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SUMMARY

Here we found that all amino acid catabolism routes are
transcriptionally regulated during fasting and that fasting
hormones glucagon and corticosterone synergistically
induce these genes. Accordingly, gluconeogenesis from
amino acids only reached its maximal levels in the presence
of glucagon and corticosterone.

BACKGROUND & AIMS: Gluconeogenesis from amino acids
(AAs) maintains glucose homeostasis during fasting. Although
glucagon is known to regulate AA catabolism, the contribution
of other hormones to it and the scope of transcriptional regu-
lation dictating AA catabolism are unknown. We explored the
role of the fasting hormones glucagon and glucocorticoids in
transcriptional regulation of AA catabolism genes and AA-
dependent gluconeogenesis.

METHODS: We tested the RNA expression of AA catabolism
genes and glucose production in primary mouse hepatocytes
treated with fasting hormones (glucagon, corticosterone) and
feeding hormones (insulin, fibroblast growth factor 19). We
analyzed genomic data of chromatin accessibility and
chromatin immunoprecipitation in mice and primary mouse
hepatocytes. We performed chromatin immunoprecipitation in
livers of fasted mice to show binding of cAMP responsive
element binding protein (CREB) and the glucocorticoid recep-
tor (GR).

RESULTS: Fasting induced the expression of 31 genes with
various roles in AA catabolism. Of them, 15 were synergistically
induced by co-treatment of glucagon and corticosterone. Syn-
ergistic gene expression relied on the activity of both CREB and
GR and was abolished by treatment with either insulin or
fibroblast growth factor 19. Enhancers adjacent to synergisti-
cally induced genes became more accessible and were bound
by CREB and GR on fasting. Akin to the gene expression pattern,
gluconeogenesis from AAs was synergistically induced by
glucagon and corticosterone in a CREB- and GR-dependent
manner.

CONCLUSIONS: Transcriptional regulation of AA catabolism
genes during fasting is widespread and is driven by glucagon
(via CREB) and corticosterone (via GR). Glucose production in
hepatocytes is also synergistically augmented, showing that
glucagon alone is insufficient in fully activating gluconeogen-
esis. (Cell Mol Gastroenterol Hepatol 2021;12:1021–1036;
https://doi.org/10.1016/j.jcmgh.2021.04.017)
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he liver has a prominent role in maintaining sys-
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Ttemic glucose homeostasis. Hepatic glucose pro-
duction and its secretion are the result of glycogen
breakdown (glycogenolysis) and gluconeogenesis, the de
novo synthesis of glucose.1 Gluconeogenesis is a multistep
enzymatic process occurring mainly in hepatocytes whereby
glucose is produced from non-carbohydrate precursors. The
3 major gluconeogenic precursors are amino acids (AAs),
lactate, and glycerol. There are 5 catabolic routes through
which AAs enter gluconeogenesis. Each route requires
certain AA transporters facilitating AA uptake from plasma
and several enzymes that convert AAs to TCA cycle in-
termediates. These intermediates end up as oxaloacetate
and enter gluconeogenesis (Figure 1A). Although the
contribution of different precursors to gluconeogenesis
differs depending on nutritional and endocrine status, it is
widely accepted that AAs are major contributors to newly
synthesized glucose.1,2

Hepatic gluconeogenesis occurs both basally and in
response to hormonal and nutritional signals. By far the best
studied gluconeogenic hormone is glucagon, a peptide hor-
mone secreted from a cells in the pancreas. On its discovery,
glucagon was found to increase blood glucose. Further
research showed its gluconeogenic capacity and delineated
the hepatic cellular components mediating it.3–5 The gluco-
neogenic activity of glucagon is mediated in part by its
potent effect on hepatic AA uptake and catabolism. Early
studies showed that glucagon infusion sharply decreased
plasma AA levels, whereas glucagon deficiency increased
it.6–11 More recent studies found that knockout of the
glucagon gene or the glucagon receptor as well as glucagon
receptor antagonism led to increased plasma and liver
AAs.12–17

The urea cycle is related to AA-based gluconeogenesis as
it serves to rid of the amino group in AAs, thus freeing the
rest of the molecule for catabolism. It was also suggested
that fumarate, released during the urea cycle, feeds gluco-
neogenesis at significant concentrations.18 Fitting with its
role in AA catabolism, glucagon was shown to augment the
activity of the urea cycle.19–22

Glucagon-mediated activation of AA catabolism and the
urea cycle are important in 2 nutritional extremes: during
fasting and after ingestion of a high-protein meal. Both these
conditions lead to increases in glucagon concentration and
subsequent AA catabolism.3,23 During fasting, muscle pro-
teins are degraded, and the resulting AAs serve as gluco-
neogenic precursors in the liver. This process maintains
sufficient glucose levels in the lack of glucose entering from
meals. After a high-protein meal, the levels of plasma AAs
rise because of dietary protein degradation. Glucagon is
secreted and activates the hepatic urea cycle to purge excess
amino groups. This is coupled with gluconeogenesis that
converts the resulting non-amino compounds to glucose.23

The effects of glucagon on fasting hepatocyte metabolism
are mediated in part by transcriptional regulation.24
Glucagon signaling increases cyclic adenosine mono-
phosphate (cAMP), activates protein kinase A (PKA), which
in turn phosphorylates and activates cAMP responsive
element binding protein (CREB).25,26 CREB is long known to
induce gluconeogenic genes (such as Pck1, Ppargc1a, and
G6pc), thereby contributing to hepatic gluconeogenesis.27–29

The levels of glucocorticoids (mainly cortisol in humans
and corticosterone in rodents) also increase during fasting,
leading to activation of the glucocorticoid receptor (GR).
Similar to CREB, GR also regulates gluconeogenic genes and
increases gluconeogenesis in the liver.29–32 The prominent
role of GR in regulating gluconeogenesis is highlighted by the
finding that mice deficient in hepatic GR suffer from
hypoglycemia.33 Although glucocorticoids and GR are known
as central players in hepatic gluconeogenesis, their
contribution to AA catabolism is mostly described in muscle
where they facilitate protein degradation and AA release to
support hepatic gluconeogenesis.34 In addition to CREB and
GR, several other transcriptional factors (TFs) such as FoxO1,
FoxA2, C/EBPa, C/EBPb, and HNF4a were shown to promote
gluconeogenic gene expression, largely in a constitutive
manner and not in response to hormone stimuli.35,36

