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Chemotherapy-induced peripheral neuropathy limits the efficacy of cisplatin and paclitaxel in cancer treatment. This
study characterized ultrastructural changes in the rat sciatic nerve on days 14 and 28 post-administration using transmission
electron microscopy. Adult male inbred rats (n=30/group) were divided into three groups: paclitaxel (2 mg/kg i.p., 4 injections
every other day, total 8 mg/kg), cisplatin (2 mg/kg i.p., twice weekly for 4 weeks, total 16 mg/kg), and combined treatment
(cisplatin 2 mg/kg i.p. at 37°C+paclitaxel 5 mg/kg i.v. weekly for 6 weeks; total cisplatin 12 mg/kg, paclitaxel 30 mg/kg). Nerve
fragments were fixed in 2°% osmium tetroxide, embedded in Epon/Araldite, and examined at x4800—x16000. Cisplatin induced
more severe degeneration than paclitaxel, including myelin destruction, axonal degeneration, and neuroglio-vascular swelling.
Damage progressed from day 14 to 28, revealing cumulative toxicity. Combined administration exerted synergistic effects,
disrupting the entire neuro-glio-vascular unit. Endothelial dysfunction emerged as the primary trigger. These findings underscore
the multifactorial nature of CIPN and the need for early neuroprotective interventions targeting vascular stability and mitochondrial
homeostasis. Basement membrane thickness increased from 158+19 nm (day 14, paclitaxel group) to 268+31 nm on day 28 in the
combined treatment group.

Key words: chemotherapy-induced peripheral neuropathy, cisplatin, paclitaxel, sciatic nerve, ultrastructure, electron
microscopy, rats.
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EJJEKTPOHHO-MIKPOCKOIIIYHA XAPAKTEPUCTHUKA JJUHAMIKHA YIIKOJXKEHb
CIJHUYHOI'O HEPBA LIIYPIB ITIPU IIUCIIJIATUH- I MAKJITAKCEJ-IHAYKOBAHIM
HEUPOTOKCHUYHOCTI

XimioTeparneBTUYHO iHIyKOBaHa MepudepuyHa Helpomarisi oOMexye epeKTHBHICTh LMCILIATHHY Ta MaKIiTakcely B
JIKyBaHHI 3JIOSKICHUX MyXJIMH. Y [[bOMY JOCII/DKEHHI 0XapaKTepH30BaHO YIBTPACTPYKTYPHi 3MiHH Y CITHUYHOMY HEpBi IypiB Ha
14-Ty Ta 28-My 100y Iicisl BBEICHHs IpenapariB i3 BUKOPHUCTaHHIM TPAHCMICIHHOT enekTpoHHOI Mikpockomii. CrareBo3pinux
camuiB Oinux iHOpesnux wmypiB (n=30 y KOXKHId rpymi) pO3MOALIMIM Ha TpU TpPymH: nHakiitakcen (2 Mr/kr
BHYTPIIIHBOOYSPEBUHHO, 4 iH’ €Ki Yyepe3 eHb, CyMapHa A03a 8§ MI/KT), UCIUIaTHH (2 MI/KT BHYTPIilIHBOOYEPEBUHHO, ABIYi Ha
THKICHD IPOTATOM 4 TIKHIB, CyMapHa J103a 16 MI/Kr) Ta OqHOYaCcHE BBEACHHS (IMCIUIATHH 2 MI/KT BHYTPIIIHBOOYEPEBUHHO TIPH
37°C + maxitiTakced 5 MI/KT BHYTpPIIIHBOBEHHO pa3 Ha TIDKACHb MPOTATOM 6 TIDKHIB; CyMapHi JO3W: LUCIUIATHH 12 MI/KT,
naxiitakcen 30 mr/kr). @parmentu HepsiB (ikcyBamu B 2°% TeTpokcuil ocMmiio, 3amuBanu B cMmoiau Epon812/Araldite Ta
nocmimkyBanu npu 30utemenHi x4800—x16000. [{ucrulaTiH cHpUYMHSAB OUIBII BHpaKeHY JeTeHepalilo, HiX IaKIiTaKcell,
BKJIIOYHO 3 JIECTPYKILIEI0 Mi€JliHy, aKCOHAJIBHOIO JEreHepalicio Ta HaOpsKoM HeHpOIIio-CyINHHUX KOMIUIEKCIB. BupaxeHicTh
VIIKO/DKEHb TocHimoBasiacs Bix 14-i mo 28-1 nobum, mio CBiIUMTH NMPO KyMYJIATHBHHN Xapakrep TokcnuHocTi. KomOGiHoBane
BBEICHHS Mall0 CHHEPridHHil eQeKT, MOpyLIyIoYH CTPYKTYPHY LITICHICTh YChOrO HEHpO-IIiO-CYIHHHOTO KOMILICKCY.
EnporenianbHa AuCQYHKIIS BHABUIACS IOYAaTKOBOIO JIAHKOIO IATOJIONIYHOTO Kackaay. OTpHUMaHi pe3yibraTH IiAKPECIOHTh
Oararodakropry npupony XIITH Ta HeoOXigHICT PaHHBOTO 3aCTOCYBAHHS HEHPONPOTEKTOPHUX CTPATETiH, CIPSMOBAaHUX Ha
cTabuTi3amiio CyqMHHOI CTIHKH Ta MiATPUMAaHHSI MiTOXOHAPiadbHOTO roMeocTtasy. ToBmmHa 0a3anbHOi MeMOpaHu 301TbITyBaacst
Bix 158+19 um (14-ta noba, rpyna nakiitakcery) 1o 268+31 um Ha 28-My 100y B rpyIi KOMOIHOBAHOTO JIIKYBaHHS.

