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The effects of some physiological conditions on the levels of L-histidine, carnosine,
and anserine were examined in skipjack tuna, Karsiwwonus pelamis. Also examined
were the turnover rates of L-{U-"CJhistidine in skipjack blood and skeletal muscle,
the metabolic interrelaticnship among several organs, and interconversion between
histidine and the dipeptides. In white muscle of control tuna, these compounds in
total occurred at a mean = SD concentration of 147.4 + 3.5 pmol/g muscle (n = 5)
(histidine, 93.5 + 9.2; carnosine, 2.90 = 1.66; anserine, 51.1 + 10.2 umol/g muscle),
but in red muscle the total concentration was only 21.3 # 2.1 pmol/g muscle. Exhaustive
burst swimming did not lead to any large changes in these concentrations, whereas
starvation markedly affected them. In white muscle, histidine decreased to 30% and
4% of control levels after 5 and 12 days of starvation, respectively; carnosine increased
3.7- and 8.6-fold, while anserine decreased in the initial stage but recovered to control
levels during sustained starvation. A similar pattern also was observed in red muscle.
The metabolic half-life of '*C-labeled histidine was 0.72 + 0.124 h (n = 3) in skipjack
blood, and 66 and 52.5 h in white and red muscle, respectively. The label was incor-
porated into muscle carnosine and anserine, though the incorporation was fairly slow.
The label was transported rapidly from blood into liver and muscles and also from

white muscle into red.

INTRODUCTION

Tuna are considered to be the “ultimate
teleosts” (Hochachka 1980) in terms of
their ability to reach high burst-swimming
speeds (Waters and Fierstine 1964:; Dizon,
Brill, and Yuen 1978) and maintain muscle
temperatures as much as 10 degrees C
above ambient temperature (Stevens, Lam,
and Kendall 1974). The tuna’s ability to
engage in burst swimming is sustained by
elevated capacities for anaerobic glycolysis
in the white muscle, typically represented
by the activity of lactate dehydrogenase,
which in tuna is the highest so far found in
any animal (Guppy and Hochachka 1978).
During burst swimming, large amounts of
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lactate, nearly 100 umol/g muscle, are ac-
cumulated as an end product in white mus-
cle (Guppy, Hulbert, and Hochachka
1979), accompanied by proton production
(Hochachka and Mommsen 1983), which
may have harmful effects. Not surprisingly,
buffering capacity is typically high in tuna
compared to other fishes (Castellini and
Somero 1981).

Intracellular buffering capacity in ver-
tebrate muscles is dominated by the imid-
azole group of L-histidine, which occurs (1)
as histidine residues on protein, (2) as free

" L-histidine, and (3) as histidine-containing

dipeptides, such as carnosine (§-alanyl-L-
histidine), anserine (B-alanyl-N"-methyl-L-
histidine), and balenine or ophidine (8-
alanyl-3-methyl-L-histidine). This free L-
histidine and related dipeptides are widely
distributed in vertebrate muscle (Crush
1970) at levels roughly proportional to an-
aerobic metabolic capacity (Hochachka and
Somero 1984). Generally, most terrestrial
mammals and amphibians contain large
amounts of carnosine (2-20 pmol/g mus-
cle). Aves and some fishes, in contrast, have
higher levels of anserine than of carnosine
in their muscle. Large amounts of balenine
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are found only in the muscle of snakes and
whales (Crush 1970). One of these dipep-
tides, anserine, was reported to be synthe-
sized from histidine via N™-methyl-L-his-
tidine (Harms and Winnick 1954) or via
carnosine (McManus 1962). Among the
scombrioids, species such as tuna and mar-
lin are known to have large quantities of
these compounds in their white muscle
(Lukton and Olcott 1958: Suyama and
Yoshizawa 1973; Abe 1981, 1983). A re-
cently discovered clue to their physiological
roles comes from studics of marlin white
muscle, which contains 125 pmol/g muscle
of histidine and related dipeptides (mainly
anserine); this pool accounts for ~60% of
total buffering capacity, whereas in trout
white muscle a smaller pool (20 umol/g
muscle) counstitutes only 25% of total bufi-
ering capacity (Abe et al. 1985). This in-
dicates that at least one of the important
physiological functions of these compounds
1s intracellular buffering of protons that are
produced during burst swimming, though
other possible roles have been proposed; for
example, when copper complexed, they
may serve as oxygen transporters for cy-
tochrome oxidase (Brown 1981) or as direct
activators for some enzymes (Parker and
Ring 1970).

