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The proper control of energy homeostasis and metabolism is a prerequisite for the
health of an organism. Indeed, metabolic dysfunction and the aberrant metabolic
adaptation to changing environmental cues represent key features of severe disease
conditions in humans, ranging from obesity, insulin resistance, and other
components of the metabolic syndrome to end-stage complications in diabetes
and even tumor diseases.

To acknowledge the increasing importance of both systemic and cellular meta-
bolic hubs to serve as therapeutic targets in the aforementioned disease conditions,
this edition of the “Handbook of Experimental Pharmacology” is dedicated to
mechanisms and mediators of metabolic control. Highly distinguished leaders in
the field of metabolism research have collected and summarized the current state of
the art in the field. Individual chapters cover the importance of the central nervous
system for energy balance, discuss both inter- and intra-organ communication
routes in metabolic homeostasis and their molecular underpinnings, and highlight
current treatment modalities in metabolic disorders.

I am convinced that this knowledge collection both spans a broad spectrum
of conceptual aspects and at the same time provides an in-depth discussion of
molecular principles in metabolic control, thereby allowing intriguing insights into
this fascinating field of science.

Munich, Germany Stephan Herzig
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Abstract

Mammals have at least 210 histologically diverse cell types (Alberts, Molecular
biology of the cell. Garland Science, New York, 2008) and the number would be
even higher if functional differences are taken into account. The genome in each
of these cell types is differentially programmed to express the specific set of
genes needed to fulfill the phenotypical requirements of the cell. Furthermore, in
each of these cell types, the gene program can be differentially modulated by
exposure to external signals such as hormones or nutrients. The basis for the
distinct gene programs relies on cell type-selective activation of transcriptional
enhancers, which in turn are particularly sensitive to modulation. Until recently
we had only fragmented insight into the regulation of a few of these enhancers;
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2 A. Rauch and S. Mandrup

however, the recent advances in high-throughput sequencing technologies have
enabled the development of a large number of technologies that can be used to
obtain genome-wide insight into how genomes are reprogrammed during devel-
opment and in response to specific external signals. By applying such
technologies, we have begun to reveal the cross-talk between metabolism and
the genome, i.e., how genomes are reprogrammed in response to metabolites, and
how the regulation of metabolic networks is coordinated at the genomic level.

Keywords
Genomics - Gene regulation - Metabolism - Transcription factor action

1 Genome-Wide Technologies

One of the first technologies to be coupled with deep sequencing was
chromatin immunoprecipitation (ChIP) (Jackson 1978). The so-called ChIP-seq
technique relies on immunoprecipitation of a chromatin-associated protein of
interest, e.g., transcription factors (TFs) (Robertson et al. 2007), or modified histone
tails (Barski et al. 2007), followed by deep sequencing of the associated DNA
(Fig. 1). By mapping these sequences to the genome, one obtains genome-wide and
quantitative information regarding which regions are occupied by TFs and
epigenomic marks. ChIP-seq has proven extremely powerful, and knowledge
provided by this technology has greatly revolutionized our understanding of how
transcription is regulated. The major limitations of this technique are the require-
ment for highly specific antibodies and the need for a priori knowledge regarding
the selection of factors/histone marks of interest, i.e., there is a requirement to know
what one is looking for. Furthermore, ChIP-seq requires relatively large amounts of
cells, i.e., in the order of 10° to 10’ depending on the antibody. Ongoing efforts
aiming at scaling down include high-throughput ChIP (HT-ChIP) (Blecher-Gonen
et al. 2013) and indexing first ChIP-seq (Lara-Astiaso et al. 2014) based on library
preparation prior to the IP of chromatin. ChIP-seq works well for tissues, but ChIP-
seq on isolated primary cells is complicated, due to (1) the requirement in terms of
cell numbers, (2) the fact that cross-linking prior to cell sorting interferes with
preparation of single cell suspensions, and (3) that the sorting procedure imposes
stress that is likely to interfere with cellular signals and TF occupancy if cells are
cross-linked after purification. To overcome this and more directly assess cell type-
specific TF binding in vivo, transgenic approaches have been developed which
enable the cell-type specific labeling of nuclei for IP (Bonn et al. 2012) or pull down
(Deal and Henikoff 2011) procedures. In order to ensure a certain quality and
reliability of the data sets, the ENCODE consortium recently published guidelines
for ChIP-seq experiments (Landt et al. 2012).

Nucleosomes are actively depleted from promoter and enhancer regions
by remodeling complexes (Felsenfeld and Groudine 2003; Gross and Garrard
1988), and determining the location of such nucleosome-depleted regions provides
unbiased information about the position of these “action points” in the genome.
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Fig. 1 Deep sequencing-based technologies used to investigate transcriptional regulation.
Chromatin immunoprecipitation sequencing (ChIP-seq) is used to determine the genome-wide
binding profile of TFs, cofactors, and histone marks to DNA. The procedure involves cross-
linking of DNA and protein, fragmentation of chromatin, immunoprecipitation of the protein
or mark of interest, de-cross-linking, and sequencing of the precipitated DNA. DNase I sequencing
(DNase-seq) is used to determine nucleosome depleted (open) chromatin regions. The procedure
involves isolation of nuclei, limited DNase I digestion, isolation of small DNA fragments, and
sequencing. RNA sequencing (RNA-seq) is used to determine the level of total RNA or mRNA.
GRO-seq, which combines purification of RNA species from in vitro global run-on transcription
with sequencing, allows to measure acute transcriptional changes and transcription of very instable
RNA species such as enhancer RNA. Whereas ChIP-seq and DNase-seq are characterized
by sequencing enriched genomic DNA, RNA-seq and GRO-seq techniques are dependent on
converting the RNA of interest into cDNA prior to library preparation
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An accurate map of nucleosome-depleted regions (open chromatin) at a genome-
wide level can be obtained by coupling DNase I digestion with high-throughput
sequencing (DNase-seq) (Boyle et al. 2008; Crawford et al. 2006; Hesselberth
et al. 2009). Here, limited DNase I digestion of isolated nuclei releases small
fragments of DNA from accessible regions that can be sequenced and mapped to
the genome to precisely locate their genomic position (Fig. 1). With the appropriate
bioinformatic tools and sufficient sequencing depth, one can even determine the
exact position of TF binding in open chromatin regions (footprints) (Hesselberth
et al. 2009). While DNase-seq is a very powerful technology, it is time-consuming,
and requires careful titration of DNase I concentration and large numbers of cells.
In contrast, formaldehyde-assisted isolation of regulatory elements sequencing
(FAIRE-seq), which relies on the enrichment of nucleosome-free DNA after
consecutive rounds of phenol-chloroform extraction of cross-linked and sonicated
chromatin (Giresi et al. 2007), constitutes an easy alternative albeit the signal-to-
noise ratio provided is far lower than for DNase-seq. Another recently developed
technology to map open chromatin regions is assay for transposase-accessible
chromatin (ATAC-seq), which is based on the direct transposase-mediated integra-
tion of sequencing adaptors into accessible native chromatin (Buenrostro
et al. 2013). These sequencing adapters can then be used for PCR amplification
thereby circumventing the need for enrichment of open regions prior to library
construction as for DNase-seq and FAIRE-seq. Thus, ATAC-seq can be performed
with much lower numbers of cells but provides sequencing libraries with lower
complexity due to PCR biases.

High-throughput sequencing is also widely used for the quantification of tran-
script levels by RNA-seq (Lister et al. 2008), which has now almost completely
replaced microarrays due to higher reproducibility and higher dynamic range of
detection (Wang et al. 2009). RNA-seq relies on sequencing of cDNA generated
from rRNA-cleared total RNA (total RNA-seq), or mRNA-derived cDNA (poly-A
RNA-seq) (Fig. 1). Due to the high sensitivity, RNA-seq can be applied to very
small numbers of cells, including single cells (Tang et al. 2011). Further
developments of RNA-seq such as 4sU-RNA-seq (Rabani et al. 2011) allow for
specific detection of newly synthesized transcripts rather than quantification of the
pool of transcripts present in a cell. Alternatively, using the newly developed
iRNA-seq pipeline, one can determine newly synthesized transcripts and thereby
estimate acute transcriptional changes by specifically quantifying reads in introns in
total RNA-seq data sets (Madsen et al. 2015). Furthermore, transcription rate can be
assessed by performing ChIP-seq on RNA polymerase II (RNAPII-ChIP-seq)
(Nielsen et al. 2008) or by global run-on sequencing (GRO-seq) (Core
et al. 2008). In the case of GRO-seq, RNA polymerase II is paused and allowed
to continue transcription while incorporating labeled nucleotides in vitro. The
newly synthesized RNA is then converted into cDNA and sequenced (Fig. 1).
The transcripts detected are therefore not cellular transcripts per se but rather
represents the activity of RNA polymerase II at the corresponding genomic
positions. GRO-seq has been particularly useful for detection of active transcription
at enhancers, which has been shown to correlate with enhancer activity (Kim
et al. 2010; Wang et al. 2011).
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There are several technologies that detect 3D chromatin interactions, and some
of these have been combined with high-throughput sequencing to map such
interactions at a genome-wide level (reviewed in de Wit and de Laat 2012). HiC
is the most unbiased technology, as it determines interactions of all baits against all
targets, but it is also the most demanding in terms of sequencing (Lieberman-Aiden
et al. 2009). The resolution of the initial HiC analyses was poor because of the high
complexity; however, recently the accumulation of 1.5-2 billion uniquely mapping
paired-end reads revealed over one million long-range interactions with a resolution
of 5-10 kb (Jin et al. 2013). HiC has recently been applied to single cells, thereby
bridging the field of genomics and microscopy for chromosome studies (Nagano
et al. 2013). The complexity of the interactions can be decreased by limiting the
baits, e.g., by using arrays to capture specific baits in capture HiC (Dryden et al.
2014; Schoenfelder et al. 2015) or by using antibodies against a specific TF or
cofactor such that only interactions involving this factor are detected as in “chro-
matin interaction analysis by paired-end tag sequencing” (ChIA-PET) (Fullwood
et al. 2009). For instance, using RNA polymerase II as the target protein, one can
detect how active promoter regions interact with enhancers (Li et al. 2012).

2 Predicting Key Regulatory Enhancers

Being able to identify the key regulatory enhancers involved in mediating a
particular metabolic response is of great importance for understanding how gene
expression is regulated. Genome-wide mapping of putative enhancers and their
change of activity in response to a metabolic signal allows for prediction of which
enhancers(s) are involved in the regulation of specific genes. Furthermore, bioin-
formatic analyses of the DNA sequence of all activated or repressed enhancers
allows for prediction of which sequence-specific transcription factors might be
involved in mediating the response. This is a powerful approach that has been
used in a number of studies to predict the major regulators involved (Siersbaek
et al. 2011; Carroll et al. 2005; Lin et al. 2010; Yanez-Cuna et al. 2012; Ling
et al. 2010; Steger et al. 2010; Mikkelsen et al. 2010). Bioinformatic limitations for
these predictions are the fact that large families of transcription factors bind to very
similar DNA sequences and that only TFs for which there is a priori knowledge of
the binding motif can be predicted. It is also important to bear in mind that the
mitogenic environment of cell culture models may lead to activation of mitogenic
transcription factors, such as AP-1, which will impact on the accessibility landscape
and create a bias in such motif analyses (Zhu et al. 2013a).

2.1 Open Chromatin Regions Marks Putative Enhancers

Recent mapping of enhancer signatures in the genome of a large number of cell
types has estimated the number of transcriptional enhancers to be in the order of
400,000 (Consortium 2012; Zhu et al. 2013a). Notably however, it is only a fraction
of these enhancers that are active in a particular cell, and it remains incompletely
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understood how enhancers are selectively activated in specific cell types. It is clear
that cell type-selective expression and activation of TFs play an important role,
but even highly active TFs only find a small percentage of their potential binding
sites in the genome. A major determining factor for where a TF binds appears
to be accessibility of the chromatin, i.e., TFs are more likely to bind to accessible
chromatin regions. This “accessibility landscape” is cell type-specific (Degner
et al. 2012; Thurman et al. 2012) as a result of the concerted binding of cellular
TFs and their recruitment of remodeling complexes. Thus, open chromatin regions
change dramatically during cellular differentiation (Siersbaek et al. 2011;
Lara-Astiaso et al. 2014; Thomas et al. 2011) and more modestly in response to
other metabolic signals (Ling et al. 2010; He et al. 2012; Lo et al. 2013; Leung
et al. 2014; John et al. 2011). Of note, chromatin remodeling is ATP dependent
and thus directly linked to the metabolic status of the cell (reviewed in Hargreaves
and Crabtree 2011). Furthermore, genome-wide maps of DNase I hypersensitive
sites (DHS) include a wealth of information about cell fate, lineage relationship,
and dysfunction. The degree of overlap between open chromatin of embryonic
stem cells and differentiating cells can be seen as a measure of cellular maturity,
and unsupervised nearest-neighbor clustering of DNase I sites can reveal the
developmental origin of cell types (Stergachis et al. 2013; Lara-Astiaso et al. 2014).

Traditional footprint assays use the ability of TFs to protect naked DNA from
DNase digestion (Galas and Schmitz 1978). Similarly, footprints of TFs bound to
chromatin can be determined by digital genomic footprinting that determines the
precise DNase I cut events and creates maps of protected segments within the
open chromatin regions (Hesselberth et al. 2009). One would expect that digital
genomic footprinting would refine motif-based TF prediction in enhancers;
however, current findings clearly demonstrate that not all TFs footprint equally
well (He et al. 2014). Interestingly, a recent study showed that the degree of DNase
I protection correlates with the occupancy time of the TF (Sung et al. 2014). Thus,
digital genomic footprinting can provide insight into the architecture of enhancers
(Siersbaek et al. 2014a), and the binding mode of TFs (Sherwood et al. 2014);
however, it appears to add only limited power with respect to predicting TF binding
in enhancers over analyzing motif occurrence in DHS sites.

2.2 Epigenomic Marks as Indicators of Enhancer Activity

Posttranslational modifications of the histone tails are dynamically placed by
histone acetylases, methylases, and kinases and removed again by deacetylases,
demethylases, and phosphatases. These histone-modifying enzymes are recruited to
the chromatin by the sequence-specific TFs and are sensitive to fluctuations of
energy substrates such as acetyl-CoA, UDP-glucose, NAD", a-ketoglutarate, and
ATP and are thereby targeted by the intermediary metabolism of the cell (reviewed
in Gut and Verdin 2013). ChIP-seq analyses have demonstrated that many histone
modifications are associated with distinct genomic features, such as active
enhancers (H3K4mel, H3K27ac), transcription (H3K36me3) and promoters
(H3K4me3, H3K9ac), as well as repressed regions (H3K27me3, H3K9me3)
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(Zentner et al. 2011; Kharchenko et al. 2011; Rada-Iglesias et al. 2011; Creyghton
et al. 2010; Mikkelsen et al. 2007). Therefore, these marks hold predictive power in
terms of defining promoters and enhancers and assessing their activity. Currently,
H3K27ac appears to be the histone mark most dynamically marking active
enhancers (Creyghton et al. 2010; Bogdanovic et al. 2012). H3K27ac distribution
is more dynamic, and a better mark of enhancer activity compared to typical
enhancer marks like H3K4mel and DNase hypersensitivity, as they are also placed
at poised enhancers (Zhang et al. 2013). It has been shown that H3K27ac is the best
single predictor for enhancer activity, which can be excelled by analyzing the
combination of H3K27ac, H3K27me3, H3K79mel, and H3K9ac. The combination
of histone marks is highly predictive for enhancer activity and even enhancer RNA
expression (Zhu et al. 2013b). Like DHS sites, histone marks have a cell type-
specific distribution with an enrichment of cell type-specific TF motifs and show
consecutive changes during cellular differentiation (Zhu et al. 2013a; Hnisz
et al. 2013; Mikkelsen et al. 2010).

23 Cofactors and Enhancer RNAs as Indicators of Enhancer
Activity

Enhancer activity can also be predicted by determining the association with
co-activators such as the mediator subunit MED1, CREB binding protein (CBP),
or bromodomain containing protein 4 BRD4, all of which have a more narrow
window and appear to be more dynamic compared to histone acetylation marks
(Brown et al. 2014). In addition, active enhancers are characterized by the expres-
sion of enhancer RNA (eRNAs), which are relatively short (50-2,000 nucleotides),
non-polyadenylated transcripts (Kim et al. 2010; Wang et al. 2011). Enhancers with
eRNA expression are more highly associated with active gene transcription than
H3K27ac marked sites, indicating that eRNA is highly predictive for enhancer
activity (Zhu et al. 2013b). Several reports have indicated that enhancer transcrip-
tion is more than just transcriptional noise (Melo et al. 2013); however, it is
currently unclear to what extent it is the transcription per se (Kaikkonen
et al. 2013) or the actual transcripts that contribute to enhancer activity
(Li et al. 2013; Lam et al. 2013; Mousavi et al. 2013).

24 Linking Enhancers to Promoters

Linking enhancers to the regulation of specific genes poses a major problem in all
genome-wide analyses. The only correct way would seem to be the unfeasible task of
systematically deleting putative enhancers and investigating the effect on gene
expression (Kieffer-Kwon et al. 2013). Currently, most genome-wide analyses
associate enhancers with promoters only based on proximity, sometimes taking
into regard also promoter activity, i.e., linking active enhancers to nearest active
promoter. Although this has proven to be a useful approximation (Sanyal
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et al. 2012), it is clearly an oversimplification that fails to consider distal enhancers
and fails to consider the fact that some enhancers may regulate multiple genes
(Tsujimura et al. 2010; Link et al. 2013; Montavon et al. 2008). Assuming that
physical interaction significantly increases the likelihood of regulation, a better
approach for linking regulated genes with their enhancers is mapping of 3D chro-
matin interactions. The current technologies are all labor- and cost-intensive and
pose major problems in terms of resolution (particularly in unbiased approached
such as HiC) or in terms of bias (e.g., bias for a particular factor in ChIA-PET).
However, despite these limitations, 3D technologies provide very useful insight into
the specific interactions between enhancers and promoters as well as how these
interactions are modulated. Results from such analyses have shown that about 27%
of distal enhancers interact with the closest promoter, whereas almost 50% of distal
enhancers interact with the closest active promoter (Sanyal et al. 2012). It is
currently unclear to what extent these interactions are modulated by signal-
dependent TFs as suggested by some studies (Li et al. 2013; Le Dily et al. 2014)
or whether signal-dependent TFs act by modulating pre-established interactions as
suggested by other studies (Hakim et al. 2011; Jin et al. 2013). However, in any case
mapping these interactions will greatly help in defining which enhancers are
involved (or has the potential to be involved) in the regulation of specific genes.

Knowing the binding sites of a TF and associating these with genes, either
by proximity or by 3D technologies, provide valuable insight and hypotheses
regarding the potential of the TF in controlling gene expression at a genome-
wide level. By correlating TF binding with changes in epigenomic marks or
cofactors in response to binding, one can predict whether the TF has an activating
or repressing effect on the specific enhancer activity (Grontved et al. 2013;
Uhlenhaut et al. 2013).

3 Cross-Talk Between Transcription Factors Is the Basis
for Cell Type Specificity

It is becoming increasingly clear that there is considerable cross-talk between TFs
at multiple levels and that this cross-talk is key to cell type-specific activation of
enhancers and gene programs. First, transcription factors cooperate in gaining
access to the DNA. This is important because the wrapping of DNA around
nucleosomes in chromatin makes the DNA strand relatively inaccessible to TFs.
There are numerous reports demonstrating that binding of one TF facilitates the
recruitment of other TFs to chromatin. The ability of certain TFs to facilitate the
binding of others to closed chromatin has been termed “pioneering” (reviewed in
Iwafuchi-Doi and Zaret 2014). More recently the term “assisted loading” has been
used to describe the interdependent binding of TFs to chromatin (Voss et al. 2011).
FoxAl has been shown to facilitate the recruitment of estrogen receptor (ER) in
breast cancer cells (Hurtado et al. 2011; Carroll et al. 2005); AP1 facilitates the
recruitment of glucocorticoid receptor (GR) in murine mammary cells (Biddie
et al. 2011); C/EBPp facilitates GR binding in mouse liver in vivo (Grontved
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et al. 2013) and differentiating 3T3-L1 adipocytes (Steger et al. 2010; Siersbaek
et al. 2011); and C/EBPa facilitates the recruitment of PPARy and vice versa in
adipocytes (Madsen et al. 2014). Furthermore, there is considerable cooperativity in
TF binding to TF hotspots established early during 3T3-L1 adipogenesis (Siersbaek
etal. 2011, 2014b). Interestingly, and consistent with this cooperativity, the binding
of TFs to hotspots is less dependent on their cognate DNA motif compared to the
binding to sites with fewer associated factors (Siersbaek et al. 2014a) (Fig. 2). This
implies that genomic elements harboring a well-fitting consensus motif are likely to
be bound by the corresponding TF more independently of other interacting factors.
Accordingly, ER binding sites that are shared between different cell types typically
contain high-affinity ER motifs, whereas cell type-specific ER sites are more

Binding cooperativity Residence time and
transcriptional output
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Fig. 2 Transcription factors cooperate in binding and transcriptional output. TFs only bind to a
small subset of potential target sites in DNA. Most binding events are highly dependent on
cooperative binding to TF hotspots and are therefore cell type-selective. There may also be
cooperativity between hotspots as is seen in super-enhancers. Binding at such sites is less
dependent on motif strength and is retained to a higher degree. Some binding events that are
driven by strong TF binding motifs are less dependent on other TFs and tend to be bound in several
different cell types. Transcriptional output is determined in part by association to hotspots (and
super-enhancers) as well as the residence time of TF binding events, where mainly long binding
events contribute to transcriptional rate
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dependent on other ER cooperating factors (Gertz et al. 2013). Moreover, the ability
of C/EBPa and PPARY to act as the “leading factor” in priming the chromatin
landscape for the other is dependent on the motif score of their corresponding
binding sites (Madsen et al. 2014).

Importantly, and contrary to what has been the general dogma, TFs that bind to
the same DNA sequence may cooperate rather than compete (Voss et al. 2011).
This can be rationalized by the dynamic association of TFs with DNA, the limited
occupancy times for TFs, and the ability of TFs to bring in different co-activator
complexes. In line with this, photo-bleaching experiments (McNally et al. 2000;
Mueller et al. 2008; Bosisio et al. 2006) and single molecule tracking studies (Chen
et al. 2014; Gebhardt et al. 2013) showed that the average residence time of TFs on
DNA is in the range of seconds to minutes. Interestingly, it has been shown that the
residence time of a TF at a single site varies and that longer interactions correlate
with higher transcriptional output (Lickwar et al. 2012; Karpova et al. 2008;
Stavreva et al. 2004; Sharp et al. 2006) (Fig. 2). The dissociation of TFs from the
chromatin is thought to be due to passive thermal processes as well as active
cellular processes requiring chromatin remodeling (Nagaich et al. 2004; McKnight
et al. 2011; Johnson et al. 2008; Karpova et al. 2004), chaperone (Agresti
et al. 2005; Stavreva et al. 2004), and proteasomal activity (Stavreva et al. 2004;
Stenoien et al. 2001). This turnover of transcriptional regulators at active sites may
contribute positively to transcriptional activity. For example, it has been shown that
proteasome inhibition leads to accumulation of ubiquitinated transcriptional
regulators and reduced transcriptional activity of genes in the vicinity of
ubiquitin-accumulating enhancers (Catic et al. 2013). The stochastic associations
of TFs with DNA contribute to transcriptional noise and variability of transcrip-
tional responses between different cells in a population (Raser and O’Shea 2004).

Interestingly, co-binding of TFs has been shown to be predictive for cross-
species interdependent retention of binding sites. This was first shown for
C/EBPa and PPARy binding in human and mouse adipocytes (Schmidt
etal. 2011), and later for three TFs in livers of six different rodent species (Stefflova
et al. 2013). Loss of a single binding event leads to concomitant, systemic destabi-
lization of the binding of the other TFs. Thus, it appears that co-bound TFs have a
higher probability of binding conservation and that this binding is more robust to
sequence variations in directly bound motifs. The ENCODE consortium reported
3,307 pairs of statistically co-associated factors involving 114 TFs (out of
117 analyzed) indicating a widespread genomic interaction between many but not
all (analyzed) TFs (Gerstein et al. 2012). Furthermore, profiling of 15 TFs at 4 h
following adipogenic stimulation of 3T3-L1 preadipocytes showed the presence of
about 12,000 hotspots (>5 factors binding) and a remarkable overlap in binding of
all TFs at 138 sites (Siersbaek et al. 2014b). Thus, although there might be pairs of
TFs that are particularly good at facilitating the binding of each other, it is likely
that cooperativity is a general phenomenon that extends to most TFs simply because
they have capacity to make the chromatin more accessible through recruitment of
remodeling complexes and cofactors.
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Second, TFs also cooperate at the level of cofactor recruitment and
chromatin remodeling (Siersbaek et al. 2014a), and hotspots are therefore highly
associated with gene activation (He et al. 2011; Siersbaek et al. 2014b; Chen
et al. 2008) (Fig. 2). Interestingly, analysis of C/EBPp binding to hotspots showed
that this TF contributed equally to the activity of the hotspot (as determined by
recruitment of other TF and MED1) independent of whether it bound to DNA via a
consensus C/EBP binding motif or via alternative mechanisms that could be both
direct or indirect (Siersbaek et al. 2014a).

Third, recent results indicate that TFs also cooperate at the level of so-called
super-enhancers (also termed stretch enhancers), which are clusters of highly active
enhancers in the genome that typically span over several kb (Whyte et al. 2013;
Parker et al. 2013). Super-enhancers are bound by cell type-specific TFs and high
levels of co-activators such as the mediator complex. They are highly enriched in
the vicinity of cell type-specific genes and are more sensitive to perturbations than
normal enhancers (Whyte et al. 2013; Loven et al. 2013; Hnisz et al. 2013; Brown
et al. 2014). Consistent with the importance of these enhancers, disease-associated
sequence variations (SNPs) are enriched in super-enhancers compared to normal
enhancers. SNPs associated with type I diabetes are enriched in super-enhancers of
T-helper cells compared to, e.g., adipose tissue, brain, and heart (Hnisz et al. 2013).
Indicative of cooperativity between the super-enhancer constituents, these have
significantly higher levels of MEDI1 occupancy than regular enhancers with the
same number of TFs associated (Siersbaek et al. 2014b). Furthermore, depletion of
a TF that binds to constituents in a super-enhancer affects not only the activity of
the associated constituents but also that of other not bound ones in the super-
enhancer (Siersbaek et al. 2014b).

4 Genomic Approaches in Metabolism

The application of deep sequencing-based genome-wide approaches has
transformed the way we study transcriptional regulation and has had major impact
on our understanding of how gene programs are regulated. First, insight gained
from these approaches has revolutionized our understanding of the molecular
mechanisms and the complexity involved. Key findings include the fact that
genes are typically regulated by multiple enhancers many of which are intragenic
or far away from genes. Furthermore, enhancers are hotspots where multiple TF
bind in a cooperative fashion, and this cooperativity appears to be the basis for the
highly cell type- and context-dependent binding and action of TFs. It has also
become clear that the majority of the genome is transcribed and that non-coding
RNAs are heavily involved in the regulation of gene expression (Vollmers
et al. 2012; Derrien et al. 2012; Howald et al. 2012; Banfai et al. 2012). Second,
since we can now study all genes and all enhancers simultaneously rather than
studying single gene-enhancers relations, we can obtain global insight into the role
of a particular factor. Third, the genome-wide approaches have greatly facilitated
the identification of novel regulators and made it possible to begin to define
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transcriptional networks that interact in time and space (Fig. 3). Here TF networks
can be thought of both as the cascades of factors that interact in time by regulating
the expression of each other, as well as the functional cross-talk between TFs at a
given time point.
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Fig. 3 Genomic strategies for uncovering transcriptional networks. Under steady-state
conditions, profiling of (active) enhancer marks identifies the position of cell type-selective
enhancers. Bioinformatic motif analysis of the underlying sequences can predict key cell type-
specific TFs. Profiling of these TFs helps to validate their involvement in specific gene programs
and to predict cooperating partners. Genome-wide profiling of changes in enhancer activity in
response to specific stimuli is a powerful strategy for identifying key enhancers involved in
transcriptional reprogramming and predicting the executing TFs based on motif analyses. Super-
enhancers are particularly sensitive to regulatory signals, and super-enhancer-association can
therefore be used to predict the most dramatically regulated/lineage-determining genes
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4.1 Adipogenesis and Metabolic Regulation of Adipocytes

Genome-wide profiling of DHS sites during 3T3-L1 adipogenesis has revealed a
dramatic remodeling of chromatin during the first few hours following stimulation
with the adipogenic cocktail, and this remodeling is driven by the formation of early
transcription factor hotspots (Siersbaek et al. 2011, 2014a). Some of the remodeled
sites are only transiently remodeled and may be selectively required for the early
gene program involved in, e.g., the early proliferative response (clonal expansion).
Interestingly however, many remodeled sites remain open also in the mature
adipocytes, and there is relatively little remodeling occurring at later time points
during the differentiation. This demonstrates that the chromatin structure of these
adipocytes is largely established early in differentiation long before the main
transcriptional activators of the second wave, such as PPARy and C/EBPa, are
activated. However, once these factors become activated they occupy many of the
early enhancers, indicating that the function of these important regulators in
adipogenesis depends on the early remodeling process (reviewed in Siersbaek and
Mandrup 2011; Lefterova et al. 2014).

Profiling of PPARy and C/EBPa in mature mouse and human adipocytes has
shown that PPARy and C/EBPa are associated with most genes that are induced
during adipogenesis and highly enriched in the vicinity of genes involved in glucose
and lipid metabolism (Lefterova et al. 2008; Nielsen et al. 2008). This indicates that
these key regulators are directly involved in the entire metabolic reprogramming
during adipogenesis. Interestingly, PPARy displays distinct binding patterns in
adipocytes from different depots and is associated with lineage-selective genes,
indicating that PPARY is also involved in the activation of specialized adipocyte
gene programs (Siersbaek et al. 2012). It is likely that lineage-selective factors
cooperate with PPARY to bind to these genes. Based on motif analyses EBF2 was
discovered as a brown adipocyte factor that bind and cooperate with PPARy at
brown adipocyte-selective sites (Rajakumari et al. 2013). KLF11 was recently
identified as another lineage-determining factor by analyzing de novo PPARy
super-enhancers during browning of human adipocytes (Loft et al. 2015). Further-
more, motif analyses of putative preadipocyte and adipocyte enhancers identified
promyelocytic leukemia zinc finger protein (PLZF encoded by ZbtbI16) and the
serum response factor (SRF) as preadipocyte factors that inhibit differentiation
(Mikkelsen et al. 2010) and nuclear factor 1 proteins NF1A and NF1B as factors
that promote adipogenesis (Waki et al. 2011).

In addition, comparative transcriptome profiles have been used to identify
common mechanisms in cell culture models and to determine to which extent
these mechanisms resemble the transcriptional changes in vivo. For example, it
was recently shown that in vitro insulin resistance of 3T3-L1 adipocytes through
tumor necrosis factor o (TNF-a), hypoxia, or the combinatorial treatment compared
to dexamethasone or high insulin exposure faithfully mimics the transcriptional
perturbations of adipose tissue in diet-induced obesity (Lo et al. 2013).
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4.2 Nutritional Reprogramming of the Genome in Hepatocytes

Liver metabolism is subject to marked nutritional and diurnal regulation. Genome-
wide approaches have revealed that the genomic basis for that is a marked
reprogramming of the chromatin landscape (Koike et al. 2012; Vollmers
et al. 2009, 2012; Leung et al. 2014). By identification of the putative enhancers
and the characterization of the mechanisms of individual factors involved, we have
gained considerable insight into how this reprogramming occurs. One of the factors
associated with the fasting response in hepatocytes is cAMP response element
binding protein (CREB), which is activated by PKA phosphorylation of Ser133
during fasting (reviewed in Altarejos and Montminy 2011). Genome-wide profiling
of CREB binding showed only minor differences in the binding of CREB and
pSer133-CREB between different cell types cultured in vitro (Zhang et al. 2005).
Furthermore, in the fasting liver CREB was found to be, associated with both
activated and repressed genes (Everett et al. 2013). Bioinformatic analyses of liver
ChIP-seq profiles demonstrated CREB binding sites near fasting-induced genes to
be generally associated with co-occupancy of FOXA2, C/EBPp, PPAR«a, and GR,
whereas CREB binding sites near repressed genes were devoid of these factors and
mostly enriched for CTCF binding (Everett et al. 2013). Thus, it appears that CREB
generally marks enhancers of fasting-regulated genes, and whether it acts as a
repressor or an activator depends on the cooperating TFs at the enhancer (Fig. 4).
Nuclear receptors (NRs) are a class of important signal-dependent TFs involved
in the regulation a large number of cellular functions including differentiation and
metabolism (reviewed in Aagaard et al. 2011; Hong et al. 2014; Poulsen
et al. 2012). In mammals, members of the retinoid X receptors (RXRs) play a
central role as the common heterodimerization partners of the class II receptors,

Transcriptional ’ i
response to fasting T
CREB low CREB high CREB association close to TSS
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Enriched TFs at -
CREB binding sites ‘
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Fig. 4 CREB marks fasting-responsive genes. cAMP responsive element binding protein (CREB)
is associated with genes that are differentially regulated upon fasting. The binding of CREB itself
is independent of the nutritional state. However, near fasting-induced genes CREB binds to sites
associated with FOXA2 forkhead box protein A2, C/EBPf CCAAT enhancer binding protein f,
GR glucocorticoid receptor, and PPARa peroxisome proliferator-activated receptor o, whereas
near fasting-repressed CREB binding sites are mainly associated with CTCF CCCTC-binding
factor
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which include a large number of metabolite-activated NRs such as PPARs, LXRs,
and FXRs, as well as some hormone- and vitamin-activated receptors involved in
the regulation of metabolism, such as TRs and RARs (reviewed in Evans and
Mangelsdorf 2014). In vitro different types of RXR heterodimers bind to repeats
of similar consensus sequences with distinct receptor-specific spacing, and these
sequences have been found to be enriched at the chromatin binding sites of the
corresponding receptors in many different studies (He et al. 2013; Boergesen
et al. 2012; Cui et al. 2010; Chong et al. 2010; Thomas et al. 2010; Feng
etal. 2011; Schmidt et al. 2010). The intriguing observation is that although nuclear
receptor motifs are enriched at the binding sites, only a small fraction of the binding
sites has a motif that fits the consensus reasonably well (Boergesen et al. 2012). It
appears that nuclear receptors bind to many overlapping sites, i.e., “NR hotpots,” in
the genome and may do so by interacting with the same degenerate binding motifs
in these hotspots (Boergesen et al. 2012) (Fig. 5). This finding challenges the
concept of the DNA motif being the major contributor to defining NR specificity.
It is likely that other TFs associated with enhancers play a key role not just in
making the site accessible through chromatin remodeling, but also in facilitating the
binding by protein-protein interaction (Siersbaek et al. 2014b) (reviewed in Voss
and Hager 2014). It is intriguing that NRs that control opposing metabolic pathways
occupy the same enhancers in mouse liver, as it was observed for PPARa and LXR,
which activate fatty acid oxidation and fatty acid synthesis, respectively. This
finding opens the possibility for an extensive and direct cross-talk between these
different nuclear receptor pathways at the chromatin level; however, it remains to
be seen how the individual NRs contribute to enhancer activity. It is likely that the
level of importance of a particular NR for enhancer activity varies greatly between
the different enhancers to which it binds.

4.3 Cross-Talk Between Metabolism and the Clock

There is considerable cross-talk between metabolism and the circadian clock. The
clock controls metabolism in anticipation of a meal, and metabolites in turn
regulate the clock (reviewed in Aguilar-Arnal and Sassone-Corsi 2013). Circadian
genes are often tissue-specific and rate limiting steps of biological processes, e.g.,
glucose and lipid metabolism in liver (Kohsaka et al. 2007). The understanding of
how this happens has recently made major leaps forwards based on discoveries
generated by genome-wide studies (reviewed in Feng and Lazar 2012). Transcrip-
tional reprogramming during the day is coordinated by changes in TF and cofactor
recruitment that modulates chromatin structure and the epigenome (Feng
et al. 2011; Vollmers et al. 2012; Koike et al. 2012; Menet et al. 2014; Stashi
et al. 2014). The activity of cycling enhancers alternates between repressed, poised,
and active state (Koike et al. 2012) which is dictated in part by the oscillating
activities of the core clock TFs (Koike et al. 2012; Menet et al. 2014) as well as the
accessory clock TFs such as REV-ERB proteins (Feng et al. 2011; Cho et al. 2012;
Bugge et al. 2012). Core clock components are enriched at cycling promoters and
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Fig. 5 Nuclear receptors bind to many nuclear receptor hotspots. Type Il nuclear receptor dimers
such as LXR-RXR, PXR-RXR, FXR-RXR, PPARa-RXR, and RARa-RXR bind to unique binding
sites in the liver as well as to many nuclear receptor hotspots with degenerate motifs (LXR liver X
receptor, PXR pregnane X receptor, FXR farnesoid X receptor, PPARa peroxisome proliferator-
activated receptor a, RARa retinoic acid receptor o, RXR retinoid X receptor). Lower panel left:
LXR agonist increases LXR as well as RXR occupancy and induces binding to many new sites. By
contrast, RXR agonists only promote RXR occupancy and have little effect on LXR occupancy.
Lower panel right: The binding of LXR-RXR dimers to naked DNA is limited to DR4 elements
(direct repeat with four spacing nucleotides) and PPARa-RXR binding to DR1 elements. In
contrast, both dimers are capable of binding to the same degenerate DR element in the (open)
chromatin context
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enhancers, and genes with a cycling activity of both components have an increased
amplitude of transcripts (Vollmers et al. 2012). Loss of REV-ERBs leads to almost
complete failure to recruit the co-repressor HDAC3 to genomic sites in liver,
thereby resulting in derepression of many lipogenic genes and hepatic steatosis
(Feng et al. 2011; Bugge et al. 2012). The activity of sterol-regulatory binding
protein 1 (SREBP-1) is known to be activated by insulin and nutrients in the fed
state (Green et al. 2009; Foretz et al. 1999). In addition, recent results showed that
the binding profile of this central TF is regulated in a circadian manner, most likely
through cooperative binding with TFs that are under control of the clock (Gilardi
et al. 2014). This indicates that enhancers, such as those occupied by SREBP-1,
integrate metabolic and circadian signals. One of the future challenges will be to
dissect metabolic and clock-derived signals acting on regulatory enhancers.

5 Future Challenges

Genome-wide technologies have revolutionized our understanding of transcrip-
tional regulation and had major impact on our ability to decode metabolic regu-
latory networks. However, these technologies have also revealed a hitherto
unappreciated complexity that shows that there is a lot that remains to be under-
stood. This includes the spatial and temporal integration of cellular signals on the
chromatin and the driving forces of cell type-specific enhancer remodeling. Solving
these questions will require overcoming some of the current technical limitations of
genome-wide technologies.

One of the major limitations in genome-wide technologies is the requirement for
large amount of sample material, and ongoing efforts therefore aim at scaling down.
These include, e.g., new technologies that require much fewer cells to start with,
such as ATAC-seq and HT-ChIP. The ultimate goal is to be able to determine
molecular aspects of transcriptional regulation at a single cell level. Scaling down
combined with cell sorting is important for the ability to analyze transcriptional
regulation in primary cells. Current efforts include optimizing cell sorting by
magnetic (MACS) or fluorescent (FACS) labeling and combining this with
RNA-seq, DNase-seq, or ChIP-seq to get expression and chromatin profiles of
pure cell populations (Thurman et al. 2012; Zhu et al. 2013a; Harzer et al. 2013).
In order to overcome issues of cell sorting procedures and more directly assess
genome-wide aspects of transcriptional regulation in vivo, it may be necessary to
use transgenic approaches that allow for direct labeling and isolation of cell type-
specific nuclei from tissues (Bonn et al. 2012; Deal and Henikoff 2011) or cell type-
specific RNA species through “TU tagging,” i.e., 4-thiouracil labeling and
biotinylation of RNA from a particular cell type (Gay et al. 2014). Further devel-
opment of these labeling technologies and their integration with genome-wide
technologies will be an important step for the ability to investigate transcriptional
regulation in vivo.

Another major challenge is the fact that the time resolution in the current
genome-wide technologies is poor. Thus, these technologies provide averages not
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just over many cells, but also averages over extended time periods compared to the
highly dynamic behavior of transcriptional regulators. This means that fundamental
insight into the dynamic actions of transcriptional regulators is lacking. Recent
achievements, e.g., in single molecule tracking technologies, have provided a
glimpse of this dynamic behavior and further developments in this area have
great potential.

Finally, a major challenge is linking the complex insight gained through
genome-wide technologies to a functional transcriptional readout. Here techno-
logies that map the 3D structure of chromatin and record how this is changed
in response to transcriptional signals have great potential. However, improving
the time and spatial resolution of such techniques will be important for their
general applicability and the information that can be obtained from such studies.
Importantly, conclusions regarding causality require perturbation of the system,
e.g., perturbation of specific enhancers, binding sites, factors, or processes. Here
genome-editing holds great promise for establishing functional links that can
validate and refine hypotheses for selected sites that can then be used as examples
for prediction of functional links elsewhere in the genome. The major disadvantage
of the current technologies for genome-editing is that they are labor-extensive,
and moving beyond a few sites to eventually do genome-editing at a genome-wide
level will therefore require development of new technologies.
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Abstract

3'-5'-Cyclic adenosine monophosphate (cyclic AMP or cAMP) was first
described in 1957 as an intracellular second messenger mediating the effects
of glucagon and epinephrine on hepatic glycogenolysis (Berthet et al., J Biol
Chem 224(1):463—475, 1957). Since this initial characterization, cAMP has been
firmly established as a versatile molecular signal involved in both central and
peripheral regulation of energy homeostasis and nutrient partitioning. Many of
these effects appear to be mediated at the transcriptional level, in part through
the activation of the transcription factor CREB and its coactivators. Here we
review current understanding of the mechanisms by which the cAMP signaling
pathway triggers metabolic programs in insulin-responsive tissues.
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1 Introduction

In mammals, cAMP is produced from ATP by a family of enzymes called adenylate
cyclases (ACs). There are nine transmembrane members of this family (tmACs
Type I-IX) and one soluble isoform (AC10 or sAC) (Kamenetsky et al. 2006). The
soluble AC is conserved across species, from prokaryotes and fungi, to humans
(Buck et al. 1999). This enzyme is localized to the cytosol, the nucleus, and the
mitochondria where it is activated by increases in bicarbonate from cellular respi-
ration (Zippin et al. 2004; Acin-Perez et al. 2009). The nine transmembrane ACs are
expressed at different levels in various cell types (Defer et al. 2000) where they are
confined to discrete functional domains together with upstream regulators and
downstream targets of cAMP signaling. The most extensively characterized
regulators of tmAC activity are heterotrimeric G proteins composed of f and y
subunits (Chen et al. 1995) and either stimulatory (G,) or inhibitory (G;) subunits
that convert extracellular stimuli engaging G-protein-coupled receptors (GPCRs)
into intracellular signals through modulation of tmAC activity. Other signal
transducers that regulate tmAC activity include calmodulin (Valverde
et al. 1979), protein kinase A (PKA) (Iwami et al. 1995), protein kinase C (PKC)
(Yoshimasa et al. 1987), as well as regulator of G-protein signaling 2 (RGS2)
(Sinnarajah et al. 2001). These regulators affect specific tmAC types, allowing
versatile feedback loops that are cell-type specific and that integrate cAMP signal-
ing with calcium, G4, and growth factor signals.

Precise regulation of cAMP turnover, clustering of ACs with downstream targets
in microdomains, and inhibitory feedback mechanisms all serve the purpose of
compartmentalizing the cAMP signal both spatially and temporally. Separation of
discrete cAMP signals is the functional basis for the coexistence and fidelity of
multiple signaling pathways using cAMP as a second messenger in the same cell
(Hayes et al. 1980; Di Benedetto et al. 2008; Zaccolo 2011; Houslay 2010). It is
important to note that under physiological conditions, diffusion of cAMP beyond
these defined microdomains is insignificant (Zaccolo and Pozzan 2002). Indeed,
protein microdomains are instrumental in maintaining distinct cAMP signaling
compartments, and the scaffolding proteins known as A-kinase anchor proteins
(AKAPs) play a key role in the formation of these microdomains (Dessauer 2009;
Smith et al. 2013). Through direct physical interactions, AKAPs station cAMP-
effector proteins optimally relative to ACs and phosphodiesterases (PDEs) allowing
exposure to cAMP concentrations within their dynamic range.

The physiological outcome of signals eliciting a cellular cAMP response
depends on the subcellular localization of the effectors relative to the source of
cAMP and to potential downstream targets. Three classes of cAMP-effector
proteins have been established to date: PKA (Walsh et al. 1968), exchange proteins
directly activated by cAMP (EPACs) (de Rooij et al. 1998), and hyperpolarization-
activated cyclic nucleotide-gated (HCN) ion channels (DiFrancesco and Tortora
1991). These effectors bind cAMP allosterically, leading to direct effects on
downstream targets or permitting them to serve as integrators of the cAMP signal
with other secondary messenger systems and signaling pathways. In addition to the
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three established cAMP-effector mechanisms, PDE10A isozymes (Handa
et al. 2008) and Popeye domain-containing (Popdc) proteins (Froese et al. 2012)
have been identified as cAMP-binding proteins. The importance of PDE10A and
Popdc proteins as cAMP effectors is yet to be determined.

While cAMP synthesis is determined by the activities of ACs, the superfamily of
PDEs is the predominant cAMP-lowering mechanism in mammalian cells. These
cyclic nucleotide-hydrolyzing enzymes are classified into multiple families (PDE1—
11) with distinct expression patterns and specificities. Eight of these families can
hydrolyze cAMP to AMP (PDEs 4, 7, and 8 are specific to cAMP), while the others
are selective for 3'-5'-cyclic guanosine monophosphate (¢cGMP). Each family
consists of several isozymes with distinct subcellular distributions and means of
regulation (for a comprehensive review, see Francis et al. 2011). Dynamic changes
in PDE expression, localization, oligomerization, and relative cGMP levels in the
case of dual-specificity PDEs are all crucial determinants of total cAMP hydrolytic
activity. The magnitude of the cAMP signal and fine-tuning of its kinetics by the
PDE:s is also coordinated by interactions with regulatory proteins and posttransla-
tional modifications of the PDEs, such as phosphorylation by PKA itself (Francis
etal. 2011; Keravis and Lugnier 2010). The amplitude, propagation, and duration of
the cAMP signal are not only restricted by localization of PDE activities but are
also regulated by a negative feedback mechanism in which cAMP itself activates
PDE3 and PDE4 isozymes (Sette et al. 1994; Gettys et al. 1987). As will be
discussed later in this chapter, PDEs are widely targeted by pharmacological agents
to correct cAMP signaling in human disease.

2 cAMP in Metabolic Control

Cyclic AMP signaling has enormous impact on metabolic pathways both at the
cellular and systemic levels. In the following sections, we will focus on inducers,
regulators, and effectors of cAMP signals in important metabolic tissues.
Mechanisms will be discussed in the context of nutrient homeostasis and the
metabolic syndrome, a state of severe metabolic imbalance signified by
perturbations in cAMP signaling in multiple tissues.

Most tissues are under the control of the sympathetic nervous system (SNS).
Through the coordinated release of epinephrine from the adrenal glands into the
circulation and the release of synaptic norepinephrine, the SNS activates
membrane-bound adrenergic receptors on target cells. Of these, a2-adrenergic
receptors inhibit and P-adrenergic receptors (f1, 2, and P3) stimulate cAMP
production through G; and G activation, respectively (Insel 1996). The SNS has
classically been associated with stress responses (Seematter et al. 2004), but
synaptic tone is also involved in regulating basal metabolic rate, glucose disposal,
and lipid partitioning (Monroe et al. 2001; Boyda et al. 2013; Arner et al. 1990). In
this light, it is interesting to note that a growing body of literature links metabolic
disorders like obesity and diabetes to dysregulation of adrenergic receptor signaling
(Boyda et al. 2013; Yasuda et al. 2006; Ziegler et al. 2012).
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2.1 Liver

Cyclic AMP signaling was first discovered in the liver as a critical mediator of
glucose metabolism. Mammals use highly interconnected hormonal signaling
mechanisms that include the opposing actions of glucagon and insulin to maintain
glucose homeostasis. Decreases in circulating glucose concentrations during fasting
trigger the release of pancreatic glucagon, which stimulates gluconeogenesis and
provides substrate supply to glucose-dependent tissues like the brain and red blood
cell compartments. During feeding, increases in circulating insulin downregulate
hepatic gluconeogenesis in part through activation of the Ser/Thr kinase Akt.
Increases in insulin resistance promote hyperglycemia, in part due to a failure of
insulin to suppress hepatic glucose production. Indeed, lowering hepatic glucose
production represents a major objective for treatment of type II diabetic individuals.
A potential regulatory target in this process is the transcription factor CREB
(Altarejos and Montminy 201 1a) and its associated coactivators the CREB-binding
protein (CBP) and cAMP-regulated transcriptional coactivators (CRTCs).

