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Lipid Metabolism in Hibernators: The Importance of Essential Fatty Acids'
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SyNopsis. Two polyunsaturated essential fatty acids, linoleic acid and linolenic
acid, are important for their inherent energy during lipid oxidation. In addition,
they influence the length of hibernation bouts and the metabolic rates of mammals
that hibernate. Hibernators that lack linoleic acid in their diet or that are fed a
diet high in saturated fatty acids have significantly shorter bouts of hibernation
and have a higher mass specific metabolic rate. The decrease in the length of a
bout of hibernation is significant because the animal arouses from hibernation
more frequently, using more of its energy stores. This could result in a decreased
chance of survival. How the essential fatty acids exert their actions in hibernators
is just beginning to be elucidated. Essential fatty acids are the sole precursors for
the eicosanoids that influence thermoregulation. Thus, studies of eicosanoid func-
tion during hibernation are warranted. The recent discovery and characterization
of the protein leptin, which can regulate energy balance and may be regulated by
polyunsaturated fatty acids, may prove to be important to hibernation and the
regulation of body mass. Future investigations of the regulation of body mass dur-
ing hibernation should consider the fatty acid composition of the diet and the effect
of the essential fatty acids on gene transcription.

INTRODUCTION much of their ingested food to fat (Ward
and Armitage, 1981). Because lipid in the
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through winter when environmental tem-  yery Jow (<10°C) (Gunstone et al., 1986).
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tually nonexistent. Consequently, it is N0t , ;45 i the liver and possibly in white ad-
surprising that hibernators either put on ipose tissue. Certain unsaturated fatty acids,

ma:is/s in the iorm fOf dlifid p rtio'r tfh wintt% however, cannot be synthesized: linoleic
and/or may store 10od to sustain tiem U 514 (18:2 (n-6)) and alpha-linolenic acid
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ids (Cook, 1985).

The role of lipids and fatty acids in hi-
bernation and torpor was investigated
throughout the early 1950s and 1960s. Faw-
cett and Lyman (1954) suggested the poly-
unsaturated fatty acids were critical for hi-
bernation in hamsters (Mesocricatus anur-
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atus). However, this study did not focus on
which polyunsaturated fatty acids may be
most important for hibernation. Kayser
(1961) reported a R.Q. of near 0.7 and he
suggested that lipid metabolism is the pri-
mary source of energy during deep hiber-
nation. Upon arousal from hibernation, hi-
bernators have a R.Q. close to 1.0 indicat-
ing that carbohydrate reserves are also used
for cellular metabolism. The fact that liver
glycogen reserves are metabolized during
the arousal from hibernation supported this
hypothesis. Further, Spencer et al. (1966)
reported the simple lipid composition for a
hibernator (Spermophilus lateralis), but no
inference was made about lipid composition
and the ability to hibernate.

By the late 1970s and early 1980s inves-
tigators focused on the importance of mem-
brane lipids and their possible role in main-
taining membrane fluidity at low tissue
temperatures (see Aloia and Raison, 1989;
Wang, 1989). The lipids referred to in these
early studies are membrane phospholipids
(i.e., phosphatidylcholine), not the neutral
lipids associated with triacylglycerol stored
in white adipose tissue and brown adipose
tissue. Although cell membranes should be
fluid in order to function at low tissue tem-
perature, the exact biochemical mechanisms
that lead to correct cellular function at low
tissue temperatures are unclear. The tissues
(e.g., brain) of some hibernators are com-
posed of cell membranes that are relatively
more unsaturated compared to the same tis-
sues of non-hibernators. No consistent
change in tissue membrane fatty acid com-
position has been reported prior to or during
hibernation, however (Aloia and Raison,
1989; Wang, 1989).

The purpose of this paper is to review the
most recent work regarding the effect of di-
etary lipids on hibernation. How dietary
lipids change the fatty acid composition of
the white adipose tissue, liver, and brown
adipose tissue in hibernators will be pre-
sented. Future research directions that un-
derscore the importance of essential fatty
acids for hibernation will also be discussed.

