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2-Hydroxy-oleic acid (2OHOA) is a potent anticancer drug
that induces cancer cell cycle arrest and apoptosis. Previous
studies have suggested that 2OHOA’s anticancer effect is medi-
ated by SMS activation in cancer cells, including A549 and U118
cells. To confirm this phenomenon, in this study, we treated
both A549 and U118 cells with 2OHOA and measured SMS
activity. To our surprise, we found neither 2OHOA-mediated
SMS activation nor sphingomyelin accumulation in the cells.
However, we noted that 2OHOA significantly reduces phos-
phatidylcholine in these cells. We also did not observe 2OHOA-
mediated SMS activation in mouse tissue homogenates. Impor-
tantly, 2OHOA inhibited rather than activated recombinant
SMS1 (rSMS1) and rSMS2 in a dose-dependent fashion. Intra-
gastric treatment of C57BL/6J mice with 2OHOA for 10 days
had no effects on liver and small intestine SMS activities and
plasma sphingomyelin levels. The treatment inhibited lyso-
phosphatidylcholine acyltransferase (LPCAT) activity, consis-
tent with the aforementioned reduction in plasma phosphati-
dylcholine. Because total cellular phosphatidylcholine is used as
a predictive biomarker for monitoring tumor responses, the pre-
viously reported 2OHOA-mediated cancer suppression could
be related to this phosphatidylcholine reduction, which may
influence cell membrane structure and properties. We conclude
that 2OHOA is not a SMS activator and that its anticancer
property may be related to an effect on phosphatidylcholine
metabolism.

2-Hydroxy-oleic acid (2OHOA)3 is a potent anticancer drug
that induces cancer cell cycle arrest (1), differentiation (2), and

death (3–5). The European Medicines Agency has designated
2OHOA as an orphan drug for the treatment of glioma.

However, the underlying mechanisms leading to cancer cell
death remain largely unknown, although it has been reported
that the effect was mediated by activation of sphingomyelin
synthase (SMS) in cancer cells and accumulation of cell sphin-
gomyelin levels (6).

The biochemical synthesis of SM occurs through the action
ofserinepalmitoyltransferase,3-ketosphinganinereductase,cer-
amide synthase, dihydroceramide desaturase, and SMS (7).
SMS catalyzes the conversion of ceramide to sphingomyelin.
The SMS gene family consists of three members, SMS1, SMS2,
and SMS-related protein (SMSr). SMS1 is found in the trans-
Golgi complex, whereas SMS2 is predominantly found in the
plasma membranes (8, 9). SMSr, the third member of the gene
family, has no SMS activity but catalyzes the synthesis of cer-
amide-phosphoethanolamine in the ER lumen (8, 10). We
and another research group reported that systemic SMS1 KO
exhibited moderate neonatal lethality (11, 12) (i.e. 25% of
homozygotes die during the first 3 weeks; the remainder can
grow to adulthood). On the other hand, SMS2 KO mice display
no obvious abnormalities and grow to adulthood (13). We and
others have suggested that SMS2 might be a therapeutic target
for metabolic diseases, including type 2 diabetes, fatty liver,
and atherosclerosis (14 –20). However, the potential effect of
2OHOA on SMS activation (6) could compromise the effort of
SMS2 inhibitor exploration (21). In this study, we re-evaluated
the effect of 2OHOA on SMS activity, using the same cells
reported by previous studies (6), and we could not repeat what
had been reported. We further explored a potential 2OHOA-
mediated anti-cancer mechanism.

Results

2OHOA does not activate SMS activity

We re-evaluated the effect of 2OHOA on SMS. To our sur-
prise, we did not find the same effect of 2OHOA reported
before (6). We first incubated 2OHOA (200 �M) with mouse
liver homogenate and then measured SMS activity: generation
of NBD-SM from NBD-ceramide. We not only did not observe
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the activation, but also observed some inhibition, although it
did not reach statistical significance (Fig. 1, A and B). Moreover,
we performed the same analysis on homogenates from either
HEK293 cells or HeLa cells, and we observed a significant
reduction instead of induction on SMS activity in a dose-depen-
dent fashion (Fig. 1, C and D).

