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mediated growth hormone release.

or fatty acids.
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(Bacl(ground: Calorie-restricted, fat-depleted Goat '~ mice develop profound hypoglycemia resulting from lack of ghrelin-
Results: Hypoglycemia is caused by decreased gluconeogenesis and reversed by gluconeogenic precursors (lactate and alanine)

Conclusion: In absence of fatty acids, growth hormone maintains gluconeogenic precursors, allowing survival.
Significance: Maintenance of blood glucose by ghrelin-growth hormone axis is crucial for evolutionary adaptation to starvation.

J

When mice are subjected to 7-day calorie restriction (40% of
normal food intake), body fat disappears, but blood glucose is
maintained as long as the animals produce ghrelin, an octanoy-
lated peptide that stimulates growth hormone secretion. Mice
can be rendered ghrelin-deficient by knock-out of the gene
encoding either ghrelin O-acyltransferase, which attaches the
required octanoate, or ghrelin itself. Calorie-restricted, fat-de-
pleted ghrelin O-acyltransferase or ghrelin knock-out mice fail
to show the normal increase in growth hormone and become
profoundly hypoglycemic when fasted for 18-23 h. Glucose
production in Goat™'~ mice was reduced by 60% when com-
pared with similarly treated WT mice. Plasma lactate and pyru-
vate were also low. Injection of lactate, pyruvate, alanine, or a
fatty acid restored blood glucose in Goat™'~ mice. Thus, when
body fat is reduced by calorie restriction, ghrelin stimulates
growth hormone secretion, which allows maintenance of glu-
cose production, even when food intake is eliminated. In
humans with anorexia nervosa or kwashiorkor, ghrelin and
growth hormone are known to be elevated, just as they are in
fat-depleted mice. We suggest that these two hormones prolong
survival in starved humans as they do in mice.

Chronic starvation is a repeated threat to survival of animals
of all species. Indeed, ~15% of the current human population is
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estimated to suffer from severe malnutrition, and one-half of all
deaths in children less than 5 years of age (~6 million deaths per
year) arise from malnutrition (1, 2). Over the centuries, starva-
tion has exerted profound evolutionary pressure that has
selected for a variety of adaptive mechanisms to support life.
Paramount among these mechanisms is the necessity to main-
tain blood sugar concentrations sufficient for brain function
(3). The adaptive mechanisms are particularly strained when
chronic starvation has depleted the body of its other source of
energy, namely fatty acids stored as triglycerides (3, 4).

Recently, our laboratory has begun to study the adaptation to
chronic starvation, focusing on the essential roles of two pep-
tide hormones: ghrelin and growth hormone (5-7). Ghrelinis a
peptide hormone of 28 amino acids that contains an 8-carbon
fatty acid, octanoate, attached in ester linkage to serine-3 (8).
Most ghrelin is produced in the stomach. The peptide was dis-
covered based on its ability to stimulate the release of growth
hormone from the pituitary, an action that absolutely requires
the octanoate adduct (9). Two observations in rodents and
humans linked ghrelin to appetite control: 1) administration of
excess ghrelin was shown to increase food intake (10-12) and
2) plasma ghrelin concentrations were observed to increase
markedly before meals and to decline dramatically after feeding
(13, 14). However, an essential role of ghrelin in controlling
food intake in rodents was ruled out by gene knock-out exper-
iments that demonstrated little, if any, change in food intake
when animals were rendered deficient in ghrelin (15, 16), the
ghrelin receptor (17), or ghrelin O-acyltransferase (GOAT), the
enzyme that attaches octanoate to ghrelin (5).

Ghrelin was linked to starvation when we showed that Goat
knock-out mice were unable to maintain their blood sugar lev-
els in a viable range when the animals were subjected to severe
chronic calorie restriction (5). In these experiments, WT mice
and Goat '~ homozygotes were fed diets containing only 40%
of the calories that they normally would consume. Under these
conditions, WT and Goat '~ mice both lost ~30% of body
weight within 72 h. Over this time, body fat stores were drasti-
cally depleted, so that body fat accounted for less than 2% of
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body weight. Despite this depletion, WT mice maintained
blood sugar levels in the range of 60 mg/dl and showed normal
activity. In contrast, after 3 days of calorie restriction, Goat '~
mice began to exhibit a gradual fall in blood sugar, reaching as
low as 20 mg/dl on days 7-9, at which point the animals were
moribund.

The adaptation of WT mice to starvation was accompanied
by increases in the plasma concentrations of ghrelin and growth
hormone, which rose higher each day. These increases did not
occur in the Goat /™ mice. Administration of either ghrelin or
growth hormone by osmotic minipump restored the ability of
the Goat '~ mice to maintain blood sugar levels and survive
the severe calorie restriction (5). These previous studies did not
address the mechanism for hypoglycemia in the ghrelin-defi-
cient mice.

