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Paclitaxel is an anticancer drug, extracted from the bark of the Pacific yew tree Taxus brevifolia. It was first

approved in 1992 by the US Food and Drug Administration (FDA) for the treatment of advanced ovarian cancer

and since then, it has been used in several cancers such as breast cancer, endometrial cancer, non-small-cell lung

cancer, bladder cancer, cervical carcinoma, and AIDS-related Kaposi sarcoma.

paclitaxel  epidermis  NHEK

1. Non-Cytotoxic Doses of Paclitaxel Induce Inflammation in
a 3D Epidermis Model

The effects of paclitaxel on cell viability were examined in NHEK cells. Incubation with the positive control SLS

demonstrated that both assays were sensitive to changes in viability and cytotoxicity. Treatment with increasing

doses of paclitaxel (0.3–30 µM) for 24 h was safe for NHEK keratinocytes as it did not induce significant viability

reduction and LDH release. The mean viability percentages were 86.53 ± 3.5%, 94.46 ± 0.8%, and 97.35 ± 1.085%

at concentrations 30 µM, 3 µM, and 0.3 µM, respectively (Figure 1A). The LDH release was lower than 2.5% in all

doses examined and was not significant compared to the control (Figure 1B). The stratification of the 3D epidermis

cell model was confirmed by the hematoxylin-eosin staining as shown in Figure 2A. Keratinocytes were distributed

into the principal epidermis layers. The basal, spinous, and granular layers are present in the reconstructed model

and its terminal differentiation resulted in the presence of the stratum corneum, analogously to the epidermal in

vivo structure of healthy skin. Since IL-1α, IL-6, and IL-8 are known as skin inflammation molecular markers ,

and these markers have been found to be upregulated by paclitaxel in some cancer cell lines , we analyzed

whether paclitaxel could mediate an inflammatory response in the 3D epidermis model through the induction of

such cytokines. Incubation of the 3D model with paclitaxel induced a significant dose-dependent release of IL-1α,

IL-6, and IL-8 (Figure 2B–D).
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Figure 1.  Paclitaxel does not modify cell viability and cytotoxicity. NHEK cells were incubated for 24 h with

increasing paclitaxel concentrations. (A) Paclitaxel, at the concentrations assayed did not show alterations on cell

viability measured by the MTT assay (B) nor in the cytotoxicity measured by LDH assay. Results are expressed as

mean ± standard deviation of three independent experiments (n = 3). Multiple comparisons analysis of variance

(ANOVA) was followed by the post hoc Bonferroni test. * p < 0.05 vs. control. PTX: paclitaxel. SLS: sodium lauryl

sulfate.
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Figure 2.  Paclitaxel induces a dose-dependent inflammatory cytokine release in a 3D epidermal model. (A)

Paraffin section from the 3D epidermis model stained with hematoxylin and eosin. Scale bar 100 µM. The 3D

epidermal model was incubated for 24 h with increasing paclitaxel concentrations. (B) IL-1α, (C) IL-6, and (D) IL-8

levels were measured by ELISA. Results are expressed as mean ± standard deviation of three independent

experiments (n = 3). Multiple comparisons analysis of variance (ANOVA) was followed by the post hoc Bonferroni

test. * p < 0.05 vs. control. PTX: paclitaxel.

2. Paclitaxel-Induced Oxidative Stress Response

As it has been proposed that the apoptotic effects of paclitaxel may be mediated by its capacity to induce the

release of reactive oxygen species (ROS) , the effect of paclitaxel on intracellular ROS levels was analyzed in

NHEK cells and in a 3D epidermis model. As shown in Figure 3A, exposure to paclitaxel doses of 0.3, 3, and 30

µM for 4 h, caused a significant increase in ROS production. To assess which molecules might be taking part in the

oxidant induction of paclitaxel, gene, and protein expression of nuclear factor erythroid-2-related factor 2 (Nrf2),

superoxide dismutase (SOD1), and NADPH oxidase 4 (NOX4) were analyzed in the 3D epidermal model. Nrf2 is a
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transcription factor that regulates the endogenous antioxidant defense, SOD1 is a ROS scavenging gene and

