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Abstract

Understanding the ability of cytotoxic oncology drugs, and their carriers and formulation 

excipients, to induce pro-inflammatory responses is important for establishing safe and efficacious 

formulations. Literature data about cytokine response induction by the traditional formulation of 

paclitaxel, Taxol®, is controversial, and no data is available about the pro-inflammatory profile of 

the nano-albumin formulation of this drug, Abraxane®. Herein, we demonstrate and explain the 

difference in the cytokine induction profile between Taxol® and Abraxane®, and describe a novel 

mechanism of cytokine induction by a nanosized excipient, Cremophor EL, which is not unique to 

Taxol® and is commonly used in the pharmaceutical industry for delivery of a wide variety of 

small molecular drugs.
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Taxol vehicle Cremophor-EL induces interleukin-8 (IL-8) in human peripheral blood cells through 

the mechanism bypassing gene expression. Reactive Oxygen Species (ROS) induced by 

Cremophor-EL activate MAPK p38, which results in stabilization of pre-synthesized IL-8 mRNA 

and production of the protein from this mRNA.
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Background

Nanotechnology is increasingly used in drug delivery because the unique physicochemical 

properties of nanoparticles (size, surface charge, hydrophilicity, and presence of targeting 

moieties on the particle surface) help to overcome barriers commonly limiting the efficacy 

of traditional small and macromolecular drugs. Nanoparticles can improve solubility, 

pharmacokinetics, and biodistribution of traditional pharmaceuticals. Nanocarrier-

formulated drugs have a range of other advantages over their traditionally formulated 

counterparts. These benefits include, but are not limited to, improved efficacy, reduced dose, 

the availability of alternative routes of administration, relegated toxicity, and reduced 

immunogenicity. Cytotoxic oncology drug paclitaxel is a good example of the reduced 

toxicity offered by drug reformulation using a nanotechnology platform. The traditional 

formulation of paclitaxel, Taxol®, is based on Cremophor-EL. Cremophor-EL is a 

polyethoxylated castor oil vehicle commonly used in the pharmaceutical industry to 

overcome the insolubility of hydrophobic compounds. While addressing the issue of poor 

drug solubility, Cremophor-EL creates additional problems such as immuno- and 

neurotoxicities. As such, clinical use of Cremophor-EL-formulated drugs is commonly 

associated with hypersensitivity reactions, neurotoxicity, nephrotoxicity, cardiotoxicity, and 

hematotoxicity 1-3. Furthermore, Cremophor-EL forms micelles, which may entrap other 

drugs co-administered with Cremophor-EL-formulated compounds, thus decreasing their 

bioavailability. In order to reduce hypersensitivity reactions triggered by Cremophor-EL, 

Taxol® is administered through a slow infusion and after the premedication with 

immunosuppressive agents 4. Despite these efforts, 2–3% of patients still develop 
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hypersensitivity reactions to Taxol® 4. The nanotechnology formulation of paclitaxel is 

based on albumin nanoparticles. This formulation, Abraxane®, provides the same 

therapeutic benefits as Taxol®, but does not induce hypersensitivity reactions in patients 

even after single-push injection and without immunosuppressive premedication 4. It has 

been reported earlier by us 5 and others 3, 6, 7 that some of the hypersensitivity reactions in 

response to Taxol® are mediated by the complement activation, and that reformulating 

paclitaxel onto albumin nanoparticles eliminates this toxicity. It has also been reported 

earlier that Taxol® induces inflammatory cytokines in mouse macrophages 8-12 and that 

such activation involves toll-like receptor (TLR)-4, the same pattern recognition protein 

triggering immune activation by endotoxins 8, 9, 13. Induction of cytokines by Abraxane® 

has not been explored before. Therefore, the goals of our study were to compare the 

cytokine induction profiles of the traditional and nanoformulation of paclitaxel, Taxol® and 

Abraxane®, respectively; to identify the difference and to investigate the mechanism of 

cytokine induction in human cells.

Materials and Methods

Reagents and antibodies

The Abraxane® formulation of paclitaxel from Taxus media (Abraxis BioScience, 

Bridgewater, NJ), and Taxol® and the generic Cremophor-EL-based formulation of 

paclitaxel from Taxus species (Bristol-Myers Squibb, Princeton, NJ, and TEVA 

Pharmaceuticals, Inc., USA, respectively) were obtained through the National Institutes of 

Health pharmacy. Taxol® and the generic Cremophor-EL-based formulations of paclitaxel 

have no differences in their physicochemical properties and biological activities relevant to 

this study; therefore, for simplicity, we will refer to both formulations as Taxol®. Paclitaxel 

preparation from various natural sources (Taxus brevifolia and Taxus yannanensis) and 

semisynthetic paclitaxel were obtained from Sigma-Aldrich (St. Louis, MO) catalog 

numbers T7402, T1912, and T7191, respectively. Paclitaxel used by others in previously 

published studies 8, 9, 14, 15 was kindly provided by the National Cancer Institute (NCI) 

Developmental Therapeutics Program (DTP). Cremophor-EL (#C5135) and cycloheximide 