KoniouoBi ciioBa: xiMioTepamneBTHYHO iHAyKOBaHa nepudepuuHa HeWpomaris, IICIUIATHH, MAKIITaKcell, CIAHMIHUI
HEpB, YJIBTPACTPYKTYpa, €IEKTPOHHA MIKPOCKOIIIS, LIy PH.

The study is a fragment of the research project “Morphofunctional changes in organs and body systems under the
influence of antitumor drugs and under conditions of their correction”, state registration No. 0121U111598.

Chemotherapy-induced peripheral neuropathy (CIPN) is one of the most frequent dose-limiting
toxicities associated with antitumor treatment and remains a major challenge in contemporary oncology.
Cisplatin and paclitaxel, integral components of therapeutic regimens for many solid tumors, demonstrate
well-documented neurotoxic potential that significantly affects patient functioning and quality of life. The
sciatic nerve provides a robust experimental model for characterizing these processes because its
neurogliovascular organization reflects the coordinated interactions of endothelial structures, Schwann
cells, and axons. Increasing evidence suggests that CIPN develops through the interplay of endothelial
dysfunction, mitochondrial damage, oxidative stress, and glial reactivity, forming a unified
pathophysiological cascade [13, 15].
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Paclitaxel disrupts axonal transport, destabilizes microtubules, and induces energetic failure in
sensory neurons, leading to progressive axonal degeneration and segmental myelin injury [2, 14]. Cisplatin,
in contrast, produces a pronounced vascular—endothelial pattern of neurotoxicity, characterized by
thickening of the basement membrane, endothelial thinning, increased micropinocytosis, venular
congestion, and secondary glial alterations [3, 8]. Both chemotherapeutic agents cause oxidative stress and
mitochondrial impairment that compromise neurofilament integrity and weaken axonal resistance to
metabolic overload [4, 9]. Although individual toxic effects of paclitaxel and cisplatin are well described,
studies addressing their combined action remain limited, despite the fact that such regimens are widely
applied in clinical oncology.

