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EXPRESSION PROFILES OF HEME SYNTHESIS METABOLITE
TRANSPORTERS AS POTENTIAL MOLECULAR DETERMINANTS
OF SENSITIVITY TO 5-ALA-INDUCED PDT

Ivanova-Radkevich V.1.', Filonenko E.V.23

"Peoples’ Friendship University of Russia (RUDN University), Moscow, Russia

2P.A. Herzen Moscow Oncology Research Center — branch of FSBI NMRRC of the Ministry of
Health of the Russian Federation, Moscow, Russia

3RTU MIREA, Moscow, Russia

Abstract

Expression profiles of transporters of heme synthesis metabolites can be used as potential molecular determinants defining the variable sensitivity
of tumor cells to photodynamic therapy (PDT) using 5-aminolevulinic acid (5-ALA). The study included the JFCR39 panel of human cell lines.
Transcriptional activity profiles of genes encoding nine key transporter proteins (SLC15A1, SLC36A1, SLC6A6, SLC6A13, TSPO1/2, ABCG2, ABCBS,
FLVCR1, SLC25A37) were obtained from The Human Protein Atlas (HPA) database. For quantitative assessment, the nTPM (normalized transcripts
per million) metric was used. Data on protoporphyrin IX (PPIX) accumulation levels after incubation of cells with 1 mM 5-ALA were taken from the
published screening by KitajimaY. et al. (2019). Statistical significance of associations was assessed using Pearson correlation analysis. A pronounced
tissue specificity of correlations between transporter expression and intracellular PPIX accumulation was established. In the brain tumor panel, a
very strong negative association of PPIX levels with the expression of the iron transporter MFRN (SLC25A37; R =-0.91 to -0.96) and the ATP-binding
cassette transporter ABCB6 (-0.94) was revealed, which may indicate a critical role of mitochondrial iron uptake and tetrapyrrole efflux in glioma
resistance to PDT. At the same time, for the classic 5-ALA transporters themselves (PEPT1, PAT1, TauT, GAT2), no statistically significant positive
association with the photosensitizer level was found either across the entire panel or in most nosologies. An exception was ovarian cancer lines,
where PAT1 expression demonstrated a moderate positive correlation with PPIX accumulation (R = 0.62-0.75). Comparison of efflux transporters
showed that the contribution of ABCB6 to the reduction of PPIX concentration is comparable to or exceeds that of the recognized marker ABCG2,
especially in lines of neuroectodermal origin.

Key words: photodynamic therapy, 5-aminolevulinic acid, protoporphyrin IX, transmembrane transporters.
Contacts: Ivanova-Radkevich V.I, e-mail: ivanova-radkevich-vi@rudn.ru

For citations: lvanova-Radkevich V.., Filonenko E.V. Expression profiles of heme synthesis metabolite transporters as potential molecular
determinants of sensitivity to 5-ALA-induced PDT, Biomedical Photonics, 2026, vol. 15, no. 3, pp. 4-10. doi: 10.24931/2413-9432-2026-15-3-4-10
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HMeM 5-ammHoneBynMHoOBOW Kucnotbl (5-AJIK). B nccnepoBaHme 6bina BKIOYEHa MaHeNb KAETOYHbIX NvHUIA YyenoBeka JFCR39. Mpodunmn
TPAHCKPUMLNOHHOWN aKTUBHOCTW FEHOB AEBATU K/toYeBblX 6enKkoB-TpaHcnopTepoB (SLCT15AT1, SLC36A1, SLC6A6, SLC6A13, TSPO1/2, ABCG2,
ABCB6, FLVCR1, SLC25A37) 6binv nonyyeHbl U3 6a3bl AaHHbIX The Human Protein Atlas (HPA). Ins KonvMyecTBEHHOW OLEHKM Obl NCMOb30-
BaH nokasatesib NTPM (Hopmanu“3oBaHHOE KOIMYECTBO TPAHCKPUMITOB Ha MUMIMOH). [laHHble 06 YpoBHe HakomneHus npotonopdupuHa IX
(Mr1X) nocne nHky6aummn knetok ¢ 1 MM 5-AJIK 3aumcTBOBaHbI U3 ony6aMKoBaHHOro ckpuHuHra Kitajima Y. et al. (2019). Cratnctuueckas
3HAUYMMOCTb B3aMIMOCBsI3€eli OL|eHBanacb METOLOM KOPPENALMOHHOro aHanu3a MupcoHa. YcTaHoBNEeHa BblpaXeHHas TKaHecneunduuHoCcTb
Koppenauui Mexay SKcnpeccrein TpaHCNopTepPOB 1 BHYTPUKAETOUYHbIM HakonneHvem MMMIX. Ha naHenn onyxonei ronoBHOro mo3ra BblfiB-
NleHa oYeHb CUbHasA oTpuLaTenibHas cBA3b ypoBHA MIMIX ¢ akcnpeccuelt TpaHcnopTtepa xenesa MFRN (SLC25A37; R =-0,91 go -0,96) n ATO-
CBA3bIBaOLLEro KacceTHoro TpaHcnoptepa ABCB6 (-0,94), UTo MOXET yKa3blBaTb Ha KPUTUYECKYIO POIb MUTOXOHAPMANbHOrO 3axBaTa Xefnesa
1 3¢ droKca TeTPanMpposioB B pe3ncTeHTHOCTU oM K O/IT. B To e Bpema Ans Knaccuyeckrx TpaHcnoptepoB camon 5-AJIK (PEPTT, PATT,
TauT, GAT2) CTaTUCTUYECKM 3HAUYMMOI MONOXKMUTENIbHOW CBA3M C YpOBHeM poToceHcmbrnm3aTopa He 06HapPYKEHO HU MO BCE MaHenu, Hu B
60MbLIVHCTBE HO30/10TUIA. VICKNIoUeHMeM CTanu IMHUW paka ANYHUKOB, rae aKkcnpeccusa PAT1 npofeMOoHCTprpoBasa YMEPEHHY MOSToXN-
TenbHyto Koppenauuio ¢ HakonneHuem MMIX (R = 0,62-0,75). CpaBHeHMe TPaHCMOPTEPOB BbiBeAeHNA NoKasano, 4to Bknag ABCB6 B cHuke-
Hye KoHueHTpauuu MIMIX conoctaBmum 1v NPeBbILIAET TAKOBOM Y 06Lenpri3HaHHOTo Mapkepa ABCG2, 0cO6EHHO B IMHMAX HENPOIKTOAEP-

MaJIbHOIo NPONCXOXAEHNA.

KnioueBble cnoBa: GpoToavHaMMyecKas Tepanus, 5-aM1HONEBYNNHOBAA KUCIOTa, NpoTonopdupyH IX, TpaHCMeM6paHHbIE NepeHoCcUnKM,

Koppenaums.

KoHTakTbi: VIBaHOBa-Pagkesuuy B./., e-mail: ivanova-radkevich-vi@rudn.ru

[na yutnposaHus: /saHoBa-Pagkesny B.U., ®unoHeHko E.B. NMpodunu skcnpeccnm TpaHCNopTePOB MeTaboNNTOB CUHTE3a reMa, Kak no-
TeHUMaNbHble MONeKyNAPHbIe AeTepMUHaHTbI YyBCTBUTENbHOCTY K OAT ¢ ncnonb3osaHnem 5-AJIK // Biomedical Photonics. — 2026. - T. 15,

Ne 3. - C.4-10. doi: 10.24931/2413-9432-2026-15-3-4-10

Introduction

Photodynamic therapy (PDT) has established
itself as an effective method for treating malignant
neoplasms, widely applied in global clinical practice.
The basis of antitumor PDT lies in the selective
accumulation of a photosensitizer in pathological
tissue, followed by its irradiation with light of a specific
wavelength. This process initiates the generation of
singlet oxygen and other cytotoxic reactive oxygen
species, inducing structural damage to tumor cells
and their death [1].

One possible approach involves the use of exogenous
precursors,  pro-photosensitizers, which include
5-aminolevulinic acid (5-ALA). 5-ALA is synthesized in
virtually all cells from glycine and succinyl-CoA by the
enzyme 5-aminolevulinate synthase. As an endogenous,
non-photoactive intermediate metabolite of heme
biosynthesis, 5-ALA, after administration into the body,
is efficiently utilized in normal cells to the final product -
non-photoactive heme, which is integrated into the
structure of hemoproteins. Intumor cells, the biochemical
cascade is blocked at the final stage due to a deficiency
of the enzyme ferrochelatase. This leads to the abnormal
accumulation of intracellular protoporphyrin IX (PPIX) —
a highly active photosensitizer, whose fluorescent
properties are also used for intraoperative navigation
[1,2,3].

The efficiency of PPIX induction by exogenous
5-ALA demonstrates pronounced tissue specificity,
depending on the degree of vascularization,
microenvironment, and cell phenotype. One of the key
factors determining the variability of PPIX accumulation

BIOMEDICAL PHOTONICS T. 15, N23/2026

is considered to be the asymmetry of transmembrane
transport: differences in the rate of 5-ALA uptake and
the elimination of intermediate products of heme
synthesis (uroporphyrinogens, coproporphyrinogens,
protoporphyrinogens) [2,4].

Transport of exogenous 5-ALA across the plasma
membrane is mediated by several carrier systems,
including the peptide transporters PEPT1 and PEPT2,
the proline transporter PAT1, as well as the taurine
transporter TauT and the GABA transporter GAT2 [4,5].
It is logical to assume that overexpression of these
proteins may contribute to enhanced uptake of the
pro-sensitizer 5-ALA by malignant cells compared to
healthy cells, thereby modulating PPIX concentration.
The mechanisms of efflux of intermediate metabolites
of heme synthesis play an equally significant role
[4,5]. Furthermore, the intensity of PPIX conversion
to heme is limited by the availability of iron ions
within the cell. The balance between the rate of 5-ALA
absorption and the kinetics of PPIX elimination may
determine the final intracellular concentration of the
photosensitizer [6].

The aim of this study was to evaluate differences in
the expression of genes encoding major transporters of
5-ALA and intermediates of heme synthesis in a panel
of JFCR39 cell lines characterized by varying abilities to
accumulate PPIX upon exposure to exogenous 5-ALA
and heterogeneous sensitivity to subsequent PDT.
For systematic analysis of transcription profiles, The
Human Protein Atlas (HPA, https://www.proteinatlas.
org [7]) was used. To identify statistically significant
correlations between the expression level of each

ORIGINAL ARTICLES
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investigated transporter and the efficiency of PPIX
accumulation, data from a large-scale screening by
Kitajima Y. et al. (2019), conducted on the same cell
line panel [8] (Fig. 1), were integrated. Identification
of molecular determinants associated with selective
PPIX accumulation may help clarify the mechanisms
of differential tumor sensitivity to 5-ALA-induced
PDT and potentially optimize personalized treatment
protocols.
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Puc. 1. BHyTpuknetToyHoe u BHeKneToyHoe Hakomsienue MMIX
nocne MHKy6auum Knetok ¢ 1 mM 5-AJIK (KnetoyHas naHenb
JFCR39) [8].

Fig. 1. Intracellular and extracellular PpIX accumulation after
incubation with 1 mM 5-ALA (JFCR39 cell panel) [8].

Materials and Methods

Expression Profiles of Transporter Proteins

The following transporter proteins were included in
the analysis [4,5]:

« PEPT1 (SLC15AT7) - di- and tripeptide transporter;
proven involvement in the transport of exogenous
5-ALA into cells.

« PAT1(SLC36AT1)-amino acid and GABA transporter;
presumed involvement in the transport of 5-ALA
into cells.

« TauT (SLC6A6) - presumed involvement in the
transport of 5-ALA into cells.

« GAT2 (SLC6A13) — presumed involvement in the
transport of 5-ALA into cells.

« TSPO1/2 (Tspol) — presumed involvement in the
transport of 5-ALA into cells.

« ABCG2 (ABCG2) - one of the main transporters of
PPIX and pheophorbide A.

- ABCB6 (ABCB6) - presumed involvement in the
transport of various tetrapyrroles, such as heme,
coproporphyrin lll, PPIX, and pheophorbide A.

« FLVCR1 (FLVCRT1) - presumed involvement in the
transport of heme, PPIX, and coproporphyrin.

« MFRN (SLC25A37) - transports iron ions into
mitochondria, where they are used for heme
synthesis from PPIX, thereby reducing PPIX
concentration.

To determine the expression profiles of these
transporter proteinsin various cell lines, the HPA database
(The Human Protein Atlas, https://www.proteinatlas.org)
was used.

Expression levels were assessed using the nTPM
(normalized transcripts per million) metric. nTPM is a
normalized value of the number of transcripts (RNA
copies) for a specific gene, expressed as the number
of molecules per million molecules in the sample. This
metric is used for quantitative RNA expression analysis.

Analyzed Cell Lines
Assessment of the expression levels of the specified
transporter proteins was performed in cell lines from the
JFCR39 panel [8]; however, cell lines for which data were
missing in the HPA database were excluded from the
analysis: HCC2998, St-4, MKN-A, MKN-B, HBC-4, HBC-5,
BSY-1, RXF-631L, SNB-75.
Thus, the analysis was performed on the following
cell lines:
« Lung cancer: NCI-H23, NCI-H226, NCI-H522,
NCI-H460, A549, DMS273, DMS114.
- Colon cancer: KM-12, HT-29, HCT-15, HCT-116.
« Gastric cancer: MKN1, MKN45, MKN74.
» Breast cancer: MCF-7, MDA-MB-231.
« Ovarian cancer: OVCAR-3, OVCAR-4, OVCAR-5,
OVCAR-8, SK-OV-3.
« Brain cancer: U251, SF-268, SF-295, SF-539, SNB-75.
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« Renal cancer: ACHN.
« Melanoma: LOX-IMVI.
- Prostate cancer: DU-145, PC-3.

PPIX Accumulation in JFCR39 Panel Cell Lines After
5-ALA Treatment

We used data published by Kitajima Y. et al. [8]
on PPIX accumulation in JFCR39 panel cell lines after
5-ALA treatment. The authors incubated cultured cells
with a 10-1000 puM solution of 5-ALA for 4 hours. PPIX
accumulation was determined based on fluorescence
intensity using an EnVision 2103 microplate reader
(PerkinElmer, Waltham, USA) (excitation wavelength: 405
nm, emission wavelength: 635 nm) [8].

Statistical Analysis

We determined the strength of the correlation
(correlation coefficient R) between the expression level
of transporter proteins for heme synthesis metabolites
and the level of PPIX accumulation after 5-ALA treatment
in various cell lines. Statistika and Excel software were
used for data analysis, graph plotting, and correlation
analysis.

Correlation coefficients between the expression of
transporter proteins and the accumulation of intracellular
and total (intra- and extracellular PPIX) after incubation
with 5-ALA were determined for all cell lines included in
the analysis.

A subgroup correlation analysis was also performed
for each nosology comprising at least 5 cell lines (lung
cancer, ovarian cancer, brain cancer).

Correlation coefficients were determined relative to
the magnitude of intracellular and total (intracellular and
extracellular) PPIX accumulation.

The interpretation of the obtained data regarding
correlation strength is presented in Table 1.

Results and Discussion

Table 2 presents the expression profiles of transporter
proteins for heme synthesis metabolites in the JFCR39
panel cell lines (HPA database). We evaluated the
correlation of transporter protein expression levels with
both intracellular PPIX levels and its total (intra- and
extracellular) levels.

Table 3 presents the results of the correlation analysis
of the strength of association between the expression
levels of various transporter proteins and the levels of
PPIX accumulation after 5-ALA treatment of cells.

Correlation analysis revealed a very strong negative
association between the expression of the transporters
ABCB6 (PPIX transport) and MFRN (iron ion transport) and
intracellular PPIX accumulation in brain tumor cell lines
(U251, SF-268, SF-295, SF-539, and SNB-75). The correlation
coefficient R exceeded 0.9 in absolute value in both cases.
Interestingly, the contribution of the MFRN transporter

Ta6nuua 1
WUHTepnpeTauus cubl CBA3U MeXAy NepeMeHHbIMU No
KO3pDULMEHTY Koppensuuu

Table 1
Interpretation of the strength of the relationship
between variables based on the correlation coefficient

Cuna cBa3un

OYeHb CUJibHaA

ot+09pm0+1,0 ot1-1,000-0,9 very strong
ot+0,70+0,9 o01-0,980-0,7 cvnbHaA

strong

3ameTHas
otr+0,500+0,7 o1-0,7 go-0,5 noticeable

_ . yMepeHHas

ot+0,3100+0,5 oT1-0,500-0,3 moderate

cnabas
ot+0,1 g0 +0,3 ot1-0,370-0,1 weak

oueHb cnabas um
ot+0,0800,1 ot-0,1 00,0 orcyrcrene

very weak or

non-existent

to the overall PPIX accumulation metrics was the most
significant among all transporters of heme synthesis
metabolites. With high expression of this protein, iron ions
actively enter the cell mitochondria, participating in the
synthesis of non-photoactive heme from photosensitizing
PPIX, thereby reducing the level of the latter and the
potential efficacy of 5-ALA-induced PDT. However, it should
be noted that in other cell cultures (lung, ovarian tumors)
and across the entire cell panel, the negative association
was significantly weaker (Table 2, Fig. 1).

It is also interesting to compare the contribution
of ABCG2 and ABCB6 transporter activity to PPIX
accumulation. As a rule, most studies attribute the
primary role in PPIX efflux from tumor cells to the ABCG2
transporter [9,10,11]. For example, Cramer S. et al. [11]
note that ABCG2 transporter expression is increased in
glioblastoma cells. The authors conclude that this may be
one of the reasons for the relatively low efficacy of 5-ALA-
induced PDT specifically in patients with glioblastomas
and the need for somewhat higher doses of 5-ALA (20-30
mg/kg) compared to other nosologies. Our analysis on a
broad cell panel showed that, overall, the contribution
of ABCG2 and ABCB6 to PPIX accumulation across the
panel is similar, and for several nosologies (e.g., brain
tumor cell lines), the negative correlation between
ABCB6 expression (-0.94) and PPIX accumulation is even
stronger than for ABCG2 (-0.28).

Another important observation relates to the role of
proteins that, according to literature data [5,6,9,12,13],
are involved in the transport of 5-ALA: PEPT1, PAT1,
TauT, GAT2, TSPO1/2. As several authors show, increased
expression of 5-ALA transporters should presumably lead
to increased uptake of 5-ALA by cells and, consequently,
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Ta6nuua 2
YpoBHU aKkcnpeccun PHK 6enkoB TpaHcnopTepoB MeTaboMTOB CUHTE3a rema (6a3a gaHHbix HPA [7])
2 Table 2
L] . ) . .
1 RNA expression levels of heme synthesis metabolite transporter proteins (HRA database [7])
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Terkue NCI-H23 038 067 0,2 8,3 46 03 1567 224 135 7,8 11,9
Lung NCI-H226 053 0,85 0,1 6,9 49 0 1394 41 21,6 47 15
NCI-H522 0,54 0,7 0,2 10,1 438 0 66,1 0 0,6 16 1,8
NCI-H460 0,15 048 0,1 133 243 0 2074 326 514 183 227
A549 0,12 0,52 0,1 8,4 41,1 02 1193 569 268 126 107
DMS273 0,27 0,7 0 10,8 6,7 0 1357 08 163 12,1 7
DMS114 028 0,38 0,2 13,9 1,9 0,1 87,4 0 19,7 8,8 5,5
ToncTas KM-12 068 1,13 0,1 56 4,1 01 3282 41,1 54 14,1 7.8
KCV(')“IJO";" HT-29 033 088 0,1 4,1 13,2 0 235 254 213 8,9 8
HCT-15 0,35 0,8 0,1 11,8 16 0 150 1,4 0,5 156 146
HCT-116 0,2 0,32 1,5 10 11,4 02 1203 17 10,1 11,9 9,6
MKenygok MKN1 0,27 1,2 0,3 146 128 0 1347 92 19,6 438 7,5
Gastric MKN45 077 1,25 8,3 9,5 18,8 0 1284 04 0,3 222 44
MKN74 0,6 1,15 0 10,3 6,6 0,5 46,8 3,7 0,4 7,9 3,5
MosouHas MCF-7 037 1,08 0,1 7,1 10,7 0 868 219 195 3,9 3,1
xenesa MDA-
Breast MB-231 045 1,52 0,1 8,6 10,2 0 222 9,9 8,1 45 21,8
Anubnkn ~ OVCAR-3 035 0,62 1 7,8 2 0,2 29,1 0,2 17,8 6 46
Ovarian OVCAR-4 0,5 1,17 0,8 11 3,8 05 2733 02 20,1 4,1 49
OVCAR-5 045 1,03 282 12 64,1 0 1683 68 10,5 6,3 12,5
OVCAR-8 025 0,57 0,1 8,9 5,1 1,8 191,807 10,5 2,6 10,2
SK-OV-3 04 0,87 0,7 7,9 0,9 02 1763 1, 9 4,1 8,3
Mosr U251 013 037 0,8 6,8 326 0,1 102 0,1 26,4 7,8 11,9
Brain SF-268 0,52 1,1 03 15,2 37 0 201,7 02 16,8 5,2 4,1
SF-295 0,13 0,5 0,1 9,6 7,5 03 1882 11,3 253 6,2 12,4
SF-539 0,07 0,1 0,1 12,8 7,2 0 2005 04 30,8 6,6 16,8
SNB-75 023 047 0,2 133 28,1 0 2594 0,8 26,9 44 14,3
Menaoma oy mvi 038 08 0,1 144 21,7 0,1 220 0 138 48 328
Melanoma
MpeacTa- DU-145 0,8 1,9 0,3 8,3 26,4 0 178 2,9 17,7 9 35,7
TenbHaA
Kenesa PC-3 1,4 1,87 0,7 7 7,9 0 232,2 0 7,5 7,5 59
Prostate
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Ta6nuua 3

KoppensiumoHHbIn aHanu3 cubl CBA3M MEXKAY BE/IMYNMHON IKCNPECCUU pasfindHbiX 6€NKOB-TpaHCNnopTepoBs (6a3a
AaHHbix HPA [7]) u BennunHamu HakonneHus MMIX nocne o6pa6otku Knetok 5-AJIK [5]

Table 3

Correlation analysis of the strength of the relationship between the expression levels of various transporter proteins
(NRA database [7]) and the accumulation levels of PPIX after treatment of cells with 5-ALA [5]

Koa¢puumeHT koppenauuu yposHsa skcnpeccumn PHK 6enkoB-TpaHcnoptepos (R) oTHOCcUTeNbHO:
— BHyTpuKneTouHoro HakorneHnua MMiX
- CYyMMapHO BHYTpW- N BHEKNeTo4yHoro HakonneHus MMIX

Hosonorusa

PEPT1 PAT1 TauT GAT2
(SLC15AT) | (SLC36AT) (SLC6A6) (SLC6A13)
Bce

Ho30M0rNN 0,11 -0,26 -0,15 -0,17
All 0,12 -0,22 -0,01 -0,13

nosologies
Jlerkne 0,37 -0,44 -0,73 -0,23
Lung -0,24 -0,77 -0,37 -0,22
ANYHUKM 0,37 0,62 0,33 -0,73
Ovarian 0,40 0,75 0,38 -0,52
Mosr 0,01 0,64 -0,31 -0,37
Brain 0,04 0,46 -0,32 -0,08

its incorporation into the synthesis of photoactive PPIX.
However, in our analysis, none of the listed transporters
demonstrated a strong association between expression
levels and PPIX accumulation (Table 2), either across
the entire JFCR39 panel or for individual nosologies.
The maximum positive correlation values were
obtained for the PAT1 transporter in ovarian cancer cell
lines (OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8, SK-OV-3) -

25

N
o

ot
o

[&)]

KoHueHTtpauus MMIX (HMonb/Mr 6enka)
PPIX concentration (nmol/mg protein)

[y
6]

®
[

TSPO1/2 | ABCG2 | ABCB6 | FLVCR1 | MFRN
(Tspol/2) | (ABCG2) | (ABCB6) | (FLVCRT) | (SLC25A37)
0,17 -0,12 -0,51 0,10 -0,10
0,23 0,00 -0,42 -0,06 0,10
0,43 -0,69 -0,69 0,41 0,38
-0,02 -0,35 -0,45 -0,38 -0,06
0,41 035 0,39 045 -0,18
0,65 0,38 0,26 024 0,00
026 -0,28 -0,94 -0,56 -0,91
0,15 -0,03 -0,99 -0,47 -0,96

the correlation coefficient was 0.62 for intracellular PPIX
accumulation and 0.75 for total PPIX accumulation. In brain
cancer cell lines (U251, SF-268, SF-295, SF-539, SNB-75), the
association was also positive, with the correlation coefficient
reaching 0.64 for intracellular PPIX accumulation. For the
same transporter protein in lung cancer cell lines, a strong
negative correlation was shown for total PPIX (R = -0.77)
and a moderate negative correlation for intracellular PPIX

@® Pakmoazra/Brain cancer

® PaksanyHukos / Ovarian
cancer

@® Pak>enypgka/ Gastric
cancer

® PakToncrow kuwku /
Colon cancer

@® Paknerkux/Lung
cancer

o

0 0,2 0,4 0,6 0,8

1 12 1,4

YposeHb akcnpeccun PHK Tpancnoptepa MFRN (nTPM)
The level of MFRN transporter RNA expression (nTPM)

Puc. 1. Koppenauusa mexay yposHem akcnpeccun PHK TpaHcnoptepa MFRN B KneTo4HbIX nMHUSIX naHenu [7] u HakonneHuem MMIX

nocne akcnosuuum ¢ 5-AJIK [8].

