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Squalene in Humanand Rat Blood Plasma *
DEWITT S. GOODMANt

(From the Department of Medicine, Columbia University College of Physicians & Surgeons,
New York, N. Y.)

Squalene is a triterpenoid hydrocarbon that was
first isolated from shark liver oil and was named
by Tsujimoto in 1916 (1). More recently this
compound has been found to be widely distributed
in biological materials. Squalene has been identi-
fied and studied in-plant oils and leaves (2, 3), in
fungi (4), in tobacco and cigarette smoke (5),
and in fish oils (6, 7). A small concentration
of squalene with a rapid turnover has been identi-
fied in rat liver (8). Larger concentrations have
been found in human sebum-like materials, includ-
ing sebum (9-12), ear wax (9, 11), hair fat (13),
smegma (9), dermoid cyst fat (11, 14), and vernix
caseosa (15).

Squalene is now well established as the biosyn-
thetic intermediate immediately preceding the for-
mation of the sterol nucleus. During the course
of sterol biosynthesis squalene undergoes direct
cyclization to lanosterol, which is then converted to
cholesterol ( 16-20). Recent studies have also
defined the reaction sequence between mevalonic
acid and squalene (21-23) and have partly de-
fined the unusual reaction mechanism involved in
squalene biosynthesis from its immediate precur-
sor, farnesyl pyrophosphate (24-26). The posi-
tion of squalene in the biosynthetic pathway to
cholesterol is indicated in Figure 1.

In the present study, small concentrations of
metabolically active squalene have been identified
in human and rat blood plasma.

Methods
Forty microcuries of DL-2-C"-mevalonic acid, in solu-

tion in isotonic saline, was injected intravenously into
a fasting normal young adult man. Serial blood samples
were collected in syringes moistened with a solution of
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heparin and were immediately placed on ice. The sam-
ples were centrifuged at 2,000 X g for 45 minutes at 40
C, and the plasma was removed. Small samples of
plasma were extracted immediately. Larger volumes of
plasma (28 to 38 ml per sample) were used for the serial
separation of lipoprotein classes as described by Havel,
Eder, and Bragdon (27). Three lipoprotein fractions
were collected from each sample by ultracentrifugation
at densities (before centrifugation) of 1.019, 1.063, and
1.21.

Ten male Sprague-Dawley rats weighing 175 to 200 g
each were fasted overnight, and each was inj ected in-
travenously with 1 ml of a solution containing 25 ,Jc DL-2-
C"-mevalonic acid per ml in isotonic saline. At specified
time intervals the animals were anesthetized with ether,
and as much blood as possible, from 7 to 8 ml, was with-
drawn from the abdominal aorta into syringes moistened
with heparin. The livers were immediately perfused
in situ with ice-cold isotonic saline via the superior vena
cava and were then excised and placed on ice. Blood
and liver samples were combined into two groups of five
each for further processing. In one group ("A"), all
samples were collected after relatively short time in-
tervals (37 to 41 minutes; average, 39 minutes). In
the other group ("B"), the samples were all collected
between 2 hours 11 minutes and 2 hours 14 minutes
(average, 2 hours 13 minutes). The plasma and liver
samples from each group were combined into a single
sample. Small volumes (2.5 ml for A, 3.0 ml for B) of
plasma were extracted immediately, and larger volumes
(16 ml for each) were used for lipoprotein separations
as described above. Livers were homogenized with 2.5
volumes of 0.1 M potassium phosphate buffer, pH 7.4, in
a Potter-Elvehjem homogenizer, and portions of each
homogenate were then extracted.

The plasma, lipoprotein, and liver samples were each
extracted with 25 vol CHCla: MeOH, 2:1 (vol/vol).
The extraction mixture was split into two phases by
addition of 5 vol 0.05% H2SO4 and the entire CHCl3
phase collected and evaporated to dryness under a
stream of nitrogen. The total lipid so obtained was
separated into hydrocarbon, cholesterol ester, and free
cholesterol (plus triglyceride) fractions by silicic acid
column chromatography as described elsewhere (28).
The column separations were standardized to ensure a
quantitative recovery of squalene in the hydrocarbon
fraction, with no contamination by cholesterol esters.

Radioassay was carried out with a Packard liquid scin-
tillation spectrometer, using 0.5% diphenyloxazole in
toluene as solvent.
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FIG. 1. THE PATHWAYOF REACTIONS IN CHOLESTEROLBIOSYNTHESIS.

The thiourea adduct of squalene was prepared, and
the squalene later regenerated, as described by Goodman
and Popjik (23). Carrier pure squalene l was added
before preparation of the adduct.

