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Abstract

Type 2 diabetes is well recognized as a noninsulin-dependent diabetic disease. Clinical evidence
indicates that the level of circulating insulin may be normal, subnormal, and even elevated in type
2 diabetic patients. Unlike type 1 diabetes, the key problem for type 2 diabetes is not due to the
absolute deficiency of insulin secretion, but because the body are no longer sensitive to insulin.
Thus insulin resistance is increased and the sensitivity to insulin is reset, so increasing levels of
insulin are required to maintain body glucose and metabolic homeostasis. How insulin resistance
is increased and what factors contribute to its development in type 2 diabetes remain incompletely
understood. Overemphasis of insulin deficiency alone may be too simplistic for us to understand
how type 2 diabetes is developed and should be treated, since glucose metabolism and
homeostasis are tightly controlled by both insulin and glucagon. Insulin acts as a YIN factor to
lower blood glucose level by increasing cellular glucose uptake, whereas glucagon acts as a
YANG factor to counter the action of insulin by increasing glucose production. Furthermore, other
humoral factors other than insulin and glucagon may also directly or indirectly contribute to
increased insulin resistance and the development of hyperglycemia. The purpose of this article is
to briefly review recently published animal and human studies in this field, and provide new
insights and perspectives on recent debates on whether hyperglucagonemia and/or glucagon
receptors should be targeted to treat insulin resistance and target organ injury in type 2 diabetes.
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Introduction

According to the latest National Diabetes Statistics, 2011, from the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK), diabetes mellitus affect 25.8 million
Americans of all ages, accounting for 8.3% of the U.S. population. For Americans of ages
65 years and older, nearly 27% had diabetes and 50% have prediabetes. Diabetes now ranks
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as the 7" leading cause of deaths in the United States, directly and indirectly costing the
U.S. economy $174 billion a year. Over 1.6 million new cases will be diagnosed each year,
with type 2 diabetes accounting for 90% to 95% of existing and new diabetic patients. Type
2 diabetes, previously called non-insulin-dependent diabetes mellitus (NIDDM), is
characterized by the development of insulin resistance, impaired glucose tolerance,
hyperglycemia, and cardiovascular, renal and neural complications [1-6e]. Unlike type 1
diabetes, the pathogenesis and therapeutic approaches for type 2 diabetes remain
incompletely understood [1, 3¢¢,5¢¢—7]. It is well-recognized that circulating insulin levels
may be normal, subnormal, and even elevated in type 2 diabetic patients [1,7]. Thus the key
defect in type 2 diabetes is not due to insulin difficiency at least until the late stage of the
disease, rather is whether the cells of the body respond properly to insulin [1,7]. Type 2
diabetes typically begins with the development of insulin resistance, which is followed by
resetting the cellular sensitivity to insulin to higher levels of insulin in order to maintain
body glucose and metabolic homeostasis. As insulin resistance further increases, pancreatic
B cells would have to produce more insulin to meet the demand, which eventually leads the
loss of B cellular function. How insulin resistance is developed, how the sensitivity to insulin
is reset, and what factors contribute to its development and progression of type 2 diabetes
remain unknown. Recently the publication of a number of studies using transgenic mice
with global and/or tissue-specific knockout or knockin (overexpression) of G protein-
coupled glucagon receptors (GCGRs) has reopened the debate on the potential roles of
glucagon in the pathogenesis and therapeutic approaches of type 2 diabetes [8—18¢]. The
purpose of this article is to briefly review these recently published studies and provide some
new insights and perspectives on the roles of hyperglucagonemia and/or hyperglycemia in
the development of insulin resistance and target organ injury in type 2 diabetes.

