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ABSTRACT - Objective: Chemotherapy-induced peripheral neuropathy (CIPN) is a common and debilitating
side effect of chemotherapeutic agents used in the treatment of cancer patients. Peripheral Neuropathy (PN)
may arise due to the disease itself or as a consequence of treatment with chemotherapeutic agents, such as pro-
teasome inhibitors, platinum-based compounds, and vinca alkaloids, which are widely known as CIPN. However,
the underlying mechanisms of CIPN remain poorly understood. The objective of this study was to investigate
the presence of CIPN in a rat model and identify potential biomarkers associated with the induction of neuronal
damage and consequent neuropathy.

Materials and Methods: CIPN was induced in experimental rats by administering Bortezomib (BTZ), Cisplatin
(CIS), and Vincristine (VIN). The onset and progression of CIPN in these rats were assessed by the Hot and Cold
plate experiments. The ELISA method was used to measure the levels of neuronal damage-related biomarkers
NSE, S100B, and inflammatory biomarkers IL-6, TNFa, and IL-10 using plasma and sciatic nerve, collected from the
experimental rats.

Results: Our findings revealed significant alterations in body weight, as well as abnormal responses in the hot
plate and cold plate tests, which are indicative of CIPN. Our results showed a significant increase in NSE, S100B,
IL-6, and TNFa levels in the plasma of rats that showed symptoms of CIPN. However, the IL-10 levels were elevated
in the sciatic nerve and plasma of the CIPN rats.

Conclusion: These findings suggest that NSE, S100B, IL-6, TNFa, and IL-10 could serve as biomarkers for de-
tecting CIPN induced by chemotherapeutic agents. Further research is necessary to fully understand the roles of
these biomarkers in the development and progression of CIPN.
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INTRODUCTION

Cancer poses a significant threat to human health, with its incidence rising each year. Chemotherapy is one
of the most important modalities for treating cancers, offering the potential to cure or prolong the survival
of cancer patients. However, it is often accompanied by distressing side effects!. Chemotherapy-Induced
Peripheral Neuropathy (CIPN) is one of the most common side effects and a challenging obstacle that arises
from treatment with several classes of anti-cancer agents such as proteasome inhibitors, platinum-based
antineoplastics, vinca alkaloids, and taxanes?. Statistically, CIPN occurs acutely in 65% to 96% of patients,
with 40% to 93% experiencing chronic symptoms after oxaliplatin treatment. The incidence of CIPN follow-
ing cisplatin use ranges from 12% to 85%, while paclitaxel is associated with the highest incidence, affect-
ing 61% to 92% of patients. CIPN is highly prevalent, affecting up to 68% of patients within the first month
of treatment, and approximately 30% will continue to experience persistent symptoms for more than six
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months after chemotherapy. Furthermore, some studies confirmed that 47% of female cancer survivors
reported CIPN symptoms six years after chemotherapy cessation®2. Despite their efficacy in combating
cancer, the neurotoxic effects of these drugs pose significant challenges in the clinical management of the
disease. The incidence of CIPN is related to the duration of chemotherapy, with symptoms primarily ob-
served in the first six months. Common symptoms include pain, numbness, tingling, and weakness in the
extremities. The precise mechanisms underlying CIPN remain unclear, and current therapeutic approaches
are largely aimed at relieving symptoms rather than alleviating the cause. Furthermore, existing treat-
ments are often insufficient to effectively manage the underlying causes, hinder the treatment progress,
and may lead to premature termination of chemotherapy. Given that the severity of CIPN is linked to the
dosage of neurotoxic anticancer drugs, identifying sensitive and specific biomarkers could enable clinicians
to adjust treatment protocols and reduce both the occurrence and severity of CIPN*>°,

Despite their distinct mechanisms of action, the CIPN-inducing drugs share the common conse-
quence of causing PN, highlighting the need for a comprehensive investigation into understanding the
fundamental pathways. In general, chemotherapy-induced immunomodulatory effects trigger cyto-
kine-driven neuroinflammation, which in turn plays a critical role in the pathogenesis of CIPN'. In par-
ticular, cytokines such as Interleukin-6 (IL-6), Tumor Necrosis Factor-alpha (TNFa), and Interleukin-10
(IL-10) are implicated in various neurological disorders. Neuroinflammation in neuropathic pain involves
the infiltration of immune cells, activation of glial cells, and the production of inflammatory mediators
in both the peripheral and central nervous systems!**2. Moreover, neuron-specific enolase (NSE), an
intracytoplasmic enzyme, has been shown to increase in serum following neuronal damage and serves
as a marker of neuronal dysfunction. Elevated serum NSE is a marker of neuronal dysfunction, and in-
creased serum levels indicate neuron damage?!2. In parallel, S100B (S100B calcium-binding protein), pre-
dominantly expressed in astrocytes, serves as a marker of astroglial dysfunction. It is released following
damage to glial cells, further emphasizing the role of glial cells in the inflammatory response!*. These
findings highlight the complexity of the inflammatory pathways involved in the onset and progression of
CIPN, marking them as critical targets for further research aimed at developing effective treatments!>?®,

Preliminary studies indicated decreased intracellular levels of NSE and S100B, suggesting their in-
volvement in neurodegenerative processes relevant to our in vivo modelY. In continuation of our pre-
liminary findings, the present study investigated the neuronal damage-specific biomarkers NSE and
S100B to examine their roles in CIPN induced by chemotherapeutic agents, including Bortezomib (BTZ),
Cisplatin (CIS), and Vincristine (VIN). Since there is limited understanding of how these biomarkers
change during CIPN, our study also examined the relationship between CIPN and levels of inflammatory
cytokines (IL-6, TNFa, and IL-10), alongside NSE and S100B, in experimental rats. Our findings provide
compelling evidence that the levels of these biomarkers are significantly altered in the plasma of rats
with CIPN symptoms, suggesting a potential role in CIPN pathophysiology.

