Regulatory Mechanisms
in Blosystems

Regulatory Mechanisms

in BilOosystems

Paclitaxel-induced neuropathy induces changes in oral cavity organs of rats
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The developmental mechanisms of pathological changes in the oral cavity organs, in particular, periodontal tissues and salivary
glands, were elucidated in the model of paclitaxel-induced neuropathy. Experimental studies were performed on 41 white nonlinear
rats of both sexes weighing 180220 g. Toxic neuropathy was modeled by intraperitoneal injection of paclitaxel (Actavis Ltd; series
5GN5122) 2 mg/kg for 4 days (0, 2, 4 and 6). The presence of paclitaxel-induced peripheral neuropathy was confirmed by the Ran-
dall-Selitto tensoalgometric test to determine the threshold of pain sensitivity. The total proteolytic activity, total antitryptic activity,
and the content of TBA-active products were determined in the homogenate of the rat submandibular and sublingual salivary glands
and periodontal soft tissues, content of oxidatively modified proteins, content of average mass molecules and catalase activity; o-
amylase activity was also determined in the salivary glands of animals, and the content of free fcose and glycosaminoglycans in
periodontal tissues. Paclitaxel-induced neuropathy causes the development of pathological changes in the oral cavity, in particular in
periodontal tissues and salivary glands of rats, as evidenced by impaired proteinase-inhibitory potential, intensification of carbonyl
oxidative stress, inhibition of protein synthetic function in salivary glands and increased depolymerization of non-collagenous pro-
teins in periodontal soft tissues.
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Introduction

Chemotherapy-induced peripheral neurotoxicity is one of the most
frequent and long-term side effects of cancer chemotherapy (Cavaletti
etal., 2014; Gordon-Williams & Farquhar-Smith, 2020), leading to the
development of peripheral neuropathy. Peripheral neuropathy is a nega-
tive consequence caused by several classes of commonly used anticancer
therapeutic agents that leads to dose reduction or discontinuation of che-
motherapy regimens, and its symptoms can persist long after the end of
chemotherapy and significantly reduce the quality of life of patients.
The differences in the clinical presentation of chemotherapy-induced
peripheral neurotoxicity across a wide variety of classifications of anti-
cancer drugs have given rise to numerous hypotheses that seek to explain
its pathogenesis (Flatters et al., 2017; Fukuda & Segal, 2017). Despite its
relevance, widespread occurrence, and extensive research, the pathophy-
siology of chemotherapy-induced peripheral neuropathy remains unclear.
In addition, there is no unequivocal gold standard for the prevention and
treatment of chemotherapy-induced peripheral neurotoxicity. In order to
identify potential targets and approaches for prevention and treatment, it is
crucial to clarify the underlying mechanisms of chemotherapy-induced
peripheral neurotoxicity (Flatters et al., 2017), in particular in the oral
cavity. There is no consensus on the molecular mechanisms that contribu-
te to the development of chemotherapy-induced peripheral neurotoxicity.

Paclitaxel is a chemotherapeutic agent widely used for the treatment
of breast, ovarian, small cell and non-small cell lung, stomach, esophageal,
bladder, head and neck, pancreatic, Kaposi’s sarcoma, and melanoma
cancers (Duggett et al., 2017). The widespread clinical use of paclitaxel is
hampered by the development of peripheral neuropathy, which remains
the main side effect that limits its use (Eldridge et al., 2019), in particular,
patients report numbness, tingling, spontaneous pain and pain caused by
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mechanical and cold stimuli in the hands and feet, facial lesions (Dougher-
ty et al., 2004; Boyette-Davis et al., 2012; Pachman et al., 2016). A meta-
analysis (Hershman et al., 2014) showed that paclitaxel-induced peripheral
neuropathy affects 44% to 98% of patients and can contribute to the dis-
abling pain syndrome resulting from cancer chemotherapy. In addition,
neuropathy can persist for several months or years after the end of pacli-
taxel chemotherapy (van den Bent et al., 1997; Seretny et al., 2014). Thus,
paclitaxel treatment is an important cause of sensory impairment and
chronic pain, significantly affecting the quality of life of cancer patients
(Tofthagen et al., 2013).

