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Wild-type (WT) mice maintain viable levels of blood glucose even when adipose stores
are depleted by 6 d of 60% calorie restriction followed by a 23-h fast (hereafter desig-
nated as “starved” mice). Survival depends on ghrelin, an octanoylated peptide hor-
mone. Mice that lack ghrelin suffer lethal hypoglycemia when subjected to the same
starvation regimen. Ghrelin is known to stimulate secretion of growth hormone (GH),
which in turn stimulates secretion of IGF-1 (insulin-like growth factor-1). In the cur-
rent study, we found that starved ghrelin-deficient mice had a 90% reduction in plasma
IGF-1 when compared with starved WT mice. Injection of IGF-1 in starved ghrelin-
deficient mice caused a twofold increase in glucose production and raised blood glucose
to levels seen in starved WT mice. Increased glucose production was accompanied by
increases in plasma glycerol, fatty acids and ketone bodies, and hepatic triglycerides. All
of these increases were abolished when the mice were treated with atglistatin, an inhibi-
tor of adipose tissue triglyceride lipase. We conclude that IGF-1 stimulates adipose tis-
sue lipolysis in starved mice and that this lipolysis supplies energy and substrates that
restore hepatic gluconeogenesis. This action of IGF-1 in starved mice is in contrast to
its known action in inhibiting adipose tissue lipase in fed mice. Surprisingly, the
ghrelin-dependent maintenance of plasma IGF-1 in starved mice was not mediated by
GH. Direct injection of GH into starved ghrelin-deficient mice failed to increase plasma
IGF-1. These data call attention to an unsuspected role of IGF-1 in the adaptation to
starvation.
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When humans or other animals are subjected to caloric restriction, they exhibit pro-
found decreases in adipose tissue and other energy stores. Despite this loss, calorie-
restricted animals can still survive an acute fast. Studies in our laboratory (1–3) and
others (4–6) have shown in mice that this survival depends on a unique octanoylated
polypeptide hormone, ghrelin.
In our experimental model of famine, mice were placed on diets that contained only

40% of the calories that they would normally consume (i.e., 60% calorie restriction).
The mice became ravenous and consumed all of their allotted food within 60 min of
feeding each evening at 6:00 PM. They then fasted until their next meal 23 h later. By
day 6 of this food restriction, the mice had lost ∼30% of body weight and ∼82% of
their body fat (1). Despite this loss, WT mice maintained viable blood glucose levels
greater than 40 mg/dL when measured at 5:30 PM after the 23-h fast. Plasma levels of
ghrelin increased progressively with each day of calorie restriction. Genetically
engineered mice that lack ghrelin could not maintain their blood glucose at levels that
support life. Tracer studies showed that their hypoglycemia results from a reduction in
glucose production (7). Blood glucose levels were restored to normal when the starved
ghrelin-deficient mice were injected with compounds that provide energy, including
pyruvate, amino acids, and medium chain fatty acids (7). The data thus indicate that
hypoglycemia in ghrelin-deficient mice is caused by a lack of energy and substrates
needed to support glucose production. The present paper addresses the mechanism by
which ghrelin increases the provision of energy to the liver to support glucose produc-
tion in fat-depleted mice.
Ghrelin was discovered in 1999 as a uniquely octanoylated peptide that acts upon

the growth hormone (GH) secretagogue receptor (GHS-R) in the anterior pituitary to
stimulate release of GH (8). Later, it was found that ghrelin also stimulates the secre-
tion of growth hormone-releasing hormone (GHRH) in the hypothalamus (9–11).
Like ghrelin itself, GHRH acts on the GHRH receptor in the pituitary to stimulate
GH release. The balance between the direct and indirect actions of ghrelin on GH
secretion is complex and not well understood (reviewed in ref. 12).
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Ghrelin action absolutely requires octanoate, which is
attached to a serine by an endoplasmic reticulum enzyme called
ghrelin O-acyl transferase (GOAT) (13, 14). Genetically engi-
neered mice that lack GOAT (Goat�/� mice) fail to produce
active ghrelin. In calorie-restricted WT mice, the increase in
plasma ghrelin leads to an increase in plasma GH. This increase
in GH is blunted in Goat�/� mice (1). Hypoglycemia in
calorie-restricted Goat�/� mice is prevented when ghrelin or
GH is administered chronically through an implanted mini-
pump, beginning with the initiation of calorie restriction (1).
However, GH does not increase the blood glucose when its
administered acutely during the fasting period after 6 or 7 d
of calorie restriction (15). This failure occurs despite data show-
ing that the injected GH is active in the liver, as indica-
ted by induced phosphorylation of STAT5 and induction of
autophagy (15, 16).
In addition to stimulating secretion of GH, GHRH also