Despite this interesting background on
these compounds, there is literally no in-
formation on the metabolism of histidine
and related dipeptides in tuna or marlin.
For this reason, we decided to investigate
the turnover patterns of L-histidine in tuna
muscle and blood, the interrelationship of
histidine metabolism and exchange in dif-
ferent tissues and organs, and the potential
interconversions between histidine and re-
lated dipeptides.

MATERIAL AND METHODS

Live skipjack tuna, Katsuwonus pelamis
(wt 1,130-2,130 g), and kawakawa, Fu-
thynnus affinis (wt 750-1,180 g), captured
on hook and line were obtained from local
fishermen at Kewalo Basin, Honolulu, Ha-
waii. They were kept in large holding tanks
supplied with aerated seawater (25 C) at
Kewalo Research Facility of the National
Marine Fisheries Service’s Honolulu Lab-
oratory. Kawakawa uscd in these studies
were well fed on frosen smelt daily, Unless
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noted otherwise, skipjack tur.a were not fed
and were used within 5 days of capture.
Control tuna were hooked at sea on a com-
mercial fishing vessel and had muscie sam-
ples excised immediately after capture. Ex-
hausted fish were those sampled after burst
swimming in the holding tank.

L-[U-"“CJhistidine (348 mCi/mmol; ra-
dioactive purity 95.5%) was purchased from
Amersham Corporation, Qakville, Ontanio.
It was dried under N, and brought to 40
uCi/ml with physiological saline containing
40 pmol/ml L-histidine. Other reagents
were obtained from Sigma Chemical Com-
pany, St. Louis, Mo.

CANNULATION

Skipjack tuna were anesthetized with tri-
caine methane-sulfonate (1:15,000) and
maintained by perfusing aerated seawater
(22-24 C) containing the anesthetic
(1:30,000) over the gills. A cannula was im-
planted into the ventral aorta just anterior
to the heart, a procedure taking approxi-
mately 5-10 min. Cannulated fish were
kept lightly anesthetized during experi-
mentation (3-6 h). Anesthetic and surgical
procedures were as described by Jones,
Brill, and Mense (1985).

ADMINISTRATION OF THE TRACER
The cannulated tuna received 30 pnCi of

© L-[U-"Clhistidine via the cannula, fol-

lowed by several volumes of saline wash.
Serial biood samples (0.5 ml each) were
withdrawn at appropriate time intervals for
assessing the decay in specific activity of
histidine.

A second group of fish received 30 pCi
of labeled histidine intramuscularly 1 day
after capture and were kept i a holding
tank. At appropriate time intervals muscle
samples were excised from freshly kiiled
fish.

EXTRACTION OF L-HISTIDINE
AND RELATED COMPOUNDS

Blood samples were mixed with an equal
volume of 10% trichloroacetic acid and
centrifuged. The supernatant was kept at
—20 C and used for the determination of
total radioactivity and for the fractionation
of histidine-related compounds by high-
performance liquid chromatography
(HPLO).
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Muscle samples (1 g) were homogenized
in 5 ml of 1% picric acid with a Polytron
homogenizer (Kinematica, Zurich, Swit-
zerland). The homogenate was centrifuged,
and the pellet was rehomogenized in 5 ml
of the acid. Both supernatants were com-
bined and applied to a column (0.5 X 1.5
cm) of Dowex 2 X 8 (200-400 mesh, CI™
form). The eluate and washings obtained
with 0.01 N HCIl were freeze-dried and
brought to a volume of 1 ml with distilled
water.

