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The polyene antifungal antibiotic nystatin can interact with cholesterol, thereby altering the composition
of the plasma membrane in eukaryotic cells. We investigated whether nystatin influences responses to
the infection by inducing expression of chemokines. THP-1 macrophages rarely expressed CC chemokine
ligand 2 (CCL2) and CXCL8. However, nystatin dose-dependently increased CCL2 and CXCL8 expression at
the mRNA and protein levels. To understand the molecular mechanisms of the antifungal agent, we iden-
tified cellular factors activated by nystatin and those involved in nystatin-induced upregulation of CCL2
and CXCL8. Treatment with nystatin resulted in enhanced phosphorylation of Akt, ERK1/2, p38 MAPK,
and JNK. Treatment with cholesterol, LY294002, Akt inhibitor IV, U0126, and SP6001250 resulted in abro-
gation or significant attenuation of nystatin-induced CCL2 expression. Nystatin-mediated CXCL8 expres-
sion was attenuated in the presence of Akt inhibitor IV and SP6001250. These results indicate that
exposure of human macrophages to nystatin can lead to differential regulation of CCL2 and CXCL8 via
the activation of multiple cellular kinases. We propose that upregulation of CCL2 and CXCL8 contributes
to pharmacological effects of nystatin.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Nystatin is a polyene antifungal agent used treating infections
of the skin, mouth, and vigina. It forms barrel-like membrane-
spanning pores through its interaction with ergosterol in the mem-
brane of sensitive organisms. Leakage of monovalent ions such as
potassium through the pores leads to death of the fungus [1]. Nys-
tatin can also competitively bind to cholesterol in the plasma
membrane of eukaryotic cells with relatively low affinity com-
pared to that for ergosterol [2,3]. Such a binding results in seques-
tration of cholesterol, thereby reducing the ability of cholesterol to
interact with other membrane components and altering plasma
membrane micro-organization (lipid rafts) [2,4]. Lipid rafts are in-
volved in cellular signaling and function of receptors associated
with inflammatory responses [5,6]. Therefore, cholesterol seques-
tration with nystatin likely affects inflammatory responses in
eukaryotic cells. However, whether nystatin influences inflamma-
tory responses has not been extensively examined.

Inflammation is a protective response to remove infectious
microorganisms or injurious stimuli and to initiate healing [7].
Critical cellular components involved in initiation and mainte-
nance of the inflammatory response include leukocytes, which typ-
ically reside in the blood and migrate to sites of injury or infection
[7,8]. Chemokines, which are divided into four families (CC, CXC,
CX3C, XC) based on the position of the first 2 cysteine residues, di-
rect leukocyte migration [9]. CC chemokine ligand 2 (CCL2) and
CXCL8 (IL-8) are produced during infection or injury and direct
the migration of different types of leukocytes. CXCL8 induces neu-
trophil migration toward the infection site [10], while CCL2 re-
cruits monocytes, memory T cells, and dendritic cells, but not
neutrophils [11]. Additionally, CXCL8 and CCL2 are involved in
wound healing [12]. Therefore, understanding the mechanisms in-
volved in upregulation of CCL2 and CXCL8 are important since they
are key players in inflammatory responses.

In the current study, we investigated whether treatment of
eukaryotic cells with the antifungal agent nystatin leads to upreg-
ulation of inflammatory chemokines. We found that nystatin in-
duced expression of CCL2 and CXCL8 by THP-1 macrophages.
Additionally, we identified cellular molecules showing enhanced
activities after treatment with nystatin; we determined their roles
in nystatin-mediated expression of CCL2 and CXCL8.
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2. Materials and methods

2.1. Cells

THP-1 cells were cultured in RPMI medium 1640 supplemented
with 10% fetal bovine serum (FBS) in a humidified atmosphere of
5% CO2 in the presence of penicillin (50 U/mL) and streptomycin
(50 lg/mL). THP-1 cells were passaged every 2–3 days to maintain
between 1000 and 1,000,000 cells/mL in the culture medium. THP-
1 cells between passages 7 and 10 were used for experiments.

