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SUMMARY

Ether-lipid levels and a-glycerol phosphate dehydrogenase
activity have been measured in a number of transplantable
hepatomas and cell cultures in order to investigate a possible
correlation between the two. The levels of ether-lipids were
highest in the most rapidly growing hepatomas and were
progressively lower in the less rapidly growing and more highly
differentiated tumors. This increase in ether-lipid level was
generally associated with an inverse relationship in a-glycerol
phosphate dehydrogenase levels so that the slowest growing,
more differentiated tumors contained the highest amounts of
the enzyme. In all the cell cultures, the levels of ether-lipids
were elevated as compared to normal tissues, and the cellular
glycerol phosphate dehydrogenase activities were as low as in
the fastest growing tumors in vivo. Among the cell cultures
were those derived from both normal and neoplastic tissues as
well as a line derived by oncogenic virus transformation. The
results indicate a correlation between increase in glyceryl-ether
content and decrease in glycerol phosphate dehydrogenase
levels. The relationship of these results to previous studies on
aerobic glycolysis and the significance of these parameters to
the neoplastic process is discussed.

We have utilized 2 types of experimental systems in these
investigations. The first of these is the series of transplantable
rat hepatomas developed by Morris (19). These tumors offer a
graded series in their neoplastic characteristics and deviation
from normally differentiated liver. They afford a system in
which growth potential can be correlated with the progression
of various biochemical parameters. Shonk et al. (25) have
previously reported a relationship between growth rate and a
number of enzyme activities, including glycerol phosphate
dehydrogenase, for certain of these tumors.

The 2nd system that we have utilized is that of cell culture.
Cells maintained in culture provide a homogeneous and
controlled system for the assay of biochemical parameters.
They also allow the possibility of comparing cells of normal
and malignant derivation. Moreover, cells transformed by
tumor viruses may be compared directly with their
untransformed counterparts.

This paper reports studies on glycerol phosphate
dehydrogenase and ether-lipid content in both the graded
hepatomas grown in vivo and a variety of cells grown in
culture in vitro. A relationship between these parameters is
indicated, and the significance of this to the neoplastic process
is discussed.

INTRODUCTION

A number of reports on the glyceryl-ether content of
normal and neoplastic tissues suggest that tumor lipids contain
higher levels of both 0-alkyl and alk-1-enyl moieties of
glycerol (28, 29). Recent investigations of the biosynthesis of
the ether-lipids indicate that glyceryl-ethers are derived from
dihydroxyacetone phosphate and that the acyl derivative of
this compound is an intermediate in the process (15, 27).
Agranoff and Hajra (1) evaluated the role of the
acyl-dihydroxyacetone pathway for glycerolipid synthesis and
suggested a direct relationship between utilization of
dihydroxyacetone phosphate for lipid synthesis and the level
of the enzyme a-glycerol phosphate dehydrogenase. It has
been reported (8) that the levels of this enzyme are frequently
low in neoplastic tissues. We have therefore studied normal
and tumor cells with respect to this activity and glyceryl-ether
content in order to investigate a possible relationship between
the two and also to attempt to evaluate the significance of
these parameters to the neoplastic process itself.
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MATERIALS AND METHODS

Rats bearing transplanted hepatomas were obtained from
the colony maintained by Dr. H. P. Morris at Howard
University. When the tumors had reached sufficient size, the
animals were decapitated and exsanguinated. Tumors were
rapidly excised, trimmed, and blotted. A weighed amount of
tissue was homogenized in 9 volumes of sodium-EDTA buffer
(5 mM, pH 7.4) for 1 min in a VirTis homogenizer and was
centrifuged for 20 min at 27,000 X g, 5Â°.Enzyme activity in

the supernatant solution was assayed spectrophotometrically
by a modification of the method of Hohorst (16). The 3-ml
assay system contained 2 ml of hydrazine-glycine buffer, pH
9.5 (0.4 M hydrazine:! M glycine:0.005 M EOT A); 0.2 ml of
NAD (0.05 M); 0.2 ml of a-glycerol phosphate (1 M); and 0.05
to 0.6 ml of supernatant. Optimum conditions for the system
were confirmed before tumor and cell assays were conducted.
Enzyme units are reported as jumÃ³lesof NADH formed per
min. For measurement of glyceryl-ether content, a weighed
amount of tissue was homogenized in 20 volumes chloroform:
methanol (2:1) and filtered through glass filter paper. The
lipid extract was washed with 0.2 volume 0.05 M CaCl2
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according to the method of Folch et al. (12) and evaporated
to dryness under a stream of N2. Alkyl- and alk-1-enyl ether
content was determined on duplicate samples of the lipid
extract following LiAlH4 reduction, by thin-layer chroma-
tography and densitometric analysis according to the method
of Wood and Snyder (33).