(CHX) were purchased from Sigma-Aldrich (St. Louis, MO). Mitogen-activated protein 

kinase (MAPK) inhibitors SP600125, SB203580, and U0126 were from obtained from Cell 

Signaling (Danvers, MA). Antibodies used for detecting phospho-p38 (pT180/pY182), 

phospho-Erk1/2 (pT202/pY201), phospho-JNK (pT183/pY185), as well as Perm buffer III 

were purchased from BD Biosciences (San Jose, CA). Vacutainer tubes were obtained from 

BD (Franklin Lakes, NJ). Escherichia coli K12 ultrapure lipopolysaccharide (LPS) was 

purchased from InvivoGen, Inc. (San Diego, CA). Glutamine, fetal calf serum (FCS), and 

penicillin/streptomycin were obtained from HyClone (ThermoScientific, Logan, UT). 

RPMI-1640 was obtained from Invitrogen/Life Technologies (Grand Island, NY). Ficoll-

Paque Premium was obtained from GE Healthcare (Waukesha, WI).

Physicochemical characterization

A Malvern Zetasizer Nano ZS instrument (Southborough, MA) with a back-scattering 

detector (173 degrees, 633-nm laser wavelength) was used for measuring the hydrodynamic 

size (diameter) in batch mode at 25 °C in a low-volume quartz cuvette (pathlength 10 mm). 
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Cremophor-EL and Taxol® samples were diluted 10-fold and 5-fold, respectively, in 10 mM 

of NaCl. A minimum of twelve measurements per sample were made. Hydrodynamic size is 

reported as the intensity-weighted average over all size populations (Z-avg).

Zeta potential provides a measurement of the electrostatic potential at the surface of the 

electrical double layer and the bulk medium, which is related to the nanoparticle surface 

charge. A Malvern Zetasizer Nano ZS instrument was used to measure zeta potential at 25 

°C. Cremophor-EL and Taxol® samples were diluted 10-fold and 5-fold, respectively, in 10 

mM of NaCl. An applied voltage of 150 V was used for all measurements. Sample pH was 

adjusted to 7 before the samples were loaded into a pre-rinsed folded capillary cell. A 

minimum of three measurements were made per sample. Zeta potential measurements are 

based on first principles, and, hence, no calibration is required. However, the instrument can 

be validated by running an appropriate standard (zeta potential transfer standard, DTS0050, 

and zeta potential value of –68 ± 7 mV at 25 °C, Malvern Instruments). This standard was 

run for validation before all zeta potential measurements.

Research donor blood

Healthy volunteer blood was collected under NCI at Frederick Protocol OH99-C-N046. 

Blood was drawn into BD vacutainer tubes containing Li-heparin as the anticoagulant. 

Blood was used within 1-1.5 h after collection and was kept at room temperature.

Cremophor-EL preparation

Cremophor-EL was mixed 1:1 with ethanol containing 2 mg/mL of citric acid to mimic the 

concentration of Cremophor-EL, citric acid, and ethanol used in Taxol® and the generic 

formulation of paclitaxel.

Cytokine induction in human blood

0.8 mL of whole blood diluted 1:4 in complete culture media (RPMI-1640, 10% FCS, 2 mM 

glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin sulfate) was added per well 

onto a 24-well plate; 0.2 mL of culture media containing controls or test materials was 

added to each well. Blood was incubated for 20 h at 37 °C in the presence of 5% CO2. At 

the end of the incubation time, the blood was spun down, and collected supernatants were 

stored at –20 °C before analysis for the presence of cytokines. Human tumor necrosis factor 

α (TNF-α), interleukin (IL)-1β, and IL-8 were detected in culture supernatants using 

commercial ELISA kits (R&D Systems, Carlsbad, CA) and according to the manufacturer’s 

instructions.

Isolation of human peripheral blood mononuclear cells (PBMCs)

PBMCs were isolated from human-heparinized blood using Ficoll-Paque Premium (GE 

Healthcare) and according to the manufacturer’s protocol. 10 × 6 cells were seeded onto a 

24-well plate in 0.8 mL of complete culture media (RPMI-1640, 10% FCS, 2 mM 

glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin sulfate), and treated with 0.2 

mL of controls and test samples. After incubation with controls and test samples, culture 

supernatants were collected and analyzed for the presence of cytokines by commercial 

ELISA kits (R&D Systems, Carlsbad, CA), using the manufacturer’s protocols.

Ilinskaya et al. Page 4

Nanomedicine. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cytokine induction in Raw 264.7 cells

Raw cells (10 × 5 cells/sample) were seeded onto a 96-well plate in 0.2 mL of complete 

culture media (Dulbecco’s modified eagle medium, 10% FCS, 2 mM glutamine, 100 U/mL 

penicillin, and 100 μg/mL streptomycin sulfate). After 12 h of incubation to allow cell 

adhesion to the plate, 0.1 mL of media containing control or test materials were added to 

each well. Cells were incubated for 20 h at 37 °C in the presence of 5% CO2. When the 

incubation time was complete, supernatants were collected and stored at −20°C before the 

analysis for the presence of cytokine. At tested concentrations Paclitaxel was not toxic to 

cells. The Cremophor was tested at several concentrations due to decrease in cell viability 

observed when it was tested at high concentrations. Murine macrophage inflammatory 

protein 2 (MIP-2) and TNF-α were detected in culture supernatants using commercial 

ELISA kits (R&D Systems, Carlsbad, CA), according to manufacturer’s instructions.

