Remodeling of Phospholipid Fatty Acids in Mitochondrial
Membranes of Estivating Snails

J.A. Stuart, T.E. Gillis, and J.S. Ballantyne*
Department of Zoology, University of Guelph, Guelph, Ontario, N1G 2W1 Canada

ABSTRACT: The effects of estivation on the phospholipid-spe-
cific fatty acid composition of mitochondrial membranes in the
hepatopancreas of the terrestrial snail Cepaea nemoralis were
investigated. The fatty acid composition of all phospholipids
was significantly altered in snails estivating for 6 wk, indicating
that substantial remodeling occurs. The most profound changes
occurred in cardiolipin (CL). CL of estivating snails was 13-fold
more saturated, contained 9-fold more monoenes, and had 45%
fewer polyenes than in active snails. These differences were
due, in part, to a reduction in linoleic acid (18:2n-6) content of
CL from estivators. As in mammals, CL of active snails appears
to preferentially incorporate 18:2n-6, which accounts for 60%
of the acyl chains in this phospholipid. This proportion was re-
duced by 50% in estivators. Changes in the fatty acyl content of
other phospholipids of estivating snails included increased
monoenes in phosphatidylethanolamine (PE) and phosphatidyl-
inositol, reduced ratios of n-3/n-6 polyenes in PE and phos-
phatidylcholine (PC), and an increased n-3/n-6 ratio in phos-
phatidylserine (PS). Arachidonic acid (20:4n-6) levels were re-
duced in PS but increased in CL and PC. Taken together, these
alterations to fatty acid composition are consistent with de-
creased biological activity of membrane-related processes
which occur in conjunction with the reduction of mitochondrial
aerobic metabolism observed during estivation.
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Depression of basal metabolic rate is a common physiologi-
cal strategy, allowing organisms to prolong the duration of
their tolerance of suboptimal environmental conditions (1,2).
Profound metabolic rate depression occurs during hiberna-
tion, torpor, and estivation. Suppression of mitochondrial
respiration is a key component of strategies to reduce basal
metabolic rate. Indeed, in hibernating ground squirrels,
electron transfer is inhibited by 70 to 80% at the site of
ubiquinol/cytochrome ¢, and adjustments of mitochondrial
membrane composition are implicated in the mediation of this
reduction (3). Changes to mitochondrial membrane composi-
tion have been studied in mammalian hibernators (4). How-
ever, hibernation and torpor are characterized by reductions
in both metabolic rate and body temperature, and thus it is
difficult to attribute changes of membrane phospholipid com-
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position to either of these parameters. Several authors have
attempted to overcome the confounding effects of tempera-
ture and metabolic rate reduction by comparing membrane
compositional changes in active and quiescent overwintering
animals (5,6), thus controlling for responses induced by low-
ered temperature. Nonetheless, interspecies differences still
remain. Estivation, however, provides a superior model for
studies of this nature. It typically occurs during environmen-
tal drought as a means to avoid desiccation (1). Metabolic rate
reduction occurs in the absence of temperature change or sig-
nificant cellular water loss. The extent of metabolic depres-
sion in estivators is at least as great as that observed during
hibernation and torpor. Estivating terrestrial snails, for exam-
ple, typically undergo a metabolic rate reduction of 85% (2).

As the functional mileu of the electron transport chain and
many of the transporters and channels associated with oxida-
tive phosphorylation, the mitochondrial membranes represent
a potentially powerful site for the regulation of metabolism.
Mitochondrial membranes are composed principally of pro-
teins and phospholipids, and the function of many of the pro-
teins associated with the membranes is responsive to, and in
many cases dependent upon, surrounding phospholipids (7,8).
Altering the composition of associated phospholipids can ef-
fect large changes in protein function (7). Modifications
to the phospholipid environment include substitution of
one phospholipid species for another, and/or modification of
the acyl chains of particular phospholipids. Previously, we
demonstrated that changes in the absolute and proportional
amounts of individual phospholipids were altered in estivat-
ing snails. Here, we present results which indicate that a phos-
pholipid-specific fatty acid remodeling occurs in mitochon-
drial membranes which is consistent with reduced rates of
metabolic functions during estivation.

MATERIALS AND METHODS

Experimental animals. Several Cepaea nemoralis were col-
lected in early summer, kept in terraria in the laboratory for
ca. 6 wk, and fed a diet of “iceberg” lettuce. A group of these
snails was removed to a dry terrarium, and food was withheld
to induce estivation which lasted for 6 wk.

Mitochondrial isolation. Hepatopancreas from active or
estivating snails was excised and immersed in 10 vol of mito-
chondrial isolation buffer (100 mM sucrose, 20 mM Hepes),
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0.5% bovine serum albumin (BSA), pH 7.5), and homoge-
nized by three passes with a Potter-Elvehjem homogenizer
(Fisher Scientific Ltd., Whitby, Ontario, Canada). Ho-
mogenates were centrifuged at 150 X g for 10 min and the pel-
let discarded. The remaining supernatant was centrifuged at
5000 x g for 10 min, and the pellet “washed” by repeating this
step twice. This procedure consistently gave a recovery of ca.
85% of mitochondria (9).