increases plasma levels of insulin-like growth factor-1 (IGF-1).
This increase is thought to be mediated by GH, which stimu-
lates IGF-1 mainly in the liver (12, 17). However, 20% of
IGF-1 is produced in nonhepatic tissues, including adipose tis-
sue and muscle, where it is thought to have autocrine and para-
crine actions (17–19). The factors that control the extrahepatic
secretion of IGF-1 are unknown.
In the present study, we demonstrate that acute injection of

GHRH raises blood glucose levels in GOAT-deficient mice
after 6 d of calorie restriction. Remarkably, the effect is not
mediated by the increased GH. Rather, it is attributable to a
major increase in plasma IGF-1.

Results

Fig. 1A shows blood glucose levels in mice that were subjected
to 60% calorie restriction for 6 d followed by 23 h of fasting.
The data were pooled from two identical experiments. Despite
calorie restriction and fasting, WT mice maintained viable lev-
els of blood glucose with an average of 66 mg/dL. In contrast,
Goat�/� mice exhibited severe hypoglycemia (mean glucose,
36 mg/dL). Hypoglycemia was prevented when the Goat�/�

mice were injected with GHRH 2 h prior to being killed
(mean glucose, 56 mg/dL). As observed previously (1, 3),
plasma GH was reduced in the Goat�/� mice (Fig. 1B). Injec-
tion of GHRH raised plasma GH to levels above that in the
WT mice, and GH injection raised the level even higher. Yet,
the GH injection failed to raise blood glucose. Thus the
glucose-raising effect of GHRH must be attributable to some-
thing other than GH.

To explore the mechanism for glucose elevation by GHRH,
we measured plasma IGF-1, another protein whose secretion is
known to be increased by GHRH (12). As shown in Fig. 1C,
calorie-restricted Goat�/� mice had a profound reduction in total
plasma IGF-1 as revealed by the Crystal Chem ELISA that meas-
ures both free and protein-bound IGF-1 (20). Remarkably, in
the Goat�/� mice plasma IGF-1 was not increased by injection of
GH despite the fact that GH is considered the normal inducer of
IGF-1 synthesis in the liver. On the other hand, IGF-1 was raised
dramatically by injection of GHRH. Fig. 1D shows that Goat�/�

mice had a reduced level of phosphorylated STAT5 in the liver,
which is consistent with their low plasma GH. Phosphorylated
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Fig. 1. Differential response of blood glucose levels in calorie-restricted Goat�/� mice injected with GHRH or GH. Male WT and Goat�/� littermates (8-wk old)
were housed individually and subjected to 60% calorie restriction for 6 d as described in SI Appendix. On day 6 at 4:00 PM, WT mice were injected intraperitone-
ally with vehicle, and Goat�/� mice received one injection of vehicle, GHRH (10 μg/g body weight), or GH (3 μg/g body weight) as indicated. (A) At 5:30 PM, blood
was obtained for glucose measurements as described in SI Appendix. (B–D) At 6:00 PM, the mice were anesthetized, and blood was collected for measurement
of plasma levels of GH (B) and IGF-1 (C), as described in SI Appendix. The data shown in A–C are from two independent experiments. Numbers beside the data
points in A–C denote mean values. Asterisks (*) denote levels of statistical significance (Student’s t test). ns, no significance; ***P < 0.0001; ****P < 0.00001.
(D) Immunoblot analysis is shown for one of the two experiments. Equal amounts of liver lysate from six individually prepared samples in each group were
pooled, and an aliquot of the resulting pooled supernatant (40 μg) was denatured and loaded onto a SDS gradient gel for detection of p-STAT5, t-STAT5, and
GAPDH, as described in SI Appendix.
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STAT5 was increased by injection of GH as well as GHRH.
Thus, the failure of GH to raise IGF-1 was not due to a failure
to activate STAT5 in the liver.
To determine whether the increase in plasma IGF-1 was

responsible for the glucose-elevating effect of GHRH, we mea-
sured the response to injected IGF-1 (Fig. 2). Fig. 2A shows
that plasma IGF-1 levels were severely reduced in calorie-
restricted Goat�/� mice. To correct this deficit, we injected a