2.2. Reagents

Nystatin, LY294002, and SP600125 were purchased from Sig-
ma–Aldrich (St. Louis, MO, USA). U0126, SB202190, and Akt inhib-
itor IV (Akti IV) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Lipopolysaccharide (LPS) and polymyxin B
were purchased from InvivoGen (San Diego, CA, USA). The antibody
against phosphorylated forms of extracellular signal-regulated ki-
nase 1 and 2 (ERK1/2) was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). An antibody against phosphorylated
forms of p38 mitogen-activated protein kinase (MAPK) was pur-
chased from R&D Systems (Minneapolis, MN, USA). Antibodies
against phosphorylated forms of Akt and phosphorylated forms
of c-Jun N-terminal kinase (JNK) were purchased from Cell Signal-
ing Technology.

2.3. Enzyme-linked immunosorbent assay (ELISA)

Commercially available ELISA kits were used according to the
manufacturer’s instructions (R&D Systems) to determine the
amount of CCL2 and CXCL8 released from THP-1 cells. Briefly, re-
combinant standards of CCL2 and CXCL8 proteins provided in the
kit and isolated culture media were added to a plate pre-coated
with a monoclonal antibody against each chemokine. After incu-
bation for 2 h, the plate was washed and incubated with an en-
zyme-linked polyclonal antibody specific for CCL2 or CXCL8.
After several washes, the substrate solution was added, and the
color intensity was measured. The amount of CCL2 and CXCL8
present in the samples was determined based on a standard
curve. Data are expressed as the average ± standard deviation
(SD) of triplicate experiments.

2.4. Reverse transcription (RT) and PCR analyses

Total RNAs were reverse-transcribed for 1 h at 42 �C with Molo-
ney Murine Leukemia Virus reverse transcriptase, and non-quanti-
tative and quantitative PCR analyses were performed as previously
reported [13]. Primers for CCL2 were 50-TCTGTGCCTGCTGCTCA-
TAG-30 (forward) and 50-CAGATCTCCTTGGCCACAAT-30 (reverse),
and primers for CXCL8 were 50-TCTGCAGCTCTGTGTGAAGG-30 (for-
ward) and 50-AATTTCTGTGTTGGCGCAGT-30 (reverse). Transcripts
of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) were
amplified as an internal control. Primers for GAPDH were
5-GAGTCAACGGATTTGGTCCT-3 (forward) and 5-TGTGGTCAT-
GAGTCCTTCCA-3 (reverse). The intensities of the CCL2 and CXCL8
were normalized relative to that of GAPDH, which was not altered
by any of the treatments. Error bars represent the SD of triplicate
experiments.

2.5. Western blot analysis

THP-1 cells were lysed with lysis buffer (1% SDS, 1 mM NaVO3,
10 mM Tris–HCl, pH 7.4) containing protease inhibitors, and
supernatants were isolated after centrifugation. Cell lysates con-
taining an equal amount of protein were separated by 12% SDS–
PAGE and transferred to polyvinylidene fluoride membranes. After
blocking for 1 h in 5% skim milk in 0.1% Tween 20/Tris buffered sal-
ine (TBS), membranes were incubated at 4 �C with the appropriate
secondary antibody diluted in blocking solution overnight. After
washing three times with 0.1% Tween 20/TBS for 10 min each,
membranes were incubated for 1 h at room temperature with
horseradish peroxidase (HRP)-conjugated secondary antibodies di-
luted in blocking solution. After washing three times with washing
buffer for 10 min each, bands were detected using chemilumines-
cent reagents.

2.6. Statistical analysis

Statistical analyses were performed using one-way analysis of
variance (ANOVA), followed by Turkey’s multiple comparison tests,
using GraphPad PRISM (version 5.0).
3. Results