LONG-CHAIN POLYUNSATURATED FATTY
ACIDS AND HIBERNATION
Geiser and Kenagy (1987) addressed the
hypothesis that a diet high in polyunsatu-
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FiG. 1. Bout lengths of hibernation/torpor in four spe-
cies of mammals under various dietary conditions. The
data presented in the figure were taken from Geiser
and Kenagy (1987), Geiser (1991), Geiser et al.
(1994), and Thorp et al. (1994).

rated fatty acids would alter the thermoreg-
ulatory behavior of a mammalian hiberna-
tor. They studied the yellow-pine chipmunk
(Eutamias amoenus) which gains mass in
the form of body fat and probably stores
food in its burrow during the winter. By
varying the amount of saturated or poly-
unsaturated fatty acids in the diet, they
demonstrated that chipmunks on a diet high
in polyunsaturated fatty acids had longer
bouts of hibernation than either animals fed
a control diet or animals fed the diet con-
taining additional saturated fatty acids (Fig.
1). In addition, the animals fed a diet high
in polyunsaturated fatty acids also had a
lower minimum body temperature during
hibernation. Thus, polyunsaturated fatty ac-
ids appear to alter the bout length and met-
abolic rate during hibernation in the chip-
munk (Geiser and Kenagy, 1987).

During the same year, our laboratory ap-
proached the question of how fatty acids
influence hibernation patterns in marmots
(Marmota flaviventris) from a different
point of view. We found that the relative
percentage of the essential fatty acids in
marmot white adipose tissue rose slightly
during winter (Florant er al., 1990). Fur-
thermore, earlier work on marmots had
demonstrated that marmots increase their
home range for particular plant species (Ar-
mitage, 1979). We hypothesized that in or-
der for marmots to maintain a high com-
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position of essential fatty acids in depot fat,
animals would expand their territory to in-
clude plants that were high in essential fatty
acids and would have biochemical mecha-
nisms for decreasing the oxidation of the
essential fatty acids. We demonstrated that
linoleic and linolenic acids in white adipose
tissue are not metabolized as quickly as oth-
er fatty acids during the hibernation period
when marmots do not feed. Our studies
(Florant er al., 1989, 1990) demonstrated
that marmots do not metabolize the essen-
tial fatty acids as rapidly as other polyun-
saturated fatty acids during hibernation and
animals extend their home range for cow
parsnip (Heracleum lanatum), a plant that
has high amounts of linoleic acid and lin-
olenic acid (Florant et al., 1990). This led
us to hypothesize that the essential fatty ac-
ids, and not just any unsaturated fatty acid,
were very important for hibernation. In a
later study, we demonstrated that the dura-
tion of a bout of hibernation was signifi-
cantly shorter when essential fatty acids
were removed from the diet (Fig. 1), body
temperatures were higher than controls, and
metabolic rates were higher during deep hi-
bernation (Thorp et al., 1994). The increase
in the frequency of arousal from hiberna-
tion is detrimental for these animals. Nearly
90% of the energy used during the hiber-
nation period is expended during arousal
(Wang, 1989). Thus, frequent arousals
could put the animal into a position of de-
pleting all of its endogenous lipid stores pri-
or to the end of winter, hence decreasing its
chances of survival.

Another study investigated the role of es-
sential fatty acids on the hibernation pat-
terns of golden-mantled ground squirrels
(Spermophilus lateralis) maintained on a
high polyunsaturated fatty acids diet
(Frank, 1992). This study has been sup-
ported by the work of Florant et al., (1993)
and Geiser and Heldmaier (1995). Animals
fed a diet high in polyunsaturated fatty ac-
ids, such as linoleic acid, hibernated more
frequently and maintained lower body tem-
peratures than animals on a diet high in sat-
urated fats (Fig. 1). Maintaining a lower
body temperature when ambient tempera-
ture is low will enable a hibernator to use
less energy over the course of the winter.

Frank (1992) suggested that changes in fat-
ty acids of membrane phospholipids may
also be important for normal hibernation
patterns. A study on hamsters (M. brandti)
did not find an increase in the length of a
bout of hibernation with dietary manipula-
tion (e.g., polyunsaturated fatty acids vs.
control). However, the concentration of poly-
unsaturated fatty acids in the experimental
diets was not significantly different from
controls and this may explain why no affect
was observed (Bartness er al., 1991).

