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To investigate the biochemical mechanism underlying the
effect of sterol deprivation on longevity in Caenorhabditis el-
egans, we treated parent worms (P0) with 25-azacoprostane
(Aza), which inhibits sitosterol-to-cholesterol conversion, and
measured mean lifespan (MLS) in F2 worms. At 25 �M

(�EC50), Aza reduced total body sterol by 82.5%, confirming
sterol depletion. Aza (25 �M) treatment of wild-type (N2) C.
elegans grown in sitosterol (5 �g/ml) reduced MLS by 35%.
Similar results were obtained for the stress-related mutants
daf-16(mu86) and gas-1(fc21). Unexpectedly, Aza had essen-
tially no effect on MLS in the stress-resistant daf-2(e1370) or
mitochondrial complex II mutantmev-1(kn1) strains, indicat-
ing that Aza may target both insulin/IGF-1 signaling (IIS) and
mitochondrial complex II. Aza increased reactive oxygen spe-
cies (ROS) levels 2.7-fold in N2 worms, but did not affect ROS
production bymev-1(kn1), suggesting a direct link between
Aza treatment and mitochondrial ROS production. Moreover,
expression of the stress-response transcription factor SKN-1
was decreased in amphid neurons by Aza and that of DAF-28
was increased when DAF-6 was involved, contributing to lifes-
pan reduction.

Sterols are important molecules involved in membrane or-
ganization, hormone production, and signal processing. Be-
cause Caenorhabditis elegans lacks a de novo sterol biosynthe-
sis pathway, it requires dietary cholesterol or plant sterols (e.g.
sitosterol) that can be converted to cholesterol or its most
abundant sterol, 7-dehydrocholesterol (1, 2) (Fig. 1A). Sterol
depletion experiments have revealed that a restriction in the
sterol supply caused by inadequate nutrition produces serious
defects in development and reduces the longevity of C. el-
egans (3–7). For example, sterol starvation leads to an in-
crease in embryonic lethality (7) and a decrease in lifespan

(�40%) in wild-type N2 worms (6). Most of the sterol deple-
tion phenotype also occurs when worms are grown in the
presence of sitosterol as a sterol nutrient and 25-azacopros-
tane (Aza),2 an inhibitor of sterol C24-reductase and dealkyla-
tion of desmosterol during its conversion to cholesterol (8).
Using proteomic approaches, our laboratory has previously
shown that defects in development and growth in C. elegans
caused by Aza treatment are associated with changes in the
abundance of many proteins (3). The major proteins influ-
enced by Aza treatment were the lipoproteins VIT-2 and
VIT-6 and their putative receptors RME-2 and LRP-1, which
were previously known to respond to sterols (3). Recently, the
endogenous ligands of DAF-12 have been discovered to be
3-keto bile acid-like steroids, called �4- and �7-dafachronic
acids (9). Dafachronic acids and related metabolites regulate
longevity and stress resistance (9–11). DAF-36, a Rieske-like
oxygenase, and DAF-9, a cytochrome P450 enzyme, produce
dafachronic acid ligands that activate the DAF-12 nuclear
receptor (9). It was also reported that methyltransferase
STRM-1 modifies sterol substrates for the synthesis of da-
fachronic acid (12).
Oxidative stress, or the chronic generation of reactive oxy-

gen species (ROS), is thought to contribute to the progression
of various human diseases including type 2 diabetes. Mito-
chondrial dysfunction impairs insulin signaling both directly
and indirectly through generation of excess ROS. Mitochon-
drial ROS generation is known to activate protein kinase sig-
naling pathways that suppress insulin signaling downstream
of the insulin receptor at the level of insulin receptor sub-
strate-1 and phosphatidylinositol 3-kinase to promote “insu-
lin resistance” (13, 14). ROS have a potential role for enhance-
ment of insulin signaling in vivo (15) but are generated in
mitochondria during normal respiration (16). Although the
relationship between ROS effects and respiratory rate in C.
elegans is very complicated (17, 18) and remains controversial
(19), ROS are believed to decrease the lifespan in C. elegans by
damaging cellular components (20, 21). For example, the
mev-1 and gas-1mitochondrial complex mutants exhibit in-
creased ROS levels and have a shorter mean lifespan (MLS)
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(22, 23). Conversely, a reduced respiratory rate can decrease
ROS and increase the lifespan of C. elegans (24). Increased
ROS also leads to increased translocation of DAF-16 to the
nucleus (25, 26).
Sterols have recently been suggested to help protect against