MATERIALS AND METHODS
Animal Model

The study used 5-week-old male Sprague Dawley rats (Envigo, Tampa, FL, USA). Rats were housed in
a standard rat cage and maintained in a 12 h light/12 h dark cycle, with 50% humidity and 20 + 2°C
temperature. The rats had free access to food and water. All procedures involving animals were in com-
pliance with the Institutional Animal Care and Use Committee (IACUC) of NSU (Nova Southeastern Uni-
versity) and the guidelines of the US National Research Council®®. The investigation and management of
pain in animals followed guidelines outlined by the International Association for the Study of Pain (IASP).
All animal experiments included in this study were conducted in accordance with institutional and na-
tional guidelines using the workflow shown in Figure 1A. The study was approved by the Institutional
Animal Care and Use Committee of Nova Southeastern University, under protocol number 2020.03.08.
AR3 (approved on 08/03/2020).

Drugs and Chemicals
The chemotherapeutic drugs bortezomib (BTZ), cisplatin (CIS), and vincristine (VIN) were obtained from

Selleckchem (Houston, TX, USA). Enzyme-Linked Immunosorbent Assay (ELISA) kits for neuro biomark-
ers of NSE (NBP2-76684) were purchased from Novus Biologicals (Centennial, CO, USA). The S100B (LS-
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F23898) assay kit was purchased from LSBio (Seattle, WA, USA), and the assay kits for IL-6 (ELR-IL-6),
TNFa (ELR-TNFa), and IL-10 (ELR-IL-10) were purchased from Ray Biotech (Norcross, GA, USA).

Establishment of CIPN in Rats

Rats were divided into four groups of five animals each (n = 5). Following an acclimatization period,
three groups received chemotherapeutic treatments — bortezomib (BTZ), cisplatin (CIS), and vincristine
(VIN) — via intraperitoneal (i.p.) injection. BTZ was administered at 0.15 mg/kg (cumulative dose 4.2 mg/
kg), CIS at 0.80 mg/kg (cumulative dose 22.4 mg/kg), and VIN at 0.2 mg/kg (cumulative dose 5.6 mg/kg),
according to the schedule indicated in Table 1. The fourth group served as untreated controls.

Preliminary studies showed that higher drug doses caused mortality, while animals with obesity were
resistant to CIPN induction. Administration of lower doses more frequently, every other day for eight
weeks (Figure 1B), successfully induced CIPN, consistent with previous studies!®®. Following the treat-
ment period, animals were maintained without further injections until week 18 (day 120). Blood and sciatic
nerve samples were collected at this time for biomarker analysis (Figure 1B). Euthanasia was performed via
CO, asphyxiation, followed by cardiac puncture for blood collection and sciatic nerve isolation.
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Figure 1. A, Schematic representation of the establishment of chemotherapy drug-induced peripheral
neuropathy (CIPN) in rat models and subsequent evaluation of behavioral analysis. B, Schematic over-
view of the integrated experimental workflow.
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Table 1. Dosage and timeline for drug administration and sample collection.

S. No. Drug for CIPN Dosage for CIPN Intraperitoneal Blood, and Sciatic
Induction Induction injection for CIPN Nerve collection
induction (On 18t Week)
(up to 8t week)
Bortezomib (BTZ) 0.15 mg/kg Every other day 120%™ Day
Cisplatin (CIS) 0.80 mg/kg Every other day 120t Day
Vincristine (VIN) 0.20 mg/kg Every other day 120t Day

Dynamic Hot and Cold Plate Tests

The Dynamic Hot Plate (DHP) experiment was performed using a Hot and Cold Plate Analgesia Meter (Bi-
oseb, Chaville, France), with a slight modification of the DHP procedures that were previously utilized.
Each animal was marked on its tail with the group numbers (e.g., 1-4) and the letters A-E. In the conven-
tional dynamic hot plate experiment, unrestrained rats were placed on a metal surface maintained at 35
+ 0.1°C, and the plate temperature was increased to 55°C at 1°C/sec. Once the initial gradient reached
55°C, the temperature was maintained at that level. For each animal, the time to hind paw withdrawal,
forepaw withdrawal, licking, jumping, and leaning posture from the start of the temperature gradient was
recorded by the investigator. If neuropathic pain behaviors were not evident, the experimental animals
were withdrawn from the dynamic hot plate experiment after a predetermined cutoff of 150 seconds.
The cutoff was set to avoid paw damage, and care was taken to ensure that the maximum temperature
and duration used did not induce tissue damage in the experimental animals. Additionally, the dynamic
cold plate assessment is one of the simplest methods for evaluating cold-evoked behavioral responses
to both noxious and harmless cold temperatures in experimental rats. Similar to the dynamic hot plate
assessment, animals were placed on the pre-cooled plate at a specific temperature (typically 25°C) for a
maximum observation period of 10-30 seconds to minimize the risk of tissue damage.

