
more probable. In some cells, AIP and endonuclease G also require caspase-independent
nuclear damage [76]. Looking for these consequences, the final death situation may look
like apoptosis, necrosis, or necroptosis, depending strongly on ATP availability. If ATP is
present enough, the cell will organize caspase-dependent disassembly. If ATP reserves are
lost rapidly, cells demonstrate a necrotic phenotype.

This dosage-dependent behavior has practical consequences. It can explain the ability
to induce different cell death programs by the same photosensitizer in the same cell and
irradiation conditions. It also gives us information as to why PpIX localization is more
important than total fluorescence alone [77]. In the case of intramitochondrial localization
of PpIX, even a small amount of photosensitizer can cause mitochondrial signaling and cell
death [2]. From a cell signaling point of view, the main concept is that mitochondria do not
undergo simple oxidative injury. An active cell-wide decision process is started, leading to
cell death. Mitochondrial membrane permeabilization, triggered by increased oxidative
stress, leads to either apoptosis or necrosis depending on ATP availability, highlighting that
the precise localization of PpIX is more critical than total fluorescence intensity [74,76].

7.3. ER Stress and Unfolded Protein Response

The endoplasmic reticulum is a large membrane organelle, like mitochondria. If PpIX
is mitochondrion-only localized, the PDT consequences can quickly cover the ER, because
of ATP depletion and calcium exchange at membrane contact sites. ER is sensitive to redox
imbalance, which is caused by protein folding and disulfide bond formation [16]. These
parameters depend on a deeply regulated luminal environment. In the case of PDT, if
photosensitizers are present in the ER or topically placed on its membrane or dissolved in it,
they can have a direct influence by singlet oxygen on chaperones, membrane proteins, and
redox enzymes. It can trigger the accumulation of unfolded protein in the lumen. These
events activate proteins PERK, IRE1(ERN1), and ATF6, which support the unfolded protein
response [78].

The most relevant to PDT biology signaling is PERK-eIF2alpha signaling. Rapid
phosphorylation of eIF2alpha suppresses the translation process globally. This helps reduce
the amount of incoming protein, avoiding the growth of stress [16]. At the same time, the
growth of selective synthesis of transcription factors like ATF4 activates the expression of
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genes related to amino acid metabolism, antioxidant defense, autophagy, and adaptation.
In the early phase after photodamage, this activation of the genome can have cytoprotective
consequences [79]. It stimulates chaperone induction, degradation of oxidized proteins,
and restoration of organellar homeostasis. If PDT pressure is prolonged, this pathway
induces CHOP, mitochondrial dysfunction, and death commitment.

Such dual properties of PDT response do not predict biological effect. In the case of
equal oxidative damage, the response of the two cells may be different because of a more
effective proteostasis response from one cell. Some cells can operate near the proteostasis
limit even without treatment; for example, secretory tumors, aneuploid tumors, and rapidly
proliferating cells [16]. So, PpIX-mediated PDT may exploit a specific vulnerability, which
appears under ER stress. If cells have better chaperones, proteasomal reserve, or higher
basal antioxidant defenses, they may survive, and the tumor will repopulate. Because of
these facts, we can conclude that ER stress, mediated by PpIX PDT, is better viewed as not
simply peripheral damage, but as a decision node. It governs the balance between survival
and resistance or delayed death [80].

Photosensitizer-mediated ER stress, particularly through PpIX-induced damage, trig-
gers the unfolded protein response (UPR) via PERK, IRE1, and ATF6 pathways, leading
to either cell death or adaptation. The PERK-eIF2alpha pathway acts as a critical decision
node, providing initial cytoprotection via translation halt and chaperone induction before
committing to destructive apoptosis if stress persists.

7.4. Calcium Messenger Governs Coupling Signaling Between Organelles

Calcium is the most effective signal transmitter in a cell. In the case of cell signaling,
there can be a burst of calcium influx locally, transformed into whole-cell signaling. The
ER is a storage of the majority of calcium ions. Because the mitochondria membrane is
connected to the ER, the first organelle provides the rapid exchange of calcium in the
second—between the ER and cytoplasm [81]. Cytoplasmic calcium appears from the ER,
under PpIX-mediated PDT. The PDT has an influence on this process by oxidation of
ER calcium channels or membrane lipids, along with ATP depletion that disables Ca2+-
ATPases. Depolarization of mitochondria changes the organelle’s capacity to buffer calcium.
In this way, a redistribution of calcium appears, which is not a passive leak. It is a signal
that has a strong influence on metabolism, the cytoskeleton, proteases, and permeability
transitions [81].

One of the PpIX-mediated PDT consequences is calcium-mediated damage of mito-
chondria. If in damaged mitochondria calcium uptake appears, it causes permeability
transition, matrix swelling, and further ROS production. The present feedback joins the
coupling between ER injury and mitochondrial death signaling [82].

A consequence of such activation is calpains, which are calcium-dependent cysteine
proteases. They cleave the cytoskeleton and regulatory proteins. The BCL-2 family can be
modified by calpains, which can influence lysosomal stability. It causes membrane blebbing
or necrotic processes. In some models of PDT, described above, processes intersect with
caspase activation, leading to canonical apoptosis or bypassing of it [2].

Typically, it is in a dose-dependent manner that calcium influences bioenergetics. In
normal conditions, the physiological concentration of calcium is supportive with respect to
dehydrogenase activity and ATP production. Post-PDT, it is very different: inlet calcium
entry into oxidatively damaged mitochondria causes failure instead of adaptation and
survival. This case helps us to explain how identical changes in calcium concentration may
have opposite influences on cell survival [83–85]. This result depends on the cell’s redox
state. In PpIX-mediated PDT, calcium is often a complex, not an independent, event. It
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functions like a connective bridge between ROS generation, mitochondrial permeability,
ER stress, protease activation, and structural collapse.

7.5. Redox-Sensetive Kinases and Transcriptional Response

Downstream signaling in the place of a PpIX-mediated PDT lesion touches down-
stream kinases, organelle signaling, cytosolic kinases, and the transcriptional system. Stress
can activate kinases like JNK, p38 MAPK, and ERK. It is a response to oxidation. Also,
the reaction is to changes in the level of calcium and mitochondrial stress. Their effect
depends on the context in which they appear. It can promote apoptosis, inflammatory
signaling, temporary survival, or, later, adaptive rewiring. PDT-induced oxidation may
also affect the NF-kappaB and AP-1 signaling pathway. This pathway does not respond di-
rectly to organellar damage. It responds to the intensity and duration of organelle-derived
stress [72,85]. More information about affected PpIX-mediated PDT kinases can be found
in Table 4, and information about transcription factors is summarized in Table 5.

Table 4. Kinases, directly or indirectly affected by PpIX-PDT.

Kinases, Directly or
Indirectly Affected

by PpIX-PDT
Signaling Pathway and Its Function Influence on Cell Survival or Death Cell Compartment Involved

ERN1(IRE1α) [86] Unfolded protein response [86]

Activated as a response to unfolded
protein in endoplasmic reticulum.

Helps cell to survive. No data about
activation by PpIX-PDT; presents data

about another dye (EtNBSe) [86]

Endoplasmic reticulum [87]

Ras/MEK [87] RAS–RAF–MEK–ERK signaling
pathway [87]

Proliferation, survival, differentiation,
migration, apoptosis balance,

autophagy [87]

From plasma membrane, in
cytoplasm, to nucleus [87]

PERK [88] Unfolded protein response [88] Unfolded protein response sensor [88] Transmembrane, ER membrane [88]

MAPK/ERK [30,89] RAS–RAF–MEK–ERK signaling
pathway [30,89]

Proliferation, survival, differentiation,
migration, apoptosis balance,

autophagy [30,89]

From plasma membrane, in
cytoplasm, to nucleus [30,89]

P38 MAPK [71] p38 mitogen-activated protein kinase
pathway [71]

Stress adaptation, inflammation,
cell-cycle arrest, apoptosis [90]

Between the cytoplasm and
nucleus [90]

JNK [91] c-Jun N-terminal kinase
pathway/SAPK/JNK pathway [91,92]

Autophagy,
inflammatory gene expression,

repair signaling,
survival of partially damaged cells.

Modulation of apoptosis [91,92]

Cytoplasmic–nuclear [91,93]

RSK [61] p90 ribosomal S6 kinase pathway [61]
Do not undergo direct PpIX-PDT

influence, but decrease PDT effect due
to PpIX efflux [61]

Cytoplasmic–nuclear signaling [61]

PI3K/AKT [93] PI3K–AKT–mTOR signaling
pathway [93].

Tumor growth, anti-apoptotic
signaling, invasion, and PDT

resistance [93]

From plasma membrane, in
cytoplasm, to nucleus [93]

HSP90 [94] Chaperone, protein folding [94]. Stabilizes proteins such as Bcr-Abl,
AKT, RAF, HIF-1α [94] Nucleus, cytoplasm [94]

Cyt C, caspase 9 [95] Apoptosis, programmable cell death [95] Starts apoptosis pathway, activates
caspase 3 and 7 [95] Mitochondria [95]

Caspase 1 [96] Pyroptosis, programmable cell
death [96]

Starts pyroptosis, cleavage of GSDMD,
starts secretion of IL-1β/IL-18 [96] Cytoplasm [96]
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Table 5. Transcription factors which have influence on PpIX-PDT results or are affected by PDT.

Transcription Factors Which
Have Influence on PpIX-PDT

Results or Are Affected by PDT
Regulatory Pathway Influence on Cell Survival or Death

HIF1-α [97,98] Hypoxia/HIF-1 pathway, sensor of molecular
oxygen [97,98]

Pro-survival and pro-resistance. Inhibition of HIF1-α
reduces survival of the cells under PDT [97,98].

Stimulates heme synthesis, reduces concentration of
PpIX, reduces efficacy of PDT [61].

NF-k, -B [99] NF-κB signaling pathway [99]. Pro-survival. NF-κB inhibition makes cells sensitive
to 5-ALA/PpIX-mediated PDT [99].

AP-1 [100]
ROS–MAPK/PKC–AP-1 pathway. Formed by

proteins of the JUN, FOS, ATF, and MAF families as a
dimer [100]

Low dose may support survival; strong dose of
PDT—cell death. In this experiment cells undergo

differentiation [100].

c-MYC [101] MYC-driven proliferative/metabolic signaling [101]
Pro-growth and pro-survival oncogenic programs.
Downregulation of c-Myc suppresses oncogenic

growth [101].

ATF-4 [88] PERK–eIF2α–ATF4 pathway or unfolded protein
response [88]

Pro-survival: adaptation, antioxidant defense, amino
acid metabolism, autophagy and apoptosis depend

on dose [88,101].

NRF2 [102] KEAP1–NRF2–ARE antioxidant response
pathway [102]

5-ALA (PpIX) PDT suppresses NRF2 signaling.
Normally, NRF2 causes an increase in cell oxidative

stress adaptation [102].

XBP1 [88] IRE1α–XBP1 pathway [88]
Activates indirectly by ERN1, via a signal from an
unfolded protein in the ER. Helps cancer cells to

survive after PDT [88].

This situation with pathways causes threshold behavior. If the level of injury becomes
lower, signaling remains plastic. It slows translation, chaperones increase, calcium rises,
and kinases are activated. All this supports recovery. In the case of an intermediate level of
damage, mitochondria start apoptotic commitment; they are damaged but still energized.
They can start to execute the dismantling of the cell structure via caspases. In case of
a high level of injury, ATP depletion and membrane leakage appear. Oxidation in such
cases can produce a necrotic or mixed phenotype. So, signaling depends on the dose of
PpIX and the time of exposition, and the signaling landscape can change dramatically
according to these variables.

7.6. Translation Optimization of PpIX-PDT

To understand signaling changes after PpIX-mediated PDT, we can use PpIX-mediated
PDT in the design of treatment and therapy. The first strategy is proper localization. It is
better to pay attention to subcellular localization rather than the total amount of PpIX in
the cell. The second strategy is pressure on weakening organelles and interference with
signaling cascades like anti-apoptotic BCL-2 proteins, proteostasis networks, or calcium
homeostasis. The third strategy responds to strong illumination consuming oxygen too
quickly, causing local oxygen depletion, photochemical changes, and ROS amplification.
Lower illumination may preserve oxygen, stabilizing the PDT process [77,103].

Most important in the translation of PpIX-mediated PDT are conceptions of scheduling
and fractionation. In case of interrupted illumination, there appears to be partial reoxidation.
This can cause organellar recovery and influence the balance between adaptive signaling
and death-led damage. This finding means that dosimetry is not a pure physics question.
It has a biological component with respect to timing [104]. In PpiX-mediated PDT, the
time and duration of photosensitizer accumulation and irradiation, and exposure of the
photosensitizer, are important in terms of balancing the fate of mitochondria in terms of
survival and recovery or the start of apoptotic death [105].