NOX4 is one of the primary enzymatic sources of ROS. Treatment of this model with paclitaxel for 24 h induced a

decrease in the mRNA expression of SOD1 and Nrf2 in a dose-dependent manner (Figure 3B). The same

incubation time induced the upregulation of NOX4 in all paclitaxel doses (Figure 3B).  Figure 3C shows that

incubating the 3D epidermis model for 24 h with paclitaxel produced the same response in the protein expression

as in the mRNA expression: A concentration-dependent decrease in both SOD1 and Nrf2 protein expression and a

concentration-dependent increase in NOX4.

Figure 3. Paclitaxel induces a dose-dependent oxidative stress response in normal human epidermal keratinocytes

(NHEK) cells and in a 3D epidermal model. (A) NHEK cells were incubated for 4 h with increasing paclitaxel

concentrations. Quantification of reactive oxygen species (ROS) levels measured by the H DCF-DA assay. Data

are expressed as reactive oxygen species (ROS) DCF relative fluorescence units. (B) 3D epidermal model tissues

were incubated for 24 h with increasing paclitaxel concentrations. SOD1, Nrf2 and NOX4 mRNA levels were

measured by real-time PCR. Data are expressed as 2 . (C) 3D epidermal model tissues were incubated for 24 h

with increasing paclitaxel concentrations. SOD1, Nrf2 and NOX4 protein levels were analyzed by western blotting.

Quantification was performed by densitometry and normalized to β-actin. Results are expressed as mean ±

standard deviation of three independent experiments (n = 3). Multiple comparisons analysis of variance (ANOVA)

was followed by the post hoc Bonferroni test. * p < 0.05 vs. control. PTX: paclitaxel.

3. Paclitaxel-Induced Apoptosis

Detection of annexin V-FITC by flow cytometry was used to analyze the apoptosis percentage induced by

paclitaxel in NHEK cells (Figure 4A,B). Keratinocytes incubation with paclitaxel for 24 h induced an increase in

cellular apoptosis. Representative propidium iodide versus annexin V-FITC plots are shown in Figure 4A for each
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condition. Higher doses of paclitaxel induced significantly higher apoptosis rates, reaching up to 25.8 ± 2.9%

apoptosis at the highest dose 30 µM (Figure 4B). To analyze the apoptosis molecular markers in the 3D epidermis

model, gene and protein expression of p53, p21, and BCL2 were measured (Figure 4C–E). 24 h of paclitaxel

incubation reduced BCL2 mRNA expression while p53 and p21 were upregulated. All markers showed a dose-

dependent modulation and statistically significant variations. Protein levels of BCL2 and p53 were also analyzed by

Western blot and showed a dose-dependent increase in the case of p53, while protein levels of BCL2 decreased

significantly (Figure 4F).

Figure 4.  Paclitaxel induces apoptosis in normal human epidermal keratinocytes (NHEK) cells. (A) NHEK cells

were incubated for 24 h with increasing paclitaxel concentrations. Apoptosis was measured by flow cytometric

analysis. (A) Representative plots for each paclitaxel concentration are displayed. (B) Apoptosis plots were

analyzed by FlowJo software (TreeStar Inc., Ashland, OR, USA). Results are expressed as the mean apoptosis

percentage of annexin-positive and propidium iodide-negative cells, which represent early apoptotic cells. (C–E)

3D epidermal model tissues were incubated for 24 h with increasing paclitaxel concentrations. P53, p21, and BCL2

mRNA levels were measured by real-time PCR. Data are expressed as 2 . (F) 3D epidermal model tissues were

incubated for 24 h with increasing paclitaxel concentrations. P53 and BCL2 protein levels were analyzed by

Western blotting. Quantification was performed by densitometry and normalized to β-actin. Results are expressed

as mean ± standard deviation of three independent experiments (n = 3). Multiple comparisons analysis of variance

(ANOVA) was followed by the post hoc Bonferroni test. * p < 0.05 vs. control. PTX: paclitaxel.