RT-PCR

The treatment of human blood was performed as described in the section titled “Cytokine 

induction in human blood.” Blood was incubated with controls or tested materials for 4 h. At 

the end of the incubation period, RNA from whole blood was isolated using the PureLink 

total RNA blood purification kit (Invitrogen/Life Technologies, Grand Island, NY), 

according to the manufacturer’s protocol. Reverse transcription was performed with 

MultiScribe Reverse Transcriptase (Life Technologies, Austin, TX) in the presence of dNTP 

(0.2 mM), MgCl2 (5 mM), random hexamers (50 µM), RT buffer, and RNAse inhibitors (20 

U/µL) in the concentrations recommended by the manufacturer. The PCR reaction was 

performed with high-fidelity Platinum Taq DNA polymerase (2 U/µL) (Life Technologies, 

Austin, TX) in the presence of the PCR buffer, dNTP (0.2 mM), MgCl2 (1.5 mM), and 

primers. IL-8 primers were custom ordered from IDT (Coralville, IA): forward primer (0.45 

µM): 5'-AGAAACCACCGGAAGGAACCATCT-3', Probe (0.2 µM): 5'-

AAACATGACTTCCAAGCTGGCCGT-3' (FAM), and reverse primer (0.45 µM): 5'-

AGAGCTGCAGAAATCAGGAAGGCT-3'. Primers for 18S were used as the control: 

forward primer (0.15 µM): 5'-AGG AAT TCC CAG TAA GTG CG - 3', probe (0.2 µM): 5'-

TCC CTG CCC TTT GTA CAC ACC GCC - 3' (Texas red), and reverse primer (0.15 µM): 

5' - GCC TCA CTA AAC CAT CCA A - 3'. RT-PCR was performed using the IQ5 

multicolor real-time PCR detection system (Bio-Rad, Hercules, CA).

Flow cytometry analysis

PBMCs (5 × 106 cells/sample) were treated with different concentrations of Cremophor-EL. 

The detection of the phosphorylated forms of p38, Erk1/2, and JNK was performed 

according to manufacturer’s protocol. Briefly, at the end of the incubation period, cells were 

washed and fixed with warm 4% paraformaldehyde for 10 min at 37 °C in a water bath. 

Cells were permeabilized with chilled Perm buffer III on ice for 30 min, washed, and 

incubated with antibodies on ice for 30 min. The detection of the reactive oxygen species 

was performed with the CellROX Green Assay Kit (BD, Franklin Lakes, NJ), according to 

the manufacturer’s protocol. Briefly, PBMCs were treated with controls and designated 

concentrations of tested materials for 30 min. To prevent oxidative stress development, 5 

mM of N-acetyl cysteine was added 1 h prior to the addition of test samples. After the 
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treatment, cells were loaded with CellROX Green Reagent at a final concentration of 5 µM. 

Changes in mitochondrial potential were measured with MitoProbe JC-1 flow cytometry 

assay kits (BD Biosciences, San Jose, CA). Samples for all assays were analyzed using 

FACS Calibur and CellQuest software (BD Biosciences, San Jose, CA).

Northern blot

PBMCs (10 × 106 cells/sample) were incubated with Cremophor-EL or the LPS for 4 h. 

RNA protect cell reagent (Qiagen, Valencia, CA) was added to the samples, and the samples 

were stored at 4 °C overnight. RNA was isolated using the RNeasy Mini Kit (Qiagen, 

Valencia, CA), according to the manufacturer’s instructions. Some amount of the RNA from 

the LPS-treated samples was reverse transcribed and used as a template in the PCR reaction 

to build IL-8 detection probes for Northern blotting. To that end, IL-8 forward and reverse 

primers, and digoxigenin labeling dNTP from the PCR DIG labeling mix (Roche, Germany) 

were added to the PCR mixture. PCR products were separated using 1% agarose gel, and 

probes were isolated using QIAquick Gel Extraction Kit (Qiagen, Valencia, CA).

RNA separation on 1% agarose gel and transfer onto BrightStar-Plus membrane were 

performed with the NorthernMax Kit (Ambion/Life Technologies, Austin, TX). DIG wash 

and block buffer set, and DIG nucleic acid detection labeling mix (Roche, Germany) were 

used to detect RNA, according to the manufacturer’s instructions.