Here we explored the transcriptional regulation of genes
involved in AA catabolism during fasting. We hypothesized
that fasting leads to overt regulation of AA catabolism genes
for 2 reasons. (1) Fasting elicits dramatic changes in the
expression of thousands of genes.35,37 (2) Glucagon levels
increase during fasting, and hepatic glucagon signaling was
repeatedly shown to support AA catabolism,6–16 with some
reports showing altered gene expression of several gen-
es.12–15,17,38 We found that the 2 fasting hormones, glucagon
and corticosterone, synergistically induce key AA catabo-
lizing enzymes and transporters in primary hepatocytes.
These genes are induced during fasting in mice, and their
adjacent enhancers become more accessible. This effect is
mediated by glucagon-activated CREB and corticosterone-
activated GR. The cooperation between glucagon and glu-
cocorticoids was also evident in synergistic hepatic glucose
production from various AA precursors. Thus, glucagon
alone is unable to fully activate gluconeogenesis, and glu-
cocorticoids serve to maximize its response.

Results
Although AA catabolism during fasting is well-

documented, whether it is transcriptionally regulated is
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Figure 1. Fasting leads to induction of AA catabolism genes leading to gluconeogenesis and ketogenesis. Scheme
showing the fasting-induced genes involved in AA catabolism. AAs (red) are catabolized via 5 catabolic routes (purple rect-
angles) leading to gluconeogenesis through oxaloacetate. Some of these routes generate TCA cycle intermediates that are
channeled to oxaloacetate. AA uptake from the bloodstream and transport across mitochondria are mediated via specific
solute carriers (SLCs). AA catabolism relies on the urea cycle that removes the amino group. Genes induced by fasting in
mouse liver are depicted with blue background. Genes induced by fasting in mouse liver that are proximal to fasting-induced
enhancer are depicted withmagenta background. Only enzymes whose gene levels increase during fasting are depicted; other
biochemical reactions in the pathways are represented only with black arrows (A). Scheme showing the fasting-induced genes
involved in AA catabolism leading to ketogenesis. Genes induced by fasting in mouse liver are depicted with orange back-
ground. Only enzymes whose gene levels increase during fasting are depicted; other biochemical reactions in the pathways
are represented only with black arrows. The only fasting-induced gene that is strictly ketogenic (Aass) is depicted in dark
orange (B). Mice were fasted for 24 hours, and hepatic gene expression was measured (compared with an ad libitum fed
control), showing fasting-dependent gene induction of AA catabolism genes (C). Graphs represent data collected from 3 in-
dependent replicates. Statistical significance was determined by t test; P value was adjusted for multiple comparisons using
the Holm-Sidak method. Single asterisk denotes statistical significance of adjusted P value �.05. Double asterisks denote
statistical significance of adjusted P value �.01.
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not clear. To evaluate transcriptional regulation of AA
metabolism genes in a genome-wide manner, we analyzed
our previously published dataset where the hepatic tran-
scriptome was evaluated via RNA sequencing in mice after
24 hours of fasting.35 Differential expression analysis
revealed that 1131 genes were induced, whereas 1742
genes were repressed compared with the ad libitum fed
state (fold change [FC] �1.5, adjusted P value �.05;
Supplementary Table 1). To gain insights into the biological
pathways enriched during fasting, we analyzed the set of
fasting-induced genes via GeneAnalytics (LifeMap Sciences,
Walnut, CA).39 We found that AA metabolism was a highly
enriched pathway (adjusted P value �.0001; ranked the
fourth highest enriched pathway out of 47 pathways;
Supplementary Table 2). Taking into account the GeneAna-
lytics output, together with manual curation, we compiled a
list of 37 genes that were induced in the liver after fasting
and whose encoded proteins play a role in AA metabolism.
Strikingly, we found that 31 of 37 genes play a role in AA
uptake and catabolism. Within this group, 13 genes
participate in AA catabolism into gluconeogenic and/or
ketogenic precursors (Cth, Gldc, Got1, Gpt, Gpt2, Hal, Mat1a,
Oat, Sds, Tat, Hpd, Tdo2, Aass), 5 genes are part of the urea
cycle (Arg1, Asl, Ass1, Cps1, Slc25a15), 3 genes are part of the
TCA cycle needed for AA catabolism (Fh1, Dlst, Suclg1), and
10 genes facilitate AA uptake and transport from outside the
cell or between organelles (Slc16a10, Slc1a2, Slc25a13,
Slc25a22, Slc36a4, Slc38a2, Slc38a4, Slc43a1, Slc6a9, Slc7a2).
Because all the above genes eventually promote AA catab-
olism into gluconeogenic or ketogenic precursors, we
collectively term them AA catabolism genes in the rest of the
text. Further examination of AA catabolism genes involved
in supplying gluconeogenic precursors revealed that all 5
known AA catabolic routes providing gluconeogenic pre-
cursors contained between 1 and 6 genes that were induced
by fasting (Figure 1A). A similar pattern is observed in AA
catabolic routes providing ketogenic precursors. However,
except for Aass, which is strictly ketogenic, the other 3 genes
can play both a gluconeogenic and a ketogenic role
(Figure 1B). To validate gene induction of AA catabolism
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genes after fasting, we tested gene expression of selected
genes after 24 hours of fasting as compared with an ad
libitum fed control. In line with the RNA sequencing results,
all tested genes were induced after fasting in mouse liver
(Figure 1C).