Purity of the mitochondrial preparation and recovery of
mitochondria did not differ significantly (P > 0.05) between
active and estivating snails based on the distribution of cy-
tochrome ¢ oxidase (mitochondrial marker), peroxidase (per-
oxisomal marker), and the proportional content of the phos-
pholipid sphingomyelin (used to mark nonmitochondrial
membranes, including nuclear membrane, endoplasmic retic-
ulum, and lysosomal and plasma membranes). Recoveries of
total cytochrome oxidase activities in the “mitochondrial frac-
tion” of active and estivating snails were 82.4 + 5.1 and
88.8 £4.0% (n =4), respectively. Only 3.5 + 1.0% of total
peroxidase activity was recovered in the mitochondrial frac-
tion of active snails, and 3.8 = 0.8% (n = 4) in estivating
snails. The proportional content of sphingomyelin in the mi-
tochondrial fraction was 2.4 = 1.5% (n = 7) in active snails
and 4.2 + 1.5% (n = 8) in estivators.

Total mitochondrial lipids were extracted by the method
of Bligh and Dyer (10). Phospholipids were separated from
neutral lipids and each other by thin-layer chromatography
and methylated, as in Holub and Skeaff (11). Bands were vi-
sualized by using dichlorofluorescein. There were no band
overlaps. An internal standard (17:0) was added to the phos-
pholipid fatty acids prior to methylation. Individual fatty
acids from each phospholipid fraction were separated and
identified by gas chromatography using a reversed-phase DB-
225 fused silica column (J&W Scientific, Folsom, CA) as de-
scribed by Glémet and Ballantyne (12).

A small sample (1 g) of the diet (lettuce) was homogenized
in 50 mM imidazole buffer using three 10-s bursts with a
Polytron PT10 unit (Kinematica GmbH, Luzern, Switzer-
land). Lipid extraction of the homogenate was as above. Indi-
vidual fatty acids were separated and quantified as above.

Chemicals. Chemicals were obtained from the Sigma
Chemical Co. (St. Louis, MO) or Fisher Scientific Ltd. and
were of the highest purity available. The fatty acid standard
was obtained from Nu-Chek Prep Inc. (Elysian, MN) and was
augmented by the addition of a menhaden extract.

Statistical analysis. Proportional phospholipid fatty acid
compositional data were arcsine transformed where necessary
to normalize the data and were compared by using Student’s
t-tests. P-values were adjusted (based on the number of tests
made and degrees of freedom) to compensate for the use of
multiple 7-tests in comparing the fatty acid compositions of
each phospholipid from active and estivating snails (13).

RESULTS

The snail diet (lettuce) was composed primarily of three fatty
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acids, 16:0, 18:2n-6 and 18:3n-3, which combine to account
for 83% of total fatty acids (Table 1). 18:2n-6 was the most
abundant fatty acid in lettuce, at almost 42% of total. Lettuce
contained a large proportion (64%) of 18-carbon fatty acids,
a lower proportion (29%) of 16-carbon fatty acids, and trace
amounts of 14, 20, 22 and 24-carbon fatty acids.

Phospholipids from hepatopancreas mitochondria of ac-
tive snails contained lower proportions (47%) of 18-carbon
fatty acids than dietary lettuce, and greater proportions of
their elongation products, especially 20-carbon fatty acids
(37%). Some of the most common fatty acids in hepatopan-
creas mitochondrial phospholipids of active snails are 18:2n-6
(18%), 18:3n-3 (8%), and 20:4n-6 (18%) (Table 2).

The fatty acid composition of mitochondrial phospholipids
was altered dramatically in estivating snails (Table 2). The
proportion of 18:2n-6, 18:3n-3, and 18:4n-3 decreased by 60,

TABLE 1
Percentages of Individual Fatty Acids in Lettuce
(average of two determinations)?

Fatty acid Amount (mol %)
Nonessential
14:0 0.82
14:1 0.12
16:0 25.04
16:1 3.65
18:0 1.81
18:1 1.92
20:0 0.40
20:1 0.41
22:0 0.88
22:1 0.93
24:0 1.27
24:1 0.73
n-3 Polyunsaturated
18:3n-3 15.92
18:4n-3 2.69
20:3n-3 0.24
22:5n-3 0.32
22:6n-3 0.11
n-6 Polyunsaturated
18:2n-6 41.93
20:2n-6 0.86
20:3n-6 n.d.
20:4n-6 0.23
22:2n-6 n.d.
22:4n-6 n.d.
22:5n-6 0.48
Total 100
Total saturates 30.21
Total monoenes 7.75
Total polyenes 62.76
n-3 Polyenes 19.26
n-6 Polyenes 43.50
n-3/n-6 0.44
Mononenes/polyenes 0.12
Unsaturation index 157.33
Chain length 17.00

n.d., Not detectable.
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TABLE 2

Percentages of Individual Fatty Acids in Cardiolipin
of Hepatopancreas Mitochondria from Active