3.1. Upregulation of CCL2 and CXCL8 in the presence of nystatin

To investigate whether nystatin affects expression of CCL2 and
CXCL8 chemokines in macrophages, we performed concentration
experiments using THP-1 cells. Results of ELISA revealed that
THP-1 cells secreted low amounts of CCL2 and CXCL8 proteins
and their secretion remarkably increased in a dose-dependent
manner in the presence of nystatin (Fig. 1A). The amount of
CCL2 released by THP-1 cells increased from 9.7 pg/mL to 10.2,
63.7, and 1056.9 pg/mL in the presence of 0.1, 1, and 10 lg/mL
of nystatin, respectively. Similarly, the amount of CXCL8 secreted
increased from 6.1 pg/mL to 29.4, 182.5, and 413.1 pg/mL in the
presence of 0.1, 1, and 10 lg/mL of nystatin, respectively. Using
RT-PCR and realtime PCR, we evaluated whether nystatin influ-
enced expression of CCL2 and CXCL8 chemokines at the mRNA le-
vel (Fig. 1B). Transcription of CCL2 and CXCL8 was weakly
detected from THP-1 cells in the absence of nystatin and in the
presence of 0.1 lg/mL nystatin. However, elevated levels of tran-
scripts of CCL2 and CXCL8 were observed in the presence of high
concentrations of nystatin. Transcription of CCL2 and CXCL8 was
induced in the presence of 1 lg/mL nystatin, which was further
enhanced in the presence of 10 lg/mL nystatin. We also per-
formed time course experiments. Nystatin-mediated secretion of
CCL2 and CXCL8 proteins reached a maximum at 24 h post-treat-
ment and slightly decreased thereafter (Fig. 1C). Transcription of
CCL2 and CXCL8 was observed as early as 12 h post-treatment,
and the induction persisted to 48 h post-treatment with nystatin
(data not shown).

3.2. Upregulation of CCL2 in a cholesterol-dependent fashion

We investigated whether nystatin-induced expression of CCL2
and CXCL8 was influenced in the presence of cholesterol. Treat-
ment with nystatin significantly enhanced secretion of CCL2 and
CXCL8 from THP-1 cells, as observed above, and addition of cho-
lesterol resulted in a significant decrease in the secretion of
CCL2. The amount of secreted CCL2 showed an increase from
35.3 pg/mL to 1047.3 pg/mL in response to nystatin, which was
significantly lowered to 613.8 pg/mL in the presence of 25 lg/
mL cholesterol. However, nystatin-mediated CXCL8 secretion
was not changed in the presence of cholesterol (Fig. 2A). Choles-
terol also attenuated transcription of CCL2 in an identical
manner to that observed in ELISA results. Cholesterol attenuated



Fig. 1. Enhanced secretion and transcription of CCL2 and CXCL8 by macrophages in
response to nystatin. (A, B) THP-1 cells (1 � 106 cells/mL) were incubated for 24 h in
the absence or presence of the indicated concentrations of nystatin. (A) The amount
of CCL2 and CXCL8 proteins released into the medium was measured by ELISA.
⁄⁄P < 0.01 vs. vehicle, ⁄⁄⁄P < 0.001 vs. vehicle. (B) Transcripts of CCL2 and CXCL8
genes were amplified by RT-PCR and realtime PCR. ⁄⁄P < 0.01 vs. vehicle, ⁄⁄⁄P < 0.001
vs. vehicle. (C) THP-1 cells were incubated for the indicated periods in the absence
or presence of nystatin (10 lg/mL). The amount of CCL2 and CXCL8 proteins
released into the medium was measured by ELISA. ⁄⁄⁄P < 0.001 vs. 0 h.

Fig. 2. Effects of cholesterol on secretion and transcription of CCL2 and CXCL8. (A,
B) THP-1 cells were stimulated for 24 h with or without nystatin (10 lg/mL) after
treatment for 1 h with the indicated amount of cholesterol (Chol). (A) The amount
of CCL2 and CXCL8 proteins released into the medium was measured by ELISA.
⁄⁄⁄P < 0.001 vs. control. ###P < 0.01 vs. nystatin. (B) Transcripts of the CCL2 and
CXCL8 genes were amplified by realtime PCR. ⁄⁄⁄P < 0.001 vs. control. ###P < 0.01 vs.
nystatin.
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transcription of CCL2 at a high concentration, but nystatin-in-
duced transcription of CXCL8 was not affected by co-treatment
with additional cholesterol (Fig. 2B).
3.3. Roles of phosphoinositide 3-kinase (PI3K)/Akt pathway in
nystatin-induced expression of CCL2 and CXCL8