Most of the above studies were per-
formed on hibernators maintained in labo-
ratories on defined diets. In a more recent
study, it was suggested that ground squir-
rels in the wild select diets that are high in
polyunsaturated fatty acids. The fatty acid
composition of stomach contents from
ground squirrels was investigated and found
to have significantly more essential fatty ac-
ids during the late summer and fall (Frank,
1994). This is not totally unexpected be-
cause these animals cache seeds and nuts
that are high in all polyunsaturated fatty ac-
ids at this time of year.

To understand the mechanism(s) by
which hibernators might reduce the metab-
olism of essential fatty acids during torpor,
we investigated the position of essential fat-
ty acids on the triacylglycerol backbone in
the white adipose tissue depot fat of mar-
mots. We found that long-chain polyunsat-
urated fatty acids occupy the middle posi-
tion (i.e., sn-2) of triacylglycerol isolated
from marmot white adipose tissue about
70% of the time (unpublished data). This is
significant because this middle fatty acid is
not hydrolyzed by hormone-sensitive li-
pase, the major lipase in white adipose tis-
sue, but rather is released by a mono-
glyceride lipase. Selective retention of es-
sential fatty acids was also observed in fast-
ing adult rats (Cunnane, 1988), and very
recent work on rats by Raclot et al., (1995)
reveals that certain long-chain polyunsatu-
rated fatty acids are not metabolized as rap-
idly as other fatty acids. How fast they are
released from the glycerol backbone de-
pends on chain-length and on the number
of double bonds (Raclot et al, 1995). We
also demonstrated that the enzyme monoa-
cylglycerol acyltransferase could be respon-
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Fic. 2. The monoacylglyerol pathway of glycerol-lip-

id synthesis during lipolyis in fasting mammals. Mono-
acylglycerol acyltransferase (MCAT) reesterifies fatty
acids to the sn-1 position of a sn-2-monoacylglycerol.
Triacylglycerol (TAG); Diacylglycerol (DAG). This
figure is adapted from Xia er al. (1993).

sible for maintaining a polyunsaturated fat-
ty acids in the middle position of stored
triacylglycerol (Fig. 2) in white adipose tis-
sue (Xia et al., 1993).

EFFECTS OF LINOLEIC ACID AND LINOLENIC
AcCID IN DIET

The results from the studies cited above
suggest that polyunsaturated fatty acids,
and especially the essential fatty acids are
needed for normal hibernation. However,
the fatty acid composition of the depot fat
from laboratory fed hibernators and from
field animals is very different. Linolenic
acid content is high in field animals and
very low in laboratory animals, while lin-
oleic acid content is similar in field and lab-
oratory animals. This difference in linoleic
acid and linolenic acid is also true for mem-
brane phospholipids; these contain more
linoleic acid than linolenic acid during hi-
bernation. A review of all available data in-
dicates that linolenic acid is rapidly lost
from the fat storage depots and cell mem-
branes of animals once they are brought
into the laboratory, regardless of diet. In-
terestingly, most laboratory diets contain
some omega-3 linolenic acid, but the per-
centage of linolenic acid in the depot fat of
laboratory animals is still much lower than
that observed in field animals. Further, the
length of a bout of hibernation in field an-
imals may not be significantly different
from a bout length in laboratory animals.
Thus, the function of linolenic acid in hi-
bernation remains unclear.

Free-ranging hibernators consume plants
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that are high in linolenic acid all summer
and, thus, may maintain a higher percentage
of linolenic acid in their body tissues.
Whether hibernation and minimum body
temperatures would change if only linolenic
acid were present in their diet is unknown.
In marmots fed a control diet, the triacyl-
glycerol classes (e.g., the kinds of fatty ac-
ids attached to the glycerol backbone of
triacylglycerol) in white adipose tissue de-
pot fat change after only a few months on
the laboratory diet. Very few studies have
attempted to determine the changes in tria-
cylglycerol classes (i.e., triolein, which con-
tains 3 mono-oleic acids) during the hiber-
nation period. Florant er al., (1991) deter-
mined the triacylglycerol classes in the
white adipose tissue of marmots from the
field and after several months in the labo-
ratory. Animals taken recently from the
field had substantial amounts of trienoic fat-
ty acid in white adipose tissue compared to
laboratory animals. However, within three
months of capture, triacylglycerol that had
three linolenic fatty acids attached to the
glycerol backbone rapidly disappeared from
the white adipose tissue in favor of triacyl-
glycerol with mostly linoleic fatty acids at-
tached; triacylglycerol esterified with all
saturated fatty acids were very uncommon.
This result suggests that the triacylglycerol
in the white adipose tissue of marmots
changes with diet, and that the laboratory
diet produces white adipose tissue with
more triacylglycerol containing polyunsat-
urated fatty acids.

