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Abstract. Livers of fasted rats were perfused for one hour at 37° or 42°. Endogenous hepatic
ureogenesis was increased twofold at 42° and the release of endogenous ninhydrin-reactive
amino nitrogen was not changed by hyperthermia. Exogenous amino acids at 10 times the
normal plasma concentration stimulated hepatic ureogenesis sevenfold at 37° and over twofold
at 42°. Exogenous amino acids stimulated hepatic amino acid uptake at 37°. Uptake of the
exogenous amino acids at 42° was about 40% of that observed at 37°. However, exogenous
amino acid uptake in the presence of 1 mM palmitate was not altered at 42°. Ureogenesis in
the presence of supplemental amino acids and palmitate was significantly reduced at 37° and
moderately reduced at 42°, suggesting decreased amino acid catabolism. Ten percent Intralipid,
a clinically available lipid emulsion primarily consisting of triglycerides in a physical form
similar to chylomicrons at a perfusate concentration of 1 ml/100 ml, did not markedly alter
hepatic ureogenesis or amino acid dynamics at 37° or 42° in the presence or absence of amino
acids. It is concluded that palmitate blocks the adverse effect of hyperthermia on hepatic amino

acid uptake.

Hyperthermia is presently undergoing
clinical evaluation as a treatment modality
in the management of cancer (1, 2). Whole-
body hyperthermia may be complicated by
circulatory (3, 4) and hepatic (4, 5) dysfunc-
tion. However, research directed toward at-
tenuating the effects of hyperthermia on he-
patic function is lacking. Previous work from
this laboratory (6, 15) showed that palmitate
decreased excessive lactate utilization and
helped maintain higher maximal rates of glu-
coneogenesis from lactate, ureogenesis from
NH.CI, and O, consumption under the in-
creased metabolic demands of hyperthermia.
Additional experiments demonstrated a tem-
perature-dependent decrease in the incor-
poration of radioactively labeled leucine into
hepatic proteins of normal and regenerating
liver (7). Therefore, it was of interest to de-
termine if palmitate provided any protection
from thermally induced alterations in he-
patic amino acid metabolism. The present
study examines the effect of palmitate on
hepatic nitrogen metabolism in the presence
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or absence of supplemental amino acids at
37° and 42°. In addition, Intralipid, a clin-
ically employed lipid emulsion, was also eval-
uated.

Materials and Methods. Animals. Male
Sprague-Dawley rats (King Animal Labo-
ratories, Inc., Oregon, Wisc.) weighing 150-
200 g were fed laboratory chow ad libitum
and were fasted 24-30 hr prior to perfusion.

Perfusion methods. The technique for in
situ perfusion of rat liver with accurate tem-
perature control was previously described by
Collins and Skibba (8). In summary, the 150
ml recirculating perfusate contained 2.5% (w/
v) bovine plasma albumin, fraction V (Reheis
Chemical Co., Phoenix, Ariz.) and 20% (v/v)
washed aged human erythrocytes in
Krebs-Ringer bicarbonate solution at pH 7.4.
The bicarbonate level was adjusted to 25 mM
with 1 M NaHCO;. A membrane oxygenator
(Sci-Med Life Systems, Inc., Minneapolis,
Minn.) was employed to gas the perfusate with
humidified O, + CO; (95:5). The pH was
monitored and maintained at 7.4 £ 0.05 by
1 M NaOH. When amino acids were included
in the perfusate, 2 ml of a concentrated mix-
ture of 11 amino acids was added to the con-
trol perfusate before initiation of the perfu-
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TABLE 1. EFFECT OF PALMITATE OR LIPID EMULSION
ON PERFUSATE UREA NITROGEN IN THE PRESENCE
OR ABSENCE OF SUPPLEMENTAL AMINO
ACIDS AT 37° AND 42°°¢

Urea nitrogen
(1#mol/g liver/min)

Condition® 37° 42°
Control 0.10 £ 0.02 0.21 £ 0.04¢
Palmitate 0.09 + 0.01 0.17 + 0.02¢
Lipid emulsion 0.13 + 0.03 0.13 + 0.02¢
Amino acids 0.71 + 0.05 0.54 + 0.04¢
Amino acids