DETERMINATION OF L-HISTIDINE
AND RELATED COMPOUNDS

L-Histidine and its related compounds
were determined by HPLC essentially as
described previously (Abe 1981). A Spectra
Physics SP-8000B liquid chromatograph
equipped with Zipax SCX column (0.21
X 50 cm; Shimadzu, Japan) was used. Elu-
tion was carried out under isocratic con-
ditions for 10 min using 12 mM KH,PO,
at 35 C and a flow rate of 1 ml/min followed
by a gradient up to 30 mM. UV detection
was used at 210 nm with 0.04 absorbance
units at full scale.

For the determination of specific radio-
activity, the concentrated extract was in-
jected into the HPLC column and a 2-ml
fraction of the eluate was collected. The L-
histidine, carnosine, and anserine fractions
were evaporated to dryness in vacuo and
dissolved into HPLC-grade water.

DETERMINATION OF RADIOACTIVITY

+ A Beckman LS 9000 liquid scintillation
counter was used (1) on the blood and tissue
extracts (10-500 pl) to determine total ra-
dioactivity and (2) on combined fractions
(1 ml) obtained from the HPLC column to
determine specific radioactivity of histidine,
carnosine, and anserine fractions. As a
scintillant, 10 ml of ACS II (Amersham,
Qakville, Ontario) was used with plastic
scintillation vials obtained from Canlab,
Vancouver, B.C. Counting efficiency was
>90%, and the background fell between 30
and 50 dpm.

In all cases statistical analyses were per-
formed using Student’s t-test—or the
Cochran-Cox test when the variances were
different.

RESULTS

EFFECT OF PHYSIOLOGICAL CONDITIONS ON
L-HISTIDINE AND DIPEPTIDES IN TUNA

Control tuna showed extremely large
amounts of L-histidine and anserine and
lesser amounts of carnosine in their white
muscle (table 1). Although some of these
values closely coincided with those previ-
ously reported for different populations
(Abe 1983}, anserine content was much
higher in the Hawaiian samples. The con-
centrations of histidine compounds in red
muscle (table 1) were lower than those in
white muscle, the total content being only
one-seventh that observed in white muscle
(table 1). This is a typical distribution pat-
tern of these compounds in fish muscle that
contains them in large amounts (Abe 1983;
Abe et al. 1985). Red muscle, in addition,
contained small but detectable amounts of
N"-methyl-L-histidine, whereas white
muscle did not. Individual differences in the
concentration of each compound were
rather large, but the combined total pool
size in white muscle was similar among in-
dividuals. This was also the case with red
muscle (table 1).

In white muscle of exhausted fish, an-
serine concentration was not different from
that in controls. Histidine, on the other
hand, increased significantly (P < .05).
However, we found no significant changes
in these compounds in red muscle following
burst swimming. The increase of total his-
tidine-related compounds, equivalent to
~20 pmol/g muscle in white muscle (P
< .001) was due entirely to histidine in-
creases.

Starvation of skipjack tuna also resulted
in changes in the concentrations of these
compounds (table 2). Although we found
rather large individual differences in each
compound, on average, histidine levels in
white muscle decreased significantly (P
< .01) from those in controls. Carnosine,
on the other hand, showed a marked in-
crease (P < .01), whereas anserine showed
no large changes. Tunas 7 and 8§, which
were starved for 5 and 12 days after capture,
respectively, showed an extremely large de-
crease in histidine and an increase in car-
nosine. Anserine concentrations were
practically identical to those in the controls.
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HISTIDINE AND DIPEPTIDES IN TUNA MUSCLE

Generally during starvation, histidine ap-
peared to decline rather markedly, with part
of it probably being converted into carno-
sine. Anserine, however, decreased during
the initial stage of starvation, but later it
recovered to normal levels, probably by
the conversion from histidine. As a result,
the total content of these compounds per
gram of white muscle decreased signifi-
cantly (P < .001), but the decrease was not
as large as the fall in histidine levels. This
pattern of a significant decrease in [histi-
dine] (P < .001), an increase in [carnosine]
(P < .01), and small fluctuations in |anser-
ine] during starvation was also observed in
red muscle.

