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Abstract. The effect of 25-hydroxycholesterol on phosphatidylinositol content was 
studied in subconfluent human arterial smooth muscle cells exposed to myo-[2- 
3H]inositol for 90 min and then to 25-hydroxycholesterol at different concentrations or 
for different incubating periods. Ethanol at a concentration of 0.05% in culture medium 
was used as control. The results demonstrate that an increased incubation time or an 
increase in the concentration of 25-hydroxycholesterol produced an increase in phos- 
phatidylinositol and its degraded products. The ratio of precursor to product at each 
stage of phosphatidylinositol turnover in 25-hydroxycholesteroI-treated cells, how- 
ever, was not different from that in control cells. The data indicate that the presence 
of 25-hydroxycholesteroI in the media induced general activation of phosphatidyl- 
inositol synthesis and turnover. [P.S.E.B.M. 1994, Vol206] 

hosphatidylinositol, one of phospholipid con- 
stituents in plasma membranes, is intracellularly P produced by direct reaction of cytidine diphos- 

phate-diglyceride with inositol in the presence of cyti- 
dine diph0sphate:diglyceride inositol phosphatidate 
transferase (1). Phosphatidylinositol is rapidly phos- 
phorylated to form phosphatidylinositol 4-phosphate 
and phosphatidylinositol 4,5-bisphosphate by adding 
respectively one and two phosphates into the molecule 
at the 4 and 5 positions of inositol under the effect of 
phosphomonoesterase (1). Phosphatidylinositol 
4-phosphate  and phosphat idyl inosi tol  4,5- 
bisphosphate can then be hydrolyzed in the presence 
of phospholipase C to  form myo-inositol 1,4- 
bisphosphate and inositol 1,4,5-triphosphate which are 
effective regulators of cytosolic free Ca+ + (2-4). 
Lysophosphatidylinositol, a metabolized product of 
phosphatidylinositol by phospholipase A2, is a partic- 
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ipant in the regulation of membrane fluidity (5 ) .  In 
studying phosphatidylinositol, Block et al. (6) found 
that low-density lipoprotein (LDL) stimulated the 
phosphatidylinositol cycle in smooth muscle cells of 
rats and concluded that the stimulatory effect came 
from general activation of phosphatidylinositol turn- 
over. The effect of cholesterol oxidation products on 
phosphatidylinositol content and turnover has not 
been reported to date. 25-Hydroxycholestero1, an au- 
toxidation product of cholesterol, may arise during the 
processing or cooking of foods containing cholesterol 
(7). We have found (8, 9) that 25-hydroxycholestero1 
enhanced Ca++ uptake and the cytosolic free Ca++ 
level in cultured cells. The altered membrane perme- 
ability may come from the insertion of 25- 
hydroxycholesterol into the membrane (10). Since 25- 
hydroxycholesterol has a strong binding affinity to ox- 
ysterol-binding protein (1  1) and the binding would 
affect the degradation of 3-hydroxy-3-methylglutaryl 
CoA reductase (1 2), we surmised that phosphatidyli- 
nositol content and turnover might also be affected by 
25-hydroxycholestero1. We therefore investigated this 
proposed effect of 25-hydroxycholestero1 in cultured 
human arterial smooth muscle cells. 
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lute ethanol at a concentration of 10 mg/ml, stored at 
-20°C under N, and diluted to experimental concen- 
trations with Eagle's minimum essential medium 
(MEM, Sigma) supplemented with 5% fetal bovine se- 
rum (FBS; HyClone, Logan, UT). The final concen- 
tration of ethanol in culture medium was 0.05%. Myo- 
[2-3H]inositol (10-20 Ci/m mol, 370-740 GBq/m mol) 
was purchased from New England Nuclear Corp. 
(Boston, MA). 