The effect of double bonds in dietary fat-
ty acids on hibernation patterns was inves-
tigated by Geiser et al. (1994) using chip-
munks (E. amoenus) fed diets that varied in
the amount of steric (18:0), oleic (18:1 (n-
9), and linoleic acids. They determined that
50% of the identifiable fatty acids in white
adipose tissue depot fat were significantly
different between dietary groups. The ani-
mals receiving sterate and oleate had short-
er bout of hibernation at an ambient tem-
perature of 4°C and had higher minimum
body temperatures. These results must be
interpreted with some caution, however, be-
cause some of the identified fatty acids are
extremely uncommon and other fatty acids
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TABLE 1.
deficient animals.
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Fatty acid composition of neutral lipid in brown adipose tissue of control and essential fatty acid

Control

Fatty acid deficient

Fatty

acid Summer Hibernation Summer Hibernation
14:0 2.9 0.9+ 2.0 1.0
16:0 26.5 18.7 225 18.4
16:1 4.6* 3.2 1.5 3.8F
18:0 5.4 7k 5.6 4.5
18:1 32.9* 57.4% 56.4 66.1
18:2 18.6* 14.6* 3.0 2.6
18:3 3.9% — — —
20:4 0.6 — 0.3 —
20:5 0.2 — —_ 0.2
22:5 | P 0.3 —_ —_
22:6 15 0.8 0.2 0.5
Other L2 1.4 1.6 | B

T Significantly different (P < 0.01) between hibernation and summer seasons.

* Significantly different (P < 0.01) between control and essential fatty acid deficient diets. (—) indicates the
fatty acids were not detected. Values represent the percent of total fat and each is the mean of 4 or 5 different
samples. Statistical differences were determined using an ANOVA with pair-wise comparisons and Bonferroni

adjustments.

constituted a very small percentage and
their function is unclear.

We investigated how the fatty acid com-
position of brown adipose tissue, liver, and
white adipose tissue in marmots changes
with dietary manipulation. The fatty acid
composition in the brown adipose tissue of
ten animals from summer and winter is re-
ported in Table 1; five animals were main-
tained on a control diet (Purina Rodent
Chow #5001) and five were fed a diet de-
ficient in essential fatty acids. Summer sam-
ples were obtained while animals were still
eating but hibernation samples were col-
lected from animals in January when they
were not eating. Animals on the control diet
showed a significant decrease in the satu-
rated fatty acids (e.g., 16:0, 18:0) from
brown adipose tissue from summer to win-
ter, while unsaturated fatty acids (e.g., 18:1
and 16:1) showed either no change or an
increase. Interestingly, the essential fatty
acids decreased: linoleic acid decreased
slightly but significantly and linolenic acid
was not detectable in the hibernation sea-
son. Similar results have been reported for
the Djungarian hamster (Phodopus sungo-
rus) maintained on different fatty acid diets
and in various ambient temperatures (Gei-
ser and Heldmaier, 1995).

Further, the total lipid content of the tis-
sue sample (micromoles of fat) decreased

in control and animals fed a diet deficient
in essential fatty acids in winter. This was
expected because brown adipose tissue and
muscle use lipids from white adipose tissue
for heat production during hibernation and
arousal from hibernation. Therefore, we ex-
pected to find lower lipid concentrations in
this tissue during the hibernation period.
Animals fed an essential fatty acid deficient
diet had a lower percentage of saturated fat-
ty acid in brown adipose tissue by winter
while a compensatory increase occurred in
oleic acid due to the lack of essential fatty
acids in the diet. The concentration of lipid
decreased with winter hibernation as ex-
pected, and the relative percent of long-
chain polyunsaturated fatty acids (e.g., 22:
6) was low and not significantly different
in animals fed either a control or essential
fatty acid deficient diet, regardless of sea-
son.

Lipid composition changes in the liver of
animals fed a control and essential fatty
acid deficient diet during different seasons
were very different (Table 2). Unlike brown
adipose tissue, the percent of linoleic acid
in liver rose significantly during hibernation
as did some of the other polyunsaturated
fatty acids. In animals deficient in essential
fatty acids, the relative percent of linoleic
acid increased although the percentage in
liver was extremely low. This supports our
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TABLE 2. Fatty acid composition in liver of control and essential fatty acid deficient animals.