Cultures of KB and WI-38 cells were obtained from the
American Type Culture Collection. WI-38VA13A cells, a line
derived from the diploid fibroblast WI-38 by transformation
with SV40 virus (13) were supplied by Dr. V. J.Cristofalo of
the Wistar Institute. All cells were cultured as monolayers in
minimal essential medium (Eagle) supplemented with biotin, 1
mg/liter, 10% fetal bovine serum, and aureomycin, 50 Â¿/g/ml.
For harvesting of the cells, the monolayer was washed 3 times
with buffered balanced salt solution (11), and the cells were
scraped with a rubber policeman into EDTA buffer. Ehrlich
ascites cells were cultivated in the peritoneum of CF] mice.
After the tumor cells were harvested from the peritoneal
cavity, they were washed 3 times by low-speed centrifugation
in the balanced salt solution and were suspended in EDTA
buffer.

For assay of enzyme activity, the suspension of cells was
homogenized in EDTA buffer by a Duali tissue grinder and
centrifuged for 20 min at 27,000 X g, 5Â°.The supernatant was

concentrated by Diaflow filtration with a PM 10 filter, and
enzyme was assayed on aliquots of the concentrate as
described above. For measurement of glyceryl-ether content of
cells, total lipid was extracted from the cell suspension by the
Folch procedure, and alkyl and alk-1-enyl ether contents were
assayed as described above.

Protein was determined by the method of Lowry et al. (18),
and total lipid was determined by the method of Bloor (6). All
solvents were either of spectroanalyzed quality or redistilled
before use. Following thin-layer chromatography, the plates
were sprayed with 70% aqueous sulfuric acid saturated with
potassium dichromate and heated at 180Â° for 25 min.

Densitometry was carried out with the densitometer

attachment to the Zeiss PMQ spectrophotometer at a
wavelength of 560 nm.

For evaluation of conversion of glycerol to carbon dioxide,
glycerol-14C in the balanced salt solution was sterilized by

filtration and added to the medium at the time of
subcultivation to give a final concentration of 1 mM (0.2
Â¿iCi/ml).Aliquots of medium were sampled at daily intervals
and transferred to Erlenmeyer flasks fitted with removable
plastic center wells containing Hyamine hydroxide. The
medium was acidified to pH 2 with H2SO4, and the flasks
were shaken for 1 hr to assure complete trapping of the
liberated CO2. The well was then transferred to a vial
containing Aquasol (New England Nuclear, Boston, Mass.),
and radioactivity was determined in a liquid scintillation
spectrometer equipped with an external standard.

RESULTS

Thirteen hepatomas of graded degrees of differentiation
were used. Descriptive information for the tumors used is
included in Table 1. Generally, tumors with low growth rate
are well differentiated, and the faster growing tumors are
poorly differentiated, as compared to normal liver. Charts 1
and 2 present values for glycerol phosphate dehydrogenase
activities, ether-lipid levels, and growth rates for rat liver and
the various hepatomas. The values given for ether-lipid content
are the sum of both the alkyl and the alk-1-enyl derivatives of
the total cell lipid. The activity of glycerol phosphate
dehydrogenase is highest in normal liver, and, except for
Tumor 5123C, the activity decreases with increasing growth
rate of the tumors. The glyceryl-ether content of the tumor
lipids follows the opposite pattern, being lowest in normal
liver and increasing as the growth rate increases (Chart 1).
There seems to be an inverse correlation between the level of
glycerol phosphate dehydrogenase and the ether-lipid content
of the tumors. In most cases, as illustrated in Chart 2, as the

Table 1
Growth, differentiation, and giycolysis of transplantable hepatomas

Tumors are arranged in order of increasing glycerol phosphate dehydrogenase content to
facilitate comparison with Charts 1 and 2.