+ palmitate 0.50 + 0.02¢  0.41 + 0.04
Amino acids
+ lipid emulsion 0.56 + 0.05 0.68 = 0.07

9 Mean maximal values + SEM obtained from four
separate liver perfusions. Maximal rates of metabolic
change were determined from perfusate samples re-
moved every 30 min during the 90-min experimental
period.

b Livers of fasted rats were perfused in the presence
of 1 mM palmitate or | ml lipid emulsion/100 ml per-
fusate (approximately 1 mM triglyceride, 3 mM glycerol,
and 0.2 mM phospholipid) in the presence or absence
of 10 times the normal rat plasma concentration of 11
amino acids.

¢ Significantly different from (P < 0.05) the corre-
sponding 37° value by Student’s ¢ test.

4 Significantly different from (P < 0.05) the appro-
priate control value at the same temperature by Stu-
dent’s ¢ test.

sion. The final perfusate concentration (mM)
of the amino acids was 10 times the normal
rat plasma concentration (9): arginine, 2.2;
asparagine, 0.4; isoleucine, 0.9; leucine, 1.7;
lysine, 4.8; methionine, 0.7; phenylalanine,
0.8; proline, 2.4; threonine, 2.9; tryptophan,
0.7; valine, 2.0. Each rat was heparinized
(200 U, iv) prior to placement of the portal
vein and inferior vena cava cannulas. After
placement of the cannulas, the initial 5 ml of
perfusate collected from the outflow cannula
was discarded to ensure removal of all rat
blood. Thermocouple microprobes (Bailey
Instrument Co., Saddle Brook, N.J.) were em-
ployed to monitor and control the liver, per-
fusate, and cabinet temperatures. Rat livers
were perfused for 120 min. A 30-min equil-
ibration period was followed by a 90-min ex-
perimental period. Sodium palmitate or lipid
emulsion was added to the perfusate 2 min
before the beginning of the experimental pe-
riod, allowing time for adequate mixing of the

substances. Sodium palmitate was heated in
an aqueous solution at 65° until the solution
was clear. An aqueous solution of bovine
plasma albumin (55°) was vigorously mixed
with the palmitate solution to a final albumin
concentration of 12% (w/v) and the solution,
a total of 2 ml, was added immediately to the
150 ml recirculating perfusate. The perfusate
concentration of palmitate was 1 mM (1
umole/ml perfusate). The molar ratio of pal-
mitate to albumin in the perfusate was 3 to
1. The albumin vehicle was added to the con-
trol experiments since it contains a small
amount of free fatty acid. The lipid emulsion
contained 10% soybean oil, 2.25% glycerol,
and 1.2% phospholipid. The commercial
name is Intralipid (Cutter Laboratories, Inc.,
Berkeley, Calif.). Approximate perfusate
concentrations of triglyceride, glycerol, and
phospholipid were calculated to be 1, 3, and
0.2 mM, respectively, after the addition of
1.5 ml of the lipid emulsion to 150 ml of the
perfusate. Amino acids, sodium palmitate,
and other reagents were obtained from Sigma
Chemical Company, St. Louis, Missouri.
Analytical and statistical methods. Perfus-
ate samples were obtained at 30-min inter-
vals from 0 to 90 min of the experimental
period. Protein-free filtrates were prepared
from the perfusate samples with perchloric
acid. Aliquots of these protein-free filtrates
were analyzed for urea by the diacetyl mon-
oxime assay (10), a-amino nitrogen by a
modification (11) of the ninhydrin reaction
(12) and glucose by the glucose oxidase
method (13). Estimates of the maximal rates
of metabolite change were determined by
regression analysis as described by Hems et
al. (14). Maximal rates are expressed in mi-
cromoles per gram wet liver weight per min-
ute. Leucine was employed as the standard
for the ninhydrin reaction. Each value rep-
resents the mean =+ standard error of four
separate experiments. The significance of dif-
ferences between the means was determined
by unpaired Student’s ¢ test. A P value of
<0.05 was considered statistically significant.
Results. Ureogenesis. Endogenous ureo-
genesis was not affected by palmitate or the
lipid emulsion at 37° (Table I). Hyperther-
mia significantly increased the rate of en-
dogenous ureogenesis in control and palmi-
tate-supplemented liver perfusions, but no
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change in the rate of ureogenesis was found
in the presence of lipid emulsion at 42° (Ta-
ble I). Even though endogenous ureogenesis
was stimulated at 42°, these rates are rela-
tively low, i.e., about 10% of the rates of
ureogenesis when an exogenous source of
ammonia is added to the perfusate (6, 8, 15).
Hepatic amino acid metabolism is a primary
source of ammonia for ureogenesis (16, 17).
Addition of 11 amino acids at 10 times the
normal plasma concentration resulted in a
sevenfold stimulation of urea formation at
37°. Hyperthermia significantly attenuated
the increase in ureogenesis in the presence
of amino acids; however, the rate of ureo-
genesis at 42° remained over twofold higher
than the rate obtained without supplemental
amino acids (Table I). Although urea for-
mation was stimulated in the presence of
amino acids and palmitate at 37°, it was sig-
nificantly less than the level of urea forma-
tion observed in the presence of amino acids
alone (Table I). At 42°, urea formation from
amino acids was not affected by palmitate.
Ureogenesis from supplemental amino acids
was not altered by the lipid emulsion at 37°
or 42°,