Signal analysis helps to predict resistance. Cells that survive may have similar sig-
naling patterns, like attenuation of mitochondrial amplification, suppression of calcium
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overload, or resolving ER stress more effectively. These are not abstract possibilities. They
are experimentally governed by gaps in cell death and resistance to signaling systems.
Rational PDT optimization requires integrating photophysics with mitochondrial biology,
ER quality control, and inter-organelle communication [71,85]. In PpIX-mediated PDT the
best therapeutic window is achieved not only by generating ROS, but also by doing it in
the right place, along with preventing cellular buffering of residual signals.

Optimizing PpIX-mediated PDT involves targeting specific subcellular locations rather
than relying solely on total photosensitizer amounts, while using fractionated, lower-
intensity light to manage oxygen levels and prevent organelle recovery [77,103,104]. Suc-
cessful treatment strategies rely on modulating signaling pathways like BCL-2 proteins, cal-
cium homeostasis, and proteostasis to prevent resistance and induce apoptosis [71,85,105].

7.7. Summary of Direct Signaling ROS and Cell Second Messengers

After the accumulation of PpIX, the generation of ROS under light illumination be-
gins. These oxidants act not only directly on biomolecules, but also as messengers. This
signaling involves mitochondria, the ER, and calcium-coupled communication between
organelles, cardiolipin oxidation, permeability transition, release of cytochrome c and
Smac/DIABLO activation of the PERK-eIF2alpha arm of the UPR, and calcium-dependent
amplification [16,71]. It can cause the cell to adapt, undergo apoptosis, or collapse into necro-
sis. This organelle engagement provides a connection between signaling and metabolic
sensitization and the result of death phenotypes.

8. Post-PDT Metabolic Reprogramming
During PDT, the cell synthesizes endogenously PpIX from 5-ALA, but the influence

of this PpIX and oxidative damage of the cell do not simply recover via acute oxidation.
The cell is conducted through a metabolic state transition. After PpIX undergoes photoin-
activation, the first wave of singlet oxygen overrides mitochondria and the ER. The cell
must rearrange the internal flux of oxidation, reducing power, ATP, amino acid flux, and
lipid repair capacity. The cell has to make a decision with respect to death and survival.
This decision is rarely neutral. If the oxidative damage exceeds the buffering reserve of
the system, dramatic changes in reprogramming of carbon metabolism, iron handling,
proteostasis, and membrane homeostasis appear. The reprogramming turns the cell toward
collapse or toward a quickly adaptive strategy. In this chapter, we examine PpIX-PDT as a
metabolic reprogramming event rather than a trigger of death [2,106].

The conception of metabolic reprogramming of the cell during PDT is grounded in
approaches with respect to priming 5-ALA tissue and PpIX-based PDT as a result. This
treatment is based on mitochondrial bioenergetics, and it intersects with redox chem-
istry and iron-dependent enzymology. PDT causes perturbation of the respiratory chain
function and ATP production. Singlet oxygen oxidizes cysteines in the active center of
enzymes, which are sensitive to oxidation. It causes non-physiological consumption of
oxygen. This process involves glutathione in terms of signaling to redox homeostasis and
detoxification [106] (Table 6).
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Table 6. Metabolic pathways or regulatory processes affected by PpIX-PDT.

Metabolic Pathways or Regulatory
Processes Affected by PpIX-PDT Influence on Cell Survival or Death Cell Compartments Involved

Crebs cycle [106]

The influence is through mitochondria disfunction [107]. TCA
supplies metabolites, NADH++H+, FADH2, GTP. As a result—ATP.
Inhibited, but with zinc phthalocyanine-loaded cationic liposomes

directly [106]. It caused Warburg-like effects [108].

Matrix of mitochondria [107]

Redox metabolism, GPX4 lipid
reduction [109,110]

Consumes GSH, reduces oxidized lipids, and protects membrane.
The system needs protection from ROS-dependent stress. Inhibited

by high dose PpIX—PDT, which can cause apoptosis and
ferroptosis [109,110]. But not a direct influence on pyroptosis.

Cytoplasm, internal membrane
surface [109,110]

Glycolysis [108]
ATP, NADH++H+, lactate or pyruvate; inhibited by ROS or singlet

oxygen. Failure causes cell death; adaptation causes a Warburg
effect [108].

Cytoplasm [108]

Lipid metabolism [111,112]

Influence on phospholipid biosynthesis, lipid modification, and
β-oxidation [111,112]. Ac-CoA, NADH++H+, and FADH2 are

produced by β-oxidation; new fat acids—by lipid biosynthesis
pathway [111,112].

β-oxidation— mitochondria.
Lipid biosynthesis—endoplasmic

reticulum, some stages in
cytosol [111,112]

Protein metabolism [113,114]
Activation of unfolded protein response pathways [88]; stops active

translation [86]. Activation of proteosome and protein
degradation [113,115].

ER and cytoplasm [113,115]

Autophagy [88,116] Lower dose of PDT can protect from cell death because of
autophagy [87,114]; higher dose causes cell death [87,114]. Cytoplasm, ER [87,114]

The resulting phenotype looks like a decompensated cancer phenotype. The glycolytic
pathway becomes inefficient. Mitochondrial compensation falls, and membrane lipids lead
to peroxidation. The chaperone system is overloaded. It works beyond its capacity. These
changes are part of the same stage, not independent side effects of PpIX-mediated PDT.

8.1. The Consequences of PDT Mitochondrial Damage for Bioenergetics

Mitochondria play a pivotal role with respect to the consequences of PpIX-mediated
PDT: firstly, because they consist of a lot endogenously synthesized PpIX; secondly, because
they are the main place of oxidative phosphorylation, acid cycle coupling, and several
biosynthetic reactions. When oxidation touches the respiratory complexes, cardiolipin-
rich membranes, and transport systems of the mitochondria, the first fails the membrane
potential, and the second fails ATP generation. Even before cell death becomes morpholog-
ically distinguished, the cell moves forward to an energy-constrained state in which repair
programs, ion transport, and proteostasis become less energized [72].

So, a bioenergetic crisis appears. This has two important consequences. First, the
cell is dependent on substrate-level production of ATP, mostly in terms of glycolysis. The
second consequence is the fall of ATP-dependent systems of the cell. Among them are:
calcium pumps, ubiquitin-proteasome flux, chaperone cycling, and membrane trafficking.
They all need energy. When the ATP level falls below the minimum threshold, adaptation
and recovery become more difficult, even if oxidation damage is not at its maximum. From
a mechanistic point of view, mitochondrial-associated PDT is hitting two birds with one
stone: because this organelle couples oxidative stress with energy production. Cells can
survive even in moderate ROS, but the ATP level for this must be acceptable, because
cells need ATP for repair processes [2]. But cells will not survive if they lose respiratory
competence and repair capacity.

Another important checkpoint is that mitochondrial dysfunction has an influence on
metabolite signaling. Redox equilibrium is usually lost, and an accumulation of NADH,
an incomplete TCA cycle, and altered metabolite exchange appear. This changes the ratio
of reduced to oxidized glutathione, causing a shift in detoxification pathways that are
activated in the cell. But prolonged mitochondrial lesions in PDT leak antioxidant reserves.
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As a result of the influence of PDT on such cells, metabolism does not simply become
slower; it becomes a little altered. Oxidative damage and malformation appear. Oxidative
damage feeds back into carbon flux, amino acid demand, and lipid remodeling [107].
Mitochondrial damage during PpIX-mediated PDT triggers a severe bioenergetic crisis
by destroying respiratory complexes and dropping ATP levels. This failure forces the
cell to rely on glycolysis, disables energy-dependent repair systems (like calcium pumps
and proteasome flux), and alters metabolite signaling (such as NADH accumulation and
glutathione depletion). Ultimately, the loss of respiratory competence and repair capacity
prevents adaptation, shifting cell metabolism toward structural collapse.

8.2. Shift of Glycolysis, Enzyme Oxidation and the Limits of Compensatory Mechanisms in Metabolism

The main concept is that tumor cells compensate for the dysfunction of mitochondria,
caused by PDT, with the activation of glycolysis. Such compensation takes place after PDT.
But we have to take into account that, normally, activation of aerobic glycolysis, known as
the Warburg phenomenon, is typically found in cancer cells. Mostly, this phenomenon has
its roots in cancer dysfunction of mitochondria. Part of the glycolytic enzymes are redox
sensitive. Glyceraldehyde-3-phosphate dehydrogenase is particularly sensitive to oxida-
tion because of active site cysteine. Oxidation of GAPDH interrupts the central chain in
glycolytic flux, which decreases the ATP level generated from the substrate. This blockade
causes upstream metabolite accumulation [106]. So, another pathway, supplying ATP, can
be oxidatively inhibited by the same oxidative burst that appears in the mitochondria.

This is why a simple “glycolytic escape” is often not effective for cell survival after
PDT. In some cases, glucose uptake increases after such influence because of the pentose
phosphate pathway and signaling in stress-responsive cascades. The longer the oxidation,
the less effective the glycolysis. The pentose phosphate pathway can save its unique active
position because it provides NADPH+H for the glutathione subsystem and thioredoxin.
This is metabolically not a very profitable redirection. The cell has to excrete carbon dioxide
via the antioxidant-producing pathway but take it from the ATP-producing pathway. This
takes place when the cell is energy limited [116]. This transient redistribution may postpone
cell death, but a stable proliferation state can rarely be achieved.

Some authors describe this effect of PpIX-mediated PDT as “Warburg reversal”. From
some points of view, this phrase must be used very cautiously, because PDT does not restore
normal oxidative metabolism of the cell in the case of cancer. It disrupts both oxidative and
glycolytic metabolism, exposing how flexible cancer redox metabolism is.

The cells move to deadlock, where oxidative metabolism is not enough to support cell
needs, but glycolytic enzymes are also too damaged to provide intact glycolysis [108]. So,
cells cannot rely on only mitochondria, and also, redox-sensitive glycolytic enzymes are
damaged, along with their cofactors.

8.3. Lipid Peroxidation and Ferroptosis Process

Lipid peroxidation is not only a simple consequence of PDT, but also a signaling event,
which can start the process of ferroptotic initiation. In organelles’ membranes, generated
by PpIX, oxygen reacts with lipids, especially unsaturated ones. The results are a loss
of membrane integrity, altered permeability, and dysfunction of membrane proteins. In
this process, the consequences are an accumulation of lipid hydroperoxides and quickly
decomposing products, which can damage proteins and membranes. The damage does not
stop even after the light pulse has ended [117].

Typical ferroptosis is organized by iron-dependent lethal lipid peroxidation. This
process has the following characteristics: antioxidant failure, suppression of ferroptosis
inhibitors in many systems, and iron-dependent lethal lipid peroxidation. PpIX-PDT
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interacts with this logic because it is involved in iron-linked metabolism, generates extensive
lipid peroxidation, and can intersect with GPX4- and glutathione-dependent defense
pathways. In cancer cells, PDT often activates apoptotic, necrotic, and autophagic programs
simultaneously [117]. So the after-PDT state may be described more as ferroptosis-like than
purely ferroptotic.

Most important is the GPX4 node. GPX4 detoxifies phospholipid peroxides and
hydroperoxides; in this way, it protects membranes from oxidative decomposition. In
the case of exogenous glutathione reserve and a decrease in NADPH + H regeneration or
when GPX4 is deregulated or overloaded, cells lose their most effective protection from
membrane destruction, even in the dark, after PDT. The availability of iron ions facilitates
this exploitation of the cell membrane defense system. Iron links between metabolism
and lipid damage demonstrate an autocatalytic Fenton reaction. So, PpIX-mediated PDT
joins together the photochemistry of photosynthesizers and iron-dependent membrane
chemistry [117]. It transforms local injury into self-propagating chemical autocatalytic
oxidized decomposition. Lipid peroxidation in PpIX-mediated PDT damages organelle
membranes and initiates a self-propagating, autocatalytic destructive cycle that continues
even after the light is turned off. This process triggers a ferroptosis-like death pathway
by exhausting glutathione and NADPH reserves, which overloads the GPX4 protective
node. Concurrently, available iron ions drive the Fenton reaction, transforming local
photochemical injury into widespread membrane decomposition.

8.4. Head Shock Proteins, Protein Folding Stress, and Proteostasis Failure

Due to enzymes, transporters, and signaling proteins being oxidized protein targets
for PDT, PpIX-mediated PDT can be connected to proteostasis. Kinases, receptors, and
folding intermediates are stabilized by chaperones like HSP90 to allow cancer to survive
under ER and PDT stress [117].