Cell Culture. Smooth muscle cells were obtained 
from arteries of human umbilical cords (13). The cells 
were cultured in 75-cm2 tissue culture flasks (Corning 
Medical and Scientific Co., Park Ridge, IL) containing 
8 ml of MEM supplemented with 20% FBS. The flasks 
were kept in a 5% C 0 2  incubator at 37°C. The passage 
numbers of the cells used in this study ranged from 8 
to 14. 

Measurement of Content and Turnover of 
Phosphatidylinositol. Subconfluent cells in 75-cm2 
flask were exposed to 3 pCi of My0-[2-~H]inositol in 6 
ml of MEM supplemented with 5% FBS (MEM- 
5%FBS) for 90 min. After the radioactivity-containing 
medium was aspirated, the cells were washed three 
t imes  wi th  M E M  and  then  t r ea t ed  wi th  25- 
hydroxycholesterol (i) at a concentration of 5 pg/ml for 
2, 4, 6, 24, and 48 hours and (ii) at concentrations of 
0.1, 0.5, 1, and 5 pg/ml for 72 hours. MEM-S%FBS 
containing 0.05% ethanol was used as control. At the 
designated time, the cells were harvested and the total 
lipids were extracted by chloroform/methanol(2: 1 v/v) 
(8). Free inositol, glycerophosphoinositol, myo- 
inositol 1-phosphate, myo-inositol 1,4-bisphosphate, 
and inositol 1,4,5-triphosphate in the water-soluble 
fraction were separated by anion-exchange chroma- 
tography and the concentrations were measured by 

radioactivity counting (14). At the same time, each 
eluting solution was counted as a blank. Inositol phos- 
pholipids, including phosphatidylinositol, phosphati- 
dylinositol 4-phosphate, phosphatidylinositol 4,s- 
bisphosphate, and lysophosphatidylinositol, in the or- 
ganic fraction were identified on TLC plates with the 
method of Billah and Lapetina (15). All spots and some 
silica gel on blank spaces were collected and counted. 
The results, in which nonspecific activity in the blank 
was already subtracted from sample radioactivity, 
were expressed in DPM/pg protein. 

Statistical Analysis. All results are expressed as 
means k SE. A multiple analysis of variance and the 
Scheffe test were used to determine the statistical sig- 
nificance. 

Results 
Table I shows that from 24 hr on the radioactivity 

in phosphatidylinositol was significantly higher in the 
cells treated with 25-hydroxycholestero1 than that in 
control cells. When the cells were treated with 25- 
hydroxycholesterol at various levels, the increased ra- 
dioactivity in phosphatidylinositol occurred along with 
enhanced concentrations of 25-hydroxycholestero1 
(Table 11). These data indicate that the incubation of 
the cells with 25-hydroxycholestero1 resulted in an in- 
creased phosphatidylinositol content. Moreover, a 
time-dependent decrease of phosphatidylinositol con- 
tent in both 25-hydroxycholesterol-treated and control 
cells confirmed the degradation of phosphatidylinosi- 
tol, as shown in Table I. 

The increased phosphatidylinositol can come from 
a stimulated synthesis and/or an inhibited degradation. 
The degradation of phosphatidylinositol could proceed 
in four ways in which the degradation in the cells 

Table 1. The Time-Dependent Effect of 25-HydroxycholesteroI on lnositol Phospholipids in Cultured 
Human Arterial Smooth Muscle Cells from 2 to 48 hr 

hr 

2 4 6 24 48 

DPMlpg protein 
~ 

Phosphatidyl i nositol 

Phosphatidylinositol 4-phosphate 

Phosphatidylinositol 4,5-bisphosphate 

25-H yd roxyc h o lestero I 0.38 5 0.06 
Lysophosphatidylinositol 

Control 1.1 k 0.05 

Control (0.05% ethanol) 30 5 4.0 
25-Hyd roxycholesterol 31 * 4.4 

Control 0.31 k 0.04 

Control 0.40 k 0.05 

25-H yd roxyc h o lestero I 0.27 k 0.03 

25-Hyd roxycholesterol 1.3 k 0.05 

30 5 4.4 27 k 5.7 16 * 2.6 9.3 * 1.3 
32 * 4.1 21 k 2.3" 16 k 1.5' 

