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Abstract 

Chemotherapy-induced peripheral neuropathy (CIPN) is a common side effect of several 

chemotherapeutic agents such as Paclitaxel. The main symptoms of CIPN are pain and 

numbness in the hands and feet which disrupts the quality of patients´ life. Paclitaxel is believed 

to accumulate in the dorsal root ganglia (DRG). Primary DRGs were used as a model to 

investigate the potential protective effects of the endocannabinoid-like substance, 

palmitoylethanolamide (PEA) against toxicity of paclitaxel on DRG neuronal and non-neuronal 

cells. DRGs of 6-8 weeks Wister rats were isolated, and DRG neuronal and non-neuronal cell 

populations were separated using the density gradient centrifugation method. The effects on 

different endpoints including cell viability, cell death, cell proliferation, and morphological 

changes were addressed using multiple techniques. The results showed that paclitaxel treatment 

exhibited a set of toxicological effects on primary DRG neuronal cells including a reduction in 

viability, a strong reduction in neurite length, and an increase in the size of neuronal cells at all 

investigated time windows. In addition, paclitaxel showed adverse effects on primary DRG 

non-neuronal cells including suppression in cell viability, an increase in cell death, a decrease 

in cell proliferation rate, as well as morphological changes. The effects of paclitaxel on both 

primary DRG neuronal and non-neuronal cells were concentration- and time-dependent. 

Furthermore, PEA demonstrated neuroprotective effects by reducing paclitaxel toxicity by 

increasing viability, neurite outgrowth, and decreasing swelling of neuronal soma. Furthermore, 

PEA at various concentrations protects DRG non-neuronal cells from the adverse effects of 

paclitaxel, including increased cell survival and accelerated cell proliferation. PEA also 

revealed synergistic anticancer effects with paclitaxel against human breast cancer cells. Taken 

together, PEA might be used as a therapeutic option to mitigate paclitaxel-induced peripheral 

neuropathy in breast cancer patients suffering from CIPN.   
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Referat 

Chemotherapie-induzierte periphere Neuropathie (CIPN) ist eine häufige Nebenwirkung 

mehrerer Chemotherapeutika wie Paclitaxel. Die Hauptsymptome von CIPN sind Schmerzen 

und Taubheitsgefühle in Händen und Füßen, welche die Lebensqualität der Patienten 

beeinträchtigen. Es wird angenommen, dass sich Paclitaxel in den Spinalganglien (DRG) 

anreichert. Für die vorgelegte Arbeit wurden primäre Spinalganglien als Modell verwendet, um 

die potenziellen Schutzwirkungen der endocannabinoid-ähnlichen Substanz 

Palmitoylethanolamide (PEA) gegen die Toxizität von Paclitaxel auf neuronale und nicht-

neuronale DRG-Zellen zu untersuchen. Zu diesem Zweck wurden DRGs von 6–8 Wochen alten 

Wister-Ratten isoliert und neuronale und nicht-neuronale DRG-Zell Populationen mithilfe der 

Dichtegradientenzentrifugation getrennt. Die Auswirkungen verschiedener Konzentrationen 

von Paclitaxel (0.01 µM–10 µM) oder/und PEA (0.1 µM–10 µM) wurden 24 Stunden, 48 

Stunden und 72 Stunden nach der Behandlung analysiert. Die Auswirkungen auf verschiedene 

Endpunkte, einschließlich Zelllebensfähigkeit, Zelltod, Zellproliferation und morphologische 

Veränderungen, wurden mithilfe mehrerer Techniken untersucht. Die Ergebnisse zeigten, dass 

die Behandlung mit Paclitaxel eine Reihe toxischer Auswirkungen auf primäre neuronale und 

nicht-neuronale DRG-Zellen hatte, darunter eine Verringerung der Lebensfähigkeit, eine starke 

Verringerung der Länge Neuriten und eine Zunahme der Größe neuronaler Zellen in allen 

untersuchten Zeitfenstern. Paclitaxel zeigte nachteilige Auswirkungen auf primäre nicht-

neuronale DRG-Zellen, darunter eine Minderung der Zell Vitalität, eine Zunahme des Zelltods, 

eine Abnahme der Zellproliferationsrate sowie morphologische Veränderungen. Die Wirkung 

von Paclitaxel auf primäre neuronale und nicht-neuronale DRG-Zellen war konzentrations- und 

zeitabhängig. PEA zeigte neuroprotektive Wirkungen, indem es die Toxizität von Paclitaxel 

durch eine Steigerung der Lebensfähigkeit, des Neuritenwachstums und eine Verringerung der 

Schwellung der neuronalen Somata abschwächte. Des Weiteren übt PEA in verschiedenen 

Konzentrationen eine schützende Wirkung gegen die nachteiligen Auswirkungen von 

Paclitaxel auf nicht-neuronale DRG-Zellen aus, einschließlich einer Verbesserung des 

Zellüberlebens sowie einer Beschleunigung der Zellproliferationsrate. PEA wies synergistische 

Antikrebseffekte mit Paclitaxel gegen humane Mammakarzinom Zelllinien (HBCCs) auf. 

Insgesamt könnte PEA neben Paclitaxel als Therapieoption für Brustkrebspatientinnen 

eingesetzt werden, die an einer CIPN leiden. 
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1. Introduction and Objectives 

1.1. Chemotherapy-induced peripheral neuropathy 

Systemic chemotherapy is a cornerstone in the treatment of many cancer entities. Recent 

advances in chemotherapeutic regimens have resulted in significant improvements in cancer 

patients' long-term survival [1,2]. Unfortunately, chemotherapeutic agents cause numerous 

changes in cellular structure and function, resulting in progressive, ongoing, and often 

irreversible toxic side effects. Chemotherapy-induced peripheral neuropathy (CIPN) is a 

common side effect of many first-line chemotherapeutic agents [3,4], affecting several million 

patients worldwide each year. The most common symptoms of CIPN are two types of sensory 

abnormalities. The first mode manifests as tingling and burning sensations, while the second 

manifests as numbness and diminished touch sensations. CIPN alters sensations in the hands 

and feet in both modes, which is commonly referred to as a "glove and stocking" distribution 

(Figure 1) [5,6]. Typically, pain symptoms appear early in treatment cycles, while numbness 

and tingling appear later and can last for years after the treatment discontinuation [6]. Acute or 

chronic symptoms can occur; nearly 90% of patients develop at least one symptom of acute 

neuropathy during the first treatment cycle [7]. The incidence of chronic CIPN is high ranging 

from 13% to 70% depending on the type and dose of chemotherapy used [8–10]. According to 

data, once pain transitions from acute to chronic, it is more likely to be persistent [11]. These 

neurological changes, which are associated with pain, loss of sensation, and motor functionality, 

result in a lower quality of life. Economically, CIPN places a strain on both patients and the 

healthcare system because it is very frequently the main reason for job loss [12]. Despite 

receiving a cancer cure, patients still experience chronic, incapacitating neuropathy brought on 

by their cancer treatment.  

There are currently no biomarkers available to assess and diagnose CIPN, or to predict the 

susceptibility or severity of neuropathy symptoms based on chemotherapy duration or dosage. 

However, the application of both clinical and web-based techniques yielded promising results. 

[13]. Further development of these measures will allow for earlier detection and will improve 

medical decisions about whether to continue or discontinue chemotherapy [10]. CIPN may 

develop because of treatment with different chemotherapy agents, including platinum 

compounds (cisplatin, carboplatin, oxaliplatin), taxanes (paclitaxel, docetaxel), vinca alkaloids 

(vincristine, vinblastine), thalidomide, and bortezomib.  
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Figure 1. Sketch-map of the mechanism of chemotherapy-induced peripheral neuropathy 

(CIPN). Depiction of the typical symptoms and targets for CIPN toxicity in the peripheral 

nervous system depicted from the distal nerve terminals to axonal components (myelin, 

microtubules, mitochondria, ion channels, and vascular network), the dorsal root ganglion 

(DRG), and the central nervous system (CNS). CIPN was initiated and progressed by 

chemotherapeutic-agents through intraepidermal nerve fibers impairment, abnormal 

spontaneous discharge, activation of ion channels, up-regulation of neuro-immune system, 

oxidative stress, and the abnormal kinase activation in DRG and CNS. Contents in the blue 

boxes refer to different chemotherapy agents. Solid dots refer to the target of relative 

chemotherapeutic agents. Contents in the pink boxes refer to the pathological progress in 

peripheral and central nerve systems underlying CIPN (used with permission from [14]). 

 

1.2. Taxanes (Paclitaxel) 

Taxanes are widely used to treat a variety of cancers, including breast, ovarian, prostate, gastric, 

and head-and-neck cancers, as well as non-small cell lung cancer [15–17]. Even though cancer 

therapy research has been continuously emerging, taxanes and especially paclitaxel were 

described as the first-line therapy for breast cancer and remain one of the most commonly used 

types of chemotherapy for other types of cancer [16, 18]. Paclitaxel was originally extracted 

from the bark of the yew tree (Taxus brevifolia) in the Western region of the United States [18]. 

It belongs to a group of chemotherapy agents defined as “microtubule stabilizing agents” [19]. 
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It targets the cytoskeleton and spindle apparatus of tumor cells by binding to the microtubules 

(MTs), which are fibrillary polymers of α- and β-tubulin monomers. Paclitaxel promotes MT 

assembly by preventing -tubulin polymerization into bundles. This action causes mitotic 

spindles to be disrupted and the cell cycle to be arrested in the G0/G1 and G2/M phases, 

resulting in apoptosis in dividing cells [20,21]. This action alters the natural dynamics of MTs, 

prevents proper spindle formation, blocks mitosis, and induces apoptosis and eventually cell 

death [22] (Figure 2). In addition, paclitaxel induces a down-regulation in the expression of the 

anti-apoptotic protein B-cell Leukemia 2 (Bcl-2) and an over-expression of the pro-apoptotic 

protein Bcl-2-associated X protein (BAX) [23,24]. These alterations are responsible for the 

triggering of mitochondrial apoptosis through disruption of the mitochondrial membrane 

potential (MMP) and the consequent release of cytochrome C from mitochondria into the 

cytoplasm and cleavage of the caspase-3 protein (Figure 2) [25,26]. However, it is unclear 

whether an increase in ROS directly induces mitochondrial apoptosis [23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Mechanism of action of paclitaxel. Anti-tumor mechanism of action of paclitaxel 

leading to stabilization of microtubule, cell arrest, and subsequent apoptosis (A). Paclitaxel also 

causes activation of the immune response contributing to tumor eradication (B). The ability of 

paclitaxel to inactivate Bcl-2 via phosphorylation of the anti-apoptotic protein resulting in 

apoptosis (C). Participation of paclitaxel in the regulation of certain miRNAs associated with 
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the modulation of tumor progression (D). Regulation of calcium signaling by paclitaxel results 

in paclitaxel-induced release of cytochrome C from the mitochondria and programmed cell 

death. The immunomodulatory effects of paclitaxel via stimulation of macrophages leading to 

cytokine secretion including TNF-α or IL-12 that induce activation of natural killer cells (NK), 

dendritic cells (DC), and cytotoxic T lymphocytes resulting in the eradication of tumor cells 

(E) (used with permission from [27]). 

 

The exact pathophysiologic mechanism of paclitaxel-induced PN is not well understood [28]. 

The inhibition of tubulin depolymerization and consequent MTs dysfunction appears to be the 

most widely accepted mechanism associated with the neurotoxic profile of paclitaxel [29,30]. 

Intact MTs are required for both anterograde and retrograde axonal transport, and neuronal 

survival and function are dependent on these transport processes. Increased axonal MTs 

stability or polar reconfiguration [31], secondary paclitaxel might alter the retrograde axonal 

transport of growth factors, or other substances resulting in abnormal nerve physiology, and 

altered mitochondrial supply, leading to a loss of axonal integrity, or axonal degeneration in 

more severe cases. This phenomenon starts in the most vulnerable part of the nerve, the distal 

nerve endings of the longest nerves, where transport problems may manifest most quickly, and 

after this, it spreads centrally, similar to other ‘dying back’-type peripheral neuropathies 

(Figure 1) [29,32] .  

Despite paclitaxel’s efficacy as a chemotherapeutic agent, it promotes the formation of 

abnormal bundles of microtubules within the cytoplasm, leading to the disruption of normal 

cell function and proliferation. In patients, this results in the desired effect on the tumor, 

however, this is not without toxicity to normal tissue [33]. Paclitaxel does not cross the blood-

brain barrier, and its accumulation in the soma of sensory neurons in the dorsal root ganglia 

(DRG) is likely due to a more permeable blood-nerve barrier as well as strong vascularization 

due to fenestrated capillaries in DRG[32]. 

1.3. Dorsal root ganglion (DRG) 

Chemotherapeutic drugs cause toxicity in myelin sheaths (myelopathy), sensory cell bodies 

(neuronopathy), and axonal compartments (axonopathy) in the DRG by affecting ion channels, 

microtubules, mitochondria, and associated capillaries [34,35]. DRG explants have thus been 

shown to be a good, simple, and well-accepted model for studying antineoplastic agent-induced 

PN [36–38]. MTs impairment in the soma of the sensory neurons have been noted [32,33]. 

Additionally, recent studies have linked the onset of paclitaxel-induced neuropathy to changes 

in the gene expression of some neuronal ion channels and increased excitability of primary 
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sensory neurons in animal models [39].  The ability of DRG explants to outgrow neurites in 

vitro, as well as their response to toxic substances with neurite shortening, makes them a reliable 

model for evaluating drug neurotoxicity [36,40–42]. 

Primary DRG cultures consist of a diverse population of cells, including differentiated sensory 

post-mitotic neuronal cells (neurons) and proliferative non-neuronal cells [43]. DRG neurons 

are subdivided to three different subpopulations according to the size of their somata (small, 

≤599 µm2; medium, 600–1199 µm2 and large, 1200–1300 μm2), which represented 67%, 31%, 

and 2% of neurons in culture, respectively [44] while DRG non-neuronal cells consist of 

(Satellite glial cells (SGCs), Schwann cells (SCs), and other glial cells) (Figure 3) [45–48]. In 

addition to the importance of neurons, DRG non-neuronal cells are increasingly being 

recognized as being important in the development and maintenance of neuropathic pain [49,50]. 

 

 

Figure 3. Schematic diagram of DRG structure and cell types of composition. (A) A diagram 

of a DRG. The sensory neurons cell body is located within the DRG, with central and peripheral 

axon extensions. The motor neurons project out from the ventral horn of the spinal cord and 

combine with the peripheral sensory neurons to form the sciatic nerve. (B) An illustration of 

the prominent cells within the DRG. The SGCs surround the neuronal cell bodies, whilst SCs 

ensheath and myelinate single or multiple axon fibers, and finally the macrophages are present 

for the immune response (used with permission from [43]). 

 

Paclitaxel-induced neuropathy is most likely caused by dysfunctional MTs in DRGs, axons, 

and SCs [51,52] . In vivo studies have shown that direct injection of paclitaxel into the rat sciatic 

nerve causes the formation of unusual MT aggregates resulting in demyelination and loss of 

axoplasmic transport [51,52]. Although paclitaxel affected SCs in in vitro studies, it is unclear 

whether this effect is only due to a demyelinating process. In conclusion, it is likely that 

paclitaxel causes both sensory axonopathy and a ganglio-neuropathy, the latter occurring with 

higher single and cumulative doses, or when combined with cisplatin [53]. Subsequent studies 
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revealed that paclitaxel administration inhibits the normal regenerative response of axons and 

SCs to nerve crush injuries in rodent models [54]. 

Paclitaxel showed neurotoxic effects on DRG neurons, including a significant reduction in 

neurite length in rat DRG neurons, as previously reported [44]. Furthermore, Paclitaxel's effects 

on neuronal survival and neurite length in the DRG were dose- and time-dependent [44,55].  

Paclitaxel reduced cell viability and changed the phenotype of SCs isolated from the sciatic 

nerve at 24 h and 48 h [56]. A recent study looked at the effect of paclitaxel on the viability and 

proliferation of SGCs and discovered that it had no effect on viability but had a negative effect 

on cell proliferation [57]. More research is needed, however, to fully understand the 

mechanisms of paclitaxel toxicity on non-neuronal cells (SCs, SGCs, and other glial cells). 

These effects may have adverse functional consequences on DRG sensory neurons and should 

be considered in the management of PN. As a result, it is critical to discover novel therapeutic 

agents capable of mitigating or preventing PN caused by paclitaxel treatment. It is critical to 

find ways to manage the neurological complications of chemotherapy treatment. When 

symptoms of CIPN first appear in many patients, dose reduction or discontinuation of treatment 

is implemented, a strategy that may ultimately have a negative impact on overall survival. 

Symptoms persist in more than half of all patients long after treatment has been discontinued 

[58]. Even more difficult, there are no cures for the tingling and numbness that up to 70% of 

CIPN patients experience as side effects, and the therapeutics available for neuropathy are 

typically ineffective [59,60]. Despite the lack of data from prospective placebo-controlled trials, 

physicians typically recommend topical analgesics, antidepressants, and anticonvulsants, 

cannabinoids, opioids, and non-opioid analgesics. Until now, evidence of their effectiveness 

has been scant or negative  [61,62].   