dose of IGF-1 that raised plasma IGF-1 to levels that were simi-
lar to those in WT mice. Injection of GH did not raise plasma
IGF-1, and it did not further raise the IGF-1 level when it was
injected together with IGF-1. As shown in Fig. 2B, the Goat�/�

mice had low GH levels, and they were raised by injection of
GH, but not IGF-1. Fig. 2C shows the effects of these injec-
tions on blood glucose. As observed previously, blood glucose
was low in Goat�/� mice. The level was not raised by injection
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Fig. 2. IGF-1, but not GH, raises blood glucose in calorie-restricted Goat�/� mice and elicits differential metabolic responses. Male WT and Goat�/� litter-
mates (8-wk old) were subjected to 60% calorie restriction for 6 d. On day 6 at 4:00 PM, mice were injected intraperitoneally with vehicle, GH (3 μg/g body
weight), IGF-1 (100 ng/g body weight), or GH plus IGF-1. At 5:30 PM, blood was obtained for glucose measurements. At 6:00 PM, the mice were anesthetized,
and blood and livers were obtained for measurements of the indicated plasma parameters (A–F), hepatic TGs (G), and immunoblot analysis (H), as described
in Fig. 1. The data shown in A–G are from two independent experiments. Numbers beside the data points in A–G denote mean values. Asterisks (*) denote
levels of statistical significance (Student’s t test). ns denotes no significance; *P < 0.01; **P < 0.001; ***P < 0.0001. (H) Immunoblots of pooled aliquots of
liver lysates from one of the two experiments were carried out as described in Fig. 1.
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of GH, but it was elevated by injection of IGF-1, and the addi-
tion of GH had no further effect.
We have shown previously that administration of energy

sources, including a fatty acid (octanoate), pyruvate, or alanine
can raise blood glucose in calorie-restricted Goat�/� mice (7).
Fig. 2D shows that IGF-1, when given alone or with GH, raised
one energy source: plasma glycerol. Plasma free fatty acids
(FFAs) were also elevated, but the scatter in the data prevented
the change from reaching statistical significance. To gain statisti-
cal significance, we pooled the data from the two groups of
mice that received IGF-1 (with and without GH) and compared
these values with the two groups that did not receive IGF-1
(with and without GH) (SI Appendix, Fig. S1A). The combined
data confirmed that the IGF-1–treated animals had significantly
elevated FFAs (0.2 mM vs. 0.1 mM, P = 0.005). Plasma
β-hydroxybutyrate was also elevated in the mice that received
IGF-1 (Fig. 2E), and statistical significance increased when the
IGF-1–treated groups were pooled (SI Appendix, Fig. S1B).
These findings indicate that the elevated plasma fatty acids are

being taken up by the liver and oxidized to ketone bodies. The
increased availability of fatty acids in the liver was further indi-
cated by the observation that hepatic triglycerides (TGs) rose
significantly when IGF-1 was injected (Fig. 2G). In the experi-
ments of Fig. 2, as in the experiments of Fig. 1, GH increased
phosphorylated STAT5 in the liver (Fig. 2H). In contrast,
IGF-1 had no effect.

Mice that lack liver GH receptors (L-Ghr�/� mice) also
develop hypoglycemia when subjected to 60% calorie restric-
tion and a 23-h fast (16). The hypoglycemia is not as severe as
seen in Goat�/� mice, and it takes longer to develop (11 vs.
6 d of calorie restriction). Fig. 3A shows that hypoglycemia
can be alleviated by injection of IGF-1 in calorie-restricted
L-Ghr�/� mice. After calorie restriction, the L-Ghr�/� mice
had extremely low levels of plasma IGF-1 that were restored to
WT levels by the IGF-1 injection (Fig. 3B). From a metabolic
standpoint, the injected IGF-1 appeared to be acting in the
same manner in the L-Ghr�/� mice as it did in Goat�/� mice.
The peptide raised the plasma levels of glycerol and FFAs, and
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Fig. 3. Response of calorie-restricted L-Ghr�/� mice to injection of IGF-1. L-Ghr�/� male mice (8-wk old) and littermate male Ghrf/f controls (16) were sub-
jected to 60% calorie restriction for 11 d. On day 11 at 4:00 PM, mice were injected intraperitoneally with saline or saline containing IGF-1 (100 ng/g body
weight). (A) At 5:30 PM, blood was obtained for glucose measurements. (B–E) At 6:00 PM, the mice were anesthetized, and blood and livers were obtained
for measurements of the indicated plasma parameters (B–D) and hepatic TGs (E), as described in Fig. 1. Numbers beside the plotted data denote mean
values. Asterisks (*) denote levels of statistical significance (Student’s t test). *P < 0.01; **P < 0.001; ***P < 0.0001.
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Fig. 4. Response of calorie-restricted Goat�/� mice to injection of ghrelin. Male Goat�/� mice (8-wk old) were subjected to 60% calorie restriction for 6 d.
On day 6 at 4:00 PM, mice were injected intraperitoneally with saline or saline containing ghrelin (1 μg/g body weight). At 5:30 PM prior to anesthesia,
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significance (Student’s t test). ns, no significance; ****P < 0.00001.
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it increased hepatic TGs (Fig. 3 C–E). These data in mice that
lack GH receptors further support the notion that the glucose-
raising actions of IGF-1 are not dependent on GH action in
the liver.