Gene induction during fasting is often accompanied by
increased accessibility of enhancers adjacent to the induced
gene.35 To examine this in the context of AA catabolism
genes, we analyzed our previously published chromatin
accessibility data.35 Changes in hepatic chromatin accessi-
bility of mice fasted for 24 hours were evaluated by DNase
hypersensitivity followed by sequencing (DNase-seq).
Comparing the ad libitum fed state with 24 hours of fasting,
we found that 5331 sites in the genome increased their
accessibility after fasting, whereas 6472 sites showed
decreased accessibility (FC �1.5, adjusted P value �.05;
Supplementary Table 3). Our previous study identified
fasting-induced sites as DNA regions with a gene regulatory
role and were therefore termed fasting-induced enhancers.35

To find the genes associated with fasting-induced en-
hancers, we identified the nearest gene to each enhancer.
Out of 31 AA catabolism genes induced by fasting, 24 genes
were the nearest genes to at least one fasting-induced
enhancer (Figure 1A, Supplementary Table 3). Also,
GeneAnalytics analysis of genes proximal to fasting-induced
enhancers revealed that AA metabolism is ranked twelfth
out of 108 enriched pathways (Supplementary Table 3).
Taken together, these results show that induction of AA
catabolism genes during fasting is widespread and covers all
routes of AA catabolism leading to gluconeogenesis. Also,
the gene induction pattern of AA catabolism genes during
fasting is associated with an increase in the accessibility of
adjacent fasting-induced enhancers, suggesting a high de-
gree of transcriptional regulation.

Various studies demonstrated the role of glucagon in
promoting both hepatic gluconeogenesis and AA catabolism
during fasting. Also, previous studies have shown that
glucagon signaling and glucocorticoids together induce
genes in a synergistic manner.28,35,40–44 To explore the
possible cooperation between glucagon and glucocorticoids
in inducing AA catabolism genes, we treated primary mouse
hepatocytes with glucagon, corticosterone (the predominant
mouse glucocorticoid increased during fasting), or both in a
dual treatment. Cells were treated with hormones for 2
hours to ascertain we are measuring the primary tran-
scriptional effect of these hormones and not secondary ef-
fects. Moreover, to measure gene expression changes
stemming from transcription (rather than post-
transcriptional effects), we measured nascent RNA tran-
scripts throughout the study. We identified a list of 31
fasting-induced AA catabolism genes. From this list we
tested all enzyme-encoding genes (n ¼ 20) and a selected
group of AA-transporter–encoding genes (n ¼ 4) using
quantitative polymerase chain reaction (qPCR). To test for a
synergistic effect between the 2 hormones we made these
assumptions: In a case where the 2 hormones affect gene
expression independently, we could assume that the com-
bined effect of 2 single treatments would be additive, ie, the
effect of the dual treatment would amount to the sum of the
effects of 2 single treatments. However, in a synergistic
relationship where the 2 hormones cooperate to regulate
gene expression, the combined effect of the 2 treatments
would be above additive, ie, synergistic. On the basis of
these assumptions, we distinguished additive from syner-
gistic effects by 2 ways. First, we examined whether the
transcript level after a dual treatment is higher than both
single treatments in a statistically significant manner. Sec-
ond, we calculated a synergy index (SI), which measures the
FC increase in gene expression after the dual treatment
compared with the 2 single treatments. We calculated 3
values: (1) the FC expression of glucagon over non-treated
(gluc/nt), (2) the FC expression of corticosterone over
non-treated (cort/nt), and (3) the FC expression of dual
treatment over non-treated (dual/nt). Then we divided the
dual FC value by the sum of the 2 single treatments FC
values. Therefore, SI ¼ FCdual / [FCgluc þ FCcort]. Thus, if a
gene is additively induced, it will have SI ¼ 1, whereas
synergistically induced genes will have SI > 1 (Figure 3A).
On the basis of these 2 parameters, we found that the ma-
jority of tested AA catabolism genes (15/24) showed a
synergistic pattern of expression (SI � 1.29) (Figure 3B). Of
note, most synergistic genes were induced also by the single
treatments. A group of AA catabolism genes were either
induced in a non-synergistic manner (n ¼ 5; Figure 3C) or
were unresponsive to glucagon or corticosterone treatments
(n ¼ 4; Figure 3D). A time course experiment in which cells
were treated with hormones for varying periods of time
revealed that the synergistic expression pattern is rapid and
transient because it subsides by 8 hours of treatment
(Figure 3E). The synergistic pattern of expression was
evident also at the protein levels for GOT1, translated from
the synergistically induced gene Got1 (Figure 3F). Taken
together, these findings show that the majority of fasting-
induced AA catabolism genes are rapidly induced in a syn-
ergistic manner by the 2 major fasting hormones, glucagon
and corticosterone.

Transcriptional regulation by glucagon is mediated
mainly through the cAMP-PKA-CREB pathway,25,26 whereas
corticosterone-dependent regulation of genes is brought
about by GR.29–32 To check whether synergistic gene
expression of AA catabolism genes is mediated by these 2
pathways, we perturbed them at several points. We treated
primary hepatocytes with fasting hormones together with
H-89, which inhibits PKA activity. H-89 was able to abolish
both glucagon-dependent and synergistic gene induction
(Figure 4A). To verify that the responsible TF downstream
of PKA is CREB, we perturbed CREB activity via an adeno-
virally infected dominant-negative peptide (Ad-DN-CREB).45

Indeed, glucagon-dependent as well as synergistic gene in-
duction was abolished (Figure 4C). Of note, both H-89 and
Ad-DN-CREB did not affect corticosterone-dependent in-
duction of an unrelated GR target gene (Mt1), suggesting
these reagents do not affect GR signaling (Figure 4B and D).
Reciprocally, inhibiting GR activity via treatment with RU-
486, a GR inhibitor, eliminated corticosterone-dependent
as well as synergistic gene induction (Figure 4E). RU-486
treatment did not affect glucagon-dependent induction in
a gene induced solely by glucagon (Fh1, Figure 4F). Taken