O2 and/or ROS. For example, depletion of cholesterol from
red blood cells increased their vulnerability to peroxidation
(27). In Schizosaccharomyces pombe, where the biosynthesis
of sterols is dependent on O2, sterols can serve as O2 sensors
(28, 29). Therefore, sterols serve not only as essential mole-
cules for development and aging but also protect cells from
ROS attack. These results obtained from other organisms
led us to hypothesize that depletion of environmental ste-
rol may increase susceptibility to cellular ROS attacks in C.
elegans.
It is well established that insulin/IGF-1-like signaling (IIS)

(30–32) is one of the key regulatory systems controlling C.
elegans longevity. Specifically, a reduction in IIS has been
shown to enhance stress resistance and increase MLS through
DAF-16 activation (33). Accordingly, daf-2 and age-1mutants
deficient in IIS have extended lifespans (30, 32). IIS not only
inhibits DAF-16 but also directly suppresses SKN-1, which
defends against oxidative stress by regulating the conserved
phase II detoxification response (34, 35). The stress-resistance
function of SKN-1 is mediated by its expression in the intes-
tine (34, 36), although it is also present in nuclei of ASI neu-
rons, where it is required for dietary restriction-induced lifes-
pan extension (36). Among the 40 predicted insulin ligands in
C. elegans (37–39), DAF-28, an agonist for the insulin recep-
tor DAF-2, is influenced by sensory neurons (38), and is
down-regulated under dauer-inducing conditions, and the
lifespan of daf-28(sa191) mutant worms is increased (38, 40).
Moreover, DAF-28 expression is increased in daf-6(lf) mu-
tants (38).
daf-6 encodes a patched-related protein containing a ste-

rol-sensing domain (SSD) (41) consisting of �180 amino ac-
ids organized into a cluster of five consecutive membrane-
spanning domains. In C. elegans, the Niemann-Pick disease
type C1 homologs ncr-1 and ncr-2 are involved in intracellular
cholesterol processing (42, 43), further indicating the impor-
tance of C. elegans SSDs in cholesterol homeostasis and cho-
lesterol transport.
Although numerous studies have reported that sterol

depletion mediates physiological changes and that IIS pro-
foundly influences the longevity of C. elegans, the bio-
chemical and cellular mechanism by which sterol depriva-
tion exerts its effects and interacts with IIS remains elusive.
To determine the key biochemical mechanism underlying
sterol-deprivation stress effects on C. elegans longevity, we
assessed MLS and ROS levels in wild-type N2 and mutant
C. elegans strains treated with Aza, an inhibitor of the con-
version of sitosterol to cholesterol. Our data suggest that
the stress caused by Aza-mediated sterol depletion leads to
activation of IIS and mitochondrial dysfunction, resulting
in increased ROS production and reduced MLS in C.
elegans.

EXPERIMENTAL PROCEDURES

C. elegans Strains and Culture—The following mutant
strains were obtained from the Caenorhabditis Genetics Cen-
ter: N2, TK22 [mev-1(kn1)], CB1377 [daf-6(e1377)], FK129
[tax-4(ks11)], CF1407 [daf-16(mu86) I;muls71]. The trans-
genic worm IS007 was kindly provided by Dr. T. K. Blackwell,
Harvard Medical School. Worms were grown on nematode
growth medium plates. Heat-killed Escherichia coliOP50 was
added as a food source.
Measurement of Aza Toxicity—The effects of four sterol

biosynthesis inhibitors (AY9944, 25-azacoprostane hydro-
chloride, triparanol, and ketoconazole) on embryogenesis
were tested by assessing embryonic lethality. N2 adults (P0)
were grown on nematode growth medium plates in the pres-
ence of 5 �g/ml of sitosterol and different concentrations of
Aza. L4 F2 progeny were transferred to a new plate and then
embryonic lethality was calculated. Lethality was measured by
allowing adult worms to lay eggs overnight at 20 °C, after
which the adults were removed and the percentage of eggs
that hatched after 1 day were determined. Each experiment
was repeated three times and at least 100 eggs were counted
in each case. The results represent the average of more than
three experiments, and the bars represent standard devia-
tions. We also determined Aza toxicity (EC50) in an index-of-
reproduction assay as previously described (44), with slight
modifications.
Cholesterol Quantification Assay—Total cholesterol levels

were determined using an Amplex Red Cholesterol Assay Kit
(Invitrogen, Calsbad, CA). Synchronized populations were
obtained by allowing adults to lay eggs at 20 °C for 5–6 h on
plates with or without Aza. After 4 days, samples were col-
lected and homogenized in 100 �l of 1� buffer included in
the kit. The homogenate was centrifuged at 5000 � g for 5
min, and the supernatant was transferred to a new tube. A
10-�l aliquot was assayed according to the kit instructions
and measured in an Infinite F500 microplate reader (Tecan
Group Ltd., Mannedorf, Switzerland) with a 535-nm excita-
tion filter and a 580-nm emission filter. Cholesterol levels
were normalized to protein in each homogenate using a Brad-
ford assay (Bio-Rad, Hercules, CA). Samples were prepared in
triplicate; each experiment was repeated at least two times;
and the resulting data were pooled. Data were analyzed using
unpaired two-tailed Student’s t tests with unequal variance
(45).
Measurement of Intracellular ROS in C. elegans—Intracel-