1.4. Endocannabinoids (Palmitoylethanolamide) 

The Endocannabinoid system (ECS) is a complex molecular/biological system [63], plays 

critical roles in multiple physiological processes such as homeostasis, anxiety, emotional 

behavior, depression, nervous functions, neurogenesis, neuroprotection, learning, memory, pain 

sensation, fertility, pregnancy, and pre-and post-natal development [64]. The role of the ECS 

in health and disease processes has drawn more attention in recent years and its components 

have been implicated as an emerging target of pharmacotherapy for a wide range of diseases 

including general pain, headache, migraine, glaucoma, mood and anxiety disorders, 

obesity/metabolic syndrome, neuromotor, neuropsychological and neurodegenerative diseases, 
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respiratory diseases such as asthma, cardiovascular diseases such as atherosclerosis, myocardial 

infarction, metabolic disorders, and hypertension [65,66]. 

The ECS includes receptors, their ligands, and enzymes responsible for their biosynthesis and 

degradation/deactivation, and they are widely distributed throughout mammalian tissues and 

cells [67]. The three main receptor classes of ECS involves (i) G-Coupled Protein Receptors 

(GPCRs) such as CB1, CB2 [68], (ii) Ligand-sensitive ion channels (e.g., Transient Receptor 

Potential Vanilloid 1-TRPV1) which is also activated by chemical agents, physical stimuli, 

capsaicin, and ions, and (iii) Nuclear receptors (e.g., PPARs) [69]. The endogenous ligands N-

arachidonoyl ethanolamine (AEA, anadamide), N-palmitoylethanolamine (PEA), and N-

oleoylethanolamine (OEA) are synthesized from membrane N-acylphosphatidylethanolamine 

(NAPE) precursors either directly through a NAPE-selective phospholipase D or through the 

serial action of lipases (phospholipase C and then a phosphatase or phospholipase A2 and then 

lysophospholipase D) and 2-arachidonoylglycerol (2-AG), and  the endocannabinoid metabolic 

enzymes responsible for endocannabinoid synthesis and degradation such as diacylglycerol 

lipase isozymes α and β, fatty acid amide hydrolase (FAAH), monoacylglycerol lipase, and N-

acylphosphatidylethanolamine-selective phospholipase [70]. 

Palmitoylethanolamide (PEA) is a non-endocannabinoid lipid mediator belonging to the class 

of the N-acylethanolamine phospholipids that was first isolated from soy lecithin, egg yolk, and 

peanut meal [71] . Both preclinical and clinical studies indicate that PEA is potentially useful 

in a wide range of therapeutic areas, including eczema, pain, and neurodegeneration reviewed 

in [71]. PEA is commonly used in humans for its analgesic and anti-inflammatory properties, 

and it has been shown to be extremely safe and tolerable. Several preclinical in vitro and in vivo 

studies have demonstrated that PEA can cause biological effects by acting on a variety of 

molecular targets in both the central and peripheral nervous systems [71]. 

PEA interacts with a wide range of molecular targets in the body, including cannabinoid 

receptors and other pain and inflammation-related receptors [72,73]. Several studies conducted 

in the past ten years demonstrated PEA's ability to protect against neuroinflammation and 

neurodegeneration, demonstrating the compound's exceptional potential as a novel treatment 

for neurodegenerative disorders [74–78].  

PEA's multifaceted effects are caused by its distinct mechanisms of action, which affect 

multiple pathways at various sites (Figure 4) [79]. PEA primarily targets the nuclear receptor 

peroxisome proliferator-activated alpha (PPAR-α), but it also acts on novel cannabinoid 

receptors, G protein-coupled receptor 55 (GPR55) and G protein-coupled receptor 119 
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(GPR119) [80,81]. Furthermore, it indirectly activates CB1 and CB2 by inhibiting the 

degradation of AEA, a phenomenon known as the entourage effect [71,80]. 

.  

 

 

Figure 4. Metabolic pathways and mechanisms of action of PEA. PEA is synthetized by NAPE-

PLD (green arrow) and hydrolyzed to palmitic acid and ethanolamine by FAAH and NAAA 

(black arrows). PEA directly activates GPR55 and PPAR-α receptors (blue arrows). PEA 

activates TRPV1 receptors and increases the expression of CB2 receptors (orange arrows) via 

direct activation of PPAR-α receptors (blue arrow). PEA, through the stimulation of the activity 

of DAGL or the inhibition of the expression of FAAH (yellow arrows), increases the 

endogenous levels of 2-AG and AEA, respectively, which directly activate CB1, CB2, and 

TRPV1 receptors ("entourage effect") (violet arrow). PEA, possibly through an allosteric 

modulation of TRPV1 receptors, potentiates the actions of AEA and 2-AG at TRPV1 receptors 

("entourage effect. PEA inhibits the activation of mast cells through an indirect CB2-mediated 

mechanism (i.e., increased 2-AG synthesis). (used with permission from [82]). 

 

PEA has previously been shown to protect dentate gyrus granule cells during secondary 

neuronal damage [83]. Another study found that repeated PEA treatment reduced the decrease 

in axon diameter and myelin thickness in a chronic constriction injury model of neuropathic 

pain [84]. Furthermore, PEA protects neurons from excitotoxicity and has a local anti-injury 

effect by inhibiting mast cell activation [85]. PEA enhances neurobehavioral functions, 

including memory and learning, in animal models of neurodegeneration by reducing oxidative 

stress, pro-inflammatory, and astrocyte marker expression, and rebalancing glutamatergic 

transmission [86]. Additionally, PEA showed neuroprotective effects in organotypic 

hippocampal slices and mixed neuroglial cultures through a peroxisome proliferator-activated 
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receptor-mediated mechanisms [87]. As a result, the potential protective effects of PEA against 

the side effects of chemotherapeutic agents that cause peripheral neuropathy, such as paclitaxel, 

are crucial. 

1.5 Objectives 

The aims of this thesis were the: 

1. Isolation, purification, and culturing of DRG neuronal and non-neuronal cells. 

2. Investigation of the toxicity of paclitaxel on cell viability, neurite length, and cell soma 

of rat DRG neurons as well as on cell viability, cell death, cell proliferation, and cell 

morphology of DRG non-neuronal cells at different time points. 

3. Analysis the potential protective effects of PEA on DRG neuronal and non-neuronal 

cells. 

4. Elucidation if paclitaxel effects or/and PEA on DRG neuronal and non-neuronal cells 

are concentration- or/and time-dependent or not. 

5. Evaluation whether PEA influences the anti-tumoral effects of paclitaxel treatment on 

different human breast cancer cells or not. 

 

2. Discussion 

The protective effects of PEA against toxicity of paclitaxel were assessed in rat primary DRG 

neuronal and non-neuronal cells. The safety of PEA was tested on the efficacy of paclitaxel 

against different Human breast cancer cells (HBCCs). This dissertation is based on the 

publications that have addressed the research questions (Introduction 1. 5). In the first 

publication, we investigated the neuroprotective effects of PEA against the toxicity of paclitaxel 

on primary DRG neurons. In the second publication, the adverse effects of paclitaxel on primary 

DRG non-neuronal cells were investigated. Then, we evaluated the protective effects of PEA 

on DRG non-neuronal cells as well as the effects of PEA on anti-cancer efficacy of paclitaxel 

(data not published, briefly discussed).  

2.1. Effects of paclitaxel on DRG neuronal and non-neuronal cells  

In the first and second publications, primary DRG were isolated from 6-8 weeks aged Wistar 

rats, then DRG neuronal and non-neuronal cells were separated using density gradient 

centrifugation method using 15 % Bovine serum albumin (BSA). DRG neuronal and non-
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neuronal cells were then exposed to paclitaxel at various concentrations (0.01 µM, 0.1 µM, 1 

µM, 10 µM) then the effects were analyzed at 24 h, 48 h, and 72 h post-treatment. Our findings 

revealed that paclitaxel showed toxic effects on neuronal cells including reduction in neuronal 

viability, a strong reduction in neurite length and enlargement of neuronal cell bodies at all 

investigated time windows (publication 1). These results are in line with previous findings 

reporting about a significant reduction in neurite length when DRG neurons were exposed to 10 

µM paclitaxel for 24 h [44]. Paclitaxel treatment caused a significant increase in DRG neuron 

soma size after 24 h of treatment [55,88] and induced a significant enlargement of  DRG 

nucleolus size [89]. The data imply the fact that DRG neurons are highly susceptible to paclitaxel 

accumulation, possibly because of higher permeability of the blood-nerve barrier when 

compared to blood-brain barrier [90]. Therefore, paclitaxel seems to act directly on axons and 

causes axonal degeneration probably through local mechanisms [91]. Additionally, paclitaxel 

disrupted intracellular microtubules and bindings with beta-tubulin inside cell soma, resulting in 

accumulation of non-functional beta-tubulin units of microtubules, vacuolization of 

mitochondria and cytoplasm in neuronal cell bodies, and cell enlargement [92]. 

In the second publication, paclitaxel showed a set of toxicological effects on primary DRG non-

neuronal cells that included a decline in cell viability, an increase in cell death, inhibition of cell 

proliferation, and morphological changes. These effects might have adverse effects on the 

function of neurons and the management of peripheral neuropathy. Our findings are in agreement 

with earlier studies representing an affected viability of SCs isolated from the sciatic nerve [56], 

and suppressed cell proliferation of SGCs after 24 h of  paclitaxel treatment [57]. In addition, a 

loss or shortening of processes was induced in non-neuronal cells in primary DRG co-culture 

[56,88]. These effects were attributed to paclitaxel’s fast and strong mechanism of action on 

primary DRG non-neuronal cells, as these cells are non-transformed and proliferating cells. 

Therefore, paclitaxel selectively causes the death of transformed cells, possibly by arresting the 

cell cycle at G1 as well as G2/M phases [1,93–96]. The adverse effects of paclitaxel on DRG 

neuronal and non-neuronal cells were concentration-and time-dependent (Publications 1&2).  

2.2. Effects of PEA against paclitaxel toxicity on DRG neuronal and non-

neuronal cells  

In the first publication, primary DRG neuronal cells were treated with different concentrations 

of PEA (0.1 µM, 1 µM, 10 µM) either alone or in combination with different concentrations of 

paclitaxel (0.01 µM, 0.1 µM, 1 µM, 10 µM) at various investigated time points. PEA alone did 

not show any effects on DRG neurons compared to the control group; however, it showed 
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neuroprotective effects by partially reversing the toxic effects of paclitaxel including increasing 

cell viability, enhancing DRG neuron neurite outgrowth, and decreasing swelling of neuronal 

soma (Publication 1). These data were also consistent with previous research demonstrating 

that different PEA concentrations increased the cell viability in astrocytes [97]. Further, our 

data are in agreement to research reporting a reduction of positive propidium iodide (PI) 

neuronal nuclei after application of PEA to N-methyl D-aspartate-treated 

 organotypic hippocampal slice cultures [83]. In line with previous evidence PEA effects on 

preserving myelin sheet thickness and axonal diameter and preventing myelin degeneration 

[84]. Additionally, in a rat model of oxaliplatin-induced neurotoxicity, administration of PEA 

substantially relieved pain after 30 minutes [98]. 

Our findings also demonstrated that PEA could reverse the toxic effects of paclitaxel on DRG 

non-neuronal cells by increasing cell viability, improving cell survival as well as accelerating 

the rate of cell proliferation. It showed protective effects on cell viability particularly against 

higher concentrations of paclitaxel (1 µM, and 10 µM) (Figure 5a). This could be due to high 

concentrations of paclitaxel causing high toxicity and a significant reduction in the number of 

viable cells. As a result, any protective signaling amplified by PEA would be more visible and 

effective. These findings are in line with the data that found a significant increase in viability 

of DRG neurons when co-treated with PEA plus paclitaxel at different concentrations 

(Publication 1). Furthermore, our findings are consistent with previous research demonstrating 

the importance of PEA in improving astrocyte cell viability [97]. Interestingly, PEA maintained 

a nearly similar positive PI ratio (indicative of cell death) as well as positive bromodeoxyuridine 

(BrdU) ratio (indicative of cell proliferation) in cells treated with higher concentrations of 

paclitaxel compared to cells treated with the lowest concentration of paclitaxel (0.01 µM) at 

different time points (Figure 5 b, c), even though there were concentration-dependent effects 

(more toxicity) at these endpoints when cells have been exposed to different paclitaxel 

concentrations (Publication 2). In line with the majority of experimental evidences, 

cannabinoids protect neurons and glial cells from apoptosis and oxidative damage. Therefore, 

cannabinoids are very likely to regulate cell survival and cell death pathways in non-

transformed cells [99]. Daily PEA-OXA treatment for 14 days after sciatic nerve crush showed 

analgesic protective effect on hypersensitivity and improved functional recovery after nerve 

crush [100]. Our results shed more light on the PEA mode of action against paclitaxel toxic 

effects and how it might protect DRG non-neuronal cells, which is critical in the management 

of peripheral neuropathy and the protection of DRG neurons.  
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Figure 5. Effects of different paclitaxel concentrations (0.01 µM, 0.1 µM, 1 µM, and 10 µM) 

combined with either 0.1 µM PEA on (a) the ratio of viable DRG non-neuronal cells with 

healthy nuclei at 24 h, 48 h, and 72 h post-treatment using DAPI staining assay or 10 µM PEA 

to study effects on (b) cell death of DRG non-neuronal cells at various investigated time points 

using PI assay, and (c) cell proliferation of DRG non-neuronal cells using BrdU assay. The data 

represent only one example of the effects comparing the effect in combinations of PEA (0.1 

µM) + gradual or/and higher concentrations (10x) of paclitaxel with the effect in the 

combination of the lowest paclitaxel concentration (0.01 µM) plus the same PEA concentration 
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used using One-way ANOVA followed by Bonferroni-post hook test, *P < 0.05). Data 

represented as mean ± SEM and the experiments were performed three independent times with 

n = 15 replicas. The asterisk denotes significant results ((**p < 0.01, ***p < 0.001, ****p < 

0.0001) regarding the respective measurement indicated with the bar graph. Only the non-

significant differences are of biological importance which indicates the role of the PEA in 

maintaining a similar survival ratio of the cells, positive PI (cell death), and positive BrdU (cell 

proliferation) even at higher concentrations of paclitaxel. 

 

Live cell imaging is less prone to experimental artifacts and usually gives more reliable and 

useful information on time dependent processes than microscopy of fixed cells [101]. In the 

current study, live imaging records of the cells treated with paclitaxel or/and PEA, either 

individually or in combination revealed a protective effect of PEA against the toxic action of 

paclitaxel (Figure 6, supplementary videos). PEA effects included changing in cell behavior 

and assisting cells to resist paclitaxel induced effects by recovering from mitotic arrest. The 

cells returned to their normal morphology indicating for contribution of PEA to slowing down 

the cell death. Paclitaxel is known to disrupt microtubule dynamics, causing the cell cycle to 

stop at G1 and G2/M phases [96]. Considerably, the here presented findings show that PEA 

effects to prevent cell death are not restricted to neurons [42] but can be extended to 

safeguarding non-neuronal cells within the DRG. The data is consistent and support earlier 

findings that cannabinoids, both in vivo and in vitro, prevent astrocyte apoptosis induced by 

ceramide [102]. In addition, cannabinoids protect oligodendrocytes from cell death caused by 

growth factor deficiency [103]. 

After the demonstrated protective effects of PEA against toxicity of paclitaxel on neuronal and 

non-neuronal cells as discussed above, it is very important to ensure that PEA will not affect 

the efficacy of paclitaxel against tumor cells. Therefore, the effects of different concentrations 

of PEA or/and paclitaxel either individually or in combination on three different breast cancer 

cell lines, namely MCF-7, MDA-MB-231, and SK-BR-3 representing early, invasive, and 

metastatic pathological stages of breast tumor, respectively were investigated (unpublished 

data, in preparation). We found that PEA treatment had no impact on the efficacy of paclitaxel 

in killing different stages of human breast cancer cells (HBCCs). The synergistic anti-cancer 

effects of PEA were visible when combined with paclitaxel at lower concentrations and were 

noticed only in early and invasive stages of HBCCs (Figure 7). 
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Figure 6. Representative images demonstrated the effects of 0.1 µM PEA against 10 µM 

paclitaxel on cell proliferation of DRG non-neuronal cells using a phase contrast live imaging 

setup for up to 72 h. Higher magnification of labeled areas showed different actions of cells 

related to effects on cell proliferation after treatment with 10 µM paclitaxel and 0.1 µM PEA 

either individually or in combination at different hours. Marked cells representing normal 

mitotic events resulting in two daughter cells as represented in the control (A) (Video S1), and 

0.1 µM PEA (B) (Video S2) groups. 10 µM paclitaxel arrested cell proliferation through various 

mechanisms where some rounding cells closed together and became one live cell before being 

rounded again and then dead, as seen in the highlighted image in (C) (Video S3). Additionally, 

some cells changed their morphology to a rounding event then not divide, and finally died 

through apoptosis as indicated in (D) (Video S3). 0.1 µM PEA partially reversed the effects of 

10 µM paclitaxel on cell division, in which some cells changed their morphology to a mitotic 

rounding event then back again to a single cell, but not two cells, then later, the cell started to 

be round and merged with the other surrounding cell as shown in (E) (Video S4). The 

experiments were conducted three times independently, n= 15-20 replicates. The white numbers 

in the left lower corner of each image indicate the time of detection of various events in hours 

and minutes. Scale bars = 100 µm. 