Looking at these facts, PpIX is interesting and provides a perspective not only as a
photosensitizer, but as a modulator of protein-stress signaling networks. Some studies
have demonstrated that PpIX-mediated PDT can interfere with HSP90 and its function,
and can interact with protein maturation pathways, weakening a major adaptive scaffold
in malignant cells [118].

Oxidized protein loses its conformation, unfolds, aggregates, and loses its catalytic
activity. If the heat shock response was successful, cells may survive and preserve viability.
They prevent the aggregate mechanism by refolding damaged proteins. In this way, the cell
avoids aggregate toxicity. If this refolding response is overwhelming, misfolded proteins
can create a wave of metabolic stress after accumulation. A lot of enzymes are lost not only
with direct oxidation in PDT, but also during downstream instability [85]. Among them
are enzymes involved in glycolysis, mitochondrial respiration, cytoskeletal remodeling,
and signal transduction. For this reason, the combination of PDT and chaperone inhibitors
provides an interesting perspective. They convert the recoverable stress effect of folding
and protein-producing systems of the cell to a lethal death lesion [119].

The proteasome is responsible for degrading such old or misfolded proteins. The
assembly of the proteasome is ATP-dependent. It is sensitive to the stress state of the
cell. Tudno et al. highlight the maturation of the proteasome and proteostatic exploits
as therapeutically favorable nodes in oncology. Oxidative protein lesions and loss of
energy and folding capacity are simultaneously associated with these states. Such a
situation generates a mismatch in folding capacity and amount of misfolded protein,
causing proteostatic insolvency [120].
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8.5. Connection Between Redox Metabolism, Consumption of Aminocids, and Survival
Signaling Cascades

Pathways related to glutathione synthesis and carbox/redox balance are under the
influence of PDT and undergo post-PDT reprogramming. Cysteine availability is limited
when the amount of glutathione decreases. Serine and glycine are important to nucleotide
synthesis and DNA repair, one-carbon metabolism, and antioxidant defense, which is
important to the malignant cell state. The signaling pathways, responsible for stress, reduce
general biosynthetic activities, for example, attenuating translation. They switch resources
for survival. This is a defensive move, so the proliferation is under suppression, but
translation is turned to emergency metabolism maintenance [120].

PpIX-mediated PDT disrupts glutathione synthesis and limits key amino acids (cys-
teine, serine, glycine), forcing the cell to suppress global proliferation and switch translation
to emergency survival metabolism [121]. While stress-responsive transcription factors like
Nrf2 and ATF4 activate antioxidant defenses and reprogram amino acid transport to
temporarily postpone cell death, optimized PDT ultimately overwhelms this metabolic
buffering to achieve lethality [85].

8.6. Translation Perspectives: Exploiting Vulnerabilities of Metabolism After PpIX-PDT

Viewing PpIX-PDT through a metabolic lens can provide an answer to the question of
why certain combinations are successful and others are not. We should not use considered
add-ons which inhibit glutathione synthesis, GPX4, disrupt iron sequestration, impair
HSP90, or suppress proteasome function, because they target pathways necessary for
recovery of cells after PDT. But the best way is to press on glucose availability, mitochondrial
respiration, or NADPH generation. This can change the balance from cell survival to
irreversible collapse [85]. Explanation of timing is the most advanced strategy. After
illumination, the therapeutic window is characterized by high oxidative loading and a
larger reducing reserve, making the cell more sensitive to secondary metabolic hits.

These consequences clarify the fact that not all PpIX-positive tumors respond equally.
The parameters in different cancers vary: baseline iron metabolism, antioxidant capacity,
membrane lipid composition, mitochondrial density, and chaperone expression. Which tu-
mors are more sensitive? More sensitive tumors are enriched in polyunsaturated lipids and
with developed HSP90-supported signaling. Tumors with upregulated ABC transporters
can require combined treatment with medicines and PpIX-mediated PDT [121]. Therefore,
PDT must be oriented toward biomarkers; it cannot be assigned as therapy in the blind. So
we need biomarker selection for personalization of 5-ALA/PpIX therapy.

PpIX-mediated photodynamic therapy (PDT) efficacy depends on targeting survival
mechanisms during a post-irradiation window, when cells are vulnerable to secondary
metabolic hits against glucose, respiration, or NADPH [85]. Because tumors vary in
antioxidant capacity and chaperone expression, successful treatment requires biomarker-
driven personalization to target sensitive, polyunsaturated lipid-rich, or HSP90-dependent
tumors [121].

8.7. Summary with Respect to Metabolic and Signaling Pathways Affected by PpIX-Mediated PDT

After photoactivation of PpIX appears, the cell demonstrates metabolic failure, which
is not a passive push of the cell into death. It is a part of the mechanism that governs
cell death, based on signaling. The cell undergoes mitochondrial dysfunction, caused by
ATP depletion, GAPDH and other glycolytic enzyme oxidation, lipid peroxidation, and
ferroptosis, overwhelming proteostasis systems. These nodes of the overall process can
explain how PDT can convert localized photochemical energy to cell death as a consequence
of metabolic collapse [106].
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9. Non-Apoptotic Cell Death and Immunogenic Signaling
If apoptosis is one of the canonical outcomes of PDT, it is not sufficient to explain

cell death in the caspase-activated suicidal cascade. The oxidative injury after PpIX -
mediated PDT can overwhelm the formal boundaries of apoptosis and activate distinct
morphologically and immunologically programmed cell death. This statement is true when
PpIX accumulates in mitochondria, endoplasmic reticulum, lysosomal membranes, and
plasma-membrane-adjacent compartments. In such places, when oxidation occurs, it causes
organellar rupture, defective proteostasis, lipid peroxidation, and release of intracellular
alarm molecules [106]. The resulting phenotype depends on the type of cell death. It can be
autophagy-associated death, necrotic breakdown, pyroptotic execution, or mixed forms.
Not all cell death phenotypes can be classified in accordance with a single book category.

What is the matter with non-apoptotic programs in the translational perspective of
PDT? They normally determine if the PDT remains a local cytotoxic procedure or if it can
be a basis for immunological therapy. All cells that die after the mitochondria are damaged
move to death with a small level of inflammation. Some cells can activate adaptive anti-
cancer immunity, stimulate dendritic cells’ maturation, or recruit outer immune cells. Such
cells usually express calreticulin, HMGB1, release ATP, or undergo membrane pore forma-
tion [122]. In this chapter, we will examine PpIX-PDT in terms of movement from a stress
to immune response. It starts from autophagy and an immune response, then pyroptotic
and necrotic signaling, and, finally, with damage to molecular patterns and immunogenic
cell death. This works like a bridge between photochemistry and immune response on
the tissue level. PpIX-mediated PDT goes beyond canonical apoptosis to trigger diverse,
mixed cell death phenotypes—such as necrotic, pyroptotic, or autophagy-associated death—
driven by organelle rupture and lipid peroxidation. From a translational perspective, these
non-apoptotic programs are crucial because they release intracellular alarm molecules
(like calreticulin, HMGB1, and ATP) that stimulate dendritic cell maturation and recruit
immune cells. Consequently, this process transforms PDT from a strictly local cytotoxic
procedure into a trigger for systemic immunogenic cell death, bridging photochemistry
and tissue-level immune response.

9.1. Autophagy Is Cytotoxic and an Adaptive Response

Autophagy is most probably the first response to PDT. In the canonical form, au-
tophagy is maintained by lysosomes. This is a lysosome-dependent recycling pathway
that can digest damaged organelles and aggregated proteins. This pathway is triggered
after PpIX-mediated PDT because of injured mitochondria and endoplasmic reticulum,
and accumulation of oxidized, aggregated proteins. If mitochondria are damaged, they
are utilized by mitophagy. Stress adaptation is stimulated by aggregated protein in the
ER. The cell is trying to decrease the overwhelming amount of denatured material and
activate autophagy facilities. The early phase of autophagy is usually cytoprotective [123].
It saves time and limits secondary ROS by removing damaged mitochondria. It caused the
relocalization of metabolic routes during post-PDT recovery.

However, the protective role of autophagy is dose- and context-dependent. In the
case of moderate oxidative injury, autophagy does not lead to rapid apoptosis or necrosis.
If the damage is extensive, the autophagy mechanism is overwhelmed, and its incorrect
function pushes cells into death pathway activation [124]. In such a condition, autophagy
becomes a crisis, with catastrophic self-degeneration instead of a normal recirculation
process. This is accompanied by energy exhaustion. Because of this, autophagy after PDT
is always a double-ended process. So, the same cell machinery that supports autophagy
in small illumination participates in cell death after PDT with therapeutic doses. This
balance is sensitive to subcellular targeting, ATP availability, and lysosomal activity [124].
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It is important because autophagosomes cannot charge their cargo if the lysosomes are
deregulated by PDT.

Autophagy has an intersection with redox signaling, calcium signaling, and unfolded
protein response pathways. They are discussed earlier. PERK-ATF4 signaling leads to
activation of stress-adaptive genes. At the same time, AMPK activation in the condition of
energetic stress promotes autophagy. Suppression of mTOR in such a state demonstrates
a transition from growth signaling to emergency survival. This molecular pathway can
explain why it is better not to view autophagy as an isolated process. After PpIX-mediated
PDT, there is a broad effort at restoration of homeostasis after organelle damage by singlet
oxygen [124]. After membrane integrity is lost, compounds like ATP drop below the normal
threshold, which is acceptable for cell machinery to work. Lysosomal trafficking and acidi-
fication stop, and autophagy turns to one of the components of a broad terminal phenotype.
Autophagy operates as a double-edged sword following PpIX-mediated PDT, functioning
as a cytoprotective mechanism under low-dose illumination [123]. However, excessive
damage from therapeutic doses overwhelms the system, causing lysosomal dysfunction
and converting of the process into catastrophic, energy-depleting self-degeneration [124].

9.2. After Apoptosis: Necrotic and Necroinflammatory Processes

In the case of higher PDT doses, the oxidative damage of the cells progresses to
necrotic or necroinflammatory processes. This is not simply death with decomposition
of the cell. PpIX-mediated PDT causes oxidation of the membranes. Apoptosis of ion
pumps occurs, mitochondrial bioenergetics fall in dysregulation, ATP depletion is present,
and membrane gaps appear. For classical apoptosis, cells need energy. Cells must have
membrane ion asymmetry, energy for caspase cascades, chromatin fragmentation, and
the ability to package the residues into apoptotic bodies [125]. When ATP supply is lost
too quickly, the counted steps of organized death become impossible. And so necrotic
phenotypes form.

Necrosis as a terminal phenotype is most typical when lysosomes and plasma mem-
brane are damaged. This causes a lack of enzymes and potassium and a rupture of the
membrane, which amplifies inflammatory consequences. The difference between primary
necrosis and regulated necrosis is still hardly defined in the case of PDT. From a practical
point of view, the general cell death process can cause many more inflammatory conse-
quences than silent apoptosis. This matters because inflammation can cause local vascular
effects, phagocytosis attraction, and secondary cytokine production. It can change the
shape and condition of the tumor microenvironment, exposing stromal and immune cells
to components secreted from damaged cells.

PDT induces oxidative stress, which can intersect with necrosis-related processes,
determined by canonical signals RIPK1-RIPK3-MLKL [126]. Realization of this signaling
can vary between models of photosensitizers.

In the case of high PDT damage, where membrane damage is extensive, caspase
activation is not full, and inflammatory output is high, regulated lytic pathways may
contribute to phenotype formation. So, non-apoptotic death after PpIX-PDT can vary from
non-regulated necrotic death with strong inflammatory consequences to well-regulated
apoptosis [127]. At higher photodynamic therapy (PDT) doses, extensive membrane
oxidation and rapid ATP depletion make energy-dependent, silent apoptosis impossible,
forcing the cell into necrotic or necroinflammatory pathways. The resulting rupture of the
plasma membrane releases intracellular contents like potassium and enzymes, changing the
tumor microenvironment by attracting phagocytes and stimulating cytokine production.
This lytic death can range from unregulated necrosis to programmed necroptosis governed
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by the RIPK1-RIPK3-MLKL cascade, shifting the treatment from a localized effect to a
strong inflammatory tissue response.

9.3. Pyroptosis and Gasdermin-Dependent Membrane Permiabilization

Pyroptosis appears after PDT as an interesting type of lytic cell death after ROS injury.
To start canonical pyroptosis, cells need an inflammasome assembly and activation. Py-
roptosis is different from apoptosis in that it prefers caspase 1 activation and membrane
damage, which results in excretion of cytoplasmic components and activation of inflam-
mation with temperature and IL-1β i IL-18 secretion. The process receives its name from
this phenomenon. Membrane damage is associated with gasdermin, which is cleaved by
caspase and forms pores [128]. The noncanonical variant of this protein is important for
cancer cases: gasdermin E, which is cleaved by caspase 3. So, expression of GASDME con-
verts apoptotic commitment to pyroptotic. This mechanism has a high level of activation in
the PDT case. Because ROS can cause both mitochondrial and plasma membrane damage
and create aggregated protein stress, it favors pore-mediated lysis in the end [129].