It has been reported that the treatment of 2OHOA (200 �M)
on U118 and A549, two cancer cell lines, could stimulate SMS
activity in both cells, leading to cell death (6). We next re-eval-
uated this assay. We first determined the cell survival rate after
2OHOA treatment in different doses. Indeed, 200 �M 2OHOA
could significantly reduce the survival rate of U118 cells (Fig.
2A) and A549 cells (Fig. 2B). We treated U118 and A549 cells
with 2OHOA (200 �M) and then used the cell homogenates for
SMS activity analysis. Again, we did not find significant changes
of SMS activity in either cell line (Fig. 2, C and D). Further, we
treated mouse primary macrophages with 200 �M 2OHOA, and
we again did not find any significant changes in SMS activity
(Fig. 2E). These results indicate that 2OHOA cannot stimulate
SMS activity in our tested cancer cells and macrophages.

To directly test the effect of 2OHOA, we transfected insect
cells with SMS1-Strep tag and SMS2-Strep tag and purified
both proteins, which have high SMS activity (Fig. 3A). We then
incubated the purified proteins with different concentration of
2OHOA for 2 h, and we found that 2OHOA has a dose-depen-
dent inhibition of SMS1 (Fig. 3, B and D) and SMS2 (Fig. 3, C
and E) instead of activation.

2OHOA inhibits lysophosphatidylcholine acyltransferase
(LPCAT) activity

2OHOA is an analog of oleic acid that can be used as a sub-
strate for LPCAT activity. It seems to be reasonable that
2OHOA could interfere with LPCAT activity by competing
with acyl-CoA. Indeed, when we utilized tissue homogenates
from mouse liver, lung, brain, and testis to test LPCAT activity,

using oleoyl-CoA, we found that 2OHOA inhibits LPCAT
activity in a dose-dependent manner (Fig. 4, A–D). We then
treated both mouse liver and small intestine homogenates with
200 �M 2OHOA and oleoyl-CoA, and we found a dramatic
reduction of LPCAT activity (Fig. 4E). However, when we used
arachidonyl-CoA as a substrate, the liver inhibition did not
reach to statistical significance (Fig. 4F), indicating that
2OHOA may have minimal effect on LPCAT3, one of the four
isoforms of LPCAT. Arachidonyl-CoA is the optimal substrate
for LPCAT3 (22). Based on the structure of 2OHOA, most
likely, it could compete with the substrate of LPCAT (i.e. oleoyl-
CoA and some other acyl-CoA). Potentially, any biochemistry
reaction with oleoyl-CoA as a substrate could be influenced by
2OHOA treatment. Thus, it is not likely that 2OHOA could
influence mRNA and protein levels of SMS1, SMS2, and
LPCAT.

2OHOA treatment has no effect on cellular and membrane SM
levels but significantly reduces phosphatidylcholine (PC) levels

It has been reported that the treatment of 2OHOA (200 �M)
on U118 and A549 cells caused SM accumulation owing to SMS
activation (6). To re-evaluate this, we extracted the lipids from
A549 cells after 2OHOA (200 �M) treatment and measured PC
and SM subspecies using LC/MS/MS. We found that almost all
tested PCs were significantly reduced (Table 1). However, no
tested SMs had any significant changes (Table 2), except 18:0,
which is a minor SM (less than 3% of all tested SM). These
results again indicated that 2OHOA is not a SMS activator.

To further investigate the effect of 2OHOA on cell plasma
membrane, we studied lysenin-mediated cell lysis. Lysenin is a
SM-specific cytotoxin. Lysenin recognizes plasma membrane
SM only when it forms aggregates or microdomains and then
causes cell lysis (23). If 2OHOA could indeed induce SM accu-
mulation on the plasma membrane, as suggested previously (6),
then the lysenin should cause more cell death. However, we did
not observe any changes in lysenin-mediated A549 cell mortal-
ity with or without 2OHOA treatment (Fig. 5), suggesting no
SM increasing on the plasma membrane. These results again
indicated that 2OHOA is not a SMS activator.

