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Curcumin, a polyphenol derived from turmeric, is an ancient therapeutic used in India for centuries to treat
a wide array of ailments. Interest in curcumin has increased recently, with ongoing clinical trials exploring
curcumin as an anticancer therapy and as a protectant against neurodegenerative diseases. In vitro, curcumin
chelates metal ions. However, although diverse physiological effects have been documented for this compound,
curcumin’s mechanism of action on mammalian cells remains unclear. This study uses yeast as a model
eukaryotic system to dissect the biological activity of curcumin. We found that yeast mutants lacking genes
required for iron and copper homeostasis are hypersensitive to curcumin and that iron supplementation
rescues this sensitivity. Curcumin penetrates yeast cells, concentrates in the endoplasmic reticulum (ER)
membranes, and reduces the intracellular iron pool. Curcumin-treated, iron-starved cultures are enriched in
unbudded cells, suggesting that the G1 phase of the cell cycle is lengthened. A delay in cell cycle progression
could, in part, explain the antitumorigenic properties associated with curcumin. We also demonstrate that
curcumin causes a growth lag in cultured human cells that is remediated by the addition of exogenous iron.
These findings suggest that curcumin-induced iron starvation is conserved from yeast to humans and underlies
curcumin’s medicinal properties.

Curcumin is the major chemical component of turmeric, a
dietary spice made from the root of the Curcuma longa Linn
plant and used extensively in traditional Indian medicine (38).
Curcumin is a potent bioactive compound that is used to treat
cancer (5, 35), atherosclerosis (33), and neurodegenerative
diseases, such as Alzheimer’s (26, 45) and Parkinson’s (44)
disease, as well as to promote wound healing (15, 36). Curcu-
min is particularly appealing as a therapeutic agent because of
its extremely low toxicity. Many biological activities have been
ascribed to curcumin. For example, curcumin suppresses in-
flammatory responses in cultured cells and in animals and also
exhibits antioxidant properties. Furthermore, curcumin’s ability
to inhibit tumorigenesis and proliferation of a wide variety of
cancerous cells has been well documented. Curcumin is a poly-
phenol and complexes readily with a number of different metal

ions. In aqueous solutions of neutral pH, curcumin is an effective
chelator of Fe(III) (2). Curcumin is also lipophilic and readily
crosses membranes (19), so therefore it may also chelate metal
ions intracellularly. How these chemical properties contribute to
curcumin’s biological activities, however, is not understood.

Identifying relevant in vivo targets of small molecules is
technically challenging. Recently, several genetic and genomic
approaches have been developed that use the simple eukaryote
Saccharomyces cerevisiae, or budding yeast, to study the mecha-
nism of drug action (17, 27, 31). One such method, termed ho-
mozygous profiling, uses a comprehensive collection of 4,700 ho-
mozygous diploid deletion yeast strains, each bearing a deletion
of a single nonessential gene (39), to examine growth in the
presence of a bioactive compound (12). Mutant strains that dis-
play increased sensitivity to the compound are identified, and the
identity of the genes deleted in these hypersensitive strains is used
to infer the biological effects of the compound.

We carried out such a screen to identify yeast mutants whose
growth is strongly inhibited by curcumin. The results of this
study indicate that curcumin antagonizes yeast growth by
chelating iron. Furthermore, iron supplementation alleviates
the growth-inhibiting effect of curcumin on both yeast and
cultured human cells, suggesting a common mechanism. Pre-
vious studies established that curcumin treatment causes
mouse cells and tissues to display iron depletion characteristics
(20). The findings presented here also indicate that curcumin
chelates iron in vivo and suggest that iron chelation may un-
derlie many of curcumin’s therapeutic activities.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The yeast growth medium and basic
methods were as described in reference 34. Curcumin, bathophenanthroline
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disulfonic acid (BPS), bathocuproine disulphonate (BCS), ferrous sulfate
(Fe2SO4), copper chloride (CuCl2), and ferric chloride (FeCl3) were from Sigma-
Aldrich, Inc. (St. Louis, MO). BY4743 (MATa/� his3�1/his3�1 leu2�0/leu2�0
LYS2/lys2�0 met15�0/MET15 ura3�0/ura3�0) or BY4741 (MATa his3�1 leu2�0
LYS2 met15�0 ura3�0) was used as the wild-type (WT) strain. The homozygous
diploid deletion collection, based on BY4743, was purchased from Open Bio-
systems (Huntsville, AL). Cells used in growth analysis on plates were grown to
saturation and then plated in 5-fold serial dilutions, with a starting concentration
of approximately 1.0 � 107 cells.