Kawakawa, a species closely related to
skipjack tuna, showed similar results,
though the degree of change with starvation
was less (table 3). The total levels of these
histidine-related compounds in well-fed,
captive fish were almost 30% and 50% lower
(P < .001) than those in skipjack white and
red muscle, respectively. The composition
of these compounds, however, was almost
the same as in skipjack tuna, showing high
histidine, high anserine (almost half the
level of histidine), and low carnosine con-
centrations.

The levels of these compounds in blood
of both skipjack and kawakawa were low,
and we found no differences between these
twc species (table 4). It was a rather char-
acteristic feature of the blood, however, that
the level of carnosine exceeded that of an-
serine. Blood carnosine levels were almost
identical to, or a little higher than, those in

: red muscle.
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TURNOVER OF L-[U-"*C]HISTIDINE
IN SKIPJACK TUNA

Three cannulated skipjack tuna received
30 uCi of L-[U-""Clhistidine, and decay
curves were obtained for total and specific
radioactivities of L-histidine (figs. 1, 2). The
three specimens showed very little individ-
ual difference, as shown by the small stan-
dard deviation. Specific radioactivity of
histidine was calculated (fig. 2) as dpm/
pumol of histidine. To judge from such
curves, the decay of histidine specific activ-
ity and the incorporation into tissues were
considered to be rapid. Histidine replace-
ment rate in the blood was calculated (ac-
cording to Katz et al. 1974) as 2.60 x 0.65
umol/100 g body weight h™! and metabolic
half-life as 0.72 £ 0.124 h. This replacement
rate is similar to that in rainbow trout (H.
Abe and P. W. Hochachka, unpublished
data). Corrected to the same temperature
(assuming a Q,q of 2), the replacement rate
1s actually slower in tuna than in trout (the
water temperatures for the two species were
24 and 6 C, respectively). This difference
was also evident in the metabolic half-life,
which was 0.72 h in tuna but 1.99 h in trout
(H. Abe and P. W. Hochachka, unpub-
lished data).

METABOLISM OF L-HISTIDINE IN TUNA TISSUES

After blood sampling was completed (5.5
h), the tuna were killed, and white muscle,
red muscle, and a liver and final blood
sample were obtained. In these tissues, the
total activity and the specific activities of
histidine, carnosine, and anserine were de-
termined (table 5). We found only small

TABLE 4

CONCENTRATION (pmol/g blood) OF L-HISTIDINE AND RELATED COMPOUNDS
IN THE BLOOD OF SKIPJACK TUNA AND KAWAKAWA

Fish Type and No. Histidine Carnosine Anserine Total
Skipjack tuna:

1 2.11 852 074 3.04

2 1.84 .889 .023 2.75

3 .783 440 054 1.28

4 .843 618 .027 1.49

S o 1.55 .555 024 2.13

Mean +SD .. .. .. 1.43 + .53 671 £ 173 .040 = .020 2.14 + .69

Kawakawa .. ...... ... .806 868 049 1.72

NOTE.—Whole blood was used for the analysis after deproteinization with trichloroacetic acid.
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Fi1G. 1.—Total and specific radioactivity in the blood
of skipjack tuna. A bolus of L-[U-"*Clhistidine (30 nCi/
tuna) was injected into the aorta through a cannula.
O O = Total radioactivity; @ @ = specific
radioactivity of L-histidine. Blood samples were with-
drawn =2 min after injection via cannula under the
shallow anesthetic condition. The mean and standard
deviation for three tuna are shown in dpm/g blood.