4. Paclitaxel-Targeted Angiogenesis
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Paclitaxel has a strong anti-angiogenic activity in cancer cells through the suppression of the vascular endothelial

growth factor (VEGF) expression, which plays a main role in the growth of new blood vessels, by activating the

endothelial nitric oxide synthase (eNOS) . To evaluate these events in the skin, the effect of paclitaxel on

endothelial tube formation was examined in human dermal microvascular cells. Representative images for each

condition are shown in  Figure 5A. HDMECs in the control condition formed capillary-like structures. However,

incubation with paclitaxel for 16 h showed an impairment of angiogenesis in all doses. The analysis was performed

by measuring the significant decrease of the tube length, total branches and total loops created by HDMECs in the

gel matrix after paclitaxel incubation (Figure 5B). The molecular markers of angiogenesis, VEGF and eNOS, were

also evaluated in the 3D epidermis model. After paclitaxel treatment, VEGF and eNOS mRNA expression were

significantly reduced in a dose-dependent manner (Figure 5C). The same decrease was induced by paclitaxel in

VEGF protein levels (Figure 5D).

Figure 5. Paclitaxel inhibits endothelial tube formation in human dermal microvascular endothelial cells (HDMEC)

and reduces eNOS and VEGF expression in the 3D epidermis. (A) HDMEC were incubated with increasing

paclitaxel concentrations for 16 h, and angiogenesis was analyzed by the endothelial tube formation assay.

Representative images of the tubular structures formed are displayed. Top images show the green, fluorescent
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calcein staining. Bottom images show the overlay generated by WimTube   software (Onimagin Technologies

SCA, Córdoba, Spain), in which each color represents a structure: blue represents the covered area, red the tubes,

white the branching points and yellow the number of loops. (B) Quantitative evaluation of morphological features of

the capillary-like network structure. Tube length, total branching points and total loops after treating HDMEC with

increasing paclitaxel concentrations. The analysis was performed using WimTube   software (Onimagin

Technologies SCA, Córdoba, Spain). (C) 3D epidermal model tissues were incubated for 24 h with increasing

paclitaxel concentrations. eNOS and VEGF mRNA levels were measured by real-time PCR. Data are expressed as

2 . (D) In vitro 3D epidermal model was incubated for 24 h with increasing paclitaxel concentrations. VEGF

protein levels were analyzed by Western blotting. Quantification was performed by densitometry and normalized to

β-actin. Results are expressed as mean ± standard deviation of three independent experiments (n = 3). Multiple

comparisons analysis of variance (ANOVA) was followed by the post hoc Bonferroni test. * p < 0.05 vs. control.

PTX: paclitaxel.

5. NF-κB Transcription Factor Activation by Paclitaxel

The effect of paclitaxel on NF-κB activation was evaluated in the 3D epidermis model. The 3D model was

incubated for 1 h with paclitaxel and both NF-κB unphosphorylated (Figure 6A) and phosphorylated (Figure 6B)

forms were analyzed by Western blot. While the unphosphorylated form of the protein remained stable after

incubation with all paclitaxel concentrations, NF-κB phosphorylation increased at all doses.

Figure 6.  Paclitaxel activates the transcription factor NF-κB in a 3D epidermal model. The 3D epidermis was

incubated for 1 h with increasing paclitaxel concentrations. (A) NF-κB and (B) p-NF-κB protein levels were

analyzed by Western blotting. Quantification was performed by densitometry and normalized to β-actin. Results are
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expressed as mean ± standard deviation of three independent experiments (n = 3). Multiple comparisons analysis

of variance (ANOVA) was followed by the post hoc Bonferroni test. * p < 0.05 vs. control. PTX: paclitaxel.

6. TLR4 Mediates Paclitaxel Effects on Human Keratinocytes

Paclitaxel is a ligand to TLR4, which is expressed on innate immune cells, including macrophages . However,

there is no evidence in human skin. In this work, NHEK cells were transiently transfected with siRNA (-) control and

siRNA-TLR4 to reduce TLR4 expression. The stimulation of NHEK cells with paclitaxel 3 µM on pro-inflammatory

IL-1α, IL-6, and IL-8 cytokine release, and ROS production including SOD1, NOX4, and Nrf2 was significantly

inhibited in cells transfected with siRNA-TLR4 (Figure 7A–G). The effects of paclitaxel reducing the anti-apoptotic

protein BCL2 were reduced in siRNA-TLR4 treated cells (Figure 7H). The siRNA-TLR4 transfection also abrogated

the effects of paclitaxel on eNOS and VEGF expression (Figure 7I,J) and reduced the phosphorylation of NF-κB in

NHEK cells (Figure 7K).

