J c I The Journal of Clinical Investigation

Hydrophobic surfactant treatment prevents atherosclerosis in
the rabbit.

J B Rodgers, E C Kyriakides, B Kapuscinska, S K Peng, W J Bochenek

J Clin Invest. 1983;71(5):1490-1494. https://doi.org/10.1172/JCI1110902.

Research Article

The hypocholesterolemic effect of the hydrophobic surfactant, poloxalene 2930, was studied in the rabbit to determine
whether this agent prevents experimentally produced atherosclerosis. Male rabbits were divided into four groups and fed ¢
control diet (group A) or an atherogenic diet (groups B, C, and D) for 10 wk. Diets of groups C and D were supplemented
with 0.5 and 1% poloxalene 2930, respectively. Animals in group B developed significantly greater levels of cholesterol in
the serum and aorta compared with group A. Addition of poloxalene 2930 to the diets of groups C and D prevented
significant elevations in cholesterol concentrations of both serum and aorta compared with group B with values for group
D being essentially similar to those observed in group A. Groups C and D also had significant increases of fecal excretion
of both neutral fat and neutral steroids as compared with either groups A or B. There were no atherosclerotic lesions of
the aortas from group D. Aortas from rabbits in group B had numerous atheromatous plaques while one rabbit each from
groups A and C had several very small atheromatous lesions. These results demonstrate that poloxalene 2930 reduces
the rise of serum cholesterol in rabbits in response to an atherogenic diet and prevents the development of
atherosclerosis. This hypocholesterolemic effect is likely mediated by the [...]
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RAPID PUBLICATIONS

Hydrophobic Surfactant Treatment Prevents
Atherosclerosis in the Rabbit

J. B. RODGERS, E. C. KYRIAKIDES, B. KAPUSCINSKA, S. K. PENG, and
W. J. BOCHENEK, Department of Medicine, Albany Medical College
and the Departments of Medicine and Pathology, Albany Veterans
Administration Medical Center, Albany, New York 12208

ABSTRACT The hypocholesterolemic effect of the
hydrophobic surfactant, poloxalene 2930, was studied
in the rabbit to determine whether this agent prevents
experimentally produced atherosclerosis. Male rabbits
were divided into four groups and fed a control diet
(group A) or an atherogenic diet (groups B, C, and D)
for 10 wk. Diets of groups C and D were supplemented
with 0.5 and 1% poloxalene 2930, respectively. Ani-
mals in group B developed significantly greater levels
of cholesterol in the serum and aorta compared with
group A. Addition of poloxalene 2930 to the diets of
groups C and D prevented significant elevations in
cholesterol concentrations of both serum and aorta
compared with group B with values for group D being
essentially similar to those observed in group A. Groups
C and D also had significant increases of fecal excre-
tion of both neutral fat and neutral steroids as com-
pared with either groups A or B. There were no ath-
erosclerotic lesions of the aortas from group D. Aortas
from rabbits in group B had numerous atheromatous
plaques while one rabbit each from groups A and C
had several very small atheromatous lesions. These
results demonstrate that poloxalene 2930 reduces the
rise of serum cholesterol in rabbits in response to an
atherogenic diet and prevents the development of ath-
erosclerosis. This hypocholesterolemic effect is likely
mediated by the effect of this surfactant on the small
intestine.
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INTRODUCTION

Hydrophobic poloxalenes composed of 90% polypro-
pylene oxide, as the hydrophobic component, and 10%
polyethylene oxide, as the hydrophilic component,
have been shown to inhibit lipid absorption in the rat
(1) and the swine (2). The effect of this agent was
observed to be on the intracellular process of chylo-
micron formation or secretion causing absorbed lipid
to accumulate in the enterocytes (2, 3). In both the rat
(1) and the swine (2) this action on the small intestine
was associated with a reduction of serum cholesterol
levels. Such an agent might have potential use for
treatment of various hyperlipidemic conditions if it
were shown to be free of serious toxic effects.

