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bstract. The time course of changes in he-
patic fructose-2,6-bisphosphate (F-2,6-P2) and glycogen
content was examined in fasted rats infused with glucose
intragastrically or allowed to eat a chow diet ad lib.
Initial values for the two parameters were -0.4 nmol/
g and 2 mg/g of tissue, respectively. Contrary to what
might have been expected on the basis of reported
studies with hepatocytes exposed to glucose (i.e., a rapid
elevation of F-2,6-P2), the rise in F-2,6-P2 levels in vivo
was a late event. It began only 4-5 h after glucose
administration or refeeding, at which time glycogen
content had reached -35 mg/g of tissue. Thereafter,
[F-2,6-P2] climbed rapidly, attaining fed values in the
region of 10 nmol/g as glycogen stores became maximal
(-60 mg/g of tissue).

Although the biochemical basis for these changes is
still unclear, the delayed increase in (F-2,6-P2] is entirely
consistent with the fact that much of the glycogen
deposited in liver in the early postprandial phase is
gluconeogenic in origin. The later rise in [F-2,6-P2]
likely represents a key signal for the attenuation of
gluconeogenic carbon flow into glycogen as the latter
approaches repletion levels.

Introduction

The question of how the mammalian organism converts
exogenous glucose into liver glycogen when a fast is terminated
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has become a subject of renewed interest. The reason stems
from recent observations, which were made both in experi-
mental animals and in man, that point to the inadequacy of
the conventional, direct pathway (i.e., glucose -- glucose-6-
P - glucose- 1-P - UDPG-' glycogen) to account quantita-
tively for the rate of hepatic glycogen deposition during the
fasted to refed transition (1-3). It now appears that the
operative mechanism is largely indirect and involves the initial
metabolism of glucose at some unidentified site(s) to a three
carbon intermediate (probably lactate), with the latter rather
than glucose itself, serving as the proximate precursor of liver
glycogen (2, 4, 5).' Presumably, amino acids are also contrib-
utory.

A central feature of this formulation is that carbon flow
through the gluconeogenic reactions of liver is not acutely
suppressed upon glucose ingestion (as is widely believed), but
must remain active for at least several hours into the post-
prandial period. Accordingly, a number of intriguing questions
are raised. For example, since hepatic glucose output is atten-
uated with glucose loading, how is gluconeogenically derived
glucose-6P diverted away from free glucose formation and into
the pathway of glycogen formation? This issue has been
addressed elsewhere (12). The subject of the present commu-
nication has to do with the role of fructose-2,6-bisphosphate
(F-2,6-P2)2 in the regulation of hepatic glucose metabolism.
The liver content of F-2,6-P2 is much higher in fed than in

1. Interestingly, the early studies of Boxer and Stetten (6) also pointed
to the operation of an indirect mechanism for the glucose-to-liver
glycogen conversion. However, its contribution relative to the direct
pathway was not firmly established at the time and, in fact, was
subsequently judged by others to be minimal (7-1 1). As noted elsewhere
(5), we suspect that much of the confusion in this area has probably
arisen from differences in experimental design used by the various
laboratories. On the basis of recent studies (1-5), we believe that,
under normal refeeding conditions, the indirect pathway makes a
substantial, perhaps major, contribution to overall hepatic glycogen
synthesis.
2. Abbreviations used in this paper: F-2,6-P2, fructose-2,6-bisphosphate.
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fasted rats (13-15), a pattern consistent with its known ability
to activate phosphofructokinase- 1 and to inhibit fructose- 1,6-
bisphosphatase (F-1,6-P2ase) (16-18). The prediction from in
vitro studies is that the low fasting level of hepatic F-2,6-P2
should rise acutely upon exposure of the tissue to elevated
concentrations of glucose and insulin (19-22). But if this were
to occur in vivo in response to refeeding after a fast, a paradox
is evident. Howcould the reaction sequence: lactate - glucose-
6-P - glycogen operate efficiently in the face of a high F-2,6-
P2 concentration?

To clarify this point, we infused glucose intragastrically
into fasted rats and examined the temporal sequence of
changes in the plasma glucose concentration and liver content
of glycogen and F-2,6-P2. The same parameters were measured
in fasted rats that were allowed to eat a solid diet ad lib. The
results establish that the rise in liver F-2,6-P2 level is in fact a
late event, beginning only after several hours of glucose
administration or refeeding. Attainment of high, fed values
appears to coincide with tissue glycogen repletion. Thus, it
seems likely that the delayed increase in hepatic F-2,6-P2
concentration is a key factor in allowing the operation of the
indirect pathway for glycogen synthesis in the immediate
postprandial state.