 

Anticancer effects of paclitaxel are mainly due to its ability to target microtubules. In addition 

to its effects on mitosis, paclitaxel plays as a microtubule target agent (MTA) important roles 

in cellular functions throughout the cell cycle, where p53, c-Myc, BRCA1, androgen receptor, 

APC, and Src, proteins involved in oncogenesis, are known to associate with and/or traffic 

along microtubules [104,105]. Paclitaxel’s ability to disrupt interphase microtubule functions 
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was expected to reduce the activity of these and other proteins implicated in cancer maintenance 

and progression [106]. Our findings are in similarity with previous literatures elucidating 

paclitaxel-induced cell death by apoptosis in different HBCCs [27,107–110].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Effects of different concentrations of PEA (0.1 µM, 1 µM, and 10 µM) combined 

with 0.01 µM Paclitaxel on the viability of different breast tumor cells (MCF-7, MDA-MB-

231, and SK-BR-3) at 24 h, 48 h, and 72 h post-treatment using MTT assay. PEA plus 0.01 µM 

paclitaxel showed a significant suppression in the viability of (a) MCF-7 cells at 48 h and 72 h 

after application compared to paclitaxel alone (*p < 0.05, **p < 0.01). (b) Significant reduction 

in the viability of MDA-MB-231 cells compared to the paclitaxel group (***p < 0.001, ****p 

< 0.0001) at 24 h, 48 h, and 72 h post-treatment. (c) No significant effects against paclitaxel 
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were found at different PEA concentrations on the viability of SK-BR-3 compared to paclitaxel 

(p > 0.05) at all investigated time windows. The asterisks denote significant results regarding 

the respective measurement indicated with the bar. Values are given as the mean ± SEM of three 

independent experiments conducted in 12 replicates, ns: non-significant. 

 

Our findings indicated that PEA plus paclitaxel exhibited synergistic anti-cancer effects in 

distinct cell lines like MCF-7 or MDA-MB-231 cells by significantly reducing the viability of 

cells, at various investigated time points. This combined effect might involve the entourage 

effect increasing AEA concentration  as an endogenous enhancer of some biological actions, 

resulting in a positive interaction (additive-synergistic) [111]. Previous research also discovered 

that PEA inhibits colon carcinoma cell proliferation by inhibiting the Akt/mechanistic target of 

rapamycin (mTOR) pathway by involving PPAR alpha [112], enhancing inhibition of 

proliferation by AEA by virtue of its action as positive allosteric modulator of TRPV1 [113] 

and by permissively enhancing AEA effects by downregulation of FAAH expression and 

activity [114].   

Notably, these additive-synergistic interaction effects were only visible at low paclitaxel 

concentrations. Low- dose combination treatments of paclitaxel and 5-Demethylnobiletin, 

exhibited synergistic effects in lung cancer cells [115]. Additionally, our results revealed that 

these synergistic interactive effects of PEA and paclitaxel depended on the stage of the breast 

cancer, as MCF-7 and MDA-MB-231 cells were more susceptible to paclitaxel and PEA, 

whereas no effect was apparent in late-stage breast tumor (SK-BR-3) cells. This may be because 

SK-BR-3 cells are more aggressive and demonstrated hypersensitivity to paclitaxel induced 

apoptotic cell death [116].  

2.3. Conclusions  

Paclitaxel treatment exhibited a set of toxicological effects on primary DRG neuronal and non-

neuronal cells. It led to a reduction in neuronal viability, a strong reduction in neurite length, 

and an increase in size of neuronal cell bodies at all investigated time windows. In addition, 

paclitaxel showed adverse effects on primary DRG non-neuronal cells including suppression in 

number of viable cells, an increase in cell death, decrease of cell proliferation rate, as well as 

morphological changes. The effects of paclitaxel on primary DRG neuronal and non-neuronal 

cells were concentration- and time- dependent. PEA, on the other hand, demonstrated 

neuroprotective effects by partially mitigating the toxic effects of paclitaxel by increasing cell 

viability, inducing DRG neuron neurite outgrowth, and decreasing swelling of neuronal soma. 

Furthermore, PEA at various concentrations protects DRG non-neuronal cells from the adverse 
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effects of paclitaxel, including increased cell viability, improved cell survival, and accelerated 

cell proliferation. These findings shed more light on the PEA mode of action against the toxic 

effects of paclitaxel and might be important for a better management of peripheral neuropathy 

and the protection of DRG neurons and non-neuronal cells. Further, our findings demonstrated 

the safety of PEA as an endocannabinoid-like substance in combination with paclitaxel against 

HBCCs, suggesting that it could be used to treat peripheral neuropathy caused by paclitaxel. 

PEA could be used in conjunction with paclitaxel to treat breast cancer patients with CIPN. 

Taken together, more research is required to identify the signaling pathways underlying the 

additive-synergistic interaction effect of PEA and paclitaxel on the viability of HBCCs. 
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4. Theses 

1) Chemotherapy-induced peripheral neuropathy (CIPN) is a type of nerve damage caused 

by anticancer agents such as paclitaxel, and this side effect disrupts and decreases the 

quality of patients’ life. 

2) The endocannabinoid-like substance, palmitoylethanolamide (PEA) or /and paclitaxel 

at various concentrations affect primary dorsal root ganglion (DRG) neuronal and non-

neuronal cells in a time-dependent manner. 

3) Paclitaxel showed toxic effects on neuronal cells including a reduction in neuronal 

viability, suppression in neurite length, and an enlargement in neuronal cell bodies at 

all investigated time windows. In addition, primary DRG non-neuronal cells responded 

with a decrease in number of viable cells, an increase in cell death, a decrease of cell 

proliferation rate, as well as morphological changes. 

4) PEA showed neuroprotective effects by partially mitigating the toxic effects of 

paclitaxel by increasing cell viability, inducing DRG neuron neurite outgrowth, and 

decreasing swelling of neuronal soma.  

5) PEA exerted protective effects against paclitaxel adverse effects on DRG non-neuronal 

cells including increasing cell viability, improving cell survival as well as accelerating 

the rate of cell proliferation. 

6) PEA did not have effects on the efficacy of paclitaxel on human breast cancer cells 

MCF-7, MDA-MB-231, and SK-BR-3, but it showed synergistic anti-cancer effects 

with paclitaxel by increasing the drop in viability. 

7) PEA might be a promising therapeutic substance for cancer patients suffering from 

CIPN. 
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Abstract: Chemotherapy-induced peripheral neuropathy (CIPN) is a common side effect of several
chemotherapeutic agents, such as Paclitaxel. The main symptoms of CIPN are pain and numbness
in the hands and feet. Paclitaxel is believed to accumulate in the dorsal root ganglia and free nerve
endings. Novel therapeutic agents might help to mitigate or prevent Paclitaxel toxicity on dorsal root
ganglion (DRG) neurons. Thus, we used primary DRG neurons as a model to investigate the potential
neuroprotective effects of the endocannabinoid-like substance, palmitoylethanolamide (PEA). DRG
neurons were isolated from cervical to sacral segments of spinal nerves of Wister rats (6–8 weeks old).
After isolation and purification of neuronal cell populations, different concentrations of Paclitaxel
(0.01–10 µM) or PEA (0.1–10 µM) or their combination were tested on cell viability by MTT assay at
24 h, 48, and 72 h post-treatment. Furthermore, morphometric analyses of neurite length and soma
size for DRG neurons were performed. Adverse Paclitaxel effects on cell viability were apparent at
72 h post-treatment whereas Paclitaxel significantly reduced the neurite length in a concentration-
dependent manner nearly at all investigated time points. However, Paclitaxel significantly increased
the size of neuronal cell bodies at all time windows. These phenotypic effects were significantly
reduced in neurons additionally treated with PEA, indicating the neuroprotective effect of PEA. PEA
alone led to a significant increase in neuron viability regardless of PEA concentrations, apparent
improvements in neurite outgrowth as well as a significant decrease in soma size of neurons at
different investigated time points. Taken together, PEA showed promising protective effects against
Paclitaxel-related toxicity on DRG neurons.

Keywords: peripheral neuropathic pain; neurotoxicity; dorsal root ganglion neurons;
palmitoylethanolamide; paclitaxel; neurite length; soma size; MTT assay

1. Introduction

Chemotherapy-induced neuropathic pain (CINP) is a dose-limiting side effect of some
anticancer drugs, such as bortezomib, cisplatin, oxaliplatin, paclitaxel, thalidomide, and
vincristine [1]. The incidence of CINP in patients ranges from 12.1% to 96.2%, depending
on the chemotherapeutic agent used and the type of cancer treated [2]. Taxanes are a class
of chemotherapy drugs that promote tubulin polymerization into highly stable intracel-
lular microtubules and cause cell death by intermixing with microtubules via normal cell
division [3,4]. Paclitaxel is a Taxane derivative that has been used successfully as a first-line
treatment for a variety of solid tumors, including ovarian cancer, breast cancer, cervical
cancer, lung carcinomas, and other solid tumors [5–7].

Unfortunately, peripheral neuropathic pain (PNP) is a common side effect of Paclitaxel
treatment affecting around 70.8% (95% CI 43.5–98.1) of patients [8]. The incidence ranges
from 30 to 50% after a single dose and rises to more than 50% after a second dose [9].
Hyperalgesia, allodynia, and sporadic burning, shooting, numbness, spasm, and prickling
sensations are some of CINP signs, and these can drastically lower the patient’s quality
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of life [10,11]. Chemotherapy-induced peripheral neuropathy (CIPN) is predominately a
sensory axonopathy and neuronopathy, and the sensory neurons residing in dorsal root
ganglions (DRGs) are the primary targets. Therefore, DRG explants have been shown to
represent a good, simple, and well-accepted model for studying peripheral neuropathy
induced by antineoplastic agents [12]. The ability of DRG explants to outgrow neurites
in vitro when exposed to nerve growth factor (NGF), as well as the interference with
neurite elongation by toxic substances, is the basis for their use in drug neurotoxicity
assessment [12–14].

The neurotoxic effect of Paclitaxel on neurite length of DRG was shown to be dose-
and time-dependent [15,16], and DRG dissociated post-mitotic neurons were observed to
die by necrosis [15]. Paclitaxel also caused the enlargement of neuronal cell bodies, and
suppression of DRGs neuritis [17]. Paclitaxel has shown to demonstrate concentration-
and time-dependent effects on vesicular trafficking and membrane localization of Nav1.7
in sensory axons of DRGs, providing a possible mechanistic explanation for increased
excitability of primary afferents and pain [18]. Paclitaxel was reported to alter intracellular
trafficking in both Drosophila and mouse models of CIPN by inducing recycling defects in
mouse DRG neurons in vitro [19]. Currently, tricyclic antidepressants and analgesic drugs
such as amitriptyline, morphine, gabapentin, and duloxetine display limited efficacy for
preventing and alleviating paclitaxel-induced peripheral neuropathic pain and/or suffering
of patients from serious side effects [20–23]. As a result, finding novel therapeutic agents
that can mitigate or prevent Paclitaxel neurotoxicity on DRG neurons is very crucial.

The endocannabinoid system (ECS) is an important biological system that regulates
and balances a wide range of physiological functions in the body, making it a target for
many drugs and therapies [24]. Modulating the ECS activity showed promising ther-
apeutic effects in a wide range of diseases and pathological conditions, including neu-
rodegenerative, cardiovascular, and inflammatory disorders, obesity/metabolic syndrome,
cachexia, chemotherapy-induced nausea and vomiting, tissue injury, and pain [25]. Palmi-
toylethanolamide (PEA), an endogenous fatty acid amide analogue of the endocannabinoid
anandamide, has an important role in tissue protective mechanisms [26,27]. PEA was
discovered nearly 5 decades ago in lipid extracts of various natural products, and its
anti-inflammatory and antinociceptive properties were later described [28].

There is evidence for PEA synthesis during inflammation and tissue damage. PEA
has a variety of beneficial effects, including the relief of inflammation and pruritus, and is
effective in the control of neurogenic and neuropathic pain [29]. The hypothesized theories
for PEA’s mode of action include modulating endocannabinoid signaling and indirectly
activating cannabinoid receptors via “entourage” effects [30–33].

PEA acts primarily through the direct activation of the nuclear receptor PPAR-α [34].
After the activation of PPAR-α receptor, a chain of events leads to suppression of pain
and inflammatory signals, including the inhibition of the release of pro-inflammatory
cytokines such as IL-1β and IL-6 [35]. Previous studies showed a PEA-mediated protection
of dentate gyrus granule cells during secondary neuronal damage, which was mediated
by PPAR-α activation and influenced by reduction in inflammatory processes [36]. In a
chronic constriction injury model of neuropathic pain, repeated PEA treatment (30 mg/kg)
not only decreased edema and macrophage infiltrates, but also declined the decrease in
axon diameter and myelin thickness [37]. However, research on studying the protective
role of PEA against the toxicity of Paclitaxel on DRG neurons is still lacking.

In the present study, the effects of different Paclitaxel and PEA concentrations were
investigated, either individually or in combination, on the viability, morphology, and
neurite length of primary DRG neurons at various time points. We hypothesized that PEA
might reduce the neurotoxicity induced by Paclitaxel on DRG neurons in a concentration-
or/and time-dependent manner.
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2. Materials and Methods
2.1. Ethics Statement

All animal experiments were carried out in accordance with the policy on ethics and the
policy on the use of animals in neuroscience research, as specified in directive 2010/63/EU
of the European Parliament and of the Council of the European Union on the protection of
animals used for scientific purposes and were approved by local authorities for laboratory
animal care and use (State of Saxony-Anhalt, Germany, permission number: I11M27).

2.2. Materials

Experiments were conducted with Palmitoylethanolamide (PEA, Tocris Bioscience,
cat No. 0879-10 mg, Bristol, UK), Paclitaxel (Taxol equivalent, Invitrogen, cat No. P3456-
5 mg, Schwerte, Germany), Nerve Growth Factor-2.5S from the murine submaxillary gland
(NGF, Sigma Aldrich, Merck, cat No. N6009-4X 25 µg, St. Louis, MO, USA) and glial
cell-derived neurotrophic factor (GDNF, Sigma-Aldrich, cat No. SRP3309-10 µg, St. Louis,
MO, USA), Uridine (Uridin, Sigma-Aldrich, U3003-5 g, Darmstadt, Germany), and 5-
Fluoro-2-deoxyuridine (FudR, Sigma-Aldrich, cat No. F0503-100 mg, Darmstadt, Germany).
PEA and Paclitaxelwere dissolved in DMSO to obtain stock solutions of 10 mM PEA and
1 mM Paclitaxel and stored at −20 ◦C, while NGF and GDNF dissolved in 0.1 % Bovine
Serum Albumin (BSA, Sigma-Aldrich, cat No. A7906-10 g, St. Louis, MO, USA). A total
of 20 mM uridine/5-fluorodeoxyuridine (UFdU) stock solution was prepared by mixing
48.8 mg uridine and 49.2 mg 5-fluorodeoxyuridine in 10 mL distilled water, and 100 µL
aliquots were prepared and frozen at −20 ◦C. Notably, controls contained the similar
highest concentration of DMSO (0.1%) to exclude any effects on investigated parameters.

2.3. Isolation and Preparation of DRG Neurons

DRG tissues isolated from 6–8 weeks of age Wister rats. In brief, rats were deeply
anesthetized with isoflurane (Florene, 100% (V/V), 250 mL, Abcam, cat No. B506, Carros,
France) by inhalation and sacrificed by decapitation with a commercial guillotine. Un-
der aseptic conditions, the vertebral column was isolated and carefully cleared from all
surrounding muscle, fat, and other soft tissue. The spinal cord was then exposed and
scooped out. Following the dorsal roots. DRGs were localized, removed, collected from
intervertebral foramina at both sides, and placed in a 3 mL sterile dish containing Hanks
balanced salt solutions without Mg2+/Ca2+ (HBSS, Invitrogen, REF. 24020-091, Schwerte,
Germany). Dorsal root neuronal culture was prepared according to a previously published
protocol [38] with some modifications. Briefly, isolated DRGs were enzymatically digested
in the first enzymatic solution, which contained 60 U/mL papain solution (Sigma-Aldrich,
cat No. P4762-100 mg, St. Louis, MO, USA), 3 µL of 80 mg/mL saturated sodium hydro-
gen carbonate solution (NaHCO3, Merck, cat No. k22399729, Darmstadt, Germany), and
0.6 mg/mL L-Cysteine (L-Cys, Sigma-Aldrich, Cat No. C7352-25 g, St. Louis, MO, USA)
dissolved in 1.5 mL of HBSS without Mg2+/ Ca2+. Afterwards, DRGs were incubated in a
papain solution for 15 min in a 37 ◦C water bath, then incubated in a second solution which
consisted of 4 mg/mL collagenase type II solution (CLS2, Sigma-Aldrich, Cat No.C6885-1
gm, St. Louis, MO, USA) and 4.6 mg/mL dispase type II (Dispase II, Sigma-Aldrich, Cat
No. D4693-1 gm, St. Louis, MO, USA) solution in 3 mL HBSS without Mg2+/ Ca2+. The
DRGs were mixed gently in collagenase solution and incubated again for 15 min in a water
bath at 37 ◦C.

