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ABSTRACT

DONOVAN, C. M., and M. J. PAGLIASSOTTI. Quantitative assessment of pathways for lactate disposal in skeletal muscle fiber types.
Med. Sci. Sports Exerc.,Vol. 32, No. 4, pp. 772–777, 2000. Quantifying the contribution of the various skeletal muscle fiber types
toward lactate disposal has proven elusive. In part, this can be attributed to the lack of adequate preparations for the study of all potential
metabolic pathways involved. Toward this end our laboratory developed several perfused muscle preparations that are homogeneous
for specific fiber types. This paper briefly reviews our findings regarding the influence of fiber type on lactate disposal in resting skeletal
muscle and the metabolic pathways involved. Perfusing over a range of lactate concentrations, 1–12 mM, all fiber types were shown
to switch from net production at low lactate concentrations to net consumption at higher concentrations. This transition occurred at
lower lactate concentrations for Type I and IIa fibers, when compared with IIb fibers. For Type I and IIa fibers oxidation was observed
to be the primary route of disposal accounting for approximately 50% of the lactate removed. For all fiber types, transamination was
a significant pathway for the disposal of lactate carbon, whereas glyconeogenesis was the primary pathway for disposal in Type IIb
fibers. The glyconeogenic capacity was quantitatively similar for Type IIa and IIb fibers but was negligible for Type I fibers. The
pathway for glyconeogenesis in skeletal muscle was shown to be substantially different from that employed in hepatic glyconeogenesis.
Results indicated that neither the TCA cycle nor phosphoenolpyruvate carboxykinase is involved in skeletal muscle glyconeogenesis.
Our findings suggested that PEP formation in skeletal muscle glyconeogenesis occurs by “reversal” of the pyruvate kinase reaction.
Key Words: GLYCONEOGENESIS,14C-LACTATE, TRANSAMINATION, PHOSPHOENOLPYRUVATE CARBOXYKINASE,
MALIC ENZYME, LACTATE OXIDATION

The ability of skeletal muscle to remove lactate has
been appreciated since the early work of Meyerhof et
al. (25,26). Their work also elucidated metabolic

pathways by which lactate disposal could occur. Interest in
the contribution of various skeletal muscle fiber types to-
ward these processes arose from several subsequent obser-
vations. That the various fiber types differ substantially in
their oxidative capacity is now well documented (35). Spe-
cifically, homogenates from muscles composed predomi-
nantly of Type I and IIa fibers have been shown to have a
greater capacity to oxidize lactate when compared with
Type IIb muscle fibers (1).In vivo observations that14C-
lactate appears largely as14CO2 during exercise and recov-
ery has led to the proposal that disposal of lactate is largely
a function of oxidative skeletal muscle fibers. A model of
lactate exchange in which Type IIb fibers produce lactate,
which is subsequently oxidized by Type I and IIa fibers has
been proposed (6). Other investigators maintain that lactate
formed during exercise is removed primarily through gly-

coneogenesis within skeletal muscle (13,15). This latter
proposal implicates Type II muscle fibers as the primary site
for disposal, as the capacity forde novosynthesis of gly-
cogen appears proprietary to these fibers (23,31). Thus, the
various skeletal muscle fiber types figure prominently in all
current hypotheses regarding lactate disposal by skeletal
muscle.

Attempts to quantify pathways of lactate disposal in var-
ious fiber types have relied extensively upon isotopic incor-
poration from14C-lactate into other metabolites, e.g., gly-
cogen, CO2, and alanine. Owing to the requisite small
muscle mass and low rates of oxidation and glyconeogen-
esis, studies employing incubated mammalian skeletal mus-
cle have relied almost exclusively upon such measures
(4,7,22,40). However, the incorporation of label from14C-
lactate into other metabolites alone does not guarantee a
measurement of net metabolic conversion (21). Net synthe-
sis of the end product, consistent with the tracer incorpora-
tion, must also be observed (17,18,20). This latter require-
ment ensures that the observed tracer incorporation
quantitatively reflects product synthesis, and not simply
“nonproductive isotopic exchange” (21). Studies employing
the perfused rat hindlimb have fared better in this respect,
generally demonstrating net glycogen deposition and tracer
incorporation (23,37). However, in assessing the contribution
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of various fiber types toward lactate disposal such studies are
restricted to measurements of glyconeogenesis alone. This
stems from the fact that other pathways of disposal, e.g.,
oxidation or transamination, are assessed from the circulation.
In the perfused hindlimb, sampling from the circulation occurs
in a major vessel representing the confluence of perfusate
draining from many muscles and fiber types. Thus, the contri-
bution of these pathways of disposal cannot be determined for
specific fiber types. Further compromising estimates from per-
fused rat hindlimb preparations are disparities in blood flow to
the various muscles (11).