Fig. 1. Correlation between the level of MFRN transporter RNA expression in cell lines of panel [7] and the accumulation of PPIX after

exposure to 5-ALA [8].
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(R =-0.44). For the other 5-ALA transporters, no significant
correlation was demonstrated in the majority of cell lines of
a single nosology.

Conclusion

Of all the transporters whose expression we analyzed,

only the iron ion transporter MFRN showed a high
correlation with PPIX accumulation.

Ivanova-Radkevich V.I., Filonenko E.V.

Expression profiles of heme synthesis metabolite transporters
as potential molecular determinants of sensitivity to 5-ALA-induced PDT

Certainly, the obtained results of the correlation

analysis require further confirmation on other cell
panels. However, it can already be stated that the
significant contribution of 5-ALA transporters to the
ability of cells to accumulate photoactive PPIX after
exogenous administration of 5-ALA, as indicated by
many authors [12,14,15], is likely not valid for all cell lines
and nosologies.
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Abstract

Photodynamic therapy (PDT) is the subject of numerous studies and has already proven its efficiency in the treatment of neoplastic and
nonneoplastic diseases. PDT is a procedure involving the administration of a photosensitizing agent followed by activation of the drug with light of
a certain wavelength and generation of active oxygen forms. Further toxic effects causing apoptotic, necrotic, or autophagic death of cancer cells
result in serious vascular damage to tumor tissue, and activate systemic immune response. From the point of treatment optimization and individual
approach, PDT can undoubtedly be considered as a method of personalized medicine. The aim of the study was to investigate vascular changes in
tumor tissue depending on various modes of photodynamic and radiation exposure. The study was performed on 223 laboratory mice of strains
CBA, C57BL and C3HA, and F1 hybrids (CBA x C57BL) with Ehrlich’s adenocarcinoma transplanted into the subcutaneous tissue of the back from
tumor-bearing mice. The photosensitizer radachlorine of the second-generation based on chlorin e6 (Russia) was administered intraperitoneally
to animals. The degree of photosensitizer accumulation in tissues was determined using the “LESA-01-Biospec” fluorescence spectroscopic system
(Russia). The source of laser irradiation was the therapeutic semiconductor laser “Lakhta-Milon” (Russia). It has been established that PDT at high
light dose leads to a significant irreversible reduction in the volume and area of the vascular bed, a decrease in tumor vascular perfusion, and
maximum suppression of tumor angiogenic activity during combined treatment - a combination of resection and intraoperative PDT at the
resected tumor bed. The experimental data demonstrate the more powerful destructive effect of high-dose PDT and the advantages of laser
therapy over radiation. The cytoreductive effects of photodamage can be successfully used in modern oncology during surgical treatment as an
additional intraoperative treatment at the resected tumor bed, improving treatment outcomes.

Key words: photodynamic therapy, Ehrlich’s adenocarcinoma, laser, photosensitizer, vascular epithelial growth factor, tumor vascular bed,
angiogenesis.

Contacts: Kuzmina N.E., e-mail: K-natalya@inbox.ru

For citations: Rostovtsev N.M., Polyakov V.G., Kurenkov E.L., Kuzmina N.E., Neizvestnykh E.A., Kuzmina A.V., Minko M.A. Comparative evaluation
of the efficiency of various modes of photodynamic and radiation therapy exposed to cells of transplanted Ehrlich’s carcinoma in experiment,
Biomedical Photonics, 2026, vol. 15, no. 3, pp. 11-20. doi: 10.24931/2413-9432-2026-15-3 -11-20

3ABUCHUMOCTb MUSMEHEHMHN COCYAUNUCTOIO

PYCJ1A OIMYXOJIU OT PA3JIMHHOU OO3bl .
OOTOANHAMUYECKOTO M JTYHEBOTO BO3AEMNCTBMA
HA KJIETKU KAPUMHOMbI SPJTUXA B SKCINEPUMEHTE

H.M. Poctosues'?, B.I. Monsakos?, E.J1. Kypenkos?, H.E. Kysbmuua'?2, E.A. HenseectHbix'?,
A.B. KysbmmHa?, M.A. MuHko?

"YenabuHckas obnacTHas geTckas kKnMHnyeckas bonbHuua, Yenabunck, Poccus
2kOxHO-Ypanbckuit rocyAapCTBEHHbIN MEAMUMHCKMI yHUBEpCuTET, HYenaburck, Poccua
SHaumoHanbHbI MEAMUMHCKMIA MCCNENOBATENCKMMA LEHTP OHkonormn umenn H. H. bnoxuHa,
Mocksa, Poccms

BIOMEDICAL PHOTONICS T.15, Ne3/2026

ORIGINAL ARTICLES




Rostovtsev N.M., Polyakov V.G., Kurenkov E.L., Kuzmina N.E., Neizvestnykh E.A., Kuzmina A.V., Minko M.A.
Comparative evaluation of the efficiency of various modes of photodynamic
and radiation therapy exposed to cells of transplanted Ehrlich’s carcinoma in experiment

Peslome
OotoanHamunyeckan Tepanua (OAT) ABnAeTcA NpeAMeTOM MHOrOUMNCIEHHbIX CCIIEA0BaHMI 1 yXKe floKa3asa CBOoto 3$GeKTUBHOCTb B IeHeHUN
OnyxoneBbiX U Heonyxonesblx 3abonesaHui. OAT npeacTaBnseT coboin npouenypy, BKIOYaloLLyo BBefeHe GOTOCEHCUONNN3NPYIOLLEro
areHTa C mocnepyloLient akTBaLMeln npemnapata CBETOM OMPEAESIEHHON AJIMHbI BOJMHbI U reHepauueint akTMBHbIX Gopm Kucnopopa.
[lanbHerwme Tokcuyeckne 3GPeKTbl BbI3bIBAIOT aMoNTOTUYECKY, HEKPOTMYECKYID WnM ayTodarvyeckyio rvbenb pPakoBbIX KIeToK,
NPVBOAAT K CEPbe3HbIM COCYANCTbIM MOBPEXAEHNAM OMyXONIEBON TKaHW, aKTUBMPYIOT CUCTEMHbIE UMMYHHble peakuumn. C TouKu 3peHus
ONTUMU3aLMW NIeYeHUs 1 UHANBKAYanbHoro nogxofa OAT HECOMHEHHO MOXET PacCMaTPUBaTbCA Kak MHCTPYMEHT NepCcoHanv3vpoBaHHOM
MeauuuHbl. Llenbio nccnepoBaHua ctano usyyeHne COCyAMCTbIX M3MEHEHMWI OMyXOneBOoW TKaHW B 3aBUCMMOCTY OT Pa3fiMUHbIX PEXMMOB
doToarHamMMYeckoro 1 ny4eBoro BO3AeWCTBMA. MccnefoBaHve BbINOAHEHO Ha 223 nabopaTopHbix Mbiwax auHuin CBA, C57BI, C3HA,
rmbpugax F (CBA* C57BI) c nepeBuUTON B MOJKOXKHYIO KNETUaTKy CMVHbI aleHOKapLMHOMOM Spnnxa oT Mbllueii-onyxoneHocutenen. B pabote
1crnosnb3oBasnca pOTOCEHCHOMIM3ATOP BTOPOrO MOKOJIEHNA Ha OCHOBE XJIOpUHa €6 pajaxyiopuH (Poccus), KOTOpbI BBOAUN KVBOTHbIM
BHYTpUOPpIoWnHHO. CTeneHb HakomnneHnsa poToceHCNOMIM3aTopa B TKaHAX ONPEAENAIN C MOMOLLbIO GI0PECLIEHTHO-CNEKTPOCKOMMYECKON
ycTaHoBkY «JIICA-01-Brocnek» (Poccus). MICTOUHMKOM fnasepHOro obsiyyeHuss ABWICA TepaneBTUYeCKUi MoNynpoBOLHUKOBLIN Nasep
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«JlaxTa-MunoH» (Poccus). YctaHOBNEHO, UTO BbICOKIE CBeTOBble A03bl Npyt O/IT BeAyT K BbipaXeHHOMY He06PaTMMOMY yMeHbLLIEHUI0 o6bema
1 NoWaAmn CoCyAUCTOro Pycna, CHUKEHWUIO COCYAUCTON mepdy3nn Omyxonn, ¢ MakcMmasbHbIM MOAaBAEeHNEM aHMMOTeHHON akTUBHOCTY
OMyXoJin MPU KOMOMHVPOBAHHOM JIEYEHUV — COYETaHWUN pe3eKLMn 1 HTpaonepaunoHHon OIT Ha noxe yaaneHHow onyxonu. MonyyeHHble
B XOAe dKCMEepVMEHTa flaHHble CBUAETENbCTBYIOT O 6osiee MOLHOM AeCTPYKTVBHOM BO3AENCTBUM BbicOkoAo3Hon O[T, npeumyLiectsax
Na3epHOro BO3JENCTBUA B CPaBHEHUM C NyyeBbIM. LinTopeaykTuBHble 3dPeKTbl GOTOMOBPEXAEHNA MOTYT YCMELIHO MCMOMb30BaTbCA B
COBPEMEHHOI OHKOJIOTMMW Ha 3Tarne XMpPypruyeckoro eyeHns B Ka4ecTBe JOMOMHUTENbHOMO VHTPaonepaLoHHOrO BO3AENCTBIA Ha JIoXKe
YAaneHHO onyxonu, ynyyllas pe3ynbTaTbl Tepanmu.

KnioueBble cnoBa: poToamHammyeckas Tepanus, ageHoKapLmHoma Dpnmxa, nasep, potoceHcnbunmusatop, GakTop pocta SMMTennsa CoCyAos,
COCYAWCTOE PYC/I0 OMYXONW, aHTIOreHes.

KoHTtakTbi: Ky3bmumHa H.E., e-mail: K-natalya@inbox.ru
Ana untnposanmsa: Poctosues H.M., MNonakos B.I., Kyperkos E.J1., KysbmuHa H.E., HemnssecTHbix E.A., Ky3bmumHa A.B., MnHko M.A. 3aBUCMOCTb

N3MEHEHWIA COCYAUCTOrO pyciia Onyxonu OT PasnNyHoN A03bl POTOAVHAMUYECKOTO 1 JTyYEBOTO BO3LENCTBUA HA KNETKN KapLMHOMbI Dpainxa
B 3KcnepumeHTe // Biomedical Photonics. — 2026. - T. 15, N2 3. - C. 11-20. doi: 10.24931/2413-9432-2026-15-3-11-20

Introduction radiation therapy leads to an additive effect, expressed

According to the International Agency for Research
on Cancer, approximately 20 million new cases of this
disease are registered worldwide annually. Cancer is the
cause of 10 million deaths per year, making it the second
leading cause of mortality [1].

The main clinical method of cancer treatment
currently is cytoreductive or suppressive therapy based
on surgical resection, chemotherapy, radiotherapy,
or a combination of these treatment methods. Due
to the risk of recurrence, tumor invasiveness, and
metastasis caused by the lack of specific action on the
tumor, the effectiveness of these treatment methods
remains insufficient. Therefore, clinical necessity
dictates the introduction of new alternative methods,
which include anticancer photodynamic therapy (PDT)
[2]. Low invasiveness and toxicity, high selectivity of
damage, and the absence of risk of local and systemic
complications are advantageous benefits of PDT over
traditional methods in oncology. At the same time,
the use of combined and complex therapy of cancer
diseases is steadily expanding, since the multimodal
approach allows overcoming the disadvantages of
one method through the advantages of another. The
combination of PDT with chemotherapy, surgery, and

in increased treatment effectiveness [3, 4].

Photodynamictherapyisbasedonthephotochemical
reaction between a photosensitizer (PS) activated by
light and molecular oxygen. Harmless individually,
these components in combination lead to the formation
of reactive oxygen species capable of directly causing
cell damage [4]. Although PDT is the subject of ongoing
research, it is generally accepted that the damaging
effect is realized through three mechanisms. First, due to
the localization and activation of PS in tumor tissue, the
generated reactive singlet oxygen can directly destroy
target cells by inducing necrosis and apoptosis. Second,
PDT can affect the vascular network of the tumor,
thereby disrupting the supply of oxygen and essential
nutrients. The third mechanism is the activation of the
immune system by PDT, causing an inflammatory and
immune response against tumor cells [2, 4-7].

The relative contribution of these mechanisms to
effective destruction of tumor cells depends on the PS
used, the time between PS administration and light
exposure, the total light dose and fluence rate, the
oxygen concentration in the tumor, and possibly other,
still insufficiently studied, variables. Consequently,
determining the optimal conditions for the use of
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PDT requires coordinated interdisciplinary efforts [8].
Modern PS under the influence of visible radiation with
different wavelengths (from blue to green and red)
allow a selective approach to the treatment of tumor
formations at various depths of occurrence, since by
selecting the PS and the corresponding wavelength, it is
possible to regulate the penetrating ability of light into
biological tissues.

The biological behavior of cancer is characterized by
mechanisms that ensure its survival primarily through
two most important processes: tumor neoangiogenesis
and evasion from immune surveillance [7]. The
outcome of photodynamic destruction of the tumor is
hemorheological disorders and impaired blood supply
to tumor tissue, therefore targeted action on tumor
vessels represents a logical therapeutic approach.
Excessive vascularization of tumor tissues is one of the
features of the tumor that allows it to survive in the
body and serves as the main pathway for metastasis.
This occurs due to increased secretion by tumor cells
of vascular endothelial growth factor (VEGF), which
initiates neovascularization in the tissue. Such a vascular
network ensures the viability of the tumor by increasing
blood perfusion into the growing tissue, supplying
cancer cells with sufficient oxygen and nutrients and
eliminating metabolic byproducts. Destruction of
the already existing vascular network or suppression
of new vessel formation is an important factor in
the effectiveness of PDT. Damage to endothelial and
subendothelial cells triggers a physiological cascade of
thrombotic reactions, including platelet aggregation,
release of vasoactive molecules, leukocyte adhesion,
increased vascular permeability, and their constriction.
As a result, vascular obstruction and collapse lead to
hypoxia, deprivation of the tumor of nutrients with its
subsequent destruction. Vascular damage occurring
after completion of PDT treatment also contributes to
long-term tumor control [6, 9-13].

Consequently, experimental analysis of the
mechanisms of photodamage carries valuable
information. In this regard, the aim of our study was to
investigate the severity of changes in the tumor vascular
network—Ehrlich adenocarcinoma—depending on
different regimens of photodynamic exposure and
radiation therapy.

Materials and methods

The work was performed in compliance with
International Recommendations (Ethical Code) for
conducting biomedical research using animals, on
laboratory mice of strains CBA, C57BL, C3HA, and F1
hybrids (CBA* C57BI) weighing 18-25 g with Ehrlich
adenocarcinoma transplanted subcutaneously into the
back area. Ascitic fluid from donor mice for reproducing
the solid tumor was injected subcutaneously into the

back area. On the 7th day after tumor transplantation,
when the linear size of tumor nodes reached a maximum
value of 0.5-0.6 mm, the animals were taken into the
experiment, distributed into 6 groups: experimental and
control.

Animals of the experimental groups were
intraperitoneally administered the second-generation
PS radachlorin (LLC “RADA-PHARMA" Russia) at an
equivalent dose for the animal of 15 mg/kg. The
photosensitizer dose was selected according to the
generally accepted recalculation from therecommended
human dose and the results of our own preliminary
experiments. The use of this PS was chosen taking into
account previously obtained data on its preferential
accumulation in the endothelium of tumor vessels [14].
The degree of photosensitizer accumulation in tissues
was determined using the fluorescence-spectroscopic
device “LESA-01-Biospec” (Russia).

For PDT, a laser diode module “ML662-SP” (ZAO
“Milon Laser”, Russia) with radiation at a wavelength of
662 nm and a power of 3 W was used. Irradiation was
started 2-3 h after PS administration during the period
of maximum tumor/healthy tissue contrast index. The
light guide was positioned at the center of the tumor
with capture of the peritumoral zone by 0.5 cm.

For radiation therapy, a modified “Luch-1" unit
used for y-irradiation of small laboratory animals was
employed. Animals were exposed at a dose regimen of
5 Gy.

The study included 48 mice of the control group and
175 experimental animals. Animals with transplanted
Ehrlich carcinoma not subjected to specific treatment
constituted the control group. Their removal from the
experiment was carried out at established time points
(7th, 14th, 21st, 28th days).

Experimental studies were performed on five
groups of animals: group | — PDT at a light dose of
100 J/cm?; group Il - PDT at a light dose of 200 J/cm?
group Il - radiation therapy at a dose of 5 Gy; group IV
- PDT at a light dose of 400 J/cm? group V - animals
underwent removal of half the tumor volume followed
by intraoperative PDT at a dose of 400 J/cm?>.

Animals of the experimental groups were removed
from the experiment on the 14th, 21st, 28th days from
the moment of transplantation, which corresponded to
the 7th, 14th, 21st days after the treatment.

Sampling of material for histological evaluation
was performed on the 7th, 14th, 21st days after the
treatment (correspondingly on the 14th, 21st, 28th days
after tumor transplantation).

Microslides were stained with hematoxylin and eosin,
picrofuchsin by Van Gieson, and combined staining was
also used: PAS - Alcian blue [15, 16].

The tumor vascular bed was detected using an
endothelial marker to CD34 of endothelial cells

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T. 15, N23/2026

13



%)
-
O
|_
o
<
<
<
O
o
O

Rostovtsev N.M., Polyakov V.G., Kurenkov E.L., Kuzmina N.E., Neizvestnykh E.A., Kuzmina A.V., Minko M.A.
Comparative evaluation of the efficiency of various modes of photodynamic
and radiation therapy exposed to cells of transplanted Ehrlich’s carcinoma in experiment

(QBEnd-10, 1:50, Dako, Denmark). On a conventional
unit area, phases were identified by stereometric
methodology, their measurement and calculation were
performed; in images of histological preparations, the
area of the tumor vascular bed was determined using
the licensed image analysis software for microobjects
“Videotest-Morphology 5.0” (“Videotest”, Russia). On a
section with an area of 600043.21 um?, the area of the
tumor vascular bed was determined in 3-6 fields of view.

Angiogenic activity of tumor cells was assessed by
the level of expression of vascular endothelial growth
factor (Vascular Endothelial Growth Factor, VEGF;
DAKO, VG, 1:40), a stimulator of angiogenesis. The
results of immunohistochemical reactions for VEGF
were evaluated using a semiquantitative method.
Interpretation of VEGF expression: negative reaction —
no staining or <10% of tumor cells stained (0 points);
weak reaction — 10-20% of tumor cells stained (1 point);
moderate reaction — 20-50% of tumor cells stained (2
points); intense reaction — >50% of tumor cells stained
(3 points). The relative volume of the vascular bed in the
tumor was determined using ocular grids by the point
counting method in 3-10 randomly selected fields of
view of each observation [17].

Automated statistical processing of the obtained
results was performed using the licensed application
software package Statistica 6.0 (StatSoft, Inc., USA) [18].
Parametric and nonparametric research methods were
used. Statistical significance of differences of compared
characteristics in groups was determined using Student’s
t-test and Mann-Whitney U-test. Differences were
considered statistically significant at p < 0.05, which
corresponds to 95% probability of error-free prediction.

Results

Morphological characteristics of the vascular bed in the
tumor of animals of the control and experimental groups

Itis known that the morphofunctional and diagnostic
indicator reflecting the proportion of tumor tissue
volume occupied by vessels is the relative volume of the
vascular bed in the tumor node. This parameter directly
characterizes the intensity of tumor angiogenesis
necessary to provide the growing neoplasm with
oxygen and nutrients. The vascular bed area indicator
reflects tumor aggressiveness; high values of vascular
bed area in the tumor directly correlate with increased
risk of metastasis and lower survival prognosis.