The current studies were designed to probe the mechanism
for the profound hypoglycemia in the calorie-restricted, ghre-
lin-deficient mice. Our experiments reveal: 1) that hypoglyce-
mia occurs only when an acute starvation of 20 h is superim-
posed on the adipose-depleted state; 2) that this hypoglycemia
is caused by reduced glucose production associated with
marked decreases in plasma concentrations of lactate and pyru-
vate, two major substrates for gluconeogenesis (18, 19); 3) that
blood glucose can be restored to WT levels by injection of lac-
tate, pyruvate, and alanine, all of which are readily converted to
glucose (3, 19); and 4) that the reductions in plasma lactate
levels and glucose production can be reversed by injection of a
medium chain fatty acid that cannot be converted to glucose
but can provide a necessary source of energy for gluconeogen-
esis in these fat-depleted mice.

EXPERIMENTAL PROCEDURES

Materials—We obtained an Ascensia Contour (blood glu-
cose meter) from Bayer (Leverkusen, Germany); heparin from
Hospira (Lake Forest, IL); [3-’H]glucose (14 Ci/mmol) from
American Radiolabeled Chemicals (St. Louis, MO); sodium lac-
tate, sodium pyruvate, sodium octanoate, alanine, p-hydroxy-
mercuribenzoic acid, and aprotinin from Sigma. All other
chemicals were from Sigma unless otherwise specified.

Mice—Goat '~ mice were generated as previously described
(5). Preproghrelin knock-out mice, hereafter designated
Ghrl~'~, were produced by Regeneron Pharmaceuticals, Inc.
(20) and generously provided by Tamas L. Horvath (Yale Uni-
versity). Both mouse lines, on a mixed C57BL/6] and DBA back-
ground, were housed in colony cages with 12-h light/12-h dark
cycles. The dark cycle began at 9:00 or 10:00 p.m. The chow diet
consisted of Teklad mouse/rat diet 7002 from Harlan Teklad
Global Diets (Houston, TX). This diet contains 3.1 kcal/g of
metabolizable energy, of which 18% of calories are from fat, 49%
are from carbohydrates, and 33% are from protein. All of the
animal experiments were performed with the approval of the
Institutional Animal Care and Research Advisory Committee
at University of Texas Southwestern Medical Center.

Metabolic Parameters—Blood was drawn from tail vein or
retro-orbital sinus and collected on ice in EDTA-coated tubes
containing p-hydroxymercuribenzoic acid (final concentra-
tion, 1 mMm) and/or aprotinin (250 kallikrein-inactivating
units/ml for glucagon measurement). Plasma was separated
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immediately and stored without treatment at —80 °C except for
samples used for measurement of ghrelin, amino acids, lactate,
and pyruvate. For measurement of ghrelin, plasma samples
were treated with HCI (final concentration, 0.1 M) before freez-
ing. For measurement of lactate and pyruvate plasma samples
were deproteinized using 70% acetone and then lyophilized.
Octanoylated ghrelin and des-acyl ghrelin were measured by
immunoassay kits that distinguished both forms of the peptide
(catalogue number A05117 and A05118; Cayman Chemical,
Ann Arbor, MI). Plasma levels of lactate and pyruvate and tis-
sue content of glycogen were measured with commercial assay
kits from Biovision (Milpitas, CA). Plasma levels of the follow-
ing hormones were measured with commercial kits from the
indicated vendor: growth hormone (Cayman Chemical), free
fatty acids (Wako, Richmond, VA), B-hydroxybutyrate (Pointe,
Canton, MI), glucagon and fibroblast growth factor-21 (Milli-
pore, Billerica, MA), and insulin (Crystal Chem, Downers
Grove, IL). Plasma amino acid levels were determined with a
Hitachi L-8900 amino acid analyzer.

Calorie Restriction—Calorie restriction was carried out as
previously described (5). One week before initiation of calorie
restriction, 8-week-old male littermates (WT and Goat '~ mice;
WT and Ghrl~'~mice) were placed in individual cages and fed
the chow diet ad libitum. During this week of acclimation, food
intake was monitored to determine the average amount of food
consumed daily by each mouse. Thereafter, the mice were sub-
jected to 60% calorie restriction such that each mouse was fed at
6 p.m. every day with an amount of food equal to 40% of the
daily amount consumed by the same mouse during the week of
acclimation.

High Fat Diet Feeding—Male WT and Goat '~ littermates (4
weeks old) were fed either the standard chow diet (18% calories
from fat; see above under “Mice”) or a high fat diet (45% calories
from fat; catalogue number D12451, Research Diets, New
Brunswick, NJ). After 4 weeks on the diet, the mice from each
group were placed in individual cages and subjected to calorie
restriction such that each mouse was fed at 6 p.m. with 1.4 g of
chow diet. Body composition was measured every 1 or 2 days at
5 p.m. (Bruker Minispec mq7.5NMR analyzer), after which
body weight and blood glucose measurements were made at
5:30 p.m. just prior to feeding.