Figure 2. CREB and GR bind fasting-induced enhancers adjacent to fasting-induced AA catabolism genes. Loci of 4
fasting-induced genes are presented. Black and red tracks represent normalized DNase accessibility of hepatic chromatin in
the fed vs 24-hour fasted states, respectively. Violet and blue tracks represent normalized ChIP-seq of CREB and GR,
respectively, after treatment of glucagon and corticosterone in primary mouse hepatocytes. Increased chromatin accessibility
as well as evident CREB and GR binding at enhancers is observed adjacent to fasting-induced AA catabolism genes (A).
Number of fasting-induced enhancers adjacent to each AA catabolism gene is depicted (7 genes with no fasting-induced
enhancers are not shown) (B). Genes with adjacent fasting-induced enhancers were divided into 3 groups: genes whose
proximal enhancer contain both a CRE and a GRE (n ¼ 13), either a CRE or a GRE (n ¼ 7), or neither (n ¼ 4) (C). Chromatin
immunoprecipitation of CREB and GR was performed on mice fasted for 24 hours and on ad libitum fed mice. CREB and GR
showed increased binding at sites near fasting-induced, synergistic AA catabolism genes. Graphs represent data collected
from 4 independent replicates. Statistical significance was determined by t test; P value was adjusted for multiple comparisons
using the Holm-Sidak method. Single asterisk denotes statistical significance of adjusted P value �.05. Double asterisks
denote statistical significance of adjusted P value �.01. ns denotes P value >.05 (D).
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together, these findings show that CREB and GR are both
necessary for the synergistic induction of AA catabolism
genes by glucagon and corticosterone.

Twenty-four AA catabolism genes were the nearest
genes to at least one fasting-induced enhancer (Figure 1A,
Supplementary Table 3). As an example, the loci of 4 genes
are depicted in Figure 2A, and an obvious increase in he-
patic chromatin accessibility is observed on fasting. Further
analysis revealed that most AA catabolism genes had several
fasting-induced enhancers adjacent to them, reaching a total
of 107 fasting-induced enhancers whose nearest gene is an
AA catabolism gene (Figure 2B). This observation further
emphasizes the high degree of transcriptional regulation
imposed on these genes. Considering the involvement of
CREB and GR in regulating AA catabolism gene expression
(Figure 4), we examined the occurrence of their recognition
motif sequences (cAMP response element [CRE] and
glucocorticoid response element [GRE]) in fasting-induced



Figure 3. AA catabolism genes are synergistically induced by glucagon and corticosterone. To separate synergistic from
additive effects, we calculated SI for each gene. FC expression of each gene in the dual treatment (FCdual) was divided by the
sum of the 2 FC expression values of the single treatments (FCgluc þ FCcort). An example for an additive gene expression
pattern is shown on the bottom, and a synergistic pattern is shown on the top (A). Primary mouse hepatocytes were treated for
2 hours with glucagon (gluc), corticosterone (cort), or both in a dual treatment (gluc þ cort). RNA levels of fasting-induced AA
catabolism genes were measured by qPCR. Some genes show synergistic pattern of expression (B), whereas others are
induced by only 1 hormone (C) or are unaffected by either hormone (D). Treating cells for varying periods of time (2, 4, and 8
hours) showed peak of induction at 2–4 hours and its decrease at 8 hours (E). Primary mouse hepatocytes were treated for 16
hours with gluc, cort, or both in a dual treatment (gluc þ cort). Protein levels of GOT1 were measured via Western blotting,
showing a synergistic pattern. GOT1 protein levels were normalized to H3 loading control (F). Black asterisks denote statistical
significance compared with non-treated control (nt). Red asterisks denote statistical significance of dual treatment compared
with indicated single treatment. Graphs represent data collected from 3 independent replicates except for (F) where 5 repli-
cates were used. Statistical significance was determined by t test; P value was adjusted for multiple comparisons using the
Holm-Sidak method. Single asterisk denotes statistical significance of adjusted P value �.05. Double asterisks denote sta-
tistical significance of adjusted P value �.01. ns denotes P value >.05.
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enhancers. Out of 24 genes with fasting-induced enhancers,
20 genes were adjacent to at least one fasting-induced
enhancer harboring a CRE and/or a GRE. Of these 20
genes, 13 had a fasting-induced enhancer harboring both a
CRE and a GRE (Figure 2C). To examine whether CREB and
GR bind these motifs after glucagon and corticosterone
treatment, we analyzed our previously published CREB and
GR chromatin immunoprecipitation assay coupled with
sequencing (ChIP-seq) data in primary mouse hepatocytes
co-treated with these 2 hormones.35 We found evident
binding of both CREB and GR after hormone treatment at
fasting-induced enhancers (Figure 2A). To show that these
binding events occur also in liver after fasting, we per-
formed ChIP for CREB and GR in livers of mice fasted for 24
hours (compared with the ad libitum fed control). We found
that after fasting, both CREB and GR showed increased
binding at fasting-induced enhancers adjacent to synergis-
tically induced AA catabolism genes (Figure 2D). Together,
these results show that fasting-induced enhancers accom-
modate CREB and GR binding next to AA catabolism genes



Figure 4. Synergistic induction of AA catabolism genes is mediated by CREB and GR. Primary mouse hepatocytes were
treated for 2 hours with gluc, cort, or both in a dual treatment (gluc þ cort), and RNA levels of fasting-induced AA catabolism
genes were measured by qPCR. Inactivation of PKA by H-89 abolished synergistic gene expression (A) and non-synergistic,
glucagon-mediated gene induction (Fh1) but did not affect corticosterone-mediated gene induction (Mt1) (B). Adenoviral-
mediated expression of a dominant negative peptide inactivating CREB (Ad-DN-CREB) abolished synergistic gene expres-
sion, whereas adenoviral-mediated expression of green fluorescent protein did not (C). Ad-DN-CREB also affected
non-synergistic, glucagon-mediated gene induction (Fh1) but did not affect corticosterone-mediated gene induction (Mt1) (D).
Inactivation of GR by RU-486 abolished synergistic gene expression (E) and non-synergistic, corticosterone-mediated gene
induction (Mt1) but did not affect glucagon-mediated gene induction (Fh1) (F). Graphs represent data collected from 3 in-
dependent replicates. Statistical significance was determined by t test; P value was adjusted for multiple comparisons using
the Holm-Sidak method. Single asterisk denotes statistical significance of adjusted P value �.05. Double asterisks denote
statistical significance of adjusted P value �.01. ns denotes P value >.05.
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during fasting and after hormone treatment. This binding is
associated with increased expression of these genes.