In the control group of animals, in the intact tumor,
the vascular bed was represented by a developed
network of capillaries and a small number of arterioles
and venules. Immunomorphological study showed
that the capillary endothelium contacts a large number
of tumor epitheliocytes, the endothelial lining is thin,
and in certain areas discontinuous (Fig. 1). After 1
week from tumor transplantation, the relative volume

of the vascular bed was (14.40 + 0.76)%, reaching a
maximum value on the 14th day - (15.00 + 0.91)% (p
> 0.05). No significant increase in vascular bed volume
and vascularization area was observed by the 21st-28th
days (p > 0.05).

The obtained data on the relative volume and area of
the vascular bed in the control and experimental groups
are presented in Table 1.

In group |, after photodynamic exposure at a light
dose of 100 J/cm? the construction of the tumor
microcirculatory bed on the 7th day almost did not
differ from the untreated tumor. A narrow-looped
network of anastomosing capillaries and a few larger
vessels occupied a volume of (12.20 + 0.87)% and
an area of (8674.90 + 1439.06) um’ (Table 1). With
increasing duration of the experiment, differences in
vascularization indicators from the control group were
absent.

In group I, after PDT at a light dose of 200 J/cm?,
the appearance of changes in the vascular network was
noted in the form of individual areas of paretic dilated
and emptied vessels (Fig. 2). Compared with the control
group, the relative volume of vessels was significantly
lower - (10.20 = 0.77)% (p < 0.05), the vascular bed
area was (8251.00 + 1892.75) um> The values of area
and relative volume of vessels after PDT on the 21st day
slightly decreased compared to the 7th and 14th days.
Lower values of vessel volume than in the control and
group | were recorded on the 14th and 21st days (p <
0.05). The values of vessel area in groups I-Il had no
significant differences from the control (Table 1).

In group Il of animals, after radiation therapy at a
dose of 5 Gy, a more pronounced decrease in tumor
vascularization was observed. This was manifested by
reduction of the capillary networkinitalong with dilation

Puc. 1. PazBuTtas KanunnsipHasa ceTb onyxonu. dkcnpeccua CD34
B 3HJOTeNMaNbHbIX KneTKax. UIMMyHOrMCTOXMMUYECKUIA METOg,
yBenuyeHune x400.

Fig. 1. Developed capillary network of the tumor. CD34 expression
in endothelial cells. Immunohistochemistry, magnification x400.
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Ta6nuua 1

OTHOCHUTE/IbHbIV 06BbEM U MJIOLWaAb COCYAUCTOro Pyc/ia B KOHTPOJIbHOW U OMbITHbIX Frpynnax

Table 1

Relative volume and area of the vascular bed in the control and experimental groups

Fpynnbi

OTHOCUTENbHDbIN
o6bem cocyan-
cToro pycna, %

Mnowapab cocy-
AUCTOro pycna,
MKM?

CyTKu HabnoaeHnn

OTHocuTenbHbil | Mnowapab cocy-

o6bem cocyau-
cToro pycna, %

AUNCTOro pycna,
MKM?

OTHOcuTenbHbIl | Mnowapb cocy-

o6bem cocyaum-
cToro pycna, %

AWCTOro pycna,
MKM?

lpynna
KOHTpONA

Control 14,40 +0,76 9106,70 +1101,17 15,00+ 0,91 9476,80 + 1081,34 13,30+ 0,65 9027,70 + 134843
group

I 12,20+ 0,87° 8674,90 + 1439,06 13,40 + 0,84 8951,90 + 1015,50 12,50+ 0,77 8793,40 + 1390,31

I 10,20+0,77° 8251,00 + 1892,75 10,30+0,80°"  8430,80 + 1269,57 9,30+0,76°' 7842,00 + 932,00

I 7,00+ 0,79°% 7361,70 + 1829,73 7,30+ 0,64°% 7584,70 + 1937,62 6,50 + 0,56 °" 5183,90 + 2829,59

1\ 0,60+0,13°% 456,50 + 70,54 03 0,70+0,14°% 538,30+ 67,99°% 0,70+0,130% 376,20 + 75,44 03

v 0,30+0,09°% 154,60+ 116,58 °™% = = = =

°—p < 0,05 Mo CpaBHEHMIO C KOHTPOMLHOI rpynnoil; ' — p < 0,05 No cpagHeHuio ¢ | rpynnoi; * - p < 0,05 no cpasHeHuio co Il rpynnoir; ® - p < 0,05 no

cpaBHeHwio ¢ lIl rpynnoi.

°—p < 0.05 compared to the control group; ' - p < 0.05 compared to group I; > - p < 0.05 compared to group Il;> - p < 0.05 compared to group lll.

of the lumen of large vessels. The relative volume of the
vascular network after X-ray therapy was: on the 7th day
- (7.00 + 0.79)%, on the 14th day - (7.30 + 0.64)%, on
the 21st day - (6.50 + 0.56)% (p < 0.05 compared with
control, groups | and Il at analogous time points). The
vascular bed area in group Il was also smaller than in
the control, groups | and Il, but no significant differences
in indicators were established (Table 1).

A significant decrease in vascularization area and
relative volume of vessels was noted with an increase in
the PDT dose to 400 J/cm” in groups IV-V.

In group IV, with an increase in the light dose to 400
J/em?, on the 7th day the vascular bed was represented
by individual vessels filled with thrombotic masses with
organization phenomena, surrounded by perivascular
infiltrates; reduction of the capillary bed was noted (Fig.
3).The capillary network was practically not detected. At
the final time point of the experiment, no proliferation
of endothelial cells or formation of new microvessels
in the tumor was found. The relative volume of single
functioning vessels at all observation time points in
group IV remained practically unchanged - 0.60-0.70%.
Significant differences in the indicators of vascular bed

volume were established on the 7th, 14th, and 21st days
between group IV and groups |, II, lll, and control. The

Puc. 2. Cna3m 1 nape3 Ha OTAesNbHbIX y4acTKax cocyaa nocne
®AT. Ikenpeccusa CD34 B aHpoTeNUU. UMMYHOTMCTOXMMUYECKUI
meTtog, yBenuyeHue x400.

Fig. 2. Spasm and paresis in individual sections of the vessel after
PDT. CD34 expression in the endothelium. Immunohistochemical
method, magnification x400.

w
-
O
—
(a'4
<
<
Z
O
o
O

BIOMEDICAL PHOTONICS T.15, Ne3/2026

15



%)
H
O
|_
o
<
<
<
O
o
O

Rostovtsev N.M., Polyakov V.G., Kurenkov E.L., Kuzmina N.E., Neizvestnykh E.A., Kuzmina A.V., Minko M.A.
Comparative evaluation of the efficiency of various modes of photodynamic
and radiation therapy exposed to cells of transplanted Ehrlich’s carcinoma in experiment

Puc.3. Peaykuus kanunnspHoro pycna nocne ®AT. Akcnpeccus
CD34 B 3HaoTenuanbHbiX KneTkax. UMMYHOrMCTOXMMUYECKUI
meToj, yBenuyerve x400.

Fig. 3. Capillary reduction after PDT. CD34 expression in the
endothelium. Immunohistochemical method, magnification x400.

vascular bed area in group IV was (456.50 + 70.54) um?
on the 7th day, decreasing to (376.20 + 75.44) um* by
the 21st day (p > 0.05) (Table 1).

The indicators of relative volume of the vascular bed
in group V were lower than in the control and groups
I-1ll (p < 0.05). The vascularization area was (154.60 +
116.58) um? and was minimal compared to all compared
groups (p < 0.05) (Table 1).

Assessment of expression of angiogenesis factor (VEGF)
in the tumor of animals of the control and experimental
groups

The degree of expression of VEGF—vascular
endothelial growth factor—in tumor cells reflects the
activity of new vessel formation by the tumor and is

Puc. 4. HeoaHruoreHes B onyxonu. dopmMupoBaHue 3HJOTENU-
anbHOW BbICTUNKHK cocyaa. Akcnpeccusi CD34 B aHaotenun. Ummy-
HOIMMCTOXMMUYECKUI MeTog, yBenudeHue x400.

Fig. 4. Tumor neoangiogenesis. Formation of the endothelial
lining of the vessel. CD34 expression in the endothelium.
Immunohistochemistry, magnification x400.

Puc. 5. BoipaxkeHHas akcnpeccuss VEGF knetkamu onyxonu (3
6anna). UMMyHOrMCTOXMMUYECKUI MeToa, yBenndeHune x400.
Fig. 5. Pronounced VEGF expression by tumor cells (3 points).
Immunohistochemical method, magnification x400.

directly related to the aggressiveness and growth rate
of the tumor.

In the control group, the maximum severity of
expression of the angiogenic growth factor was
detected on the 14th day from tumor transplantation
(Fig. 4); in this group, pronounced and moderately
pronounced expression of the marker dominated. In
tumor tissue, expression of endothelial growth factor
was more often detected in poorly differentiated cells
of loose connective tissue, located in groups or in the
form of chains.

In tumor tissue of mice of group |, on the 7th day,
an intense immunomorphological reaction with the
VEGF marker was noted. Only high and moderately
pronounced expression of the angiogenesis factor
was detected (Fig. 5, 6). The number of VEGF-positive
cells decreased on the 14th and 21st days after PDT
(difference from the 7-day time point: p < 0.05). There
were no statistically significant differences in VEGF
expression by tumor cells compared with the control
group.

Tumor cells of animals of group Il were characterized
predominantly by moderate VEGF expression on the 7th
day after PDT (Fig. 5). At later time points, weak intensity
of the reaction with antibodies to VEGF was significantly
more often observed (p < 0.05). With an increase in the
light dose to 200 J/cm?, differences in the intensity of
VEGF expression by tumor cells of group Il compared
with intact and group | were absent. VEGF expression
was detected predominantly in endothelial cells and in
stromal fibroblasts, very rarely in tumor epithelium.

In group lll, after X-ray irradiation, the level of VEGF
expression by cells on the 7th day averaged (1.70 +
0.17) points (more often moderate expression). At the
same time, pronounced expression of the angiogenesis
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Ta6nuua 3

Jkcnpeccun paktopa aHrnoreHesa (VEGF) B onyxonu
JKMBOTHbIX KOHTPOJIbHOM U OMbITHLIX FPYNN B pa3Hble
CYTKM HaGnoaeHus

Table 3

Puc. 6. YmepeHHasa akcnpeccuss VEGF knetkamu onyxonu (2
6anna). UMmyHoructoxummyecku metog, ysenudenune x400.
Fig. 6. Moderate expression of VEGF by tumor cells (2 points).
Immunohistochemical method, magnification x400.

Puc. 7. Cna6as akcnpeccuss VEGF knetkamu onyxonu (1 6ann).
MMMyHOrMcToxummMyeckun metoga, ysennuerume x400.
Fig. 7. Weak expression of VEGF by tumor cells (1 point).
Immunohistochemical method, magnification x400.

Puc. 8. EauHnyHble Knetku ¢ akcnpeccuein VEGF (O 6annoB).
NMMyHOrMcToXMuMHn4eckuit metoa, ysenmyenue x400.
Fig. 8. Single cells with VEGF expression (0 points).
Immunohistochemical method, magnification x400.

Expression of angiogenesis factor (VEGF) in tumors of
control and experimental group on different days of
observation in points

dkcnpeccum pakTopa aHruoreHesa (VEGF)
B OMYXOJIN XKNBOTHbIX KOHTPOJIbHOM
1 ONbITHBIX FPYIM B pa3Hble CPOKMN
Hab6nopeHna B 6annax

Fpynnbi

lpynna
KOHTpONA
Control 3 3 3
group
| 3 2 2
] 2 1 1
1 2 2 2
\ 0-1* 0* 0*
* — p < 0,05 no cpaBHeHuto ¢ KoHTponbHo, |, II, Il rpynnamu;
** - p < 0,05 no cpaBHeHUIO € KOHTposbHOM, |, Il rpynnamu.
* —p < 0.05 compared to the control, |, Il, and Il groups;

** — p < 0.05 compared to the control, |, and Ill groups.

factor after X-ray therapy was not observed, in contrast
to the control and group | (p < 0.05). The absence of
pronounced reaction with VEGF-positive cells persisted
on the 14th day after radiation therapy (p < 0.05
compared with control and group I). No statistically
significant differences in the level of expression of
the angiogenesis factor activator with group Il at all
observation time points, as well as on the 21st day
between groups I-lll and the control group, were
established.

In group IV, the most substantial decrease in VEGF
expression by carcinoma cells was recorded. Thus, on
the 7th day, only weakly pronounced VEGF expression
was registered (p < 0.05 compared with control, groups
I, 11, ) (Fig. 7). These differences persisted on the 14th
day, which indicates significant differences between
group IV and intact, groups | and Ill (p < 0.05). On the
21st day in group IV, unlike groups I-Ill and the control
group, a negative reaction with antibodies to VEGF
predominated in the surviving tumor cells.

After combined therapy (group V), on the 7th day,
a weak immunohistochemical reaction with antibodies
to the angiogenesis factor was noted in single cells of
tumor vessels. VEGF expression in cells of the adjacent
stroma and in tumor epitheliocytes was absent (Fig. 8).
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The level of VEGF expression by tumor cells in the
animals of the study groups, expressed in points, is
presented in Table 3.

Discussion

The study of pathomorphosis of the tumor process
under the influence of photodynamic therapy is of
important practical significance for improving the
effectiveness of treatment of malignant tumors.
Studies conducted on small animals in recent decades
indicate that complete regression of carcinomas and
sarcomas with PDT reaches 89% of cases. Treatment of
unresectable tumors and metastatic lesions with PDT
also indicates the achievement of partial regressions
and an increase in the duration and quality of life of
patients [19]. Thus, the present experimental study,
performed in a series of experiments with the study of
tumor angiogenesis, allows evaluating the immediate
results of PDT.

Targeting the tumor vascular network represents a
convincing therapeutic approach, since it is the vascular
network that provides oxygen and nutrients necessary
for the survival of tumor cells and serves as the main
pathway for tumor metastasis. PDT leads to damage to
microvessels, namely endothelial cells and the basement
membrane, and creates thrombogenic areas in the
vessel lumen. A physiological cascade of thrombotic
reactions is triggered, including platelet aggregation,
release of vasoactive molecules, leukocyte adhesion,
increased vascular permeability, and their constriction.
The resulting vascular obstruction and blood flow stasis
lead to hypoxia, in which VEGF expression increases
[9-13, 20].

At the same time, abnormal vascular structures in
the tumor microenvironment may impede sufficient
accumulation of photosensitizers, thereby weakening
the therapeutic effectiveness of PDT [21]. According
to available literature data, PDT at low doses not only
fails to eliminate tumor cells but also activates signaling
pathway molecules crucial for tumor survival, thereby
promoting its recurrence [22, 23].

The study of the tumor vascular bed during our
experiment showed sequentially proceeding changes
after photodynamic exposure: irreversible stasis with
reduction of the capillary network, thrombosis with
subsequent organization of thrombi, thrombovasculitis.
Circulatory disorders, the consequence of which was a
decrease in the volume and area of vessels, occurred
already at a light dose of 200 J/cm”. An increase in the
dose to 400 J/cm? caused more extensive disturbances
of capillary blood flow: the tumor vascular bed was
represented by individual vessels filled with thrombotic
masses, and a pronounced decrease in the area of
the vascular bed was noted. Unlike PDT, with X-ray
irradiation, disturbances associated with increased

permeability and destruction of vessel walls were
more often detected, which was accompanied by
a decrease in the volume of the vascular network
predominantly only in the central part of the tumor (p
< 0.05). The preservation of the vascular component
as a communication system in the peripheral zones of
breast cancer after radiation therapy is also indicated in
the works of other authors [24]. A significant limitation
of local X-ray therapy, moreover, is radiation damage
to surrounding soft tissues. Radiation-induced tissue
injury (RITI) is the most common complication of clinical
radiation therapy of tumors, which significantly limits
the clinical application of radiation therapy [25, 26].

A necessary condition for the existence and
progression of atumoris angiogenesis, in which different
types of cells, proangiogenic and antiangiogenic factors
participate. The leading stimulator of neoangiogenesis
is VEGF [11, 20]. A feature of the rapid growth of Ehrlich
carcinoma is the increase of spontaneous necroses
caused by a decrease in its capillarization and low cell
proliferative activity in the terminal period. Thus, on the
one hand, necrosis in the tumor develops as a result of
hypoxia due to insufficient development of vessels in it.
On the other hand, hypoxia and tumor decay products
stimulate angiogenesis and vascularization. In the
course of our experiment, a decrease in VEGF expression
by tumor cells was found after PDT with a density of 400
J/cm? and after X-ray therapy (p < 0.05). However, with
further comparison of these methods of exposure, it was
established that after radiation exposure on the 21st
day, the level of VEGF production by tumor cells did not
differ from the control tumor. Consequently, despite the
decrease in the density of the vascular bed and the area
of vascularization, after radiation therapy the potential
of tumor tissue for new vessel formation was preserved.
A similar tendency with preservation of the ability for
neoangiogenesis in the tumor was observed with PDT
at low energy density (100 and 200 J/cm?).

Thus, PDT at a dose of 400 J/cm? leads to a
pronounced irreversible decrease in the volume
and area of the vascular bed, a decrease in vascular
perfusion of the tumor, with maximum suppression of
tumor angiogenic activity in combined treatment—a
combination of resection and intraoperative PDT on the
bed of the removed tumor.

Conclusion

The data obtained during the experiment indicate
a more powerful destructive effect of high-dose
PDT and the advantages of photodynamic exposure
compared with radiation. The cytoreductive effects
of photodamage can be successfully used in modern
oncology at the stage of surgical treatment as an
additional intraoperative effect on the bed of the
removed tumor, improving treatment results.
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Abstract

As brain tumors progress, excess collagen increases the rigidity of the extracellular matrix, which promotes metastasis, impedes drug penetration,
and reduces the effectiveness of therapy. A detailed study of collagen as a promising biomarker of malignancy is highly relevant for complementing
histopathology for accurate diagnosis and treatment planning. This study proposes an approach to detect collagen in intracranial tumor tissues
using spontaneous Raman spectroscopy with excitation at a wavelength 785 nm.
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Analysis of collagen presence in brain tumors using spontaneous Raman scattering spectroscopy
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Introduction

The extracellular matrix (ECM) is a complex network
of macromolecules (proteins and heteropolysaccharides)
secreted by cells and forming an ordered structure in the
intercellular space. It performs several key functions: it
serves as a framework for organs and tissues, acts as a
“biological glue’, participates in the regulation of water-
salt balance, and forms specialized structures (bone,
cartilage, basement membranes). The main components
of the ECM are structural proteins such as collagen
and elastin, glycosaminoglycans, proteoglycans, and
non-collagen proteins (fibronectin, laminin, tenascin),
which determine the mechanical properties of tissues.
Collagen can be divided into several groups depending
on the type of structure it forms. There are 28 different
types of collagen, but the most common are types |-
IV. Type | collagen is the most prevalent in the human
body and typically accounts for approximately 80-90%
of the total collagen content [1] [2]. In a normal brain,
the ECM is “soft” and contains a limited amount of
proteins. A key feature of the ECM of a healthy brain
is its low collagen content: it is present primarily in
the basement membranes of blood vessels and glia-
associated structures. This distinguishes the brain’s ECM
from most other body tissues, where collagen is the
main structural component [3]. However, its expression
is increased in human glioblastoma and glioma cell lines
[4]. The dense ECM promotes fibrosis and the formation
of a physical barrier to both T-cell penetration and drug
infiltration, leading to immunosuppression and drug
resistance [5] [6]. Recent in vitro studies have shown
that collagen density is an important regulator of the
immunosuppressive phenotype of tumor-associated
macrophages (TAMs). This mechanism may be critical
for the ability of tumors enriched in M2-polarized
macrophages, such as glioblastoma, to evade immune
destruction and may represent a limiting factor in the
effectiveness of immunotherapy [7].

The ECM of the central nervous system (CNS),
compared to the ECM of other organs, has a number of
features and contains, among other things, non-fibrous
components and specialized structural forms [8]. The

main specialized form of ECM is type IV collagen in the
basement membrane (BM) of blood vessels, which plays
a key role in maintaining the integrity of the blood-
brain barrier (BBB). Another type of collagen (collagen
XIX) is found in the perineuronal nets (PNN). It is a rare
non-fibrillar ECM protein belonging to the FACIT (fibril-
associated collagens with Interrupted Triple helices)
family [9]. The authors of the study [10] showed that
physical compaction (a processinwhichcellsare collected
and packed together, causing associated changes in cell
shape and size) of human glioblastoma cell lines U87MG,
U251 and LN229 induces the expression of collagen
types IV and VI and the collagen-cross-linking enzyme
lysyl oxidase, and also increases in vitro expression of
the angiogenic factor vascular endothelial growth factor.
A study [11] demonstrated that the collagen type V a1
chain gene (COL5AT1) plays a key role in the development
of glioblastoma. Researchers examined the involvement
of COL5A1 in the remodeling of extracellular structures
and the regulation of actin filaments during glioblastoma
metastasis. In [12], an increase in collagen XVI mRNA and
protein levels was found in glioblastomas compared
to normal cerebral cortex and de novo expression of
collagen XVI was shown in glioblastomas as part of a
tumor-specific remodeling of the ECM.

Glioblastoma undergoes ECM remodeling: tumor
cells actively alter the ECM composition, increasing
the expression of components such as hyaluronic acid,
fibronectin, tenascin-C, and various proteoglycans.
These changes contribute to increased tumor cell
migration, their invasion of surrounding tissue, and the
development of resistance to therapy. Hyaluronic acid
plays a key role in glioblastoma progression: its elevated
levels increase with tumor malignancy and promote cell
migration through interaction with the CD44 receptor,
while fibronectin and tenascin-C enhance tumor cell
adhesion, proliferation, and invasive properties. Thus,
the ECM not only serves a structural function but also
actively regulates signaling pathways that influence
tumor cell survival and behavior [3].

Meningiomas with mesenchymal differentiation are
characterized by active production of ECM components.
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Collagen plays a fundamental role in organizing the
microenvironment of these tumors. According to
study [3], normal arachnoid cells and meningioma
cells synthesize various types of collagen, including
type IV collagen, which is a component of basement
membranes, as well as type Il procollagen. These
proteins, along with fibronectin and laminin, form
a unique stroma that provides a scaffold for tumor
cells. Matrix metalloproteinases (MMPs), particularly
gelatinases MMP-2 and MMP-9, play a key role in collagen
matrix remodeling in meningiomas. These enzymes
degrade collagen: MMP-2 cleaves type V collagen, while
MMP-9 is capable of cleaving types |, lll, and V collagen.
High expression levels of these proteinases, along
with their tissue inhibitor TIMP-1, indicate a delicate
balance between collagen synthesis and degradation.
The authors of the study [13] also note that MMP
expression levels were higher in recurrent and atypical
meningiomas, suggesting a link between collagenolytic
enzyme activity and the aggressive course of the disease.