We have shown previously that hypoglycemia is prevented in
Goat�/� mice when ghrelin is infused continuously through an
osmotic minipump during the entire period of calorie restric-
tion (1). Moreover, we found surprisingly that hypoglycemia
was not reversed when ghrelin was injected acutely during the
period of starvation following calorie restriction. One such
experiment is shown in SI Appendix, Fig. S2. WT and Goat�/�

mice were subjected to calorie restriction. Beginning on day 4
and continuing through day 8, we injected the mice intraperi-
toneally each day with ghrelin at 3:00 PM and again at
4:00 PM, and we measured the blood glucose at 5:30 PM.
Blood glucose declined progressively from day 4 through day
8 in the Goat�/� mice, and the ghrelin injections had no effect.

Fig. 4 shows an experiment designed to determine whether
the failure of acute ghrelin injection to raise blood glucose
in calorie-restricted Goat�/� mice is due to a failure to raise
IGF-1. We subjected Goat�/� mice to calorie restriction for
6 d. At 4:00 PM on day 6, we injected the mice with ghrelin
or saline and measured the blood glucose at 5:30 PM. The
ghrelin injection raised plasma ghrelin (Fig. 4A), and the ghre-
lin was active as indicated by a fourfold increase in plasma GH
(Fig. 4B). However, plasma IGF-1 was not elevated signifi-
cantly (Fig. 4C) and blood glucose failed to rise (Fig. 4D).
Considered together with the other data in this paper, the result
in Fig. 4 is consistent with the conclusion that relief of hypo-
glycemia requires an increase in plasma IGF-1, and that an
increase in plasma GH, even when generated physiologically by
an increase in ghrelin, cannot raise plasma IGF-1 or glucose.

To confirm that IGF-1 raises blood glucose in calorie-
restricted Goat�/� mice by increasing glucose production rather
than decreasing clearance, we used the same isotope dilution
method that we used previously (7). Two similar experiments
were performed (Exps. 1 and 2 in Fig. 5). Mice were injected
with IGF-1 or saline and were then infused continuously
with a solution of [3H]glucose. Blood was withdrawn at the
indicated times, and the specific radioactivity of glucose was
determined. Increased glucose production led to lower specific
radioactivity of glucose in the blood of animals that received
IGF-1 (red symbols in Fig. 5 D and I) than in mice that
received saline (black symbols in Fig. 5 D and I). Fig. 5 E and J
show that the calculated glucose production rate was approxi-
mately twofold higher in the animals that received IGF-1. This
explains the twofold higher blood glucose level in these mice
(Fig. 5 B and G). It is noteworthy that blood glucose was maxi-
mally elevated as early as 45 min after IGF-1 injection, which
was the first time point examined (Fig. 5 B and G).