and Estivating Cepaea nemoralis®

Fatty acid Active (n=7) Estivating (n = 8)
Nonessential
14:0 0.27 £0.14 526 +2.35
14:1 0.49 £ 0.43 2.60 £0.87
16:0 0.86 £ 0.23 9.07 +2.46
16:1 0.78 +0.42 12.18 + 3.64
18:0 0.60 = 0.31 5.96 +2.41
18:1 1.32 +£0.47 5.59 +£2.06
20:1 0.08 + 0.04 2.70 £ 0.65°
23:0 0.11 = 0.05 3.33 +1.470
18:3n-3 20.58 £ 0.87 8.85 = 2.04P
18:4n-3 8.57 +1.45 4.07 + 1.64
20:3n-3 0.63 = 0.08 n.d.
20:5n-3 0.18 £ 0.07 1.14 £ 0.89
22:5n-3 n.d. 0.19£0.19
22:6n-3 n.d. 0.34 £0.20
n-6 Polyunsaturated
18:2n-6 60.19 + 1.67 29.68 + 5.84P
20:2n-6 0.85 £ 0.08 1.31+£0.29
20:3n-6 0.71+£0.13 1.25+£0.17
20:4n-6 3.67 £0.27 5.11 +0.98"
22:2n-6 n.d. 0.11 £ 0.11
Total 100 100
Total saturates 1.85 +0.48 24.75 + 6.29P
Total monoenes 2.67 £ 0.64 23.07 + 4.69°
Total polyenes 95.48 + 1.11 52.18 + 9.40°
n-3 Polyenes 29.99 +1.43 14.58 + 3.98
n-6 Polyenes 65.49 + 1.85 37.60 + 6.340
n-3/n-6 0.46 £ 0.03 0.37 £0.09
Monoenes/polyenes 0.03 £0.01 0.81 £0.31
Unsaturation index® 240.76 +2.91 161.64 + 22.52°
Chain length? 17.23 + 0.04 17.16 £ 0.20

“Values are presented as means + SE; n.d. = not detectable.

bsignificantly different from active values, o = 0.0034.

“Unsaturation index = ¥m;n; where m; is the mole percentage and n; is the
number of C-C double bonds in fatty acid “/”.

dMean chain length = Xfrc; where f; is the mole fraction and c; is the num-
ber of carbon atoms in fatty acid “i".

61, and 63%, respectively, in hepatopancreas mitochondria of
estivating snails. 18-carbon fatty acids constituted only 30%
of total fatty acids in estivators, compared with 47% in active
snails (see above). These changes were offset by greater pro-
portions of shorter chain fatty acids (14- and 16-carbons) and
longer chain (22-carbons) fatty acids, which increased from
10 to 18% and from 5 to 9%, respectively. The phospholipid
fatty acids of estivating snails contained significantly more
monoenes and fewer polyenes. The reduced polyene content
of mitochondrial membranes from estivators resulted primar-
ily from a lower content of n-3 fatty acids, the proportional
occurrence of which was reduced by 51%.

The greatest differences between the fatty acid composi-
tion of active and estivating snail mitochondria occur in the
major constituent phospholipids of the mitochondrial mem-
branes [phosphatidylcholine ((PC), phosphatidylethanol-
amine (PE) and cardiolipin (CL), which constitute 37.7, 35.2,

and 11.4% of total phospholipids in mitochondria from the
hepatopancreas of active snails (14)]. Perhaps the most pro-
found alterations of fatty acid composition occurred in CL
(Table 3). A 50% reduction in 18:2n-6 content was observed
in CL which, in combination with a 57% decrease in 18:3n-3,
accounted for a 55% decrease in the total polyene content of
CL from estivating, compared to active, snails. While poly-
ene levels decreased, saturated fatty acids increased 13-fold,
and monoenes increased 9-fold. This resulted in a 33% reduc-
tion in CL unsaturation index.

Unsaturation index was not altered during estivation in any
other phospholipid species. However, in PE, the proportion
of monoenes increased 48%, due in part to an almost fourfold
increase in 16:1 content (Table 4). Membranes of estivators
contained 43% fewer n-3 polyenes, largely due to significant
reductions in 18-carbon n-3 fatty acids. This resulted in a low-
ering, by 43%, of the n-3/n-6 ratio in estivating snail mito-
chondria.

TABLE 3

Percentages of Individual Fatty Acids in Phosphatidylethanolamine
of Hepatopancreas Mitochondria from Active and Estivating
Cepaea nemoralis*~!

Fatty acid Active (n=7) Estivating (n = 8)
Nonessential
14:0 1.74 £0.76 2.37 £0.71
14:1 1.30 £ 0.36 2.00 + 0.64
16:0 2.56 £0.20 4,70 £0.71
16:1 1.67 £ 0.34 6.25 + 0.84P
18:0 15.28 £ 0.90 9.36 + 0.58"
18:1 4.76 £ 0.24 3.84 + 0.62
20:0 0.45 +0.11 0.57 +0.09
20:1 3.26 +0.15 4.20 +£0.23
23:0 0.82 +0.09 1.37 +0.16°
n-3 Polyunsaturated
18:3n-3 4.06 + 0.22 1.24 +0.23P
18:4n-3 1.26 +0.19 0.43 £ 0.07°
20:3n-3 3.42 +0.63 1.10 £ 0.30
20:4n-3 0.08 + 0.08 0.74 +0.27
20:5n-3 2.34+£0.28 2.20+£0.42
22:5n-3 0.31 +0.08 0.29 +0.13
22:6n-3 0.45 + 0.02 0.85 +0.14
n-6 Polyunsaturated
18:2n-6 10.41 £0.79 5.10 = 0.40P
20:2n-6 7.91 +0.17 10.14 £ 0.58
20:3n-6 3.60 £ 1.21 5.68 +0.77
20:4n-6 27.59 +1.87 28.49 £ 1.71
22:4n-6 2.12 +£0.07 3.09 +0.180
22:5n-6 4.58 +0.29 5.99 +0.17
Total 100 100
Total saturates 20.85 + 1.62 18.37 = 1.45
Total monoenes 10.99 + 0.21 16.29 = 1.51P
Total polyenes 68.16 + 1.49 65.34 +2.71
n-3 Polyenes 11.93 £ 0.87 6.84 + 0.49"
n-6 Polyenes 56.22 £ 1.26 58.50 +2.33
n-3/n-6 0.21 £0.02 0.12 £0.01°
Monoenes/polyenes 0.16 £ 0.01 0.26 + 0.04°
Unsaturation index¢ 243.85 + 6.90 247.84 + 8.22
Chain length? 18.91 + 0.07 18.97 +0.11

a-dgee Table 2 for footnotes.
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TABLE 4

