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New zoning laws enforced by glucagon

Christine M. Kusminski® and Philipp E. Scherer®'

The liver exerts important systemic functions at
multiple levels. Even though the tissue looks macro-
scopically uniform, it is very heterogeneous at the
cellular level. Beyond hepatocytes, stellate cells,
endothelial cells, and Kupffer cells, many additional
cell types contribute to its architecture. Beyond the
cellular heterogeneity, there is a significant degree of
functional heterogeneity present within the tissue,
with profound differences apparent with respect to
the degree that different hepatocytes dedicate them-

itself to is not a stochastic process, however. Rather,
there is a discrete spatial organization put in place,
referred to as “liver zonation,” that is critically involved
in the separation of different metabolic pathways (1).
In PNAS, Cheng et al. (2) report that they have estab-
lished an additional signaling axis within the liver,
“the glucagon axis,” by which liver zonation becomes
initiated and maintained.

Hepatocytes within a functional liver unit, a he-
patic lobule, assume distinct biochemical programs

selves to specific biochemical pathways. Which set of ~ depending on their location. Blood flows from the
anabolic or catabolic pathways a hepatocyte commits  portal vein and the hepatic artery through small blood
vessels, referred to as sinusoids, to the central vein.
While individual hepatocytes appear rather homoge-
neous along the axis, stretching from the periportal
location (hepatic vein and hepatic artery) to the
perivenous location (with the central vein), there are
distinct differences within the microenvironment and
biochemical properties of the cells themselves. The
periportal region is exposed to nutrient- and oxygen-
rich conditions. The portal vein supplies 75% of the
blood supply to the liver and provides nutrients and
hormones collected from the small intestine and much
of the large intestine, the pancreas, and the spleen.
The remaining 25% of the blood supply is contributed
by the hepatic artery, which carries oxygen-rich blood
(3). Together with the bile duct, these three vessels
define the “portal triad.” With oxygen- and nutrient-
rich conditions prevailing, there is a subset of oxygen-

el ] demanding pathways that are preferentially located i
triad emanding pathways that are preferentially located in
’ the periportal region. Mitochondrial p-oxidation (4),
gluconeogenesis, and glycogen synthesis predomi-
nantly occur in the periportal region, while glycolysis,
lipogenesis, and associated triglyceride synthesis are
predominantly enriched in the pericentral region (5).

Fig. 1. "Zonation" of different biochemical pathways in the liver. Zone 1 is . . .
defined as the region closest to the “portal triad,” consisting of the portal vein, While these pathways can be driven by substrate avail-
the hepatic artery, and the bile duct. The innermost zone is located near the ability, itis widely accepted that there is a higher order
central vein, and is referred to as the pericentral region. Different anabolic and imposed spatially by specific factors that help to es-
catabolic pathways are differ‘entially acti\!e in fiiff?rent zones. A key "z.onation tablish a highly precise structure upon the lobules.
modulator,” the Wnt/p-catenin pathway is active in the pericentral region near A th the Wnt/B-cateni th . f
the central vein. The glucagon pathway, in contrast, displays its highest activity mong these, the Wnt/p Ca‘emn pa Yvay !s one ‘O
near the periportal region. TG, triglycerides. Image created by Richard Howdy the most well-known mechanisms by which differential
(Visually Medical). liver function is established (6). The Wnt pathway is
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most active in the pericentral region and favors the expression of
pericentral genes (Fig. 1). The signaling heterogeneity for the Wnt
pathways is maintained by the adenomatous polyposis coli (APC)
tumor suppressor protein (7). APC is one of the key negative
regulators of Wnt signaling, and, as such, governs the activity of
the pathway across the different zones. Additional pathways tend
to modulate gene expression along the axis as well. For instance,
the Ras/MAPK/ERK signaling pathway is thought to be the peri-
portal equivalent of the Wnt pathway, and, as such, directly in-
duces components of pathways prevalent in the periportal
region (8). In addition to this, HNF4a has been implicated as a
driver for periportal gene expression, as well as suppressing
pericentral genes by acting as a modulator of p-catenin (9).
MicroRNAs (miRNAs) have also been implicated in the process,
based on the observation that ablation of either p-catenin or the
miRNA processing enzyme dicer leads to similar changes in the
zonation in gene expression, suggesting that both compo-
nents are involved in the proper regulation of pericentral gene
expression (10).