The resulting cell suspension was centrifuged at 200× g for 1 min. The collagenase
solution was carefully aspirated, and the DRGs were washed with 2ml of titration media
consisting of high glucose Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, Ref.
41965-039, Schwerte, Germany) containing 10% heat-inactivated Fetal Bovine Serum (FBS,
Invitrogen, REF. 10270-106, Schwerte, Germany). The DRGs were triturated 10–15 times
by using p1000 pipette tips until the cell suspension became cloudy. Bovine serum al-
bumin (BSA) was used for purification (15% (W/V) BSA solution) to obtain nearly pure
neurons without myelin debris. After trituration, single-cell suspensions from DRGs were
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centrifuged through 15% (W/V) BSA solution in DMEM, 3 mL of 15% BSA solution: 1 mL
of cell suspension in a 15 mL conical tube at 300 g for 8 min at room temperature (RT)
to separate sensory neurons in the pellet from non-neuronal cells and debris [39]. The
BSA solution was removed and the pellet containing neurons was re-suspended in 1 mL
of culture medium consisting of 445 mL of F12 medium (1X, Invitrogen, REF.11765-054,
Schwerte, Germany), 50 mL of FBS and 5 mL of 0.1 mg/mL streptomycin/penicillin (Sigma
Aldrich, cat No. P4333/100 mL, Darmstadt, Germany). The cell suspension was filtered by
a 40 µm cell strainer (SARSTEDT, cat No. D-51588, Schwerte, Germany) to obtain single-cell
suspensions and remove undigested tissue debris.

2.4. Seeding and Growth of DRG Neurons

Coverslips 12 mm round were pre-coated with 2 mg/mL Poly-D-lysine (PDL, Sigma
Aldrich, cat No. P6407, St. Louis, MO, USA) and 0.2 mg/mL laminin (Sigma Aldrich, cat
No. L2020-1 mg, St. Louis, MO, USA) for at least 1 h or overnight in 4 ◦C, then washed
one time with distilled H2O directly before seeding the cells in culture medium. DRG
neuronal cells (5000 cells in 50 µL culture medium) were then pre-seeded onto the center
of the coated coverslips for 2 h in an incubator with 37 ◦C and 5% CO2. Then, 1 mL of
warm culture medium adjusted at pH 7.4 containing 50 ng/mL NGF and 20 ng/mL GDNF
(which is essential for growing neuritis of neurons) and 20 µM UFdU (for inhibiting the
growth of any remains of supporting cells in culture) was gently added to the wells, and the
cells were maintained again at 37 ◦C with 5% CO2. The growth and morphology of neurons
were monitored after 2, 24, 48, and 72 h to detect the suitable time of treatment (Figure 1a).
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palmitoylethanolamide (PEA) on DRG neurons viability and morphology (Neurite length meas-
urement) respectively, at 24, 48, and 72-h post-treatment. 

Figure 1. Morphological features and treatment protocols of DRG neurons. (a) Representative images
show the morphology and growth of DRG neurons at different time points after BSA purification.
Scale bars = 50 µm. (b,c) treatment protocols for studying the effects of Paclitaxel or /and palmi-
toylethanolamide (PEA) on DRG neurons viability and morphology (Neurite length measurement)
respectively, at 24, 48, and 72-h post-treatment.

2.5. Cell Viability (MTT Assay)

DRG neurons were treated 24 h after seeding. Cells were treated with different
concentrations of Paclitaxel (0.01, 0.1, 1, 10 µM) and PEA (0.1, 1, 10 µM), either individually
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or simultaneously combined to study the effects on cell viability. Paclitaxel concentrations
were selected based on the literature [15–19,40,41] as well as PEA [42–44]. DRG neurons
(4–5 × 104 cells/well) in 96 well plates were treated with different concentrations of
Paclitaxel and PEA alone or in combination for 24, 48, and 72 h. (Figure 1b). Then, cell
viability (%) was measured at the different time points using MTT assay. Four hours
before termination of experiments at different time points, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide solution (MTT, Invitrogen, cat. No M6494, 5 mg/mL,
Eugene, OR, USA) was added. Cells were further incubated for 4 h at 37 ◦C and 5%
CO2. After removing MTT solution, formazan crystals dissolved in 100 µL of dimethyl
sulfoxide (DMSO, Sigma-Aldrich, cat No. D4540-500 mL, Lyon, France) were added
and, after another 20 min absorbance values, were measured at wavelengths (540 nm
and 720 nm) by a microplate reader (SynergyTMMx, BioTek Instruments, Winooski, VT,
USA). DRG neurons cultured in normal media free of Paclitaxel or/and PEA were used as
control groups. Controls contained the similar highest concentration of DMSO (0.1%) to
exclude any solvent effects on cell viability. All experiments were performed three times
independently with 2–3 technical replica for each treatment.

2.6. Immunofluorescence Staining and Microscopy

To investigate the effects of various treatments on the morphology of DRG neurons,
cells (2–4 × 103 cells/well) were seeded on 12 mm sterile coverslips in a 24-well plate
(Greiner Bio-One, Cat No. 662160, Frickenhausen, Germany), cultured for 24 h until most
neurites outgrew, and then treated with different concentrations of Paclitaxel or PEA, either
alone or in combination (Figure 1c). At the end of each time point, the cells were fixed with
4% paraformaldehyde (PFA, AppliChem, cat No.141451.1211, Darmstadt, Germany) for
15 min at RT and immediately subjected to immunofluorescence or stored in 1 × PBS at
4 ◦C until further use. For immunofluorescence staining, fixed cells were washed 3 times
with 0.02 M PBS for 10 min before unspecific bindings were blocked by incubating cells in
normal goat serum (NGS, Sigma Aldrich, cat No. G9023-10 mL, Taufkirchen, Germany, 1:20)
in 0.02 M PBS/0.3% (v/v) Triton) for 30 min. Afterward, cells were incubated with neuronal
marker mouse anti-β-III tubulin antibody (TUBB3, Biolegend, San Diego, cat No: 801201,
CA, USA, 1:1000) overnight for labelling the cytoskeleton of neurons. Coverslips were
thereafter washed thrice for 10 min in PBS, incubated with the secondary antibody goat
anti-mouse Alexa Fluor® 488 conjugated (Life Technologies, cat No. 2066710, Darmstadt,
Germany, 1:200) for 1 h, washed again 3 times with PBS, and stained with DAPI (4′,6-
Diamin-2-phenylindol, Sigma-Aldrich, Munich, Germany, cat No. D9542) for visualization
of nuclei. The stained cells were washed in distilled water and covered with DAKO
fluorescence mounting medium (DAKO, Agilent Technologies, Inc., Santa Clara, CA 95051,
USA). The DRG neurons photomicrographs were captured by using a Leica DMi8 (Wetzlar,
Germany) microscope, and five images were randomly taken from each coverslip. The
experiment was performed 3 times independently.

2.7. Image Analysis and Determination of Neurite Lengths and Soma Sizes

Measurement of neurite length as a marker for investigating the neurotoxicity of DRG
neurons was assessed by using Neurite Tracer, a plugin for ImageJ software version v1.52
used for automated neurite tracing as previously described [45] with some adjustments
(Figure S1). Briefly, a sample image pair from cultures of DRG neurons fluorescently
labelled with TUBB3 as neuronal marker and DAPI as nuclear marker were opened in
Image J (v1.46r (National Institutes of Health, Laboratory for Optical and Computational
Instrumentation, University of Wisconsin, Madison, WI, USA) and converted to 8-bit
grayscale, and then individually opened in neurite tracer plugin. Large bright objects
(somats of neurons) were removed from all images by application of Fiji software version
2.9.0 (accessed 15 January 2022) (https://imagej.net/Fiji/Downloads). Thereafter, the
resulting images were inserted to neurite tracer. Afterwards, the threshold was adjusted
manually before starting the automated tracing of neuritis. Images with the traced neuritis

https://imagej.net/Fiji/Downloads
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were merged with RGB original images to ensure the reliability and accuracy of the tracing
process. Afterwards, the number of neurons was determined by using a multi-point tool of
ImageJ. Finally, traced neuritis lengths were normalized with the numbers of neurons to
calculate the neurite length/cell. To determine the size of neuronal somata, soma areas of
neurons were selected, and soma areas were measured. The results were normalized with
those from the control group.

2.8. Statistical Analysis

Data analysis and visualization were carried out by using GraphPad Prism (GraphPad
Software version 8.0.1 for Windows, La Jolla, CA, USA). The normal distribution of data
was assessed by use of the Kolmogorov–Smirnov test. The effect of treatments on viability
and neurite length of DRG neurons was assessed using one-way ANOVA (analysis of
variance) followed by the Bonferroni multiple comparisons test (p < 0.05). An alpha level
of 0.05 was used for all tests.

3. Results
3.1. Characterization of DRG Neuronal Cells

DRG neurons cultures were examined under a light microscope at various time points
(2, 24, 48, and 72 h) to track their growth and morphology. After 2 hours, neuron somas
appeared round, bright, and refractile, with a large nucleus (Figure 1a). Three distinct
subpopulations (small, medium, and large neurons) based on soma diameter were observed,
(Figure 1a). Most of the DRG neurons extended long thin neuritis after 24 h of cells seeding,
while, after 48 and 72 h of culturing, all sensory neurons had long neuritis which connected
and formed networks together (Figure 1a).

3.2. Effects of Paclitaxel or/and PEA on Cell Viability of DRG Neurons

DRG neurons were treated with different concentrations of Paclitaxel for 24, 48, and 72-
h, and we found a significant reduction in the viability of cells at only 72 h post-treatment,
regardless of Paclitaxel concentrations, compared to the untreated control group (p < 0.001)
(Figure 2). Paclitaxel‘s effects on neuron viability were obviously time-dependent but
not concentration-dependent. PEA, as expected, showed no statistically significant effect
on the viability of cells in comparison to the untreated control group (p > 0.05) at 72 h
post-treatment (Figure S2).
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 Figure 2. Effects of different concentrations of Paclitaxel on viability (%) of DRG neurons at different
time points. Application of different concentrations of Paclitaxel showed no influence on the viability
of neurons at (a) 24 h and (b) 48 h, whereas, at (c) 72 h post-treatment, Paclitaxel significantly reduced
the viability of cells compared to control (*** p < 0.001). The asterisk denotes significant results
regarding the respective measurement indicated with the bar. Values are served as mean ± SEM of
three independent experiments performed in triplicate. SEM: Standard error mean.

The effects of combined treatments (Paclitaxel plus PEA) were compared to the effect of
Paclitaxel alone on viability (%) at 72 h post-treatment. A significant increase was observed
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for almost all combinations of Paclitaxel (0.01–10 µM) plus PEA (0.1–10 µM) compared to
cells treated with Paclitaxel alone. A significant effect was missed only for the combination
(10 µM Paclitaxel + 1 µM PEA vs. 10 µM Paclitaxel) (p < 0.05) (Figure 3). Notably, the effect
of PEA against Paclitaxel was clearly concentration independent.
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Figure 3. Effects of different concentrations of Paclitaxel (a) 0.01 µM, (b) 0.1 µM, (c) 1 µM, and
(d) 10 µM either alone or in combination with different concentrations of PEA on viability (%)
(mean ± SEM) of DRG neurons at 72 h post-treatment by using MTT assay. The asterisk indicates a
significant increase in viability of DRG neurons treated with different Paclitaxel concentrations
in combination with different concentrations of PEA at 72 h post-treatment compared to cells
treated with Paclitaxel only (* p < 0.05, ** p < 0.01, and *** p < 0.001). Data are (mean ± SEM)
of three independent experiments performed in duplicate.

3.3. Effects of Paclitaxel or/and PEA on Morphology of DRG Neurons

Toxic hallmarks of Paclitaxel were observed on the morphology of neurons such as
suppression in neurite lengths of neurons, swelling of neuronal cell bodies, as well as
retraction and blebbing formation at the distal endings of neurites (Figure 4a). To verify
and quantify the Paclitaxel and PEA effects, two different endpoints were assessed, namely
neurite length and soma size.
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Figure 4. Effects of different Paclitaxel concentrations on morphology, neurite length, and soma size
of DRG neurons. (a) Immunofluorescence staining of DRG neurons treated with different Paclitaxel
concentrations (0.01, 0.1, 1, and 10 µM) labeled with anti-mouse beta III Tubulin antibody after 24, 48,
and 72 h. Different concentrations of Paclitaxel had toxic effects leading to a reduction in neurite length
and an increase in soma area (yellow arrows) at all time points. Additionally, other characteristics of
Paclitaxel toxicity on neuronal morphology are visible, including swellings and blebbing at distal
ends of neuritis (red arrows). Nuclei were counterstained with DAPI. Five to eight regions were
recorded randomly per each coverslip. Scale bars = 75 µm. (b–d) significant suppression in neurite
lengths of DRG neurons treated with different Paclitaxel concentrations in comparison with the
control group (** p < 0.01, *** p < 0.001, **** p < 0.0001) at 24, 48, and 72-h post-treatment, respectively.
Data are (mean ± SEM) of three independent experiments performed with (10–15) replicates.

3.3.1. Neurite Length

The treatment with the four different concentrations of Paclitaxel resulted in a signifi-
cant reduction in neurite length 24 h after treatment when compared to the non-treated
control group (p < 0.05) (Figure 4b). At 48 and 72 h post-treatment, all studied Paclitaxel
groups had an apparent reduction in neurite length except for 0.01 µM Paclitaxel relative
to control group (Figure 4c,d). Interestingly, Paclitaxel effects on neurite length were clearly
time- and concentration-dependent. No alterations in morphology and neurite length
were found in DRG neurons treated with PEA in comparison to the vehicle control group
(p > 0.05) (Figure S3a–c).

The three different concentrations of PEA co-applied with 0.01 µM Paclitaxel had no
significant protective effects on the neurite lengths of neurons at all investigated timelines
compared to the 0.01 µM Paclitaxel group (p > 0.05; Figure S4). All combined groups of
PEA with 0.1 µM Paclitaxel did not cause any significant increase in neurite length at any
time point when compared to the 0.1 µM Paclitaxel group alone (p > 0.05); however, at 72 h



Biomolecules 2022, 12, 1873 9 of 18

after application, 1 µM PEA only plus 0.1 µM Paclitaxel resulted in an apparent increase in
neurite length of DRG neurons compared to 0.1 µM Paclitaxel group (p < 0.05; Figure S5).

However, PEA concentrations (0.1, 1, and 10 µM) showed a significant protective effect
on neurite outgrowth of DRG neurons when combined with 1 µM Paclitaxel and compared
with 1 µM Paclitaxel alone at 24 and 72-h post-treatment. A total of 0.1 µM PEA combined
with 1 µM Paclitaxel had a significant protective effect on neurite lengths of DRG neurons
48 h after treatment when compared to Paclitaxel alone (p < 0.05) (Figure 5).
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Figure 5. Showing protective effects of different PEA concentrations (0.1, 1, and 10 µM) co-applied
with 1 µM Paclitaxel on neurite lengths of DRG neurons compared to 1 µM Paclitaxel alone at 24, 48,
and 72 h post-treatment. (a) Representative microphotographs of DRG neurons stained with beta
III Tubulin antibody for soma and neuritis (green) and DAPI for nuclei (blue). Scale bars = 75 µm.
(b) Bar graphs indicated a significant increase in neurite lengths of neurons treated with different
concentrations of PEA at 24 h and 72 h post-treatment compared to cells treated with Paclitaxel only,
while at 48 h post-treatment only 0.1 µM PEA demonstrated a significant increase in neurite length
against 1 µM Paclitaxel (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Data are (mean ± SEM) of
three independent experiments performed in 10–15 replicates. The asterisk denotes significant results
regarding the respective measurement indicated with bar charts.
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Regarding the protective effects of different PEA concentrations against 10 µM Pacli-
taxel, we found 0.1 or 1 µM PEA combined with 10 µM Paclitaxel showed a significant
increase in neurite lengths of DRG neurons at 24, 48, and 72-h post-treatment compared to
cells treated with 10 µM Paclitaxel only (p < 0.05) (Figure 6). Meanwhile, the 10 µM PEA
plus 10 µM Paclitaxel group revealed a significant increase in neurite lengths only at 24 h
post-treatment in comparison to the 10 µM Paclitaxel group (p < 0.05) (Figure 6).
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Figure 6. Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with 10 µM Paclitaxel
at 24, 48, and 72 h post-treatment. (a) Representative immunofluorescence images show DRG
neurons labeled with beta III Tubulin antibody (green) and DAPI for nuclei (blue). Scale bars = 75 µm.
(b) A significant increase in neurite length of neurons was found in groups treated with different
concentrations of PEA at 24 h only compared to cells treated with Paclitaxel only. At 48 and 72-h
post-treatment, 0.1 µM PEA or 1 µM PEA combined with 10 µM Paclitaxel demonstrated a significant
increasing effect on the neurite lengths in comparison with 10 µM Paclitaxel alone (* p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001). Data represented as (mean ± SEM), and the experiments
were performed at least 3 independent times and 10–15 replicas. The asterisk denotes significant
results regarding the respective measurement indicated with the bar graphs.
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3.3.2. Soma Size

The four different concentrations of Paclitaxel led to an increase in the soma size of
neurons 24 h post-treatment when compared to the control group (p < 0.05) (Figure 7a). At
48 and 72-h, all investigated groups treated with Paclitaxel showed apparent enlargements
in areas of neuronal somata except for 0.01 µM of Paclitaxel when compared to the control
group (p < 0.05) (Figure 7b,c). Effects of Paclitaxel on soma size of neuronal cell bodies were
obviously time- and concentration-dependent. Treatment with PEA alone demonstrated
no significant effects on the size of neuronal bodies at any time point when compared to
control group (p > 0.05) (Figure S3d–f).
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The 0.1 and 10 µM PEA co-applied with 0.1 µM Paclitaxel revealed an apparent de-
crease in neuronal somata sizes, whereas 1 µM PEA had no effect compared to neurons 
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Figure 7. Effects of different Paclitaxel concentrations on soma size of DRG neurons at different
time points. Bar charts show a significant increase in the soma size of DRG neurons after the
application of different Paclitaxel concentrations at (a) 24 h, (b) 48 h, and (c) 72 h post-treatment
compared to the control (** p < 0.01, *** p < 0.001, **** p < 0.0001). Asterisks denote significant results
regarding the respective measurement indicated with the bar. Values are served as mean ± SEM of
three independent experiments, n = 30–45 replicates. SEM: Standard error mean.