Experimental Approach

To circumvent problems inherent to the above described
preparations, we developed several unique perfused muscle
preparations in the rabbit (32). The first two, the glycolytic
(gracilis) and oxidative (soleus), are essentially homoge-
neous for Type IIb and Type I fibers, respectively (Table 1).
A third mixed muscle fiber preparation, the triceps surae,
consists of all fiber types including Type IIa fibers. Prelim-
inary studies were conducted to determine a common flow
rate, ;0.4 mLzmin21zg21 muscle, at which both oxygen
uptake and lactate release/uptake were observed to be inde-
pendent of flow. Under such conditions, these preparations
were shown to be stable for periods of up to 3 h asassessed
by steady-state metabolic parameters, as well as pre- and
post-skeletal muscle values for ATP, PCr, protein, and water
content. When perfused with both labeled and unlabeled
lactate, rates of tracer removal/incorporation could be com-
pared with the net uptake/production of the same metabo-
lites. Thus, these preparations allowed for the quantitative
assessment of all major pathways of lactate disposal by the
various fiber types at rest.

Lactate Production/Disposal

All three muscle preparations demonstrated net lactate
release at rest when perfused with 1 mM lactate, i.e., resting
lactate concentration (Fig. 1) (32). Under these conditions,
net lactate release was greatest for the glycolytic preparation
and lowest for the oxidative preparation (9.76 0.5 vs 3.76
0.2 mmolz100 g21zmin21). As the lactate concentration in
the perfusate was increased, all muscle preparations dem-
onstrated a transition from net lactate release to net uptake
(33). For the oxidative muscle preparation, this transition
occurred at 1–2 mM lactate, whereas the glycolytic prepa-

ration did not switch to uptake until perfusate lactate con-
centration reached;4 mM. It was further observed that at
any lactate concentration above 4 mM the oxidative prepa-
ration demonstrated greater lactate removal when compared
with the glycolytic preparation. Results from the mixed
preparation, which demonstrated the highest rates of lactate
removal, suggested a substantial capacity for removal by the
Type IIa fibers. It should be noted that in the rabbit Type IIa
fibers have been shown to have the highest oxidative ca-
pacity (34), whereas in the rat Type IIa also retain substan-
tial glyconeogenic capacity (23,37). That oxidative fiber
types switch from lactate production to consumption at
lower lactate concentrations and maintain higher rates of
lactate disposal at elevated lactate concentrations is consis-
tent with the model proposed earlier by Brooks (6), i.e., the
shuttling of lactate from glycolytic to oxidative fibers.

Pathways of Lactate Disposal

To assess the relative contribution of various metabolic
pathways to the disposal of lactate in different fiber types,
we perfused muscles at 8 mM lactate and 5 mM glucose in
the presence of14C-lactate and [3H]glucose for 2 h at rest
(33). Net uptake/production values for lactate, glucose,
pyruvate, alanine, and oxygen were determined. The uptake
of 14C-lactate was quantified, as was the incorporation of
14C into CO2, pyruvate, amino acids, and glycogen. Total
tracer recoveries were essentially complete, i.e., 956 2%.

Figure 1—Net lactate balance (mean6 SE) as a function of perfusate
lactate concentration for all three skeletal muscle preparations. Neg-
ative (2) denotes net release. Where no SE bars appear, they fall
within the symbol size.

TABLE 1. Skeletal muscle characteristics.

