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Abstract

A brief period of starvation (2-3 d) depletes the hepatic
glycogen stores but results in only a limited reductien of the
muscle glycogen depots. In this situation insulin resistance
contributes to the glucose intolerance, but it is not known
which tissue or tissues are responsiblé for the decreased insulin
sensitivity. The present study was therefore undertaken to
examine the influence of a 60-h fast on insulin sensitivity in
splanchnic and peripheral tissues in normal humans. Euglycemic
(95 mg/dl) 1-mU insulin and hyperglycemic (215-225 mg/dl)
glucose clamp studies were conducted for 2 h in overnight (12
h) and prolonged (60 h) fasted nonobese subjects. Splanchnic
exchange of glucose and gluconeogenic precursors was measured
using the hepatic vein catheter technique.

During the euglycemic clamp, insulin infusion resulted in
similar steady state insulin levels in 60-h and 12-h fasted
subjects (7327 vs. 745 uU/ml). Total glucosé disposal was
reduced by 45% after 60 h of fasting (4.0+0.3 vs. 7.6+1.1
mg/kg per min, P < 0.05) and the splanchnic glucose balance
reverted from a net release in the basal state (12 h fast,
—1.7£0.2, and 60-h fast, —0.9+0.1 mg/kg per min, P < 0.01)
to a net uptake during the clamps that was similar after 60 h
and 12 h of fasting (0.6+0.1 vs. 0.6+0.2 mg/kg per min).

During the hyperglycemic clamp, insulin levels rose rapidly
in all subjects. In the 12-h fasted group this rise was followed
by a further gradual one, reaching significantly higher values
than in 60-h fasted subjects during the second hour (67+15
vs. 25+2 pU/ml, P < 0.05). Total glucose disposal was lower,
though not significantly so, after the 60-h fast (2.6+0.4 vs.
5.4+1.3 mg/kg per min, 0.05 < P < 0.10), and as with the
euglycemic clamp, the splarnchnic glucose balance was altered
from a basal net release to a net uptake during the clamp
(1.3+0.2 vs. 1.1+0.2 mg/kg per min).

After an overnight fast, splanchnic lactate uptake fell and
the arterial lactate concentration rose in response to both
hyperglycemia and hyperinsulinemia, whereas these variables
were unchanged in the 60-h fasted subjects during both types
of clamp studies.
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We conclude that peripheral tissues are predominantly
responsible for the insulin resistance seen in stsrvation. In
contrast, net splanchnic glucose uptake in response to hyper-
insulinemia and/or hyperglycemia remains unchanged during
starvation, despite the depletion of the hepatic glycogen stores.

Introduction

In the postabsorptive overnight fasted state, hepatic glycoge-
nolysis accounts for the major part of glucose production,
while only some 25% derives from hepatic gluconeogenesis
(1). After 2-3 d of fasting the glycogen depots in the liver are
exhausted (2), gluconeogenesis is almost exclusively responsible
for glucose production (1, 3, 4), and the circulating glucose
levels in peripheral biood are reduced. The adaptation to this
situation is known to include both a reduced insulin secretion
(5, 6) and a reduced sensitivity to insulin (7), but the site of
the latter has not been established.

When the hepatic glycogen stores are by no means depleted,
e.g., after an overnight fast, it is chiefly the peripheral tissues
that dispose of intravénously administered glucose. Thus,
>90% of an intravenous glucose load is taken up by the
periphery and only a small fraction by the splanchnic tissues
(8). Because glycogen depletion stimulates glucose uptake by
muscle (9, 10), it might be supposed that exhaustion of the
hepatic glycogen stores alters the relative roles of splanchnic
and peripheral tissues in glucose disposal by favoring an uptake
to the liver.

As this possibility has not been examined, the present
study was undertaken to define the site of starvation-induced
insulin resistance and to quantitate the relative contributions
of splanchnic and peripheral tissues in the disposal of intra-
venously administered glucose in the prolonged fasted state.