Triggering of the glucagon receptor on hepatocytes activates adenylate cyclase,
leading to production of cAMP and increases in PKA activity. Following its
PKA-mediated phosphorylation, CREB interacts with CREB-binding protein
(CBP) (Chrivia et al. 1993a; Eckner et al. 1994) and initiates transcription of key
gluconeogenic enzymes such as pyruvate carboxylase (PC), phosphoenolpyruvate
carboxykinase (PEPCK-C) (Herzig et al. 2001; Quinn and Granner 1990;
Wynshaw-Boris et al. 1986), and glucose-6-phosphatase (Lin et al. 1997). The
induction of gluconeogenic genes by CREB is further augmented by the CREB-
regulated transcription coactivator 2 (CRTC2), which is dephosphorylated in
response to glucagon, where it migrates to the nucleus and associates with CREB
over relevant promoters (Koo et al. 2005; Chrivia et al. 1993b). Under feeding
conditions, CRTC2 is phosphorylated by salt-inducible kinases (SIKs) and
sequestered in the cytoplasm via an association with 14-3-3 proteins. Exposure to
glucagon promotes the PKA-mediated phosphorylation and inhibition of SIKs,
leading to the dephosphorylation of CRTC2.

The CREB/CRTC2 pathway appears to be active primarily during short-term
fasting; with prolonged fasting, forkhead box protein O1 (FOXO1) activity appears
critical in maintaining expression of gluconeogenic genes (Liu et al. 2008). The
physiological relevance of CREB and CRTC2 in hepatic glucose production is
demonstrated in vivo with a mouse model expressing dominant-negative CREB
inhibitor A-CREB (Ahn et al. 1998) and in cultured hepatocytes with a knockout of
CRTC2 (Wang et al. 2010).

In addition to these transcriptional effects, PKA modulates gluconeogenesis by
altering substrate flux. PKA phosphorylates the bifunctional enzyme fructose-2,6-
bisphosphatase/phosphofructokinase-2, favoring the phosphatase activity and
therefore decreasing production of the metabolic intermediate fructose
2,6-bisphosphate. This metabolite is a powerful allosteric activator of
phosphofructokinase-1 (PFK-1), the first rate-limiting enzyme in glycolysis. By
depleting the activator, PKA inhibits glycolytic flux through PFK-1, enhancing



Role of the cAMP Pathway in Glucose and Lipid Metabolism 33

glucose production and liver glucose output (El-Maghrabi et al. 1982; Richards
et al. 1982).

Liver glycogenolysis is another means by which glucose homeostasis is
maintained during fasting and exercise or in response to stress as manifested by
increased catecholamine signaling. Following its activation by glucagon and epi-
nephrine, PKA phosphorylates and activates phosphorylase kinase, which in turn
stimulates glycogen phosphorylase, allowing for glucose release from liver glyco-
gen stores (Studer and Borle 1982; Studer et al. 1984).

In addition to its regulation by fasting and feeding signals, hepatic glucose
production is also modulated by the circadian clock. Like other tissues, the liver
clock is governed by E-box transcription factors called brain and muscle ARNT-
like (BMAL) and circadian locomotor output cycles kaput (CLOCK), which trigger
expression of cryptochrome (CRY) and period (PER) proteins. In turn, CRY and
PER repress transcription of CLOCK and BMAL, providing feedback regulation.
Although they are regarded primarily as transcriptional repressors, CRY1 and
CRY2 appear to inhibit expression of the gluconeogenic program during the
night-to-day transition by binding to the cytoplasmic G, subunit of the
heterotrimeric G protein. Conversely, decreases in CRY 1 and CRY?2 levels during
the day-to-night transition enhance hepatic glucose production due to increases in
cAMP signaling (Zhang et al. 2010). CREB and CRTC2 have been reported to
promote the expression of BMALL, suggesting that this pathway may modulate the
core clock (Sun et al. 2015).

2.2 White Adipose Tissue

White adipose tissue (WAT) in mammals serves as an insulation, a storage depot of
energy in the form of triglycerides, and an endocrine organ. The characteristics of
fat depots throughout the body are largely dictated by their location; they are under
complex endocrine, nutritional, neuronal, and immunological control (Rosen and
Spiegelman 2014). Many of these regulatory signals are mediated by cAMP, which
is known to have a significant role in both adipogenesis and lipid partitioning in
white adipose tissue. Mature adipocytes arise from fibroblastic precursors through a
dynamic differentiation process that requires extensive chromatin remodeling (Park
et al. 2012; Siersbaek et al. 2014; Tang and Lane 2012). The cAMP signaling
pathways are among the most well-characterized mechanisms controlling adipocyte
differentiation. PDE inhibitors and synthetic cAMP analogs are commonly
employed to switch on the adipogenic program in vitro (Russell and Ho 1976).
An early increase in preadipocyte cAMP levels stimulates PKA, which in turn
phosphorylates and activates the nuclear basic leucine zipper transcription factor
cAMP-response element-binding (CREB) protein and members of the ATF family
(Zhang et al. 2004; Fox et al. 2006a). These transcriptional activators have been
linked to the induction of critical regulators of adipogenesis, including peroxisome
proliferator-activated receptor-y (PPAR-y) and CCAAT/enhancer-binding protein
(C/EBP) a and B (Fox et al. 2006a; Niehof et al. 1997; Birsoy et al. 2008).
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Expression of constitutively active CREB is sufficient to promote adipogenesis in
3T3-L1 cells (Fox et al. 2006b), highlighting the importance of the cAMP pathway
in adipocyte differentiation. Activation of EPACI1 also appears important for a
subset of cAMP effects (Petersen et al. 2008) possibly in synergy with the effects of
PKA. Adipogenesis is impaired in mice lacking G, expression in adipose tissue
(Chen et al. 2010), providing strong evidence that cAMP is crucial to adipogenesis
in vivo. Embryonic fibroblasts isolated from these mice have significantly reduced
adipogenic potential in vitro even when PDE activity is inhibited. The nature of the
signals stimulating cAMP production during adipogenesis in vivo remains to be
elucidated, however.

In addition to its effects on differentiation, cAMP signaling also regulates lipid
metabolism in WAT. During instances of high energy demand, such as fasting,
triglycerides stored in adipocyte lipid droplets are hydrolyzed to fatty acids and
glycerol in a process known as lipolysis (Frayn 2002). For decades, it has been
suggested that adipokinetic factors released from the pituitary (e.g., growth hor-
mone), adrenal (e.g., glucocorticoids), and pancreas (e.g., glucagon) can stimulate
lipolysis from WAT (Hollenberg et al. 1961; White and Engel 1958). Although
some of these factors have been shown to induce lipid breakdown from adipocytes
in vitro, the significance of their lipolytic actions in vivo is likely to be of limited
importance (Coppack et al. 1994). Rather, lipolytic signals come primarily from
sympathetic innervation of the adipose depots (Adler et al. 2012; Dodt et al. 1999;
Nishizawa and Bray 1978). In humans, catecholamines are the primary hormones
involved in triggering lipolysis in WAT. f-Adrenergic stimuli increase cAMP
levels and promote lipid breakdown. However, stimulation of receptors coupled
to inhibitory G; proteins, such as EP3 receptor by prostaglandin E, (PGE,), will
lead to inhibition of adenylate cyclase activity, hindering cAMP synthesis and
decreasing lipolysis (Kolditz and Langin 2010; Richelsen and Pedersen 1985;
Cummings et al. 1996). By releasing PGE2, adipose tissue macrophages may
contribute to catecholamine resistance in certain depots.

Studies of several genetically modified animal models point to an important role
for cAMP in lipolysis in vivo. A direct lipolytic function for PKA and cAMP
signaling in WAT is further supported by numerous studies documenting PKA
phosphorylation and activation of several key regulators of lipolysis in response to
elevated cAMP levels. These include the hormone-sensitive lipase (HSL)
(Anthonsen et al. 1998), adipocyte-specific triglyceride lipase (ATGL) (Pagnon
et al. 2012), and lipid droplet-associated protein perilipin (Brasaemle et al. 2009).

Another genetic mouse model showing increased cAMP-induced lipolysis is the
PDE3B knockout mouse. In addition to an increased lipolytic response to adrener-
gic stimuli in vivo, the well-known anti-lipolytic effect of insulin (Olefsky 1977) is
not observed in isolated PDE3B null adipocytes (Choi et al. 2006). This dual
phenotype can be explained by the distinct localization of PDE3B in separate
microdomains. In wild-type adipocytes, specific pools of PDE3B are
phosphorylated and activated by PKA in response to f-adrenergic stimulation,
whereas insulin receptor signaling will promote AKT-mediated phosphorylation
and activation of other PDE3B pools (Ahmad et al. 2009). PKA maintains temporal
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autoregulation of the cAMP signal while promoting lipolysis by allowing PDE3B
fine-tuning of the cAMP signal to a concentration range that is ideal to sustain
activity, whereas AKT blocks lipolysis by dissociating it from lipolytic signals at
least in part by activating discrete pools of PDE3B. Significantly, PDE3B mutant
mice show hepatic lipid accumulation and insulin resistance, suggesting that the
increase in lipolysis is not accompanied by an increase in fatty acid oxidation and
may reflect the redundancy between PDE family members or the diminished
importance of PDE3B in the regulation of fatty acid oxidation in non-adipose
tissues such as the liver.

2.3 Brown Adipose Tissue

Brown adipose tissue (BAT) is an oxidative tissue specialized in dissipating energy
as heat, crucial for maintaining optimal body temperature when exposed to changes
in the environment (Rosen and Spiegelman 2014). BAT was initially characterized
as an interscapular fat pad in newborn rodents but has since been identified in both
infants (Lidell et al. 2013) and adult humans (Virtanen et al. 2009; Cypess
et al. 2009; van Marken Lichtenbelt et al. 2009; Huttunen et al. 1981). Unlike
WAT, BAT expresses uncoupling protein 1 (UCPI, also known as thermogenin)
allowing uncoupling of mitochondrial oxidative phosphorylation and thermogene-
sis (Cannon et al. 1982; Heaton et al. 1978; Enerback et al. 1997). Cold exposure
induces the oxidative and thermogenic capacity of BAT (Cameron and Smith 1964)
through SNS activation and adrenergic stimulation of cAMP production (Thomas
and Palmiter 1997). Cyclic AMP immediately activates PKA (Skala and Knight
1977) leading to increased lipolysis and activation of UCP1 (Fedorenko
et al. 2012). In an adaptive response to prolonged cold exposure, cAMP also
contributes to increased UCP1 levels (Mattsson et al. 2011), mitochondrial biogen-
esis (Bogacka et al. 2005), and expanded BAT mass. These adaptive effects are
believed to require transcriptional changes although the exact mechanisms, and the
relative importance of these pathways, are still debated. Transcriptional activators
that have been found to play prominent roles in BAT adaptation to cold exposure
include CREB (Rim and Kozak 2002), PPAR gamma-coactivator 1-alpha (PGCla),
IRF4 (Kong et al. 2014), and PRDM16 (Kajimura et al. 2009; Seale et al. 2007). In
particular, PGCla, which is itself induced by cAMP, is required for commitment of
preadipocytes to differentiate into brown adipocytes (Puigserver et al. 1998) and
appears to be decreased in the adipose tissue of obese patients (Semple et al. 2004).

In order to sustain thermogenesis, the BAT must fuel ATP synthesis by
oxidizing substrate. Cyclic AMP signaling, via adrenergic stimuli from sympathetic
innervation, will lead to the increased synthesis of both lipoprotein lipase and
GLUT1 (Shimizu et al. 1998). This allows increased release of fatty acids and
uptake of glucose for oxidation. Importantly, the enzyme glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), which plays a significant role in glycolysis and
lipid metabolism, is also upregulated by norepinephrine and cAMP analogs
(Barroso et al. 1999). Bone morphogenic protein 8 (BMPS8) was found to enhance
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thermogenesis in a manner dependent upon on the CREB pathway, and loss of
BMP8 was associated with decreased metabolic rate and thermogenesis (Whittle
et al. 2012).

Importantly, the thyroid hormone triiodothyronine (T3) (Silva and Larsen 1983;
de Jesus et al. 2001) also has a significant effect on obligatory thermogenesis and
BAT function. T3 is required for maintaining BAT lipolysis and for sustaining the
basic metabolic rate by promoting uncoupling of oxidative phosphorylation (Mullur
etal. 2014). T3 levels in the BAT are carefully regulated by conversion of T4 to T3
by deiodinases. In the BAT, adrenergic signaling as well as activation of the bile
acid receptor TGR5 leads to cAMP increases, which promote 5'-deiodinase type
2 activity, increasing local T3 levels (Silva 2006; Arrojo et al. 2013).

Induction of cAMP signaling can also trigger “browning” of white adipose tissue
to a more oxidative tissue phenotype (Dempersmier et al. 2015). The possibility of
inducing BAT characteristics in WAT by modulating cAMP signaling points to
cAMP agonists as potential targets for drug development for the treatment of
obesity. Indeed, administration of B3-adrenergic agonist to mice with a knockout
of phosphodiesterase 3B (PDE3B) increases cAMP accumulation in epididymal
WAT, leading to browning of these WAT depots (Guirguis et al. 2013). Further-
more, bone morphogenic protein 7 (BMP7), which is upregulated by cAMP
(Ishibashi et al. 1993), also promotes brown adipose characteristics in human
adipogenic stem cells (Okla et al. 2015).

24 Pancreas

The cAMP pathway contributes importantly to pancreatic p-cell growth and insulin
secretion (Furman et al. 2010; Altarejos and Montminy 2011b; Dalle et al. 2011).
The incretin hormone glucagon-like peptide-1 (GLP-1) increases cAMP levels by
acting through its GPCR, leading to CREB activation, increased glucose-stimulated
insulin secretion and P-cell expansion (Wang et al. 1997; Tourrel et al. 2001).
Another incretin, glucose-dependent insulinotropic peptide (GIP), also increases
cAMP signaling via interaction with its GPCR (Yabe and Seino 2011). However,
receptors for this hormone are downregulated in response to high glucose, making it
a less attractive target for the treatment of diabetes compared to GLP-1 signaling
(Puddu et al. 2015). Insulin-like growth factor 1 (IGF-1), which is produced in the
liver, has been shown to be important for proper development, growth, and prolif-
eration of P-cells. Its actions are mediated through insulin response substrate
2 (IRS2), which is known to play a role in the protection of -cells against apoptosis
and in promoting their growth by activating the pro-growth kinase Akt (George
et al. 2002; Withers et al. 1999). Cyclic AMP signaling via CREB also activates
IRS2 and in this manner will enhance IGF-1 signaling (Jhala et al. 2003). Notably,
activation of the IGF-1 pathway also increases the activity of PDE3B, which
degrades cAMP (Zhao et al. 1997); cAMP itself activates PDE3B via PKA
(Heimann et al. 2010), creating a negative feedback loop and also modulating
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cAMP levels to ensure proper cAMP signaling and to prevent uncontrolled insulin
secretion (Harndahl et al. 2002).

Other signals in addition to GLP-1 appear capable of stimulating islet function.
Cyclic AMP levels are also elevated in response to y-aminobutyric acid (GABA),
for example, which prevents apoptosis and increases p-cell mass (Purwana
et al. 2014). Indeed, acetylcholine, like glucose, induces membrane depolarization
and calcium influx, this stimulating insulin secretion. This effect is dependent on
protein kinase C (PKC) and phospholipase C coupled to muscarinic receptors (Love
et al. 1998; Niwa et al. 1998). Acetylcholine was also found to activate adenylate
cyclase activity and to increase cAMP production in diabetic rat islets, leading to
CREB activation and enhanced cell viability (Screaton et al. 2004; Eckert
et al. 1996). Whether this effect occurs via increases in Ca®* or PKC activity or is
due to signaling variations in the diabetic islets remains to be fully elucidated.

In addition to PDE3B, several additional mechanisms limit accumulation of
cAMP in p-cells. Increases in intracellular Ca®* in response to glucose elevations
activate PDE]1, increasing degradation of cAMP. Neuropeptide Y (NPY) (Morgan
et al. 1998), PGE, (Kimple et al. 2013), and adrenaline (Metz 1988) all signal
through GPCRs coupled to G;, inhibiting adenylate cyclase activity and negatively
regulating cAMP accumulation.

Insulin secretion from B-cells is tightly regulated by increases in extracellular
glucose concentrations. Glucose transport and phosphorylation allow for its
subsequent oxidation; the production of ATP stimulates insulin granule release.
The primary transporter involved in facilitated diffusion of glucose in human
B-cells is GLUT1. This transporter is not hormonally regulated, suggesting that
cellular amounts of this protein have a predominant effect on the efficiency of
glucose transport (Thorens et al. 2000). The GLUT1 promoter region has been
reported to contain a CREB-binding site that mediates induction of this gene by
cAMP (Murakami et al. 1992). However, increased GLUT1 expression may not
necessarily affect insulin response (Ishihara et al. 1994); increases in hexokinase I
enhance insulin secretion in response to glucose. Cyclic AMP has been shown to
increase hexokinase I expression and may in this manner contribute to heightened
insulin detection (Yokomori et al. 1992; Borboni et al. 1999).

CREB has been demonstrated to protect -cells from cytokine-mediated apopto-
sis and glucotoxicity (Jhala et al. 2003; Jambal et al. 2003; Costes et al. 2009).
Overexpression of A-CREB led to diminished replication and increased apoptosis
of B-cells, causing hyperglycemia in mice (Jhala et al. 2003). Additionally, it has
been shown that the CREB coactivator CRTC?2 is necessary for glucose-mediated
insulin release (Eberhard et al. 2013; Blanchet et al. 2015). These data collectively
underscore the centrality of cAMP signaling through CREB in p-cell survival and
endurance. Cyclic AMP is also thought to augment insulin secretion by promoting
the PKA-mediated phosphorylation of the SUR1 subunit of the ATP-sensitive
potassium channel, thereby inhibiting channel activity and enhancing depolariza-
tion (Light et al. 2002); by PKA-dependent phosphorylation of voltage-sensitive
calcium channels, increasing Ca* influx (Leiser and Fleischer 1996; Gerhardstein
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et al. 1999); and by directly regulating exocytosis of insulin-containing vesicles
(Ammadlé et al. 1993; Ding and Gromada 1997).

Though most effects of cAMP in p-cells appear to proceed via a PKA-dependent
mechanism, a subset of these effects may be mediated by EPACs (Kang et al. 2006;
Henquin and Nenquin 2014; Yoshida et al. 2014). The pancreatic -cell expresses
both EPACI1 and EPAC2, which are directly activated by cAMP. Knockdown of
EPAC expression in vivo led to abrogation of cAMP-mediated stimulation of
glucose-induced insulin secretion from the pancreas and development of metabolic
syndrome in vivo (Kashima et al. 2001; Kai et al. 2013), highlighting the impor-
tance of alternative cAMP-dependant pathways to -cell function.

Incretin hormones have been found to promote f-cell replication at least in
rodent cells by increasing the expression of the cell cycle regulators cyclins D1
(Kim et al. 2006) and A2 (Song et al. 2008). cAMP also stimulates the expression of
Bcl-2 and Bcel-xL (Hui et al. 2003; Kim et al. 2008), which protect p-cells from
apoptosis. cAMP may also terminate cell death cascades by inhibiting caspases
(Ehses et al. 2003; Welters et al. 20006).

In addition to its effects on insulin secretion, p-cell growth and proliferation,
cAMP may also enhance differentiation. GLP-1 appears to increase the expression
of pancreatic duodenal homeobox — 1 (PDX-1) (Perfetti et al. 2000), a transcription
factor central to the differentiation of pancreatic endocrine, exocrine, and ductal
cell populations from endoderm during fetal development (Zhou et al. 2002; Offield
et al. 1996). PDX-1 is also necessary for maturation of f-cells and allows selective
differentiation of pancreatic endocrine progenitors to form insulin-producing
B-cells while suppressing formation of glucagon-producing a-cells (McKinnon
and Docherty 2001; Ber et al. 2003; Gao et al. 2014). It has been shown that
cAMP, via PKA, is required to maintain GLP-1-mediated PDX-1 increases and
PDX-1 translocation to the nucleus. PDX-1 also promotes expression of the GLP-1
receptor, enhancing cAMP production (Wang et al. 2005).

In contrast to PDX-1 expression, the transcription factor MafA is upregulated
during the later development of the endocrine pancreas, where it promotes full
maturation of f-cells and stimulates insulin biosynthesis (Kaneto et al. 2008; Artner
et al. 2010; Hang and Stein 2011). GLP-1 and cAMP agonists were found to
increase MafA expression via induction of the CREB pathway, further implicating
cAMP in pancreatic development and differentiation (Blanchet et al. 2015).

The role of cAMP in other pancreatic cell types within the islet is not as well
understood. GLP-1 has been demonstrated to increase glucagon release from
a-cells via the cAMP/PKA pathway (Ding et al. 1997). Inhibiting EPAC-2 activity
in a-cells was also found to decrease glucagon gene transcription, suggesting that
both pathways (PKA and EPAC) modulate glucagon production (Islam et al. 2009).
Though GLP-1 appears to increase glucagon secretion from a-cells in vitro, this
effect may be largely inhibited in vivo due to effects of GLP-1 on somatostatin
release from pancreatic d-cells. Indeed, cAMP stimulates somatostatin secretion
from &-cells, thereby inhibiting adenylate cyclase and cAMP synthesis in a-cells
via Gi-coupled GPCR (Elliott et al. 2015; Hauge-Evans et al. 2009). Finally,
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adrenergic stimulation (e.g., adrenaline action) can increase both glucagon (Dai
et al. 2014) and somatostatin (Gromada et al. 1997) release via cAMP elevation.

2.5 Muscle

Skeletal muscle has a specialized architecture that directly relates to its function in
movement and to its regulation by neuronal inputs. Muscle contraction is dependent
upon proper calcium signaling, and cAMP plays a significant role in regulating this
process. Beta-adrenergic signaling elevates muscle cAMP and thereby modulates
Ca**-induced Ca®" release from the sarcoplasmic reticulum, acutely increasing
contractile force (Saida and Van Breemen 1984; Cairns and Dulhunty 1993). This
effect has been postulated to reflect cAMP-regulated phosphorylation of L-type
voltage-dependent Ca®* channels (Sculptoreanu et al. 1993). Cyclic AMP is also
necessary for PKA-mediated activation of the Na*—K* pump, which is important in
membrane hyperpolarization and in the restoration of muscle excitability (Clausen
2003).

Glycogenolysis, which is critical for meeting energy demands of the muscle, is
also promoted by cAMP. Acute cAMP effects are especially important during
exercise, when energy consumption by the muscle is at its peak and when epineph-
rine levels are high, leading to increases in muscular cAMP (Ezrailson et al. 1983;
Soderling et al. 1970). Significantly, chronic activation of cAMP pathways in the
muscle promotes adaptive responses that include increased myofiber size as well as
metabolic transition to a more glycolytic fiber type (Chen et al. 2009; Maltin
et al. 1989). Activation of B-adrenergic receptors, which stimulate the cAMP
pathway, may prove to be an effective mechanism to enhance muscle function
and slow atrophy in disease states such as Duchenne’s muscular dystrophy
(Harcourt et al. 2007; Hinkle et al. 2007; Ryall et al. 2008).

3 Conclusion

Cyclic AMP mediates the effects of glucagon and beta-adrenergic signals in
regulating glucose and lipid metabolism. A key feature of type II diabetes (T2D)
is the failure of insulin to trigger glucose uptake into the muscle and to suppress
glucose production from the liver (Centers for Disease Control and Prevention
2015; Brown and Goldstein 2008; Basit et al. 2004). Suppressing liver gluconeo-
genesis and glycogenolysis via inhibition of cAMP signaling or CREB-dependent
transcription may have salutary effects on blood glucose concentrations.

While lowering cAMP signaling in the liver may prove beneficial, upregulating
cAMP in other tissues may also improve glucose and lipid homeostasis. The
chronic hyperglycemia associated with insulin resistance is accompanied initially
by compensatory increases in pancreatic islet mass and in insulin secretion. How-
ever, unremitting insulin resistance eventually causes p-cell failure and apoptosis,
ultimately leading to T2D (Poitout and Robertson 2008; Kahn 2003). In some cases,
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an innate susceptibility of the f-cell may magnify the risk of developing T2D; a
number of studies have concluded that prediabetes and youth-onset T2D in certain
ethnic groups are more strongly associated with f-cell dysfunction (Gujral
et al. 2014; Staimez et al. 2013; Dowse et al. 1990). Developing therapeutic
strategies to protect f-cells from glucolipotoxicity may provide effective treatment
for T2D in this setting. The cAMP signaling pathway is important for fB-cell
viability, proliferation, and glucose responsiveness. Increasing cAMP signaling or
CREB activity may further potentiate P-cell function and provide therapeutic
benefit to insulin-resistant individuals.

Upregulating the cAMP pathway in brown and white adipose tissues may also
have positive effects on fat burning and thereby decrease inflammatory infiltrates
that contribute to insulin resistance in obesity. In view of the pleiotropic effects of
the cAMP pathway on glucose and lipid metabolism, a major challenge will be to
target relevant modulators in specific tissues. Based on the considerable number of
phosphodiesterases with distinct pharmacological properties and tissue localiza-
tion, these regulators may prove particularly useful in this regard. Future studies on
region-specific cAMP signaling in different organelles may also provide further
insight into the regulatory properties of this second messenger.
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Abstract

A continuous supply of glucose is necessary to ensure proper function and
survival of all organs. Plasma glucose levels are thus maintained in a narrow
range around 5 mM, which is considered the physiological set point. Glucose
homeostasis is controlled primarily by the liver, fat, and skeletal muscle. Fol-
lowing a meal, most glucose disposals occur in the skeletal muscle, whereas
fasting plasma glucose levels are determined primarily by glucose output from
the liver.

The balance between the utilization and production of glucose is primarily
maintained at equilibrium by two opposing hormones, insulin and glucagon. In
response to an elevation in plasma glucose and amino acids (after consumption
of a meal), insulin is released from the beta cells of the islets of Langerhans in
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the pancreas. When plasma glucose falls (during fasting or exercise), glucagon is
secreted by « cells, which surround the beta cells in the pancreas. Both cell types
are extremely sensitive to glucose concentrations, can regulate hormone synthe-
sis, and are released in response to small changes in plasma glucose levels. At
the same time, insulin serves as the major physiological anabolic agent, promot-
ing the synthesis and storage of glucose, lipids, and proteins and inhibiting their
degradation and release back into the circulation.

This chapter will focus mainly on signal transduction mechanisms by which
insulin exerts its plethora of effects in liver, muscle, and fat cells, focusing on
those pathways that are crucial in the control of glucose and lipid homeostasis.

Keywords
Glucose, Glycogen, Lipid, Phosphatase, Protein kinase, Receptor

1 Early Signaling Pathways
1.1 The Insulin Receptor and Its Substrates

The insulin receptor is a tetrameric protein consisting of two a-subunits and two
B-subunits that belongs to a subfamily of receptor tyrosine kinases also including
the insulin-like growth factor 1 (IGF-1) receptor and the insulin receptor-related
receptor (IRR) (Hedo et al. 1983) (Fig. 1). For each receptor, the two subunits are
derived from a single-chain precursor or proreceptor that is processed by a furin-
like enzyme to give a single o—f} subunit complex, in which the a-subunits bind to
insulin and the f-subunits act as tyrosine kinases (Lane et al. 1985). Two of the a—f
dimers undergo disulfide linkage to form the functional tetramer. The a-subunit
attenuates the p-subunit tyrosine kinase activity; insulin binding to the a-subunit
relieves this inhibition. Activation results in transphosphorylation of the 3-subunits,
leading to a conformational change and a further increase in activity of the kinase
domain. The o—f heterodimers of the insulin and IGF-1 receptors and the IRR form
functional hybrids in which binding to one receptor leads to transphosphorylation of
the other. Likewise, heterodimers between a dominant-negative form of one recep-
tor can inhibit the activity of the other, perhaps explaining why individuals with
mutations in the insulin receptor exhibit both insulin resistance and growth retarda-
tion (Ablooglu and Kohanski 2001).

At least nine intracellular substrates of the insulin and IGF-1 receptor tyrosine
kinases have been identified (Fig. 2). Four of these belong to the family of insulin/
IGF-1 receptor substrate (IRS) proteins (Sun et al. 1991, 1995; Lavan et al. 1997).
These IRS proteins are characterized by the presence of both pleckstrin homology
(PH) and phosphotyrosine binding (PTB) domains near the N-terminus that account
for the high affinity of these substrates for the insulin receptor, and up to 20 potential
tyrosine phosphorylation sites spread throughout the molecule. IRS-1 and IRS-2 are
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widely distributed, whereas IRS-3 and IRS-4 have more limited distributions. IRS-3
is most abundant in adipocytes, and its mRNA is also detected in the liver, heart,
lung, brain, and kidney (Myers and White 1995), while IRS-4 is present at very low
levels in the fibroblasts, embryonic tissues, skeletal muscle, liver, heart, hypothala-
mus, and kidney (Fantin et al. 1999). Other direct substrates of the insulin/IGF-1
receptor kinases include Gab-1 (Lehr et al. 2000), p62“'°k (Wick et al. 2001), Cbl
(Baumann et al. 2000), APS (Liu et al. 2002), and the various isoforms of Shc
(Gustafson et al. 1995), each of which initiates a separate signaling pathway.
Following insulin stimulation, the receptor directly phosphorylates most of these
substrates on multiple tyrosine residues. The phosphorylated tyrosines in each of
these substrates occur in specific sequence motifs; once phosphorylated, they serve
as docking sites for intracellular molecules that contain SH2 (Src-homology?2)
domains (Saltiel and Kahn 2001).

The SH2 proteins that bind to phosphorylated substrate proteins fall into two
major categories. The best studied are adaptor molecules, such as the regulatory
subunit of PI 3-kinase, or Grb2, which associates with SOS to activate the Ras—
ERK pathway (Saltiel and Kahn 2001; Jhun et al. 1994). The other major category
of proteins that bind to IRS proteins are enzymes, such as the phosphotyrosine
phosphatase SHP2 (Milarski and Saltiel 1994), and cytoplasmic tyrosine kinases,
such as Fyn.

Although the IRS proteins are highly homologous and possess similar tyrosine
phosphorylation motifs, recent studies in knockout (KO) mice and knockout cell
lines suggest that the various IRS proteins serve complementary rather than redun-
dant roles in insulin and IGF-1 signaling. IRS-1 knockout mice exhibit IGF-1
resistance as manifested by prenatal and postnatal growth retardation, as well as
insulin resistance, primarily in muscle and fat, resulting in impaired glucose
tolerance (Araki et al. 1994; Yamauchi et al. 1996). IRS-2 knockout mice also
exhibit insulin resistance, but primarily in the liver, and have defects in growth in
only selected tissues of the body, including certain regions of the brain, -cells, and
retinal cells (Withers et al. 1998). Likewise at the cellular level, IRS-1 knockout
preadipocytes exhibit defective differentiation (Miki et al. 2001), while IRS-2
knockout preadipocytes differentiate normally but fail to respond to insulin
(Fasshauer et al. 2000).

There is also a difference in p-cell compensatory response in KO mice. Although
there is some element of B-cell dysfunction, there is sufficient islet hyperplasia such
that IRS-1 knockout mice only develop mildly impaired glucose tolerance. In
contrast, IRS-2 knockout mice exhibit decreased islet mass due to altered p-cell
development. The combination of insulin resistance and decreased p-cell mass
leads the IRS-27/~ mice to develop early-onset type 2 diabetes (Withers
et al. 1998). In contrast, IRS-3 knockout mice have normal growth and metabolism,
while IRS-4 knockout mice exhibit only minimal abnormalities in glucose tolerance
(Fantin et al. 2000).
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2 Turning Off the Insulin Receptor

The action of insulin on glucose homeostasis demands a rapid on-and-off response
to avoid the dangers of hypoglycemia. Upon its dissociation from its receptor,
insulin can be degraded. The insulin signal may also be terminated by internaliza-
tion and degradation of its receptor (Carpentier et al. 1992). Following dissociation
of the ligand, phosphorylation of the insulin receptor and its substrates is rapidly
reversed by the action of protein tyrosine phosphatases (PTPases). Several PTPases
have been identified that are capable of catalyzing dephosphorylation of the insulin
receptor in vitro or in vivo, and some are even upregulated in insulin-resistant states
(Goldstein et al. 2000; Sugimoto et al. 1994). Most attention has focused on the
cytoplasmic phosphatase PTP-1b. Disruption of the gene encoding this enzyme in
mice produces increased insulin-dependent tyrosine phosphorylation of the insulin
receptor and IRS proteins in muscle and leads to improved insulin sensitivity
(Zinker et al. 2002). PTP-1b knockout mice are also resistant to diet-induced
obesity, suggesting that PTP-1b deletion in the brain may influence energy uptake
and expenditure.

IRS proteins also undergo serine phosphorylation in response to insulin and
other stimuli to reduce insulin action. In general, serine phosphorylation appears to
act as a negative regulator of insulin signaling by decreasing tyrosine phosphoryla-
tion of IRS proteins, as well as by promoting interaction with 14-3-3 proteins
(Craparo et al. 1997). A number of different intracellular enzymes have been
implicated in this serine phosphorylation, including some in the insulin signaling
pathway, such as Akt (Li et al. 1999), INK (Hirosumi et al. 2002), ERK (De Fea and
Roth 1997), and PI 3-kinase (which also has serine kinase activity) (Tanti
et al. 1994), all of which have the potential to provide feedback inhibition.

3 Phosphatidylinositol 3-Kinase and Downstream Targets

The first SH2 domain protein identified to interact with IRS-1 was the enzyme PI
3-kinase, specifically members of the class Ia form. This enzyme plays a pivotal
role in the metabolic and mitogenic actions of insulin and IGF-1 (Cheatham
et al. 1994) (Fig. 3). Inhibitors of PI 3-kinase or transfection with dominant-
negative constructs of the enzyme block virtually all of the metabolic actions of
insulin, including stimulation of glucose transport, glycogen synthesis, and lipid
synthesis. The enzyme itself consists of a regulatory and a catalytic subunit.
Activation of the catalytic subunit depends on the interaction of the two SH2
domains in the regulatory subunit with specific tyrosine-phosphorylated motifs in
the IRS proteins of the sequence pYMXM and pYXXM (Backer et al. 1992; Myers
et al. 1994a).

At least eight isoforms of the regulatory subunits of PI 3-kinase have been
identified. These are derived from three genes which undergo alternative splicing
(Carpenter and Cantley 1996). p85a and p85p represent the “full-length” versions
of the regulatory subunits and contain an SH3 domain, a bcr homology domain
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Fig. 3 The PI 3-kinase pathway in insulin action

flanked by two proline-rich domains, two SH2 domains, and an inter-SH2 (iSH2)
domain containing the p110 binding region (Carpenter and Cantley 1996). The
shorter versions of regulatory subunits, p5SSa and p50a, are splicing variants
derived from the same gene encoding p85a (Pik3rl) (Inukai et al. 1997). They
share the common nSH2-iSH2-cSH2 with p85a but lack the N-terminal half. p85a
is ubiquitously expressed; however, the splice variants, p5S50/AS53 and p50a
appear to play specific roles in some selected tissues or in particular states of insulin
resistance (Kerouz et al. 1997). The exact role of the different regulatory subunits of
PI 3-kinase in insulin action is unclear. Knockout mice with a disruption of all three
isoforms of Pik3rl gene die within a few weeks of birth, indicating the importance
of p85a and its spliced variants in normal growth and normal metabolism (Fruman
et al. 2000). One explanation for the increased sensitivity in both cases is the
improved stoichiometry. Under normal conditions, the concentration of regulatory
subunits is in excess of that of the catalytic subunits and phosphorylated IRS
proteins. This leads to the binding of free monomeric forms of regulatory subunit
to phosphorylated IRS proteins, thus blocking the binding of the active
heterodimer. Mice with a heterozygous knockout Pik3r/ gene also have improved
stoichiometry of interaction between the regulatory and catalytic subunits, resulting
in improved sensitivity to insulin and IGF-1 and protection of mice with genetic
insulin resistance from developing diabetes. Likewise, cell lines derived from
heterozygous Pik3rl gene knockout embryos exhibit increased insulin/IGF-1 sig-
naling (Ueki et al. 2002; Mauvais-Jarvis et al. 2002).
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PI 3-kinase itself catalyzes the phosphorylation of phosphoinositides on the
3/-position to PI-(3)P, PI-(3,4)P,, and PI-(3,4,5)P; (also known as PIP3). These
lipids bind to the pleckstrin homology (PH) domains of a variety of signaling
molecules and alter their activity or subcellular localization. Three major classes
of signaling molecules are regulated by PI 3-phosphates: the AGC superfamily of
serine/threonine protein kinases, guanine nucleotide exchange proteins of the Rho
family of GTPase, and the TEC family of tyrosine kinases, including BTK and ITK.

The best-characterized pathway involves the AGC kinase known as PDK1. This
enzyme, along with the serine kinase mMTORC?2, phosphorylates and activates the
serine/threonine kinase Akt. Akt is thought to play an important role in transmission
of insulin’s metabolic pathways by phosphorylating glycogen synthase kinase-3
(Rommel et al. 2001), the forkhead (FOXO) transcription factors, the cyclic AMP
regulatory element-binding protein CREB (Burgering and Coffer 1995; Downward
1998; Lawlor and Alessi 2001), and the GAP proteins TSC2, AS160, and RGC2
also known as RalGAPA (Leto and Saltiel 2012). However, studies using inhibitors
and activators of Akt have not uniformly inhibited or mimicked insulin actions
(Lawlor and Alessi 2001). Part of the variability may relate to the fact that there are
three isoforms of Akt/PKB (Datta et al. 1999). Although the major form, Aktl, is
clearly important for cell survival and growth, Akt2 appears to be more important in
mediating insulin action in the liver (Cho et al. 2001). Other AGC kinases that are
downstream of PI 3-kinase are the atypical forms of protein kinase C (PKC),
including PKC{ and PKC. Stable expression of a constitutively active,
membrane-bound form of Akt in 3T3L1 adipocytes resulted in increased glucose
transport and persistent localization of GLUT4 to the plasma membrane (Kohn
et al. 1996), but does not fully reproduce insulin action. Conversely, expression of a
dominant-interfering Akt mutant inhibited insulin-stimulated GLUT4 transloca-
tion. Likewise, overexpression of PKCC or PKCA results in GLUT4 translocation
(Bandyopadhyay et al. 1997; Standaert et al. 1997), whereas expression of a
dominant-interfering PKCA blocks the action of insulin (Kotani et al. 1998).

The insulin signal can also be terminated by reducing the level of PIP; in the cell
(Lazar and Saltiel 2006). This is achieved through the activity of PIP; phosphatases,
such as PTEN (Nakashima et al. 2000) and SHIP2 (Clement et al. 2001). PTEN
dephosphorylates phosphoinositides on the 3’-position, thus lowering the level of
the second messengers. SHIP2 is a 5'-phosphoinositide phosphatase. Disruption of
the gene encoding this enzyme also yields mice with increased insulin sensitivity
(Clement et al. 2001).

4 The APS/Cbl-Associated Protein/Cbl Pathway

Although PI 3-kinase activity is clearly necessary for insulin-stimulated glucose
uptake, several lines of evidence suggest that additional signals may also be
required. Indeed, other hormones or growth factors that activate PI 3-kinase, such
as platelet-derived growth factor (PDGF) and interleukin-4, do not stimulate glu-
cose transport (Wiese et al. 1995). Likewise, addition of a PIP3 analogue alone had
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Fig. 4 The APS/CAP/Cbl pathway in insulin action

no effect on glucose transport (Jiang et al. 1998). In addition, two naturally
occurring insulin-receptor mutants that appear to be fully capable of activating PI
3-kinase are unable to mediate full insulin action (Krook et al. 1996).

As mentioned above, insulin also initiates a PI-3-kinase-independent signaling
pathway by recruiting the adaptor protein APS, which binds with high affinity to the
activated insulin receptor (Hu et al. 2003) (Fig. 4). Upon its phosphorylation, APS
recruits a complex of two proteins, CAP and c-Cbl (Liu et al. 2002; Ribon
et al. 1998a). This triggers insulin receptor-catalyzed tyrosine phosphorylation of
¢-Cbl, which then interacts with the adaptor protein Crk, which is in complex with
the GEF C3G (Ribon et al. 1996). C3G in turn catalyses activation of TC10, a
member of the Rho family of small GTPases (Knudsen et al. 1994; Chiang
et al. 2001) that is localized in lipid rafts in the plasma membrane, and it is
discussed below. CAP expression correlates well with insulin responsiveness, and
its expression is increased by treatment of cells with insulin-sensitizing thiazolidi-
nediones (Ribon et al. 1998b). CAP belongs to a family of adapter proteins that
contain a sorbin homology (SoHo) domain. This allows CAP to interact with one of
the components of the lipid raft domain of the plasma membrane, a protein called
flotillin. Expression of CAP mutants that cannot bind to Cbl or flotillin inhibits Cbl
translocation and insulin-stimulated glucose uptake (Baumann et al. 2000). The
importance of this pathway remains uncertain, since mice with a targeted knockout
of CAP display increased insulin sensitivity, due mainly to reduced inflammation
(Lesniewski et al. 2007). However, there are other members of the SoHo domain
family that can compensate (Zhang et al. 2007).
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5 The Ras-Mitogen-Activated Protein Kinase Cascade
and mTOR

Insulin also activates the Ras—mitogen-activated protein (MAP) kinase (ERK)
cascade. Following the tyrosine phosphorylation of one of the IRS proteins or
Shc, there is binding of the adaptor protein Grb2, which in turn recruits the guanyl
nucleotide exchange protein SOS to the plasma membrane, thus activating Ras
(Skolnik et al. 1993; Myers et al. 1994b). Full activation of Ras by insulin also
requires stimulation of the tyrosine phosphatase SHP2, which also interacts with
insulin-receptor substrates such as Gab-1 and IRS1/2 (Milarski and Saltiel 1994;
Yamauchi et al. 1995). Once activated, Ras operates as a molecular switch,
converting upstream tyrosine phosphorylations into a second serine kinase cascade,
via the stepwise activation of Raf, the MAP kinase kinase MEK, and the MAP
kinases themselves, ERK1 and ERK2. The MAP kinases can phosphorylate
substrates in the cytoplasm or translocate into the nucleus and catalyze the phos-
phorylation of transcription factors, such as p62"F, initiating a transcriptional
program that leads the cell to commit to a proliferative or differentiative cycle.
Blockade of the Ras—MAP kinase pathway with dominant-negative mutants or
pharmacologic inhibitors can prevent the stimulation of cell growth by insulin but
has no effect on any of the anabolic or metabolic actions of the hormone (Lazar
et al. 1995).

Yet another component of insulin signaling, particularly effects on protein
synthesis/degradation and interaction with nutrient sensing, involves the protein
kinase mTOR (mammalian target of rapamycin). mTOR is a member of the PI
3-kinase family but appears to serve primarily as a protein kinase. Stimulation of
mTOR appears to involve PI 3-kinase as well as another signal (Ozes et al. 2001;
Laplante and Sabatini 2009; Inoki et al. 2003; Alessi et al. 2009; Mori et al. 2009; Li
et al. 2010). mTOR itself helps regulate mRNA translation via phosphorylation and
activation of the p70 ribosomal S6 kinase (p70 S6 kinase), as well as the phosphor-
ylation of the eIF-4E inhibitor, PHAS-1 or 4E-BP1. p70 S6 kinase phosphorylates
ribosomal S6 protein, thus activating ribosome biosynthesis and increasing transla-
tion of mRNAs with a 5'-terminal oligopyrimidine tract. Phosphorylation of PHAS-
1 by mTOR results in its dissociation from eIF-2, allowing cap-dependent transla-
tion of mRNAs with a highly structured 5’-untranslated region.

6 The Regulation of Glucose Transport

The classical effect of insulin on glucose homeostasis is its ability to stimulate
glucose transport in fat and muscle. This occurs via a translocation of GLUT4
glucose transporters from intracellular sites to the plasma membrane, and many of
these steps are controlled by the regulation of small G proteins (Fig. 5). The GLUT4
protein consists of 12 transmembrane helices with a characteristic C-terminal tail
containing two adjacent leucine residues commonly found in proteins that undergo
regulated trafficking. In the basal state, GLUT4 continuously recycles between the
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Fig. 5 The role of G proteins in the regulation of GLUT4 trafficking

cell surface and various intracellular compartments. The GLUT4 vesicle is highly
specialized and derived from a sorting endosomal population. Insulin markedly
increases the rate of GLUT4 vesicle exocytosis and appears to slightly decrease the
rate of internalization of the GLUT4 protein, although this latter effect is contro-
versial. While the exact domains of the protein involved in localization and
trafficking remain controversial, the C- and N-terminal tails of the protein, both
of which are oriented on the cytoplasmic side of the vesicle, appear to be required
(Haney et al. 1995).

The trafficking itinerary of GLUT4 is controlled by insulin (Leto and Saltiel
2012). After endocytosis, recycled membrane proteins can return quickly to the
plasma membrane from sorting endosomes or they can sort through intracellular
compartments, including recycling endosomes, late endosomes, and the TGN,
before returning to the plasma membrane (Maxfield and McGraw 2004). A single
GLUT4 molecule undergoes multiple cycles of exocytosis and endocytosis. In the
basal state, at least half of the GLUT4 population is found in a specialized vesicle
compartment, and stimulation with insulin depletes a proportion of these GLUT4-
enriched vesicles (GSVs). Although insulin causes rapid translocation of GSVs to
the plasma membrane, prolonged stimulation with the hormone triggers GLUT4
movement to the plasma membrane in endosomes, suggesting that once preformed
GSVs have been depleted, GLUT4 recycling from endosomes is favored rather than
reforming new GSVs (Muretta et al. 2008; Xu et al. 2011). Thus, insulin may
increase surface GLUT4 levels by acting on at least two processes in GLUT4
trafficking: exocytosis of GSVs and recycling via endosomes (Fig. 5).
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GLUT4 sorting and delivery into GSVs relies on the actions of small GTPases,
which assemble effectors that mediate vesicle budding, transport, and fusion. In
adipocytes and muscle cells, Rabs 4, 5, 8, 10, 11, 14, and 31 have been implicated in
regulating different steps in GLUT4 sorting, although additional small GTPases
(including Arf6 and RalA) have been found associated with GLUT4-containing
vesicles and some of these also affect GSV formation (Miinea et al. 2005). Rab5,
which drives homotypic and heterotypic early endosomal fusion, is activated at the
plasma membrane by insulin through TC10, which recruits the Rab5 GEF Gapex-5
to the surface of the cell. Rab5 may regulate mobility and sorting of GLUT4-
containing vesicles after endocytosis (Lodhi et al. 2008; Huang et al. 2001; Zerial
and McBride 2001).

The Akt substrate AS160 is a RabGAP that targets Rabs 8 and 14 in muscle cells
(Sun et al. 2010) and Rab10 in adipocytes (Miinea et al. 2005; Sano et al. 2007).
These Rabs have a positive role in GLUTH4 translocation, suggesting that they may
regulate GSV formation and/or intracellular retention (Sun et al. 2010; Sano
et al. 2007, 2008; Ishikura and Klip 2008). As insulin stimulates phosphorylation
of AS160 via Akt, blocking the function of the protein, which relieves its inhibitory
effect on its target Rabs (Kane et al. 2002; Sano et al. 2003) (Fig. 1). Whereas
activation of Rabs 8 and 14 by insulin has been demonstrated in muscle cells (Sun
et al. 2010), so far activation of Rab10 in adipocytes has not been detected (Sano
et al. 2008). Nevertheless, Rab10 is necessary for maximal GLUT4 exocytosis in
response to insulin, and several lines of evidence indicate that cycling of this small
GTPase may increase glucose uptake (Sano et al. 2007, 2011).

Incoming vesicles are targeted through a tethering/docking step to regions of the
plasma membrane that contain the fusion machinery. In adipocytes, GSV targeting
to lipids rafts is important for efficient insertion of GLUT4 into the plasma
membrane (Inoue et al. 2006). A critical component of the GLUT4 tethering
machinery is the exocyst, an evolutionarily conserved octameric complex that
assembles at sites of exocytosis and tethers exocytic vesicles on the plasma
membrane (He and Guo 2009). The exocyst is thought to flexibly mediate the
initial contact between exocytic vesicles and the plasma membrane from a rela-
tively long distance and can thus concentrate GSVs before the final membrane
fusion step. Inhibition of exocyst assembly in adipocytes disrupts fusion of GSVs
without affecting their translocation, demonstrating that this complex is necessary
for vesicle targeting at the plasma membrane (Inoue et al. 2003).