Detection of transcription factors

PBMCs (40 × 106cells/mL) were treated with Cremophor-EL (25 μM) for 1 h and 3 h, and 

nuclear extracts were isolated as follows: cells were washed with cold PBS and HB buffer 

(25 mM Tris-HCl [pH 7.4], 1 mM MgCl, 5 mM KCl); the final cell pellet was reconstituted 

in 1.5 mL of HB buffer and left on ice for 10 min; NP-40 was added to the final 

concentration of 0.05%; samples were gently mixed and incubated on ice for an additional 5 

min (cell lysis was controlled under a phase-contrast microscope); and samples were spun 

down at 600× g for 5 min. The nuclear pellet was washed with HB buffer and reconstituted 

in 150 μL of nuclear extraction buffer (20 mM Tris-HCl [pH 8], 400 mM NaCl, 1.5 mM 

MgCl, 0.1% NP-40). The extraction of the nuclear protein in the nuclear extraction buffer 

was performed on ice with agitation for an additional 30 min. The protein concentration in 

the nuclear extract was measured with the microBCA assay (Thermo Scientific, Rockford, 

IL). Further steps were performed according to the Protein/DNA Array I manufacturer’s 

instructions (Affymetrix, Santa Clara, CA).

Results

Physicochemical characterization

We have previously reported the physicochemical characterization of Abraxane® 16. Below, 

we review the characterization of Taxol® and Cremophor-EL.

Cremophor-EL and Taxol® both exhibited a monomodal size distribution (PdI < 0.1), with a 

Z-average of 14 ± 0.1 nm. These results were expected because Taxol’s main component is 

Cremophor-EL. Zeta potential provides a measurement of the electrostatic potential at the 
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interface of the electrical double layer and the bulk medium, which is related to nanoparticle 

surface charge. All tested formulations had neutral zeta potentials at pH 7 (zeta potential 

values - 10 < 0 < +10 mV are generally considered neutral).

Taxol® and its vehicle, Cremophor-EL, but not Abraxane®, induce the secretion of pro-
inflammatory chemokine IL-8 in human blood cultures

To study whether the reformulation of paclitaxel using nano-albumin particles resulted in a 

change in the cytokine secretion profile, we treated human whole blood and PBMCs with 

Taxol® and Abraxane® at equivalent concentrations of paclitaxel. These concentrations 

were selected based on previous studies 8, 9, 17. We limited a panel of pro-inflammatory 

cytokines to TNF-α, IL-1β, and IL-8 because these cytokines are the most prominent and 

commonly reported in the literature 18-21. Neither Taxol® nor Abraxane® induced the 

release of TNF-α and IL-1β, while IL-8 was observed only in the supernatants from cells 

treated with Taxol® (Figure 1, A and B and Supplementary Figure 1A). IL-8 induction by 

Taxol® was mediated by the Cremophor-EL vehicle because the cytokine profile data was 

identical in both Taxol®- and Cremophor-EL-treated cells (Figure 1, C and Supplementary 

Figure 1B and C).

Differences in cytokine response to Taxol® formulation and Cremophor-EL-free paclitaxel 
between mouse and human cells

The majority of published studies focusing on the cytokine-stimulating ability of paclitaxel 

were performed in murine cells8, 9, 12, 22. Furthermore, the involvement of the TLR-4 

pathway in the induction of pro-inflammatory cytokines by paclitaxel was also shown in 

murine cells8, 9, 12, 22.

A discrepancy between murine and human cells in response to paclitaxel has been 

previously noted 13, 17, 23, and it was partly explained by the differences in paclitaxel’s 

binding to mouse and human MD-2 13, 24. Despite using paclitaxel dissolved in dimethyl 

sulfoxide (DMSO), these previous studies claimed that they tested Taxol® 8, 9, 13, 16, 22; 

however, neither the Taxol® formulation nor Cremophor-EL was evaluated in terms of 

cytokine response. To cover this gap and clarify the differences between paclitaxel’s and 

Taxol’s effects on cytokine production, we used mouse macrophage cell line Raw 264.7 and 

studied cytokine secretion in response to Taxol®, Cremophor-EL, Abraxane®, and various 

forms of paclitaxel dissolved in DMSO. Since murine cells do not express IL-8, we tested 

culture supernatants for the presence of the IL-8 functional homologue, macrophage 

inflammatory protein 2 (MIP-2). While we confirmed the findings of the previous studies 

demonstrating that paclitaxel in DMSO obtained from the NCI DTP branch induces 

inflammatory cytokines in mouse cells, we demonstrate here for the first time that neither 

the Taxol® formulation of paclitaxel nor Cremophor-EL induces the release of pro-

inflammatory cytokines TNF-α and MIP-2 in Raw 264.7 cells (Figure 2, A and B). 

Moreover, when the same forms of paclitaxel were added concurrently with Cremophor-EL, 

TNF-α and MIP-2 secretion was completely blocked (Figure 2, C and D). In contrast, 

adding Cremophor-EL concurrently with the LPS did not significantly decrease cytokine 

production by this agonist (Supplementary Figure 2A and B). Cytokine induction by 

Abraxane® in murine macrophages was similar to that observed in supernatants from cells 
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treated with paclitaxel dissolved in DMSO (Figure 2, A and B). Paclitaxels from various 

sources and in different Cremophor-EL-free formulations differed in their potency of 

inducing cytokines in murine macrophages Raw 264.7. Specifically, cytokine levels induced 

by the equimolar paclitaxel concentrations of Abraxane® and the DMSO-reconstituted 

paclitaxel from NCI DTP were the most potent inducers of TNFα; Abraxane® and DMSO-

reconstituted semisynthetic paclitaxel were the most potent in terms of inducing MIP-2, 

while other paclitaxels in DMSO were moderate activators of cytokine secretion (Figure 2, 

A and B).

