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The polyether ionophoric antibiotics including monensin, salinomycin, and narasin, are widely used in
veterinary medicine and as food additives and growth promoters in animal husbandry including poultry
farming. Their effects on human health, however, are not fully understood. Recent studies showed that
salinomycin is a cancer stem cell inhibitor. Since poultry consumption has risen sharply in the last three
decades, we asked whether the consumption of meat tainted with growth promoting antibiotics might
have effects on adipose cells. We showed in this report that the ionophoric antibiotics inhibit the differ-
entiation of preadipocytes into adipocytes. The block of differentiation is not due to the induction of
apoptosis nor the inhibition of cell proliferation. In addition, salinomycin also suppresses the transcrip-
tional activity of the CCAAT/enhancer binding proteins and the peroxisome proliferator-activated recep-
tor c. These results suggest that the ionophoric antibiotics can be exploited as novel anti-obesity
therapeutics and as pharmacological probes for the study of adipose biology. Further, the pharmacolog-
ical effects of salinomycin could be a harbinger of its toxicity on the adipose tissue and other susceptible
target cells in cancer therapy.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Antimicrobials are used extensively in livestock farming as
growth promoter and to improve health and welfare of animals
by controlling coccidiosis and decreasing the shedding of zoonotic
pathogens [1]. The ionophoric antibiotics including monensin,
narasin, and salinomycin, which are not used in human therapy
and thus not considered medically important, are therefore, widely
used as growth promoters in animal husbandry. The widespread
use of these antibiotics at subtherapeutic levels in feed and water
has led to the emergence of antibiotic-resistant pathogenic strains
of bacteria, which is a major public health concern. The potential
human health impacts associated with the use of these antimicro-
bials in animal feeds have not been fully examined. It is also inter-
esting that salinomycin has recently been shown to be a specific
inhibitor of cancer stem cells [2], and is undergoing clinical devel-
opment for cancer therapy [3].

We recently analyzed the Food Availability data from the USDA
Economic Research Service in relation to the rising obesity trends
and observed that while the consumption of red meat (beef, veal,
lamb, and pork) has declined within the same period, poultry
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consumption in the United States has close to doubled [4]. In light
of the use of ionophoric antibiotics in poultry and other animals
farming, this raises the question about the potential impact of con-
suming meat tainted with growth-promoting antibiotics on human
health, thus prompting us to ask whether these antibiotics may
have biological effects on the adipose tissue.

Adipose tissue is considered as a major endocrine organ that
produces a diverse cadre of adipokines including leptin and adipo-
nectin, which are involved in the modulation of energy metabolism,
inflammatory response and the immune system [5]. Therefore, dis-
ruption of the homeostasis or adipogenesis of the adipose tissue is
expected to have significant consequences on the function of this
endocrine system. Obesity is characterized by an increase in adi-
pose mass and associated with increased energy intake [6] that ulti-
mately triggers inflammation in the adipose tissue [7].

In this report, using a cultured preadipocyte adipogenesis assay,
we examined the effects of the ionophoric antibiotics on the differ-
entiation of the 3T3-L1 (L1) [8] and the OP9 mouse stromal cells
[9]. Our results showed that the ionophoric polyether antibiotics
are inhibitors of preadipocyte differentiation into adipocyte, with
salinomycin as the most potent inhibitor. The block of adipogene-
sis is not due to the induction of apoptosis nor the inhibition of cell
proliferation. Further analysis showed that salinomycin also inhib-
ited the transactivation potential of the CCAAT/enhancer binding
proteins (C/EBPs) and the peroxisome proliferator-activated
receptor c (PPARc), which are master transcriptional regulators
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of adipogenesis [10]. Our findings, therefore, suggest the potential
development of the ionophoric antibiotics or small molecule deriv-
atives possessing similar anti-adipogenic activity as novel thera-
peutics for combating obesity. In addition, the biological effect of
salinomycin on adipogenesis further suggests potential toxicity
associated with its use in cancer therapy.