Insulin regulates exocyst-mediated targeting through three steps: exocyst assem-
bly, engagement of the exocyst by GSVs, and GSV disengagement from the
exocyst to enable fusion (Inoue et al. 2003, 2006; Chen et al. 2007, 2011a). First,
insulin directs assembly of the exocyst at the plasma membrane by promoting an
interaction between active TC10 and the exocyst scaffolding subunit Exo70 (Inoue
et al. 2003). Exo70 is constitutively associated with other exocyst subunits and
thereby assembles the complex at the plasma membrane (Inoue et al. 2006). Other
interactions between exocyst subunits and the plasma membrane facilitate complex
assembly at discrete locations; multiple interactions between plasma membrane
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constituents and exocyst subunits coordinate exocyst assembly in lipid rafts and
localized GLUT#4 targeting.

The exocyst is recognized by GSVs via the small GTPase RalA, which is present
in GLUT4-containing vesicles. Insulin controls RalA activity by inhibiting a
complex of proteins with RalGAP activity. The RalGAP complex is composed of
a regulatory subunit (RGC1 or RalGAPA) and a catalytic subunit (RGC2 or
RalGAPB) that contains a GAP domain with specific activity toward Ral GTPases.
Akt-catalyzed phosphorylation of RGC2 on at least three residues inhibits the
complex and allows for GTP loading on RalA (Chen et al. 2011b). SiRNA-
mediated knockdown of RGC1 or RGC2 increases RalA activity and insulin-
stimulated glucose uptake, demonstrating the regulatory role of this complex
(De Fea and Roth 1997). SiRNA-mediated knockdown or overexpression of a
dominant-negative RalA mutant blocks insulin-stimulated glucose uptake and
GLUT4 insertion into the plasma membrane; by contrast, constitutively active
RalA mutants increase the effect of insulin, indicating that activation of this
small GTPase is required for insulin-regulated GLUT4 exocytosis (Chen
et al. 2007). Once activated, RalA interacts with exocyst subunits Sec5 and
Exo084 (Chen et al. 2007; Moskalenko et al. 2002, 2003). Although the precise
role of these two RalA-binding proteins remains uncertain, both are required for
insulin-stimulated glucose uptake (Chen et al. 2007).

Large tethering complexes such as the exocyst are thought to disengage from
vesicles and/or disassemble before fusion occurs (Munson and Novick 2006).
Disengagement may allow for fusion of opposing membranes and recycling of
tethering machinery for additional rounds of vesicle targeting. Indeed, RalA
dissociates from the exocyst through insulin-dependent, PKC-catalyzed phosphor-
ylation of Ser89 in the RalA-binding domain of Sec5, which triggers Sec5 release
(Chen et al. 2011a). Mutation of Ser89 to either alanine (to block phosphorylation)
or aspartic acid (to mimic it) blocks GLUT4 insertion into the plasma membrane,
suggesting that both engagement and disengagement from the targeting machinery
are necessary steps preceding fusion (Chen et al. 2011a). This phosphorylation-
dependent release of GSVs from the exocyst raises the possibility that the exocyst
also serves a “gatekeeper” function in controlling GSV fusion.

7 Regulation of Glucose and Lipid Synthesis, Utilization,
and Storage

7.1 Glucose Oxidation and Storage

Upon entering the muscle cell, glucose is rapidly phosphorylated by hexokinase and
either stored as glycogen via the activity of glycogen synthase or oxidized to
generate ATP synthesis via enzymes such as pyruvate kinase. In the liver and
adipose tissue, glucose can also be stored as fat. Some of the enzymes involved
in glycolysis, as well as in glycogen and lipid synthesis, are regulated by insulin via
changes in their phosphorylation state due to a combination of protein kinase
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inhibition and phosphatase activation. In addition, some of these enzymes are also
regulated at the transcriptional level.

Insulin stimulates glycogen accumulation through a coordinated increase in
glucose transport and glycogen synthesis. Activation of glycogen synthase involves
promoting its dephosphorylation via both the inhibition of kinases that can phos-
phorylate glycogen synthase, such as PKA or GSK3 (Newgard et al. 2000; Brady
et al. 1999), and the activation of phosphatases that dephosphorylate glycogen
synthase, such as protein phosphatase 1 (PP1) (Brady et al. 1997). This process is
downstream of PI 3-kinase and involves Akt phosphorylation of GSK-3. This
inactivates GSK-3, resulting in a decrease in the phosphorylation of glycogen
synthase and an increase in its activity state. However, the inhibition of GSK-3 is
not sufficient for full activation of glycogen, since GSK-3 does not phosphorylate
all of the residues of glycogen synthase that are dephosphorylated in response to
insulin (Lawrence and Roach 1997).

Activation of PP1 correlates well with changes in glycogen synthase activity
(Brady et al. 1998). However, insulin does not appear to globally activate PP1 but
rather to activate specific pools of the phosphatase localized on the glycogen
particle. The compartmentalized activation of PP1 by insulin is due to glycogen-
targeting subunits that serve as “molecular scaffolds,” bringing together the enzyme
with its substrates glycogen synthase and glycogen phosphorylase in a macromo-
lecular complex (Newgard et al. 2000). Four different proteins (Gyy, Gi, PTG, and
Re) have been reported to target PP1 to the glycogen particle. Overexpression of
these scaffolding proteins in cells or in vivo by adenovirus-mediated gene transfer
results in a dramatic increase in basal cellular glycogen levels (Berman et al. 1998).
Furthermore, glycogen stores in cells overexpressing PTG are refractory to break-
down by agents that raise intracellular cAMP levels, suggesting that PTG locks the
cell into a glycogenic mode. The mechanism by which insulin activates glycogen-
associated PP1 remains unknown. Although it had been proposed that activation of
MAP kinase leads to the phosphorylation of the targeting protein Gy; and the
subsequent release of inhibition of the enzyme by insulin, blockade of the pathway
had no effect of the activation of glycogen synthase by insulin, and mutation of the
identified phosphorylation sites did not impair insulin action (Lazar et al. 1995).
However, inhibitors of PI 3-kinase can block activation of PP1 by insulin (Shepherd
2005), indicating that PIP;-dependent protein kinases are involved.

8 Regulation of Gluconeogenesis

Insulin inhibits the production and release of glucose by the liver and kidney by
blockade of gluconeogenesis and glycogenolysis (Pilkis and Granner 1992). Insulin
achieves these effects by directly controlling the activities of a subset of metabolic
enzymes via the process of phosphorylation and dephosphorylation described
above, as well as by regulation of the expression of a number of genes encoding
hepatic enzymes. Insulin dramatically inhibits the transcription of the gene
encoding phosphoenolpyruvate carboxylase (PEPCK), the rate-limiting step in
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gluconeogenesis. The hormone also decreases transcription of the genes encoding
fructose 1,6-bisphosphatase and glucose 6-phosphatase and increases transcription
of those encoding glycolytic enzymes such as glucokinase and pyruvate kinase and
lipogenic enzymes such as fatty acid synthase and acetyl CoA carboxylase (Lin and
Accili 2011).

Several transcription factors play a role in this insulin-mediated regulation.
Hepatic nuclear factor-3 (NF3) and HNF4 both appear to be involved in regulation
of the PEPCK gene, which is the rate-limiting enzyme of gluconeogenesis (Lin and
Accili 2011). Sterol regulatory element-binding protein-1c (SREBP-1c) is
regulated by insulin and also influences the negative effect of insulin on PEPCK
gene transcription (Chakravarty et al. 2001). The forkhead transcription factor
FOXO1 also appears to be involved in the regulation of PEPCK and glucose
6-phosphatase (G6Pase), since both PEPCK and glucose 6-phosphatase contain
putative FKHR binding sites in their promoter sequences, and overexpression of
FKHR in hepatoma cells markedly increases the expression of the catalytic subunit
of glucose 6-phosphatase. Phosphorylation of FOXO1 by Akt inhibits its activity by
retaining the transcription factor in the cytoplasm. Both HNF4 and FOXO1 may be
modified in their activity by the co-activator PGC-1. PGC-1 levels are increased in
insulin-deficient and insulin-resistant diabetes. Thus, this creates an attractive
hypothesis by bringing together multiple regulators under one common master
regulator (Yoon et al. 2001).

While there is no doubt that insulin plays a key role in the regulation of the
enzymes of gluconeogenesis, insulin can also indirectly influence glucose metabo-
lism. This occurs via changes in the availability of substrates for gluconeogenesis
that are released from muscle and fat (Bradley et al. 1993). Thus, when insulin
levels are low, there is a breakdown of muscle protein and adipocyte triglycerides,
leading to increased levels of gluconeogenic substrates such as alanine and free
fatty acids. Physiologic experiments performed in dogs suggested that, under some
circumstances, this indirect pathway may be the major pathway of insulin regula-
tion of gluconeogenesis (Bradley et al. 1993). However, recent experiments with
mice with a genetic knockout of the insulin receptor in liver indicate that the direct
pathway is more important in that species (Fisher and Kahn 2003). In any case, in
humans, the indirect pathway may contribute to the pathogenesis of diabetes,
especially in individuals with central obesity, since visceral fat is less sensitive
than subcutaneous fat to insulin inhibition of lipolysis, resulting in direct flux of
fatty acids derived from these fat cells through the portal vein to the liver.

9 Regulation of Lipogenesis and Lipolysis

As is the case with carbohydrate metabolism, insulin also promotes the synthesis of
lipids and inhibits their degradation. Recent studies suggest that many of these
changes also might require an increase in levels of the transcription factor SREBP1-
¢ (Kim et al. 1998; Foretz et al. 1999a, b). Dominant-negative forms of SREBP1
can block expression of these gluconeogenic and lipogenic genes (Foretz



Insulin Signaling in the Control of Glucose and Lipid Homeostasis 65

et al. 1999a, b), while overexpression can increase their expression (Shimomura
et al. 1999). Interestingly, hepatic SREBP levels are increased in rodent models of
lipodystrophy, and this is associated with coordinated increases in fatty acid
synthesis and gluconeogenesis, mimicking the phenotype observed in genetic
models of obesity-induced diabetes. These observations led Shimomura
et al. (1999) to speculate that increased expression of SREBP-1c¢ might lead to
the mixed insulin resistance observed in the diabetic liver, with increased rates of
both gluconeogenesis and lipogenesis. The pathways that account for the changes in
SREBPI1-c expression lie downstream of the IRS/PI 3-kinase pathway.

In adipocytes, glucose is stored primarily as lipid. This is the result of increased
uptake of glucose and activation of lipid synthetic enzymes, including pyruvate
dehydrogenase, fatty acid synthase, and acetyl CoA carboxylase. Insulin also
profoundly inhibits lipolysis in adipocytes, primarily through inhibition of the
enzyme hormone-sensitive lipase. This enzyme is acutely regulated by control of
its phosphorylation state, activated by PKA-dependent phosphorylation, and
inhibited due to a combination of kinase inhibition and phosphatase activation.
Insulin inhibits the activity of the lipase primarily via reductions in cAMP levels
due to the activation of a cAMP-specific phosphodiesterase in fat cells (Bjorgell
et al. 1984, Stralfors et al. 1984).
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Abstract

In response to stress, the central nervous system initiates a signaling cascade,
which leads to the production of glucocorticoids (GCs). GCs act through the
glucocorticoid receptor (GR) to coordinate the appropriate cellular response
with the primary goal of mobilizing the storage forms of carbon precursors to
generate a continuous glucose supply for the brain. Although GCs are critical for
maintaining energy homeostasis, excessive GC stimulation leads to a number of
undesirable side effects, including hyperglycemia, insulin resistance, fatty liver,
obesity, and muscle wasting leading to severe metabolic dysfunction.
Summarized below are the diverse metabolic roles of glucocorticoids in energy
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homeostasis and dysregulation, focusing specifically on glucose, lipid, and
protein metabolism.

Keywords
Adipose tissue - Glucocorticoid hormones - Glucocorticoid receptor
Gluconeogenesis - Lipid metabolism - Liver - Muscle - Protein metabolism

1 Introduction

Glucocorticoids (GCs) are steroid hormones, essential for survival under stress. The
physiologic stress response is mediated by the release of ACTH from the pituitary
that acts on the adrenal gland to increase the production and release of cortisol
(in humans) or corticosterone (in rodents) into the circulation. The GC hormone
then acts through the GC receptor (GR) to coordinate the appropriate cellular
response to stress with the primary outcome of increasing blood glucose levels.
The mechanisms by which GCs achieve this effect involve the interplay primarily
between liver, muscle, and adipose tissue. This adaptive response to stress, how-
ever, is meant to be of short duration and is regulated by negative feedback at the
level of the hypothalamus and pituitary gland. Prolonged, elevated GC exposure, as
observed with therapeutic use of GCs or in Cushing’s syndrome, leads to increased
insulin secretion eventually resulting in severe metabolic dysfunction and insulin
resistance.

2 Glucose Metabolism

Under stressful stimuli, GCs coordinate a number of physiological processes with
the end goal of generating a sustained glucose supply for the brain. GCs affect
whole-body glucose metabolism by decreasing peripheral glucose uptake and
inducing hepatic gluconeogenesis by mechanisms described below (Fig. 1).

2.1 Liver

The most well-studied effects of GCs are by far those related to hepatic gluconeo-
genesis. Glucose is the primary energy source for the brain, renal medulla, and
erythrocytes, and the liver is the main organ responsible for de novo glucose
production under fasting conditions. Not surprisingly, therefore, hepatic gluconeo-
genesis is under very tight hormonal regulation. In the fed state, insulin facilitates
glucose uptake and utilization, whereas in the fasted state, glucagon,
catecholamines, and GCs stimulate glucose production and release. In fact, mice
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Fig. 1 Mechanisms by which GCs regulate whole-body glucose homeostasis. (a) Schematic
representation of the HPA axis and the effects of GCs/GR on glucose metabolism in the liver,
adipose tissue, muscle, and pancreas. Genes/proteins that are involved (either directly or indi-
rectly) in the mentioned events are in shaded boxes. (b) Representation of the PEPCK glucocorti-
coid response unit in the liver, together with the location of some of the accessory factors
necessary to initiate transcription. Depicted in the square boxes are some of the known positive



76 L. Magomedova and C.L. Cummins

lacking GR in the hepatocytes fail to appropriately respond to prolonged fasting,
resulting in severe hypoglycemia (Opherk et al. 2004).

Ligand-bound GR directly activates the transcription of two key enzymes
involved in gluconeogenesis: phosphoenolpyruvate carboxykinase (PEPCK) and
glucose-6-phosphatase (G6Pc). PEPCK is the rate-limiting enzyme required to
generate glucose-6-phosphate, whereas G6Pc is the enzyme that cleaves the phos-
phate allowing for glucose release into the circulation. PEPCK regulation is com-
plex and requires a myriad of accessory proteins and transcription factors to ensure
a maximal gluconeogenic response. Through extensive promoter mapping, it was
found that the Pepck promoter harbors a GR response unit (GRU), which has two
GR response elements (GREs) as well as binding sites for forkhead transcription
factor (FOXO1), retinoid X receptor (RXR), chicken ovalbumin upstream
promoter-transcription factor (COUP-TF), CCAAT/enhancer-binding protein
(C/EBPB), hepatocyte nuclear factors 3 and 4 (HNF-3 and HNF-4), peroxisome
proliferator-activated receptor y (PPARY2), and retinoic acid receptor (RAR)
[reviewed in Chakravarty et al. (2005)]. Similarly, three functional GREs have
been identified in the proximal G6Pc promoter, and similar to Pepck regulation,
GCs act in cooperation with HNF-1, HNF-4, and FOXO1 to fully induce G6Pc
transcription (Lin et al. 1998; Nakae et al. 2001; Vander Kooi et al. 2005).

Interestingly, cholesterol-sensing liver X receptors (LXRa and LXRf) can also
influence the recruitment of GR to gluconeogenic gene promoters (Nader
et al. 2012; Patel et al. 2011). Specifically, rats treated with GW3965 (a dual
LXRa/p agonist) were found to be refractory to the GC-induced hyperglycemia
(Nader et al. 2012). This is believed to be due to direct competition for DNA
binding, where the LXRa/RXRa dimer was found to displace GR from its GRE on
the G6Pc promoter. Making matters more complex, it was found that LXR’s effects
on GC-mediated induction of gluconeogenesis are isoform specific. In fact, LXRf
is necessary for GR binding to the Pepck promoter, and LXRf knockout mice are
protected from dexamethasone (Dex)-induced hyperglycemia (Patel et al. 2011).

Adding another layer of control to the systemic regulation of energy homeosta-
sis, the transcriptional activity of GR can also be modified through the recruitment
of various coactivator and corepressor complexes. Coactivators including SRC1,

Fig. 1 (continued) (+) and negative (—) regulators of GC signaling. Also shown are the steps
leading to the release of glucose into circulation. ACTH adrenocorticotropin hormone, AMPK
AMP kinase, CBP CREB-binding protein, C/EBP CCAAT/enhancer-binding protein, COUP
chicken ovalbumin upstream promoter-transcription factor, CREB cAMP-response element bind-
ing protein, CRH corticotropin-releasing hormone, GLUT2 glucose transporter 2, GLUT4 glucose
transporter 4, FOXOI foxhead box protein O1, G6Pc glucose-6-phosphatase, GR glucocorticoid
receptor, GRE glucocorticoid response element, GSK3 glycogen synthase kinase 3, HDAC6
histone deacetylase 6, HNF hepatic nuclear factor, LXR liver X receptor, MEDI mediator complex
subunit 1, PDK4 pyruvate dehydrogenase kinase 4, PEPCK PEP carboxykinase, PGCla PPAR-y
coactivator-1, PPARy peroxisome proliferator-activated receptor y, RAR retinoic acid receptor,
RXR retinoid X receptor, SGK-I serum- and glucocorticoid-regulated kinase 1, SMAD6 SMAD
family member 6, SRC-1 steroid receptor coactivator 1, TXNIP thioredoxin-interacting protein



Glucocorticoids and Metabolic Control 77

CBP/p300, and PGCla have all been shown to be involved in Pepck transactivation
(Sommerfeld et al. 2011). Under fasting conditions, the expression of Pgcla is
induced synergistically by glucagon and GCs (Yoon et al. 2001). PGC1a then binds
and coactivates GR as well as HNF-4 and FOXOI1 to induce a coordinated
gluconeogenic response on both Pepck and G6pc promoters (Puigserver et al. 2003;
Rhee et al. 2003).

GCs also recruit chromatin-modifying enzymes, p300 and CBP, to the Pepck
promoter in order to maintain the surrounding chromatin in an open conformation,
whereas insulin opposes these actions partly by displacing p300/CBP, leading to
chromatin condensation (Hall et al. 2007; Wang et al. 2004). In addition, AMPK,
which acts as a “low-energy sensor” within the cells, also counteracts GC-induced
expression of Pepck by phosphorylating GR at serine 211 leading to the release of
p300 and the SWF/SNF chromatin remodeling complex from the promoters of
Pepck and G6pc (Nader et al. 2010). In fact, rats treated with the AMPK activator,
AICAR, were refractory to Dex-induced hepatic gluconeogenesis. Moreover,
SMADG6, a member of the transforming growth factor  family, was identified as
a GR corepressor protein, which recruits histone deacetylase 3 (HDAC3) and
opposes histone H3 and H4 acetylation mediated by the coactivator SRC1 (Ichijo
et al. 2005). Finally, HDACG6 was found to affect GC signaling by deacetylating the
heat shock protein 90 (HSP90) (Kovacs et al. 2005). Inhibition of HDACG6 activity
results in hyper-acetylation of HSP90 leading to an impaired GR nuclear transloca-
tion and activation (Kovacs et al. 2005). In agreement, HDAC6 knockout animals
were protected from GC-induced hyperglycemia and insulin intolerance (Rhee
et al. 2003).

Another mechanism by which GCs can affect liver glucose homeostasis is by
directly antagonizing the actions of insulin. For example, the expression of a pseudo
kinase, Trb3, is increased by GC treatment leading to the inhibition of AKT
phosphorylation and development of hyperglycemia and insulin resistance
(Du et al. 2003). Similarly, ceramides, which are lipid-derived signaling molecules,
can also mediate GC-induced hepatic insulin resistance by blocking AKT activation
(Holland et al. 2007). This mechanism will be discussed in further detail below
(see: lipid metabolism/liver).

Paradoxically, GC-treatment results in an increase in glycogen synthesis. This
represents one of the few anabolic actions of this otherwise catabolic hormone. Our
understanding of the mechanism by which GCs increase glycogen synthesis is
derived largely from long-standing biochemical studies. Regulation of glycogen
synthesis requires the reciprocal action of two key enzymes: glycogen synthase and
glycogen phosphorylase. Both enzymes exist in active and inactive states regulated
by phosphorylation and dephosphorylation events. Interestingly, studies found that
GCs lead to inactivation of glycogen phosphorylase (glycogen-mobilizing enzyme)
and a concomitant activation of glycogen synthase, resulting in an overall increase
in hepatic glycogen content (de Wulf and Hers 1968; Laloux et al. 1983).
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2.2 Muscle and Adipose Tissue

Muscle is the organ that makes the largest contribution to glucose utilization in the
body, with more than 80% of circulating glucose being taken up by muscle in an
insulin-dependent fashion. Insulin is an anabolic hormone, whose actions in the
muscle are to stimulate glucose uptake, utilization, and storage. Most of the
catabolic actions of GCs in muscle arise through antagonizing the actions of insulin.
The main mechanism by which GCs decrease muscle glucose uptake is by
inhibiting the translocation of the glucose transporter, GLUT4, to the plasma
membrane (Haber and Weinstein 1992; Weinstein et al. 1995, 1998). Suppression
of insulin-stimulated glycogen synthesis by GCs is mediated by decreasing the
phosphorylation of GSK3, leading to the repression of glycogen synthase (Ruzzin
et al. 2005). Both GLUT4 and GSK3 are downstream targets of AKT in the insulin-
signaling cascade, highlighting the antagonistic interaction between insulin and
GCs. The mechanism of this crosstalk between GCs and insulin has been exten-
sively studied. The ability of GCs to inhibit AKT phosphorylation has been
observed in vitro (C2C12 myotubes) and in vivo (rat skeletal muscle) (Long
et al. 2003; Sandri et al. 2004). In rat skeletal muscle, GC excess decreases insulin
receptor tyrosine phosphorylation (Giorgino et al. 1993). Dex treatment in rats has
also been shown to reduce muscle PI3 kinase activity (Saad et al. 1993).

Inhibition of glucose oxidation is another mechanism by which GCs decrease
glucose utilization in the muscle. GCs strongly upregulate the expression of the
pyruvate dehydrogenase kinase 4 (Pdk4) (Sugden and Holness 2003). PDK4
inhibits the activity of the pyruvate dehydrogenase complex, thus inhibiting glucose
oxidation to acetyl-CoA, resulting in decreased glucose utilization. Pdk4 is a direct
target gene of GR. Interestingly, the Pdk4 GRE overlaps with the FOXO binding
site, which is in turn required for insulin-mediated suppression of Pdk4 expression
(Connaughton et al. 2010; Kwon et al. 2004).

Similar to their effects in muscle, GCs also antagonize insulin signaling in
adipose tissue, leading to decreased localization of GLUT4 transporters to the
plasma membrane (Sakoda et al. 2000). Moreover, Dex treatment in rats was
shown to decrease insulin-induced IRS-1 and IRS-2 phosphorylation with a con-
comitant decrease in AKT phosphorylation (Caperuto et al. 2006).

3 Lipid Metabolism

GCs are important regulators of whole-body lipid homeostasis. When fasting, or
under starvation conditions, elevated systemic GC levels stimulate adipose tissue
lipolysis, resulting in the generation of free fatty acids and glycerol. Muscle and
liver both utilize the energy (ATP) derived from the oxidation of FFAs, whereas
glycerol is used primarily by the liver as a precursor for gluconeogenesis. Given
these effects, it is not surprising that elevated GC levels can lead to central obesity,
dyslipidemia, and fatty liver. Summarized below are some of the complex effects of
GCs on adipose tissue and liver lipid metabolism (Fig. 2).
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Fig. 2 Schematic view of the role of GCs in lipid metabolism in the liver, white adipose tissue
(WAT) and brown adipose tissue (BAT). Proteins that are involved (either directly or indirectly) in
the depicted metabolic processes are in shaded boxes. 11-HSD 11p-hydroxysteroid dehydroge-
nase, ACC acyl-CoA carboxylase, AGPAT2 acylglycerolphosphate acyltransferase 2, ANGPTL4
angiopoietin-like 4, ATGL adipose triglyceride lipase, DES! dihydroceramide synthase, DEXRAS1
dexamethasone-induced Ras 1, FAS fatty acid synthase, GPAT glycerophosphate acyltransferase,
HES] hairy and enhancer of split-1, HSL hormone-sensitive lipase, KLF15 Kruppel-like factor
15, LPINI lipin 1, LPL lipoprotein lipase, MCAD medium-chain acyl-CoA dehydrogenase, MGLL
monoacyl glycerol lipase (MGLL), NTCP Na*-taurocholate cotransporting polypeptide, PPARy
peroxisome proliferator-activated receptor y, PREFI pre-adipogenic factor 1, PNL pancreatic
lipase, PLRP2 pancreatic lipase-related protein-2, SCAD short-chain acyl-CoA dehydrogenase,
SCD1 stearoyl-CoA desaturase, SPT2 serine palmitoyltransferase 2, TGH triacylglycerol hydro-
lase, UCPI uncoupling protein 1

3.1 Adipose Tissue

GCs exhibit pleiotropic effects on lipid metabolism by causing both increased
lipolysis and increased adipogenesis [reviewed recently by Peckett et al. (2011)].
Under fasting conditions, when GC levels are elevated, increased adipose tissue
lipolysis occurs due to increased expression of adipose triglyceride lipase (Argl) and
hormone-sensitive lipase (Hs! or Lipe) (Slavin et al. 1994; Villena et al. 2004; Xu
et al. 2009). Monoacyl glycerol lipase (MGLL), which converts monoacyl glycerol
to glycerol, is also known to be induced by GCs (Yu et al. 2010). GC regulation of
Hsl and Mgl appears to be direct through a functional GR binding site, whereas no
GRE has been identified to date in Argl/ (Yu et al. 2010).

Recently, GCs were found to directly upregulate the expression of angiopoietin-
like 4 (Angptl4), a secreted protein synthesized in WAT and liver in response to
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fasting. ANGPTL4 inhibits the activity of extracellular lipoprotein lipase (LPL)
(Shan et al. 2009), important for FFA uptake, and, at the same time, induces
intracellular adipocyte lipolysis (Gray et al. 2012), resulting in an overall increase
in plasma triglyceride (TG) levels. In vitro and in vivo studies have shown that GCs
regulate Angptl4 expression though a GRE located in the 3’ untranslated region of
the gene (Koliwad et al. 2009). Angptl4-/- mice were protected from Dex-induced
hypertriglyceridemia and hepatosteatosis (Koliwad et al. 2009). In agreement,
treatment of mice with a synthetic GC antagonist, RU486, also attenuated
fasting-induced expression of Angptl4 (Gray et al. 2012). It should be noted that
although GCs are believed to be in general “lipolytic,” there is mounting evidence
suggesting that they also have anti-lipolytic actions (Peckett et al. 2011). In fact,
studies in 3T3-L1 adipocytes showed that both dose and duration of GC stimulation
dictate the net outcome of increased or decreased lipolysis (Campbell et al. 2011).

In the fed state, when insulin levels are elevated, GCs may act synergistically
with insulin to promote de novo lipogenesis by directly upregulating (via a func-
tional GRE) the expression of two key enzymes involved in fatty acid synthesis:
acyl-CoA carboxylase (ACC) and fatty acid synthase (FAS) (Diamant and Shafrir
1975; Volpe and Marasa 1975). Studies in cultured adipocytes showed that corti-
costerone in combination with insulin was able to increase lipogenesis by 66%
when compared to insulin alone (Minshull and Strong 1985). Involvement of GCs
in TG synthesis was also demonstrated in a genome-wide analysis of 3T3-Ll1
adipocytes and in vivo studies of mice treated with Dex, where a large number of
GR target genes were identified in the TG synthetic pathway: Scdl, Scd2, Gpat3,
Gpatd, Agpat2, and Lpinl (Yu et al. 2010). Most of these genes, with the exception
of Agpat2, have at least one functional GR binding site (Yu et al. 2010).

Excessive GC stimulation has been shown to be instrumental for the develop-
ment of central obesity and its associated metabolic disorders. Although there is
some controversy surrounding the correlation of plasma GCs with obesity (Abra-
ham et al. 2013; Hautanen et al. 1997; Kjolhede et al. 2014; Praveen et al. 2011),
positive correlations between elevated GC activity and the development of meta-
bolic syndrome have been observed in humans (Phillips et al. 1998; Reynolds
et al. 2001; Stolk et al. 1996; Walker et al. 1998). HPA axis hyperactivity has
similarly been linked to the development of insulin resistance and hypertension.
Studies in Zucker rats showed that both adrenalectomy and GR antagonist treat-
ment were able to improve the metabolic phenotype in these animals, directly
implicating GCs in the development of obesity (Langley and York 1990; Yukimura
et al. 1978). In fact, patients with Cushing’s syndrome exhibit a characteristic
redistribution of adipose tissue from the periphery to the abdominal depots. This
fat-mass redistribution is believed to arise from the differential activity of GCs in
various fat depots. In the periphery, GCs induce the activity of HSL and ATGL
leading to increased lipolysis (Slavin et al. 1994), whereas, in central fat depots,
GCs promote lipogenesis (Chimin et al. 2014; Rebuffe-Scrive et al. 1988; Seckl
et al. 2004).

Pre-receptor metabolism has also been implicated in the depot-specific actions
of GCs. 11p-Hydroxysteroid dehydrogenase (11B-HSD1) is an enzyme that
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catalyzes the conversion of inactive cortisone to cortisol (in humans), thus increas-
ing the intra-tissue levels of active GCs (Seckl and Walker 2001). Interestingly, the
activity of 11B-HSDI in omental adipocytes was found to be higher than that in
subcutaneous depots, suggesting that GCs might have a greater impact in the
abdominal depots (Bujalska et al. 1997). Indeed, mice overexpressing 11p-HSDI1
have higher intra-abdominal GC levels and exhibit central adipocyte hypertrophy
(Masuzaki et al. 2001).

Adding more complexity to our understanding of GC-regulated lipid metabolism
is a recent study using a stable isotope (heavy water) labeling technique which
showed that GCs can, in fact, simultaneously increase TG synthesis and lipolysis in
inguinal fat pads of wild-type mice treated with Dex and in subcutaneous and
visceral depots of CRH-Tg mice (Yu et al. 2010). It was found that 4-day Dex
treatment of wild-type mice was able to induce the expression of genes involved in
TG synthesis (Scd2, Gpat3, Gpat4, Agpat2, and Lpinl), lipolysis (Lipe and Mgll),
lipid storage (S3-1/2), and lipid transport (Cd36, Lrpl, Slc27a2, VIdir)
(Yu et al. 2010). Most of these genes had at least one functional GR binding site,
hinting at the direct regulation by GCs. Several unanswered questions remain:
(1) why do GCs stimulate lipolysis and lipogenesis simultaneously resulting in
futile cycling, and (2) what dictates the fat redistribution in Cushing’s patients or in
patients following chronic GC treatment? One possibility is that other hormones
participate in the regulation of lipid metabolism by tipping the scale from TG
synthesis to lipolysis or vice versa leading to a depot-specific adiposity.

Another mechanism by which GCs can increase adipose tissue mass is by
stimulating pre-adipocyte differentiation. In vitro, GCs are required to fully induce
adipocyte differentiation and as such they represent a key component of the
adipogenic differentiation cocktail (Steger et al. 2010). In 3T3-L1 cells, activated
GR transiently induces the expression of a key adipogenic transcription factor
Ppary (a master regulator of adipogenesis) and suppresses the expression of
pre-adipogenic factor 1 (Prefl) (Steger et al. 2010). Interestingly, two direct target
genes of GR, KIfl5 and Dexrasl, have been recently implicated in GC-induced
adipogenesis. MEFs and 3T3-L1 cells lacking KLF15 or DEXRASI, respectively,
were unable to stimulate adipocyte differentiation in vitro and animals lacking
DEXRASI1 were protected against Dex-induced obesity. In vivo, depot-specific
actions of GCs on adipocyte differentiation have also been observed, where treat-
ment of rats for 10 days with corticosterone was able to increase adipocyte
differentiation in visceral adipose tissue but not in subcutaneous depots (Campbell
et al. 2011). However, the relative contribution of adipocyte hypertrophy
vs. hyperplasia in the development of central obesity still needs to be examined.

Interestingly, GCs are also reported to induce the differentiation of brown
preadipocytes (Shima et al. 1994) while inhibiting uncoupling protein 1 (Ucpl)
expression and activity (Soumano et al. 2000). In fact, GC treatment in rats resulted
in decreased thermogenesis and increased lipid accumulation in both BAT and WAT
(Strack et al. 1995). In rodents, BAT plays an important role in regulating insulin
sensitivity and glucose homeostasis by regulating thermogenesis (Stanford et al. 2013).
With the recent discovery of metabolically active BAT in adult humans, it will be
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exciting to investigate the role of GCs at this site to determine the relative contribution
of BAT to GC-mediated glucose and lipid dysregulation (Cypess et al. 2014).

3.2 Liver

GC excess can lead to the ectopic accumulation of fat in the liver, causing the
formation of “fatty liver” also known as hepatic steatosis, which is implicated in the
development of insulin resistance and metabolic syndrome. Indeed, increased liver
fat content has been observed in patients with Cushing’s syndrome (Shibli-Rahhal
et al. 2006) and in patients undergoing chronic GC treatment (Schacke et al. 2002).
Unlike the extensive literature describing the role of GCs in adipose tissue lipid
metabolism, the role of GR signaling in hepatic lipid metabolism is not well
defined. A number of in vitro and in vivo studies have shown that GCs act in the
liver to increase fatty acid synthesis (Diamant and Shafrir 1975; Altman
et al. 1951), decrease fatty acid oxidation (Letteron et al. 1997), and increase
VLDL secretion (Cole et al. 1982), although the latter is controversial (Dolinsky
et al. 2004). Similar to adipose tissue, GCs in the liver can regulate de novo
lipogenesis by directly upregulating the expression of Fas and Acc, and these
effects are synergistic with insulin (Diamant and Shafrir 1975; Altman
et al. 1951). In addition, acyl-CoA dehydrogenase enzymes involved in fatty acid
B-oxidation are decreased by GC treatment in mice (Letteron et al. 1997). Similar
observations have been made in primary hepatocytes suggesting that these effects
are at least partially cell autonomous (Amatruda et al. 1983; Mangiapane and
Brindley 1986). Moreover, downstream genes encoding enzymes in TG synthetic
pathways, such as DGAT1 and DGAT?2, were found to be upregulated by GCs, but
whether this regulation is direct requires further investigation (Dolinsky
et al. 2004). The combined effect of increasing lipogenesis and decreasing
[B-oxidation is thought to contribute to the observed hepatic steatosis. The effects
of GCs on VLDL secretion are not well defined. Studies looking at patients with
Cushing’s syndrome are inconclusive, showing either elevated (Taskinen et al. 1983)
or normal (Tiryakioglu et al. 2010) plasma VLDL levels. Numerous in vitro studies in
both mouse and rat primary hepatocytes and isolated livers found an increase in
VLDL secretion following Dex treatment; however, Dolinsky et al. found that VLDL
secretion rates were not affected in vivo or in primary hepatocytes (Dolinsky
et al. 2004). Interestingly, the stability of triacylglycerol hydrolase (TGH/Ces3), a
lipase involved in intracellular TG hydrolyses prior to incorporation into VLDL, was
found to be decreased by Dex treatment (Dolinsky et al. 2004).

A recent study performed by de Guia et al. 2015 has implicated microRNAs in
the regulation of hepatic triglyceride metabolism by GCs (de Guia et al. 2015).
miR-379/410 cluster was found to be a direct target of GR in the liver, and miR-379
levels were shown to be positively correlated with serum GCs and triglyceride
levels in humans (de Guia et al. 2015). Moreover, knockdown of miR-379 in wild-
type mice as well as obese animals decreased plasma TG and VLDL levels (de Guia
et al. 2015). It was discovered that miR-379 acts by decreasing the levels of LDLR
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and the lipolysis stimulated lipoprotein receptor (LSR), leading to decreased
hepatic TG uptake and increased circulating lipids (de Guia et al. 2015).

The ability of GR to orchestrate these complex events relies on its interaction
with a number of accessory proteins. For example, LXR[} was recently identified as
a critical player in GC-induced hepatosteatosis (Patel et al. 2011). Mice lacking
LXRp were refractory to developing fatty liver following Dex treatment, although
the exact molecular mechanism of GR-LXRp interaction is not known. Further-
more, liver-specific knockouts of MEDI1, a GR coactivator, are protected from
Dex-induced TG accumulation (Jia et al. 2009). In MED1-null livers, Dex fails to
inhibit fatty acid p-oxidation leading to reduced TG accumulation.

GR can also elicit its control over hepatic dyslipidemia via the repression of
Hesl gene expression (Lemke et al. 2008). GCs were found to reduce Hes/ mRNA
and protein levels in vitro (U20S-GR cells and rat primary hepatocytes) and in
livers of adrenalectomized mice (Revollo et al. 2013). In accordance, shRNA-
mediated knockdown of GR in the liver of db/db mice was found to induce the
expression of HesI with a concomitant reduction in hepatosteatosis, suggesting a
direct role of GR in the regulation of Hes/ expression. Overexpression of HES1 in
the liver of db/db mice was shown to be protective against GC-induced
hepatosteatosis. Beneficial effects of HES1 overexpression are believed to be due
to its ability to upregulate the expression of pancreatic lipases, Pnl and Pnlrp2, both
of which contribute to TG hydrolysis. Chromatin immunoprecipitation analyses
and luciferase-reporter assays revealed that Hes/ is a direct target gene of GR
in vivo (Lemke et al. 2008; Revollo et al. 2013). However, the exact molecular
mechanism ofHes!/ regulation by GR is controversial, with studies hinting at the
involvement of HDAC and NFxB proteins (Lemke et al. 2008; Revollo et al. 2013).
In conclusion, GCs were found to stimulate hepatic TG accumulation via the
repression of Hes!, thus blocking the induction of pancreatic lipase gene expression.

GCs can also regulate the production and accumulation of ceramides in the liver
by stimulating the expression of genes involved in ceramide synthesis (serine
palmitoyltransferase 2, SPT2, and dihydroceramide synthase, DES1) (Holland
et al. 2007). Ceramides are sphingolipids composed of a fatty acid and sphingosine
moiety (Hannun 1994), which act as important signaling molecules that generally
promote catabolic processes. Ceramide levels are markedly elevated in rodent
models of insulin resistance induced by GC excess, whereas mice heterozygous
for Desl are protected from Dex-induced insulin resistance (Holland et al. 2007).
This represents a mechanism by which GCs can indirectly antagonize insulin
signaling.

With respect to regulation of cholesterol metabolism, studies have revealed that
liver-specific GR deficiency results in dysregulation of cholesterol and bile acid
homeostasis (Lemke et al. 2008; Rose et al. 2011). Hepatocyte-specific GR knock-
out mice exhibit reduced serum cholesterol levels, increased cholesterol accumula-
tion in the liver, and elevated fasting bile acid levels. Moreover, mice lacking liver-
specific GR had lower gallbladder bile acid concentrations and were more prone to
developing cholesterol gallstones when placed on a cholesterol-rich diet (Rose
et al. 2011). It was then found that liver GR deficiency impaired hepatic bile acid
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uptake due to decreased expression of the basolateral bile acid transporter, Ntcp
(Slcl0al) (Rose et al. 2011).

4 Protein Metabolism
4.1 Muscle

It is known that GCs both increase skeletal muscle catabolism and decrease muscle
synthesis. The result of these combined processes is an increased rate of muscle
breakdown, which is observed in patients with Cushing’s disease. In vitro studies
have shown that GCs can elicit their catabolic actions in a cell autonomous manner.
For example, Dex treatment resulted in decreased cell diameters in C2C12 and L6
myotubes compared to vehicle treatment (Menconi et al. 2008). In vivo, animals
treated with GCs exhibit a decrease in skeletal muscle size (Baehr et al. 2011),
whereas muscle-specific GR knockout animals are resistant to Dex-induced muscle
atrophy (Watson et al. 2012). GC control of muscle breakdown comes from its
ability to upregulate two muscle-specific E3 ubiquitin ligases: muscle RING finger
1 (MuRF1) and muscle atrophy F-box (MAFbx) (Bodine et al. 2001). MuRF1 and
MAFbx are induced in many catabolic states including starvation, diabetes, and GC
treatment. Through ubiquitination, MAFbx and MuRF1 mark distinct protein
targets for proteosomal degradation. MuRF1 has been shown to target primarily
myofibrillar proteins such as myosin heavy chain (MYHC), whereas MAFbx was
found to interact with regulatory proteins including MyoD and elF3-f (Clarke
et al. 2007; Csibi et al. 2009; Lagirand-Cantaloube et al. 2009). Interestingly,
mice lacking MuRF1 were spared from Dex-induced muscle wasting, while
Mafbx-/- animals were not (Baehr et al. 2011). Even more surprising is the fact
that sparing of the Murfl-/- muscle mass was found to be primarily due to
maintenance of protein synthesis rather than changes in proteolytic pathways
(Baehr et al. 2011). These findings suggest that MuRF1 can regulate muscle atrophy
through yet unknown non-proteolytic pathways, and this regulation is distinct from
that of MAFbx. It should be noted than unlike skeletal muscle, cardiac muscle
responds to GCs by cardiomyocyte hypertrophy suggesting that the catabolic
actions of GCs on protein turnover are also tissue specific (Ren et al. 2012).

GCs can also directly increase the expression of myostatin, which in turn
negatively regulates muscle growth (Ma et al. 2003). Mice lacking myostatin are
resistant to developing Dex-induced muscle atrophy (Gilson et al. 2007). The
expression levels of Murfl and Mafbx are also decreased in myostatin-null mice,
implicating myostatin as an important mediator of GC-induced muscle atrophy
(Ma et al. 2003). More recently, it was found that Dex was able to suppress muscle
satellite cell function through the upregulation of myostatin and a resultant sup-
pression of Akirinl (promyogenic gene) (Dong et al. 2013).

In addition to increased proteolysis, GCs can induce muscle atrophy by decreas-
ing protein synthesis. GCs achieve this via the inhibition of mTOR, a kinase that
phosphorylates S6K1 and 4E-BP1, two proteins involved in mRNA translation
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initiation (Schakman et al. 2008). Recent studies identified KIf15 and Ddit4 (Reddl)
as two direct target genes of GCs involved in mTOR inhibition (Shimizu
etal. 2011). KLF15 has been shown to induce the expression of Bcat2, a mitochon-
drial enzyme that decreases mTOR activity (Shimizu et al. 2011). DDIT4, on the
other hand, was found to increase the activity of the regulatory TSC1/TSC2 protein
complex leading to mTOR inhibition (Shimizu et al. 2011; Wang et al. 2006).
Interestingly, KLF15 was also found to regulate the atrophy genes, Murfl and
Mafbx, and is also regulated by GCs in adipose tissue to promote adipocyte
differentiation. Several other GR target genes, Sesnl, Depdc6, and Mknk2, have
also been shown to interact and inhibit mTOR activity or signaling (Kuo et al. 2012,
2013). Finally, GR was found to upregulate the expression of p85a through a GRE
(Kuo et al. 2012). Studies utilizing shRNA to knockdown p85a in C2C12 myotubes
found that Dex failed to inhibit AKT activity and atrophy gene expression. Inter-
estingly, studies by Hu et al. found that activated GR is able to directly bind p85a
(regulatory subunit of PI3 kinase) and prevent its association with IRS-1, thus
inhibiting insulin signaling (Hu et al. 2009). Overall, these data suggest that GCs
may suppress insulin signaling via p85a through genomic (direct DNA binding)
and non-genomic mechanisms.

5 Glucocorticoids and Other Target Organs
5.1 Pancreas

The endocrine pancreas is a major sensor of circulating glucose levels. Pancreatic
[-cells respond to elevated blood glucose by secreting insulin to promote glucose
uptake and utilization in peripheral tissues. The role of GCs on insulin secretion is
complex and a detailed review was published recently (Rafacho et al. 2012). GCs
impact pancreatic B-cell function early during embryonic development. Studies in
Gr''°* and GrP™“™ mice have shown that maternal food restriction during late
pregnancy (which causes elevated fetal corticosterone levels) irreversibly decreases
the B-cell mass of newborn mice (Valtat et al. 2011). Moreover, there is evidence
suggesting that GCs may shift the fate of pancreatic progenitor cells from an
endocrine to an exocrine lineage, thus compromising f-cell expansion later in life
(Valtat et al. 2011). Interestingly, excessive GC signaling in mature -cells does not
affect cell numbers but instead leads to impaired insulin secretion (Blondeau
et al. 2012). Studies performed in vitro on isolated islets and cultured p-cells also
showed that GCs inhibit insulin secretion and promote apoptosis (Lambillotte
et al. 1997; Ranta et al. 2006; Reich et al. 2012). Mechanistically, GCs impair
pancreatic cell function via several distinct mechanisms. Dex treatment of isolated
pancreatic f-cells decreases the stability and protein levels of the GLUT2 glucose
transporter leading to impaired insulin secretion (Gremlich et al. 1997). Moreover,
GC-mediated induction of serum-/glucocorticoid-regulated kinase 1 (Sgk-/) in
INS-1 cells led to increased activity of voltage-gated K* channels, leading to
reduced insulin release (Ullrich et al. 2005). Furthermore, recent studies found
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that Dex can induce the expression of Txnip, a negative regulator of the antioxidant
thioredoxin in B-cells of mice and human islets, resulting in apoptosis (Reich
et al. 2012). Lastly, the unfolded protein response was also recently implicated in
B-cell dysfunction, where prednisolone administration to p-cells resulted in the
activation of ATF6 and IRE1/XBP1 pathways and increased caspase-3 activity
leading to apoptosis (Linssen et al. 2011).

Intriguingly, oral glucose tolerance tests performed in normal subjects immedi-
ately after receiving a single i.v. bolus of hydrocortisone showed an increase in
insulin secretion compared to vehicle treatment (Vila et al. 2010). Similarly, Dex
administration in healthy individuals was shown to cause hyperinsulinemia (Nicod
et al. 2003). Higher insulin levels were able to compensate for Dex-mediated
insulin resistance in skeletal muscle and adipose but not in the liver since hepatic
glucose production remained elevated during the clamp (Nicod et al. 2003). It is
believed that hyperinsulinemia, which arises following acute GC treatment, is a
result of compensatory actions by pancreatic p-cells to respond to hyperglycemia.
Chronic GC stimulation, on the other hand, leads to a decrease in insulin signaling
due to B-cell dysfunction and apoptosis.

5.2 CNS

A well-known role of GCs in the brain is the classical negative feedback of the HPA
axis, where circulating GCs inhibit the expression of the hormones CRH (hypothal-
amus) and ACTH (pituitary gland) leading to inhibition of GC synthesis from the
adrenal cortex. A number of recent studies have shown that GC signaling in the
brain can also regulate peripheral metabolic responses. GR is highly expressed in
the paraventricular (PVN) and arcuate (ARC) nuclei in the brain where it was
discovered to regulate feeding behavior and glucose homeostasis by regulating the
expression of the orexigenic peptide neuropeptide Y (NPY). Local administration
of Dex (via retrodialysis) into the ARC, but not the PVN, was able to induce hepatic
insulin resistance during a hyperinsulinemic-euglycemic clamp (Yi et al. 2012). In
agreement, intracerebroventricular coadministration of the NPY1 receptor antago-
nist BIBP3226, or hepatic sympathetic denervation, was able to block this effect
(Yi et al. 2012). In summary, GCs seem to be able to regulate peripheral insulin
responsiveness via hypothalamic signaling and the sympathetic nervous system.
Interestingly, hepatic vagal innervation is also required for GC-induced insulin
resistance, hyperglycemia, and hypertension. Studies by Bernal-Mizrachi et al.
revealed that selective hepatic afferent vagotomy, as well as central afferent
vagal nerve sectioning, decrease Dex-induced Ppara and Pepck expression and
reverse insulin resistance in wild-type mice (Bernal-Mizrachi et al. 2007). PPARa’s
involvement in GC-induced insulin resistance and hyperglycemia has been previ-
ously established, and animals lacking hepatic PPARa are protected against
Dex-mediated effects (Bernal-Mizrachi et al. 2003; Lemberger et al. 1994). Intrigu-
ingly, adenoviral reconstitution of hepatic PPARa in normoglycemic Dex-treated
Ppara-/- animals increased PEPCK activity, blood glucose, and blood pressure in
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sham-operated mice but not after vagotomy, suggesting that both hepatic vagal
innervation and intact PPARa signaling are necessary for GC-induced metabolic
effects (Bernal-Mizrachi et al. 2007).