Whole Body Glucose Production in Calorie-restricted Mice—
8-week-old male WT and Goat '~ littermates were placed in
individual cages and fed the chow diet ad libitum. Basal food
intake was measured for each mouse during this week. Four
days before being subjected to 60% calorie restriction, each
mouse was implanted with a jugular vein catheter that was
externalized at the back of the neck. The catheter was filled with
a heparin/glycerol mixture (v/v, 1:3) and blocked with a metal
plug. Starting at 4 p.m. on day 6 of calorie restriction, each
mouse received a continuous infusion of [3-*H]glucose (31
dpm/fmol) based on a modification of previously described iso-
topic protocols (21, 22). Mice were infused at 0.3 wCi/min from
0 to 20 min, followed by 0.1 nCi/min from 20 to 90 min. The
mice were then bled from cut tails at 45, 60, 75, and 90 min after
infusion. Blood glucose level was measured at each time point
with a Bayer glucose meter. The content of *H radioactivity in
blood was measured as follows: 4 ul of plasma was deprotein-
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FIGURE 1. Comparison of WT and Ghrl~/~ mice fed a chow diet or subjected to calorie restriction. Male littermates (8 weeks old) were housed in individual
cages and fed ad libitum with a chow diet or subjected to 60% calorie restriction as described under “Experimental Procedures.” Body weight (A) and blood
glucose (B) were measured daily at 5:30 p.m. (30 min before feeding). C-E, mice were euthanized at 5:30 p.m. (before feeding) on day 9 of calorie restriction, after
which plasma levels of ghrelin (C), des-acyl ghrelin (D), and growth hormone (E) were determined. Each value represents the means = S.E. of data from six mice.
The asterisks denote the levels of statistical significance (Student’s t test) between WT and Ghrl™/~ mice. *, p < 0.05; ***, p < 0.001.

ized with barium hydroxide and zinc sulfate, after which the
supernatant was evaporated, resuspended in 1 ml of water, and
subjected to liquid scintillation counting in 10 ml of counting
mixture (3a70B; Research Products International). Whole body
glucose production was calculated by dividing the steady-state
tracer infusion rate (0.1 wCi/min) adjusted for body weight
(dpm/kg/min) by the plasma glucose specific activity (dpm/mg)
(23).

RESULTS

In our previous studies of the role of ghrelin in starvation, we
used mice that lacked ghrelin as a result of loss of the Goat gene
(5). These animals continued to secrete des-acyl ghrelin. To
rule out a contribution of des-acyl ghrelin to the starvation
phenotype, we performed a calorie restriction experiment in
previously described mice that lack the gene for preproghrelin
(designated Ghrl) and hence cannot produce either ghrelin or
des-acyl ghrelin. WT and Ghrl~’~ mice were placed on a star-
vation diet containing 40% of their normal caloric intake. The
animals were fed each day at 6 p.m. After 2 days of calorie
restriction, WT and Ghrl~/~ mice became ravenous and ate all
of their food within 1 h. Blood was drawn at 5:30 p.m. after the
animals had gone nearly 23 h without food. After 4 days of
calorie restriction, both WT and Ghrl~'~ mice lost ~25% of
their body weight (Fig. 14), but unlike WT mice, ghrelin knock-
out mice developed hypoglycemia, just as previously reported
for Goat knock-out mice (Fig. 1B). The mice were killed on day
9 when the blood sugar in the Ghrl~/~ mice had reached the
range of 16 —37 mg/dl. WT mice maintained blood sugars in the
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50 —60 mg/dl range throughout this period. By day 9, the WT
mice exhibited marked increases in plasma ghrelin, des-acyl
ghrelin, and growth hormone (Fig. 1, C-E). Ghrelin and des-
acyl ghrelin were undetectable in the Ghrl~’~ mice, and the rise
in growth hormone was much less pronounced.

To further investigate the hypoglycemia of ghrelin defi-
ciency, we returned to the Goat knock-out mice. Remarkably,
even after 8 days of calorie restriction Goat '~ mice had the
same blood sugar level as WT mice when measured at 9 a.m.,
which was 14 h after the last meal (Fig. 24). The WT mice
maintained this blood sugar level throughout the day. However,
in the Goat '~ mice, blood sugar began to decline after noon
and reached its nadir at 6 p.m. Blood sugar rose above 100
mg/dl in both strains immediately after feeding. In WT mice,
plasma ghrelin, des-acyl ghrelin, and growth hormone levels
began to climb after noon and reached a peak at 6 p.m., imme-
diately before the next meal (Fig. 2, B—D). These values declined
rapidly after feeding. In the Goat ™'~ mice, des-acyl ghrelin was
the only one of these peptides to rise during the day, and it, too,
declined after feeding (Fig. 2C). A nearly identical diurnal result
was observed in Ghrl /" mice except that their des-acyl ghrelin
did not rise (supplemental Fig. S1).