Considered together, the data thus far raise the possibility
that IGF-1 increases glucose production in calorie-restricted
Goat�/� mice by mobilizing FFAs and glycerol and delivering
them to the liver, where some of the fatty acids are oxidized to
ketone bodies and some are stored as TGs. Fatty acid oxidation
would supply energy, and glycerol would supply substrate for
enhanced glucose production. Lipolysis in adipose tissue would
be a logical source of the elevated plasma glycerol and fatty
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Fig. 5. Whole-body glucose production in calorie-restricted Goat�/� mice
after IGF-1 injection. Data are presented for two independent experiments,
designated Exp. 1 (A–E) and Exp. 2 (F–J). Goat�/� male mice (8-wk old) were
implanted with jugular vein catheters 4 d before initiating 60% calorie
restriction as described in SI Appendix. On day 6 at 4:00 PM, the mice were
injected intraperitoneally with saline or saline containing IGF-1 (100 ng/g
body weight), followed immediately by a continuous infusion of [3-3H]
glucose. The infusion rate was 0.3 μCi/min from 0 to 20 min, followed by
0.1 μCi/min from 20 to 90 min, after which blood was obtained at the indi-
cated time for measurement of plasma IGF-1 (A and F), blood glucose
(B and G), and 3H-radioactivity in blood (C and H). Specific activity of blood
glucose (D and I) and whole glucose production (E and J) were calculated
as described in SI Appendix. Each point represents the mean ± SD of

data from five (Exp. 1) or six (Exp. 2) mice. Asterisks (*) denote levels of
statistical significance (Student’s t test) between mice injected with IGF-1
and those injected with saline. *P < 0.01; **P < 0.001; ***P < 0.0001.
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acids. Even though calorie-restricted mice have a severe deple-
tion of body fat (less than 2% of body weight as measured
by NMR) (1), there might be enough residual fat to permit
IGF-1–induced mobilization. To test this hypothesis, we used
atglistatin, a potent inhibitor of adipose TG lipase (ATGL), the
enzyme that initiates hydrolysis of TGs in white adipose tissue
in mice (21).
As shown in Fig. 6A, after 23 h of fasting, blood glucose was

low in calorie-restricted Goat�/� mice (mean value, 29 mg/dL).
Injection of IGF-1 raised glucose by twofold to 58 mg/dL.
This increase was blocked by prior administration of atglistatin.
Fig. 6B shows that plasma levels of IGF-1 rose similarly in the
injected animals in the absence and presence of atglistatin. As
shown in Fig. 6 C and D, atiglistatin blocked the increases in
plasma glycerol and FFAs in response to IGF-1, and also
blocked the increase in hepatic TGs (Fig. 6E). These data are
consistent with the suggestion that IGF-1 raises blood glucose
by increasing lipolysis in the white adipose tissue of calorie-
restricted mice.

Discussion

The present data reveal that ghrelin maintains viable levels of
blood glucose in starved mice by preventing a profound decline in
plasma levels of IGF-1. When ghrelin-deficient Goat�/� mice
were subjected to calorie restriction followed by fasting, plasma
IGF-1 levels were reduced by 80% when compared with similarly
treated WT mice, and blood glucose was reduced by 50% (Figs. 1
and 2). Injection of IGF-1 doubled glucose production and
doubled blood glucose levels within 45 min in the Goat�/� mice
(Fig. 5). Increased glucose production was a consequence of
increased lipolysis as indicated by increased plasma concentrations
of glycerol and fatty acids (Fig. 2 and SI Appendix, Fig. S1). The
glycerol and fatty acids were derived from lipolysis in white adi-
pose tissue as indicated by the observation that the increase was
blocked by administration of atglistatin, an inhibitor of ATGL
(Fig. 6). The fatty acids were delivered to the liver as indicated by

an increase in hepatic TGs (Fig. 2). Some of the hepatic fatty
acids were oxidized to ketone bodies, as indicated by a rise in
plasma β-hydroxybutyrate (Fig. 2), and this oxidation may have
served as a source of ATP to support hepatic gluconeogenesis (7).

By revealing a hitherto unsuspected role for IGF-1 in starva-
tion, the present data raise two important mechanistic ques-
tions: 1) What is the mechanism by which GHRH raises
plasma IGF-1 in calorie-restricted mice? and 2) What is the
mechanism by which IGF-1 stimulates lipolysis in adipose
tissue of these animals?

With regard to the first question, GHRH action is generally
thought to be confined to the pituitary, where it stimulates pulsa-
tile secretion of GH (10, 12, 22, 23). Indeed, GHRH injection
did raise plasma GH along with IGF-1 in our starved Goat�/�

mice (Fig. 1), but the GH did not appear to be the cause of the
increased IGF-1. This conclusion is based on the observation that
direct injection of GH did not raise plasma IGF-1 even though it
increased phosphorylation of STAT5 in the liver (Fig. 2). It is
possible that the direct GH injection failed because it did not
reproduce the physiologic pulsatile pattern of GH secretion that
occurs in response to GHRH. However, as shown in Fig. 4,
acute ghrelin injection raised plasma GH through a physiologic
mechanism that is assumed to create pulsatile secretion (10). Yet,
ghrelin injection did not raise plasma IGF-1 (Fig. 4).