6 Concluding Remarks

The metabolic actions of glucocorticoids are highly coordinated between multiple
tissues, facilitating the rapid catabolic actions of GCs that have the overall effect of
increasing circulating glucose levels. While many of the biochemical processes
mediating these effects are now understood, the individual genes responsible for
these effects and the molecular mechanisms regulating their expression are still
being elucidated. Further understanding the complex feedback responses mediated
by hormones and the sympathetic nervous system will provide new insight into
possible mechanisms of inhibiting the detrimental metabolic consequences of
chronic GC exposure.
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Abstract

Within the past two decades, coregulators have emerged as essential chromatin
components of metabolic signaling by nuclear receptors and additional
metabolite-sensing transcription factors. Intriguingly, coregulators themselves
are efficient sensors and effectors of metabolic stimuli that modulate gene
expression at different levels, often via post-translational modifications of
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histones or other factors. There is already evidence that alterations of expression
or function of coregulators contributes to metabolic disease by propagating
disease-specific epigenomes linked to the dysregulation of transcription and
downstream pathways. In this chapter we review the current progress made in
understanding the role of coregulators in metabolic pathways, with a particular
emphasis on their study in vivo and in the context of metabolic disease.

Keywords

Coregulators ¢ Inflammation ¢ Metabolic disease ¢ Metabolism ¢ Nuclear
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Abbreviations

aP2 (FABP4)
ABCA1
ABCB11
ABCG1
AMPK
AP-1
APR
ATGL
BAT
cAMP
C/EBPa
CACT

CARMI/PRMT4
CARTPT
CBP/p300

CDK

CIDEA

CLK2
CREB
CRTC
CYP27A1
CYP3Al1l1
CYP7A1
CYP7B1
CYP8B1
EHMT1

Fatty acid binding protein 4, adipocyte

ATP-binding cassette, subfamily A (ABC1), member 1
ATP-binding cassette, subfamily B (MDR/TAP), member 11
ATP-binding cassette, subfamily G (WHITE), member 1
AMP-activated kinase

Activator protein 1

Acute phase response

Adipose triglyceride lipase

Brown adipose tissue

Cyclic adenosine monophosphate

CCAAT/enhancer binding protein (C/EBP), alpha

Solute carrier family 25 (mitochondrial carnitine-acylcarnitine
translocase), member 20

Coactivator-associated arginine methyltransferase 1

CART prepropeptide

CREB binding protein

Cyclin-dependent kinase

Cell death-inducing DNA fragmentation factor, alpha subunit-
like effector A

CDC-like kinase 2

cAMP responsive element binding protein

CREB regulated transcription coactivator

Cytochrome P450, family 27, subfamily a, polypeptide 1
Cytochrome P450, family 3, subfamily a, polypeptide 11
Cytochrome P450, family 7, subfamily a, polypeptide 1
Cytochrome P450, family 7, subfamily b, polypeptide 1
Cytochrome P450, family 8, subfamily b, polypeptide 1
Euchromatic histone methyltransferase 1
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ERK1/2

ERR

FGF

FOXO1

FXR

GABP«
GCNS/PCAF
GLUT?2

GPS2

GYS1
H3K18/27
H3K9

HDAC

HFD

HIF 1o
HMGCS?2
HNF4a

HSL

IGF

RS2

JNK (MAPKS)
KCNQI
KDMA4A/IMJD2
LRH-1

LXR

MED1

MTP
NCOR/NCORI
NRF-1

OTC

p/CIP (NCOA3)
PDK1
PGAM2

PGCI

PI3K

POMC

PPAR
PRDM16
PROXI1
PYGM
RALBPI
RGS?2
RIP140/NRIP1
RNFS

RXR

SHP

Mitogen-activated protein kinase 3

Estrogen receptor-related receptor

Fibroblast growth factor

Forkhead box O1

NR subfamily 1, group H, member 4

GA repeat binding protein, alpha

Lysine acetyltransferase 2A

Solute carrier family 2 (facilitated glucose transporter)
G-protein pathway suppressor 2

Glycogen synthase 1

Histone H3 Lysine 18/27

Histone H3 Lysine 9

Histone deacetylase

High-fat diet

Hypoxia-inducible factor 1, alpha subunit
3-Hydroxy-3-methylglutaryl-coenzyme A synthase 2
Hepatic nuclear factor 4, alpha

Lipase, hormone sensitive

Insulin-like growth factor

Insulin receptor substrate 2
Mitogen-activated protein kinase 8
Potassium voltage-gated channel, subfamily Q, member 1
Lysine-specific demethylase 4A

NR subfamily 5, group A, member 2

Liver X receptor

Mediator complex subunit 1

Microsomal triglyceride transfer protein

NR corepressor 1

Nuclear respiratory factor 1

Ornithine transcarbamylase

NR coactivator 3

Pyruvate dehydrogenase kinase, isoenzyme 1
Phosphoglycerate mutase 2

Peroxisome proliferator-activated receptor gamma, coactivator 1
Phosphatidylinositol 3-kinase
Proopiomelanocorticoid

Peroxisome proliferator-activated receptor
PR domain containing 16

Prospero homeobox 1

Muscle glycogen phosphorylase

ralA binding protein 1

Regulator of G-protein signaling 2

NR interacting protein 1

Ring finger protein 8

Retinoid X receptor

Small heterodimer partner
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SIRT Sirtuin

SMRT/NCOR2 Silencing mediator of retinoid and thyroid receptors/NR
corepressor 2

SRC1/NCOA1 Steroid receptor coactivator 1/NR coactivator 1

SREBP1 Sterol regulatory element binding transcription factor 1

T2D Type 2 diabetes; T3, T4 = thyroid hormone 3, 4

TBL1 Transducin (beta)-like 1 X-linked

TBLR1 Transducin (beta)-like 1 X-linked receptor 1

TCF7L2 Transcription factor 7-like 2, T cell specific, HMG box

THRAP3 Thyroid hormone receptor-associated protein 3

TIF2/NCOA2 Transcription intermediary factor 2/NR coactivator 2

TLE3 Transducin-like enhancer of split 3

TNFa Tumor necrosis factor

TR Thyroid receptor

TRAF2 TNF receptor-associated factor 2

TZD Thiazolidinedione

UBC13 Ubiquitin-conjugating enzyme E2N

UCpP Uncoupling protein (mitochondrial, proton carrier)

WAT White adipose tissue

WD Western diet

1 Introduction: Discovery and Classification of Coregulators

Since their discovery more than three decades ago, members of the nuclear receptor
(NR) family have emerged as principal sensor, signal transducers, and transcrip-
tional regulators of metabolic pathways. Their place among the more than 1,500
human transcription factors is unique because NR activity can directly be regulated
by small molecule compounds (endocrine hormones, lipid metabolites, xenobiotics,
pharmaceutics), which bind to them as ligands. Efforts to characterize the principal
components of NR signaling led in 1994 to the identification of the first
NR-associated proteins, many of which are today established NR coregulators
(for the purpose of our review just termed coregulators). Over the past two decades,
a large number of coregulators have been identified, currently estimated to include
more than 200 different proteins (Rosenfeld et al. 2006; McKenna and O’Malley
2010; Dasgupta et al. 2014). Two complementary experimental approaches turned
out to be essential for the identification of coregulators, first the genetic two-hybrid
protein-protein interaction screening and second, though in fewer cases, the bio-
chemical purification and mass spectrometry analysis of multi-protein complexes.
While two-hybrid screenings (Vidal and Fields 2014), today also commercially
available, remain a simple and effective method of choice to identify coregulators,
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advances in the sensitivity and capacity of mass spectrometry methods have already
yielded exciting snapshots of cell-type- or ligand-selective coregulator complexes
at the proteome-wide scale, referred to as the “coregulator complexome” or simply
“coregulatorsome” (Malovannaya et al. 2011; O’Malley et al. 2012). Without
doubt, the future integration of genomic, proteomic, and metabolomic high-
throughput data promises to reveal a substantially improved understanding of
metabolism from individual pathways to cells, tissues, and ultimately to organisms.

NR coregulators are commonly categorized into coactivators or corepressors
that facilitate NR-dependent transcriptional activation or repression, respectively.
Although coregulators do not require direct DNA binding to execute their function,
many have a high affinity to chromatin making the distinction less useful in vivo.
Due to the growing number of coregulators identified, and the many distinct
mechanisms of action characterized, today’s perception of the coregulator concept
has to become probably broader. Thus, NR coregulators can be best described as
proteins that associate (directly or indirectly, e.g., within a multi-protein complex)
with NRs and regulate their activity (which is mainly but not exclusively transcrip-
tional). This broader view takes into account that some crucial aspects of NR
activity control include also non-genomic mechanisms off chromatin, for example,
the regulation of NR protein stability or of the nuclear/cytoplasmic distribution.
Otherwise, since most coregulators are structurally and functionally diverse
proteins, no unifying classification of these proteins is possible. In line with that,
it is likely and already shown in many cases that NR coregulators are seldom
specific to one or a few NRs but even target other classes of transcription factors.
This at first sight promiscuous feature turns out to have important physiological
consequences, as exemplified by the role of coregulators in transcriptional crosstalk
between NRs and other transcription factors. Table 1 summarizes key members and
features of today’s established NR coregulators, with a particular emphasis on those
that already are known for their involvement in metabolism.

Despite substantial progress in characterizing individual coregulators, we are
just beginning to understand the multifaceted control of transcription and metabo-
lism by coregulators in vivo, in particular in the context of metabolic disease.
Unlike in the cancer field, mutations in genes encoding coregulators have not yet
been linked to metabolic disease states. However, evidence is emerging that
alterations in function or expression of coregulators can cause metabolic disease
by propagating disease-specific epigenomes linked to dysregulation of transcription
and downstream pathways. Coregulators are regulated by metabolic signals but also
mediate metabolic signaling, thus making them efficient metabolic sensors and
effectors at the same time. They act in different ways to modulate NR functions.
Besides the direct interaction, post-translational modifications, both at the chroma-
tin and NR level, appear to be their most important modulating tools. Moreover,
coregulators influence NRs by altering their stability and intracellular localization.
All of these influences lead to the proper response of the whole body to metabolic
changes that appear either physiologically or under different stresses.
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2 Molecular Mechanisms of Coregulator Action
and Regulation

2.1 Coregulators: Key Components of Genomic NR Signaling

Coregulators (chromatin modifiers, coactivators, corepressors, etc.) are crucial
components of NR signaling that include NRs itself, ligands (hormones,
metabolites, synthetic compounds, endocrine disrupters), post-translational
modifications (PTMs, e.g., phosphorylation, SUMOylation), cistromes (genomic
NR-binding sites), transcriptomes (NR-regulated genes), and epigenomes (chroma-
tin/DNA and histone modifications) (Fig. 1). Due to the presence or absence of
individual key components, many NR signaling pathways are highly cell type
specific, and some differ significantly between species such as rodents and humans.

In vitro evidence including three-dimensional structure data suggests that
coregulators recognize distinct ligand-dependent NR conformations and establish
interactions with the transcriptional machinery and chromatin at regulatory regions

Coregulators
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9 PTMs — “Coactivators
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Epigenomes
Chromatin modification states ._/,,C'I“‘"
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)\))Q)\)}\) Gene expression (MRNA)

Cis-regulatory elements
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NR binding sites

Fig. 1 Coregulators are molecular key components of NR signaling. NR signaling has to be
understood as the complex interplay of various key components which determine genomic
responses linked to gene expression and physiological outcomes in a highly cell-type-selective
manner. Ligands, PTMs, and coregulators are major regulatory components that directly control
NR activity, while cistromes and epigenomes specify the genome-wide target gene range
(transcriptomes). Coregulators often function as “writers,” “erasers,” or “readers” of specific
PTMs towards NRs and chromatin, and some of these activities are uniquely responsible to trigger
metabolic and (anti-)inflammatory NR pathways. PTM:s, post-translational modifications, such as

Su (SUMOylation), Ac (acetylation), Me (methylation), and Ph (phosphorylation)
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(promoters, enhancers) of target genes, thereby acting at the genomic level. Primary
docking site for many coregulators is the conserved NR ligand-binding domain
(LBD), a multifunctional domain responsible for ligand-binding, dimerization, and
coregulator recruitment. Structure determination revealed a conserved NR LBD
fold consisting of 12 a-helices. Helices 3—5 and 12 form the common coactivator/
LxxLL/NR-box-interaction surface called AF-2, which usually is exposed upon
binding of activating ligands (agonists) but blocked by inhibitory ligands
(antagonists). Thereby, they function either as coactivators, by recognizing the
active NR state and promoting transcription, or as corepressors, by recognizing
the inactive NR state and repressing NR-dependent transcription.

Coregulators often function in larger multi-protein complexes to establish cell-
type- and ligand-dependent epigenomes by “writing” or “reading” reversible epi-
genetic chromatin modifications linked to transcription (e.g., acetylation or meth-
ylation of histone tails). Individual coregulators have been identified as modulators
of different post-translational modifications (PTMs) of chromatin, in particular of
histone tails. Some of these histone PTMs have emerged as powerful analytic marks
to characterize the epigenomic chromatin landscapes including promoters,
enhancers, transcriptional activity states, and alterations thereof in different cellular
and signaling contexts.

As a first example, GCN5/PCAF and CBP/p300 enhance, respectively, H3K9
and H3K18/27 acetylation, and their deletion in cells reduces their specific effects.
The action of CBP/p300 correlates well with the activation of NR target genes and
with the propagation of the H3K27 promoter/enhancer mark, while in the case of
GCNS5/PCAF this seems to be dispensable (Jin et al. 2011). As a second example,
while the general function of HDACs as histone deacetylases is well established,
the role of HDAC activity in NR repression/deactivation of target genes remains
uncertain. In fact, the enzymatic activity of HDAC3 seems to be dispensable for NR
repression and circadian gene expression in the liver, while the integration of
HDAC3 into the NCOR complex was an absolute requirement (Sun et al. 2013).
This example suggests that certain chromatin modifiers have evolved to accommo-
date more specialized coregulator functions, some of which do not require the
original enzymatic activity towards histones. Overall, with the recent progress of
second-generation sequencing approaches including ChIP-Sequencing (Siersbak
et al. 2012), the genome-wide analysis of key histone marks along with NRs, other
transcription factors, and coregulators rose as an important tool for the further
understanding of the cell-type-specific changes that occur in the genome as both
cause and consequence of metabolic signaling.

2.2 Exception from the Rule: Non-genomic Action
of Coregulators

Certain coregulators are multitasking by carrying out additional functions off
chromatin or even out of the nucleus, leading to the contribution of non-genomic
actions (Fig. 2). For example, HDACs can be found in the cytoplasm where they
control cell division and modify cytoplasmic substrates (Luan et al. 2014).
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Fig. 2 One coregulator, multiple functions: GPS2. Depending on specific metabolic pathways
and cellular and (epi-)genomic context, many coregulators show the ability of both positively or
negatively modulating gene transcription. GPS2, a subunit of the HDAC3 corepressor complex,
has been characterized as an atypical coactivator in bile acid biosynthesis, cholesterol efflux from
macrophages, and lipogenesis in adipocytes (green). GPS2 acts as a corepressor in hepatic bile
acid biosynthesis (red) and anti-inflammatory pathways in liver and adipose tissue (blue)

Intriguing reports suggest that corepressors such as SHP and GPS2 modulate
inflammatory NFkB activation pathways in the cytoplasm (Yuk et al. 2011;
Cardamone et al. 2012). Cytoplasmic RIP140 regulates a variety of cellular
pathways linked to metabolism, including lipolysis and adipocyte GLUT4 traffick-
ing (Ho et al. 2009). Finally, there are many NR-binding proteins that modify NRs
by PTMs (thus referred to as PTM modifiers). Some of these actions may occur in
the cytoplasm and/or result in nuclear export or cytoplasmic retention. However, to
which extent these different non-genomic actions contribute to the identified
metabolic actions of coregulators is in the most cases currently unclear.

23 Beyond Histone Modifications: Coregulators are PTM
Modifiers of Many Targets

Many coregulators are known as PTM modifiers of the histone tails, which is linked
to their fundamental role in transcriptional and epigenomic reprogramming. More
recently, evidence is emerging that many non-histone proteins, including NRs and
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other transcription factors, can also become post-translationally modified by these
coregulators. There are additional examples that coregulators themselves can be the
targets for multiple PTMs, some of which may directly be regulated by metabolic
signals and/or have direct consequences on regulated metabolic pathways. As a
matter of concern it has to be considered that many PTMs are transient and dynamic
in vivo, thus difficult to catch. Further, PTMs crosstalk and thereby influence each
other at many substrates, making the study of metabolic cause and consequence
quite challenging. As with histones, different PTMs may modify the same surface-
exposed amino acid residue, often lysine residues, which are target for acetylation,
ubiquitination, SUMOylation, and methylation.

Acetylation and Deacetylation Acetylation of non-histone substrates often
inhibits transcriptional activity of proteins, while deacetylation has the opposite
effect. The action of acetyltransferase GCN5 on PGCla is one example of this
mechanism, causing PGCla to re-localize from promoter regions to nuclear foci
(Lerin et al. 2006). GCNS is itself phosphorylated and activated by insulin-CDK4,
exerting its activity on PGCla and suppressing hepatic glucose production (Lee
et al. 2014). Similarly, CBP/p300 is implicated in the acetylation of a number of
NRs. The deacetylases sirtuins (also referred to as class Il HDACs) have been
demonstrated to be key regulators of NR acetylation states. As an example,
acetylation is fundamental for FXR stability, and it inhibits FXR heterodi-
merization with RXR and consequently affects its DNA binding and transcriptional
activity. SIRT1 deacetylates FXR, and lack of hepatic SIRT1 results in increased
FXR acetylation leading to metabolic dysfunction (Kemper et al. 2009). SIRT1 also
deacetylates CREB, preventing its cAMP-dependent phosphorylation, leading to
reduced expression of glucogenic genes and promoting hepatic lipid accumulation
and secretion (Qiang et al. 2011). Moreover, SIRT1 interacts and deacetylates
LXRs (at K432 in LXRa and K433 in LXRf), positively regulating them and
leading to their ubiquitination. Thus, lack of SIRT1 has profound effects also on
lipid metabolism, reducing the expression of different LXR target genes, including
ABCAI1 (Li et al. 2007). Finally, SIRT1 deacetylates IRS-2 and upregulates the
phosphorylation level of IRS-2 and ERK1/2 in striatum, altering the neurotransmit-
ter signaling in striatum and the expression of endocrine hormones in hypothalamus
and serum T3 and T4 levels (Wu et al. 2011).

SUMOylation SUMOylation plays important modulating roles in different meta-
bolic and inflammatory processes (Treuter and Venteclef 2011). Cholestasis is
influenced by the SUMOylation status of PPARa; SUMOylated PPAR« interacts
with GABPa at the CYP7B1 promoter, resulting in repression of the latter and
leading to protection against estrogen-induced intrahepatic cholestasis in female
mice (Leuenberger et al. 2009). Using an in vivo knock-in mouse model, it was
shown that non-SUMOylated LRH-1 (mutated at K289R) is unable to interact with
the corepressor PROX1, leading to increased reverse cholesterol transport and
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atheroprotection (Stein et al. 2014). A number of studies indicate that anti-
inflammatory NR transrepression is dependent on SUMOylation and coregulator
action. The first of these studies has shown that modification of the fatty acid
receptor PPARy by SUMOI causes docking of the SUMOylated receptor to the
NCOR-HDAC3 corepressor complex at inflammatory genes and prevents the
removal of this complex upon pro-inflammatory signaling, maintaining target
gene expression in the repressed state (Pascual et al. 2005). A follow-up study
has demonstrated that SUMOylated (SUMO 2/3) LXRs, important receptors for
cholesterol metabolites, repress a distinct subset of pro-inflammatory genes via
related mechanisms (Ghisletti et al. 2007). While both of these studies have
addressed NR transrepression in mouse macrophages, related mechanisms may
occur in many different cell types. In fact, data from mouse and human hepatocytes
suggest SUMOylated LRH-1 (a candidate phospholipid receptor) and LXRf to
exert the same inhibitory action at hepatic acute phase response genes, thereby
acting in an anti-inflammatory way in the liver. This study has further identified the
coregulator GPS2 (subunit of the NCOR-HDACS3 corepressor complex) as a likely
SUMO sensor and essential NR transrepression mediator, at least in hepatocytes
(Venteclef et al. 2010) (Fig. 2). The modulatory role of SUMOylation and
coregulators in inflammatory pathways has been further supported by a recent
study on the bile acid receptor FXR, identifying a high-fat-diet (HFD)-dependent
acetylation-SUMO switch in regulating FXR activities in the liver (Kim
et al. 2015).

Phosphorylation Given the common and fundamental nature of phosphorylation,
many NRs are modified and modulated by this modification, likely responding to
metabolic alterations. However, whether and how coregulators communicate with
the many kinases and phosphatases involved is largely unknown. As an exception,
it has been shown that phosphorylation of PPARy (Ser 273) by CDKS in adipose
tissue in obesity is modified by NCOR, thereby affecting fundamental target genes
such as adiponectin. Intriguingly, this NR-PTM-coregulator network is inhibited as
part of the anti-diabetic action of PPARy ligands (Choi et al. 2010; Li et al. 2011).
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Nuclear receptors (NRs) are ligand-regulated transcription factors that coor-
dinate selective gene expression programs governing physiology and disease
by directly binding to DNA. In humans, most of the 48 distinct receptors are
differentially expressed in metabolic tissues and cell types. By acting as
sensors for hormones, lipid metabolites, xenobiotics, and pharmaceuticals,
NRs modulate metabolic and closely related inflammatory pathways in
response to nutrients, environmental cues, disease-associated alterations, and
therapeutic interventions. NRs share a conserved domain structure with a
unique ligand-binding domain only found in this protein family. NRs execute
three key functions necessary for genomic signaling: (1) binding to DNA
response elements in the regulatory regions (promoters, enhancers) of target
genes, (2) binding to small molecule ligands, and (3) recruitment of
coregulators. They regulate transcription by a variety of distinct mechanisms
in cis (e.g., ligand-dependent activation or repression) and in trans (e.g.,
anti-inflammatory transrepression).

NR coregulators are usually defined as transcription factors which do not
directly bind to DNA but associate with DNA-bound NRs (and other tran-
scription factors), to regulate their transcriptional activity. More broadly, any
NR-associated protein that affects NR activity could function as a
coregulator. In humans, the number of coregulators has been estimated to
include at least 200 up to thousands of proteins, depending on the definition
and classification applied. Coregulators are highly diversified proteins that
often function in multi-protein complexes with chromatin-modifying
activities linked to gene regulation, such as (de-)acetylation or (de-)
methylation. Many coregulators contain conserved NR-binding peptide
motifs, referred to as NR-box/LxxLL motifs and CoRNR-box, suggesting
co-evolution and a specific role of these coregulators in NR signaling.

24 Coregulators: Sensors of Metabolism

Evidently, coregulator action itself is regulated by metabolic signals. Two major
mechanisms for how metabolic signals can impact on coregulator action emerged:
the regulation at the post-translational level, i.e., by PTMs (coregulator protein
function), and the regulation at the transcriptional level, i.e., by modulating gene
expression (coregulator mRNA levels) (Fig. 3).

Post-translational Regulation of Coregulators It can be assumed that every
coregulator can become a target for multiple PTMs which modulate fate and function
of the proteins in a very signal- and cell-type-dependent manner. The following
examples shall illustrate how metabolic signals influence coregulators via PTMs.

1. Phosphorylation: SRC2 is phosphorylated and activated by AMPK, enhancing
fat absorption depending on the energetic state (Chopra et al. 2011). Further-
more, HDACs 4/5/7 are found to be phosphorylated and exported to the
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SREBP-1c

S Fatty acid oxidation
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Fig. 3 Coregulators and PTMs during fasting. Coregulators play a pivotal role in the regulation of
the different metabolic pathways occurring during the early and late phase of fasting. They can be
directly activated by fasting (e.g., SRC1, SIRT1, SIRT3); they can be post-translationally modified
by fasting (e.g., p300, HDAC 4/5, HDAC7, FOXO1, CRTC2) or by other coregulators (e.g.,
CRTC2, PGCla, SREBP-1c, FOXO1), inducing different metabolic outcomes. Dark red, phos-
phorylation; light red, dephosphorylation; dark green, acetylation; light green, deacetylation

cytoplasm by AMPKs. In response to glucagon in fasting, these HDACs are
dephosphorylated and recruited to the nucleus to associate with the promoters of
gluconeogenic enzyme genes (Mihaylova Maria et al. 2011). Moreover,
phosphorylated PGCla by CLK2 is not able to interact with the mediator subunit
MEDI, leading to suppression of PPAR« target gene activation in the liver, in
turn inhibiting fatty acid oxidation and ketogenesis (Tabata et al. 2014).

2. Acetylation: PGCla is acetylated on at least 10 lysine residues by GCNS5 and can
be deacetylated by SIRT1 (Rodgers et al. 2005). Acetylation of PGCla represses
its activity and has profound effects on target transcription factors such as
NRF-1, and the NRs ERRa and HNF4a (Kelly et al. 2009). SRC3 has been
found to be another factor that promotes this acetylation through the action of
GCNS (Coste et al. 2008). At the same time, SIRT6 is able to deacetylate and
activate GCNS, which in turn exerts its acetyltransferase activity on PGCla.
Thus, SIRT6 induces PGCla acetylation, suppressing hepatic glucose produc-
tion, and this acetylation is dependent on SIRT6 interaction and enhancement of
GCNS activity (Dominy et al. 2012).
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3. Ubigquitination: SHP is an atypical orphan NR that cannot bind DNA and lacks
ligands. It functions as a corepressor of NRs involved in the feedback regulation
of cholesterol to bile acid metabolism in the liver. Intriguingly, SHP is regulated
by bile acids at both transcriptional and post-translational level. Bile acids can
either upregulate SHP expression via FXR and via inhibition of the ubiquitin-
proteasomal pathway or inhibit SHP degradation in an ERK-dependent manner,
along with FGF15/19 (Miao et al. 2009).

Transcriptional Regulation of Coregulator Expression Second, the expression
level of coregulator-encoding genes/mRNAs can be subject to metabolically related
up- or downregulation. Notably, NRs and their metabolic ligands can regulate the
expression of coregulators, as explained above for the bile acid regulation of SHP in
the liver. Another example was identified in human adipocytes, where anti-diabetic
TZDs via PPARY regulate the expression of GPS2, along with epigenetic alterations
that occur in the adipose tissue of obese subjects (Toubal et al. 2013). Yet another
generally important mechanism is linked to the nutritional state that influences
metabolism at different levels. For example, SRC1 is induced upon fasting and
coordinates the gluconeogenic pathway (Louet et al. 2010).

Direct Metabolite Sensing by Coregulators A third mechanism has remained
subject to controversy till now, namely, whether coregulators can also directly be
regulated by small molecule ligands including metabolites. Recent findings suggest
several HDAC complexes to require phospho-inositol Ins(1,4,5,6)P, as intramolec-
ular pocket ligand for stability and function and would therefore respond to
intracellular changes of phospho-inositol levels (Millard Christopher et al. 2013).
Additionally, the role of sirtuins, class IIl HDACsS, as intracellular NAD sensors is
well established (Herranz and Serrano 2010; Houtkooper et al. 2012; Fiorino
et al. 2014). Although these examples suggest an evolutionary conserved mecha-
nism for sensing and maintaining intracellular energy homeostasis by essential
chromatin-modifying complexes, it may not apply to the majority of coregulators
(Fig. 3).

Coregulators Act in Concert to Sense and Regulate Metabolism The above
example illustrates yet another important aspect of coregulator action, namely, that
coregulators form complexes and regulatory networks to influence each other in a
synergistic or antagonistic manner. Thus, different physiological states that alter
coregulator expression will consequently also alter the coregulator equilibrium
leading to different metabolic responses. The prototypical NR corepressor complex,
consisting of the core subunits NCOR/SMRT, GPS2, TBL1/TBLR1, and HDAC3,
is a good example for the interdependence of complex subunits with implications
for metabolic diseases. It has recently been found that alterations in the expression
of GPS2 in adipose tissue, in the context of obesity, or of TBL1 in liver, in the
context of fatty liver disease, lead to dysfunction of the entire complex and
downstream pathways (Kulozik et al. 2011; Toubal et al. 2013) (Fig. 2). Other
subunits like SMRT and NCOR appear to be fundamental for HDAC3 function
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within the complex in vivo, since HDAC activity is undetectable in mice bearing
point mutations in the deacetylase-activating domain of NCOR/SMRT (You
et al. 2013). Coregulators that do not function in a multi-protein complex also
influence each other, as illustrated by the action of TLE3 and PRDM16 on PPARYy
in adipose tissue. Both coregulators occupy exclusively different target promoters,
and TLE3 is able to competitively counteract the interaction between PRMD16 and
PPARY, leading to different metabolic outcomes (Villanueva et al. 2013).

25 Additional Layers of Control: Aging and Circadian Rhythm

Aging is considered a metabolic risk factor due to the accumulation of transcrip-
tional and epigenomic alterations that along with intracellular signaling defects
dramatically disturb metabolic homeostasis at different levels (de Cabo et al. 2014).
It is, for example, known that SMRT expression and repression of PPAR target
genes in different tissues increases with age. This effect can be mimicked using a
SMRT mutant defective for NR binding, in which the effects of SMRT on PPARs
cause premature aging, mitochondrial dysfunction, and antioxidant gene expression
(Reilly et al. 2010). On the other hand, aging induces derepression of PPARa,
PPARY, and LXRa in mouse liver, enhancing lipid synthesis and storage and
leading to steatosis, and these changes are mostly driven by reduced expression
of HDAC3 (Bochkis Irina et al. 2014).

The circadian clock influences metabolic pathways by many different
mechanisms, and the expression of many NRs follows a circadian rhythm (Zhao
et al. 2014). Intriguingly, the “clock gene”-encoded REV-ERBa is a member of the
NR family and an established regulator of circadian gene expression in the liver. In
search for underlying mechanisms, it was found that the periodic recruitment of
HDAC3 to REV-ERBa at chromatin directs a circadian rhythm of histone (de-)
acetylation and gene expression required for hepatic lipid homeostasis. In support
of these genomic data, it was demonstrated that removal of HDAC3 from mouse
liver causes steatosis (Feng et al. 2011). Additionally, genetic disruption of the
HDACS3 interaction with NCOR in mice resulted in an aberrant regulation of clock
genes, altering the oscillatory patterns of several metabolic genes and resulting in
leaner and more insulin-sensitive phenotype (Alenghat et al. 2008).

3 Tissue-Specific Coregulator Functions in Metabolism

Coregulator functions have been dissected in the past years in the different meta-
bolic districts. We will focus on coregulator pathways in liver, adipose tissue,
macrophages, and skeletal muscle, which currently have been best characterized.
However, studies should expand to other tissues such as intestine, pancreas, kidney,
lung, and bone to gain further insights in coregulator functions in metabolic
pathways.
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3.1 Liver: From Energy Homeostasis to Insulin Resistance
and Steatosis

As the factory in which fundamental metabolic pathways occur, the liver is a primary
tissue for coregulator action and an important player in the development of metabolic
disease. It was especially the development of conventional knockout (KO) and
conditional liver-specific knockout (LKO) mouse models that have advanced our
current understanding of tissue-specific coregulator function in metabolism.

Coactivators The members of SRC family seem to play important roles in the
regulation of hepatic metabolism. SRC1 is a fundamental player in hepatic glucose
homeostasis, modulating the expression and activity of C/EBPa for pyruvate
carboxylase transactivation; thus lack of hepatic SRCI1 leads to hypoglycemia
(Louet et al. 2010). SRC2 LKO mice resemble the human Von Gierke’s disease
phenotype due to a decrease in RORa-dependent G6Pase and dysregulation in
hepatic glucose release (Chopra et al. 2008). SRC2 has acquired different roles in
metabolism than SRCI1 as it promotes absorption of dietary fat from the gut. SRC2
LKO mice have intestinal fat malabsorption and less fat entry into the blood stream
(Chopra et al. 2011). Even more the more promiscuous histone acetyltransferases
CBP/p300 and GCN5/PCAF have quite distinct functions in the liver. CBP LKO
mice are lean and more insulin sensitive than wild-type mice, although blood
glucose levels remained unchanged (Bedford David et al. 2011). GCN5/PCAF
LKO mice show enhanced PGC-la activity, resulting in an increase in blood
glucose levels and hepatic glucose production (gluconeogenesis), while adenoviral
expression of GCNS5/PCAF in obese mouse livers showed the opposite phenotype
(Sun et al. 2014). Quite intriguingly, LKO mice that lacked the mediator subunit
MED1/TRAP220 were protected from developing fatty liver even upon feed with a
60% HFD for up to 4 months (Bai et al. 2011). Moreover, PGC1p LKO leads to
reduced SREBP-1 expression and downstream lipogenic genes, improving the
metabolic phenotype induced by HFD and reversing hepatic insulin resistance
induced by fructose (Nagai et al. 2009). All these examples suggest that a balanced
coactivator action in the liver is crucial for metabolic health and that alterations in
either direction (increase, decrease) can lead to metabolic disturbances and disease.

Corepressors Liver-specific functions have been particularly elucidated in case of
the subunits of the HDAC3 corepressor complex, with some examples already
discussed above (see Sect. 2.4). Additionally, GPS2 has been identified as a
differential coregulator of CYP7A1 and CYP8BI expression, directly interacting
with SHP, LRH-1, HNF4a, and FXR and causing alternative coregulator recruit-
ment that leads to the modulation of hepatic bile acid biosynthesis (Sanyal
et al. 2007) (Fig. 2). Further, NCOR interacts with TR, modulating cholesterol
metabolism and clearance in the liver, and mice expressing a mutant NR-binding-
deficient NCOR show increased expression of TR- and LXR-regulated hepatic
genes. In particular, the increased expression of TRp1-regulated genes (Cyp27al,
Cyp3all and Abcbl1) leads to less intestinal cholesterol absorption and changes in
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bile salt pool composition (Astapova et al. 2014). It is noteworthy that NCOR LKO
causes metabolic and transcriptional alterations resembling those of the HDAC3
LKO, demonstrating that the interaction between the corepressor complex subunits
is fundamental to their action (Sun et al. 2013). Another intriguing example of how
disturbance of the fine-tuning of physiological processes can cause dysfunctional
liver metabolism is represented by SHP. KO mice display complex phenotypes,
probably due to the fact that SHP targets many metabolic NRs. The mice display
decreased lipogenesis and increased fatty acid oxidation and are protected from
obesity and hepatic steatosis. The effects observed in the KO mice could be
ascribed to both direct binding of metabolites to SHP or increased recruitment of
SHP to the nutrient-activated NRs. SHP is not only an established feedback
regulator of bile acid biosynthesis but also a regulator of diet-induced PPARa
transactivation. When challenged with a western diet, SHP KO mice are leaner
and accumulate less triglycerides in the liver. At the same time the redistribution of
fat to the liver leads to the development of hepatic insulin resistance and to
alterations in peripheral tissue lipid uptake, along with pancreatic islet dysfunction
(Park et al. 2011). Hyperlipidemia can be induced also by dysregulation of the SHP
circadian clock. CLOCK upregulates SHP, which in turn represses HNF4o/LRH]1-
dependent expression of microsomal triglyceride transfer protein (MTP). Evi-
dently, dysregulation of this process can induce hyperlipidemia (Pan et al. 2010).

HDACs/Sirtuins HDAC3 LKO mice develop steatosis without any change in
body weight and insulin sensitivity. Presumably, lack of HDAC3 enhances lipid
synthesis and storage and reduces hepatic glucose production. Perilipin 2 has been
identified as the key target gene in this process (Sun et al. 2012). The intracellular
shuttling class Il HDACs 4 and 5, after being imported to the nucleus during fasting
conditions, recruit HDAC3 that deacetylates and activates FOXO family members.
In HDAC4/5 LKO mice FOXO target genes are less expressed, lowering blood
glucose and increasing glycogen storage (Mihaylova Maria et al. 2011).

Sirtuins, referred to as NAD-dependent class III HDACs, play a pivotal role in
the modulation of hepatic homeostasis. SIRT1 is induced by pyruvate during
fasting and then deacetylates PGCla, inducing gluconeogenic genes and hepatic
glucose output, thereby repressing glycolytic genes (Rodgers et al. 2005). The
SIRT1 activation of PGCla has profound effects also on lipid homeostasis by
positively regulating PPARa. SIRT1 LKO mice show decreased fatty acid
B-oxidation, and when challenged with a HFD, they develop steatosis and inflam-
mation (Purushotham et al. 2009). These effects are evident also in SIRT1 hetero-
zygous mice challenged with a 40% HFD: hepatomegaly, increased serum cytokine
levels, obesity, and insulin resistance (Purushotham et al. 2012a). The
overexpression of SIRT1 (SirBACO mice) leads to improved glucose homeostasis
on an atherogenic diet but worsens the lipoprotein profile being the cause of large
atherosclerotic lesions. This in part depends on SIRT1-dependent deacetylation of
CREB, preventing its cAMP-dependent phosphorylation and leading to reduced
expression of glucogenic genes, promoting hepatic lipid accumulation and secre-
tion (Qiang et al. 2011). Cholesterol metabolism is also modulated by the action of
SIRT1. During fasting SIRT1 deacetylates and inhibits SREBP-1c transactivation,



Nuclear Receptor Coregulators in Metabolism and Disease 117

decreasing its stability and occupancy at lipogenic genes, while feeding can reverse
this scenario (Ponugoti et al. 2010). SIRT1 also modulates bile acid homeostasis
through deacetylation and activation of FXR. Consequently, SIRT1 deficiency
leads to deleterious metabolic outcomes (Kemper et al. 2009), predisposing mice
to development of cholesterol gallstones when challenged with a lithogenic diet
(Purushotham et al. 2012b).

The role of SIRT3 in mitochondrial metabolism affects metabolic pathways in
the liver. SIRT3 enhances ketone body production during fasting, deacetylating and
activating HMGCS?2 at lysines 310, 447, and 473, and mice lacking SIRT3 show
decreased P-hydroxybutyrate levels during fasting (Shimazu et al. 2010). These
mice show also higher levels of fatty acid oxidation intermediates and triglycerides,
associated with decreased levels of fatty acid oxidation (Hirschey et al. 2010). The
urea cycle is also affected: these mice fail to deacetylate and stimulate OTC in
response to caloric restriction, and this leads to a failure in reducing orotic acid
levels (Hallows et al. 2011). Finally, SIRT6 LKO mice display increased glycolysis,
triglyceride synthesis, reduced p-oxidation, and fatty liver formation. This is due to
the fact that SIRT6 negatively regulates these pathways by deacetylating H3K9 at
the promoters of many genes involved in these processes (Kim et al. 2010).

3.2 Adipose Tissue: From Lipid Homeostasis to Inflammation
and Obesity

Adipose tissue rose in the last years as a fundamental metabolic district with key
roles in energy storage and release, endocrine regulation, and metabolically induced
inflammation (metaflammation), all of them linked to obesity. Coregulators act in
the different adipose depots to modulate gene expression linked to distinctive
pathways, and different nutritional or inflammatory states seem to have a predomi-
nant role for coregulator activation in these tissues.

WAT Coactivators White adipose tissue (WAT) plasticity is fundamental for
lipid storage. Adipocyte-specific knockout mice (AKO) removing TBLR1 have
impaired cAMP signaling, leading to defects in fasting-induced lipid mobilization
and, on HFD, glucose intolerance and insulin resistance (Rohm et al. 2013). PGCla
and PGC1f have prominent roles both in white and brown adipose tissue (BAT)
functionality. PGC1f KO induces glucose disposal in the whole body, due to an
increase in glucose uptake in WAT (Nagai et al. 2009). PGCla is acetylated and
thus inhibited by SRC3 (through GCNS); the action of SRC3 is caloric-dependent,
enhanced by caloric excess (Coste et al. 2008). SRC3 KO mice show reduced body
weight and adipose tissue mass, due to the lack of interaction of SRC3 with C/EBPa
to control PPARY2 expression in WAT (Louet et al. 2000).

WAT Corepressors Different protagonists play dominant roles in WAT. Mice in
which SMRT is mutated to disrupt its interaction with NRs show altered insulin
sensitivity and increased adiposity (Nofsinger et al. 2008). When challenged with
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HFD, they have increased lipid accumulation, inflammation, and adipocyte hyper-
trophy in visceral WAT, BAT (along with reduced thermogenic capacity), and liver
(triglycerides and cholesterol). These mice are refractory to treatments with anti-
diabetic TZDs and AICAR and show increased serum cholesterol and triglyceride
levels, increased leptin, and decreased adiponectin (Fang et al. 2011). Surprising
phenotypes were reported for NCOR AKO mice: increased obesity but improved
glucose tolerance and insulin sensitivity in liver, muscle, and fat. Strikingly,
inflammation and macrophage infiltration were decreased in WAT. This is probably
due to a constitutively active PPARY state, with reduced CDKS5 mediated Ser-273
phosphorylation, in the NCOR AKO mice (Li et al. 2011). Independent studies in
mice and human adipose tissue suggest that GPS2 has a dual function in affecting
metabolic and inflammatory processes. In mouse WAT, GPS2 appears to be
required for PPARy function, likely through the inhibition of the ubiquitin ligase
RNF8 and the stabilization of the H3K9 histone demethylase KDM4A/JMJD2 at
the lipolytic enzymes ATGL and HSL, thus exerting a fundamental role in adipose
tissue lipid mobilization (Cardamone et al. 2014). Intriguingly, AKO mice lacking
TBLRI1 (a subunit of the corepressor complex that directly interacts with GPS2) are
similarly defective in fasting-induced lipid mobilization and show aggravated
adiposity, glucose intolerance, and insulin resistance upon HDF. TBLR1 levels
were increased under lipolytic conditions in mouse and human WAT (Rohm
et al. 2013). Also, in human WAT, GPS2 has been characterized as an anti-
inflammatory corepressor that along with SMRT is downregulated during obesity,
thus suggesting a causative role in promoting adipose tissue inflammation (Toubal
et al. 2013) (Fig. 2).

WAT HDACSs and Sirtuins After overnight fasting, increasing levels of cAMP
enhance the association between HDAC4/5 and GLUT4 promoter; the repression of
GLUT4 correlates thus with insulin resistance in WAT (Weems et al. 2012).
Besides, HFD induces the cleavage of SIRT1 in WAT by the inflammation-
activated Caspase-1, and SIRT1 AKO mice show changes that highly overlap
with the HFD challenge (Chalkiadaki and Guarente 2012).

Coregulators in Browning of WAT Another fundamental process that links
WAT, BAT, and oxidative metabolism is the “browning” of WAT. The resulting
“brite” or “beige” fat depots with BAT-like features (energy burning via UCP1)
within WAT (energy storage) have been proposed as a therapeutic tool to reverse
obesity complications such as to improve whole body insulin sensitivity. Different
coregulators have been demonstrated to have a role in the modulation of this
important process. RIP140 AKO mice have less weight gain and enhanced glucose
tolerance and insulin sensitivity upon HFD; in vitro tests characterize RIP140 as a
negative regulator of adipocyte oxidative metabolism and mitochondrial biogenesis
(Powelka et al. 2006). The adipogenesis process seems not to be affected, while
there is a great increase of UCP1 and different genes involved in energy dissipation
(Leonardsson et al. 2004). Recent evidence demonstrates that RIP140 blocks the
browning of WAT reducing the expression of brown fat genes and inhibiting a
triacylglycerol futile cycle (Kiskinis et al. 2014). On the other hand, the browning
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of WAT is promoted by SIRT1 through deacetylation of PPARy on K268 and
K293, which leads to the recruitment of PRDM16 on PPARY and to the induction of
BAT specific genes (Qiang et al. 2012). The recruitment of PRDM16 on PPARY is
in competition with TLE3 recruitment for the same site. TLE3 drives PPARy
function to activate lipid storage, and to represses thermogenic gene programs,
resulting in impaired fatty acid oxidation and thermogenesis. TLE3 AKO mice thus
show enhanced thermogenesis in WAT (Villanueva et al. 2013).

BAT Coregulators Coregulators are fundamental also for the development and
the function of BAT. Despite that PRDM16 seems to be dispensable for embryonic
BAT development, it is required in young mice for the action of the histone
methyltransferase EHMT1 and the suppression of WAT specific genes (Harms
Matthew et al. 2014). Moreover, SRC1 and SRC3 KO mice fail to induce PPARY
target genes involved in adipogenesis and mitochondrial uncoupling; the mice then
undergo a developmental arrest in interscapular BAT and are defective in adaptive
thermogenesis. Despite an increased food intake, these mice are lean and resistant
to HFD-induced obesity, due to increased basal metabolic rates and physical
activity (Wang et al. 2006).

3.3 Skeletal Muscle: Peripheral Insulin Sensitivity and Exercise

Skeletal muscle is another important metabolic district, which can help the whole
body to switch metabolism depending on the energetic demand. Different
coregulators have been shown to play fundamental roles in the modulation of
skeletal muscle metabolic pathways.

Coactivators PGCla and PGC1f are fundamental for muscle functionality; the
double muscle-specific KO (MuKO) mice (PGCla/p -/-) show a reduction in
exercise performance due to a decreased oxidative capacity, increased depletion
of glycogen storage, and mitochondrial dysfunction, surprisingly not accompanied
by insulin resistance or glucose intolerance (Zechner et al. 2010). An intriguing
finding was reported using a transgenic mouse model expressing the PGC-1al
isoform in skeletal muscle. The study revealed a mechanism by which exercise
changes PPARo/6-dependent kynurenine metabolism and protects from stress-
induced depression (Agudelo Leandro et al. 2014). Confirmatory human data
suggest therapeutic avenues for the treatment of depression by targeting the
PGC-1al-PPAR axis in skeletal muscle. SRC3, as in adipose tissue, exert its
acetylating action on PGCla also in the skeletal muscle, thereby inhibiting its
activity during caloric excess (Coste et al. 2008). CARMI1/PRMT4 seems to be
necessary for the modulation of glycogen metabolism in muscle (Wang et al. 2012).
Different MuKO mice were developed to dissect the function of other coregulators
in skeletal muscle. TIF2 MuKO mice are protected from decrease in muscle
oxidative capacities in sedentariness and from obesity and T2D; in these mice
SRCI1 level increases antagonizing the expression of UCP3 (Duteil et al. 2010).
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MED1 MuKO mice show a similar phenotype, with enhanced insulin sensitivity
and glucose tolerance leading to resistance to HFD-induced obesity. Moreover, a
fast-to-slow fiber switch occurs, with increased mitochondrial density and Ucpl
and Cidea expression, in white muscle fibers (Chen et al. 2010).

Corepressors RIP140 MuKO, heterozygous, and transgenic mice were generated.
These models showed that low RIP140 levels are associated with the formation of
oxidative fibers, promoting changes in the genes implicated in myofiber phenotype
and metabolic function, upregulating fatty acid oxidation, oxidative phosphoryla-
tion, and mitochondrial biogenesis (Seth et al. 2007). NCOR MuKO leads to
increase in muscle mass and mitochondrial number and activity, activating
(de-repressing) MEF2, PPARp/S, and ERRs, finally enhancing oxidative metabo-
lism and oxygen consumption (Yamamoto et al. 2011). It is worth noticing that the
phenotypes of NCOR deletion and PGCla overexpression highly overlap. PPARf/
0 and ERRa have been identified as common targets of these coregulators, with
opposite effects on their transcriptional activity depending on the antagonizing
actions of corepressor and coactivator (Pérez-Schindler et al. 2012).

HDACSs and Sirtuins As in the adipose tissue, AMPK regulates HDACS5 phos-
phorylation also in the skeletal muscle, reducing its association with the GLUT4
promoter and thereby increasing Glut4 gene expression (McGee et al. 2008). SIRT1
acts in the muscle by deacetylating PGCla and FOXO1 under the influence of
AMPK during fasting or after exercise, thereby enhancing lipid metabolism to
preserve glycogen storage and blood glucose levels (Cant6 et al. 2010). Addition-
ally, SIRT1 improves insulin sensitivity in skeletal muscle by repressing PTP1B
(Sun et al. 2007). Finally, another sirtuin, SIRT3, is involved in a complex with
FOXO03a and mitochondrial RNA polymerase to increase mitochondrial respiration
during glucose restriction (Peserico et al. 2013).

34 Cardiovascular System

The profound effects that coregulators have in skeletal muscle can be also observed
in the cardiovascular system (heart, smooth muscle cells). SRC3 and PGCla exert
fundamental roles in this district, the first one regulating CACT gene expression
and thus modulating long chain fatty acid metabolism (York et al. 2012) and the
second one inducing Notch signaling and blunting the activation of Rac/Akt/eNOS,
thereby blocking vasculogenesis and contributing to vascular dysfunction in diabe-
tes (Sawada et al. 2014). Concerning the heart, heart-specific PGC1a/p HKO mice
exhibit mitochondrial abnormalities linked to dysregulation of ERR-dependent
phospholipid metabolism. Strikingly, this mouse phenotype mimics the human
Barth syndrome (Lai et al. 2014). Moreover, HDAC3 HKO mice show increased
mortality due to cardiac hypertrophy depending on increased fatty acid uptake and
oxidation, oxidative phosphorylation, and myocardial lipid and triglyceride accu-
mulation, due to hyperactivation of PPARa (Montgomery et al. 2008). Finally,
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SIRT6 HKO mice show cardiac hypertrophy and heart failure, due to
hyperactivation of IGF signaling-related genes (Sundaresan et al. 2012).

