1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Int J Biochem Cell Biol. Author manuscript; available in PMC 2016 January 12.

-, HHS Public Access
«

Published in final edited form as:
Int J Biochem Cell Biol. 2012 June ; 44(6): 905-913. doi:10.1016/j.biocel.2012.02.016.

Epinephrine deficiency results in intact glucose counter-
regulation, severe hepatic steatosis and possible defective
autophagy in fasting mice

Rana |. Sharara-Chami®™!, Yingjiang ZhouP, Steven Ebert¢, Karel Pacakd, Umut Ozcan®,
and Joseph A. MajzoubP

aDivision of Critical Care Medicine, Department of Anesthesiology, Children’s Hospital Boston,
Harvard Medical School, Boston, MA 02115, United States

bDivision of Endocrinology, Department of Medicine, Children’s Hospital Boston, Harvard Medical
School, Boston, MA 02115, United States

¢Biomedical Sciences, Burnett School of Biomedical Sciences, College of Medicine, University of
Central Florida, Orlando, FL 32816, United States

dReproductive Biology & Medicine Branch, National Institute of Child Health and Human
Development, National Institutes of Health, Bethesda, MD 20892, United States

Abstract

Epinephrine is one of the major hormones involved in glucose counter-regulation and
gluconeogenesis. However, little is known about its importance in energy homeostasis during
fasting.

Our objective is to study the specific role of epinephrine in glucose and lipid metabolism during
starvation.

In our experiment, we subject regular mice and epinephrine-deficient mice to a 48-h fast then we
evaluate the different metabolic responses to fasting.

Our results show that epinephrine is not required for glucose counter-regulation: epinephrine-
deficient mice maintain their blood glucose at normal fasting levels via glycogenolysis and
gluconeogenesis, with normal fasting-induced changes in the peroxisomal activators: peroxisome
proliferator activated receptor y coactivator a (PGC-1a), fibroblast growth factor 21 (FGF-21),
peroxisome proliferator activated receptor a (PPAR-a), and sterol regulatory element binding
protein (SREBP-1c). However, fasted epinephrine-deficient mice develop severe ketosis and
hepatic steatosis, with evidence for inhibition of hepatic autophagy, a process that normally
provides essential energy via degradation of hepatic triglycerides during starvation.
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We conclude that, during fasting, epinephrine is not required for glucose homeostasis, lipolysis or
ketogenesis. Epinephrine may have an essential role in lipid handling, possibly via an autophagy-
dependent mechanism.
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1. Introduction

Multiple hormones are involved in glucose counter-regulation: insulin, glucagon
epinephrine, growth hormone, and glucocorticoid (cortisol in humans and corticosterone in
rodents) (Schwartz et al., 1987; Mitrakou et al., 1991). Epinephrine has been implicated in
many physiological responses through its actions on the different adrenergic receptors
including its unique affinity for the p2 receptor. Early studies described epinephrine
administration as causing hyperglycemia and glycosuria (Cannon, 1929) and noted its
elevation during insulin-induced hypoglycemia (Duner, 1953). In 1958, Sutherland found
that epinephrine and glucagon mediate their gluconeogenic and glycogenolytic effects on
liver via signaling through cAMP (Sutherland and Rall, 1958) but the downstream
mechanisms of epinephrine action in the liver remain unclear.

The majority of circulating epinephrine is synthesized from norepinephrine in the adrenal
medulla by a methylation step catalyzed by the enzyme, phenylethanolamine N-
methyltransferase (Pnmt).

Epinephrine was previously described to be essential in counter-regulation of glucose after
insulin-induced hypoglycemia in sympathectomized dogs with or without the adrenal
medulla (Brouha et al., 1939). However, other reports demonstrated that epinephrine in
humans was not essential for glucose counter-regulation except in the setting of concomitant
glucagon deficiency (Cryer et al., 1984; Cryer, 1993a,b). In these studies, the role of
epinephrine was examined only in the setting of adrenergic blockade that also prevented
norepinephrine action (De Feo et al., 1991). Similar results were described by Boyle et al.
(1989); epinephrine was shown not to be critical in glucose counter-regulation; plasma
epinephrine levels did not increase after an overnight fast in humans except when glucagon
was deficient. Epinephrine levels rose after a 3-day fast (more so when glucagon was
deficient) likely secondary to hypoglycemia. Norepineprhine was found to have a similar
response.