The effects of different combined groups of Paclitaxel plus PEA on soma size of DRG
neurons were investigated in comparison to the cells treated with Paclitaxel alone. An
increase in soma size was found for 0.01 µM Paclitaxel only at 24 h after treatment compared
to control group. A total of 10 µM PEA combined with 0.01 µM Paclitaxel was the only
group that demonstrated a significant decrease in neurons soma size in comparison to
Paclitaxel group (p < 0.05) at 24 h after application, while 0.1 and 1 µM PEA did not
show any protective effects against 0.01 µM Paclitaxel group (p > 0.05) at the same time
point (Figure S6).

The 0.1 and 10 µM PEA co-applied with 0.1 µM Paclitaxel revealed an apparent de-
crease in neuronal somata sizes, whereas 1 µM PEA had no effect compared to neurons
treated with Paclitaxel only at 24 h after treatment (p < 0.05) (Figure 8a). At 48 h post-
treatment, 1 and 10 µM of PEA combined with 0.1 µM of Paclitaxel were the only groups
with a significant neuroprotective effect on somata sizes when compared to 0.1 µM Pacli-
taxel (p < 0.05) (Figure 8a). At 72 h after application, all PEA concentrations combined
with 0.1 µM Paclitaxel showed considerable protectant action except for the 10 µM PEA +
0.1 µM Paclitaxel group when compared to Paclitaxel only (Figure 8a).

Treatment of neurons with the three different concentrations of PEA co-applied with
1 µM Paclitaxel demonstrated a significant protective effect on somata sizes when compared
to cells exposed to 1 µM Paclitaxel alone at 24- and 72-h time points (p < 0.05) (Figure 8b).
At 48 h post-treatment, 1 µM of Paclitaxel in combination with 10 µM of PEA was the only
group without any protective effects, whereas the other two combined groups led to a
strong decrease when compared to individual Paclitaxel treated cells (p < 0.05) (Figure 8b).
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The three concentrations of PEA co-applied with 10 µM Paclitaxel showed statistically
significant protective effects on DRG neurons’ cell bodies against the 10 µM Paclitaxel group
at 24 h after treatment (p < 0.05) (Figure 8c). Similarly, both concentrations, 0.1 and 1 µM of
PEA, combined with 10 µM of Paclitaxel showed a significant neuroprotective effect on
soma sizes, while the combination of 10 µM Paclitaxel and 10 µM PEA did not have any
protective effect at 72 h post-treatment compared to Paclitaxel alone (p < 0.05) (Figure 8c).
The 10 µM Paclitaxel plus 1 µM PEA group demonstrated a significant protective effect;
however, 0.1 and 10 µM of PEA combined with 10 µM Paclitaxel groups did not reveal any
protective effect on the size of cell bodies of neurons when compared to neurons treated
only with 10 µM Paclitaxel at 48 h after treatment (p < 0.05) (Figure 8c).

Overall, the neuroprotective actions of PEA against the induced toxicity of Paclitaxel
on soma size of DRG neurons were time and concentration independent (p < 0.05).

4. Discussion

Peripheral neuropathy (PN) is one of the most common side effects of Paclitaxel, affect-
ing up to 97% of all gynecological and urological cancer patients [46,47]. Paclitaxel causes
cell death in cancer cells by interfering with mitosis via microtubule stabilization; how-
ever, Paclitaxel also affects the peripheral nervous system, causing PN [48]. The primary
symptoms are hand and foot numbness besides pain caused by Paclitaxel accumulation
in the DRG. DRG neurons are highly susceptible to Paclitaxel accumulation presumably
due to a more permeable blood nerve barrier [49]. In the current study, the toxicity of
Paclitaxel on viability of neurons was apparent at only 72 h post-treatment in comparison
to the control group, while, at all-time windows studied, different Paclitaxel concentrations
resulted in a significant reduction in neurite length of DRG neurons. These findings were
in line with previous research on Paclitaxel-induced peripheral neuropathy with axonal
sensory neuropathy that was length-dependent [50]. A significant reduction in neurite
length was reported when DRG neurons were exposed to 10 µM Paclitaxel for 24 h [17].
In addition, Paclitaxel’s toxic effects on neurons resulted in the enlargement of neuronal
cell bodies obviously at 24, 48, and 72 h post-treatment. These findings are in agreement
with previous findings, in which Paclitaxel treatment caused a significant increase in DRG
neuron soma size after 24 h of treatment [15,16] and induced a significant enlargement of
DRG nucleolus size [51].

Our data obviously demonstrated that Paclitaxel neurotoxicity on neurite outgrowth
and soma size is time- and dose-dependent. Similar earlier studies reported on a dose- and
infusion time-dependent-induced neurotoxicity that could be exacerbated by underlying
conditions or co-application with other drugs [52,53]. The differences in toxic effects of
Paclitaxel on the viability and morphology of neurons might possibly be due to higher
susceptibility or vulnerability of neurites to toxins than neuronal somata [15,16]. As a result,
the toxic effects of Paclitaxel were more rapid, with a significant reduction in neurite length
of neurons after 24 h post-treatment. The data are in agreement with a previous work
reporting on reduction of axon length after Paclitaxel treatment. Therefore, Paclitaxel seems
to act directly on axons and causes axonal degeneration probably through local mecha-
nisms [54]. Additionally, Paclitaxel disrupted intracellular microtubules and bindings with
beta-tubulin inside cell soma, resulting in accumulation of non-functional beta-tubulin
units of microtubules, vacuolization of mitochondria and cytoplasm in neuronal cell bodies,
and cell enlargement [55]. Paclitaxel increased cell size, and, after 72 h of treatment, neurons
may explode and die due to a non-apoptotic effect. Taken together, Paclitaxel targets the
nerve fibers and causes local axonopathy in still viable neurons with increased soma sizes.

PEA is a bioactive lipid that is used as an anti-nociceptive agent in different animal
models of neuropathic pain, including spinal cord injury [56] and diabetes-induced pe-
ripheral neuropathy [57]. In humans, PEA accumulates in painful tissues, as observed
in the trapezius muscle of women suffering from chronic neck pain [58]. Moreover, PEA
protected nerve tissue in neuropathic conditions [37] and prevented neurotoxicity and
neurodegeneration [59,60]. Furthermore, PEA also alleviated painful diabetic neuropathy,
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chemotherapy neuropathy, idiopathic axonal neuropathy, nonspecific neuropathy, and
sciatic and lumbosacral spine disease pain [61]. Here, we demonstrated that PEA partially
counteracted the toxicity of Paclitaxel on DRG neurons. Regardless of PEA concentration,
combining PEA with Paclitaxel significantly increased neuron cell viability compared to
treatment with Paclitaxel at 72 h after treatment. These results were consistent with a
previous study that showed a reduction of positive propidium iodide (PI) neuronal nuclei
after the application of PEA to N-methyl D-aspartate (NMDA)-treated organotypic hip-
pocampal slice cultures [36]. The positive effects on cell viability seem not to be confined to
neurons. In astrocytes, different PEA concentrations increased the cell viability from 30 min
to 18 h [62]. The data imply for Paclitaxel the need for a longer interaction with damaged
cells. Paclitaxel’s slow action might provide a good opportunity for PEA to exert protective
effects and reverse the toxic effects of Paclitaxel, resulting in increasing the viability of
DRG neurons.

In the present study, PEA plus Paclitaxel groups showed a significant increase in
neurite length and a strongly decreased soma size of DRG neurons at all studied time
points when compared to individual Paclitaxel treatment groups. Interestingly, at 24 h
after treatment, PEA produced a protective effect on neurite length and size of cell bodies
of neurons against toxicity of Paclitaxel, independent of PEA concentration. This phe-
nomenon might be attributed to the short period of exposure of DRG neurons to Paclitaxel
and PEA treatment, allowing PEA to mask and alleviate the toxicity of Paclitaxel. In
line with previous evidence in a rat model of Oxaliplatin-induced neurotoxicity, acute
intraperitoneal administration of PEA (30 mg kg-1) substantially relieved pain 30 min after
administration [63].

Notably, 10 µM PEA did not show any significant protective effect on neurite out-
growth at 48 h post-treatment, although it enhanced neurite extension at 72 h after treatment.
The results might be interpreted as an attempt of damaged neurons to develop a survival
pressure to resist death caused by Paclitaxel toxicity. They retract and aggregate short neu-
rites. Therefore, neurite extension might become a secondary process at 48 h post-treatment
and, as a result, PEA remains unable to express any protective effects. These data are agreed
with previous studies on PEA effects on preserving myelin sheet thickness and axonal
diameter and preventing myelin degeneration [37]. PEA reduced myelin loss caused by
sciatic nerve injury, maintained neuron cell diameters, reduced nerve edema, and restored
nerve function, all of which were associated with decreased hypersensitivity [64].

In summary, PEA induced strong neuroprotective actions against Paclitaxel toxicity in
DRG neurons and improved their viability and morphology.

5. Conclusions

Our findings showed the ability of PEA to attenuate the toxicity of Paclitaxel on DRG
neurons. The effects of Paclitaxel on neuronal viability alone were apparent at 72 h post-
treatment only. Furthermore, treatment with Paclitaxel led to a strong reduction in neurite
length and enlargement of neuronal cell bodies at all investigated time windows. PEA
showed neuroprotective effects by partially reversing the toxic effects of Paclitaxel, includ-
ing increasing cell viability, enhancing DRG neuron neurite outgrowth, and decreasing
swelling of neuronal soma. These findings contribute to our understanding of Paclitaxel’s
site and mode of action on the peripheral nervous system and highlight the critical need
for novel peripheral neuropathy protective strategies. More research will be needed to elu-
cidate the signaling pathways underlying PEA’s neuroprotective effects against Paclitaxel
neurotoxicity. With these results, PEA might be a promising therapeutic option for cancer
patients suffering from CIPN.
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viability (%) (mean ± SEM) at 72 h post-treatment; Figure S3: Effects of different concentrations
of PEA on neurite lengths and soma sizes (mean ± SEM) of DRG neurons at 24, 48, and 72-h post-
treatment; Figure S4: Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with
0.01 µM Paclitaxel on neurite length of DRG neurons at 24, 48, and 72-h post-treatment; Figure S5:
Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with 0.1 µM Paclitaxel at 24, 48,
and 72-h post-treatment; Figure S6: The effects of different PEA concentrations (0.1, 1, and 10 µM)
co-applied with 0.01 µM Paclitaxel on soma sizes of DRG neurons at 24, 48, and 72-h post-treatment.
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Abstract: Paclitaxel is a chemotherapeutic agent used to treat a wide range of malignant tumors.
Although it has anti-tumoral properties, paclitaxel also shows significant adverse effects on the
peripheral nervous system, causing peripheral neuropathy. Paclitaxel has previously been shown to
exert direct neurotoxic effects on primary DRG neurons. However, little is known about paclitaxel’s
effects on non-neuronal DRG cells. They provide mechanical and metabolic support and influence
neuronal signaling. In the present study, paclitaxel effects on primary DRG non-neuronal cells
were analyzed and their concentration or/and time dependence investigated. DRGs of Wister rats
(6–8 weeks old) were isolated, and non-neuronal cell populations were separated by the density
gradient centrifugation method. Different concentrations of Paclitaxel (0.01 µM–10 µM) were tested
on cell viability by MTT assay, cell death by lactate dehydrogenase (LDH) assay, and propidium iodide
(PI) assay, as well as cell proliferation by Bromodeoxyuridine (BrdU) assay at 24 h, 48 h, and 72 h post-
treatment. Furthermore, phenotypic effects have been investigated by using immunofluorescence
techniques. Paclitaxel exhibited several toxicological effects on non-neuronal cells, including a
reduction in cell viability, an increase in cell death, and an inhibition of cell proliferation. These effects
were concentration- and time-dependent. Cellular and nuclear changes such as shrinkage, swelling
of cell bodies, nuclear condensation, chromatin fragmentation, retraction, and a loss in processes
were observed. Paclitaxel showed adverse effects on primary DRG non-neuronal cells, which might
have adverse functional consequences on sensory neurons of the DRG, asking for consideration in
the management of peripheral neuropathy.

Keywords: peripheral neuropathy; DRG non-neuronal cells; paclitaxel; MTT assay; LDH assay;
BrdU assay

1. Introduction

Many chemotherapeutic agents may trigger chemotherapy-induced peripheral neu-
ropathy (CIPN), which manifests as tingling, numbness, and burning pain in both hands
and feet [1]. The high incidence of CIPN [2] frequently results in dose reduction or the dis-
continuation of chemotherapy regimens [2–4]. Additionally, CIPN symptoms can continue
for a very long time after chemotherapy, significantly lowering patients’ quality of life [5].

Sensory neurons are more vulnerable to the toxic effects of anticancer drugs, and
patients with CIPN typically experience more sensory symptoms than those in the motor
or autonomic systems [6,7]. Chemotherapeutic drugs cause toxicity in myelin sheaths
(myelopathy), sensory cell bodies (neuronopathy), and axonal compartments (axonopa-
thy) in the DRG by affecting ion channels, microtubules, mitochondria, and associated
capillaries [7,8]. DRG explants have thus been demonstrated to be a good, simple, and well-
accepted model for studying peripheral neuropathy caused by antineoplastic agents [9–11].
Peripheral sensory (somatic) neurons can easily be reached by chemotherapy drugs as they
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are located outside the central nervous system without a brain–blood barrier and show
strong vascularization due to fenestrated capillaries [12]. Additionally, chemotherapeutic
drugs accumulate more in the sensory ganglia than in the peripheral nerves [13,14]. DRG ex-
plants’ ability to outgrow neurites in vitro, as well as their response to toxic substances with
neurite shortening, make them a reliable model in drug neurotoxicity assessment [9,15–17].

Primary DRG cultures consist of a diverse population of cells, including differenti-
ated sensory post-mitotic neuronal cells (neurons) and proliferative non-neuronal cells
(Satellite glial cells (SGCs), Schwann cells (SCs), and other glial cells) [18–21]. In parallel
to the valuable impact of neurons, DRG non-neuronal cells are increasingly recognized
as important in the development and maintenance of neuropathic pain [22,23]. SGCs, for
instance, provide mechanical and metabolic support for neurons by forming an envelope
surrounding their cell bodies [14,24]. Therefore, they closely monitor neuronal functions
and interact with neurons using both diffusible (e.g., the paracrine release of glial modula-
tors) and non-diffusive mechanisms (e.g., gap junctions) [25–28]. After nerve injury, SGCs
become activated and contribute to the development of neuropathic pain [22,29]. SCs aid
in myelinating axons, eliminate cellular debris [30], and play an important role in the out-
growth and guidance of re-growing peripheral axons [31]. SCs not only physically support
the long axons, but they also have several growth factors that nourish and myelinate the
large associated axons [32–34].

Paclitaxel is one of a wide range of commonly used chemotherapeutic agents. Al-
though it has anti-tumoral properties, it also has significant adverse effects on the peripheral
nervous system, causing peripheral neuropathy [2,17,35,36]. Paclitaxel shows neurotoxic
effects on DRG neurons, including a significant reduction in neurite length and an increase
in neuronal cell bodies at different investigated time points, as reported earlier [17,37].
The effects of paclitaxel on neuronal survival and neurite length in the DRG are shown
to be dose- and time-dependent [17,37,38]. However, little is known about the effects of
paclitaxel on primary DRG non-neuronal cells. The question is still open as to whether
similar paclitaxel toxicity in primary DRG non-neuronal cells exists.

Previous research measured the process areas of non-neuronal cells of the DRG inside
the mixed culture of neuronal and non-neuronal cells after 24 h of exposure to paclitaxel and
found a decrease in the process areas of the non-neuronal cells [39]. In addition, paclitaxel
has been shown to reduce cell viability and change the phenotype of SCs isolated from the
sciatic nerve at 24 h and 48 h [31]. A recent study also investigated the impact of paclitaxel
on the viability and proliferation of SGCs and found no effect on viability but a decrease
in cell proliferation [14]. However, more research is needed to fully understand paclitaxel
toxicity in the entire culture of non-neuronal cells (SCs, SGCs, and other glial cells). These
outcomes may shed more light on the potential functional consequences of paclitaxel on
primary DRG sensory neurons and the therapeutic interventions for peripheral neuropathy.