3.5 Immune System: Linking Metabolism and Inflammation
in Metabolic Disorders

It is well known that metabolic dysfunctions and inflammation act together and
influence each other in the pathophysiology of metabolic disorders. To distinguish
this metabolically driven chronic low-grade inflammation from the classic acute
inflammation linked to infections and defense mechanisms, the term
“metaflammation” (similar to the meaning of the term “immunometabolism”)
was coined (Gregor and Hotamisligil 2011). Metaflammatory coregulator pathways
have been so far well characterized in macrophages but also in cell types of
metabolic tissues, such as hepatocytes and adipocytes, which play distinctive
roles in the attraction of immune cells.

A key observation was that immune cells switch their metabolism during
activation: during the early inflammatory phase glycolysis is the major energy
source, while in the later adaptation fatty acid oxidation is fundamental to maintain
the inflammation. SIRT1 and SIRT6 modulate this switch from glycolysis to fatty
acid oxidation during inflammation. In particular, SIRT6 reduces glycolysis, acting
on HIFla, GLUT1, and PDK1, while SIRT1 increases fatty acid oxidation through
PGCla, PGCI1p, CD36, and CPT1 (Liu et al. 2012).

Another key observation was, at the genomic level, that many corepressors (and
the corresponding complex) are shared components of NR and inflammatory
signaling, some of which are essential for anti-inflammatory NR crosstalk (termed
transrepression) (Glass and Saijo 2010). In vitro studies using cultured
macrophages have in particular demonstrated that NCOR and SMRT, along with
the remaining corepressor complex, are present at promoters and enhancers of
classic pro-inflammatory genes (such as NOS2/INOS, CCL2/MCP1, IL6) upon
pro-inflammatory activation, suggesting that these corepressors act as an
“epigenomic brake” to prevent undesired activation of the immune system. How-
ever, the in vivo situation remains more complicated since macrophage-specific
NCOR mice (MKO) show an anti-inflammatory phenotype and insulin sensitiza-
tion, instead of the expected pro-inflammatory phenotype due to derepression of
gene expression. The study provides indications that NCOR MKO leads to LXR
derepression, which in turn elevates the expression of genes required for the
biosynthesis of anti-inflammatory w3-fatty acids, which in turn inhibit NF-xB-
dependent pro-inflammatory responses (Li et al. 2013).

Other studies point at distinct metabolic and anti-inflammatory actions of GPS2,
another subunit of the same corepressor complex. GPS2 acts in human
macrophages to facilitate LXR recruitment to the ABCG1 promoter through an
epigenomic mechanism that involves KDM-dependent histone demethylation at
H3KO9, thereby regulating cholesterol efflux (Jakobsson et al. 2009) (Fig. 2). GPS2
additionally inhibits TNFa signaling towards NF-kB activation in macrophages
probably by a combination of non-genomic (cytoplasmic) and genomic (nuclear)
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mechanisms (Cardamone et al. 2012). This study also demonstrated that
aP2/FABP4 promoter-mediated transgenic GPS2 mice in adipose tissue (specifi-
cally in adipocytes and presumably also in macrophages where the aP2/FABP4
promoter is also active) display improved insulin signaling, increased circulating
levels of resistin, and development of hepatic steatosis (Cardamone et al. 2012). As
with NCOR, these phenotypes have to be re-evaluated using complementary and
comparable MKO models.

Two different HDAC3 MKO models were generated for HDAC3 (Mxi-Cre
versus Lys2-Cre), revealing quite distinct phenotypes. They suggest a requirement
of HDACS3 in the alternative M2 activation of macrophages (Mullican et al. 2011)
but also for PPAR« repression (Chen et al. 2012). A rather unexpected observation
was that pro-inflammatory LPS/TLR4 responses were reduced in the HDAC3 MKO
mice. As the NCOR MKO phenotype, this finding is apparently inconsistent with
the current model in which NCOR/HDACS3 act as corepressors of pro-inflammatory
gene expression in macrophages. One intriguing possibility that has to be addressed
is that sub-complexes of the prototypic corepressor complex exist, which lack
NCOR or HDACS3, and thereby control inflammatory pathways in macrophages
via distinct mechanisms.

The study of HDAC4 MKO mice revealed a mechanism by which the second
messenger cAMP attenuates macrophage activity in response to a variety of
hormonal signals including leptin (Luan et al. 2014). It was found that acute
overnutrition, via leptin, triggers catecholamine-dependent increase in cAMP sig-
naling that reduces inflammatory gene expression via the activation of HDAC4,
through the alteration of its phosphorylation-dependent nuclear/cytoplasmic
localization.

3.6 Brain/CNS

Recent evidences point out the importance of the central nervous system (CNS) and
of the hypothalamic liver and adipose tissue axis for the modulation of the meta-
bolic responses depending on the nutritional status. Surprisingly little is currently
known about the role of coregulators in the CNS, with the exception of sirtuins:
SIRT1 seems to play a fundamental role in the nervous system: transgenic mice
overexpressing SIRT1 in striatum and hippocampus show increased fat accumula-
tion and upregulation of adipogenic genes in WAT, together with impaired glucose
tolerance and decreased Glut4 mRNA levels in skeletal muscle, leading to
decreased energy expenditure and physical activity (Wu et al. 2011). SIRT1 acts
also in the peripheral nervous system: lack of SIRT1 in POMC neurons
compromises the ability of leptin to start the PI3K signaling and to remodel
perigonadal WAT (with reduction of pWAT browning); this leads to reduced
energy expenditure and hypersensitivity to diet-induced obesity (Ramadori
et al. 2010).

The analysis of coregulators in the brain may be delayed also because most
conventional (full body) coregulator KO mice are embryonic lethal and brain-
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specific KO mice have not yet been described. The lessons learned from many
conventional NR KO mice yielding metabolic phenotypes suggest that the central
brain control of metabolism was disturbed in these mice. Subsequently, the
phenotypes were confirmed using brain-specific NR KO mice, as shown in the
case of PPARY or ERa. Thus, some metabolic NRs emerge as crucial players in
these processes, and they might cooperate with coregulators, yet to be
characterized, in the CNS to execute their functions.

4 Coregulators as Therapeutic Targets in Human Metabolic
Diseases

4.1 The Coregulator Code in Human Metabolism and Disease

Mouse models are widely used to dissect coregulator functions in metabolic
pathways. Despite the concern about significant species differences in metabolism,
several of the identified coregulator pathways in mice are already supported by
alterations of coregulator expression and function due to genotypic variation and
epigenomic reprogramming events linked to metabolic disorders. A CRTC3 com-
mon variant in Mexican subjects is associated with adiposity and obesity (Song
et al. 2010). The rs12409277 SNP located in the 5'-flanking region of PRDM16 is
associated with higher lean body mass in postmenopausal Japanese women (Urano
etal. 2014). Two PGCla variants (Thr394Thr, rs2970847) (Gly482Ser, rs8192673)
are associated with T2D in two North Indian populations (Bhat et al. 2007); the
second variant (Gly482Ser, rs8192673) was also found to be associated with
hypertension among Danes (Andersen et al. 2005). CARMI1/PRMT4 has been
found to be fundamental for glycogen metabolism (and dysregulated in glycogen
storage diseases) in humans, controlling GYS1, PGAM2, and PYGM gene expres-
sion (Wang et al. 2012). SRCs are considered as potential contributors to CACT
deficiency syndrome (York et al. 2012). Decrease in SIRT6 expression has been
found both in human fatty liver samples (Kim et al. 2010) and in human failing
hearts (Sundaresan et al. 2012). TBL1 expression is inversely correlated with fatty
liver in humans (Kulozik et al. 2011), and TBLR1 is increased under lipolytic
conditions in human WAT, correlating with serum FFAs (Rohm et al. 2013). In this
context, several SMRT gene polymorphisms are found to be associated with T2D
and adiponectin levels (Reilly et al. 2010). Moreover, the expression of SMRT and
GPS2 was reduced in adipose tissue of obese humans, inversely correlated with the
inflammatory status, and restored upon TZD treatment or by clinical intervention,
i.e., via gastric bypass surgery-induced weight loss in morbid obesity (Toubal
et al. 2013).

4.2 Therapeutic Modulation of Coregulator Action in Metabolism

Due to their fundamental modulating activities, different coregulators have been
suggested as possible targets for therapeutic intervention with common metabolic
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disorders and age-related metabolic alterations. SIRT1 has been proposed as a
promising therapeutic target for metabolic disorders (Kemper et al. 2009), espe-
cially for its role in the liver (Purushotham et al. 2009). SIRT6 has overlapping
effects with SIRT1 in fatty liver and has been proposed as an equal promising
therapeutic target (Kim et al. 2010). In this context, inhibitors of class I/Il HDACs
have been suggested as potential therapeutics (Mihaylova Maria et al. 2011).
MEDI1 modulators have been proposed to improve metabolic syndrome especially
in peripheral districts due to their actions in skeletal muscle (Chen et al. 2010).
Counteracting obesity in white adipose tissue has been proposed through RIP140
agonists (Leonardsson et al. 2004). As already discussed, NCOR removal from
adipocytes phenocopies the effect of anti-diabetic TZDs (PPARy agonists),
suggesting that intervention with NCOR expression or function should have a
therapeutic benefit (Li et al. 2011). The phosphorylation of PPARy by CDKS is
involved in the pathogenesis of insulin resistance, representing a potential thera-
peutic target for T2D (Choi et al. 2010), and recent evidence identified the
coregulator THRAP3 as modulator of this process (Choi et al. 2014). Different
coregulators have been pointed out for the treatment of dysfunctions in the liver:
small molecules that attenuate the CREB-CRTC2 pathway (Wang et al. 2010),
modulators of GCN5 (Lerin et al. 2006), MED1 inhibitors (Bai et al. 2011), and
PGC1p inhibitors (Nagai et al. 2009).

Despite these indications most coregulators remain challenging therapeutic
targets, and non-pharmacological ways of intervention must be considered.
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Fig. 4 Factors that influence coregulator action in health and disease. Human epigenetics,
environment, lifestyle, and therapeutic interventions shape coregulator levels and function to
generate different outcomes, from health (in blue) to disease (in red)
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As such alternatives, diet and exercise have emerged as they can induce epigenomic
changes linked to altered coregulator expression and metabolism in humans. For
instance, after caloric restriction, DNA methylation differences appear in 35 regions
containing genes involved in weight control and insulin secretion (Bouchard
et al. 2010). Moreover, 6 months exercise has been demonstrated to induce DNA
methylation changes in human adipose tissue, altering among the others RALBP1,
HDAC4, SMRT, TCF7L2, and KCNQI methylation (Ronn et al. 2013). Finally,
short time exercise has been found to alter DNA methylation in skeletal muscle,
leading to altered expression of PGCla (Barres et al. 2012) (Fig. 4).

5 Future Perspectives

Together with the well-known importance of NR action to modulate metabolic and
dysmetabolic pathways in the body, coregulators emerged in the past decade as a
fundamental modulatory component of NR signaling. Changes in lifestyle, such as
diets and exercise, along with future drugs that target tissue-specific coregulator
action or promote specific PTMs seem to be promising approaches to modulate
metabolic pathways linked to disease. Despite this, different fundamental issues
still need to be addressed prior to targeting coregulators for therapeutic
interventions.

First of all, despite the increasing number of promising results obtained in mice,
it must be considered that important species differences straiten these discoveries
for the use of coregulators as therapeutic targets in humans. From this point of view,
it will be extremely important to find more species correlations and associated
coregulator influences in human tissues under physiological and pathophysiological
conditions, using high-throughput approaches in samples from different disease
contexts and different individuals (Fig. 5).

Second, coregulators are themselves part of an equilibrium dependent on:
partners (e.g., subunits within a complex, target transcription factors), different
energetic status, circadian clock, aging, inflammation, and pathological states.
Moreover, the coregulator balance changes in different tissues, leading one force
to prevail and influence others. This underestimated complexity, along with current
methodological limits in analyzing complex and dynamic systems, is probably the
reason why many seemingly unexpected and sometimes controversial results were
reported from individual coregulator mouse models.

Third, among the hundreds of suspected coregulators, the metabolic actions and
disease links of only a few are sufficiently dissected. This may in part relate to the
obvious historical bias in research, meaning that researchers tend to focus on very
few of the early identified and thus better-studied master coregulators (including
SRCs, PGCls, the NCOR/SMRT/HDAC3 complex), similar to the situation previ-
ously recognized for NRs and other drug targets (Edwards et al. 2011). Evidently,
just as synthetic NR ligands turned out to be powerful tools for the experimental
analysis of in vivo functions, future drugs specifically targeting individual
coregulators would substantially accelerate their analysis.
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Fig. 5 Translational aspects of coregulator research. Many different transgenic and KO mouse
models support the involvement of coregulators in metabolic and inflammatory pathways; never-
theless, only few coregulator variants or dysfunctions have been found to be associated with
pathological conditions in humans. High-throughput (epi-)genomic and proteomic analysis of
tissues from patients could help gaining more clues on the role of coregulators in dysregulated
pathways in human diseases, leading to future therapeutic approaches, including novel drug and
dietary interventions

Without doubt, fulfilling these issues, along with the analysis and integration of
genomic, epigenomic, proteomic, and metabolomic high-throughput data, will be
fundamental to gain further insights into the action and the therapeutic potential of
coregulators in human metabolic diseases.
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Abstract

Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-
1 (GLP-1) are the known incretin hormones in humans, released predominantly
from the enteroendocrine K and L cells within the gut. Their secretion is
regulated by a complex of integrated mechanisms involving direct contact for
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the activation of different chemo-sensors on the brush boarder of K and L cells
and several indirect neuro-immuno-hormonal loops. The biological actions of
GIP and GLP-1 are fundamental determinants of islet function and blood
glucose homeostasis in health and type 2 diabetes. Moreover, there is increasing
recognition that GIP and GLP-1 also exert pleiotropic extra-glycaemic actions,
which may represent therapeutic targets for human diseases. In this review, we
summarise current knowledge of the biology of incretin hormones in health and
metabolic disorders and highlight the therapeutic potential of incretin hormones
in metabolic regulation.

Keywords

Extra-glycaemic actions - Glucagon-like peptide-1 - Glucose-dependent
insulinotropic polypeptide - Glycaemic actions - Incretin hormones - Obesity -
Type 2 diabetes

1 Introduction

In humans, glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 (GLP-1) are the two known “incretin” hormones released from the gut in
response to nutrient ingestion, responsible for amplified insulin release after an oral
or enteral glucose load when compared to an “isoglycaemic” intravenous glucose
infusion — the so-called incretin effect (Wu et al. 2010). In health, GIP and GLP-1
together may account for up to 70% of postprandial insulin secretion after oral
ingestion of glucose, dependent on the glucose load (Nauck et al. 1986). While
plasma concentrations of GLP-1 after oral glucose are often lower compared with
GIP, the insulinotropic potency of the former (on a molar basis) is markedly greater
(Kreymann et al. 1987). Accordingly, GLP-1 and GIP appear to contribute approx-
imately equally to the incretin effect in health (Vilsboll et al. 2003b).

Since the discovery of GIP in the 1970s (Brown 1971; Brown et al. 1975) and
GLP-1 in the next decade (Drucker et al. 1987; Kreymann et al. 1987), the two
hormones have enjoyed extensive investigation, which has resulted in the substan-
tial evolution of the concept of the incretin axis. It has been increasingly
recognised that the two incretin hormones do not only stimulate pancreatic -cell
secretion in a glucose-dependent manner (Creutzfeldt 1979) but also regulate
numerous physiological functions within and outside the pancreas, which are
key to metabolic homeostasis and, hence, are of great therapeutic interest. A
major advance has been the emergence of incretin-based pharmacological and
nutritional approaches to the management of type 2 diabetes, which, because of the
pleiotropic actions of both incretin hormones, have further stimulated interest in
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their extra-glycaemic effects. In this review, we summarise the current knowledge
on the biology of incretin hormones relating to metabolic control in health and
metabolic disorders and highlight the therapeutic potential of incretin hormones in
metabolic regulation.

2 Synthesis, Secretion and Metabolism

Both GLP-1 and GIP are primarily synthesised in, and secreted from, the gastroin-
testinal tract, although the production of both hormones in pancreatic a-cells (Fujita
et al. 2010; Marchetti et al. 2012) and a variety of brain regions (Gu et al. 2013;
Nyberg et al. 2005) has also been described. In the human gut, GLP-1 is a product of
the proglucagon gene of enteroendocrine L cells, predominantly distributed in the
ileum and colon (Eissele et al. 1992), whereas GIP is mainly produced by
enteroendocrine K cells, which are largely located in the duodenum and jejunum
(Mortensen et al. 2003). There is also evidence that GLP-1 and GIP are
co-expressed in a subset of “L/K cells”, located mainly in the upper small intestine
(Mortensen et al. 2003; Theodorakis et al. 2006). The translational products of
proglucagon and GIP genes are processed by the prohormone convertase 1/3
(PC1/3), which results in the production of the C-terminally intact incretin
hormones, i.e. GLP-1(7-37) and GIP(1-42); both forms are biologically active
and stored within secretory granules. During fasting, there is a low basal secretion
of GLP-1 and GIP, which is markedly increased following enteral, but not intrave-
nous, nutrient administration (Wu et al. 2010). Upon secretion, both hormones are
rapidly “inactivated” to their N-terminal metabolites, i.e. GLP-1(9-37) and GIP(3—
42), by dipeptidyl peptidase-4 (DPP-4) located on the surface of the endothelial
cells that are in close proximity to intestinal L and K cells (Hansen et al. 1999) and
in the liver, as well as by soluble DPP-4 in the circulation (Holst 2007). Accord-
ingly, only about 25% of newly released incretin hormones enter the portal vein in
intact forms, 40-50% of which are further degraded in the liver, resulting in only
10-15% intact hormones reaching the peripheral circulation. Therefore, the half-
lives for both peptides are extremely short — less than 2 min for GLP-1 (Deacon
et al. 1996; Vilsboll et al. 2003a) and 2—3 min for GIP (Deacon et al. 2000; Vilsboll
et al. 2006).

3 Regulation of Incretin Hormone Secretion

The low rate of GLP-1 and GIP secretion during fasting may be related to genetic
predisposition (Gjesing et al. 2012) and can be modulated by exercise, inflamma-
tion (Ellingsgaard et al. 2011; Kahles et al. 2014) and circadian rhythm
(Gil-Lozano et al. 2014). For example, fasting and oral glucose-stimulated
GLP-1 and GIP concentrations tend to be comparable between type 2 diabetic
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patients and their nondiabetic relatives (Gjesing et al. 2012). In rodents, GLP-1
secretion from both the intestine and pancreatic a-cells is increased in response to
the administration of endotoxin, interleukin-1 (IL-1) and interleukin-6 (IL-6)
(Kahles et al. 2014), and the exercise-induced GLP-1 secretion is IL-6 dependent
(Ellingsgaard et al. 2011). Furthermore, in patients with critical illness, plasma
GLP-1 concentrations are closely associated with levels of inflammatory markers
(Kahles et al. 2014). Therefore, the activation of the immune system appears to be
linked to the regulation of enteroendocrine secretion, although the underlying
mechanisms remain unknown. A circadian secretion of GLP-1 has been reported
in rodents, especially in response to oral glucose challenge (Gil-Lozano
et al. 2014). In healthy humans, the responses of GLP-1 and GIP to an identical
meal were shown to be greater in the morning than in the afternoon (Lindgren
et al. 2009), although this may potentially be attributable to differences in gastric
emptying (Goo et al. 1987).

The magnitude of variations in plasma GLP-1 and GIP concentrations during
fasting is quite modest, relative to those after a meal; the latter are highly
dependent on meal composition and caloric content (Vilsboll et al. 2003c),
suggesting that the direct exposure of K and L cells to the luminal contents is a
primary route for GIP and GLP-1 stimulation. This concept is further supported by
the discovery of a diversity of chemo-sensors expressed on the luminal side of K
and L cells (to be discussed) and the patterns of GIP and GLP-1 secretion in
relation to the rate of gastric emptying and small intestinal transit, digestion and
absorption of ingested nutrients (Wu et al. 2013e). When glucose is administered
intraduodenally to mimic the range of physiological rates of gastric emptying
(i.e. 1-4 kcal/min), plasma GIP increases linearly with increasing infusion rates,
while the GLP-1 response is minimal to glucose infusion at rates between 1 and
2 kcal/min (Wu et al. 2014a) but increases substantially in response to infusions of
3 and 4 kcal/min (Ma et al. 2012; Trahair et al. 2012). The latter suggests that a
threshold of duodenal glucose delivery of about 2 kcal/min is required to allow for
the interaction with L cells located in the relatively distal region of the gut.
Furthermore, the inhibition of glucose flow in the duodenum by hyoscine
attenuated the secretion of GIP and GLP-1 (Chaikomin et al. 2007), and the
blockade of glucose absorption from the proximal small intestine by sodium
glucose co-transport-1 (SGLT-1) inhibitors resulted in a delayed, but overall
substantially increased, GLP-1 response to oral glucose ingestion (Powell
et al. 2013; Zambrowicz et al. 2013) — a phenomenon also seen when the malab-
sorption of a non-glucose carbohydrate is induced by a-glucosidase inhibitors
(e.g. acarbose and miglitol) (Arakawa et al. 2008; Enc et al. 2001; Qualmann
et al. 1995).

Both GIP and GLP-1 are secreted in response to each of the macronutrients —
carbohydrates, fats and proteins — with carbohydrate and fat generally being more
potent (Wu et al. 2010). It is worth mentioning that fructose, a widely used
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sweetener in the food industry, exhibits quite distinct effects on incretin hormone
secretion compared with glucose. It modestly stimulates GLP-1, with little, if any,
effect on GIP secretion (Kuhre et al. 2014). In rodents, the combination of fat and
carbohydrate is reported to have an additive effect on incretin secretion, suggesting
the possible involvement of different sensing pathways between macronutrients
(Lu et al. 2007). Indeed, chemo-sensors present on the brush border of K and L cells
have been found to be responsible for sensing different nutrient components. For
example, carbohydrates can be detected by sweet taste receptors (STRs) and SGLT-
1 (Wu et al. 2012; Young et al. 2013), although the activation of STRs alone is
insufficient to induce incretin secretion in humans (Ma et al. 2009a; Wu
et al. 2013a). G-protein-coupled receptors (GPRs), including GPR119, GPR120
and GPR40, have now been identified to play a role in fatty acid sensing, particu-
larly long-chain monounsaturated nonesterified fatty acids (NEFA) (Brennan
et al. 2011; Little et al. 2014). The mechanism of protein sensing by
enteroendocrine cells is poorly defined, although a proton-coupled di- and
tripeptide transporter, oligopeptide transporter 1 (PepT1), is a potential candidate
based on in vitro studies (Wu et al. 2010). Notably, many ingested macronutrients
require digestion in order to activate enteroendocrine cells; therefore, the immedi-
ate responses of GIP and GLP-1 to complex carbohydrates and fats are attenuated
by a-glucosidase and lipase inhibitors, respectively, whereas the supplementation
of pancreatic enzymes to patients with pancreatic exocrine insufficiency augments
postprandial incretin hormone secretion after a meal (Kuo et al. 2011; Perano
et al. 2014). Accordingly, the pattern and amplitude of incretin hormone secretion
during the postprandial phase are modulated by nutrient transit (i.e. gastric empty-
ing and small intestinal transit) and digestion, the products of which activate
specific chemo-sensors on the enteroendocrine cells to induce enteroendocrine
secretion.

It may appear paradoxical that an early and transient increase in plasma GLP-1
levels can occur even when glucose is administered at a relatively low physiologi-
cal rate (1 kcal/min) into the duodenum (Kuo et al. 2008); in this setting, L cells in
the distal gut are unlikely to be exposed to glucose. One explanation is that there
might be a small, but sufficient, quantity of enteroendocrine cells located in the
proximal small intestine expressing GLP-1 (Theodorakis et al. 2006). Moreover,
complex neuroendocrine loops have also been suggested to be indirectly involved
in the regulation of incretin hormone secretion after meals. In rodents, a vagal
cholinergic tone is essential for both basal and nutrient-stimulated GLP-1 secretion
(Mulherin et al. 2011; Rocca and Brubaker 1999). However, in truncally
vagotomised human subjects with pyloroplasty, basal incretin concentrations are
unaffected, and oral glucose-induced GIP and GLP-1 secretion is increased when
compared to healthy controls, presumably as a result of more rapid gastric empty-
ing due to pyloroplasty (Plamboeck et al. 2013). Therefore, vagal innervation does
not appear to play a major role in the regulation of incretin hormone secretion in
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humans. In agreement with this notion, plasma GLP-1 concentrations are not
affected by sham feeding (Wettergren et al. 1994). A proximal-distal endocrine
loop that stimulates GLP-1 secretion has also been suggested. Although GIP was
shown to increase GLP-1 secretion from L cells in vitro and in vivo in rodent
models (Rocca and Brubaker 1999), exogenous GIP, even at high doses, does not
affect plasma GLP-1 concentrations in humans (Edholm et al. 2010; Lee
et al. 2013). In contrast, the antagonism of cholecystokinin (CCK) type 1 receptor
attenuates the GLP-1 response to intraduodenal fat infusion (Beglinger
et al. 2010), indicating that CCK is an “upper gut signal” for the stimulation of
GLP-1 secretion.

There is evidence that incretin hormone secretion is tonically regulated by a
negative feedback loop. For example, intravenous infusion of GLP-1 was shown to
suppress endogenous GLP-1 production (Toft-Nielsen et al. 1999). Furthermore,
DPP-4 inhibition, which results in increased plasma concentrations of intact
incretins, is associated with reductions in total incretin levels, indicative of overall
suppression on incretin secretion (Wu et al. 2014a). Conversely, the antagonism of
GLP-1 signalling by exendin(9—39) results in an exaggerated peptide YY (PYY)
secretion in response to intraduodenal lipid infusion in healthy humans (Steinert
et al. 2014b), indicating that the feedback regulation is likely to be cell-, but not
hormone-, specific, since PYY is synthesised and released from different organelles
of L cells (Cho et al. 2014). Consistent with this concept, intravenous administra-
tion of PYY decreases plasma GLP-1 concentrations in humans (De Silva
et al. 2011).

In summary, the secretion of the incretin hormones is controlled by a complex of
direct and indirect mechanisms that remain incompletely understood and may be
further complicated by the potential influence of disease conditions, including
obesity and type 2 diabetes.

4 Incretin Secretion in Obesity and Type 2 Diabetes

Several pooled analyses that allow stratifying by different confounders (Calanna
et al. 2013; Nauck et al. 2011b), and more controlled studies with fewer
confounding factors, e.g. employment of intraduodenal infusion of nutrients at
fixed physiological rates (Ma et al. 2012; Wu et al. 2014a), indicate that GLP-1
secretion is unlikely to be altered by the presence of diabetes per se but may be
modestly attenuated in obesity by unclear mechanism(s) (Fig. 1). Nonetheless, it is
tempting to reason that the apparent volume of distribution of GLP-1 may be
greater in obesity, resulting in greater dilution of concentrations measured from
the peripheral circulation. In terms of GIP, its secretion is generally found not to be
affected by type 2 diabetes or obesity (Deacon and Ahren 2011).
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Fig. 1 Blood glucose (a), plasma insulin (b), glucagon-like peptide-1 (GLP-1) (c) and glucose-
dependent insulinotropic polypeptide (GIP) (d) concentrations in response to a 120 min intraduodenal
glucose infusion at 1 kcal/min (G1), 2 kcal/min (G2), 4 kcal/min (G4) or saline control (S) in healthy
subjects (n=10) and patients with type 2 diabetes (n=38). Data are presented as mean £ SEM.
#P < (.05 vs. control, P < 0.05 vs. G1, 8P <0.05 vs. G2 (adapted from Ma et al. Ma et al. 2012)
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5 Metabolic Actions of Incretin Hormones

After secretion, the mechanism of incretin hormone action is by the activation of
corresponding G-protein-coupled receptors (GCR), which in turn mediate pleiotro-
pic glycaemic and extra-glycaemic metabolic actions (Table 1).

Table 1 Actions and sites of GLP-1 and GIP

Glycaemic effect

Pancreas

Liver

Central and
peripheral nervous
system

Gastrointestinal tract

Extra-glycaemic
effects

Adipose tissue

GLP-1

Exerts complementary glucose-

lowering actions via a complex of

endocrine and neurocrine

pathways

« Stimulates insulin secretion in a
glucose-dependent manner

« Enhances insulin biosynthesis

« Improves f-cell proliferation
and survival

» Maintains glucose competency
of p-cells

* Suppresses glucagon secretion in
a glucose-dependent manner

« Reduces hepatic glucose output

» Mediates insulin secretion and
suppression of endogenous
glucose output

« Suppresses appetite and food
intake that leads to reduction in
body weight and improvement
in insulin resistance

* Slows gastric emptying

« Inhibits small intestinal transit
and hence absorption of glucose

Mediates a number of interrelated

extra-glycaemic metabolic

benefits

« Stimulates lipolysis in white
adipose tissue

« Induces thermogenesis in brown
adipose tissue

GIP

Exerts glucose-stabilising actions
mainly in an endocrine fashion

« Stimulates insulin secretion in a
glucose-dependent manner

« Increases insulin biosynthesis

« Improves f-cell proliferation
and survival

« Stimulates glucagon secretion in
a glucose-dependent manner

« Increases hepatic glucose output
in the context of hypoglycaemia

« Has no effect on appetite or food
intake

« Has no effect on gastric
emptying

Exerts a number of tissue-specific
extra-glycaemic effects

« Inhibits lipolysis

« Increases lipid uptake and
lipogenesis, resulting in
accumulation of body fat and
development of obesity

« Has no effect on thermogenic
activity of brown adipose tissue

(continued)
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Table 1 (continued)

Liver

Cardiovascular
system

Bone

Others

GLP-1

» Reduces hepatic fat content by
controlling hepatic lipid
transport, oxidation, synthesis
and secretion

» Ameliorates hepatocyte
apoptosis

* Metabolic control-associated
cardiovascular benefits

« Improves myocardial function

« Improves endothelial
dysfunction

« Elevates heart rate

« Regulates blood pressure in
relation to meal ingestion

« Has no clear clinical evidence on
bone metabolism, although an
indirect anabolic effect has been
suggested in preclinical studies

« Exhibits neuroprotective/
neurotropic properties in
preclinical studies

145

GIP
« Promotes hepatic steatosis

« Increases splanchnic blood
pooling, which may lead to a
hypotensive response and an
increase in heart rate

« Exerts anti-osteoporotic effects
in preclinical studies, which are
yet to be established in humans

« Exhibits neuroprotective/
neurotropic properties in
preclinical studies

* Not clearly implicated in
causing acute pancreatitis,
C-cell hyperplasia or medullary
thyroid cancer in humans

5.1 Glucose Regulatory Effect

5.1.1 GLP-1

GLP-1 signalling maintains blood glucose homeostasis via a number of actions that
include direct and indirect stimulation of insulin secretion, increases in insulin
sensitivity and peripheral glucose disposal, suppression of glucagon secretion and
inhibition of upper gastrointestinal motility (particularly gastric emptying) and food
intake.

GLP-1 stimulates insulin secretion in a strict glucose-dependent manner, being
magnified during hyperglycaemia and attenuated in the context of hypoglycaemia —
an important feature accounting for the substantially lower risk of inducing
hypoglycaemia by GLP-1-based diabetes therapies. In type 2 diabetic patients
with hyperglycaemia, the stimulation of insulin secretion by intravenous
GLP-1 at a pharmacological dose decreases rapidly along with glycaemic improve-
ment and is completely abolished when plasma glucose is normalised (Mentis
et al. 2011). Thus, a threshold of plasma glucose of about 4.3 mmol/L appears to
be required for GLP-1 to exert an insulinotropic activity (Nauck et al. 2002).
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However, the glucose dependence of this effect by GLP-1 may be uncoupled in
conjunction with sulfonylurea compounds (de Heer and Holst 2007), since the
administration of exenatide once a week to patients who are treated with a sulfo-
nylurea in addition to metformin results in a substantially higher incidence of
hypoglycaemia, compared with those on metformin alone (Diamant et al. 2012).
GLP-1 signalling also appears to be essential to maintain the glucose competency of
B-cells, i.e. the secretory response of P-cells to changes in ambient glycaemia
requires intact GLP-1 signalling. In both health and type 2 diabetes, the antagonism
of GLP-1 receptors with exendin(9-39) during fasting, when there is little endoge-
nous GLP-1 secretion, attenuates insulin secretion in response to hyperglycaemia
(Salehi et al. 2010; Schirra et al. 1998). Moreover, GLP-1 can restore p-cell
responsiveness to sulfonylureas in patients with type 2 diabetes.

It has become clear that the insulinotropic activity of GLP-1 is mediated through
the activation of receptors both within and outside pancreatic f-cells
(Wu et al. 2010); the activation of neurons in the central nervous system (CNS)
and the stimulation of afferent vagal fibres are implicated in the latter (Baggio and
Drucker 2007; Holst 2007). However, the relative importance of each component to
the insulinaemic response remains to be clarified. The binding of GLP-1 to its
receptors on [-cells initiates a signal transduction cascade, involving the formation
of intracellular cAMP, alteration of ion channel activity and elevation of intracel-
lular calcium, thereby enhancing the exocytotic process of the f-cells (reviewed in
Holst 2007). The activation of GLP-1 receptors on the f-cells also promotes the
biosynthesis of insulin. Moreover, preclinical studies suggest that the GLP-1
signalling pathway is involved in p-cell survival and proliferation. For example,
in a rodent model of diabetes, the application of the GLP-1 receptor agonist,
exendin-4, was shown to enhance f-cell proliferation and neogenesis and inhibit
[B-cell apoptosis, thereby leading to improved p-cell mass and glucose tolerance
(Maida et al. 2009). Conversely, mice lacking GLP-1 and GLP-1 receptors exhibit
defective P-cell regeneration and are more susceptible to streptozotocin-induced
B-cell apoptosis (Maida et al. 2009). However, the effects of GLP-1 or GLP-1
receptor agonists on f-cell mass/regeneration in humans — which would intuitively
have potential for stabilising or even restoring the progressive loss of f-cell mass in
the course of diabetes — have not been established. In patients with type 2 diabetes
(aged in their late 50s), treatment with exenatide escalated to a maximum dose of
20 pg t.i.d. or the maximum tolerated dose for 3 years failed to exert a clinically
meaningful improvement on p-cell function (Bunck et al. 2011a). However, the
proliferative response of f-cells to stimuli, including GLP-1 receptor agonists,
appears to be diminished with ageing (Rankin and Kushner 2009), and the turnover
time for human p-cells may be up to 5 years (Butler et al. 2004). Longer-term trials
are, accordingly, required to determine whether GLP-1 receptor agonists can
restore 3-cell mass/function in patients with type 2 diabetes.

It is noteworthy that ~90% of GLP-1 is rapidly metabolised by DPP-4 prior to
entering the peripheral circulation, raising the possibility of an indirect pathway,
probably involving GLP-1 sensory neurons in the intestine and hepatic portal
system, underlying GLP-1-potentiated insulin release (Holst 2007). In the portal
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vein of rodents, GLP-1 activates hepatic vagal afferent fibres, which in turn
increases the activity of pancreatic vagal efferents leading to glucose-stimulated
insulin secretion and glucose disposal (Balkan and Li 2000). In line with this view,
mice with p-cell-specific GLP-1 receptor knockdown maintain normal insulinaemic
and glycaemic responses to oral glucose, but both insulin secretion and glucose
tolerance are impaired during intravenous glucose challenge in this model (Smith
et al. 2014). Therefore, there are distinct levels of B-cell regulation by GLP-1, with a
component of direct stimulation and indirect mediation through paracrine or
neurocrine actions.

Of comparable importance to the regulation of blood glucose homeostasis is the
glucagonostatic action of GLP-1 (Hare et al. 2010; Nicolaus et al. 2011). The effect
of GLP-1 to suppress glucagon secretion is also glucose dependent, so that GLP-1
does not impair the counter-regulatory release of glucagon in the face of
hypoglycaemia (Nauck et al. 2002). The mechanisms through which GLP-1
controls a-cell secretion are incompletely understood. Several pathways may be
involved. Firstly, a small subset of a-cells (~20%) are found to express GLP-1
receptors (Heller et al. 1997), and GLP-1 may suppress glucagon secretion by direct
activation of GLP-1 receptors on a-cells. Secondly, the stimulation of f-cell
secretion has the capacity to reduce glucagon in a paracrine manner (Franklin
et al. 2005), although the glucagonostatic effect of GLP-1 is preserved in patients
with type 1 diabetes who by definition have markedly diminished or absent B-cell
activity (Creutzfeldt et al. 1996; Dupre et al. 2004). Thirdly, GLP-1 stimulates
somatostatin secretion from 8-cells, and the latter is a potent suppressor of glucagon
secretion through the expression of somatostatin receptor 2 on a-cells (de Heer
et al. 2008).

While GLP-1 receptor agonists (e.g. exenatide) and DPP-4 inhibitors
(e.g. sitagliptin) ameliorate hyperglycaemia via inhibiting glucagon secretion, a
remarkable expansion of a-cell mass associated with the use of sitagliptin or
exenatide was reported in a recent study in which morphological differences in
pancreata from diabetic human subjects who received incretin therapy for at least
1 year were compared to those treated with other therapies and nondiabetic
subjects, raising a concerning issue of a-cell hyperplasia (Butler et al. 2013).
However, there is considerable heterogeneity with regard to age, duration of
diabetes, gender, BMI and history of ketoacidosis within and between the two
diabetic groups, confounding the interpretation of the data. Accordingly, the data
have largely been discredited. Although complete elimination of glucagon produc-
tion may result in compensatory proliferation of a-cells, the rather modest reduction
in plasma glucagon (20-50%) associated with DPP-4 inhibitors or GLP-1 receptor
agonists has not been shown to exert a hypertrophic effect on a-cells in a large
number of preclinical studies (Drucker 2013).

Pancreatic clamp experiments, where the secretion of islet hormones is tightly
controlled, have shed light on the importance of the extrapancreatic actions of
GLP-1 in the regulation of blood glucose homeostasis. In health, endogenous
glucose production is remarkably suppressed when GLP-1 is infused intravenously
to achieve physiological and supraphysiological concentrations, independent of
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changes in islet hormones (Prigeon et al. 2003; Seghieri et al. 2013). Studies in
rodents have established that this action is initiated predominantly at the level of the
gastrointestinal tract and/or hepatic portal system and mediated via GLP-1-depen-
dent neural communication between peripheral and central nervous systems (CNS)
(Vahl et al. 2007; Waget et al. 2011). As a result, a low dose of the GLP-1 receptor
antagonist, [des-His(1),Glu(9)] exendin-4, given by intraportal, but not intrajugular,
infusion, induces glucose intolerance (Vahl et al. 2007). Central administration of
GLP-1 also reduces hepatic glucose production and glycaemic excursions during
intravenous or intraperitoneal glucose challenge, whereas central [des-His(1),Glu
(9)] exendin-4 administration exerts opposite effects (Sandoval et al. 2008). How-
ever, the importance of CNS GLP-1 signalling in humans remains to be established.

In patients with type 2 diabetes, continuous infusion of GLP-1 via the subcuta-
neous route for 6 weeks results in a remarkable increase in peripheral insulin
sensitivity (Zander et al. 2002), an effect likely to be secondary to weight loss
and amelioration in glucotoxicity, rather than a direct enhancement of insulin action
on peripheral glucose disposal by GLP-1 (Vella et al. 2000). The weight-lowering
effect of GLP-1 is not surprising, as both GLP-1 and GLP-1 receptor agonists
potently suppress energy intake (apparently unrelated to the induction of nausea)
(Holst 2007). More recently, GLP-1 signalling has also been implicated in the
downregulation of liquid drinking behaviour (McKay et al. 2014). These effects
appear to be mediated primarily via the activation of central GLP-1 receptors in the
paraventricular nucleus of the hypothalamus and central nucleus of the amygdala
(Abbott et al. 2005; Turton et al. 1996). While acute administration of GLP-1
reduced diet-induced thermogenesis probably as a result of the slowing of gastric
emptying and subsequent absorption in health (Flint et al. 2000), a 12-month
therapy with GLP-1 receptor agonists has been reported to increase energy expen-
diture in patients with type 2 diabetes (Beiroa et al. 2014).

GLP-1 is also one of the key regulators of gastrointestinal motor function during
the postprandial phase (Wu et al. 2013e). In health, the antagonism of GLP-1
receptors by exendin(9—39) leads to an increase in antroduodenal contractility, a
reduction in pyloric motility (Schirra et al. 2006) and, accordingly, an acceleration
of gastric emptying (Deane et al. 2010b). These observations support a physiologi-
cal role of endogenous GLP-1 in slowing gastric emptying, although several other
studies, employing small test meals or suboptimal methods to assess gastric empty-
ing, failed to show a significant effect (Nicolaus et al. 2011; Salehi et al. 2008;
Witte et al. 2011). It should also be noted that exendin(9-39), as discussed, while
blocking the effect of GLP-1, elevates GLP-1 and PYY secretion in response to
nutrient ingestion (Steinert et al. 2014b). Because PYY slows gastric emptying
(Wu et al. 2013e), it would, to some extent, have masked the prokinetic action
expected from the blockade of GLP-1 receptors in these experimental settings.
Studies employing the “physiological” infusion of exogenous GLP-1 have
demonstrated more consistently an inhibitory effect of GLP-1 on gastric emptying.
That the reduction in postprandial glycaemia induced by exogenous GLP-1 in
health and type 2 diabetes is associated with less, rather than greater, postprandial
insulin secretion indicates that the slowing of gastric emptying outweighs the
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insulinotropic effect on controlling postprandial glycaemia in this setting (Little
et al. 2006; Nauck et al. 1997). Not surprisingly, the administration of the prokinetic
agent, erythromycin, which counteracts GLP-1 action on gastric emptying,
attenuates the glucose-lowering effect of GLP-1 after a meal (Meier et al. 2005b).
Similarly, the slowing of gastric emptying represents a major mechanism of the
short-acting GLP-1 receptor agonists, such as exenatide bd and lixisenatide, to
reduce postprandial glycaemia in type 2 diabetes (Cervera et al. 2008; Lorenz
et al. 2013). Moreover, the magnitude of reduction in postprandial glycaemia by
exogenous GLP-1, exenatide bd or lixisenatide was related to the slowing of gastric
emptying that it induced (Little et al. 2006; Lorenz et al. 2013).

The effect of GLP-1 on gastric emptying appears to be less prominent when
“baseline” gastric emptying is relatively slower, with minimal or no effect when the
latter is abnormally delayed (Deane et al. 2010a). There is also recent evidence that
continuous exposure to GLP-1 is associated with tachyphylaxis for its effects on
gastric emptying, which may occur at the level of vagal nerve (Nauck et al. 2011a;
Umapathysivam et al. 2014). Consequently, the efficacy of exogenous GLP-1 for
slowing gastric emptying and reducing postprandial glycaemic excursions is
attenuated with prolonged infusion but can be maintained with intermittent infusion
(Umapathysivam et al. 2014). Accordingly, “short-acting” GLP-1 agonists appear
to have a substantial, sustained action to slow gastric emptying and be superior to
“long-acting” agonists for the control of postprandial glycaemic excursions, while
long-acting agonists act predominantly on preprandial blood glucose by suppres-
sion of endogenous glucose production, as well as insulinotropic and
glucagonostatic effects (Horowitz et al. 2013).

Emerging evidence has also linked the activation of GLP-1 receptors to the
regulation of intestinal motility (Camilleri et al. 2012; Kunkel et al. 2011). Diar-
rhoea is a common side effect of therapy with GLP-1 receptor agonists in type
2 diabetes, while in patients with short bowel syndrome, exenatide was reported to
ameliorate diarrhoea (Kunkel et al. 2011). We have recently demonstrated that
acute, intravenous infusion of exenatide to pharmacological concentrations leads to
a remarkable inhibition in small intestinal motility, transit and absorption of
intraduodenal glucose in both healthy and type 2 diabetic humans, indicating that
changes in small intestinal motility represent an additional mechanism underlying
the glucose-lowering effect of GLP-1 and its agonists (Thazhath et al. 2014).
Whether these effects are subject to tachyphylaxis remains to be established.

5.1.2 GIP

Unlike GLP-1, which exerts many of its actions via both endocrine and neurocrine
pathways, GIP acts mainly in an endocrine fashion through binding to the GIP
receptor on islet cells to regulate blood glucose and has no effect on gastric
emptying in humans (Meier et al. 2004). While the mode of its action on the
B-cell is similar to that of GLP-1, GIP enhances glucagon secretion from the
a-cell (Christensen et al. 2015; Christensen et al. 2014; Meier et al. 2003a). Thus,



150 T.Wu et al.

the net glycaemic effect of GIP is largely dependent on the balance of actions on
both pancreatic a- and B-cells. Furthermore, evidence from rodent studies has
linked GIP signalling to fat accumulation, adipose inflammation and weight gain,
which may exacerbate insulin resistance (Chen et al. 2014).

The administration of exogenous GIP is usually associated with reduced
glycaemic excursions in response to either intravenous glucose or oral meals in
health, due predominantly to its insulinotropic action (Asmar et al. 2010b; Edholm
et al. 2010). Through binding to its receptors on the p-cell, GIP upregulates
intracellular cAMP, which activates signalling cascades involving both PKA and
Epac 2 for the exocytosis of insulin-containing granules. Like GLP-1, GIP in rodent
models also enhances insulin gene expression and biosynthesis, as well as the
survival and the mass of pancreatic p-cells, leading to improved f-cell function
and glucose tolerance (Baggio and Drucker 2007; Widenmaier et al. 2010),
although these effects are less robust compared with GLP-1 (Maida et al. 2009).
The antagonism of GIP receptors or ablation of GIP receptors has been shown to
result in impaired insulin secretion and oral glucose tolerance (Lewis et al. 2000;
Maida et al. 2009; Miyawaki et al. 1999). The effect of GIP to stimulate insulin
secretion is also glucose dependent. While many studies reported little, if any,
effect of GIP on insulin secretion in the presence of blood glucose concentrations
less than 8 mmol/L, one report showed a marked insulinaemic response to “physio-
logical” infusion of exogenous GIP in healthy subjects when blood glucose
concentrations were tightly clamped at 5, 6 and 7 mmol/L (Vilsboll et al. 2003b).
In support of the latter, an incretin effect is also evident after oral fatty acid or
amino acid ingestion in health when compared with intravenous iso-lipidaemic or
iso-amino acidaemic infusion, in which there was little change in blood glucose
concentrations (Lindgren et al. 2011; Lindgren et al. 2014). GIP may be of greater
relevance to mediating the incretin effect in the case of amino acids since GLP-1
secretion is less affected in response to oral ingestion of an amino acid mixture
(Lindgren et al. 2014), although that is not the case for whey protein or certain
purified amino acids (Ma et al. 2009b; Steinert et al. 2014a).

The glucose-lowering effect of GIP is, however, markedly impaired in type
2 diabetes, due predominantly to impairment in insulinotropic action (Nauck
et al. 1993; Wu et al. 2014a). Acute administration of GIP with GLP-1 to
hyperglycaemic patients with type 2 diabetes does not stimulate greater insulin
secretion or lead to better glycaemic reduction when compared with GLP-1 infu-
sion alone (Mentis et al. 2011). Similarly, xenin-25, a neurotensin-related peptide
co-released with GIP from enteroendocrine K cells and known to potentiate the
stimulation of insulin secretion by GIP in health, also failed to restore the
insulinotropic action of GIP in type 2 diabetes acutely (Wice et al. 2012). There-
fore, the activation of the GIP receptor has not been pursued as a therapeutic target
for the management of type 2 diabetes to the same extent as GLP-1.

The mechanism(s) underlying the loss of the B-cell responsivity to GIP in
diabetes involves the downregulation of GIP receptor expression and/or impairment
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of receptor signalling, which may be associated with glucotoxicity-induced sup-
pression on peroxisome proliferator-activated receptor (PPAR)-y activity (Gupta
et al. 2010). In a partial pancreatectomy-induced diabetic rodent model, improving
glycaemic control by phlorizin was effective in preventing reductions in islet GIP
receptor mRNA transcripts and expression of receptors (Xu et al. 2007). Genome-
wide association studies indicate that the genetic phenotype is also critical to the
effects of GIP signalling on insulin secretion (Saxena et al. 2010). Individuals with
an rs10423928 on chromosome 19q13.3 exhibit diminished GIP receptors on the
B-cell and impaired insulin secretion in response to exogenous GIP, as well as
glucose intolerance following an oral glucose challenge (Lyssenko et al. 2011).
Therefore, both adaptive changes and genetic variations are associated with the
functionality of GIP signalling in the control of p-cell secretion.