2OHOA inhibits LPCAT activity: in vivo study

We next investigated in vivo effects of 2OHOA. We treated
C57BL/6 mice with 2OHOA (600 mg/kg, intragastrically) once
daily for 7 days. We found that the treatment had no effect on
liver and small intestine SMS activity (Fig. 6, A and B), but
significantly reduced liver and small intestine LPCAT activity,
when oleoyl-CoA was used (Fig. 6, C and D). Moreover,
2OHOA significantly decreased plasma PC, cholesterol, and
triglyceride levels (Fig. 7, A, C, and D). We also measured
plasma subspecies of PC, using LC/MS/MS, and found that
almost all PCs were significantly reduced (Table 3). Impor-
tantly, plasma SM levels were reduced instead of increased (Fig.
7B), although it did not reach statistical significance. We also
measured plasma subspecies of SM and found that SM16:0 was
significantly reduced, whereas two other major species, SM
24:0 and SM24:1, were reduced, but did not reach to statis-
tical significance (Table 4). We also observed that two minor
SMs (SM18:0 and SM18:1) were significantly increased, but

Figure 1. 2OHOA does not activate SMS (tissue homogenates). A, liver
SMS activity measurement. Mouse liver homogenate was incubated with
2OHOA (200 �M) together with NBD-ceramide. NBD-SM, the product of SMS,
was separated by TLC. B, quantification of SMS activity. C, HEK293 cell SMS
activity measurement with the indicated dose of 2OHOA. D, HeLa cell
SMS activity measurement with the indicated dose of 2OHOA. Values are
mean � S.D. (error bars), n � 5; *, p � 0.05.
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they only compose about 3% of total plasma SM levels. These
results indicate that 2OHOA has a significant effect on
plasma PC but not SM, suggesting, again, that 2OHOA is not
a SMS activator.

Discussion

We have reported that inhibition of SMS activity can reduce
atherogenic lipoprotein production and attenuate endotoxin-
mediated macrophage inflammation (12, 24, 25). Likewise,
SMS inhibition could be a new therapeutic target for the treat-
ment of atherosclerosis. However, based on existing reports,
inhibition of SMS seems to result in tumorigenesis, because

2OHOA, a potent anticancer drug, could activate SMS in can-
cer cells (6). We thus re-evaluated the effect of 2OHOA on
SMS.

In this study, we found that 2OHOA treatment 1) has no
effect on SMS activation in tested cancer cells, normal cells, and
mouse tissue homogenates and has no effect of SM accumula-
tion in cancer cells; 2) inhibits instead of activates rSMS1 and
rSMS2 activity in a dose-dependent manner; and 3) can
inhibit LPCAT but not LPCAT3 activity and significantly
reduces phosphatidylcholine levels.

Although we cannot explain the discrepancy between our
results and a previous report, in fact, we repeated the experi-

Figure 2. 2OHOA does not activate SMS (ex vivo). U118 cells (A) and A549 cells (B) were treated with different concentration of 2OHOA for 24 h, and cell
mortality was monitored by an MTT assay. Cells were treated with 200 �M 2OHOA, and then NBD-ceramide was added to the cell culture medium and
incubated for 30 min. SMS activity was measured in U118 cells (C), A549 cells (D), and macrophage cells (E). Values are mean � S.D. (error bars), n � 3–5.

Figure 3. 2OHOA does not activate purified SMS. SMS1-His tag and SMS2-His tag were purified from transfected insect cells (see “Experimental procedures”).
A, SMS activity of SMS1-His tag and SMS2-His tag. SMS1-His tag and SMS2-His tag (1 �g) were incubated with 200 �M 2OHOA for 2 h, and then SMS activity was
measured by adding NBD-ceramide. NBD-SM was the product. B, effect of 2OHOA on SMS1-His tag. C, effect of 2OHOA on SMS2-His tag. D and E, quantification
of SMS activity by SMS1-His tag and SMS2-His tag. Values are mean � S.D. (error bars), n � 3.
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ments that were reported (6). We treated U118 and A459 can-
cer cell lines with 2OHOA, and we found significant changes in
neither SMS activity (Fig. 2, B and C) nor cellular SM levels
(Table 2) and plasma membrane SM levels (Fig. 5), indicating

that the anti-cancer property of 2OHOA should not be related
with cancer cell SMS activation. However, both our study and
the previous study show that 2OHOA treatment can signifi-
cantly reduce cellular PC levels (Table 1) (6).