A somewhat similar poloxalene to that previously
studied has been in use in veterinary medicine for the
past decade. This surfactant, poloxalene 2930 (Bloat-
guard, Smith, Kline, and French Laboratories, Phila-
delphia, PA) has been marketed as a feed additive to
prevent gastric bloating in cattle. Prior toxicology
studies plus the experience with this surfactant in vet-
erinary medicine indicate poloxalene 2930 is well tol-
erated in animals. This agent has a 30% hydrophilic
(polyethylene oxide) content. As the toxicity of polox-
alenes is believed to be related to their hydrophobic
content, it might be expected that poloxalene 2930
would be better tolerated than the more hydrophobic
poloxalenes previously studied (1-3).

We have recently tested poloxalene 2930 in the rat
and have observed it to have an effect on the small
bowel similar to that demonstrated with the more hy-
drophobic poloxalenes. As poloxalene 2930 is known
to be well tolerated, we were interested in studying
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its potential for treatment of hypercholesterolemia
associated with accelerated atherosclerosis. The pres-
ently described experiments present our initial attempt
with poloxalene 2930 to prevent atherosclerosis using
rabbits fed a high fat-high cholesterol diet.

METHODS

Male New Zealand White rabbits weighing 1.6-2.0 kg were
divided into four groups. Group A (n = 5) was fed ground
regular chow that contains essentially no cholesterol and is
low in fat content (2% by weight). Group B (n = 8) was fed
an atherogenic diet prepared from regular ground chow by
the addition of cholesterol (0.5% wt/wt) and peanut oil (3%
wt/wt). Group C (n = 7) and group D (n = 8) received the
atherogenic diet supplemented with poloxalene 2930, 0.5
and 1% (wt/wt), respectively. Poloxalene 2930 was provided
by Menley and James Laboratories, Philadelphia, PA. Dur-
ing 10 wk of dietary treatment animals were individually
housed and received 150 g of chow daily. Food intake was
continuously monitored and changes in body weight were
recorded at weekly intervals. Feces were collected over a 3-
d period for analyses during the final week of the study.

At termination of the experiment animals were fasted 18
h and were exsanguinated by a puncture of the abdominal
aorta while under ketamine (25 mg/kg)-xylazine (2 mg/kg)
anesthesia. The aorta was removed, opened longitudinally,
and weighed. Macroscopic inspection of the intima was done
to record and measure atheromatous plaques. The aorta was
then longitudinally cut into two equal parts. One part was
taken for morphologic studies using standard techniques for
light microscopy and the other portion used for chemical
determination of cholesterol content. As part of the light
microscopic studies, atherosclerotic lesions of the aorta were
quantified as intimal proliferation in the aortic arch, the
thoracic, and the abdominal aorta. The thickness of these
lesions was measured and expressed as a ratio of the thickness
of the entire wall. The portion of the aorta used for chemical
analysis was extracted for lipid (4) and the cholesterol in the
extract was determined (5).

Fecal samples were dried and weighed. An aliquot was
extracted for lipid (6) and the fatty acid content of the lipid
phase determined (7). Content of cholesterol and the bac-
terial metabolites of cholesterol (neutral steroids) (8) and
protein nitrogen (9) were determined on separate fecal al-
iquots from each rabbit.

Blood samples obtained at the time of killing were cen-
trifuged to separate the serum component. Lipoprotein frac-
tions from each serum sample were separated by a single
centrifugation in a discontinuous gradient formed with KBr-
NaCl according to the method of Chapman et al. (10). This
allowed for separation of very low density lipoproteins
(VLDL), low density lipoproteins (LDL), and high density
lipoproteins (HDL) fractions. The VLDL fraction of group
B, however, was a broad band representing contamination
with intermediate density lipoproteins (IDL). No attempt
was made in this study to separate IDL from VLDL and thus
the value for VLDL cholesterol in group B represents a com-
bination of VLDL and IDL cholesterol. Cholesterol content
of each lipoprotein fraction was measured by an enzymatic
assay using kits (Sigma Chemical Co., St. Louis, MO).

For statistical analysis of the results multiple comparisons
were performed by Fisher’s protected least significance dif-
ference as modified by Satterthwaite’s rule to allow for un-
equal population variances of the groups (11). This method
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of statistical analysis allows the mean for each group to be
compared to the mean for every other group to determine
whether significant differences exist.