Paclitaxel is known to interact with B-tubulin of microtubules in the
cell cytoskeleton, inhibiting dynamic polymerization and depolymeriza-
tion, which leads to their stabilization and cell cycle arrest and death. Stabi-
lization of microtubules is the main mechanism of action of taxanes and is
responsible for their antitumour activity (Gomstein & Schwarz, 2017).
Although it has been proposed that this mechanism causes neurotoxicity
through impaired axonal transport, a growing body of evidence suggests a
number of additional mechanisms, including impaired neuronal and glial
cell metabolism, mitochondrial dysfunction, oxidative stress, and neuroin-
flammation, underlie the development of paclitaxel-induced neuropathy
(Chuaetal., 2021).

The aim of the study was to investigate the effect of paclitaxel-indu-
ced peripheral neuropathy on the development of pathological changes in
the organs and tissues of the oral cavity of animals.

Materials and methods
Experimental studies were performed on 41 white nonlinear rats of

both sexes weighing 180220 g. The research was conducted at the scien-
tific laboratory of the Department of Bioorganic and Biological Chemistry
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of PSMU and the research laboratory of the Institute of Biology and Me-
dicine of Taras Shevchenko National University of Kyiv. The experi-
ments were conducted in accordance with the standards of the 1997
Council of Europe Convention on Bioethics, the European Convention
for the Protection of Vertebrate Animals Used for Experimental and Other
Scientific Purposes, and the general ethical principles of animal experi-
mentation approved by the First National Congress of Ukraine on Bio-
ethics. Toxic neuropathy was modeled by intraperitoneal injection of pac-
litaxel (Actavis Ltd; SGN5122 series) 2 mg/kg for 4 days (0, 2, 4 and 6)
(Pachman et al., 2016). The presence of paclitaxel-induced peripheral
neuropathy was confirmed by the Randall-Selitto method (Randall &
Selitto, 1957; Santos-Nogueira et al., 2012) by examining the pain sensi-
tivity threshold (PST), the average value of which, determined before the
start of neuropathy modeling, was taken as 100%. The PST in experimen-
tal animals was measured before paclitaxel administration (day zero), on
days 16 and 25 after the first injection of the drug. Throughout the experi-
ment, the animals were kept on a standard vivarium diet. The objects of
the study were the submandibular, sublingual salivary glands of rats and
periodontal soft tissues, in the homogenate of which the total proteolytic
activity (Ugolev, 1969) and total antitryptic activity (Veremeenko, 1988)
were determined. The pro- and antioxidant balance of the studied tissues
and organs was assessed by determining the content of TBA-active pro-
ducts (Stalnaya, 1977), the content of oxidatively modified proteins (Du-
binina et al., 1995), the content of medium molecular weight molecules
(Kaidashev, 2003) and catalase activity (Korolyuk et al., 1988). The activi-
ty of a-amylase was determined in the salivary glands of animals (Cara-
way, 1959), and the content of free fucose (Sharaev et al., 1997) and gly-
cosaminoglycans (Sharaev et al., 1987) in periodontal soft tissues. The
animals were withdrawn from the experiment by bleeding under thiopen-
tal anesthesia. The obtained results of the experimental studies were ana-
lyzed using the methods of variation statistics. To test the distribution for
normality, the Shapiro-Wilk test was used. If the data corresponded to a
normal distribution, the reliability of their difference when comparing
arithmetic means was determined using Student’s t-test for independent
samples; reliable data were considered to be those corresponding to P <
0.05. In the case when the data series were not subject to normal distribu-
tion, statistical processing was performed using the nonparametric method
— the Mann-Whitney test.

Results

We found that in experimental animals on day 16 after paclitaxel in-
jection, the PST increased by 39.0% (P < 0.01) compared with the initial
value; on day 25 after the first paclitaxel injection, the PST increased by
69.1% (P < 0.001) compared with day zero (Fig. 1). Thus, the results con-
firm the literature data that paclitaxel causes toxic polyneuropathy, in
which the speed of impulses along the nerve fiber decreases.
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Fig. 1. Pain sensitivity threshold of (%) measured by the Randall-Selitto
test in rats with paclitaxel modeling of toxic neuropathy: ** —P <0.01,
**%k _ P <(.001 compared to day 0 (before paclitaxel administration)

In the conditions of paclitaxel-induced neuropathy, we found an im-
balance of proteinase-inhibitory potential in periodontal tissues and sali-
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vary glands of rats, as evidenced by a decrease in total proteolytic activity
against the background of a probable increase in proteinase inhibitors
(Tables 1 and 2).