Pooled competitive growth assays. The experimental design for pooled com-
petitive growth assays is detailed in reference 11. In brief, yeast strains from the
homozygous deletion collection were pooled as described previously (12, 32) and
stored at �80°C. The pooled cells were then thawed and diluted in yeast extract-
peptone-dextrose (YPD) to an optical density at 600 nm (OD600) of 0.0625. This
dilution ensures that 300 individual cells from each deletion strain are repre-
sented at the onset of the experiment. A 150 �M concentration of curcumin was
added to the pooled cells, and the cells were grown for five generations (to an
OD600 of 2.0) in a Tecan GENios microtiter plate reader (Tecan, Durham, NC).
Cells were harvested, and genomic DNA was extracted and used as a template in
PCR amplification of “Uptag” and “Downtag” sequences that mark each gene
deletion. The fluorescently tagged PCR products were hybridized to TAG3
microarrays from Affymetrix (Santa Clara, CA) (11), and the fluorescence in-
tensity of each pair of tags was determined. Fitness defect scores were calculated
for each strain in the pool. These scores are based on a tag-specific algorithm that
takes into account the intensities of each tag on the experimental array and the
corresponding intensities on a set of control arrays, performed using pooled cells
grown without the compound of interest (control set) (12). Tag intensities were
log transformed and mean normalized, and the intensities for replicates were
averaged into a single value. Means and standard deviations were calculated for
both the Uptag and Downtag hybridizations. Z scores for the Uptag and Down-
tag for each strain were calculated by subtracting the control average intensity
from the experimental (curcumin-treated) average intensity and dividing by the
standard deviation of the control set intensities. This generates z score values for
both the Uptag and Downtag sequences, which are then averaged into a single
fitness defect score for the strain.

�-Galactosidase assays. BY4741 cells were transformed by the lithium acetate
method with a plasmid bearing the PFET3-lacZ reporter (provided by Caroline
Philpott, NIDDK, National Institutes of Health) or a plasmid containing the
PFRE2-lacZ reporter (provided by Dennis Winge, University of Utah) (28). Cells
were then grown to an OD600 of 1.0 in synthetic complete medium (lacking the
required amino acid for plasmid selection) made with yeast nitrogen base
(YNB), lacking iron and copper, from Bio101 (Solon, OH). Cultures were di-
luted to an OD600 of 0.01 in fresh, low-iron/copper synthetic complete medium
with additions of curcumin or BPS, in the presence or absence of Fe2SO4, and
grown an additional 12 h. Cells were harvested, and proteins were extracted for
use in �-galactosidase activities as described in reference 4. The �-galactosidase
activity reported is the maximum rate of OD415 change/minute/amount of pro-
tein. Two independent transformants were assayed in triplicate (for a minimum
of six replicates) for each condition. Error bars represent the standard deviations
of the means.

ICP-AES. Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) was performed as described in reference 10. In brief, wild-type (BY4743)
cells were grown from an OD600 of 0.5 to saturation in YPD either with no
additions or with the addition of 100 �M BPS, 500 �M BCS, 25 �M curcumin,
or 50 �M curcumin. Cells were then harvested by filtration, washed with water,
resuspended in 500 �l of 30% nitric acid, and digested overnight at 65°C. The cell
digests were centrifuged at 12,000 � g for 10 min, and the supernatants were
transferred to new tubes and used in ICP-AES analysis on a Varian Vista
ICP-AES (Varian Inc., Palo Alto, CA). Data analysis was performed as indicated
in reference 10 for the following elements: Ca, Co, Cu, Fe, K, Mg, Mn, Na, Ni,
P, S, and Zn. All element measurements were corrected for differences in cell
mass. This correction assumes that treated and untreated cells differ only in cell
mass, which appears to be the case, as most elements assessed did not change
significantly between experimental and control cells (data not shown). The mean
iron and copper contents for 5 experimental replicates are presented as percent-
ages relative to the contents in untreated (YPD) control cells. Error bars rep-
resent the standard errors of the means.