Glucagon and glucocorticoids are the major fasting hor-
mones encountered by the liver. Conversely, on refeeding
with a carbohydrate meal, insulin is secreted and quickly
halts gluconeogenesis and other fasting-related pathways.46

Fibroblast growth factor 19 (FGF19) is an intestinal endo-
crine factor secreted after a meal that negatively regulates
gluconeogenesis, similar to insulin.47 To examine whether
these 2 feeding signals can repress the induction of AA
catabolism genes, we treated primary hepatocytes with
glucagon and corticosterone for 2 hours, washed the cells
with phosphate-buffered saline (PBS), and treated them
with either insulin or FGF19 for 1 hour (Figure 5A). The
synergistic induction of all AA catabolism genes was
potently repressed by either insulin or FGF19, bringing their
expression levels to basal or near-basal levels. Insulin and
FGF19 also dampened the induction seen in the single
treatments by either glucagon or corticosterone (Figure 5B
and C). Thus, although fasting hormones induce AA catab-
olism genes, feeding hormones rapidly and potently de-
induce them back to basal levels.

The widespread cooperation between glucagon and
glucocorticoid in regulating AA catabolism genes is expected
to augment the gluconeogenic capacity of the liver from AA
precursors. To examine this hypothesis, we measured
glucose production from primary mouse hepatocytes after a
dual hormone treatment. Hepatocytes were incubated with



Figure 5. Feeding hormones de-induce AA catabolism gene expression back to basal levels. Primary hepatocytes were
treated for 2 hours with gluc, cort, or both in a dual treatment (gluc þ cort). Then hepatocytes were washed with PBS and
treated with insulin or FGF19 for 1 hour. RNA was isolated, and levels of fasting-induced AA catabolism genes were measured
by qPCR (A). Synergistic gene induction, as well as single-treatment gene induction, was rapidly and potently repressed by
insulin (B) and FGF19 (C). Graphs represent data collected from 3 independent replicates. Statistical significance was
determined by t test; P value was adjusted for multiple comparisons using the Holm-Sidak method. Single asterisk denotes
statistical significance of adjusted P value �.05. Double asterisks denote statistical significance of adjusted P value �.01. ns
denotes P value >.05.
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glucagon and corticosterone together with a gluconeogenic
precursor. As a control, we used 2 non-AA precursors, py-
ruvate and glycerol. Glucose production from pyruvate after
a dual hormone treatment showed a substantial increase
compared with pyruvate alone, as previously reported.35

This is assumed to occur partly because of induction of
gluconeogenic genes such as Pck1. Glucose production from
glycerol was high regardless of hormone treatment, pre-
sumably because gluconeogenesis from glycerol requires
fewer steps and does not necessitate the synergistically
induced gene Pck1. To examine gluconeogenesis from AA
precursors, we incubated hepatocytes with all AAs whose
catabolism is suspected to require at least one fasting-
induced gene (n ¼ 12; Figure 1A). Notably, these AAs are
elevated in the plasma of mice with perturbed glucagon
signaling.12,14–16 We found that glucose production from 4
AA precursors (serine, threonine, glutamine, and alanine)
was increased after treatment with glucagon and cortico-
sterone (Figure 6A). Glucose production from other AA
precursors increased after a dual hormone treatment but
not to a higher extent compared with the control (to which
no precursor was added; Figure 6A). Next, we tested
whether glucagon and corticosterone synergize in glucose
production from the 4 AAs mentioned above (serine, thre-
onine, glutamine, and alanine). Glucagon alone led to
increased glucose production from all 4 AAs, whereas
corticosterone did not. However, a dual treatment led to a
synergistic increase in glucose production from all tested
AAs (Figure 6B), in line with the synergistic gene induction
pattern. To determine whether this synergistic effect is
dependent on AA catabolism routes, we examined glucose
production after inhibition of AA catabolic enzymes. L-
cycloserine is an inhibitor of aminotransferases with selec-
tivity toward alanine aminotransferase48 (encoded by the
synergistically induced gene Gpt2). Glucose production from
alanine was abolished by L-cycloserine at both the unsti-
mulated and hormone-stimulated conditions (Figure 6C).
Aminooxyacetate (AOA) is an inhibitor of pyridoxal 5-
phosphate–dependent reactions.49 Many AA catabolic re-
actions are pyridoxal 5-phosphate–dependent, including the
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reaction catalyzed by serine dehydratase (encoded by the
synergistically induced gene Sds). Glucose production from
serine or threonine (whose catabolism relies on Sds) was
eliminated by AOA (Figure 6D).
To show that the increase in gluconeogenesis after
glucagon and corticosterone is dependent on CREB and GR,
we measured glucose production in cells treated with either
H-89 or RU-486. These 2 inhibitors inhibited hormone-
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dependent glucose production from both serine and threo-
nine (Figure 6E and F), highlighting the importance of gene
regulation in gluconeogenesis from AA precursors.
Discussion
Hepatic catabolism of AAs during fasting is long known.

However, the gene expression program that supports it and
the crosstalk between fasting hormones mediating it are not
well-elucidated. In this study we explored the fasting-
dependent transcriptional regulation of genes involved in
AA catabolism. We show that 31 genes directly related to AA
catabolism are transcriptionally regulated. Moreover, we
describe a crosstalk between glucagon and glucocorticoids
driving a synergistic gene expression pattern of AA catab-
olism genes as well as augmented gluconeogenesis from AA
precursors.

The synergistic cooperation between glucagon and glu-
cocorticoids was described in early studies showing that co-
infusion of glucagon together with cortisol to dogs led to
synergistic glucose production,50 a finding that was soon
replicated in humans (in this case, the co-infusion also
included epinephrine).51 Years later, the synergistic coop-
eration between glucagon-cAMP-PKA signaling and gluco-
corticoids was reported to take part in the transcriptional
regulation of several genes. First, Pck1 was observed to be
synergistically induced by the 2 signals in H4IIE cells, the
responsible CRE and GRE motifs were identified, and a
physical interaction between CREB and GR was shown.40

The synergistic induction of Pck1 was later replicated in
HepG2 cells28 and in primary mouse hepatocytes.35 The
urea cycle gene Cps1 was also shown to be synergistically
induced by the 2 signals,41 as was G6pc.42 The synergistic
relationship between glucagon signaling and glucocorticoids
is apparent also outside the liver because studies have
shown synergistic induction of Sst43 and Cyp1944 in non-
liver cells.