An essential role of glucagon and GCGRs in glucose and metabolic
homeostasis

Although it is well documented for more than five decades that body glucose and metabolic
homeostasis is regulated by pancreatic bi-hormones, many diabetic researchers still hold the
views that insulin alone contributes to the regulation of body glucose and metabolic
homeostasis, and that insulin deficiency contributes to the development of type 1 and type 2
diabetes. Glucagon plays little or any role in diabetic development and treatment. These
views, however, may be too simplistic, simply because pancreatic bi-hormones, insulin and
glucagon play their respective YIN and YANG roles in the regulation of glucose metabolism
and homeostasis [1-6°°]. While insulin acts on insulin receptors to decrease blood glucose
levels by stimulating glucose uptake in tissues and glycogen synthesis in the liver, glucagon
counters these actions of insulin by stimulating hepatic glycogenolysis and gluconeogenesis,
therefore raising blood glucose levels [1,2,4]. Glucagon plays an important role in
overcoming hypoglycemic effects of insulin in isulin overdoses [3**,5*,6*°]. The
hyperglycemic role of glucagon has been supported by numerous studies in rodents and
humans using specific GCGR antagonists [2,14,19-21]. Recent studies in mice with global
GCGR knockout (Gegr™-) further affirm the important contribution of glucagon to normal
glucose and metabolic homeostasis [10-12,15**~17°]. Gegr™'~ mice show lower basal blood
glucose levels and increased glucose tolerance than wild-type Gegr*/* mice, suggesting that
glucagon is essential for maintaining normal glycemia.

Glucagon, a 29-amino acid peptide hormone, is synthesized primarily in pancreatic a cells at
the periphery of the islets of Langerhans, and released in response to hypoglycemic action of
insulin [4,6°°,22,23]. It may also be produced in extraislet tissues such as the gut or intestines
in the absence of pancreases [24-26]. Glucagon and GCGRs have been molecularly
characterized [2,27-29]. GCGRs in the rat and mouse have 485 amino acids, whereas the
human GCGRs have 477 amino acids [2,28,29]. Both human and rodent GCGRs encode a
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common sequence motif, RLAR, in the third cytoplasmic domain, which is required for
activation of Gg proteins and transduction of downstream signaling [2,28,29].

GCGRs are expressed predominantly in hepatocytes of the liver, skeletal muscles, and the
kidney, but also to a lesser extent in cardiovascular, neural and gastrointestinal tissues
[2,4,6,30,31]. GCGRs mediate all known hyperglycemic effects of glucagon [1,2,4,5°,
28,29]. Glucagon binds to its membrane-bound GCGRs through GTP-binding heterotrimeric
G stimulatory (Gs) proteins and activates adenylate cyclase to increased intracellular cAMP
levels [2,32,33]. cAMP via activation of protein kinase A (PKA) is the primary signaling
molecule for the hyperglycemic action of glucagon [2,32,33]. However, the often
overlooked signaling transduction pathway for glucagon-activted GCGRs is the
phospholipase C (PLC)/inositol tri-phosphate (1P3)/Ca2* pathway, which is responsible for
increases in intracellular calcium ([Ca2*];) and activation of protein kinase C [2,32-35].
PLC/IP3/Ca?*- and cAMP-dependent PKA signaling transduction likely mediate both
hyperglycemic and/or growth-promoting effects of glucagon on pancreatic islets as well as
non-pancreatic cells (Fig. 1).

Evidence for or against a role of hyperglucagonemia in type 2 diabetes

The role of hyperglucagonemia in the pathogenesis of type 2 diabetes and its potentials as a
therapeutic target for type 2 diabetes remain controversial at present. There are two schools
of thoughts on whether hyperglucagonemia plays a role in the diabetic development and
treatment [3**,5°*,11°°,12,14,15**,36""-38"]. The classic dogma argues that glucagon secretion
from a islet cells is entirely dependent on insulin levels released from f islet cells; thus it is
unlikely that circulating glucagon levels would be increased in type | diabetes, which has
insulin deficiency, and in some type 2 diabetic patients, whose insulin levels may not be
elevated [3",6°°]. Second, body glucose and metabolic homeostasis is reciprocally regulated
by the hypoglycemic action of insulin and the hyperglycemic action of glucagon; a fall in
the plasma glucose concentration due to insulin secretion would automatically triger
glucagon secretion from a islet cells during hypoglycemia. Conversely, a rise in plasma
glucose concentration due to glucagon secretion would stimulate insulin release from (3 islet
cells [2-4,6,39]. However, it is debatable whether this reciprocal interactions between
insulin and glucagon may apply to established type 2 diabetes. Even in nondiabetic subjects,
a recent study by Ramanathan et al. showed that partial inhibition of insulin secretion in
nondiabetic subjects results in glucose intolerance but not hyperglucagonemia, suggesting
that insulin is not the sole regulator of glucagon secretion in humans [17°]. An alternative
hypothesis was proposed as early as in the 1970s, which suggests an important, but long
debated, role of hyperglucagonemia in the pathophysiology of type 2 diabetes [5,15%,40—
42]. Based on both human and animal studies, this hypothesis suggests that inappropriately
elevated serum glucagon levels relative to insulin (also termed hyperglucagonemia) may at
least in part contribute to the onset and progression of type 2 diabetes [5,15°*,40-42].