Methods

Subjects. 17 healthy, nonobese volunteers, 6 female and 11 male,
weighing ~69 kg (range 53-87 kg), and being ~173 cm in height
(range 152-192 cm) and ~27 yr old (range 22-34 yr) participated in
the studies. Ten subjects were studied during a hyperglycemic glucose
clamp (five after 12 h and five after 60 h of fasting) and seven during
a euglycemiic insulin clamp. In the latter group four subjects, one male
and three female, were studied both after 12 h and after 60 h of fasting
and a total of five subjects were investigated after 12 h and six after
60 h of fasting. All subjects were informed of the nature, purpose, and
possible risks involved in the study before they gave their consent to
participate. The protocol was reviewed and approved by the Ethical
Committee of Huddinge Hospital.

Procedure. The studies were performed in the morning after an
overnight (12-14 h) or 60-64 h fast, with the subjects in the recumbent
position. After the administration of local anesthesia, teflon catheters
were inserted percutaneously into an antecubital vein and a brachial
artery. A Cournand catheter (no. 7 or 8) was inserted into a femoral
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vein and advanced under fluoroscopic control to a right-sided hepatic
vein. The tip of the catheter was placed 3-4 cm from the wedged
position. After a basal period, infusions of glucose (hyperglycemic
glucose clamp) or insulin and glucose (euglycemic insulin clamp) were
started. In the hyperglycemic glucose clamp, the plasma glucose
concentration was raised to 145 mg/dl (60-h fasted subjects) or 125
mg/dl (12-h fasted subjects) above the basal level by administering a
priming infusion of glucose in a logarithmically decreasing manner
over 14 min (11). Based upon arterial plasma glucose determinations
obtained at 5-min intervals, the plasma glucose concentration was
subsequently maintained at the hyperglycemic plateau by means of a
variable infusion of a 20% glucose solution for 120 min. Urine was
collected at the end of the experiment for evaluation of the urinary
glucose loss.

In the euglycemic clamp, a 10-min priming infusion of insulin was
followed by a constant infusion at a rate of 1 mU/kg per min for 110
min. In the 60-h fasted subjects the glucose concentration was increased
by 25 mg/dl at the start of the insulin infusion to reach the same
ghicose concentration as in the overnight fasted subjects. Thus, during
the insulin clamp, the arterial glucose concentration was maintained
at 90-95 mg/dl in both groups by means of a variable infusion of 20%
glucose.

Blood samples for analysis of glucose, insulin, ketone bodies, and
gluconeogenic substrates were collected from the arterial and hepatic
venous catheters in the basal state and at intervals during the infusion.
Splanchnic blood flow was measured by the constant infusion technique
(12) using indocyanine green dye (13).

Analytical methods. Plasma (Glucostat; Beckman Instruments Inc.,
Fullerton, CA) and whole blood glucose concentrations (14) were
determined with the glucose oxidase reaction. Serum insulin was
measured by radioimmunoassay (Pharmacia Diagnostics, Uppsala,
Sweden). Lactate (15), pyruvate (16), glycerol (17), acetoacetate, and
3-OH-butyrate (18) were all determined in whole blood using enzymatic
methods modified for fluorometry. Indocyanine green dye concentration
was determined spectrophotometrically in serum samples.

Calculations. The glucose infusion rate was recorded continuously
during each experiment. The amount of glucose metabolized or total
glucose disposal (M) was calculated from the glucose infusion rate
after correcting for deviations in giucose concentrations and, in the
hyperglycemic clamp studies, urinary glucose loss (11). Net splanchnic
exchange rates for glucose (SGE) and other substrates were calculated
as the product of the arteriovenous concentration differences and the
estimated splanchnic blood flow. Peripheral glucose uptake (PGU) was
obtained as the difference between total glucose disposal and net
splanchnic glucose exchange (PGU = M — SGE).

Standard statistical methods were employed, using the paired ¢ test
when applicable (19). Data in text, tables, and figures are given as
mean+SEM.

Results

Basal state. Table I presents the arterial concentrations of
insulin and glucose and the net splanchnic glucose output. In
the basal state the values were on the average 44% (NS), 32%
(P < 0.001), and 50% (P < 0.01) lower, respectively, after 60
h of fasting than in the overnight fasted subjects (both types
of clamp study calculated together).