Recently, lipid trafficking through autophagy was shown to be essential in the stress
response to starvation (Singh et al., 2009). Autophagy delivers a lipid-laden cellular
organelle to lysosomes during starvation for use as an alternate energy source (Levine and
Kroemer, 2008). Glucagon is a major activator of autophagy during hepatic gluconeogenesis
(Deter and De Duve, 1967; Deter et al., 1967). Epinephrine also has been shown to stimulate
autophagy in the liver (Kondomerkos et al., 2005), although its role in lipid metabolism is
not known.
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To further define the specific role of epinephrine in the metabolic response to starvation, we
used a Pnmt knock out (Pnmt —/=) mouse model in which the Pnmt locus was mutated by
insertion of Cre-recombinase in exon 1 to cause disruption of the coding region of the
endogenous gene (Ebert et al., 2004). These mice are completely deficient in epinephring,
but have normal norepinephrine production and secretion. We examined the role of
epinephrine in the setting of chronic fasting and the metabolic adaptation to the fasting state,
particularly in glucose counter-regulation, lipid oxidation, and hepatic lipid accumulation.

In agreement with other studies, we found that epinephrine is not required for normal
fasting-induced glycogenolysis, lipolysis, or ketogenesis. Surprisingly, we found that
epinephrine deficiency is associated with abnormal hepatic fasting-induced lipid
metabolism, possibly consistent with a defect in hepatic autophagy.

2. Materials and methods

2.1. Animals

2.2. DEXA

12-Week-old male Pnmt —/- (strain 129) were compared to WT mice on the same
background. The Pnmt —/— mouse line was created by insertion of Cre-recombinase in exon
1 into the Pnmt locus, making Cre-recombinase expression dependent on Pnmt regulatory
sequences. This allows for expression of Cre-recombinase and disruption of Pnmt in
adrenergic cells (Ebert et al., 2004). The presence of the Pnmt —/— allele was verified by
PCR of tail DNA, as well as by the absence of intra-adrenal epinephrine (data not shown)
and Pnmt mRNA. These mice appear similar to their littermates and are able to breed
normally. Animals were maintained on a 12-h light-dark cycle with lights on at 07:00 h. All
mice were given unlimited access to drinking water and the fed groups had ad libitum access
to food. The fasting animals had ad libitum access to food until 08:00 h on the day of the
experiment. Animals were individually housed 3 days prior to the start of the experiment.
The Animal Care and Use Committee of Children’s Hospital Boston approved all animal
experiments.

2 weeks prior to the initiation of fasting, animals were anesthetized with 85 mg/kg of
ketamine and 8.5 mg/kg of xylazine. Nose to anus length was measured, and body
composition by DEXA (PIX-IMus Il, GE Medical Systems Luna, Madison, WI) was
performed.

2.3. Sample collection

On day zero, at t = 0 (08:00 h), all animals were weighed and tail blood was obtained for
initial blood glucose and ketone levels. Animals were fasted for 48 h, weighed, tail blood
glucose and blood ketones were measured, and retro-orbital phlebotomy was performed at
08:00 h on day two. Plasma was collected and stored at —80 °C. After decapitation, the
livers were collected, immediately frozen on dry ice, and stored at —80 °C until assayed.
Blood glucose and ketones were measured with the One Touch Ultra (Lifescan, Milpitas,
CA) and Precision Xtra (Abbott, Alameda, CA) meters, respectively.
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The glucose tolerance test was performed on all animals a week prior to the experiment;
following a 14 h fast, tail blood glucose was measured, and then an intraperitoneal injection
of 2 g/kg of 20% D-glucose was given. Tail blood glucose was then measured at t = 15, 30,
60 and 120 min.

2.4. Hormone analysis

Insulin and glucagon were measured by ELISA (Kulkarni et al., 2002; Ueki et al., 2006) and
RIA (Michael et al., 2000), respectively in the Specialized Assay Core, Joslin Diabetes
Center, Boston, MA. Plasma catecholamine analysis was performed using HPLC with a
C-18 reverse phase column in combination with an electrochemical detector (Goldstein et
al., 1984).

