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Abstract

Glucagon secretion is stimulated by a low plasma glucose concentration. By
activating glycogenolysis and gluconeogenesis in the liver, glucagon contributes to
maintain a normal glycemia. Glucagon secretion is also stimulated by the intake of
proteins, and glucagon contributes to amino acid metabolism and nitrogen excretion.
Amino acids are used for gluconeogenesis and ureagenesis, two metabolic pathways
that are closely associated. Intriguingly, cyclic AMP, the second messenger of
glucagon action in the liver, is released into the bloodstream becoming an
extracellular messenger. These effects depend not only on glucagon itself but on the
actual glucagon/insulin ratio because insulin counteracts glucagon action on the liver.

This review revisits the role of glucagon in nitrogen metabolism and in disposal
of nitrogen wastes. This role involves coordinated actions of glucagon on the liver
and kidney. Glucagon influences the transport of fluid and solutes in the distal tubule
and collecting duct, and extracellular cAMP influences proximal tubule reabsorption.
These combined effects increase the fractional excretion of urea, sodium, potassium
and phosphates. Moreover, the simultaneous actions of glucagon and extracellular
cAMP are responsible, at least in part, for the protein-induced rise in glomerular
filtration rate that contributes to a more efficient excretion of protein-derived end
products.
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1. Introduction

Insulin and glucagon are tightly linked, both by the site of their synthesis and by
the functions they regulate. Both hormones are secreted by specialized cells of the
pancreatic islets (beta and alpha cells, respectively), and both play a role in glucose
homeostasis, although with opposite effects. Glucagon stimulates glycogenolysis and
gluconeogenesis, inducing a rise in glycemia, whereas insulin favors glucose uptake
by cells and storage of glucose in the form of glycogen and lipids, thus reducing
glycemia. When these functions were first understood, most studies investigated
simultaneously the status of both hormones, using specific immunoassays
(developed in the 1960s), and the insulin/glucagon ratio was taken into consideration
[1, 2]. However, in the last few decades, the main focus has been on insulin alone.
Glucagon was almost not any more measured, and its possible role not discussed.
This lack of interest may be due to technical issues (glucagon is degraded more
easily and is more difficult to measure than insulin) and may also be due to the fact
glucagon seems less important than insulin in usual conditions. Pancreatectomized
patients absolutely need insulin replacement, but do not seem to suffer from the lack
of glucagon. This may be because a glucagon-like peptide of higher molecular weight
is produced outside of the pancreatic islets [3]. Glucagon secretion is enhanced by
starvation which promotes glucose formation. However, glucagon secretion is also
potently stimulated by the ingestion of a protein meal or an infusion of amino acids
(AAs). This protein-induced rise in glucagon secretion probably occurs much more
frequently in our modern life (characterized by the relatively high protein content of

Western diets), than stimulation due to starvation.

A few studies suggest that glucagon plays an important role in nitrogen
metabolism and in the excretion of nitrogen end-products [4-6]. It also likely
contributes to maintenance of potassium homeostasis as explained elsewhere [7, 8].
In this review, we will focus on the coordinated effects of glucagon on the liver and
kidney to regulate glucose and nitrogen handling by these two organs. In addition, we
will stress how important for this regulation is the simultaneous concentration of

insulin, which reduces the glucagon-induced rise in hepatic CAMP.
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2. Plasma glucose, insulin and glucagon concentrations
throughout the day

In most human studies, baseline blood samples for various measurement are
taken in the morning before breakfast, after a night's fast. For example, glycemia is
reported as "fasting glycemia". Intuitively, it may be assumed that glucagon should
be elevated in this "fasting" state. However, this is not the case, as will be shown
below. In a detailed study, Velho and colleagues measured glycemia, and plasma
insulin and glucagon concentrations every half hour for 16 h in 12 healthy subjects
and 7 patients with maturity-onset diabetes of the young (GCK-MODY) [9]. We
consider here only the observations reported for the healthy subjects. Figure 1
shows these concentrations over a 16 h period. The subjects ingested three meals of
equal composition (60% carbohydrate, 20% protein, and 20% fat) with a well-defined
timing during the study. These measurements show several interesting and yet
poorly known observations.