Percentages of Individual Fatty Acids in Phosphatidylcholine
of Hepatopancreas Mitochondria from Active and Estivating
Cepaea nemoralis*™!
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TABLE 5

Percentages of Individual Fatty Acids in Phosphatidylserine
of Hepatopancreas Mitochondria from Active and Estivating
Cepaea nemoralis*~!

Fatty acid Active (n=7) Estivating (n = 8)
Nonessential
14:0 0.45 +0.14 1.18 £ 0.63
14:1 1.95 £ 1.25 0.98 + 0.45
16:0 7.32 +£0.38 6.64 +0.28
16:1 1.45 +0.56 2.57 £0.68
18:0 2.38 £0.12 4.06 + 0.40°
18:1 13.93 £ 0.88 11.22 +1.14
20:0 0.32 +0.03 0.50 +0.10
20:1 3.37 £0.39 4.60 = 0.40
23:0 0.21 +£0.18 0.10 £ 0.05
n-3 Polyunsaturated
18:3n-3 8.14 + 0.44 2.37 +0.50°
18:4n-3 2.83 +0.47 1.00 £ 0.15P
20:3n-3 3.77 +0.44 1.70 = 0.12P
20:4n-3 n.d. 0.12 + 0.09
20:5n-3 1.35+0.20 0.90 + 0.15
22:6n-3 1.10+0.16 2.35+0.58
n-6 Polyunsaturated
18:2n-6 19.69 = 1.05 9.09 + 0.62°
20:2n-6 12.62 +0.42 16.11 = 0.64P
20:3n-6 2.53 +£0.44 4.58 + 0.67
20:4n-6 12.36 £ 0.59 21.01+0.91°
22:2n-6 n.d. n.d.
22:4n-6 0.39 £ 0.03 0.60 = 0.04
22:5n-6 3.65 +0.22 8.24 + 0.66"
Total 100 100
Total saturates 10.77 £ 0.44 12.48 £1.13
Total monoenes 20.70 = 1.30 19.38 + 1.50
Total polyenes 68.53 + 1.64 68.14 +2.06
n-3 Polyenes 17.28 +1.16 8.50 + 0.67°
n-6 Polyenes 51.26 £ 1.59 59.64 £ 2.22
n-3/n-6 0.34 +0.03 0.15 = 0.02°
Monoenes/polyenes 0.31 +£0.03 0.29 +0.03
Unsaturation index¢ 222.82 +3.90 246.51 £ 6.74
Chain length? 18.33 £ 0.08 19.03 £ 0.12°

a-dgee Table 2 for footnotes.

No statistically significant changes to proportions of satu-
rates, monoenes, or polyenes were observed in any other
phospholipids. However, PC showed a similar decrease
(51%) in n-3 fatty acid content in estivators (Table 5). This
occurred primarily through significant reductions to 18:3n-3,
18:4n-3, and 20:3n-3 contents during estivation. The n-3/n-6
ratio of PC from estivating snails was thus decreased by 56%.

PC was the only phospholipid to show a change in aver-
age fatty acid chain length between experimental groups. PC
from mitochondria of estivating snails contained longer fatty
acyl chains on average than in active snails.

The n-3/n-6 polyene ratio appeared to be 4.5-fold greater
in phosphatidylserine from estivating snails (Table 6), though
a relatively large standard error made this statistically in-
significant at o0 = 0.0034. The altered value of the n-3/n-6
ratio was largely due to a statistically significant 50% de-
crease in 20:4n-6 and a concomitant, but not significant, 2.6-
fold increase in 18:3n-3.

Lipids, Vol. 33, no. 8 (1998)

Fatty acid Active (n=7) Estivating (n = 8)
Nonessential
14:0 0.45 +0.24 3.07 +1.54
14:1 0.93 £ 0.45 2.56 +0.90
16:0 7.26 £ 0.80 7.51£2.31
16:1 2.14 +0.61 4.92 +1.94
18:0 25.40 +1.40 20.15 + 4.56
18:1 5.96 + 0.50 7.77 £2.08
20:0 1.34 +0.41 2.40 +0.45
20:1 11.07 £2.33 5.55+1.79
23:0 0.14 £ 0.11 0.78 £ 0.36
n-3 Polyunsaturated
18:3n-3 9.57 £ 0.47 25.35+9.71
18:4n-3 2.06 +0.47 1.70 £ 0.68
20:3n-3 0.57 +0.33 n.d.
20:5n-3 0.26 £ 0.13 n.d.
22:6n-3 0.19 £0.10 2.35+0.58
n-6 Polyunsaturated
18:2n-6 2.95 +0.55 3.03 £0.91
20:2n-6 2.03 +0.35 1.49+£0.70
20:3n-6 2.17 £ 0.41 1.43 £0.47
20:4n-6 23.87 £1.32 11.34 +1.35°
22:4n-6 0.16 £ 0.06 n.d.
22:5n-6 1.49 £0.25 0.85 +0.30
Total 100 100
Total saturates 34.60 £ 0.89 33.91 £5.58
Total monoenes 20.10 = 1.60 20.81 + 4.62
Total polyenes 45.30 £ 1.34 45.29 £ 9.87
n-3 Polyenes 12.64 £ 0.85 27.13 +£9.94
n-6 Polyenes 32.67 +1.64 18.16 £2.31°
n-3/n-6 0.40 + 0.04 1.84 +£0.70
Monoenes/polyenes 0.45 + 0.04 0.75 +0.20
Unsaturation index® 181.18 £3.97 167.04 +23.87
Chain length? 18.24 + 0.09 16.93 + 0.42

a-dgee Table 2 for footnotes.

