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The Effects of Fasting, Diabetes, and Hypophysectomy on Rat Adipose Pyruvate
Kinase (40183)
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Pyruvate kinase is often found as a mixture
of isozymes in mammalian tissue (1). Adipose
tissue pyruvate kinase, however, has been
shown to be a single isozyme (2-5). This
isozyme may be found in one of two inter-
changeable forms depending upon the effec-
tor substances present or the extraction me-
dium used to obtain it (3-5). Although py-
ruvate kinase levels have been shown to be
responsive to conditions of fasting and feed-
ing in tissues such as liver and kidney (7),
there is considerable confusion about the
ability of adipose pyruvate kinase to respond
to such physiological conditions. Both Pogson
and Denton (8) and Orevi et al. (9) have
reported that fasting and the induction of
diabetes have no appreciable effect on adi-
pose tissue pyruvate kinase. However, while
Pogson and Denton (8) were able to demon-
strate an elevation of the adipose tissue en-
zyme when rats were fed on a high carbohy-
drate diet, Orevi ef al. (9) were unable to see
this effect with normal rats on a high carbo-
hydrate diet or with fasted rats refed a high
carbohydrate diet.

Both groups used cell protein as a reference
point for enzyme levels. Since adipose tissue
protein levels have now been shown to vary
appreciably under conditions where that tis-
sue is undergoing metabolic shifts (10, 11), it
is clear protein content is an unacceptable
baseline against which to measure adipose
tissue enzyme levels. We have, as a conse-
quence, undertaken to reexamine whether
adipose pyruvate kinase is responsive to hor-
monal and nutritional controls using cell
DNA content as a more stable parameter
against which to measure enzyme levels. We
have also extended this study to examine
some effects of hypophysectomy and of phos-
phate ion in this system.
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Materials and methods. Albino male rats of
the Sprague-Dawley strain were used in the
fasting, refeeding and diabetic experiments
and their weights were in the range of 160 *
30 g. Hypophysectomized male rats of the
same strain and age were obtained from Hor-
mone Assay Laboratories, Chicago, IL. Hy-
pophysectomized rats were stabilized for a
minimum of 10 days prior to their use in
experiments and were not used beyond four
weeks following surgery. All animals were
maintained ad /ib. on Purina Rat Chow.

Rats were made diabetic by intravenous
administration of streptozotocin (7 mg per
100 g body wt dissolved in 0.05 M citrate
buffer at a pH of 4.5). Blood glucose level
greater than 350 mg% at the time of sacrifice
(4 days after streptozotocin injection) was
used as the criterion of diabetes. Control rats
in the diabetic experiments received equiva-
lent volumes of citrate buffer by intravenous
injection.

At the end of the experimental period, all
rats were weighed and sacrificed by cervical
dislocation. The epididymal fat pads were
freed of major blood vessels and placed on
ice. The pads were weighed and then homog-
enized in a cooled Potter-Elvehjem homoge-
nizer in 1-3 vol of homogenizing fluid (145
mM KCLI:5 mM MgSO.:1 mM EDTA, pH
7.4). The homogenate was centrifuged at
30,000g for 30 min at 4° and, after the solid-
ified lipid was removed, an aliquot of the
clear supernatant solution was assayed for
pyruvate kinase content.

Pyruvate kinase was measured by coupling
the enzyme to lactic dehydrogenase and
measuring the disappearance of NADH at
340 nm (5). The reaction mixture was com-
posed of 2 mM PEP, 150 uM NADH and
0.25 units of LDH/ml in assay buffer (50
mM Tris:75 mM KCL:8 mM MgSO4:1.3 mM
ADP at pH 7.5). The reaction was initiated
by the addition of 10 ul of supernatant en-
zyme to 1.99 ml of this reaction mixture for
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a total volume of 2.0 ml. The concentration
of enzyme was such that the reaction was
linear over the 90 sec assay period. A unit of
pyruvate kinase activity is defined as an ini-
tial oxidation rate of one umole of NADH
per minute at 25°.