lular ROS in C. elegans were measured using 2�,7�-dichlorodi-
hydrofluorescein diacetate (H2DCF-DA) as a molecular probe
(Molecular Probes Inc., Eugene, OR). For ROS detection un-
der normal culture conditions, worms that had just reached
adulthood were treated with or without 25 �M Aza for 4 days.
At the end of the treatment period, worms were collected into
100 �l of phosphate-buffered saline (PBS) with 1% Tween 20
in microcentrifuge tubes. The worms were then sonicated
(UP200S, Hielscher Ultrasonics GmbH, Teltow, Germany)
and pipetted into microcentrifuge tubes containing
H2DCF-DA (final concentration, 50 �M in PBS). Samples
were read every 30 min for 1 h at 37 °C in a fluorescence spec-
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trophotometer (SFM-25, Kontron Instruments AG, Zurich,
Switzerland) (46) with excitation at 485 nm and emission at
530 nm.
Oxidative Stress Resistance—The young adult worms were

transferred to an M9 solution containing 100 mM paraquat
(1,1�-dimethyl-4,4�-bipyridinium dichloride) (Sigma,
St. Louis, MO) and incubated at 20 °C. Dead worms were
counted every 5 h up to the 20-h time point. Thirty worms
from each strain were treated with paraquat, and the experi-
ment was performed three times.
GFP Expression Assay—daf-16(mu86)muls71[DAF-

16a::GFP], Is007[SKN-1::GFP], and dpy-20 Ex[DAF-28::GFP]
worms were transferred to plates with or without Aza. After
3–4 days, the expression of green fluorescent protein (GFP)
was visualized using a Zeiss Axioscope microscope. Three
independent experiments were performed and used for data
processing.
Lifespan Measurement—Synchronized populations were

obtained by allowing adults to lay eggs at 20 °C for 5–6 h on
plates with or without Aza. After reaching the L4 stage,
worms were transferred onto nematode growth medium
plates (with heat-killed E. coliOP50) containing floxuridine
(80 �M) and Aza (25 �M). The number of live animals was
scored every 1–2 days until death, which was defined as the
failure to respond to gentle prodding on the head and tail
with a platinum wire.
RNA Isolation and Real Time Quantitative Reverse Tran-

scription-Polymerase Chain Reaction (qRT-PCR)—Total RNA
was isolated with an RNAspin Mini isolation kit (GE Health-

care, Piscataway, NJ). Total RNA was reverse transcribed us-
ing the Transcriptor First Strand cDNA Synthesis Kit (Roche
Diagnostics Corp., Indianapolis, IN). The cDNA was quanti-
fied using a Nanodrop spectrophotometer (ND-1000) and
then used in qRT-PCR. A total of 500 ng of cDNA per sample
was used in a total volume of 50 �l, and reactions were per-
formed in an MJ Research Chromo4 Detector using the
QuantiTect SYBR Green PCR kit as described by the manu-
facturer (Qiagen). Targets (INS-1, INS-7, INS-18, and DAF-
28) were amplified from treated samples using specific prim-
ers (supplemental Table S1). Amplification and analysis of
mRNA were performed in triplicate, and mRNA levels in the
tested strains were normalized to those in the N2 strain and
compared with each other. Serially diluted N2 cDNA (500 to
0.05 ng) was used to construct a standard curve for qRT-PCR
using �-actin as an internal control.
Statistics—Unless otherwise specified, the data presented

throughout are the mean � S.D. from triplicate determina-
tions obtained in three independent experiments.