2.5. Quantitative RT-PCR for mRNA

gRT-PCR of mRNA was performed with total RNA purified from the livers and adrenal
glands using Trizol (Sigma Inc., Saint Louis, MO). Reverse transcription was done using 1
ug of total RNA, with oligo d(T),g primer and iScript reverse transcriptase (Biorad,
Hercules, CA), yielding 20 pl of cDNA. Real-time PCR utilizing a Biorad iCycler with Sybr
Green (1x Sybr green master mix; Biorad, Hercules, CA) was performed using 2 mL of
cDNA. All reactions were performed in duplicate with a negative water control and a
standard curve with over 95% efficiency. Actin and 18S rRNA were used as reference
genes. The primer sequences were derived from murine sequences obtained from the
National Center for Biotechnology Information (NCBI) and are listed in Table 1. mRNA
was quantified relative to the reference gene (Bustin et al., 2009) with results normalized to
fed WT mRNA value.

2.6. Biochemical assays

Glycogen—Liver glycogen content was determined by the colorimetric assay according to
Lo et al. (1970). Small liver sections were weighed and solubilized in 30% KOH in a boiling
bath for 20-30 min. 95% ethanol was used to precipitate the glycogen pellet. After cold
centrifugation at 7500 x g for 30 min, the pellet was dissolved in water. An aliquot was
mixed with 5% phenol and 98% sulfuric acid solutions. Absorbance was measured at 490
um in triplicate. The standard curve was generated from serial dilution of a 5 mg/mL
glycogen solution. Blank solution was prepared by using water instead of glycogen.

Free fatty acids were measured by ELISA by the Specialized Assay Core, Joslin Diabetes
Center, Boston, MA. For hepatic triglyceride analysis (Sutherland and Rall, 1958), liver
sections were weighed and homogenized in chloroform/methanol. The samples were then
centrifuged at 10,000 x g at 4 °C and the lower layer collected, dried and dissolved in
isopropanol/Triton X Bligh and Dyer (1959). Liver triglyceride content was determined by
the enzymatic hydrolysis method (Sigma, Saint Louis, MO).

2.7. Lipid staining

Liver sections were placed in OCT (Sakura, Torrance, CA) and immediately frozen on dry
ice and stored at =80 °C. Thin sections (5 um) were stained with Qil-Red-O.
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2.8. Western blot

Mouse liver was homogenized in tissue lysis buffer (50 mM Tris, pH 7.5; 150 mM NaCl;
100 mM NaF; 10 mM Na4P,07; 1 mM NazVOy; 1% Nonidet P-40; 2 mM EGTA, 10 ug/mL
aprotinin; 10 pg/mL leupeptin; 20 nM okadaic acid) and centrifuged at 13,200 rpm, 4 °C for
20 min. Tissue extracts were mixed with Laemmli Buffer and boiled at 100 °C for 5 min.
Sixty micrograms of protein for each sample was loaded for SDS-PAGE and electro-
transferred onto PVDF membrane (Millipore, Billerica, MA). After blocking in 10%
blocking buffer (Roche, Indianapolis, IN) at room temperature for 1 h, membranes were
incubated with primary antibody at 4 °C overnight and then with horseradish peroxidase-
conjugated secondary antibody at room temperature for 1 h. The following antibodies and
dilutions were used: anti-Atg5 at 1:1000 (Novus Biologicals, Littleton, CO); anti-Atg7 at
1:800 (Cell Signaling, Danvers, MA); anti-Actin at 1:1000 (Santa Cruz Biotechnologies,
Santa Cruz, CA); Goat anti-rabbit or anti-mouse antibody at 1:5000 (Santa Cruz).
Immunoblots were detected using the enhanced chemiluminescence assay (Roche,
Indianapolis, IN). Densitometry with software Image J was used for protein quantification of
immunoblots. For comparisons between fed and fasted states, the fed state Atg5 amount was
normalized to 1. For comparisons between fasted WT and Pnmt —/- levels, WT fasted
values were normalized to 1.

2.9. Data analysis

Analysis of variance (ANOVA, SAS 9.1, Cary, NC) was used to compare mean
measurements between multiple groups (WT fed, WT fasted, Pnmt —/- fed and Pnmt —/-
fasted). The Tukey procedure was used for post hoc pair-wise comparisons. The t test was
used to compare the difference in both fed and fasting blood glucose levels between WT and
Pnmt —/— mice. A p value of less than 0.05 was considered statistically significant. In all
figures, *p < 0.05, **p < 0.01. All data are presented as the mean + standard error of the
mean. Only statistically significant means are noted in the figures.