amounts of labeled histidine being incor-
porated into carnosine and anserine. Per
gram of tissue, red muscle contained a
much larger amount of total activity than
did white muscle. The total of specific ac-
tivities of these compounds in liver was
equivalent to only 7.3% of total radioactiv-
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FI1G. 2.—Specific radioactivity of L-histidine in the
blood of skipjack tuna. The activities are shown in

dpm/umol of histidine for the same samples as those
in fig. 1.

ity in the liver, indicating a rapid catabolism
of amino acids in this organ. In blood, only
36% of the radioactivity was in carnosine,
anserine, or histidine, whereas in white and
red muscle the values were 103% and 90%,
respectively. These data suggest that only
modest catabolism of histidine occurs in the
muscle.

In addition to the 5.5-h sample, the in-
corporation of the label into tissues was also
examined in tuna sampled at several shorter
time intervals (fig. 3). The incorporation

TABLE 5

TOTAL RADIOACTIVITY AND SPECIFIC RADIOACTIVITY OF L-HISTIDINE, CARNOSINE, AND ANSERINE
IN SEVERAL TISSUES OF SKIPJACK TUNA

RADIOACTIVITY
(dpm/g tissue, X107%)

TISSUE Total Activity Histidine Carnosine Anserine
White muscle ... ... 8.02 7.16 250 815
Red muscle ..... .. 35.6 31.5 160 436
Liver ............ 519 2.51 718 .562
Blood .......... .. 8.64 2.54 .342 233

NoTE.—Tissues were collected 5.5 h after L-[U-'*C]histidine injection (30 uCi/tuna) into the aorta.
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F1G. 3.—Incorporation of total radioactivity into
white and red muscle and liver aiter bolus injection of
L-[U-"Clhistidine (30 uCi/tuna) into the aorta. Tissue
samples at 3.5, 5.0, and 5.5 h were obtained from the
tuna shown in fig. . O —— O = White muscle;
® @ = red muscle; A —— A = liver. Each point
represents one tuna sample.

into the liver was extremely high compared
to that in skeletal muscle. The radioactivity
taken up into red muscle was always higher
than that taken up into white muscle.

In free-swimming fish, if the label was
administered into white muscle, the decay
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of the radioactivity from the muscle was
slow, whereas the label was taken up by red
muscle promptly after injection (fig. 4). The
decay curve was sharper for red than for
white muscle. From these curves, the met-
abolic half-lives of histidine in white and
red muscle were calculated as being 66 h
and 52.5 h, respectively. During these stud-
ies, the label was apparently incorporated
into anserine (fig. 5) both in white and in
red muscle. This incorporatioan was much
higher in white than in red muscle.

DISCUSSION

Several scombrioids (suborder; Scom-
brioidei) are known to contain extraordi-
narily large amounts of histidine and his-
tidine-related dipeptides in their white
muscle; for instance, some scombrids
(mackerel and tuna) contain 30-100
pmol/g of histidine and 10-50 umol/g of
anserine (Lukton and Olcott 1958; Suyama
and Yoshizawa 1973; Abe 1983). Some is-
tiophorids (marlin) contain 16-54 umol/g
of histidine and 15~120 umol/g of anserine
(Suyama and Yoshizawa 1973; Abe et al.
1985). Of these fishes, skipjack tuna shows
the highest histidine content (table 1),
whereas Pacific blue marlin (Makaira ni-
gricans) shows the highest anserine con-
centration (90-120 pmol/g muscle; Abe et
al. 1985) of all vertebrates thus far exam-
ined. These species all belong to a fast-
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FIG. 4.—Total and specific radioactivities in white and red muscle of skipjack tuna after injection of L-[U-
“Clhistidine (30 uCi/tuna) into white muscle. Each point represents one skipjack tuna. 4, White muscle, B, red

muscle. O

O = Total activity; ® —— @ = specific radioactivity of L-histidine.
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FiG. 5.—Incorporation of the label into anserine in
white and red muscle of tuna after intramuscular in-
jection of 30 puCi of L-[U-"C]histidine into white
muscle. The same muscle samples as shown in fig. 4
were used for anserine-specific radioactivity. O —— O
= White muscle; ® —— @ = red muscle.