Yeast growth curves, cell morphology, and viability analysis. Wild-type
(BY4743) cells were grown to saturation in YPD, washed, and inoculated at an
OD600 of 0.5 into YPD either with no additives or with 80 �M BPS, 50 �M
curcumin, or 100 �M curcumin, each with and without 50 �M Fe2SO4. Three
independent cultures were monitored for each condition, and cells were grown in
a Tecan GENios plate reader with orbital shaking at room temperature (from 23

to 27°C), with OD600 readings taken every 30 min. A path length correction
factor was then applied to Tecan GENios OD600 readings, and these data are
reported. For bud-type assessments, cells were harvested after 7 h of growth and
fixed in 3.7% formaldehyde and their bud morphologies were scored. The mor-
phologies of 200 cells were assessed for each of three replicate cultures (for a
total of 600 cells in 3 replicates). Data are the means of these values, and the
error bars represent the standard deviations of the means.

In addition to cell morphology, cells used in the growth curve analysis were
scored for viability after 7 h of incubation with the additives indicated above. This
analysis was performed to determine if the growth lag observed for certain
additions was due to cell death. Twenty microliters of each culture was harvested
by centrifugation and resuspended in 3.7% methylene blue in 100 mM phos-
phate-buffered saline (PBS; adjusted to pH 7), and the cells were scored for
viability. No fewer than 100 cells were scored per culture, and cells staining dark
blue were considered metabolically inactive and therefore inviable. As a control
in this experiment, an additional sample was taken from the YPD-grown cultures
and heat treated for 10 min at 70°C to kill all cells. As expected, 100% of cultures
treated this way stained dark blue and were unable to form colonies. Viability
was further confirmed for all cultures by assessing the numbers of CFU on YPD
after 7 h of incubation with the indicated additives.

RESULTS AND DISCUSSION

Yeast mutants with defects in iron and copper homeostasis
are hypersensitive to curcumin. Curcumin was tested at a
range of concentrations and found to inhibit growth of wild-
type yeast in a dose-dependent manner (Fig. 1A). To deter-
mine the mechanism by which growth was inhibited, we sought
to identify mutant yeast strains with increased sensitivity to
curcumin. First, a competitive growth assay (11), in which a
genomic collection of �4,700 homozygous diploid deletion
strains (39) was grown in a single culture using medium that
contained curcumin, was used. After 5 generations of growth,
the relative abundance of each strain in the pool was assessed
by hybridization to a DNA microarray that contained sequence
identifiers unique to each deletion strain (see Materials and
Methods). Mutants whose growth is inhibited by curcumin
were underrepresented in this pool. Analysis of these data
identified 42 mutant strains that displayed a significant fitness
defect during growth in curcumin-containing media (see Table
S1 in the supplemental material). Growth of the 30 most sen-
sitive strains was then tested individually on solid medium
containing 150 �M curcumin (Fig. 1B; see also Table S1 in the
supplemental material); however, the pho86�, ypk1�, and
vma5� strains were excluded because they grew poorly on
YPD alone. Of the strains tested, 18 were hypersensitive to 150
�M curcumin in the solid-medium growth assay and are here-
after referred to as curcumin-hypersensitive strains (Fig. 1B).
The degree of hypersensitivity in the initial liquid growth assay
did not strongly correlate with the degree of growth inhibition
observed on solid medium containing curcumin. This could be
due to the differences between the growth in liquid and solid
media, the differences between competitive and clonal growth,
and/or the length of exposure to curcumin: in the competitive
growth assay, cells were exposed to curcumin for only 5 gen-
erations, compared to prolonged curcumin exposure for 2 to 4
days in the solid-medium growth assay (i.e., �20 generations of
growth are required to form a colony). The combination of
both assays allowed for a more accurate assessment of hyper-
sensitivity.

Next, the functions of the genes deleted in the curcumin-
hypersensitive strains were analyzed. Only 17 genes were iden-
tified in the 18 mutant strains, as two strains, the ccc2� and
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ydr269c� strains, delete overlapping open reading frames and
thus both compromise Ccc2 function. Remarkably, 8 out of the
17 identified genes encode products that function in the trans-
port and homeostasis of iron and copper ions (Table 1). Spe-
cifically, genes whose products mediate iron transport (FTR1
and FET3) and the regulation of gene expression under iron
limitation conditions (AFT1) were identified (8, 40). Genes
that encode proteins required for copper transport (CTR1)
and the regulation of gene expression during copper limita-
tion (MAC1) were also identified (6, 23). Interestingly, these
processes are coupled in vivo (7), as an essential component
of high-affinity iron uptake, Fet3p, is a copper-dependent
ferro-oxidoreductase, and strains with deletions of genes
whose products are required for the incorporation of copper
ion into Fet3 (CCC2, ATX1, and GEF1) are sensitive to
curcumin (13, 18, 42). Other identified genes include those
that disrupt vacuolar acidification (VMA3, VMA13, and
VMA21), a process required for intracellular iron utilization
(9, 37). In addition, several mutants that disrupt the lipid