The high frequency of expression of ECM components,
including collagen-degrading enzymes, makes them
potential targets for therapeutic intervention: inhibition
of MMP-2 and MMP-9 activity is considered a promising
strategy for reducing the risk of tumor recurrence. Thus,
studying the collagen profile and metalloproteinase
activity is not only of theoretical importance for
understanding the biology of meningiomas but also of
great practical significance for the development of new
therapeutic methods [13].

In [14], the possibility of using Raman micro-
spectroscopy to distinguish between two types of
collagen—landIV—andto analyze the structural features
of the skin was investigated. Both types of collagen
play a key role in the structure of the skin: collagen |
predominates in the dermis and provides its mechanical
strength, while collagen IV is the main component of the
basement membrane of the dermal-epidermal junction
and is responsible for the integrity of this layer. Both
proteins are susceptible to changes during aging and
tumor transformation. Despite their similar amino acid
composition, collagens | and IV have different spatial
organizations: collagen | forms fibrils, while collagen
IV molecules assemble into sheet-like chicken-wire
meshworks via specialized terminal domains rather than
forming rigid parallel fibers. These structural differences
are reflected in the spectra. The authors found that
the most informative spectral bands are Amide | and
Amide llI, as well as regions associated with proline,
hydroxyproline, and phenylalanine. For example, a shift
in the Amide | band and changes in the intensity of the
proline-associated bands indicate differences in protein
conformation. The study [15] examines the use of Raman
spectroscopy for breast cancer diagnostics. Ex vivo breast
tissue samples from 58 patients were examined, including

normal tissue, fibrocystic lesions, fibroadenomas, and
infiltrating carcinoma. A total of 130 Raman spectra were
obtained. The MCR-ALS (multivariate curve resolution)
method was then applied. Particular attention was
paid to collagen, a key structural protein of the ECM.
Analysis showed that spectral parameters associated
with collagen and fat possessed the greatest diagnostic
significance. In a pilot study [16], Raman spectroscopy
was used to diagnose cartilaginous tumors (from benign
enchondroma (BE) to malignant chondrosarcoma (MC)
with increasing degrees of aggressiveness (G1, G2, G3)).
One of the important findings was the degradation of
type Il collagen with increasing tumor malignancy. In
Raman spectra, this was manifested by the weakening
of characteristic collagen bands (at 728, 830, and 1206
cm™). The cause of collagen degradation turned out
to be closely related to changes in the metabolism of
proline (a key amino acid stabilizing the collagen helix),
which consequently indicates the destruction of the ECM
as a central process in tumor progression.

In [17], the question of whether Raman spectroscopy
can detect and distinguish between different collagen
types (I-VI) in pure form and within the ECM produced by
MG63 osteoblast-like cells was investigated. The authors
measured the spectra of pure human collagen types |-
VI in dry, liquid, and compressed powder form. The key
conclusion is that Raman spectroscopy combined with
multivariate statistical analysis (PCA-LDA) successfully
distinguishes between different collagen types if the
samples are in the same physical state, because this has
a stronger influence on the spectrum than the collagen
type. Among all the types, type Il collagen stood out, as
it demonstrated an intense peak at 954 cm~' (C-C bond
in proline). This is explained by the unique structure of its
a-chain and its less frequent cross-linking compared to
type | collagen. The spectra of collagens IV and VI were
the most similar (their confidence intervals overlapped),
while collagens |, II, lll, and V formed distinct clusters.
Another important result was that the spectra of natural,
non-mineralized ECM from MG63 cells matched the
pattern of pure dried collagen type | (and partially type
lll), confirming that pure substances adequately reflect
the actual collagen in the human body. Thus, a reference
spectral library for collagens 1-VI was created, which
has diagnostic value. The authors emphasize that this
method allows for the detection of collagen changes not
only in bone diseases but also in any connective tissue
pathology.

The aim of the work presented in this article was to
develop a computational approach to analyzing Raman
spectra of intracranial tumor tissue samples ex vivo for
spectral detection of collagen in the extracellular matrix
of meningioma, glioblastoma, and white matter of the
brain. This included recording and analyzing spectra of
the main biochemical components of the extracellular
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matrix of the studied biological tissues, retrospective
analysis of Raman spectra of glioblastoma, meningioma,
and normal brain tissue, and identification of the most
informative Raman spectral ranges in which samples
belonging to different tissue types differ in collagen
content.

Materials and methods

Spectral data

In this study, a retrospective analysis of spectral data
recorded ex vivo in the cryopreservation laboratory of
the N.N. Burdenko National Medical Research Center
of Neurosurgery was conducted, as part of studies
published in the previous works of the research team
[18, 19]. For the initial assessment of the contribution
of collagen, 6 glioblastoma samples (18 spectra), 4
meningioma samples, and 5 healthy tissue samples (the
samples were balanced in volume) were analyzed.

Also, as part of the study, a reference database was
created: Raman spectra of compounds that are close
analogues of the main biochemical components of the
tissues studied were recorded: gelatin (a collagen model),
human albumin, cholesterol, and hyaluronic acid.

To record Raman spectra, we used a system consisting
of a Raman-HR-TEC-785 Raman spectrometer (StellarNet,
USA), a Ramulaser™ 785 narrowband laser source with
a wavelength of 785 nm (StellarNet, USA), a computer
with StellarNet SpectraWiz software, and a fiber-optic
confocal probe for delivering laser radiation and the
Raman signal. This system enables recording spectra in
the range of 200-2750 cm™. The spectral resolution of
the system was 4 cm™.

Raman spectra were recorded to form the reference
database using a series of measurements at several
points on each sample. For gelatin, measurements were
performed at 10 different points on the sample; three
spectra were recorded at each point with a 10 s exposure

due to high autofluorescence. For human albumin and
hyaluronic acid, recording was performed similarly
(three spectra at 10 points) with a 30 s exposure. For
cholesterol, ten spectra were recorded at one point with
a 30 s exposure. For brain tumor samples, recording was
performed as follows: for glioblastoma, three spectra
were recorded at different points with a 30 s exposure;
for meningioma and healthy tissue, ten spectra were
recorded with a 30 s exposure. Before each series of
measurements, a background signal was recorded with
the laser turned off. All measurements were performed
in a darkened room.

Spectral data preprocessing

Data processing was performed in MATLAB
(MathWorks, R2023) and included the following steps:
to reduce random noise, the spectra were pre-averaged,
then smoothed using a modified Savitzky—-Golay filter
for a non-uniform spectral grid (window size: 21 points,
third-order polynomial), background fluorescence
was removed using the Vancouver algorithm (the
degree of the polynomial was selected in accordance
with the sample characteristics), and the spectra were
normalized (to the maximum intensity value). For the
spectra prepared for analysis in this manner, spectral
approximation by a combination of Gaussians was
selected as the decomposition method.

Method for detecting collagen using Raman spectra

Spectra of simple biochemical components were
recorded to find collagen-specific peaks among collagen
and non-collagen spectra. However, the reference
spectra themselves do not provide a comprehensive
basis for decomposing the Raman spectra of intracranial
tumor tissue. To quantitatively analyze spectral data and
identify hidden biochemical components, a method
of approximating experimental spectra with a sum of

Puc. 1. Cxema CREeKTPOCKOMNU-
YECKOW CUCTEeMbl Ansl perucrpa-
unn KP-cnektpoB: 1 - nasep
Ramulaser™ (AL = 785 HMm); 2 —
ONTOBOJIOKOHHbIW 30HA; 3 — CNeK-
TpomeTp Raman-HR-TEC-785; 4
— HOYTGYK C nporpamMmmMHbIM 0oGe-
cneyeHnem.

Fig. 1. Scheme of a spectroscopic
system for recording Raman
spectra: 1 — laser Ramulaser™
(A, = 785 nm); 2 - fiber optic
probe; 3 — sectrometer Raman-
HR-TEC-785; 4 — PC with special
software.
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Gaussian functions was used. The number of components
was manually determined based on visual analysis of
the spectral profile. For the spectra of glioblastoma,
meningioma, and normal brain tissue, 34 peaks, uniformly
distributed across the spectral range, were used.

Optimization of the parameters of each Gaussian
peak (center, amplitude, and width) was performed
using the least-squares method using the Isqcurvefit
function. To prevent convergence to unphysical
solutions, the following constraints were used: the peak
center position was no more than £10 cm™' from the
initial approximation; the amplitude was from 0 to 2; the
width was from 1 to 50 cm™'.

The quality of the approximation was assessed
using the root mean square error. For each isolated
peak, the following were determined: center position
(cm™); amplitude (A); width (0); and peak area. After
approximation, peaks with amplitudes less than 0.03 (3%
of the maximum spectral intensity) were excluded from
further analysis, as such peaks are comparable to the
noise level and may be approximation artifacts.

Since the same biochemical component can appear
in different spectra as peaks with similar but not
identical positions, clustering of the resulting peaks
was performed. Peaks were assigned to one cluster
if the distance between their centers did not exceed 5
cm™'. The positions of known Raman lines in the vicinity
of those lines that appeared in the recorded spectra
were used as starting positions. Since relatively simple
substances were used as reference spectra, a threshold
of 5 cm™ was chosen based on an analysis of the scatter
of the recorded line positions from the expected peak
positions for clustering. For each cluster, the average
center position was calculated. A cluster was included in
the final list of target peaks only if it was present in at
least 50% of all studied spectra, which made it possible
to exclude random outliers and increase the reliability of
component identification.

0.5~

0 1 I 1 1
800 900 1000 1100 1200 1300 1400 1500

Capur KP ceeta (cm?)
Raman shift (cm?)

HopmupoBaHHasn MHTEHCUBHOCTb (OTH. ea.)
Normalized intensity (relative units)

1600 1700

For each target peak, the areas of all Gaussian
components located within a range of £5 cm™ relative
to the center of the corresponding cluster were
summed. The resulting value was used as a quantitative
characteristic of the contribution of a given biochemical
component to the sample spectrum.

Since a retrospective analysis of random spectra from
an existing sample of spectral data obtained in previous
years in the biobank was carried out [18], we used
information about the normal distribution of the areas
of individual peaks in these spectra to apply parametric
methods of statistical data analysis. For each target peak,
a one-way analysis of variance (ANOVA) was performed
to compare three groups of samples: glioblastoma;
meningioma; and normal brain tissue. Differences were
considered statistically significant at a significance level
of p < 0.05. For significant peaks, the following were
determined: p value; mean peak area values in each group;
and standard deviations of peak area in each group.

Results and discussion

Analysis of reference Raman spectra of the main
biochemical components

The processed reference Raman spectra of the main
tissue components are shown in Fig. 2. These substances
form a reliable model for the analysis of Raman spectra,
since in total they cover the spectral “fingerprints” of
almost all macromolecules of biological tissues: albumin
is a model of globular proteins (its spectrum clearly
shows the vibrational bands of the peptide backbone
(Amide | and Amide Ill), as well as phenylalanine and
tryptophan), gelatin is a model of fibrous proteins of the
ECM, in particular collagen, hyaluronic acid is a model
of carbohydrate components of connective tissue and
intercellular substance (glycosaminoglycans) (allows for
the detection of specific glycosidic bonds, acetyl groups
and carbohydrate rings), cholesterol is a basic marker of
lipid membranes and fat inclusions.

HenatuH
Gelatin

Yenoseyeckuit anbbymmH
Human albumin

Puc. 2. OG6pa6GoTaHHble

1 pedepeHcHble CMEeKTPbl
| XonectepuH OCHOBHbIX KOMMOHEHTOB
Cholesterol TKaHMU. MpepacTtaBneHbl

§ cpeaHue 3HayeHus U cTaH-
AapTHoe OTKIOHEeHMe (o).
Fig. 2. Processed reference
spectra of the main tissue
components. Mean values
and standard deviations
are presented (o).

- TuanypoHoBas KucioTa
Hyaluronic acid
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Analysis of Raman spectra of intracranial tumor tissues

To illustrate the approximation method, Fig. 4 shows
the averaged spectra of each sample type (glioblastoma,
normal tissue, meningioma) with superimposed
approximating curves obtained as a sum of Gaussian
functions. Spectra were averaged for visualization
purposes and were not used in further quantitative
analysis. All peak parameter calculations (center position,
amplitude, width, area) were performed for each spectrum
individually, without preliminary averaging. The averaged
spectra in Fig. 4 are shown to demonstrate the quality of
the approximation. As can be seen from the figure, the
approximating curves provide a good description of the
experimental data over the entire studied range of 800-
1700 cm™. The root-mean-square error values were in
the range of 0.0032-0.0034, indicating good agreement
between the model and the experimental data.

Search for characteristic collagen peaks in intracranial
tumor tissues

During the analysis of the spectra, statistically
significant differences were revealed between the

samples of glioblastoma, meningioma, and normal brain
tissue for a number of characteristic peaks (see Table 1).
The most pronounced differences were observed in the
region of 881.2 cm™' (p = 0.01), which may be associated
with changes in the content of hydroxyproline,
tryptophan, and protein structures. For the peak of 968.9
cm™ (p = 0.046928), differences corresponding to lipid
components and calcium triphosphate were noted.
The peak of 992 cm™ (p = 0.000022), associated with
phosphate ions, turned out to be especially significant: in
meningioma tissue, its intensity was significantly lower
compared to glioblastoma and normal tissue.

Changes associated with fluctuations in the
tryptophan ring, glycogen, phospholipids, and nucleic
acids were recorded in the 1016.4-1096.7 cm™' range.
Thus, the peaks at 1042.6 cm™ (p = 0.000058) and
1096.7 cm™ (p = 0.000001) demonstrated a significant
increase in intensity in meningioma, which may reflect
increased metabolic activity and changes in the content
of membrane components.

Significant differences were also found for the 1124
cm™ (p = 0.000089) and 1207.7 cm™ (p = 0.000057) bands
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3p0poBad TKaHb
Healthy tissue

Innobnacroma

Gllablastoma Puc. 3. O6paGoTaHHble

CNEeKTpbl OMnyxonew roioB-
HOro MO3ra OCHOBHbIX KOM-
NOHEHTOB TKaHW. MNpepacraB-
JIeHbl cpeAHue 3HayYeHus u
cTaHfapTHOe OTK/IOHEHHUe.

Fig. 3. Processed spectra of
brain tumors’ main tissue
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3p0poBas TKaHb
Healthy tissue
Puc. 4. Cnektpbl KP cBeTta
nccnegoBaHHbIX 06pa3L0B:
3KCnepuMeHTa/lbHble AaH-
Hble HOPMMPOBaHbl N0 MaK-
CUMYMY UM npeAcTaBneHbl
B BUAE CYMMbl rayCCOBbIX
KPUBBIX, annpoKCMMUPYIO-
LMe CneKTpbl onyxosen.

Munobnactoma
Glioblastoma

Fig. 4. Raman spectra
of the studied samples:
MeHuHIMoMa The experimental data
Meningioma are normalized to the

maximum and presented as
a sum of Gaussian curves
approximating the tumor
spectra.
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Ta6nuya 1
XapaKTepHble MUKKU U COOTBETCTBYIOLLME UM NpeanosiaraeMble 6MoXumMmuyeckue Koppensitol [20], N0 KOTOPbIM

Gbl/IM BbISIBNIEHbI CTAaTUCTUYECKMU 3HAYUMble Pa3fiMumsa Mexay rpynnamMmu o6pasuoB r1Mo61acToMbl, MEHUHTMOMDI (L/u)
M HOpMaJibHOM TKaHU rOJIOBHOIO Mo3ra O
Table 1 @,
Characteristic peaks with their suggested biochemical correlates [20], that revealed statistically significant =
differences between groups of glioblastoma, meningiomas and normal brain tissue samples o
<
Mnowaawn nop Kpu- lMpeanonaraemas nHTepnpetaynsa —
BOW AnA rnno6na- <C
CTOMbI/ MEHVIHTNO- i
Mbl/HOPpMbI f—
o
881.2 26.7+ 1.8 0.01 MmapokcnnponuH / Tpuntodan 6(konbuo) / p(CH,) (6enkn)
22.6+ 2.1 Hydroxyproline/tryptophan 6(ring)/p(CH,) (proteins)
258+ 1.6
968.9 22.5+1.2 0.047 Junnabi/Tondocdart kanbyusa Ca,(PO,)
28.3+5.9 Lipids/Calcium triphosphate Ca,(PO,)
253+1.5
992 22.4+4.0 0.00002 ®ocdaT-MoHbI
6.1+3.7 Phosphate ions
20.7£3.3
1016.4 21.5+0.5 0.031 TpuntodaHoBoe KonbLo/pacTarnBaHvie C-O prbo3bl/ rMUKoreH
23.5+2.0 Tryptophan ring/C-O stretch of ribose/glycogen
20.8+1.3
1042.6 22.4+1.1 0.00006 Kone6anusa C-O n C-N cBsizeit B 6enke
27.5%1.3 Vibrations of C-O and C-N bonds in proteins
22.8+0.7
1096.7 20.4+1.2 0.000001 Konebanusa C-C n cummeTpudHbie KonebaHua PO, docdonnnuaos v Hykneu-
28.4+2.2 HOBbIX KcnoT/ konebaHus C=0 cnoXkHoro a¢pupa/anbaervaa
19.9+1.7 C-C vibrations and symmetric PO, vibrations of phospholipids and nucleic
acids/C=0 vibrations of ester/aldehyde
1124 21.944.0 0.00009 MmukoreH/C-C-cBszb ochonunugos (BOKOBbIX Lienen), xonectepuH
9.2+25 Glycogen/C-C linkage of phospholipids (side chains), cholesterol
18.6+2.7
1207.7 224435 0.00006 Konebarusa v(C-C H,) B Monekynax TMpo3snHa, rMapoKCMnponyHa (@QMUHOKNC-
36.1£8.0 JI0Tbl KOJIflareHa) u a>EHVIJ1aJ1aHI/IHa
22.4+2.0 Vibrations of v(C—CEHS) in molecules of tyrosine, hydroxyproline (@n amino
acid of collagen), and phenylalanine
1238 19.74£3.3 0.00014 Amug I
6.6+ 1.0 Amide Il
20.0+4.9
1314.4 15.9+0.8 0.000066 Hedopmauua CH,/CH, nunngos n 6enkos
27.9£0.0 CH,/CH, deformation of lipids and proteins
14.8£2.1
1366.7 15.1£5.8 0.03615 KonebaHusa CH, (pocdonmnuabl)/Tpuntodan/ryaHnH
7.3+22 CH, (phospholipids)/tryptophan/guanine vibrations
14.84+3.0
1395.1 19.5+4.7 0.04912 Hdedopmauna CH,/CH, nunugos n 6enkos
253+ 1.5 CH,/CH, deformation of lipids and proteins
17.3+£2.2
1513.5 17.4+3.2 0.00006 KapoTnHouna/ konebaHus KonbLa B ocHoBaHMAX [JHK
36.3+0.0 Carotenoid/ ring vibrations in DNA bases
15.6+1.8
1542.7 9.9+ 3.9 0.02743 HyknenHoBble KNCAOTbI
4.7+ 33 Nucleic acids
10.9£2.3
1567.0 11.3+238 0.02691 lemorno6uH
76+22 Hemoglobin
122+1.7
1616.1 11.6%£1.7 0.00053 ApomaTryeckrie aM1HOKUCIOTbI (6enok)
17.40+4.1 Aromatic amino acids (protein)
10.7+1.5
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associated with glycogen, cholesterol, and collagen aromatic

amino acids. In particular, for meningioma, an increase in the

intensity of the 1207.7 cm™' peak was observed, which may
indicate an increased content of ECM protein structures.

Statistically significant changes were also detected
in the protein regions of the spectrum. The peak at 1238
cm™', related to the Amide Il band (p=0.000143), was
characterized by a decrease in intensity in meningioma
samples. Similarly, for the peak at 13144 com™
(p=0.000066), corresponding to CHs/CH, deformation
vibrations of lipids and proteins, a significant increase in
values was observed in meningioma tissue compared to
glioblastoma and normal tissue.

In the high-frequency region of the spectrum,
differences were associated with lipid components, nucleic
acids, and proteins. Peaks at 1366.7 cm™ (p = 0.036148)
and 1395.1 cm™ (p = 0.049117) reflected changes in
phospholipids, tryptophan, and lipid structures. In addition,
for the 1513.5 cm™ band (p = 0.000061), associated with
carotenoids and DNA bases, a sharp increase in intensity
was observed in meningioma tissue.

For the peaks at 1542.7 cm™ (p = 0.027431) and
1567.0 cm™ (p = 0.026910), associated with nucleic acids
and hemoglobin, a decrease in intensity was observed
in tumor tissues compared to normal tissue. Finally, the
peak at 1616.1 cm™ (p = 0.000525), corresponding to
aromatic amino acids of proteins, was significantly higher
in meningioma samples, which may indicate structural
changes in the protein composition of the tissue.

Thus, the obtained results demonstrate the presence
of significant biochemical differences between
glioblastoma, meningioma, and normal brain tissue.
The most informative peaks were those associated
with phospholipids, proteins, nucleic acids, and ECM
components, confirming the potential of spectral analysis
for the differential diagnosis of brain tumors.

As a result of the analysis, spectral characteristics were
found that statistically significantly differentiated the
tissue groups under consideration (p<0.05). Among the
protein peaks were selected the listed below.

1) The peak at 1042.6 cm™ (C-O and C-N bonds in the
protein) in the meningiomas group showed high
values (27.51 + 1.28), in the glioblastomas group and
the norm the values were comparable (22.40 + 1.09
and 22.76 + 0.72, respectively).

2) The peak at 1207.7 cm™, corresponding to v(C-C6H5)
vibrations in the molecules of tyrosine, hydroxyproline
(anamino acid of collagen) and phenylalanine, showed
higher values in the group of meningiomas (36.07 +
8.00) compared to glioblastomas (22.44 + 3.53) and
normal tissue (22.37 + 1.92).

3) The peak at 1238.0 cm™ (Amide lll, reflecting the
secondary structure of proteins) was significantly
reduced in meningiomas (6.64 + 0.98) relative to
glioblastomas (19.70 + 3.32) and normal (19.97 + 4.89).

4) The peak at 1616.1 cm™ (aromatic amino acids,
protein) was the highest in meningiomas (17.40+4.07),
while in glioblastomas and normal cells its values were
(11.56+1.65 and 10.67+1.05), respectively.