Arterial concentrations and splanchnic exchange of gluco-
neogenic precursors and ketone bodies are reported separately
for the two studies in Tables II and IIL. In the case of lactate
and pyruvate, arterial concentrations and splanchnic exchange
were not significantly influenced by 60 h of fasting. For glycerol,
on the other hand, both the arterial concentration and the
splanchnic uptake were increased twofold (P < 0.05-0.01).
The blood levels of ketone bodies were dramatically aug-
mented (acetoacetate +1,100% and 3-OH-butyrate +2,400%,
P < 0.001) and their splanchnic production increased four- to
fivefold (P < 0.02-0.001). 60 h of fasting did not significantly
influence estimated splanchnic blood flow.

Euglycemic insulin clamp. In the 60-h fasted group the
glucose concentration was raised abruptly to and maintained
at the same level as in the 12-h fasted state (Table I). Infusion
of insulin resulted in similar steady state concentrations of
insulin (73+7 and 74+5 pU/ml in the 60-h and 12-h fasted
subjects, respectively). The rate of glucose infusion required to
maintain the euglycemic level was 45% lower in the 60-h than
in the 12-h fasted state (4.00+0.33 vs. 7.55+1.10 mg/kg per
min, P < 0.05, Table I).

In both groups hyperinsulinemia was accompanied by an
alteration in splanchnic glucose exchange from a net release
in the basal state to a net uptake (Fig. 1, Table I). This
response was somewhat delayed in the overnight fasted subjects
as compared with the 60-h fasted group, but the resultant
splanchnic glucose uptake during the second hour of infusion
was similar in the two groups (60-h fast, 0.62+0.12, 12-h fast,
0.56+0.22 mg/kg per min).

Table 1. Arterial Glucose and Insulin Concentrations as well as Total Glucose Disposal and Regional Glucose Exchange
in the Basal State and during Euglycemic Insulin and Hyperglycemic Glucose Clamps After 12 h and 60 h of Fasting

Arterial Atrterial Splanchnic Splanchnic Peripheral
glucose insulin Total glucose glucose glucose glucose
concentration concentration disposal exchange exchange uptake*
mg/100 ml wU/ml mg/kg per min mg/kg per min % ** mg/kg per min
Basal state 12 h 99+2 9+2 —1.70+0.23
60 h 67+2§ 5+1 —0.85+0.091
Euglycemic 12h 94+5 745 7.55+1.10 0.56+0.22 7+2 6.98+0.93
Insulin clampt 60 h 93+2 73+7 4.00+0.33" 0.62+0.12 1520 3.38+0.261
Hyperglycemic 12 h 223+2 67+15 5.38+1.28 1.13+0.23 169 4.25+1.33
Glucose clampf 60 h 21242 25421 2.62+0.39 1.26+0.20 49+9 1.42+0.36

Data are expressed as mean+=SEM. * PGU = M — SGE; M, total glucose disposal; PGU, peripheral glucose uptake; and SGE, splanchnic
glucose exchange. § Average values during second hour of the clamp. § Significantly different from the 12-h fasted state, P < 0.001. ! Signifi-
cantly different from the 12-h fasted state, P < 0.05. 1 Significantly different from the 12-h fasted state, P < 0.01. ** Percentage of total

glucose disposal.
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Table 11. Arterial Concentrations and Splanchnic Exchange of Gluconeogenic Precursors and Ketone Bodies as well as Estimated
Splanchnic Blood Flow (ESBF) in the Basal State and during Euglycemic Insulin Clamp After 12 h and 60 h of Fasting

Arterial concentrations Splanchnic exchange
Insulin infusion Insulin infusion
Basal of 120 min Basal of 120 min
mmol/liter mmol/liter mmol/min mmol/min
Lactate 12h 0.50+0.03 0.88+0.03§ 0.26+0.03 0.17+£0.02**
60 h 0.58+0.02 0.58+0.03% 0.29+0.03 0.40+0.05*
Pyruvate 12h 0.05+0.01 0.07+0.01" 0.01+0.01 —0.02+0.01**
60 h 0.04+0.01 0.04+0.01 0.02+0.01 0.04+0.027
Glycerol 12h 0.04+0.01 0.02+0.01§ 0.05+0.01 0.01+0.01§
60 h 0.09+0.01* 0.06+0.017 0.10+0.027 0.05+0.01**7
Acetoacetic 12h 0.06+0.01 0.02+0.01** —0.08+0.01 -0.01+0.01"
acid 60 h 0.72+0.06% 0.17+0.05§7 —0.40+0.041 —0.15+0.057
3-OH-Butyrate 12 h 0.12+0.03 0.01+0.01** —0.10+0.02 0.00+0.01"
60 h 2.96+0.40% 0.30+0.1187 —0.37+0.097 —0.06+0.04**
liter/min liter/min
ESBF 12h 1.4010.11 1.22+0.15
60 h 1.39+0.03 1.37£0.07