Therefore, the aim of this study was to investigate the effects of paclitaxel on pri-
mary DRG non-neuronal cells and determine the time course of those changes. DRG
non-neuronal cells were isolated and treated with different concentrations of paclitaxel at
different time points. Effects on viability, morphology, and proliferation were analyzed.
We applied approaches such as the MTT assay to study cell viability [40], the lactate dehy-
drogenase (LDH) assay [41], and the propidium iodide (PI) assay to study cell death [42],
as well as Bromodeoxyuridine (BrdU), to study cell proliferation [43]. These approaches
are frequently employed in related studies [14,44–46]. We hypothesized that paclitaxel
exposure would have severe toxic effects on DRG non-neuronal cells, which might be dose-
or/and time-dependent.
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2. Materials and Methods
2.1. Ethics Statement

All research involving animal material was carried out in accordance with the ethics pol-
icy and the policy on animal use in neuroscience research as outlined in Directive 2010/63/EU
of the European Parliament and of the Council of the European Union on the protection of
animals used for scientific purposes and was approved by local authorities for laboratory
animal care and use (State of Saxony-Anhalt, Germany, permission number: I11M27).

2.2. Materials

Paclitaxel was used and administered into culture media in accordance with the
treatment protocol (Taxol equivalent, Invitrogen, cat No. P3456-5 mg, Schwerte, Germany).
Dimethyl sulfoxide (DMSO, Sigma–Aldrich, cat. No. D4540-500 mL, Lyon, France) was
used to dissolve paclitaxel to obtain stock solutions of 1 mM and stored at −20 ◦C.

2.3. Isolation and Preparation of Primary DRG Co-Culture

DRG tissues were isolated from Wister rats aged 6–8 weeks. Rats were deeply anes-
thetized before scarification by isoflurane (Florene, 100% (v/v), 250 mL, Abcam, cat No. B506,
France). Under aseptic conditions, the vertebral column was isolated, and all surrounding
muscle, fat, and soft tissue were carefully removed. The spinal cord was exposed, and after
that, DRGs were located, removed, and collected from intervertebral foramina on both
sides in a sterile dish containing 3 mL of Hanks balanced salt solutions without Mg2+/Ca2+

(HBSS, Invitrogen, REF. 24020-091, Schwerte, Germany) (Figure S1). The culture of non-
neuronal cells was conducted in accordance with a previously published protocol [47],
with some modifications. In brief, isolated DRGs were enzymatically digested in the first
enzymatic solution containing 60 U/mL papain (Sigma–Aldrich, cat No. P4762-100 mg,
St. Louis, MO, USA), 3 µL of 80 mg/mL saturated sodium hydrogen carbonate solution
(NaHCO3, Merck, cat No. k22399729, Darmstadt, Germany), and 0.6 mg/mL L-Cysteine
(L-Cys, Sigma–Aldrich, Cat No. C7352-25 g, St. Louis, MO, USA) dissolved in 1.5 mL of
HBSS without Mg2+/Ca2+. DRGs were then incubated for 15 min in a 37 ◦C water bath
before being incubated in the second solution containing 4 mg/mL collagenase type II
solution (CLS2, Sigma–Aldrich, Cat No. C6885-1 gm, St. Louis, MO, USA) and 4.6 mg/mL
dispase type II (Dispase II, Sigma–Aldrich, Cat No. D4693-1 gm, St. Louis, MO, USA)
solution in 3 mL HBSS without Mg2+/Ca2+. The DRGs were gently mixed with collagenase
solution and incubated for an additional 15 min at 37 ◦C.

The resulting cell suspension underwent a one-minute centrifugation at 200 g. Af-
ter carefully aspirating the collagenase solution, the DRGs were triturated 10–15 times
with 1 mL of F12 medium (1X, Invitrogen, REF.11765-054, Schwerte, Germany) supple-
mented with 10 % of heat-inactivated Fetal Bovine Serum (FBS, Invitrogen, REF. 10270-106,
Schwerte, Germany) and 1 % of 0.1 mg/mL streptomycin/penicillin (Sigma–Aldrich, cat
No. P4333/100 mL, Darmstadt, Germany) by using 1000 µL pipette tips till the cell suspen-
sion became cloudy.

2.4. Seeding and Growth of Primary DRG Co-Culture

Circular coverslips were pre-coated for at least 1 h or overnight at 4 ◦C with 2 mg/mL
Poly-D-lysine (PDL, Sigma–Aldrich, cat No. P6407, St. Louis, MO, USA) and 0.2 mg/mL
laminin (Sigma–Aldrich, cat No. L2020-1 mg, St. Louis, MO, USA), then washed once
with dist. H2O and added directly before seeding cells in the culture medium. DRGs
(50,000 cells) co-cultured in 50 µL culture medium were then pre-seeded on the coated
coverslips for 2 h in an incubator at 37 ◦C and with 5% CO2. One mL of warm culture
medium adjusted to pH 7.4 was gently added to cells per well and maintained at 37 ◦C
with 5% CO2. Growth and morphology of co-cultivation of neurons and non-neurons were
observed after 24 h, 72 h, 7 days, and 10 days (Figure 1a).
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Figure 1. Morphological features and treatment protocol of primary DRG co-culture. (a) Repre-
sentative images show the morphology and growth of DRG co-culture at different time points, blue 
arrows indicate neuronal populations, while red arrows indicate different subpopulations of DRG 
non-neuronal cells, Scale bar = 50 µm. (b) Treatment protocol for studying the effects of paclitaxel 
on DRG co-culture viability by using MTT assays at 24 h, 48 h, and 72 h post-treatment. 
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Figure 1. Morphological features and treatment protocol of primary DRG co-culture. (a) Repre-
sentative images show the morphology and growth of DRG co-culture at different time points,
blue arrows indicate neuronal populations, while red arrows indicate different subpopulations
of DRG non-neuronal cells, Scale bar = 50 µm. (b) Treatment protocol for studying the effects of
paclitaxel on DRG co-culture viability by using MTT assays at 24 h, 48 h, and 72 h post-treatment.

2.5. Effects on Cell Viability of Primary DRG Co-Culture (MTT Assay)

DRG co-cultured cells (5× 104 cells/well) were treated 8 days after seeding with different
concentrations of paclitaxel (0.01–10 µM) at 24 h, 48 h, and 72 h post-treatment in 96 well
plates to study the effects on cell viability (Figure 1b). Four concentrations were then chosen
that were as close to clinically applied doses as possible. Furthermore, the selected paclitaxel
concentrations are in line with earlier reports from the literature [37–39,48–51]. Cell viability
(%) was measured at 24 h, 48 h, and 72 h post-treatment using MTT assay. Four hours
prior to the end of the experiments at various time points, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide solution (MTT, Invitrogen, cat. No M6494, 5 mg/mL, Eugene,
OR, USA) was added. After an additional 4 h of incubation, the MTT solution was removed
from the cells, and formazan crystals were dissolved in 100 µL of DMSO. Absorbance
values were determined at two wavelengths (540 nm and 720 nm) by a microplate reader
(SynergyTMMx, BioTek Instruments, Winooski, VT, USA) after another 20 min. Co-cultures
maintained in standard media without paclitaxel were used as the control group. To rule
out any effects of the solvent on cell viability, controls had DMSO at the same highest
concentration (0.1%) as those used in other groups. For each treatment, three technical
replicas were used in three biologically independent experiments.

2.6. Separation of Primary DRG Non-Neuronal Cells

To separate non-neuronal cells, density gradient centrifugation was applied by using
bovine serum albumin (BSA, Sigma Aldrich, cat No.A7906-10 G, St. Louis, MO, USA) (15%
(w/v) BSA solution) for purification [52]. The DRGs were triturated 10–15 times in 1 mL
of high-glucose Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen; Ref. 41965-039;
Schwerte, Germany) supplemented with 10 % FBS. Non-neuronal cells were separated from
the DRG mixed culture by centrifuging single-cell suspensions through a 15% (w/v) BSA
solution in DMEM. One milliliter of cell suspension was added to three milliliters of 15%
BSA solution in a 15 mL conical tube and centrifuged at 300 g for 8 min at room temperature
(RT) (Figure S1b). Thereafter, the layer of non-neuronal cells was carefully transferred to
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a 15 mL conical tube by using 1000 µL pipette tips. Then, 1 mL of warmed F12 medium
supplemented with 10% FBS and 1% of 0.1 mg/mL streptomycin/penicillin was added, and
the DRG non-neurons were suspended. A 40 µm cell strainer (SARSTEDT, cat. no. D-51588,
Schwerte, Germany) was then used to filter the cell suspension to remove cell debris and
undigested tissue fragments.

2.7. Seeding and Growth of Primary DRG Non-Neuronal Cells

Sterilized 12 mm circular coverslips were used, and they were washed and dried once
with dist. H2O. 50,000 cells resuspended in 50 µL culture medium were then pre-seeded
on the sterilized coverslips for 2 h in an incubator at 37 ◦C and with 5% CO2. One mL of
warm culture medium adjusted to pH 7.4 was gently added to the cells, which were then
preserved at 37 ◦C with 5% CO2. Growth and morphology of DRG non-neuronal cells were
observed after 24 h, 48 h, 72 h, 96 h, and 7, 10 days.

2.8. Effects of Paclitaxel on DRG Non-Neuronal Cells
2.8.1. Cell Viability (MTT Assay)

In 96 well plates, non-neuronal cells (15 × 103 cells/well) were seeded for 7 days,
followed by treatment with four different concentrations of paclitaxel (0.01 µM, 0.1 µM,
1 µM, and 10 µM) at three different time points: 24 h, 48 h, and 72 h post treatment
(Figure 2a). The effects of paclitaxel on the cell viability of non-neuronal cells were measured
by MTT assay, as described above in Section 2.5.

2.8.2. Determination of Cytotoxicity (LDH Assay)

In 24 well plates, DRG non-neuronal cells (7 × 103 cells/well) were seeded in
DMEM/F12 free phenol red medium (1X, Gibco, REF.21041-025, Schwerte, Germany)
supplemented with 10 % inactivated FBS and 1% of 0.1 mg/mL streptomycin/penicillin
for 7 days, followed by treatment with four different concentrations of paclitaxel (0.01 µM,
0.1 µM, 1 µM, and 10 µM) prepared in culture media supplemented with 1% FBS at different
time points: 24 h, 48 h, and 72 h post treatment (Figure 2b). Additional wells were filled
without cells for culture media control (blank). For determination of maximum LDH release
(positive LDH control, 100 % cell death), 1:10 of the LDH lysis kit (LDH, Sigma Aldrich,
cat. No. TOX7, St. Louis, MO, USA) was added to some wells and incubated for 45 min.
According to the manufacturer’s instructions, culture media samples from cells or controls
at certain time points were transferred to 1.5 mL tubes and then centrifuged at 250× g for
4 min to pellet cells. Afterward, 40 µL of the supernatant of different samples was added in
5 replicates to a clean flat-bottom 96-well plate and proceeded with enzymatic analysis. The
LDH assay mixture was prepared at the time of use by adding 20 µL per well. The plates
were covered with aluminum foil for light protection and incubated at room temperature
for 30 min. The reaction was then stopped by adding 6 µL of 1 N Hydrochloric acid (HCl,
Sigma Aldrich, cat. No. H9892, St. Louis, MO, USA) to each well. Absorbance values
of samples were measured at a wavelength of 490 nm and the background absorbance
of multi-well plates at 690 nm. Background absorbance values were subtracted from the
primary wavelength measurements (490 nm). Finally, all controls, samples, and maximal
measurements were normalized with blank measurements. Then the percent of cytotoxicity
was calculated according to the below equation [53].

% Cell death =
(sample absorbance value−mean control value)
(mean complete kill result−mean control value)

× 100
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Figure 2. Various treatment protocols investigate the effects of different paclitaxel concentrations on
primary DRG non-neuronal cells after 24 h, 48 h, and 72 h of the application. (a) The MTT assay was
used for cell viability determination; (b) the LDH assay for cytotoxicity measurements; (c) the BrdU
assay was used to detect cell proliferation; (d) treatment protocol for studying the effects of paclitaxel
on cellular morphology through immunofluorescence staining; (e) detection of cell death by using
the PI assay.
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2.8.3. Detection of Cell Proliferation by BrdU Assay

To investigate the effects of paclitaxel on cell proliferation, DRG non-neuronal cells
(7 × 103 cells/well) were seeded on 12 mm sterile coverslips in a 24 well plate, cultured
for 7 days, and treated with various concentrations of paclitaxel at different time windows.
Four µL of 0.01 mM 5-bromo-2′-deoxyuridine (BrdU, Sigma Aldrich, cat No. B5002-1G,
St. Louis, MO, USA) was added to each well 16 h before fixation (Figure 2c). Cells
were either immediately subjected to immunofluorescence or stored in 0.02 M PBS at
4 ◦C pending further use after fixation with 4% paraformaldehyde (PFA, AppliChem, cat
No. 141451.1211, Darmstadt, Germany) for 15 min at room temperature. For labeling,
non-specific bindings were blocked with normal goat serum (NGS, Sigma–Aldrich, cat.
No. G9023-10 mL, Taufkirchen, Germany, 1:20) in 0.02 M PBS/0.3% (v/v) plus triton
X-100 for 30 min. Thereafter, cells were washed three times with 0.02 M PBS for ten
minutes each and incubated with a monoclonal mouse anti-BrdU antibody (Dako, cat.
No. M0744-1 mL, Glostrup, Denmark, 1:200) overnight. Coverslips were then incubated
with the goat anti-mouse Alexa Fluor® 488 conjugated secondary antibody (Life Tech-
nologies, cat. no. 2066710, Darmstadt, Germany, 1:200) for 1 h washed three times with
PBS/triton for ten minutes. By using DAPI (4′,6-Diamin-2-phenylindol, Sigma–Aldrich,
Munich, Germany, cat No. D9542), nuclei were visualized, and coverslips were mounted
with DAKO fluorescence mounting medium (DAKO, Agilent Technologies, Inc., Santa
Clara, CA 95051, USA). A confocal laser scanning microscope (Leica DMi8, Wetzlar, Ger-
many) was used to take photomicrographs from five to eight randomly chosen areas.
BrdU-positive cells were manually counted with Image J’s multipoint tool (version 1.46r,
National Institutes of Health, Laboratory for Optical and Computational Instrumentation,
University of Wisconsin, Madison, WI, USA), and the percentage of proliferating cells was
determined by dividing the number of BrdU+ cells by the total number of DAPI-stained
nuclei. To obtain the data, three independent experiments were conducted.

2.8.4. Determination of Paclitaxel Effects on Cellular Morphology

To study the effects of paclitaxel on the morphology of DRG non-neuronal cells, cells
(7 × 103 cells/well) were seeded on 12 mm sterile coverslips in a 24 well plate, cultured for
7 days to allow nearly all cells to proliferate, and then treated with various concentrations
of paclitaxel at different time windows (Figure 2d). After fixation, the immunofluorescence
staining procedure was followed as described in Section 2.8.3. Chicken anti-vimentin
polyclonal primary antibody (Abcam, cat No. ab24525, Cambridge, UK, 1:1000) combined
with goat anti-chicken IgY Alexa Fluor® 488 conjugated (Invitrogen, REF. A11039-0.5 mL,
Eugene, OR, USA, 1:200) as secondary antibody was used for labeling the cytoskele-
ton of non-neuronal cells. Then the procedure is completed as previously described in
Section 2.8.3. Images were taken with a Leica confocal laser scanning microscope (Leica
DMi8, Wetzlar, Germany), and five to eight areas were randomly captured per coverslip in
three independent experiments.

2.8.5. Analysis of Apoptosis by Assessment of Nuclear Morphology

DRG non-neuronal cells were stained with the DNA dye DAPI to visualize nuclear
morphology. The percentage of apoptosis (early and late apoptosis) was quantitated by
scoring the percentage of apoptotic cells in the adherent cell population. Stained nuclei
with a uniform and regular morphology were scored manually as healthy and viable cells.
Cells with condensed, fragmented, or blubber nuclei were scored as apoptotic cells. The
total number of nuclei in non-neuronal cells was counted automatically using Fiji software
(https://imagej.net/Fiji/Downloads). After converting DAPI images into 8-bit gray scale
images, the threshold of nuclei was adjusted manually, and the separation of attached
nuclei was performed by applying a binary watershed. Finally, the analyzing particles
option was applied, and the total number of nuclei was determined per image (Figure S2).
Photomicrographs were captured using a Leica (DMi8, Wetzlar, Germany) confocal laser

https://imagej.net/Fiji/Downloads
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scanning microscope, and five to eight areas were recorded per each coverslip randomly in
three independent experiments.

2.8.6. Detection of Cell Death by Propidium Iodide Staining

For detection of degenerating non-neuronal nuclei of dead cells by late apoptosis or
necrosis, cells (7× 103 cells/well) were seeded on 12 mm sterile coverslips in a 24 well plate,
cultured for 7 days, and then treated with various concentrations of paclitaxel at 24 h, 48 h,
and 72 h after treatment. Then, 5 µg/mL propidium iodide (PI, Merk, cat No. 537059-50 mg,
Darmstadt, Germany) was added 2 h before fixation. Afterwards, cells were washed three
times with PBS and then fixed with 4% PFA for 15 min (Figure 2e). Coverslips were washed
three times with PBS/triton and incubated with DAPI. All stained slides were washed with
aqua distilled water before being covered with a DAKO fluorescence mounting medium.
Images were captured using a Leica (DMi8, Wetzlar, Germany) confocal laser scanning
microscope, and five to eight areas were recorded per each coverslip randomly in three
independent experiments. For the detection of PI-labeled dead cells, monochromatic light
at 543 nm and an emission bandpass filter of 585–615 nm was used. PI-positive cells were
counted manually using the multipoint tool of Image J software version v1.46r.