In phosphatidylinositol (PI), only 20:1 and 16:1 content
were altered in estivators (Table 7). Proportions of both in-
creased, which was reflected in a doubling of the proportion
of monoenes in PI, though this was also not significant at o. =
0.0034.

Arachidonic acid (20:4n-6) was present in trace amounts
in lettuce (Table 1), but occurred as a major constituent fatty
acid of all phospholipids, except for CL, where it accounted
for less than 4% of total fatty acids in active snails. 20:4n-6
was enriched 70% in PC during estivation, while PS 20:4n-6
content decreased by 52%.

DISCUSSION

The phospholipid composition of mitochondrial membranes
from C. nemoralis hepatopancreas is dramatically altered dur-
ing estivation. Many aspects of this remodeling indicate a re-
duced biological activity of the mitochondrion during estiva-
tion, when metabolic rate is reduced to about 15% of normal
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Percentages of Individual Fatty Acids in Phosphatidylinositol
of Hepatopancreas Mitochondria from Active and Estivating

Cepaea nemoralis*™!

Fatty acid Active (n=7) Estivating (n=8)  Fatty acid Active (n=7) Estivating (n = 8)
Nonessential 14:0 0.80 = 0.45 4.68 +1.65
14:0 0.80 = 0.45 4.68 + 1.65 14:1 0.62 +0.32 1.39+0.70
14:1 0.62 £0.32 1.39+£0.70 16:0 24.07 £ 0.94 19.05 +2.36
16:0 24.07 £ 0.94 19.05 +2.36 16:1 2.61 +0.58 7.89 £1.510
16:1 2.61 +0.58 7.89 +1.510 18:0 26.45 +0.89 23.67 +1.18
18:0 26.45 £ 0.89 23.67 +1.18 18:1 4.95 £+ 1.00 7.46 = 1.05
18:1 4.95 +1.00 7.46 £1.05 18:2n-6 2.23+0.30 1.05 +0.35
20:0 1.16 £ 0.10 0.93 +0.20 18:3n-3 4.21 +0.26 2.67 +0.41
20:1 2.60 +0.15 5.36 +0.73" 18:4n-3 1.12£0.16 0.94 £ 0.45
23:0 0.20+£0.10 0.19 £0.16 20:0 1.16 £ 0.10 0.93 £0.20
n-3 Polyunsaturated 20:1 2.60 £ 0.15 5.36 +0.73"
18:3n-3 421 +0.26 2.67 £ 0.41 20:2n-6 1.63 £0.24 1.57 £0.20
18:4n-3 1.12+0.16 0.94 = 0.45 20:3n-6 2.52 +0.49 2.48 +0.57
20:3n-3 1.01 +0.26 0.51+0.27 20:4n-6 22.59+0.77 18.03 +2.68
20:4n-3 n.d. n.d. 20:3n-3 1.01 £0.26 0.51+0.27
20:5n-3 0.67 £0.11 0.43 £0.17 20:4n-3 n.d. n.d.
22:6n-3 0.09 = 0.06 0.30+£0.12 20:5n-3 0.67 £0.11 0.43 £0.17
n-6 Polyunsaturated 22:0 n.d. n.d.
18:2n-6 2.32+0.30 1.05 +0.35 22:1 n.d. n.d.
20:2n-6 1.63 +0.24 1.57 +0.20 22:2n-6 n.d. n.d.
20:3n-6 2.52+0.49 2.48 +0.57 23:0 0.20+0.10 0.19+0.16
20:4n-6 22.59+0.77 18.03 +2.68 22:4n-6 0.04 = 0.04 0.14 £ 0.6
22:4n-6 0.04 = 0.04 0.14 +£0.6 22:5n-6 0.32+£0.13 1.27 +0.42
22:5n-6 0.32+0.13 1.27 £0.42 22:5n-3 n.d. n.d.
22:6n-3 0.09 = 0.06 0.30+£0.12
Total 100 100 24:0 n.d. n.d.
24:1 n.d. n.d.
Total saturates 52.68 + 1.64 48.52 £2.89
Total monoenes 10.78 + 1.41 22.10 £2.31 Total 100 100
Total polyenes 36.54 + 1.58 29.38 + 4.05
n-3 Polyenes 7.10 £ 0.37 4.85+0.88 Total saturates 52.68 + 1.64 48.52 £2.89
n-6 Polyenes 29.44 + 1.31 24.54 + 3.42 Total monoenes 10.78 + 1.41 22.10 £ 2.31
n-3/n-6 0.24 + 0.01 0.20 + 0.04 Total polyenes 36.54 +1.58 29.38 + 4.05
Monoenes/polyenes 0.30 £ 0.04 0.98 +0.29 n-3 Polyenes 7.10 £ 0.37 4.85+0.88
Unsaturation index® 142.42 + 4.74 131.04 + 14.64 n-6 Polyenes 29.44 £1.31 24.54 £ 3.42
Chain Iengthd 17.86 = 0.05 17.62 +0.25 n-3/n-6 0.24 + 0.01 0.20 = 0.04
a-dgea Table 2 for footnotes. Monoenes/polyenes 0.30 £ 0.04 0.98 £ 0.29
Unsaturation index® 142.42 + 4.74 131.04 + 14.64
Chain Iengthd 17.86 = 0.05 17.62 +0.25

(1,2). These changes are consistent with the inhibition of cer-
tain mitochondrial membrane-bound proteins, a stabilizing of
the bilayer, and a reduced propensity toward hexagonal phase
formation.