Tumor xenografts are a popular model for the study of the
action of new anti-tumor drugs. We also noticed that a previous
report, which analyzed changes in the lipidome of xenografts
after treatment with 2OHOA, showed the induction of two
SMs (34:1 and 42:2). Neither the rest of the major SMs nor SMS
activity levels were indicated in the tumor xenografts (26).
Interestingly, 2OHOA treatment significantly reduced almost
all major PCs (16;0/18:1, 16:0/16:0, 16:0/16:1, 16:0/18:2, 18:0/
18:2, and 16:0/20:4), although the treatment had an opposite
effect on some minor PCs (less than 5% of total PCs) (26). We
did not repeat the xenografts; however, we treated C57BL/6
mice with same dose of 2OHOA (600 mg�kg�1) for 10 days, and
we found a significant reduction of plasma PCs (Fig. 7A) but not
SM (Fig. 7B), which reflects a steady state of PC and SM metab-
olism (biosynthesis and catabolism).

PCs are first synthesized from glycerol 3-phosphate in the de
novo biosynthetic pathway, originally described by Kennedy
and Weiss in 1956 (Kennedy pathway) (27), and undergo mat-
uration in the remodeling pathway, as reported by Lands in
1958 (Lands’ cycle) (28). The PC remodeling consists of two
steps: the deacylation step, which is catalyzed by calcium-inde-
pendent phospholipase A2 (29), and the reacylation step, which
is catalyzed by LPCAT (22, 30 –33). Inhibition of LPCAT could
cause the reduction of phosphatidylcholines, which can be used
as a predictive biomarker for monitoring tumor response (21).
We further found that the 2OHOA-mediated reduction of PC
could be related with inhibition of LPCAT activity with oleoyl-
CoA but not arachidonyl-CoA as a substrate, in vitro (Fig. 4, E
and F) and in vivo (Fig. 6, C and D). Thus, 2OHOA can inhibit
activity of LPCAT but not LPCAT3, which specifically uses
arachidonyl-CoA as a substrate (34). Potentially, any biochem-
istry reaction with oleoyl-CoA as a substrate could be influ-
enced by 2OHOA treatment.

Evidence has accrued that PC, the major phospholipid com-
ponent of eukaryotic membranes, contributes to both prolifer-
ative growth and programmed cell death. On the one hand, the
PC content was shown to increase with cell transformation and
tumor progression (35–38). However, on the other hand, PC

Figure 4. 2OHOA inhibits LPCAT activity (tissue homogenates). Differ-
ence concentrations of 2OHOA were added to tissue homogenates. Tissue
total LPCAT activity (using oleoyl-CoA and NBD-lyso-PC) was measured.
Liver (A), lung (B), brain (C), testis (D), and small intestine and liver homo-
genates (E) were treated with 200 �M 2OHOA, and LPCAT activity (using
oleoyl-CoA and NBD-lyso-PC) was measured. F, liver homogenates were
treated with 200 �M 2OHOA, and LPCAT3 activity (using arachidonyl-CoA
and NBD-lyso-PC) was measured. Values are mean � S.D. (error bars), n �
3–5. *, p � 0.05.

Table 1
Changes in A549 cell PC species after 2OHOA treatment
After treatment with 2OHOA (200 �M), cells were homogenized, and protein con-
centrations were measured. Cell homogenates with the same protein concentration
were used for lipid extraction. PC peak areas were obtained after LC/MS/MS anal-
ysis. Values (arbitrary units) are mean � S.D., n � 3. NS, not significant.

PC Control 2OHOA p value

16:0/16:0 15.31 � 1.18 15.87 � 0.98 NS
16:0/18:1 66.29 � 4.58 53.84 � 4.07 �0.02
18:0/20:4 1.41 � 0.02 0.89 � 0.05 �0.001
18:1/16:0 47.14 � 4.14 39.07 � 3.09 �0.05
18:1/18:0 4.93 � 0.38 4.20 � 0.22 �0.05

Table 2
Changes in A549 cell SM species after 2OHOA treatment
After treatment of 2OHOA (200 �M), cells were homogenized, and protein concen-
trations were measured. Cell homogenates with the same protein concentration
were used for lipid extraction. SM peak areas were obtained after LC/MS/MS anal-
ysis. Values (arbitrary units) are mean � S.D., n � 3. NS, not significant.