FIG. 1. Yeast sensitivity to curcumin can be rescued by iron supplementation and is similar to yeast sensitivity to BPS, an iron chelator.
(A) Yeast cells are sensitive to curcumin. Serial dilutions of WT (BY4743) cells were plated on YPD with or without curcumin at the concentrations
indicated and grown for 2 days at 30°C. (B) Deletion of iron and copper homeostasis genes exacerbates yeast sensitivity to curcumin. WT (BY4743)
and isogenic homozygous deletion strains (lacking the gene indicated) were plated on YPD without any additions or with 150 �M curcumin, either
by itself, with 500 �M Cu2SO4, or with 50 �M Fe2SO4, and grown for 3 days at 30°C. (C) In parallel to the experiments shown in panel B, the same
cultures were plated on YPD with either 100 �M curcumin or 80 �M BPS and grown for 3 days at 30°C.

TABLE 1. Deleted genes identified in curcumin-hypersensitive
strains and their functions

Biological process Gene(s)

Transport or homeostasis of iron
or copper ions

Iron ion import/homeostasis.........................FET3, FTR1, AFT1
Copper ion import/homeostasis ...................CTR1, MAC1
Copper and iron homeostasis.......................ATX1, GEF1, CCC2a

Other function
Cell signaling ..................................................SAC1
RNA polymerase II-mediated

transcription................................................GAL11
Vesicle-associated secretion..........................ERV14
Vacuolar acidification....................................VMA3, VMA13, VMA21
Phospholipid translocation............................LEM3
Ergosterol biosynthesis..................................ERG3
Programmed cell death .................................YSP1

a The ydr269c� strain also disrupts ccc2.
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composition of membranes and thus have wide-ranging defects in
membrane function and trafficking are hypersensitive to curcumin
(the sac1�, erg3�, and lem3� strains). Overall, these findings
suggest that strains with defects in iron and/or copper homeostasis
are hypersensitive to curcumin.

Differential rescue of curcumin hypersensitivity by copper
and iron. To further define the mechanism by which curcumin
inhibits yeast growth, we tested the ability of curcumin-hyper-
sensitive deletion strains to grow when iron or copper supple-
ments were added to the growth medium. Importantly, addi-
tion of iron or copper to YPD medium at the concentrations
employed had no effect on cell growth in the absence of cur-
cumin (data not shown). Addition of 50 �M iron significantly
improved the growth of all curcumin-sensitive strains, whereas
addition of a 10-fold-larger amount of copper (500 �M) was
able to rescue growth of only a small subset of strains (the
fet3�, gef1�, ccc2�, atx1�, and mac1� strains) (Fig. 1B).

We next compared the curcumin sensitivity profile to those
of BPS, a known iron chelator, and BCS, a known copper
chelator. The 100 �M curcumin sensitivity profile was strik-
ingly similar to the 80 �M BPS sensitivity profile (Fig. 1C),
with the erg3� strain as the single exception, showing sensitivity
to curcumin and not BPS. Similar experiments comparing
growth on 100 �M curcumin to growth on as much as 500 �M
BCS identified only three of the candidates, the vma21�,
vma13�, and cup5� strains, as BCS sensitive (data not shown).
Taken together, these observations suggest that curcumin in-
hibits yeast growth primarily through the limitation of iron
availability.