Figure 7. The effect of paclitaxel modulating inflammation, oxidative stress, apoptosis angiogenesis, and p-NF-κB

is reduced in siRNA-TLR4 transiently transfected keratinocytes. Normal human epidermal keratinocytes (NHEK)

were transiently transfected with control siRNA (-) or siRNA-TLR-4 and incubated for 24 h with paclitaxel 3 µM. (A–

C) IL-1α, IL-6 and IL-8 supernatant levels were measured by ELISA. (D) Reactive oxygen species (ROS) were

measured using H DCF-DA assay in NHEK stimulated with paclitaxel for 4 h. (E–J) The expression of SOD1,

NOX4, Nrf2, BCL2, eNOS, and VEGF was measured by real-time PCR. Data are expressed as 2 . (K) NHEK

cells were incubated for 1 h with paclitaxel concentrations. NF-κB and p-NF-κB protein levels were analyzed by

Western blotting. Quantification was performed by densitometry and normalized to NF-κB/β-actin. Results are

expressed as mean ± standard deviation of three independent experiments (n = 3). Multiple comparisons analysis

[13][14]
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of variance (ANOVA) was followed by the post hoc Bonferroni test. * p < 0.05 vs. siRNA (-) Control. # p < 0.05 vs.

siRNA (-) PTX 3 µM. PTX: paclitaxel.

7. Researches and Findings

Paclitaxel accumulates in endothelial cells  and exhibits a strong anti-angiogenic activity in cancer cells through

the suppression of VEGF expression . VEGF takes part in the angiogenesis signaling pathway by activating

the endothelial nitric oxide synthase eNOS , which has reduced expression after paclitaxel treatment in

endothelial cells . Physiological levels of nitric oxide (NO) are required to maintain the normal functioning of

cells, including keratinocytes. NO is vital as a signaling molecule regulating multiple epidermal functions, including

keratinocyte proliferation and differentiation, apoptosis, migration, and oxidative stress, as well as cytokine

production . NO is produced by eNOS, that is expressed in human keratinocytes in a similar way that VEGF 

. 

After paclitaxel treatment, activation of NF-κB transcription factor has been shown to play an important role in the

regulation of inflammation, apoptosis, and cell cycle progression . This transcription factor has also been

associated with paclitaxel-induced ROS production and angiogenesis . Between the different activators of NF-κB,

TLR4 plays an important role in the innate immune response. The activation of TLR4 triggers different molecular

pathways including JNK, P38 and NF-κB . Previous reports have shown that paclitaxel can activate TLR4 in

macrophages and dendritic cells, mimicking the effects of lipopolysaccharide secreting inflammatory cytokines 

. TLR4 is expressed in human keratinocytes and its activation has been related to inflammatory, oxidative, and

anti-proliferative effects , showing antineoplastic effects in cutaneous squamous cell carcinoma . The

reduction of TLR4 expression by siRNA-TLR4 partially abrogated the cellular effects induced by paclitaxel in

keratinocytes. Currently, the dermatological adverse effects of paclitaxel have been described from a clinical

perspective, but the knowledge about their cellular and molecular mechanisms is lagging. There is limited literature

in which the effects of paclitaxel in healthy keratinocytes are explained. However, our results present novel

evidence of the effects of paclitaxel on skin. Paclitaxel activates TLR-4 and promotes NF-κB phosphorylation,

which results in the increase of oxidative stress, inflammation, and apoptosis, and the reduction of angiogenesis.

These events could explain the direct skin side effects of paclitaxel in healthy skin, although the interplay between

the different cellular processes and the associated signaling pathways are yet to be discovered.
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