The lipid emulsion contains glycerol and
the approximate perfusate concentration was
3 mM. Since glycerol is a gluconeogenic sub-
strate in the fasted rat, it was of interest to
examine the level of gluconeogenesis in the
presence of the lipid emulsion at 37° and
42°. The maximal rate of gluconeogensis in
the presence of lipid emulsion was 1.37
+ 0.08 umole/g/min at 37°, and 1.06 + 0.15
pmole/g/min at 42°. In the control experi-
ments, endogenous gluconeogenesis was (.24
+ 0.02 and 0.29 + 0.03 umol/g/min at 37°
and 42°, respectively. The rates of gluconeo-
genesis obtained in the presence of the lipid
emulsion at 37° and 42° were not signifi-
cantly different and are comparable to the
rates of gluconeogenesis from lactate re-
ported in our earlier studies (6, 15).

Amino acids. Hepatic amino acid release
and uptake data are summarized in Table II.
Endogenous release of amino acids was not
affected by supplemental palmitate or lipid
emulsion at 37° or 42°. In experiments in
which the perfusate contained 10 times the
normal plasma concentration of amino ac-
ids, hepatic amino acid uptake was stimu-
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TABLE II. EFFECT OF PALMITATE OR LIPID EMULSION
ON PERFUSATE AMINO NITROGEN IN THE PRESENCE
OR ABSENCE OF SUPPLEMENTAL AMINO
ACIDS AT 37° AND 42°°¢

Amino nitrogen
(umol/g liver/min)

Condition® 37° 42°
Control 0.38 + 0.06 0.35 + 0.04
Palmitate 0.31 £ 0.01 0.32 £ 0.03
Lipid emulsion 0.46 + 0.09 0.41 £ 0.07
Amino acids —-1.76 + 0.38 —0.71 £ 0.15°
Amino acids

+ palmitate -1.58 +0.18 —-1.43 +0.27
Amino acids
+ lipid emulsion —1.48 £0.24 —0.53 £ 0.16°

9 Mean maximal values + SEM obtained from four
separate liver perfusions. Maximal rates of metabolic
change were determined from perfusate samples re-
moved every 30 min during the 90-min experimental
period.

b Livers of fasted rats were perfused in the presence
of | mM palmitate or 1 ml lipid emulsion/100 ml per-
fusate (approximately 1 mA/ triglyceride, 3 mM glycerol,
and 0.2 mM phospholipid) in the presence or absence
of 10 times the normal rat plasma concentration of 11
amino acids.

¢ Significantly different from (P < 0.05) the corre-
sponding 37° value by Student’s ¢ test.

lated. However, amino acid uptake at 42°
was significantly attenuated. The reduced
rate of amino acid uptake at 42° was about
40% of the rate determined at 37°. Supple-
mental palmitate or lipid emulsion had no
effect on amino acid uptake at 37°. However,
at 42°, no significant reduction in hepatic
amino acid uptake occurred in the presence
of amino acids and palmitate. By contrast,
amino acid uptake was significantly de-
pressed at 42° in the presence of the lipid
emulsion and amino acids, and the rate of
amino acid uptake was 36% of the rate ob-
tained at 37° under similar conditions. The
level of reduction in the presence of lipid
emulsion at 42° was similar to the data ob-
tained from the control perfusions with
amino acids at 42°.