Tumor3924A7288CTC96

ISA7288C77773683FH3562142A5123CLiverGeneration

used287823011773295,

29874104986HistologyPoorly

differentiatedPoorly
differentiatedPoorly
differentiatedPoorly
differentiatedPoorly
differentiatedPoorly
differentiatedWell
differentiatedHighly

to welldifferentiatedHighly
differentiatedWell
differentiatedWell

differentiatedPloidy"7367-6941434339-4043-4490-9642Aerobic

giycolysis
(AmÃ³leslactate/g

wet weight/90min)54

.5b45.

lb21.5b'c12C14.4C

0 Data from Nowell et al. (20, 21).
b Data from Sweeney et al. (31).
c Data from Aisenberg and Morris (3).
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Chart 1. Correlation of growth rate
and ether-lipid content of hepatomas.
Growth rate is shown next to ether-lipid

content for each tumor to assess degree
of correlation between the 2 parameters.
Values for ether-lipids represent the sum
of alkyl and alk-1-enyl derivatives of
neutral and phospholipids. They are the
average of 4 to 17 determinations, and
the S.E. averages 14%. Growth rate
represents monthly increase in the
diameter of the tumor.

7288CTC 3683F 3924A 9618A 7777 7288C 5123C
TUMORIDENTIFICATION

H35 42A

Chart 2. Correlation of glycerol
phosphate dehydrogenase activities and
ether-lipid content of hepatomas. Inverse
of enzyme activity is shown next to
ether-lipid content for each tumor to
assess degree of correlation between the
2 parameters. Values for ether-lipids are
similar to those in Chart 1. Values for
enzyme activity are the reciprocals of
i.u./g, wet weight, of tumor. Each is the
average of 2 to 7 determinations, and the
S.E. averages 8%. Enzyme values
expressed as i.u./lOO mg soluble protein,
for comparison with Table 2; range from
0.042 for the most rapidly growing
tumor to 15.52 for normal liver.

LUl4uoz3OCce>â€”13

2SNZUJ1-?-GLYCEROL-

PHOSPHATE,,DEHYDROGENASE
11LIPID

ETHERSl.'.'.'.'.'.'.'..'.]FE.â€”nn7:-11nnl

nnn:
Olln nn nn

35

3924A 7288CTC9618A 7288C 7777 3683F H3S 21 42A 5123C NORMAL
LIVER

activity of this enzyme decreases there is an increase in
glyceryl-ether levels. The rates of aerobic glycolysis, when
available from the literature (Table 1), also seem to be
inversely related to glycerol phosphate dehydrogenase levels.

Table 2 shows data for glycerol phosphate dehydrogenase
and ether-lipids in cultured cells. The WI-38 cell strain is a
human fibroblast with diploid karyotype and limited life-span
of 40 to 50 cell generations in culture. The remainder are

heteroploid cell lines, the L strain mouse fibroblast originating
from normal tissue and the KB cell line originating from a
tumor (oral epidermoid carcinoma). The WI-38VA13A cell
line is heteroploid and was derived from WI-38 by
transformation with SV40 virus. The values for glycerol
phosphate dehydrogenase in all of the cultured cells are low.
They fall in the range of the most rapidly proliferating
hepatomas and are lower than those reported for normal
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tissues in vivo (8, 24). Moreover, the glycerol phosphate
dehydrogenase values for the various types of cultured cells are
quite similar, and no striking differences in glycerol phosphate
dehydrogenase activity between the diploid WI-38 strain and
the heteroploid or tumor cell lines are observed. For

Table 2
Glycerol phosphate dehydrogenase activities, ether-lipid content, and

glycolytic rates of cultured cells
Glycerol phosphate dehydrogenase values represent a pool of 16

culture bottles for each determination. Data for ether-lipids represent
the sum of alkyl and alk-1-enyl derivatives of total cell lipid. Values
given are Â±S.E.;figures in parentheses represent the number of
determinations. Data for aerobic glycolysis are taken from the literature
as follows: WI-38, Cristofalo and Kritchevsky (10); L strain mouse
fibroblast, Brosemer and Rutter (9); Ehrlich ascites, Warburg (2); KB
epidermoid carcinoma, Green et al. (14); WI-38VA13A (WI-38 cells
transformed by SV40 virus), extrapolated from comparative data of
Cristofalo (V. J. Cristofalo, personal communication). Values for
aerobic glycolysis (-ÃŸoa /lÃ¡clate) are expressed as M! oxygen
equivalents/hr/mg dry weight.