The debate on whether hyperglucagonemia plays a role in type 2 diabetes in part appears to
center on whether hyperglucagonemia is actually present in pre- and established diabetic
patients [3*,5%,11*,12,14,15,36*°-38"]. At present, there are still no large scale, multi-
center, randomized clinical trials to compare plasma glucagon levels in normal subjects and
type 2 diabetic patients, therefore there is no conclusive evidence to indicate whether plasma
glucagon levels are significantly elevated in most type 2 diabetic patients. However, Reaven
et al. compared plasma glucose, insulin and glucagon levels over an 8-h period between
normal subjects and patients with type 2 diabetes in an early study [43]. They demonstrated
that plasma glucose and insulin concentrations were significantly higher than normal in
patients with type 2 diabetes. The elevated plasma insulin levels were associated with
higher, but not lower, plasma glucagon concentrations, as expected, in both nonobese and
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obese patients with type 2 diabetes [43]. These resuts suggest that despite the fact that
plasma insulin levels are equal to or higher than normal, plasma glucagon and glucose levels
remain significantly elevated in patients with type 2 diabetes [43]. Orskov et al. showed that
proglucagon-like immunoreactivity was significantly elevated in type 2 diabetic patients
compared with normal subjects [44]. Even after an oral glucose load, plasma insulin
concentrations were lower, whereas proglucagon levels were higher in type 2 diabetic
patients [44]. Indeed, in isolated mouse pancreatic islets and clonal hamster In-R1-G9
glucagon-releasing cells, hyperglycemia failed to suppress glucagon release [45°]. In the
latter study, low glucose (~7 mmol/l) inhibited glucagon secretion while higher glucose
concentrations stimulated glucagon release. In a recent study, Jamison et al. infused normal
awake rats with glucose continuously for 10 days (2.5 to 3.3 g/kg/h) and measured plasma
glucose and markers of islet and liver function throughout the infusion [46°]. The authors
found that although rats adapted to glucose infusion and maintained euglycemia for first 4
days, hyperglycemia occurred in 69% of rats after 8 days and 89% after 10 days of glucose
infusion. Interestingly, basal and stimulated plasma insulin and C-peptide concentrations
were not different. By contrast, plasma glucagon levels increased fivefold. Infusion of anti-
glucagon antibodies normalized plasma glucose to levels identical to those on day 4 [46°].
These paradoxical findings may explain why diabetic patients with pronounced
hyperglycemia may still display hyperglucagonemia relative to the prevailing insulin levels
[45].

Even if “absolute hyperglucagonemia” may not necessarily be present in most type 2
diabetic patients, there is still credible evidence that a “relative hyperglucagonemia” in the
presence of “absolute” or “relative” insulin deficiency may contribute to hyperglycemia in
type 1 and type 2 diabetes [1,3*,43,44,47]. Type 2 diabetes is characterized by defects in
both a- and B cell function. In a normal subject, pancreatic a islet cells respond normally to
glucose or food intake by decreasing glucagon secretion, but they are unable to decrease
glucagon secretion appropriately in patients with type 2 diabetes in the presence of persistent
hyperglycemia [1,43,44,47]. Shah et al. tested whether a lack of suppression of glucagon
causes postprandial hyperglycemia in subjects with type 2 diabetes in two small studies
involving 29 patients [47,48]. Somatostatin, insulin, or glucagon were infused to maintain
portal glucagon concentrations constant or induce a transient decrease in glucagon. Their
studies confirmed that the lack of suppression of glucagon indeed contributes to postprandial
hyperglycemia in subjects with type 2 diabetes when insulin secretion is impaired [47,48].
Thus although clinical evidence is still limited, increased serum glucagon levels relative to
insulin are likely responsible for persistent hyperglycemia and consequently increased
insulin resistance in patients with type 2 diabetes [1,3*,5%,43,44,47,48]. Nevertheless, more
lareg scale, multi-center, double-blinded clinical studies are required to confirm this
hypothesis.