swimming group of fishes that have adapted
both for endurance and for burst anaerobic
exercise. Red muscle of these fishes shows
much lower contents of these compounds
than does white muscle, which is consistent
with these compounds playing a proton-
buffering role correlated with anaerobic
metabolism. Our control fish, captured at
sea, are considered to have been sampled
during high-speed, steady-state swimming
associated with feeding: thus, in such high-
activity states, tuna apparently maintain
high total contents of these compounds, al-
though there are some individual differ-
ences in how each compound contributes
to the total pool. '

In tuna exhausted after burst swimming,
the histidine content of white muscle in-
creases by an average of 20 umol/g. Since
histidine is considered nutritionally to be
an essential amino acid in all fish species
thus far examined, this increase in histidine
concentration may be derived from the
degradation of body proteins or from di-
etary proteins eaten just before capture.
These data therefore are equivocal and may
not mean that an interconversion between
these compounds necessarily occurs during
burst swimming.

Starvation, on the other hand, markedly
affects the composition of this pool of his-
tidine-related compounds (table 2). In the
initial stage of starvation, both histidine and
anserine levels decrease with a concomitant
rise in carnosine concentration. The decline
in histidine concentration may mean that
this amino acid is utilized as an energy
source via the Krebs cycle or as a glucose
source via the Cori cycle during starvation.
If used as an energy source directly, a mole
of histidine oxidation could yield 21 mol
of adenosine triphosphate. Although this
metabolic fate is possible in principle, in
practice it does not seem to occur. Instead,
during sustained starvation the decompo-
sition of anserine is arrested, whereas free
L-histidine appears to be converted into
carnosine and anserine, suggesting that the
biosynthetic pathway of anserine in tuna
may be via carnosine, as occurs in trout (H.
Abe and P. W. Hochachka, unpublished
data).

This interconversion may have an im-
portant implication, namely, that white
muscle “defends” the total pool size of these.
compounds in order to maintain its proton-
buffering capacity. This is also supported
by the fact that the total concentration of
these compounds was rather similar among
individuals, though a rather large difference
was found in the level of each compound
(table 1). As a result of this arrangement,
even if histidine is depleted almost com-
pletely during starvation, the total pool size
of these compounds decreases by only 30%-
40%. This is also true for red muscle. These
effects of starvation are also supported by
the results obtained from the starvation of
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FiG. 6.—Proposed interrelationship of the metab-
olism of L-histidine and related dipeptides among sev-
eral tissues and organs of skipjack tuna. Values indi-
cated are total amounts of L-histidine and anserine in
the tissue {mmol/tissue). The heavy lines show the main
and fast processes.
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kawakawa (table 3), though the changes
observed in the latter were smaller.

A common metabolic response to star-
vation among tuna thus appcars to be the
defense of the total pool size of histidine-
related compounds. This implies that the
physiological reason for large accumula-
tions of free L-histidine specifically in tuna
white muscle is the same as that obtaining
for large accumulations of the related di-
peptides: in effect. histidine is an intracel-
lular buffer, equivalent mole tor mole, with
either dipeptide. Its disadvantage is that it
1s more metabolically reactive. That is pre-
sumably why the conversion of histidine
into much more metabolically inert forms
(i.e., carnosine and anserine) is necessary.
In this view, these dipeptides are a “histi-
dine sink™ that can keep the total histidine-
related buffering capacity at high values.
This end is not so easily achievable with
histidine per se because it can be utilized
easily in the other metabolic pathways ac-
cording to the physiological conditions. Qur
data and interpretations are in agreement
with studies on starved eels, trout, and Jap-
anese dace, which show no decrease of the
dipeptide pool but a notable decrease in
histidine levels during long-term starvation
(H. Abe, unpublished data). Similarly, dur-
ing spontaneous starvation accompanying
upstream spawning migration in the sock-
eve salmon, histidine decreases to about
one-tenth normal levels, whereas anserine
levels remain unchanged (Mommsen,
French, and Hochachka 1980).