Using Western blot analysis, we examined the phosphorylation
of Akt to assess whether nystatin affects Akt activity (Fig. 3A).
Treatment with nystatin resulted in enhanced phosphorylation of
Akt. Increased Akt phosphorylation was observed 40 min post-
treatment, with maximal phosphorylation of Akt occurring
60 min post-treatment with nystatin. Akt phosphorylation was
sustained for upto 120 min post-treatment with nystatin. We
investigated the roles of Akt in expression of CCL2 and CXCL8 using
Akti IV, which inhibits Akt activation, and LY294002, which inhib-
its PI3K, an activator of Akt (Fig. 3B and C). Secretion of CCL2 was
significantly reduced in the presence of LY294002 and Akti IV
whereas CXCL8 secretion was attenuated in the presence of Akti
IV alone. Both inhibitors influenced transcription of the CCL2 and
CXCL8 genes in a similar pattern. Transcription of the CCL2 gene in-
duced by treatment with nystatin was significantly attenuated and
obligated by treatment with LY294002 and Akti IV, respectively.
Transcription of CXCL8 was attenuated by treatment with Akti
IV, but not by LY294002.

3.4. Differential roles of MAPKs in nystatin-induced expression of CCL2
and CXCL8

Prior to investigating the roles of MAPKs in nystatin-induced
expression CCL2 and CXCL8, we assessed whether nystatin induced
activation of MAPKs by detecting phosphorylated forms of ERK1/2,
p38 MAPK, and JNK on Western blots (Fig. 4A). Treatment with



Fig. 3. Effects of inhibitors of PI3K and Akt on nystatin-induced secretion and
transcription of CCL2 and CXCL8. (A) THP-1 cells were exposed to nystatin for the
indicated periods, after which an equal amount of protein was analyzed by Western
blotting using antibodies against phosphorylated and unphosphorylated forms of
Akt. THP-1 cells were stimulated for 24 h with or without nystatin (10 lg/mL) after
pretreatment for 1 h with LY294002, and Akti IV (10 lM each). (B) The amount of
CCL2 and CXCL8 proteins released into the medium was measured by ELISA.
⁄⁄⁄P < 0.001 vs. control. ##P < 0.01 vs. nystatin, ###P < 0.001 vs. nystatin. (C)
Transcripts of CCL2 and CXCL8 genes were amplified by realtime-PCR. ⁄⁄⁄P < 0.001
vs. control. ###P < 0.001 vs. nystatin.

Fig. 4. Effects of inhibitors of MAPKs on nystatin-induced secretion and transcrip-
tion of CCL2 and CXCL8. (A) THP-1 cells were exposed to nystatin for the indicated
periods, after which an equal amount of protein was analyzed by Western blotting
using antibodies against phosphorylated and unphosphorylated forms of ERK1/2,
p38 MAPK, and JNK. THP-1 cells were stimulated for 24 h with or without nystatin
(10 lg/mL) after pretreatment for 1 h with the indicated MAPKs inhibitors (10 lM
each). (B) The amount of CCL2 and CXCL8 proteins released into the medium was
measured by ELISA. ⁄⁄⁄P < 0.001 vs. control. ##P < 0.01 vs. nystatin, ###P < 0.001 vs.
nystatin. (C) Transcripts of CCL2 and CXCL8 genes were amplified by realtime-PCR.
⁄⁄⁄P < 0.001 vs. control. ###P < 0.001 vs. nystatin.
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nystatin resulted in enhanced phosphorylation of the three kinases.
Increased phosphorylation of ERK1/2 and JNK was observed 60 min
post-treatment with nystatin, which was sustained for upto
120 min post-treatment. Increased phosphorylation of p38 MAPK
occurred 40 min post-treatment with nystatin, which reached a
maximum level at 80 min post-treatment and decreased thereafter.

We investigated whether MAPKs play roles in upregulating
CCL2 and CXCL8 by using inhibitors of SB202190 (a p38 MAPK
inhibitor), SP600125 (a JNK inhibitor), and U0126 (an ERK pathway
inhibitor) (Fig. 4B and C). Nystatin-mediated secretion of CCL2 was
obligated by treatment with U0126 and SP600125 and significantly
reduced in the presence of SB202190. Nystatin-mediated secretion
of CXCL8 was significantly attenuated by treatment with SB202190
and SP600125, but not by U0126. We also investigated the effects
of inhibitors on the transcription of CCL2 and CXCL8. Nystatin-in-
duced transcription of CCL2 was inhibited by treatment with
U0126 and SP600125, while transcription of CXCL8 was attenuated
by SP600125 alone.
4. Discussion

In this study, we demonstrated that treatment of THP-1 human
macrophages with nystatin resulted in upregulation of CCL2 and
CXCL8 chemokines at both the mRNA and protein levels. Because
nystatin is able to sequester cholesterol on plasma membranes
[2,4], we examined whether the presence of additional cholesterol
could modify the effects of nystatin on expression of chemokines.
Addition of cholesterol led to attenuation of CCL2 expression,
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whereas nystatin-induced expression of CXCL8 remained un-
changed, indicating that, compared with CXCL8, nystatin-induced
CCL2 expression was likely to be affected by cholesterol. These re-
sults suggest that nystatin can induce cholesterol-dependent and -
independent expression of chemokines.