Pathways involved in IL-8 induction by Cremophor-EL in human PBMCs

Since Cremophol-EL is a vehicle commonly used in the pharmaceutical industry to 

solubilize hydrophobic drugs, and there was a sharp distinction in the profile from other 

common inflammatory stimuli such as the LPS, we explored the mechanism of stimulating 

IL-8 production by Cremophor-EL. Mechanistic studies described herein used Cremophor-

EL as a model because there was no difference between the cytokine profiles of the Taxol® 

formulation of paclitaxel and Cremophor-EL (Figure 1, C).

Release of IL-8 in response to Cremophor-EL is largely dependent on the processing of 
pre-existing mRNA

In order to understand the IL-8 induction mechanism, we first analyzed IL-8 mRNA levels 

in cells treated for 4 h with controls or Cremophor-EL. Human blood cells from only 2 out 

of 10 tested donors contained elevated levels of IL-8 mRNA after treatment with 

Cremophor-EL (Figure 3, A). Analysis of earlier and later time points (2 and 18 h, 

respectively) did not affect the overall finding in that further increases in IL-8 mRNA in 

more donors has not been detected (data not shown). Despite the lack of mRNA synthesis in 

specimens from the majority of donors, human blood cells from all 10 donors produced the 

IL-8 protein in response to Cremophor-EL treatment (Figure 3, B). To explore if 

Cremophor-EL triggers the release of the IL-8 protein from the pre-synthesized intracellular 

IL-8 pool, we measured IL-8 protein levels in the culture supernatants at 2 and 20 h after 

incubation with Cremophor-EL. While 20 h was sufficient for inducing IL-8 release, no IL-8 

release was detected 2 h after the Cremophor-EL challenge (Figure 3, C and D). In contrast 

to Cremophor-EL treatment, human blood cells released IL-8 from pre-existing intracellular 

storage 2 h after stimulation with the LPS (Figure 3, C).

We next analyzed whether Cremophor-EL triggers the processing of pre-existing IL-8 

mRNA. Protein synthesis inhibitor CHX prevented IL-8 secretion in response to 

Cremophor-EL treatment (Figure 4, A and Supplementary Figure 3A and B), while Northern 

blot analysis revealed that resting human PBMCs contain low levels of IL-8 mRNA (Figure 

4, B).

Cremophor-EL-induced release of the IL-8 protein is mediated by oxidative stress

An excessive intracellular accumulation of lipids results in intensive lipid degradation and 

the generation of the reactive oxygen species 25-27. Since Cremophor-EL is a 

polyethoxylated castor oil, we next investigated whether Cremophor-EL can induce the 

generation of the reactive oxygen species. PBMCs were treated with Cremophor-EL for 30 
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min and loaded with a dye sensitive to the reactive oxygen species. Both Cremophor-EL and 

the Taxol® formulation of paclitaxel induced oxidative stress, which could be reduced by 

pre-incubating cells with antioxidant N-acetyl cysteine (NAC) (Figure 5, A). Consistent with 

our previous findings, the Cremophor-EL-free formulation of paclitaxel, Abraxane®, did not 

induce the generation of the reactive oxygen species (Figure 5, A). The increase in the 

amount of IL-8 protein secreted into the cell culture medium after treatment with 

Cremophor-EL correlates with the level of oxidative stress (Figure 5, B) and the decrease in 

cell viability (data not shown). Furthermore, pre-incubation with NAC significantly 

decreased Cremophor-EL-induced IL-8 production (Figure 5, B).

We next analyzed mitochondrial potential because mitochondria can both produce and be 

damaged by the reactive oxygen species. We loaded Cremophor-EL-treated cells with 

mitochondrial potential-sensitive dye JC-1. JC-1 accumulates in mitochondria and 

undergoes a membrane potential–dependent emission shift from green (529 nm) to red (590 

nm) fluorescence. The disturbance of the mitochondrial potential results in a decrease in the 

red/green fluorescence ratio. Mitochondrial depolarization in monocytes was observed 3 h 

after treatment with Cremophor-EL, as evidenced by an increase in the number of cells with 

reduced red fluorescence (Figure 6, compare 3-h-labeled panel A to 3-h-labeled panels B and 

C). Extending the incubation time to 24 h resulted in an increase in the number of cells with 

depolarized mitochondria (Figure 6; compare 24-h-labeled panel A with 24-h-labeled panels 

B and C). Mitochondrial depolarization was more pronounced in monocytes than in 

lymphocytes (Figure 6; compare panel A to panels B and C for monocytes and 

lymphocytes).

Because the reactive oxygen species can also be produced by peroxisomes, we analyzed 

whether Cremophor-EL triggers peroxisome activation and proliferation by assessing the 

expression of peroxisomal membrane protein PMP-70. Treating PBMCs with Cremophor-

EL did not affect the expression of PMP-70 (Figure 7).