Preparation, Muscle Mass (g)
Cytochrome C

(nmolzg21)

Fiber Type (%)

I IIa IIb

Glycolytic, Gracilis 6.2 6 0.4* 1.4 6 0.3* 0.3 6 0.1* 0.6 6 0.1* 99.1 6 0.2*
Oxidative, Soleus 2.1 6 0.3* 6.6 6 0.4† 97.5 6 0.6* 2.5 6 0.6* 0.0 6 0.0*
Mixed

Gastrocnemius 10.4 6 0.3 7.0 6 0.5 17.7 6 1.0 34.6 6 0.8 47.7 6 0.9
Plantaris 3.7 6 0.1 7.0 6 0.3 13.4 6 0.9 31.8 6 0.5 54.8 6 0.7
Soleus 1.7 6 0.2

Total/wt. mean 15.8 6 0.6* 7.0 6 0.4† 25.7 6 1.0* 31.4 6 0.7* 45.4 6 0.8*

Values are means 6 SE. Mass: N 5 8–12 for each muscle; cytochrome c: N 5 4, for each muscle; fiber type: N 5 5, for each muscle.
* Significantly different from the other two preparations.
† Significantly different from the glycolytic preparation.
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All preparations demonstrated an uptake of14C-lactate
quantitatively consistent with their net extraction of unla-
beled lactate. As indicated above, this was greatest for the
mixed preparation (reflecting the influence of Type IIa
fibers) and lowest for the glycolytic preparation. The pri-
mary pathways for lactate disposal were oxidation, glyco-
neogenesis, and transamination, though their relative signif-
icance varied considerably across preparations (Fig. 2). The
oxidation of lactate to carbon dioxide was a significant
pathway for disposal in all preparations representing 28%,
51%, and 39% of the lactate disposed in the glycolytic,
oxidative, and mixed preparations, respectively. Absolute
rates of14CO2 evolution were similar for the oxidative and
mixed preparations and substantially higher than that for the
glycolytic preparation. The incorporation of14C into amino
acids also constituted a primary pathway for removal in all
three preparations, oxidative5 32%, glycolytic5 20%, and
mixed 5 27%. Tracer estimated rates of transamination
based on the lactate specific activity were 802100% of the
measured net production of alanine.

Tracer estimated glyconeogenic rates (mmolz100 g21z2
h21) were 2276 8 and 1756 13 for the glycolytic and
mixed preparations, respectively. In contrast the oxidative
preparation demonstrated glyconeogenic rates that were
only 10% of those observed for the glycolytic preparation.
If one assumes that the Type IIb and I fibers of the mixed
preparation demonstrate glyconeogenic rates comparable to
the glycolytic and oxidative preparations, respectively, then
the estimated glyconeogenic rate for the Type IIa fibers
would be;210mmolz100 g21z2 h21, equivalent to the Type
IIb fibers. By contrast, the apparent glyconeogenic rates
from glucose (in the absence of insulin) as determined by3H
incorporation were similar across all preparations, i.e.,
72–91mmolz100 g21z2 h21. Thus, glyconeogenesis was a
significant pathway for lactate disposal only for the Type II
fibers and was the dominant pathway for removal in the
glycolytic preparation, i.e., Type IIb fibers. These results
were consistent with previous studies employing the rat
hindlimb (23,37).

Pathway for Skeletal Muscle Glyconeogenesis

The precise pathway by which glyconeogenesis may oc-
cur in skeletal muscle has puzzled physiologists for some
time. In particular much debate has centered on the forma-
tion of phosphoenolpyruvate (PEP) and circumvention of
the apparently unfavorable thermodynamics of the pyruvate
kinase reaction. In the liver, PEP is formed from pyruvate
via a complex set of reactions that traverse the tricarboxylic
acid cycle and bypass pyruvate kinase. A characteristic of
the hepatic glyconeogenic pathway is that any label intro-
duced on a specific position of the lactate molecule (e.g.,
2-14C-lactate) tends to become highly randomized in PEP
and glucose/glycogen (16). This is a direct result of entering
the TCA cycle and equilibrating with symmetrical interme-
diates. That such randomization of label apparently does not
occur during skeletal muscle glyconeogenesis has led most
investigators to propose alternate routes (14,27,30,38).
However, these previous studies had failed to demonstrate
this lack of randomization in concert with a demonstration
of net synthesis. Such observations were criticized by Krebs
and Woodford (18), who suggested that the incorporation of
label from lactate into skeletal muscle glycogen simply
reflected isotopic exchange, not actual synthesis.