Perhaps the most dramatic changes to constituent fatty
acids occurred in CL, a unique phospholipid which typically
is found exclusively in the mitochondrial inner membrane (7).
CL is found in close association with certain mitochondrial
proteins, including the mono-, di-, and tricarboxylate carriers,
and also carnitinepalmitoyl translocase, cytochrome ¢ oxi-
dase, ADP/ATP exchanger, and phosphate transporter (7).
Many of these proteins do not function, or function submaxi-
mally, in its absence. In many cases, the ability of CL to stim-
ulate protein function is dependent upon its fatty acyl compo-
sition (7,15,16). For example, several studies have demon-
strated a specific requirement of the respiratory chain enzyme
cytochrome c oxidase for CL with 18:2n-6 acyl chains. In rats
fed diets deficient in 18:2n-6, which results in CL 18:2n-6

a-dsee Table 2 for footnotes.

being replaced with other fatty acids (17), mitochondrial
function (18), and cytochrome c oxidase activity (15) are both
decreased by as much as 50%. This loss of activity has been
shown to result directly from the presence of 18:2n-6-defi-
cient CL, as activity can be fully recovered when delipidated
cytochrome c oxidase is reconstituted with 18:2n-6/18:2n-6
CL (15). In estivating Cepaea, cytochrome c oxidase activity
is reduced by 85% (14). This could be mediated in part by the
significant reduction of CL 18:2n-6 content. As in mammals,
Cepaea CL was particularly enriched in 18:2n-6, which ac-
counted for 60% of all fatty acids in CL of active snails. The
18:2n-6 content of CL from estivating Cepaea decreased by
50%. A similar decrease in CL 18:2n-6 content in rats fed an
18:2n-6-deficient diet results in a 26% decrease in cyto-
chrome c oxidase activity (15), suggesting that, during esti-
vation, the reduced 18:2n-6 content of CL may play a role in
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the observed reduction of cytochrome c oxidase activity. The
activities of other CL-requiring mitochondrial membrane pro-
teins which have specific interactions with 18:2n-6 acyl
chains (7,15,16) may be similarly suppressed.

The altered fatty acyl composition of CL changes the mo-
lecular geometry of this phospholipid, and thus its functional
properties in the membrane (19,20). CL of estivating snails
was threefold more saturated, contained ninefold more mono-
enes, and had 45% fewer polyenes than that of active snails.
Thus, the unsaturation index of CL from estivating snails was
33% reduced from control values. The more highly saturated
CL found in estivating snails effects changes in the molecular
geometry of CL which decrease its propensity to form non-
lamellar structures, like the inverse hexagonal (H;;) phase
(19,20). Hy; phase-favoring phospholipids affect the structure
and physical properties of membranes (8,21-23). These, in
turn, can modulate the function of specific membrane proteins
(24), an interaction illustrated by the requirement of a mini-
mal proportion of hexagonal phase-preferring lipids for
proper function of membrane-bound proteins, like thodopsin
in the visual system (25).

Other modifications to mitochondrial membrane composi-
tion during estivation also suggest greater bilayer stability.
The mitochondrial membranes of estivating snails are charac-
terized by an increased proportion of monoenes in PE. They
also contain lower proportions of the Hj; phase-preferring
phospholipids, PE and CL (14). The other major constituent
of mitochondrial membranes, PC, shows an increased aver-
age acyl chain length. Taken together, these changes suggest
that membrane remodeling during estivation selects against
Hj; phase-preferring phospholipids, resulting in the adoption
of a more stable lamellar phase in the phospholipid bilayer of
estivators. Hy; phase-preferring phospholipids are known to
be important in a number of biological functions which are
key to anabolic and catabolic processes, including trafficking
of membrane fragments and proteins, fusion, and mitochon-
drial contact sites (8,24,26-29). The compositional changes
which lower the tendency for formation of nonbilayer struc-
tures in mitochondrial membranes appear to be related to the
depressed metabolism, and therefore reduced rates of these
processes in estivating Cepaea.

Other aspects of the phospholipid compositions of mito-
chondria from estivatings snails are typical of those observed
in association with reduced metabolic rates. The proportional
content of monoenes in CL, PE, and PI was greater in estivat-
ing snails, due to the replacement of polyenes, like 18:2n-6
and 18:3n-3, with 16:1 and 18:1. Similarly, increased propor-
tions of phospholipid monoenes have been shown to correlate
strongly with reduced metabolic rates in other organisms
(30,31). The specific mechanism underlying this correlation
remains unknown, and the effects of phospholipid incorpora-
tion of monoenes are complicated. While modeling studies in-
dicate that greater incorporation of monoenes in the sn-1 posi-
tion can induce looser packing arrangements (32), di-
monoenoic phospholipids are better able to form highly
ordered phases than di-polyenoic phospholipids (22). Thus,
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the neighboring fatty acyl chain will determine how increased
monounsaturation affects phospholipid properties. The impact
of increased monoene incorporation in PE, PI, and CL on
membrane bilayer stability is, therefore, uncertain without po-
sitional information. The reported association between mono-
enes and metabolic rate in various systems is, however, an in-
teresting phenomenon that warrants further investigation.