RESULTS

Acute Toxicity of Aza on C. elegans Development—The dis-
turbance of sterol metabolism in C. elegans by Aza toxicity
has been well documented (1, 3, 47, 48). Our investigation
addressed the biochemical and cellular mechanism underly-
ing Aza toxicity, focusing on Aza toxicity in the second gener-
ation (F2) after initial Aza treatment of parental worms (P0).
To this end, we modified our previous experimental proce-
dures as outlined in Fig. 1B such that worms were grown in

FIGURE 1. The development of C. elegans is affected by the sterol biosynthesis inhibitor Aza. A, the sterol biosynthesis pathway and sites of action of
four sterol biosynthesis inhibitors in the nematode C. elegans and mammals. C. elegans has no de novo sterol biosynthesis pathway, but can utilize various
plant sterols (e.g. sitosterol, stigmasterol) by converting them via sterol dealkylation into 7-dehydrocholesterol and then by 7-dehydrocholesterol reductase
into cholesterol for normal growth and development. B, experimental flow chart (Sito, Sitosterol). C, total number of offspring plotted against the Aza con-
centration administered to wild-type N2 worms. The solid black vertical lines represent a 50% reduction in the total number of offspring (EC50 � 23.81 �M).
D, total cholesterol levels were measured in the adult stage using a cholesterol oxidase-based procedure and normalized to total protein. Each value repre-
sents the average of three independent experiments with three replicates of worms in each condition. Error bars represent the S.D., and p values were de-
termined using Student’s t test (**, p � 0.01 versus sitosterol without Aza; NS, not significant).
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the presence of sitosterol and 25 �M Aza on a plate instead of
in liquid culture. Sitosterol, a commonly used sterol source
for C. elegans culture, was included in the medium as a sup-
plement throughout these toxicity experiments (1). On the
basis of preliminary experiments in which parental worms
(P0) were treated with several doses of Aza (0–100 �M), we
selected a concentration of 25 �M (10 �g/ml) for routine as-
sessment of Aza toxicity on C. elegans because this is approxi-
mately the EC50 of Aza with respect to the reduction in the
number of offspring (23.81 �M; Fig. 1C). This dose of Aza (25
�M) was also found to profoundly reduce total body choles-
terol (by 82.5%), producing sterol-deprivation conditions (Fig.
1D). There was essentially no toxic effect of Aza on C. elegans
when cholesterol was used as the main sterol source (Fig. 1D).
As a prelude to determining whether other biological con-

sequences were associated with Aza toxicity at 25 �M, we first
measured the MLS of C. elegans (n � 50/group) that had been
grown in different concentrations (0, 1, 5, 10, and 20 �g/ml)
of cholesterol without Aza. N2 strain worms grown in the
absence of cholesterol showed about a 40% reduction in MLS,
whereas all other groups showed essentially the same normal
MLS (�25.09 days), suggesting that as long as worms receive
�1 �g/ml of cholesterol, their MLS remained unchanged.
Treatment of N2 worms (n � 90) with 25 �M Aza in the pres-
ence of 5 �g/ml of sitosterol caused a 35% reduction in MLS
(16.5 days) compared with those grown in the presence of
sitosterol alone (25.2 days; Fig. 2B and Table 1). Interestingly,
similar reductions in MLS (�35–38%) were observed for
stress-sensitive daf-16(mu86) and gas-1(fc21) mutants grown
in the presence of 25 �M Aza. In contrast, no significant
changes in MLS were observed in the stress-resistant daf-

2(e1370) strain (�3.1%) or themev-1(kn1) mitochondrial
complex II mutant strain (�2.8%; Fig. 2C and Table 1). Fur-
thermore, MLS of both daf-16(mu86) and skn-1(zu67) mu-
tants was increased as the cholesterol concentration in the
medium was elevated (17% increase in daf-16(mu86) and 26%
increase in skn-1(zu67), Fig. 2D). This result indicates that
cholesterol profoundly influences downstream genes of IIS,
DAF-16, and SKN-1. Thus, cholesterol depletion by Aza may
target both IIS and mitochondrial complex II.
Aza Toxicity Is Coupled to ROS Production via Mitochon-

drial Dysfunction—The sterol biosynthesis inhibitor micona-
zole, which targets eukaryotic lanosterol 14�-demethylase
(49), has been previously reported to increase ROS levels (50).
To determine whether increased ROS might have contributed
to the reduction of the lifespan in the Aza-treated N2 group,
we measured ROS production in Aza-treated worms and con-
trols using H2DCF-DA staining (46). We found a 2.71 (� 0.4)-

FIGURE 2. Effect of Aza on C. elegans longevity. A, MLS of C. elegans grown in different concentrations of cholesterol: 0 �g/ml, 15.96 days; 1 �g/ml, 23.47
days; 5 �g/ml, 25.09 days; 10 �g/ml, 24.3 days; and 20 �g/ml, 25.08 days (n � 50). B, effect of Aza on the longevity of C. elegans grown in the presence of
sitosterol. With Aza (F); without Aza (E) (n � 90 each). C, effect of Aza treatment on the longevity of C. elegans mutants grown in the presence of sitosterol.
Mean, standard errors, and statistical analyses of independent experiments performed in triplicate are presented in Table 1. D, MLS of C. elegans mutants
grown in different concentrations of cholesterol. In mev-1(kn1) mutant, 16.3 (at 5 �g/ml) and 15.5 days (at 20 �g/ml); in daf-16(mu86) mutant, 13.7 (at 5 �g/
ml) and 16 days (at 20 �g/ml); in skn-1(zu67), 19 (at 5 �g/ml) and 24 days (at 20 �g/ml) (n � 40).