We chose to reinvestigate the putative role of the TCA
cycle in skeletal muscle glyconeogenesis under conditions
of demonstrable net glycogen synthesis (31). As an alterna-
tive to determining the randomization of label in glycogen,
a laborious process, we compared rates of label incorpora-
tion from lactate labeled at different carbons, i.e., 1-14C or
2-14C lactate. If previous studies demonstrating a lack of
randomization were accurate, the recovery of14C in glyco-
gen should be similar for the two labeled molecules. Alter-
natively, if the molecule did traverse the TCA cycle during
glyconeogenesis substantial discrepancies in the recovery of
14C would be expected for 1-14C- versus 2-14C-lactate (16).
As this approach required the use of separate preparations
for each positional isotopomer, we were compelled to dem-
onstrate comparable conditions across these preparations.
Table 2 illustrates that net lactate uptake,14C-lactate uptake,
14C-lactate specific activity, and14CO2 yields were not
significantly different between muscles perfused with
1-14C- versus 2-14C-lactate. As well, net glycogen deposi-
tion was the same across preparations and was not signifi-
cantly different from the same muscles perfused under sim-
ilar conditions with U-14C-lactate (Fig. 3). Consistent with
previous observations for skeletal muscle, the recovery in
glycogen of14C introduced as lactate was uninfluenced by
its original position on the lactate molecule, i.e., no apparent
randomization of the label.

The above data strongly suggest that intermediates of the
TCA cycle are not involved in skeletal muscle glyconeo-
genesis. To further confirm this observation, we labeled the
TCA pool utilizing 2-14C-acetate. If the TCA cycle were
involved in skeletal muscle glyconeogenesis, one would
expect to see the label incorporated into glycogen during net
glyconeogenesis (39). Glycolytic and mixed muscle prepa-
rations were infused with either U-14C-lactate or 2-14C-

Figure 2—Recovery of14C expressed as percent of14C-lactate extrac-
tion during steady-state perfusions with 8 mM lactate. Total cumula-
tive recoveries ranged from 92.76 2.8% to 97.06 1.5% for glycolytic
and oxidative preparations, respectively. CO2, carbon dioxide; AA,
amino acids; Pyr, pyruvate; Gly, glycogen; HCLO4, perchloric acid
precipitate exclusive of any14C-lactate.
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acetate in the presence of 8 mM lactate and 1 mM acetate.
Again, muscles perfused with the different labeled mole-
cules were shown to have similar net rates for lactate and
acetate uptake, as well as net glycogen deposition (Fig. 4).
Muscles perfused with14C-lactate demonstrated substantial
label incorporation into glycogen. In contrast, muscles per-
fused with14C-acetate demonstrated no measurable incor-
poration of label into glycogen. That the14C-acetate was
incorporated into the TCA cycle pool was demonstrated by
the fact that the net extraction of labeled acetate could be
quantitatively accounted for as14CO2. Thus, no measurable
exchange occurred between intermediates of the TCA cycle
and glyconeogenic intermediates in skeletal muscle.

The above experiment with only acetate and lactate in the
perfusate provided the strongest evidence that our tracer
measurements of glyconeogenesis reflected net metabolic
conversion. In the absence of glucose, lactate was the only
significant precursor for glycogen formation. As a result, the
net glycogen synthetic rate was 66275% of what we had
previously observed (see Pathways of Disposal above).
However, under these conditions, the apparent rates of gly-
coneogenesis, as determined from total tracer incorporation
and the lactate specific activity, were essentially the same as
the rate of net glycogen deposition. As a result, our obser-
vations are not confounded by dilution of the label as has
been the case with studies employing the perfused rat hind-
limb (23,37). In those studies (23,37) net glycogen accu-
mulation was observed to exceed the rate of glyconeogen-
esis as estimated by the tracer incorporation. With lactate as
the sole precursor and no interaction with the TCA cycle,
the source of this apparent dilution remains unexplained.