Recent conceptual models emphasize the neurogliovascular unit as an integrated target of
chemotoxic injury. Endothelial disruption is increasingly viewed as an initiating event that precedes axonal
degeneration and myelin fragmentation, creating conditions for cumulative and sustained neurotoxicity [1,
13]. Nevertheless, the temporal sequence of these events and the extent to which individual neurotoxic
mechanisms interact under combined exposure require further clarification. Detailed ultrastructural and
morphometric studies are crucial for understanding the progression of nerve injury and for defining
structural targets for early neuroprotective intervention.

Given the growing interest in pharmacological agents capable of stabilizing mitochondrial
function, reducing oxidative stress, or preserving endothelial integrity, establishing a precise morphological
basis for CIPN is essential. Comparative ultrastructural studies can provide the foundation for developing
rational strategies aimed at mitigating neurotoxicity during antitumor therapy.

The purpose of the study was to characterize and compare the temporal patterns of ultrastructural
injury to the sciatic nerve following paclitaxel, cisplatin, and combined administration.

Materials and methods. The study was conducted on sexually mature male white inbred rats
weighing 180-220 g at the beginning of the experiment. The animals were divided into three groups:
Paclitaxel group (2 mg/kg intraperitoneally, four injections every other day, total dose — 8 mg/kg) — control
group; Cisplatin group (2 mg/kg intraperitoneally, twice a week for four weeks, total dose — 16 mg/kg) —
control group; and a combination group (experimental group) in which animals received both
chemotherapeutic agents simultaneously: cisplatin at a dose of 2 mg/kg intraperitoneally (pre-warmed to
37 °C) and paclitaxel at a dose of 5 mg/kg intravenously via the tail vein once a week for six weeks (total
of six injections; cumulative doses — cisplatin 12 mg/kg, paclitaxel 30 mg/kg). Each group included
30 animals.

All animals were bred in the vivarium of Ivano-Frankivsk National Medical University and housed
under standard laboratory conditions (temperature 21+2 °C, humidity 55-60 %, 12 — hour light/dark cycle)
with free access to water and food. Before the experiment, all animals underwent a 7-day adaptation period.
Euthanasia was performed by inhalation of ether overdose. The experimental part of the study was
conducted from late March to April 2025. Drug administration began on 02 April 2025. Sciatic nerve
samples were collected on days 14 (16 April 2025) and 28 (30 April 2025) from the onset of chemotherapy,
when the most pronounced ultrastructural changes were observed.

Sampling of the sciatic nerve was carried out on the 14th and 28th days after the start of drug
administration. For electron microscopy, fragments of the lumbosacral spinal cord, spinal ganglia, and
sciatic nerve segments approximately 1 mm? in size were collected. Fixation was performed by immersion
in a 2 % aqueous solution of osmium tetroxide prepared in 0.1 M phosphate buffer (pH 7.4) for 2 hours.
Samples were washed three times in fresh buffer of the same molarity for 30 minutes each.

Dehydration was carried out in a graded series of ethanol solutions (50 %, 70 %, 90 %, and 100 %).
After preliminary staining with uranyl acetate, the samples were transferred into acetone and gradually
infiltrated with mixtures of acetone and epoxy resins (Epon and Araldite) in ratios of 3:1, 1:1, and 1:3.
Final embedding in epoxy resin was performed using a standard method, and polymerization of blocks
containing oriented fragments was conducted at +56 C for 24 hours.

To verify tissue orientation, semithin sections were prepared and stained with methylene blue.
Ultrathin sections were obtained using a UMTP-2M ultramicrotome, mounted on 1 mm copper grids, and
stained with uranyl acetate and lead citrate. Examination was performed on a PEM-125K transmission
electron microscope at magnifications of x4800—x16000 with subsequent photodocumentation.

All manipulations were carried out in accordance with the European Convention for the Protection
of Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg, 1986) and the
Helsinki Declaration (2013).

Morphometric analysis was performed using ImageJ 1.53k software (National Institutes of Health,
USA). On electron micrographs of epineurial capillaries (magnification x8600—x16000), the thickness of the
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basement membrane was measured at ten random perpendicular intersections in each of 3—5 images per group
and time point (30-50 measurements per group in total). Before measurement, the image scale was calibrated
using the microscope’s built-in scale bar. Results were expressed as mean + standard deviation (M+SD) [12].
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test in GraphPad
Prism 9.0 (GraphPad Software, USA). Differences were considered statistically significant at p<0.05.