TABLE 1
Effect of Aza treatment on the lifespan of C. elegans mutants
These results represent the average of three independent experiments; p values
were determined using Student’s t test.

Strain(treatment)
MLS (�S.D.)

at 20 °C Change

p value
versus
control

Total worms (n in
three independent

experiments)

days %
N2(�) 25.24 � 0.68 96 (31, 32, 33)
N2(AZA) 16.47 � 0.49 �34.8 	0.001 98 (30, 33, 35)
daf-16(mu86)(�) 18.83 � 1.07 74 (24, 25, 25)
daf-16(mu86)(AZA) 11.69 � 0.59 �38.0 	0.001 84 (26, 29, 29)
mev-1(kn1)(�) 15.96 � 0.87 116 (39, 37, 40)
mev-1(kn1)(AZA) 15.52 � 0.66 �2.8 0.56 133 (41, 46, 46)
gas-1(fc21)(�) 20.12 � 0.47 70 (20, 23, 27)
gas-1(fc21)(AZA) 12.98 � 0.88 �35.5 	0.001 72 (20, 22, 30)
daf-2(e1370) (�) 37.23 � 0.68 90 (25, 30, 34)
daf-2(e1370) (AZA) 36.09 � 0.69 �3.1 0.65 68 (20, 22, 24)
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fold increase in ROS levels in Aza-treated worms grown in
sitosterol (Fig. 3A), confirming a role for sterol biosynthesis
inhibition in ROS production (50). However, worms treated
with Aza in the presence of cholesterol exhibited no increase
in ROS (Fig. 3A), indicating that Aza treatment not only inter-
rupts the reversible conversion of sitosterol to cholesterol
(resulting in cholesterol depletion) (3, 48), but also causes an
increase in ROS production through mitochondrial dysfunc-
tion (see below). Again, the MLS of Aza-treated worms grown
in the presence of cholesterol were not changed (data not
shown), confirming the importance of the presence of choles-
terol for normal development and aging.
Because ROS is also generated during normal metabolism

in mitochondria (17), we determined the effects of Aza treat-
ment on ROS generation and MLS in the presence of sitoste-
rol in themev-1(kn1) strain, a mitochondrial complex II mu-
tant with a defective cytochrome b subunit, which is involved
in oxidative phosphorylation. This mutant was previously
shown to exhibit a reduced MLS, probably due to increased
ROS production (51). As shown in Fig. 3B, there was no sig-
nificant difference in ROS production between Aza-treated
and controlmev-1(kn1) strain worms (0.92 � 0.12-fold). In
contrast, there was a substantial increase in ROS production
in Aza-treated N2 worms (3.08 � 0.31-fold), and Aza-treated
worms of the gas-1(fc21) strain (7.3 � 0.43-fold), a mitochon-
drial complex I mutant. In another set of experiments where

worms were grown in the medium with different concentra-
tions of cholesterol (0, 5, and 20 �g/ml), it was seen that cho-
lesterol depletion causes reduction in oxidative stress resis-
tance (supplemental Fig. S1). These results clearly indicate
that cholesterol depletion (either by Aza treatment or no sup-
plement) increases ROS production in the mitochondria of
N2 worms, whereasmev-1(kn1) mutants are insensitive to
Aza treatment-mediated cholesterol depletion. Thus, Aza
treatment of worms might target mitochondrial complex II,
which causes a further increase in ROS (�3–7-fold) that may
subsequently lead to lifespan reduction.
Aza Exerts Its Toxicity by Modulating IIS in ASI Neurons—

It is well known that a reduction in IIS induces stress resis-
tance and lifespan extension in C. elegans (33), and that cho-
lesterol depletion causes an increase in insulin secretion in
mammals (52). Because Aza treatment decreased MLS (35–
38%) in N2 worms, and stress-sensitive daf-16(mu86)
and gas-1(fc21) mutants (Table 1, Fig. 2, B and C), we tested
whether sterol depletion by Aza treatment also caused
changes in IIS by measuring changes in the expression and
localization of DAF-16 and SKN-1, nuclear-localized tran-
scription factors that are regulated by DAF-2 and oxidative
stress (32–34, 53). As shown in Fig. 4A, there was essentially
no change in the localization of SKN-1 or DAF-16 in the in-
testine following treatment of SKN-1::GFP and DAF-16::GFP
transgenic worms with 25 �M Aza. However, the expression
level of SKN-1, but not DAF-16, was reduced in ASI neurons
(Fig. 4B), indicating that the detrimental Aza-induced effect
may be independent of DAF-16.
In C. elegans,most insulin ligand candidates are expressed