The Pathway for Phosphoenolpyruvate Formation
in Skeletal Muscle

The above findings indicate that skeletal muscle glyco-
neogenesis must proceed via an extramitochondrial path.
Two pathways have been proposed, reversal of the pyruvate
kinase reaction and synthesis of PEP via the malic enzyme.
Although the formation of PEP from pyruvate via pyruvate
kinase is generally considered to be energetically unfavor-
able (3,7,18), Dyson et al. (10) calculated that it could
sustain glyconeogenic flux from lactate in skeletal muscle.

Bendall and Taylor (3) suggested an alternative pathway
employing malic enzyme, malate dehydrogenase, and phos-
phoenolpyruvate carboxykinase (PEPCK). This latter hy-
pothesis, which appears to have been more widely accepted,
is not without its own limitations. As pointed out by Shiota
et al. (37), the standard free energy for the malic enzyme
reaction favors decarboxylation (i.e., formation of pyruvate
from malate), and muscle appears to lack a significant
source of cystolic NADPH essential for carboxylation. Al-
though hydroxymalonate, an inhibitor of the malic enzyme,
has been shown to inhibit lactate uptake in the perfused
rabbit hindlimb, it was not observed to impact upon glyco-
gen synthesis (12) Thus, it is not clear that either pathway
for the formation of PEP is substantially more favorable.

A limited number of studies have employed mercaptopi-
colinic acid (MPA), a potent inhibitor of PEPCK, to assess
the relative contribution of the malic enzyme pathway for
glyconeogenesis. Connett (7) reported a 33% suppression of
glyconeogenesis from lactate in the frog sartorius muscle in
the presence of MPA. However, measured rates of glyco-
neogenesis in that study relied entirely upon tracer incorpo-
ration, as net glycogen deposition could apparently not be
demonstrated. In contrast, Shiota et al. (37) did demonstrate
net glyconeogenesis in addition to tracer incorporation but
found no evidence of suppression with MPA. As this latter
study involved a very limited sample size (N 5 2), we
sought to reinvestigate this issue with our glycolytic and
mixed muscle preparations (31). As had been shown previ-
ously, when these preparations are perfused with 8 mM
lactate and14C-lactate they demonstrate tracer incorporation
into glycogen, which is quantitatively consistent with the net

Figure 3—Net glycogen synthesis (mean1 SE) and14C incorporation
into glycogen for three skeletal muscle preparations during 2-h per-
fusions with 8 mM lactate and 14C-lactate. No significant differences
between perfusions with 1-14C-, 2-14C-, and U-14C-lactate.

TABLE 2. Steady-state values for net glucose and lactate balance, venous LSA,
[14C]lactate removal, and 14CO2 yield during 8 mM lactate perfusions with 1-14C-
and 2-14C-lactate.

Parameter Tracer Glycolytic Oxidative Mixed

Net lactate uptake, 1-14C 7.1 6 0.4 13.5 6 0.4 18.0 6 0.6
(mmolzmin21z100g) 2-14C 7.1 6 0.5 13.8 6 0.6 17.8 6 0.6

Net glucose uptake, 1-14C 3.3 6 0.3 3.2 6 0.4 3.8 6 0.4
(mmolzmin21z100g) 2-14C 3.1 6 0.4 3.5 6 0.3 3.6 6 0.2

14C-lactate A-V 1-14C 3120 6 86 4298 6 114 6743 6 136
(dpmzmL21) 2-14C 3211 6 167 4233 6 170 6819 6 181

Venous 14C LSA 1-14C 9772 6 214 9522 6 294 9737 6 131
(dpmzmmol21) 2-14C 9866 6 107 9862 6 111 9658 6 175

14CO2 yield 1-14C 1171 6 63 2555 6 109 2646 6 147
(dpmzmL21) 2-14C 1088 6 51 2515 6 127 2476 6 159