New insights for an important role of hyperglucagonemia from animal

models

Although clinical studies have implicated absolute or relative hyperglucagonemia in the
pathogenesis of type 2 diabetes, it has been very difficult to demonstrate a direct cause and
effect relationaship between hyperglucagonemia and type 2 diabetes in humans [1,3*,5,
43,44,47,48]. For example, it is impossible to induce hyperglucagonemia in normal human
subjects for weeks or months to determine whether long-term hyperglucagonnemia may
cause type 2 diabetes. Animal models that either overproduce glucagon or overexpress
GCGRs may be alternative approaches or models to determine the roles of glucagon. In
keeping with this context, global or tissue-specific knockout or molecular knockdown of
GCGRs would also be equally useful approaches. Gelling et al. were the first to examine the
direct role of glucagon in glucose homeostasis by generating a null mutation of the glucagon
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receptor (Gegr™-) [10]. Gegr~/~ mice display lower basal blood glucose levels and
improved glucose tolerance, but interestingly maintain normal insulin levels compared to
wild-type animals. However, plasma glucagon levels were significantly elevated in Gegr™/~
mice [10]. Subsequent studies showed that Gegr™~ mice are resistant to diet-induced obesity
and streptozotocin-induced type 1 diabetic phenotypes [16°,18]. Lee et al. carefully
compared pertinent clinical and metabolic phenotypes in Gegr~~ and wild-type (Gegrt/)
mice in response to equivalent destruction of pancreatic [ cells by streptozotocin [16°].
Gegr** mice became hyperglycemic, hyperketonemic, polyuric, and cachectic, whereas
Gegr™'~ mice failed to develop these diabetic phenotypes. In a further study, the same group
of investigators expressed GCGRs in the livers of Gegr™/~ mice before and after B cell
destruction by high-dose streptozotocin were performed [15°]. Wild type mice developed
fatal diabetic ketoacidosis induced by streptozotocin, whereas Gegr™~ mice with hepatic
GCGR over expression or knockin remained clinically normal without hyperglycemia,
impaired glucose tolerance, or hepatic glycogen depletion, despite of similar 3 cell
destruction [15°]. These elegant studies provide evidence that glucagon plays a direct role in
the development of type 1 diabetes in mice.

The important role of glucagon in the regulation of insulin secretion and homeostasis has
been recently addressed using transgenic mice with GCGR overexpression [11*]. Gelling et
al. generated mice with overexpression of GCGRs selectively in pancreatic (3 cells (RIP-
Gcgr). Insulin secretion in response to glucagon was increased 1.7- to 3.9-fold in RIP-Gegr
mice compared with wild types, whereas the glucose excursion in response to a glucagon
challenge and intraperitoneal glucose tolerance test (IPGTT) was significantly reduced in
RIP-Gegr mice compared with controls. Fasting hyperglycemia and impaired glucose
tolerance (IGT) were reduced in RIP-Gcgr mice as well [11°*]. However, this transgenic
model has not been used to determine the role of glucagon in type 1 or type 2 diabetes.