In PpIX-mediated PDT, the ROS-caspase-3-GSDME axis is more and more broadly
described in the literature related to PDT-induced pyroptosis. First, the mitochondrial
burst of caspases is activated by PDT-mediated oxidation. Second, caspase-3 cleaves the
N-terminal fragment of the presented GSDME. And third, it translocates to the plasma
membrane and assembles pores. The result is membrane self-perforation, swelling, mem-
brane decomposition, and release of inflammatory mediators [129]. It is another pathway
rather than the classical apoptotic program. Such pyroptotic cells release a lot of DAMPs
and cytokine-like signals.

In accordance with the outlined observation, pyroptosis should be interpreted care-
fully. Not every lytic event after PDT can be evaluated as pyroptosis. Not every tumor has
enough GSDME expression levels to dominate the pyroptosis route. Some cancers have
silenced gasdermin genes. These consequences limit the activity of the described pathway.
But the main idea of this concept is still useful. This concept explains how ROS-based
therapy gives rise to a phenotype that begins from apoptosis signals and terminates with
inflammation and membrane failure. In medical terms, expression of GSDME is an ac-
ceptable biomarker of PpIX -mediated PDT immunogenic lytic inflammation, rather than
apoptotic clearance [128]. Pyroptosis is a lytic, highly inflammatory form of cell death
induced by PpIX-mediated PDT, driven primarily by the ROS–caspase-3–GSDME axis.
Following photodynamic irradiation, the mitochondrial burst activates caspase-3, which
cleaves gasdermin E (GSDME) instead of completing the canonical apoptotic cascade. The
N-terminal fragment of GSDME translocates to the plasma membrane to form pores, caus-
ing self-perforation, cell swelling, and massive release of inflammatory mediators (IL-1β,
IL-18) and DAMPs. Because GSDME expression is frequently silenced in various cancers,
its baseline presence serves as a valuable biomarker in the prediction of whether PDT will
trigger immunogenic lytic inflammation or silent apoptotic clearance.

9.4. Associated with Damage to Biomolecules and Immunogenic Cell Death

Non-apoptotic death has clinically significant consequences. It realizes and exposes
molecules associated with damage or modified by damage to molecules. Immunogenic
cell death is not simply cell destruction. It is also a spectrum and quality of signal emitted
during destruction [130]. In terms of PDT consequences, there are three important Damage-
Associated Molecular Patterns (DAMP): surface exposure of calreticulin, active or passive
release of ATP, and extracellular release of HMGB1. Taken together, these signals stimulate
phagocytosis, chemotaxis of the immune cells, dendritic cell activation, and focus on
adaptive immunity [122].
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In the case of PpIX-PDT, all these hallmarks are generated simultaneously because
PpIX-PDT perturbs mitochondria, the ER, and plasma membrane. As ER stress appears,
it causes the translocation of calreticulin to the cell surface. Here, it works as an “Eat
me” signal for phagocytes [131,132]. ATP is released from pannexin channels or through
damaged membranes. It acts as a chemoattractive signal, providing activation of purinergic
signaling. Another biomolecule, HMBG1, is released from the damaged nucleus after
membrane permeabilization. It is recognized by receptors like TLR4 and supports antigen-
presenting cell maturation. This process forms from the local injury and immunological
signal [133].

It is important to note that cell death is not a binary process. In the timeline, DAMP
generation is dependent on the PDT dose, access to oxygen, tumor type, and the progression
of fate decision, which starts in the cell signaling pathways, including apoptosis and lytic
death. If sublethal oxidative stress can induce stress markers at a level not high enough
to activate the antigen, then stronger PDT can generate acceptable amounts of tumor
antigens. Between them are adjuvant-like danger signals that cause local inflammation.
The balance occurs when vascular effects, stromal responses, and immune cell infiltration
can be brought to attention when engineering PpIX-PDT systems and evaluating their
efficacy [122].

9.5. Innate and Adaptive Immunity and PpIX-PDT

When DAMP appears, the effect of PpIX-PDT overwhelms one separate cell. Local
response includes neutrophils, macrophages, dendritic cells, and complement-associated
mechanisms. They can be converted into a local response. First, the neutrophils arrive.
They participate in tumor destruction through oxidative and proteolytic mechanisms.
Inflammation that appears can excessively damage the nearest tissues. Macrophages clean
debris and produce cytokines and shaping. When dendritic cells are central components
for cross-presentation of realized tumor antigens, the quality of the early stages of innate
response depends on the type and time of PDT. This determines if treatment gives us
durable adaptive immunity or remains just a local response [130].

Adaptive consequences are interesting in oncology cases, because locally adequate
PDT can function as in situ vaccination. Oxidatively damaged cells release tumor-associated
antigens, which are accepted antigens presented by cells in inflammatory conditions that
favor T-cell priming more than tolerance [134]. A big layer of PDT research has shown that
immune competence needs the long-term life of the tumor under immune control. Loss
of immune effectors can make therapeutic durability weaker. Even in the case of tumors,
killing is especially effective in the initial stages [135].

In PpIX-mediated PDT, the non-apoptotic death of peripheral cancer cells is not
believed to be interesting or a new phenomenon. But it helps to evaluate if PDT gains
system relevance. This approach allows us to explain why combined strategies with
immune modulators and immune checkpoint blockade adjuvants are very attractive [136].
In cases where PpIX-mediated PDT releases antigens and endogenous adjuvant signals,
the inhibitors of the checkpoints may facilitate and amplify T-cells, while agents that
stimulate dendritic cells rescale local immune response to a whole-organism response to
the cancer antigens. So, the main question is not if PDT can stimulate immunity, but under
which biological and physical conditions it is more effective [137–140]. PpIX-mediated
non-apoptotic death drives immunogenic cell death (ICD) by triggering three critical
Damage-Associated Molecular Patterns (DAMPs) caused by simultaneous mitochondria,
ER, and plasma membrane stress. A stressed ER translocates calreticulin to the surface as an
“eat me” signal, while ATP leaks out to attract immune cells, and nuclear HMGB1 escapes
to mature antigen-presenting cells. This coordinated release transforms local photodynamic
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injury into a systemic adaptive immune response, heavily dependent on precise PDT dosing
and tumor characteristics.

9.6. Fate Determinants That Shift PpIX-Mediated PDT Among Immunogenic Versus Silent Death

What determinants influence the PpIX-PDT outcome as highly immunogenic? They
are: dose fractionation, fluence rate, oxygen dynamics, and shape ROS topology, balanced
between recoverable stress state and critical unrecoverable injury. Subcellular localization
of PpIX is important because ER stress causes calreticulin exposure. Damage to the plasma
membrane and lysosomes can cause the lytic release of ATP and HMGB1. The second
important factor is tumor genotype: expression of gasdermins, basal antioxidant capacity,
and autophagic competence [122]. What also matters is the antigen-presenting quality of
the tumor microenvironment. All these features affect immunity.

The third factor is the host context. The immunosuppressive microenvironment may
terminate an earlier good response to DAMPs from productive T-cell priming. Tumors that
retain some degree of immune accessibility may be more responsive to PpIX-mediated PDT
in an immunogenic context [126].

The highly immunogenic outcome of PpIX-PDT is determined by a system-level
interplay of photophysical parameters, tumor genotype, and host context. Specifically,
factors like dose fractionation, fluence rate, and subcellular PpIX localization shape the
ROS topology needed to cause unrecoverable organelle injury, driving the release of crit-
ical DAMPs (calreticulin, ATP, HMGB1). Furthermore, the tumor’s genotype (such as
gasdermin expression and autophagic competence) and the host’s immune microenviron-
ment dictate whether these danger signals successfully prime T-cells or are suppressed by
tissue hypoxia.

9.7. Conclusions on Metabolic and Signaling Pathways Affected by PDT with Protoporphyrin IX

Protoporphyrin IX-mediated PDT generates a continuum of death fate selection—
from apoptotic to nonapoptotic responses. The progression is from adaptive autophagy
to inflammatory and lethal death with immunogenic signaling. Autophagy can turn to
self-digestion; strong PDT damage can turn to necroinflammatory disintegration; activation
of gasdermin-dependent pathways can be a switcher from apoptosis to pyroptosis; accu-
mulation of DAMPs can trigger a local response to systemic immunity. These mechanisms
are not exchangeable labels; they are independent pathways, which determine whether
PDT stays as local therapy or has exposure on a whole-organism level [122,126].

After we have finished with metabolic and signaling pathways, we will focus on
the hypoxic state and its influence on PpIX-PDT results. Protoporphyrin IX-mediated
PDT triggers diverse cell fates, spanning a broad continuum from adaptive autophagy to
immunogenic and necrotic inflammatory death. These independent signaling pathways—
including gasdermin activation and DAMP accumulation—critically determine whether
the therapy remains localized or elicits a systemic whole-organism response. The upcoming
section explores key barriers to this therapeutic burst, focusing on resistance mechanisms,
hypoxic modulation, and cellular redox adaptation.

10. Resistance Mechanisms and Influence from the Hypoxic State
Photodynamic therapy, which is based on PpIX, is a local oxidative cell-damaging

event. More often, it is presented in such a way in the literature. The efficacy of the therapy
depends on light dose, oxygen availability, and photosensitizer accumulation. These
variables are fundamental and shape the design of PDT [140]. The solution of these shaped
and designed programs can have quenching or stimulating influence on phototoxicity.
The phototoxicity is not just passive injury of tumor cells and oxidative tissues. It has an

https://doi.org/10.3390/micro6030075

https://doi.org/10.3390/micro6030075


Micro 2026, 6, 75 31 of 54

influence on coordinated changes in transcription, metabolism, membrane transport, iron
handling, proteostasis, and stromal communication. The changes that can appear may
reduce PpIX synthesis, accelerate its export, detoxify reactive oxygen species, stabilize
mitochondria, and favor survival rather than terminal damage [86]. According to this
multiple-point phenotype, resistance to PpIX-mediated PDT should be understandable as
a system-level phenotype change, not as a single-point mutation result.

There are two main factors in terms of this adaptive landscape. The first is hypoxia.
It has an influence on every stage of PDT, from the formation of PpIX in cells to singlet
oxygen generation under light illumination and reparation processes in cells. The second
factor is stress-redox adaptation, which is hardly controlled by HIF-1α and Nrf2. The
function of HIF-1α is oxygen sensing; it integrates oxygen sensing with angiogenesis,
glycolysis, and immune suppression. On the other hand, under the control of Nrf2 is
a large number of cytoprotective genes: glutathione metabolism, NADPH regeneration,
heme oxygenase-1, ferritin control, and xenobiotic transporters (Figure 3). PpIX-mediated
photodynamic therapy induces system-level, adaptive changes in tumor cells—including
altered metabolism, iron handling, and proteostasis—rather than just passive injury, leading
to resistance [86]. This resistance is driven by an adaptive landscape characterized by
hypoxia and stress-redox mechanisms mediated by HIF-1α and Nrf2 [140].

Figure 3. System-level adaptive landscape of PpIX-PDT resistance. The baseline efficacy of photody-
namic therapy is determined by the triad of light, oxygen, and protoporphyrin IX (PpIX) accumulation.
Sub-optimal treatment parameters trigger an adaptive landscape governed by two molecular pillars:
(1) hypoxia via HIF-1α, which impairs PDT execution and drives metabolic shifts, and (2) redox
adaptation via Nrf2, which activates cytoprotective and antioxidant pathways. Together, these
mechanisms prompt an orchestrated, system-level phenotypic shift toward cell survival and therapy
resistance rather than a single-point mutation.

10.1. Defining Resistance in PpIX-PDT: Primary, Adaptive, Influence of Microenvironment

Resistance to protoporphyrin IX (PpIX)-mediated photodynamic therapy (PDT) de-
velops across three distinct chronological stages: prior to PDT (during PpIX formation),
during irradiation, and during the recovery phase post-irradiation. The initial stage is
governed by factors that limit intracellular photosensitizer availability. These include defi-
cient exogenous 5-ALA uptake, insufficient metabolic flux through the heme biosynthetic
pathway, inadequate mitochondrial targeting, and accelerated active excretion mediated
by ABCG2 and ABCB1 efflux transporters. Consequently, some tumors fail to reach the
threshold concentration of PpIX required to trigger a lethal photodynamic response. This
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stage is predominantly dictated by photophysics and tissue architecture. Even when pho-
tosensitizer levels are sufficient, the immediate efficacy of PDT is strictly limited by local
oxygen availability. Rapid oxygen consumption during irradiation, coupled with baseline
vascular dysfunction and localized hypoxia, forces a kinetic shift that blunts singlet oxygen
production. Furthermore, dense extracellular matrix barriers restrict both drug diffusion
and light penetration, shielding tumor cells from direct phototoxicity. Cells that survive the
initial oxidative burst initiate robust survival mechanisms. This recovery phase is driven by
the rapid upregulation of antioxidant enzymes, heat-shock proteins, pro-survival kinases,
and cytoprotective autophagy, orchestrated by a specialized transcription factor network.
Ultimately, these temporal resistance axes share hallmarks with both chemotherapeutic and
radiotherapeutic tolerance. The final biological endpoint of this multi-stage adaptation is
clonal regrowth, characterized by modified ROS scavenging capacities, decreased damage-
associated molecular pattern (DAMP) signaling, and a fundamental failure to convert
localized phototoxicity into a systemic, immunogenic anti-tumor immune response.