Table 1

Changes in biochemical parameters of salivary glands of rats

after administration of 2 mg/kg paclitaxel for 4 days (0, 2, 4 and 6)
and development of toxic neuropathy

Biochermical parameers Control  Paclitaxel-induced
(n=10) neuropathy (n=21)
Total proteolytic activity, pg/g-min 333+0.06 2.79+0.19
Total antitryptic activity, g/kg 3264174  5594+653"
a-amylase activity, mg/sL 388+467 2375+161
Content of TBA-reactants, pmol/g 425+072  962+1.14°
Content of molecules of average mass, units 0.294+0.001  0.414+0.002°
Content of oxidatively modified proteins, unit 034+0002  046+0.003"
Catalase activity, pcat/g-min 0.74+0003  0.35+0.005"

Note: * —P <0.05 compared with animals of the control group.

Under the conditions of paclitaxel-induced neuropathy modeling, the
activity of a-amylase in the salivary glands of rats significantly decreased
by 1.60 times compared with control animals (Table 1), indicating inhibi-
tion of protein synthetic activity of the salivary glands.

Analyzing the development of carbonyl-oxidative stress in the sali-
vary glands of rats under these conditions, we found a 1.40-times increase
in the content of oxidatively modified proteins, 1.41-times increase in the
content of medium-molecular weight molecules, and 2.32-times increase
in the content of TBA-reactive substances compared to these indicators in
control animals (Table 1). The activity of catalase in the submandibular
and hyoid salivary glands of rats under conditions of toxic neuropathy was
significantly reduced by 2.11 times compared to the control (Table 1).
The content of oxidatively modified proteins in the soft tissues of the rat
periodontium increased by 1.40 times and the content of TBA-reactants
by 1.33 times compared with these values in the control group. The activi-
ty of catalase in periodontal tissues of animals modeled with toxic neuro-
pathy significantly increased compared to the control (Table 2).

Thus, the modeling of paclitaxel-induced neuropathy is accompanied
by the development of carbonyl-oxidative stress in the salivary glands and
periodontal tissues of rats.

Table 2

Changes in biochemical parameters of periodontal soft tissues of rats
after administration of 2 mg/kg paclitaxel for 4 days (0, 2, 4 and 6)
and development of toxic neuropathy

Control Paclitaxel-induced
Biochemical parameters _ neuropathy (n=
n=10) 21)
Total proteolytic activity, pg/g-min 345004  3.16+006
Total antitryptic activity, gkg 33.19+165 41.65+1.07
Content of TBA-reactants, pmol/g 238+011  3.17+0.18
The content of molecules of average mass, units 029001  033+0.02"
The content of oxidatively modified proteins, units  1.35+0.09  1.89+0.03"
Catalase activity, pcat/g-min 027+004  038+003"
Glycosaminoglycans content, pmol/g 061£0.005 232+0067
Fucose content, ymol/g 793+0.19  10.61+038

Note: see Table 1.

Analyzing the non-collagenous proteins of the extracellular matrix of
the periodontal connective tissue of animals with toxic neuropathy, we
found a significant increase in the content of glycosaminoglycans by
3.81 times and in the content of free fucose by 1.32 times compared with
these indicators in control rats (Table 2).

Discussion

Paclitaxel-induced neuropathy promotes the development of carbo-
nyl-oxidative stress in the salivary glands and periodontal tissues of rats.
Stabilization of microtubules has been proposed as a potential cause of
axonal degeneration, but most studies suggest other mechanisms involved
in the development of paclitaxel neurotoxicity. /n vitro and in vivo obser-
vations indicate the development of mitochondrial dysfunction, which re-
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sults in the development of oxidative stress, which also contributes to
nerve damage and is the main cause of axonal degeneration due to the
formation of reactive oxygen species. Numerous experimental studies
have shown that chemotherapy causes oxidative stress in patients (Gor-
don-Williams & Farquhar-Smith, 2020), treatment of rat dorsal root gan-
glia neural stem cells with taxane increased ROS production and oxidative
stress, while reducing mitochondrial metabolic activity, membrane poten-
tial and antioxidant bioavailability (McCormick et al., 2016; Shim et al.,
2019). Duggett et al. (2016) and Duggett et al. (2017) substantiated the
development of mitochondrial dysfinction and paclitaxel-induced in-
creased production of reactive oxygen species and nitrogen, which, in their
opinion, are important factors in neuropathic pain and neurotoxicity.