Thin-layer chromatography (TLC) of squalene was

carried out on thin layers of silica gel G using benzene:
hexane, 3: 97, as ascending solvent. The plates were im-
pregnated with rhodamine 6G to permit ready visualiza-
tion under ultraviolet light. After chromatography of
carrier squalene the plates showed a single narrow

squalene band of Rf approximately 0.5, with several very

faint bands of greater R5. TLC of sterols was per-

formed as described by Avigan, Goodman, and Steinberg
(29), using benzene: ethyl acetate, 5:1. Carrier lanos-
terol-dihydrolanosterol 2 was added to the free sterol
samples of biological origin before chromatography.
The developed plates showed widely separated bands of
lanosterol-dihydrolanosterol (Rf ca. 0.75) and choles-
terol (Rf ca. 0.6). Elution of various portions of the
plates was accomplished by scraping the desired zone on

to a filter funnel and eluting with CHCIL.
Gas-liquid chromatography (GLC) was performed

with a Barber-Colman model 25 chromatograph equipped
with a radium-containing argon ionization detector. A
glass coil column, 8 feet X i inch, containing % SE30
on Anakrom ABS was used. The column temperature
was 225° and the cell temperature 245°. The cell operated
at 900 v. The argon pressure was 35 pounds per square

1 Purchased from Eastman Organic Chemicals, Roch-
ester, N. Y.

2 Purchased as "lanosterol" from California Corp. for
Biochemical Research, Los Angeles, Calif.

inch. Pure squalene, cholesterol, 24,25-dihydrolanosterol,
and lanosterol emerged with retention times of 20.8, 39.5,
60.6, and 66.6 minutes, respectively. Calibration with
pure squalene showed that the area of the squalene peak
was proportional to the mass of squalene injected on to
the column, over a wide range of mass.

Results

Human. Assay of the silicic acid column frac-
tions of human lipoprotein lipid for C14 revealed
that only the very low density (< 1.019) lipo-
protein samples contained significant radioactivity
in the hydrocarbon fractions. None of the hy-
drocarbon fractions from any of the samples of
the two higher density lipoproteins contained

TABLE I

Time-course of the distribution of radioactivity in human very
t low density lipoprotein lipid after 2-C'4-mevalonate

Distribution of recovered Ci4

Choles- Free
Hydro- terol choles-

Time Total C14 carbons esters terol

hours cpm/100 % % %
ml plasma

1.83 9,086 11.6 3.6 84.7
2.92 15,372 5.8 8.1 86.1
4.83 11,146 2.1 18.2 79.6
7.75 8,657 0.7 32.8 66.5

10.83 7,446 0.1 38.7 61.2

ACETATE

CHCOO0
ATP
CoA

CH3COSCoA
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TABLE II

Radioactivity of the hydrocarbon fractions of rat plasma and plasma lipoproteins after 2-C'4-mevalonate

Total cpm X 10-6 %of total C14 in
per 100 ml plasma hydrocarbon fraction

Sample A Sample B Sample A Sample B
(0.65 hour) (2.22 hours) (0.65 hour) (2.22 hours)

Whole plasma 1.229 2.046 9.1 0.6

Lipoproteins of density:
<1.019 0.422 0.387 14.2 1.1

1.019-1.063 0.166 0.393 3.7 0.2
1.063-1.21 0.587 1.124 2.6 0.3

more than 0.5%o of the total radioactivity of the
sample. The results observed with the very low
density lipoprotein samples are presented in Table
I. At the earliest time interval studied (1.83
hours) a considerable fraction of the total radio-
activity was found in the hydrocarbon fraction.
With increasing time the relative amount of radio-
activity in this fraction decreased progressively;
by 10.8 hours only 0.1%o of the radioactivity was
found in this fraction. The time course of the
distribution of radioactivity shown in Table I is
consistent with the conclusion that the radioac-
tivity in the hydrocarbon fraction resided in a
compound on the biosynthetic pathway from C14-
nevalonic acid to cholesterol. The only known
compound on this pathway that appears in the
hydrocarbon fraction after silicic acid chromatog-
raphy is squalene.

Further chromatographic identification of the
hydrocarbon radioactivity was attempted by TLC.
Portions of the 1.8- and the 4.8-hour hydrocarbon
samples from the very low density lipoproteins
were chromatographed, together with 1 mg car-
rier squalene, as described above. With each
sample, the narrow squalene band was scraped
from the plate and eluted. The entire remainder
of the plate, from the origin to the solvent front,
was also scraped and eluted. Assay of the eluates
for C14 showed that, for the two samples, respec-
tively, 83 and 86% of the recovered radioactivity
were found in the squalene zone.