Although synergy between glucagon and glucocorticoids
was reported in several genes, this study identifies a set of
synergistically induced genes all serving to bring about a
specific metabolic outcome—AA catabolism toward gluco-
neogenesis. Moreover, we show here that this synergistic
pattern of expression leads to synergistic glucose produc-
tion from AA precursors. Together with the previously re-
ported synergistic induction of gluconeogenic genes, these
Figure 6. (See previous page). Glucose production from AA
corticosterone. Primary hepatocytes were treated with gluco
treatment (gluc þ cort) for 20 hours. Dual treatment increased
Glucose production was unaffected by corticosterone alone.
effect was synergistically augmented by corticosterone (B). Effec
alanine was abolished when cells were treated with L-cyclos
glucagon and corticosterone on glucose production from serin
AOA, an inhibitor of pyridoxal 5-phosphate–dependent reactio
bition of glucagon signaling by H-89 (E) or corticosterone sign
independent replicates. Statistical significance was determined
the Holm-Sidak method. Single asterisk denotes statistical sig
statistical significance of adjusted P value �.01. Double pound
compared with gluc þ cort condition with no precursor added.
non-treated (nt control) under the same AA precursor.
data suggest a transcriptionally based mechanism for the
reported synergistic effect of the 2 hormones on glucose
production in vivo.50

The models suggested to promote the synergy between
glucagon and glucocorticoids were (1) physical interaction
between GR and CREB40. (2) An indirect effect mediated via
glucagon-induced coactivators of GR. The glucagon-CREB
induced coactivator peroxisome proliferator-activated re-
ceptor gamma coactivator 1a (Ppargc1a) was shown to
promote GR-dependent induction of Pck1.28 Similarly, CREB
regulated transcription coactivator 2 (Crtc2), also induced
by the glucagon-CREB axis, was found to promote the syn-
ergistic induction of G6pc.42 (3) Assisted loading, a model of
cooperative binding,52 was previously suggested by us
whereby GR increases chromatin accessibility at specific
enhancers and thus potentiates CREB binding.35

We show here that the synergy between glucagon and
glucocorticoids is apparent in most, but not all, AA catabo-
lism genes we examined. This gene-selective type of coop-
eration suggests that the crosstalk between the 2 hormones
is brought about by TF cooperation at specific enhancers,
affecting only a subset of AA catabolism genes. In support of
this, we show that CREB and GR co-bind specific enhancers
adjacent to synergistically induced genes. Importantly, we
show that perturbing GR abolishes synergy but does not
affect unrelated glucagon-dependent gene induction.
Reciprocally, inactivation of CREB abolishes synergy as well
but leaves non-synergistic, corticosterone-induced genes
unaffected. Thus, our data strongly support an enhancer-
specific model of cooperation (such as the assisted loading
model) whereby CREB and GR cooperate on some en-
hancers to synergistically induce one set of genes but also
regulate a different set of genes independently.

We show here that CREB and GR binding is found also at
sites lacking their binding motif, a finding that was
described elsewhere for both TFs.53,54 Tools for motif
searches rely on similarity to the consensus motif, and thus
motifs that are less similar to the consensus motif (but may
nonetheless confer TF binding) might be missed by these
tools. We therefore surmise that the lack of detectable
consensus motifs at sites bound by CREB and GR does not
rule out direct binding of these TFs to DNA. In addition, the
assisted loading model reconciles the lack of detectable
motifs in enhancers bound by GR and CREB. We have pre-
viously shown that assisted loading of a different TF (signal
precursors is synergistically augmented by glucagon and
neogenic precursors and with gluc, cort, or both in a dual
hepatic glucose production from several AA precursors (A).
Glucagon treatment increased glucose production, and this
t of glucagon and corticosterone on glucose production from
erine, an inhibitor of alanine aminotransferase (C). Effect of
e and threonine was abolished when cells were treated with
ns (D). Synergistic glucose production was impaired on inhi-
aling by RU-486 (F). Graphs represent data collected from 3
by t test; P value was adjusted for multiple comparisons using
nificance of adjusted P value �.05. Double asterisks denote
signs denote statistical significance of adjusted P value �.01
In (B) asterisks denote statistical significance compared with
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transducer and activator of transcription 3 [Stat3]) is more
prevalent at enhancers where its motif is weaker (ie, less
similar to the consensus motif).55 A plausible explanation
for this phenomenon is that sites where a TF is weakly
bound are those that benefit most from assistance by
another TF. Therefore, sites with weaker motifs (that may
not be detected in motif searches) may rely on assisted
loading for efficient binding. This may be the case in CREB-
GR assisted loading because CREB binding sites are associ-
ated with GR binding genome-wide, and more than one-
third of CREB binding sites lack a detectable CRE.53

Importantly, although GR is able to assist CREB binding
by increasing chromatin accessibility,35 it is able to do so
only on predetermined enhancers that were made acces-
sible by lineage-determining factors.56 This is exemplified
for both CREB and GR, whose binding is compromised in the
lack of FoxA2, a liver lineage-determining factor.57 Further
research showed that CREB binding to enhancers and pro-
moter regions is only marginally increased after fasting53 or
activation by cAMP.58 We show here (as also shown by
others57) that certain CREB binding sites do show increased
binding on fasting. This supports a scenario in which most
CREB binding is constitutive, reaching maximal binding ca-
pacity regardless of cAMP, whereas some sites only reach
maximal binding on signal, possibly because of cooperative
binding with GR. It is also important to note that glucagon
activates additional transcription factors other than CREB,24

and that there is redundancy in the role of CREB in regu-
lating gluconeogenesis.59 However, in our experimental
settings, perturbing CREB resulted in very similar results to
inhibiting PKA, suggesting it plays a role in glucagon-
mediated AA catabolism gene induction.