Oxidative stress-mediated neurodegeneration can occur through hy-
poergosis, depletion of antioxidant defenses, stabilization of cytoskeletal
microtubules, ion channel activation, demyelination, neuroinflammation,
and neuronal apoptosis (Areti et al., 2014; Staff et al., 2020; Klein &
Lehmann, 2021).

In the context of paclitaxel-induced neuropathy, we found an imba-
lance of proteinase-inhibitory potential in rat periodontal tissues and sali-
vary glands, as evidenced by a decrease in total proteolytic activity against
the background of a probable increase in proteinase inhibitors. Lisse et al.
(2016) proved that MMP-13 mediates axonal degeneration in the experi-
ment, as its activity increases during paclitaxel administration, and its
selective inhibition prevents axonal degeneration. Pharmacological inhibi-
tion of MMP-13 by intraperitoneal injection or topical application to the
paw pad of rats prevented paclitaxel-induced neuropathy based on me-
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chanical and cold hypersensitivity studies (Lisse et al., 2016). MMP-13 is
amajor inducer of axonal degeneration (Cirrincione et al., 2020).

By studying informative biochemical markers of the integrity of fu-
coproteins and proteoglycans of the extracellular matrix of periodontal
connective tissue in rats modeling paclitaxel-induced neuropathy, we
found a significant increase in the content of free fucose and glycosami-
noglycans compared to these indicators in the control. Thus, under the
conditions of toxic neuropathy, there is an increased catabolism of poly-
mers of the periodontal connective tissue of rats. In our opinion, the in-
creased degradation of non-collagenous proteins of periodontal tissues
under conditions of paclitaxel-induced neuropathy is caused by oxidative
stress and inflammation. The results of studies by Al-Mazidi et al. (2017)
indicate that cytokines/chemokines, the level of which increased in blood
plasma in paclitaxel-treated rats, are involved in the pathophysiology of
neurotoxicity and the development of neuropathic pain. The authors argue
that the release of cytokines, rather than nerve damage, may be the cause
of neuropathy in this model. Nevertheless, their results suggest that strate-
gies aimed specifically at inhibiting cytokines or using antagonists of their
receptors may be effective in treating paclitaxel-induced neurotoxicity.
Paclitaxel induces inflammation through the release of cytokines and
chemokines, in particular interleukin-1, interleukin-8 and tumour necro-
sis factor a (Ji et al., 2013) and infiltration by non-resident macrophages,
and this inflammatory response leads to neuropathic pain (Zhang et al.,
2016). The same applies to interleukin-8 and its receptors, the inhibition of
which reduces nociception, as well as mechanical and cold hypersensitivi-
ty caused by paclitaxel (Laura et al., 2017).
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Fig. 2. Scheme of paclitaxel-induced neuropathy development, according to our own and literature sources

The pathophysiological processes caused by paclitaxel include in-
flammation, oxidative stress, loss of mainly epidermal nerve fibers, as well
as changes in mitochondrial function and excitability of peripheral neu-
rons. Paclitaxel has been shown to affect various cell types in the periphe-
ral and central nervous system, including dorsal root ganglion neurons,
Schwann cells, satellite glial cells, microglia, epidermis, and spinal astro-
cytes (Staff et al., 2020).

Conclusions
The administration of paclitaxel to rats promotes the development of
neurotoxicity and peripheral neuropathy, as evidenced by a significant

increase in the threshold of pain sensitivity. Paclitaxel-induced neuropathy
causes the development of pathological changes in the organs of the oral
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cavity, in particular, in the periodontal tissues and salivary glands of rats,
as evidenced by impaired proteinase-inhibitory potential, intensification of
carbonyl-oxidative stress, inhibition of protein synthetic function in the
salivary glands and increased depolymerization of non-collagenous pro-
teins in the periodontal soft tissues.

The authors have no relevant financial or non-financial interests to disclose.
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