We have recently employed an alternative approach to study the role of hyperglucagonemia
in the development of early phenotypes of type 2 diabetes [14]. Glucagon was chronically
infused via an osmotic minipump for 4 weeks to induce hyperglucagonemia in male adult
C57BL/6J mice, as described by Webb et al. [49]. We reasoned that imbalance of insulin
and glucagon in favouring the latter may contribute to impaired glucose tolerance, persistent
hyperglycaemia, microalbuminuria and glomerular injury. Compared with vehicle, infusion
of glucagon alone at 1 ug/h for 4 weeks increased serum glucagon (0<0.01), elevated fasting
blood glucose (p<0.01), impaired glucose tolerance (0p<0.01), increased 24 h urinary
albumin excretion (p<0.01), and induced glomerular mesangial expansion and extracellular
matrix deposition (Fig. 2) [14]. We also found that serum insulin did not increase
proportionally in response to glucagon infusion. All early type 2 diabetic phenotypes
induced by long-term infusion of glucagon were blocked by concurrent administration of
[Des-His!-Glu®]glucagon, a specific GCGR antagonist [14]. Interestingly, high glucose
adminsitration alone for 4 weeks did not elevate fasting blood glucose levels, impair glucose
tolerance or induce renal injury, as expected. These results demonstrate for the first time that
long-term hyperglucagonaemia in mice may induce early metabolic and renal phenotypes of
Type 2 diabetes by activating glucagon receptors. The renal phenotypes induced by long-
term hyperglucagonemia are especially relevant to type 2 diabetic nephropathy. We have
previously shown that glucagon induced growth and proliferation of rat mesangial cells
associated with activation of MAP kinases ERK1/2 via protein kinase A and phospholipase
C signaling transduction (Fig. 3) [34,35,38]. We and others have also demonstrated that
glucagon induced significant glomerular hyperfiltration in anaesthetized rats [50,51]. Since
glomerular hyperfiltration and subsequent development of albuminuria are two major
hallmarks of glomerular injury in early type 2 diabetes [52,53], persistent glomerular
hyperfiltration induced by hyperglucagonemia may lead to renal hypertrophy, glomerular
injury and development of microalbuminuria in human type 2 diabetes [1,54-56].
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New perspectives for targeting glucagon receptors in type 2 diabetes

There has been tremendous progress being made in treating type 1 and type 2 diabetes
during the last several decades as our understanding of the mechanisms underlying the
development of diabetes is evolved [2-7]. Now type 1 diabetes can be treated with insulin
replacement, cell transplantation, and/or embryonic stem cells, However, it is unlikely that
the same approaches for type 1 diabetes are practical for patients with type 2 diabetes, since
95% of diabetic patients have type 2 rather than type 1 diabetes. More importantly, most of
patients with type 2 diabetes do not have absolute insulin deficiency until the late stage of
the disease when 3 cells can no longer produce insulin to maintain body glucose and
metabolic homeostasis. The decrease in insulin sensitivity or increased insulin resistance
plays a key role in the pathogenesis of type 2 diabetes [1-3"*,5",6°,38]. During last few
decades, numerous therapeutic approaches have been proposed and developed to treat type 2
diabetes by improving insulin sensitivity and decreasing insulin resistance. Glucagon or its
GCGRs is one of these approaches recently gaining renewed attention and debates [3*,5",
6*,38].

The idea to target glucagon or GCGRs in type 2 diabetes goes back to the 1970s, but the
debate on its promises and limitations remains unabated [2—4,6°°,40,41]. There are still
major concerns on whether it is a good idea to block GCGRs in diabetes. For example,
glucagon is widely used to treat hypoglycemia induced by insulin overdose in diabetic
patients, blockade of GCGRs may cause severe hypoglycemic side effects [3**,6°°]. Second,
glucagon itself is the principle stimulator for insulin synthesis and secretion from B islet
cells, blockade of GCGRs would further aggravate insulin deficiency in type 2 diabetes [3®,
4,6"]. However, recent studies in global GCGR™~ mice appear to somewhat alleviate these
concerns [10]. Gelling et al. showed that GCGR™~ mice have lower blood glucose levels,
improved glucose tolerance, and supraphysiological glucagon and GLP-1 levels, but insulin
levels are normal [10]. Nevertheless, subsequent studies in these mice suggest that GCGR
deletion may increase fetal lethality and alter islet development and maturation [13]. Some
of glucose, lipid and metabolic phenotypes observed in GCGR™~ mice may have negative
implications on targeting GCGRs in the treatment of diabetes [36°]. The third concern is
that there is little clinical evidence that orally active GCGR antagonists are effective in
treating hyperglycemia and improving insulin resistance in type 2 diabetic patients [21]. A
novel GCGR antagonist, Bay 27-9955, has previously been evaluated in a small double
blind, placebo controlled, and crossover study [21]. Bay 27-9955 significantly blunted
hyperglucagonemia-induced hyperglycemia, but long-term effects of this compound on type
2 diabetic patients have not been determined. Two recent unpublished studies also suggest
that GCGR antagonists, MK-0893 [57°°] and LY 2409021 [58°°], also show some promises in
treating type 2 diabetic patients by reducing fast blood glucose and HbAlc. However, these
are small studies involving only a small number of type 2 diabetic patients. More large-
scale, multi-center, double blind, and placebo controlled studies are necessary to determine
whether GCGRs are a novel target in the treatment of type 2 diabetes in humans.