After 6 days of calorie restriction, plasma insulin was below
the limit of detection in all mice from 10 a.m. to 6 p.m. and rose
markedly after feeding in both mouse strains (Fig. 3B). In direct
opposition, plasma glucagon levels were elevated throughout
the day in both strains and fell dramatically after feeding (Fig.
3C). Plasma levels of free fatty acids (Fig. 3D) and the ketone
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FIGURE 2. Response to starvation in WT and Goat '~ mice after 7 days of
calorie restriction. Male WT and Goat ™/~ littermates (8 weeks old) were sub-
jected to 60% calorie restriction for 7 days as described under “Experimental
Procedures,” having received their last food at 6 p.m. on day 7. On day 8,
blood was obtained at the indicated time for measurement of glucose (A),
ghrelin (B), des-acyl ghrelin (C), and growth hormone (D). Food was given on
day 8 at 6 p.m. (arrow). Each value represents the mean = S.E. of data from
four mice. The asterisks denote the levels of statistical significance (Student’s
t test) between WT and Goat ™/~ mice. *, p < 0.05; ***, p < 0.001.

body B-hydroxybutyrate (Fig. 3E) were similar in both strains,
falling throughout the day and rising after feeding. Plasma lev-
els of the gluconeogenic precursors lactate and pyruvate
declined modestly throughout the day in WT mice (Fig. 3, Fand
G). The decline in the Goat '~ mice was much more profound.
By 6 p.m., plasma lactate and pyruvate levels in Goat '~ mice
were 48 and 54% of the levels seen in WT mice, respectively
(p values, < 0.001).

Supplemental Table SI compares various metabolic parame-
ters in additional experiments in WT and Goat '~ mice at
9 a.m. and 5:30 p.m. after 7 days of calorie restriction. At 5:30
p.m., when compared with WT mice, Goat '~ mice showed
significant decreases in blood sugar, growth hormone, lactate,
and pyruvate (experiments A and C). Plasma free fatty acids and
B-hydroxybutyrate were equally low in WT and Goat™ '~ mice
at 5:30 p.m. (experiment C). At this time point, glycogen levels
in liver and muscle were low in WT mice and even lower in
Goat~'~ mice (experiment D). In Goat '~ mice, glycogen
depletion was extreme; at 5:30 p.m. the levels of liver and mus-
cle glycogen were 4—-5% of the levels seen at 9 a.m. Plasma
triglycerides at 5:30 p.m. on day 7 in calorie-restricted mice
were low in both strains and not significantly different from
each other (experiment C).

Fibroblast growth factor-21 (FGF-21)” is a polypeptide hor-
mone whose production is strongly induced in mouse liver after
a 24-h fast (24). However, at 5:30 p.m. after 7 days of calorie
restriction and 23.5 h of fasting, FGF-21 levels were actually low
in both WT and Goat '~ mice (0.07 * 0.04 versus 0.09 * 0.04
ng/ml, respectively; # = 6). In the same experiment, non-calo-
rie-restricted WT and Goat '~ mice fasted for 18 h showed
high levels of FGF-21 (2.8 = 0.48 versus 3.1 = 0.61 ng/ml,

’ The abbreviation used is: FGF-21, fibroblast growth factor-21.
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FIGURE 3. Changes in plasma parameters in WT and Goat '~ mice after 5

days of calorie restriction. Male WT and Goat /™ littermates (8 weeks old)
were subjected to 60% calorie restriction for 5 days as described under
“Experimental Procedures,” having received their last food at 6 p.m. on day 5.
On day 6, blood was obtained at the indicated time for measurement of glu-
cose (A), insulin (B), glucagon (Q), free fatty acids (D), B-hydroxybutyrate (E),
lactate (F), and pyruvate (G). Food was given on day 6 at 6 p.m. (arrow). Each
value represents the mean = S.E. of data from six mice except for glucagon,
which was measured using pooled samples from six mice. The asterisks
denote the levels of statistical significance (Student’s t test) between WT and
Goat™’~ mice.*, p < 0.05; **, p < 0.01; ***, p < 0.001.

respectively; n = 6). The similarly low levels of FGF-21 in the
calorie-restricted WT and Goat ™'~ mice indicate that the low
FGF-21 did not cause the hypoglycemia in the Goat '~ mice.
Table 1 shows the plasma amino acid levels in calorie-re-
stricted mice. At 5:30 p.m., the plasma levels of most amino
acids were significantly higher in Goat '~ mice as compared
with WT mice. This was particularly true of alanine, the key
gluconeogenic amino acid (243 = 89 um in Goat '~ mice ver-
sus 72 £ 9 um in WT mice). The levels of the branched chain
amino acids (valine, isoleucine, and leucine) were also much
higher in Goat '~ mice. Elevation of branched chain amino
acids is a hallmark of physiological states associated with
increased protein catabolism as occurs in prolonged starvation
(19). These findings suggest that hypoglycemia in Goat '~
mice is not caused by the lack of availability of amino acids.
To determine whether hypoglycemia in Goat '~ mice could
be reversed by restoring plasma lactate and pyruvate, we sub-
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TABLE 1