The analysis revealed characteristic spectral differences
between tumors of different types. It is important to pay
attention to the peak associated with collagen, which
indicates an increased content of collagen in meningioma;
this corresponds to literature data, according to which
meningiomas, which are mesenchymal in nature, actively
synthesize ECM proteins, including collagen [3]. At the
same time, glioblastoma tissue, like normal brain tissue, is
characterized by a limited presence of collagen, localized
mainly in the basement membranes of blood vessels [8].

Conclusion

The spectra of the main components of biological
tissues, such as gelatin, albumin, hyaluronic acid, and
cholesterol, were recorded. Methods for their analysis
were proposed, revealing the “spectroscopic signatures”
of these components, by which the corresponding
biochemical features can be identified in the spectra
of biological tissue samples. A retrospective analysis
of Raman spectra obtained ex vivo from glioblastoma,
meningioma, and healthy brain tissue samples was
conducted. A spectral processing algorithm was
developed and implemented, including smoothing,
background  signal  subtraction, spectral peak
approximation with Gaussian functions, peak center
clustering, and statistical analysis of the obtained
parameters. An automatic search for characteristic
collagen peaks in the spectra of the studied tissues was
performed, and a quantitative assessment of their spectral
characteristics was performed. Using analysis of variance
(ANOVA), spectral peaks were identified for which
statistically significant differences were found between
the glioblastoma, meningioma, and normal brain tissue
groups (p < 0.05). The most informative protein spectral
peaks were identified, allowing differentiation between
glioblastoma, meningioma, and normal brain tissue,
opening up the possibility of using them as spectral
markers in the diagnosis of brain tumors. The obtained
results demonstrate differences in the composition and
structural organization of collagen in the ECM of the
studied tissues and confirm the feasibility of using Raman
spectroscopy for their detection. Raman spectroscopy,
combined with automated spectral data analysis, is shown
to be a promising tool for collagen research and the search
for diagnostically significant brain tumor markers.
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COMBINATION OF FERROPTOSIS AND PHOTODYNAMIC
THERAPY IS AN EFFECTIVE STRATEGY FOR CANCER
TREATMENT

Sanarova E.V.', Lantsova A.V.!, Nikolaeva L.L.'?, Kiseleva M.P.!, Borisova L.M.'

'N.N. Blokhin National Medical Research Center of Oncology of the Ministry of Health of Russia,
Moscow, Russia
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Abstract
This review examines in detail the theoretical foundations and practical aspects of using a combination of ferroptosis inducers and photosensitizers
in experimental cancer therapy. Particular attention is given to comprehensive studies focusing on the combined use of these two therapeutic
approaches. The results confirm the promise of further development in this research area.
Based on a combination of theoretical data and experimental studies, the effectiveness of a combined approach combining ferroptosis and
photodynamic therapy (PDT) as an antitumor treatment strategy is convincingly demonstrated. A key factor determining the effectiveness of
this combination is the synergistic antitumor effect, driven by interconnected biochemical processes, primarily the Fenton reaction. Ferroptosis
involves a biochemical transformation capable of providing an additional source of oxygen, which is essential for effective PDT. In turn, PDT
generates reactive oxygen species, which potentiate the Fenton reaction, thereby enhancing the processes leading to ferroptotic cell death in
tumor cells. This creates a vicious cycle that greatly enhances the cytotoxic effect on malignant cells.
An analysis of experimental studies revealed that most studies used chlorin e6 and porphyrin derivatives as photosensitizers - compounds with
proven photophysical properties. Erastin and its derivatives, as well as various iron compounds capable of effectively triggering and maintaining
iron-dependent cell death, were most frequently used as ferroptosis inducers.
These data demonstrate the high potential of a combined strategy based on the coupling of ferroptosis and PDT and substantiate the need for
further research in this area to develop new approaches to cancer treatment.

Key words: ferroptosis, photodynamic therapy, ferroptosis inducer, photosensitizer, antitumor activity.
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KOMBHHALMNA PEPPOIMNTO3A
N POTOOANHAMUYECKOU TEPATIUU —
DPPEKTUBHASA CTPATETNA AN NEHEHUA PAKA

E.B. CaHapoea’, A.B. JlaHuoea ', J1.J1. Hukonaeea'?, M.MN. Kucenesa', J1.M. bopucosa'
"HaumoHanNbHbLIN MEAULMHCKMIA MCCNEOBATENbCKMI LEHTP OHkonorm um. H.H. brnoxmHa
Mwunzapasa Poccuun, Mockea, Poccus

Nepsbit MoCKOBCKMIM TOCYAAPCTBEHHbIN MeamunHckui yHusepcuteT um. .M. Ceuerosa
Munsppasa Poccun (Ceuvernosckuin Yrmsepcutet), Mocksa, Poccus

Pesiome

B pamkax npoBeAeHHOro 0630pa feTalbHO PACCMOTPEHbI TEOPETUYECKIE OCHOBBI 11 MPAKTUYECKME aCMeKTbl MPUMEHEHNA KOMOUHALMN NH-
[YKTOPOB GpepponTo3a 1 GpoToCEHCUOMIN3AaTOPOB B SKCNIEPUMEHTAIbHON TePanim 310Ka4YeCTBEHHbIX onyxoneil. Ocoboe BHMMaHWe B paboTte
yAeneHo KOMMIEKCHbIM NCCiefoBaHuAM, GOKYCMPYIOLWMMCA Ha COBMECTHOM MCMOMb30BaHNM ABYX TePaneBTUUYECKUX NOAXoAoB. MonyueH-
Hble pe3ynbTaTbl NOATBEPXKAAIOT MEPCMNEKTUBHOCTb Aa/IbHELLEro Pa3BUTMA JaHHOTO HayYHOrO HanpPaBeHN .

Ha ocHOBaHMV COBOKYMHOCTY TEOPETUYECKMX JaHHBIX 1 SKCMEPUMEHTAJIbHbBIX NCCNefoBaHN yoeanTenbHO NpoaeMOHCTPUPOBaHa b dek-
TYBHOCTb KOMBUHUPOBAHHOIO MOAX0Aa, 06beanHstowero depponTo3 u dpotoarHamuyeckyto Tepanuio (OAT), B KauecTBe cTpaTervu npo-
TIBOOMYXONEBOTO NleyeHus. KnoueBbiM HakTopoM, ONpefensiolyiM pesynbTaTBHOCTb Tako KOMOUHALMK, BbICTYNAET CUHEPTeTUYECKNI
NPOTVBOOMYXONEBbIN 3PPEKT, 0OYCIOBNEHHbIN B3aMOCBA3aHHbIMY OMOXMMUYECKMY MpoLieccamu, B NepBylo odepeab peakuymnein OeH-
ToHa. B xoge depponTo3a peanusyerca Guoxnummyeckoe npespalleHne, cnocobHoe obecneunBaTb JOMOMHUTENbHbI NCTOYHUK KACTIOPOAA,
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Heobxoammoro ana abdpekTnBHoro npotekaHna OAT. B ceoto ouepenb, ®AT reHeprpyeT akTMBHbIE GOPMbI KNCIOPOAA, KOTOPbIE MOTEHLMPY-
10T peakuuto DeHTOHa, TeM CaMbIM YCUNVIBas MPOLIECCHI, BEAYLLMNE K GepPONTOTUYECKON MMbeny onyxoneBbIX KNEToK. B pesynbrate dopmmpy-
€TCAA 3aMKHYTbIN LMKJ1, MHOFOKPATHO MOBbILIAIOLWMIA LUTOTOKCUYECKOE BO3LENCTBUE Ha 3/I0KaUYeCTBEHHbIE KIETKM.

AHanu3 aKcreprMeHTanbHbIX PaboT Nokasan, YTo B 60MbLIMHCTBE UCCNIEA0BAHMIA B KauecTBe GOTOCEHCMOMIM3aTopa NCMOosb3yIoT XJIOPUH €6
1 Npov3BogHble MopdUprHa — COEAUHEHUS, XOPOLLO 3apeKomeHaoBaBLLNe ceba B OLT 6narofaps onTUManbHbIM ¢OTOGM3NYECKUM XapaK-
TepucTMkam. B ponu nHgyktopos deppontosa Hanbonee 4acto MPUMEHSIOT 3PACTVIH 1 €ro NPOV3BOAHDIE, @ TAKXKE Pa3NMyHble COeAUHEHU
Xenesa, cnocobHble 3GPeKTUBHO 3amycKaTb 1 MOAAEPKMBATb MPOLIECCHI XKene303aBNCMON KNETOUHON rnbenu.

MpeacTaBneHHble JaHHble CBUAETENBCTBYIOT O BbICOKOM MOTEHLMane KOMOUHUPOBAHHOW CTpaTeri, OCHOBAHHOW Ha conpsKeHUn eppor-
To3a 1 OJT, 1 060CHOBbLIBaAOT HEOOXOAMMOCTb AaNbHENLUNX NCCefoBaHNI B 3TOM 061acTh Ans pa3paboTKy HOBbLIX MOAXOAOB K JIeUEHNI0
OHKOJTOrMYeCKNX 3a6051eBaHNN.

KnioueBble cnoBa: depponTos, GoToanHammnyeckas Tepanus, MHEyKTop depponTosa, ¢oToceHCMb1nM3aTop, NPOTUBOOMYX0NeBas akTuB-
HOCTb.

KoHTakTbl: JlaHuoBa A.B., e-mail: lantsova1979@mail.ru

Ana untuposaHua: CaHaposa E.B., JlaHuoBa A.B., Hukonaesa J1.J1., Kncenesa M.M., Bopucosa J1.M. KombuHauma ¢pepponTtosa u GotoguHamm-
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Introduction

Modern oncology has achieved significant success
in developing comprehensive treatment regimens that
combine surgery, chemotherapy, and radiotherapy.
However, problems such as recurrence, metastasis, the
development of drug resistance, and the high toxicity of
existing methods continue to have a negative impact on
the prognosis and quality of life of cancer patients. This
necessitates the search for and implementation of new
therapeutic strategies characterized by high selectivity
and lower toxicity.

Among promising approaches, photodynamic
therapy (PDT) occupies a special place. It is based on the
selective accumulation of a photosensitizer (PS) in tumor
tissue followed by its activation with laser radiation of
an appropriate wavelength. The photochemical reaction
results in the generation of reactive oxygen species
(ROS), which lead to tumor cell death through several
mechanisms and also activate the immune response.
An important advantage of PDT is the possibility of
preserving the anatomical and functional integrity of
organs, which is particularly valuable in clinical practice
[1-2].

At the same time, the practical application of PDT is
limited by a number of factors, including insufficient PS
selectivity, limited depth of light penetration into tissues,
andthe needfor high-tech equipment.To overcome these
limitations, PS delivery systems based on nanocarriers
are being actively developed; these systems make it
possible to increase the drug concentration in the tumor
and minimize its effect on healthy tissues [3-5].

Of particular interest in the context of enhancing
PDT efficacy is ferroptosis, a type of iron-dependent
programmed cell death characterized by excessive ROS
generation and lipid peroxidation of cell membranes.
Currently, the induction of ferroptosis is regarded as
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a promising antitumor strategy, and the identified
molecular intersections between PDT and ferroptosis
open up opportunities for creating combined therapeutic
approaches [6-8]. It is assumed that the combined use of
PDT and ferroptosis inducers can provide a synergistic
antitumor effect by enhancing oxidative stress in tumor
cells [9-10].

Thisreview systematizes currentdataonthe combined
use of PDT and ferroptosis induction. Particular attention
is paid to research results obtained by scientific teams
both abroad and in the Russian Federation. The work
identifies certain trends characteristic of the current stage
of development of this research area: the predominant
use of already known photosensitizers and ferroptosis
inducers, as well as a focus on traditional therapeutic
targets such as breast cancer, gliomas, and glioblastomas.
These patterns necessitate the development of new
vectors for improving the method, in particular through
the introduction of promising substances and the
expansion of its therapeutic application.

Mechanism of the synergistic effect of
photodynamic therapy and ferroptosis in cancer
treatment

The mechanism of the synergistic effect of PDT and
ferroptosis is very interesting but still insufficiently
studied, due to the relatively recent discovery of
the phenomenon of ferroptosis itself. Ferroptosis is
a complex form of cell death associated with iron
metabolism and characterized by the development of
oxidative stress due to increasing lipid peroxidation
of cellular lipids. The involvement of ferroptosis has
been noted in the development of many pathological
processes, such as fibrosis, inflammation, and tumors.
The most important characteristics of ferroptosis,
which have recently received considerable attention,
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include the accumulation of ROS, an imbalance of the
antioxidant system, disturbances in lipid peroxidation
(LPO) metabolism, and iron homeostasis [11].
Ferroptosis is regulated by the fine interplay of three
molecular pathways involving glutathione depletion,
iron metabolism, and LPO. A number of substances are
currently known to be ferroptosis inducers, some of
which have previously been used as medicinal agents
[12-14].

In turn, the cytotoxic mechanism of PDT is based
on the use of PSs—dyes activated by laser light in
the visible or near-infrared range. Their excitation by
photons triggers, as in ferroptosis, the production of
ROS and subsequently tumor cell death. The targeted
nature and high efficacy of this therapy are due to the
targeted delivery of the PS to the tumor area and the
provision of a sufficient amount of oxygen for ROS
generation.

Recent studies have changed the view of the PDT
mechanism from a simple induction of oxidative stress
leading to necrosis or apoptosis, adding to this already
complex mechanism ferroptosis, pyroptosis, and
other types of cell death [15]. For example, in GL261
glioblastoma cells subjected to PDT with the well-known
and clinically used second-generation PS Photosens
(@luminum  hydroxide trisulfophthalocyanine), an
interesting phenomenon was discovered: cell death
induced by irradiation is blocked by the ferroptosis
inhibitors ferrostatin-1 and deferoxamine (DFO), which
indirectly indicates that this PS induces ferroptosis
in GL261 cells upon photoactivation [16]. In Japan,
ferroptotic activity was demonstrated for the widely
known and clinically used sodium talaporfin (a
second-generation PS), which was found to induce
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ferroptosis in gastric and esophageal cancer cells [17].
Ferroptotic activity is also found in newly synthesized
PSs with enhanced photodynamic efficiency, good
biocompatibility, and lysosomal targeting [18]. There are
studies demonstrating the contribution of ferroptosis
to antitumor PDT using an activatable, adaptable
nanocarrier based on a metal-organic framework. Thus,
a group of Chinese scientists formed a metal-organic
framework based on an imidazole ligand coordinated
with zinc, into which chlorin e6 (Ce6, a second-
generation PS) was encapsulated. The high antitumor
efficacy of the nanocarrier in vivo was confirmed in mice
with murine breast carcinoma in terms of suppression
of tumor growth and prolongation of animal survival.
Simultaneous administration of an iron chelator
weakened the antitumor activity of the nanocarrier due
to suppression of ferroptosis, as evidenced by enhanced
tumor growth and restoration of glutathione peroxidase
4 (GPX4) activity [19].

Hypoxia in the tumor microenvironment, caused
by high intracellular oxygen consumption and
deformation of tumor blood vessels, hinders PDT. In
this regard, increasing oxygen production in the tumor
microenvironment is a promising direction for enhancing
PDT efficacy [20, 21]. Recently, a number of researchers
have shifted their focus to an updated concept
of ferroptosis-stimulated PDT. This advantageous
combination is based on the biochemical characteristics
of ferroptosis, which is expected to enhance the
antitumor efficacy of PDT through ROS generation and
sustained oxygen supply via the Fenton reaction (Fig. 1).
Practical confirmation of this is the synergistic effect of
ferroptosis inducers and PDT in experiments on tumor
cells [22].
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Fig. 1. Schematic
representation of the
interconnection processes
occurring during PDT and
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ferroptosis in a tumor
cell (ROS - reactive
oxygen species, PS -
photosensitizer, PDT -
photodynamic therapy,
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LPO - lipid peroxidation).
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A key role in the processes occurring during
ferroptosis activation and the photodynamic reaction
is played by ROS, which are by-products of aerobic
respiration under physiological conditions and cause
DNA damage and genomic instability, thereby leading
to the accumulation of genetic alterations in tumors and
promoting cancer progression [23]. Tumor cells require
a significant amount of ROS to maintain their invasive
development [24]. However, excessive amounts of ROS
cannot be pgaena and cause tumor cell death due to
DNA damage and increasing LPO. This phenomenon is
widely known as “oxidative stress” [25]. To overcome and
modify these adverse conditions, the cell’s antioxidant
system maintains redox homeostasis. One of the
important components of the intracellular antioxidant
system is glutathione (a tripeptide consisting of the
three amino acids cysteine, glycine, and glutamine),
which participates in many metabolic and physiological
processes in the human body. One of the functions of
this substance is antioxidant. Glutathione suppresses
the excess of ROS generated in the cell by oxidation to
glutathione disulfide either directly or via an enzymatic
reaction [26].

Tumor tissue contains four times more glutathione
than normal tissue. This is necessary to adapt to rapid
cell growth and survive under conditions of oxidative
stress [27]. Another function of this tripeptide is
the detoxification of drugs, which creates obstacles
both for chemotherapy and for the implementation
of photodynamic activity. It is reliably known that
glutathione mediates the detoxification of doxorubicin,
cisplatin, and other antitumor agents, which largely
determines tumor resistance [28]. Although PDT
stimulates an increase in intracellular ROS, intracellular
glutathione has a direct suppressive effect on the
development of oxidative stress, thereby reducing the
efficacy of this therapy [29]. Cancer treatment methods
aimed at suppressing glutathione metabolism are being
studied, modified, and are extremely relevant.

It has already been proven that the mechanisms of
ferroptosis and photodynamic action can work in fine
synergy with each other; therefore, it is reasonable to
assume that the induction of ferroptosis during PDT is a
powerful alternative strategy for increasing the efficacy
of antitumor therapy, in particular for tumors resistant to
apoptosis and necrosis.

In scientific publications, ferroptosis is mentioned in
connection with such nosologies as melanoma, colon
cancer, breast carcinoma, glioblastoma, and prostate
cancer [30-35]. Most of the presented studies are
devoted to melanoma. Thus, Tsoi J. et al. demonstrated
that ferroptosis-inducing agents (erastin, RSL3, ML162,
and ML210) represent an alternative therapeutic
approach aimed at the plasticity of melanoma cell
differentiation to enhance the efficacy of targeted

therapy and immunotherapy [36]. A group of Chinese
scientists obtained an expression profile of microRNA
(miR-21-3p) in melanoma cells during ferroptosis induced
by interferon-y and proved that increased miR-21-3p
expression promotes interferon-y-mediated ferroptosis
by enhancing LPO. In addition, this microRNA increased
sensitivity to ferroptosis by directly targeting thioredoxin
reductase 1 and enhancing ROS production. In turn,
elevated miR-21-3p expression in the tumor enhanced
the effect of anti-PD-1 antibodies by promoting
ferroptosis of tumor cells [37]. Another study examined
the combined use of sorafenib and vemurafenib.
Vemurafenib is a BRAF kinase inhibitor approved for the
treatment of melanoma; it suppresses kinase activity
through competitive binding to the ATP-binding site,
but resistance to it develops rather quickly. Tang F. et al.
discovered an interesting fact: sorafenib (which exhibits
ferroptotic activity) increases the sensitivity of melanoma
cells to vemurafenib. Treatment with sorafenib alone
did not significantly affect iron content, glutathione,
malondialdehyde, or ROS production in vemurafenib-
resistant cells, but the combined use of sorafenib and
vemurafenib significantly increased ROS production,
malondialdehyde and iron content, while decreasing
glutathione levels. Interestingly, sorafenib significantly
enhanced vemurafenib-induced cell death, which was
blocked by the LPO inhibitor ferrostatin-1 but not by
necrosulfonamide [38]. A study by Turubanova V.D. et
al. showed that PDT with Photosens, which localizes
in lysosomes, induces a type of regulated cell death
combining features of apoptosis and ferroptosis. This
phenomenon is explained by the release of hydrolytic
enzymes and ionic iron upon photodynamic damage to
the lysosomal membrane [39].

In 2020, a joint international study by scientists from
the Institute of Biology and Biomedicine of Lobachevsky
State University of Nizhny Novgorod (Russia), Ghent
University (Belgium), and the University of Bologna (Italy)
under the leadership of Prof. D. Krysko established that
ferroptosis has immunogenic properties. In the course of
this work, it turned out that PDT with Photosens induces
a mixed type of cell death in GL261 glioma cells, with
features characteristic of both apoptotic and ferroptotic
death; in addition, a pronounced immunogenic effect
of the therapy was detected [40]. The results obtained
allowed the team of authors to create a model dendritic
cell vaccine based on glioma cells induced by Photosens-
PDT [40].

In another study, during investigation of the efficacy
of PDT based on 5-aminolevulinic acid (5-ALA) in
SiHa cervical cancer cells, increased intracellular ROS
generation was observed, accompanied by decreased
GPX4 expression, which indicates ferroptosis induced
by PDT. It was also established that the ferroptosis
inducer sorafenib potentiates 5-ALA-based PDT in vitro.
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The antitumor effect of the combination of ferroptosis
and PDT was confirmed in vivo on cervical cancer
xenografts [41].

Enhancement of ferroptosis during PDT with
ferroptosis inducers

Currently, studies devoted to the combination of PDT
andferroptosis-stimulating therapy are actively emerging
[42, 43], including through the creation of combined
particles [44]. It is assumed that such bifunctional
particles will be able to generate large amounts of ROS,
which can effectively inhibit glutathione activity and
thereby demonstrate high antitumor efficacy [45]. In
these studies, Ce6 is most often used as the PS, along
with porphyrin derivatives—protoporphyrin IX and
5,10,15,20-tetrakis(4-aminophenyl)porphyrin ~ [46-48],
among others. As for ferroptosis-stimulating therapy,
most studies have focused on ferroptosis inducers,
among which the most frequently used are erastin and
its derivatives (piperazine erastin, imidazole ketone
erastin (IKE)), sorafenib, sulfasalazine, RAS-selective lethal
3 (RSL3), and iron compounds [49] (Table 1). However,
ferroptotic activity, expressed to varying degrees, has
also been found in many other compounds, including
metformin, curcumin, metamizole sodium, simvastatin,
sunitinib, lapatinib, disulfiram, quercetin, and others [50].

The simplest way to combine PDT and ferroptosis
induction is the simultaneous administration of iron
compounds and a PS. For example, nanoparticles

Ta6nmua 1

with a PLGA framework loaded with Fe;O, and Ce6
(Fe;0,-PLGA-Ce6) were obtained [51]. The use of these
combined particles in vitro in murine 4T1 breast cancer
cells showed that when Fe;0,-PLGA-Ce6 is added to cells
and subsequently internalized, Ce6 and Fe*/Fe" are
released; ionic iron stimulates the Fenton reaction and
induces ferroptosis through a decrease in glutathione
and GPX4 levels and an increase in malondialdehyde
levels. In addition, upon laser irradiation, the
nanoparticles release free Ce6, which enhances ROS
accumulation, potentiating the iron-mediated cell death
pathway. In vivo experiments on the 4T1 tumor model
demonstrated the biocompatibility, antitumor efficacy of
the developed particles, and the presence of additional
useful properties for MRI due to the magnetic properties
of Fe;0,.