2. Materials and methods

2.1. Cell culture, chemicals, adipogenesis, apoptosis, and reporter
assays

The bone marrow-derived mouse stromal OP9 cells [9] (a gift of
Dr. Perry Bickel, University of Texas Health Science Centre, Hous-
ton) were cultured at 37 �C with 10% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) supplemented with 10%
(v/v) fetal calf serum (Invitrogen), 1 mM sodium pyruvate, 0.1 mM
non-essential amino acids, 2 mM L-glutamine, 100 lg ml�1 strep-
tomycin sulfate, and 100 U ml�1 penicillin. 3T3-L1 (L1) cells were
obtained from the American Type Culture Collection, and cultured
Fig. 1. Polyether antibiotics inhibit adipogenesis. Dose-dependent (1, 5, 10, 50, 100, and
salinomycin and narasin, compared to TNFa, a cytokine and potent inhibitor of adipoge
adipocyte. Differentiated adipocytes were stained with Nile Red. Vehicle treated OP9 ce
Representative micrographs of one of the experiments, which were performed for at least
figure legend, the reader is referred to the web version of this article.)
as described [8]. Ionophoric antibiotics were obtained from Sigma
and dissolved according to manufacturer’s recommendation;
briefly, narasin and salinomycin were solubilized in DMSO and
monensin in methanol.

Cytotoxicity of the polyether antibiotics in OP9 and L1 cells was
measured by the conversion of tetrazolium MTT salt into a forma-
zan product [11], and cell growth was measured by daily counting
using the Beckman Coulter Counter Z1 as previously described
[12]. Apoptosis was monitored as described [13] by the Guava
Nexin assay on the Guava cytometer according to manufacturer’s
specification (EMD Millipore, Billerica, MA). The assay measures
membrane changes associated with apoptosis using annexin V-PE
and 7-aminoactinomycin D to identify dead cells. OP9 cells were
induced to differentiate for two days either with or without salino-
mycin and then replenished in propagation media either with or
without salinomycin for two additional days. Cells were then har-
vested and diluted to approximately 500,000 cells/ml and the
Guava Nexin reagent was added and incubated on ice for 20 min
prior to analysis on the Guava PCA system. Results were quantified
as the percentage of gated cells positive for annexin V staining.
200 nM) inhibition of OP9 stromal cells differentiation into adipocytes by monensin,
nesis, as well as rosiglitazone (Rosi) an inducer of preadipocyte differentiation into
lls including dimethylsulfoxide (DMSO) and methanol (MeOH) served as controls.
three or more times, are shown. (For interpretation of the references to color in this



Fig. 2. Inhibition of adipogenesis by polyether antibiotics is not associated with apoptosis. (A) Flow cytometric analysis by propidium iodide staining of OP9 cells undergoing
differentiation into adipocytes in the presence of the polyether antibiotics, at 10, 50, and 75 nM each, compared to untreated differentiated adipocytes. Doxorubicin, a
cytotoxic anticancer drug that induces apoptosis, indicated by the presence of sub-G0/G1 particles, was included as control. In contrast to doxorubicin, no significant apoptosis
was observed following treatment with monensin, salinomycin, or narasin, compared to differentiated and vehicle-treated controls. (B) Lack of apoptosis induced by
salinomycin in OP9 cells was confirmed by the Guava Nexin assay. Doxorubicin induced-apoptosis was measured by annexin V binding to cell surface phosphatidylserine, in
contrast to the lack of apoptosis following salinomycin treatment.
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Transfection was performed using the LTX transfection reagent
(Invitrogen) with 25 ng of reporter plasmids mixed with 10 ng of
expression constructs as indicated in the experiment. Equal
amounts of DNA were used for all transfection by adding the
appropriate amount of salmon sperm DNA and the Renilla lucifer-
ase reporter as internal control. Relative luciferase activities were
determined 24 h following transfection and normalized to the
Renilla luciferase activity. Briefly, OP9 cells were grown to conflu-
ence and then further cultured for two additional days, and cells
were then induced to differentiate in a serum replacement med-
ium composed of MEM-a with 15% KnockOut SR (Invitrogen,
Carlsbad, CA) supplemented either with or without salinomycin
for 2 days and then replenished in the propagation medium, also
supplemented either with or without the drug for two additional
days followed by Nile red lipid staining and visualization by fluo-
rescence microscopy. L1 cells differentiation was performed as de-
scribed [8], and cells were further cultured with or without the
polyether antibiotics for an additional 6–7 days followed by Nile
red staining and visualization as described above.