Values are means 6 SE. 14CO2 yield represents the venous-arterial difference. For all
preparations N 5 4 for each tracer. No significant differences between 1-14C- and
2-14C-lactate perfusions for any parameter. A-V, arteriovenous difference; LSA, lactate
specific activity.
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glycogen synthesis. Under such conditions, the addition of
MPA, 150 and 500mM, failed to inhibit glyconeogenic rates
(Fig. 5). Although the impact of MPA on PEPCK was not
directly assessed in that study, the concentrations employed
were substantially above those required to completely suppress
hepatic gluconeogenesis. Further, the concentration of MPA
employed was comparable to that used by Connett (7). These
finding support the concept that PEPCK is not involved in
mammalian skeletal muscle glyconeogenesis. Taken together,
the above studies suggest the “reversal” of pyruvate kinase as
the likely pathway for skeletal muscle glyconeogenesis.

That PEPCK is not involved in skeletal muscle glycone-
ogenesis is not entirely surprising. Early studies demon-
strated marked differences in the level of PEPCK activity
depending upon the type of assay employed. Those demon-
strating levels of PEPCK activity capable of sustaining
observed rates of glyconeogenesis relied almost exclusively
upon spectrophotometric assays (8,23,29). These spectro-
photometric assays were subsequently shown to yield spu-
riously high values for PEPCK (9). Duff and Snell (9)
concluded that levels of PEPCK activity were at least an
order of magnitude less than previously reported (8,23,29)
and unable to support glyconeogenic flux. The lack of any
significant PEPCK and pyruvate carboxylase activity in
skeletal muscle has been confirmed more recently (5).

The primary objection to the formation of PEP via pyru-
vate kinase is that this reaction is purported to be displaced
far from equilibrium and therefore irreversible (28). That
pyruvate kinase catalyzes a nonequilibrium reaction has
been based on the disparity between the Keq, 6.53 103

(24), and reported values for the mass action ratio (MAR) in
skeletal muscle of 35–40 (2). These calculated values for

the MAR were based on chemically measured values of
ATP and ADP, which yield an ATP:ADP ratio of;8:1 (2).
However, it is now recognized that the majority of ADP in
skeletal muscle is bound to myosin and that the free con-
centration is considerably lower,;8 mM (19). In Type II,
muscle at rest the free ATP:ADP ratio is now reported to be
on the order of 1000:1 (19). If one substitutes the free ATP
and ADP concentrations into the MAR equation for the
pyruvate kinase reaction, a value of 4.73 103 is calculated,
essentially equivalent to the Keq. Thus, the pyruvate kinase
reaction in mammalian Type II skeletal muscle is most
likely near equilibrium and does not constitute a huge en-
ergetic barrier to the formation of PEP. A similar proposal
has been put forward for the pyruvate kinase reaction in
white muscle from fish (36). That pyruvate kinase may
catalyze a near equilibrium reaction in skeletal muscle is
consistent with other known aspects of this enzyme, e.g., the
very high enzyme activity and apparent lack of regulation
(28).

Summary

All mammalian skeletal muscle fiber types are net pro-
ducers of lactate at resting blood concentrations of lactate,
;1 mM. As the blood lactate concentration rises, all fiber
types revert from net production to net consumption. This
transition occurs at lower lactate concentrations for the
oxidative fiber types, i.e., Type I and IIa, when compared
with glycolytic fibers, IIb. For Type I and IIa fibers oxida-
tion appears to be the primary route of disposal accounting
for approximately 50% of the lactate removed. Oxidation is
also a major pathway of removal for Type IIb fibers but
accounts for only 28% of the lactate disposal. For all fiber

Figure 4—Net glycogen synthesis (mean6 SE) and14C incorporation
into glycogen for three skeletal muscle preparations during perfusions
with either U-14C-lactate or 2-14C-acetate. Absence of solid bars in the
lower panel indicates no detectable incorporation of14C-acetate into
glycogen.