Eiity Control Fatty acid deficient

acid Summer Hibernation Summer Hibernation
14:0 1.4 2.1 2.2 202
16:0 19.1 18.0 18.2 21.6
16:1 4.6* 4.8% 1 6.7
18:0 4.6 0.8%F 3.6 3.8
18:1 55.8% 56.5 64.6 61.6
18:2 19% 13.9%% 12 A
18:3 1.2 — 0.4 -
20:4 0.8 0.2 0.5 —
20:5 1.0P% -_— — —
22:5 0.4* L2 — —
22:6 1.o% ].3% - —
Other 1.6 15 0.6 1840

The legend is the same as Figure 1.

previous hypothesis that the sparing of lin-
oleic acid is predominantly occurring in liv-
er, where monoacylglycerol acyltransferase
concentration and activity are highest (Mos-
tafa et al., 1993). Another interesting result
is that the concentration of lipid rose in liv-
er with season. This suggests that the liver
maybe storing lipid during the winter hi-
bernation period.

As noted previously, changes occurred
during hibernation in the relative percent of
certain fatty acids in white adipose tissue
(Table 3). We found that linoleic acid de-
creased significantly from summer to win-
ter, but this was expected because animals
in summer were feeding and those in winter
had stopped. Like in brown adipose tissue,
the relative percent of saturated fatty acids
in white adipose tissue decreased from

summer to winter in both dietary groups.
This finding suggests that saturated fatty ac-
ids are used preferentially or that polyun-
saturated fatty acids are spared oxidation in
winter. Although polyunsaturated fatty ac-
ids were not found in a relatively large per-
centage, the concentration of lipid in our
samples was much larger than that found in
liver or brown adipose tissue; again this
was predictable because white adipose tis-
sue is primarily a lipid storage depot. Be-
cause the control animals hibernated, we
were again puzzled by the lack of linolenic
acid in any of the tissues. We believe that
this essential fatty acid plays some as yet
undefined role in the hibernation process.
As shown in Fig. 3, linoleic acid is the pre-
cursor for several polyunsaturated fatty ac-
ids which were not found in large percent-

TABLE 3. Fatrty acid composition of neutral lipid in white adipose tissue of control and essential fatty deficient
animals.
Control Fatty acid deficient
Fatty
acid Summer Hibernation Summer Hibernation
14:0 2.7 2.4 2.7 2.3
16:0 25.2 21.4 26.5 20.97
16:1 6.6 4 8.5 8.2
18:0 2.8 Jue 4.4 2.6t
18:1 39.7% 54.1% 53.4 62.0t
18:2 18.0* 12:5%% 2.5 1.3
18:3 2.1* — — —
20:4 — — 0.8
20:5 0.4 — — 0.3
22:5 0.3 — — —
22:6 0.7 0.5 — —
Other 0.5 1.7 1.0 0.6

Legend is the same as Figure 1.
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Diet
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FiG. 3. The production of leukotrienes and eicosa-
noids from dietary linoleic and linolenic acid. The
pathway illustrates that linoleic and linolenic acids
produce different eicosanoids and prostaglandins.

age as a neutral lipid in any of the tissues
examined, suggesting that linoleic acid is
quickly converted to a long chain fatty acid
not stored in white adipose tissue.

From Figure 3, we conclude that differ-
ent physiologically important eicosanoids
are produced from linoleic and linolenic ac-
ids. Linoleic acid is converted to arachidon-
ate (20:4;n-6) which is very important for
membrane function and a vital precursor for
certain prostaglandins. Linolenic acid does
not produce arachidonate, but instead pro-
duces equally important molecules, such as
eicosapentaenoate (20:5;n-3) and docosa-
hexaenoic acid (22:6;n-3). These polyun-
saturated fatty acids are important in mem-
brane function and are precursors for a dif-
ferent prostaglandin series (Smith and Bor-
geat, 1985). Perhaps the importance of
linolenic acid is its ability to be a precursor
for prostaglandins or some other physiolog-
ically important molecule.