2.9. Statistical Analysis

GraphPad Prism 8.0.1 for Windows (GraphPad Software, La Jolla, CA, USA,
www.graphpad.com, accessed on 22 May 2023) was used for data analysis and visual-
ization. All the data were checked for normality using the Kolmogorov–Smirnov test.
Statistics were performed using a one-way ANOVA (analysis of variance) followed by a
Bonferroni post-test, with significance set at p < 0.05. All tests had an alpha level of 0.05.

3. Results
3.1. Characterization of Primary DRG Co-Culture

The growth of DRG co-culture was checked at different timelines (1, 3, 7, and 10 days)
by a light microscope. DRG co-culture is a heterogeneous population of neuronal and
non-neuronal cells. DRG neurons were characterized by refractile and bright cell bodies,
and three different subpopulations were observed according to the size of their somata
(small, ≤599 µm2; medium, 600–1199 µm2 and large, 1200–1300 µm2), which represented
67%, 31%, and 2% of neurons in culture, respectively [37]. Additionally, three different
subpopulations of DRG non-neuronal cells were observed in the culture (SCs, SGCs, and
fibroblasts) (Figure 1a).

3.2. Effects of Paclitaxel on Viability of Primary DRG Co-Culture by MTT Assay

DRG co-cultures (neurons and non-neuronal cells) were treated with different concen-
trations of paclitaxel for 24 h, 48 h, and 72 h post-treatment. At 24 h post-treatment, the
four different concentrations of paclitaxel showed no significant effects on the viability of
DRG co-culture in comparison with the control group (p > 0.05) (Figure 3a). However, all
paclitaxel concentrations demonstrated a significant suppression in the viability of cells in
DRG co-culture compared to the control group at 48 h and 72 h post-treatment (p < 0.0001)
(Figure 3b,c).

3.3. Characterization of Primary DRG Non-Neuronal Cells

DRG non-neuronal cells were examined under a light microscope at different time
points (1, 2, 3, 4, 7, and 10 days) to analyze their growth and morphology. DRG non-
neuronal cells are divided into three different subpopulations. The first population are SCs,
which represent the majority of DRG non-neuronal cells [20,21]. They are distinguished
by a single, small, spindle-shaped nucleus. These cells have a thin layer of cytoplasm
surrounding the nucleus and bipolar cell bodies with long, thin projections or processes
extending from each side. These long processes can either form a dense bundle of fibers
or travel in a single thread of fibers away from the cell body (Figure 4). The population of

www.graphpad.com
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SGCs shows small, round, and flat cell bodies with wide cytoplasmic projections (Figure 4).
These cells play a crucial role in the formation of an enveloping layer around DRG neurons
for protection and metabolism. Lastly, fibroblasts are found under SCs with a large flat cell
body and are pyramidal in shape with multipolar wide projections that are not associated
with any other fibers. These cells are secretory active and form the connective tissue that
supports cells in the culture (Figure 4).
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Figure 3. Effects of different paclitaxel concentrations on viability (%) of DRG co-culture at 24 h, 48 
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co-cultures compared to controls at 24 h post-treatment (p > 0.05). (b) 48 h, and (c) 72 h 

Figure 3. Effects of different paclitaxel concentrations on viability (%) of DRG co-culture at 24 h, 48 h,
and 72 h post-treatment by MTT assay. (a) No significant effect on viability was found in co-cultures
compared to controls at 24 h post-treatment (p > 0.05). (b) 48 h, and (c) 72 h post-treatment, paclitaxel
displayed a significant reduction in the viability of cells compared to the control (**** p < 0.0001).
The asterisks depict statistically significant results regarding the respective measurement indicated
with the bar. Values are served as the mean ± SEM of three independent experiments performed in
triplicate. ns, non-significant.
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3.4. Effects of Paclitaxel on Primary DRG Non-Neuronal Cells
3.4.1. Cell Viability (MTT Assay)

DRG non-neuronal cells were exposed to various concentrations of paclitaxel for 24 h,
48 h, and 72 h post-treatment. Only 10 µM of paclitaxel showed a significant reduction
in the viability of cells compared to the control group at 24 h post-treatment (p < 0.05)
(Figure 5a). While, at 48 h and 72 h post-treatment, different paclitaxel concentrations
showed a significant reduction in the viability of non-neuronal cells compared to the
untreated control group (p < 0.05) (Figure 5b,c). At 72 h post-treatment, the effects of
paclitaxel on the viability of non-neuronal cells were clearly concentration-dependent
(Figure S3a). Notably, the effects of 10 µM paclitaxel on the viability of non-neuronal cells
were only time- but not concentration-dependent (Figure S3b).
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Figure 6. Effects of different concentrations of paclitaxel on cytotoxicity of DRG non-neuronal 
cultures using lactate dehydrogenase (LDH) assay. Levels of released LDH were quantified at (a) 24 
h, (b) 48 h, and (c) 72 h post-treatment and showed a significant increase in LDH release that was 

Figure 5. Effects of different concentrations of paclitaxel on the viability (%) of DRG non-neuronal
cultures at 24 h, 48 h, and 72 h post-treatment by using MTT assay. (a) 10 µM of paclitaxel was
the only concentration that showed a significant effect on the viability of DRG non-neuronal cells
compared to control at 24 h post-treatment (* p < 0.05). (b,c), Different concentrations of paclitaxel
elucidated a significant reduction in the viability of cells compared to the control at 48 h and 72 h
post-treatment (*** p < 0.001, **** p < 0.0001). The asterisk denotes significant results regarding
the respective measurement indicated with the bar. Values are served as mean ± SEM of three
independent experiments performed in triplicate, ns: non-significant.

3.4.2. Determination of Cytotoxicity (LDH Assay)

The treatment of DRG non-neuronal cells with different paclitaxel concentrations
(0.01 µM, 0.1 µM, 1 µM, and 10 µM) resulted in a significant increase in the number of
damaged or dead cells that was proportional to the amount of LDH released in the cell
culture media compared to non-treated cells (p < 0.0001) at 24 h after treatment (Figure 6a).
After 48 h of treatment, the cytotoxicity of the four concentrations of paclitaxel increased
remarkably compared to the control (p < 0.0001) (Figure 6b). The increase in the number
of dead cells in response to the exposure of non-neuronal cells to paclitaxel continued in
comparison to the control group (p < 0.0001) at 72 h post-treatment (Figure 6c). It was
obvious that the effects of different paclitaxel concentrations on cytotoxicity were dose-
dependent at only 72 h post-treatment (Figure S4a). Furthermore, a considerable difference
was observed between different investigated time points for all applied concentrations,
indicating time-dependent effects (Figure S4b).
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Figure 6. Effects of different concentrations of paclitaxel on cytotoxicity of DRG non-neuronal 
cultures using lactate dehydrogenase (LDH) assay. Levels of released LDH were quantified at (a) 24 
h, (b) 48 h, and (c) 72 h post-treatment and showed a significant increase in LDH release that was 

Figure 6. Effects of different concentrations of paclitaxel on cytotoxicity of DRG non-neuronal
cultures using lactate dehydrogenase (LDH) assay. Levels of released LDH were quantified at (a) 24 h,
(b) 48 h, and (c) 72 h post-treatment and showed a significant increase in LDH release that was
proportional to the number of dead or damaged cells compared to the control group (**** p < 0.0001).
+ve Control represents the maximum release of LDH after 100% cell death. The asterisks denote
significant results regarding the respective measurement indicated with the bar. Values are given as
the mean ± SEM of three independent experiments conducted in 15 replicates.

3.4.3. Cell Proliferation by BrdU Assay

The percentage of BrdU immunoreactive cells was determined in non-neuronal cells
after exposure to various concentrations of paclitaxel at 24 h, 48 h, and 72 h post-treatment.
At all investigated time points, a significantly lower number of BrdU-positive cells was
found in treated cultures with different paclitaxel concentrations compared to the vehicle
control group (p < 0.0001) (Figure 7a–d). As no significant difference was detected be-
tween different paclitaxel concentrations, no concentration-dependent effect was assumed
(Figure S5a). In contrast, a significant difference between different timelines for all applied
concentrations of paclitaxel was found, revealing a time-dependency of anti-proliferative
effects (Figure S5b).
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Figure 7. Effects of different concentrations of paclitaxel on cell proliferation of DRG non-neuronal
cells using BrdU assay. (a) Representative immunofluorescence images of different non-neuronal
cells treated with 0.01 µM, 0.1 µM, 1 µM, and 10 µM paclitaxel at 24 h, 48 h, and 72 h post-treatment
show proliferating cells labeled with BrdU antibody (green) and all nuclei stained with DAPI (blue).
5–8 areas were recorded randomly per each coverslip; Scale bar = 75 µm. Bar charts demonstrated
a significant decrease in the rate of cell proliferation after treatment compared to the control group
(**** p < 0.0001) at (b) 24 h, (c) 48 h, and (d) 72 h post-treatment. The asterisks denote signifi-
cant results regarding the respective measurement indicated with the bar. Values served as the
mean ± SEM of three independent experiments performed in 15 replicates.

3.4.4. Cellular Morphological Changes

Except for 0.01 µM, all applied paclitaxel concentrations showed hallmarks of cell
death and a variety of toxic alterations to the morphology of non-neuronal cells, including
cell shrinkage, swollen cell bodies, or reductions in the length of processes. Additionally,
other morphologic changes were observed in nuclei, such as nuclear fragmentation and
chromatin condensation (Figure 8). The number of viable DRG non-neuronal cells was
significantly reduced (p < 0.05) compared to the control group at all time windows (Figure 8).
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stantially increased number of apoptotic cells when compared to the control group (p < 
0.05) at all investigated time points (Figure 9b–d). There was a significant difference be-
tween paclitaxel concentrations, indicating concentration dependence at the various time 
points studied (Figure S6a). Moreover, there was a significant difference between differ-
ent investigated time windows, particularly between 24 h and 48 h for all paclitaxel con-
centrations, indicating a time dependence for the effects of different paclitaxel concen-
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Figure 8. Effects of various paclitaxel concentrations on cellular morphology at different investigated
time points using immunofluorescence staining. Representative microphotographs demonstrate cells
stained with vimentin antibody (green) and nuclei counterstained with DAPI (blue). Paclitaxel (0.1 µM,
1 µM, and 10 µM) strongly affected the cell morphology of non-neuronal cells including shrinkage of
cells’ bodies (red arrows) and retraction of processes (white arrows). In addition, some cells treated
with 10 µM paclitaxel were swelling (yellow arrows). Additionally, nuclear changes were observed,
such as nuclear fragmentation (indicated by an asterisk in the inlet) and condensation. Five to eight
regions were recorded randomly per coverslip by fluorescence microscopy. Scale bar = 75 µm.
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3.4.5. Analysis of Changes in Nuclear Morphology

The effects of paclitaxel on nuclear morphology were investigated 24 h, 48 h, and
72 h after treatment. Paclitaxel induces nuclear fragmentation and condensation, which
are hallmarks of apoptosis (Figure 9a). Different paclitaxel concentrations revealed a
substantially increased number of apoptotic cells when compared to the control group
(p < 0.05) at all investigated time points (Figure 9b–d). There was a significant difference
between paclitaxel concentrations, indicating concentration dependence at the various time
points studied (Figure S6a). Moreover, there was a significant difference between different
investigated time windows, particularly between 24 h and 48 h for all paclitaxel concen-
trations, indicating a time dependence for the effects of different paclitaxel concentrations
(Figure S6b).
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condensed or fragmented nuclei in bright pink, while live cells showed normal nuclei 
with homogenously distributed chromatin and regular morphology (Figure 10a). Except 
for 0.01 µM at 48 h post-treatment, all treated groups at all time points showed an ap-
parent increase in the ratio of positive PI cells when compared to their corresponding 
untreated control group (p < 0.05) (Figure 10b–d). The presence of dead cells also in-
creased with increasing paclitaxel concentrations when compared to the control, con-
firming a concentration dependency at different investigated time points (Figure S7a). 
Furthermore, a time-dependent increase in the ratio of cell death to DRG non-neuronal 
cells was observed except for 0.01 µM paclitaxel at 48 h (Figure S7a). 

Figure 9. Effects of different concentrations of paclitaxel on nuclear morphology of DRG non-neuronal
cells were analyzed by DAPI staining to detect % of apoptosis. (a) Representative images show DAPI-
stained nuclei of non-neuronal cells of the control group (left) or 1 µM paclitaxel group (right) at
48 h post-treatment, Scale bar = 75 µm. White arrows indicate healthy and uniformly stained nuclei,
whereas red arrows identify apoptotic nuclei. (b–d) A significant increase in % of apoptotic cells with
fragmented or condensed nuclei was observed in different cultures treated with various paclitaxel
concentrations (0.01 µM, 0.1 µM, 1 µM, and 10 µM) in comparison with the control group (** p < 0.01,
*** p < 0.001, **** p < 0.0001). Data represented as mean ± SEM. The experiments were performed at
least three independent times with n = 15 replicas. The asterisk denotes significant results regarding
the respective measurement indicated with the bar graphs.
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3.4.6. Detection of Cell Death by Propidium Iodide Staining

To detect degenerating non-neuronal cells with late apoptosis and necrosis, combined
staining with PI and DAPI was performed. Dead cells showed pycnotic highly condensed or
fragmented nuclei in bright pink, while live cells showed normal nuclei with homogenously
distributed chromatin and regular morphology (Figure 10a). Except for 0.01 µM at 48 h
post-treatment, all treated groups at all time points showed an apparent increase in the
ratio of positive PI cells when compared to their corresponding untreated control group
(p < 0.05) (Figure 10b–d). The presence of dead cells also increased with increasing paclitaxel
concentrations when compared to the control, confirming a concentration dependency at
different investigated time points (Figure S7a). Furthermore, a time-dependent increase in
the ratio of cell death to DRG non-neuronal cells was observed except for 0.01 µM paclitaxel
at 48 h (Figure S7a).
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Figure 10. Effects of different paclitaxel concentrations on cell death of DRG non-neuronal cells
by using PI assay. (a) Representative immunofluorescent fields show the amount of damaged non-
neuronal cells (PI-positive) in treated groups compared to control fields. The white arrows represent
degenerating cells (bright pink nuclei), Scale bar = 75 µm. At 24 h (b), 48 h (c), and 72 h (d) post-
treatment, all concentrations of paclitaxel led to a massive increase in the number of dead cells
compared to the control group (* p < 0.05, *** p < 0.001, **** p < 0.0001), except for 0.01 µM paclitaxel
concentration at 48 h (p > 0.05). Values served as mean ± SEM, and the experiments were carried out
three times independently with n = 15 replicas. The asterisk denotes significant results regarding the
respective measurement indicated with the bar graphs, ns: non-significant.
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4. Discussion

Primary DRG non-neuronal cells play a crucial role in supporting DRG neurons [22,31].
Previous studies investigated the toxic effects of paclitaxel on Primary DRG neurons, but
little is known about the toxicity of paclitaxel on non-neuronal cells. Furthermore, the time
course and concentration-dependency of paclitaxel’s toxic effects on non-neuronal cells
attracted little attention. To address these aspects, a more comprehensive approach using
a variety of techniques, time points, and concentrations was chosen to demonstrate the
effects of paclitaxel on DRG non-neuronal cell culture in vitro.

Paclitaxel exhibited several toxicological effects on primary DRG non-neuronal cells,
including a decrease in cell viability, an increase in cell death, inhibition of cell proliferation,
and cellular and nuclear changes, all of which were concentration- and time-dependent.
Our findings on DRG SCs are consistent with previous research that studied paclitaxel
effects on viability in a model of isolated SCs from the sciatic nerve [31]. These effects
were attributed to paclitaxel’s fast and strong mechanism of action on primary DRG
non-neuronal cells, as these cells are non-transformed and proliferating cells. Therefore,
paclitaxel selectively induces the death of transformed cells, possibly by arresting the cell
cycle at G1 as well as G2/M phases [54–58].

Our results also revealed that paclitaxel significantly reduced the proliferation rate
of DRG non-neuronal cells at various investigated timelines regardless of the applied
concentration, but this suppression increased in a time-dependent manner. These findings
expand the data of previous research, which reported a decrease in cell proliferation of
SGCs of DRG after 24 h of treatment with 1 µM and 5 µM paclitaxel [14]. The authors
postulated a paclitaxel stabilizing effect on microtubules by binding to beta-tubulin units,
which disrupts microtubule dynamics [58]. As a result, mitosis was arrested between
metaphase and anaphase (G2/M phase), suggesting a mitotic block and proliferation
inhibition [57–59].

The majority of anticancer drugs have been shown to induce apoptosis in vulnerable
cells [60–62]. Cellular and nuclear changes induced by anticancer drugs are very common
and involve shrinkage of cell bodies, nuclear condensation, and chromatin fragmenta-
tion [54–56]. As shown here, the response to paclitaxel seems similar in primary DRG
non-neuronal cells and affects all cellular subtypes.

Interestingly, we found that the percentage of apoptotic cells in DRG non-neuronal
cell culture detected by DAPI staining at different investigated time points was higher
when compared to the proportion of dead cells determined by the PI assay. This seeming
discrepancy can be explained as DAPI staining detects cells in the early and late stages of
apoptosis based on their nuclear morphology [63], but PI labels late apoptotic and dead
cells with damaged cell membranes [64].