Cheng et al. (2) now provide evidence that the absence of
glucagon action in the liver also results in a loss of proper liver
zonation, as judged by gene expression analyses. This is based
on the observation that glucagon-null mice display an altered gene
expression pattern, particularly in the periportal region. The expres-
sion of almost 300 genes is altered in mice lacking glucagon. Glu-
tamine synthase is a classical marker for the pericentral region, and
its expression changes from being in the innermost three cell layers
in wild-type mice to extending out almost twice as far in glucagon-
null mice. Supplying exogenous glucagon restores the original ex-
pression pattern. Of interest in this context is the observation that
Wnt/B-catenin target genes are not zonated or regulated by gluca-
gon. As such, it would appear that glucagon action is reminiscent of
the effects of HNF4a, which shows similar opposing transcriptional
effects. Remarkably, the regional differences of glucagon action
cannot be explained on the basis of differential receptor expression,
since the glucagon receptor is uniformly expressed throughout the
liver. However, glucagon shows, of course, a concentration gradi-
ent, as the pancreatic a cells dispense their secretory products
through the portal vein, giving rise to higher periportal glucagon
levels. Based on their reported observations, Cheng et al. (2) firmly
establish the glucagon axis as an additional factor prompting differ-
ential gene expression across the different zones in the liver (Fig. 1).

There have been various hints in the literature that point to a
potential involvement of glucagon in this process. As early as
1986, Kinugasa and Thurman (11) examined the effects of gluca-
gon on gluconeogenesis in periportal and pericentral hepato-
cytes. They noticed that glucagon had much more pronounced
effects in the periportal region under gluconeogenic conditions in
the fasted state. Constantin et al. (12) further confirmed this, and
observed higher effects of glucagon in the periportal regions.
Aggarwal et al. (13) examined the differential response to gluca-
gon with respect to protein phosphorylation in periportal versus
pericentral regions, and identified that major differences are in-
deed present, although overall phosphorylation was not restricted
to just one region. Cheng et al. (2) are, however, the first group to
systematically address the issue of the effects of glucagon on
establishing a zonation pattern.

While the zonation of gene expression and biochemical
pathways have been reported and firmly established for more
than 50 y of research, the physiological significance is only slowly
emerging. It makes physiological sense to physically separate
anabolic and catabolic pathways in the liver. Fatty acid oxidation
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and synthesis occur in different cells. This may prevent futile cycling
and also avoid competition for substrates. Furthermore, this may
also at least partially explain the selective insulin resistance observed
for gluconeogenesis and de novo lipogenesis. The increased uptake
of free fatty acids (FFAs) in the periportal region may prompt a “spill-
over” effect, as frequently observed in cells where the FFA concen-
trations exceed the demand and are consequently shunted into the
ceramide synthesis pathway. Ceramides, in tum, have been directly
implicated in insulin resistance through actions on protein kinase C ¢
and protein phosphatase 2A (14). The pericentral region is exposed
to lower FFA concentrations and, as a result, may be less prone to a
reduction of insulin action, and therefore at liberty to follow its full
lipogenic potential. Cheng et al. now provide evidence that the ab-
sence of glucagon action in the liver also results in a loss of proper
liver zonation, as judged by gene expression analyses. Given the at

Cheng et al. now provide evidence that the
absence of glucagon action in the liver also
results in a loss of proper liver zonation, as
judged by gene expression analyses.

least partial redundance of the regulatory pathways governing the
zonation, it is not surprising that the disruption of these pathways
does not necessarily lead to severe metabolic dysregulation, or
even a lethal phenotype. Glucagon receptor-null mice survive
quite well and actually even display resistance to type 1 and type
2 diabetes (15). Mice lacking p-catenin in the liver simply display a
more “periportal” gene expression pattern in the pericentral re-
gion; however, they also survive (16). In contrast, APC-null livers
become “pericentral-like,” leading to a lethal phenotype (7).
Many of these factors, including HNF4a, may exert many addi-
tional unrelated functions, but one could speculate that a liver
with an exclusive pericentral expression pattern is incompati-
ble with normal metabolic function and life, whereas a liver
with a ubiquitous periportal gene expression pattern seems to
fare better.

It is clear that the zonation pattern is not firmly cast in stone.
Different metabolic conditions (feeding versus fasting) affect the
process. Coupled to that are profound circadian effects on the
process as well. Sympathetic innervation and parasympathetic
innervation are clearly present near the hepatic artery and the
portal vein, although the degree of innervation further inward toward
the pericentral region seems to differ between species.

Liver zonation is clearly a vastly underestimated phenomenon
that deserves attention every time we manipulate hepatic metabo-
lism. Grinding up liver tissue and performing gene expression and
metabolomics on the entire hepatic extract will, at best, reduce the
extent of differences observed in the microenvironment and, at
worst, completely obscure existing differences. Based on the recent
results reported by Cheng et al. (2), we need to bear that in mind
when studying glucagon action in the liver. Furthermore, pathophys-
iological changes imposed by glucagon on the liver in the context
of type 1 and type 2 diabetes, both states of insulinopenia and
impaired insulin action, result in unopposed glucagon action.
Determining the effects of glucagon on the differential meta-
bolic zones under these diabetic conditions will be a challenge
for the future.
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