However, there is accumulating evidence from animal experimentation that blockade of
GCGRs with specific GCGR antagonists, antibodies, or antisense oligonucleotides may be
beneficial in the treatment of type 2 diabetes in a number of proof of concept studies [8°,
9,14,59]. For example, Gu et al. demonstrated that a 5-week treatment of diet-induced obese
mice or db/db mice with GCGR mAb effectively normalized nonfasting blood glucose
without inducing hypoglycemia or other undesirable metabolic perturbations [60]. No
evidence of pancreatic o cell neoplastic transformation was found in mice treated with
GCGR mADb for 18 weeks in this study. We demonstrated that the peptide GCGR antagonist,
[Des-His!-Glu]glucagon, effectively blocked the development of early type 2 diabetic
phenotypes including hyperglycemia, impaired glucose tolerance, and microalbuminuria in
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C57BL/6J mice induced by long-term infusion of glucagon to produce hyperglucagonemia
[14]. Sloop et al. targeted GCGRs in rodent models of type 2 diabetes using 2'-
methoxyethyl-modified phosphorothioate-antisense oligonucleotide (ASO) inhibitors to
determine whether blocking glucagon action would reverse hyperglycemia [8°*]. These
authors found that treatment with GCGR ASOs decreased GCGR expression, normalized
blood glucose, improved glucose tolerance, and preserved insulin secretion. GCGR
inhibition also increased serum GLP-1 concentrations and insulin levels in pancreatic islets
[8°]. Similar beneficial results of GCGR inhibition by GCGR ASO were largely confirmed
in a different study [9°]. In all above-mentioned studies, no significant hypoglycemic effects
were observed [8*,9*,14,59,60°]. Taken together, these proof of concept studies provide
new insights and perspectives on whether GCGRs may be targeted in the treatment of type 2
diabetes in the future.

Conclusions

In summary, diabetes is a major risk factor for the development of cardiovascular,
hypertensive, and renal target organ damage, leading to atherosclerosis, ischemic heart
disease, stroke and chronic kidney diseases. Type 1 and type 2 diabetes affect ~26 million
Americans of all ages, and ranks as the 7! leading cause of deaths in the United States. It is
thus imperative to identify the factors contributing to the development and progression of
type 2 diabetes, and to explore new therapeutic targets beyond insulin replacement. Clearly,
imbalance in the actions of insulin and glucagon in favoring the latter contribute to increased
insulin resistance, impaired glucose tolerance, persistent hyperglycemia, and target organ
injury in type 2 diabetes (Fig. 4). Since glucagon is one of two key players along with
insulin in the regulation of glucose metabolism and homeostasis in humans by promoting
hyperglycemia and other growth and proliferation, glucagon and GCGRs should be
considered as potential targets for treatment of type 2 diabetes (Fig. 4). It is expected that
GCGR blockade alone, or in combination with angiotensin-converting enzyme inhibitors or
AT receptor blockers, may provide clinical benefits by reducing hyperglycemia, improving
or resetting insulin sensitivity and B cell function, and preventing type 2 diabetic
cardiovascular and renal complications. However, at the same time the limitations or the
side effects of GCGR blockade should also be carefully evaluated to ensure its safety and
maximize its therapeutic promises in treating type 2 diabetes.
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Figure 1.

Two classic G protein-coupled glucagon receptor-mediated intracellular signaling pathways
in glucagon-targeted cells. To induce an effect, glucagon binds to cell surface GTP-
heterotrimeric Gs protein-coupled receptors and activates phospholipase C (PLC)/IP3/Ca%*
and cyclic adenosine monophosphate (CAMP)-dependent protein kinase A (PKA) signaling.
Both signaling pathways are closely involved in mediating glucagon-induced glycogenolysis
and gluconeogenesis, leading to hyperglycemia. Pharmacological agents known to block
these two signaling pathways also inhibit glucagon-induced hyperglycemic and growth
effects in target cells. Abbreviations: AC, adenylyl cyclase; GCGP, the Gg protein-coupled
glucagon receptor; H-89, a selective cAMP-dependent PKA inhibitor; PKC, protein kinase
C; and U73122, a selective PLC inhibitor. Reprinted with permission from Li and Zhuo
[38]. Targeting glucagon receptor signaling in treating metabolic syndrome and renal injury
in type 2 diabetes: theory versus promise. Clinical Science 2007; 113, 183-193.
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Figure2.