All procedures were carried out in accordance with the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg, 1986) and the
Helsinki Declaration (2013). The study was approved by the Ethics Committee of Ivano-Frankivsk
National Medical University (Protocol No. 146/24 dated 26 September 2024). All animals remained alive
until the end of the experiment.

Results of the study and their discussion. Electron microscopy revealed marked and progressive
alterations in the structure of the sciatic nerve following the administration of cisplatin and paclitaxel,
demonstrating a distinct temporal pattern. By the 14th day of the experiment, early signs of toxic injury to
the neurogliovascular complex were already evident, while by the 28th day, there was a well-defined
picture of profound axonal destruction, vacuolization, demyelination, and vascular disorganization.

Structural abnormalities in the paclitaxel group were first evaluated on day 14 and day 28 (Fig. 1).

’ — A distinct thickening of
the capillary  basement
membrane was found,
together with cytoplasmic
condensation of endothelial
cells and narrowing of the
vascular lumen. By day 28,
dystrophic changes of
moderate  intensity = were
observed. Myelin sheaths
displayed focal delamination,
several axons  contained
vacuoles and swollen
mitochondria, and the
perivascular  space  was
moderately enlarged while the
perineurium remained intact.

" l*;ig(.1 1 .'U.lttrastt_ruc'tgre gg :}lllil rat s;:tiatic nT.I;ve i? tge pa.cltitaigel gr(%up (a - 14.th dz}y a}[fter Occasional perineural cells
pclinel o b2 s sl smiison) Tasmision e congainedarge  vacuols
1 — endothelial cell; 2 — small vacuoles; 3 — basement membrane; 4 — capillary; 5 — pericyte; 6 — reﬂectlng activation of
myelinated nerve fiber; 7 — unmyelinated nerve fiber. autolytic processes.
Further assessment of the cisplatin group demonstrated a different injury pattern (Fig. 2).
: s On day 14, markedly
dilated venules with congestion
were present in the epineurium.

The endothelium appeared

thinned and contained
numerous micropinocytic
vesicles and vacuoles.

Basement membranes were
thickened, and  pericyte
processes were deformed and
vacuolated. Adjacent Schwann
cells exhibited cytoplasmic
vacuolation and focal
destruction. By day 28,
profound destructive changes
were identified: axonal

Fig. 2. Ultrastructure of the rat sciatic nerve in the cisplatin group (a — 14th day after cavitation, fragmentation of
cisplatin administration; b — 28th day after cisplatin administration). Transmission electron  myelin lamellae into concentric

micrographs. Magnification: (a) x8600, (b) x6400. bodies disintegration of
1 — endothelium; 2 — vacuoles; 3 — micropinocytic vesicles; 4 — basement membrane; ?

5 — venule; 6 — pericyte; 7 — myelinated nerve fiber; 8 — intralamellar vacuoles; 9 — axonal Schwann-cell cytoplasm, and

cylinder; 10 — mitochondria. thinning or deformation of
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axonal cylinders. Small-diameter fibers remained relatively preserved, whereas medium- and large-diameter
fibers showed intralamellar vacuoles and uneven separation of inner and outer myelin layers.
In the combined cisplatin + paclitaxel group (Fig. 3), the severity of damage exceeded that observed
in either monotherapy group.
N On day 14, epineurial
venules were markedly
dilated and blood-
engorged, the endothelium
was thinned and actively
formed transendothelial
channels, and pericytes
displayed dystrophic
changes. By day 28,
myelin  sheaths  were
completely disorganized,
with numerous concentric
myelin figures. Axons
were significantly thinned,
and intralamellar vacuoles
filled with amorphous

. o ) o : material were prominent.