1. Although the three meals are similar, the peaks of glycemia and plasma
insulin concentration that occur after the 2"¢ and 3™ meals have a much lower
amplitude than those observed after the 15t meal. The larger changes observed in
response to the first meal might be related to some degree of insulin resistance
occurring in early morning hours, the "dawn phenomenon" well described in
diabetic patients [10] as well as in non-diabetic volunteers [11].

2. Between meals, glycemia remains relatively stable around 5 mmol/L, the
same level as that observed in the early morning, before the first meal. This good
stability occurs in spite of the fact that the body consumes glucose at a high rate,
even in the absence of exercise. Only a limited amount of glucose is available at any
time in the blood and body fluids (roughly 5 mmol/L x 5 L =25 mmol =5 g). The brain
alone uses approximately 5 g glucose per h and the whole body about 25 g per h.
Thus, outside of meals (that generally provide some glucose), gluconeogenesis and
glycogenolysis must operate at a rate that constantly produces glucose in amounts
equal to glucose consumption by the body. Noteworthy, even when liver glycogen
stores are maximal, gluconeogenesis contributes approximately 50 % to hepatic
glucose production [12].
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3. Plasma glucagon concentration is lower in the early morning than the rest of
the day. This shows that the morning fast period is a basal condition, with low
glucose needs, that is part of the normal circadian cycle. A more severe fast is
required to stimulate glucagon secretion, such as missing one or more meals.

4. Glucagon concentration rises at the time of the first meal, then remaining
fairly stable throughout the day, with only modest declines when insulin is at its
lowest level, before the next meal. We postulate that this relatively stable level of
glucagon throughout the day (about 50 % above that in the early morning) is required
to stimulate gluconeogenesis in order to provide the glucose constantly needed for
metabolism. This relatively stable glucagon concentration accounts for the relatively
stable glycemia. Note that small changes in plasma glucagon concentration parallel
those in insulin two h before and one h after the lunch and dinner, so that the

glucagon/insulin ratio remains fairly stable.

In summary, these measurements in healthy volunteers strongly suggest that
glucagon is at its lowest level in the early morning, and that, thereafter, during the
whole day, it is secreted at a relatively regular rate to ensure the production of

glucose consumed for the body's metabolism.
3. Glucagon, insulin, and cAMP

Glucagon action in hepatocytes is mediated by specific membrane receptors
that activate adenylate cyclase, thus inducing the formation of cAMP, triggering
downstream signaling pathways. In most cells in which cAMP acts as a second
messenger of peptidic hormones, cAMP remains intracellular and is degraded by
phosphodiesterases into adenosine and phosphate, metabolites that are recycled
within the cell. However, in the liver, glucagon-induced cAMP is largely exported out
of the hepatocytes into the blood [13-16]. As illustrated in Figure 2A, acute injections
of glucagon in healthy subjects induced dose-dependent increases in plasma cAMP
concentration [17, 18]. Some authors assumed that cAMP released by the liver could
be involved in an unknown action on a distant organ, because the egress of this
metabolite is energetically expensive for the cells and thus, cannot be futile [19, 20].
Insulin is known to counteract glucagon-mediated metabolic actions. This is because,
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insulin accelerates the degradation of glucagon-induced cAMP by stimulating the
formation of phosphodiesterases [21]. As a result, intracellular cAMP concentration in
hepatocytes and cAMP release into the blood are governed, not just by glucagon but
by the insulin/glucagon ratio, as demonstrated in several studies [22, 1, 23, 2] and
illustrated in Figure 2B. The most intense effects of glucagon are observed when the

insulin/glucagon ratio is low.