10.2. Hypoxia as a PpIX-PDT Restraint, Decreasing Its Efficacy

PDT is often limited by hypoxia. Most clinically important reactions in PDT depend
on oxygen, because they need molecular oxygen to generate singlet oxygen or another type
of ROS, depending on the type of reaction.

When partial tissue oxygen is low, the formation of the triplet-state of photosensitizers
is less efficient. This means that the ability of energy transfer is inhibited and the efficacy
of PDT is low. But the influence of the hypoxia is wider than the direct influence on the
restriction of the photochemical reaction. Chronic hypoxia, continuous or cyclic, has an
influence on different organs or tissue parameters. Among them are transporter expres-
sion, heme-pathway flux, mitochondrial metabolism, angiogenic signaling, and immune
composition of the treated tissue [138–142].

Oxygen is strongly consumed in PDT during the irradiation phase. It causes the
production of local hypoxic conditions even if the tissue or organ is not deficient in oxygen.
This often happens when rapid photon delivery consumes more and more oxygen from the
local oxygen reservoir in the tissue, exhausting its reserve. This is typical photodynamics,
which explains that moderate illumination can produce more singlet oxygen than under
high illumination conditions. Cells preserve oxygen long enough for singlet oxygen
generation over a longer time progression. So, for the PpIX-mediated PDT, hypoxia is both
a naturally occurring biological state, but also a therapeutically achieved condition [142].

Synthesis of endogenous PpIX from 5-ALA is under the influence of hypoxia. Heme
metabolism is highly integrated with mitochondria. So, hypoxia can influence iron avail-
ability and intermediate utilization. Some models show lower ALA-priming PpIX accu-
mulation under hypoxic conditions. Another model shows the outcome dependent on
genotype, nutrient availability, and transporter activity. The node of this stage is that
oxygen tension is an important parameter of PDT during illumination [142]. It also helps
to check if there is enough intracellular PpIX accumulated before the act of illumination is
started. Hypoxia limits PpIX-mediated PDT both as a naturally occurring tissue state and as
a treatment-induced condition caused by rapid oxygen consumption during high-intensity
irradiation. This oxygen deficiency directly inhibits singlet oxygen generation while driving
chronic cellular adaptations in metabolism and vascular signaling. Furthermore, hypoxia
disrupts the pre-treatment synthesis of PpIX from 5-ALA by altering mitochondrial iron
availability, making moderate illumination strategies more effective at preserving oxygen
for sustained ROS production.
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10.3. The HIF-1α Node: Survival, Angiogenesis, and Metabolic Escape

HIF-1α is an oxygen-sensitive transcription factor. It links hypoxia and resistance to
PDT. Under normoxic conditions, it is hydroxylated by proline hydroxylase and degraded
in the proteasome. Under hypoxia conditions, it is stabilized due to a lack of oxygen. After
that, it translocates into the nucleus. There, it binds to DNA and activates gene expression.
The genes responsive to angiogenesis, glucose transport, glycolysis, pH regulation, invasion,
and cell survival are activated. After the PDT round, HIF-1α can be induced by hypoxia and
inflammatory signaling with mitochondrial dysfunction. This creates a recovery pathway
for injured tissue and facilitates regeneration [142]. It has a very strong impact on recovery
after PDT, because HIF-1α reduces the efficacy of damage by ROS, promotes vascular
remodeling, and facilitates metabolic compensation.

The most important transcription factor regulated by HIF-1α is VEGF. It participates
in vascular endothelial growth signaling. It can positively influence revascularization and
regrowth of the tumor after particular tumor destruction after PDT. On the other hand,
VEGF enhances the expression of the genes of glycolytic enzymes and glucose transporters.
This fact allows damaged cells to rely less on mitochondria and more on glycolysis as a
source of energy. This is very relevant, because the core mechanism of PpIX-mediated
PDT is mitochondrial damage. So, if a threatened cell survives due to glycolysis, it escapes
PDT, and clonal recovery and repopulation of cancer will be more probable [142]. Another
important consequence of HIF-1α activation is extracellular acidosis through carbonic
anhydrase and lactate-associated pathways, reshaping and changing the microenvironment
by decreasing the efficacy of immune function and drug penetration.

In the case of analyzing PpIX-mediated PDT consequences, the heme pathway and por-
phyrin accumulation are regulated by HIF-1α. There are malformations of iron metabolism,
mitochondrial biogenesis, and transporter expression under hypoxic signaling. All these
facts affect PpIX accumulation and heme biosynthesis. HIF-1α starts stromal remodeling,
attracts suppressive myeloid populations, and facilitates local tissue state, when the local
tumor can avoid control from the immune system side [61]. As a consequence, HIF-1α is not
simply a marker of hypoxia. It organizes an active network of resistance to therapy. HIF-1α
is a critical transcription factor that coordinates an active network of resistance to PDT,
moving far beyond its role as a simple hypoxia marker. Stabilized by oxygen deficiency
and post-irradiation inflammatory signaling, it protects damaged tumor cells by promoting
VEGF-driven angiogenesis and stromal remodeling. Furthermore, HIF-1α shifts cellular
metabolism toward glycolysis, allowing cancer cells to bypass the mitochondrial damage
caused by PpIX-PDT, while simultaneously disrupting pre-treatment PpIX synthesis and
inducing extracellular acidosis that suppresses the local immune response.

10.4. Nrf2 and Antioxidant Buffer as a Barrier to Oxidative-Associated Death

HIF-1α is a controller of the major oxygen-sensing branch of the signaling network,
and Nrf2 controls the main redox-buffering signaling network. Normally, KEAP1 pro-
vides the degradation of Nrf2 with ubiquitin and prohibits its accumulation in the nucleus.
Transcription factor Nrf2 regulates a lot of genes involved in glutathione synthesis, thiore-
doxin metabolism, NADPH production, ferritin and iron sequestration, heme oxygenase-1,
quinone detoxification, and multidrug transport [143]. This therapy relies on ROS, such as
a wide set of pathways, which always have protective and resistance-favoring value.

After PpIX-mediated PDT is finished, Nrf2 is activated. It can reduce injury in a few
ways. The first is detoxification of ROS by glutathione and thioredoxin. They normally
reduce oxidized proteins. Second, proteins such as NAD(P)H quinone oxidoreductase 1
and glucose-6-phosphate dehydrogenase give additional reduced equivalents for cell
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recovery [143]. Third, sequestration of the iron via ferritin can decrease lipid peroxidation
and Fenton-like reaction. It can also decrease ferroptosis.

Fourth, ABC-transporters and xenobiotic defense systems can pump out photosynthe-
sizers or their intermediates from the cell to reduce stress and damage. Nrf2’s influence
on cell genes is particularly important for PpIX-PDT. It happens because protoporphyrin
and heme metabolism are connected to redox homeostasis and mitochondrial physiology
state [143].

Heme is degraded by heme oxygenase-1 and generates molecules such as biliverdin,
bilirubin, and carbon monoxide. They are signal molecules with cytoprotective functions.
Upregulation of ferritin and a changed labile iron pool can be associated with a decrease
in the amplification of iron oxidative processes. From a biochemical point of view, this
transcription factor does not neutralize ROS directly or prohibit their formation. It reor-
ganizes the expression of genes, changing the biochemical environment in which ROS
spreads [144]. So, downstream pathways like ferroptosis or the collapse of mitochondria do
not reach their final stage—cell death. Nrf2 acts as the primary redox-buffering system that
protects tumor cells from PDT-induced oxidative stress, preventing downstream processes
like ferroptosis or mitochondrial collapse. Activated post-therapy, Nrf2 does not neutralize
ROS directly; instead, it reorganizes the biochemical environment by upregulating genes
for glutathione synthesis, protein reduction, ABC-transporter export, and iron seques-
tration via ferritin. A critical part of this defense is the induction of heme oxygenase-1
(HO-1), which degrades heme into cytoprotective signaling molecules, shifting the cellular
landscape toward survival.

10.5. Transporters, Iron Metabolic Pathways, and Decreasing PpIX Availability

The main marker of PDT resistance is a decrease in intracellular PpIX concentration.
If the light level and oxygen amount are adequate, photochemical production of the
singlet oxygen can still be weak because the concentration of PpIX is under the working
threshold. The most important mechanism of PpIX efflux from the cell is the activity of
ABCG2. It can also efflux porphyrin-related substances, for example, porphyrin precursors.
This export of substances can be linked with poor ALA-PDT sensitivity. If the level of
expression of ABCG2 is high, the cytosolic and mitochondrial levels of PpIX decrease [7]. It
reduces theranostics and fluorescence used for diagnostics. Because of this, the fluorescence
outcome after light exposure is also lower. Inhibitors of ABCG2 are also possible solutions
for tumors of this type [6]. Using PpIX-mediated PDT with tumors with low ABCG2
expression levels is also a potentially effective strategy.

Iron metabolism has a few layers of control. The second is ferrochelatase, which inserts
a ferrous ion into PpIX, so it produces heme in this way. The enzyme consumes PpIX in
this way, reducing the efficacy of PDT. In cases when ferrochelatase demonstrates high
activity, or when mitochondria receive a lot of iron, accumulation of PpIX is decreased.
On the other hand, all pathways are under the influence of proteins such as mitoferrins,
frataxin, ferroportin, and ferritin. They balance the intracellular distribution of ferrum and
the redox state [49]. So, lipid peroxidation and ferroptotic activity are connected with the
signaling-controlled PpIX accumulation pathway and downstream signaling of cell death.

We observe these facts as a valuable reason why resistance cannot be defeated only by
increasing the light dose. If ABCG2 actively exhausts cells’ reserves of PpIX or synthesis
of heme consumes additional PpIX, the extra light will not increase efficacy of PDT. So,
to increase efficacy of PDT we need to generate a strategy with rational sensitization [35].
This can consist of blocking the efflux of PpIX and inhibiting iron chelation.
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10.6. Survival Signaling, Different from HIF-1α and Nrf2

In cell survival signaling, the most dominant players are HIF-1α and Nrf2. But
there are more signaling pathways involved in post-PpIX-mediated PDT survival. The
MAPK/ERK pathway supports survival and proliferation, and the oncogenic Ras path-
way also makes a contribution to survival in the case of cancer cells. Another biosyn-
thetic pathway is PI3K-AKT-mTOR, which gives the cells metabolic plasticity. At the
same time, NF-kappaB can maintain cytokine-dependent cell protection [143]. A compo-
nent of the head-shock response can interact with damaged proteins and stabilize them,
while BCL-2 proteins are released in cases where mitochondrial membranes are damaged.
Also, an important survival process is autophagy, which is described in terms of its signal-
ing level in the previous chapter. Autophagy allows the remove of oxidized proteins and
organelles in time to avoid metabolic collapse and protein aggregation [143].

The contribution of these pathways is not equal; it depends on dose, tissue, and
localization. If mitochondria are damaged, the cells’ signaling system induces autophagy
and ERK signaling, but without lethal consequences. On the other hand, membrane
oxidation can push cells to a lethal program of ferroptosis (no need for caspase activity)
and pyroptosis (caspase-1 activity). The resistance is partial, not absolute.

10.7. Therapeutic Strategies to Defeat Growth Resistance and Hypoxia

There are a few ways to overcome resistance, and they are described above. Manip-
ulation with light delivery is a fundamental basis of PDT. It includes lower fluence rates,
fractionated irradiation, and oxygen-preserving schedules, which can reduce the level of
hypoxia caused by consumption of oxygen in PDT [142].

To improve the efficacy of PDT, scientists have proposed using oxygen-carrying and
oxygen-generating nanoplatforms. Among them are perfluorocarbon systems, catalase-
containing carriers, and metal–organic frameworks. Such strategies allow for the generation
of ROS in poorly perfused tumors [145,146]. The approach is particularly suitable for PpIX-
mediated PDT, because of the combination of target delivery systems and oxygen dynamics
and realizing ROS generation [146].