Although GH is not able to raise plasma IGF-1 or glucose lev-
els when injected acutely into starved Goat�/� mice, the hor-
mone is required to prevent hypoglycemia during the chronic
period of calorie restriction as indicated by the observation of
hypoglycemia in calorie-restricted mice that lack GH receptors in
the liver (Fig. 3). The paradox with GH is also seen with ghrelin.
Chronically starved ghrelin-deficient mice become hypoglycemic,
yet acute injection of ghrelin fails to increase blood glucose
(Fig. 4). Considered together, these data indicate that during the
long period of calorie restriction GH action in the liver is
required to preserve IGF-1 levels and blood glucose. It is possible
that ghrelin and GH must be present during the complete cycle
of feeding and fasting in order to preserve blood glucose.
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Fig. 6. Inhibition of ATGL blocks IGF-1–mediated increase in blood glucose in calorie-restricted Goat�/� mice. Male Goat�/� mice (8-wk old) were subjected to
60% calorie restriction for 6 d. On day 6 at 2:00 PM, mice were injected intraperitoneally with vehicle (20% DMSO/5% Cremophor in saline) or vehicle containing
atglistatin (50 μg/g body weight). Two hours later at 4:00 PM, the mice were injected intraperitoneally with saline or saline containing IGF-1 (100 ng/g body
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With regard to the second question, the most direct mecha-
nism for IGF-1 stimulation of lipolysis would be a direct action
on the IGF-1 receptors that are known to be present in white
and brown adipose tissue (24). However, these receptors are
thought to inhibit lipolysis rather than activating it (25, 26). It
is also possible that IGF-1 stimulates lipolysis indirectly by
reducing an inhibitor or increasing an activator of lipolysis. In
this regard, pancreatic β-cells are known to express IGF-1
receptors (27, 28). β-Cells are the source of insulin, the major
inhibitor of lipolysis. Is it possible that IGF-1 inhibits insulin
secretion by pancreatic β-cells, and this removes an inhibitor of
lipolysis? Against this hypothesis is the observation that plasma
insulin levels are already barely detectable in our hypoglycemic
calorie-restricted mice (1). The commercial assays for plasma
insulin in mice are not sensitive enough to detect a fall from
these already low levels if it occurs in response to IGF-1.
The observation that IGF-1 stimulates lipolysis and raises

blood glucose in starved, ghrelin-deficient mice contrasts with
the general observation that injected IGF-1 acts like insulin in
reducing lipolysis (25, 26) and it lowers blood glucose in
rodents and humans (29–31). A possible explanation lies in the
low level of plasma IGF-1 that is required to stimulate lipolysis
in starved mice. The plasma concentration of IGF-1 in starved
WT mice (∼120 ng/mL) is much lower than it is in WT mice
that are not starved (∼500 ng/mL) (32, 33). Blood glucose was
restored in starved, ghrelin-deficient mice when we injected
only enough IGF-1 to raise the plasma level to an average of
72 ng/mL (Fig. 1C). It is possible that high levels of IGF-1 are
antilipolytic, while low levels are prolipolytic, particularly in
the context of hypoglycemia.
Our observation that GH fails to stimulate IGF-1 produc-

tion in starved Goat�/� mice is consistent with data in humans
with anorexia nervosa. These subjects have high plasma GH

but low plasma IGF-1 (34). This discrepancy has been inter-
preted to indicate hepatic resistance to GH in the anorexic state
(34). The present data raise the possibility that the level of
IGF-1 in anorexic subjects is kept in the low range where it
stimulates lipolysis in order to maintain the blood glucose. This
hypothesis is susceptible to testing in calorie-restricted mice
and eventually in anorexic humans.

Materials and Methods

SI Appendix includes descriptions of the following items: reagents, mice; proto-
col for calorie restriction, solutions and injections, assays for various blood chem-
istries (glucose, hormones, glycerol, FFAs, β-hydroxybutyrate), measurement of
liver TGs and whole-body glucose production, and immunoblot analysis.