0.31 k 0.05 0.31 k 0.05 0.25 5 0.02 0.21 k 0.02 

30 k 4.2 

0.30 k 0.03 0.29 k 0.02 0.31 k 0.03" 0.33 k 0.03' 

0.40 k 0.04 0.39 5 0.05 0.36 ? 0.03 0.24 5 0.02 
0.40 5 0.03 0.46 k 0.05 0.39 * 0.04 0.35 * 0.02' 

1.1 5 0.05 1.1 k 0.2 0.8 k 0.03 0.5 0.06 
1.2 5 0.03 1.0 5 0.1 0.9 2 0.03 0.7 2 0.06" 

Results are expressed as means * SE of six experiments performed in duplicate. The superscripts represent statistical differences 
("P < 0.05, bP < 0.01) compared with control group at the same incubating time. 25-HydroxycholesteroI was used at a level of 5 pg/ml 
medium. The range of DPM for this experiment was from 450 to 31310. 
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Table II. The Concentration-Dependent Effect of 25-HydroxycholesteroI on lnositol Phospholipids in 
Cultured Human Arterial Smooth Muscle Cells Treated with 25-HydroxycholesteroI for 72-hr 

pg 25-Hyd roxycholesterol/m I medium 

0 0.1 0.5 1 .o 5.0 

DPM/pg protein 

Phosphatidylinositol 2.1 2 0.1 2.4 k 0.1 2.8 k 0.1' 2.9 k 0.1' 4.4 f 0.2' 
Phosphatidyl i nositol 4-phosp hate 0.12 ~f: 0.01 0.16 k 0.01 0.18 k 0.02" 0.18 k 0.03 0.21 2 0.02' 
Phosphatidylinositol 4,5-bisphosphate 0.13 +: 0.01 0.17 k 0.01 0.19 k 0.02" 0.19 k 0.01' 0.22 k 0.02' 
Lyso p hosp hat i d yl i nosi to I 0.20 +: 0.01 0.25 k 0.01 0.27 k 0.02' 0.26 f 0.01' 0.34 k 0.03' 

Results are means * SE of six experiments performed in duplicate. The superscripts represent statistical differences ("P < 0.05, bP 
< 0.01) compared with the group without treatment with 25-hydroxycholestero1. The range of DPM for this experiment was from 360 
to 3390. 

treated with 25-hydroxycholestero1 was more active 
than that in control cells from 24 hr of treatment on 
(Table I and 111) 25-hydroxycholestero1: (i) stimulated 
phosphorylation of phosphatidylinositol to form phos- 
phatidylinositol 4-phosphate and phosphatidyl- 
inositol 4,5-bisphosphate; (ii) enhanced hydrolysis of 
phosphatidylinositol and its phosphorylated products 
to transform myo-inositol 1 -phosphate, myo-inositol 
1,4-bisphosphate, and inositol 1,4,Striphosphate; (iii) 
assisted the breakdown of phosphatidylinositol leading 
to the elevation of lysophosphatidylinositol and glyc- 
erophosphoinositol; and (iv) accentuated the degrada- 
tion of phosphatidylinositol down to free inositol. 
These effects of 25-hydroxycholestero1 on phosphati- 
dylinositol turnover were enhanced with an increase in 
concentration of 25-hydroxycholesterol (Table I1 and 
IV). When the ratios of phosphatidylinositol 4-phos- 
phate:phosphatidylinositol, myo-inositol 1-phosphate: 
phosphatidylinositol and lysophosphatidylinositol: 

phosphatidylinositol were calculated, no difference in 
any ratios was noted between 25-hydroxycholestero1- 
treated and control cells. 