Insulin is well-recognized to repress gluconeogenesis
and other hepatic fasting-related pathways such as fatty
acid oxidation and ketogenesis. However, there is an
ongoing debate of whether the effects of insulin are brought
about by direct hepatic insulin signaling or by effects of
insulin in non-hepatic tissues. Whereas many studies clearly
point to an indirect role of insulin,46,60 other evidence
shows a role for direct hepatic signaling.61 Specifically, he-
patic insulin signaling was shown to repress CREB.62,63 The
role of insulin in GR signaling is not straightforward, with
both antagonistic and cooperative mechanisms
described.64,65 Similar to insulin, FGF19 is a feeding signal
whose inhibitory activities include suppressing CREB-
mediated gluconeogenesis.66 Our results show that direct
hepatic signaling of insulin and FGF19 strongly repress the
transcriptional effects of the glucagon-CREB axis and the
corticosterone-GR axis.

When examining hepatic glucose production from
specific AA precursors, we found that serine, threonine,
alanine, and glutamine led to the highest glucose pro-
duction after glucagon and corticosterone treatments.
These results are in line with previous in vivo reports and
human studies. First, glutamine and alanine are consid-
ered major contributors to gluconeogenesis because of the
conversion of branched-chain AAs in muscle to glutamine
and alanine, followed by their release to the blood.67
Second, glutamine was recently shown to heavily
contribute to glucagon-mediated gluconeogenesis.68 Third,
threonine and serine plasma levels (together with glycine)
show the largest decrease on glucagon infusion.6,8 Finally,
the uptake of glutamine, alanine, serine, and threonine is
robustly mediated by glucagon as evidenced by their
increased plasma levels on perturbation of glucagon
signaling.12,14,15

Interestingly, one of the most synergistically induced
genes is Tat, which is involved in tyrosine catabolism.
However, gluconeogenesis from tyrosine was similar to
the no-precursor control. A possible explanation for this
observation is that tyrosine catabolism is brought about
to reduce the signaling effect of tyrosine rather than to
direct it to gluconeogenesis. Pancreatic a cells secrete
glucagon in response to high plasma AA levels,69 and
tyrosine is suggested to play an instrumental role in
stimulating glucagon secretion.70 Thus, hepatic tyrosine
catabolism via increased Tat expression may reduce
plasma tyrosine levels, serving to relieve glucagon
secretion. This potential negative feedback loop warrants
further investigation.

In addition to enzymes directly involved in AA catabolic
pathways, our analysis found a major transcriptional in-
duction of urea cycle enzymes and AA transporters during
fasting. This is in accordance with the central role of AA
uptake and the urea cycle in AA catabolism. Therefore,
fasting hormones cooperate in transcriptional induction of
core AA catabolic enzymes as well as supporting processes
such as AAs uptake, transport, and amino group removal.
Three TCA cycle enzymes needed for AA catabolism were
also induced by fasting. However, 2 of them (Dlst, Suclg1)
were not induced by either glucagon or corticosterone,
whereas Fh1 was induced only by glucagon. This suggests
that the induction of TCA cycle enzymes during fasting is not
mediated by corticosterone and that glucagon plays a minor
role in it.

An important finding in our study is the insufficiency of
glucagon to fully activate gluconeogenesis. Our gene
expression analyses and glucose production assays clearly
show a synergistic effect between glucagon and corticoste-
rone in regulating gluconeogenesis. Gluconeogenesis from
AA precursors becomes substantial only in prolonged fast-
ing (18 hours) after glycogen stores are depleted.71 This is
simultaneous with the increase of corticosterone during
fasting35 and aligns with our results showing that cortico-
sterone is needed to reach maximal glucose production from
AA precursors, whereas glucagon alone leads to submaximal
glucose levels.

In conclusion, we found that 31 AA catabolism genes are
induced during fasting, with their enhancers activated. This
is mediated by the fasting hormones glucagon and cortico-
sterone that synergistically induce AA catabolism genes via
CREB and GR, leading to increased gluconeogenesis.
Although glucagon undoubtedly plays a central role in
gluconeogenesis from AA precursors, it is only together with
corticosterone that maximal gluconeogenic capacity is
achieved.
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Materials and Methods
Reagents and Materials

Cells were treated with the following reagents at the
specified concentrations: glucagon 100 nmol/L (RayBio-
tech, Peachtree Corners, GA; cat# 228-10549-1); cortico-
sterone 1 mmol/L (Sigma-Aldrich, St Louis, MO; 50-22-6);
insulin 1 mmol/L (Biological Industries, Beit HaEmek,
Israel; 41-975-100); FGF19 80 ng/mL (R & D, Minneapolis,
MN; 969-FG); H-89 20 mmol/L (Sigma-Adlrich; B1427);
RU-486 2 mmol/L (Sigma-Aldrich; 84371-65-3); L-cyclo-
serine 300 mmol/L (Sigma-Aldrich; 339-72-0); and AOA 1
mmol/L (Cayman Chemical Company, Ann Arbor, MI;
28298).

Primary Mouse Hepatocyte Isolation
Isolation of primary mouse hepatocytes was per-

formed as detailed in our published protocol with no
modifications.72 Male 8-week-old mice (C57BL/
6JOlaHsd) were used for isolations. All animal proced-
ures were compatible with the standards for care and use
of laboratory animals. The research has been approved
by the Hebrew University of Jerusalem Institutional An-
imal Care and Use Committee. The Hebrew University of
Jerusalem is accredited by the National Institutes of
Health and by Association for Assessment and Accredi-
tation of Laboratory Animal Care International to
perform experiments on laboratory animals (NIH
approval number: OPRR-A01-5011).

RNA Preparation, Reverse Transcription, and
qPCR

Total RNA was isolated from primary mouse hepatocytes
using NucleoSpin kit (Macherey-Nagel, Duren, Germany;
cat# 740955.25) according to the manufacturer’s protocol.
For qPCR, 1 mg total RNA was reverse transcribed to
generate cDNA (Quantabio, Beverly, MA; cat# 76047-074).
Quantitative PCR was performed using a C1000 Touch
thermal cycler CFX96 instrument (Bio-Rad, Hercules, CA)
using SYBR Green (Quantabio; 101414-276). Gene values
were normalized with a housekeeping gene (Tbp or Rpl13).
The primers used in this study (except for Tbp and Rpl13)
were designed to amplify nascent transcripts (ie, the
amplified region span exon-intron junctions) as a proxy for
transcription and to avoid confounding post-transcriptional
events. The primers used in this study are detailed in
Supplementary Table 4.