Mice. Goat�/� mice were generated as previously described (1). L-Ghr�/� and
Ghrf/f mice were generated as previously described (16). All animal experiments
were approved and conducted under oversight of the University of Texas South-
western Institutional Animal Care and Use Committee.

Reproducibility. All experiments were repeated multiple times on different
days. Similar results were obtained.

Data Availability. All study data are included in the main text and SI Appendix.

ACKNOWLEDGMENTS. We thank our colleagues Rodney Infante and Jeffrey
Zigman for helpful discussions; Hayley Ray, Min Ding, Shili Li, and Isis Soto for
invaluable help with animal studies; and Shiuhwei Chen (University of Texas
Southwestern Metabolic Phenotyping Core Facility) for help with whole-body glu-
cose production studies. This research was supported by grants from the NIH
(P01HL20948-45 and P01HL60487-01).

Author affiliations: aDepartment of Molecular Genetics, University of Texas
Southwestern Medical Center, Dallas, TX 75390

1. T.-J. Zhao et al., Ghrelin O-acyltransferase (GOAT) is essential for growth hormone-mediated
survival of calorie-restricted mice. Proc. Natl. Acad. Sci. U.S.A. 107, 7467–7472 (2010).

2. J. L. Goldstein et al., Surviving starvation: Essential role of the ghrelin-growth hormone axis. Cold
Spring Harb. Symp. Quant. Biol. 76, 121–127 (2011).

3. M. R. McFarlane, M. S. Brown, J. L. Goldstein, T.-J. Zhao, Induced ablation of ghrelin cells in adult
mice does not decrease food intake, body weight, or response to high-fat diet. Cell Metab. 20,
54–60 (2014).

4. B. K. Mani, S. Osborne-Lawrence, P. Vijayaraghavan, C. Hepler, J. M. Zigman, β1-Adrenergic
receptor deficiency in ghrelin-expressing cells causes hypoglycemia in susceptible individuals.
J. Clin. Invest. 126, 3467–3478 (2016).

5. B. K. Mani, K. Shankar, J. M. Zigman, Ghrelin’s relationship to blood glucose. Endocrinology 160,
1247–1261 (2019).

6. X. Ge et al., LEAP2 is an endogenous antagonist of the ghrelin receptor. Cell Metab. 27,
461–469.e6 (2018).

7. R. L. Li et al., Profound hypoglycemia in starved, ghrelin-deficient mice is caused by decreased
gluconeogenesis and reversed by lactate or fatty acids. J. Biol. Chem. 287, 17942–17950 (2012).

8. M. Kojima et al., Ghrelin is a growth-hormone-releasing acylated peptide from stomach. Nature
402, 656–660 (1999).

9. B. D. Gaylinn et al., Molecular cloning and expression of a human anterior pituitary receptor for
growth hormone-releasing hormone.Mol. Endocrinol. 7, 77–84 (1993).

10. Y. Sun, P. Wang, H. Zheng, R. G. Smith, Ghrelin stimulation of growth hormone release and
appetite is mediated through the growth hormone secretagogue receptor. Proc. Natl. Acad. Sci.
U.S.A. 101, 4679–4684 (2004).

11. D. Gupta et al., Disrupting the ghrelin-growth hormone axis limits ghrelin’s orexigenic but not
glucoregulatory actions.Mol. Metab. 53, 101258 (2021).

12. F. J. Steyn, V. Tolle, C. Chen, J. Epelbaum, Neuroendocrine regulation of growth hormone
secretion. Compr. Physiol. 6, 687–735 (2016).

13. J. Yang, M. S. Brown, G. Liang, N. V. Grishin, J. L. Goldstein, Identification of the acyltransferase
that octanoylates ghrelin, an appetite-stimulating peptide hormone. Cell 132, 387–396 (2008).

14. J. A. Gutierrez et al., Ghrelin octanoylation mediated by an orphan lipid transferase. Proc. Natl.
Acad. Sci. U.S.A. 105, 6320–6325 (2008).

15. Y. Zhang, F. Fang, J. L. Goldstein, M. S. Brown, T. J. Zhao, Reduced autophagy in livers of fasted,
fat-depleted, ghrelin-deficient mice: Reversal by growth hormone. Proc. Natl. Acad. Sci. U.S.A. 112,
1226–1231 (2015).

16. F. Fang, X. Shi, M. S. Brown, J. L. Goldstein, G. Liang, Growth hormone acts on liver to stimulate
autophagy, support glucose production, and preserve blood glucose in chronically starved mice.
Proc. Natl. Acad. Sci. U.S.A. 116, 7449–7454 (2019).