3. Results

3.1. Epinephrine-deficient mice have a normal response to a glucose load and normal
fasting glucose

Wildtype (WT) and Pnmt —/— mice had similar baseline weights (Fig. 1B) and body fat
percentages (12.1% and 13.3%, respectively) as determined by DEXA. WT mice were
significantly shorter than Pnmt —/— mice (nose-to-anus length: 8.9 + 0.1 cm vs. 9.3 £ 0.1 cm,
p < 0.05). WT and Pnmt —/— mice had similar food intake when followed over a period of 12
weeks (data not shown). Mice in both groups had comparable glucose tolerance (Fig. 1A).

Following 48 h of fasting, all animals survived, and both WT and Pnmt —/- mice lost a
similar degree of weight (Fig. 1B). However, Pnmt —/— mice lost 27% of their fat mass vs.
10% in WT mice (p < 0.05), suggesting that they sustained more active lipolysis despite
epinephrine deficiency. After the 48 h of fasting, Pnmt —/-— and WT mice became
hypoglycemic to a similar extent (Fig. 1C). Insulin, which was already low in WT and Pnmt
—/- fed mice (obtained at 08:00 h), did not decrease further with 48 h of fasting (Fig. 2A).
Glucagon levels tended to rise in the fasted WT group and to fall in the fasted Pnmt —/-
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group (Fig. 2B), such that in the absence of epinephrine, the insulin/glucagon ratio after 48 h
of fasting was lower in WT mice (2.3 + 0.3) compared with that in Pnmt —/— mice (6.4 £
1.5), p=0.03.

3.2. Pnmt —/- mice have undetectable epinephrine with fasting

To confirm that deletion of Pnmt —/- results in no inducible epinephrine secretion under the
stress of starvation, plasma epinephrine levels were obtained. As expected in WT mice,
plasma epinephrine levels tended to increase in the fasted compared to the fed state, whereas
Pnmt —/— mice had virtually undetectable levels under both conditions (Fig. 2A).
Norepinephrine levels were similar in all groups (Fig. 2B) suggesting that the stress of
anesthesia and/or mode of sample collection resulted in the release of stored norepinephrine
from the sympathetic nerve terminals irrespective of feeding state.

3.3. Epinephrine-deficient mice have enhanced glycogenolysis

To evaluate the role of epinephrine in glycogenolysis during fasting, we measured hepatic
glycogen content. In Pnmt —/— mice, fed glycogen content was significantly higher than in
WT mice (43.07 = 3.33 mg/g liver vs. 29.23 + 2.33 mg/g liver, p = 0.009). In WT mice,
glycogen decreased more than 5-fold after a 48-h fast (Fig. 3A). Despite epinephrine
deficiency, 48 h of fasting stimulated brisk glycogenolysis in Pnmt —/— mice, as seen by the
more than 10-fold decrease in hepatic glycogen content (Fig. 3A). The mRNA encoding
phosphoenolpyruvate carboxykinase (Pepck), one of the major enzymes of gluconeogenesis,
was similar in both fed genotypes, and significantly increased in both genotypes after 48 h
of fasting (Fig. 3B).

3.4. Epinephrine-deficient mice have normal lipolysis and accelerated ketogenesis

After the depletion of glycogen stores, the production of fatty acids, glycerol and ketones by
lipolysis of fat normally ensues to maintain energy production during fasting. We hence
determined plasma free fatty acid and ketone levels after 48 h of fasting. Free fatty acids
were no different between the 2 fed groups. After 48 h of fasting, free fatty acid levels rose
significantly in Pnmt —/— mice but did not change in WT mice (Fig. 4A). Plasma ketones
increased in both genotypes after 48 h of fasting, but significantly more so in Pnmt —/— mice
(Fig. 4B).