In scientific practice, a combination of a PS with
erastin—the “gold standard” in ferroptosis induction—is
used. The synergy between PDT and ferroptosis is being
actively studied by Chinese scientists, who discovered
an interesting technical fact: Ce6 and erastin molecules
are capable of self-assembling into a“nanodrug” through
hydrogen bonds and m-m interactions. Compared with
monotherapy, this “nanodrug” (Ce6-erastin) exhibited
greater antitumor efficacy against tongue squamous
cell carcinoma both in vitro and in vivo. Zhu T. et al.
calculated the combination index for Ce6-erastin and
mathematically proved the presence of a synergistic
effect [52].

Mpumepbl COBMECTHOrO ycnewHoro nppumMmeHeHunsa dCwu WHAYKTOPOB depponTo3a B IKCNepumMeHTe

Table 1

Examples of the joint successful use of photosensitizers and inducers of ferroptosis in an experiment

®doToceHcM6MNn3aTop

UHaykTOp
¢epponTtosa

XnopuiH e6 SpacTuH
Chlorin e6 Erastin
beHranbckuin po3oBbii DpacTuH
Rose Bengal Erastin

TananopduH HaTpus IKE unu copacdeHn6

XnopuH e6

Chlorin e6 Fe,0,
XnopuH e6 RSL3
Chlorin e6

MpotonopdurpuH IX SpacTuH
Protoporphyrin IX Erastin
5,10,15,20-TeTpakuc(4- Fe3*

amnHopeHmn)nopdrprH
5,10,15,20-tetrakis
(4-aminophenyl) porphyrin

be3 HocuTensa

Without a carrier (521
DK30COMbI C GYHKLMOHaNM3aL e NoBepXHOCTH

CDA47 (Exos*) [53]
Exosomes with CD47 surface functionalization

bes HocuTena (17]
Without a carrier

PLGA-yacTuubl (51]
PLGA particles

HeliTpodurnbHo-MUMeTNYECKIME TMOPUAHDbIE

NINMOCOMbI [56]
Neutrophil-mimetic hybrid liposomes

AmbrduUnbHbIE NONIMMEPHbIE HAHOUACTHULLbI (46]
Amphiphilic polymer nanoparticles

HaHokomnnekc n3 M3MmnupoBaHHOM nonura-
NaKTYPOHOBOW KUCNOTbI 48]

Nanocomplex of PEGylated polygalacturonic
acid
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Some researchers seek to create platforms for
delivering erastin and a PS to tumor tissues with
high specificity. The use of exosomes with a CD47-
functionalized surface loaded with erastin and the PS
Rose Bengal allowed the resulting modified exosomes
to effectively evade phagocytosis by the mononuclear
phagocyte system and to induce ferroptosis in tumor
cells after laser irradiation at 532 nm both in vitro and
in vivo. Moreover, compared with control “empty”
exosomes, the “loaded” exosomes exerted less toxic
effect on the liver. The proposed exosomes may become
a promising strategy for the treatment of various types of
malignant tumors [53].

A study of the biochemical mechanism of PDT using
the PS sodium talaporfin led to the conclusion that this
therapy induces ferroptosis by inhibiting cystine uptake
via system Xc, and when combined with ferroptosis
inducers such as IKE or RSL3, an enhancement of
tumor cell death induction occurs. Combining PDT
with sodium talaporfin and ferroptosis inducers (IKE
or sorafenib) in vivo significantly reduced tumor
volume in the experiment [17]. Sun X. et al. confirmed
that sorafenib in combination with PDT exerts a
synergistic antitumor effect with activation of immune
mechanisms [54]. Another group of Chinese researchers
demonstrated the efficacy of combining surufatinib (a
novel multikinase inhibitor with ferroptotic activity) with
PDT in the treatment of such an aggressive disease as
cholangiocarcinoma [55].

PDT and ferroptosis therapy have become widespread
in studies devoted to the treatment of breast cancer,
because ROS produced by PDT can promote ferroptosis
in tumor cells, and ferroptosis therapy is expected to
eliminate tumor cells resistant to apoptosis. Considering
that PDTis characterized by a high level of ROS production
and that neutrophils have a natural tendency to generate
ROS, a neutrophil-mimetic hybrid system for the co-
delivery of the PS Ce6 and the ferroptosis inducer RSL3
was theoretically proposed and practically developed.
This hybrid system suppressed tumor cell growth
through the natural ability of neutrophils to induce LPO
and the enhanced permeability and retention (EPR)

effect, and then induced both apoptosis and ferroptosis,
which led to a significant increase in peroxide levels and
ultimately to potentiation of the LPO cascade. Synergistic
ferroptosis-PDT demonstrated significant therapeutic
efficacy in mice bearing 4T1 tumors, which indicates the
promise of this type of breast cancer treatment [48].

Aswe havealready described, the use of exosomesasa
combined delivery system is also applicable in ferro-PDT.
There are studies on loading macrophage exosomes with
the PS SR780, Fe*', and the antioxidant enzyme catalase,
with subsequent modification of the nanoplatform with
RS17 peptides to improve tumor targeting and block
the CD47 signaling regulatory protein checkpoint. Upon
laser activation, the created nanoparticles demonstrated
high antitumor efficacy both against a subcutaneous
Lewis lung carcinoma xenograft model and against an
orthotopic lung metastasis model and a liver metastasis
model [57].

Conclusion

The combination of ferroptosis and PDT is a new but
undoubtedly effective and promising strategy for cancer
treatment. Currently, research in this area proceeds
along three main directions. The first includes the study
of mechanisms of ferroptosis potentiation by PDT.
The second direction is associated with the search for
effective combinations of PSs and ferroptosis inducers.
The third and most high-tech direction is the creation
of combined nanoplatforms and nanodelivery systems
to increase selectivity and reduce toxicity. All these
directions are interrelated and developing in parallel,
which has allowed scientists to prove the efficacy of
ferro-photodynamic therapy in experiments. The body
of primary scientific and practical knowledge obtained
will further contribute to preclinical and clinical studies
using this innovative type of tumor therapy.

The scientific review was carried out within the
framework of the state assignment on the topic “Preclinical
development of a new drug—a ferroptosis inducer for the
treatment of oncological diseases” 2026-2027.

The authors declare no conflict of interest.
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Abstract

This review examines current approaches to antibacterial photodynamic therapy (aPDT) based on the use of endogenous photosensiti-
zers (PS) - tetrapyrrole compounds that accumulate in bacterial cells upon transition to a dormant state or upon addition of the tetrapyrrole
synthesis precursor (5-aminolevulinic acid) to the growth medium. The relevance of the problem is driven by the increasing drug resistance of
Mycobacterium tuberculosis and the pathogen’s ability to persist within the host, developing phenotypic tolerance to antibiotics. Particular
attention is paid to the mechanisms of porphyrin accumulation and their methylated derivatives (including tetramethyl ester of coproporphyrin
and Zn-porphyrins) in dormant mycobacterial cells. It is demonstrated that these compounds not only serve as markers of the dormant state but
also act as effective endogenous PS, enabling selective pathogen inactivation upon irradiation with light of appropriate wavelengths. The review
systematizes data on enzymatic targets of tetrapyrrole metabolism (siroheme synthase CysG, ferrochelatase HemH, coproporphyrinogen Ill oxidase
HemN, and coproporphyrin methyltransferase CPmtA), whose activity modulation allows induction of fluorescent intermediate accumulation and
enhancement of bacterial photosensitivity. Experimental results on photodynamic inactivation of both actively growing and persisting forms
of mycobacteria in vitro, as well as inside infected macrophages, are discussed. The prospects of using endogenous PS to combat drug-resistant
forms of pathogens, the potential for combining aPDT with existing anti-tuberculosis regimens, and the need for further investigation of porphyrin
accumulation in in vivo models are considered. The review highlights the potential of aPDT as an alternative strategy aimed at eradicating persisting
forms of mycobacteria, which is particularly important in the context of the global threat of multidrug-resistant tuberculosis.
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NOTEHUHNAN SHAOTEHHbBIX POTOCEHCUBAITTU3SATOPOB
B AHTUBAKTEPMAJIBHOM ©®OTOAMHAMMYECKOM
TEPAMMU MUKOBAKTEPUAJIbHBIX MHPEKLMN

M.O. Wneeeq, O.M. baraeea, C.U. Kacatkuua, A.C. KanpenbsHu, A.IN. Casnukmi
UnctutyT 6uoxmummn um. A.H. baxa, PepepanbHbii MCCNeaoBaTensCkuin LEHTP
«DyHaameHTanbHble OCHOBLI BroTexHonormuy Poceuiickoi akagemun Hayk, Mocksa, Poccus

Pe3siome
B 0630pe paccmaTpuBalOTCA COBPEMeHHble MOAXOAbl K aHTMbGaKTepuanbHoW doTogrHammueckon Tepanum (a®AT), ocHOBaHHbIE Ha
NCMOMNb30BaHNN SHAOTEHHBIX poToceHcnbunmsatopos (OC) - TeTpanMpPPONbHbLIX COeAUHEHUN, HAKaMIUBAIOWMXCA B GaKTepuanbHbIX
KNneTKax npw repexofe B NOKOALEecA COCTOAHNE UK NPy Jo6aBsieHny B cpefly BbipallyiBaHUA NPeALecTBEHHNKA CYHTE3a TeTPanmMpposos
(5-amviHoneBynMHOBasA KUCOTa). AKTyallbHOCTb NMPpobsiemMbl 06yc/IoBNIEHa POCTOM JieKapCcTBEHHON ycTonumBocTn Mycobacterium tuberculosis
M CMOCOOHOCTbIO MaToreHa MePCUCTPOBATb B OPraHuM3Me xo3anHa, Gopmupya GeHOTUMUYECKYIO TONIEPAHTHOCTb K aHTMOMOTUKAM, UTO
AVIKTYeT HeObXOAVMMOCTb anbTepHaTUBHBIX MEeTOAOB neveHnA. Ocoboe BHUMaHME yAeNneHO MexaHU3MaM HaKomieHUA NnoperprHOB 1 UX
MEeTUIMPOBaHHbIX MPOM3BOAHbBIX (BK/OYaA TETPAMETUNOBbIN 3Gup KonponopdupuHa 1 Zn-nopGuprHbl) B pasinyHbiX MOAENAX NOKOALLMXCA
KNeToK MMUKOBaKTepUin. IKCMEPVIMEHTANIbHO AOKA3aHO, YTO 3T COEAMHEHUA HE TONbKO ABMAIOTCA MapKepamu MOKOALWErocs COCTOAHMA,
HO 1 cnyxaT 3$deKTBHbIMU dHAOreHHbIMU OC, obecneunBaloWMMN CENEKTUBHYIO VHAKTVBALMIO MaToreHa npu obiyyeHUN CBETOM
COOTBETCTBYIOWMX [JIMH BOJIH. B paboTe crcTtemMaT3npoBaHbl JaHHble O GepPMEHTATUBHBIX MULLEHAX TETPanMPPONIbHOTO MeTabonm3ma
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(cuporemcmHTasza CysG, deppoxenatasa HemH, konponopdupuHoreH Il okcmpasa HemN, konponopdupuH MeTuntpaHchepasa
CPmtA), MopynAunA akTMBHOCTM KOTOPbIX MO3BOMAET VHAYLMPOBaTb HaKoMiaeHve ¢Gnyopecumpyowyx WHTEPMEAMATOB U MOBbIWATb
bOTOUYBCTBUTENBHOCTD GakTepuii. O6CYKAaloTCA pe3ynbTaThl SKCMEPUMEHTASIbHbIX UCCNefoBaHMN Mo GOTOANHAMMYECKOW UHAKTBALUN
Kak aKTUBHO pacTyLumX, Tak 1 NepcucTupyoLmx Gopm MruKobaKTepui in vitro, a Takxe BHYTpY UHOULMPOBaHHbIX Makpodaros. PaccMoTpeHbl
NepcrneKkTUBbl UCMONb30BaHWA 3HAOreHHbXx ®OC ana 6opbbbl C NIEKAPCTBEHHO-YCTONUYMBBIMM (OPMamMM MaTOreHOB, BO3MOXKHOCTMN
KoMbrHMpoBaHuA a®AT ¢ CylWwecTBYOWMMU NPOTUBOTYOEPKYNESHBIMIA PEeXMMaM/ NIeUeHNA U HEeOOXOAMMOCTb JasibHEMLIEro U3yyeHus
HakonneHnsa nopdrpuHoB in vivo. 063op nopuépkmsaet noteHuman a®T Kak anbTepHaTUBHON CTPATErMn, HampaBeHHON Ha SpaanKaLuio
nepcucTpyiowmnx Gopm MUKOOAKTEPUI, YTO OCOBEHHO BaXXHO B YC/IOBMAX [106anbHON yrpo3bl TybepKyné3a C MHOXeCTBEHHOMN

NEeKapCTBEHHOW YCTONYMBOCTbIO.

KnioueBble cnoBa: MvKoGakTepus, Ty6epKynes, MMKo6akTepnos, aHTmbakTepranbHaa dotogmHammnyeckan tepanua (@®AT), nopdupuH,

¢dnaBvH, poToceHcMbunusaTop.

KoHTakTbi: LLineesa M.O., e-mail: mshleeva@inbi.ras.ru

Ana yutupoBaHua: LLneesa M.O., baraesa [.W., KacatkuHa C.U., KanpenbaHy A.C., CaBuukuii A.M. MNMoTeHuman 3HAOreHHbIX $poToCeH-
cnbunusatopoB B GOTOAMHAMMYECKOW Tepanumn MukobakTepuanbHbix MHbeKumi // Biomedical Photonics. — 2026. — T. 15, Ne 3. -
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Introduction

Tuberculosis remains one of the leading causes
of mortality from infectious diseases worldwide.
According to the World Health Organization, a record
number of tuberculosis cases was registered in
2023, which once again placed it first among causes
of mortality from infectious diseases, surpassing
COVID-19 indicators [1]. Of particular concern is the
increase in the number of cases of multidrug-resistant
and  extensively drug-resistant Mycobacterium
tuberculosis, the causative agent of tuberculosis. The
situation is complicated by the ability of mycobacteria
to transition into a dormant (resting) state [2,3], in
which they become practically insensitive to the
action of standard anti-tuberculosis drugs, leading
to the need for prolonged (at least 6 months), toxic,
and often ineffective therapy [4]. Latent tuberculosis
is estimated to affect about a quarter of the world’s
population and represents a reservoir for infection
reactivation, making the problem of eradicating
persisting forms of the pathogen one of the most
urgent tasks of modern phthisiology [5,6].

The difficulty of combating latent tuberculosis
is due to the unique adaptive mechanisms of M.
tuberculosis, which allow the bacteria to survive under
stress conditions that occur when the pathogen enters
macrophage cells, including hypoxia, acidification,
oxidative and nitrosative stress, and nutrient deficiency
[7,8]. Animportant consequence of these mechanismsis
the acquisition of phenotypic tolerance to antibiotics—
the ability to survive without multiplication in the
presence of antimicrobial drugs without any genetic
changes. This feature creates serious obstacles
to treatment and requires the development of
fundamentally new therapeutic strategies aimed
specifically at eradicating persisting forms of the
pathogen.

In recent years, considerable research interest as
an alternative to antibiotics has been attracted by the
potential use of antibacterial photodynamic therapy
(aPDT), a method based on the generation of reactive
oxygen species under the action of light, leading to
nonspecific inactivation of the pathogen [9,10].

Unlike traditional antibiotics, whose action is
directed at specific molecular targets, aPDT causes
multiple damage to cellular structures (proteins, lipids,
nucleic acids), which practically excludes the possibility
of resistance development [11,12]. The implementation
of this method requires the use of photosensitizers
(PS), which can be exogenous (added to cell cultures
or introduced into the host organism) or endogenous.
The use of endogenous PS has an important advantage
over exogenous ones: it does not require the separate
administration of systemically acting drugs possessing
varying degrees of toxicity (phototoxicity) and,
accordingly, solving problems associated with their
delivery, biodistribution, and potential impact on cells
of the macroorganism. Furthermore, endogenous
tetrapyrroles accumulate in bacterial cells in response
to specific physiological signals (for example, the
transition to a dormant state), which allows the natural
metabolic processes of the pathogen to be used to
induce its photosensitivity. Unlike exogenous PS, which
require the development of targeted delivery strategies,
endogenous sensitizers are synthesized directly in
pathogen cells using the intracellular pool of precursors,
which is particularly promising for the eradication of
intracellular and persisting forms of pathogens.

Endogenous sensitizers for aPDT include fluorescent
compounds such as tetrapyrrole compounds
(porphyrins and their derivatives), as well as flavins
and their derivatives, for example, riboflavin and flavin
mononucleotide. In this regard, the phenomenon of
tetrapyrrole compound accumulation in mycobacterial
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cells under special physiological conditions associated
with the formation of dormant bacterial forms is of
particular importance [13,14].

This review summarizes current understanding
of the mechanisms of endogenous tetrapyrrole
accumulation in mycobacteria, discusses enzymatic
targets for modulating their metabolism to induce
photosensitivity, and analyzes the results of
experimental studies on photodynamic inactivation
(PDI) of both dormant and actively growing forms of
mycobacteria and other bacteria in vitro. The prospects
and limitations of using endogenous PS to combat
drug-resistant and persisting forms of pathogens are
considered, as well as the possibilities of combining
aPDT with existing anti-tuberculosis treatment
regimens.

Accumulation of endogenous PS (porphyrins)
during the transition of mycobacteria to a dormant
state

Themainmechanismforincreasingtheconcentration
of tetrapyrroles inside the bacterial cell is associated
with the transition of mycobacteria to a dormant state
characterized by the absence of multiplication, low
metabolic activity, and high resistance to antibacterial
drugs. The ability of Mycobacterium tuberculosis to
transition into a state of metabolic dormancy (dormant
state) is a key mechanism ensuring prolonged
persistence of infection in the host organism (latent
tuberculosis) and is the main reason for the failures of
modern anti-tuberculosis therapy [5]. The diversity of
approaches to modeling this state in vitro and in vivo
reflects the complexity of the dormancy phenomenon,
and existing models can be divided into two large
groups: in vitro models and in vivo models, each of
which has its advantages and limitations [8].

Among in vitro models, the most well-known is
the classical Wayne hypoxia model, based on the
gradual depletion of oxygen in hermetically sealed
flasks. When the concentration of dissolved oxygen
decreases, mycobacterial cells (M. tuberculosis and M.
smegmatis) sequentially pass through two stages of a
non-replicating state (NRP-1 and NRP-2). A key feature
is that while rapid oxygen depletion leads to cell
death, a gradual decrease in its concentration induces
a transition into a metabolically low-active, non-
replicating, reversible state without loss of the ability
of such cells to multiply when plated on solid media,
accompanied by expression of the DosR regulon,
accumulation of triacylglycerols, and acquisition of
phenotypic resistance to isoniazid [5]. Other in vitro
models include starvation of essential nutrients, in
which bacteria in physiological solution in the absence
of carbon and nitrogen sources stop replication and
become highly resistant to antibiotics, as well as the

oxidative or nitrosative stress model with the addition
of nitric oxide or reactive oxygen species (ROS),
imitating the microbicidal mechanisms of macrophages
[8]. The most physiological among in vitro systems is
considered to be the Deba multifactorial stress model,
which involves keeping cells under conditions of low
oxygen concentration (5%), elevated CO, level (10%),
acidic pH (5.0), and nutrient deficiency, leading to the
formation of a heterogeneous population with three
subpopulations: actively dividing, transitional, and truly
dormant cells [8].

A special place among in vitro systems is occupied
by the gradual acidification model, since a decrease in
the pH of the macrophage phagosome is one of the
key stress factors that mycobacteria encounter inside
the host [7]. In contrast to traditional experiments
with rapid acidification, a model was proposed in
which M. tuberculosis is cultivated for a long time in the
stationary phase, with the pH of the medium gradually
decreasing from 8.5 to 4.7 solely due to the metabolic
activity of the bacteria [15]. This results in the formation
of morphologically distinct ovoid cells characterized
by thickening of the cell wall, low metabolic activity,
increased resistance to antibiotics and heating, and
loss of the ability to form colonies on solid media,
which is a common property of mycobacteria in the
dormant state [15]. A key fact revealed in the study of
this model was the dependence of reactivation of long-
persisting cells on resuscitation-promoting factors
(Rpf) of protein nature secreted by active bacterial
cells. While at early stages of acidification, ovoid cells
are capable of spontaneous recovery, cells stored for
a long time require the addition of supernatant from
active M. tuberculosis or exogenous recombinant Rpf
for successful reactivation [15].

Modeling of the transition of mycobacteria to a
dormant state in vivo is carried out primarily using
the Cornell mouse model, where combined antibiotic
therapy after the establishment of infection creates
a state of latency, and after cessation of treatment,
reactivation is observed, allowing the study of
mechanisms of exit from the dormant state [16]. In
chronic models in mice and guinea pigs, granulomas
are formed with the preservation of persisting bacteria,
and an important feature is the loss of acid-fastness
in a significant portion of the population, which is
associated with cell wall remodeling [17].

An alternative approach to modeling the dormant
state in vivo involves experiments on infecting mice
with dormant forms of M. tuberculosis obtained in vitro
under conditions of prolonged acid stress. In these
experiments, mice were intratracheally administered
dormant mycobacteria characterized by loss of the
abilitytogrowon standard solid media (non-culturability
phenotype). A key result was the discovery of a direct
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dependence of infection outcome on the depth of
the bacterial dormant state. Dormant mycobacteria
that retained the ability to spontaneously reactivate in
liquid nutrient medium in vitro (early dormancy stage)
were able to resume growth and multiplication after
administration to mice [6].

In contrast, mycobacteria in a deep dormant state
that required the addition of exogenous resuscitation-
promoting factors Rpf for their reactivation in vitro
completely lost the ability to multiply even in the
organism of genetically susceptible mice. In this case,
the bacteria did not cause active disease until the mice
reached old age, remaining in tissues in a metabolically
inactive, non-culturable state for many months.
This picture reproduced the key features of latent
tuberculosis in humans, where infection can remain
subclinical for decades, and reactivation often occurs
upon weakening of immunity, for example, against the
background of aging, immunosuppressive therapy, or
HIV infection [6].