At the level of transcription factors, HIF-1α and signaling protein VEGF can provide
an escape from PDT consequences. At the same time, inhibiting the Nrf2 pathway can lower
antioxidant reserves and increase the probability of oxidative-dependent death. Metabolic
modifications of the heme biosynthetic pathway can lead to increased PpiX accumulation
in cancer cells. The most important are ABCG2 inhibitors and iron chelators, which can be
combined with ferroptosis sensitizers, proteostasis inhibitors, or an immune checkpoint
blockade [35]. They can improve the response on PDT, mediated by PpIX, making it an
irreversible and immunogenic endpoint.

This is very important: the resistance and defeat strategy needs to overcome the
defense barrier of the present tumor. A case with excellent PpIX accumulation and
a low level of hypoxia does not depend highly on transporter blockade, but more
on oxygen supply conditions: according to this thought, a normoxic tumor with
powerful porphyrin efflux, rather than 5-ALA-priming and irradiation and spatial or
geometry conditions [121,141].

10.8. Summary and Remarks with Respect to Therapeutic Strategies to Defeat Growth Resistance
and Hypoxia

Resistance to PpIX-PDT is complex, and not a mutation phenomenon. It depends on
metabolic adaptation and microenvironment status. Hypoxia decreases ROS generation,
and at the same time activates HIF-1α and, depending on it, programs of angiogenesis,
glycolysis, and tissue recovery in terms of Nrf2 signaling, activation of antioxidant defense,
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and influence on iron buffering [35]. This pathway stops oxidative propagation and
decreases ferroptosis probability. The amount of intracellular PpIX is dependent on ABCG2,
iron-trafficking networks, and ferrochelatase activity. At the same time, activation of ERK,
AKT, autophagy processes, and response to proteostasis activates survival mechanisms to
allow the cell to escape death from oxidation [141].

11. Future Perspectives of the Target Nanoplatforms and Precision PpIX-PDT
The therapeutic efficacy of PpIX-mediated PDT is strictly governed by a complex,

interdependent matrix of intracellular variables. These include the kinetic rates of en-
dogenous PpIX biosynthesis, its nanoscale compartmentalization within specific organelle
membranes, local ground-state oxygen 3O2 tension, the baseline cellular redox buffer
capacity, and the rapid transcription of adaptive stress-response pathways. This multifac-
torial dependency underpins both the unique clinical utility and the primary therapeutic
limitations of the 5-ALA platform. Paradoxically, the endogenous metabolic route that
imparts tumor selectivity also introduces profound therapeutic heterogeneity. Because
intracellular PpIX accumulation is a dynamic function of mitochondrial electron trans-
port chain (ETC) status, ferrochelatase (FECH) expression, intracellular labile iron pools,
and ABCG2-mediated active efflux, the inherent spatial and temporal heterogeneity of
solid tumors leads to highly inconsistent photosensitizer payloads. Furthermore, dur-
ing initial light irradiation, the rapid, localized consumption of oxygen often outpaces
microvascular diffusion, triggering a local kinetic shift from Type II singlet oxygen 1O2

production to Type I radical-driven photochemistry. Simultaneously, this localized oxida-
tive stress activates secondary survival mechanisms—such as the HIF-1 alpha pathway,
Nrf2-mediated antioxidant synthesis, and upregulation of ABCG2 efflux pumps—which
collectively blunt the therapeutic outcome. Consequently, achieving a uniform cytotoxic
effect requires interventions that extend far beyond the precise dosimetry of light alone. To
circumvent these biological bottlenecks, multifunctional nanoplatforms are engineered to
transform the unpredictable endogenous photosensitizer pathway into a programmable,
highly controlled therapeutic system. Rather than acting as passive delivery vehicles, these
advanced architectures are designed to intercept and modulate specific metabolic and
signaling nodes. Mechanistically, these nanoplatforms maximize therapeutic yield through
several coordinated pathways: Organelle-Targeted Metabolon Modulation: Nanocarriers
functionalized with mitochondrial-homing moieties (e.g., triphenylphosphonium) bypass
cytosolic diffusion barriers, delivering 5-ALA directly to the mitochondrial intermem-
brane space. This hyper-localizes PpIX synthesis to the inner mitochondrial membrane,
ensuring that subsequent 1O2 generation immediately disrupts cardiolipin-rich respira-
tory complexes and triggers intrinsic apoptosis via cytochrome c release. Efflux Pump
Defeat and Transporter Inhibition: By co-encapsulating 5-ALA alongside small-molecule
ABCG2 inhibitors (e.g., Ko143) or tyrosine kinase inhibitors, these platforms intercept the
active export of PpIX, maintaining a critical cytotoxic concentration threshold within the
tumor parenchyma. Alleviation of Hypoxia and Oxygen Management: To sustain Type II
photochemistry, modern nanoplatforms integrate oxygen-generating systems (such as man-
ganese dioxide MnO2 nanoparticles that catalyze endogenous hydrogen peroxide H2O2

decomposition into O2 or oxygen-carrying perfluorocarbons). This artificial oxygen supply
systematically represses the stabilization of HIF-1alpha, preventing the upregulation of
downstream hypoxia-induced survival genes.

Synergistic Signaling Cascade Interception: Nanoparticles can co-deliver specific
inhibitors of the unfolded protein response (UPR) or antioxidant pathways (such as
glutathione-depleting agents). By blocking the cell’s secondary-level vulnerability re-
sponses, the platform ensures that PDT-induced ER stress and lipid peroxidation culminate
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unhindered into ferroptosis or immunogenic cell death. We evaluate the precise molecular
mechanisms of these nanotechnology-driven interventions, focusing on the biophysical
design of organelle-targeted systems, the chemical kinetics of oxygen-evolving architec-
tures, the emergence of autonomous self-illuminating platforms, and the translational
barriers encountered when moving these sophisticated multi-component systems into
clinical oncology [147,148].

11.1. The Attractive Role of Nanoplatforms in PpIX-Mediated PDT

PpIX has a unique position between photosensitizers, because it is synthesized in
cells from 5-ALA, delivered from outside. It makes a synthesized photosensitizer and
universal compound, which means that a higher intracellular dose not only participates
in PDT as an effective dose, but also interacts in the metabolism. Nano-designed com-
pounds or nanoplatforms compensate for this dual nature, which is caused by distri-
bution and time variability [147]. We need intracellular PpIX to improve the delivery
of 5-ALA, combining metabolic modulators with the precursor, and to provide stabi-
lization of derivative molecules. They have a basis in the heme pathway, providing
higher PpIX accumulation [149].

Another opportunity is to synchronize precursor delivery with inhibitors of ABCG2
and ferrochelatase-dependent PpIX utilization, and inhibitors of antioxidant defense.

A second major benefit is spatial and temporal resolution. 5-ALA is a small molecule
that is distributed between cancer cells and tissue, depending on the metabolic properties of
the tissue and selectivity. Nanocarriers add an additional point of control in terms of reten-
tion and permeability. This effect should be more broadly studied in human tumors because
it varies in different pathogenic tissues. Variants of targeting can be organized by ligands,
pH selectivity and sensitivity, charge engineering, and enzymes, depending on response,
or with respect to organelle targeting motives, such as triphenylphosphonium [150]. Such
carriers can pump or enrich PpIX to the organelles or compartments. So, singlet oxygen
can be produced in connection with or inside mitochondria, lysosomes, the endoplasmic
reticulum, or vasculature. This approach exploits the fact that singlet oxygen diffuses only
over a small distance; the effectiveness of PDT depends not only on the concentration
of PpIX in the local compartments, but also on the time of illumination [151]. Nanotech-
nology enhances 5-ALA/PpIX-mediated photodynamic therapy by addressing metabolic
challenges and improving targeted delivery to specific intracellular compartments, such
as mitochondria. To maximize efficacy, the approach utilizes metabolic modulators and
stimuli-responsive nanocarriers to improve the spatial and temporal precision of singlet
oxygen production.

11.2. Organelle-Targeting Systems with Respect to Lysosomes, Mitochondria, and the
Endoplasmic Reticulum

Among organelles, mitochondria are the most beneficial and interesting as a target.
This is grounded both on PpIX biology and PDT logic. Endogenous PpiX is associated
with mitochondria, which is caused by the fact that the last step of the synthesis of por-
phyrin appears here. Mitochondrial photodamage is also very beneficial. Photodamage
triggers permeability of the mitochondrial membrane, release of cytochrome c, and apop-
tosis processes. The consequences are also bioenergetic collapse, amplification, and lipid
peroxidation [152]. Carriers, targeting the mitochondria, can be conjugated with lipophilic
cations, peptides with transport motifs, and mitochondrial membrane-sensitive groups.
Such a nano-based system can facilitate PDT even if intracellular PpIX is low and not high
enough, because it can activate death-associated signaling machinery. In the resistant tumor,
it can be the best variant in terms of exploiting such vulnerabilities, because damaging
mitochondria is the fastest way to induce adaptation or irreversible cell collapse [153].
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The lysosome targeting strategy is similar. Lysosomes are organelles that are critical
to the regulation and maintenance of autophagy flux, iron turnover, and membrane per-
meabilization. When lysosomes are damaged, a lot of consequences appear: the releasing
of redox-associated iron, destabilizing of cathepsins, and disrupting of autophagic repair
programs. The last allows for autorecovery of the cell after PpIX-PDT [154].

First, lysosome damage can proceed synergistically with the mitochondria damage
and cause downstream activation of ferroptosis and apoptosis. Second, the photodamage
of the ER can influence protein-folding machinery and unfolded protein signaling, danger-
associated exposition of molecular patterns, and turn on immunogenic cell death. The best
new-generation PpIX nanoplatforms do not target just one organelle, but are capable of
inducing multi-organellar complex damage. Especially, a favorite target is ER–mitochondria
contact sites, where calcium exchange is present [155]. Mitochondria are the primary
targets in 5-ALA/PpIX-PDT, as their damage triggers bioenergetic collapse and apoptosis,
while lysosomal damage enhances this effect by disrupting autophagic recovery [152,154].
Advanced nanoplatforms target multi-organellar complexes, specifically ER–mitochondria
contact sites, to induce complex damage and promote immunogenic cell death [155].

11.3. Oxygen Management: The Critical Node of PDT

Along with these challenges, which appeared at the start of PDT technology in the
timeline of its development, is the problem of oxygen management. Photochemistry
type II strongly depends on the presence of oxygen; some photosensitizers switch to
Type I photochemistry if oxygen is absent, and some just stop the photochemistry reaction.
PpIX is predominantly a Type II photochemical photosensitizer that needs oxygen to
provide PDT. For PpIX, poorly reperfused tumors cannot rapidly replace the consumed
oxygen via Type II photochemistry due to the low volume of perfusion. Paradoxically, an
increasing level of irradiation can decrease the efficiency of PDT because of rapid oxygen
consumption without replacement [142,156].

The problem seems more complex because of local hypoxia, local vascular compres-
sion, and high interstitial pressure. The solution to these three problems has its roots
in the development of nanoparticle delivery technology and carriers. Hemoglobin-like
carriers and perfluorocarbons can carry oxygen physically, and others generate oxygen
using catalase and platinum nanozymes, manganese dioxide, or similar catalytic systems
that decompose hydrogen peroxide, produced by mitochondria. The last strategy is based
on reducing oxygen demand and enabling the use of a lower dose and self-sustained
activation approaches [145,146].

In the case of PpIX systems, oxygen management must be integrated into metabolic
timeline processes. When the carrier can enrich 5-ALA in the cancer tissue but fails
to preserve overwhelming consumption of oxygen during illumination, such PDT also
fails, and the level of photocytotoxicity cannot be reached correctly [142]. Due to these
consequences, oxygen generation by the carrier cannot be a successful solution to increasing
photodamage, if oxygen is generated in a region far from the photosensitizer.

The most proficient nanoplatforms couple oxygen generation and 5-ALA or PpIX
delivery in one nanocarrier system. Metal–organic compositions are very attractive in terms
of this approach, due to their high loading capacity, catalytic functionality, tunable porosity,
and modular surface chemistry. So, a single metal–organic construct can participate in
drug loading, transport, oxygen management, imaging, and controlled release, making it a
scaffold for controlled PpIX-PDT [157].
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11.4. Metal–Organic Composition of Nanoplatform and Multifunctional Carrier Design

Metal–organic nanoparticles have had a long journey from conception to a major plat-
form for PDT engineering. The main benefit of this approach is structural programmability.
The variables of such constructions are pore size, metal node identity, linker chemistry, and
surface functionalization. They influence drug loading, catalytic activity, degradation, and
tissue interaction. In the case of PpIX-containing PDT systems, metal–organic particles
can encapsulate 5-ALA, porphyrin derivatives, iron modulators and chelators, immunore-
agents, and oxygen-generation components [158]. Carriers can consist of photodynamic
linkers, where the carrier itself participates directly in photodynamics. This multifunc-
tional and highly relevant approach to PDT can benefit from control of hypoxia, sensitizer
production, and stress survival mechanisms [157,159].