Carrier squalene (20 dig) was added to a por-
tion of the 2.9-hour hydrocarbon sample, and the
thiourea adduct formed. The squalene regen-
erated from the adduct contained 77% of the ex-
pected radioactivity.

Rat. Silicic acid column chromatography of
the lipid samples from rat plasma revealed the

presence of considerable radioactivity in the hy-
drocarbon fraction of the early sample (A) but
very little in the hydrocarbon fraction of the later
sample (B). The results are presented in Table
II. As with the human subject, most of the hy-
drocarbon radioactivity was found associated with
the very low density lipoprotein.

Carrier squalene (50 Mtg) was added to por-
tions of the hydrocarbon fractions from each of
the lipoprotein fractions of plasma sample A and
from the very low density lipoprotein fraction
of plasma sample B. After formation of the
thiourea adduct and regeneration of the squalene,
more than 90% of the radioactivity was recovered,
in each sample, in the regenerated squalene.

Gas chromatographic estimation of squalene
concentration. Portions of the very low density
lipoprotein hydrocarbon fractions from the 2.9-
hour sample of the human subject and from rat
sample A, were saponified and the nonsaponifiables
analyzed by GLC. Similar results were obtained
with both the human and rat samples. Both
samples showed a single major peak with reten-
tion time identical to that of pure squalene. This
peak was preceded by a series of much smaller
peaks and followed by only one definite very
small peak (retention time, 1.36 X squalene). No
further peaks emerged during a total chromatog-
raphy time of 85 minutes. The identities of the
small peaks with retention times other than that
of squalene are not known; these peaks may rep-
resent impurities accumulated during the process-
ing of the samples, or they may represent un-
known compounds of biological origin present in
the original lipoprotein samples.

An estimate was made of the squalene concen-
tration in plasma by assuming that the gas chro-
matographic peak with retention time identical
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to that of squalene represented squalene derived
from the lipoprotein sample. The area of this
peak was then compared to the areas observed
with known amounts of pure squalene, on GLC
under identical conditions. This provided an esti-
mate of squalene mass, which could be related to

the volume of plasma from which this squalene
was derived. These calculations indicated that the
concentration of squalene in the very low density
lipoprotein fraction was approximately 29 ,ug per

100 ml human plasma and approximately 36 pg
per 100 ml rat plasma.

Lanosterol. Preliminary evidence was also ob-
tained for the presence of lanosterol in plasma.
Portions of the free sterol fractions of human
and rat plasma were chromatographed together
with carrier lanosterol as described under Meth-
ods. The developed plates were scraped and
eluted in three zones: lanosterol, an intermediate
zone between lanosterol and cholesterol, and cho-
lesterol. This procedure is identical with that em-

ployed in the study of the time course of cho-
lesterol biosynthesis in rat liver (20). As dis-
cussed elsewhere (20) the lanosterol TLC zone

should contain 30-carbon sterols, the intermediate
zone 28- and 29-carbon sterols, and the choles-
terol zone 27-carbon sterols. The results obtained
in the present study are presented in Table III.
In the rat plasma and rat liver samples, the early
sample (A) showed significant radioactivity in
both the lanosterol and intermediate TLC zones.

The later (B) samples showed significantly less
radioactivity in these zones. The amounts of ra-

dioactivity found in the lanosterol and intermedi-
ate zones in the A samples were much greater
than the technical error of the chromatographic
procedure. Previous studies have indicated that
such lanosterol zone radioactivity from liver non-

saponifiables actually resides in C14-lanosterol and
that the intermediate zone radioactivity from liver
probably resides in 28-carbon sterols (20). It is
thus reasonable to presume that the lanosterol and
intermediate zone radioactivity found in plasma
also resided in corresponding sterol precursors of
cholesterol. The time course of the distribution
of radioactivity shown in Table III is consistent
with this hypothesis.

Relatively less radioactivity was found in the
lanosterol and intermediate TLC zones with the

human plasma samples. The relative amount of
radioactivity in these TLC zones was, however,
greatest in the earliest plasma sample and de-
creased progressively with time (see Table III).
This time course suggests that, as with the rat
plasma, the lanosterol and intermediate zone radio-
activity actually resided in sterol precursors of
cholesterol present in human plasma. Analysis
of the three lipoprotein fractions from the 2.9-
hour sample (Table III) revealed a similar dis-
tribution of radioactivity in all three lipoproteins.
This suggests that the sterol precursors of cho-
lesterol were comparably present in all lipoprotein
f ractions.