The n-3/n-6 ratio of membrane phospholipid fatty acids
was reduced in estivating snails, primarily due to decreased
proportions of 18:3n-3 and 18:4n-3 in PE and PC. Similarly,
lower proportional contents of n-3 polyenes are characteristic
of the mitochondrial membranes of animals with lower meta-
bolic rates (30,31). This has been demonstrated allometrically
in mammals (31) and through comparisons of reptiles with
mammals (30). In contrast, higher levels of n-3 polyunsatu-
rated fatty acids are associated with superior recovery from
postischemia reperfusion in rat heart (33), when oxygen lev-
els may be expected to be abnormally high. Thus, the signifi-
cance of phospholipid n-3 content may be related to the cel-
lular oxygen concentrations which characterize different
metabolic rates and physiological states. Lower relative lev-
els of n-3 polyenes in estivating snails thus appear to be re-
lated to the metabolic rate reduction in these animals.

Changes in phospholipid fatty acid composition induced
by estivation may not be attributable solely to the effects of
elongation or desaturation. Mitochondria of estivating snails
contain fewer phospholipids than those of active animals.
These phospholipids do not appear to be lost from the cell
(14). This suggests that phospholipids may be removed from
the mitochondria and sequestered elsewhere in the cell (14).
We have observed that a significant reduction in total mito-
chondrial phospholipid content occurs during estivation. Pref-
erential removal of specific phospholipid or fatty acid species
from the membrane thus provides a mechanism for altering
phospholipid-specific fatty acid composition which is inde-
pendent of elongating and desaturating processes.

In summary, the dramatic changes in phospholipid-specific
fatty acid composition demonstrated here are consistent with
profound reductions in the rates of membrane-associated
processes during estivation. These results also suggest that
estivating snails are a valuable model for studies of the rela-
tionship between metabolic rate and mitochondrial membrane
composition. The results of this study should be extended to
vertebrate estivators and to investigations of the functional
properties of mitochondrial and cellular membranes during
estivation.

ACKNOWLEDGMENTS

We wish to thank Amy Bourns and Jason McLeod for their assis-
tance in the laboratory. This work was supported by a Natural Sci-
ences and Engineering Research Council operating grant to JSB.

REFERENCES

1. Guppy, J., Fuery, C.J., and Flanigan, J.E. (1994) Biochemical
Principles of Metabolic Depression, Comp. Biochem. Physiol.
109B, 175-189.



10.

11.

12.

13.

14.

15.

16.

17.

REMODELING OF PHOSPHOLIPID FATTY ACIDS

. Hand, S.C., and Hardewig, 1. (1996) Downregulation of Cellu-

lar Metabolism During Environmental Stress: Mechanisms and
Implications, Annu. Rev. Physiol. 58, 539-563.

. Brustovetsky, N.N., Amerkhanov, Z.G., Popova, E. Yu., and

Konstantinov, A.A. (1990) Reversible Inhibition of Electron
Transfer in the Ubiquinol:Cytochrome ¢ Reductase Segment of
the Mitochondrial Respiratory Chain in Hibernating Ground
Squirrels, FEBS Lett. 263, 73-76.

. Geiser, F., McAllen, B.M., and Kenagy, G.J. (1994) The Degree

of Dietary Fatty Acid Unsaturation Affects Torpor Patterns and
Lipid Composition of a Hibernator, J. Comp. Physiol. B 164,
299-305.

. Farkas, T., Nemecz, G.Y., and Csengeri, 1. (1984) Differential

Response of Lipid Metabolism and Membrane Physical State by
an Actively and Passively Overwintering Planktonic Crus-
tacean, Lipids 19, 436—442.

. Pruitt, N.L. (1988) Membrane Lipid Composition and Overwin-

tering Strategy in Thermally Acclimated Crayfish, Am. J. Phys-
iol. 254, R870-R876.

. Hoch, F.L. (1992) Cardiolipins and Biomembrane Function,

Biochim. Biophys. Acta 1113, 71-133.

. Carruthers, A., and Melchoir, D.L. (1986) How Bilayers Affect

Membrane Protein Activity, TIBS 11, 331-335.

. Stuart, J.A., and Ballantyne, J.S. (1996) Subcellular Organiza-

tion of Intermediary Metabolism in the Hepatopancreas of the
Terrestrial Snail, Cepaea nemoralis—A Cytosolic B-Hydroxy-
butyrate Dehydrogenase, J. Exp. Zool. 274, 291-299.

Bligh, E.G., and Dyer, W.J. (1959) A Rapid Method of Total
Lipid Extraction and Purification, Can. J. Biochem. Physiol. 37,
911-917.

Holub, B.J., and Skeaff, C.M. (1987) Nutritional Regulation of
Cellular Phosphatidylinositol, Meth. Enzym. 141, 234-244.
Glémet, H.C., and Ballantyne, J.S. (1995) Influences of Envi-
ronmental Salinity on the Structure and Function of Gill Mito-
chondrial Membranes of an Osmoconforming Invertebrate,
Crassostrea virginica, Mar. Biol. 121, 673-683.