It is important to know that the future of metal–organic nanoparticles depends not
only on sophisticated design and constructive approaches. Suitable-for-clinic systems must
have reproducible particle sizes, scalable manufacturing, low off-target toxicity, acceptable
biodegradation, and predictable pharmacokinetics. Sometimes, highly effective complexes
in cell or animal models can be acceptable for preclinical study, but difficult to translate [160],
because their composition is too robust or too composite for regulatory development. A
realistic future approach favors modularity and simplicity. Carriers must have a limited
number of functions with a clear number of modular components. To rephrase: not every
PpIX-mediated PDT can be solved with a single particle solution. The most successful are
platforms that solve two—or a few—main limitations of nanoparticle-based PDT, rather
than changing ten variables superficially [161].

11.5. Combination of Nanoplatforms with Metabolic and Signaling Inhibitors

The previous chapters of this review provide an understanding that, in the future, the
efficiency of PDT will increase due to the rational combination of structural nanoparticle
materials. Nanoparticles can co-deliver agents that provide different pharmacokinetics
and tissue distribution of PpIX. Partners in encapsulation of PpIX in nanoparticles can
behave differently, with ABCG2 inhibitors to decrease porphyrin efflux, iron chelators
or iron modulators to increase PpIX accumulation, HIF-1α or VEGF-dependent gene
inhibitors to regulate hypoxia-associated escape, and Nrf2-pathway antagonists to decrease
antioxidant defense [162]. Another perspective with respect to components for loading
includes sensitizers of ferroptosis, inhibitors of proteostasis, and potentiating immune
molecules such as STING agonists or checkpoint blockade adjuvants [35].

An important property of releasing compounds is not only nanoscale design, but time
alignment. An ABCG2 inhibitor is most useful before PpIX accumulation; and immune
stimulation is most beneficial during the period after PDT stimulation and after photo-
damage begins to form DAMPs—if carriers can respond to stimuli, such as pH, specific
enzymatic activity, ROS level, or light. Such programming is temporal and can be im-
portant for PDT, because of its solid, noninterrupted release profile, which is typical in
terms of coinciding with phases of accumulation, oxidative damage, irradiation, oxidative
amplification, and immune conversion. We can draw a conclusion: that the future of PDT
depends on kinetics as closed from composition [163,164].

11.6. Chemiluminescence-Dependent and Self-Illuminating PpIX-PDT

One of the most important approaches to designing effective PpIX-PDT systems is
chemiluminescence-dependent and bioluminescence-dependent PDT systems, which do
not require an external light source for light penetration. This approach is very attractive
to the deep lesions and wounds embedded in dense matrix cancers, where illumination
from the surface is not optimal. In such systems, the origin of photons can processes such
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as radionuclide emission, Cerenkov radiation, chemical reactions, or enzyme-triggered
luminescence [165]. They can generate photons locally and transfer energy to the PpIX. In
the case of PpIX, this method can preserve the benefits of PDT, reducing the influence of
geometric constraints and problems in penetrating light to the tissue. While technically
challenging, self-illuminated systems are important as a concept to PDT development, be-
cause they transmit PDT from device-dependent systems (lamps and lasers) and intervene
as more autonomous, intratumoral self-illuminated systems [148].

This strategy has non-standard physics constraints. Emission spectra of fluorophores
and absorption spectra of photosensitizers must overlap and be adequate. The biological
environment must support adequate energy transfer. Photon generation must be enough
for ROS maintenance without nonspecific biotoxicity. Most of all, the oxygen consumption
problem does not disappear. Oxygen deficiency can switch ROS generation from Type II
photochemistry to Type I. For PpIX it is less effective, but possible if there is an ability to
transmit electrons to substrates like lipids. Because of this, chemiluminescence-dependent
PDT should be reviewed not as a replacement for oxygen delivery, but as an extension to
address the problem of light delivery. The most promising design for such systems is to use
chemiluminescence or bioluminescence in combination with oxygen management systems
in the same nanocomposites [148,166–168].

11.7. Translational Problems in Designed Clinically Realistic and Acceptable Systems

Clinical translation is reached only for a few suitable nanoparticle medications. The
barriers between development and implementation are well known: synthetic complexity,
unclear biodegradation products, batch-to-batch variability, limited reproducibility across
tumor models, insufficient large-animal validation, and regulatory uncertainty due to
complex and synthetic materials [160]. In the case of PpIX-mediated PDT, clinicians have
access to clinical documentation about the soluble PpIX therapy or 5-ALA-based therapy.
Because of this, the new systems must not only be new and modern, but also improve
selectivity, performance, and resistance formation ability, as well as clinical workflow.
Evidence: where the decrease in a rodent tumor is not enough to prove or predict clinical
efficacy [150].

From the perspective of translation, a few design principles stand out. The first
parameter, the mechanisms, should be explicit and minimal. Each carrier should solve
problems such as hypoxia, subcellular localization, or efflux. Second, pharmacological
effects and the medicine concentration should stay measurable. If is possible to prepare a
platform that is not too complex, each component must respond to the accumulation of one
compound or feature. The third is that there must be compatibility with the present clinical
infrastructure. The system has to retain the advantages of soluble 5-ALA and integrate
standard endoscopic, surgical, or dermatologic illumination workflows [168]. It may have
a shorter path to adoption.

11.8. Conclusions About Metabolic and Signaling Pathways Affected by PDT with Protoporphyrin IX

Future prognosis of usage of PpIX-PDT will move from the dogma that all cancers
should be treated with the same dose of PpIX and light illumination. The approach
will include oxygen supplementation, control of metabolism, localization, and immune
conversion. Nanoplatforms form the central paradigm of this approach in PDT, mediated
by 5-ALA or PpIX. It can transform PpIX from an endogenous photosynthesizer to a
morphogenetic PDT system. Mitochondrial and ER-directed transport can accept special
carriers, oxygen release and metal–organic nanostructures and multifunctional platforms,
with connection to self-illuminated systems, showing the real translation problems in
physical organization that have been demonstrated by this review [35].
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12. Discussion
PpIX-mediated PDT maintains a separate position among all oncogenic photomedicines,

because it is located on the cross-section of endogenous metabolism and external origin of
photons. This dual nature determines a conceptual detail, while PpIX-PDT demonstrates
both selectivity and heterogeneity. The previous chapters showed that the therapeutic effect
depends on three levels of control. The first level, metabolic control, demonstrates how cells
synthesize, retain, and distribute PpIX after it is synthesized from 5-aminolevulonic acid [4].
The second level lies in photochemistry; it determines the efficiency of conversion of light to
amounts of singlet oxygen and related ROS. The third level is signaling control. It transmits
and interprets the result of oxidative damage in mitochondria, the ER, plasmatic membrane,
proteostasis system, and calcium exchange and deposition systems. It also influences the
extracellular microenvironment. A full discussion of PpIX-PDT can be shortened to the list
of affected pathways [35]. According to this strategy of observation, we will examine how
these levels interact to form a durable therapeutic effect, expressed in cytotoxicity, systemic
or local immune response, or stress adaptation.

One of the most important points is that the PpIX-PDT is not simply a uniform ROS
input in a tumor. Different tumors or different subpopulations of the cells of the same
tumor can undergo different 5-ALA uptake and then demonstrate different cytotoxic effects
after PDT. Access to oxygen, mitochondrial state, and unequal antioxidant reserve have also
influenced PDT outcomes. Because of this, identical drugs and light conditions can have
different outcomes, which include those associated with mitochondrial apoptosis, necrotic
process, and autophagy-linked survival, immune signaling, and cell-fate determination.
This situation can explain why strong preclinical phototoxicity does not always guarantee
the clinical benefits of PDT. The ability to produce ROS in specific tissues, cells, and
compartments is being studied now. Also, the influence of its cellular background is being
clinically discussed [36,126].

12.1. Metabolism Is the First Player in the Play of the Final Therapeutic Outcome

A therapy that uses PDT should be the first to regulate PpIX-PDT. A tumor may
have downregulated ferrochelatase, while the iron metabolism is deregulated. It works
in this way, rather than as a simple source of photosensitization. The condition of PpIX
accumulation is created by tumor-associated downregulation of ferrochelatase activity,
malformed iron trafficking, increased precursor uptake, and decreased porphyrin efflux
from the cell [49]. Generation of PpIX is not facilitated by the addition of precursor dose
alone. The generation of this photosensitizer is metabolically regulated by the state of the
cell, by the activity of enzymes ALAS1 and FECH, by mitochondrial membrane integrity,
and by transporters such as ABCG2. They directly limit total intracellular retention. The
discussion is formed around a central conclusion: any attempt to regulate PpIX level
without connection to the heme pathway and iron handling will be unsuccessful and
incomplete [49].

Such metabolic dependence has two issues. First, we must provide rational biomarkers.
If the tumor is abundant in ABCG2, it supports the insertion of iron into PpIX; if it has
hypoxia-related regulation of the metabolism, perspectives in terms of using PpIX-mediated
PDT are very limited, even in cases where fluorescence is reached and well detectable [121].
On the other hand, this creates practical, valuable points of intervention via inhibitors
of ABCG2, chelation of iron, inhibition of iron inclusion into PpIX, and modulation of
oncogenic pathways Ras/MEK. A strategy to accumulate porphyrin in the cell and prolong
its retention in the cytoplasm or organelles can be developed. From the translation point of
view, the most promising strategy is to use biomarker analysis and priming with 5-ALA
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tissue, where the accumulation of PpIX increases especially before light irradiation, and
then stays at the same level by default [35].

12.2. Organelle Localization Can Be a Reason Why the Same Photosensitizer Triggers Different
Signaling Pathways

A second critical point is subcellular localization. Singlet oxygen only reaches targets
within a distance of 10–20 nanometers. So, the targets must have the same localization as
the photosensitizer. After mitochondria enrichment of PpIX, the next consequences appear:
the first is membrane depolarization, then permeability transition, release of cytochrome
c, ATP depletion, and apoptosis acceleration after illumination. The mitochondria are
not the endpoint of the processes and are not the only organelles touched by PDT [169].
PDT has consequences like endoplasmic reticulum stress, destruction of mitochondria and
associated membranes, redox-dependent calcium flux, destabilization of lysosomes, and
oxidation of membrane lipids, which can, all together, dramatically change the signaling
process in the cells. What can be reviewed as a single method of treatment, in reality, is a
group of organ-dependent perturbations and responses [151].

These facts have methodological consequences for the field of PDT. In many studies,
the outcome is interpreted as the total PpIX level or in terms of global ROS detection method.
These measurements are important, but insufficient. Similar cells with the same level of
PpIX can demonstrate activation of different pathways, because PpIX can concentrate
in different compartments [151]. In the future, research work will benefit from pairing
measurement of porphyrins by optical assays with use of sensitive microscopy. The work
can also involve organelle-specific redox assays and measurement of mitochondria, ER, and
plasma membrane damage. This design of experiments helps to determine if activation of
pathways responds to PDT and reflects the oxidative damage, or if it appears as a secondary
stress burst in a later response [169].

12.3. Mixed Type, Plastic, and Dose-Dependent Cell Death After PpIX-Mediated PDT

There is a diversity of pathways activated or inhibited after PpIX-mediated PDT.
Their activation can better interpret regulatory plasticity than an inconsistent approach.
Apoptosis is one of the best studied outcomes of such PDT. It occurs when damage to the
mitochondria is enough to activate caspases. The cell must have enough energy to maintain
apoptosis. However, the PDT quickly exceeds the boundaries of the traditional apoptotic
model. In contrast, the necrotic phenotype can form membrane damage, avalanche-like
ATP loss, or extensive lysosomal disruption [126]. Autophagy can in particular buffer or
compensate for the damage by removing oxidized proteins and organelles. It activates
self-digestion and switches on compensatory programs. Decreases in GPX4 function, rapid
lipid peroxidation, and lower levels of glutathione buffering lead to the increased possibility
of a ferroptotic end of the cell. The selected models can vary, from caspase-dependent
cleavage of gasdermins to pyroptosis and inflammatory signaling [170].