SM Control 2OHOA p value

16:0 2.62 � 0.26 2.75 � 0.43 NS
18:0 0.17 � 0.02 0.21 � 0.02 �0.05
18:1 0.04 � 0.01 0.04 � 0.00 NS
24:0 0.89 � 0.10 0.95 � 0.08 NS
24:1 2.67 � 0.25 2.51 � 0.07 NS

Figure 5. Effect of lysenin on A549 cells treated with 2OHOA. A549 cells
were treated with 200 �M 2OHOA or vehicle for 18 h and then treated with
lysenin (200 ng/ml) for 2 h. The cell mortality was monitored as described
under “Experimental Procedures.” Values are mean � S.D. (error bars),
n � 3.
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synthesis and degradation plays an important role in cancer
apoptosis, reinforcing the central role of PC and its metabolites
in determining cell fate (39). Moreover, total cellular phospho-
lipid metabolism can be used as a predictive biomarker for
monitoring tumor response (40). Furthermore, 2OHOA-medi-
ated PC changes might influence whole-body metabolism,
because metabolic disturbance by altered PC metabolism has
been suggested (41).

The 2OHOA-mediated PC reduction and its impact on cancer
growth and apoptosis deserves further investigation

The anticancer property of 2OHOA could be related to its
influence on cell membrane. Martin et al. (42) reported that
2OHOA increased the packing of ordered domains and

Figure 6. The in vivo effect of 2OHOA. A and B, effect on liver and small intestine (SI) total SMS activity (using NBD-ceramide (Cer) as substrate). C and D, effect
on liver and SI total LPCAT activity (using oleoyl-CoA and NBD-lyso-PC as substrates) and quantification. Values are mean � S.D. (error bars), n � 4 –5. *, p �
0.001.

Figure 7. The effect of 2OHOA on plasma lipid levels. All plasma lipids were
measured by colorimetric methods. A, phosphatidylcholine; B, sphingomy-
elin; C, total cholesterol; D, triglyceride. Values are mean � S.D. (error bars),
n � 5. *, p � 0.01.

Table 3
Changes in plasma PC species after 2OHOA treatment
Values are mean � S.D. n � 4. NS, not significant.

PC Control 2OHOA p value

�g/ml �g/ml
34:1 262 � 93 134 � 13 �0.01
16:0/18:2 895 � 205 387 � 73 �0.01
36:1 92 � 24 49 � 18 �0.01
18:1/18:1 549 � 78 265 � 105 �0.01
36:3 225 � 28 86 � 5 �0.001
36:4 260 � 63 87 � 9 �0.01
18:0/20:4 123 � 34 51 � 8 �0.01
38:4 123 � 34 51 � 8 �0.01
38:5 95 � 28 38 � 6 �0.01
16:0/22:6 292 � 89 174 � 28 �0.05
40:3 5 � 2 2 � 1 NS
40:6 81 � 33 57 � 3 NS

Table 4
Changes in plasma SM species after 2OHOA treatment
Values are mean � S.D. n � 4. NS, not significant.

SMs Control 2OHOA p value

�g/ml �g/ml
16:0 8.1 � 0.8 6.6 � 0.2 �0.05
16:1 1.1 � 0.3 0.8 � 0.1 �0.05
18:0 0.6 � 0.1 1.2 � 0.3 �0.05
18:1 0.5 � 0.1 0.9 � 0.3 �0.05
18:2 0.1 � 0.0 0.2 � 0.1 �0.05
20:0 0.3 � 0.1 0.5 � 0.2 NS
22:0 2.6 � 1.5 2.0 � 0.6 NS
24:0 3.8 � 1.3 2.7 � 0.4 NS
24:1 17.1 � 3.7 15.0 � 3.2 NS

2OHOA is not a SMS activator
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decreased the global order of the membrane and subsequently
modulated membrane protein–associated signaling. Ibarguren
et al. (43) reported that 2OHOA could be related to its modu-
lation on the membrane lipid structure and the proportion of
Lo/Ld microdomains. Although both natural fatty acids and
2OHOA exert similar structural effects in the cell membrane
lipid bilayer, the low rate of metabolism of 2OHOA may favor
its therapeutic effect compared with natural fatty acids. These
regulatory effects can cause relevant modifications in the local-
ization of signaling proteins and may be part of the mechanism
of action involved in the therapeutic effects exerted by 2OHOA
(43).