During the dynamic cold plate (DCP) experiment, the starting temperature was set to 25°C + 0.1°C,
and the plate temperature was gradually decreased to 1°C. The behaviors were determined as described
with DHP measurements. Three measures of the paw withdrawal latency were taken and averaged for
each hind paw. The DHP and DCP measurements were performed during the 17*" week of the experi-
ment over five consecutive days. For each day, DCP assessments were conducted after completing the
DHP measurements for all animals across the four groups, with a minimum one-hour gap between the
two tests to avoid carry-over effects. Behavioral responses were averaged across testing days to reduce
variability and improve data reliability, enabling assessment of the chronic neuropathic phenotype.

Plasma Isolation

The blood was collected using EDTA tubes from the control and experimental animals by cardiac punc-
ture under deep anesthesia with isoflurane??3, The tubes were gently inverted to ensure proper mixing
of the blood with the anticoagulant. The plasma samples were separated using centrifugation at 2,000 x
g for 15 minutes at 4°C. The plasma layer was carefully separated using a pipette, ensuring the buffy coat
was not disturbed, and transferred into sterile tubes for storage. Plasma samples were frozen at -20°C
for long-term storage to preserve biomarker integrity. Repeated freeze-thaw cycles were avoided to
maintain sample quality. Plasma samples from each animal were processed separately and analyzed in-
dividually for biomarker detection, and the results obtained will be averaged for statistical significance.

Protein Extraction

Sciatic nerves of the control and experimental rats were collected and immediately stored at -80°C until further
processing. For protein extraction, the whole sciatic nerves from the left and right thighs of the rats were ho-
mogenized in 1X Lysis buffer (Ray Biotech, Norcross, GA, USA) supplemented with protease and phosphatase
inhibitors to stabilize protein. The homogenates were then centrifuged at 14,000 rpm for 20 minutes at 4°C to
remove debris, and the supernatants containing the total protein were collected. Protein concentrations were
determined using the bicinchoninic acid (BCA) assay according to the manufacturer’s protocol (Thermo Fisher
Scientific, Pierce, Cat. No: 23227). The extracted proteins were subsequently stored at -80°C for further analysis.
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Measurement of Neurospecific Markers and Cytokines

ELISA was used for measuring the levels of NSE, S100B, IL-6, TNFa, and IL-10, from the plasma of control
animals and animals treated with BTZ, CIS, and VIN, following the manufacturer’s protocol. The levels
of IL-6, TNFa, and IL-10 were also assessed in the homogenates prepared from the sciatic nerve of rats
treated with the chemotherapeutic drugs. Briefly, 100 ul of plasma or 100 pg of protein collected from
the control and experimental rats were diluted in 100 pl of the assay buffer. The samples were added to
the wells of ELISA plates coated with capture antibodies, and the plate was incubated for 3 h at 37°C. Af-
ter removing the unbound samples and gently washing the plate, the microwells were incubated with a
detection antibody followed by an HRP-conjugated secondary antibody. The color for the measurement
was developed using a TMB (3,3',5,5"-tetramethylbenzidine) substrate. The absorbance was measured
at 450 nm immediately after adding the stop solution, and the results were recorded with a microplate
reader (Molecular Devices, San Jose, CA, USA).

Statistical Analysis

The data presented in this study represent the mean + standard deviation (SD) of values from at least
5 experimental animals or independent experiments. The statistical significance between the groups
shown in the graphs was analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparisons test. Pearson correlation analysis was performed to evaluate the relationships be-
tween hot threshold, cold threshold, and the biomarkers. A p-value of less than 0.05 was considered
significant.

RESULTS
The Effect of Chemotherapy Drugs on the Body Weight of CIPN Model Rats

After treating the experimental animals for the periods indicated in Table 1, the drug-treated animals
showed lower body weight than the control group, which showed normal weight gain during the treat-
ment period. The average initial weight of the rats in all four groups was 96 + 3 grams. There was a
significant reduction in body weight in the chemotherapy-treated groups compared with the control
group. Specifically, VIN- and BTZ-treated animals showed significant weight loss, weighing 315 + 6 grams
and 335 + 3 grams, respectively. The CIS-treated rats weighed 333 £ 5 grams, compared with the control
group, which weighed 466 + 28 grams, as shown in Figures 2A and 2B. This corresponds to decreases
of 28.09%, 28.41%, and 32.35% in body weight for the VIN-, BTZ-, and CIS-treated groups, respectively,
compared to the control group. No significant difference in weight between the treated animals and the
control ones was reported on day zero.

The Effect of Chemotherapy Drugs on the Hot and Cold Pain Threshold in Experimental Rats

The administration of chemotherapy drugs significantly elevated the withdrawal threshold time in
the Dynamic Hot Plate (DHP) test for the CIS and BTZ groups by 110 and 104 seconds, respective-
ly, compared to the 53-second threshold time of the control group, at which time the temperature
reached 53°C. The CIS and BTZ rats were able to withstand the 55°C for an additional 55 and 51 sec-
onds, respectively, compared to the control groups. However, the VIN-treated group showed only a
slight increase in the withdrawal time of 3 seconds after the temperature reached 55°C (Figure 3). In
the dynamic cold plate (DCP) test, we observed a significant reduction in cold allodynia thresholds in
CIS-, BTZ-, and VIN-treated rats. Paw withdrawal occurred at 14, 15, and 16 seconds, corresponding to
temperatures of 11°C, 10°C, and 9°C, respectively. In contrast, control rats withdrew their paws at 23
seconds, which was 3 seconds after the temperature had stabilized at 1°C. Notably, these withdrawal
times were significantly shorter than those observed in the control group (Figure 3). Consequently,
peripheral neuropathy induced by the chemotherapeutic agents BTZ, CIS, and VIN delayed sensory
responses to hot stimuli and early withdrawal responses to cold stimuli. Thus, our DHP and DCP re-
sults provided sufficient evidence supporting the development of peripheral neuropathy following
BTZ, CIS, and VIN treatment in the experimental rats.
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Figure 3. The effect of chemotherapy drugs on the hot withdrawal (left) and cold withdrawal (right) Th-
reshold of the CIPN model rats. Values are mean £ SD of the groups (n = 5). The level of significance was
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The Effect of Chemotherapy Drugs on the Levels of NSE & S100B in the Plasma of the CIPN Experimental Rats