Competitive growth assays similar to the one described here
for curcumin have been performed using 75 to 100 �M BPS
(21). This BPS concentration range results in a yeast sensitivity
profile similar to that observed for 150 �M curcumin (Fig. 1C
and data not shown), which was the curcumin concentration
employed in our competitive growth assays. Strikingly, 18 of 42
of our curcumin-sensitive candidates were also identified in the
BPS sensitivity screen (21). While the curcumin-hypersensitive
strains identified in this study were well represented in the BPS
hypersensitivity profile, the BPS competitive growth assays de-
scribed by Jo et al. (21) identified approximately 3-fold-more
sensitive strains. This difference could be due to the fact that
cells were exposed to BPS for 15 generations as opposed to the
5 generations used in the curcumin screen. Furthermore, a less
stringent fitness cutoff was used when assigning BPS-sensitive
strains. Taken together, these data further support the inter-
pretation that curcumin-mediated growth inhibition is due to
iron starvation.

Curcumin accumulates in yeast endoplasmic reticulum
membranes. Chelators can deplete the exogenous pool of
metal ions from the growth medium, enter cells and deplete
the intracellular reserves of metal ions, or act both intra- and
extracellularly to alter metal ion pools. Curcumin is able to
bind iron in solution, demonstrating that it is an effective ex-
tracellular iron chelator (2). To determine if curcumin can also
traverse the yeast cell wall and plasma membrane to act intra-
cellularly, we exploited the natural fluorescent properties of
curcuminoids. Curcumin autofluorescence can be excited at
�455 nm and emits at approximately 540 nm (19, 24). We
treated cells containing an HDEL-DsRed (red fluorescent pro-
tein from Discosoma striata) marker, which uniformly stains

both cortical and perinuclear endoplasmic reticulum (ER)
membranes (16), with either dimethyl sulfoxide (DMSO) or
150 �M curcumin for 5 h and visualized curcumin fluorescence
using a filter set for green fluorescent proteins (GFPs) that
overlaps with the curcumin excitation and emission wave-
lengths (Fig. 2). Curcumin fluorescence colocalized with the
HDEL-DsRed marker in 69% of cells (n � 103) examined,
indicating that curcumin not only enters yeast cells but also
accumulates within the ER membrane (Fig. 2A). While there
is clear colocalization of curcumin with the ER membrane,
curcumin may also localize to additional intracellular mem-
branes, accounting for the background of curcumin fluores-
cence that does not colocalize with the ER HDEL marker (Fig.
2A). These observations are consistent with demonstrations of
curcumin accumulation in intracellular membranes, including
the ER, of mammalian cells (19, 24). These findings further
suggest that curcumin may impact intracellular iron pools in
addition to chelation of extracellular iron.

FIG. 2. Curcumin enters yeast cells and accumulates in ER mem-
branes. (A) Wild-type yeast cells expressing HDEL-DsRed (from
strain VHY87, described in reference 16) were treated with either
DMSO (left column) or 150 �M curcumin and visualized by fluores-
cence microscopy using the GFP filter set for curcumin and the red
fluorescent protein (RFP) filter set for HDEL-DsRed. Colocalization
of curcumin fluorescence with the ER marker was observed for 69% of
the cells examined (n � 103). (B) Cells from VHY87 expressing the
HDEL-DsRed marker were treated with 150 �M curcumin, either with
or without the addition of 50 �M FeSO4, and visualized as described
for panel A.
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To test whether addition of iron to the growth medium
suppresses curcumin sensitivity by preventing curcumin uptake
into cells, cells grown in curcumin and iron were examined by
fluorescence microscopy. Curcumin also colocalized with the
ER membrane in iron-treated cells, indicating that it still en-
ters cells under conditions of iron supplementation (Fig. 2B).
Curcumin fluorescence was reduced in iron-treated cells. How-
ever, because iron decreases the fluorescence intensity of cur-
cumin-containing solutions in a dose-dependent manner (data
not shown), fluorescence per se cannot be used to compare
intracellular curcumin concentrations under these two condi-
tions. Nonetheless, our findings indicate that curcumin perme-
ates yeast cells grown in the presence or absence of supple-
mental iron and are consistent with the hypothesis that
curcumin acts intracellularly to chelate iron and induce iron
starvation.

Curcumin treatment results in reduced intracellular iron.
We tested the effect of curcumin on cellular iron levels directly
by using inductively coupled plasma atomic emission spectros-
copy (ICP-AES). Wild-type cells were treated with curcumin,
BPS, or BCS (see Materials and Methods). The majority of
elements assessed this way did not change as a result of these
treatments (data not shown). As expected, the iron content of
cells treated with 100 �M BPS was dramatically reduced (80%
less iron than cells grown in YPD). Curcumin also significantly
decreased cellular iron levels, with cells grown in the presence
of 25 �M and 50 �M curcumin containing 20 and 40% less
iron, respectively, than cells grown in YPD (Fig. 3A). Treat-
ment with BCS reduced cellular copper content by 90% from
that of cells grown in YPD; however, consistent with our ear-
lier findings, curcumin treatment did not significantly alter
copper levels from those of YPD-grown cells (Fig. 3A).