Data are expressed as mean+SEM. * Significantly different from 12-h fasted state, P < 0.01. % Significantly different from 12-h fasted state,
P < 0.001. §Significantly different from basal, P < 0.001. " Significantly different from basal, P < 0.01. T Significantly different from 12-h

fasted state, P < 0.05. ** Significantly different from basal, P < 0.05.

Peripheral glucose uptake during the clamp (calculated as
the difference between total glucose disposal and net splanchnic min, P < 0.01).
glucose uptake) was 50% lower after the 60-h fast compared

Table III. Arterial Concentrations and Splanchnic Exchange of Gluconeogenic Precursors and Ketone Bodies as well as Estimated
Splanchnic Blood Flow (ESBF) in the Basal State and during Hyperglycemic Glucose Clamp After 12 h and 60 h of Fasting

with after the 12-h fast (3.38+0.26 vs. 6.98+0.93 mg/kg per

In the 12-h fasted state, hyperinsulinemia was accompanied

Arterial concentrations Splanchnic exchange
Glucose infusion Glucose infusion
Basal of 120 min Basal of 120 min
mmol/liter mmol/liter mmol/min mmol/min
Lactate 12h 0.39+0.01 0.79+0.08% 0.27+0.03 0.16+0.03
60 h 0.57+0.02* 0.56+0.05§ 0.29+0.03 0.35+0.07§
Pyruvate 12h
60 h 0.03+0.01 0.04+0.01 0.02+0.01 0.03+0.01
Glycerol 12h
60 h 0.07+0.01 0.060.01 0.06+0.02 0.06+0.02
Acetoacetate 12 h
60 h 0.75+0.11 0.47+0.18% —0.31+0.05 —0.27£0.12
3-OH-Butyrate 12 h
60 h 3.3+0.07 0.9+0.4" —0.39+0.03 —0.03+0.03"
liter/min liter/min
ESBF 12h 1.60+0.15 0.42+0.02
60 h 1.43+0.21 1.46+0.33

* Significantly different from 12-h fasted state, P < 0.001. f Significantly different from basal, P < 0.05.

Data are expressed as mean+SEM.
I Significantly different from basal, P < 0.01.

§ Significantly different from 12-h fasted state, P < 0.05.
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Figure 1. Influence of hyperglycemia (/eff) and hyper-
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by decreased splanchnic uptakes and augmented arterial con-
centrations of lactate and pyruvate (P < 0.05 and P < 0.01-
0.001, respectively). In contrast, in the 60-h fasted state neither
the splanchnic exchange nor the arterial concentrations of
these substrates were influenced by insulin administration,
resulting in significantly higher and lower values, respectively,
during insulin infusion than in 12-h fasted subjects (Table II).
The arterial concentration and the splanchnic uptake of
glycerol both fell in response to insulin infusion. The absolute
fall was similar in 12-h and 60-h fasted subjects, but the
resulting values at 120 min of infusion were higher in the 60-
h fasted group (P < 0.05). In both groups, the arterial concen-
tration and splanchnic production of acetoacetate and 3-OH-
butyrate fell in response to insulin infusion. Nevertheless,
except for splanchnic 3-OH-butyrate production, these variables
showed significantly higher values during insulin infusion in
the 60-h fasted state. Estimated splanchnic blood flow was not
significantly influenced by hyperinsulinemia in either group.
Hyperglycemic glucose clamp. During the hyperglycemic
glucose clamp, the plasma glucose concentration was raised
and maintained at 212+2 and 223+2 mg/dl in the 60-h and
12-h fasted subjects, respectively (P < 0.01, Table I, Fig. 2).
This rise was accompanied by a rapid increase in insulin
concentrations in both groups (Fig. 2). In the overnight fasted
group a further gradual rise was observed, while no change

Plasma Glucose Conc. Insulin Conc.
2501 r125
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200- 60h fasting F100
_ 1504 75
©
S €
1004 12h tasting Ls0 3
50+ " - 25
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0 60 120min
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Figure 2. Plasma glucose and serum insulin concentrations in the
basal state and during a hyperglycemic glucose clamp after 12 h and
60 h of fasting.