During our experiments, NSE and S100B were assessed as biomarkers for CIPN. The effects of chemo-
therapy drugs on plasma NSE & S100B levels in control and CIPN rats were analyzed at the 120 day. As
shown in Figure 4, the plasma NSE level in rats treated with BTZ was approximately 101% higher than
in the control. Meanwhile, the NSE levels in rats treated with CIS and VIN showed an increase of 58%
and 50%, respectively, compared with the control. Similarly, analysis of S100B levels in the plasma of
experimental rats revealed that VIN-treated animals showed a significant increase of nearly 105% com-
pared with the control, while BTZ- and CIS-treated rats showed increases of 61% and 50%, respectively,
compared with the control.
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Figure 4. NSE (Neuron Specific Enolase) and S100B levels in the plasma of CIPN rats. Values are mean +
SD, of the groups (n = 5). The level of significance was indicated by *** = p < 0.001, ** = p <0.01, and *
= p < 0.05.

The Effect of Chemotherapy Drugs on the Levels of IL-6, TNFa, and IL-10 in the Plasma of CIPN Experimental Rats

Inflammatory cytokines, such as IL-6, TNFa, and IL-10, have been shown to contribute to neuropathic pain;
therefore, receptor antagonists for these cytokines have been found to be effective in alleviating hyperalge-
sia in animal models of neuropathic pain®. In our study, the levels of both pro-inflammatory and anti-inflam-
matory cytokines were analyzed in the experimental rats that exhibited CIPN. Plasma IL-6 levels in rats treat-
ed with VIN were significantly increased by 110% compared with the control group. However, the BTZ-treated
group showed only a mild 13% increase, while the CIS-treated group showed a 9% decrease relative to the
control. Similarly, TNFa levels in the plasma of VIN-treated animals increased by 344%, while those of CIS-and
BTZ-treated animals increased by 257% and 229%, respectively, compared to the control. The anti-inflam-
matory marker IL-10 was also notably elevated in the plasma of VIN-treated rats by 263% compared to the
control. Similarly, CIS- and BTZ-treated rats also exhibited a significant elevation of plasma IL-10 by 154% and
133%, respectively, compared with the control (Figure 5).

The Effect of Chemotherapy Drugs on the Levels of IL-6, TNFa, and IL-10 in the Sciatic Nerve of CIPN Experimental Rats

When we analyzed the levels of cytokines in the whole homogenates of the sciatic nerve isolated
from the experimental rats, a significant increase in IL-6 levels was observed in the sciatic nerve iso-
lated from the rats treated with bortezomib (BTZ) and vincristine (VIN), with increases of 78% and
74%, respectively, followed by the cisplatin (CIS)-treated group, which showed a 47% increase com-
pared to the control.
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Additionally, TNFa levels in the sciatic nerve of BTZ-treated rats were elevated by 27%, whereas
CIS- and VIN-treated rats showed only 19% and 4% increases, respectively, compared to the control.
However, the anti-inflammatory marker IL-10 was significantly elevated in the sciatic nerve isolated from
CIS-treated rats, showing a 10-fold increase, while VIN-treated rats showed a 9-fold increase compared
to the control. Similarly, BTZ-treated rats demonstrated a 6-fold increase in IL-10 levels in the sciatic

nerve compared to controls (Figure 6).
Heat Map of Inflammatory Cytokines and Neuron-Specific Biomarkers.

The heat map of the results shown in Figure 7 confirms that NSE, S100B, and the inflammatory cyto-
kines IL-6, TNFa, and IL-10 were differentially expressed within the lower and higher limits of <3.5-fold
(down-regulation indicated in green) and >3.5-fold (up-regulation indicated in red). The most significant
elevation of IL-10 was observed in the sciatic nerve of the experimental groups in all three (BTZ, CIS, and
VIN) treatment groups, as indicated with the dotted lines in the heatmap. However, in plasma, although
the maximum fold change was observed in the VIN-treated groups, TNFa and IL-10 were elevated in all
three treatment groups compared to the control.
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Figure 7. Heat map showing differentially expressed cytokines in plasma, and sciatic nerve, of CIPN rats
compared to the controls. Blocks in red and green colors represent a high and low level of expressions,
respectively.
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Correlations Analysis of Biomarker Levels with the Hot Plate Threshold Changes

The data presented in Table 2 summarize the Pearson correlation coefficients (R values), p-values, and
levels of statistical significance for biomarkers levels in plasma (NSE, S100B, IL-6, TNFa, and IL-10), and in
sciatic nerve (IL-6, TNFa, and IL-10) across three treatment groups (CIS, BTZ, and VIN) compared to the
increase in the hot plate threshold values of the experimental rats.