The physiological relevance of this cellular iron depletion
was next examined by measuring the transcriptional response
induced by curcumin. Under conditions of iron starvation, the
Aft1 transcription factor upregulates genes responsible for
high-affinity iron transport (41). Two targets of Aft1 transcrip-

tion regulation are fet3, the high-affinity iron transporter, and
fre2, a gene encoding an iron reductase that functions as the
rate-limiting step in high-affinity iron import (1, 43). Transcrip-
tion of fet3 can also be induced by Mac1p, a transcription
factor that activates gene expression in response to copper
starvation (14); however, regulation of fre2 is independent of
copper starvation (28). Following 50 �M curcumin treatment,
fet3 and fre2 expression increased 3-fold and 6-fold, respec-
tively (Fig. 3B and C). Because the curcumin-mediated induc-
tion levels of fre2 and fet3 are similar, the most parsimonious
explanation is that curcumin induces predominantly an iron
starvation response. These data suggest that the growth of
yeast in the presence of curcumin leads to a decrease in avail-
able iron and, as a result, induces the iron starvation transcrip-
tional response.

Curcumin slows yeast cell cycle progression with no accom-
panying decrease in cell viability. Next, we examined the ki-
netics of curcumin-induced yeast cell growth inhibition. Yeast
cells were grown to mid-log phase and treated with curcumin
or BPS in the presence or absence of additional iron, and the
growth rate (i.e., doubling time) was monitored. As expected,
addition of curcumin or BPS lowered the yeast growth rate
(Fig. 4A), with treatments of either 80 �M BPS or 150 �M
curcumin increasing the doubling time approximately 2-fold
(Fig. 4B). Addition of iron to the BPS- or curcumin-treated
cells rescued this growth inhibition, shortening the doubling
times to levels similar to those observed for untreated control
cells grown in YPD (Fig. 4A and B).

After �10 h of treatment with either BPS or curcumin, at
which point control cells in YPD had doubled twice, cell via-
bility and cell cycle progression were assessed for the various
conditions. Viability of cells grown in the presence of curcumin
or BPS was monitored using the vital stain methylene blue (see
Materials and Methods) and by assessing the number of CFU
of washed cells plated on YPD. At 10 h posttreatment, 100%
cell viability was observed for all cultures (data not shown),
consistent with the hypothesis that these compounds cause a

FIG. 3. Curcumin depletes cellular iron and activates iron starvation-induced transcription. (A) WT (BY4743) cells were treated with 100 �M
BPS, 500 �M BCS, or the indicated concentration of curcumin. The mean cellular iron and copper levels relative to those of untreated cells in YPD
(as determined by ICP-AES measurement; see Materials and Methods) are shown for a minimum of five experimental replicates. Error bars
represent the standard errors of the means. Paired Student’s t tests were performed to compare YPD control cultures and each of the treatment
conditions. �, P value of 	0.05; ��, P value of 	0.0005. (B) WT (BY4741) cells containing the PFET3-lacZ reporter were grown in low-Fe/Cu
medium and treated for 12 h with 100 �M Fe2SO4, 10 �M BPS, or the indicated concentrations of curcumin. Protein extracts were prepared, and
�-galactosidase activity was determined for a minimum of two transformants, each of which was assayed in triplicate. The mean �-galactosidase
activities and standard deviations are reported. (C) WT (BY4741) cells containing the PFRE2-lacZ reporter were grown and assayed for
�-galactosidase activity as described for panel B. The mean �-galactosidase activities are presented, and the error bars are the standard deviations
of the means.
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delay in cell cycle progression rather than cell death. To assess
cell cycle progression, we analyzed the morphologies of yeast
cells exposed to curcumin and BPS. In G1 phase, cells are
unbudded, while cells in S, G2, and M phases of the cell cycle
possess buds of characteristic sizes (reviewed in reference 25).
During mid-log-phase growth in YPD, 25% of cells were un-
budded and 75% of cells were budded (Fig. 4C). Exposure to
curcumin or BPS caused an increase in the fraction of unbud-
ded cells, which is commonly observed for treatments that
increase the length of G1 (Fig. 4C). Curcumin exposure caused
a dose-dependent increase in the proportion of unbudded cells
to 40% and 45% for 100 �M and 150 �M curcumin, respec-
tively. BPS treatment increased the unbudded fraction to 55%.
Taken together, these observations demonstrate that curcumin
treatment lengthens the time required to complete the cell
cycle and suggest that the duration of G1 is increased.