The discussion point is not in the relevance of each pathway and its correspondence
to each model. In reality, PDT creates media, where the death pathway is chosen by the
context. These factors have an influence on the final phenotype: light rate, photosensitizer
concentration, oxygen availability, intracellular PpIX distribution, antioxidant buffering
capacity, and redox enzyme activity. This avoids labeling pathways according to one or two
markers [126]. For more precise analysis, the authors recommend assays for membrane
integrity status, mitochondrial readouts, lipid-peroxidation indices, caspase activation,
autophagic flux measurements, and immunogenic damage-associated patterns. Only such
a wide analysis can resolve the issue, if this protocol gives simple toxicity as a readout or
unique activation of a therapeutically beneficial form of cell death [122,133].
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12.4. Adaptive Stress Response—The Main Force in the Balance Between Lethal Photodamage and
Successful Survival

Through an analysis of the literature, we can reach a conclusion that photodamaging
stress is only the beginning of the story of cell response. The reaction of cells to photodam-
age is not passive. They try to repair, buffer, and reprogram damage. HIF-1α and Nrf2
are central to the recovery process. Hypoxia changes photodynamic therapy dramatically
because of a lack of oxygen [35,171], but it has an influence on metabolism, signaling
networks, and the antioxidant defense system. Hypoxia also stimulates heme biosynthesis,
causing the PpIX involved in this process and decreasing PpIX concentration. Another
pathway activated by transcription factor Nrf2 facilitates the glutathione system, recovery
from redox imbalance, and peroxide detoxification [143]. A second layer of adaptation
above these two is determined by heat-shock responses, proteasomal buffering, and the
unfolded protein response.

These observations explain why resistance to PDT cannot develop in the same manner
as classical chemotherapeutic drug mechanisms. Resistance can grow through different
mechanisms, such as lower PpIX synthesis, altered organelle targeting, higher efflux by
ABCG2, improved oxygen adaptation, or faster stress adaptation after illumination [35,141].
A practical approach to successful PDT is in particular the inhibition of stress adaptation
pathways, enhancing the initial photochemical injury. This generates a strong recommen-
dation in terms of combining PDT with inhibitors of antioxidant adaptation, chaperone
systems, ER-stress buffering, or metabolic rescue. We note that such combinations should
be used carefully, because they touch normal tissue. This makes the therapeutic window
narrow. The main challenge in this case is to destabilize tumor resistance, not to decrease
the therapeutic dose of PDT [143].

12.5. The Immune Results of PpIX-Mediated PDT Depend on Transferring Local Damage to the
Full Inflammatory Process

An interesting point of view on PDT relates to observing it not as local ablation, but as a
process generating normally initiating immune signaling, calreticulin exposition, cleavage,
and release of HMGB1, producing cytokines (cleavage, and release of HMGB1, producing cytokines (IL-1ϐ, IL-18, ATP secretion, and , IL-18, ATP secretion, and vascular
and stromal remodeling in the tumor neighborhood of the cancer can form together a
response to PDT, finished by immunogenic cell death) [122,130]. But there are no strong
guarantees of such conversion. A similar treatment can produce a high level of cytotoxicity,
but a low level of immune priming. So, it can fail to generate a correct inflammatory
response. Conversely, sublethal treatment can activate inflammatory programs without
enough clarity in terms of the tumor. The consequences of this are that immunogenicity is
not an automatic result of ROS production. It depends on the dose and context of PDT [126].

This issue is relevant in the case of the usage of photosensitizers in combination with
a checkpoint blockade or usage of an innate immune adjuvant. PpIX-mediated PDT fits
well with such combinations due to the intracellular nature of the photosensitizer and
intracellular danger signals, tumor vascularization, and stress phenotype [172]. In the
literature, we need to obtain a stronger connection between immunogenic cell death and
the formation of antitumor immunity in vivo. In future studies, it would be better to take
into account not only single damage-associated markers alone, but also the evaluation
of dendritic cell activation, T-cell recruitment, antigen presentation, and, as a control,
untreated lesions [173]. Only by such a complex approach can we distinguish protocols that
simplify inflammation tissues from protocols that can reprogram antitumor immunity [174].
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12.6. Future Translation Progress Will Depend on Precision Design and Nanotechnology Rather
than a Wide Escalation of Phototoxicity

The translation perspectives of PpIX-PDT are determined by precision design across
the entire treatment chain, and then increasing the photosensitizer or light dose. This
approach includes the selection of patients, metabolic priming, and dosimetry. Here, we
can also add real-time fluorescence guidance, oxygen-dependent calculation of illumina-
tion, and rational combinations with nanocarriers or signal-sensitizing modulators [4].
Nanoplatforms and organelle-targeted systems look very attractive. They can hit “two
birds with one stone”: prolong tumor retention, improve precursor delivery, favor intracel-
lular distribution, and help resolve hypoxia. But complexity alone does not guarantee a
solution. High-technology nanoplatforms can be clinically relevant only in cases where they
maintain simpler 5-ALA-based workflows in reproducible, scalable, and safe ways [35,150].

There is therefore a need in terms of the translational discipline. Mechanistic sophisti-
cation must be matched by different criteria, such as pharmacokinetic interpretability, regu-
latory plausibility, manufacturability, and procedural simplicity. The best new-generation
approaches can be turned into multifunctional constructs [160]. They must solve issues:
poor retention in ABCG2-high tumors or oxygen limitation in deeply hypoxic environments.
In this case, movement should be from precision PDT logic to precision and personalized
oncology logic [121,167].

12.7. Methodological Limitation of 5-ALA (PpIX)-Mediated PDT

In this discussion chapter, we will focus on methodological limitations that constrain
the field of study. Cross-study comparison provides more questions, because protocols
are different and hardly comparable. Protocols in the literature vary widely in precursor
formulation, light wavelength, total fluence, incubation time, fluence rate, endpoint timing,
oxygen context, and the markers used to define cell death [35]. In many responses, global
methods of ROS generation and evaluation of the outcome have interpretation as a pathway
proof. But valuable data, direct assessments of FECH and ABCG2, and iron-state mea-
surements are absent. Similar issues apply to the pyroptotic, ferroptotic, or immunogenic
mechanisms described in the literature. Sometimes, these are inferred from incomplete
marker panels. This inconsistency does not decrease the value of the published articles, but
limits how all cellular mechanisms can be generalized [126].

The field needs improved standardization. At a minimum, studies should report the
quantitative conditions of PpIX accumulation, oxygen status, and optical exposure. This
should be grouped together with localization analyses and multiparametric death-pathway
readouts [175]. Using different, but clinically relevant biological models, such as organoids,
orthotopic tumors, and immune-competent systems, would help bridge the gap between
cell-culture observations and organismal observed reality. Such precision is very important
in PpIX-mediated PDT, because differences in the level of oxygenation can lead to larger
differences in biological outcome [176].

12.8. Overall Interpretation of PpIX-PDT Research

If all these facts are taken together, they make PpIX-PDT a rich platform. The technol-
ogy grows from the intersection of metabolic selectivity and controlled oxidative stress.
It is not a therapy whose bulls-eye is a single dominant pathway. It is built on a cascade
of regulation of the heme pathway, organelle topology, adaptive stress response, immune
signaling, and redox metabolism [4]. This complexity is not a weakness of the system. On
the contrary, it has a modular structure and universality. The problem is that universality
can exceed programmable control. The next phase of the study must focus on mechanistic
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reach into operational rules for patient stratification, rational combinations of approaches
and compounds, and design [35].

In connection to the practical terms, the most promising future model of PpIX-PDT is
applicable to tumors, characterized not only by anatomical accessibility to loaded 5-ALA or
PpIX, but also in terms of expected organelle targeting, stress response systems, and oxygen
context. Under such conditions, PpIX-mediated PDT can evolve from being generally
useful as a treatment based on light to a complex, intelligence-guided intervention [35].

13. Clinical Limitations of 5-ALA-PDT
Despite its established clinical utility as a precision theragnostic platform, 5-ALA-PDT

is not universally effective. Translating preclinical successes into predictable macro-clinical
outcomes is frequently challenged by distinct biophysical, anatomical, and physiological
barriers that lead to low therapeutic efficacy or adverse clinical drawbacks.

The fundamental thermodynamic constraint of PDT is determined by the optical
window of biological tissue. PpIX is traditionally excited using blue light (~405 nm) for
diagnostics due to its high quantum yield, or red light (~635 nm) for therapy to achieve
deeper penetration. However, even red light rapidly attenuates in tissue, with effective pen-
etration typically limited to 5–10 mm. Consequently, 5-ALA-PDT demonstrates remarkably
low efficacy against deeply seated, nodular, or bulky tumors, frequently leaving peripheral
or deep margins under-treated, which directly drives rapid tumor recurrence.

The presence of endogenous chromophores, such as melanin in melanoma or
hemoglobin in highly vascularized structures, introduces a severe competitive absorp-
tion barrier. These chromophores intercept incident photons, shielding PpIX from direct
excitation, drastically decreasing singlet oxygen generation rates, and rendering conven-
tional protocol definitions ineffective.

The enzymatic synthesis of PpIX from exogenous 5-ALA is an oxygen- and nutrient-
dependent metabolic process. Advanced solid tumors routinely develop large, poorly
vascularized necrotic cores characterized by chronic hypoxia and extracellular acidosis. In
these compromised microenvironments, the delivery of systemically administered 5-ALA
is highly restricted. Furthermore, cells residing within these zones exhibit suppressed
metabolic flux through the heme biosynthetic pathway, resulting in sub-optimal, het-
erogeneous PpIX accumulation that fails to cross the threshold for lethal cytotoxicity
upon irradiation.

As a localized interventional modality, conventional 5-ALA-PDT is inherently unsuited
for managing widespread systemic or metastatic diseases. While it can successfully clear
a primary focal lesion, it exerts negligible direct therapeutic effects on distant, occult
micrometastases, unless paired with emerging strategies designed to trigger a systemic
abscopal immune response.

A major clinical drawback during dermatological and endoscopic 5-ALA-PDT appli-
cations is the induction of severe, localized, burning pain during light irradiation. This
pain stems from immediate ROS-mediated damage to peripheral nerve endings and acute
local inflammatory cascades. In real-world scenarios, intense pain frequently necessitates
treatment interruption, lowering the total delivered light dose and directly compromising
therapeutic efficacy.

Although 5-ALA clears from the body relatively quickly compared to first-generation
photosensitizers, patients still experience transient systemic skin and ocular hypersen-
sitivity to sunlight and bright indoor lighting for 24 to 48 h post-administration. This
window requires strict behavioral compliance, and failure to avoid ambient light can result
in painful cutaneous erythema and phototoxic burns.
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14. Conclusions
Protoporphyrin IX-mediated photodynamic therapy (PpIX-PDT) represents a sophisti-

cated form of oncology that integrates endogenous metabolism with localized light illumi-
nation to induce targeted metabolic reprogramming, rather than relying on non-specific
oxidative toxicity. The ultimate therapeutic outcome hinges entirely on the nanoscale,
organelle-specific localization of PpIX. Within this framework, mitochondrial accumulation
induces lipid peroxidation and respiratory chain failure, endoplasmic reticulum stress trig-
gers protein response failure, and plasma membrane damage leads to regulated necrosis,
pyroptosis, or ferroptosis. This review emphasizes that PpIX-PDT disrupts glycolytic en-
zymes and mitochondrial respiration, positioning it as an active, pathway-oriented therapy.
Transitioning this modality into a personalized theranostic paradigm requires shifting away
from universal clinical protocols toward biologically customized strategies.

However, moving from generalized clinical application to a personalized framework
requires researchers to overcome four critical scientific and technological hurdles in the
coming years:

Pharmacological Modulation of the ABCG2/FECH Axis: Designing potent, non-toxic
metabolic priming agents to inhibit ABCG2 efflux pumps and modulate ferrochelatase
kinetics, thereby eliminating the natural heterogeneity of PpIX accumulation across diverse
tumor tissues.

Engineering Bio-Responsive, Oxygen-Releasing Nanoplatforms: Fabricating smart
nanocarriers capable of precise organelle targeting that actively generate or release molecu-
lar oxygen to sustain photodynamic toxicity within deeply hypoxic tumor cores.

Standardization of Multiplexed Biomarker Panels: Developing reproducible, real-time
clinical screening methods to track patient-specific PpIX fluorescence kinetics, mitochon-
drial membrane potential, and iron-handling status for personalized patient selection.

Optimization of Immunogenic Cell Death Protocols: Decoupling the balance between
local phototoxicity and systemic immunity by establishing fractionated illumination strate-
gies that reliably expose calreticulin and release high-mobility group box 1 (HMGB1).

Ultimately, overcoming these system-level resistance mechanisms prevents tumors
from repopulating from resistant clones. By combining fractionated illumination protocols,
metabolic priming, and direct organelle targeting, clinicians can successfully exploit specific
cancer vulnerabilities—such as ferroptosis-like lipid oxidation, proteasome overload, and
depletion of reducing capacity. Future progress relies on demonstrating reproducible,
clinically realistic, and mechanistically transparent studies. When properly engineered,
PpIX-PDT will successfully transition into a personalized, pathway-oriented intervention
where endogenous photosensitizer metabolism, organelle stress, and immune activation
dictate a predictable, systemic antitumor response.
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