Discussion 
Evidence for oxysterols' regulating effects on 

phospholipid concentration in cells has been found in 
previous studies (8, 16). 26-Hydroxycholesterol could 
stimulate an interconversion among phospholipids 
(16). The present study indicates that 25-hydroxy- 
cholesterol exerted an enhancing effect on the concen- 
trations of both phosphatidylinositol and its degraded 
products. The ratios of precursor to product at the 
same stage of phosphatidylinositol turnover in the pair 
of 25-hydroxycholesterol-treated and control cells 
were not significantly different. This lack of signifi- 
cance infers that 25-hydroxycholestero1 had no spe- 
cific stimulating effect on phosphatidylinositol degra- 
dation. The increased phosphatidylinositol and the de- 

Table 111. The Time-Dependent Effect of 25-HydroxycholesteroI on Water-Soluble lnositol Content in 
Cultured Human Arterial Smooth Muscle Cells from 2 to 48 hr 

hr 

2 4 6 24 48 

DPM/pg protein 

lnositol 
Control (0.05% ethanol) 
25-HydroxycholesteroI 

Glycerophosp hoi nositol 
Control 
25-Hyd roxycholesterol 

Myo-inositol 1 -phosphate 
Control 
25-HydroxycholesteroI 

Myo-inositol 1,4-bisphosphate 
Control 
25-HydroxycholesteroI 

lnositol 1,4,5triphosphate 
Control 
25-HydroxycholesteroI 

5.4 k 0.5 
5.8 k 0.7 

5.5 ? 0.5 
5.9 ? 0.6 

5.7 k 0.6 
5.1 k 0.3 

3.6 k 0.3 
4.3 f 0.5 

2.8 f 0.2 
3.5 f 0.3 

2.7 k 0.4 
2.8 k 0.3 

2.8 k 0.3 
3.2 f 0.4 

2.9 k 0.4 
3.1 k 0.2 

2.5 k 0.3 
3.1 k 0.5" 

1.9 f 0.2 
2.8 k 0.3' 

2.8 f 0.4 
2.9 k 0.4 

2.6 k 0.4 
2.9 k 0.3 

2.8 k 0.5 
3.2 5 0.2 

2.8 k 0.3 
3.1 f 0.5 

2.0 k 0.2 
2.8 k 0.3" 

2.7 2 0.2 
2.8 2 0.4 

2.6 f 0.3 
2.7 k 0.3 

2.7 k 0.2 
2.9 k 0.3 

2.5 k 0.3 
3.1 k 0.3' 

2.0 k 0.2 
2.9 k 0.2' 

2.7 2 0.2 
2.4 k 0.2 

2.4 k 0.3 
2.6 5 0.4 

2.6 f 0.2 
3.1 f 0.3 

2.6 k 0.2 
3.0 k 0.3" 

2.0 k 0.2 
2.9 k 0.3' 

Results are expressed as means -+ SE of six experiments performed in duplicate. The superscripts represent statistical differences 
("P < 0.05, bP < 0.01) compared with control group at the same incubating time. 25-HydroxycholesteroI was used at a level of 5 pg/ml 
medium. The range of DPM for this experiment was from 670 to 1460. 
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Table IV. The Concentration-Dependent Effect of 25-Hydroxycholesterol on Water-Soluble lnositol 
Content in Cultured Human Arterial Smooth Muscle Cells Treated with 25-HydroxycholesteroI for 72 hr 

pg 25-Hyd roxycholesterol/ml medium 

0 0.1 0.5 1 .o 5.0 

DPMIFg protein 

lnositol 1.6 k 0.1 1.9 ? 0.1 2.0 " 0.1 1.9 2 0.1 2.6 2 0.1' 
Glycerophosphoinositol 1.4 k 0.1 1.5 ? 0.1 1.8 ? 0.1 1.7 2 0.1 2.2 2 O . l b  
Myo-inositol 1 -phosphate 1.3 k 0.1 1.5 2 0.1' 1.5? 0.1' 1.6 ? 0.1' 2.1 2 0.1' 
Myo-inositol 1,4-bisphosphate 1.3 ? 0.1 1.5 k 0.1 1.5 ? 0.1 1.6 2 0.1' 2.0 k 0.l8 
lnositol 1,4,5-triphosphate 1.3 k 0.1 1.5 5 0.1 1.7 5 0.1 1.6 2 0.1 2.0 2 0.1' 