Plasma amino acid levels of WT and Goat '~ mice at 9:00 a.m.and 5:30
p.m. on day 7 of calorie restriction

Male WT and Goat™ '~ littermates (8 weeks old) were subjected to 60% calorie
restriction for 7 days. At 9:00 a.m. and 5:30 p.m. on day 7 of calorie restriction, the
mice were euthanized, and blood was drawn from each mouse. Plasma amino acid
levels were determined by a Hitachi L-8900 amino acid analyzer. Each value repre-
sents the mean = S.E. of data from six mice. The footnotes denote the levels of
statistical significance (Student’s ¢ test) between WT and Goat '~ mice at 5:30 p.m.
There was no statistical difference between WT and Goat '~ mice at 9:00 a.m.
Dashes indicate that the amino acid levels were undetectable.

9:00 a.m. 5:30 p.m.
Amino acid WwT Goat™'~ WT Goat™'~
oy pa
Gly 127 £ 13 120 £ 17 93 *+ 14 141 + 33
Ala 137 £ 15 157 £ 51 72192 243 *+ 89°
Ser 58 = 5.0 52 *+75 44 5.6 107 * 30°
Thr 70 = 3.5 67 £9.1 60 =72 182 * 46”
Cys 11+ 1.0 10 = 2.2 42+ 14 72*12
Met 16 = 0.8 13+1.3 11 £2.5 27 = 8.0
Val 98 £9.3 91 =87 104 + 27 400 = 100°
Iso 38 =53 32 +2.0 3167 56 + 10¢
Leu 124 = 15 94 * 14 87 =42 554 * 147°
Asn — — — —
Gln 202 = 10 183 = 20 173 £ 17 279 = 54
Tyr 126 = 4.9 130 £ 7.8 122 + 14 181 £ 30
Phe 42+ 2.8 30 £33 37 £35 55+99
Trp 46+ 1.3 6.1 1.0 8.8 =20 121+ 1.0
Lys 172 £ 6.2 144 + 17 101 * 25 508 *= 152
His 20 = 0.9 15 £ 3.6 18 £3.1 70 £ 247
Arg 41 £ 4.6 22 3.4 20 5.5 37 £8.1“
Asp 1.7 £0.4 1.7 202 3.7+07 35*+0.9
Glu 1219 13 £ 1.5 91+ 1.8 15 £ 3.6
Pro 179 £ 21 142 *+ 23 214 * 86 275 =93
T p < 0.05.
b p <0.01.

jected the animals to calorie restriction and then injected them
intraperitoneally with these substances or with a saline control
solution at hourly intervals (Fig. 4). Either lactate or pyruvate
raised the blood sugar concentration in WT and Goat '~ mice
(Fig. 4, A-D). In the Goat™’'~ animals, the injections were suf-
ficient to prevent hypoglycemia. Alanine is readily converted to
pyruvate and then to glucose (3, 19). Unlike lactate or pyruvate,
alanine did not raise the blood sugar in WT mice, but it did
prevent hypoglycemia in the Goat™ '~ animals (Fig. 4, E and F).

A notable feature of the calorie-restricted mice is the
extremely low concentration of free fatty acids that develops in
both strains in the afternoon (Fig. 3D). Despite this deficiency,
WT mice are able to maintain their blood glucose, whereas
Goat™ '~ mice become hypoglycemic. Fatty acids cannot be
converted directly to glucose, but they can supply energy for
glucose production (25). To determine whether administration
of fatty acids could correct the hypoglycemia in Goat '~ mice,
we injected calorie-restricted mice with octanoate. We chose
octanoate because it is water-soluble and easier to deliver than
are long chain fatty acids. Fig. 5 shows that two intraperitoneal
injections of octanoate at 2 and 4 p.m. prevented the drop in
blood sugar in the calorie-restricted Goat '~ mice. The plasma
ghrelin concentration remained undetectable in the Goat '~
mice injected with octanoate.

To confirm that the deficiency of fatty acids is responsible for
the hypoglycemia in calorie restricted Goat '~ mice, we pre-
treated a group of mice with a high fat diet for 4 weeks to
increase their adipose tissue stores prior to beginning calorie
restriction. After the high fat diet, the body weights of the WT
and Goat '~ mice increased by an average of 2.8 and 5.1 g,
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FIGURE 4. Response of calorie-restricted WT and Goat™'~ mice to injec-
tions of gluconeogenic precursors. Male WT and Goat ™/~ littermates (8
weeks old) were subjected to 60% calorie restriction for 7-9 days as described
under “Experimental Procedures.” On day 7, 8, or 9 as indicated, WT (A, C, and
E) and Goat™’~ (B, D, and F) mice were injected intraperitoneally with either
NaCl or one of the following gluconeogenic precursors: sodium lactate (A and
B), sodium pyruvate (C and D), or alanine (E and F). Each mouse received four
injections of either NaCl or the indicated gluconeogenic precursor (18
umol/g of body weight/injection). Each intraperitoneal injection was given at
hourly intervals beginning at 2 p.m. in a volume of 150-180 ul (gluconeo-
genic precursors were dissolved in water and adjusted to pH 7.2). The arrows
denote the times of injections. A-F, blood glucose was measured immedi-
ately before each injection and at 6 p.m., 1 h after the lastinjection. Each value
represents the mean = S.E. of data from five mice. The asterisks denote the
levels of statistical significance (Student’s t test) between WT and Goat /™
mice. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001.