In conclusion, 2OHOA is not an activator of SMS activity. Its
treatment does not increase tissue SM levels but reduces PC levels.
The 2OHOA-mediated anti-cancer property deserves further
investigation. We believe that SMS2 inhibition is a potential met-
abolic disease therapeutic approach, which should not be related
with cancer generation.

Experimental procedures

Reagents

Dulbecco’s modified Eagle’s medium was from MULTI-
CELL. Fetal bovine serum and penicillin/streptomycin solu-
tion were from Thermo Scientific Fisher Scientific HyClone.
2OHOA was from Toronto Research Chemicals and Avanti
Polar Lipids, respectively. We found that both 2OHOAs were
identical (data not shown). We used 2OHOA from Toronto
Research Chemicals to do all of the experiments and used 2OHOA
from Avanti Polar Lipids to confirm some of the experiments.
C6-NBD-ceramide and phosphatidylcholine were purchased
from Sigma. The BCA protein assay kit was from Cwbiotech.

Mice

Mice (10 weeks old) on a C57BL/6 background were pur-
chased from Jackson Laboratory (Bar Harbor, ME). Experimen-
tal mice were housed in a temperature- and humidity-con-
trolled room with a 12/12-h light/dark cycle. Mice were fed a
chow diet. Experiments involving mice were conducted with
the approval of SUNY Downstate Medical Center institutional
animal care and use committee. The procedures followed were
in accordance with institutional guidelines.

Cell culture

Human glioma (U118), human non-small lung adenocarci-
noma (A549) cells, HEK293 cells, and HeLa cells were obtained
from the cell bank, Chinese Academy of Sciences (Shanghai,
China). The cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum, 100 units/ml penicillin,
and 100 mg/ml streptomycin at 37 °C, 5% CO2. Exponential-
phase cells were collected for further experiments.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

Human non-small lung adenocarcinoma (A549) cells were
plated at a density of 1 � 104 cells in 96-well plates, incubated
for 24 h, and then exposed to various concentrations of either
2OHOA or staurosporine for another 24 or 48 h. At the end of

the treatment, cell viability was determined using the MTT
method.

SMS activity measurement

For determination of all SMS activity in cell or tissue homo-
genate, the cells or tissues were homogenized in 50 mM Tris-
HCl, pH 7.5, 1 mM EDTA, 5% sucrose, and 1 mM PMSF and
centrifuged at 300 � g for 5 min at 4 °C. Total protein (200 �g)
of the homogenate was mixed with C6-NBD-ceramide (4.3 �M)
and phosphatidylcholine (95 �M) in the presence or absence of
various concentrations of 2OHOA. The mixture was incubated
at 37 °C for 2 h, and the reaction was terminated by adding
chloroform/methanol (2:1, v/v) and mixing vigorously. The
lower organic phase was collected after centrifugation
(10,000 � g for 10 min) and dried under nitrogen gas. Lipids
were redissolved in 40 �l of chloroform and then were applied
to a thin-layer chromatography (TLC) plate. The running sol-
vent was chloroform/MeOH/NH4OH (16:4:1, v/v/v). The fluo-
rescence signal was detected under UV, and the intensity was
measured by ImageJ software.

2OHOA treatment and SMS activity assay in cultured cells

A549 or U118 cells were treated with 200 �M 2OHOA
(Sigma) for 24 h. The cells were homogenized in assay buffer
containing 100 mM Tris-HCl (pH 7.4), 50 mM KCl, 1 mM EDTA,
and 1 mM protease inhibitor (PMSF). The homogenate was cen-
trifuged at 2000 rpm for 10 min at 4 °C, and the cell supernatant
(200 �g of protein) was mixed in assay buffer containing 100
mM Tris-HCl (pH 7.4), 50 mM KCl, 1 mM EDTA, C6-NBD-cer-
amide (4.3 �M) (Avanti Polar Lipids), and phosphatidylcholine
(95 �M) (Sigma). The mixture was incubated at 37 °C for 2 h,
and the reaction was terminated by adding chloroform/metha-
nol (2:1, v/v) and mixing vigorously. The lower organic phase
was collected after centrifugation (10,000 � g for 10 min) and
dried under nitrogen gas. Lipids were redissolved in 40 �l of
chloroform and then were applied to a TLC plate. The running
solventwaschloroform/MeOH/NH4OH(16:4:1,v/v/v).Thefluo-
rescence signal was detected under UV, and the intensity was
measured by ImageJ software.