3.5. Epinephrine is not required for induction of peroxisomal regulators during fasting

In order to further investigate the effects of epinephrine deficiency on fatty acid oxidation,
we evaluated the regulation of several of the major components of this pathway: peroxisome
proliferator activated receptor a (PPAR-a), peroxisome proliferator activated receptor y
coactivator a (PGC-1a), fibroblast growth factor 21 (FGF-21) and sterol regulatory element
binding protein (SREBP-1c). PPAR-a mRNA levels were not different between fed WT and
Pnmt —/- mice but rose significantly more in knockout mice fasted for 48 h (Fig. 5A).
PGC-1a mRNA rose significantly and to the same extent in both genotypes after 48 h of
fasting (Fig. 5B). FGF-21 mRNA was significantly higher in fed Pnmt —/- vs. WT mice
increased significantly in Pnmt —/— mice after 48 h of fasting (Fig. 5C). SREBP-1c mRNA
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levels were not different between fed WT and Pnmt —/— mice, but decreased significantly in
both genotypes after 48 h of fasting (Fig. 5D).

3.6. Epinephrine deficiency results in severe hepatic steatosis with fasting

To evaluate the hepatic disposition of lipid in WT and Pnmt —/— mice during the evolution
of the fasting state, we examined hepatic triglyceride content after 24 of fasting, a time point
halfway between the fed and 48 h fasted state (Fig. 5). In fed mice, Pnmt —/— animals had
significantly greater triglyceride content than did WT mice (p < 0.005) (Fig. 5A). After 24 h
of fasting, Pnmt —/— mice had significantly greater accumulation of hepatic triglycerides
compared with WT mice (Fig. 5A). Direct histological examination and semiquantification
of Qil-red-O staining confirmed that fasted Pnmt —/— mice sustained more severe hepatic
steatosis that did WT mice (Fig. 5B and C).

3.7. Epinephrine is required for normal hepatic lipid trafficking and autophagy during

fasting

In order to evaluate the significantly greater degree of hepatic steatosis noted in the Pnmt —/
- compared with WT mice after 24 h of fasting, we investigated the process of autophagy
(Fig. 6). Autophagy is a cellular response to fasting in which a cell digests some of its own
organelles, including lipid stores, for energy production in the setting of starvation (Levine
and Kroemer, 2008). Autophagy is required for the hepatic disposition of lipid during
fasting. We measured the hepatic content of Atg5 and Atg7 (Fig. 7), two of the autophagy
related homologue proteins normally increased during the autophagic process (Levine and
Kroemer, 2008). In WT mice, there was a significant increase in Atg5 levels with starvation
(p < 0.05) (Fig. 7A) whereas in Pnmt —/— mice, Atg5 levels did not change (Fig. 7B). When
24 h fasted WT and Pnmt —/- mice were directly compared, Atg5 levels were four-fold
lower, and Atg7 levels were seven-fold lower in the setting of epinephrine deficiency (Fig.
7C).

4. Discussion

Our results show that epinephrine is not required for glucose counter-regulation in mice
fasting for 48 h. Furthermore, epinephrine is not needed for hypoglycemia prevention,
glycogenolysis, gluconeogenesis, ketosis, lipolysis and the induction of peroxisomal
regulators during fasting. However, epinephrine deficiency results in severe hepatic steatosis
with fasting. Epinephrine therefore has an essential role in hepatic triglyceride mobilization
and lipid trafficking, likely by inducing the fasting autophagy response.

Glucose homeostasis requires an intact counter-regulatory system consisting of insulin,
glucagon, epinephrine (from sympathetic adrenal medullary stimulation), corticosterone and
growth hormone. Epinephrine has been thought to have a secondary role in metabolic
regulation in the presence of an intact glucagon response (Cryer, 1993a,b). In humans,
epinephrine infusion results in enhanced lipolysis and a rise in free fatty acids, glycerol and
ketone levels independently of insulin and glucagon (Bahnsen et al., 1984), an effect
blocked by propranolol (Rizza et al., 1980). Propranolol is a non-selective adrenergic
antagonist that blocks the effect of both epinephrine and norepinephrine. Human subjects

Int J Biochem Cell Biol. Author manuscript; available in PMC 2016 January 12.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharara-Chami et al.

Page 8

maintained normoglycemia during propranolol infusion and prolonged fast, signaling that
catecholamines’ role in glucose counter-regulation after a prolonged fast is probably
redundant (Boyle et al., 1989).