2.2. Reporter constructs

C/EBP and PPARc response-elements reporter plasmids were
constructed by ligating oligonucleotides containing either three
C/EBP- or PPARc-response elements in tandem into the pGL3-Luc
Fig. 3. (A) Cytotoxicity of salinomycin. OP9 cells were treated with various concentrat
salinomycin treatment was determined by the ability of live cells to convert the tetrazoliu
salinomycin on cell growth. Proliferation of OP9 cells in the presence of 10, 50 or 100 nM
12 h followed by [3H] thymidine uptake to determine whether postconfluent mitosi
representatives repeated in triplicate for at least 3 times. Statistics were conducted as
indicate s.e.m. (n = 3). (D) Salinomycin attenuates rosiglitazone induced OP9 cells differen
absence or the presence of salinomycin was compared to normally differentiated con
performed for at least three or more times and representative micrographs from one of
reporter expression vector and sequence-verified. The mouse
PPARc2 gene promoter was amplified as previously described
[14] using primers (50-CTAGCTAGCGCTCCCACGTTAGCAGTTTGG-
CAC-30 and 50-CCCAAGCTTCTTGCAGCAACATCAGGAAGGAC-30)
with Nhe I and Hind III sites and then subcloned into the pGL3-ba-
sic vector (Promega) and sequence verified. Activity of MITF on a
280 bp fragment of the tyrosinase gene promoter luciferase repor-
ter, encompassing 200 bp upstream of the transcription start site
and 80 bp downstream [15], was used as control to assess the spec-
ificity of salinomycin.

2.3. Statistical analyses

Commercially available software package (PRISM, GraphPad
Software, Inc., La Jolla, CA) or the data analysis add-in for Microsoft
Excel was used for performing statistical analysis. Either single fac-
tor ANOVA or Student’s t-tests were used for all analysis. P values
of less than or equal to 0.05 were considered statistically
significant.

3. Results

The coccidiostatic ionophoric antibiotics are a group of structur-
ally similar polyether alkali monovalent cationic transporters with
monensin exhibiting selectivity for Na+, and salinomycin and
ions (1, 10, 50, 100, 500 nM) of salinomycin and the percentage of cells surviving
m MTT salt into a formazan product measured spectrophotometrically. (B) Effects of
salinomycin was measured by daily counting. (C) OP9 cells were differentiated for

s and clonal expansion were inhibited by salinomycin. Experiments shown are
t-test; asterisk, P < 0.05 versus untreated and vehicle-treated controls. Error bars
tiation into adipocytes. Rosiglitazone-induced OP9 cells differentiation either in the

trols either in the absence or the presence of salinomycin. All experiments were
the experiments are shown.
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narasin (4-methylsalinomycin) showing preference for K+ over Na+

(Fig. 1) [16]. Since they are used as growth promoter in animal hus-
bandry [1], we assessed the biological activity of these antibiotics on
adipogenesis using the OP9 stromal cells and the L1 preadipocytes,
which can be induced to differentiate into adipocytes in defined cul-
ture media [8,9]. OP9 stromal cells and L1 preadipocytes were differ-
entiated into adipocytes either in the absence or the presence of the
antibiotics, monitored by Nile Red staining of the differentiated cells
[13,17]. Our results showed that salinomycin, monensin, and nara-
sin inhibited the differentiation of OP9 cells in a dose-dependent
manner, with salinomycin showing the higher potency than monen-
sin and narasin (Fig. 1). TNFa, which inhibits the differentiation of
preadipocytes into mature adipocytes, [18] served as control
(Fig. 1). Greater than 90% inhibition of OP9 cells differentiation
was observed with 10 nM of either salinomycin or monensin
(Fig. 1). In contrast, narasin, a derivative of salinomycin that has
an additional methyl group (Fig. 1), showed markedly reduced
potency in inhibiting OP9 cells differentiation, with observable
inhibition of adipogenesis at 100 nM of the drug (Fig. 1). A similar
pharmacological profile of inhibition was observed in L1 preadipo-
cyte differentiation, with salinomycin as the most potent inhibitor
compared to monensin and narasin (Supplementary Fig. 1).

Salinomycin has been shown to induce apoptosis in cancer stem
cells [2,3]. It is noteworthy that inhibition of OP9 cell differentia-
tion by either monensin, narasin, or salinomycin, at 10, 50, and
75 nM of drug, was not a result of drug induced apoptosis as indi-
cated by the relative lack of sub-G0/G1 degraded DNA on the histo-
grams of flow cytometric analysis. Compared to the positive
control, OP9 cells treated with doxorubicin, a cytotoxic chemother-
apeutic agent that causes cell death by apoptosis (Fig. 2B, Supple-
mentary Fig. 2), showed significant accumulation of sub-G0/G1