Effects of long-term hyperglucagonaemia induced by infusion of glucagon via osmotic
minipump (1 ug/h, i.p., for 4 weeks) and concurrent blockade of GCGR by [des-His!-Glu®]
glucagon (5 pg/h via osmotic minipump, i.p.) on fasting blood glucose (A) and glucose
tolerance (B) in glucagon-infused mice. **p<0.01 compared with basal (week 0) for fasting
blood glucose (in A) or compared with 0 min for the GTT within the same group (in

B). **p<0.01, compared with glucagon-infused mice at corresponding periods. Ant, [Des-
His-Glu]glucagon. Reprinted with permission from Li et al. [14]. Long-term
hyperglucagonaemia induces early metabolic and renal phenotypes of Type 2 diabetes in
mice. Clin Sci (Lond) 2008; 114(9):591-601.
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Figure 3.

Effects of cAMP-dependent protein kinase A- or phospholipase C-selective inhibitors on
glucagon-induced MAP kinases ERK 1/2 phosphorylation in rat glomerular mesangial cells.
Both H-89 and U73122 blocked the effects of glucagon on MAP kinases ERK 1/2
phosphorylation. (A) Western blot of phosphorylated and total ERK 1/2; (B) quantitative
changes in phosphorylated ERK 1/2 from control. **p<0.01 vs control; **p<0.01 vs
glucagon. Reprinted with permission from Li et al. [35]. Glucagon receptor-mediated ERK
1/2 phosphorylation in rat mesangial cells: role of protein kinase A and phospholipase C.
Hypertension 2006; 47, 1-6.

Curr Hypertens Rep. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Li and Zhuo

Page 16
QISLETCELLS SISLETCELLS
G.Lu.cAsp.u A
GCGR
Insullnrece tors GCGR _
g antagonists Q_) @

}®
y __ » Glycogenolysis & cAMP/PKA
PSR * Gluconeogenesis ® PLC/[Ca®*]/IPKC

/o\ ®

Glucose Glycogen ®
uptake i‘ synthesis “‘ N7
I > Hyperglycemia «—> MAPK/ERK 1/2

Ve °

Resetting insulin sensitivity
to higher insulin levels

Vo

Type 2 diabetes

Figure4.

A hypothesis that proposes a potential role of hyperglucagonemia in the development of
hyperglycemic and metabolic phenotypes in type 2 diabetes. In human type 2 diabetes, there
is an inappropriate increase in the hyperglycemic glucagon over the hypoglycemic insulin.
Imbalance of the actions of insulin and glucagon in favoring the latter leads to increases in
glycogenolysis and gluconeogenesis in the liver and other tissues, resulting in
hyperglycemia, increased insulin resistance (resetting insulin sensitivity to higher levels of
insulin) and impaired glucose tolerance. Moreover, glucagon, via direct activation of
GCGR-mediated signaling pathways (cCAMP-dependent protein kinase A, Pl 3-K/PKB/Akt,
PLC/[Ca%*];i/PKC, and MAPK/ERK 1/2), stimulates cellular growth and proliferation,
leading to target organ injury. GCGR antagonists are expected to block these metabolic and
growth effects of hyperglucagonemia in type 2 diabetes, and reset insulin sensitivity to
lower insiulin levels. GCGR, G protein-coupled glucagon receptors; MAPK/ERK 1/2,
mitogen-activated protein kinase/extracellular regulated kinases 1 and 2; PKA, protein
kinase A; PI3-K, PI3-kinase; PKB/AKkt, protein kinase B/AKT; and PLC/]Ca2*];/PKC,
phospholipase C/intracellular calcium/protein kinase C. Modified with permission from Li
and Zhuo [38]. Targeting glucagon receptor signaling in treating metabolic syndrome and
renal injury in type 2 diabetes: theory versus promise. Clinical Science 2007; 113, 183-193.

Curr Hypertens Rep. Author manuscript; available in PMC 2014 October 01.