In our study, we asked whether epinephrine is essential for glucose counter-regulation, fatty
acid oxidation and the adaptation to the fasting state in the setting of starvation for 24-48 h.
We noted that Pnmt —/— mice are longer than WT mice and tend to have more adipose tissue
despite similar food intake, suggesting that epinephrine may have a role in processes
regulating metabolism and growth. In fact, Fto™'~ mice, which have significantly higher
levels of norepinephrine and epinephrine compared with WT litter-mates, exhibit growth
retardation and decreased adiposity (Fischer et al., 2009).

The unanticipated insulin and glucagon responses seen in Pnmt —/— mice after 48 h of
fasting, with a higher insulin/glucagon ratio in fasted Pnmt —/— mice, might be explained by
the fact that epinephrine normally inhibits insulin release through its effects on a-2
adrenergic receptors and stimulates glucagon release through its effects on a-1 and
adrenergic receptors (Vieira et al., 2004). Despite this, fasted Pnmt —/— mice defended their
blood sugar as well as did WT mice, suggesting that their glucose production and/or
utilization were similar to those in WT mice. During fasting, amino acids break down and
enter the citric acid cycle producing oxalacetate. Pepck is the enzyme that catalyzes the
conversion of oxalacetate to phosphoenol pyruvate eventually producing glucose. The
regulation of Pepck is likely glucocorticoid-dependent (Schoneveld et al., 2004). Indeed,
liver glycogen breakdown and Pepck induction within 48 h of fasting were enhanced in
Pnmt —/- mice, suggesting that the induction of glycogenolysis and gluconeogenesis is
epinephrine-independent. Lipolysis and partial p-oxidation were also enhanced despite
epinephrine deficiency, as demonstrated by elevated levels of free fatty acids and p-
hydroxybutyrate in fasted Pnmt —/— mice at 48 h. Thus, epinephrine is not required for these
processes. In fact, glycogenolysis, lipolysis and ketogenesis were much more pronounced in
Pnmt —/- vs. WT mice after 48 h of fasting, as manifested by a more rapid depletion of
glycogen stores, a more pronounced loss of fat mass, and much higher ketone and free fatty
acid levels. The higher levels of fatty acids and ketones in fasted Pnmt —/— mice could be
due to either excessive lipolysis or decreased uptake of fatty acids into the beta-oxidation
pathway.

In our study, both genotypes had triglyceride deposition in the liver with fasting. Although
WT mice are known to have mild lipid accumulation during fasting, probably due to
deposition of lipid mobilized from peripheral stores (Chakravarthy et al., 2009), this was
much more pronounced in Pnmt —/— mice. Excessive lipolysis could result in triglyceride
deposition in the liver if mobilization exceeded the capacity of fatty acids to be oxidized,
since these excess fatty acids would be re-esterified in the liver and deposited as
triglycerides (Hashimoto et al., 2000).

To further investigate the possibility that fatty acid oxidation might have been incomplete in
Pnmt —/- mice, we measured the levels of mMRNAs encoding several proteins involved in
this pathway: PPAR-a, PGC-1a, FGF-21 and SREBP-1c. These proteins respond to fasting
and are paramount for mitochondrial oxidative phosphorylation (Lin, 2009). PPAR-a-null
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mice develop severe hepatic steatosis with fasting (Lee et al., 1995). Recently, a natural
phosphatidylcholine ligand for PPAR-a, 16:0/18:1-GPC, has been identified (Chakravarthy
et al., 2009). As catecholamines are needed for the synthesis of some phosphatidylcholines
(Weismuller et al., 2004), it is intriguing to consider that epinephrine deficiency might cause
hepatic steatosis by inhibiting the formation of 16:0/18:1-GPC and thus interfere with
PPAR-a function. However, after 48 h of fasting, all these regulators responded normally
(and were enhanced in the case of PPAR-a and FGF-21 mRNA levels after 48 h of fasting)
in epinephrine-deficient mice, indicating that their regulation is independent of epinephrine.
However, despite normal stimulation, the more pronounced ketosis and hepatic steatosis
noted in Pnmt —/— mice with fasting suggest another defect in hepatic lipid metabolism.