In BTZ-treated animals, biomarker levels showed significant correlations, with highly significant p-val-
ues for NSE, S100B, and TNFa (p < 0.001), and significant correlations for IL-6 and IL-10 (p < 0.01). Similar-
ly, CIS-treated groups showed significant correlations for NSE (p = 0.010), S100B (p < 0.001), TNFa (p =
0.002), and IL-10 (p < 0.001), whereas IL-6 did not show a significant correlation (p = 0.230). In addition,

Table 2. This table shows the correlation analysis between the plasma and sciatic nerve
biomarker changes with the hot plate threshold values. The table compares the following groups:
control vs. BTZ, control vs. CIS, and control vs. VIN. The R-values indicate the strength of the

correlation, and the p-values indicate the statistical significance. The level of significance was also
indicated by *** = p < 0.001, * = p < 0.05, and ns = non-significant.

Hot Plate Threshold / Biomarkers - Plasma

NSE S$100B IL-6 TNFa IL-10

Control vs. BTZ

R-value 0.96 0.98 0.93 0.98 0.85

p-value 0.003 0.001 0.007 0.000 0.030

Significance g *hk *k ok *
Control vs. CIS

R-value 0.91 0.99 -0.57 0.97 0.98

p-value 0.010 0.000 0.230 0.002 0.000

Significance * ok ns *k ok
Control vs. VIN

R-value 0.73 0.85 0.82 0.84 0.89

p-value 0.088 0.023 0.039 0.028 0.012

Significance ns * * * *

Hot Plate Threshold / Biomarkers - Sciatic Nerve

IL-6 TNFa IL-10

Control vs. BTZ

R-value 0.98 0.60 0.74

p-value 0.001 0.214 0.091

Significance ok ns ns
Control vs. CIS

R-value 1.00 0.92 0.99

p-value 0.000 0.009 0.000

Significance ok *x ook
Control vs. VIN

R-value 0.80 0.42 0.92

p-value 0.045 0.400 0.006

Significance * ns ok
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the increase in hot plate threshold values in VIN-treated animals showed a moderate correlation with
increases in biomarker levels, with significant p-values for S100B, IL-6, TNFa, and IL-10 (p < 0.05), where-
as NSE was not statistically significant (p = 0.088). The results from the plasma in Table 2 show that the
biomarker changes in the plasma of BTZ-treated animals showed the strongest overall correlations with
the increase in the hot plate threshold due to CIPN.

When the changes in the biomarker levels of the sciatic nerve in BTZ-treated animals were analyzed,
IL-6 showed a strong positive correlation (R = 0.98, p = 0.001), which was highly significant. However,
TNFa (R = 0.60, p = 0.214) and IL-10 (R = 0.74, p = 0.091) did not demonstrate statistically significant
correlations. Similarly, CIS-treated animals showed strong correlations for IL-6 (R = 1.00, p < 0.001),
TNFa (R =0.92, p = 0.009), and IL-10 (R = 0.99, p < 0.001), all highly significant (p < 0.01). However, the
VIN-treated animals showed a moderate correlation for IL.-6 (R = 0.80, p = 0.045) and IL-10 (R=0.92, p =
0.006). Conversely, TNFa levels in VIN-treated animals did not show a significant correlation (R = 0.42,
p = 0.400). The results in Table 2 show that among the biomarker changes observed in the sciatic nerve,
CIS treatment showed the strongest overall correlations, and VIN-treated animals showed a moderately
significant correlation with the increase in hot plate threshold values due to CIPN.

Inverse Correlations Analysis of Biomarker Changes with the Cold Plate Threshold Changes

The data presented in Table 3 summarize the Pearson correlation coefficients (R values), p-values, and
levels of statistical significance for biomarker changes in plasma (NSE, S100B, IL-6, TNFa, and IL.-10), and
sciatic nerve (IL-6, TNFa, and IL.-10) from across the three treatment groups (CIS, BTZ, and VIN) com-
pared to the control using cold plate threshold values.

In BTZ-treated groups, changes in plasma biomarker levels showed an inverse correlation with the
decrease in threshold temperature, with R-values ranging from —0.97 to -0.91. Significant correlations
were observed for NSE (R = -0.97, p = 0.001), S100B (R = -0.96, p = 0.002), IL-6 (R = -0.91, p = 0.012),
TNFa (R = -0.97, p = 0.002), and IL-10 (R = -0.91, p = 0.011). Similarly, CIS-treated animals showed a
strong inverse correlation for changes in NSE, S100B, TNFa, and IL-10 (R-values ranging from -0.96 to
-0.92), while IL-6 showed a weaker correlation (R = 0.61). The correlation for IL-6 (p = 0.196) was not
significant (ns). The biomarker changes in VIN-treated animals also showed an inverse correlation for
all biomarkers (R-values ranging from -0.98 to -0.77). Significant correlations were noted for S100B (R =
-0.95, p = 0.004), IL-6 (R =-0.98, p = 0.001), TNFa (R =-0.93, p = 0.007), and IL-10 (R = -0.94, p = 0.006).
The correlation for NSE (p = 0.071) was not significant (ns). These results confirmed a significant inverse
correlation between most changes in plasma biomarker levels and the decrease in threshold tempera-
tures, indicative of an increase in the threshold.

In line with the results observed during the hot plate experiments, the sciatic nerve samples ob-
tained from BTZ-treated groups showed an inverse correlation with increases in all biomarkers (R-values
ranging from -0.96 to -0.71). The most significant correlations were identified for IL-6 (R = -0.96, p =
0.002) and IL-10 (R = -0.85, p = 0.031). However, the correlation for TNFa (R =-0.71, p = 0.117) was not
significant (ns). The changes in the sciatic nerve of CIS-treated groups also exhibited a strong inverse cor-
relation for all biomarker changes (R-values ranging from -0.98 to -0.94). Significant correlations were
identified for IL-6 (R =-0.98, p = 0.001), TNFa (R =-0.94, p = 0.005), and IL-10 (R =-0.98, p = 0.000). Inter-
estingly, the changes in VIN-treated animals also showed an inverse correlation between IL-6 and IL-10,
but no significant correlation with TNFa. Finally, results from the cold plate experiments substantiated
the inverse correlation between IL-6 and the treatment-induced increase in the cold plate thresholds,
particularly in the CIS and BTZ groups.