Methods

Animals. Male Sprague-Dawley rats weighing 100-160 g were used.
They were maintained either on a high sucrose-low fat diet (diet A) as
described previously (23) or on regular lab chow (Rodent Blox #8604-
00; Wayne Pet Food Division, Chicago, IL) (diet B) with lighting from
3:00 pm to 3:00 am.

Infusion studies. Animals maintained on diet A were fitted with
intragrastric, intravenous, and arterial catheters at 1:00 pm on day 1.
They were then placed in restraining cages with water but no food
available. At 9:00 am on day 2, i.e., after a 20-h fast, a glucose solution
was infused intragastrically at a rate of 20 Al/min to deliver 167 mg
of glucose/100 g body wt per h. At the indicated times, an arterial
blood sample was taken for analysis of plasma glucose using a
conventional glucose oxidase method. Immediately thereafter, anesthesia
was rapidly induced (<15 s) with intravenous sodium pentobarbital
(7.5 mg/100 g body wt) and the liver was quickly removed and freeze-
clamped (within I min).

Refeeding studies. On day 1, animals maintained on diet B were
fitted with a rodent tethering harness No. 510 (Spalding Medical
Products, Arroyo Grande, CA) and placed in individual cages to adapt
to the device. On day 3, a PE-IO polyethylene catheter was inserted
into a femoral vein. The free end of the tubing was fed subcutaneously
across the dorsal region and emerged through a small incision at the
back of the neck. It was then passed through the central channel of
the tethering lead and the end was sealed. At 3:00 pm on day 4, food
was removed from the cages. At 9:00 am on day 5, the food was
replaced and the animals were allowed to eat ad lib. At intervals
thereafter, they were anesthetized with intravenous sodium pentobarbital
and the livers were quickly removed as described above. A separate
series of rats was used to obtain arterial blood samples. Using this
procedure, it was possible to circumvent handling and injection of the
animals, and, thus, to minimize spurious stress-related changes in
tissue F-2,6-P2 levels.

Analytical procedures. After pulverizing the liver under liquid N2,
a portion was taken for analysis of glycogen (24). The remainder was
used for extraction of F-2,6-P2 using a slight modification of the
procedure described by Hue et al. (14). Thus, 500 mg of powdered
tissue was homogenized for 5 min at 80°C in 3 ml of medium
containing 10 mMHepes (pH adjusted to 9.25 at room temperature),
50 mMKF, and 2 mMEGTA. The resultant mixture was immediately
cooled in ice and, after centrifugation at 27,000 g for 10 min, the
supernatant was analyzed for F-2,6-P2 content. The assay procedure
adopted was basically that used by Uyeda and co-workers (20, 25), but
with the following modifications. First, the rabbit muscle phosphofruc-
tokinase-1 was obtained as an ammonium sulphate suspension from
Boehringer-Mannheim, Indianapolis, IN. The ammonium sulphate
was replaced by a buffer containing 50 mMTris-phosphate (pH 8), 2
mMdithiothreitol, 1 mMEDTA, and 20% (wt/vol) glycerol by
repeated centrifugation and washing using an Amicon YMTmembrane
filtration unit (Amicon Corp., Danvers, MA). Second, the final con-
centrations of fructose-6-P and ATP in the assay mixture were 1.1 and
4.5 mM, respectively. A standard curve over the range of 2 to 40 pmol
of F-2,6-P2 was constructed for each series of samples tested. The
method routinely yielded 95-97% recovery of authentic F-2,6-P2 added
before the liver extraction step.

Materials. Enzymes were purchased from Boehringer-Mannheim.
Authentic F-2,6-P2 was from Sigma Chemical Co., St. Louis, MO).