Incomplete uptake of fatty acids into the beta-oxidation pathway could also be due to
defective utilization of hepatic lipid via autophagy pathways (Singh et al., 2009) in fasted
Pnmt —/- mice. Autophagy is an adaptive response to nutrient deprivation that generates
alternate sources of energy via digestion of intracellular organelles and fuel stores including
lipids (Levine and Kroemer, 2008; Hotchkiss et al., 2009; Singh et al., 2009). Atg5 and Atg7
are among the many proteins that regulate autophagy (Yang et al., 2010). Atg5 is present on
the outer side of the autophagosome. It is an acceptor molecule for a ubiquitin-like modifier
(Atg12) and it is required for the elongation of the isolation membrane (Mizushima and
Klionsky, 2007). Atg7 encodes a ubiquitin-activating enzyme-like enzyme, and is central for
Atg12-Atg5 conjugation and autophagosome formation (Yang et al., 2010). Atg5 and Atg7
are induced during fasting and regulate vesicle elongation, a key step in the autophagic
process (Levine and Kroemer, 2008). Epinephrine was first suggested to induce hepatic
autophagy over 35 years ago (Rosa, 1971), but this has been studied solely in the context of
glycogenolysis (Kondomerkos et al., 2005). Recently, Yang et al. (2010) showed that Atg7
downregulation at the protein level resulted in defective autophagy and insulin sensitivity in
obese mice. To investigate a role for epinephrine in fasting-induced autophagy, we
measured hepatic Atg5 and Atg7 protein content in WT and Pnmt —/— mice during fasting.
We found that in Pnmt —/— mice did not show the normal increase in Atg5 and Atg7 levels
with fasting, consistent with the proposed role for epinephrine in the induction of autophagy
and providing an explanation for the hepatic steatosis seen during the fasting state in Pnmt
—/- mice. Steatosis was evaluated at 24 h, at which time autophagy peaks during fasting
(Mizushima et al., 2008).

In conclusion, our results support prior studies that in mice, epinephrine is not required for
normal glucose counter-regulation during chronic fasting of 48 h duration. In the setting of
starvation, epinephrine is also not required for lipolysis, but may be important for efficient
fatty acid oxidation. Finally, we show that epinephrine has an important role in lipid
metabolism, and possibly in the induction of hepatic autophagy during starvation. The
presented data could be important for human metabolism if epinephrine has the same role in
fatty acid oxidation and in induction of hepatic autophagy during fasting. Hepatic steatosis
has been reported in normal fasting men (Gan and Watts, 2008). Future studies are required
to further elucidate the mechanism through which epinephrine regulates hepatic autophagy
during fasting.
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Fig. 1.

Glgucose and weight responses to fasting in Pnmt —/— mice. (A) Glucose tolerance testing in
WT (n =11) and Pnmt -/- (n = 17) mice was not different between the two groups. Weight
after 48 h (B) of fasting in WT (n = 5) and Pnmt —/- (n = 5) mice. There was no difference
in pre- or post-fasting weights between the two groups. Plasma glucose levels fell
significantly after 48 h (C, n = 5) of fasting. Values are mean + SEM. *p < 0.05; **p < 0.01.
Black, WT; brown, Pnmt —/—; solid, fed; shaded, fasted. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2.

ngmonal responses to 48 h of fasting in Pnmt —/— mice. (A) Insulin levels after 48 h of
fasting tended to decrease in WT mice and to increase in Pnmt —/— mice (n=6 and n=15
respectively). (B) Glucagon levels tended to increase after 48 h of fasting in WT mice but
tended to decrease in Pnmt —/— mice (n = 6 and n = 15 respectively). (C) Plasma epinephrine
levels tended to increase after 48 h of fasting in WT mice (n = 6) but were undetectable in
Pnmt —/= mice (n = 15). (D) Plasma norepinephrine levels before and after 48 h of fasting in
WT (n = 6) and Pnmt —/—(n = 15) mice were not different in either group with fasting. *p <
0.05; **p < 0.01. Color legend as in Fig. 1. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3.