RESULTS

Food intake in all groups was comparable and aver-
aged 138 g/d. Weight gain was the greatest for group
B animals that were on the high fat diet but the dif-
ference of weight gain between this group and group
A was not statistically significant (1.22+0.33 kg vs.
0.91+0.35 kg, P < 0.05). Weight gains for group C
(0.83+0.34 kg) and for group D (0.82+0.21 kg) were
fairly comparable to that observed for group A but
were significantly less than that for group B (P < 0.05
for each comparison).

The data on fecal neutral fat and neutral steroid
excretion are presented in Table 1. Expressed as a per-
centage of dietary fat intake, the amount of neutral
fat excreted by animals in group B was comparable
to that from group A, while the animals in groups C
and D excreted two times and four times as much
neutral fat, respectively. Similarly, the animals in
groups C and D had significantly increased excretion
of neutral steroids compared with either group A or
B. The animals in group D excreted essentially 100%
of the dietary cholesterol intake (Table I). The fecal
protein content was comparable in all groups and
ranged from 1.04-1.35 g/d.

The results of the cholesterol analysis of serum and
aorta are presented in Table II. Cholesterol concen-
trations of each of the lipoprotein fractions from group
B were significantly increased compared with group
A. The levels of VLDL and LDL cholesterol in group
C were significantly less than those of group B, but
still greater than in group A. Cholesterol levels from
all three of the lipoprotein fractions from group D
were basically indistinguishable from those of group A.

Aorta total cholesterol concentrations expressed as
milligrams per gram tissue were similar in groups A,
C, and D, but significantly increased in group B
(Table II). -

All rabbits in group B demonstrated macroscopic
atherosclerosis (Fig. 1), with the greatest changes ob-
served to be in the aortic arch and the least changes
in the thoracic aorta. The thickness of the atheroscle-
rotic plaques in the arch as demonstrated by light
microscopy contributed up to 50% of the aortic wall
thickness. On the contrary, only one rabbit in the A
and C groups had minimal atherosclerosis in the arch
area. No atherosclerotic lesions were observed in group
D (Fig. 1).

DISCUSSION

Prior studies on hydrophobic surfactants indicate that
they have a selective action on the enterocytes inhib-
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TABLE 1
Fecal Excretion of Neutral Fat, Neutral Steroids, and Protein

Neutral fat A < B < C < D
(g/d) 0.34£0.15 0.78+0.35 1.35+0.33 3.26+0.36
Neutral fat A < B < C < D
(% of intake) 9.6+4.4 10.9+4.2 23.1+8.7 48.0+7.6
Neutral steroids A < B < C < D
(mg/d) 81.7+123  217.5¢856  571.8+79.9 706:94.1
Neutral steroids B < C < D
(% of intake) 31.2+10.6 86.0%15.1 101.4+15.0
Protein A < C < D < B
(g/d) 1.16+0.53 1.18+0.17 1.30+0.20 1.36+0.33

Results for each analysis are presented in increasing values and are presented as
mean+SD. Results of statistical comparisons between groups are represented by a hor-
izontal bar(s) above the groups. A continuous bar above more than one group heading
indicates no statistically significant difference between the means for these groups (P
> 0.05). A group(s) under a separate bar has a mean significantly different compared
with the mean(s) of the group(s) not under this bar (P < 0.05).

iting secretion of chylomicrons into intestinal lymph
while secretion of very low density sized lipoproteins
into lymph continues to be observed (12). The onset
of action of these agents (12) and the reversal of their
effect on secretion of chylomicrons (13) is impressively
rapid. The hydrophobic surfactants probably have no
effect on absorption of various materials that are trans-
ported into the body via the portal vein. The fact that
protein absorption in the present studies was normal,
as indicated by results of fecal protein nitrogen ex-
cretion, supports this impression as do former studies

showing these surfactants do not increase fecal bile
acid secretion (2, 14). The specific and unique effect
of hydrophobic surfactants results in increased fecal
losses of neutral fat and cholesterol as shown by the
present experiments and prior studies (3).