DISCUSSION

The aim of this study was to assess pre-selected plasma proteins in the CIPN animal model to identify
the most relevant biomarkers. Nearly 80% of cancer patients receiving chemotherapy drugs are treated
for CIPN?. As the number of cancer survivors increases, the necessity for treating this debilitating side
effect has become one of the top priorities because of its impact on the treatment and patient out-
comes. As discussed earlier, CIPN can compromise the quality of life of patients and sometimes force
them to discontinue chemotherapy?®?’. Despite the high prevalence and impact of CIPN, there is a lack
of clear guidelines on its optimal management?®3°, Although several drugs have been considered in
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Table 3. This table represents the inverse correlation analysis between biomarkers from the pla-
sma and sciatic nerve of rats with cold plate threshold values. The figure compares the following
groups: control vs. BTZ, control vs. CIS, and control vs. VIN. The R-values indicate the strength of

the inverse correlation, and the p-values assess statistical significance. The level of significance
was indicated by *** = p < 0.001, * = p < 0.05, and ns = non-significant.

Cold Plate Threshold / Biomarkers - Plasma

NSE $100B IL-6 TNFa IL-10

Control vs. BTZ

R-value -0.97 -0.96 -0.91 -0.97 -0.91

p-value 0.001 0.002 0.012 0.002 0.011

Significance ok *x * *x *
Control vs. CIS

R-value -0.92 -0.96 0.61 -0.96 -0.95

p-value 0.009 0.002 0.196 0.003 0.004

Significance * Rk ns *k wEx
Control vs. VIN

R-value -0.77 -0.95 -0.98 -0.93 -0.94

p-value 0.071 0.004 0.001 0.007 0.006

Significance ns * ok *k *k

Cold Plate Threshold / Biomarkers - Sciatic Nerve

IL-6 TNFa IL-10

Control vs. BTZ

R-value -0.96 -0.71 -0.85

p-value 0.002 0.117 0.031

Significance ok ns *
Control vs. CIS

R-value -0.98 -0.94 -0.98

p-value 0.001 0.005 0.000

Significance *kk *k *kk
Control vs. VIN

R-value -0.96 0.04 -0.74

p-value 0.002 0.941 0.093

Significance *x ns ns

experimental research for preventing or treating CIPN, only a few have been used effectively in clinical
practice3l. Moreover, it has been widely accepted that detecting the onset of CIPN with specific bio-
markers would offer the best chance of managing this side effect more successfully. Hence, our study
was aimed to assess a panel of potential biomarker proteins, primarily in plasma. We also analyzed
the same proteins obtained from sciatic nerve samples to identify the most relevant correlations with
the plasma levels of these biomarkers in animals with CIPN. To confirm the induction and progression
of CIPN, body weight and changes in the threshold for the DHP and DCP experiments were assessed.
The induction of CIPN with BTZ, CIS, and VIN in Sprague-Dawley rats resulted in a significant reduction
in body weight, which could be due to loss of muscle and body fat associated with sarcopenia and ca-
chexia®?. Another interesting observation during the onset of PN was the occurrence of swollen paws®.



13 EXERCISE ON SLEEP AND SURVIVAL IN ADVANCED CANCER

Interestingly, the swollen paws and the loss of muscle and fat mass were reported to lead to delayed
response with temperatures (hot and cold), confirming slow neurotransmission rates due to the onset
of damage to the myelin sheath3*. The results from the present study confirmed that the administration
of CIPN-inducing chemotherapy drugs significantly reduced the weight gain ability of the rats (Figure 2)
and also changed the hot pain and cold pain threshold in CIPN-exhibiting rats (Figure 3).