CelltypeWI-38

(normal)
L (mouse fibroblast)
Ehrlich ascites
W1-38VA13A

(transformed)
KB (carcinoma)Enzyme

(i.u./lOOmg
cellprotein)0.030

0.040-0.044
0.037
0.0420.025-0.032Ether-lipidsas%

totallipid1.78

Â±0.296(4)
2.18 Â±0.180(4)
2.32 Â±0.576 (4)
5.14 Â±0.676(6)2.00

Â±0.25*(2)Aerobic

glycolysis11.2

13
30
10.612.5

1200-

400-

O WI-38 VA13A

A WI-38

TIME (DAYS)

Chart 3. I4CO2 production from glycerol-14 C by normal diploid
cells (WI-38) and virus-transformed cells (WI-38VA13A). Conversion of
glycerol to CO, was compared in WI-38 and WI-38VA13A cells by
adding glycerol-14 C (0.2 nCi/ml) to medium at the time of

subcultivation. Aliquots of medium were sampled at daily intervals, and
' 4CO2 was trapped and measured as described in "Materials and
Methods."

confirmation of the similarity of glycerol phosphate
dehydrogenase levels in WI-38 and the transformed
WI-38VA13A cells, and for elimination of the possibility that
an alternate non-NAD-linked glycerol phosphate dehydro
genase (22) might be active in the WI-38 cells, an indirect
measure of this enzyme was made. Since glycerol can enter the
glycolytic pathway only through a-glycerol phosphate, this
was accomplished by measuring the conversion of glycerol-14C

to CO2 in growing cultures. Chart 3 indicates, in confirmation
of the enzyme data, that the rates of C02 production are also
identical in the 2 cell types measured over a 6-day period.

Ether-lipid content in all the cultured cells was found to be
relatively high (Table 2) and corresponded to the values for
the rapidly growing hepatomas, reflecting the inverse
correlation between glycerol phosphate dehydrogenase and
ether content indicated by the hepatoma data. There is no
lowering of the ether-lipid content in the diploid fibroblast
WI-38 as compared with the heteroploid cell lines. It is
interesting, however, that the WI-38VA13A cells contain a
glyceryl-ether level about 3 times higher than the WI-38,
although their glycerol phosphate dehydrogenase levels are
similar.

DISCUSSION

The results for glycerol phosphate dehydrogenase levels in
the different tumors indicate a pattern of decreasing enzyme
activity that correlates with increasing tumor growth rate. This
confirms the earlier studies of Shonk et al. (25), who found a
lower enzyme level in a group of faster growing tumors as
compared to the slower growing group. The values reported in
this paper for ether-lipid levels in the faster growing hepatomas
are similar in magnitude to those observed by Snyder and
Wood (28, 29) in other neoplastic tissues. A similar elevation
of glyceryl-ether levels in the rapidly growing hepatoma
7794A was noted by Snyder et al. (26). The data for the
cultured cells indicate that glycerol phosphate dehydrogenase
activity is lower than in normal tissues (8, 24). Sacktor and
Dick (23) have reported similar low levels in Ehrlich ascites
cells. Similarly, the ether-lipid levels in the cultured cells are
elevated and resemble those reported by Snyder and Wood
(28, 29) for tumors in vivo. These workers also reported even
higher glyceryl-ethers in the L-M cell line grown in culture (5).

The results obtained from glycerol phosphate dehydro
genase activity and ether-lipid levels in the series of hepatomas
indicate that there is a correlation among an increase in the
growth rate, a decrease in glycerol phosphate dehydrogenase
activity, and an increase in the glyceryl-ether content (Charts 1
and 2). This relationship between low glycerol phosphate
dehydrogenase activity and elevated ether-lipids is also found
in cells of both normal and tumor origin growing in culture.

Tumor 5123C is an anomalous tumor with respect to
growth rate. Its glycerol phosphate dehydrogenase activity,
ether content, and glycolysis rate are all similar to normal
liver, and it is histologically well differentiated (Table 1).
However, it has a relatively fast growth rate. This resemblance
of Tumor 5123C to normal liver has been discussed by other
workers (4). It would be interesting to pursue the possible
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GLYCERALDEHYDE
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Chart 4. Outline of pathways related to ether-lipid accumulation in
cells. Metabolic pathways related to the biosynthesis of glyceryl-ethers
are outlined. The numbers indicate possible content points that could
influence ether-lipid levels: Pathway 1, a-glycerol phosphate dehydro-

genase; Pathway 2, formation of acyl dihydroxyacetone phosphate;
Pathway 3, conversion of acyl dihydroxyacetone phosphate to alkyl
dihydroxyacetone phosphate; Pathway 4, cleavage enzyme for alkyl
bond. ACYL-DHAP, acyl dihydroxyacetone phosphate; DIPOt,
di phosphate.

relationship between the very high chromosome number of
this tumor and its anomalous growth rate.