The loss of response to GIP is unlikely to represent a primary cause of diabetes
but rather a consequence of the disease. Although the insulin response to GIP
during a hyperglycaemic clamp was found impaired in half of the first-degree
relatives of patients with type 2 diabetes (Meier et al. 2001), these subjects also
demonstrated a similar impairment in the insulin response to intravenous glucose,
indicating that the diminished insulin secretion observed may well reflect general
impairment in P-cell function, rather than a specific defect in GIP action (Meier
et al. 2003b). Moreover, women with a history of gestational diabetes exhibit a
normal insulinaemic response to GIP (Meier et al. 2005a). More recently, it has
been shown that the induction of even mild insulin resistance and glucose intoler-
ance by administration of prednisolone for 12 days in healthy young subjects,
without affecting f-cell function or glucose disposition index, attenuates the poten-
tiation of insulin secretion by both exogenous GLP-1 and GIP (Hansen et al. 2012).
Conversely, the normalisation of hyperglycaemia with insulin therapy for 4 weeks
has the capacity to improve the insulinotropic action of GIP in patients with type
2 diabetes (Hojberg et al. 2009). Therefore, the loss of GIP action on insulin
secretion is potentially reversible with improvements in glycaemic control. Never-
theless, the modest improvement in insulin response to GIP in this hyperglycaemic
clamp setting (~15 mmol/L) was not associated with significantly enhanced glucose
disposal, probably because GIP also stimulates glucagon secretion.

GIP receptors are localised on pancreatic a-cells, and activation of GIP receptors
releases glucagon in a glucose-dependent manner in health — being prominent
during euglycaemia (Meier et al. 2003a) and diminished during hyperglycaemia
even within the physiological range (~8 mmol/L) (Meier et al. 2001). Similarly, the
glucagonotropic action of exogenous GIP was observed to be attenuated (but not
abolished) during a hyperglycaemic clamp (~12 mmol/L) in type 2 diabetes
(Christensen et al. 2014). In addition, the infusion of exogenous GIP results in
enhanced glucagon secretion and endogenous glucose production in response to
insulin-induced hypoglycaemia in both type 1 and 2 diabetes (Christensen
et al. 2015; Christensen et al. 2014), indicating that GIP may be useful for
maintaining blood glucose concentrations in the face of hypoglycaemia.
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5.2 Extra-glycaemic Metabolic Effects

There is increasing recognition that the activation of GLP-1 and GIP receptors in
tissues essential for blood glucose homeostasis also mediates a number of interre-
lated extra-glycaemic actions.

5.2.1 Adipose Tissue

The expression of both GLP-1 and GIP receptors in adipose tissue remains contro-
versial, but exposure to GLP-1 and GIP exerts distinct effects on adipocytes in both
in vitro and in vivo studies. In vitro studies using both adipose 3T3-L1 cells and
human primary adipocytes observed a stimulatory effect of GLP-1 on lipolysis,
mediated directly via the GLP-1 receptor expressed on adipocytes (Vendrell
et al. 2011). However, subcutaneous administration of GLP-1 into abdominal
adipose tissue did not show any lipolytic effect in healthy humans, at least acutely
(Bertin et al. 2001). Emerging data from rodent studies are indicative of a critical
role for GLP-1-dependent communication between CNS and peripheral tissues in
the control of white adipose tissue lipolysis, energy expenditure associated with
thermogenesis in brown adipose tissue and appetite (Baggio and Drucker 2014;
Campbell and Drucker 2013). In rodents, the activation of central GLP-1 receptors
by intracerebroventricular (i.c.v.) GLP-1 infusion decreased adiposity, whereas the
antagonism of these receptors by exendin(9-39) led to an increase in fat mass
(Nogueiras et al. 2009). The reduction in peripheral fat mass in response to central
GLP-1 receptor activation can also be independent of changes in energy intake and
body weight, and be mediated through increased sympathetic outflow, a pathway
also underlying the central control of thermogenesis in brown adipose tissue
(Lockie et al. 2012). In mice, targeted injection of the GLP-1 receptor agonist,
liraglutide, in the hypothalamic ventromedial nucleus (VMH) was shown to not
only stimulate thermogenic activity of brown adipose tissue but also to induce the
browning of white adipose tissue via the downregulation of hypothalamic AMPK
(Beiroa et al. 2014). More importantly, in obese patients with type 2 diabetes, the
addition of a GLP-1 receptor agonist (exenatide and liraglutide) to metformin over
1 year leads to an increase in energy expenditure, providing clinical evidence for
increased energy expenditure, in addition to the inhibitory effect on energy intake,
underlying the weight-lowering effect of GLP-1 receptor agonists.

While GIP does not affect the thermogenic activity of brown adipose tissue or
energy intake, it promotes lipid uptake in the liver and muscle and increases
lipoprotein lipase activity and lipogenesis, particularly in the presence of insulin
(Irwin and Flatt 2009). In rats pretreated with a fat-rich diet, exogenous GIP
markedly decreased plasma triglyceride in response to an intraduodenal lipid
infusion as a result of increased uptake and deposition, whereas GIP antiserum
that neutralised the actions of GIP increased plasma triglyceride (Ebert et al. 1991).
In health, the administration of exogenous GIP during a hyperinsulinaemic-
hyperglycaemic clamp was associated with increases in abdominal adipose tissue
blood flow, glucose uptake and free fatty acid re-esterification, by which GIP may
result in increased triglyceride deposition in abdominal adipose tissue (Asmar
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et al. 2010a). When infused alone in the absence of an enteral nutrient load, GIP was
also reported to lower plasma free fatty acids by inhibiting lipolysis and increasing
re-esterification in health, although it did not reduce plasma triglyceride
(Gogebakan et al. 2012). Therefore, GIP signalling, in contrast to GLP-1, is
anabolic. In preclinical studies, the elimination or antagonism of GIP receptors
has been shown consistently to prevent diet-induced obesity (Althage et al. 2008;
Pathak et al. 2014). In high-fat-fed mice, even the partial impairment of GIP
secretion induced by the truncation of the prepro-GIP gene alleviates obesity and
insulin resistance (Nasteska et al. 2014). There is, accordingly, a rationale for the
use of diets that have little effect on GIP secretion for the prevention/management
of obesity, fatty liver and insulin resistance (Keyhani-Nejad et al. 2015).

5.2.2 Liver

In addition to their effects on adipose tissue and body weight, GLP-1 and GIP may
participate directly in the regulation of hepatic fat content by controlling hepatic
lipid transport, oxidation, synthesis and secretion and are becoming emerging
targets for treating nonalcoholic fatty liver disease (NAFLD), although the expres-
sion of functional GLP-1 and GIP receptors in the liver remains controversial
(Seino and Yabe 2013).

In both preclinical and clinical studies of NAFLD and type 2 diabetes, GLP-1
receptor agonists have been reported to reduce hepatic steatosis along with
improvement in plasma levels of liver enzymes (Eguchi et al. 2014; Jendle
et al. 2009; Klonoff et al. 2008; Sathyanarayana et al. 2011). Although the reduction
in hepatic steatosis was often associated with substantial weight loss, one study
reported a significant reduction in hepatic fat content and improvements in plasma
liver enzyme levels without changes in body weight after treatment with exenatide
and pioglitazone, when compared with pioglitazone monotherapy, over 12 months
in patients with type 2 diabetes (Sathyanarayana et al. 2011). Exenatide was also
associated with an increase in adiponectin levels, indicating that direct effect of
GLP-1 signalling on hepatic lipid oxidation may underlie the attenuation of hepatic
fat accumulation. In support of this concept, exendin-4 increased fatty acid
B-oxidation and reduced intracellular fatty acid levels in primary hepatocytes of
high-fat-fed rats (Svegliati-Baroni et al. 2011). Furthermore, exendin-4 ameliorated
endoplasmic reticulum (ER) stress-related hepatocyte apoptosis induced by fatty
acids (Sharma et al. 2011).

In contrast, the lipogenic/anabolic actions of GIP may be associated with
progression of weight gain and hepatic steatosis. Accordingly, the administration
of a GIP antagonist, (Pro(3))GIP, reduced hepatic fat content significantly and
partially restored liver morphology in high-fat- and cafeteria-fed mice (Gault
et al. 2007). Replacement of sucrose with palatinose, which is absorbed distally
and therefore minimally stimulates GIP secretion, reduced hepatic steatosis by
~50% in wild-type mice, an effect recapitulated by the knockdown of GIP receptors
(Keyhani-Nejad et al. 2015). However, the metabolic benefits by interrupting GIP
signalling in humans remain to be established.
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5.2.3 Cardiovascular System

The metabolic actions of incretin hormones on glycaemia, lipidaemia, obesity,
insulin resistance and NAFLD discussed above are important determinants of
cardiovascular risks. That variations in heart rate and blood pressure, as with the
release of incretin hormones, occur after oral, rather than intravenous, glucose is
indicative of the physiological importance of the incretin hormones to the regula-
tion of cardiovascular function during the postprandial state (Wu et al. 2014b).
There is compelling evidence that GLP-1 participates in the regulation of
myocardial and endothelial function, heart rate and blood pressure, independent
of above cardiovascular risks (extensively reviewed in Ussher and Drucker (2012)
and Ussher and Drucker (2014)), while little is known with respect to GIP.

Recent studies have established that GLP-1 receptors within the cardiovascular
system are localised to the atria and vascular smooth muscle cells but not the
ventricle or endothelium (Kim et al. 2013; Pyke and Knudsen 2013; Pyke
et al. 2014; Richards et al. 2014). These findings may partly explain the small
tachycardic effect (~2—3 beats/min increase) of GLP-1 and GLP-1 receptor agonists
seen in preclinical and clinical studies (Ussher and Drucker 2012) but are against a
classical GLP-1 receptor-dependent improvements in ventricular or endothelial
function. In support of the latter concept, the GLP-1 metabolite, GLP-1(9-36),
which has an extremely low binding affinity to GLP-1 receptors and is generally
thought to be “inactive”, was shown to exhibit profound cardioprotective and
vasodilatory properties in both wild-type and GLP-1 receptor-knockout rodents
(Ban et al. 2008). In addition, native GLP-1, but not exendin-4 (a DPP-4 resistant
GLP-1 receptor agonist), increased cGMP release from isolated preconstricted
blood vessels and induced vasodilation (Ban et al. 2008). Therefore, the GLP-1
receptor-dependent protection of ventricular cardiomyocytes and improvements in
endothelial function in vivo are likely to be indirect, mediated through mechanisms
that require further clarification.

In contrast to the elevation of blood pressure evident in rodents exposed to
GLP-1 and GLP-1 receptor agonists, the majority of clinical trials in type 2 diabetes
and obesity have reported a reduction in both systolic and diastolic blood pressure
(~4—6 mmHg), particularly in individuals with higher baseline blood pressure, and
often been associated with a reduction in body weight and an increase in urinary
sodium excretion (Seufert and Gallwitz 2014). The blood pressure-lowering effect
is often evident before significant weight loss (Gallwitz et al. 2010). In rodents, the
effects of GLP-1 and GLP-1 receptor agonists on blood pressure and heart rate are
likely to be related to the GLP-1 receptor-dependent central regulation of sympa-
thetic outflow (Yamamoto et al. 2002), while peripheral activation of GLP-1
receptors within the cardiovascular system may promote ANP secretion from the
atria which would favour a reduction in blood pressure due to inhibition of renal
sodium reabsorption (Kim et al. 2013). In humans, acute administration of GLP-1,
even at supraphysiological doses, has no effect on heart rate, blood pressure or
cardio-parasympathetic and cardio-sympathetic activity (Bharucha et al. 2008).
That the expression of GLP-1 receptors is predominantly within the sinoatrial
node rather than the entire atria in humans does not support a major role for
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GLP-1-ANP axis in the regulation blood pressure in humans (Pyke et al. 2014).
Indeed, liraglutide administration for 21 days in hypertensive patients with type
2 diabetes promoted natriuresis independent of changes on circulating ANP or
blood pressure (Lovshin et al. 2015). Accordingly, the natriuretic effect associated
with GLP-1 or GLP-1 receptor agonists may be related to as yet undefined actions
on renal tubular cells and sodium transporters (Gutzwiller et al. 2004).

It is noteworthy that few studies have discriminated the cardiovascular actions of
the incretins between the fasting and postprandial states. The latter is, however,
arguably of more relevance, since GLP-1 and GIP are predominantly released
postprandially. When a “physiological” dose of GLP-1 was administered with an
enteral glucose load known to induce a fall in blood pressure in healthy older human
subjects, the hypotensive response to an enteral glucose load was attenuated,
despite an increase in superior mesenteric artery (SMA) blood flow (Trahair
et al. 2014), raising a potential therapeutic implication for GLP-1 and GLP-1
receptor agonists in the management of postprandial hypotension — a common
disorder, particularly in older subjects and patients with disordered autonomic
function (e.g. diabetes and Parkinson’s disease).

Studies investigating the cardiovascular actions of GIP are limited. While the
expression of GIP receptors within the cardiovascular system remains to be further
validated, intravenous GIP has been reported to increase vagal activity (Amland
et al. 1985) and cause splanchnic blood pooling (Fara and Salazar 1978; Svensson
et al. 1997), an elevation in heart rate and a reduction in blood pressure (Wice
et al. 2012). In our recent study, in which enteral glucose was infused at a rate that
induced predominantly GIP secretion, the DPP-4 inhibitor, sitagliptin, increased
heart rate in patients with type 2 diabetes (Wu et al. 2014b), supporting the need
for further clarification of a potential role for GIP in the control of the “gut-
heart” axis.

5.24 Bone

GLP-1 and GIP signalling have also been implicated in bone formation. In rodents,
GLP-1 does not exert a direct effect on osteoclasts or osteoblasts but activates
the GLP-1 receptor on thyroid C cells to induce calcitonin secretion (Yamada
et al. 2008). The latter suppresses bone resorption by osteoclasts. However,
GLP-1 receptor expression on thyroid C cells is substantially less in humans than
in rodents (Waser et al. 2011). Prolonged exposure to GLP-1 receptor agonists in
human subjects with type 2 diabetes has not shown any effects on bone strength,
bone mineral density or serum levels of calcitonin (Bunck et al. 2011b; Hegedus
et al. 2011). GIP receptors are localised on both osteoblasts and osteoclasts. The
activation of these receptors may lead to bone formation by osteoblasts and
suppression of bone resorption by osteoclasts. Complete elimination of GIP signal-
ling, while producing resistance to high-fat diet-induced obesity, also leads to
osteoporosis in rodents (Nasteska et al. 2014; Tsukiyama et al. 2006). However,
rodents with partial impairment (~50%) of GIP secretion maintained normal bone
formation (Nasteska et al. 2014). Nevertheless, like GLP-1, there is little evidence
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for a role of GIP in the control of bone formation in humans. In the acute setting at
least, the infusion of GIP failed to affect markers of bone resorption in postmeno-
pausal women (Henriksen et al. 2003).

5.2.5 Others

Preclinical data suggest that GLP-1 and GIP have non-metabolic neuroprotective/
neurotrophic properties, which suggest therapeutic potential for neurodegenerative
and cognitive CNS disorders, such as Alzheimer’s disease (Campbell and Drucker
2013). These aspects, however, will not be discussed in this review due to the
primary focus on metabolic control. Although rodent data raised concerns of
potential of incretin signalling to induce acute pancreatitis, C-cell hyperplasia and
medullary thyroid cancer, there is a lack of evidence to support these effects in
humans (Drucker et al. 2011; Drucker 2013).

6 Therapeutic Implications

The recognition that there are major defects in the action of GIP to mediate insulin
secretion and lower blood glucose in type 2 diabetes, and that GLP-1 maintains a
considerable insulinotropic effect in type 2 diabetes and has the capacity to nor-
malise blood glucose homeostasis at pharmacological doses via complementary
mechanisms (as discussed), has promoted the focus on GLP-1-based incretin
therapies for the management of type 2 diabetes. Intravenous GLP-1 may normalise
glucose in type 2 diabetes, while subcutaneous administration does not (Nauck
et al. 2013). The reasons for this clinically important issue are unclear but may be
related to modifications of the peptide molecules and/or poor tolerance of high dose
associated with subcutaneous administration. Recent observations indicate that the
glucagonotropic action of GIP may serve to “rescue” hypoglycaemia in both type
1 and 2 diabetes (Christensen et al. 2015; Christensen et al. 2014), warranting the
evaluation of the clinical effects of GIP receptor agonists on blood glucose homeo-
stasis in diabetes. Paradoxically, however, the “obesogenic” potential of GIP
observed in preclinical studies suggests that antagonism of GIP signalling may be
useful for treating obesity.

The incretin-based pharmaceuticals currently available include GLP-1 receptor
agonists that are resistant to rapid degradation by DPP-4 and DPP-4 inhibitors,
which preserve plasma concentrations of endogenous intact GLP-1 after its secre-
tion. Distinct from many traditional antidiabetic drugs (e.g. insulin), GLP-1 recep-
tor agonists and DPP-4 inhibitors do not increase the risk of hypoglycaemia or
weight gain. While the range of available DPP-4 inhibitors appears to have compa-
rable potency on glycaemia (as well as DPP-4 inhibition) (Deacon 2011), the
“short-acting” GLP-1 receptor agonists are superior to the “long-acting” agents
on reducing postprandial glycaemic excursions, probably as a result of their impact
on gastric emptying; the “long-acting” agents are more effective for reducing
fasting hyperglycaemia and body weight (Horowitz et al. 2013). This discrepancy
is important in that in the majority of patients with type 2 diabetes, who have
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relatively good overall glycaemic control, postprandial glycaemia predominates
over fasting blood glucose in contributing to HbA ¢, and deterioration in postpran-
dial glycaemic control precedes any substantial elevation of fasting blood glucose
(Monnier et al. 2007). Therefore, optimal selection of appropriate GLP-1 receptor
agonists may require careful evaluation of patient phenotype and therapeutic goals.

Until the recent approval for liraglutide in addition to lifestyle intervention as a
treatment option for chronic weight management by the US Food and Drug
Administration (FDA), GLP-1 receptor agonists and DPP-4 inhibitors were
restricted to being a second-line option for managing inadequately controlled
hyperglycaemia in type 2 diabetes managed with metformin alone (American
Diabetes Association 2015). Whether incretin-based pharmaceuticals fulfil the
extra-glycaemic effects (discussed above) and, accordingly, treat metabolic targets
in addition to body weight and blood glucose will become apparent only from the
outcomes of well-designed, long-term prospective studies powered adequately to
detect superiority. Cardiovascular outcome studies of two DPP-4 inhibitors
(i.e. saxagliptin and alogliptin) failed to demonstrate improvement in cardiovascu-
lar endpoints (Scirica et al. 2013; White et al. 2013). Rather, saxagliptin was
associated with increased hospitalisation rates for heart failure in a small subset
of patients (Scirica et al. 2013). DPP-4 inhibition potentially has a complex
influence on “cardio-vaso-active” compounds in vivo; for example, it increases
plasma intact GLP-1 levels but reduces overall GLP-1 secretion as a result of
negative feedback control on the L cell, thereby reducing the formation of GLP-1
metabolites known to have GLP-1-receptor-independent vasodilator properties
(discussed previously). Ongoing clinical trials of different GLP-1 receptor agonists
will provide further insights into the cardiovascular outcomes related to manipula-
tion of the incretin axis.

As an alternative to pharmacological compounds, approaches to enhance endog-
enous GLP-1 secretion appear promising, particularly as the presence of obesity or
type 2 diabetes per se does not seem to be associated with a major defect of GLP-1
secretion. Because the majority of GLP-1-producing L cells are located distally
within the ileum and colon, the creation of a shortcut for nutrients to access the
distal gut by gastric bypass surgery, facilitated by more rapid small intestinal
transit, is associated with marked improvements in GLP-1 secretion (Laferrere
et al. 2007; Laferrere et al. 2008), accounting at least in part for the improvement
of glucose homeostasis in type 2 diabetes after this operation (Shah et al. 2014).
Conversely, the blockade of the GLP-1 receptor with exendin(9—39) can effectively
correct recurrent hypoglycaemia associated with gastric bypass surgery (Salehi
et al. 2014). Alternatively, targeted delivery of even a small nutrient stimulus to
the distal gut may provide sufficiently great GLP-1 stimulation to reduce postpran-
dial glycaemic excursions. This concept is supported by the finding of enhanced
GLP-1 secretion with acarbose-induced malabsorption of carbohydrates
(Gentilcore et al. 2005; Qualmann et al. 1995; Seifarth et al. 1998) and, more
recently, the effects of delivery of a small amount of lauric acid to the distal gut via
enteric coated pellets in patients with type 2 diabetes (Ma et al. 2013). In addition, a
small nutrient-based “preload” can be consumed, in order to stimulate secretion of
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enteroendocrine hormones such as GLP-1, in advance of the main meal, with
resultant slowing of gastric emptying and attenuation of the postprandial glycaemic
excursion (Wu et al. 2012; Wu et al. 2013d). Other physiological ligands of
enteroendocrine L cells (e.g. bile acids) are worthy of evaluation for their potential
to restore metabolic homeostasis in obesity and type 2 diabetes (Adrian et al. 2012;
Wu et al. 2013b; Wu et al. 2013c). Moreover, the glucose-lowering effect of
initiatives to stimulate endogenous GLP-1 secretion can potentially be further
optimised by concurrent administration of a DPP-4 inhibitor (Wu et al. 2013d),
highlighting the potential for complementary actions between dietary and pharma-
cological interventions (Fig. 2). However, long-term studies are required to evalu-
ate the clinical efficacy of these novel approaches in the management of type
2 diabetes and obesity. While the stimulation of endogenous GIP secretion seems
to have little gluco-regulatory advantage in type 2 diabetes, the manipulation of
nutrient composition in order to attenuate secretion of GIP was recently reported to
prevent diet-induced obesity, fatty liver and insulin resistance in a rodent model,
recapitulating the metabolic phenotype seen in GIP receptor-knockout animals
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Fig. 2 Effects of b-xylose or sucralose (control), with or without sitagliptin, on blood glucose (a),
serum insulin (b), insulin/glucose ratio (c¢) and plasma intact glucagon-like peptide-1 (GLP-1) (d)
in response to a carbohydrate meal (n = 12). The four treatments were sitagliptin + p-xylose (SX),
sitagliptin + control (SC), placebo + p-xylose (PX) and placebo + control (PC), respectively. Data
are means = SEM. P =0.000 for each treatment X time interaction; *P < 0.05, PX vs. PC;
#P <0.05, SC vs. PC; *P < 0.05, SX vs. PC; 5p < 0.05, SX vs. PX; °P < 0.05, SX vs. SC (adapted
from Wu et al. 2013d)
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(Keyhani-Nejad et al. 2015). Therefore, future human studies should address the
therapeutic potential of lowering GIP secretion for weight loss, with careful moni-
toring of bone health given the potential effect of GIP on bone formation.

7 Conclusions

Subsequent to the discovery of GLP-1 and GIP as the primary incretin hormones in
humans, incretin-based interventions are translated rapidly to clinical therapies,
owing to scientific advances in the understanding of the biology of incretin synthe-
sis, metabolism, secretion and actions. Secretion of incretin hormones during both
fasting and postprandial states is regulated by integrated direct and indirect
mechanisms. Although several neuro-immuno-hormonal loops are likely to be of
relevance to the release of incretins, the major determinant appears to be the direct
stimulation by nutrients in contact with enteroendocrine K and L cells, with the
magnitude and pattern of responses dependent on the load and properties
(i.e. nutrient composition) of the meals, gastrointestinal transit and the capacity of
digestion of macronutrients. While the secretion of GLP-1 and GIP does not appear
to be greatly impaired in obesity and diabetes, the latter are recognised to result in
impaired insulinotropic and glucose-lowering effects of GIP. GLP-1 now has an
established role as an effective glucose-lowering agent based on complementary
actions to improve blood glucose control in health and type 2 diabetes. That GLP-1
and GIP receptors are expressed in a variety of tissues not limited to glycaemic
control has further stimulated interest in extra-glycaemic actions that may have
translational potential. In addition to the two therapeutic classes currently available,
there has been substantial interest in the development of nutritional approaches to
modulate endogenous GLP-1 and GIP secretion in order to restore metabolic
homeostasis. These novel concepts await further evaluation of their efficacy and
safety in long-term, prospective clinical trials.

Acknowledgements The authors’ work has been supported by the National Health and Medical
Research Council of Australia (NHMRC). TW is supported by a Royal Adelaide Hospital Early
Career Fellowship.

Conflicts of Interest TW has received research funding from AstraZeneca. CKR has received
research funding from Merck, Eli Lilly and Novartis. MH has participated in the advisory boards
and/or symposia for Novo Nordisk, Sanofi, Novartis, Eli Lilly, Merck Sharp & Dohme, Boehringer
Ingelheim and AstraZeneca and has received honoraria for his activity.

References

Abbott CR, Monteiro M, Small CJ, Sajedi A, Smith KL, Parkinson JR, Ghatei MA, Bloom SR
(2005) The inhibitory effects of peripheral administration of peptide YY(3-36) and glucagon-
like peptide-1 on food intake are attenuated by ablation of the vagal-brainstem-hypothalamic
pathway. Brain Res 1044:127-131



160 T.Wu et al.

Adrian TE, Gariballa S, Parekh KA, Thomas SA, Saadi H, Al Kaabi J, Nagelkerke N, Gedulin B,
Young AA (2012) Rectal taurocholate increases L cell and insulin secretion, and decreases
blood glucose and food intake in obese type 2 diabetic volunteers. Diabetologia 55:2343-2347

Althage MC, Ford EL, Wang S, Tso P, Polonsky KS, Wice BM (2008) Targeted ablation of
glucose-dependent insulinotropic polypeptide-producing cells in transgenic mice reduces
obesity and insulin resistance induced by a high fat diet. J Biol Chem 283:18365-18376

American Diabetes Association (2015) Approaches to glycemic treatment. Diabetes Care 38:S41—
S48

Amland PF, Jorde R, Aanderud S, Burhol PG, Giercksky KE (1985) Effects of intravenously
infused porcine GIP on serum insulin, plasma C-peptide, and pancreatic polypeptide in non-
insulin-dependent diabetes in the fasting state. Scand J Gastroenterol 20:315-320

Arakawa M, Ebato C, Mita T, Fujitani Y, Shimizu T, Watada H, Kawamori R, Hirose T (2008)
Miglitol suppresses the postprandial increase in interleukin 6 and enhances active glucagon-
like peptide 1 secretion in viscerally obese subjects. Metabolism 57:1299-1306

Asmar M, Simonsen L, Madsbad S, Stallknecht B, Holst JJ, Bulow J (2010a) Glucose-dependent
insulinotropic polypeptide may enhance fatty acid re-esterification in subcutaneous abdominal
adipose tissue in lean humans. Diabetes 59:2160-2163

Asmar M, Tangaa W, Madsbad S, Hare K, Astrup A, Flint A, Bulow J, Holst JJ (2010b) On the role
of glucose-dependent insulinotropic polypeptide in postprandial metabolism in humans. Am J
Physiol Endocrinol Metab 298:E614-E621

Baggio LL, Drucker DJ (2007) Biology of incretins: GLP-1 and GIP. Gastroenterology
132:2131-2157

Baggio LL, Drucker DJ (2014) Glucagon-like peptide-1 receptors in the brain: controlling food
intake and body weight. J Clin Invest 124:4223-4226

Balkan B, Li X (2000) Portal GLP-1 administration in rats augments the insulin response to
glucose via neuronal mechanisms. Am J Physiol Regul Integr Comp Physiol 279:R1449—
R1454

Ban K, Noyan-Ashraf MH, Hoefer J, Bolz SS, Drucker DJ, Husain M (2008) Cardioprotective and
vasodilatory actions of glucagon-like peptide 1 receptor are mediated through both glucagon-
like peptide 1 receptor-dependent and -independent pathways. Circulation 117:2340-2350

Beglinger S, Drewe J, Schirra J, Goke B, D’Amato M, Beglinger C (2010) Role of fat hydrolysis in
regulating glucagon-like Peptide-1 secretion. J Clin Endocrinol Metab 95:879-886

Beiroa D, Imbernon M, Gallego R, Senra A, Herranz D, Villarroya F, Serrano M, Ferno J,
Salvador J, Escalada J, Dieguez C, Lopez M, Fruhbeck G, Nogueiras R (2014) GLP-1 agonism
stimulates brown adipose tissue thermogenesis and browning through hypothalamic AMPK.
Diabetes 63:3346-3358

Bertin E, Arner P, Bolinder J, Hagstrom-Toft E (2001) Action of glucagon and glucagon-like
peptide-1-(7-36) amide on lipolysis in human subcutaneous adipose tissue and skeletal muscle
in vivo. J Clin Endocrinol Metab 86:1229-1234

Bharucha AE, Charkoudian N, Andrews CN, Camilleri M, Sletten D, Zinsmeister AR, Low PA
(2008) Effects of glucagon-like peptide-1, yohimbine, and nitrergic modulation on sympathetic
and parasympathetic activity in humans. Am J Physiol Regul Integr Comp Physiol 295:R874—
R880

Brennan IM, Seimon RV, Luscombe-Marsh ND, Otto B, Horowitz M, Feinle-Bisset C (2011)
Effects of acute dietary restriction on gut motor, hormone and energy intake responses to
duodenal fat in obese men. Int J Obes (Lond) 35:448-456

Brown JC (1971) A gastric inhibitory polypeptide. I. The amino acid composition and the tryptic
peptides. Can J Biochem 49:255-261

Brown JC, Dryburgh JR, Ross SA, Dupre J (1975) Identification and actions of gastric inhibitory
polypeptide. Recent Prog Horm Res 31:487-532

Bunck MC, Corner A, Eliasson B, Heine RJ, Shaginian RM, Taskinen MR, Smith U,
Yki-Jarvinen H, Diamant M (2011a) Effects of exenatide on measures of beta-cell function
after 3 years in metformin-treated patients with type 2 diabetes. Diabetes Care 34:2041-2047



Incretins 161

Bunck MC, Eliasson B, Corner A, Heine RJ, Shaginian RM, Taskinen MR, Yki-Jarvinen H,
Smith U, Diamant M (2011b) Exenatide treatment did not affect bone mineral density despite
body weight reduction in patients with type 2 diabetes. Diabetes Obes Metab 13:374-377

Butler PC, Ritzel R, Butler AE, Ritzel RA (2004) Islet turnover in lean and obese humans.
Diabetes 53:A356

Butler AE, Campbell-Thompson M, Gurlo T, Dawson DW, Atkinson M, Butler PC (2013) Marked
expansion of exocrine and endocrine pancreas with incretin therapy in humans with increased
exocrine pancreas dysplasia and the potential for glucagon-producing neuroendocrine tumors.
Diabetes 62:2595-2604

Calanna S, Christensen M, Holst JJ, Laferrere B, Gluud LL, Vilsboll T, Knop FK (2013) Secretion
of glucagon-like peptide-1 in patients with type 2 diabetes mellitus: systematic review and
meta-analyses of clinical studies. Diabetologia 56:965-972

Camilleri M, Vazquez-Roque M, Iturrino J, Boldingh A, Burton D, McKinzie S, Wong BS, Rao
AS, Kenny E, Mansson M, Zinsmeister AR (2012) Effect of a glucagon-like peptide 1 analog,
ROSE-010, on GI motor functions in female patients with constipation-predominant irritable
bowel syndrome. Am J Physiol Gastrointest Liver Physiol 303:G120-G128

Campbell JE, Drucker DJ (2013) Pharmacology, physiology, and mechanisms of incretin hormone
action. Cell Metab 17(6):819-837

Cervera A, Wajcberg E, Sriwijitkamol A, Fernandez M, Zuo P, Triplitt C, Musi N, DeFronzo RA,
Cersosimo E (2008) Mechanism of action of exenatide to reduce postprandial hyperglycemia
in type 2 diabetes. Am J Physiol Endocrinol Metab 294:E846-E852

Chaikomin R, Wu KL, Doran S, Jones KL, Smout AJ, Renooij W, Holloway RH, Meyer JH,
Horowitz M, Rayner CK (2007) Concurrent duodenal manometric and impedance recording to
evaluate the effects of hyoscine on motility and flow events, glucose absorption, and incretin
release. Am J Physiol Gastrointest Liver Physiol 292:G1099-G1104

Chen S, Okahara F, Osaki N, Shimotoyodome A (2014) Increased GIP signaling induces adipose
inflammation via a HIF-1alpha-dependent pathway and impairs insulin sensitivity in mice. Am
J Physiol Endocrinol Metab 308(5):E414-E425

Cho HIJ, Robinson ES, Rivera LR, McMillan PJ, Testro A, Nikfarjam M, Bravo DM, Furness JB
(2014) Glucagon-like peptide 1 and peptide YY are in separate storage organelles in
enteroendocrine cells. Cell Tissue Res 357(1):63-69

Christensen MB, Calanna S, Holst JJ, Vilsboll T, Knop FK (2014) Glucose-dependent
insulinotropic polypeptide: blood glucose stabilizing effects in patients with type 2 diabetes.
J Clin Endocrinol Metab 99:E418-E426

Christensen M, Calanna S, Sparre-Ulrich AH, Kristensen PL, Rosenkilde MM, Faber J, Purrello F,
van Hall G, Holst JJ, Vilsboll T, Knop FK (2015) Glucose-dependent insulinotropic polypep-
tide augments glucagon responses to hypoglycemia in type 1 diabetes. Diabetes 64:72-78

Creutzfeldt W (1979) The incretin concept today. Diabetologia 16:75-85

Creutzfeldt WO, Kleine N, Willms B, Orskov C, Holst JJ, Nauck MA (1996) Glucagonostatic
actions and reduction of fasting hyperglycemia by exogenous glucagon-like peptide 1(7-36)
amide in type I diabetic patients. Diabetes Care 19:580-586

de Heer J, Holst JJ (2007) Sulfonylurea compounds uncouple the glucose dependence of the
insulinotropic effect of glucagon-like peptide 1. Diabetes 56:438-443

de Heer J, Rasmussen C, Coy DH, Holst JJ (2008) Glucagon-like peptide-1, but not glucose-
dependent insulinotropic peptide, inhibits glucagon secretion via somatostatin (receptor sub-
type 2) in the perfused rat pancreas. Diabetologia 51:2263-2270

De Silva A, Salem V, Long CJ, Makwana A, Newbould RD, Rabiner EA, Ghatei MA, Bloom SR,
Matthews PM, Beaver JD, Dhillo WS (2011) The gut hormones PYY 3-36 and GLP-1 7-36
amide reduce food intake and modulate brain activity in appetite centers in humans. Cell Metab
14:700-706

Deacon CF (2011) Dipeptidyl peptidase-4 inhibitors in the treatment of type 2 diabetes: a
comparative review. Diabetes Obes Metab 13:7-18

Deacon CF, Ahren B (2011) Physiology of incretins in health and disease. Rev Diabet Stud
8:293-306



162 T.Wu et al.

Deacon CF, Pridal L, Klarskov L, Olesen M, Holst JJ (1996) Glucagon-like peptide 1 undergoes
differential tissue-specific metabolism in the anesthetized pig. Am J Physiol 271:E458-E464

Deacon CF, Nauck MA, Meier J, Hucking K, Holst JJ (2000) Degradation of endogenous and
exogenous gastric inhibitory polypeptide in healthy and in type 2 diabetic subjects as revealed
using a new assay for the intact peptide. J Clin Endocrinol Metab 85:3575-3581

Deane AM, Chapman MJ, Fraser RJ, Summers MJ, Zaknic AV, Storey JP, Jones KL, Rayner CK,
Horowitz M (2010a) Effects of exogenous glucagon-like peptide-1 on gastric emptying and
glucose absorption in the critically ill: relationship to glycemia. Crit Care Med 38:1261-1269

Deane AM, Nguyen NQ, Stevens JE, Fraser RJ, Holloway RH, Besanko LK, Burgstad C, Jones
KL, Chapman MJ, Rayner CK, Horowitz M (2010b) Endogenous glucagon-like peptide-1
slows gastric emptying in healthy subjects, attenuating postprandial glycemia. J Clin
Endocrinol Metab 95:215-221

Diamant M, Van Gaal L, Stranks S, Guerci B, MacConell L, Haber H, Scism-Bacon J, Trautmann
M (2012) Safety and efficacy of once-weekly exenatide compared with insulin glargine titrated
to target in patients with type 2 diabetes over 84 weeks. Diabetes Care 35:683-689

Drucker DJ (2013) Incretin action in the pancreas: potential promise, possible perils, and patho-
logical pitfalls. Diabetes 62:3316-3323

Drucker DJ, Philippe J, Mojsov S, Chick WL, Habener JF (1987) Glucagon-like peptide I
stimulates insulin gene expression and increases cyclic AMP levels in a rat islet cell line.
Proc Natl Acad Sci U S A 84:3434-3438

Drucker DJ, Sherman SI, Bergenstal RM, Buse JB (2011) The safety of incretin-based therapies—
review of the scientific evidence. J Clin Endocrinol Metab 96:2027-2031

Dupre J, Behme MT, McDonald TJ (2004) Exendin-4 normalized postcibal glycemic excursions in
type 1 diabetes. J Clin Endocrinol Metab 89:3469-3473

Ebert R, Nauck M, Creutzfeldt W (1991) Effect of exogenous or endogenous gastric inhibitory
polypeptide (GIP) on plasma triglyceride responses in rats. Horm Metab Res 23:517-521

Edholm T, Degerblad M, Gryback P, Hilsted L, Holst JJ, Jacobsson H, Efendic S, Schmidt PT,
Hellstrom PM (2010) Differential incretin effects of GIP and GLP-1 on gastric emptying,
appetite, and insulin-glucose homeostasis. Neurogastroenterol Motil 22(1191-200):e315

Eguchi Y, Kitajima Y, Hyogo H, Takahashi H, Kojima M, Ono M, Araki N, Tanaka K,
Yamaguchi M, Matsuda Y, Ide Y, Otsuka T, Ozaki I, Ono N, Eguchi T, Anzai K, Japan
Study Group for NAFLD (JSG-NAFLD) (2014) Pilot study of liraglutide effects in
non-alcoholic steatohepatitis and non-alcoholic fatty liver disease with glucose intolerance in
Japanese patients (LEAN-J). Hepatol Res 45(3):269-278

Eissele R, Goke R, Willemer S, Harthus HP, Vermeer H, Arnold R, Goke B (1992) Glucagon-like
peptide-1 cells in the gastrointestinal tract and pancreas of rat, pig and man. Eur J Clin Invest
22:283-291

Ellingsgaard H, Hauselmann I, Schuler B, Habib AM, Baggio LL, Meier DT, Eppler E,
Bouzakri K, Wueest S, Muller YD, Hansen AM, Reinecke M, Konrad D, Gassmann M,
Reimann F, Halban PA, Gromada J, Drucker DJ, Gribble FM, Ehses JA, Donath MY (2011)
Interleukin-6 enhances insulin secretion by increasing glucagon-like peptide-1 secretion from
L cells and alpha cells. Nat Med 17:1481-1489

Enc FY, Imeryuz N, Akin L, Turoglu T, Dede F, Haklar G, Tekesin N, Bekiroglu N, Yegen BC,
Rehfeld JF, Holst JJ, Ulusoy NB (2001) Inhibition of gastric emptying by acarbose is
correlated with GLP-1 response and accompanied by CCK release. Am J Physiol Gastrointest
Liver Physiol 281:G752-G763

Fara JW, Salazar AM (1978) Gastric inhibitory polypeptide increases mesenteric blood flow. Proc
Soc Exp Biol Med 158:446-448

Flint A, Raben A, Rehfeld JF, Holst JJ, Astrup A (2000) The effect of glucagon-like peptide-1 on
energy expenditure and substrate metabolism in humans. Int J Obes Relat Metab Disord
24:288-298

Franklin I, Gromada J, Gjinovci A, Theander S, Wollheim CB (2005) Beta-cell secretory products
activate alpha-cell ATP-dependent potassium channels to inhibit glucagon release. Diabetes
54:1808-1815



Incretins 163

Fujita Y, Wideman RD, Asadi A, Yang GK, Baker R, Webber T, Zhang T, Wang R, Ao Z,
Warnock GL, Kwok YN, Kieffer TJ (2010) Glucose-dependent insulinotropic polypeptide is
expressed in pancreatic islet alpha-cells and promotes insulin secretion. Gastroenterology
138:1966-1975

Gallwitz B, Vaag A, Falahati A, Madsbad S (2010) Adding liraglutide to oral antidiabetic drug
therapy: onset of treatment effects over time. Int J Clin Pract 64:267-276

Gault VA, McClean PL, Cassidy RS, Irwin N, Flatt PR (2007) Chemical gastric inhibitory
polypeptide receptor antagonism protects against obesity, insulin resistance, glucose intoler-
ance and associated disturbances in mice fed high-fat and cafeteria diets. Diabetologia
50:1752-1762

Gentilcore D, Bryant B, Wishart JM, Morris HA, Horowitz M, Jones KL (2005) Acarbose
attenuates the hypotensive response to sucrose and slows gastric emptying in the elderly.
Am J Med 118:1289

Gil-Lozano M, Mingomataj EL, Wu WK, Ridout SA, Brubaker PL (2014) Circadian secretion of
the intestinal hormone GLP-1 by the rodent L cell. Diabetes 63:3674-3685

Gjesing AP, Ekstrom CT, Eiberg H, Urhammer SA, Holst JJ, Pedersen O, Hansen T (2012) Fasting
and oral glucose-stimulated levels of glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide-1 (GLP-1) are highly familial traits. Diabetologia 55:1338—1345

Gogebakan O, Andres J, Biedasek K, Mai K, Kuhnen P, Krude H, Isken F, Rudovich N, Osterhoff
MA, Kintscher U, Nauck M, Pfeiffer AF, Spranger J (2012) Glucose-dependent insulinotropic
polypeptide reduces fat-specific expression and activity of 11beta-hydroxysteroid dehydroge-
nase type 1 and inhibits release of free fatty acids. Diabetes 61:292-300

Goo RH, Moore JG, Greenberg E, Alazraki NP (1987) Circadian variation in gastric emptying of
meals in humans. Gastroenterology 93:515-518

Gu G, Roland B, Tomaselli K, Dolman CS, Lowe C, Heilig JS (2013) Glucagon-like peptide-1 in
the rat brain: distribution of expression and functional implication. J Comp Neurol
521:2235-2261

Gupta D, Peshavaria M, Monga N, Jetton TL, Leahy JL (2010) Physiologic and pharmacologic
modulation of glucose-dependent insulinotropic polypeptide (GIP) receptor expression in beta-
cells by peroxisome proliferator-activated receptor (PPAR)-gamma signaling: possible mech-
anism for the GIP resistance in type 2 diabetes. Diabetes 59:1445-1450

Gutzwiller JP, Tschopp S, Bock A, Zehnder CE, Huber AR, Kreyenbuehl M, Gutmann H, Drewe J,
Henzen C, Goeke B, Beglinger C (2004) Glucagon-like peptide 1 induces natriuresis in healthy
subjects and in insulin-resistant obese men. J Clin Endocrinol Metab 89:3055-3061

Hansen L, Deacon CF, Orskov C, Holst JJ (1999) Glucagon-like peptide-1-(7-36)amide is
transformed to glucagon-like peptide-1-(9-36)amide by dipeptidyl peptidase IV in the
capillaries supplying the L cells of the porcine intestine. Endocrinology 140:5356-5363

Hansen KB, Vilsboll T, Bagger JI, Holst JJ, Knop FK (2012) Impaired incretin-induced amplifi-
cation of insulin secretion after glucose homeostatic dysregulation in healthy subjects. J Clin
Endocrinol Metab 97:1363-1370

Hare KJ, Vilsboll T, Asmar M, Deacon CF, Knop FK, Holst JJ (2010) The glucagonostatic and
insulinotropic effects of glucagon-like peptide 1 contribute equally to its glucose-lowering
action. Diabetes 59:1765-1770

Hegedus L, Moses AC, Zdravkovic M, Le Thi T, Daniels GH (2011) GLP-1 and calcitonin
concentration in humans: lack of evidence of calcitonin release from sequential screening in
over 5000 subjects with type 2 diabetes or nondiabetic obese subjects treated with the human
GLP-1 analog, liraglutide. J Clin Endocrinol Metab 96:853-860

Heller RS, Kieffer TJ, Habener JF (1997) Insulinotropic glucagon-like peptide I receptor expres-
sion in glucagon-producing alpha-cells of the rat endocrine pancreas. Diabetes 46:785-791

Henriksen DB, Alexandersen P, Bjarnason NH, Vilsboll T, Hartmann B, Henriksen EE,
Byrjalsen I, Krarup T, Holst JJ, Christiansen C (2003) Role of gastrointestinal hormones in
postprandial reduction of bone resorption. J Bone Miner Res 18:2180-2189



164 T.Wu et al.

Hojberg PV, Vilsboll T, Rabol R, Knop FK, Bache M, Krarup T, Holst JJ, Madsbad S (2009) Four
weeks of near-normalisation of blood glucose improves the insulin response to glucagon-like
peptide-1 and glucose-dependent insulinotropic polypeptide in patients with type 2 diabetes.
Diabetologia 52:199-207

Holst JJ (2007) The physiology of glucagon-like peptide 1. Physiol Rev 87:1409-1439

Horowitz M, Rayner CK, Jones KL (2013) Mechanisms and clinical efficacy of lixisenatide for the
management of type 2 diabetes. Adv Ther 30:81-101

Irwin N, Flatt PR (2009) Evidence for beneficial effects of compromised gastric inhibitory
polypeptide action in obesity-related diabetes and possible therapeutic implications.
Diabetologia 52:1724-1731

Jendle J, Nauck MA, Matthews DR, Frid A, Hermansen K, During M, Zdravkovic M, Strauss BJ,
Garber AJ, LEAD-2 and LEAD-3 Study Groups (2009) Weight loss with liraglutide, a once-
daily human glucagon-like peptide-1 analogue for type 2 diabetes treatment as monotherapy or
added to metformin, is primarily as a result of a reduction in fat tissue. Diabetes Obes Metab
11:1163-1172

Kahles F, Meyer C, Mollmann J, Diebold S, Findeisen HM, Lebherz C, Trautwein C, Koch A,
Tacke F, Marx N, Lehrke M (2014) GLP-1 secretion is increased by inflammatory stimuli in an
IL-6-dependent manner, leading to hyperinsulinemia and blood glucose lowering. Diabetes 63
(10):3221-3229

Keyhani-Nejad F, Irmler M, Isken F, Wirth EK, Beckers J, Birkenfeld AL, Pfeiffer AF (2015)
Nutritional strategy to prevent fatty liver and insulin resistance independent of obesity by
reducing glucose-dependent insulinotropic polypeptide responses in mice. Diabetologia
58:374-383

Kim M, Platt MJ, Shibasaki T, Quaggin SE, Backx PH, Seino S, Simpson JA, Drucker DJ (2013)
GLP-1 receptor activation and Epac? link atrial natriuretic peptide secretion to control of blood
pressure. Nat Med 19:567-575

Klonoff DC, Buse JB, Nielsen LL, Guan X, Bowlus CL, Holcombe JH, Wintle ME, Maggs DG
(2008) Exenatide effects on diabetes, obesity, cardiovascular risk factors and hepatic
biomarkers in patients with type 2 diabetes treated for at least 3 years. Curr Med Res Opin
24:275-286

Kreymann B, Williams G, Ghatei MA, Bloom SR (1987) Glucagon-like peptide-1 7-36: a
physiological incretin in man. Lancet 2:1300-1304

Kuhre RE, Gribble FM, Hartmann B, Reimann F, Windelov JA, Rehfeld JF, Holst JJ (2014)
Fructose stimulates GLP-1 but not GIP secretion in mice, rats, and humans. Am J Physiol
Gastrointest Liver Physiol 306:G622-G630

Kunkel D, Basseri B, Low K, Lezcano S, Soffer EE, Conklin JL, Mathur R, Pimentel M (2011)
Efficacy of the glucagon-like peptide-1 agonist exenatide in the treatment of short bowel
syndrome. Neurogastroenterol Motil 23:739-e328

Kuo P, Chaikomin R, Pilichiewicz A, O’Donovan D, Wishart JM, Meyer JH, Jones KL, Feinle-
Bisset C, Horowitz M, Rayner CK (2008) Transient, early release of glucagon-like peptide-1
during low rates of intraduodenal glucose delivery. Regul Pept 146:1-3

Kuo P, Stevens JE, Russo A, Maddox A, Wishart JM, Jones KL, Greville H, Hetzel D, Chapman I,
Horowitz M, Rayner CK (2011) Gastric emptying, incretin hormone secretion, and postpran-
dial glycemia in cystic fibrosis—effects of pancreatic enzyme supplementation. J Clin
Endocrinol Metab 96:E851-E855