Fig. 3. Ultrastructure of the rat sciatic nerve in the cisplatin + paclitaxel group (a — 14th D ted mitochondri
day after simultaneous administration of cisplatin and paclitaxel; b — 28th day after simultaneous cgencrated mitochondria
administration of cisplatin and paclitaxel). Transmission electron micrographs. Magnification: (a) and abundant profiles of
%4800, (b) x4800. 1 — endothelial cell; 2 — vacuoles; 3 — basement membrane; 4 — venule; 5 — neuyrotubules and neuro-
pericyte; 6 — myelinated nerve fiber; 7 — axonal cylinder; 8 — mitochondria.

filaments were visible.

Morphometric analysis confirmed a statistically significant increase in the thickness of the capillary
basement membrane in all experimental groups, with the greatest thickening recorded after combined drug
administration. This parameter increased from moderately elevated values on day 14 to substantially higher
levels by day 28, indicating progressive impairment of microvascular integrity. Overall, the morphological
data demonstrate a consistent sequence of damage progressing from endothelial alterations to Schwann-
cell injury, axonal degeneration, and myelin breakdown.

Morphometric analysis quantitatively confirmed the qualitative observations. In all experimental
groups, a statistically significant increase in the thickness of the capillary basement membrane in the
epineurium was observed, indicating the development of microvascular dysfunction. The most pronounced
thickening was recorded in the group receiving the combined drug administration (Table 1).

Thickness of the capillary basement membrane in the epineurium of the rat sciatic nerve (M£SD, mﬁl;?)ble 1
Group Day 14 (nm) Day 28 (nm)
Paclitaxel 158+19 192423*
Cisplatin 178+22 235+£28%*
Combination 198+25%* 268+31%*

Notes: p<0.05; p<0.01 compared with the paclitaxel group at the corresponding time point (one-way ANOVA with Tukey’s
post hoc test, n = 40 measurements per group).

The obtained morphological data confirm that cisplatin and paclitaxel induce a sequential injury of
the neurogliovascular complex, progressing from capillary endothelium to axonal structures. Early
alterations exhibit a hypoxic—ischemic pattern (basement membrane thickening, luminal narrowing,
cytoplasmic condensation), whereas late changes reflect cumulative toxicity, characterized by myelin
destruction, axonal vacuolization, and mitochondrial degradation.

Thus, endothelial dysfunction represents the primary link in the formation of the neurogliovascular
cascade, ultimately resulting in axonal degeneration. This highlights the potential of early pharmacological
prevention aimed at stabilizing vascular endothelium and preserving glial and axonal integrity.

The obtained results can serve as a foundation for developing new approaches to the
pharmacological prevention of neurotoxicity.

The study focuses on morphological and ultrastructural evaluation and therefore does not include
functional parameters that could further clarify the relationship between structural alterations and the
development of neurotoxicity. Certain discrepancies from clinical conditions may arise due to species-
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specific characteristics of the experimental model. These aspects form a basis for further expansion of the
research.

The ultrastructural alterations identified in this study demonstrate that paclitaxel, cisplatin, and
their combined administration produce a spectrum of damage to the neurogliovascular complex, consistent
with the multifactorial mechanisms of CIPN. Early microvascular changes basement-membrane
thickening, endothelial thinning, increased micropinocytosis, and venular congestion indicate that vascular
dysfunction precedes neural degeneration. This concept aligns with the contemporary view that endothelial
impairment represents an initiating step in the development of CIPN, disrupting perfusion and promoting
hypoxic stress within peripheral nerves [3, 15].

The pattern of injury observed after paclitaxel administration reflects mechanisms described in
experimental and clinical studies of taxane neurotoxicity. Microtubule destabilization, axonal
vacuolization, and mitochondrial swelling correspond to the energetic failure and impaired axonal transport
previously documented in preclinical models [1, 2, 7, 11, 14]. The vacuolization of Schwann cells seen in
our material is consistent with glial susceptibility to paclitaxel-induced metabolic disturbances and altered
glia-neuron interactions [8]. Similar adaptive and degenerative responses were also noted in studies
evaluating paclitaxel-induced changes in other tissues, such as the oral cavity, emphasizing the systemic
toxicity of this agent [10].