The role of porphyrins in mycobacterial
metabolism and their connection with the dormant
state

The first indications of pigment accumulation in
dormant mycobacterial cells were obtained in the work
of A.F. Cunningham et al. [18]. In this study, the authors
observed the appearance of pigmentation in old
cultures of M. tuberculosis and M. bovis BCG maintained
under anaerobic conditions inducing the transition
of bacteria to a non-replicating state. However, the
nature of the accumulating substance remained
unclear; it was only suggested that this pigment does
not belong to carotenoids. Subsequently, similar
results were obtained when growing M. smegmatis
under hypoxic conditions [19]. In this work, M. Berney
and G.M. Cook also observed cell coloration, but the
authors associated this phenomenon with an increased
content of cytochromes without further identification
of the pigment [19]. Thus, in both works, the nature of
the fluorescent compounds accumulating during the
transition of mycobacteria to the dormant state was
not established, and only subsequent studies showed
that these pigments apparently represent porphyrin
derivatives[14,20].Thus, later, in our studies it was found
that the transition of M. tuberculosis and M. smegmatis to
adormantstate underconditions of gradual acidification
of the external environment is accompanied by the
accumulation of a bright fluorescent pigment. Using
spectroscopy and mass spectrometry, this pigment
was identified as a mixture of coproporphyrin and
uroporphyrin, as well as a coproporphyrin derivative
unusual for biological systems—its tetramethyl ester or
tetramethylcoproporphyrin (TMC) [14,20]. Unlike water-
soluble free coproporphyrin, TMC is localized in the

hydrophobic structures of the mycobacterial cell wall,
which indicates its association with lipid components
of the membrane. Indeed, the incorporation of TMC into
the lipid bilayer was confirmed experimentally, and it
was shown that this compound is capable of changing
the physical properties of the membrane, in particular
reducing its fluidity [13]. Thus, it can be assumed that
it was precisely tetrapyrrole compounds, primarily TMC
and its derivatives, that were the pigments that were
detected but not identified in the early works of A.F.
Cunningham et al. [18] and M. Berney and G.M. Cook
[19].

Porphyrins and their metal complexes are among
the most fundamental biomolecules, performing
diverse functions in cells—from electron and oxygen
transfer to catalysis of redox reactions and protection
from stress. In bacteria, these tetrapyrrole compounds
serve as prosthetic groups of such vital proteins as
respiratory chain cytochromes, catalases, peroxidases,
and cytochrome P-450 [21]. Accordingly, heme
biosynthesis is an essential process for most aerobic
and facultatively anaerobic microorganisms.

Heme biosynthesis in most bacteria occurs via
the classical pathway leading to the formation of
protoporphyrin IX. However, in gram-positive bacteria
of the phyla Firmicutes (with low GC (guanine-cytosine)
content) and Actinobacteria (with high GC content),
to which mycobacteria belong, an alternative, more
ancient pathway has been discovered that does not
use protoporphyrin IX as an intermediate [22]. This
coproporphyrin-dependent pathway includes three
key enzymes: HemY, HemH, and HemQ. In this pathway,
coproporphyrinogen lll is oxidized to coproporphyrin
[, then iron is inserted into coproporphyrin Il to
form Fe-coproporphyrin  (coproheme), which s
then decarboxylated by the enzyme coproheme
decarboxylase to form protoheme. Coproheme
decarboxylase (ChdC, also known as HemQ) catalyzes
the final step of this pathway, using hydrogen peroxide
for the sequential oxidative decarboxylation of
propionate side chains [22]. The M. tuberculosis genome
contains genes encoding the corresponding enzymes:
hemY and hemH (ferrochelatase). It is important to note
that the M. tuberculosis enzyme HemH (also known as
HemZ or CpfC), which catalyzes the final step of heme
biosynthesis, is capable of inserting not only iron
but also other divalent cations, including Zn**, Co*,
and Cu*, into the porphyrin ring (BRENDA data EC
4.99.1.9) [22]. This indicates a relatively broad substrate
specificity of the enzyme with respect to metal ions.
Taken together, these data suggest that the formation
of Zn-coproporphyrin, which accumulates in dormant
mycobacteria [14], may be the result of HemH activity
or of spontaneous Zn**insertion under favorable redox
conditions.
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For a long time, the enzyme responsible for
coproporphyrin methylation remained unknown. Quite
recently, the methyltransferase CPmtA (MSMEG_0614
in M. smegmatis) was identified, which catalyzes the
S-adenosyl-L-methionine-dependent conversion of
coproporphyrin to TMC through sequential methylation
of all four carboxyl groups [23]. Fig. 1 presents a
scheme of tetrapyrrole metabolism in mycobacteria,
including the synthesis of siroheme, heme, and TMC.
Overexpression of CPmtA in both M. smegmatis and
M. tuberculosis leads to an increase in the intracellular
level of TMC and a decrease in the respiratory activity
of the bacteria, which directly links this enzymatic
pathway to the transition into the dormant state. Using
structural-dynamic modeling, a unique “carousel”
mechanism was revealed, in which coproporphyrin is
sequentially reoriented in the active site of the enzyme,
allowing its carboxyl groups to be methylated one after
another without release of intermediate products. This
mechanism provides an approximately 9-fold increase
in conversion efficiency. Mutational analysis based on
computational predictions confirmed the proposed
catalytic mechanism [23].

The accumulation of TMC in the membranes of
dormant cells has a significant effect on their physical
properties. Fluorescence anisotropy studies of the
BODIPY FL C16 probe at the single-cell level showed
that anisotropy increases from 0.05 in vegetative
cells to 0.22 in dormant M. smegmatis cells. Similarly,
an increase in TMC concentration in vegetative cells

grown in the presence of 5-aminolevulinic acid (ALA, a
precursor in porphyrin synthesis) led to an analogous
increase in anisotropy. Since anisotropy is inversely
proportional to membrane fluidity, these data indicate
a significant decrease in the fluidity of the hydrophobic
phase (lipids) of membranes upon TMC accumulation
[13]. Importantly, these changes in membrane fluidity
are accompanied by inhibition of respiratory chain
activity. It is assumed that the decrease in membrane
fluidity leads to inhibition of respiratory chain activity,
although direct interaction of TMC with membrane-
bound enzymesisalso notexcluded. Notably, during the
first 8 h of reactivation of dormant cells, the porphyrin
content and anisotropy return to levels characteristic of
vegetative bacteria [13].

An important addition to the picture of porphyrin
metabolism during mycobacterial dormancy is the
finding that a significant fraction of coproporphyrin
exists in the form of a zinc complex. Analysis of spectra
from single living cells confirmed that this porphyrin
is predominantly present as Zn-coproporphyrin [14].
This observation was confirmed by spectral analysis of
extracts from dormant M. tuberculosis cells. In extracts
of dormant cells grown in the presence of ALA, Zn-
porphyrin is predominantly detected with a small
admixture of free porphyrin [14]. The formation of
Zn-coproporphyrin is probably catalyzed by the same
enzyme HemH (ferrochelatase), which, as mentioned
above, is capable of inserting various metals into the
porphyrin ring. Although the specific activity of HemH
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Fig. 1. Scheme of tetrapyrrole metabolism in mycobacteria, including the biosynthesis of siroheme, heme, and TMC. Dashed arrow
indicates several consecutive enzymatic reactions that are not shown in the scheme.
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toward Zn*" is not indicated in the literature, the ability
of this enzyme to effectively use other divalent cations
suggests that Zn?" is also a substrate. Alternatively, zinc
insertion may occur spontaneously, without enzymatic
catalysis, provided there is a sufficient concentration of
zinc ions and a suitable redox environment.

The accumulation of Zn-porphyrins in dormant
mycobacteria may have a dual significance. On the
one hand, complex formation with zinc substantially
changes the photoluminescent properties of
porphyrins (shift of emission maxima and appearance
of phosphorescence in the red region of the spectrum
with a significant quantum yield of triplets at room
temperature), which promotes ROS generation upon
photoexcitation. This is directly relevant to PDI, since
the efficiency of photoinactivation depends on the
spectral characteristics of the accumulated PS [14].
On the other hand, competition between Zn** and
Fe*" for binding to coproporphyrin apparently reflects
fundamental changes in metal homeostasis during the
transition to the dormant state.

The accumulation of precursor porphyrins during
the transition to the dormant state or stationary phase
is apparently not the result of a single-point inhibition
in the porphyrin metabolism pathway but rather a
combination of: (a) uneven activation of genes of the
early stage of the pathway without an adequate increase
in ferrochelatase activity, (b) possible displacement of
iron by other metals with the formation of inhibitory
metalloporphyrins, and (c) a general decrease in the
availability of free iron in the cell in a state of low
metabolic activity [14,24]. Moreover, the process itself
appears to be physiologically regulated and reversible.
This dual toxicity (of both precursor porphyrins and
the final product, heme) explains why the tetrapyrrole
biosynthesis pathway is tightly regulated at every
step [25,26]. At the same time, the accumulation of
tetramethyl derivatives of porphyrins is evidently a
directed adaptive mechanism during the transition of
cells to dormancy using a unique enzyme [23].

The biological role of the accumulation of
methylated porphyrins and their zinc complexes
during the transition of mycobacteria to the dormant
state remains a subject of active discussion. Several
hypotheses have been proposed. First, given the
antioxidant properties of porphyrins, as well as their
structuring effect on the lipid phase of membranes, it
can be assumed that their accumulation contributes
to the survival of dormant bacteria under stress
conditions, including the aggressive environment of
the macrophage. Second, TMC, by incorporating into
the lipid bilayer, leads to inhibition of the respiratory
chain and, as a consequence, to suppression of
energy-dependent reactions, which may be part of
the mechanism of transition to a hypometabolic state.

Finally, a significant amount of porphyrins in dormant
cells may serve as a depot meeting the cell’s needs at
early stages of reactivation, when enzymatic processes
have not yet been restored [27].

To date, it remains incompletely clear whether
tetrapyrroles accumulate in pathogen cells in vivo
in the absence of exogenous stimuli. However, the
fact that mycobacteria, upon entering macrophages,
are able to accumulate fluorescent compounds
(obviously of tetrapyrrole nature), which enables their
photoinactivation, supports this assumption [14]. It
was shown that when active M. tuberculosis cells were
co-cultured with lung macrophages in the presence
of ALA for several days, the bacteria accumulated
porphyrins, as evidenced by red fluorescence recorded
inside macrophages [14]. These data indicate that the
intracellular environment of the macrophage can create
conditions favorable for tetrapyrrole accumulation, at
least when their synthesis is stimulated by a precursor,
and open prospects for using this phenomenon
in therapy [14]. However, systematic studies using
spectroscopy and mass spectrometry on tissue sections
of infected animals, including in the Cornell model
or in chronic granulomatous models, have not been
conducted to date.

Thus, porphyrin metabolism in mycobacteria reveals
unique features, including the use of a coproporphyrin-
dependent pathway of heme biosynthesis, the ability to
form methylated coproporphyrin derivatives through
the “carousel” mechanism, and the accumulation of
various forms of porphyrins, including zinc-porphyrins,
during the transition to the dormant state. These
processes are not only of fundamental importance for
understanding the pathogen’s adaptation to stress
but also define molecular targets for therapeutic
intervention, including PDI using endogenous PS.

Enzymes of tetrapyrrole metabolism as targets
for inducing the accumulation of fluorescent
intermediates in bacteria

While the natural accumulation of tetrapyrroles
during the transition of mycobacteria to the dormant
state represents an endogenous adaptive mechanism,
targeted modulation of the activity of key enzymes in
the heme biosynthesis pathway opens fundamentally
new possibilities for creating artificial photosensitivity
in bacteria. Such an approach, based on inducing the
accumulation of fluorescent intermediates, has several
important advantages: (1) it does not require the
addition of exogenous PS, which solves the problems of
toxicity and targeted delivery; (2) it can be selective for
bacterial cells, since many enzymes of the tetrapyrrole
pathway are absent in mammals; (3) it is potentially
active against both actively growing and persisting
forms. This section examines key enzymatic targets

44

BIOMEDICAL PHOTONICS T. 15, N2 3/2026



Shleeva M.0., Bagaeva D.I., Kasatkina S.I., Kaprelyants A.S., Savitsky A.P.
Potential of endogenous photosensitizers in photodynamic therapy of mycobacterial infections

whose activity modulation leads to the accumulation
of fluorescent and photosensitive intermediates, and
analyzes strategies for their use in aPDT.

A promising target for this approach is siroheme
synthase (CysG), a unique multidomain enzyme absent
in mammals that plays a central role in tetrapyrrole
metabolism [28]. CysG catalyzes three sequential
reactionsconvertinguroporphyrinogenlllintosiroheme,
the prosthetic group of nitrite and sulfite reductases
required for sulfur and nitrogen metabolism [29]. CysG
is a homodimeric protein in which dimerization creates
a series of active centers enabling three enzymatic
functions: two S-adenosyl-L-methionine-dependent
methylations, NAD’-dependent dehydrogenation,
and the ferrochelatase reaction of iron insertion
[30]. This architectural organization allows CysG to
switch the metabolic flux between two key branches
of the tetrapyrrole pathway: heme biosynthesis and
cobalamin (vitamin B,,) biosynthesis [29].

An important aspect of the physiological role of
CysG is its regulation in response to stress conditions
characteristic of the transition of mycobacteria to the
dormant state.

Direct evidence of siroheme synthase induction
during starvation was obtained in a proteomic
study by J. Albrethsen et al. In this work, the authors
compared the proteomic profiles of culture filtrates
of M. tuberculosis H37Rv grown in Sauton’s medium
(logarithmic phase) and after 6 weeks of cultivation
under starvation conditions in phosphate-buffered
saline. The analysis revealed that among the proteins
during starvation, the category “porphyrin biosynthetic
process” was statistically significantly enriched. This
category included four proteins: CysG (siroheme
synthase), HemC (porphobilinogen deaminase), HemZ
(ferrochelatase), and Rv1314c (probable cobalamin
adenosyltransferase) [31].

Similarly, in the model of M. tuberculosis transition
to the dormant state under gradual acidification of the
external environment, an increase in the expression of
the Rv0511 gene encoding siroheme synthase in M.
tuberculosis was detected [14].

It was demonstrated that overexpression of the
MSMEG_2618 gene encoding siroheme synthase in
Mycobacterium smegmatis, as well as heterologous
expression of this gene in Escherichia coli, lead to
dramatic changes in tetrapyrrole metabolism and the
accumulation of fluorescent intermediates [28]. Already
at the colony level, the transformants visually differed
by gray coloration in visible light and bright pink
fluorescence under ultraviolet illumination (365 nm),
whereas control strains carrying empty vectors did
not exhibit such properties [28]. Spectral analysis of M.
smegmatis cells overexpressing MSMEG_2618 revealed
characteristic emission peaks at 605 nm (presumably

corresponding to precorrin-2), 625 nm (porphyrins,
including uroporphyrin and coproporphyrin), and 650
nm (presumably sirohydrochlorin) [28]. The addition
of ALA to the culture medium led to a significant
enhancement of the porphyrin peak; however, the
fluorescence intensity of precorrin did not increase,
which was interpreted as evidence of regulation of
biosynthesis at the level of precorrin-2 conversion to
sirohydrochlorin upon cysG overexpression [28]. In E.
coli cells expressing MSMEG_2618, the spectral profile
differed by the absence of the porphyrin peak at 625
nm, which probably reflects species-specific differences
in the organization of the tetrapyrrole pathway and the
activity of coupled enzymes in gram-negative bacteria
[28].

The most important result of this work from the
point of view of practical application is the finding that
the accumulation of fluorescent tetrapyrroles in strains
overexpressing cysG makes the bacteria highly sensitive
to PDI [28]. Upon irradiation with monochromatic
light at a wavelength of 565 nm, corresponding to
the porphyrin absorption band, the survival of M.
smegmatis overexpressing cysG was only 4.5%, and
that of E. coli was 6%, compared to the control, where
survival reached 100% [28]. Irradiation with 640 nm
light, absorbed by chlorins, was less effective for M.
smegmatis (90% survival) but unexpectedly led to a
more pronounced effect on E. coli (1% survival) [28].
This contrast may indicate the accumulation of different
types of tetrapyrroles in the two bacterial species upon
overexpression of the same enzyme, which opens
possibilities for selective action on different groups of
pathogens by selecting the irradiation wavelength.

Structural-functional studies of CysG conducted
on Salmonella typhimurium showed that the enzyme
is a phosphoprotein, and phosphorylation at a
conserved serine residue plays a regulatory role
by inhibiting dehydrogenase activity and thereby
modulating the metabolic flux between the siroheme
and cobalamin pathways [29]. This observation is
directly relevant to the development of strategies
for targeted modulation of CysG activity: inhibition
of dehydrogenase or ferrochelatase activity (while
preserving methyltransferase activity) should lead
to the accumulation of fluorescent intermediates,
precorrin-2 and sirohydrochlorin, which possess
photosensitizing properties. The search for selective
inhibitors of the dehydrogenase and ferrochelatase
domains of CysG that do not affect other host enzymes
is a promising area of research.

It is known from the literature that blockade
of ferrochelatase in mammals (for example, by
N-methylprotoporphyrin  inhibitors) causes the
accumulation of protoporphyrin IX and is successfully
used to enhance ALA-induced photodynamic therapy
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of tumors [32]. Analogous experiments in yeast showed
that deletion of the siroheme synthase gene leads to
significant accumulation of fluorescent tetrapyrroles
[33]. In bacteria, such inhibitors have not yet been
described; however, the emergence of highly selective
low-molecular-weight compounds acting on CysG
could become a breakthrough in the field of aPDT.
Thus, CysG represents not only an interesting object
for studying the regulation of tetrapyrrole metabolism
but also a promising target for the development
of new antibacterial strategies based on inducing
the accumulation of endogenous PS [28]. Unlike
exogenous PS, which require separate administration
and often possess toxicity, activation of endogenous
tetrapyrroles through modulation of CysG activity can
provide selectivity of action on bacterial cells, since this
enzyme is absent in humans. Further research should
be aimed at the search for selective inhibitors of the
dehydrogenase or ferrochelatase domains of CysG,
which would allow control over the accumulation of
photosensitive intermediates and create the basis for
a new class of antibacterial drugs active against both
actively growing and persisting forms of mycobacteria.
In addition to siroheme synthase, the tetrapyrrole
pathway of heme biosynthesis contains several other
enzymes whose activity modulation leads to the
accumulation of fluorescent porphyrin compounds.

5-aMMHONIeBYIMHOBAA KUC/IOTa
5-aminolevulinic acid

Nopdobununorex
Porphobilinogen

One of the most studied examples is ferrochelatase
(HemH), the enzyme catalyzing the final step of heme
biosynthesis: the insertion of a divalent iron ion into
protoporphyrin IX. A defect in this enzyme leads
to the accumulation of protoporphyrin IX, which is
known to be an endogenous PS [34]. In E. coli, hemH
mutants demonstrate an approximately 100-fold
increase in sensitivity to blue and white light compared
to the wild type, which is due to the accumulation
of protoporphyrin IX [34]. Upon irradiation, excited
protoporphyrin IX generates ROS that damage DNA,
lipids, and proteins. Moreover, it was shown that the
level of apurinic/apyrimidinic sites in the DNA of hemH
mutants is significantly elevated, and additional defects
in the repair of apurinic sites (for example, mutations in
the xth, nfo, and nth genes) enhance photosensitization
50-fold [34].

Another important target is coproporphyrinogen
[ll oxidase, which is represented in bacteria by two
isoforms: oxygen-dependent HemF (in aerobes)
and oxygen-independent HemN (in anaerobes and
facultative bacteria) [35,36]. HemN belongs to the
Radical SAM superfamily and contains one or two
S-adenosylmethionine cofactors and a [4Fe-4S]
cluster [36]. The presence of such a cluster makes
HemN vulnerable to oxidative stress and toxic metals.
It has been shown that copper ions inhibit HemN,
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Fig. 2. Biosynthetic pathways of siroheme and heme in mycobacteria. Enzymes whose activity modulation results in the accumulation of
fluorescent intermediates, as well as the corresponding intermediates, are highlighted in colored frames.
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leading to the accumulation of coproporphyrin IlI
(coproporphyrinogen Il is oxidized to coproporphyrin
), which is easily detected by its characteristic
fluorescence [36]. Under oxidative stress conditions
induced by hydrogen peroxide, E. coli induces the
oxygen-dependent isoform HemF (a manganese-
containing protein), which replaces the iron-sulfur
HemN, whose activity is impaired [35]. This represents
an example of metabolic adaptation in which the
replacement of one enzyme by another prevents the
accumulation of toxic and fluorescent intermediates.

It is important to note that gram-positive bacteria,
including mycobacteria, possess an additional
component of the tetrapyrrole pathway—HemQ—
which is absent in gram-negative bacteria and
eukaryotes [37]. HemQ was identified as a protein
required for heme biosynthesis in Actinobacteria and
Firmicutes. In the genomes of these organisms, the
hemQ gene is typically located adjacent to the hemY or
hemH genes [37]. Interestingly, HemY and HemH from
gram-positive bacteria are not able to complement
the corresponding E. coli mutants when expressed
separately; however, upon co-expression of all three
components (HemY, HemH, and HemQ), functional
complementation is achieved [37]. Since HemQ is
essential for heme biosynthesis in mycobacteria and is
absent in humans, this protein represents a promising
target for the development of new anti-tuberculosis
drugs.

In contrast to mutations that inactivate enzymes
and cause PS accumulation, overexpression of certain
enzymes of the tetrapyrrole pathway can also be used
to create fluorescent phenotypes. The most striking
example is uroporphyrinogen Il methyltransferase
(CobA) from Propionibacterium freudenreichii [38,39].
Overexpression of cobA in E. coli, yeast, and even
mammalian cells leads to the accumulation of
fluorescent precorrins, making the cells bright red under
ultravioletillumination [38,39]. Similarly, overexpression
of a truncated variant of cysG (cysGA) from E. coli,
encoding only the methyltransferase domain, leads to
an analogous effect [38]. These observations formed
the basis for the use of CobA and CysGA as reporters
of gene expression that do not require the addition of
an exogenous substrate. Notably, the red fluorescence
generated by these systems has an advantage over
green fluorescent protein (GFP), since the level of
autofluorescence of cells and nutrient media is lower in
the red region of the spectrum [39].

Thus, the spectrum of tetrapyrrole metabolism
enzymes whose activity modulation leads to the
accumulation of fluorescent intermediates is quite
broad. It includes ferrochelatase (HemH), oxygen-
independent coproporphyrinogen Il oxidase (HemN),
oxygen-dependent coproporphyrinogen |l oxidase

(HemY), uroporphyrinogen [l methyltransferases
(CobA and CysGA), and the auxiliary protein HemQ in
gram-positive bacteria. Fig. 2 presents the metabolic
pathways involving these enzymes in mycobacteria.
Each of these enzymes represents a potential target
for targeted inhibition to induce the accumulation of
endogenous PS, which can be used for PDI of bacteria.
Given that many of these enzymes are absentin humans
(for example, HemQ and HemN), such an approach
can provide selectivity of antibacterial action, which
is especially important for the treatment of infections
caused by pathogens with multidrug resistance.