Treatment of rabbits exposed to an atherogenic diet
with poloxalene 2930 was associated with lower cho-
lesterol levels in circulating VLDL and LDL compared
with values observed for rabbits on the atherogenic
diet without surfactant. Indeed VLDL and LDL cho-
lesterol levels were grossly elevated in group B rabbits

TABLE 11
Cholesterol Concentrations in Serum Lipoproteins and the Aorta

Total serum cholesterol D < A < C < B
(mg/dl) 59.5+16.1 65.8+22.2 187.9+93.6 912.2+221 .4
VLDL cholesterol A < D < C < B
(mg/dl) 8.1+4.6 12.8+6.3 27.2+14.7 477.1+£290.9
LDL cholesterol D < A < C < B
(mg/dl) 22.3+8.2 36.9+21.5 122.2+80.1 392.0+128.1
HDL cholesterol A < D < C < B
(mg/dl) 20.7£7.2 24.2+10.4 36.8+5.5 43.1+14.4
Cholesterol in aorta A D C B
(mg/g) 0.67+0.21 0.83+0.18 0.86+0.25 1.81+0.58

Results expressed as mean+SD and are presented in increasing values. Results of statistical com-
parisons between groups are represented by a horizontal bar(s) above the groups. A continuous
bar above more than one group heading indicates no statistically significant difference between
the means for these groups (P > 0.05). A group(s) under a separate bar has a mean significantly
different compared with the mean(s) of the group(s) not under this bar (P < 0.05).
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FIGURE 1 Photograph of the endothelial surface of the aorta from a rabbit from group B and

one from a group D rabbit.

given the atherogenic diet without poloxalene 2930.
HDL cholesterol was also elevated in group B as com-
pared with values observed in rabbits in group D given
the higher dose of poloxalene 2930 and to those in
group A on regular rabbit chow. HDL cholesterol was
only moderately elevated, however, in group B rabbits
as compared with the more impressive increases of
VLDL and LDL cholesterol concentrations observed
in this group of rabbits. Values of cholesterol concen-
trations of circulating lipoproteins from rabbits of
group D receiving the higher dose of poloxalene 2930
were no different from values from rabbits on regular
chow (group A). In association with these reductions
of cholesterol concentrations in circulating VLDL and
LDL produced by poloxalene 2930, essentially no ath-
erosclerosis was observed in rabbits treated with this
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agent over a 10-wk period (groups C and D), while
rabbits treated with the atherogenic diet alone (group
B) had obvious atherosclerosis of the aorta by the end
of this dietary treatment period.

Based on the data for fecal fat excretion it would
appear that the effect of poloxalene 2930 on serum
cholesterol levels and the prevention of atherosclerosis
was mediated by the effects of this surfactant on the
function of the small intestine. Thus, rabbits in group
D absorb daily about the same amount of neutral fat
as group A (52% of 7.5 g vs. 90% of 3 g). The net
amounts of absorbed cholesterol in these two groups
as determined from the food intake and fecal neutral
steroid output data was also similar.

Whether the effects of poloxalene 2930 on fecal lipid
excretion is the only explanation for the observed pro-
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tection against the development of atherosclerosis ob-
served in rabbits of groups C and D await subsequent
investigations. Results of group C suggest, however,
that there may be other effects of poloxalene 2930.
Total serum cholesterol levels were three times greater
in group C than those observed for group D and yet
the concentrations of cholesterol in the wall of the
aortas were nearly identical in these two groups. It is
possible, therefore that poloxalene 2930 may also af-
fect the distribution of cholesterol between the serum
compartment and the peripheral tissues. Also, if po-
loxalene 2930 itself is absorbed into the body, it may
have a more systemic pharmacologic effect on choles-
terol transport. Investigations using !*C-labeled polox-
alene 2930 are now in progress in our laboratory to
determine whether any of this agent is indeed ab-
sorbed.

Despite the fact that the mechanism of action of
poloxalene 2930 on cholesterol transport and metab-
olism is not completely known at this time, it is obvious
from these studies that this surfactant has a profound
effect on lipid absorption and can completely prevent
experimentally induced atherosclerosis. Also no ob-
vious toxic effects of this agent was observed during
this study except that rabbits on the surfactant gained
less weight than those on the atherogenic diet without
surfactant (group B). This was at least partially the
result of excessive fecal losses of dietary fat produced
by poloxalene 2930. As this study was done with a
single species and a relatively limited number of rab-
bits, it is possible that subtle toxic side effects of po-
loxalene 2930 were overlooked that might have been
more obvious if larger numbers of animals or different
species were used.
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