respectively. All of the mice were then switched to a diet com-
posed of 1.4 g of chow, which was the average amount fed to our
previous calorie-restricted mice (day 0 in Fig. 6). In the previ-
ously chow-fed WT and Goat '~ mice, the percentage of body
fat declined below 2% after 5 days of calorie restriction. After
the high fat feeding, body fat did not fall below the 2% threshold
until 12 days of calorie restriction (Fig. 6, A and B). Likewise, the
fall in plasma free fatty acids was also markedly delayed in the
fat-fed mice of both strains, reaching the nadir of 0.4 mm after 7
and 14 days in the chow-fed and fat-fed mice, respectively (Fig.
6, C and D). The fall in plasma B-hydroxybutyrate was also
delayed in the previously fat-fed mice as compared with the
previously chow-fed mice (Fig. 6, E and F). Blood glucose in the
previously chow-fed Goat '~ mice fell below 40 mg/dl at day 6,
and the animals were moribund at day 8 (Fig. 6H). In contrast,
the previously fat-fed Goat '~ mice appeared healthy up until
day 12 when their blood glucose fell below 40 mg/dl (arrows in
Fig. 6H), and they survived until day 14. Supplemental Fig. S2
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FIGURE 5. Response of calorie-restricted WT and Goat™’~ mice to injec-
tions of octanoate. Male WT and Goat ™/~ littermates (8 weeks old) were
subjected to 60% calorie restriction for 7 days as described under “Experi-
mental Procedures.” On day 7, WT (left panel) and Goat /"~ (right panel) mice
were injected intraperitoneally with each mouse receiving two injections (2
and 4 p.m.) of equimolar amounts of either NaCl or sodium octanoate (3
umol/g of body weight/injection) in a volume of 140-170 ul (octanoate was
dissolved in water to a final concentration of 0.3 m and adjusted to pH 7.6).
Blood glucose was measured at the indicated time (just prior to injections).
Each value represents the mean *+ S.E. of data from five mice. The asterisks
denote the levels of statistical significance (Student’s t test) between WT and
Goat™’~ mice.*, p < 0.05; **, p < 0.01; ***, p < 0.001. The arrows denote the
times of injections.

shows blood glucose as a function of the percentage of body fat
in the calorie-restricted Goat '~ mice. Irrespective of the pre-
vious diet, blood glucose did not fall below 40 mg/dl until the fat
mass declined below 2% of body weight. This correlation per-
sists even though the previously chow-fed mice required only 6
days to reach this threshold, whereas the previously fat-fed
mice required 12 days.

The data of Figs. 5 and 6 suggest that the hypoglycemia in
calorie-restricted Goat '~ mice is dependent on a deficiency of
plasma free fatty acids that results from the deficiency of body
fat. To determine whether the hypoglycemia is caused by
reduced glucose production or enhanced glucose clearance, we
performed a [H]glucose infusion experiment (Fig. 7). First, we
placed indwelling catheters in the jugular veins of WT and
Goat™ '~ mice. After several days of adaptation to the catheters,
the mice were subjected to calorie restriction. On day 6 at 2 and
4 p.m., some of the mice were injected with octanoate intraperi-
toneally. Beginning at 4 p.m., we infused a tracer loading dose of
[*H]glucose into the jugular vein followed by a maintenance
infusion of the tracer.

To present these results, we first focus on the animals that
did not receive octanoate (Fig. 7, black circles). During the infu-
sion period, total plasma glucose fell slightly in both strains, but
it remained higher in WT mice (Fig. 7A, black circles) than in
Goat~ '~ mice (Fig. 7B, black circles). The level of *H radioac-
tivity was constant and higher in Goat /~ mice than in WT
mice (Fig. 7, Cand D). As a result of the higher level of radioac-
tivity and the lower level of total glucose, the specific radioac-
tivity of the [*H]glucose in the Goat '~ plasma was much
higher than in WT mice (Fig. 7, E and F). From these data, we
were able to calculate glucose production rates using the for-
mula of Wolfe and Chinkes (23) (see “Experimental Proce-
dures”). In WT mice, the calculated production rate was 25
mg/kg/min, whereas in Goat '~ mice the production rate was
reduced to 9 mg/kg/min (Fig. 7, G and H). A similar result was
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then subjected to calorie restriction. Four-week-old male littermates were
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obtained in an independent experiment shown in supplemental
Fig. S3.