Activation of the MAPK pathway is involved in Cremophor-EL-induced IL-8 production by 
human blood cells

MAPK can be activated in response to mitogen- and stress-related stimuli 28. Activating the 

MAPK cascades was shown to control gene expression through the stabilization of 

mRNA 29, 30. Moreover, several studies suggested the involvement of MAPK activation in 

the induction of IL-8 31-34. To understand the role of MAPK in Cremophor-EL-triggered 

IL-8 synthesis, we pre-treated whole blood with several inhibitors specific to various 

members of the MAPK family: SB203580 (specific to p38, 35), U0126 (specific to 

Erk1/2, 36), and SP600125 (specific to JNK, 37). Cremophor-EL was added to these cultures 

1 h after the addition of the inhibitors. While p38 and Erk1/2 inhibitors, SB203580 and 

U0126, respectively, almost completely suppressed the Cremophor-EL-triggered release of 

IL-8 (Figure 8, A), blocking JNK with SP600125 did not inhibit IL-8 release.

To further verify activation of p38 by Cremophor-EL, we assessed the phosphorylation of 

this protein by flow cytometry. PBMC treatment with Cremophor-EL resulted in an increase 

in the phosphorylated form of p38 in both lymphocytes and monocytes (Figure 8, B, 

compare the filled histograms to solid line histograms in the panels labeled p38 for 
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monocytes and lymphocytes). Similar analysis using antibodies specific to the 

phosphorylated form of Erk1/2 did not reveal phosphorylation of this member of the MAPK 

family in both cell populations (Figure 8, B, compare the filled histograms to solid line 

histograms in the panels labeled Erk1/2 for monocytes and lymphocytes).

Discussion

Growing evidence suggests that inflammation facilitates the transformation of tumors to 

more aggressive and invasive types 38-40. Elevated levels of pro-inflammatory cytokines in 

some tumors correlate with poor prognosis and the development of chemo-

resistance 38, 41-43. Cytokine-triggered activation of cancer cells results in the expression of 

a variety of proteins, which facilitate cancer cell survival, motility, and proliferation 39. 

Furthermore, in addition to the effects on cancer cells, pro-inflammatory cytokines change a 

tumor’s microenvironment by recruiting a variety of cells to support inflammation and 

induce tumor vascularization 44. It was previously shown that the presence of chemokine 

IL-8 in a tumor’s microenvironment facilitates neovascularization by inducing the 

proliferation and growth of endothelial cells, and by mimicking the activity of vascular 

endothelial growth factor (VEGF) 21. The inhibition of IL-8 activity in RasV12-expressing 

tumors results in reduced tumor vascularization followed by massive tumor necrosis 45. It 

was also shown that IL-1β induces neovascularization of tumors through indirect induction 

of VEGF 46, and it protects pancreatic cancer from drug-induced apoptosis through up-

regulation of cyclooxigenase-2 (COX-2) 47. Another cytokine, TNF-α, when produced by a 

variety of tumors, promotes their invasive growth and supports metastatic activity of cancer 

cells 39, 48. In light of these data, an understanding of cytokine induction by excipients and 

carriers of cytotoxic oncology drugs is crucial for the development of both safe and effective 

medicines.

Earlier studies by several independent research groups have suggested that cytotoxic 

oncology drug paclitaxel induces pro-inflammatory cytokines through the same signaling 

pathway as the one triggered by bacterial LPS, and have named TLR-4 as the key receptor 

initiating cytokine response to Taxol® 8, 9, 16, 17, 22. Activating the TLR-4 signaling 

pathways with paclitaxel was reported to require the presence of MD-2 in the receptor 

complex, and the difference between human and murine cell response to paclitaxel was 

attributed to the differences in the MD-2 protein 24, 49. The engagement of the TLR-4/MD-2 

pathway correlated with the development of chemoresistance in cancer cell lines 50, 51. 

Activating TLR-4 with paclitaxel resulted in the recruitment of MyD88, induction of anti-

apoptotic proteins X-linked inhibitor of apoptosis, Bcl-2, and Bcl-XL, and activation of pro-

survival pathways, ultimately leading to increased cancer cell resistance to 

chemotherapy 52-54. According to several studies, paclitaxel activated the expression of the 

IL-12, TNF-α, IP-10, COX-2, IL-8, IL-1β, and IL-6 genes in macrophages, and this pro-

inflammatory cytokine expression pattern was identical to that of the LPS 9, 11, 17, 51. 

However, it is important to note here that despite using paclitaxel dissolved in DMSO, the 

majority of the previous studies have used the term “Taxol.” Moreover, using the words 

“Taxol” and “paclitaxel” interchangeably resulted in confusion in the current literature, 

which complicated the interpretation of the research findings between various studies. 
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Remembering this nuance is important for interpreting and understanding the novelty of our 

data.