Alternatively, highly purified SMS1 and highly purified
SMS2 were obtained from the Chinese Academy of Sciences
(Shanghai, China) and were used for the SMS activity assay. The
reaction system contained 100 mM Tris-HCl (pH 7.4), 50 mM

KCl, C6-NBD-ceramide (4.3 �M), and phosphatidylcholine (95
�M), 1 mM PMSF, various concentrations of 2OHOA (Sigma),
and highly purified SMS1/2. The mixture was incubated at
37 °C for 2 h. Lipids were extracted in chloroform/methanol
(2:1, v/v), dried under N2 gas, and separated by TLC using chlo-
roform/MeOH/NH4OH (16:4:1, v/v/v).

LPCAT activity measurement

For determination of all LPCAT activity in tissue homoge-
nates, the tissues were homogenized in 75 mM Tris-HCl, pH 7.5,
15 �M BSA, fatty acid-free (Sigma), and 1 mM protease inhibitor
(PMSF). The homogenate was centrifuged at 2000 rpm for 10
min at 4 °C. Total protein (300 �g) of the homogenate was
mixed with arachidonoyl-CoA (2.37 mM) (Sigma) and NBD-
lysophosphatidylcholine (NBD-lyso-PC; 0.81 mM) (Avanti
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Polar Lipids) in the presence or absence of various concentra-
tions of 2OHOA. The mixture was incubated at 25 °C for 10
min, and the reaction was terminated by adding chloroform/
methanol (1:1, v/v) and mixing vigorously. The lower organic
phase was collected after centrifugation (10,000 � g for 10 min)
and dried under nitrogen gas. Lipids were redissolved in 40 �l of
chloroform and then were applied to a TLC plate. The running
solvent was chloroform/MeOH/NH4OH (65:25:4, v/v/v). The
fluorescence signal was detected under UV, and the intensity
was measured by ImageJ software.

Lysenin-mediated cell mortality measurement

Lysenin-mediated cell mortality was measured as described
by us before. Briefly, after treatment with various concentra-
tions of 2OHOA for 24 h, A549 cells were washed with PBS, and
200 ng/ml lysenin in serum-free medium was added in cells and
incubated for another 2 h at 37 °C. MTT was used to determine
cell viability.

Analysis of lipids by LC-ESI/MS/MS

A549 cells were treated with 200 �M 2OHOA (Sigma) for
24 h. The cells were homogenized in PBS. The homogenate was
centrifuged at 1200 rpm for 10 min at 4 °C. Cell pellets were
collected to 400 �g of total protein (BCA assay) for lipid extrac-
tion. Lipids were extracted in chloroform/methanol (2:1, v/v),
dried under N2 gas.

The quantitation of lipids in plasma was accomplished using
LC electrospray ionization tandem MS. LC/ESI/MS/MS
analysis of phosphatidylcholine and sphingomyelin was per-
formed using an AB Sciex 6500 mass spectrometer with an
ESI probe and interfaced with an LC system in the posi-
tive multiple-reaction monitoring mode. The UHPLC system
consisted of an Agilent 1290 binary pump, thermostat, TCC,
and sampler. The injection volume was 2 �l for lipid extracts.
Lipid extracts were chromatographically resolved using a Halo
Penta Hilic UHPLC column, 2.1 � 150 mm, 2.7 �m (Mac-Mod
(Chadds Ford, PA), PN: 92812-705). Mobile phase A was ace-
tonitrile, methanol, 0.5% formic acid, 5 mM ammonium for-
mate (95:5, by volume ratio, v/v). Mobile phase B was water,
0.5% formic acid, 5 mM ammonium formate. The solvent flow
rate was 0.7 ml/min. The valve, sample loop, and needle were
washed with 50% acetonitrile, 50% methanol for 25 s. The col-
umn temperature was kept at 50 °C. Internal standard mixture
was added to the samples. The samples were then reconstituted
in acetonitrile, methanol, 5 mM ammonium formate (70:30 by
volume ratio, v/v). Lipid levels were quantified by the ratio of
analyte and internal standard, and calibration curves were
obtained by serial dilution of a mixture of lipid standards.
Pure synthetic standards of phosphatidylcholine and sphin-
gomyelin were purchased from Avanti Lipids. Deuterated
synthetic standards were synthesized internally at Eli Lilly
and Company.