Laferrere B, Heshka S, Wang K, Khan Y, McGinty J, Teixeira J, Hart AB, Olivan B (2007)
Incretin levels and effect are markedly enhanced 1 month after Roux-en-Y gastric bypass
surgery in obese patients with type 2 diabetes. Diabetes Care 30:1709-1716

Laferrere B, Teixeira J, McGinty J, Tran H, Egger JR, Colarusso A, Kovack B, Bawa B, Koshy N,
Lee H, Yapp K, Olivan B (2008) Effect of weight loss by gastric bypass surgery versus
hypocaloric diet on glucose and incretin levels in patients with type 2 diabetes. J Clin
Endocrinol Metab 93:2479-2485

Lee MY, Fraser JD, Chapman MJ, Sundararajan K, Umapathysivam MM, Summers MJ, Zaknic
AV, Rayner CK, Meier JJ, Horowitz M, Deane AM (2013) The effect of exogenous glucose-



Incretins 165

dependent insulinotropic polypeptide in combination with glucagon-like peptide-1 on
glycemia in the critically ill. Diabetes Care 36:3333-3336

Lewis JT, Dayanandan B, Habener JF, Kieffer TJ (2000) Glucose-dependent insulinotropic
polypeptide confers early phase insulin release to oral glucose in rats: demonstration by a
receptor antagonist. Endocrinology 141:3710-3716

Lindgren O, Mari A, Deacon CF, Carr RD, Winzell MS, Vikman J, Ahren B (2009) Differential
islet and incretin hormone responses in morning versus afternoon after standardized meal in
healthy men. J Clin Endocrinol Metab 94:2887-2892

Lindgren O, Carr RD, Deacon CF, Holst JJ, Pacini G, Mari A, Ahren B (2011) Incretin hormone
and insulin responses to oral versus intravenous lipid administration in humans. J Clin
Endocrinol Metab 96:2519-2524

Lindgren O, Pacini G, Tura A, Holst JJ, Deacon CF, Ahren B (2014) Incretin effect after oral
amino acid ingestion in humans. J Clin Endocrinol Metab 100(3):1172-1176

Little TJ, Pilichiewicz AN, Russo A, Phillips L, Jones KL, Nauck MA, Wishart J, Horowitz M,
Feinle-Bisset C (2006) Effects of intravenous glucagon-like peptide-1 on gastric emptying and
intragastric distribution in healthy subjects: relationships with postprandial glycemic and
insulinemic responses. J Clin Endocrinol Metab 91:1916-1923

Little TJ, Isaacs NJ, Young RL, Ott R, Nguyen NQ, Rayner CK, Horowitz M, Feinle-Bisset C
(2014) Characterization of duodenal expression and localization of fatty acid-sensing receptors
in humans: relationships with body mass index. Am J Physiol Gastrointest Liver Physiol 307
(10):G958-G967

Lockie SH, Heppner KM, Chaudhary N, Chabenne JR, Morgan DA, Veyrat-Durebex C,
Ananthakrishnan G, Rohner-Jeanrenaud F, Drucker DJ, DiMarchi R, Rahmouni K, Oldfield
BJ, Tschop MH, Perez-Tilve D (2012) Direct control of brown adipose tissue thermogenesis by
central nervous system glucagon-like peptide-1 receptor signaling. Diabetes 61:2753-2762

Lorenz M, Pfeiffer C, Steinstrasser A, Becker RH, Rutten H, Ruus P, Horowitz M (2013) Effects
of lixisenatide once daily on gastric emptying in type 2 diabetes - relationship to postprandial
glycemia. Regul Pept 185C:1-8

Lovshin JA, Barnie A, DeAlmeida A, Logan A, Zinman B, Drucker DJ (2015) Liraglutide
promotes natriuresis but does not increase circulating levels of atrial natriuretic peptide in
hypertensive subjects with type 2 diabetes. Diabetes Care 38:132-139

Lu WJ, Yang Q, Sun W, Woods SC, D’Alessio D, Tso P (2007) The regulation of the lymphatic
secretion of glucagon-like peptide-1 (GLP-1) by intestinal absorption of fat and carbohydrate.
Am J Physiol Gastrointest Liver Physiol 293:G963-G971

Lyssenko V, Eliasson L, Kotova O, Pilgaard K, Wierup N, Salehi A, Wendt A, Jonsson A, De
Marinis YZ, Berglund LM, Taneera J, Balhuizen A, Hansson O, Osmark P, Duner P, Brons C,
Stancakova A, Kuusisto J, Bugliani M, Saxena R, Ahlqvist E, Kieffer TJ, Tuomi T, Isomaa B,
Melander O, Sonestedt E, Orho-Melander M, Nilsson P, Bonetti S, Bonadonna R, Miccoli R,
Delprato S, Marchetti P, Madsbad S, Poulsen P, Vaag A, Laakso M, Gomez MF, Groop L
(2011) Pleiotropic effects of GIP on islet function involve osteopontin. Diabetes 60:2424-2433

Ma J, Bellon M, Wishart JM, Young R, Blackshaw LA, Jones KL, Horowitz M, Rayner CK
(2009a) Effect of the artificial sweetener, sucralose, on gastric emptying and incretin hormone
release in healthy subjects. Am J Physiol Gastrointest Liver Physiol 296:G735-G739

Mal, Stevens JE, Cukier K, Maddox AF, Wishart JM, Jones KL, Clifton PM, Horowitz M, Rayner
CK (2009b) Effects of a protein preload on gastric emptying, glycemia, and gut hormones after
a carbohydrate meal in diet-controlled type 2 diabetes. Diabetes Care 32:1600—1602

Ma J, Pilichiewicz AN, Feinle-Bisset C, Wishart JM, Jones KL, Horowitz M, Rayner CK (2012)
Effects of variations in duodenal glucose load on glycaemic, insulin, and incretin responses in
type 2 diabetes. Diabet Med 29:604—608

MaJ, Checklin HL, Wishart JM, Stevens JE, Jones KL, Horowitz M, Meyer JH, Rayner CK (2013)
A randomised trial of enteric-coated nutrient pellets to stimulate gastrointestinal peptide
release and lower glycaemia in type 2 diabetes. Diabetologia 56:1236—1242



166 T.Wu et al.

Maida A, Hansotia T, Longuet C, Seino Y, Drucker DJ (2009) Differential importance of glucose-
dependent insulinotropic polypeptide vs glucagon-like peptide 1 receptor signaling for beta
cell survival in mice. Gastroenterology 137:2146-2157

Marchetti P, Lupi R, Bugliani M, Kirkpatrick CL, Sebastiani G, Grieco FA, Del Guerra S,
D’Aleo V, Piro S, Marselli L, Boggi U, Filipponi F, Tinti L, Salvini L, Wollheim CB,
Purrello F, Dotta F (2012) A local glucagon-like peptide 1 (GLP-1) system in human pancre-
atic islets. Diabetologia 55:3262-3272

McKay NJ, Galante DL, Daniels D (2014) Endogenous glucagon-like peptide-1 reduces drinking
behavior and is differentially engaged by water and food intakes in rats. J Neurosci
34:16417-16423

Meier JJ, Hucking K, Holst JJ, Deacon CF, Schmiegel WH, Nauck MA (2001) Reduced
insulinotropic effect of gastric inhibitory polypeptide in first-degree relatives of patients with
type 2 diabetes. Diabetes 50:2497-2504

Meier JJ, Gallwitz B, Siepmann N, Holst JJ, Deacon CF, Schmidt WE, Nauck MA (2003a) Gastric
inhibitory polypeptide (GIP) dose-dependently stimulates glucagon secretion in healthy human
subjects at euglycaemia. Diabetologia 46:798-801

Meier JJ, Nauck MA, Siepmann N, Greulich M, Holst JJ, Deacon CF, Schmidt WE, Gallwitz B
(2003b) Similar insulin secretory response to a gastric inhibitory polypeptide bolus injection at
euglycemia in first-degree relatives of patients with type 2 diabetes and control subjects.
Metabolism 52:1579-1585

Meier JJ, Goetze O, Anstipp J, Hagemann D, Holst JJ, Schmidt WE, Gallwitz B, Nauck MA (2004)
Gastric inhibitory polypeptide does not inhibit gastric emptying in humans. Am J Physiol
Endocrinol Metab 286:E621-E625

Meier JJ, Gallwitz B, Askenas M, Vollmer K, Deacon CF, Holst JJ, Schmidt WE, Nauck MA
(2005a) Secretion of incretin hormones and the insulinotropic effect of gastric inhibitory
polypeptide in women with a history of gestational diabetes. Diabetologia 48:1872-1881

Meier JJ, Kemmeries G, Holst JJ, Nauck MA (2005b) Erythromycin antagonizes the deceleration
of gastric emptying by glucagon-like peptide 1 and unmasks its insulinotropic effect in healthy
subjects. Diabetes 54:2212-2218

Mentis N, Vardarli I, Kothe LD, Holst JJ, Deacon CF, Theodorakis M, Meier JJ, Nauck MA (2011)
GIP does not potentiate the antidiabetic effects of GLP-1 in hyperglycemic patients with type
2 diabetes. Diabetes 60:1270-1276

Miyawaki K, Yamada Y, Yano H, Niwa H, Ban N, Ihara Y, Kubota A, Fujimoto S, Kajikawa M,
Kuroe A, Tsuda K, Hashimoto H, Yamashita T, Jomori T, Tashiro F, Miyazaki J, Seino Y
(1999) Glucose intolerance caused by a defect in the entero-insular axis: a study in gastric
inhibitory polypeptide receptor knockout mice. Proc Natl Acad Sci U S A 96:14843-14847

Monnier L, Colette C, Dunseath GJ, Owens DR (2007) The loss of postprandial glycemic control
precedes stepwise deterioration of fasting with worsening diabetes. Diabetes Care 30:263-269

Mortensen K, Christensen LL, Holst JJ, Orskov C (2003) GLP-1 and GIP are colocalized in a
subset of endocrine cells in the small intestine. Regul Pept 114:189-196

Mulherin AJ, Oh AH, Kim H, Grieco A, Lauffer LM, Brubaker PL (2011) Mechanisms underlying
metformin-induced secretion of glucagon-like peptide-1 from the intestinal L cell. Endocrinol-
ogy 152:4610-4619

Nasteska D, Harada N, Suzuki K, Yamane S, Hamasaki A, Joo E, Iwasaki K, Shibue K, Harada T,
Inagaki N (2014) Chronic reduction of GIP secretion alleviates obesity and insulin resistance
under high-fat diet conditions. Diabetes 63:2332-2343

Nauck MA, Homberger E, Siegel EG, Allen RC, Eaton RP, Ebert R, Creutzfeldt W (1986) Incretin
effects of increasing glucose loads in man calculated from venous insulin and C-peptide
responses. J Clin Endocrinol Metab 63:492-498

Nauck MA, Heimesaat MM, Orskov C, Holst JJ, Ebert R, Creutzfeldt W (1993) Preserved incretin
activity of glucagon-like peptide 1 [7-36 amide] but not of synthetic human gastric inhibitory
polypeptide in patients with type-2 diabetes mellitus. J Clin Invest 91:301-307



Incretins 167

Nauck MA, Niedereichholz U, Ettler R, Holst JJ, Orskov C, Ritzel R, Schmiegel WH (1997)
Glucagon-like peptide 1 inhibition of gastric emptying outweighs its insulinotropic effects in
healthy humans. Am J Physiol 273:E981-E988

Nauck MA, Heimesaat MM, Behle K, Holst JJ, Nauck MS, Ritzel R, Hufner M, Schmiegel WH
(2002) Effects of glucagon-like peptide 1 on counterregulatory hormone responses, cognitive
functions, and insulin secretion during hyperinsulinemic, stepped hypoglycemic clamp
experiments in healthy volunteers. J Clin Endocrinol Metab 87:1239-1246

Nauck MA, Kemmeries G, Holst JJ, Meier JJ (2011a) Rapid tachyphylaxis of the glucagon-like
peptide 1-induced deceleration of gastric emptying in humans. Diabetes 60:1561-1565

Nauck MA, Vardarli I, Deacon CF, Holst JJ, Meier JJ (2011b) Secretion of glucagon-like peptide-
1 (GLP-1) in type 2 diabetes: what is up, what is down? Diabetologia 54:10-18

Nauck MA, Baranov O, Ritzel RA, Meier JJ (2013) Do current incretin mimetics exploit the full
therapeutic potential inherent in GLP-1 receptor stimulation? Diabetologia 56:1878—1883

Nicolaus M, Brodl J, Linke R, Woerle HJ, Goke B, Schirra J (2011) Endogenous GLP-1 regulates
postprandial glycemia in humans: relative contributions of insulin, glucagon, and gastric
emptying. J Clin Endocrinol Metab 96:229-236

Nogueiras R, Perez-Tilve D, Veyrat-Durebex C, Morgan DA, Varela L, Haynes WG, Patterson JT,
Disse E, Pfluger PT, Lopez M, Woods SC, DiMarchi R, Dieguez C, Rahmouni K, Rohner-
Jeanrenaud F, Tschop MH (2009) Direct control of peripheral lipid deposition by CNS GLP-1
receptor signaling is mediated by the sympathetic nervous system and blunted in diet-induced
obesity. J Neurosci 29:5916-5925

Nyberg J, Anderson MF, Meister B, Alborn AM, Strom AK, Brederlau A, Illerskog AC, Nilsson O,
Kieffer TJ, Hietala MA, Ricksten A, Eriksson PS (2005) Glucose-dependent insulinotropic
polypeptide is expressed in adult hippocampus and induces progenitor cell proliferation. J
Neurosci 25:1816-1825

Pathak V, Gault VA, Flatt PR, Irwin N (2014) Antagonism of gastric inhibitory polypeptide (GIP)
by palmitoylation of GIP analogues with N- and C-terminal modifications improves obesity
and metabolic control in high fat fed mice. Mol Cell Endocrinol 401:120-129

Perano SJ, Couper JJ, Horowitz M, Martin AJ, Kritas S, Sullivan T, Rayner CK (2014) Pancreatic
enzyme supplementation improves the incretin hormone response and attenuates postprandial
glycemia in adolescents with cystic fibrosis: a randomized crossover trial. J Clin Endocrinol
Metab 99:2486-2493

Plamboeck A, Veedfald S, Deacon CF, Hartmann B, Wettergren A, Svendsen LB, Meisner S,
Hovendal C, Knop FK, Vilsboll T, Holst JJ (2013) Characterisation of oral and i.v. glucose
handling in truncally vagotomised subjects with pyloroplasty. Eur J Endocrinol 169:187-201

Powell DR, Smith M, Greer J, Harris A, Zhao S, Dacosta C, Mseeh F, Shadoan MK, Sands A,
Zambrowicz B, Ding ZM (2013) LX4211 increases serum GLP-1 and PYY levels by reducing
SGLT-1-mediated absorption of intestinal glucose. J Pharmacol Exp Ther 345(2):250-259

Prigeon RL, Quddusi S, Paty B, D’Alessio DA (2003) Suppression of glucose production by
GLP-1 independent of islet hormones: a novel extrapancreatic effect. Am J Physiol Endocrinol
Metab 285:E-701-E-707

Pyke C, Knudsen LB (2013) The glucagon-like peptide-1 receptor—or not? Endocrinology 154:4—8

Pyke C, Heller RS, Kirk RK, Orskov C, Reedtz-Runge S, Kaastrup P, Hvelplund A, Bardram L,
Calatayud D, Knudsen LB (2014) GLP-1 receptor localization in monkey and human tissue:
novel distribution revealed with extensively validated monoclonal antibody. Endocrinology
155:1280-1290

Qualmann C, Nauck MA, Holst JJ, Orskov C, Creutzfeldt W (1995) Glucagon-like peptide 1 (7-36
amide) secretion in response to luminal sucrose from the upper and lower gut. A study using
alpha-glucosidase inhibition (acarbose). Scand J Gastroenterol 30:892-896

Rankin MM, Kushner JA (2009) Adaptive beta-cell proliferation is severely restricted with
advanced age. Diabetes 58:1365-1372

Richards P, Parker HE, Adriaenssens AE, Hodgson JM, Cork SC, Trapp S, Gribble FM, Reimann
F (2014) Identification and characterization of GLP-1 receptor-expressing cells using a new
transgenic mouse model. Diabetes 63:1224-1233



168 T.Wu et al.

Rocca AS, Brubaker PL (1999) Role of the vagus nerve in mediating proximal nutrient-induced
glucagon-like peptide-1 secretion. Endocrinology 140:1687-1694

Salehi M, Vahl TP, D’ Alessio DA (2008) Regulation of islet hormone release and gastric emptying
by endogenous glucagon-like peptide 1 after glucose ingestion. J Clin Endocrinol Metab
93:4909-4916

Salehi M, Aulinger B, Prigeon RL, D’Alessio DA (2010) Effect of endogenous GLP-1 on insulin
secretion in type 2 diabetes. Diabetes 59:1330-1337

Salehi M, Gastaldelli A, D’Alessio DA (2014) Blockade of glucagon-like peptide 1 receptor
corrects postprandial hypoglycemia after gastric bypass. Gastroenterology 146(669-680):e2

Sandoval DA, Bagnol D, Woods SC, D’Alessio DA, Seeley RJ (2008) Arcuate glucagon-like
peptide 1 receptors regulate glucose homeostasis but not food intake. Diabetes 57:2046-2054

Sathyanarayana P, Jogi M, Muthupillai R, Krishnamurthy R, Samson SL, Bajaj M (2011) Effects
of combined exenatide and pioglitazone therapy on hepatic fat content in type 2 diabetes.
Obesity (Silver Spring) 19:2310-2315

Saxena R, Hivert MF, Langenberg C, Tanaka T, Pankow JS, Vollenweider P, Lyssenko V,
Bouatia-Naji N, Dupuis J, Jackson AU, Kao WH, Li M, Glazer NL, Manning AK, Luan J,
Stringham HM, Prokopenko I, Johnson T, Grarup N, Boesgaard TW, Lecoeur C, Shrader P,
O’Connell J, Ingelsson E, Couper DJ, Rice K, Song K, Andreasen CH, Dina C, Kottgen A, Le
Bacquer O, Pattou F, Taneera J, Steinthorsdottir V, Rybin D, Ardlie K, Sampson M, Qi L, van
Hoek M, Weedon MN, Aulchenko YS, Voight BF, Grallert H, Balkau B, Bergman RN,
Bielinski SJ, Bonnefond A, Bonnycastle LL, Borch-Johnsen K, Bottcher Y, Brunner E,
Buchanan TA, Bumpstead SJ, Cavalcanti-Proenca C, Charpentier G, Chen YD, Chines PS,
Collins FS, Cornelis M, J Crawford G, Delplanque J, Doney A, Egan JM, Erdos MR,
Firmann M, Forouhi NG, Fox CS, Goodarzi MO, Graessler J, Hingorani A, Isomaa B,
Jorgensen T, Kivimaki M, Kovacs P, Krohn K, Kumari M, Lauritzen T, Levy-Marchal C,
Mayor V, McAteer JB, Meyre D, Mitchell BD, Mohlke KL, Morken MA, Narisu N, Palmer
CN, Pakyz R, Pascoe L, Payne F, Pearson D, Rathmann W, Sandbaek A, Sayer AA, Scott LJ,
Sharp SJ, Sijbrands E, Singleton A, Siscovick DS, Smith NL, Sparso T, Swift AJ, Syddall H,
Thorleifsson G, Tonjes A, Tuomi T, Tuomilehto J, Valle TT, Waeber G, Walley A,
Waterworth DM, Zeggini E, Zhao JH, GIANT consortium, MAGIC investigators, Illig T,
Wichmann HE, Wilson JF, van Duijn C, Hu FB, Morris AD, Frayling TM, Hattersley AT,
Thorsteinsdottir U, Stefansson K, Nilsson P, Syvanen AC, Shuldiner AR, Walker M, Bornstein
SR, Schwarz P, Williams GH, Nathan DM, Kuusisto J, Laakso M, Cooper C, Marmot M,
Ferrucci L, Mooser V, Stumvoll M, Loos RJ, Altshuler D, Psaty BM, Rotter JI, Boerwinkle E,
Hansen T, Pedersen O, Florez JC, McCarthy MI, Boehnke M, Barroso I, Sladek R, Froguel P,
Meigs JB, Groop L, Wareham NJ, Watanabe RM (2010) Genetic variation in GIPR influences
the glucose and insulin responses to an oral glucose challenge. Nat Genet 42:142-148

Schirra J, Sturm K, Leicht P, Arnold R, Goke B, Katschinski M (1998) Exendin(9-39)amide is an
antagonist of glucagon-like peptide-1(7-36)amide in humans. J Clin Invest 101:1421-1430

Schirra J, Nicolaus M, Roggel R, Katschinski M, Storr M, Woerle HJ, Goke B (2006) Endogenous
glucagon-like peptide 1 controls endocrine pancreatic secretion and antro-pyloro-duodenal
motility in humans. Gut 55:243-251

Scirica BM, Bhatt DL, Braunwald E, Steg PG, Davidson J, Hirshberg B, Ohman P, Frederich R,
Wiviott SD, Hoffman EB, Cavender MA, Udell JA, Desai NR, Mosenzon O, McGuire DK,
Ray KK, Leiter LA, Raz I, SAVOR-TIMI 53 Steering Committee and Investigators (2013)
Saxagliptin and cardiovascular outcomes in patients with type 2 diabetes mellitus. N Engl J
Med 369:1317-1326

Seghieri M, Rebelos E, Gastaldelli A, Astiarraga BD, Casolaro A, Barsotti E, Pocai A, Nauck M,
Muscelli E, Ferrannini E (2013) Direct effect of GLP-1 infusion on endogenous glucose
production in humans. Diabetologia 56:156-161

Seifarth C, Bergmann J, Holst JJ, Ritzel R, Schmiegel W, Nauck MA (1998) Prolonged and
enhanced secretion of glucagon-like peptide 1 (7-36 amide) after oral sucrose due to alpha-
glucosidase inhibition (acarbose) in Type 2 diabetic patients. Diabet Med 15:485-491



Incretins 169

Seino Y, Yabe D (2013) Glucose-dependent insulinotropic polypeptide and glucagon-like peptide-
1: incretin actions beyond the pancreas. J Diabetes Investig 4:108—130

Seufert J, Gallwitz B (2014) The extra-pancreatic effects of GLP-1 receptor agonists: a focus on
the cardiovascular, gastrointestinal and central nervous systems. Diabetes Obes Metab
16:673-688

Shah M, Law JH, Micheletto F, Sathananthan M, Dalla Man C, Cobelli C, Rizza RA, Camilleri M,
Zinsmeister AR, Vella A (2014) Contribution of endogenous glucagon-like peptide 1 to
glucose metabolism after Roux-en-Y gastric bypass. Diabetes 63:483-493

Sharma S, Mells JE, Fu PP, Saxena NK, Anania FA (2011) GLP-1 analogs reduce hepatocyte
steatosis and improve survival by enhancing the unfolded protein response and promoting
macroautophagy. PLoS One 6:¢25269

Smith EP, An Z, Wagner C, Lewis AG, Cohen EB, Li B, Mahbod P, Sandoval D, Perez-Tilve D,
Tamarina N, Philipson LH, Stoffers DA, Seeley RJ, D’ Alessio DA (2014) The role of beta cell
glucagon-like peptide-1 signaling in glucose regulation and response to diabetes drugs. Cell
Metab 19:1050-1057

Steinert RE, Luscombe-Marsh ND, Little TJ, Standfield S, Otto B, Horowitz M, Feinle-Bisset C
(2014a) Effects of intraduodenal infusion of L-tryptophan on ad libitum eating, antropylor-
oduodenal motility, glycemia, insulinemia, and gut peptide secretion in healthy men. J Clin
Endocrinol Metab 99:3275-3284

Steinert RE, Schirra J, Meyer-Gerspach AC, Kienle P, Fischer H, Schulte F, Goeke B, Beglinger C
(2014b) Effect of glucagon-like peptide-1 receptor antagonism on appetite and food intake in
healthy men. Am J Clin Nutr 100:514-523

Svegliati-Baroni G, Saccomanno S, Rychlicki C, Agostinelli L, De Minicis S, Candelaresi C,
Faraci G, Pacetti D, Vivarelli M, Nicolini D, Garelli P, Casini A, Manco M, Mingrone G,
Risaliti A, Frega GN, Benedetti A, Gastaldelli A (2011) Glucagon-like peptide-1 receptor
activation stimulates hepatic lipid oxidation and restores hepatic signalling alteration induced
by a high-fat diet in nonalcoholic steatohepatitis. Liver Int 31:1285-1297

Svensson AM, Efendic S, Ostenson CG, Jansson L (1997) Gastric inhibitory polypeptide and
splanchnic blood perfusion: augmentation of the islet blood flow increase in hyperglycemic
rats. Peptides 18:1055-1059

Thazhath SS, Marathe C, Wu T, Chang J, Khoo J, Kuo P, Checklin H, Bound M, Russo A, Rigda
RS, Jones KL, Horowitz M, Rayner CK (2014) Effects of the glucagon-like peptide-1 (GLP-1)
receptor agonist, exenatide, on small intestinal motility, flow, and glucose absorption in healthy
subjects and in type 2 diabetes (Abstract). United Eur Gastroenterol J 2(1S5):A29

Theodorakis MJ, Carlson O, Michopoulos S, Doyle ME, Juhaszova M, Petraki K, Egan JM (2006)
Human duodenal enteroendocrine cells: source of both incretin peptides, GLP-1 and GIP. Am J
Physiol Endocrinol Metab 290:E550-E559

Toft-Nielsen MB, Madsbad S, Holst JJ (1999) Continuous subcutaneous infusion of glucagon-like
peptide 1 lowers plasma glucose and reduces appetite in type 2 diabetic patients. Diabetes Care
22:1137-1143

Trahair LG, Horowitz M, Rayner CK, Gentilcore D, Lange K, Wishart JM, Jones KL (2012)
Comparative effects of variations in duodenal glucose load on glycemic, insulinemic, and
incretin responses in healthy young and older subjects. J Clin Endocrinol Metab 97:844-851

Trahair LG, Horowitz M, Hausken T, Feinle-Bisset C, Rayner CK, Jones KL (2014) Effects of
exogenous glucagon-like peptide-1 on the blood pressure, heart rate, mesenteric blood flow and
glycemic responses to intraduodenal glucose in healthy older subjects. J Clin Endocrinol
Metab 99(12):E2628-E2634

Tsukiyama K, Yamada Y, Yamada C, Harada N, Kawasaki Y, Ogura M, Bessho K, Li M,
Amizuka N, Sato M, Udagawa N, Takahashi N, Tanaka K, Oiso Y, Seino Y (2006) Gastric
inhibitory polypeptide as an endogenous factor promoting new bone formation after food
ingestion. Mol Endocrinol 20:1644-1651

Turton MD, O’Shea D, Gunn I, Beak SA, Edwards CM, Meeran K, Choi SJ, Taylor GM, Heath
MM, Lambert PD, Wilding JP, Smith DM, Ghatei MA, Herbert J, Bloom SR (1996) A role for
glucagon-like peptide-1 in the central regulation of feeding. Nature 379:69-72



170 T.Wu et al.

Umapathysivam MM, Lee MY, Jones KL, Annink CE, Cousins CE, Trahair LG, Rayner CK,
Chapman MJ, Nauck MA, Horowitz M, Deane AM (2014) Comparative effects of prolonged
and intermittent stimulation of the glucagon-like peptide 1 receptor on gastric emptying and
glycemia. Diabetes 63:785-790

Ussher JR, Drucker DJ (2012) Cardiovascular biology of the incretin system. Endocr Rev
33:187-215

Ussher JR, Drucker DJ (2014) Cardiovascular actions of incretin-based therapies. Circ Res
114:1788-1803

Vahl TP, Tauchi M, Durler TS, Elfers EE, Fernandes TM, Bitner RD, Ellis KS, Woods SC, Seeley
RJ, Herman JP, D’ Alessio DA (2007) Glucagon-like peptide-1 (GLP-1) receptors expressed on
nerve terminals in the portal vein mediate the effects of endogenous GLP-1 on glucose
tolerance in rats. Endocrinology 148:4965-4973

Vella A, Shah P, Basu R, Basu A, Holst JJ, Rizza RA (2000) Effect of glucagon-like peptide 1
(7-36) amide on glucose effectiveness and insulin action in people with type 2 diabetes.
Diabetes 49:611-617

Vendrell J, El Bekay R, Peral B, Garcia-Fuentes E, Megia A, Macias-Gonzalez M, Fernandez
Real J, Jimenez-Gomez Y, Escote X, Pachon G, Simo R, Selva DM, Malagon MM, Tinahones
FJ (2011) Study of the potential association of adipose tissue GLP-1 receptor with obesity and
insulin resistance. Endocrinology 152:4072—4079

Vilsboll T, Agerso H, Krarup T, Holst JJ (2003a) Similar elimination rates of glucagon-like
peptide-1 in obese type 2 diabetic patients and healthy subjects. J Clin Endocrinol Metab
88:220-224

Vilsboll T, Krarup T, Madsbad S, Holst JJ (2003b) Both GLP-1 and GIP are insulinotropic at basal
and postprandial glucose levels and contribute nearly equally to the incretin effect of a meal in
healthy subjects. Regul Pept 114:115-121

Vilsboll T, Krarup T, Sonne J, Madsbad S, Volund A, Juul AG, Holst JJ (2003c) Incretin secretion
in relation to meal size and body weight in healthy subjects and people with type 1 and type
2 diabetes mellitus. J Clin Endocrinol Metab 88:2706-2713

Vilsboll T, Agerso H, Lauritsen T, Deacon CF, Aaboe K, Madsbad S, Krarup T, Holst JJ (2006)
The elimination rates of intact GIP as well as its primary metabolite, GIP 3-42, are similar in
type 2 diabetic patients and healthy subjects. Regul Pept 137:168—172

Waget A, Cabou C, Masseboeuf M, Cattan P, Armanet M, Karaca M, Castel J, Garret C, Payros G,
Maida A, Sulpice T, Holst JJ, Drucker DJ, Magnan C, Burcelin R (2011) Physiological and
pharmacological mechanisms through which the DPP-4 inhibitor sitagliptin regulates glycemia
in mice. Endocrinology 152:3018-3029

Waser B, Beetschen K, Pellegata NS, Reubi JC (2011) Incretin receptors in non-neoplastic and
neoplastic thyroid C cells in rodents and humans: relevance for incretin-based diabetes therapy.
Neuroendocrinology 94:291-301

Wettergren A, Petersen H, Orskov C, Christiansen J, Sheikh SP, Holst JJ (1994) Glucagon-like
peptide-1 7-36 amide and peptide YY from the L-cell of the ileal mucosa are potent inhibitors
of vagally induced gastric acid secretion in man. Scand J Gastroenterol 29:501-505

White WB, Cannon CP, Heller SR, Nissen SE, Bergenstal RM, Bakris GL, Perez AT, Fleck PR,
Mehta CR, Kupfer S, Wilson C, Cushman WC, Zannad F, Investigators E (2013) Alogliptin
after acute coronary syndrome in patients with type 2 diabetes. N Engl J Med 369:1327-1335

Wice BM, Reeds DN, Tran HD, Crimmins DL, Patterson BW, Dunai J, Wallendorf MJ, Ladenson
JH, Villareal DT, Polonsky KS (2012) Xenin-25 amplifies GIP-mediated insulin secretion in
humans with normal and impaired glucose tolerance but not type 2 diabetes. Diabetes
61:1793-1800

Widenmaier SB, Kim SJ, Yang GK, De Los Reyes T, Nian C, Asadi A, Seino Y, Kieffer TJ, Kwok
YN, McIntosh CH (2010) A GIP receptor agonist exhibits beta-cell anti-apoptotic actions in rat
models of diabetes resulting in improved beta-cell function and glycemic control. PLoS One 5:
€9590



Incretins 171

Witte AB, Gryback P, Jacobsson H, Naslund E, Hellstrom PM, Holst JJ, Hilsted L, Schmidt PT
(2011) Involvement of endogenous glucagon-like peptide-1 in regulation of gastric motility
and pancreatic endocrine secretion. Scand J Gastroenterol 46:428-435

Wu T, Rayner CK, Jones K, Horowitz M (2010) Dietary effects on incretin hormone secretion.
Vitam Horm 84:81-110

Wu T, Zhao BR, Bound MJ, Checklin HL, Bellon M, Little TJ, Young RL, Jones KL, Horowitz M,
Rayner CK (2012) Effects of different sweet preloads on incretin hormone secretion, gastric
emptying, and postprandial glycemia in healthy humans. Am J Clin Nutr 95:78-83

Wu T, Bound MJ, Standfield SD, Bellon M, Young RL, Jones KL, Horowitz M, Rayner CK
(2013a) Artificial sweeteners have no effect on gastric emptying, glucagon-like peptide-1, or
glycemia after oral glucose in healthy humans. Diabetes Care 36:¢202—e203

Wu T, Bound MJ, Standfield SD, Gedulin B, Jones KL, Horowitz M, Rayner CK (2013b) Effects
of rectal administration of taurocholic acid on glucagon-like peptide-1 and peptide YY
secretion in healthy humans. Diabetes Obes Metab 15:474-477

Wu T, Bound MJ, Standfield SD, Jones KL, Horowitz M, Rayner CK (2013c) Effects of
taurocholic acid on glycemic, glucagon-like peptide-1, and insulin responses to small intestinal
glucose infusion in healthy humans. J Clin Endocrinol Metab 98:E718-E722

Wu T, Bound MJ, Zhao BR, Standfield SD, Bellon M, Jones KL, Horowitz M, Rayner CK (2013d)
Effects of a D-xylose preload with or without sitagliptin on gastric emptying, glucagon-like
peptide-1, and postprandial glycemia in type 2 diabetes. Diabetes Care 36:1913-1918

Wu T, Rayner CK, Young RL, Horowitz M (2013e) Gut motility and enteroendocrine secretion.
Curr Opin Pharmacol 13:928-934

Wu T, Ma J, Bound MJ, Checklin H, Deacon CF, Jones KL, Horowitz M, Rayner CK (2014a)
Effects of sitagliptin on glycemia, incretin hormones, and antropyloroduodenal motility in
response to intraduodenal glucose infusion in healthy lean and obese humans and patients with
type 2 diabetes treated with or without metformin. Diabetes 63:2776-2787

Wu T, Trahair LG, Bound MJ, Deacon CF, Horowitz M, Rayner CK, Jones KL (2014b) Effects of
sitagliptin on blood pressure and heart rate in response to intraduodenal glucose infusion in
patients with Type 2 diabetes: a potential role for glucose-dependent insulinotropic polypep-
tide? Diabet Med. doi:10.1111/dme.12622

Xu G, Kaneto H, Laybutt DR, Duvivier-Kali VF, Trivedi N, Suzuma K, King GL, Weir GC,
Bonner-Weir S (2007) Downregulation of GLP-1 and GIP receptor expression by hyperglyce-
mia: possible contribution to impaired incretin effects in diabetes. Diabetes 56:1551-1558

Yamada C, Yamada Y, Tsukiyama K, Yamada K, Udagawa N, Takahashi N, Tanaka K, Drucker
DJ, Seino Y, Inagaki N (2008) The murine glucagon-like peptide-1 receptor is essential for
control of bone resorption. Endocrinology 149:574-579

Yamamoto H, Lee CE, Marcus JN, Williams TD, Overton JM, Lopez ME, Hollenberg AN,
Baggio L, Saper CB, Drucker DJ, Elmquist JK (2002) Glucagon-like peptide-1 receptor
stimulation increases blood pressure and heart rate and activates autonomic regulatory neurons.
J Clin Invest 110:43-52

Young RL, Chia B, Isaacs NJ, Ma J, Khoo J, Wu T, Horowitz M, Rayner CK (2013) Disordered
control of intestinal sweet taste receptor expression and glucose absorption in type 2 diabetes.
Diabetes 62:3532-3541

Zambrowicz B, Ogbaa I, Frazier K, Banks P, Turnage A, Freiman J, Boechm KA, Ruff D, Powell D,
Sands A (2013) Effects of LX4211, a dual sodium-dependent glucose cotransporters 1 and
2 inhibitor, on postprandial glucose, insulin, glucagon-like peptide 1, and peptide tyrosine
tyrosine in a dose-timing study in healthy subjects. Clin Ther 35(1162-1173):e8

Zander M, Madsbad S, Madsen JL, Holst JJ (2002) Effect of 6-week course of glucagon-like
peptide 1 on glycaemic control, insulin sensitivity, and beta-cell function in type 2 diabetes: a
parallel-group study. Lancet 359:824-830


http://dx.doi.org/10.1111/dme.12622

Heike Miinzberg, Emily Qualls-Creekmore, Hans-Rudolf Berthoud,
Christopher D. Morrison, and Sangho Yu

Contents

I INtrodUCHION ..o cne ettt e e 174

2 Input and Output Systems for Energy Expenditure Control .................cooooooeeen. 175
2.1 BAT and Adaptive Thermogenesis . ... ......cceeeeeeeemiiiiiiiiiiiieeeaeaaannnn. 177
2.2 Muscle, Energy Expenditure, and Thermogenesis ...............oooiiiiiiiiiinnn.. 178
2.3 SENSOTY SYSIEIM ... vttt et et et e ettt et e e e e 179
2.4 Endocrine Systems and Energy Expenditure Regulation........................... 180

3 Neural Circuits That Modulate Energy Expenditure ..............ccooeiiiiiiiiiiina. 181
3.1 Hypothalamius ... ... ... 182
3.2 BrailSIeIM .ottt ettt et et 185

4 Remaining Questions and Conclusion ............ooviiiiiiiiiiiiiiiiii e 186

RETEICNCES .. .ottt e e e e 186
Abstract

The continuous rise in obesity is a major concern for future healthcare manage-
ment. Many strategies to control body weight focus on a permanent modification
of food intake with limited success in the long term. Metabolism or energy
expenditure is the other side of the coin for the regulation of body weight, and
strategies to enhance energy expenditure are a current focus for obesity treat-
ment, especially since the (re)-discovery of the energy depleting brown adipose
tissue in adult humans. Conversely, several human illnesses like neurodegenera-
tive diseases, cancer, or autoimmune deficiency syndrome suffer from increased
energy expenditure and severe weight loss. Thus, strategies to modulate energy
expenditure to target weight gain or loss would improve life expectancies and
quality of life in many human patients. The aim of this book chapter is to give an
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overview of our current understanding and recent progress in energy expenditure
control with specific emphasis on central control mechanisms.

Keywords
Neuronal circuits - Hypothalamus - Hormones - Leptin - FGF21 - Dorsomedial
hypothalamus - Body weight

1 Introduction

The nervous system has evolved to regulate and coordinate bodily functions and
behavior in a changing environment. The mammalian brain thus extensively
communicates not only with the external world, but also with all aspects of internal
physiology. While the neural controls of cardiovascular and gastrointestinal functions
have been most intensively studied, the neural control of metabolism is less well
understood and appreciated, probably owing to its complexity. Neural control of
metabolism includes energy production, storage, mobilization, conversion, and utili-
zation, as accomplished by the coordinated actions of the gastrointestinal tract, liver,
pancreas, muscle, white adipose tissue (WAT), and brown adipose tissue (BAT).

The neural control of metabolism can be conceived as consisting of sensory
inputs, central integrative circuits, and motor outputs (sympathetic and parasympa-
thetic), allowing for typical feedback regulation of specific functions (Fig. 1).
Sensory input to the brain is accomplished by primary afferents innervating and
by humoral factors secreted from relevant peripheral organs (Cechetto 1987; Craig
2002; Fealey 2013; Janig 1996). In turn, the brain controls specific functions of
these organs through the autonomic nervous system and endocrine outflow. Most of
these sensory and motor neural pathways have been well documented since the
inception of neural tract tracing methods some 40 years ago (Ricardo 1983) and
particularly the ascent of trans-synaptic viral tracing techniques (Card and Enquist
2014; Loewy 1998). Much less is known about the organization of integrative
circuits in the brain. This is probably due to the complexity of these circuits and
lack of appropriate methodology to untangle them. However, the recent availability
of neuron-specific stimulation and recording techniques in animals and functional
neuroimaging techniques in humans is starting to provide exciting new insights
(Rezai-Zadeh and Munzberg 2013; Williams and Elmquist 2012).

One of the first accounts demonstrating brain-evoked changes in a metabolic
parameter can be traced back almost 150 years to Claude Bernard’s “piqure
diabetique,” in which he showed a slow rise in blood glucose following lesions in
the caudal brainstem (Bernard 1957). More systematic investigations followed
much later in the context of the classical studies on the hypothalamic control of
energy balance and body weight of the mid-1900’s (Brobeck 1946; Kennedy 1951;
Mayer and Barrnett 1955). A key observation was the increase in body weight and
adiposity in rats with ventromedial hypothalamic (VMH) lesions, even when food
intake was restricted to sham-operated rats (Cox and Powley 1981); it is a clear
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Fig. 1 Schematic view of the complex interaction of brain, peripheral tissues, and environment

evidence that the hypothalamus not only controls energy intake but also energy
expenditure to achieve energy balance. This led to the discovery of BAT and its role
in heat production and body weight regulation (Rothwell and Stock 1979). The
discovery of leptin some 20 years ago provided the final push toward identification
of neural circuitry in the hypothalamus and beyond, responsible for the regulation
of energy balance and control of metabolism (Halaas et al. 1995). In this chapter,
we review recent progress in the identification of brain circuits and pathways that
control energy expenditure via peripheral organs.

2 Input and Output Systems for Energy Expenditure Control

Energy expenditure depends on several external and internal factors such as
ambient temperature, nutritional or reproductive state, circadian rhythms, and
levels of circulating hormones (Fig. 1). These external and internal modulators
have sometimes opposing physiological effects and need to be integrated and
translated via the brain to allow appropriate physiological changes and ensure
homeostasis. Cold exposure is an excellent example that demonstrates the quick
increase in energy expenditure within minutes after such an external challenge
(Fig. 2a). Conversely, increased ambient temperature results in decreased energy
expenditure (Fig. 2b).

Three components of whole-body energy expenditure can be distinguished:
basal metabolic rate (BMR), adaptive thermogenesis, and physical activity
(Fig. 3). BMR is the energy expenditure that is measured at thermoneutrality
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Fig.2 Temperature changes induce robust adaptations in energy expenditure. (a) Acute decreases
in ambient temperature quickly and robustly increase energy expenditure. (b) Acute increase in
ambient temperature results in adaptive decrease in energy expenditure

Components of Energy Expenditure

1. BMR (55-65%), limited regulation
2. Adaptive thermogenesis (10%), clearly regulated
3. Physical activity (25-35%), conscious modulation, NEAT
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Fig. 3 Components of energy expenditure. Oxidative processes result in a proton-motive force in
the mitochondrion used to generate ATP, even though basal proton leaks are observed that
“wastes” energy. ATP production and basal proton leaks together account for obligatory metabo-
lism, required for minimal bodily functions. The active uncoupling of proton-motive force from
ATP production is used to generate heat, e.g., in the brown adipose tissue. And uncoupling protein
1 (UCP1) is a well-studied example for active uncoupling. Substrate cycling also actively
contributes to heat production. Together these mechanisms account for facultative metabolism,
which is optional and not used for baseline maintenance of bodily functions, e.g., at thermoneutral
conditions
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(no extra energy needed for cold- or warm-defensive adaptations), postprandially
(after active meal digestion), and at rest (minimal muscle movement) and defines
the oxygen consumed for ATP production. The coupling of oxidative processes to
ATP production is not perfect, and some energy is lost by proton leaks (basal leak)
across the mitochondrial membrane (Brand et al. 1999). Thus, BMR also includes
such basal leaks and is also called obligatory metabolism as it is required to
maintain minimal bodily functions.

During external challenges such as cold exposure, additional systems are
activated and increase energy expenditure beyond BMR. This can be conscious
and voluntary exercise, and involuntary muscle shivering (Rowland et al. 2014). In
addition, adaptive systems are activated — specifically during chronic cold exposure
— that are known as cold-induced thermogenesis or adaptive thermogenesis. These
processes use active uncoupling of the mitochondrial proton-motive force from
ATP production or futile cycling to “waste” energy and to release energy as heat
(Rowland et al. 2014). This active energy wasting is also known as facultative
metabolism, because it is optional and not required to maintain minimal bodily
functions under thermoneutral conditions. BAT is an invention of euthermic
animals such as birds and mammals and is a heat-generating tissue that is
specialized in adaptive thermogenesis.

2.1 BAT and Adaptive Thermogenesis

In rodents, the interscapular BAT is the largest depot, with smaller depots in the
mediastinum, along the cervical and thoracic aorta, and around the kidney
(Giordano et al. 2004). In humans, BAT is less centralized than in rodents, with
significant depots in supraclavicular, neck, and paraspinal regions (Cypess
et al. 2009; Lidell et al. 2013; Saito et al. 2009). Based on numerous experiments
with denervation of the interscapular pads in rodents, as well as pharmacological
studies using 33-adrenergic agonists and blockers, the main driver of BAT thermo-
genesis seems to be its noradrenergic sympathetic innervation (Andrews et al. 1985;
Bartness and Wade 1984; Himms-Hagen et al. 1990; Takahashi et al. 1992;
Tsukazaki et al. 1995). Retrograde tracing and other studies in rats and Siberian
hamsters have identified postganglionic perikarya innervating BAT in the stellate
ganglia (Grkovic and Anderson 1997; Oldfield et al. 2002), known to receive input
from preganglionic neurons in the intermediolateral cell column of the cervical and
thoracic spinal cord (Nozdrachev et al. 2002; Tanche and Therminarias 1967)
(Fig. 4).

BAT is also innervated by dorsal root sensory nerve fibers (De et al. 1998;
Himms-Hagen et al. 1990; Vaughan et al. 2014), but based on the lack of choliner-
gic markers, BAT is not innervated by the parasympathetic nervous system (Nor-
man et al. 1988). Sympathetic activation of BAT leads to the activation and gene
expression of the uncoupling protein-1 (UCP1), which is well accepted as a true
uncoupler with heat-producing properties (Shabalina and Nedergaard 2011). The
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idea to burn excess calories by activating BAT in the fight against obesity flared up
35 years ago (Rothwell and Stock 1979) and, after a long hiatus, returned only
recently because the existence of functional and inducible BAT was convincingly
demonstrated in adult humans (Cypess et al. 2009; Saito et al. 2009; van Marken
Lichtenbelt et al. 2009; Virtanen et al. 2009).

2.2 Muscle, Energy Expenditure, and Thermogenesis

Physical activity greatly contributes to whole-body energy expenditure and can be
distinguished into exercise and non-exercise activity thermogenesis (NEAT).
NEAT involves occupational activities, walking, sitting, standing, fidgeting,
talking, leisure activities, etc., but excluding voluntary exercise, sleeping, or eating
(Levine 2004) and can substantially contribute to total energy expenditure (15—
50%). Therefore, NEAT has been studied as a malleable variable for body weight
regulation through increasing energy expenditure.

Physical activity is at least in part genetically encoded, because selective breed-
ing for physical activity in rats resulted in the genetic distinction of high- and
low-capacity runners (HCR, LCR, respectively) with low and high incidences of
obesity, respectively (Wisloff et al. 2005). HCR had higher total energy expendi-
ture, even though resting energy expenditure was similar between HCR and LCR,
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suggesting that increased locomotion largely accounts for changes in total energy
expenditure. However, HCR rats had increased mitochondria content and increased
sympathetic drive in their skeletal muscle, and the existence of skeletal muscle
thermogenesis, not exercise per se, has been suggested as a contributing factor for
weight gain resistance on high-fat diets (Gavini et al. 2014; Wisloff et al. 2005).
HCR also have increased expression of uncoupling protein 2 and 3 (UCP2 and
UCP3). However, in contrast to UCP1, UCP2 and UCP3 do not have true
uncoupling functions (Brand and Esteves 2005; Shabalina and Nedergaard 2011).
Another potential mechanism to mediate muscle non-shivering thermogenesis is
sarco-/endoplasmic reticulum Ca®*-ATPase (SERCA) by uncoupling ATP hydro-
lysis from Ca”* transport (Bal et al. 2012). Whether SERCA uncoupling is also
controlled by sympathetic nerve activity (SNA) similar to UCP1 is unknown. Thus,
muscle thermogenesis and its regulatory properties, e.g., during diet-induced obe-
sity, remains ill defined and is an urgent future topic.

2.3 Sensory System

The skin is a very important sensory organ for thermoregulatory control of energy
expenditure. It works as a feed-forward system, so that ambient temperature
changes are communicated to the brain for temperature defensive adaptations,
even though core temperature is not immediately compromised. Temperature-
sensing receptors (superfamily of transient receptor potential (TRP) channels) are
located in the nerve endings of sensory cells throughout the skin. The cell bodies of
these bipolar sensory neurons are found in trigeminal and dorsal root ganglia from
where they further communicate with central structures in the spinal cord (dorsal
horn lamina) and brain (Damann et al. 2008; Julius and Nathans 2012). Tempera-
ture changes in the skin cause the opening of TRP channels and promote the
activation of sensory neurons (Voets 2014). This is further communicated to the
CNS to modulate SNA in peripheral tissues (e.g., BAT, WAT), which is further
addressed in Sect. 3.