in either ASI neurons or the intestine (39, 54). We selected
DAF-28, INS-7, INS-1, and INS-18 from the known insulin
ligands and measured changes in their relative expression
upon treatment with 25 �M Aza using real time qRT-PCR. As
shown in Fig. 5A, mRNA levels of the insulin receptor agonist
daf-28 were increased about 5-fold in N2 worms, whereas
mRNA levels of the insulin receptor antagonist ins-1 were
decreased. Collectively, these results suggest that Aza treat-
ment does not affect DAF-16 expression or localization but
causes an increase in DAF-2 signaling in ASI neurons. This
conclusion is further supported by the fact that Aza treatment
reduced MLS (Fig. 2C and Table 1), and suggests that Aza-
mediated sterol depletion causes a decrease in MLS by acti-
vating the upstream DAF-2 pathway (Table 1), not by chang-
ing DAF-16 expression. Because daf-28 expression is also
known to be increased in daf-6(e1377) mutants compared
with the N2 strain (38), we examined whether daf-6, which
encodes an SSD-containing patched-related protein (41), reg-
ulates DAF-28 production under Aza treatment conditions.
As shown in Fig. 5B, treatment of worms with Aza caused an
increase in daf-28 expression in N2 worms. Although the ba-
sal level of daf-28 expression in the daf-6(e1377) mutant was
higher than that in N2 in the absence of Aza, daf-28 expres-
sion was essentially unchanged by Aza treatment, consistent
with previous results (38). However, Aza treatment induced a
1.75 (� 0.33)-fold increase in daf-28 expression in the tax-
4(ks11) chemotaxis-defective mutant. Furthermore, Aza treat-
ment of daf-16(mu86) mutants caused an increase in expres-

FIGURE 3. Effects of Aza treatment on ROS production in C. elegans. ROS
production was measured using a H2DCF-DA-based fluorometric assay.
Worms were grown in the presence of 5 �g/ml of sitosterol or cholesterol
plus 25 �M Aza for 4 days, and ROS were measured. A, data are the means of
ROS levels in N2 in the presence or absence of Aza. Aza treatment does not
directly induce ROS production but instead increases ROS through choles-
terol depletion. B, differential production of ROS by Aza treatment in N2
and mev-1(kn1) mutants. Each value represents the average of three inde-
pendent experiments. Error bars represent the S.D., and p values were deter-
mined using Student’s t test (**, p � 0.01; *, p � 0.05; NS, not significant).
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sion of two DAF-16 target genes, sod-3 andmtl-1 (Fig. 5C),
indicating that Aza-induced expression of these genes was
independent of DAF-16. Expression of gst-7, which encodes a
predicted glutathione S-transferase, remained unchanged un-
der the same conditions. However, expression of gcs-1 or
gst-10 that are regulated by SKN-1 (34, 35) was decreased by
Aza treatment, which is quite contrary to that of sod-3 or
mtl-1 (Fig. 5D). This indicates that cholesterol may control
SKN-1 expression.

DISCUSSION

Here, we explored the potential biochemical mechanism
underlying Aza-mediated cholesterol deprivation in the con-
text of oxidative stress and longevity reduction. One impetus
for this study was to highlight the importance of sterol metab-
olism in C. elegans, a metabolic pathway that facilitates the

utilization of plant sterols (e.g. sitosterol, stigmasterol) and is
also a target of a novel nematicide (55). A few points are
worth noting with respect to the persistence of sterol deple-
tion with Aza treatment. First, although the effects of Aza-
induced cholesterol depletion in the nematode body are visu-
ally striking (Fig. 1D), it is not known exactly when depletion
first occurs because we have not yet performed a time course
study measuring sterols in worms treated with Aza. Second,
in an earlier report, several different sterols in C. elegans were
depleted by Aza treatment; cholesterol was depleted to �1%
of the level typically found in C. elegans after culturing with a
concentration of Aza approximately one-half that used in the
present study (47). From the results from our laboratory, it
was observed that a transgenic worm, called cholegans, which
can produce endogenous cholesterol by converting 7-dehy-
drocholesterol showed a 30% increase in MLS when grown in
the cholesterol depletion condition (56). This transgenic
worm can live longer (24%) when they were grown in a 7-de-
hydrocholesterol plate (5 �g/ml), suggesting the importance
of cholesterol in C. elegans longevity. Third, earlier work also
indicated that, unless cholesterol is restored to the culture
medium, sterol depletion lasts until worm death. Finally, Aza
inhibits a very specific target (sterol 24-reductase); thus, off-
target effects may be minimal. Previously, we observed that
both the levels of vit-2 and vit-6 gene expression (3) and ROS
production (Fig. 3A) were recovered when cholesterol was
added onto the medium. Apparently, the reduction of lifespan
by Aza appears to resemble the situation where N2 andmev-
1(kn1) are grown in the absence of sterol (Fig. 2A).
It is conceivable that the failure to convert sitosterol to cho-