Results

As seen from Fig. 1, intragastric infusion of glucose into fasted
rats had the expected effects on circulating glucose and liver
glycogen levels. The former rose sharply from a starting value
of 4.9 mMto the region of 8-9 mMwithin 30 min and
remained at this level throughout the experiment. Liver glycogen
was deposited at an approximately linear rate of 10 mg/g of
liver per h during the first 3 h, but thereafter this declined as
what appeared to be a maximal storage capacity of -60 mg/
g of tissue was approached. In contrast to these changes, liver
F-2,6-P2 content remained very low (-0.3 nmol/g) over the
initial 3-h period, but in the subsequent 2 h it increased
eightfold. Presumably, this trend continued such that, at some
point in the 5-10 h interval, a maximal concentration in the
region of 9 nmol/g was achieved.
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Figure 1. Effects of intragastric glucose infusion in fasted rats. Fasted
rats received glucose intragastrically at a rate of 167 mg/100 g body
wt per h. Analyses were carried out as described in Methods. Values
are means±SEM for 3-7 animals at each time point.
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A similar profile emerged when these experiments were

carried out under more physiological conditions, i.e., in fasted
animals allowed to eat ad lib. (Fig. 2). Although in this case

there was a small elevation in F-2,6-P2 levels at 1 h (possibly
due to gorging which might be expected to elicit a much
stronger insulin response than would slow glucose infusion),
values had returned to basal by the 2 h time point and began
to rise substantially only after 4 h of refeeding.

From the plot of F-2,6-P2 vs. glycogen content of the liver
(Fig. 3), it is evident that, regardless of the method used for
refeeding, F-2,6-P2 levels remained low until liver glycogen
reached -35 mg/g. Further increments in glycogen content
were associated with a dramatic rise in the concentration of
F-2,6-P2.

Discussion

Although the absolute values for hepatic F-2,6-P2 content in
fed and fasted rats seen here are similar to those reported by
other laboratories (13-15), to our knowledge this is the first
study of the temporal sequence of changes in this parameter
during the fasted to fed transition. Weconsider the results to
be important in several respects. In the first place, they
establish that, in the intact rat, the liver content of F-2,6-P2
does not rise acutely in response to ingested glucose, at least
in fasted animals given glucose intragastrically or refed with
regular chow. Such a finding would not have been expected
on the basis of studies in hepatocytes where exposure of the
cells to glucose, even in the absence of insulin, caused a

marked increase in F-2,6-P2 levels within minutes (19, 20). An
explanation for the difference between the in vivo and in vitro
responses is not readily apparent. It might relate to differences
in the concentration of glucose to which the tissue was exposed
in the two types of experiments. Note that, in the in vitro
studies cited (19, 20), large increases in F-2,6-P2 concentration
were seen only in hepatocytes exposed to glucose levels of 20
mMor greater, values far in excess of those present postpran-
dially in the in vivo situation (Figs. 1 and 2 and References 2,
5, 23). Interestingly, lactate was shown to completely suppress

the glucose-induced rise of F-2,6-P2 in hepatocytes from fasted

-_10

s 8'-&8GLUCOSE
w 60- 06{
° CD GLYCOGEN'

Oiw 20 2

0 1 2 3 4 5
HOURSOF REFEEDING

' F - 2,6 -P2

AD LIB
FED

10 eZ'
E

8 5

N6 1CL
cj

4 ',

2 >
-i

Figure 2. Effects of refeeding in fasted rats. Fasted rats were allowed
to eat regular lab chow ad lib. Analyses were carried out as described
in Methods. Values are means±SEM for 3-5 animals at each time
point.
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Figure 3. Relationship
between hepatic glyco-
gen content and F-2,6-
P2 levels in the rat. The
data are taken from
Figs. I and 2. The bro-
ken line represents our

speculation that F-2,6-
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reach saturation.

rats (26). Although the mechanism of this effect remains
obscure, a similar phenomenon might have occurred in vivo
since lactate is invariably present in the circulation and generally
increases in concentration in response to glucose absorption
(2, 23).

Regardless of the basis for the in vivo/in vitro discrepancy,
the present findings promise to shed new light on a puzzling
question central to the control of hepatic glucose metabolism.
Thus, it is now clear that a substantial, if not major, fraction
of the glycogen deposited in liver when a fast is terminated is
derived from glucose-6-P generated via the glucogenic pathway
(1-5). This would be difficult to reconcile with a high liver
content of F-2,6-P2, which should act to suppress carbon flow
from F-l1,6-P2 to fructose-6-phosphate (7, 18, 27). The obser-
vation that F-2,6-P2 levels in fact remained low for at least
several hours into the postprandial period offers a plausible
resolution to this metabolic paradox, i.e., it removes a theoretical
obstacle to continued carbon flow through the F-1,6-P2ase
reaction. That regulatory enzymes proximal to this step in
gluconeogenesis, such as pyruvate carboxylase and phospho-
enolpyruvate carboxykinase, also remain active during this
time frame has recently been established (4, 5).