BAT and WAT also send feedback information to the CNS via sensory nerves
that connect adipocytes via dorsal root ganglia with the brain (Bartness et al. 2010a;
b; De et al. 1998; Himms-Hagen et al. 1990; Vaughan et al. 2014). Incoming
(afferent) sympathetic nerves can be distinguished from outgoing (efferent) sensory
nerves with multisynaptic anterograde (Herpes virus) and retrograde (pseudorabies
virus) viral tracers that are injected into BAT or WAT. Surprisingly, many CNS
sites showed both sympathetic and sensory connectivity, so that an extensive
feedback system for incoming and outgoing signals is likely (Ryu et al. 2015;
Ryu and Bartness 2014). Adipose tissue sensory nerves are responsive to metabolic
changes (e.g., lipolysis) (Song et al. 2009) and the adipokine leptin (Murphy
et al. 2013). In the BAT, sensory input may specifically influence the trophic
adaptations to changes in ambient temperature (Himms-Hagen et al. 1990). How-
ever, we still do not have a firm understanding of the extent and how sensory
feedback loops influence physiological function.
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24 Endocrine Systems and Energy Expenditure Regulation

The modulation of energy expenditure in response to external and internal
challenges involves neuronal input to and outputs from the brain to perform energy
expenditure changes in peripheral tissues (e.g., BAT). In addition to this neural
loop, various endocrine hormones are important communicators between peripheral
tissues and the central sites to regulate energy expenditure.

2.4.1 Cold-Induced Endocrine Hormones

The thyroid hormone is perhaps the most important humoral regulator of metabo-
lism and energy expenditure. Its production is regulated by the brain via the
hypothalamic-pituitary-thyroid (HPT) axis, in which the activation of thyrotropin-
releasing hormone (TRH) neurons within the hypothalamus ultimately leads to
increased thyroid hormone (T4/T3) signaling at peripheral tissues (for review, see
Fekete and Lechan 2014; Joseph-Bravo et al. 2015). Thyroid hormone acts on many
tissues to promote cellular metabolism and energy expenditure, including effects on
heart function, skeletal muscle, and BAT, and as such thyroid hormone is a critical
positive regulator of BMR. Changes in ambient temperature or nutritional state
influence the activity of TRH neurons within the paraventricular hypothalamus
(PVH), resulting in increased release of thyroid hormone from the thyroid gland
(Bianco et al. 2002; Zoeller et al. 1990). Leptin also directly stimulates TRH
neurons while fasting inhibits these neurons (Huo et al. 2004; Legradi et al. 1997,
1998). Thus, TRH neurons and the HPT axis are critically involved in the regulation
of whole-body energy expenditure in response to changes in the external and
internal milieu. The thyroid axis may also modulate BAT thermogenesis via central
thermoregulatory circuits as discussed in Sect. 3.

Ongoing efforts aim to discover additional “peripheral” endocrine modulators of
energy expenditure that could promote weight loss. The muscle-derived hormone
irisin (produced by the fndc5 gene) has received considerable attention. Irisin is
increased by exercise to promote the transition of lipid-storing WAT to energy
expending BAT-like properties, also known as “browning” of WAT, and is also
induced by cold exposure (Bostrom et al. 2012; Lee et al. 2014). Another notable
metabolic hormone is fibroblast growth factor 21(FGF21) (Lee et al. 2014). FGF21 is
mainly secreted from the liver (Markan et al. 2014) but is also robustly induced by cold
exposure in the BAT (Chartoumpekis et al. 2011). Whether FGF21 in BAT is solely
induced by cold exposure or instead requires additional metabolic stressors as observed
in UCP1-deficient mice (Keipert et al. 2015) remains to be clarified. Also, it is unclear
if cold-induced production and secretion of irisin (from muscle) or FGF21 (e.g., BAT)
depends on increased sympathetic outflow to skeletal muscle and BAT, respectively.

2.4.2 Endocrine Signals and Adaptive Responses to Energy
Restriction

Changes in energy availability (e.g., during fasting) also induce adaptive changes in

energy expenditure. This process of energy homeostasis requires the CNS to detect

and respond to endocrine hormones (and possibly sensory inputs from peripheral
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tissues) that are triggered by negative or positive energy balances (Morrison and
Berthoud 2007). Such a decrease in energy expenditure typically accompanies
fasting and starvation (Dulloo and Jacquet 1998; Leibel et al. 1995), even though
acute fasting may initially rather trigger an increased sympathetic tone to mobilize
fat stores in WAT (Goodner et al. 1973; Havel 1968; Koerker et al. 1975). Fasting-
induced hypometabolism involves a variety of circulating hormones with central
actions, including the adipose-derived hormone leptin. Circulating leptin levels
rapidly fall with negative energy balance, and the resulting hypometabolism can
be prevented by restoring serum or central leptin levels (Ahima et al. 1996;
Rosenbaum et al. 2002, 2005). Taken together, falling leptin levels during starva-
tion are detected by the CNS to change the motivation to eat and to reduce energy
expenditure.

The gut hormone ghrelin also contributes to starvation-induced adaptive responses.
Ghrelin release is increased during starvation and suppresses energy expenditure
(Muller et al. 2015). Also insulin and glucagon are highly regulated by energy intake
and contribute substantially to the starvation response, e.g., induction of lipolysis.
Considering the variety of hormones that act in the brain to suppress food intake and
energy expenditure simultaneously, it is suggested that a precise interaction of feeding
and thermoregulatory neuronal circuits exist. However, comprehensive knowledge of
how these systems are coordinated is missing and a key goal for the future.

2.4.3 Overfeeding and Energy Expenditure: Diet-Induced
Thermogenesis

A negative energy balance (e.g., during fasting) is associated with a reduction in
energy expenditure, while increased food intake (e.g., during high-fat feeding)
induces thermogenic responses, also known as diet-induced thermogenesis (DIT)
(Rothwell et al. 1983). Rothwell and Stock also demonstrated that low-protein diet
increased energy expenditure, suggesting that both overfeeding and protein restric-
tion triggered DIT (Rothwell et al. 1983). The circulating hormone FGF21 is well
known to increase energy expenditure and promote the browning of WAT (Douris
et al. 2015; Fisher et al. 2012), but only recent work showed that FGF21 is required
for the low protein-induced energy expenditure (Laeger et al. 2014; Morrison and
Laeger 2015). Whether FGF21 promotes these effects within the periphery and/or
through the brain remains unclear (Kharitonenkov and Adams 2014; Owen
et al. 2015).

In summary, the maintenance of body weight and thermoregulation in response
changes in external temperature and food availability are mediated by an intricate
neural and endocrine network.

3 Neural Circuits That Modulate Energy Expenditure

The brain network that regulates adaptive thermogenesis receives inputs from
temperature- and energy-sensing neurons through hypothalamic and brain stem
areas such as the preoptic area (POA), arcuate nucleus (ARC), and nucleus of the



182 H. Miinzberg et al.

solitary tract (NTS) (Morrison et al. 2014). Naturally, many physiological states
such as fever, stress-induced hyperthermia, and diurnal fluctuation of body temper-
ature require attention from these central thermoregulatory circuits. Some physio-
logical states may require opposing adaptations of energy expenditure, e.g., cold
exposure increases energy expenditure, but fasting requires energy preservation and
decreased energy expenditure. Thus, if cold exposure and fasting challenges are
combined, this conflict needs to be solved by the brain for an appropriate modula-
tion of energy expenditure, manifested in a change of SNA and secretion of
neurohormones.

The anatomical location of BAT-related CNS neurons that control BAT thermo-
genesis stems from multisynaptic, retrograde tracing studies with PRV infections of
the BAT (Cano et al. 2003). Another tool to identify thermoregulatory neurons is to
track which neurons are activated by changes in ambient temperature. The early
response gene cFos is rapidly induced by neuronal firing and is a reliable and
efficient marker for neurons that are activated in response to temperature changes.
(Bamshad et al. 1999; Cano et al. 2003; Oldfield et al. 2002). However, molecular
identities and synaptic connections of these neurons are not entirely understood. In
this section, we focus on central circuits that govern BAT SNA. We also briefly
discuss neural circuits that modulate the release of neurohormones that affect
adaptive thermogenesis.

3.1 Hypothalamus

Much of the literature that defines central sites that control BAT thermogenesis
stems from research on pyrogenic stimuli and cold-defense behavior. The POA has
received specific attention in the control of such thermoregulatory processes
(Nakamura 2011). Thermoregulatory neurons in the POA receive thermosensory
neuronal inputs from the skin, but many POA neurons are internally temperature
sensitive. They change their firing activity with local temperature changes, thus
enabling the POA to detect both peripheral and brain temperature changes (Boulant
and Dean 1986; Nakamura and Morrison 2008, 2010). These neurons are proposed
to be mostly warm-sensitive GABAergic (inhibitory) neurons that directly inhibit
BAT sympathetic premotor neurons in the rostral medullary raphe (RMR) or
indirectly through the dorsomedial hypothalamus/dorsal hypothalamic area
(DMH/DHA) (Yoshida et al. 2009). Therefore, during a cold exposure, warm-
sensitive POA neurons are inhibited and enable thermogenic neurons in the
DMH/DHA and RMR to increase BAT SNA.

Some warm-sensitive GABAergic POA neurons express prostaglandin E recep-
tor subtype EP3 and mediate febrile responses by using the same POA > DMH/
DHA >RMR circuits to BAT (Lazarus et al. 2007; Nakamura et al. 2009;
Scammell et al. 1996; Ushikubi et al. 1998). However, stimulatory glutamatergic
inputs to the DMH/DHA have been proposed as well (Madden and Morrison 2004),
and cold-sensitive glutamatergic POA neurons may provide these inputs (Dimitrov
etal. 2011). Because there are also warm-activated cholinergic neurons in the DMH
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that directly inhibit thermogenic RMR neurons (Jeong et al. 2015), the POA is very
likely to contain warm-sensitive glutamatergic neurons that directly innervate these
DMH neurons.

Other lines of research that are more concerned with body weight regulation
have focused on additional neuronal sites and their effect on energy expenditure and
body weight regulation. These energy homeostatic sites have not been well
characterized for their responsiveness to thermal inputs, but clearly modulate
BAT SNA. The ARC is highly responsive to changes in energy/nutritional state
(e.g., fasting) and mediates changes in BAT SNA. Pro-opiomelanocortin (POMC)-
expressing neurons in the ARC are anorexigenic neurons that increase BAT ther-
mogenesis. The secretion of x-melanocyte-stimulating hormone, a byproduct of
POMC, or melanotan II (MTII), an MC4R agonist, activates melanocortin
4 receptors (MC4R) to increase energy expenditure and UCP1 expression via
BAT SNA, while loss of MC4R decreases energy expenditure and promotes weight
gain (Chen et al. 2000; Haynes et al. 1999; Ste Marie et al. 2000). Although the
exact sites of MC4R-mediated BAT activation is not completely understood,
MC4Rs in the PVH are not involved in the regulation of energy expenditure,
while cholinergic neurons in the intermediolateral nucleus (IML) within the spinal
cord are sufficient to restore energy expenditure in whole-body MC4R-deficient
mice (Berglund et al. 2014; Rossi et al. 2011; Sohn et al. 2013).

GABAergic ARC neurons agouti-related peptide/neuropeptide Y (AgRP/NPY)
neurons and RIP-Cre neurons both affect BAT SNA. NPY derived from ARC
AgRP/NPY neurons inhibits BAT SNA via activation of Y1 receptor in unknown
target neurons (Shi et al. 2013). Similarly, DMH NPY neurons also inhibit BAT
sympathetic control (Bi et al. 2003; Chao et al. 2011), and the central administration
of NPY induces torpor-like hypothermia (Dark and Pelz 2008), suggesting overall
sympathoinhibitory NPY function in the brain. Another set of sympathoinhibitory
neurons exist in the DMH that are warm-activated neurons and project to the RMR
(Jeong et al. 2015). RIP-Cre neurons are a distinct population of GABAergic
neurons within the ARC that inhibit PVH neurons to enhance BAT activation
(Kong et al. 2012).

Interestingly, several central thermoregulatory and energy homeostatic neurons
express leptin receptors or are controlled by LepRb neurons (Bachman et al. 2002).
Leptin action within the DMH has a clear sympathostimulatory effect on BAT
thermogenesis and associated cardiovascular responses, which are largely indepen-
dent of anorexic leptin effects (Enriori et al. 2011; Rezai-Zadeh et al. 2014). Some
of these leptin-mediated effects on energy expenditure requires glutamate signaling
(Xu et al. 2013), even though leptin likely exerts its effects via complex inhibition
and stimulation of several neuronal populations, including its interaction with
insulin via POMC neurons to promote browning of WAT (Dodd et al. 2015).

The PVH is an essential output center for neuronal and humoral signals and has
been rediscovered as an important thermoregulatory site. General PVH activation
prevents cold- and prostaglandin E2-increased BAT SNA by increasing
GABAergic inputs to the RMR (Madden and Morrison 2009). Because the PVH
consists of mainly glutamatergic neurons, this may involve multisynaptic circuits,
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possibly involving identified PVH > NTS > RMR circuits that are modulated by
ARC RIP-Cre neurons (Kong et al. 2012). With the use of the modern genetic
toolbox, some thermoregulatory PVH subpopulations have been further identified
as nitric oxide synthase 1 (NOS1), oxytocin (OXT), or brain-derived neurotrophic
factor (BDNF)-expressing neurons that project directly to sympathetic pregangli-
onic neurons in the spinal cord to increase BAT activity (An et al. 2015; Sutton
et al. 2014).

PVH OXT neurons are a subpopulation of NOS1 neurons, and activation of
either population activates BAT thermogenesis. Interestingly, simple-minded
homolog 1 expressing PVH neurons, which marks most PVH neurons, also increase
BAT thermogenesis when activated (Sutton et al. 2014), contradicting earlier
findings mentioned above. Similarly, posterior PVH BDNF neurons seem to regu-
late BAT thermogenesis because PVH-specific BDNF deletion reduced energy
expenditure and increased body weight (An et al. 2015). Whether PVH BDNF
neurons also express NOS1 is not known. These findings are in line with earlier
studies showing that cFos in the PVH is induced by both cold and warm exposures
(Cano et al. 2003; Yoshida et al. 2002). Taken together, the PVH seems to be
involved in both directional controls of BAT sympathetic activity, and future
research needs to identify the neurochemical properties of sympathoinhibitory
PVH neurons.

In addition to the neural control of sympathetic BAT inputs, the PVH also
modulates humoral effectors of BAT thermogenesis. Cold exposure increases
while warm exposure decreases thyroid hormone levels via TRH neurons to
stimulate BAT activity and BMR (Andersson et al. 1963; Eastman et al. 1974;
Kim 2008). Interestingly, in addition to the intensely studied peripheral effects of
thyroid hormone, more recent data also indicate a central function of thyroid
hormone to increase BAT SNA (Coppola et al. 2007; Lopez et al. 2010). Further-
more, TRH neurons are found outside the PVH in important thermoregulatory sites
like the DMH and RMR (based on Allen Brain Atlas data, http://mouse.brain-map.
org/), and compelling functional data support thermoregulatory synergistic effects
of TRH and leptin via brainstem circuits (Hermann et al. 2006; Rogers et al. 2009,
2011).

Another thermoregulatory PVH neurohormone is corticotropin-releasing hor-
mone (CRH), which is increased by low glucose levels or other stressor. CRH
increased pituitary adrenocorticotropic hormone release to induce stress hormones
like glucocorticoids that upon other functions inhibit BAT activity peripherally
(Moriscot et al. 1993). Like TRH neurons, CRH neurons are also found outside the
PVH (based on Allen Brain Atlas data) and may function within thermoregulatory
central circuitries, e.g., central CRH infusions into the POA and other hypothalamic
sites stimulate BAT SNA output (Egawa et al. 1990a,b).

The VMH has long been implicated in the control of BAT SNA and energy
expenditure even though the pathways leading to BAT sympathetic neurons have
not been identified (Perkins et al. 1981), due to the typical lack of PRV labeling.
Nonetheless, insulin, thyroid hormone, and estrogen affect BAT SNA through the
VMH (Klockener et al. 2011; Lopez et al. 2010; Musatov et al. 2007). Estrogen
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signals via its receptor ERox and promotes different aspects of thermogenesis via
distinct ERoc-expressing VMH neurons (Correa et al. 2015; Xu et al. 2011). Future
studies are needed to explore the involved downstream targets within these ther-
moregulatory circuitries.

Finally, a subpopulation of orexin/hypocretin neurons in the lateral hypotha-
lamic area (LHA) project to BAT sympathetic premotor neurons in the RMR, and
the secretion of orexin seems to potentiate already existing BAT sympathosti-
mulatory signals onto the RMR (Berthoud et al. 2005; Tupone et al. 2011). Inter-
estingly, LHA orexin neurons are not involved in cold- or pyrogen-induced BAT
thermogenesis (Nakamura et al. 2005) but are rather critical for stress-induced BAT
thermogenesis (Zhang et al. 2010), even though the DMH may be more dominantly
involved in stress-induced thermogenesis (Kataoka et al. 2014).

3.2 Brainstem

Hypothalamic areas that receive BAT-related inputs send efferent fibers to sympa-
thetic premotor neurons in the RMR or project directly to spinal preganglionic
neurons as mentioned above for the PVH. The RMR includes the rostral raphe
pallidus (rRPa), raphe magnus, parapyramidal area, and ventrolateral medulla
(VLM) and contains main sympathetic premotor neurons for BAT, vasculature,
and heart (Nakamura 2011). The rRPa is especially important for BAT thermogen-
esis and innervated by many excitatory and inhibitory neuronal fibers that are
originated from the hypothalamus and brainstem. rRPa neurons receive tonic
inhibitory inputs at neutral conditions, most notably by warm-sensitive GABAergic
POA neurons, and disinhibition of rRPa neurons by various thermogenic signals
increases BAT SNA. Catecholaminergic neurons in the VLM including the A1/C1
neurons inhibit rRPa BAT premotor neurons through the activation of «2 adrener-
gic receptor, possibly explaining the systemic 2 adrenergic agonist-mediated
hypothermia (Cao et al. 2010; Madden et al. 2013). C1 neurons have been proposed
to respond to emergencies such as hypoxia and glucoprivation (Guyenet
et al. 2013), and this VLM > rRPa pathway may account for inhibition of BAT
during those situations (Madden 2012; Madden and Morrison 2005).

Neurons in the NTS receive viscerosensory information and inhibit BAT SNA
when activated (Cao et al. 2010). The NTS also regulates BAT activity independent
of hypothalamic inputs via hindbrain leptin/TRH signaling (Rogers et al. 2009) and
ARC RIP-Cre neurons (Kong et al. 2012), implying it as a potential integrative site
of viscerosensory and metabolic signals.

Other brainstem areas such as the lateral parabrachial nucleus, periaqueductal
gray, and locus coeruleus have been associated with BAT sympathetic control as
sensory afferent or effector efferent relay stations, but more studies are required to
precisely identify their involvement in specific conditions (Almeida et al. 2004;
Chen et al. 2002; Nakamura and Morrison 2008, 2010; Rathner and Morrison 2006;
Yoshida et al. 2005).
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Overall, many central sites possess a mixture of sympathostimulatory and
sympathoinhibitory sets of neurons that may interact with the RMR as a master
modulator for sympathetic BAT inputs. The hypothalamus is central for regulation
of adaptive thermogenesis. Recent technical advancements of various neural
mapping, recording, and manipulation tools at a spatially, genetically, and tempo-
rally controlled manner have accelerated our understanding of how brain works.
The next step of understanding how the brain regulates energy expenditure would
be deciphering where and how various environmental and internal signals are
integrated and ramified to different thermoeffectors.

4 Remaining Questions and Conclusion

Metabolic diseases like obesity and diabetes are still increasing and remain a
serious healthcare problem. Despite considerable efforts to treat obesity, it has
been widely recognized that any treatment is flawed by the powerful ability of
the body to adapt to dietary changes. A considerable part of the population is
affected by the opposite problem: the failure to maintain healthy body weight and
excessive weight loss due to enhanced energy expenditure in cachexic patients.
This state is observed in neurodegenerative diseases and cancer and in patients with
progressing acquired immune deficiency syndrome (AIDS) (Argiles et al. 2015;
Dupuis et al. 2011; Salomon et al. 2002). Thus, targeting the central or peripheral
nervous system to modulate energy expenditure is a realistic goal that would benefit
many human patients and is currently under intense investigation.

One major roadblock is that the molecular basis of defended homeostatic levels
(e.g., body weight and body temperature) remains unclear. Also, how changes in the
defended levels (e.g., during obesity) are realized at the molecular level. Specifi-
cally, the interplay of energy expenditure and food intake is important to defend
homeostatic levels. The reviewed work in this chapter compiles research from the
thermoregulation and body weight regulation fields. However, more studies are
required with emphasis on the interaction of thermoregulatory and food intake
regulating neuronal circuits. Only if we are able to modulate the defended homeo-
static body weight, we a will be able to achieve sustainable corrections in body
weight.
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Abstract

Low-grade inflammation is an established pathological condition that
contributes to the development of obesity, insulin resistance and type 2 diabetes.
Metabolic inflammation is dependent on multiple signalling events. In an over-
nutrition state, canonical inflammatory pathways are induced by inflammatory
cytokines and lipid species. They can also be triggered through inflammasome
activation as well as through cellular stress provoked by the unfolded protein
response at the endoplasmic reticulum as well as by reactive oxygen species.
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In this chapter, we summarize the current knowledge about signalling events
within the cell and describe how they impact on metabolic inflammation and
whole-body metabolism. We particularly highlight the interplay between differ-
ent signalling pathways that link low-grade inflammation responses to the
inactivation of the insulin receptor pathway, ultimately leading to insulin resis-
tance, a hallmark of type 2 diabetes.

Keywords

Ceramide « Fatty acids ¢« IKKf ¢ Inflammatory cytokines ¢ Insulin resistance ¢
JNK « Macrophages « NFxB ¢ Obesity  Toll-like receptors « White adipose
tissue

1 Introduction

There is pivotal evidence that a cross talk between canonical immune and metabolic
pathways exists. While malnutrition compromises proper immune responses, over-
nutrition activates them (Hotamisligil 2006). On the other hand, it is well known
that acute and chronic inflammatory conditions can impact on whole-body metabo-
lism (Odegaard and Chawla 2013).

At the molecular level, nutrient sensing can occur directly through immune
modulators. Prominent examples are lipid-induced toll-like receptor (TIr) (Shi
et al. 2006; Tsukumo et al. 2007) and peroxisome proliferator-activated receptor
(PPAR) signalling (Chawla 2010). On the other hand, cytokines such as tumour
necrosis factor o (TNFa) or interleukin-1p (IL-1p) through intracellular inflamma-
tory signalling molecules including the inhibitor of nuclear factor kappa B (IxkB)
kinase (IKK) or the mitogen-activated protein kinase (MAPK) c-Jun N-terminal
kinase (JNK) attenuate insulin receptor signalling, thus inhibiting insulin-mediated
anabolic functions in different organs. While such an intricate network of
interconnected inflammatory and metabolic signalling modules has evolved during
evolution and thus has important adaptive roles in cells, it may also contribute to
disease development. In fact, it is now very well established that low-grade
inflammation in the context of obesity contributes to insulin resistance (Gregor
and Hotamisligil 2011).

In simplistic terms, obesity essentially reflects the expansion of the white
adipose tissue (WAT) through accumulation of lipids triggered by chronic overnu-
trition. As several lipid species are particularly prone to enhance inflammation, the
WAT is primarily predisposed to the induction of the above signalling networks.
This may occur in WAT-resident immune cells as well as in white adipocytes that
can secrete themselves a whole arsenal of pro-inflammatory cytokines (Ouchi
et al. 2011). However, infiltration and activation of immune cells were also
observed in other metabolically active tissues including the skeletal muscle, central
nervous system, liver and pancreatic islets (Tishinsky et al. 2014; Posey et al. 2009;
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Meli et al. 2014; Donath et al. 2013). These events may engage systemic low-grade
inflammation that interferes with insulin signalling in different organs, thus causing
systemic insulin resistance.

In this chapter, we discuss some principal molecules involved in low-grade
metabolic inflammation and the underlying cellular signalling networks. We also
explain how these inflammatory signals impair insulin receptor signalling,
providing a valuable basis as to how insulin resistance may develop during obesity.

2 PPARs and M2-Type Macrophage Activation in Obesity

WAT-resident macrophages play an important role in establishing low-grade met-
abolic inflammation during obesity. In a simple scheme proposed by Siamon
Gordon, macrophages are divided into states of classical activation (also known
as MIl-type macrophages), alternative activation (also known as M2-type
macrophages) or deactivation (Gordon 2003). Macrophage activation by type 1
helper-T lymphocyte (Ty;) cytokines such as interferon gamma (IFNy) or by
bacterial lipopolysaccharide (LPS) favours their polarization into the “classical”
M1-type macrophages with a high pro-inflammatory profile (Mosser and Edwards
2008). M2-type macrophages secrete anti-inflammatory molecules such as
interleukin-10 (IL10) and arginase I upon release of IL4 and IL13 by type 2
helper-T lymphocyte (Ty,) (Gordon 2003; Tilg and Moschen 2006). Macrophage
deactivation is a state in which classical activation and alternative activation
are switched off. This shows the remarkable plasticity of macrophages that can
be interchangeably activated into a given phenotype depending on the stimuli
received.

In normal conditions, the WAT mainly contains M2-type resident macrophages
keeping adipose inflammation low (Fig. 1). M2 macrophage activation requires
expression of the PPARy as well as PPARf/8. Myeloid-specific PPARy or PPARf/
0 as well as PPARB/5-null bone marrow chimeric mice displayed impaired M2
activation, enhanced adipose tissue inflammation and insulin resistance (Odegaard
et al. 2007; Kang et al. 2008; Odegaard and Chawla 2008; Hevener et al. 2007).
Interestingly, it has been shown that only native monocytes can be primed to an
increased M2 phenotype by PPARYy activation (Bouhlel et al. 2007). In obesity,
adipocytes become hypertrophied and secrete pro-inflammatory cytokines such as
TNFa, interleukin-6 (IL-6) as well as the chemokine (C—C motif) ligand 2 (CCL-2)
(Tilg and Moschen 2006). A cross talk between adipocytes and macrophages occurs
and macrophages undergo a change in polarity from the M2 to the M1 phenotype.
M1 macrophages express pro-inflammatory molecules including interferon y
(IFNy), IFNy receptor, inducible nitric oxide synthase (iNOS), IL-1p, TNFa and
IL-6, all of which have been shown to impact on insulin sensitivity in different
organs (Odegaard and Chawla 2008) (Fig. 1).

At the molecular level, PPARy and PPAR/6 are both targets of the transcription
factor STAT6. STAT®6 is pivotal in controlling the transcriptional programme for
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Fig. 1 Interplay between macrophages and adipocytes in metabolic inflammation. (a) Under
normal nutritional conditions, M2 macrophages are highly abundant, secreting anti-inflammatory
cytokines such as interleukin 10 and arginase 1. The M2 phenotype is maintained by the Ty,
cytokines IL-4 and IL-13. Upon binding to their receptor, these cytokines stimulate the
JAK/STAT6 pathway to induce the expression of PPARy and PPARP/S, which upon binding of
the PGC1p coactivator induce the transcription of M2 anti-inflammatory genes. AMPK and the
SIRT1 NAD"*-dependent deacetylase are thought to favour the M2 phenotype. M2-resident
macrophages do not interfere with insulin signalling in adjacent adipocytes. (b) In the presence
of obesity signals, macrophages switch to an M1 phenotype. Saturated fatty acids (SFAs) released
by adipocytes through lipolysis require Tlr signalling on macrophages to activate canonical
inflammatory kinases (IKKf, JNK), culminating in the NFkB- and AP-1-mediated transcription
of pro-inflammatory genes, respectively. SFAs also stimulate a pathway that inactivates AMPK,
resulting in the activation of autophagy that normally would prevent the formation of reactive
oxygen species (ROS). ROS in turn activates the inflammasome components (NLRP3, ASC,
Caspase-1) that allow the maturation of the pro-inflammatory IL-1p cytokine and its secretion.
Pro-inflammatory cytokines as well as lipids signal through respective receptors, employing the
same canonical pro-inflammatory kinases in white adipocytes to interfere with the insulin/PI3K
signalling pathway (see also Fig. 2). Hypertrophied adipocytes will activate a pro-inflammatory
gene programme by themselves and provide another important source of pro-inflammatory
cytokines. IR insulin receptor, TNFa tumour necrosis factor o, TNFR TNFa receptor, SFAs
saturated fatty acids, T1r2/4 toll-like receptors 2/4, CD36/FAT cluster of differentiation-36/fatty
acid translocase, /L-1f interleukin-1f, /LI-R interleukin-1 receptor, /L-4 interleukin-4, IL-13
interleukin-13, IL-4R IL-4 receptor, IL-I3R IL-13 receptor, JAK3 Janus-associated kinase
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the alternative activation of macrophages. The Ty, cytokines IL-4 and IL-13, which
stimulate M2-type macrophage conversion, induce Janus-associated kinase (JAK)
activity that phosphorylates STAT6, resulting in its nuclear translocation and
STAT6-mediated transcription (Martinez et al. 2009). STAT6, PPARy and
PPARY coactivator 1p (PGC-1f) cooperatively act to engage oxidative metabolism
by enhancing fatty acid oxidation and mitochondrial biogenesis. PPAR/3, on the
other hand, synergizes with STAT6 and PGC-1p to maintain the transcription of
genes characterizing alternative macrophage activation (Fig. 1).

The AMP-activated protein kinase (AMPK) has also been shown to negatively
regulate inflammation, thereby preventing whole-body insulin resistance in the
adipose tissue (Gauthier et al. 2011). AMPK is a nutrient sensor responding to
increased AMP/ATP ratio that regulates sirtuin 1 (SIRT1) NAD'-dependent
deacetylase (Canto et al. 2009). Indeed, other studies demonstrated that both
AMPK and SIRT1 inhibit, probably in a cooperative manner, metabolic inflamma-
tion (Yang et al. 2010; Gillum et al. 2011). Importantly in this context, it was shown
that treatment with quercetin, a dietary flavonoid, reduced obesity-associated met-
abolic inflammation and M2—M1 polarity in mice through activation of the
activation of the AMPKal/SIRT1 pathway (Dong et al. 2014). However, it is
currently unclear how this pathway regulates macrophage polarity (Fig. 1).

These data strongly support the idea that M2-type macrophages protect against,
while M1 macrophages promote obesity-related insulin resistance. Activation of
PPARY and B/d or AMPK/SIRT]1 is an important mechanism stimulating alternative
macrophage activation and thus might attenuate low-grade inflammation in obesity.

Fig. 1 (continued) 3, STAT3/6 signal transducer and activator of transcription 3/6, IL-6
interleukin-6, /L-6R IL-6 receptor, /L-18 interleukin-18, /RS insulin receptor substrate 1, JNK
Jun N-terminal kinase, /kBa inhibitor of kappa B a, IKKa, f# and € inhibitors of kappa B kinase,
NEMO nuclear essential modulator, NAP/ NAK-associated protein 1, NFxB nuclear factor
kappa B, TANK TRAF-associated NFkB activator, TBK! TANK-binding kinase 1, SINTBAD
similar to NAP and TBK1 adaptor, NLRP3 nucleotide-binding domain with leucine-rich repeats
(NLR) containing pyrin domain 3, ASC adaptor protein apoptosis-associated speck-like protein
containing a caspase recruitment domain, PPARy or f/6 peroxisome proliferator-activated recep-
tor gamma or beta/delta, PGCIf PPARy-coactivator 1beta, AMPK adenosine monophosphate-
activated kinase, SIRT/ sirtuin 1, TAK! transforming growth factor-beta-activated kinase 1, TAB/
TAKI1-binding protein 1, IRAKI and IRAK4 1L-1 receptor-associated kinases 1 and 4, TRADD
TNFa receptor-associated death domain, TRAF TNF receptor-associated factor, RIP death domain
kinase, TIr2/4 toll-like receptors 2/4, TIRAP toll-like receptor adaptor protein, MyD8S myeloid
differentiation protein-88 (a docking protein), TOLLIP toll-interacting protein, MKK4/7 mitogen-
activated protein kinase kinase 4/7, IRF3 interferon regulatory factor 3, AKT protein kinase B,
PKR double-stranded RNA-dependent protein kinase, PTPIB protein tyrosine phosphatase 1B,
SOCS3 suppressor of cytokine signalling 3, PKCO or PKC{ protein kinase C theta or zeta, PPA2
protein phosphatase A2, GPRI20 G-protein-coupled receptor 120, w-FAs omega fatty acids,
FAHFAs fatty acid esters of hydroxy fatty acids, ROS reactive oxygen species
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3 Inflammatory Cytokines and Insulin Signalling

We have described above the source of different cytokines that come into play
during metabolic inflammation. In the following, we explore several of them and
discuss signalling pathways they induce leading to systemic insulin resistance.

3.1 Tumour Necrosis Factor o (TNF«)

TNFo was shown to play a prominent role in obesity-related diseases. A first
important study was conducted in obese rats, demonstrating that neutralization of
TNFa improved peripheral uptake of glucose in response to insulin (Hotamisligil
et al. 1993). This was followed by various studies correlating TNFo expression with
obesity and insulin resistance in experimental models and humans (Hotamisligil
et al. 1993, 1995). Subsequently, it has been demonstrated that mice lacking TNFa
were protected against obesity and insulin resistance provoked by a HFD (Uysal
et al. 1997). Mechanistically, TNFa was the first cytokine that has been shown to
inhibit insulin signalling and is thus exemplary in linking inflammation to insulin
resistance in several cell types. Initial studies first showed that TNFa inhibits
insulin signalling (Hotamisligil et al. 1994a, b). Next, it has been demonstrated
that TNFa leads to IRS1 serine phosphorylation interfering with its tyrosine
phosphorylation and signal propagation (Hotamisligil et al. 1996). In following
studies several kinases including JNK and IKKp (see below) activated by TNFa,
other cytokines and lipids have been suggested to phosphorylate IRS1 on different
serine residues (Schenk et al. 2008) (Figs. 1 and 2). TNFa upon binding to its
receptor TNFR enables the adaptor protein TRADD to bind to the death domain of
the receptor. TRADD recruits TRAF2 and RIP that employ distinct signalling
molecules to activate IKK, JNK and moderately p38 (Aggarwal 2003) (Fig. 2).

Other mechanisms as to how TNFa inhibits insulin signalling have been pro-
posed. TNFa was demonstrated to oppose the insulin-sensitizing effects of
adiponectin by inhibiting its expression and release from adipocytes (Hajri
etal. 2011). TNFa has also been demonstrated to stimulate the expression of protein
tyrosine phosphatase 1B (PTB1B) in adipocytes and hepatocytes (Zabolotny
et al. 2008). Engelman et al. (2000) reported abrogation of TNFa-induced IRS1
serine phosphorylation and insulin resistance through inhibition of the MEK1/2-
p42/p44 MAPK pathway.

Overall, these data strongly suggest that TNFa signalling is at the heart of
mechanisms leading to obesity-related insulin resistance.

3.2 Interleukin-1 (IL-1) Family of Cytokines

The IL-1 cytokine family is also considered as a key cytokine contributing to the
development of insulin resistance in obese individuals. A recent study indeed
showed that genetic variations in the IL-1 gene family (IL-1a, IL-1p and IL-1Ra)



Signalling Networks Governing Metabolic Inflammation 201

@,
L = i
0909 1!'i: ﬁﬂ}i » I; g ;; (,);“: 0
" 1 G 3 gompz TRAFE??‘ h
Insulin-sensitive { e . Tog
cells \gi(\ .\ :
Pathogens &
Nutrient stress

Insulin

PKR — T IKKp IKKa l

| Al ) <

TANKIMAPY
SINTEAD
TBK1 IKKe

® L. @@ ©,,, 0
IkBa IxBu degradration

RES U@ﬁ*ﬂvﬂ — l.vsﬁ

g e
Proinflammatory
genes (IL-1f, IL-6, TNFe...)

e

Fig. 2 Signalling networks orchestrating low-grade inflammation in insulin-sensitive cells.
Saturated fatty acids (SFAs) and pro-inflammatory cytokines upon binding to their receptors
recruit a number of adaptor proteins that initiate a signalling cascade converging into the activation
of canonical inflammatory regulators JNK and IKKp. JNK and IKKp through phosphorylation of
c-Jun and IxBa, respectively, activate AP-1- or NFkB-mediated transcription of pro-inflammatory
genes, respectively. Phosphorylated IkBa is subsequently degraded through the proteasome
system. The noncanonical IKKe can also phosphorylate IkBa to induce NFkB target genes but
also phosphorylates IRF3 to mediate the latter transcription. JNK inactivates the insulin pathway
through serine phosphorylation of IRS1 (phosphate in red). IRS1 phosphorylation on tyrosine
residues (phosphate in black) is inactivated by the IL-6-mediated activation of the PTP1B
phosphatase. IL-6 induces also the accumulation of SOCS-3, which interferes with IRS1 binding
with the insulin receptor (IR). Fatty acid metabolites ceramide and diacylglycerol activate also
JNK to amplify the inflammatory response through activation of PKCC{ and PKCO, respectively.
Ceramide also interferes with insulin signalling through the PPA2-mediated inhibition of
AKT/PKB. The stress-activated p38/MAPK is induced by several cytokines and is also thought
to interfere with insulin action. The pathogen and nutrient-activated kinase PKR can stimulate
JNK and IKKp kinases and block the insulin pathway. A recently identified receptor GPR120,
which binds ®-3 fatty acids, FAHFAs and selective agonists, inhibits metabolic inflammation
through B-arrestin 2-mediated sequestration of the adaptor protein TABI1, thereby inactivating
TAK1 and downstream kinases JNK as well as IKKp. /R insulin receptor, TNFa tumour necrosis
factor o, TNFR TNFa receptor, SFAs saturated fatty acids, 7/r2/4 toll-like receptors 2/4, CD36/
FAT cluster of differentiation-36/fatty acid translocase, /L-1f interleukin-1f, /L/-R interleukin-1
receptor, /L-4 interleukin-4, IL-13 interleukin-13, IL-4R IL-4 receptor, IL-13R IL-13 receptor,
JAK3 Janus-associated kinase 3, STAT3/6 signal transducer and activator of transcription 3/6, IL-6
interleukin-6, IL-6R IL-6 receptor, IL-18 interleukin-18, /RS/ insulin receptor substrate 1, JNK Jun
N-terminal kinase, /kBa inhibitor of kappa B o, IKK«, # and € inhibitors of kappa B kinase, NEMO
nuclear essential modulator, NAP/ NAK-associated protein 1, NFxB nuclear factor kappa B,
TANK TRAF-associated NFxB activator, TBK/ TANK-binding kinase 1, SINTBAD similar to
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were associated with measures of glucose homeostasis and prevalent diabetes in the
Finnish population (Luotola et al. 2009).

IL-1p is maturated through nucleotide-binding domain with leucine-rich repeats
containing pyrin domain 3 (NLRP3) inflammasome-mediated caspase-1 activation,
which results in its processing and secretion from macrophages and subsequent
binding to its receptor IL1-R at the surface of target cells (Tschopp and Schroder
2010) (Fig. 1). Upon binding to its receptor, IL-1R, IL-1p induces activation of the
MAPKSs JNK and p38 as well as IKK beta (IKKf), which cooperatively enhance the
expression of IL-1 target genes such as IL-6, interleukin-8 (IL-8), CCL2, cycloox-
ygenase 2 (COX-2), IL-1a, IL-18 and MAPK phosphatase 1 (MKP-1) by transcrip-
tional and posttranscriptional mechanisms (Solinas and Karin 2010; Garlanda
et al. 2013). Activation of these kinases not only leads to the production of many
pro-inflammatory factors but also will impair insulin signalling in target tissues (see
below) (Figs. 1 and 2).

An interesting question is as to how the inflammasome is activated in an
overnutrition state. An interesting recent study showed that the saturated fatty
acid palmitate, but not unsaturated oleate, activates the NLRP3-ASC
inflammasome in haematopoietic cells, leading to the production of caspase-1,
IL-1p and IL-18. Inflammasome activation in haematopoietic cells promotes insulin
resistance in several target tissues. Interestingly, activation of the inflammasome
involves an AMPK- and UNC-51-like autophagy activating kinase 1 (ULKI1)-
dependent autophagy pathway and propagation of reactive oxygen species (ROS)
(Wen et al. 2011) (Fig. 1). Even though ROS have been considered as important
NLRP3-inflammasome activators, they were also shown to inhibit caspase-1 acti-
vation through redox signalling (Meissner et al. 2008). Thus, other potent NLRP3-
inflammasome-stimulating mechanisms such as K*-efflux, cathepsin B or lysosome
rupture (Tschopp and Schroder 2010) need to be considered in the future in the
context of metabolic inflammation. Furthermore, the role of other inflammasome
complexes needs to be investigated.

Fig. 2 (continued) NAP and TBK1 adaptor, NLRP3 nucleotide-binding domain with leucine-rich
repeats (NLR) containing pyrin domain 3, ASC adaptor protein apoptosis-associated speck-like
protein containing a caspase recruitment domain, PPARy or /5 peroxisome proliferator-activated
receptor gamma or beta/delta, PGCIf PPARy-coactivator lbeta, AMPK adenosine
monophosphate-activated kinase, SIRT/ sirtuin 1, TAK/ transforming growth factor-beta-
activated kinase 1, TABI TAKI1-binding protein 1, IRAKI and IRAK4 IL-1 receptor-associated
kinases 1 and 4, TRADD TNFu receptor-associated death domain, TRAF TNF receptor-associated
factor, RIP death domain kinase, T1r2/4 toll-like receptors 2/4, TIRAP toll-like receptor adaptor
protein, MyD88 myeloid differentiation protein-88 (a docking protein), TOLLIP toll-interacting
protein, MKK4/7 mitogen-activated protein kinase kinase 4/7, IRF3 interferon regulatory factor
3, AKT protein kinase B, PKR double-stranded RNA-dependent protein kinase, PTP/B protein
tyrosine phosphatase 1B, SOCS3 suppressor of cytokine signalling 3, PKC8 or PKC{ protein
kinase C theta or zeta, PPA2 protein phosphatase A2, GPRI20 G-protein-coupled receptor
120, w-FAs omega fatty acids, FAHFAs fatty acid esters of hydroxy fatty acids, ROS reactive
oxygen species
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Phenotypically, IL-1p-deficient mice showed a markedly decreased adipose
tissue macrophage infiltration as compared to wild-type (wt) control animals
upon high-fat diet (HFD) feeding, supporting an important role of IL-1f in meta-
bolic inflammation. In line with IL-1f deficiency, IL-6 and TNFa transcripts were
markedly lower as compared to wild-type mice under a HFD (Nov et al. 2013).
Importantly, mice deficient in IL-1p, but also caspase-1 or NLRP3, were shown to
have higher insulin sensitivity than the control mice (Stienstra et al. 2010, 2011;
Vandanmagsar et al. 2011). IL-1f not only interferes with insulin signalling but also
promotes pancreatic f§ cell dysfunction and loss (Donath et al. 2013). A recent study
shed light on yet another function of the inflammasome system. Using a diet
deficient in methionine and choline that induces non-alcoholic steatohepatitis
(NASH), deletion of several components of the inflammasome system (including
NLRP3 and NLRP6) aggravated NASH and several aspects of metabolic syndrome.
Moreover, authors of this paper showed that in contrast to the studies by Stienstra
etal. (2011) and Wen et al. (2011), mice lacking the inflammasome adaptor protein
apoptosis-associated speck-like protein containing a carboxy-terminal CARD
(ASC) on a HFD displayed an increased insulin resistance and glucose intolerance
as compared to wt mice. Mechanistically, it has been proposed that the lack of
inflammasome components impaired the gut microbiota in a way that predisposed
for the development of NASH and traits of metabolic syndrome (Henao-Mejia
et al. 2012). Even though earlier studies did not report alterations of the gut
microbiota in mice lacking inflammasome components, the basic role of the
inflammasome system in metabolic inflammation remains rather inconclusive, as
so far described phenotypic outcomes on whole-body metabolism are inconsistent.
It will therefore be necessary in the future to understand how different
inflammasome components act on the molecular level in different immune
compartments to impact on metabolic inflammation.

Another important pro-inflammatory member of the IL-1 family is IL-1a, which
also signals through IL-1R, thereby activating the same signalling cascade. Inter-
leukin- 1o was also shown to inhibit insulin signalling through a similar mechanism
(see below) (He et al. 2006).

Altogether, IL-1a and IL-1p appear to be key factors in several aspects in the
pathogenesis of type 2 diabetes. Importantly, inhibition of IL-1R signalling using
receptor blockade with anakinra, the recombinant form of the naturally occurring
IL-1R antagonist (IL-1Ra), or using neutralizing IL-1p antibodies appears to be a
very promising therapeutic approach in type 2 diabetes (Dinarello et al. 2010).

IL-18 represents another interesting member of the IL-1 cytokine family that
should be discussed in the context of obesity and insulin resistance. It was first
described as a cytokine that promotes INFy production by T cells (Okamura
et al. 1995). IL-18 is maturated and secreted similarly to IL-1p by NLRP3-
inflammasome-mediated caspase-1 activation (Tschopp and Schroder 2010).
IL-18 signals through the IL-18 receptor engaging essentially the same inflamma-
tory signalling cascade as IL-la and P that should promote insulin resistance
(Ohnishi et al. 2012) and elevated IL-18 levels have been associated with obesity
and insulin resistance (Leick et al. 2007). Unexpectedly, however, two independent
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studies showed that mice with a global deletion of IL-18 become obese and insulin
resistant. Injections of recombinant IL-18 reversed the latter effects caused by
IL-18 deficiency. Both studies suggest that this paradoxical phenotype is mediated
via neuronal appetite regulation (Netea et al. 2006; Zorrilla et al. 2007). Along the
same line, a more recent report showed that IL-18 receptor (IL-18R) knockout mice
have increased weight gain on a chow diet and showed increased insulin resistance
and inflammation in metabolic organs (Lindegaard et al. 2013). A state of IL-18
resistance, similar to leptin resistance observed in obese individuals, can explain
this paradox. The authors of this study showed that IL-18 increases AMPK signal-
ling and fatty acid oxidation, thus providing another mechanism as to how insulin
resistance can occur in the absence of IL-18.

Altogether, while it is fairly established that the inflammasome and related
cytokines impact on metabolic inflammation, the functions of the individual
components of this intricate system are very complex and context dependent.

3.3 Interleukin-6 (IL-6)

IL-6 is considered as one of the early markers of the acute inflammatory response
(Ramadori and Christ 1999; Ramadori and Armbrust 2001). Circulating IL-6 levels
were shown to be increased in obese (Mohamed-Ali et al. 1997; Straub et al. 2000;
Fernandez-Real et al. 2001), in glucose-intolerant (Muller et al. 2002) and type
2 diabetic patients (Pickup et al. 1997; Kado et al. 1999). Another study also
showed that IL-6 levels were robustly increased in fat cells from insulin-resistant
individuals (Rotter et al. 2003). Results from the European Prospective Investiga-
tion into Cancer and Nutrition (EPIC)-Potsdam study showed that a combined
elevation of IL-1 P and IL-6, rather than the isolated elevation of IL-6 alone,
independently enhanced the risk of type 2 diabetes (Spranger et al. 2003). Very
recently, circulating IL-6 levels, but not soluble IL-6 (sIL-6), were shown to
significantly correlate with body mass index (BMI) and the homeostasis model
assessment index for insulin resistance (HOMA-IR) also in obese children and
adolescents (De Filippo et al. 2015). Despite these correlations, the role of IL-6 in
low-grade inflammation and in the pathophysiology of insulin resistance is quite
paradoxical since both IL-6 overexpression (Franckhauser et al. 2008) and defi-
ciency (Matthews et al. 2010) resulted in liver inflammation and insulin resistance.
These results can be explained by the fact that IL-6 exerts a dual role on insulin
sensitivity (Sarvas et al. 2013). Acute IL-6 and insulin treatments of myotubes and
mice have additive positive effects on increased glucose uptake and insulin sensi-
tivity. In fact, IL-6 is considered as a myokine level which increases acutely up to
100 times during exercise. The mechanism by which elevated IL-6 ameliorates
insulin sensitivity following physical activity might involve the regulation of
AMPK activity, resulting in increased insulin-stimulated translocation of glucose
transporter type 4 (GLUT4) to the plasma membrane (Kelly et al. 2004, 2009;
Ruderman et al. 2006; Carey et al. 2006; Nieto-Vazquez et al. 2008). However,
chronic exposure to IL-6 reduced insulin sensitivity and impaired GLUT4
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translocation. The molecular mechanism behind this deleterious effect implicates
the binding of IL-6 to its receptor IL-6R bound to a non-ligand-binding membrane
glycoprotein, gp130, and signals through JAK-STAT3 to trigger JNK activation,
the accumulation of suppresso