Photodynamic inactivation of mycobacteria
and other bacteria in vitro using endogenous
tetrapyrroles

PDI, which forms the basis of aPDT, is a method of
destroying microorganisms based on the combined
application of a PS and light of an appropriate
wavelength.In the presence of oxygen, the PS generates
ROS that nonspecifically damage cellular structures,
causing the death of the pathogen regardless of its
drug resistance [9,10,40]. A key advantage of PDI
over traditional antibiotics is that its action does not
depend on the presence of specific targets, and it is
therefore effective against both antibiotic-resistant and
metabolically low-active persisting forms of bacteria
[9]. Of particular interest is the use of endogenous
PS, mainly porphyrins and their derivatives, which
accumulate in bacterial cells either in response to stress
influences or as a result of the addition of an exogenous
precursor (ALA) of their biosynthesis [9,40].

The first experimental confirmations of the
effectiveness of PDI using endogenous porphyrins
were obtained on a model of dormant cells of
Mycolicibacterium smegmatis, a fast-growing relative
of M. tuberculosis that accumulates endogenous
porphyrins (see above) [20,41]. Irradiation of such
cells with light at wavelengths of 395 nm and 575 nm,
which correspond to the main absorption maxima of
porphyrins, led to effective inactivation of dormant
bacteria already within 15-30 min, whereas actively
growing cells that do not accumulate porphyrins
remained resistant to light exposure [41,42]. This result
was of fundamental importance, since it demonstrated
for the first time the possibility of selective killing of
dormant mycobacteria using their own metabolites
without the addition of exogenous PS.

Subsequent studies were aimed at enhancing
the accumulation of endogenous porphyrins and
increasing the efficiency of PDI. Increasing the
concentration of magnesium ions (up to 25 mM) and
zinc ions (up to 62 uM) in the cultivation medium of
M. smegmatis significantly increases the production of
endogenous porphyrins in dormant mycobacteria [43].
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In the absorption spectra of extracts from such cells, an
additional shoulder appeared in the long-wavelength
region of the Soret band, which was interpreted as
the formation of Zn-porphyrin. Fluorescence analysis
confirmed the presence of a mixture of free porphyrin
(maxima at 620 and 685 nm) and Zn-porphyrin
(maximum at 580 nm) [43]. Cells grown at elevated
metal concentrations demonstrated substantially
higher photosensitivity, especially after phagocytosis
by macrophages, which brings the experimental
conditions closer to the situation inside the host
organism [43].

The most impressive results were obtained on the
pathogen itself, M. tuberculosis. Dormant forms of
M. tuberculosis obtained in the acidification model
accumulate free porphyrins and their Zn complexes,
especially when ALAisadded to the cultivation medium.
Transcriptomic analysis revealed activation of eight
genes involved in tetrapyrrole metabolism during the
transition of M. tuberculosis to the dormant state, which
explains the observed porphyrin accumulation [14]. The
viability of dormant M. tuberculosis decreased by more
than 99.99% upon irradiation with 565 nm light (300
J/cm? for 30 min), a wavelength corresponding to the
absorption bands of Zn-porphyrin and coproporphyrin
[14]. Interestingly, actively growing mycobacteria in
vitro did not exhibit photosensitivity. However, after
infecting macrophages and persisting inside them
for several days in the presence of ALA, active M.
tuberculosis cells also acquired pronounced sensitivity
to light (viability reduction of ~99.99%) [14]. This result
has important practical significance, since it shows that
even actively growing bacteria can become targets
of PDI after entering phagocytes in the presence of a
porphyrin precursor.

Analysis of the literature allows two main groups of
bacteria to be distinguished for which the effectiveness
of PDI based on endogenous porphyrins has been
demonstrated. The first group comprises bacteria that
naturallyproduceporphyrinsduringnormalmetabolism.
The most well-known and clinically applied example
is Propionibacterium acnes (Cutibacterium acnes), a
bacterium that plays a key role in the pathogenesis
of acne. These microorganisms naturally produce
significant amounts of porphyrins, predominantly
coproporphyrin, in the stationary growth phase. In the
classical work of H. Ashkenazi et al., it was shown that
the porphyrins produced by P. acnes were identified as
coproporphyrin based on HPLC data, and the addition
of ALA enhanced intracellular porphyrin synthesis [44].
The viability of 24-hour cultures decreased by less than
two orders of magnitude upon a single irradiation
dose of 75 J/cm? and the best effect was achieved
with 2-3-fold irradiation at 24-hour intervals [44]. This
phenomenon formed the basis of the blue light therapy

of acne (415 nm) widely used today: P. acnes synthesizes
protoporphyrin and coproporphyrin as part of normal
metabolism, and these endogenous porphyrins achieve
optimal photoexcitation upon irradiation with 407-420
nm light [45]. Blue light provides selective destruction
of porphyrin-producing bacteria without significant
damage to surrounding tissues, making this method
safe and effective for the treatment of acne.

Natural porphyrin producers also include oral
periodontopathogens:  Aggregatibacter  actinomy-
cetemcomitans and Porphyromonas gingivalis [46,47]. It
has been shown that P. gingivalis cells in liquid medium
are effectively inactivated by 460 nm LED irradiation,
achieving a reduction in CFU count of approximately
4 orders of magnitude at a dose of 100 J/cm? [47].
Early work by N.S. Soukos et al. showed that bacteria
(Prevotella intermedia, P. nigrescens, P. melaninogenica,
and Porphyromonas gingivalis) colonizing the oral
cavity and forming black pigment contain large
amounts of endogenous porphyrins (predominantly
protoporphyrin IX) and are killed by visible light both
in pure cultures and in dental plaque samples [48]. In
A. actinomycetemcomitans, both porphyrins and flavins
have been detected as endogenous PS [46].

The second group comprises bacteria that become
photosensitive only after artificial stimulation of
porphyrin synthesis by exogenous ALA. F. Gabor et al.
showed that treatment with ALA followed by irradiation
with white light effectively inactivates E. coli cells (gram-
negative bacteria) but has no noticeable effect on
Enterococcus hirae (gram-positive cocci) [49]. Upon the
addition of ALA (50 pg/ml), significant accumulation of
porphyrins inside cells of both species was observed. In
S.aureus, uroporphyrin accumulated intracellularly with
coproporphyrin released into the medium; in E. coli,
uroporphyrin and protoporphyrin accumulated inside
cells with coproporphyrin and protoporphyrin released
outward [49]. The most effective photoinactivation of
these species was achieved with blue light (400-450
nm) at a dose of about 50 J/cm?; S. aureus proved more
sensitive than E. coli [49].

Amongotherbacteriasensitized by ALA, Helicobacter
pylori should be noted, which is the causal agent of
gastric ulcer and gastritis development and which,
as it turned out, accumulates significant amounts of
coproporphyrin and protoporphyrin IX both in cells
and in the growth medium in vitro. This feature made
it possible to perform PDI of such cells with a reduction
in viable cell concentration of more than 5 orders of
magnitude after illumination with low doses of visible
light (blue/violet light being most effective) [50]. The
degree of killing increased with culture age and was
higher than that of P. acnes [50]. This work formed the
basis of clinical trials of intragastric phototherapy of H.
pylori with 408 nm violet light [51].
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Moreover, H. pylori cells proved sensitive to PDI also
as part of biofilms, which is important for the prospects
of applying this method in vivo [52]. In this regard,
attempts were made to eradicate H. pylori in patients
with peptic ulcer disease using endoscopic techniques
with illumination of certain areas of the gastric mucosa
with blue light (405 nm). Before and after PDI, titers of
viable bacteria in biopsy samples were assessed. The
obtained reduction in the number of H. pylori colonies
per gram of tissue between treated and control areas
averaged 91% (1-2 orders of magnitude), which is
substantially inferior to the bactericidal effect observed
in vitro on pure cultures. Nevertheless, given the
localization of the pathogen in the submucosal layer,
this result should be regarded as encouraging and
promising for further research [53]. In a subsequent
work using an endoscopic balloon allowing wide-field
illumination at 408 nm, it was found that the most
sensitive zone for H. pylori eradication is the antral
region of the stomach, while the least sensitive is the
gastric fundus. This may be related to unequal light
penetration into different regions or to differences in
porphyrin content in the pathogen in different parts of
the stomach [51].

For Pseudomonas aeruginosa, it was shown that
incubation with ALA led to enhanced accumulation
of protoporphyrin; however, the main part of ALA was
converted into non-fluorescent and photodynamically
inactive porphyrinogens [54]. Protoporphyrin IX
endogenously produced by P aeruginosa has five
absorption bands (405, 505, 542, 580, and 631 nm) that
can be used for PDI [55]. The authors demonstrated that
excitation with a blue LED at 418 nm is most effective,
which is explained by the maximum overlap of the
source emission spectrum with the absorption band of
protoporphyrin IX. These data confirm the fundamental
possibility of using endogenous protoporphyrin 1X
for PDI of pathogens and indicate the need to select
optimal irradiation wavelengths for each specific
microorganism.

For Salmonella enterica, it was shown that an
increasing amount of endogenously produced
porphyrins does not guarantee a proportional decrease
in cell survival; moreover, the presence of endogenous
porphyrins released into the medium causes secondary
sensitization of cells and produces a noticeably
stronger photoinactivating effect [56]. For Haemophilus
parainfluenzae, it was shown that upon incubation
with increasing amounts of ALA, survival decreased
after irradiation with 630 nm light, whereas no effect
was observed without the addition of ALA [57]. The
formation of dormant cells of Corynebacterium jeikeium
upon acidification of the medium in the stationary
phase, followed by stimulation of endogenous
porphyrin synthesis, is accompanied by an increase in

sensitivity to PDI [58], which confirms the universality
of the phenomenon of porphyrin accumulation during
the transition to the dormant state in actinobacteria.
For Corynebacterium diphtheriae, a predominance
of coproporphyrin Ill and a positive correlation of
porphyrin production with biofilm formation were
found [59], which opens prospects for the use of PDI in
combating biofilm infections.

The potential of endogenous porphyrins produced
by Corynebacterium diphtheriae as PS for PDI was
studied. Qualitative analysis revealed the presence of
porphyrins in all studied strains, with a predominance
of coproporphyrin Ill. The addition of ALA enhanced
porphyrin production, which was confirmed by an
increase in fluorescence intensity. Furthermore, analysis
using high-performance liquid chromatography
with diode-array and mass spectrometric detection
confirmed the presence of coproporphyrin Il and
protoporphyrin IX in all strains; the addition of ALA did
not change the porphyrin profile. Quantitative analysis
showed that strain-dependent levels of coproporphyrin
[l significantly increased upon the addition of ALA. In
addition, biofilm formation positively correlated with
porphyrin production, suggesting their role in biofilm
formation [59]. Photoinactivation experiments showed
that strains responded differently to light irradiation,
and the addition of ALA reduced the time required for
a significant reduction in CFU/ml. Moreover, survival in
biofilms exceeded that of planktonic cells, highlighting
the complexity posed by biofilm structure with respect
to PDI efficiency. Despite the observed variability in
response, all strains demonstrated reduced viability
after light irradiation, confirming the potential of
endogenous porphyrins for application in antimicrobial
photoinactivation [59]. In a recent review, A. Zdubek
and I. Maliszewska provide numerous examples of
successful application of ALA-induced PDI for killing
a wide range of pathogens, including bacteria, fungi,
yeasts, and parasites [40]. Clinical applications of
this technique include the treatment of ulcers and
disinfection of dental root canals [40].

An important direction of research is the elucidation
of the molecular targets of PDI. A proteomic profiling
analysis of dormant M. smegmatis cells before and after
irradiation was performed using SDS-electrophoresis
and MALDI-TOF mass spectrometry. It was found that
already after 5 min of irradiation, 45.2% of individual
proteins disappear from the separating gel, and
after 15 min, 63.9% [43]. Among the light-sensitive
proteins were enzymes of the glycolytic pathway,
the tricarboxylic acid cycle, the pentose phosphate
pathway, oxidative phosphorylation, and energy
production. Proteins involved in protection against
oxygen stress and protein aggregation were also
identified [43]. PDI causes inhibition of respiratory
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chain activity and destroys enzymes necessary for
protein and nucleic acid synthesis, processes critically
important for the reactivation of dormant bacterial cells
and their transition to an actively growing state [14,43].

Other endogenous PS of bacteria: flavins, NADH,
and lumichrome

Along with porphyrins, other cellular components
can also act as endogenous PS. Understanding the
involvement of these compounds is important for
explaining species-specific differences in bacterial
sensitivity to PDI and for optimizing aPDT protocols
[60].

The most studied alternative PS are riboflavin
(vitamin B,) derivatives, including flavin
mononucleotide (FMN) and flavin adenine dinucleotide
(FAD). Flavins have characteristic absorption bands in
the blue region of the spectrum, predominantly around
450 nm, and play a key role in cellular metabolism as
cofactors of redox enzymes [60]. According to current
understanding, antimicrobial blue light (aBL, 400-470
nm) activates endogenous flavins, which generate ROS
causing oxidative damage to membranes, proteins,
and metabolic pathways [61]. This mechanism does
not require the addition of exogenous PS, making
aBL an attractive approach for combating infections
[60,61]. Thus, in the work of V.Y. Plavskii et al., it was
shown that both porphyrins and flavins are acceptors
of optical radiation in the blue region of the spectrum,
determining the photoinactivation of microbial cells
[62]. The authors demonstrated that flavins make a
significant contribution to the photodynamic effect
upon irradiation in the 400-450 nm range, especially in
bacteria with a low content of endogenous porphyrins
[62].This confirmsthatflavinsareimportantendogenous
PS whose action is not limited to porphyrin-producing
species.

However, studies on enterococcihave shown thatthe
picture of endogenous PS may be more complex. Studies
on Enterococcus moraviensis, which are considered not
to contain free porphyrins, showed that irradiation with
405 nm light nevertheless effectively inactivates these
bacteria, and significantly more strongly than 450 nm
light [63]. Fluorescence analysis revealed the absence
of free porphyrins but the presence of spectra of NADH
and lumichrome, a product of flavin photodegradation
[63]. The authors suggest that it is lumichrome or NADH
that may be responsible for photoinactivation at 405
nm in porphyrin-deficient bacteria [63]. Since NADH
and flavins are present in all microorganisms, their
photoproducts may participate in photoinactivation
processes in other bacterial species as well [63].

This finding is important because it expands the
range of potential endogenous targets for PDI and
explains why some porphyrin-deficient bacteria

nevertheless exhibit photosensitivity. In a recent
review devoted to the mechanisms and determinants
of bacterial sensitivity to antimicrobial blue light, it is
concluded that, in addition to porphyrins, flavins and
bacterial pigments can act as PS [60]. The diversity
of endogenous chromophores explains the species-
dependent sensitivity of bacteria to light exposure
and emphasizes the need for a comprehensive
approach to assessing the photosensitizing potential of
microorganisms.

It should be noted that the use of endogenous PS
to combat bacterial infections remains a subject of
active research. Unlike exogenous PS used in clinical
practice, which require separate consideration and may
possess toxicity, endogenous compounds (porphyrins,
flavins, NADH, lumichrome) are initially present in cells,
which opens possibilities for selective action. Further
research should be aimed at a detailed study of the
photophysical properties of these compounds, their
intracellular localization and concentration in various
physiological states of bacteria, and the optimization of
irradiation regimens to achieve maximum inactivation
efficiency with minimal damage to host tissues.

Limitations and unresolved issues

Despite the significant potential of aPDT using
endogenous PS, the proposed approach has a number
of fundamental limitations that must be taken into
account when assessing its clinical applicability.

The main obstacle to the application of aPDT in
pulmonary tuberculosis is the limited depth of light
penetration into biological tissues. For optimal light
penetration into biological tissues, it is necessary to
use wavelengths in the so-called “optical transparency
window” (or therapeutic window), which lies in the
range from ~600 to ~1300 nm. In thisrange, absorption
by endogenous tissue chromophores (hemoglobin,
melanin, water) is minimal, ensuring maximum depth
of light penetration. However, the main absorption
maxima of porphyrins (primarily the Soret band) lie
in the blue-violet region of the spectrum (~400-420
nm), and they also have less intense Q-bands in the
green and red regions (~500-650 nm). Flavins also
absorb predominantly in the blue region (~450 nm).
Radiation in the blue-violet range penetrates lung
tissue extremely poorly, making direct irradiation of
deeply located foci practically impossible without
invasive methods. For visible light, especially in the
blue and green regions of the spectrum (405-565
nm), in which endogenous porphyrins and flavins
predominantly absorb, the depth of penetration into
tissue is only from a few hundred micrometers to
several millimeters.

The lungs represent a heterogeneous and complex
environment. Airways, alveoli, blood vessels, and fibrous

50

BIOMEDICAL PHOTONICS T. 15, N2 3/2026



Shleeva M.0., Bagaeva D.I., Kasatkina S.I., Kaprelyants A.S., Savitsky A.P.
Potential of endogenous photosensitizers in photodynamic therapy of mycobacterial infections

granuloma tissue create unique challenges for light
delivery. Deeply located granulomas characteristic of
tuberculosis may be at a considerable distance from the
lung surface. Effective action on the pathogen localized
in them requires the use of invasive techniques,
such as bronchoscopy with fiber-optic probes. The
latter approach may be applicable for localized foci
but presents significant difficulties for disseminated
processes.

One possible solution is the development of two-
photon or multiphoton excitation approaches, as well
as the use of combination with optical tissue clearing
methods [10].

In the case of systemic ALA administration to
induce endogenous PS, it will be absorbed not only by
bacterial cells but also by cells of the macroorganism,
which are also capable of synthesizing protoporphyrin
IX from ALA. Although protoporphyrin IX is normally
rapidly converted to heme by ferrochelatase, in some
cases (tumor cells) its excessive accumulation in host
cells is observed. In the context of aPDT, this can lead to
phototoxicity of healthy tissues upon light irradiation.
Furthermore, macrophages infected with mycobacteria
and accumulating porphyrins inside phagosomes
may also undergo oxidative damage upon irradiation
[14]. Potential side effects include phototoxicity of
surrounding epithelial and endothelial cells of the
lungs, as well as induction of an inflammatory response
mediated by ROS. To minimize risks, optimization of
irradiation regimens (duration, intensity, wavelength)
is necessary, as well as the development of strategies
for selective delivery of light to infected areas using
endoscopic or interventional control [10].

Thus, a key aspect is the differential accumulation
of endogenous PS in bacterial cells compared to host
cells. It has been shown that mycobacteria accumulate
porphyrins  (including TMC and Zn-porphyrins)
in the dormant state or during persistence inside
macrophages in the presence of ALA [14,20]. This
indicates potential selectivity. However, more in-depth
studies are needed to accurately assess the levels of
accumulation and clearance of PS in various types of
host and pathogen cells in vivo, as well as to identify the
mechanisms ensuring this selectivity.

To date, the vast majority of experimental data on
aPDT using endogenous PS have been obtained on
isolated bacterial cultures in vitro or on macrophage cell
lines [14, 41, 43]. Systematic studies in mouse models
of granulomatous tuberculosis (Cornell model, chronic
granulomatous models) assessing the accumulation of
endogenous porphyrins in granulomas in vivo, as well as
the efficiency of photoinactivation of persisting forms
of M. tuberculosis under conditions approximating
clinical ones, are practically absent. In the available
studies on mice with granulomatous lesions caused

by M. bovis BCG, exogenous PS were used, which
does not allow extrapolation of these results to the
endogenous approach. Studies are also needed on the
pharmacokinetics and tissue distribution of ALA and
endogenous porphyrins upon systemic or inhalation
administration, as well as on the long-term effects of
aPDT on the structural and functional state of lung
tissue. To minimize systemic phototoxicity, it may be
necessary to develop local methods of ALA delivery (for
example, inhalation forms for pulmonary tuberculosis)
or PS obtained through modulation of endogenous
synthesis that do not possess the ability to significantly
accumulate in healthy tissues of the macroorganism. In
addition, precise selection of light dose and irradiation
time plays a decisive role in achieving a therapeutic
effect while minimizing side effects.

As discussed in the section devoted to enzymatic
targets, a promising approach for inducing the
accumulation of fluorescent intermediates is the
modulation of the activity of enzymes such as
siroheme synthase CysG, ferrochelatase HemH,
coproporphyrinogen Il oxidase HemN, and
methyltransferase CPmtA. However, to date there are
no selective low-molecular-weight inhibitors of these
enzymes suitable for clinical use. The development of
such compounds, active against bacterial enzymes and
not affecting homologous host enzymes, is a complex
task requiring further structural and functional studies
[23, 28].

Thus, despite the promising results of preclinical
studies, the translation of aPDT using endogenous
PS into clinical practice requires solving fundamental
problems related to light delivery to deep foci of
infection, minimizing phototoxicity to host tissues,
obtaining convincing evidence of efficacy in adequate
animal models of granulomatous tuberculosis, and
developing selective pharmacological modulators of
tetrapyrrole metabolism.

Conclusion

Endogenous PS are represented in many bacterial
species, including mycobacteria, mainly in the form
of tetrapyrroles, as well as in the form of flavins,
NADH, and lumichrome. The accumulation of such
compounds inside the cell in sufficient quantities
allows bacteria to be inactivated using aPDT, which
has been demonstrated for both gram-positive and
gram-negative species. The most advanced research
in this area is associated with mycobacteria capable
of accumulating porphyrins either under special
physiological conditions or upon the addition of the
tetrapyrrole synthesis precursor ALA to the growth
medium. PDI using endogenous tetrapyrroles and
other compounds represents a promising strategy for
combating bacterial infections such as tuberculosis,
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Fig. 3. Mechanism of action and potential advantages of aPDT against Mycobacterium tuberculosis, including dormant forms and

multidrug-resistant (MDR) strains.

especially those caused by multidrug-resistant and
persisting forms of pathogens (Fig. 3).

The main advantages of the approach are: (1) the
absence of the need for exogenous PS, which solves the
problems of toxicity and the need for targeted delivery; (2)
selectivity of action, since porphyrin accumulation occurs
predominantly in bacterial cells in response to stress; (3) a
multiple mechanism of action (damage to proteins, lipids,
nucleic acids), excluding the development of resistance.
Further research should be aimed at optimizing irradiation
regimens for deeply located infections, as well as at
studying the possibility of combining PDI with traditional
anti-tuberculosis drugs for the eradication of both active
and latent forms of M. tuberculosis.
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