particles in the histogram (Fig. 2A). The lack of apoptosis induced
by salinomycin was confirmed by the lack of annexin V binding
to phosphatidylserine, membrane changes that is associated with
cell death [19]. These results were further supported by the negli-
gible growth inhibition of OP9 cells assessed by the MTT (Fig. 3A)
and the cell count assays (Fig. 3B), as well as the lack of inhibition
of [3H] thymidine uptake by salinomycin at doses equal to or below
50 nM (Fig. 3C). Although at concentrations higher than 100 nM,
salinomycin was growth inhibitory and cytotoxic, however, we
Fig. 4. Salinomycin inhibits transcriptional regulation of adipogenesis. Promoter repor
salinomycin on the transactivation potential of C/EBPa (A), b (B), and d (C), PPARc (D), an
PPARc2 gene promoter (E), which contained a C/EBP response element. Statistics were c
that were either transfected with C/EBPs or PPARc. Error bars indicate s.e.m. (n = 3).
did not apply these concentrations in the adipogenesis assay. A
similar lack of cytotoxic effect was also found in L1 cells treated
with salinomycin (Supplementary Fig. 3). In contrast, doxorubicin
caused a dose-dependent cytotoxic killing in L1 cells (Supplemen-
tary Fig. 4), thus suggesting that salinomycin inhibits adipogenesis
without the induction of apoptosis in these cells. Since salinomycin
is the most potent inhibitor, it is used as the prototype for all sub-
sequent studies.

Rosiglitazone, a member of the thiazolidinedione class of anti-
diabetic drugs, is an activator of PPARc and induces adipogenesis
[20]. Consistent with the above results, salinomycin inhibited
OP9 cells differentiation into adipocytes compared to control
(Fig. 3D). Salinomycin, however, also markedly attenuated rosiglit-
azone-induced adipogenesis. These results suggest that salinomy-
cin blocks the transcriptional regulation of adipogenesis
mediated by rosiglitazone-induced PPARc activity.

The differentiation of preadipocytes into adipocytes involves
the activation of a cascade of transcription factors that trigger
the downstream expression of a large number of adipogenic genes
responsible for maintaining the adipocytic phenotype [10]. The
transcription factors C/EBPa, b, and d, and PPARc are considered
the master regulators of adipogenesis [10]. Hence, we asked
whether salinomycin might pharmacologically repress their trans-
activation potential using promoter reporter assays driven by the
PPARc- and the C/EBP-response elements, respectively. Our results
showed that salinomycin inhibited C/EBPa- (Fig. 4A), b- (Fig. 4B),
and d- (Fig. 4C), and PPARc- (Fig. 4D) mediated transactivation
from their respective response element driven reporters. In addi-
tion, salinomycin also inhibited C/EBPd-induced transactivation
from the PPARc2 native gene promoter (Fig. 4E). In contrast, sal-
inomycin failed to inhibit the melanogenesis master regulator
microphthalmia-associated transcription factor (MITF)-activated
tyrosinase gene promoter reporter (Fig. 4F), thus suggesting a spe-
cific inhibition of the adipogenesis pathway by salinomycin.

4. Discussion

The widespread use of ionophoric antibiotics in animal hus-
bandry and the concerns for such practice on the rising obesity
trends prompted us to investigate the biological effects of these
ter assay by transfection was conducted in OP9 cells to determine the effects of
d MITF (F). Effect of salinomycin on C/EBPd was further determined using the native
onducted as t-test; asterisk, P < 0.05 versus untreated and vehicle-treated controls
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antimicrobials on adipogenesis. Our results in this study showed
unexpectedly that the ionophoric polyether antibiotics including
salinomycin and monensin are potent inhibitors of adipogenesis
(Fig. 1). The block of differentiation is not due to the induction of
apoptosis nor the inhibition of cell proliferation, as salinomycin
is neither cytotoxic nor growth inhibitory at the concentrations ap-
plied in the adipogenesis assay (Figs. 2 and 3). Salinomycin, which
was shown recently to be a selective and potent cytotoxic agent
against mammary and other cancer stem cells [2,3], also inhibits
the transactivation potential of C/EBPs and PPARc, master tran-
scriptional regulators of adipogenesis. Our findings here are novel,
showing that these agents are potent inhibitors of preadipocytes
differentiation into adipocytes via their repression of the transcrip-
tional activity of C/EBPa, b, and d, and PPARc. These observations
suggest the potential development of polyether compounds devoid
of antimicrobial activity as inhibitors of the transcriptional activa-
tion of adipogenesis for the treatment of obesity. In addition, the
current development of salinomycin as a novel anticancer stem cell
therapeutic should take into consideration the potential toxicity
arising from the effects of salinomycin on preadipocyte and other
potential target cells.