lesterol might have an impact on redox balance. However,
this conversion involves one simple hydrogenation, which
should be quantitatively undetectable against the backdrop of
all other hydrogen transfers taking place in the worm (48).
Because Aza lacks double bonds and C. elegans does not de-
grade cholesterol to CO2 (57), we would expect Aza to be
quite stable. Furthermore, earlier experiments with radiola-
beled cholesterol, desmosterol, and sitosterol in bacteria-free
medium showed no evidence for degradation into CO2 (i.e. all
radioactivity was recovered in the medium; none was lost),
something that would have been evident if the sterols were
being degraded.3 Therefore, we would expect a saturated ste-
roid like Aza to remain intact in medium or in C. elegans for
months.
It has been known for some time that cholesterol depletion

caused by either nutritional modulation (7) or defects in
mammalian cholesterol biosynthesis (58, 59) is closely linked
to an increase in embryonic lethality. In fact, we also observed
about 30% embryonic lethality in F2 worms after growing
adult (P0) worms in the presence of 25 �M Aza (�EC50) at
25 °C (data not shown). This F2 embryonic lethality following
Aza treatment of P0 worms may be among the best currently
available means to quantitatively assess the toxicity of Aza on
C. elegans development. Note that the embryonic-lethal phe-
notype associated with knockdown of a mitochondrial sub-

3 D. J. Chitwood, unpublished data.

FIGURE 4. SKN-1 and DAF-28 expression in Aza-treated C. elegans. A, ex-
pression of SKN-1 (a, Aza-untreated; b, Aza-treated) and DAF-16 (c, Aza-un-
treated; d, Aza-treated) in the intestines of adults in the absence or pres-
ence of Aza. Arrows indicate intestinal cell nuclei. B, expression of SKN-1 (a,
Aza-untreated; b, Aza-treated) and DAF-28 (c, Aza-untreated; d, Aza-treated)
in ASI neurons in the absence or presence of Aza. The arrow indicates the
ASI neuron. A representative picture from one of three independent experi-
ments (n � 20) is shown. Scale bar � 20 �m.
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unit gene using small interfering RNAs (60) is very similar to
that observed under our sterol-depletion conditions. Thus,
the embryonic lethality caused by sterol depletion may also be
due to mitochondrial dysfunction. The toxic reaction of Aza
is reversible and thus can be rescued by adding cholesterol to
the medium.
An increase in ROS production caused by Aza-mediated

cholesterol depletion would more likely be induced by com-
plex II dysfunction than by complex I dysfunction, resulting
in appearance of resistance in themev-1(kn1) strain. That is,
sterol depletion caused by Aza might only increase ROS pro-
duction in the gas-1(fc21) strain, and not in themev-1(kn1)
strain (Fig. 3B). This is very similar to the previous report that
the gas-1(fc21) strain was sensitive to anesthetic conditions
but themev-1(kn1) strain was not (61), suggesting that mito-
chondrial complex II is involved in cholesterol deprivation-
mediated ROS production. Thus, Aza treatment not only
caused mitochondrial dysfunction and decreased SKN-1 ex-
pression, which consequently led to ROS overproduction, but
also stimulated DAF-28 expression in amphid neurons (Fig. 4,
B–D). Down-regulation of SKN-1 expression in ASI neurons
by Aza treatment might be responsible for the observed mito-

chondrial dysfunction, given that SKN-1 expression is known
to be involved in mitochondrial respiration and is activated by
dietary restriction, which leads to lifespan extension in C. el-
egans (36). Taken together, these results imply that Aza treat-
ment causes an induction of DAF-28 that is coupled to SKN-1
suppression, culminating in lifespan reduction (Fig. 5D).
In daf-2(e1370) mutants that received Aza treatment, there

was no apparent decrease in MLS (data not shown). This may
be due to the fact that this mutant does not have any sensitiv-
ity to change in insulin level but contains a defense system
against oxidative stress that would have been caused by Aza
treatment. Upon Aza treatment, the elevated level of ROS
would also have stimulated DAF-16 and SKN-1. At the same
time, IIS would also have been activated, which might offset
the activation of DAF-16 and SKN-1 in Aza-treated daf-
2(e1370) mutants. This result suggests again that cholesterol
is a key sterol controlling IIS. Contrary to sod-3, the expres-
sion levels of gcs-1 and gst-10, SKN-1 target genes that are
regulated independently of daf-16, were decreased by Aza
treatment (Fig. 5D). This result agrees that sterol depletion
causes IIS activation (Fig. 5A). In contrast to N2 worms or
tax-4mutants, expression of daf-28 was not increased in Aza-