The quantitation of lipids in A549 cells was performed using
an Ultra-Triple quadrupole mass spectrometer (AB SCIEX Tri-
ple TOF 5600) equipped with an ESI probe and interfaced with
the Eksigent LC100 system. Lipid extracts were separated with
an XBridge Peptide BEH C18 column (Waters). Mobile phase A
was 10 mM ammonium acetate, 0.1% formic acid, 99.9% water,

and mobile phase B was 10 mM ammonium acetate, 0.1% for-
mic acid, 49.95% acetonitrile, 49.95% isopropyl alcohol. ESI/
MS/MS was performed online using ESI/MS/MS in the posi-
tive multiple-reaction monitoring mode. Sphingomyelins and
phosphatidylcholines were quantified as the ratio of analyte to
internal standard. The following compounds were used as
internal standards: 19:0 –19:0 PC and 12:0 SM.

Recombinant SMS1 and SMS2 preparation

The cDNAs for human SMS1 (UniProt ID Q86VZ5) and
SMS2 (UniProt ID Q8NHU3) cDNAs were cloned into an
expression vector modified from pFastBac Dual, with a Strep
tag II amino acid sequence (Trp-Ser-His-Pro-Gln-Phe-Glu-
Lys) and a PreScission Protease recognition sequence added to
the N terminus of cDNA of SMS1 or SMS2 for affinity chroma-
tography. The SMS protein was expressed using a baculovirus/
Spodoptera frugiperda (SF9) cell system and purified with the
following procedure. The SMS-expressing cells were harvested
60 h postinfection and resuspended in hypotonic buffer (10 mM

NaCl, 10 mM HEPES, pH 7.5). The cells were then lysed by
centrifugation at 45,000 � g for 30 min at 4 °C, and the pellet
was resuspended into hypertonic wash buffer (1 M NaCl, 25 mM

HEPES, pH 7.5) supplemented with 0.1 mg/ml DNase, 5 mM

MgCl2, and 1� protease inhibitor mixture, followed by homog-
enizing with a Dounce homogenizer. After centrifugation at
45,000 � g for 45 min at 4 °C, the pellet was resuspended into
lysis buffer (150 mM NaCl, 20 mM HEPES, pH 7.5, 10% glycerol)
supplemented with 0.1 mg/ml DNase, 5 mM MgCl2, and 1�
protease inhibitor mixture and homogenized with a Dounce
homogenizer. The membrane proteins were extracted from
membrane by adding n-dodecyl-�-D-maltopyranoside to a final
concentration of 30 mM and gently swirling for 2– 4 h at 4 °C.
The solubilized mixture was then cleaned up by centrifugation,
and the supernatant was subjected to affinity chromatography
using Strep-Tactin� resin. The eluate containing SMS proteins
was further isolated with size-exclusion chromatography using
Superdex 200 10/300 GL in a mobile phase consisting of 150
mM NaCl, 20 mM HEPES, pH 7.5, and 1 mM n-dodecyl-�-D-
maltopyranoside. The fractions were pooled and stored at
�80 °C for the functional assay.

2OHOA in vivo study

C57BL/6 mice were treated with 2OHOA (600 mg/kg,
intragastrically) once daily for 10 days. Fasting blood was
collected, and cholesterol, PC, SM, and triglyceride were mea-
sured. The liver and small intestine homogenates were pre-
pared, and SMS activity and LPCAT activity were performed
accordingly.

Statistical analysis

Results are expressed as mean � S.D. The statistical signifi-
cance of the difference between two data means was deter-
mined with a two-tailed exact Mann–Whitney test, and differ-
ences among multiple groups were assessed by one-way
analysis of variance followed by the Student–Newman–Keuls
test. A difference for which p was �0.05 was considered statis-
tically significant.
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