THE EFFECT OF DIET ON METABOLIC RATE

No study has yet determined the effect of
saturated fatty acids, unsaturated fatty ac-
ids, polyunsaturated fatty acids, or lack of
just essential fatty acids on metabolic rate
in the same animals during summer, nor-
mothermia in winter, and deep hibernation.
A few studies have been performed during
the winter, but usually just on hibernators
during deep hibernation or torpor when
body and ambient temperatures are low.

337

Thorp et al. (1994) determined that met-
abolic rate of marmots during normother-
mia in summer/fall was not significantly
different between animals fed a control diet
and animals fed a diet deficient in essential
fatty acids. The mean metabolic rate of
summer marmots on a control diet was 7.63
ml O,/kg min compared to 6.70 ml O,/kg
min for essential fatty acid deficient animals
of similar mass. The mean metabolic rate
of normothermic marmots in winter was not
significantly different between the two di-
etary groups and Geiser, (1991) also found
no significant difference between the met-
abolic rates of Peromyscus maniculatus fed
a diet high in saturated fats, high in poly-
unsaturated fats, or control as long as the
animals were normothermic during the win-
ter. Hibernators lacking essential fatty acids
in their diet, or on a diet high in saturated
fat, had significantly higher metabolic rates
than hibernators fed a control or fed a diet
high in polyunsaturated fatty acids while in
deep hibernation (Table 4).

In all hibernators studied thus far, the
lowest metabolic rate during hibernation
was recorded in animals that were fed a
high polyunsaturated fatty acid diet or con-
trol diet, regardless of low ambient temper-
ature (Table 4). How polyunsaturated fatty
acids influence thermoregulation and/or
metabolism just during deep hibernation is
unknown. The significance of this finding
is provocative, however, because one might
hypothesize that polyunsaturated fatty acids
change in the hypothalamic thermoregula-
tory set-point of animals fed different diets.
One might test this hypothesis by manipu-
lating hypothalamic temperature manipula-
tions in animals maintained on different di-
ets. Perhaps the polyunsaturated fatty acids
are exchanged with phospholipids in the
membranes of the hypothalamus, and this
in some way alters fluidity and the set-point
for thermoregulation and metabolism. An-
other possibility may be that the overall tis-
sue membrane composition is altered there-
by producing more ‘“leaky” membranes.
This has been suggested as a possible dif-
ference between ectotherms and endo-
therms in general (Pan et al.,, 1994).

Regardless of what mechanisms are in-
volved, this effect should be reproduced in
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TABLE 4. The effect of diet on metabolic rate in four species of hibernators.
Normothermia
Species Diet Hibernation (winter)
Marmota flaviventris EFA 1.99 = 0.6 10.2 = 0.3
(ml O,/kg min) control 0.:65 = 0.1 9.6 = 0.7
Spermophilus saturatus saturate 0.043 = 0.009
(ml O,/g hr) control 0.034 = 0.007 —
unsaturate 0.029 = 0.002
Eutamias amoenus saturate 64 = 18 -
(ml O,/kg hr) control 47 = 13
unsaturate 349
Peromyscus maniculatus saturate 121 0.6
(ml O,/g hr) control 0:55 . £10.1 NS
unsaturate 0.45 = 0.1

Data were taken from Geiser and Kenagy (1987), Thorp et al. (1994), Geiser (1991) and Geiser and Kenagy
(1993). EFA represents a diet low in essential fatty acids. Saturate represents a diet high in 16:0 (>20%) and
18:0 (>24%), unsaturate represents a diet high in 18:2 (>60%), and control is the purina rodent chow diet
(#5001). NS means there was no significant difference in metabolic rate between the three dietary groups.

other hibernators under all conditions. The
ground squirrel (S. lateralis), for example,
has not been investigated and would be an
excellent hibernator to study under all of
the conditions cited above. In non-hiber-
nating species (e.g., rat), dietary manipula-
tions such as these alter not only metabolic
rate but also lipid composition and the me-
tabolism of particular lipids. Rats that are
deficient in essential fatty acids die during
even moderate cold stress (Rafael er al.,
1988). Thus, polyunsaturated fatty acids af-
fect metabolic rate even in non-hibernators,
but the mechanism by which they affect
metabolic rate remains to be determined.