There is good reason to believe that the fall in hepatic F-
2,6-P2 content that accompanies starvation or acute insulin
deficiency is triggered in large part by concomitant elevation
of the circulating [glucagon]:[insulin] ratio, which in turn
causes a cyclic AMP-dependent inhibition of phosphofructo-
kinase-2 and activation of F-2,6-P2ase (22). Precisely how these
events are reversed during the fasted to fed transition is not
yet clear. It seems reasonable to conclude, however, that acute
elevation in the circulating glucose concentration, coupled
with a presumed sharp increase in [insulin] and decrease in
[glucagon], is not a sufficient stimulus to reinstate high, fed
levels of F-2,6-P2. Of interest is the fact that liver F-2,6-P2
content began to rise substantially only when the tissue glycogen
stores were largely replete. While this in itself does not establish
a causal relationship, it could provide clues to operative
mechanisms. For example, since liver appears to have a limited
capacity to store glycogen, it would seem logical that, when
these stores have been largely refilled, some signaling device
comes into play to prevent excessive glycogen accumulation.
This might be achieved by a simultaneous glycogen-induced
inhibition of glycogen synthase and activation of phosphorylase
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(28). If, at the same time, F-2,6-P2 synthesis was turned on
[perhaps through increased glucose-6-P and fructose-6-P levels,
as suggested by Hers et al. (27)], the effect would be to facilitate
carbon flow through glycolysis and to suppress the opposing
pathway of gluconeogenesis. Should food consumption still
continue, any further lactate formed in nonhepatic tissues,
together with pyruvate generated through hepatic glycolysis
(and from amino acids), might then be expected to be shunted
at an accelerated rate into fatty acid and triglyceride biosyn-
thesis. Evidence for this sequence of events is currently being
sought.

Acknowledaments

We are grateful to Petra Contreras and Murphy Daniels for expert
technical assistance.

This work was supported by U. S. Public Health Service grant
AM18573 and by the 30 K Fund.

References

1. Riesenfeld, G., P. A. Wals, S. Golden, and J. Katz. 1981.
Glucose, amino acids, and lipogenesis in hepatocytes of Japanese quail.
J. Biol. Chem. 256:9973-9980.

2. Newgard, C. B., L. J. Hirsch, D. W. Foster, and J. D. McGarry.
1983. Studies on the mechanism by which exogenous glucose is
converted into liver glycogen in the rat. J. Biol. Chem. 258:8046-
8052.

3. Radziuk, J. 1982. Sources of carbon in hepatic glycogen synthesis
during absorption of an oral glucose load in humans. Fed. Proc.
41:110-116.

4. Sugden, M. C., D. I. Watts, T. N. Palmer, and D. D. Myles.
1983. Direction of carbon flux in starvation and after refeeding: in
vitro and in vivo effects of 3-mercaptopicolinate. Biochem. International.
7:329-337.

5. Newgard, C. B., S. V. Moore, D. W. Foster, and J. D. McGarry.
1984. Efficient hepatic glycogen synthesis in refeeding rats requires
continued carbon flow through the gluconeogenic pathway. J. Biol.
Chem. 259:6958-6963.

6. Boxer, G. E., and D. Stetten, Jr. 1944. Studies in carbohydrate
metabolism. II. The glycogenic response to glucose and lactate in the
previously fasted rat. J. Biol. Chem. 155:237-242.

7. Hers, H. G. 1955. The conversion of fructose-l-C'4 and sorbitol-
1-C'4 to liver and muscle glycogen in the rat. J. Biol. Chem. 214:373-
381.

8. Taylor, W. R., and R. G. Langdon. 1956. Intestinal absorption
of glucose in the rat. Biochim. Biophys. Acta. 21:384-385.

9. Marks, P. A., and P. Feigelson. 1957. Pathways of glycogen
formation in liver and skeletal muscle in fed and fasted rats. J. Clin.
Invest. 36:1279-1284.

10. Moriwaki, T., and B. R. Landau. 1963. Sources of the carbon
atoms of liver glycogen formed by cortisol administration to rats in
vivo. Endocrinology. 72:134-145.