The data for mice that received octanoate is shown in red in
Fig. 7. As before, octanoate injections restored blood glucose in
Goat~'~ mice to the same level seen in WT mice (Fig. 7, A and
B). The specific radioactivity of blood glucose was lowered dra-
matically in Goat’~ mice so that it equaled that in WT mice
(Fig. 7, E and F). The octanoate injection did not alter the cal-
culated glucose production rate in WT mice (Fig. 7G), but it
markedly increased glucose production in Goat '~ mice so
that the rate equaled that of WT mice (Fig. 7H). According to
the formula of Wolfe and Chinkes (23), the glucose production
rate equals the steady-state [*H]glucose infusion rate divided by
the plasma glucose specific radioactivity. Inasmuch as the spe-
cific radioactivity declined in the octanoate-injected Goat '~
mice and the [*H]glucose infusion rate remained constant, the
glucose production rate must have increased. If the octanoate-
induced increase in plasma glucose were caused by a decrease
in glucose clearance from plasma without a change in the pro-
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FIGURE 7. Whole body glucose production in calorie-restricted WT and
Goat™'~ mice in the absence or presence of octanoate. Eight-week-old
male littermates were implanted with jugular vein catheters 4 days before
60% calorie restriction as described under “Experimental Procedures.” On day
6 of calorie restriction, the mice were injected intraperitoneally with either
NaCl or sodium octanoate (3 umol/g of body weight/injection). Each mouse
received two injections (2 and 4 p.m.) as described in Fig. 6. After the last
injection (4 p.m.), each mouse received a continuous infusion of [3-*H]glu-
cose (31 dpm/fmol). The infusion rate was 0.3 wCi/min from 0-20 min, fol-
lowed by 0.1 uCi/min from 20-90 min, after which blood was obtained at the
indicated time for measurement of its content of glucose (A and B) and *H
radioactivity (C and D). Specific activity of blood glucose (E and F) and whole
body glucose production (G and H) were then calculated as described under
“Experimental Procedures.” Each value represents the mean * S.E. of data
from six mice. The asterisks denote the levels of statistical significance (Stu-
dent’s t test) between mice injected with octanoate and mice injected with
NaCl. **, p < 0.01; ***, p < 0.001.

duction rate, the steady-state specific activity of plasma
[*H]glucose would not have changed.

At the end of this experiment, we measured the concentra-
tion of lactate in the plasma of the mice. In WT mice, the octa-
noate infusion raised plasma lactate by 45% from 1.63 = 0.15 to
2.36 = 0.36 mM. The increase in lactate was larger in the
Goat~ '~ mice (155%), rising from 0.91 * 0.08 to 2.32 *+ 0.28
mwm. Considered together, these data indicate that the octano-
ate injections in the calorie restricted Goat '~ mice raised
plasma lactate and restored glucose production to the same
level as seen in W'T mice.

DISCUSSION

The current results demonstrate that hypoglycemia in ghre-
lin-deficient mice has two prerequisites: 1) it requires chronic
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calorie restriction that severely depletes fat stores; and 2) it
requires acute starvation for 20 h superimposed on fat deple-
tion. The first requirement was confirmed by experiments in
which we first fed Goat '~ mice a high fat diet to increase fat
stores (Fig. 6). When these mice were switched to a calorie-
restricted diet, it took twice as long to deplete their fat below 2%
of body weight as compared with Goat /™ mice that were pre-
viously fed normal chow (12 days versus 5 days). Similarly, it
took twice as long for the fat-fed mice to develop hypoglycemia
defined as blood sugar below 40 mg/dl (12 days versus 6 days).
The delay in hypoglycemia also correlated with a delay in two
other signs of fat depletion, namely profound declines in
plasma free fatty acids and B-hydroxybutyrate.

The second prerequisite, a 20-h fast superimposed on fat
depletion, was documented by following blood glucose through
a 24-h cycle (Figs. 2 and 3 and supplemental Fig. 1 and supple-
mental Table SI). WT and Goat™ '~ mice were fed the calorie-
restricted diet at 6 p.m. each day. After a few days, mice of both
strains consumed their entire food ration within 1 h. After 7
days, at 9 a.m. mice from both strains had similar levels of blood
sugar (60 mg/dl). At this time, in both strains plasma insulin
was low, glucagon was high, and the liver had abundant glyco-
gen. Over the next 8 h, in both strains plasma free fatty acids
and ketone bodies fell. Liver and muscle glycogen declined
drastically. Despite these deficiencies, WT mice maintained
blood sugar in the range of 60 mg/dl, but Goat '~ mice exhib-
ited a profound fall to the range of 20—40 mg/dl. The starva-
tion-induced fall in blood sugar in the Goat™’~ mice was cor-
related with a marked fall in plasma lactate and pyruvate, which
fell well below the levels seen in WT mice. These levels, along
with blood sugar, rose promptly after the mice ingested their
next meal.