Although a correlation between certain metabolic
parameters does not prove that a causative relationship exists,
a correlation of cell components and an enzymatic activity can
frequently indicate the true physiological role of the enzyme
(17). The metabolic pathways related to the biosynthesis of
the alkyl ether bond are outlined in Chart 4. It is quite
plausible from a consideration of these pathways that a
decrease in glycerol phosphate dehydrogenase could lead to an
increase in glyceryl-ether biosynthesis. A decrease in glycerol
phosphate dehydrogenase activity (Pathway 1) would result in
increased levels of dihydroxyacetone phosphate and therefore
in a greater proportion of glycerolipid synthesis via
dihydroxyacetone phosphate instead of a-glycerol phosphate.
Since acyl dihydroxyacetone phosphate has been shown to be
the precursor of alkyl dihydroxyacetone phosphate (15),
increased formation of acyl dihydroxyacetone phosphate
(Pathway 2) (in comparison to phosphatidic acid) could result
in an increased proportion of ether-lipids in the total cell lipid.

The general outline of these pathways in Chart 4 shows that
other factors may also influence the content of ether-lipids.
One possibility is the rate of degradation (Pathway 4), for
decreases in the cleavage enzyme have been demonstrated in
tumors (30). Another important regulatory point could be at
the step or steps involved in the formation of the ether bond
(Pathway 3). These would include both synthesis of fatty
alcohols and the alkyl-acyl exchange. It is also possible that
more than 1 route may be operative for ether-lipid
biosynthesis. It would be interesting to determine rates of the
cleavage enzyme and conversion of acyl to alkyl
dihydroxyacetone, expecially in the cultured cells studied, in
view of the unusually high ether-lipid levels observed in the
transformed WI-38VA13A cells.

There may also be an interesting relationship between the

increased ether-lipid levels and glycolytic rate. It is a
well-established observation that many tumors have a high rate
of aerobic glycolysis. The available data on the hepatomas
studied shows an increase in glycolysis (Table 1) as the
ether-lipid levels increase. The cultured cells of both normal
and tumor origin also show high aerobic glycolytic rates. It is
quite plausible that an elevation in glyceryl-ether levels and an
increased glycolytic rate are both related to the observed
decrease in the enzyme glycerol phosphate dehydrogenase in
these systems. Since dehydrogenase "shuttle" enzymes are

primarily responsible for transfer of electrons from the
reduced cytoplasmic nucleotides produced as the result of
glycolysis into the mitochondria, production of lactate from
pyruvate in the cytoplasm would be enhanced in their absence.
Weinhouse (32) has suggested that the transport of electrons
to oxygen is a crucial factor in determining the degree of aero
bic glycolysis. Boxer and Devlin (7) and Shonk et al. (25) have
linked the absence of the hydrogen-carrying shuttle enzymes
glycerol phosphate dehydrogenase, acetoacetate-0-hydroxy-
butyrate dehydrogenase, and malic dehydrogenase to aerobic
glycolysis in malignant tissues.

The crucial problem is to differentiate between the situation
in which the observed decreases in glycerol phosphate
dehydrogenase and increases in ether-lipid levels and glycolytic
rate are intimately linked to the neoplastic process, and the
situation in which they are merely secondary. In the series of
hepatomas, all 3 indices do parallel for the most part the
increasing growth rate and degree of cancer of the tumors. The
results from the cells growing in culture, however, give an
interesting alternative perspective. Of particular significance is
the finding that the diploid strain WI-38, although derived
from normal tissues, nevertheless has levels of glycerol
phosphate dehydrogenase and ether-lipids characteristic of the
tumor cell lines. Moreover, on the basis of aerobic glycolysis
rates and glycerol phosphate dehydrogenase levels, the cell line
is indistinguishable from its transformed counterpart, strain
WI-38VA13A.

The results from the cultured cells, when taken in
conjunction with those obtained from the tumors, suggest that
the changes reported here could be more closely related to the
dedifferentiation and adaptation associated with an increased
capacity for growth, rather than to an essential characteristic
of the neoplastic process itself.
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