A small amount of endotoxin is sufficient to induce chemokine
expression including CCL2 and CXCL8 in THP-1 monocytic cells
[14]. Therefore, we investigated the question of whether contami-
nating endotoxin, if any, contributed to expression of CCL2 and
CXCL8 in our experiments. To rule out that possibility, we used
polymyxin B which prevents biological effects mediated by LPS
by binding to it [15]. We found that treatment with polymyxin B
resulted in blockage of CCL2 and CXCL8 expression induced by
LPS (Supplemental data). Polymyxin B, however, did not attenuate
expression of the chemokines induced by nystatin. These results
indicate that endotoxin did not play a role in chemokine expres-
sion induced by nystatin.

The PI3K/Akt pathway not only has a fundamental effect on
cholesterol homeostasis [16], but can also regulate acute and
chronic inflammatory processes [17]. Therefore, we attempted to
determine whether the PI3K/Akt pathway played roles in nysta-
tin-induced expression of CCL2 and CXCL8. Upon exposure to nys-
tatin, phosphorylation of Akt was enhanced. These results indicate
that treatment with nystatin activates the PI3K/Akt pathway as
PI3K activation leads to phosphorylation/activation of Akt kinase
[18]. To assess the roles of PI3K/Akt, we used two pharmacological
inhibitors-LY294002 and Akti IV. LY294002, a morpholine deriva-
tive of quercetin, potently inhibits PI3Ks [19]. Akti IV inhibits Akt
activation by targeting the ATP binding site of a kinase upstream
of Akt, but downstream of PI3K [20]. Nystatin-induced CCL2
expression was significantly attenuated at the transcriptional and
protein levels by both inhibitors, whereas CXCL8 expression was
attenuated by Akti IV, but not by LY294002. Therefore, Akt appears
to play critical roles in nystatin-induced expression of CCL2 and
CXCL8. Additionally, these results suggest that nystatin induces
expression of chemokines by activating Akt via both PI3K-depen-
dent and -independent pathways.

MAPKs are serine/threonine-specific protein kinases that medi-
ate inflammation by inducing chemokine production in response
to stimuli, including growth factors and oxidative stress [21], and
are activated via PI3K/Akt when cholesterol homeostasis is dis-
rupted [22]. Therefore, we examined activation of the kinases
and their involvement in upregulating CCL2 and CXCL8 in response
to nystatin. Treatment with nystatin resulted in elevated phos-
phorylation of ERK1/2, p38 MAPK, and JNK, indicating activation
of the three MAPKs. Expression of CCL2 was attenuated by inhibi-
tion of the ERK pathway or JNK, while CXCL8 expression was atten-
uated by inhibition of JNK at the mRNA and protein levels.
Additionally, inhibition of p38 resulted in attenuated secretion of
chemokines, without affecting transcription, indicating active
involvement of p38 MAPKs in chemokine secretion. These data
suggest that each MAPK has distinct role in expression of CCL2
and CXCL8 and activation of multiple MAPKs is required for maxi-
mal release of CCL2 and CXCL8 in response to nystatin.

We demonstrated that the antifungal agent nystatin activated
multiple cellular signaling molecules, including Akt, ERK1/2, p38
MAPK, and JNK in human macrophages. Moreover, nystatin in-
duced upregulation of CCL2 and CXCL8 by macrophages, and inhi-
bition of the kinase resulted in differential upregulation of CCL2
and CXCL8. Because MAPK pathways are interconnected with
PI3K/Akt [23], these molecules may act in an independent or in a
cooperative manner. We did not examine the manner by which
these kinases function. To further understand the molecular mech-
anisms through which nystatin induces expression of CCL2 and
CXCL8, the types of connections or crosstalks among kinases
should be examined.
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