90  O. Bjorkman and L. S. Eriksson

<— Insulin and Glucose —
Infusion

insulinemia (right) on net splanchnic glucose ex-
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60-h (filled circles) fasted subjects.
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occurred in the 60-h fasted subjects. The individual responses
in the 12-h fasted group varied considerably (Fig. 2), but in
spite of this the mean insulin values during the second hour
were significantly (almost threefold) higher (P < 0.05) than in
the 60-h fasted subjects. The total amount of glucose metab-
olized was 2.62+0.39 mg/kg per min in the 60-h fasted state
and 5.38+1.28 mg/kg per min in the 12-h fasted state (0.05
< P < 0.10).

Splanchnic glucose exchange switched in both groups from
a net production in the basal state to a net uptake within 10
min after the start of hyperglycemia (Table I, Fig. 1). During
the second hour of hyperglycemia, the average splanchnic
glucose uptake was much the same in the two groups (60-h
fast, 1.2620.20, 12-h fast, 1.13+0.23 mg/kg per min). Peripheral
glucose uptake during hyperglycemia (calculated as the differ-
ence between total glucose disposal and splanchnic glucose
uptake) was 1.42+0.36 mg/kg per min after 60 h of fasting
and 4.25+1.33 mg/kg per min in the 12-h fasted group (0.05
< P < 0.10).

In accordance with observations from in the euglycemic
insulin clamp, the splanchnic uptake of lactate fell (NS) and
the arterial lactate concentration rose (P < 0.05) in the 12-h
fasted state, whereas hyperglycemia failed to alter these variables
in the 60-h fasted subjects, resulting in lower arterial concen-
trations and a higher splanchnic uptake of lactate (both P
< 0.05) in the 60-h fasted state. Pyruvate, glycerol, acetoacetate,
and 3-OH-butyrate were measured only in the 60-h fasted
state. The arterial concentration and splanchnic uptake of
pyruvate and glycerol remained at the basal level during
glucose infusion. Splanchnic acetoacetate production fell sig-
nificantly, while 3-OH-butyrate production was completely
inhibited. The arterial acetoacetate and 3-OH-butyrate concen-
trations fell by 40% (P < 0.05) and 60% (P < 0.01), respectively,
in response to hyperglycemia. Estimated splanchnic blood flow
was not influenced by hyperglycemia in either group.

Discussion

In agreement with previous studies (7), the present results
demonstrate that starvation for as short a period as 60 h elicits
insulin resistance. Thus, the amount of glucose metabolized
in response to hyperinsulinemia, either alone or with concom-
itant hyperglycemia, was smaller after 60 h of fasting than
after an overnight fast (Table I). With the present experimental
design, comprising simultaneous measurements of total glucose



disposal and net splanchnic glucose exchange, it was possible
to determine the contribution of peripheral tissues to this
insulin resistance. Since net splanchnic glucose uptake in
response to hyperinsulinemia was unaffected by fasting (Fig.
1), the reduced glucose disposal could be attributed to a
decrease in the peripheral uptake of glucose (Table I). Similarly,
fasting for 60 h failed to influence the hyperglycemia-induced
changes in net splanchnic glucose exchange (Fig. 1), while the
peripheral glucose uptake was slightly, though not significantly,
lower than after an overnight fast (Table I). Thus, based on
these findings we conclude that the decreased ability of insulin
to enhance glucose uptake in prolonged fasting is entirely
localized to the peripheral tissues. This is in accordance with
recently reported results obtained in patients with impaired
glucose tolerance (20) and type II diabetes (21). In both cases,
an altered insulin-mediated peripheral but not splanchnic
glucose metabolism was demonstrated. Available data thus
indicate that glucose intolerance, whether induced by a period
of fasting in healthy subjects or seen in patients with impaired
glucose tolerance and type II diabetes, is primarily the conse-
quence of an impaired glucose uptake by peripheral tissues.