Cisplatin produced a distinct vascular—endothelial pattern of injury. Pronounced thickening of the
basement membrane, luminal narrowing, and marked perivascular edema are characteristic features of
cisplatin-induced microvascular dysfunction. These findings correspond to previously described
mechanisms of endothelial compromise and inflammatory activation during platinum-based chemotherapy
[3, 4, 15]. The concurrent mitochondrial and cytoplasmic alterations in Schwann cells observed here
correlate with known cisplatin-induced oxidative and mitochondrial injury, which contribute to progressive
demyelination and axonal degeneration [9, 14]. Similar injury patterns have been reported in experimental
models of distal neuropathy, highlighting the generalizability of the cisplatin-damage cascade [5].

The most severe injury profile was recorded in the group receiving both cisplatin and paclitaxel.
Complete myelin disorganization, concentric myelin figures, intralamellar vacuolization, and marked
thinning of axonal cylinders indicate a cumulative and mutually potentiating effect on all components of
the neurogliovascular complex. These synergistic effects are consistent with the amplified mitochondrial
dysfunction and the impaired repair mechanisms described for combined chemotherapeutic exposure [8, 9,
14]. The sharp increase in basement-membrane thickness in this group further underscores the central role
of endothelial failure in intensifying neural injury.

Our morphometric data confirm findings from studies that focus on structural quantification of
myelinated fibers and capillary components. The observed increases in basement-membrane thickness align
with prior methodological work demonstrating the importance of standardized morphometric criteria for
assessing peripheral nerve injury [6]. The changes identified in medium- and large-diameter fibers correspond
to established models of CIPN in which both axonal and myelin components are targeted [8, 14].

Certain parallels can also be drawn with neuropathic alterations observed in unrelated metabolic
models, such as diabetic neuropathy, where glial swelling, basement-membrane thickening, and
microvascular dysfunction similarly contribute to progressive neural degradation [12]. These similarities
further support the concept that microcirculatory impairment and glial stress responses represent universal
pathways in the evolution of peripheral neuropathies.

Overall, the present findings support the multifactorial model of CIPN pathogenesis, integrating
microvascular dysfunction, glial reactivity, mitochondrial injury, cytoskeletal disruption, and cumulative
toxic effects. The sequential progression from endothelial impairment to axonal degeneration highlights
the neurogliovascular unit as an integrated target of chemotherapy-induced damage. This perspective
underscores the rationale for early neuroprotective interventions aimed at stabilizing vascular integrity,
supporting mitochondrial resilience, and preventing glial dysfunction [8, 15].

Conclusion

Cisplatin and paclitaxel cause progressive, cumulative injury to the sciatic nerve: by day 14,
microvascular and glial alterations predominate, whereas by day 28, profound axonal degeneration,
demyelination, and mitochondrial destruction are observed.

Cisplatin acts mainly through a vascular—endothelial pathway, while paclitaxel targets axonal and
glial structures; their combination produces a synergistic effect, leading to complete disorganization of the
neurogliovascular complex.

Morphometric analysis confirmed a statistically significant increase in capillary basement
membrane thickness - from 158+19 nm in the paclitaxel group to 178422 nm (cisplatin) and 198+25 nm
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(combination) on day 14, and up to 235428 nm and 268431 nm, respectively, on day 28 — quantitatively
demonstrating the central role of endothelial dysfunction.

The data substantiate the need for early neuroprotection in oncology patients through endothelial
stabilization and maintenance of mitochondrial homeostasis — representing a realistic strategy for
preventing chemotherapy-induced peripheral neuropathy.

Further research should focus on evaluating the neuroprotective efficacy of pioglitazone and
vortioxetine in models of cisplatin- and paclitaxel-induced neuropathy, supported by ultrastructural and
morphometric analyses.
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