Adenoviral Infections
Four hours after plating primary mouse hepatocytes,

adenoviral particles containing a dominant-negative peptide
against CREB45 or green fluorescent protein as a control
(Vector Biolabs, Burlingame, CA; cat# 1060) were added to
the cultures (cells plated in 6-well plates, 4 � 105 cells per
well, 1 � 106 pfu per well). Twenty-four hours after infec-
tion, cells were treated for 2 hours with combinations of
glucagon and corticosterone, followed by collection and
RNA isolation.
ChIP
Liver samples (200 mg) from mice (male, 8-week-old,

C57BL/6JOlaHsd) either fed ad libitum or fasted for 24
hours were homogenized and cross-linked with 1% form-
aldehyde for 10 minutes at room temperature and quenched
with 0.125 mol/L glycine. Crosslinked samples were
washed in PBS, resuspended in ChIP lysis buffer (0.5% so-
dium dodecyl sulfate [SDS], 10 mmol/L EDTA, 50 mmol/L
Tris-HCl pH 8), and sonicated (Bioruptor; Diagenode, Den-
ville, NJ) to release ~300 base pair fragments. Antibodies (4
mg per sample) against CREB (Cell Signaling Technology,
Danvers, MA; #9197S) and GR (Cell Signaling Technology;
#12041S) were conjugated to magnetic beads (Sera-Mag;
Merck, Kenilworth, NJ; #GE17152104010150) for 2 hours
at 4�C. Chromatin was immunoprecipitated with antibody-
bead conjugates over night at 4�C. Immunocomplexes
were washed sequentially with the following buffers: low-
salt buffer (0.01% SDS, 1% Triton X-100, 2 mmol/L EDTA,
20 mmol/L Tris-HCl pH 8, 150 mmol/L NaCl), high-salt
buffer (0.01% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20
mmol/L Tris-HCl pH 8, 500 mmol/L NaCl), low-salt buffer,
and TE buffer (10 mmol/L Tris-HCl, 1 mmol/L EDTA pH 8).
Chromatin was de-proteinized with proteinase K (Hy Labs,
Israel; EPR9016) for 2 hours at 55�C and de-crosslinked
overnight at 65�C. DNA was subsequently phenol-
chloroform purified and ethanol precipitated. Primers
used for quantification are detailed in Supplementary
Table 4.

Western Blotting
Cells were lyzed with RIPA buffer, and protein samples

were loaded on 12% polyacrylamide SDS gels. Proteins
were transferred (Trans Blot Turbo, Bio-Rad; cat#
1704158) to a nitrocellulose membrane (Trans-Blot Turbo
Transfer Pack, Bio-Rad; cat# 1704158), blocked for 1 hour
with 5% low-fat milk, and incubated with primary anti-
body (1:1000 anti-GOT1 Cell Signaling Technologies, cat#
34423S; 1:2000 anti-histone H3, Active Motif, cat# 39763)
solution (Tris-buffered saline 0.5% Tween, 5% bovine
serum albumin) for 16 hours. Membranes were incubated
with secondary Peroxidase AffiniPure goat anti-rabbit
immunoglobulin G (1:2000, Jackson Laboratory, Bar Har-
bor, ME; cat# 111-035-144) or anti-mouse (1:10000,
Jackson Laboratory; cat# 115-035-146) for 1 hour, fol-
lowed by washes and 1-minute incubation with Western
blotting luminol reagent (Santa Cruz Biotechnologies,
Santa Cruz, CA; cat# sc-2048). Imaging and quantification
were done with ChemiDoc (Bio-Rad).

Hepatic Glucose Production
Twenty-four hours after isolation, primary hepato-

cytes (plated in 12-well plates; 2.5 � 105 cells per well)
were incubated for 9 hours with Dulbecco modified Eagle
medium lacking glucose, pyruvate, glutamine, and phenol
red (Gibco, Waltham, MA; A14430-01). Then cells were
washed with PBS and treated for 20 hours with medium
containing combinations of glucagon (100 nmol/L) and
corticosterone (1 mmol/L) together with one
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gluconeogenic precursor (20 mmol/L): pyruvate (Bio-
logical Industries; cat# 03-042-1B), glycerol (Biolab; cat#
07120501), L-ornithine (Sigma-Aldrich; cat# O2375-5G),
L-asparagine (Formedium, Norfolk, UK; DOC0114), L-
tyrosine (Formedium; DOC0190), L-methionine (For-
medium; DOC0166), L-aspartic-acid (Formedium;
DOC0166), L-serine (Formedium; DOC0178), L-alanine
(Formedium; DOC0102), L-histidine (Formedium;
DOC0142), L-phenylalanine (Formedium; DOC0170). Af-
ter 20 hours, 40 mL of medium was sampled, and glucose
was measured using the glucose oxidase colorimetric
method according to the manufacturer’s instructions
(Sigma-Aldrich; GAGO20).

Bioinformatic Analyses
RNA-seq, ChIP-seq, and DNase-seq analyses were per-

formed on our previously published data35 (deposited in
GEO; series# GSE72087). Fastq files were mapped to the
mm10 genome assembly using Bowtie2. Differential gene
expression was performed using DEseq2 via the HOMER
package with default parameters. DNase hypersensitive
sites were called using MACS2, and differential hypersen-
sitivity was determined using DEseq2 via the HOMER
package with default parameters. The HOMER package was
used to detect the nearest gene to each hypersensitive site.
Genes whose transcription start site was more the 100 kb
away from the hypersensitive site were omitted. The
HOMER package was used to identify CREs and GREs.
Selected gene loci were visualized by the integrated genome
browser (IGV).

Statistics
All conditions in all of the described experiments were

performed in 3 replicates or more. Error bars represent
standard deviation of biological replicates. Statistical
significance was determined by t test; P value was
adjusted for multiple comparisons using the Holm-Sidak
method. A single asterisk denotes statistical significance
of adjusted P value �.05. Double asterisks denote sta-
tistical significance of adjusted P value �.01. ns denotes
P value >.05.

All authors had access to the study data and had
reviewed and approved the final manuscript.
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