It should be noted that the present study does not allow a
quantitation of the extent to which changes in hepatic glucose
production and splanchnic glucose uptake contributed to the
observed alterations in the net splanchnic glucose balance.
Therefore, a comparison between prolonged fasted and over-
night fasted individuals regarding splanchnic glucose uptake
must rely on an assumed response of hepatic glucose production
to hyperinsulinemia. While previous studies have demonstrated
a complete suppression of hepatic glucose production in re-
sponse to hyperinsulinemia in overnight fasted subjects (8),
corresponding information from studies in the 60-h fasted
state is lacking. The possibility that hepatic glucose production
was not totally suppressed during the clamps in the prolonged
fasted subjects must therefore be considered. This is emphasized
by a recent study in humans demonstrating that insulin
resistant states may be associated with incomplete suppression
of endogenous glucose production during hyperinsulinemia
(22). Furthermore, studies in dogs have shown that insulin is
less potent in inhibiting hepatic gluconeogenesis, the primary
source for glucose production in fasting, as compared with its
impact on hepatic glycogenolysis (23). Thus, since hepatic
glucose production may not have been completely suppressed
during the clamps in the 60-h fasted state but most likely was
so in the overnight fasted subjects, the similar values on net
splanchnic glucose uptake in the two groups do not necessarily
indicate similar true splanchnic glucose uptakes. The present
data could also be interpreted as representing only a partial
suppression of hepatic glucose production and an increased
splanchnic glucose uptake in response to hyperinsulinemia in
prolonged (as compared with overnight) fasting. Consequently,
the possibility that prolonged fasting is accompanied by a
reduction of insulin’s suppressing effect on hepatic glucose
production cannot be disregarded. However, if this were the
case, this must have been accompanied by an augmented
splanchnic glucose uptake, since net splanchnic glucose uptake
was similar to that in the overnight fasted subjects. These
considerations indicate that even though an altered effect of
insulin on splanchnic glucose metabolism during prolonged
fasting could not be totally excluded, it does not contribute to
the glucose intolerance observed in starvation.

Prolonged fasting is accompanied by almost complete

exhaustion of the hepatic glycogen stores. After refeeding,
these depots are rapidly restored to values above the basal
level (2). A similar depletion of the glycogen stores in muscle
greatly stimulates muscle uptake of infused glucose and its
conversion to glycogen (9, 10). Although the phosphorylation
of glucose to glucose-6-phosphate, which may be rate limiting,
is stimulated by different enzymes in muscle (hexokinase) and
liver (glucokinase), one might expect a fasting-induced hepatic
glycogen depletion to result in an augmented splanchnic
glucose uptake during glucose infusion. However, 60 h of
fasting failed to alter net splanchnic glucose exchange during
both hyperglycemia and hyperinsulinemia. Thus, in contrast
to the response of muscle, insulin- and/or glucose-stimulated
net glucose uptake by splanchnic tissues is not influenced by
the glycogen content.

In recent years it has been suggested that glucose per se is
a poor precursor for hepatic glycogen synthesis, and that
gluconeogenic substrates, primarily lactate, play a more im-
portant role in that respect (24, 25). The present findings
suggest that the rate of hepatic glycogen synthesis from glu-
coneogenic precursors may be accelerated in prolonged fasting.
Thus, apart from splanchnic uptake of glycerol, which decreased
during the euglycemic clamp, the uptake of glucogenic precur-
sors remained unchanged during the clamps in the 60-h fasted
subjects, contrasting to the decreased precursor uptake observed
in the overnight fasted groups (Tables II and III). Thus, based
on the assumption that hepatic glucose production is signifi-
cantly if not totally suppressed during hyperinsulinemia in
both groups of subjects, the higher uptake of gluconeogenic
precursors observed in prolonged fasting is compatible with
an increased rate of glycogen synthesis from gluconeogenesis.

In the hyperglycemic glucose clamp, the glucose-stimulated
insulin secretion was significantly reduced in the 60-h fasted
subjects, as indicated by a lesser mean rise in insulin values
(Fig. 2), thus confirming earlier findings in both animals (6)
and humans (7). The insulin values during the second hour of
hyperglycemia displayed extremely small variations between
subjects in the 60-h fasted group (range 20-32 pU/ml), while
the variability in the other group was considerable. In spite of
these differences the data demonstrate that 60 h of starvation
is accompanied by a consistent inhibition of glucose-stimulated
insulin secretion, thus contributing to the glucose intolerance
seen during fasting.
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