Hochberg, Y., and Tamhane, A.C. (1987) Multiple Comparison
Procedures, John Wiley and Sons, New York, pp. 450.

Stuart, J.A., Gillis, T.E., and Ballantyne, J.S. (1998) Composi-
tional Correlates of Metabolic Depression in the Mitochondrial
Membranes of Estivating Snails, Am. J. Physiol. (in press).
Yamaoka-Koseki, S., Urade, R., and Kito, M. (1991) Cardiolip-
ins from Rats Fed Different Dietary Lipids Affect Bovine Heart
Cytochrome ¢ Oxidase Activity, J. Nutr. 121, 956-958.
Schlame, M., Horvath, L., and Vigh, L. (1990) Relationship Be-
tween Lipid Saturation and Lipid—Protein Interactionin Liver
Mitochondria Modified by Catalytic Hydrogenation with Refer-
ence to Cardiolipin Molecular Species, Biochem. J. 265, 79-85.
Yamaoka, S., Urade, R., and Kito, M. (1990) Cardiolipin Mo-
lecular Species in Rat Heart Mitochondria Are Sensitive to Es-
sential Fatty Acid-Deficient Dietary Lipids, J. Nutr. 120,
415-421.

. Yamaoka, S., Urade, R., and Kito, M. (1988) Mitochondrial

Function in Rats Is Affected by Modification of Membrane
Phospholipids with Dietary Sardine Oil, J. Nutr. 118, 290-296.

. Seddon, J.M., Kaye, R.D., and Marsh, D. (1983) Induction of

20.

21

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

793

the Lamellar-Inverted Hexagonal Phase Transition in Cardi-
olipin by Protons and Monovalent Cations, Biochim. Biophys.
Acta 734, 347-352.

Sankaram, M.B., Powell, G.L., and Marsh, D. (1989) Effect of
Acyl Chain Composition on Salt-Induced Lamellar to Inverted
Hexagonal Phase Transitions in Cardiolipin, Biochim. Biophys.
Acta 980, 389-392.

. Cullis, P.R., Hope, M.J., and Tilcock, C.P.S. (1986) Lipid Poly-

morphism and the Roles of Lipids in Membranes, Chem. Phys.
Lipids 40, 127-144.

Williams, W.P., Sanderson, P.W., Cunningham, B.A., Wolfe,
D.H., and Lis, L.J. (1993) Phase Behaviour of Membrane Lipids
Containing Polyenoic Acyl Chains, Biochim. Biophys. Acta,
1148, 285-290.

Epand, R.M., Epand, R.F., Ahmed, N., and Chen, R. (1991) Pro-
motion of Hexagonal Phase Formation and Lipid Mixing by
Fatty Acids with Varying Degrees of Unsaturation, Chem. Phys.
Lipids 57, 75-80.

Epand, R.M. (1990) Relationship of Phospholipid Hexagonal
Phases to Biological Phenomena, Biochem. Cell. Biol. 68,
17-23.

Brown, M.F. (1994) Modulation of Rhodopsin Function by
Properties of the Membrane Bilayer, Chem. Phys. Lipids 73,
159-180.

Ellens, H., Siegel, D.P., Alford, D., Yeagle, P.L., Boni, L., Lis,
L.J., Quinn, P.J., and Bentz, J. (1989) Membrane Fusion and In-
verted Phases, Biochemistry 28, 3692-3703.

Yeagle, P.L., and Bentz, J. (1989) Physiological Levels of Di-
acylglycerols in Phospholipid Membranes Induce Membrane
Fusion and Stablize Inverted Phases, Biochemistry 28,
3703-3709.

Massari, S., Folena, E., Ambrosin, V., Schiavo, G., and
Colonna, R. (1991) pH-Dependent Lipid Packing, Membrane
Permeability and Fusion in Phosphatidylcholine Vesicles,
Biochim. Biophys. Acta 1067, 131-138.

Ardail, D., Privat, J.-P., Egret-Charlier, M., Levrat, C., Lerme,
F., and Louisot, P. (1990) Mitochondrial Contact Sites: Lipid
Composition and Dynamics, J. Biol. Chem. 265, 18797—-18802.

Brand, M.D., Chien, L.-F., Ainscow, E.K., Rolfe, D.F.S., and
Porter, R.K. (1994) The Causes and Functions of Mitochondrial
Proton Leak, Biochim. Biophys. Acta 1187, 132-139.

Porter, R.K., Hulbert, A.J., and Brand, M.D. (1996) Allometry
of Mitochondrial Proton Leak: Influence of Membrane Surface
Area and Fatty Acid Composition, Am. J. Physiol. 269,
R1213-R1224.

Applegate, K.R., and Glomset, J.A. (1991) Effect of Acyl Chain
Unsaturation on the Packing of Model Diacylglycerols in Simu-
lated Monolayers, J. Lipid Res. 32, 1645-1655.

Damaison, L., Sergiel, J.P., Moreau, D., and Grynberg, A.
(1994) Influence of the Phospholipid n-6/n-3 Polyunsaturated
Fatty Acid Ratio on the Mitochondrial Oxidative Metabolism
Before and After Myocardial Ischemia, Biochim. Biophys. Acta
1227, 53-59.

[Received September 19, 1997, and in final revised form and ac-
cepted June 8, 1998]

Lipids, Vol. 33, no. 8 (1998)