DNA measurements were performed on
the 30,000g precipitated pellet by a modifi-
cation of the method of Schneider (12) in
which the tissue pellet was extracted three
times with 5 vol of water saturated ether prior
to TCA extraction. Ninety-two % of total
DNA was recovered in this pellet as measured
through recovery of standard samples.

Rats treated with cycloheximide received
25-40 pg of the antibiotic per 100 g body wt
2 times daily as indicated for the specific
experiment. A 100-fold stock solution was
made in 95% ethanol and kept refrigerated
for no longer than 1 week. Injections were
prepared by diluting the appropriate volume
of stock solution to 1.0 ml with 0.9% NaCl.
Control animals received an equivalent vol-
ume of 95% ethanol diluted with 0.9% NaCl.
All injections were administered by the intra-
peritoneal route. The injections were started
at the initiation of either fasting or diabetes
and continued until the rats were sacrificed.

Animals receiving inorganic phosphate re-
ceived 1.0 ml of 154 mM NaH,PO, (or
KH:PO,-NaOH, pH 7.5) two times daily by
intraperitoneal injection. Control animals re-
ceived an equivalent volume of 154 mM
NacCl at the same time and by the same route.
The injections were started at either the in-
duction of fasting or diabetes or at the end of
the stabilization period for the hypophysec-
tomized rat and continued until the rats were
sacrificed.

All injections were given at 9:00 am and
4:.00 pM during each day of treatment.

Oral glucose (500 mg/100 g body wt) was
administered 5 times daily by stomach tube.
The glucose was administered as a 50% so-
lution (w/v) of D-glucose which was made
fresh daily. These animals were maintained
on 2.5% (w/v) glucose water overnight. Con-
trol animals received an equivalent volume
of water orally.

Whole blood glucose was measured by the
“Glucostat” method (7) from heparinized
blood removed from either the tail vein or
the heart.
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Supernatant protein was measured by the
method of Warburg and Christian (18).

Probability values were derived from Stu-
dents’ “t” test and the expression:
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Results. Table I contains a summary of the
effects of fasting, hypophysectomy, and strep-
tozotocin-induced diabetes on adipose tissue
pyruvate kinase levels expressed as units of
enzyme per unit of cellular DNA. Clearly all
three conditions cause a significant decrease
in pyruvate kinase levels. Fasting for 72 and
96 hr results in a 55 and 60% loss, respectively,
in total pyruvate kinase activity relative to
their control animals. Oral glucose alone is
seen to reverse the effects of fasting in that
normal levels of pyruvate kinase are found in
fasted animals refed with glucose for 48 hr.
The loss of pyruvate kinase activity resulting
from both hypophysectomy and diabetes is
42% and 61%, respectively, for each group of
animals relative to their respective controls.

Previous studies in this laboratory with
adipose lactic dehydrogenase (LDH) iso-
zymes have demonstrated that an apparent
loss in LDH enzyme levels due to fasting and
diabetes could occur only if protein synthesis
was permitted (11). In order to examine
whether this condition is more general than
with LDH isozymes alone we studied the
effect of the protein synthesis inhibitor, cyclo-
heximide, on adipose pyruvate kinase. The
results of this study are presented in Table II.
Cycloheximide alone is seen to have no effect
on the normal fed animal. However, in fast-
ing and diabetes the expected loss of pyruvate
kinase is effectively prevented by this protein
inhibitor.

Since we had noted in our previous study
with adipose LDH isozymes (11) that the
effects of fasting and hypophysectomy were
modified when phosphate ion is injected into
the rat, we examined this phosphate effect
with fasted, diabetic, and hypophysectomized
rats with respect to adipose pyruvate kinase.
The diabetic animals were susceptible to
phosphate injection and died or appeared
moribund before the study concluded. Con-
sequently only the data for fasted and hy-
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TABLE 1. THE EFFECTS OF FASTING, DIABETES, AND HYPOPHYSECTOMY ON ADIPOSE PYRUVATE KINASE.