FUTURE RESEARCH

The essential fatty acids are important
precursors for many biologically active
molecules like the eicosanoids (Fig. 3).
These molecules in turn are very important
for processes such as reproduction, water
balance, retinal function, and cell-signaling
in normothermic animals (Serhan et al.,
1996). The role of prostaglandins or eicos-
anoids in hibernation is unknown. Prosta-
glandins alter thermoregulatory behavior in
hibernators like they do in non-hibernators
in summer. However, whether prostaglan-
dins alter thermoregulatory patterns during
hibernation is unclear. Because essential
fatty acids are the precusors for prostaglan-
dins, modifying the essential fatty acids in
the diet of hibernators may alter the pros-
taglandin concentrations in tissues that reg-

ulate thermoregulation during winter. An-
other possibility is that changes in dietary
essential fatty acids modify cAMP levels in
tissues that are important for thermoregu-
lation. A recent study on mouse thyroid
cells found that the thyroid cells produced
less cAMP if mice had fed a diet high in
saturated fat. Whereas, the thyroid cells
from control mice, which were given 4%
safflower oil in addition to the diet high in
saturated fat, produced normal amounts of
cAMP (Siddhanti er al, 1990). Further-
more, lethal hypothermia was observed in
mice fed a diet high in saturated fat and the
toxicity was greatly reduced if essential fat-
ty acids were added back to the diet. Fur-
ther analysis of plasma lipid fractions in-
dicated that the only differences between
mice fed the high saturated fat diet and
mice fed a diet supplemented with safflow-
er oil was in the fatty acid composition of
the cholesterol esters. The plasma of mice
fed a diet high in saturated fatty acids had
3% cholesterol linoleic acid while the plas-
ma of mice receiving the supplemented diet
was 32%. Siddhanti et al. (1990) suggest
that this difference in the plasma lipid com-
position may in part be due to particular
gastrointestinal hormones that are regulated
by the balance between unsaturated and sat-
urated fats.

Thyroid function in hibernators varies
with season and perhaps species (Tomasi
and Stribling, 1996), so the fatty acids in-
gested by an animal may influence thyroid
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function. Furthermore, we have demonstrat-
ed that the proportion of cholesterol esters
in the plasma lipids of marmots resists
changes in lipid composition to a significant
degree: Cholesterol esters remain high in
linoleic acid despite a decrease in dietary
linoleic acid within tissues (unpublished ob-
servations). Linoleic acid appears to be im-
portant not only for normal hibernation be-
havior, but also for proper hypothalamic
function in non-hibernators. Release of pi-
tuitary hormones, particularly prolactin and
thyroxin, is influenced by a lack of linoleic
acid. As far as linolenic acid is concerned,
the only direct effect documented to date is
on retina formation and thrombosis (Lands,
1992). Perhaps linolenic acid competes
with linoleic acid for eicosanoid receptors
in specific tissues (Lands, 1992), although
this has yet to be demonstrated in a hiber-
nator.

Lastly, the recent characterization of the
rodent ob-gene and its product, leptin, has
stimulated many interesting questions re-
garding food intake, energy balance, and
fattening that may be best answered by
studying hibernators. For instance, leptin
may inhibit prehibernation fattening in Arc-
tic ground squirrels (Spermophilus parryi)
when given in late summer (Ormseth er al.,
1996). This result needs to be confirmed
and extended because seasonal and species
variation may influence the ability of leptin
to act on food intake and energy balance.
In addition, the ob-gene appears to be par-
tially regulated by transcription factors,
such as peroxisome proliferator-activated
receptors found in white adipose tissue and
brown adipose tissue. These peroxisome
proliferator-activated receptors are ligand-
activated transcription factors that are stim-
ulated by several molecules, including
long-chain fatty acids, and they are capable
of altering cell differentiation (De Vos et
al., 1996). Further, peroxisome proliferator-
activated receptors are activated by the
prostaglandin J, which is derived from an
essential fatty acid (linoleic acid).

In summary, long-chain polyunsaturated
fatty acids, especially the essential fatty ac-
ids, are very important as cell signals in
food intake, energy balance, and cell dif-
ferentiation pathways. The recent advances
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in lipid metabolism using transgenic ani-
mals and molecular cloning techniques will
help to further our understanding of how
animals gain and lose mass in the form of
fat. Using these new discoveries, I believe
we can now address hypotheses regarding
regulation of body mass and fat metabolism
in hibernators that probably could not have
been guessed by an intelligent savage.
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