Furthermore, retraction and loss or shortening of processes increased strongly with
the duration of treatment. These results add to the time- and concentration-dependency
of paclitaxel effects and support previous research that reported a loss or shortening
of processes in non-neuronal cells, however, in primary DRG co-culture after 24 h of
exposure to paclitaxel [31,39]. These effects are comparable to those found in sensory
neurons [17,37,65], implying the strong toxicity of paclitaxel on DRG non-neuronal cells,
which might have adverse functional consequences for DRG sensory neurons.

Dose- and time-dependent pharmacokinetics have been reported more frequently for
anticancer drugs than for other medications [66–70]. Our findings revealed that the effects of
paclitaxel on Primary DRG non-neuronal cell culture are concentration- and time-dependent.
Previous studies also reported similar findings on primary DRG neuronal and non-neuronal
cells [14,17,39]. Low concentrations of paclitaxel (0.01–0.1 µM) were reported to suppress
microtubule dynamics and inhibit mitotic spindle formation, resulting in a cell cycle arrest
at the G2/M phase [55]. Considerably, low concentrations of paclitaxel showed no effect
on the overall architecture of the microtubule cytoskeleton (Jordan et al., 1993), as noticed
with 0.01 µM paclitaxel in the current study. In contrast, higher doses of paclitaxel were
found to cause massive microtubule damage [59,71,72] and activate kinase pathways such
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as JNK/SAPK and p34 (cdc2) pathways [73–76], all of which are associated with paclitaxel-
induced apoptosis [57]. It is important to note that apoptosis induced by these pathways is
not dependent on mitotic arrest at higher concentrations, suggesting that it may occur in
cells at any phase of the cell cycle [55]. This interpretation is consistent with our data that
0.01 µM paclitaxel did not exhibit a significant toxic effect on the morphology of primary
DRG non-neuronal cells, whereas the higher concentrations (1 and 10 µM) did.

In the current study, the effect of paclitaxel on the cell viability of primary DRG co-
culture by MTT assay was time-dependent and modulated by the presence of neuronal and
non-neuronal cells in primary DRG culture. For example, the toxic effects of paclitaxel on
the viability of non-neuronal cells alone were apparent earlier, at 24 h post-treatment, while
a significant reduction appeared at 72 h after treatment in DRG neuronal cells [17]. However,
in primary DRG co-cultures containing neuronal and non-neuronal cells, the effect was
present 48 h post-treatment. A possible explanation might be that non-neuronal cells are
more susceptible and sensitive to paclitaxel treatment when compared to neurons. As a
result, paclitaxel’s effects on non-neuronal cells become more apparent because they are
actively growing, whereas post mitotic neurons need longer to respond to cell death [77,78].
Importantly, the effects of paclitaxel on the viability of primary DRG co-culture appeared at
48 h, not 24 h post-treatment, implying that there are cell-cell interactions between neurons
and non-neuronal cells and modulating signaling pathways that impact the paclitaxel
toxicity in the co-culture. Furthermore, the fate of cells after paclitaxel treatment might be
affected by both paclitaxel concentrations and exposure time [51,59].

Neuronal function studies showed that neurons are not the only cell type that con-
tributes to neuronal signaling. In the CNS, non-neuronal cells such as astrocytes, oligo-
dendrocytes, and microglia all play important roles in influencing neuronal activity via
interactions between neuronal cells and both glial cells and SGCs [79–82]. Non-neuronal
glial cells and macrophages were shown to play critical roles in neuronal excitability mod-
ulation as well as in nutrition, structural, and maintenance functions [83,84]. In addition,
they become activated following peripheral nerve injury or chronic inflammation and are
involved in controlling neuronal excitability [85]. An interesting structural feature of the
sensory ganglia is that the somata of sensory neurons do not form synaptic contacts with
one another [86]. Additionally, neuronal cell bodies are enwrapped by SGCs inside the
ganglia to form a structural and functional unit [27]. This specific structural arrangement
stands for the communication between neurons and SGCs and is a determinant of somatic
activity, as recently reported [82]. Changes in communication after injury are critical for
understanding the development of abnormal ectopic discharges in somata that influence
afferent signaling [28]. As a result, interactions between DRG neurons and glia and the
activation of signaling pathways are believed to play an important role in the management
of peripheral neuropathy [82].

5. Conclusions

Paclitaxel showed a set of toxicological effects on primary DRG non-neuronal cells that
included a reduction in cell viability, an increase in cell death, inhibition of cell proliferation,
and morphological changes. The effects of paclitaxel on primary DRG non-neuronal cells
are concentration- and time- dependent. Given the crucial role of primary DRG non-
neuronal cells in supporting DRG neurons and in the development and maintenance
of neuropathic pain, the described adverse effects of paclitaxel on DRG non-neuronal
cells might have functional consequences for sensory neurons in the DRG and should be
considered in the management of peripheral neuropathy. Future research should investigate
the potential negative effects of paclitaxel on signaling pathways and interactions between
DRG neuronal and non-neuronal cells.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/toxics11070581/s1, Figure S1: (a) DRG isolation from
6–8 weeks old Wister rats, and (b) extraction and purification of DRG non-neuronal cells by using the
density gradient centrifugation method; Figure S2: Representative example of automatic counting of
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nuclei of non-neuronal cells by the FIJI program for the control group; Figure S3: Effects of different
concentrations of paclitaxel on the viability of DRG non-neuronal cells at different investigated time
points using the MTT assay; Figure S4: Effects of different concentrations of paclitaxel on the percent-
age of cytotoxicity of DRG non-neuronal cells at different investigated time windows using the LDH
assay; Figure S5: Effects of different concentrations of paclitaxel on the rate of cell proliferation of
DRG non-neuronal cells at 24 h, 48 h, and 72 h post-treatment using BrdU assay; Figure S6: Effects of
different concentrations of paclitaxel on nuclear morphology (% apoptosis) of DRG non-neuronal cells
at 24 h, 48 h, and 72 h post-treatment by DAPI staining; Figure S7: Effects of different concentrations
of paclitaxel on the ratio of PI+ of DRG non-neuronal cells at 24 h, 48 h, and 72 h post-treatment by
propidium iodide assay.
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Figure S1: Representative example for tracing neurites by ImageJ program. 

 Figure S2: Effects of different PEA concentrations on neuronal cell viability (%) (mean ± 

SEM) at 72 h post-treatment. 

 Figure S3: Effects of different concentrations of PEA on neurite lengths and soma sizes (mean 

± SEM) of DRG neurons at 24, 48, and 72-h posttreatment. 

 Figure S4: Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with 0.01 

µM Paclitaxel on neurite length of DRG neurons at 24, 48, and 72-h post-treatment. 

 Figure S5: Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with 0.1 µM 

Paclitaxel at 24, 48, and 72-h post-treatment. 

 Figure S6: The effects of different PEA concentrations (0.1, 1, and 10 µM) co-applied with 

0.01 µM Paclitaxel on soma sizes of DRG neurons at 24, 48, and 72-h post-treatment. 
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Figure S1. Representative example for tracing neurites by ImageJ program for the control 

group a) Step-by-step Demonstration of neurite tracing and measurement of their length by 

automatic neurite tracer (ImageJ). Scale bars = 75µm. b) Results of different neurite length 

measurements of sensory neurons for four different images for the same control group. Total 

neurite length in pixels converted to micrometers in the unit and normalized to the number of 

neurons per photo resulted in neurite length/cell. 
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Figure S2. Effects of different PEA concentrations on neuronal cell viability (%) (mean ± SEM) 

at 72h post-treatment. PEA showed no significant effect on the viability of cells compared to 

the control (P > 0.05). Experiments were performed 3 times independently 0f (6-9) technical 

replicates. SEM: standard error mean. 
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Figure S3. Effects of different concentrations of PEA on neurite lengths and soma sizes (mean 

± SEM) of DRG neurons at 24, 48, and 72-h post-treatment. a), b), and c) No significant effect 

of PEA was found on the neurite lengths (n= 10-15 replicates) and (d, e, and f) soma sizes (n= 

30-45 replicates) compared to control (P > 0.05). experiments were performed 3 times 

independently. SEM: standard error mean.  

 

  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.  Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with 0.01 

µM Paclitaxel on neurite length of DRG neurons at 24, 48, and 72-h post-treatment a) 

representative images of DRG neurons labeled with beta III Tubulin antibody (green) and DAPI 

for nuclear staining (blue). Scale bars = 75µm. b) No significant effects on neurite lengths were 

observed in DRG neurons treated with different concentrations of PEA at 24, 48, and 72h post-

treatment compared to cells treated with only 0.01µM Paclitaxel (P > 0.05). Data represented 

(mean ± SEM) of N=3 independent experiments, n=10-15 replica.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.  Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with 0.1 µM 

Paclitaxel at 24, 48, and 72-h post-treatment a) representative images showed sensory neurons 

labeled with beta III Tubulin antibody (green) and DAPI for nuclear staining (blue). Scale bars 

= 75µm. b) Bar graphs showed no significant effects on neurite lengths of DRGs neurons treated 

with different concentrations of PEA at 24, and 48-h of treatment compared to cells treated with 

only 0.01µM Paclitaxel (P > 0.05). 1 µM of PEA plus 0.1 µM Paclitaxel showed an apparent 

increase in neurite length of neurons against 0.1 µM Paclitaxel at only 72 h post-treatment (*P 

< 0.05). Data represented as (mean ± SEM), and the experiments were performed at least 3 

independent times and 10-15 replicas. The asterisk denotes significant results regarding the 

respective measurement indicated with the bar graphs.   
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Figure S6. The effects of different PEA concentrations (0.1, 1, and 10 µM) co-applied with 

0.01 µM Paclitaxel on soma sizes of DRG neurons at 24, 48, and 72-h post-treatment. At 24h, 

only 10 µM PEA showed a significant decrease in soma size against 0.01 µM Paclitaxel alone 

(*P < 0.05), while there were no significant effects on soma sizes of DRG neurons treated with 

different concentrations of PEA at 48 and 72h post-treatment compared to cells treated with 

0.01µM Paclitaxel (P > 0.05). Data represented as (mean ± SEM), and the experiments were 

performed at least 3 independent times and 30-45 replicas. The asterisk denotes significant 

results regarding the respective measurement indicated with the bar graphs.   
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Figure S1: (a) DRG isolation from 6–8 weeks old Wister rats, and (b) extraction and 

purification of DRG non-neuronal cells by using the density gradient centrifugation method. 

Figure S2: Representative example of automatic counting of nuclei of non-neuronal cells by 

the FIJI program for the control group; Figure S3: Effects of different concentrations of 

paclitaxel on the viability of DRG non-neuronal cells at different investigated time points using 

the MTT assay. 

 Figure S4: Effects of different concentrations of paclitaxel on the percentage of cytotoxicity 

of DRG non-neuronal cells at different investigated time windows using the LDH assay. 

Figure S5: Effects of different concentrations of paclitaxel on the rate of cell proliferation of 

DRG non-neuronal cells at 24 h, 48 h, and 72 h post-treatment using BrdU assay. 

 Figure S6: Effects of different concentrations of paclitaxel on nuclear morphology (% 

apoptosis) of DRG non-neuronal cells at 24 h, 48 h, and 72 h post-treatment by DAPI staining. 

Figure S7: Effects of different concentrations of paclitaxel on the ratio of PI+ of DRG non-

neuronal cells at 24 h, 48 h, and 72 h post-treatment by propidium iodide assay. 
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Figure S1. (a) DRGs isolation from 6–8 weeks old Wister rats, and (b) extraction and 

purification of DRG non-neuronal cells by using the density gradient centrifugation method. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 



 

Figure S2. Representative example for automatic counting of nuclei of non-neuronal cells by 

FIJI program for the control group. (a) Step-by-step demonstration of automatic counting of 

nuclei (ImageJ). (b) Results of the different counts of nuclei of non-neuronal cells for six 

different images for the same control group.  
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Figure S3. Effects of different concentrations of paclitaxel on the viability of DRG non-

neuronal cells at different investigated time points using MTT assay. (a) A significant 

difference was found between different paclitaxel concentrations with a concentration 

dependency at 48 h and 72 h post-treatment. (b) Time-dependent significant differences were 

observed for 1 µM, and 10 µM paclitaxel concentrations. Values served as the mean ± SEM 

of three independent experiments performed in triplicates. The asterisks denote significant 

results regarding the respective measurement indicated with the bar. The data were analyzed 

using one-way ANOVA, followed by the Bonferroni post-hock test (p < 0.05). * p < 0.05, ** 

p < 0.01, *** p < 0.001, **** p < 0.0001, ns (non-significant). 
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Figure S4. Effects of different concentrations of paclitaxel on the percentage of cytotoxicity 

of DRG non-neuronal cells at different investigated time windows using LDH assay. (a) A 

significant difference was presented between different paclitaxel concentrations, indicating 

concentration-dependent effects on cell death at 72 h post-treatment. (b) for all applied 

concentrations, time-dependent effects were observed for various concentrations of paclitaxel 

on the cytotoxicity of DRG non-neuronal cells. Values served as the mean ± SEM of three 

independent experiments and n= 15 replicates. The asterisks denote significant results 

regarding the respective measurement indicated with the bar. The data were analyzed using 

one-way ANOVA, followed by the Bonferroni post-hock test (p < 0.05). ** p < 0.01, *** p < 

0.001, **** p < 0.0001, ns (non-significant). 
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Figure S5. Effects of different concentrations of paclitaxel on the rate of cell proliferation of 

DRG non-neuronal cells at 24 h, 48 h, and 72 h post-treatment using BrdU assay. (a) The bar 

charts revealed no significant difference between different paclitaxel concentrations, implying 

that the effects of paclitaxel on cell proliferation are not concentration-dependent at different 

time points. (b) The graph revealed a significant difference between different timelines for all 

applied concentrations of paclitaxel, indicating that the effects of various concentrations of 

paclitaxel on the cell proliferation of DRG non-neuronal cells are time-dependent. Values 

served as the mean ± SEM of three independent experiments and n= 15 replicates. The 

asterisk denotes statistically significant results for the measurement indicated by the bar. The 

data were analyzed using one-way ANOVA, followed by the Bonferroni post-hock test (p < 

0.05). **** p < 0.0001, ns (non-significant). 
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Figure S6. Effects of different concentrations of paclitaxel on nuclear morphology (% 

apoptosis) of DRG non-neuronal cells at 24 h, 48 h, and 72 h post-treatment by DAPI 

staining. (a) The chart demonstrated a significant difference between different paclitaxel 

concentrations, implying that the effects of paclitaxel on % of apoptosis are concentration-

dependent at different investigated time points. (b) The graph showed a significant difference 

between different timelines specifically between 24 h and 48 h of treatment for all 

concentrations of paclitaxel, indicating that the effects of various concentrations of paclitaxel 

on the % of apoptosis of DRG non-neuronal cells are time-dependent. Values served as the 

mean ± SEM of three independent experiments and n = 15 replicates. The asterisk denotes 

statistically significant results for the measurement indicated by the bar. The data were 

analyzed using one-way ANOVA, followed by the Bonferroni post-hock test (p < 0.05). * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns (non-significant). 
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Figure S7. Effects of different concentrations of paclitaxel on the ratio of PI+ of DRG non-

neuronal cells at 24 h, 48 h, and 72 h post-treatment by propidium iodide assay. (a) The Bar 

chart showed a significant difference between different paclitaxel concentrations, implying 

that the effects of paclitaxel on cell death are concentration-dependent at different 

investigated time points. (b) The graph showed a significant difference between different 

timelines for all concentrations of paclitaxel except only 0.01 µM paclitaxel, indicating that 

the effects of various concentrations of paclitaxel on the % of cell death of DRG non-neuronal 

cells are time-dependent. Values served as the mean ± SEM of three independent experiments 

and n= 15 replicates. The asterisk denotes statistically significant results for the measurement 

indicated by the bar. The data were analyzed using one-way ANOVA, followed by the 

Bonferroni post-hock test (p < 0.05). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, 

ns (non-significant). 
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Supplementary Videos 

 

Video S1: A phase contrast live imaging microscope was used to show normal cell division of 

DRG non-neuronal cells in the control group for up to 72 hours when a single cell divided into 

two daughter cells.  

Video S2: Effects of 0.1 µM PEA on cell proliferation of DRG non-neuronal cells using a phase 

contrast live imaging microscope showed that cells normally divided such as the control group. 

 Video S3: Effects of 10 µM paclitaxel on the cell division of DRG non-neuronal cells for up 

to 72 h using a phase contrast live imaging microscope.  

Video S4: Effects of 0.1 µM PEA on the toxic effect of 10 µM paclitaxel on DRG non-neuronal 

cells for up to 72 h using a phase contrast live imaging microscope. 

These videos can be accessed via this link: 

https://sciencetantaedu-

my.sharepoint.com/:f:/g/personal/amira_elfarnawany_science_tanta_edu_eg/Erd-

KLmYcOZMi0t0DJbM_sYB82FqfFgHpKSOy0Zq_jssXA?e=MPJHO4 
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Figure 1. Sketch-map of the mechanism of chemotherapy-induced peripheral neuropathy 

(CIPN).  
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Figure 2.   Mechanism of action of paclitaxel.  
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Figure 3. Schematic diagram of DRG structure and cell types of composition 

  Martin, S. L., Reid, A. J., Verkhratsky, A., Magnaghi, V., & Faroni, A. (2019). Gene 

expression changes in dorsal root ganglia following peripheral nerve injury: roles in 

inflammation, cell death and nociception. Neural regeneration research, 14(6), 939. 

https://doi.org/10.4103/1673-5374.250566 

Figure 4.  Metabolic pathways and mechanisms of action of PEA. 
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