The notion of targeting adipose tissues for obesity treatment
has been increasingly investigated [21]. The adipose tissue is an
important endocrine organ with indispensible metabolic regula-
tory function [22]. It has been found that adipocyte number is
higher in obese individuals during adipose tissue expansion com-
pared to lean individuals [23]. Moreover, fat mass in obese subjects
is determined by both fat cell number and fat cell size (or volume).
Therefore, targeting the emergence of new fat cells in adipogenesis
during the normal process of adipocyte turnover could potentially
lead to a normalization or restoration of the adipocyte number in
obese individuals to levels comparable to those in lean individuals.
Whether this is a prudent strategy remains to be determined.

The development of salinomycin or its congeners for cancer
treatment is an exciting possibility. However, in light of our find-
ings, the potential toxicity of these agents on the adipose tissue
needs to be further explored. Although polyether ionophores have
been used in animal husbandry as coccidiostat for about three dec-
ades, their effects on human health resulting from the consumption
of meat containing residual levels of these compounds and the
chronic low-level exposure to these drugs are unknown. It has been
reported that accidental ingestion of these polyether antibiotics
[24–26] and also occupational exposure to high doses of these drugs
(>1 g/kg) [27] caused death and severe physiological toxicities in
human. Residual levels of salinomycin at approximately 20 lg/kg
have been found in some poultry eggs [28] and approximately
2–200 lg/kg in various edible tissues in chicken [29]. To date, no
overt toxicity has been reported in human from the consumption
of poultry meat and products containing residual levels of these
polyether antibiotics. Clearly, the residual antibiotic levels found
in poultry meat and eggs, which are either close to or higher than
the concentrations used in our studies, inhibit adipogenesis. There-
fore, the long-term effects of these antibiotics on human health and
other biological processes need to be rigorously examined.

The mechanisms of action of salinomycin are complex. Salino-
mycin induces necrosis and apoptosis in tumor in mice [2]. In cul-
tured cancer cells, salinomycin also induces apoptosis when
applied at concentrations up to 100-folds higher than those used
in our study [30]. We posit that inhibition of adipogenesis by
salinomycin is not likely a result of its cytotoxicity, which is
supported by the lack of annexin V positive cells in salinomycin-
treated OP9 and L1 cells, as well as negligible cytotoxicity and
growth inhibition in these cells following exposure to the lower
concentrations of salinomycin (Fig. 2).

Salinomycin has been shown to inhibit mitochondrial oxidative
phosphorylation, causing the release of K+ from mitochondria [16].
It is conceivable that either Na+ or K+ may be required for the ac-
tion of these ionophoric antibiotics. We consider this unlikely be-
cause both monensin and salinomycin inhibit preadipocyte
differentiation into adipocyte, thus suggesting that the mechanism
of inhibition of adipogenesis is probably independent of the pres-
ence of a specific alkali cation. The Na, K-ATPase a2 subunit gene
(Atp1a2) is responsible for the maintenance of Na+ and K+ gradient
across the cell membrane [31]. Homologous recombination knock-
out of Atp1a2 showed no difference in the capacity of adipocyte dif-
ferentiation among the wild-type, heterozygous, and homozygous
embryonic fibroblasts [32], thus suggesting that Atp1a2 is not re-
quired for the inhibition of adipogenesis by these antimicrobials.

The Wnt/b-catenin signaling pathway plays a role in maintain-
ing preadipocytes in an undifferentiated state through its inhibi-
tion of the transcriptional activity of C/EBPa and PPARc [33].
Salinomycin was recently shown to inhibit the Wnt/b-catenin
signaling pathway in cancer cells [34]. This finding excludes
Wnt/b-catenin as a molecular target for the action of salinomycin
on adipogenesis because inhibition of Wnt/b-catenin signaling pro-
motes adipogenesis, which is counterintuitive to our observations.

We also found that narasin is less potent than monensin and
salinomycin in inhibiting OP9 cells and L1 preadipocytes differen-
tiation. Narasin (4-methylsalinomycin) is a derivative of salinomy-
cin with an additional methyl group on the terminal
tetrahydropyran moiety. We speculate that the tetrahydropyran
moiety tethering to the monocarboxylic acid may be a pharmaco-
phore that is essential for the anti-adipogenic activity of these anti-
biotics. Whether the anti-adipogenic potential and the anti-cancer
stem cell biological activity are overlapping remains to be
determined.

In summary, our results demonstrated the unexpected anti-adi-
pogenic activity of the ionophoric antibiotics on the differentiation
of adipocytes. These compounds also inhibit the transcriptional
activity of the master regulators of adipogenesis, thus suggesting
that they may be potentially developed as novel anti-obesity ther-
apeutics and also as pharmacological tools for probing the biology
of adipose tissue. Paradoxically, these pharmacological effects of
salinomycin could be a harbinger of its toxicity profile in cancer
therapy.
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