FIGURE 5. Aza-induced changes in the expression of insulin-related genes in C. elegans. A, expression levels of major insulin-like genes in the C. elegans
N2 strain: daf-28 and ins-7 (agonist) versus ins-1 and ins-18 (antagonists). B, expression level of daf-28 in N2, daf-6(e1377), and tax-4(ks11) strains. C, expres-
sion levels of the major stress response genes, sod-3, mtl-1, and gst-7, well known DAF-16 target genes in C. elegans. Each value represents the average of
three independent experiments. Error bars represent the S.D., and p values were determined using Student’s t test (*, p � 0.05; **, p � 0.01; NS, not signifi-
cant). D, expression levels of SKN-1 target genes, gst-10 and gcs-1, upon Aza treatment. Each value represents the average of three independent experi-
ments. Error bars represent the S.D., and p values were determined using Student’s t test (*, p � 0.05). E, working model of Aza effects on aging in C. elegans.
Sterols can be sensed by DAF-6 in amphid neurons; subsequent control of SKN-1 and DAF-28 by DAF-6 in amphid neurons regulates respiration and ROS
response through changes in endocrine signaling.
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treated daf-6mutants (Fig. 5B), in which ciliated neurons
might not be able to perceive environmental signals due to
defects in amphid lumen formation (41). Like many choles-
terol regulatory proteins or biosynthesis enzymes, notably
3-hydroxy-3-methylglutaryl-coenzyme A reductase (42),
DAF-6 may respond to changes in sterol through its SSD (41,
62) and alter the expression of associated genes (i.e. daf-28).
Thus, DAF-6 can sense cholesterol depletion by Aza treat-
ment and then activates IIS through DAF-28, resulting in re-
duction of MLS.
This is perhaps the most reasonable connection point in

amphidial sensory neurons between sterols and IIS, both of
which are essential for worms to respond to environmental
insults. With respect to the sterols-amphid connection, in-
tense filipin staining in the amphids has been reported, indi-
cating accumulation of cholesterol in this region (63). Earlier
data (64) also suggest that the amphid and phasmid socket
cells accumulate a sterol metabolite rather than unmodified,
exogenously added cholesterol itself. Thus, when sterol is de-
pleted by Aza treatment, C. elegansmay interpret this as an
environmental insult. This may be responded to by amphid
neurons, which subsequently activate IIS signaling with
SKN-1 suppression in ASI neurons, resulting in reduction of
lifespan (Fig. 5D).
It was thought that cholesterol depletion might have caused

dafachronic acid deficiency, which subsequently induces
dauer development through daf-9 and daf-12 signaling (65).
However, it was observed that cholesterol depletion also
caused a lifespan reduction in daf-9(e1406); daf-12(m20) mu-
tant (6). Thus, longevity regulation by cholesterol depletion
may be independent of the steroid signaling pathway where
DAF-12 and dafachonic acid are involved.
Our data show that cholesterol depletion was achieved by

Aza treatment at 25 �M (�EC50), establishing specific condi-
tions under which sterol depletion-related stress can be ob-
served. We found that the MLS of Aza-treated worms, includ-
ing N2 and several stress-resistant mutants, were significantly
reduced due to increased ROS production. The potential tar-
gets of Aza-mediated sterol depletion may be IIS and the mi-
tochondrial oxidative phosphorylation system. Our findings
suggest that sterol depletion by Aza causes a disturbance in
mitochondrial membranes, thereby triggering an overproduc-
tion of ROS that is sensed by amphidial neurons, which sub-
sequently activate IIS but decrease SKN-1, resulting in re-
duced longevity of adult C. elegans. We also found that
DAF-6, through its SSD, may be responsible for sensing the
sterol depletion caused by Aza, providing the most reasonable
connection point between sterols and IIS in amphid neurons,
which are important for the ability of worms to respond to
environmental insults.
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C., Schmidt, A. W., Knölker, H. J., Ward, S., and Kurzchalia, T. V. (2004)
PLoS Biol. 2, e280

Basis for Azacoprostane Effects on C. elegans Longevity

7256 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 9 • MARCH 4, 2011