An attempt was made to identify lanosterol in
plasma by GLC. Approximately half the free
sterol fractions from the three lipoproteins cor-
responding to rat plasma sample A, and from
those of the third (4.8-hour) human plasma
sample, were each combined and subjected to
TLC without the addition of carrier lanosterol.
After chromatography the area of each plate just
above the cholesterol zone, and almost to the
solvent front, was scraped and eluted. This
area included the intermediate and lanosterol TLC
zones, as determined by standard spots run on
the same plates. Portions of each eluate were
then analyzed by GLC. The chromatogram from
each sample showed a series of unidentified very

TABLE III

Distribution of radioactivity in the free sterols
of human and rat plasma and rat liver

%of total sterol C'4 in thin-
layer chromatography zone

Lanos- Inter- Choles-
Sample and time terol mediate terol

Humanwhole plasma
1.83 hour 3.0 2.0 95.0
2.92 hour 2.4 1.4 96.1
4.83 hour 1.4 0.7 97.9

Human plasma lipoproteins, 2.92-hour sample
p < 1.019 2.6 1.5 95.9

1.019 < p < 1.063 2.4 1.4 95.2
1.063 < p < 1.21 2.7 1.2 96.1

Rat whole plasma
0.65 hour (A) 7.9 4.8 87.3
2.22 hour (B) 2.2 1.8 96.0

Rat liver
0.65 hour (A) 6.1 4.2 89.9
2.22 hour (B) 2.3 2.0 95.7
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early peaks and a small peak with retention time
corresponding to that of cholesterol. There were
no peaks discernible at retention times correspond-
ing to lanosterol or dihydrolanosterol, or at re-
tention times that might be expected for 28- or 29-
carbon sterols. The sensitivity of the instrument
was such that approximately 0.5 ug of either
lanosterol or dihydrolanosterol should have been
definitely detected. By relating the GLC sample
size to the corresponding volume of plasma, it was
possible to estimate that the concentration of free
lanosterol in plasma, if present, must be less than
40 jpg per 100 ml in man and less than 35 ug per
100 ml in the rat.

Discussion

The data presented here demonstrate the pres-
ence of small amounts of metabolically active
squalene in human and rat plasma. Radioactivity
rapidly appeared in, and then subsequently disap-
peared from, this squalene pool after intravenous
C14-mevalonate. Identification of the radioac-
tivity as residing in squalene included its chro-
matographic behavior on silicic acid columns and
thin-layer plates and its formation, with carrier
squalene, of a thiourea adduct. These properties
provide a fairly confident, albeit inferential, iden-
tification. There is no known metabolite of meva-
lonic acid other than squalene that would exhibit
this combination of properties. Most of the la-
beled plasma squalene was found associated with
the very low density (< 1.019) lipoprotein frac-
tion in both man and the rat. The concentration
of squalene in the plasma very low density lipo-
protein was estimated by gas-liquid chromatog-
raphy to be approximately 30 to 35 pg squalene
per 100 ml plasma in both species.

The rapid appearance and disappearance of
radioactivity in plasma squalene indicated that this
squalene was in close equilibrium with the tissue
squalene pool involved in cholesterol biosynthesis
from C14-mevalonate. This tissue pool was un-
doubtedly located in the liver, which is the major
organ involved in cholesterol biosynthesis. Lang-
don and Bloch (8) have estimated that the con-
centration of squalene in rat liver is of the order
of 25 pg per g of tissue. Although this is prob-
ably a maximal estimate [see (8)], it does indi-
cate that the squalene pool in plasma is much

smaller than the liver pool with which it is ap-
parently in close equilibrium.

Preliminary data have also been presented that
suggest the presence of small amounts of lanos-
terol and of other sterol precursors of cholesterol
in plasma. These sterols were apparently also in
close equilibrium with their corresponding liver
pools. The concentration of free lanosterol, if
present, was less than 35 jug per 100 ml plasma.

Summary

Radioactive squalene has been observed transi-
ently in human and rat plasma after the intrave-
nous administration of C14-mevalonic acid. Iden-
tification of the labeled squalene included its
chromatographic behavior and its formation of a
thiourea adduct. Most of the labeled squalene
was associated with the very low density (density
< 1.019) lipoprotein fraction, in which its con-
centration was estimated to be approximately 30
to 35 fig per 100 ml plasma in both species. The
plasma squalene pool appears to be in close equi-
librium with the larger liver squalene pool.

Preliminary evidence has also been obtained
that suggests the presence of small amounts of
lanosterol in plasma.
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