17. R. D. Kineman, M. Del Rio-Moreno, A. Sarmento-Cabral, 40 YEARS of IGF1: Understanding the
tissue-specific roles of IGF1/IGF1R in regulating metabolism using the Cre/loxP system. J. Mol.
Endocrinol. 61, T187–T198 (2018).

18. K. Sj€ogren et al., Liver-derived insulin-like growth factor I (IGF-I) is the principal source of IGF-I in
blood but is not required for postnatal body growth in mice. Proc. Natl. Acad. Sci. U.S.A. 96,
7088–7092 (1999).

19. D. LeRoith, J. M. P. Holly, B. E. Forbes, Insulin-like growth factors: Ligands, binding proteins, and
receptors.Mol. Metab. 52, 101245 (2021).

20. B. H. Breier, B. W. Gallaher, P. D. Gluckman, Radioimmunoassay for insulin-like growth factor-I:
Solutions to some potential problems and pitfalls. J. Endocrinol. 128, 347–357 (1991).

21. N. Mayer et al., Development of small-molecule inhibitors targeting adipose triglyceride lipase.
Nat. Chem. Biol. 9, 785–787 (2013).

22. A. V. Schally et al., Actions and potential therapeutic applications of growth hormone-releasing
hormone agonists. Endocrinology 160, 1600–1612 (2019).

23. M. O. Thorner, The discovery of growth hormone-releasing hormone. J. Clin. Endocrinol. Metab.
84, 4671–4676 (1999).

24. J. Boucher et al., Differential roles of insulin and IGF-1 receptors in adipose tissue development
and function. Diabetes 65, 2201–2213 (2016).

25. J. Bolinder, A. Lindblad, P. Engfeldt, P. Arner, Studies of acute effects of insulin-like growth factors I
and II in human fat cells. J. Clin. Endocrinol. Metab. 65, 732–737 (1987).

26. M. Pascual, J. Larralde, J. A. Mart�ınez, Insulin-like growth factor I (IGF-I) affects plasma lipid profile
and inhibits the lipolytic action of growth hormone (GH) in isolated adipocytes. Life Sci. 57,
1213–1218 (1995).

27. S. Xuan et al., Defective insulin secretion in pancreatic β cells lacking type 1 IGF receptor. J. Clin.
Invest. 110, 1011–1019 (2002).

28. R. N. Kulkarni et al., β-Cell-specific deletion of the Igf1 receptor leads to hyperinsulinemia and
glucose intolerance but does not alter β-cell mass. Nat. Genet. 31, 111–115 (2002).

29. H.-P. Guler, J. Zapf, E. R. Froesch, Short-term metabolic effects of recombinant human insulin-like
growth factor I in healthy adults. N. Engl. J. Med. 317, 137–140 (1987).

30. D. B. Stong, R. Raskin, Effects of multiple subcutaneous doses of rhIGF-1 on total and free IGF-1
levels and blood glucose in humans. Ann. N. Y. Acad. Sci. 692, 317–320 (1993).

31. N. Mauras, V. Martinez, A. Rini, J. Guevara-Aguirre, Recombinant human insulin-like growth factor
I has significant anabolic effects in adults with growth hormone receptor deficiency: Studies on
protein, glucose, and lipid metabolism. J. Clin. Endocrinol. Metab. 85, 3036–3042 (2000).

32. B. C. Sos et al., Abrogation of growth hormone secretion rescues fatty liver in mice with
hepatocyte-specific deletion of JAK2. J. Clin. Invest. 121, 1412–1423 (2011). Correction in: J. Clin.
Invest. 121, 3360 (2011).

33. E. O. List et al., Liver-specific GH receptor gene-disrupted (LiGHRKO) mice have decreased
endocrine IGF-I, increased local IGF-I, and altered body size, body composition, and adipokine
profiles. Endocrinology 155, 1793–1805 (2014).

34. M. Scacchi, A. I. Pincelli, F. Cavagnini, Nutritional status in the neuroendocrine control of
growth hormone secretion: The model of anorexia nervosa. Front. Neuroendocrinol. 24, 200–224
(2003).

PNAS 2022 Vol. 119 No. 32 e2208855119 https://doi.org/10.1073/pnas.2208855119 7 of 7

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208855119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208855119/-/DCSupplemental