In our search for the identification of CIPN related biomarkers, the initial selection of NSE and S100B
for analysis was due to the fact that NSE is a critical enzyme required for energy metabolism in neurons.
Also, NSE is one of the major soluble proteins in the neuron and is responsible for catalyzing the con-
version of 2-phosphoglycerate to phosphoenolpyruvate. Furthermore, NSE was considered a marker
for peripheral nervous system damage, particularly in disorders like peripheral neuropathies, which
qualified it as a potential biomarker for monitoring CIPN. The NSE level has been reported to be highly
useful in assessing the quantitative measures of brain damage, thereby improving the diagnosis and
outcome evaluation in several pathophysiological conditions including ischemic stroke, intracerebral
hemorrhage, seizures, and coma after cardiopulmonary resuscitation for cardiac arrest and traumatic
brain injury®. Correlations between the size of cerebral infarctions and levels of NSE in the serum and
CSF (cerebrospinal fluid) have been observed in animal models as well as in humans?®. Interestingly,
multiple myeloma (MM) patients treated with either thalidomide and dexamethasone combination or
BTZ were previously reported to exhibit significant elevations in serum NSE levels®. Similarly, elevation
of serum NSE was observed in non-small cell lung cancer patients undergoing treatment with CIS3%, A
similar elevation was observed in our experimental rats exhibiting CIPN after 56 days of treatment with
BTZ, CIS, and VIN (Figure 4). The elevation of NSE was the highest in BTZ treatment groups compared to
others. Furthermore, S100B was selected as another useful marker, which is also typically used to assess
the brain damage caused by circulatory arrest, stroke, and traumatic brain injury. In addition, S100B has
been reported to have prognostic use during the progression of chronic neurological diseases®. In the
nervous system, S100B has been shown to be concentrated in astrocytes, oligodendrocytes, Schwann
cells, ependymal cells, retinal Muller cells, and enteric glial cells*. Interestingly, patients with migraine
were reported to have significantly higher serum levels of SI00B and NSE, suggesting neurodegenera-
tion as the possible cause of the elevation of these proteins in the serum*. Even though S100B has been
reported to be elevated in the CSF after severe traumatic brain injury in infants and children, no reports
are available so far regarding its elevation in CIPN*2. However, our study showed a significant elevation
of S100B in experimental rats that developed CIPN symptoms following BTZ, CIS, and VIN treatments
(Figure 4). Also, S100B was highly correlated with the hot plate threshold values with strong statistical
significance (Table 2). Thus, both NSE and S100B are released by neurons and peripheral neuroendo-
crine cells in response to various brain disorders and peripheral nerve damage. Accordingly, our obser-
vation also reveals a significant elevation of these biomarkers in the plasma of experimental rats. Based
on our results seen in the experimental rats, it can be concluded that following the induction of CIPN by
BTZ, CIS, and VIN treatments. Although significant elevations in NSE and S100B levels were detected in
the plasma of all three treatment groups, the increase in S100B levels was more pronounced.

Though the onset and progression of CIPN are frequent with chemotherapy, the underlying mecha-
nism is complex due to the interaction of multiple intersecting pathways. Several studies have shown
that excessive inflammation observed in damaged neurons is one of the major factors responsible for
the initiation and maintenance of CIPN*, Recent studies have confirmed that neuroinflammation cer-
tainly plays a key role in the pathogenesis and maintenance of CIPN%4447_ Accordingly, during the onset
and progression of CIPN, increased levels of pro-inflammatory cytokines, such as IL-1f, IL-6, and TNFa,
along with enhanced activation of CD4+ and CD8+ T cells, have been reported in the dorsal root gan-
glia®®. The release of cytokines during the neuroinflammatory processes can occur in response to vari-
ous stimuli, such as nerve injury, exposure to toxic compounds, or other pathological conditions that
directly affect the nervous system’s integrity. Also, cytokines can directly or indirectly act on primary
afferent fibers, DRG, and spinal dorsal horn neurons, leading to pain sensitization. Therefore, increased
cytokine expression can be expected during the onset of neuronal damage and associated neuropathic
pain. The contributions of chemokines to platinum drug-related neurotoxicity have been demonstrated
in several studies***2. In addition, scholars strongly suggest that proinflammatory cytokines such as
TNFa, IL-1B, and IL-6 play a crucial role in the nociceptive process of CIPN®.22 In this regard, our study
also demonstrates that the levels of TNFa, along with IL-6 and IL-10, are increased in the plasma of ani-
mals treated with BTZ, CIS, and VIN (Figure 5). This is similar to recent studies showing that significantly
higher levels of TNFa, IL-1B, and IL-6 played an important role in the development of neuropathic pain,
which was also shown to decrease the responsiveness of neurons to alleviate mechanical hyperalgesia
in rats®35. These observations are further substantiated by other studies in the literature that have
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shown that chemotherapeutic agents such as paclitaxel, vincristine, and oxaliplatin can induce painful
peripheral neuropathy by elevating pro-inflammatory cytokines such as IL-1B, IL-2, IL-4, and IL-6°%°7,
Also, the cytokines IL-6, TNFa, and IL-10 were found to be highly correlated with increased threshold
values, with high statistical significance in the treated groups. On the other hand, IL-10 is considered an
important anti-inflammatory modulator of glial activation, preventing inflammation-mediated neuronal
degeneration under pathological conditions®®. However, the elevation of IL-10 levels seen in the plasma
of experimental rats exhibiting CIPN in our study could be due to a protective mechanism that was acti-
vated to limit neurodegenerative processes. In this regard, several recent experimental findings have
shown that administering the anti-inflammatory marker IL-10 prevents mechanical allodynia induced by
paclitaxel®®. Following peripheral nerve injury, immune-modulating cells such as lymphocytes and mac-
rophages contribute to the process by releasing pro-inflammatory cytokines that recruit additional im-
mune cells to the site of injury. These cells then infiltrate through the blood-nerve barrier, exposing the
injured tissue to a host of inflammatory mediators®. Increased levels of infiltrating macrophages were
also observed after paclitaxel administration®. Our results indicate that VIN treatment increased the
IL-6 levels non-significantly in the plasma; however, the elevation was significant in the sciatic nerve of
rats exhibiting symptoms of CIPN. Peripheral IL-6 may be an important factor involved in the pathophys-
iological changes that cause pain and CIPN-related symptoms. This was evident when a neutralizing
anti-IL-6 antibody was injected into the area surrounding the sciatic nerve, which suppressed the devel-
opment of vincristine-induced mechanical allodynia®. Thus, though the elevation of IL-6 was significant
in the sciatic nerve, the level of elevation was mild in the plasma of animals exhibiting symptoms of
CIPN. Therefore, it appears that other cytokines may also be involved in the cascade of events leading
to the development and progression of CIPN. Our current study demonstrates elevated levels of IL-6,
IL-10, and TNFa, as well as increased S100B in the plasma of CIPN rats. This is similar to the observation
in patients with atypical and idiopathic parkinsonism, where they observed a marked elevation of both
pro- and anti-inflammatory cytokines in all groups with Parkinson’s Disease (PD). The pro-inflammatory
cytokines (i.e., IL-1B, TNFa, and INF-y), which were measured in their study, were suspected to be in-
volved in the induction of nitric oxide (NO), ROS (reactive oxygen species), or prostaglandin produc-
tion®. Alternatively, it was suggested that the elevated levels of anti-inflammatory cytokines (i.e., IL-2,
IL-4, or IL-10) in PD patients also provided neuroprotective function through scavenging free radicals and
promoting trophic factors®*. For example, a recent study investigated mRNA levels of proinflammatory
cytokines, including IL-2 and TNFa, as well as anti-inflammatory cytokines IL-4 and IL-10, among patients
with painful neuropathy, non-painful neuropathy, and control participants. Patients with painful neu-
ropathy had a 2-fold increase in IL-2 and TNFa levels, while patients with non-painful neuropathy had
significantly higher mRNA levels of IL-4 and IL-10%5, Previous research has clearly indicated that IL-10 is
essential for controlling neuroinflammation in CIPN. Accordingly, several studies have shown that en-
dogenous IL-10 facilitates recovery from neuropathy induced by chemotherapeutic agents like pacli-
taxel®’73, The functional relevance of the observed biomarker changes is interesting and warrants fur-
ther discussion. Upregulated markers, such as NSE, S100B, IL-6, and TNFa, reflect activation of
pro-inflammatory pathways that have been strongly implicated in the initiation and persistence of neu-
ropathic pain. Elevated levels can enhance neuronal excitability, promote peripheral sensitization, and
contribute to structural damage within peripheral nerves. In contrast, the limited increase of anti-in-
flammatory mediator IL-10 suggests an insufficient systemic counterbalance to this pro-inflammatory
drive. Interestingly, IL-10 upregulation in the sciatic nerve may represent a compensatory mechanism
that mitigates inflammation and nerve injury. Together, these differential patterns highlight the complex
interplay between pro- and anti-inflammatory signaling, suggesting that the balance between upregu-
lated and downregulated biomarkers may be a critical determinant of CIPN severity and progression. To
further elucidate the inflammatory profile associated with CIPN, we analyzed plasma and sciatic nerve
cytokine expression patterns using heat map visualization. Plasma TNFa levels were modestly elevated
in BTZ, CIS, and VIN groups (1.7, 1.8, and 2.1, respectively), reflecting a consistent pro-inflammatory re-
sponse following chemotherapy. As a key mediator of neuroinflammation, TNFa has been implicated in
the initiation and maintenance of neuropathic pain, underscoring its relevance to CIPN pathogenesis. In
contrast, plasma IL-10 levels showed only minor increases in BTZ, CIS, and VIN groups (1.2, 1.3, and 1.8),
suggesting a limited systemic anti-inflammatory response. However, as discussed above, the elevation
of IL-10 levels, as indicated by the heatmap scores (BTZ: 2.6; CIS: 3.3; VIN: 3.1), is possibly due to a com-
pensatory response developed in the experimental animals, primarily aimed at attenuating pro-inflam-
matory signaling. These trends highlight differential cytokine regulation at systemic vs. nerve-specific
sites and underscore the importance of assessing localized immune modulation during CIPN develop-
ment. As an anti-inflammatory cytokine, IL-10 is known to prevent neuroinflammation and reduce the
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activation of pro-inflammatory pathways that contribute to neuronal damage. Therefore, the elevation
of IL-10 seen in our experiments could reflect a protective response aimed at limiting tissue injury and
promoting neuronal survival during the late stages of CIPN. These findings not only deepen our under-
standing of CIPN-related pathogenesis but also pave the way for validating relevant biomarkers. Thus,
several recent studies have reported increased plasma levels of IL.-6, TNFa, and IL-10, similar to what was
observed in our experimental animals, which were confirmed to exhibit symptoms of CIPN®’7,