Herein we report that 1) neither Taxol® nor Cremophor-EL induced pro-inflammatory 

cytokines in mouse macrophages; 2) consistent with previous reports, paclitaxel dissolved in 

DMSO induced cytokines in mouse cells; 3) Cremophor-EL inhibited cytokine secretion 

triggered by paclitaxel-DMSO in mouse cells; 4) the induction of cytokines in mouse cells 

was also observed with another Cremophor-EL-free formulation of paclitaxel, Abraxane®; 

5) in contrast to mouse cells, Abraxane® does not induce inflammatory cytokines in human 

PBMCs and whole blood; 6) human PBMCs do not produce TNF-α and IL-1β in response to 

Taxol®; 7) Taxol® and its vehicle Cremophor-EL induce IL-8 in human PBMCs and whole 

blood; 8) the process of IL-8 induction by Cremophor-EL in human cells occurs through a 

mechanism bypassing gene expression, and the mechanism involves oxidative stress and 

activation of MAPK p38. Our study emphasizes the importance of distinguishing between a 

drug and a drug formulation, which may contain other components in addition to the drug. 

Specifically, it is important to remember that excipients commonly used to formulate drugs 

may not be inert and may account for toxicities. For example, in this study, we show that a 

cytokine profile differs significantly between a drug and the drug formulated using an 

excipient. Moreover, we show that such effects of the drug and the excipient are different 

between mouse and human cells. This difference has an important contribution to 

translational nanomedicine, because mice are commonly used in preclinical exploratory in 

vivo studies.

Our results demonstrating that Cremophor-EL does not induce synthesis of IL-8 mRNA are 

consistent with previous studies reporting the presence of intracellular storage of the IL-8 

protein inside the cell 55, 56. Our data with the LPS are in line with this model and show 

quick release of the pre-synthesized IL-8 after 2 h of LPS challenge (Figure 3, C). 

Nevertheless, our data also demonstrate that such a release of the pre-synthesized protein 

does not occur after Cremophor-EL treatment (Figure 3, C). Instead, the cells use pre-

synthesized mRNA to produce a new protein in response to the Cremophor-EL treatment 

(Figure 4, A and B), and the induction of oxidative stress followed by the activation of the 

p38 MAPK pathway is the key driver of this process (Figures 5 and 8, respectively). Indirect 

confirmation of the oxidative stress induced by Cremophor-EL is provided by our protein-

DNA-binding array data demonstrating the activation of transcription factors specific to 

various oxidative stress pathways (Supplementary Figure 4). A connection between 

oxidative stress and IL-8 secretion has been noted before 57. Our study is the first to show 

that inducing oxidative stress by Cremophor-EL leads to the activation of the p38 MAPK 

pathway, which, in turn, drives expression of the pre-synthesized mRNA. Investigating the 

mechanism of mRNA stabilization by Cremophor-EL was out of the scope of the present 

study.

In summary, we demonstrated that when paclitaxel is formulated using the traditional 

vehicle Cremophor-EL, it induces pro-inflammatory marker IL-8, but when it is 

reformulated using nano-albumin particles, this reformulation eliminates these negative 

effects. Our study compliments a set of existing data demonstrating a better safety profile for 

Abraxane® than Taxol®. In addition, we clarified the existing confusion in the literature 
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regarding the pro-inflammatory properties of Taxol® in mouse cells. Our data also showed 

that using mouse cells to study Abraxane® is irrelevant to the immunological safety of this 

formulation in human cells. Finally, we demonstrated for the first time that the mechanism 

by which Cremophor-EL induces production of the IL-8 protein bypasses mRNA synthesis, 

occurs via post-transcriptional regulation of pre-existing mRNA, and involves activation of 

the p38 MAPK pathway by oxidative stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Induction of pro-inflammatory cytokines by Taxol®, Abraxane® and Cremophor-EL 
in human whole blood
Whole blood derived from 6 healthy donor volunteers was left untreated or treated with 

designated agents for 20 h. The LPS (20 ng/mL) was used as the positive control (PC) and 

culture media was used as the negative control (NC). Culture supernatants were analyzed by 

ELISA for the presence of IL-8 (A, C), IL-1β, and TNF-α. Each bar represents the mean 

value of the duplicate sample obtained from individual donor (N=2, %CV < 20%). 

Reference to the individual donor (#1 through #6) is provided in the box shown on the right 

(B). Concentrations of Cremophor-EL in samples treated only with this vehicle were 

equivalent to those in Taxol® at respective concentrations of paclitaxel. These 

concentrations are referred to as μM of paclitaxel equivalent. Samples from each individual 

donor were analyzed in duplicate (N=2, %CV<20); each bar shows the mean response of 6 

donors. Blood from the same donors as in (A) was used to generate this data. (C) Shown is 

the data obtained from one donor and analyzed in duplicate (N=2, %CV< 20); similar results 

were obtained from two other donors (Supplementary Figures 1B and 1C).
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Figure 2. Effect of Cremophor-EL on paclitaxel-induced production of MIP-2 and TNF-α in 
murine macrophages
Raw 264.7 cells were incubated with test samples and controls for 20 h, and the secretion of 

MIP-2 (A) and TNF-α (B) was analyzed by ELISA. PC – positive control (20 ng/mL of the 