After a protein-rich meal, a marked rise in renal blood flow and glomerular
filtration rate (GFR) has been well documented and is interpreted as the recruitment
of a "functional reserve" [24-26]. Because glucagon secretion is increased after a
protein meal (or an AA infusion) [27, 28], the role of glucagon in this hyperfiltration
has been strongly suspected, but observations in humans have been inconclusive.
Some studies failed to find a significant correlation between the rise in GFR and the
plasma glucagon concentration (se review in [29]). Actually, as shown in the study of
Claris-Appiani et al [30], the change in GFR observed after an AA infusion (mimicking
a protein meal) was not correlated with glucagon itself, but was significantly
correlated with the glucagon/insulin ratio (Figqure 2C). A few experimental studies
suggested that another hormone, released by the liver under the influence of
glucagon, was responsible for the protein-induced rise in GFR [31-33]. In an elegant
clinical investigation, Giordano et al studied the influence on GFR of 5 different doses
of AAs infused in 8 healthy subjects, in random order on separate days, and looked
for correlations with a number of hormones [28]. The first 4 doses were designed to
span the physiologic level of hyperamino acidemia. As depicted in Figure 2D, the
GFR observed in response to these graded AA infusions was dose-dependent and
highly correlated with the simultaneous concentration of glucagon in plasma. There
was no significant change in any of the other hormones studied (except with growth
hormone and insulin for the two highest doses of AAs). Of note, branched-chain AAs
that cannot be deaminated in the liver do not induce an increase in renal
hemodynamics [34, 35, 33]. In a group of 37 healthy subjects, a significant
correlation was observed between GFR (as evaluated by creatinine clearance) and
24-h urinary urea excretion rate [36]. After oral protein loading, there was a
significant correlation between GFR (as creatinine clearance) and urinary urea

nitrogen excretion rate [36].
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The elucidation of the role of glucagon in glomerular hyperfiltration came from
experimental studies in rats [6, 37, 38]. We showed that an i.v. infusion of glucagon
(G1=1.2 ng/min x 100 g body weight), raising its concentration in the blood within
physiological levels seen after a protein meal, did not increase GFR. Infusing a 10-
fold higher dose (G10) increased GFR and raised plasma cAMP concentration
significantly [38]. A significant rise in GFR was also observed when the low dose of
glucagon (G1) was co-infused with cAMP, mimicking its release by the liver (Fiqure
2E). The 10-fold higher dose of glucagon was needed to produce a "physiologic"
concentration in the liver, because endogenous glucagon is secreted into the portal
vein and reaches, in the liver, levels that are about one order of magnitude higher
than in peripheral blood (the well-known porto-peripheric concentration gradient for
pancreatic hormones). Thus, with the 10-fold higher glucagon infusion rate (G10),
glucagon was able to stimulate hepatocytes and to induce the release of cAMP into
the blood. In experiments with the high dose of glucagon infusion (G10), the rise in
GFR was significantly correlated with the simultaneous rise in cAMP. Infusion of
cAMP alone did not increase the GFR but reduced proximal tubule reabsorption of
sodium, urea, phosphate and other solutes, in a way ressembling that of PTH on this
nephron segment [38-40]. How cAMP inhibits proximal tubule reabsorption is not
elucidated. Actually, micropuncture studies showed that the effects of glucagon on
the proximal tubule and its pars recta mimic those of PTH [41]. Although not
considered at that time by the authors, the perfusion rate of glucagon in their
experiments (5 ng/min x 100 g body weight) was probably high enough to induce
cAMP release by the liver into the bloodstream. Thus, the effects attributed to
glucagon in these experiments may possibly be due to cAMP. Some homology has
been found between the amino acid sequence of the human PTH receptor and that
of CAMP receptors expressed in the amoeba Dictyostelium discoideum [40]. This
suggests that the PTH receptor protein could harbor a binding site for extracellular
cAMP, as explained in detail elsewhere [40].

The above observations suggest that the metabolic effects of glucagon or
insulin on the liver can be well understood only if the concentrations of the two
hormones are evaluated simultaneously. They also show that cAMP, released from

the liver in amounts depending on the molar ratio between glucagon and insulin,
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plays an important role in the control of kidney function, as explained in greater detail

in the next section.

4. Role of glucagon in urinary nitrogen excretion

Stimulation of glucagon secretion by starvation and hypoglycemia is well-
known. Glucagon stimulates autophagy to use endogenous AAs as a substrate for
gluconeogenesis [42]. However, glucagon secretion is also very sensitive to the
blood level of AAs, and plasma glucagon rises markedly in response to a protein
meal or an AA infusion (Fiqure 2D) [27, 43, 44, 28]. In Western countries, where
diets are high in protein, this protein-induced stimulation of glucagon release is much
more frequent than that due to hypoglycemia. A few authors underlined the fact that
glucagon is an important player in protein metabolism and disposal of nitrogen waste
products [4, 5, 29, 45]. We will focus here on the combined actions of glucagon on
urea synthesis by the liver and urea excretion by the kidney.