11. Hostetler, K., and B. R. Landau. 1967. Estimation of the

pentose cycle contribution to glucose metabolism in tissue in vivo.
Biochemistry. 6:2961-2964.

12. Newgard, C. B., D. W. Foster, and J. D. McGarry. 1984.
Evidence for suppression of hepatic glucose-6-phosphatase with car-
bohydrate feeding. Diabetes. 33:192-195.

13. Neely, P., M. R. El-Maghrabi, S. J. Pilkis, and T. H. Claus.
1981. Effects of diabetes, insulin, starvation, and refeeding on the level
of rat hepatic fructose-2,6-bisphosphate. Diabetes. 30:1062-1064.

14. Hue, L., P. F. Blackmore, H. Shikama, A. Robinson-Steiner,
and J. H. Exton. 1982. Regulation of fructose-2,6-bisphosphate content
in rat hepatocytes, perfused hearts, and perfused hindlimbs. J. Biol.
Chem. 257:4308-4313.

15. Hue, L., G. van de Werve, and B. Jeanrenaud. 1983. Fructose-
2,6-bisphosphate in livers of genetically obese rats. Biochem. J.
214:1019-1022.

16. Van Schaftingen, E., L. Hue, and H. G. Hers. 1980. Control
of the fructose 6-phosphate/fructose 1,6-bisphosphate cycle in isolated
hepatocytes by glucose and glucagon. Role of a low-molecular-weight
stimulator of phosphofructokinase. Biochem. J. 192:897-901.

17. Pilkis, S. J., M. R. El-Maghrabi, J. Pilkis, T. H. Claus, and
D. A. Cumming. 1981. Fructose-2,6-bisphosphate: a new activator of
phosphofructokinase. J Biol. Chem. 256:3171-3174.

18. Van Schaftingen, E., and H. G. Hers. 1981. Inhibition of
fructose-1,6-bisphosphatase by fructose-2,6-bisphosphate. Proc. Natl.
Acad Sci. USA. 78:2861-2863.

19. Van Schaftingen, E., L. Hue, and H. G. Hers. 1980. Control
of the fructose-6-phosphate/fructose-1,6-bisphosphate cycle in isolated
hepatocytes by glucose and glucagon. Biochem. J. 192:887-895.

20. Richards, C. S., and K. Uyeda. 1980. Changes in the concen-
tration of activation factor for phosphofructokinase in hepatocytes in
response to glucose and glucagon. Biochem. Biophys. Res. Commun.
97:1535-1540.

21. Hers, H. G., and E. Van Schaftingen. 1982. Fructose 2,6-
bisphosphate 2 years after its discovery. Biochem. J. 206:1-12.

22. Pilkis, S. J., T. D. Chrisman, M. R. El-Maghrabi, A. Colosia,
E. Fox, J. Pilkis, and T. H. Claus. 1983. The action of insulin on
hepatic fructose 2,6-bisphosphate metabolism. J. Biol. Chem. 258:1495-
1503.

23. Boyd, M. E., E. B. Albright, D. W. Foster, and J. D. McGarry.
1981. In vitro reversal of the fasting state of liver metabolism in the
rat. Reevaluation of the roles of insulin and glucose. J. Clin. Invest.
68:142-151.

24. Chan, T. M., and J. H. Exton. 1976. A rapid method for the
determination of glycogen content and radioactivity in small quantities
of tissue or isolated hepatocytes. Anal. Biochem. 71:96-105.

25. Uyeda, K., E. Furuya, and L. J. Luby. 1981. The effect of
natural and synthetic o-fructose-2,6-bisphosphate on the regulatory
kinetic properties of liver and muscle phosphofructokinase. J. Bid.
Chem. 256:8394-8399.

26. Chaekal, O., J. C. Boaz, T. Sugano, and R. A. Harris. 1983.
Role of fructose 2,6-bisphosphate in the regulation of glycolysis and
gluconeogenesis in chicken liver. Arch. Biochem. Biophys. 225:771-
778.

27. Hers, H. G., and L. Hue. 1983. Gluconeogenesis and related
aspects of glycolysis. Annu. Rev. Biochem. 52:617-653.

28. Hers, H. G. 1976. The control of glycogen metabolism in the
liver. Annu. Rev. Biochem. 45:167-189.

1111 Postprandial Changes in Liver Fructose-2,6-Bisphosphate