LPS); NC – negative control (culture medium); DMSO (5.9 mg/mL) was used as a vehicle 

control for paclitaxels; test samples were Taxol®, Abraxane®, and paclitaxel from different 

sources dissolved in DMSO. The effects of Cremophor-EL on paclitaxel-triggered MIP-2 

(C) and TNF-α (D) secretion by murine macrophages were evaluated by simultaneous 
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addition of Cremophor-EL and 12.5 μM of paclitaxel in DMSO to the cells. Shown is the 

mean response and standard deviation from three independent experiments (N=3). Each 

sample within individual experiment was analyzed in duplicate (%CV <20).
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Figure 3. Secretion of IL-8 by human blood cells requires de novo synthesis of the protein but not 
mRNA
Human whole blood was treated with the negative control (NC, cell culture medium), the 

positive control (PC, 20 ng/mL of the LPS), or test agents (Taxol®, Cremophor-EL, or 

Abraxane®) at equivalent paclitaxel concentration of 25 μM. The amounts of IL-8 mRNA 

(A) and IL-8 protein (B) were measured in the same specimens; each bar represents mean 

response and standard deviation from ten donors (N=10). The level of IL-8 protein in 

supernatants 2 h (C) and 20 h (D) after treatment with Cremophor 25 μM and the PC. Each 

bar shown the mean response (N=2, %CV < 20) for each of 3 tested individual donors.
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Figure 4. Cremophor-EL induces synthesis of the IL-8 protein de novo from pre-existing IL-8 
mRNA
(A) Human PBMCs were treated with Taxol®, Abraxane®, or Cremophor-EL in the 

presence or absence of 5 μg/mL of protein synthesis inhibitor CHX. Supernatants were 

collected after 20 h of incubation and tested for the presence of IL-8 by ELISA. Shown is 

the mean response (N=2, %CV<20) from one donor; similar results were obtained from two 

more donors (Supplementary Figure 4A and B). (B) Northern blot analysis. PBMCs were 

left untreated or incubated with Cremophor-EL or the positive control (PC) for 4 h. The PC 

is 20 ng/mL of the LPS; Taxol® and Abraxane® were analyzed at equivalent paclitaxel 

concentrations of 25 μM; the concentration of Cremophor-EL used in this experiment was 

equivalent to what was used in Taxol® at 25 μM of paclitaxel. Shown is the representative 

data from one of three tested donors.
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Figure 5. Cremophor-EL induces oxidative stress in human cells
Human PBMCs were treated with the negative control (NC), the positive control (PC), 

Taxol®, Abraxane®, or Cremophor-EL with or without 5 mM of NAC. (A) After 1 h of 

treatment, cells were loaded with fluorescent dye sensitive to oxidative stress and analyzed 

by flow cytometry. The shift in green fluorescent channel FL-1 intensity (X-axis) is 

indicative of oxidative stress. Carbonyl cyanide m-chlorophenylhydrazone was used as the 

PC to induce oxidative stress. Shown is representative data from one of 4 tested donors (B) 
The levels of the IL-8 protein were tested in culture supernatants by ELISA 20 h after 

treatment of cells from the same donors used in A. The NC is cell culture media and the PC 

is 20 ng/mL of the LPS; Taxol® and Abraxane® were tested at equivalent (25 μM) 

concentrations of paclitaxel. The concentration of Cremophor-EL in Cremophor-EL-treated 

samples was equivalent to that in Taxol® when the Taxol® was used at 25 μM of paclitaxel. 

Each bar represents the mean value of the duplicate sample obtained from individual donor 

(N=2, %CV < 20%). Reference to the individual donor (#1 through #4) is provided in the 

box shown on the right.
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Figure 6. Effects of Cremophor-EL on mitochondrial potential
Human PBMCs were left untreated (A) or incubated with Cremophor-EL at two 

concentrations, 25 μM (B) and 12.5 μM (C), for 3 or 24 h. Shown is the representative data 

from one of three individual donors.
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Figure 7. Effects of Cremophor-EL on peroxisome proliferation
Human PBMCs were treated with 12.5 μM of Cremophor-EL for 18 h prior to analysis of 

intracellular levels of PMP-70 by flow cytometry. Dotted line – isotype control; hatched 

filled histogram – NC; solid line – Cremophor-EL. Shown is the representative data from 

one of three individual donors.
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Figure 8. Effects of Cremophor-EL on MAPK
(A) Human PBMCs were treated with 25 μM of Cremophor-EL and indicated 

concentrations of MAPK inhibitors. IL-8 was measured by ELISA in 20-h culture 

supernatants. Each bar represents the mean value of the duplicate sample obtained from 

individual donor (N=2, %CV < 20%). Reference to the individual donor (#1 through #3) is 

provided in the box shown on the right. Data are presented as the percentage of IL-8 protein 

induced by Cremophor-EL; the amounts of Cremophor-EL-triggered IL-8 were assigned to 

be 100%. (B) Human PBMCs were treated with 25 μM of Cremophor-EL for various time 

points before permeabilization and staining with antibodies specific to phosphorylated forms 

of p38 and Erk1/2. Dotted line – isotype control; filled histogram – NC; solid line – 

Cremophor-EL. Shown is the representative data from one of three individual donors.
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