The main and most well-known action of glucagon in hepatocytes is to stimulate
glycogenolysis and/or gluconeogenesis to produce glucose. But actually, when
amino acids (general formula : COOH—R—NH>) are used as a substrate,
gluconeogenesis and ureagenesis are always tightly associated [46-48]. The carbon
chain of the amino acids (COOH—R) is used to generate glucose, while the nitrogen
of the amino radical (—NH2) needs to be excreted because there is no storage of
nitrogen in the body. The AAs resulting from the digestion of dietary proteins must be
deaminated in order to excrete the nitrogen, mostly in the form of urea. After a
protein-rich meal, AAs are used in the liver for gluconeogenesis rather than for
protein synthesis [45]. The carbon chain of the AAs is used for gluconeogenesis, in
parallel with ureagenesis, even if an increased supply of glucose is not needed at
that time. Thus, glucose is produced after a protein-rich meal, independently of the
glucose needs of the body, as a consequence of the need to excrete nitrogen.
Actually, glucagon is a potent activator of the five enzymatic steps of the ornithine-
urea cycle that leads to urea synthesis in the liver [49-52]. Moreover, glucagon also
influences kidney function in several ways that help the body excrete nitrogen end
products, as detailed below.
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Glucagon receptors are strongly expressed in the kidney [53, 54]. Because the
nephron comprises many different subsegments, it is important to determine which
segments/cell types respond to glucagon. A microassay of CAMP in microdissected
single, well defined nephron segments revealed that glucagon stimulates adenylyl
cyclase activity in the medullary and cortical thick ascending limb (TAL), the distal
convoluted tubule (DCT) and the collecting duct (CD), as shown in Figure 3A [53,
55]. The medullary TAL is the segment in which this stimulation is the most intense.
Binding of radiolabeled glucagon in rat kidney and transcriptomic data from the
human kidney confirmed a strong expression of the glucagon receptor [56] and its
mMRNA in the same segments [57]. Assessing the binding of radiolabelled glucagon
on rat kidney slices using the technique of autoradiography [58] reveals an intense
binding in the inner stripe of the outer medulla, as shown in Fiqures 3B and 3D. This

heavy labeling is likey localized in the medullary TALs. A weaker but significant
labelling is also present in the renal cortex, in the medullary rays where cortical TALs
and CDs are running, as shown in Figure 3C. These autoradiograms do not allow
resolution of the different cell types that express glucagon receptors, but they fit well
with the activation of adenylate cyclase in individual nephron segments exposed to
glucagon, and with the functional effects on electrolyte transport observed after
infusion of glucagon in vivo [59, 41, 37].

Glucagon exerts both direct and indirect effects on the kidney. The direct effects
occur in the distal nephron segments and collecting ducts that express the glucagon
receptor. The indirect effects are mediated by extracellular cAMP (largely derived
from the liver) and take place in the proximal tubule [37]. GFR increases after a
protein-rich meal, but not after a carbohydrate- or lipid-rich meal. The catabolism of
carbohydrates and lipids produces only CO2 and H2O that are easily excreted by the
lungs and kidneys, respectively. But the end-products of protein catabolism include
nitrogen wastes (urea, ammonia, uric acid, creatinine) as well a phosphates, sulfates,
protons, etc... that are not only excreted by the kidney but are concentrated in the
urine far above their level in plasma and body fluids [60, 61]. Glucagon plays a
crucial role in favoring the excretion of these waste products by the kidney in two
ways. First, it participates in the rise in GFR (along with vasopressin, see review in
[29]), and second, it inhibits the reabsorption of urea along the nephron, thus
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improving the fractional excretion of urea [6, 37]. These effects require both glucagon
itself plus extracellular cAMP released from the liver into the bloodstream in response
to glucagon, as explained above.