No. ani- Total pyruvate
Exp. No. Treatment mals kinase® P Value
1 (i) Normal fed control 6 4.9 + 04°
(ii) Fasted—72 hr 10 22+03 <0.02 (ii vs 1)
(iii) Hypophysectomized 4 28+02 <0.02 (iii vs 1)
2 (i) Normal fed control 4 6.3 +0.7
(i1) Fasted—96 hr 4 2502 <0.01 (it vs 1)
(iii) Fasted—glucose-refed” 6 43 +0.5 <0.05 (i1l vs ii)
3 (i) Streptozotocin control 7 102 £ 0.7
(it) Streptozotocin diabetic 10 40+ 0.5 <0.05 (ii vs 1)

“ uMoles NADH/min/mg DNA.
® Average + SE.
¢ Fasted 60 hr, refed glucose 48 hr.

TABLE 1I. THe EFFECTS OF CYCLOHEXIMIDE ON ADIPOSE PYRUVATE KINASE LEVELS.

No. ani- Total pyruvate
Exp. No. Treatment mals kinase” P Value

1 Normal fed + ethanol—48 hr 4 6.3 +0.7°

Normal fed + cycloheximide’—48 hr 4 58+0.7 N.S.
2 Fasted + ethanol—72 hr® 7 3406

Fasted + cycloheximide—72 hr? 7 81x05 <0.01
3 Streptozotocin diabetic + ethanol—96 hr” 5 59+03

Streptozotocin diabetic + cycloheximide—96 hr? 5 9304 <0.01

¢ pmole NADH/min/mg DNA.

® Controls injected with ethanol, the carrier for cycloheximide.

“ Average + SE.

? Normal-fed and fasted rats received 40 pg of cycloheximide per injection and streptozotocin diabetic rats

received 25 pg (19).

pophysectomized animals are presented in
Table III. Surprisingly phosphate ion alone
elevates the total adipose pyruvate kinase
levels 76% above fed control rats. Addition-
ally, phosphate-treated fasted and hypophy-
sectomized rats maintained normal kinase
levels despite the fact that their uninjected
controls showed markedly lower adipose py-
ruvate kinase levels.

As a comparative measure, some of the
animals from the experiments of Table III
were assayed for pyruvate kinase activities as
a function of protein content in the superna-
tant extracts. Table IV contains the data from
that study. Although significant differences
are observed for phosphate effects, it is seen
that the differences between the experimental
pairs is markedly reduced. A direct compar-
ison between the animals of experiments 1
and 2 of Table IV, i.e., normal-fed vs fasted
is also of interest. It may be seen that using
cell protein as a base to express enzyme units
the differences between the two groups is
reduced to 27%. A statistical evaluation of

this difference indicates that it is not signifi-
cant (P > 0.05).

Discussion. The results of studies con-
ducted by Orevi et al. (9) and Pogson and
Denton (8) would suggest that diabetes and
fasting, conditions which produce pro-
nounced alterations in liver pyruvate kinase
levels, are without effect on adipose pyruvate
kinase. The Orevi group proposed, as a con-
sequence of their study, that regulatory ad-
justments in adipose tissue glycolytic path-
ways are effected through mechanisms other
than those observed in liver tissue.

Our observations are not consistent with
an unresponsive adipose pyruvate kinase. Rat
adipose pyruvate kinase levels, in our hands,
appear responsive to fasting, diabetes, and
hypophysectomy in that under these meta-
bolic stresses enzyme levels are reduced to
approximately 50% of those of control ani-
mals. We believe that a partial reason for the
discrepancy between our data and that of
earlier workers may be due to the fact these
workers expressed adipose enzymes levels as
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TABLE III. THE EFFECTS OF PHOSPHATE INJECTION ON ADIPOSE PYRUVATE KINASE LEVELS.

Total pyruvate

Exp. no. Treatment No. animals kinase“ P Value
i Normal fed + saline—72 hr’ 6 49 +0.4°
Normal fed + phosphate—72 hr 6 8.6 +0.7 <0.02
2 Fasted + saline—72 hr 10 22+03
Fasted + phosphate—72 hr 10 S.1+05 <0.02
3 Hypophysectomized + saline—48 hr” 4 28 +0.2
Hypophysectomized + phosphate—48 hr 7 75+07 <0.02

“ umoles NADH/min/mg DNA.
» Controls injected with 0.154 M NaCl.
“ Average * SE.