To determine if iron starvation was the cause of this in-
creased doubling time, iron was added to the medium to coun-
ter the effect of curcumin on cellular iron levels. Supplemen-
tation with 50 �M iron in cultures with 100 �M or 150 �M
curcumin or 80 �M BPS completely alleviated the growth
inhibition, resulting in restoration of the cell morphology dis-
tributions to those observed for YPD-grown cells (Fig. 4C).
Thus, BPS- or curcumin-induced iron starvation increases
yeast doubling time, and this is, at least in part, due to a
prolonged G1 phase. Treatment of yeast with other metal ch-
elators has been reported to induce a G1 growth arrest that can
be rescued by the addition of exogenous metal ions to the
growth medium (22).

Curcumin and cultured human cells. Exposure of certain
human cancer cells to curcumin results in a G1 cell cycle arrest
(30), and treatment of human cells with other iron chelators
also induces a reversible G1 cell cycle arrest (3, 29). To extend
the observations made in yeast, we further explored the effects
of curcumin on cell growth by treating human osteosarcoma
U2OS cells with curcumin and monitoring cell density relative
to that of a DMSO drug vector control. The density of control
cultures increased 3-fold in 24 h, whereas the curcumin-treated
culture density did not increase (Fig. 5). Addition of iron to the
curcumin-treated cells suppressed this growth defect and al-
lowed for population doubling in 24 h (Fig. 5). These data
suggest that curcumin’s effects are conserved and that it inhib-
its growth of both yeast and human cells by limiting iron avail-
ability.

An understanding of curcumin’s mechanism of action on
human cells has been elusive, due in part to the myriad effects
associated with curcumin treatment (reviewed in reference 15).
We used yeast as a model system to explore the mechanism of
action of curcumin, and our results strongly suggest that cur-
cumin inhibits eukaryotic cell growth predominantly by chelat-
ing intracellular iron. Yeast cells with defects in iron homeo-
stasis are sensitive to curcumin, and curcumin delays cell cycle
progression in an iron-dependent manner. These findings sug-
gest that the potent chemotherapeutic effects of curcumin may
be explained by iron depletion of cancer cells, a process which
inhibits their proliferation. Iron chelation may also explain the
diverse physiological effects of curcumin. Many cellular en-
zymes require iron as a cofactor, and several signaling path-
ways are also affected by iron availability. Curcumin penetrates
both yeast and mammalian cells and accumulates in intracel-

FIG. 4. Curcumin treatment causes a cell cycle delay in yeast that is
alleviated by iron supplementation. (A) WT (BY4743) cells were
grown overnight to saturation and inoculated at an OD600 of 0.5 into
fresh YPD either with no supplement or with 100 �M curcumin, 150
�M curcumin, or 80 �M BPS, each with (indicated as “
 Fe”) or
without 50 �M Fe2SO4, and optical density measurements were ob-
tained every 30 min using a Tecan GENios microtiter plate reader.
Addition of curcumin to the growth medium results in a shift in
absorbance of approximately 0.6 OD600 for 100 �M curcumin and 1.0
OD600 for 150 �M curcumin; therefore, growth below these densities
cannot be measured accurately for this concentration of drug. The
growth curves presented are the averages of measurements for three
independent cultures. (B) The cell doubling times during logarithmic
growth were determined for the cultures used in panel A. Values are
the averages of the doubling times determined for three independent
cultures, and error bars represent the standard errors of the means.
(C) Cells were grown as described for panel A, and at 7 h postinocu-
lation (during growth curve analysis), samples were taken and bud
morphologies were scored for three independent cultures, with a min-
imum of 200 cells counted for each.
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lular membranes, including the ER. This accumulation in in-
tracellular compartments may selectively limit the availability
of essential iron cofactors, impairing specific enzymatic func-
tions and altering cellular signaling to produce the diverse
physiological effects associated with curcumin treatment.
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