Figure 5—Effect of mercaptopicolinate (MPA) on net glycogen syn-
thesis (mean6 SE) and 14C incorporation into glycogen during 2-h
perfusions with 8 mM lactate and 14C-lactate. No significant differ-
ences between perfusions with either 0, 150, or 500mM MPA.
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types, transamination is a significant pathway for the dis-
posal of lactate carbon when muscles are perfused with 8
mM lactate. Glyconeogenesis is the primary pathway for
disposal in Type IIb fibers accounting for over 40% of the
lactate removed. Quantitatively, the glyconeogenic capacity
appears similar for Types IIa and IIb but is negligible for
Type I fibers. The pathway for glyconeogenesis in skeletal
muscle contrasts markedly with hepatic glyconeogenesis in
that it does not involve intermediates of the TCA cycle nor
apparently PEPCK. Evidence from our lab and others

strongly supports the formation of PEP via “reversal” of the
pyruvate kinase reaction. The above findings are restricted
to mammalian skeletal muscle and may not be applicable to
animals from other classes, e.g., reptiles and amphibians.

The authors would like to thank Dr. Wayne Willis for his valuable
critique of this manuscript.
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Kohlehydrats im Muskel.Biochemie Zeitschrift157:459–491, 1925.

27. MOORTHY, K., and M. GOULD. Synthesis of glycogen from glucose
and lactate in isolated rat soleus muscle.Arch. Biochem. Biophys.
130:399–407, 1969.

28. NEWSHOLME, E. A., and C. START. Regulation in Metabolism. New
York: John Wiley & Sons, 1973, pp. 98–104.

29. NEWSHOLME, E. A., and T. WILLIAMS . The role of phosphoenol-
pyruvate carboxykinase in amino acid metabolism in muscle.
Biochem. J.176:623–626, 1978.

30. OMACHI, A., and N. LIFSON. Metabolism of isotopic lactate by the
isolated perfused dog gastrocnemius.Am. J. Physiol.185:35–40,
1956.

31. PAGLIASSOTTI, M. J., and C. M. DONOVAN. Glycogenesis from
lactate in rabbit skeletal muscle fiber types.Am. J. Physiol.258:
R903–R911, 1990.

32. PAGLIASSOTTI, M. J., and C. M. DONOVAN. Influence of cell heter-
ogeneity on skeletal muscle lactate kinetics.Am. J. Physiol.258:
E625–E634, 1990.

33. PAGLIASSOTTI, M. J., and C. M. DONOVAN. Role of cell type in net
lactate removal by skeletal muscle.Am. J. Physiol.258:E635–
E642, 1990.

34. PETER, J., R. BARNARD, R. EDGERTON, C. GILLESPIE, and K. STEMPEL.
Metabolic profile of three fiber types of skeletal muscle in guinea
pig and rabbits.Biochemistry11:2627–2633, 1972.

35. PETTE, D. Metabolic heterogeneity of muscle fibers.J. Exp. Biol.
115:179–189, 1985.

36. SCHULTE, P. M., C. D. MOYES, and P. W. HOCHACHKA. Integrating
metabolic pathways in post-exercise recovery of white muscle.
J. Exp. Biol.166:181–195, 1992.

37. SHIOTA, M., S. GOLDEN, and J. KATZ. Lactate metabolism in the
perfused rat hindlimb.Biochem. J.222:281–292, 1984.

38. WARNOCK, L. G., R. KOEPPE, N. INCIARDI, and W. WILSON. L(1)
and D(-) lactate as precursors of muscle glycogen.Ann. N.Y. Acad.
Sci.119:1048–1060, 1965.

39. WEINMAN, E. O., E. H. STRISOWER, and I. L. CHAIKOFF. Conversion
of fatty acids to carbohydrate: applications of isotopes to this
problem and role of the Krebs cycle as a synthetic pathway.
Physiol. Rev.37:252–272, 1957.

40. WICKLER, S. J., and T. T. GLEESON. Lactate and glucose metabolism
in the mouse (mus musculus) and reptile (anolis carolinensis)
skeletal muscle.Am. J. Physiol.264:R487–R491, 1993.

LACTATE DISPOSAL IN MUSCLE FIBER TYPES Medicine & Science in Sports & ExerciseT 777