Limitations

Despite the strengths of our study, certain limitations should be acknowledged. Though our experiments
were well controlled by excluding the animals with no symptoms of CIPN from our study, a relatively
small (n = 5) sample size may limit the statistical power of our analyses. However, the strong correla-
tions observed (R > 0.95) in our experiments may be due to the elimination of the outliers. Therefore,
further validation of these findings with a large sample size would validate the CIPN occurrence in a
larger population of cancer patients.

CONCLUSIONS

In conclusion, our study induced CIPN in Sprague-Dawley rats by treating them with BTZ, CIS, and VIN
every other day for 56 days. The experimental animals exhibiting symptoms of CIPN showed alterations
in body weight, and changes in the pain thresholds, along with elevation of NSE and S100B levels in the
plasma. Our results also suggest that changes in NSE, S100B, IL-6, and TNFa levels correlated well with
the onset and progression of CIPN in the experimental rats, as evidenced by the strong Pearson Correla-
tion Coefficient values. The elevation of IL-10 observed in CIPN rats may serve a neuroprotective func-
tion. To our knowledge, this study is the first of its kind to quantitatively assess a cluster of biomarkers
in plasma that included assessment of NSE, S100B, IL-6, IL.-10, and TNFa levels in rats exhibiting CIPN.
Our study provides valuable insights into potential pathways and cytokines that are activated during
CIPN induced by chemotherapy drugs, which can also pave the way for future clinical assessments and
the development of strategies to alleviate CIPN-related complications. However, further studies with
human subjects are needed to fully validate the changes in the biomarker levels observed in the CIPN
experimental model.
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