Glgi/cogenolysis and Pepck synthesis in fasted Pnmt —/— mice. Glycogen levels in the fed
state are significantly higher in Pnmt —/- than in WT mice. (A) Hepatic glycogen level after
48 h of fasting decreased significantly in WT (n = 5) and Pnmt —/- (n = 5) mice. (B) Pepck
MRNA levels after 48 h of fasting rose significantly in WT (n = 5) and Pnmt —/- (n = 5)
groups. *p < 0.05; **p < 0.01. Color legend as in Fig. 1. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4.
Lipolytic responses to fasting in Pnmt —/— mice. (A) Plasma FFA levels after 48 h of fasting

in WT (n =5) and Pnmt —/- (n = 5) mice increased significantly only in Pnmt —/- mice. (C)
After 48 h of fasting, ketones rose significantly in both WT (n =5) and Pnmt —/- (n=5)
mice and were significantly higher in fasted Pnmt —/- than WT mice. *p < 0.05; **p < 0.01.
Color legend as in Fig. 1. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5.

Hepatic gene expression responses to fasting in Pnmt —/— mice. Hepatic PPAR-a (A),
PGC-1a (B), FGF-21 (C) and SREBP-1c (D) mRNA content after 48 h of fasting in WT and
Pnmt —/- mice. PPAR-a mRNA levels but increased significantly after 48 h of fasting (A)
in Pnmt —/— mice (n = 5) and were significantly higher than mRNA levels in WT mice.
PGC-1a mRNA levels were significantly higher after 48 h of fasting (B) in both genotypes
(n =5 for each group). (C) After 48 h of fasting FGF-21 mRNA levels tended to increase in
WT mice but increased significantly in Pnmt —/— mice (n =15 and 5, respectively) and were
significantly higher than fasted WT FGF-21 mRNA levels. (D) After 48 h of fasting,
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SREBP-1c decreased significantly in both genotypes (n = 5 for both genotypes). *p < 0.05;
**p < 0.01. Color legend as in Fig. 1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 6.

ngatic triglyceride responses to fasting in Pnmt —/— mice. Hepatic triglycerides (TG)
content after 24 h of fasting in WT and Pnmt —/— mice. There was a significant increase in
hepatic TG content after a 24 h fast (A) in WT and Pnmt —/—(n = 6 and n = 15 respectively)
mice. Pnmt —/— hepatic triglyceride content was significantly higher than WT both in fed
and fasted states (A). (B) Fat staining of liver sections (20x magnification) in WT and Pnmt
—/- mice in fed state and after 24 h of fasting. (C) Semiquantitative analysis of fat-stained
liver sections after 24 h (WT n = 6, Pnmt —/— n = 15) of fasting. There was significantly
more hepatic lipid staining at 24 h of fasting in WT and Pnmt —/— mice. There was
significantly more lipid staining in fasting Pnmt —/— mice at 24 h compared to WT mice. *p
< 0.05; **p < 0.01. Color legend as in Fig. 1. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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S
Atg7

Autophagy in Pnmt —/— mice. Western blot of Atg5 in WT (A) and Pnmt —/- (B) mice

without and with 24 h of fasting normalized to actin. There was

a significant increase in

Atg5 levels with fasting in WT mice (A). Atg5 levels in Pnmt —/— mice (B) were unchanged
after fasting. (C) Western blot and quantification of Atg5 and Atg7 levels normalized to

actin after 24 h of fasting in WT and Pnmt —/— mice. Fasted Atg

5 and Atg7 levels in Pnmt -/

- mice were respectively 4-fold and 8-fold lower than fasted WT levels. *p < 0.05; **p <

0.01. Color legend as in Fig. 1. (For interpretation of the referen
legend, the reader is referred to the web version of this article.)
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Primer sequences for mRNA reverse-transcription gPCR.

Table 1

Gene Forward sequence (5-3) Reverse sequence (5'-3’)

Actin ATGGATGACGATATCGCTGCGCTGGTCGTCGACAA CTAGAAGCACTTGCGGTGCACGATGGAGGGGCCG
18S CGATCCGAGGGCCTCACTA AGTCCCTGCCCTTTGTACACA

Pepck ATCATCTTTGGTGGCCGTAG TGATGATCTTGCCCTTGTGT

PPARa TCTGGAAGCTTTGGTTTTGC TTCGACACTCGATGTTCAGG

PGC-la GCATGAGTGTGTGCTGTGTG TCAGGAAGATCTGGGCAAAG

FGF-21 ACCTGGAGATCAGGGAGGAT CACCCAGGATTTGAATGACC

SREBP-1c  GAACTGGACACAGCGGTTTT GTTGTTGATGAGCTGGAGCA
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