The turnover of L-histidine in skipjack
tuna blood is rapid, and almost the same
as that in trout blood (H. Abe and P. W.
Hochachka, unpublished data); however, it
1s much slower when comparisons are cor-
rected for temperature differences. In white
muscle, the metabolic half-life of L-histi-
dine is 66 h, which implies much faster
turnover in tuna than in trout muscle (half-
life of 7.5 days). However, this difference
disappears if one makes a simple Q,q cor-
rection of ~2, in which case the half-life of
histidine in tuna white muscle would be 11
days at 4 C. However, since skipjack tuna
maintain muscle temperatures significantly
above ambient temperatures, this fast turn-
over in white muscle suggests that histidine
metabolism is probably quite rapid under
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the normal conditions of this species at sea.
To put this in perspective, it should be
noted that the metabolic half-life of L-his-
tidine in rat gastrocnemius muscle is ~3.6
h (Tamaki ct al. 1980); so the above data
indicate a rather slow absolute turnover rate
for this amino acid in tuna muscle.

Although some conversion of histidine
into carnosine and anserine occurs follow-
ing injection of histidine into the ventral
aorta (table 5), following intrarnuscular in-
jection the label is also incorporated into
anserine, especially in white muscle (fig. 5).
The appearance of only a small amount of
the label in anserine 1s taken to indicate
that the rate of anserine biosynthesis is slow
in skipjack as it is in trout (H. Abe and
P. W. Hochachka, unpublished data), pos-
sibly because of limited B-alanine avail-
ability. In white muscle, B-alanine occurred
at 0.016 £ 0.005 umol/g in the control tuna
{(n = 3) and at 0.054 = 0.0115 pmol/g in
red muscle. These values are lower than
those in trout white muscle, where f-ala-
nine’s availability seems to determine rates
of dipeptide synthesis (H. Abe and P. W.
Hochachka, unpublished data). Thus it 1s
reasonable to conclude that the level of -
alanine also may be a factor controlling the
rates of biosyntheses of these dipeptides in
tuna muscle.

The uptake of the label from blood into
red muscle was much faster than that from
blood into white muscle (fig:-3), and the
label was also transferred efficiently into red
muscle from white muscle in which it was
initially administered (fig. 4). These data
are consistent with a direct transfer of L-
histidine from white to red muscle, possibly
via exchange at the rete (as suggested for
lactate movement during recovery from
exercise [P. W. Hochachka, unpublished
datal). Red muscle, with its high capillary
density, is then the main site for equili-
brating muscle and blood pools of histidine.

According to the above considerations,
although exact rates and pathways are not
known, the main movements of L-histidine
and related compounds in skipjack tuna
may be summarized as shown in figure 6.
The incorporation and decomposition of
L-histidine by liver (possibly also by kidney)
are very fast, indicating that most of the
histidine derived from dietary proteins is
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used as a carbon and energy source in the
liver. However, there occurs a constant in-
corporation and accumulation of the amino
acid into white muscle, and the bio-
syntheses and degradations of carnosine
and anserine appear to proceed both in
white and in red muscles. Both L-histidine
and anserine are accumulated in white
muscle, the former being slowly metabo-
lized to the latter in muscle in order to sta-

bilize a large pool of imidazole-based intra-
cellular buffering capacity even under con-
ditions of starvation.

These conclusions raise interesting
problems about the turnover of carnosine
and anserine in white muscle; about why
anserine, not carnosine or balenine, has
been selected by this species; and about in-
terorgan transfer and metabolism of these
metabolites.
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