The pathogenic relevance of the declines in plasma lactate,
pyruvate, and free fatty acids was established by experiments in
which we corrected the hypoglycemia in Goat '~ mice by
injecting lactate, pyruvate, or octanoate (Figs. 4 and 5). The
hypoglycemia was also corrected by injecting alanine, which is
readily converted to pyruvate and then to glucose (3, 18, 19).
Even though plasma alanine was already high in the plasma of
Goat™'~ mice, injection of extra alanine restored the blood
sugar. Interestingly, alanine did not raise the blood sugar in WT
mice (Fig. 4, E and F).

Steady-state infusion studies with [*H]glucose demonstrated
that hypoglycemia in the Goat '~ mice was attributable to
reduced glucose production (Fig. 7 and supplemental Fig. 3).
Plasma lactate levels and glucose production were both
returned to WT levels after injection of octanoate (Fig. 7).
Although fatty acids such as octanoate cannot be converted to
glucose, they can supply energy for gluconeogenesis in the liver
(25). One possibility is that the increased glucose production in
liver leads to increased glucose uptake into muscle with subse-
quent glycolysis to lactate, thereby restoring the Cori cycle (19).
Further experiments will be needed to test this hypothesis.

Many classic studies have characterized the response to
acute starvation in animals and humans with normal adipose
tissue stores (3). However, much less attention has been paid to
starvation superimposed upon adipose tissue depletion. In adi-
pose-replete animals, starvation leads to release of fatty acids
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from adipose tissue. Although fatty acids cannot be converted
to glucose, they help maintain blood glucose by sparing glucose
utilization in muscle and by providing energy and reducing
equivalents that are required for gluconeogenesis in liver and
kidney. In liver, fatty acid oxidation produces ketone bodies,
exemplified by B-hydroxybutyrate, which supply energy to
muscle and brain. Growth hormone plays a key role in this
acute adaptation by stimulating adipose tissue lipolysis, thereby
increasing free fatty acid levels in blood. In muscle, the fatty
acids are rapidly converted to fatty acyl-CoAs, and a portion is
used to form diacylglycerols. Within 1-2 h, these fatty acid-
derived products inhibit glucose uptake, thus helping to main-
tain blood glucose concentrations (26, 27).

Ghrelin does not play an essential role in this early response
to starvation because Goat '~ mice are able to maintain nor-
mal blood glucose concentrations during acute starvation as
long as their adipose tissue can supply fatty acids. The require-
ment for ghrelin appears when acute starvation occurs in an
animal that cannot release sufficient fatty acids, because of adi-
pose tissue depletion that was elicited by previous calorie
restriction. Our working model for the role of ghrelin is
described below.

As adipose tissue disappears, starvation in WT mice induces
progressively higher plasma ghrelin and growth hormone levels
(5). These hormones allow the animal to maintain viable levels
of blood sugar during fasting even though little or no fatty acids
are available. Maintenance of blood sugar is contingent upon
continued gluconeogenesis. In the absence of ghrelin, fat-defi-
cient mice cannot maintain normal levels of gluconeogenesis,
which occurs largely in liver and kidney. Reduced delivery of
glucose to muscle leads to reduced release of lactate, the prod-
uct of muscle glycolysis (3). As a result of a deficiency of energy
and substrate, the liver cannot maintain sufficient rates of glu-
coneogenesis even though glucagon levels are high, and the
liver has responded by increasing the mRNAs encoding gluco-
neogenic enzymes such as phosphoenolpyruvate carboxykinase
and glucose-6-phosphatase (5). Ghrelin is required only to
release growth hormone because hypoglycemia can be pre-
vented by infusion of growth hormone in the absence of ghrelin
(5). A key question for future studies is how elevated growth
hormone allows livers of W'T mice to maintain sufficient energy
to permit sustained gluconeogenesis even in the absence of
fatty acids.

Observational evidence indicates that the ghrelin-growth
hormone axis is likely to function in protecting humans from
hypoglycemia during starvation as it does in mice. Plasma ghre-
lin and growth hormone levels are both markedly elevated in
humans with severe calorie restriction resulting from either
famine/protein-energy malnutrition (28 —31) or from anorexia
nervosa (32-34). Like the calorie-restricted mice in which
plasma IGF-1 levels are extremely low despite high growth hor-
mone levels (5), the elevated growth hormone levels in starved
humans are also paradoxically associated with low levels of
plasma IGF-1, a hormone that is normally elevated in response
to growth hormone action in the liver. The combination of high
growth hormone and low IGF-1 has been interpreted by some
to indicate that starving humans are resistant to the actions of
growth hormone (35). Our findings suggest the contrary: they
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suggest that the elevated growth hormone is actually contrib-
uting to the maintenance of blood glucose. Growth hormone
must be acting through a signaling mechanism that does not
involve IGF-1. Further studies of calorie-restricted WT and
Goat™’~ mice may reveal the true molecular target of the ele-
vated growth hormone in fat-depleted humans and animals.
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