Discussion. A primary aim of this study
was to examine the effect of hyperthermia on
hepatic amino acid dynamics and urea for-
mation. A previous study by Collins and
Skibba (7) showed a temperature-related de-
crease in the incorporation of radioactively
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labeled amino acid into hepatic proteins sug-
gesting an alteration in hepatic nitrogen me-
tabolism by hyperthermia. In the present
study, endogenous ureogenesis was stimu-
lated at 42° which suggests an increase in
endogenous proteolysis and amino acid ca-
tabolism. Amino acid supplementation at 10
times the normal rat plasma level increased
ureogenesis sevenfold at 37°. Presumably the
amino acids increased the supply of donor
nitrogen for ureogenesis. At 42°, ureogenesis
increased less than threefold in the presence
of exogenous amino acids. These data suggest
a decrease in the availability of exogenous
nitrogen to support ureogenesis at 42°. De-
creased amino acid uptake would be one ex-
planation for a lower level of donor nitrogen
for ureogenesis at 42°. Indeed, the data show
that amino acid uptake was significantly re-
duced at 42°. However, ureogenesis in the
presence of palmitate and amino acid sup-
plements was reduced at 37° and a similar
trend was noted at 42°. The decrease in ureo-
genesis in the presence of palmitate implies
a decrease in the catabolism of the amino
acids. Perhaps the beneficial effect of pal-
mitate on the ureogenic pathway is related
to an intracellular process such as lysosomal
membrane stabilization or provision of en-
ergy as was suggested in our previous studies
(6, 15) on the relationship between palmitate
and gluconeogenesis from lactate. At 37°,
other workers reported that exogenous oleate
had no effect on the rate of ureogenesis in
isolated hepatocytes of fasted rats (18), or
that oleate decreased the rate of ureogenesis
in perfused rat livers of fasted or diabetic rats
(19). Apparently oleate decreased the rate of
hepatic protein catabolism as the rate of
ureogenesis was reduced (19). The present
findings agree with those of Woodside and
Heimberg (19). Moreover, amino acid up-
take at 42° in the presence of palmitate was
the same as that measured at 37°. This find-
ing suggests that palmitate blocks the adverse
effect of heat on hepatic amino acid trans-
port. The mechanism by which palmitate
alters amino acid transport under hyperther-
mic conditions is presently not known. It
may be due to the intracellular mechanisms
previously discussed or to an effect on cel-
lular membrane integrity or plasma mem-
brane transport. Further experiments are
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planned to examine hepatic membrane and
intracellular processes in order to determine
the point(s) of biochemical interaction be-
tween palmitate and nitrogen metabolism
under hyperthermic stress.

A lipid emulsion was evaluated in this
study because it is a clinically available lipid
supplement. Since the lipid emulsion phy-
sically resembles chylomicrons, the expected
hepatic uptake by the liver would be minimal
(20, 21). Indeed, hepatic ureogenic, and
amino acid dynamics were not markedly al-
tered by the presence of the lipid emulsion
at 37° or 42°. However, in man, lipid emul-
sions can substitute for carbohydrate in sup-
plying energy in order to maintain a positive
nitrogen balance (22, 23). Presumably, chy-
lomicrons are metabolized to free fatty acids
by lipoprotein lipase in the whole animal
(24). In addition, isolated perfusion of the
liver in the presence of heparin should in-
crease chylomicron metabolism to free fatty
acids and chylomicron remnants by releasing
hepatic triglyceride lipase (25). Since free
fatty acid appears to attenuate the adverse
effects of hyperthermia on hepatic functions,
it is suggested that exogenous free fatty acids
or a lipid emulsion might be beneficial to the
liver in cancer patients treated with systemic
hyperthermia or regional heparinized ther-
motherapeutic perfusion of the liver.
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