Results are means k SE of six experiments performed in duplicate. The superscripts represent statistical differences ("P < 0.05, bP 
< 0.01) compared with the group without treatment with 25-hydroxycholestero1. The range of DPM for this experiment was from 430 
to 970. 

graded products, therefore, might result from the fact 
that 25-hydroxycholesterol generally activates cellular 
phosphatidylinositol synthesis and turnover, though 
the mechanism of that activation needs to be further 
investigated. Evidence supporting our results can be 
found in two previous studies (6, 17): (i) LDL stimu- 
lated the phosphatidylinositol cycle in several cell 
lines, including human platelet, human lymphocyte, 
human fetal lung fibroblast, and rat smooth muscle cell 
from aorta (6); and (ii) certain oxysterols, including 
25-hydroxycholesterol, 7-ketocholesterol, 7P-hydroxy- 
cholesterol, cholesterol a- and P-epoxides were con- 
tained in LDL (17). Given these previous findings and 
our present data, we cannot exclude the possibility of 
an effect of oxysterols in LDL on phosphatidylinositol 
cycle. 

There are at least two possible effects of 25- 
hydroxycholesterol responsible for the increased syn- 
thesis and turnover of phosphatidylinositol. First, 25- 
hydroxycholesterol was shown to be able to insert 
itself into erythrocyte membranes and the insertion 
could induce a disturbance of plasma membrane (18). 
The incorporation of 0.5 mole% 25-hydroxycholes- 
terol into liposomes substantially increased the perme- 
ability of liposomes to C a + +  (19), whereas the pres- 
ence of cholesterol at 10 mole% did not show any 
effect on permeability (19). This implies that only a 
small amount of oxidized sterol is needed to perturb 
membranes. Second, a decrease in the cholesterol: 
phospholipid ratio by 25-hydroxycholesterol, via an 
inhibition of cholesterol synthesis (12), could also dis- 
turb the plasma membrane. The disturbed plasma 
membrane could then affect the characteristics of pro- 
teins, including enzymes and receptors (20). 

25-Hydroxycholesterol has been exhibited to stim- 
ulate C a + +  influx into cells (21, 22). In the present 
study, we found that 25-hydroxycholesterol acceler- 
ated the degradation of phosphatidylinositol. The de- 
graded products might play a role when 25- 
hydroxycholesterol stimulated C a +  + influx. 
Lysophosphatidylinositol, which has been reported to 

alter membrane fluidity (9, had a higher level in the 
cells treated with 25-hydroxycholesterol than that in 
control cells in this study. Since C a + +  influx can be 
affected by membrane structure and permeability ( 5 ,  
22), the stimulating effect of 25-hydroxycholesterol on 
Ca' + uptake could be, at least in part, related to this 
higher level of lysophosphatidylinositol. Though the 
metabolic products of phosphatidylinositol are minor 
constituents of cellular lipid (23), they are crucial to 
the alteration of cytosolic free Ca+ + concentration 
(2-4). For instance, inositol 1,4,5-triphosphate en- 
hanced cytosolic free Ca+ + level through both a stim- 
ulation of C a t +  influx and a faster mobilization of 
Ca' + from intracellular stores. The mobilization was 
obviously energized by an activation of phosphatidyl- 
inositol metabolism in smooth muscle cells cultured in 
Ca+ +-free medium (24). Moreover, since phosphati- 
dylinositol and its two phosphorylated products are 
potent activators of ATPase (3), whereas inositol 
1,4,5-triphosphate is an inhibitor (4), the ATP pump 
could be regulated by activatingjdeactivating dynam- 
ics between the stimulator and the inhibitor. There- 
fore, we suggest that the increasing effect of 25- 
hydroxycholesterol on cytosolic free Ca+ + should 
involve more than one factor. 
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