TABLE IV. THE EFFECTS OF PHOSPHATE INJECTION ON ADIPOSE PYRUVATE KINASE LEVELS BASED ON CELL

PROTEIN.
Exp. no. Treatment No. animals Total pyruvate kinase®
1 Normal fed + saline--72 hr® 5 030 £0.05 5 _ 003
Normal fed + phosphate—72 hr 6 0.44 £ 0.03 ’
2 Fasted + saline—72 hr” 4 0.22 £ 0.02 P <003
Fasted + phosphate—72 hr 4 0.32 = 0.03 ’
3 Hypophysectomized + saline—48 hr’ 4 0334004, 0
Hypophysectomized + phosphate—48 hr 4 0.55 = 0.01 )

“ umoles NADH/min/mg supernatant protein.
¢ Controls injected with 0.154 M NaCl.
“ Average + SE.

units of enzyme/unit of protein in the adipose
tissue extract. Mersman and Brown (10) have
shown recently that adipose tissue protein is
an unreliable measure of cell number for this
tissue since this parameter varies consider-
ably with age and physiological state. These
authors feel that actual cell counts or DNA
content are the most appropriate measures of
cell number against which to measure adipose
cell enzyme content. Our studies suggest that
differences observed with DNA as the cell
reference are markedly reduced when protein
is substituted as the standard cell reference.

The decrease in pyruvate kinase as a re-
sponse to fasting and the diabetic state may
be due to two mechanisms. It is possible that
the rate of synthesis of pyruvate kinase is
decreased, or alternatively that its rate of
degradation is enhanced. Which of these
mechanisms is actually involved is not avail-
able from the current data. The cyclohexi-
mide study, however, clearly implicates the
synthesis of protein in the disappearance of
pyruvate kinase under these conditions. That
protein might be a repressor molecule which
inhibits protein synthesis or a degradative

factor such as a protease. Similar data has
been observed with tyrosine transaminase in
rat liver (13). With the latter system, the more
recent evidence (13, 15, 16) discounts the
repressor theory and suggests that enhanced
proteolytic activity is responsible. The deter-
mination of whether enhanced proteolytic
degradation of pyruvate kinase accounts for
decreased levels of the adipose enzyme in
fasting and diabetes awaits further study.
The interesting effects of phosphate ion in
stimulating pyruvate kinase levels is similar
to that observed with lactic dehydrogenase in
previous studies (11) with the exception that
phosphate ion elevates pyruvate kinase levels
even in the normal fed animals. Berglund er
al. (17) have observed that pyruvate kinase
may be inactivated by protein kinases and
reactivated by phosphatases in in vitro sys-
tems. These workers suggest that this action
may reflect a physiological control of the
enzyme by cAMP. Possibly such an activa-
tion-inactivation mechanism is operative in
these studies with phosphate. Specifically
how phosphate ion would induce these effects
is not presently apparent. The phosphate ef-
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fects, however, add additional support to the
thesis that adipose pyruvate kinase is quite
responsive to nutritional and hormonal en-
vironment.

Summary. Pyruvate kinase in rat adipose
tissue, unlike liver pyruvate kinase, has been
reported to be unresponsive to fasting and
the diabetic state. Levels of this enzyme in
liver tissue are diminished as a response to
these conditions. We have reexamined the
responsiveness of adipose pyruvate kinase us-
ing DNA as a measure of cell number rather
than protein content as previously used. Un-
der these conditions we observed a significant
reduction in adipose cell pyruvate kinase lev-
els in fasting, diabetes, and hypophysectomy.
The protein synthesis inhibitor, cyclohexi-
mide, given concurrently with the fasting reg-
imen or the induction of diabetes prevents
the loss of pyruvate kinase which otherwise
would be observed. Presumably protein, pos-
sibly a protease, must be synthesized to per-
mit a decrease in pyruvate kinase under fast-
ing and diabetic conditions. Phosphate ion is
demonstrated to inhibit the reduction in py-
ruvate kinase levels observed under some of
these metabolic conditions.
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