More than a century ago, it was shown, in rats, that a high protein diet induced
a marked kidney hypertrophy, while a high carbohydrate or lipid diet did not, neither
did an amount of urea added to the food, bringing the same load of nitrogen as did
the protein diet. Thus dietary proteins imposed an increased "work" to the kidney that
urea alone did not (see review in [62]). In his landmark treatis "Glomerulonephritis" in
1949, Thomas Addis explained that the low protein diet recommended to patients
with chronic kidney disease (before dialysis was available) was intended to reduce
the "concentrating burden" on the kidney [63]. In experiments designed to better
understand the influence of glucagon on the kidney, we observed that an infusion of
glucagon significantly increased the GFR by about 20 % and the urinary urea
excretion rate by 65 % [6, 37] (Eigure 4A). Surprisingly, this marked increase did not
reduce plasma urea concentration (Figure 4B). This meant that, under the influence
of glucagon, ureagenesis by the liver had increased to the same extent as did urea
excretion by the kidney. The greater urea excretion was accounted for by the rise in
GFR (for about 1/3™) and the reduction of urea reabsorption along the nephron (for
about 2/3). The fractional excretion of urea (that is the fraction of the filtered urea
remaining in the urine) rose from 42 % to 60 % (Fiqure 4C). Interestingly, the
glucagon-induced change in GFR was significantly and positively correlated with the
simultaneous changes in plasma cAMP concentration and in the urine-to-plasma

urea concentration ratio (Figure 4D).

If urea was infused instead of glucagon, in order to raise urinary urea excretion
rate to the same extent, a marked rise in plasma urea concentration was observed
(Figure 4B) and neither the GFR nor the fractional excretion of urea were affected
[38]. This shows that glucagon influences kidney function by means other than just
increasing the plasma load of urea. Actually, as explained above, glucagon, in
concentrations observed in peripheral blood after a protein meal, does not increase
GFR (Figure 2E). A simultaneous rise in plasma glucagon and cAMP concentrations
is required [38, 40].

10
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These observations highlight the coordinated actions of glucagon on the liver
and kidney which promote an optimal handling of protein waste products by
simultaneously increasing urea synthesis in the liver and efficient urea excretion by
the kidney. The effects on the kidney result from the combined actions of glucagon
plus glucagon-induced liver-derived extracellular cAMP. The possible mechanism by
which these two actors regulate renal function are described elsewhere [40, 29, 7].
Briefly, it likely involves a simultaneous reduction in proximal tubule solute and water
reabsorption (induced by cAMP) and the stimulation of NaCl reabsorption in the
water-tight TAL (induced by glucagon). These combined actions reduce the
concentration of sodium in the tubular fluid at the macula densa and enhance that of
urea (the osmolality of the tubular fluid remaining the same). This in turn reduces the
tubulo-glomerular feedback control of GFR [64-67]. Downstream, within the kidney,
several additional mediators or factors (shown to play a role in hyperfiltration) come
into play to mediate this feedback control of GFR (renin-angiotensin system, nitric
oxide, prostaglandins, etc....). As previously mentioned, the glucagon-induced
increase in GFR is significantly correlated to the rise in the urine-to-plasma
concentration ratio of urea (Eigure 4D). This ratio likely reflects the proportion of urea
versus that of other solutes in the tubular fluid at the macula densa [37]. Note that the
intensity of this effect depends on the amount of cAMP released by the liver under

the influence of the glucagon/insulin molar ratio.

No hyperfiltration occurs after a protein meal in pancreatectomized patients
(who thus cannot secrete glucagon in response to protein intake) [68-70]. The lack of
glucagon-induced rise in plasma cAMP and resulting action on the proximal tubule
may explain why glucagon receptor antagonism in humans induces an increase in
ambulatory blood pressure [71]. This is likely due to a too intense Na reabsorption in
the proximal tubule. In the same line, subjects who suffer a partial loss-of-function
mutation of the glucagon receptor have higher blood pressure and a more avid Na

reabsorption in the proximal tubule [72].

Of note, glucagon also favors a relative water economy in the excretion of urea
by improving the ability to concentrate an increased load of solutes in the urine [6].
This tubular effect is additive to that of vasopressin [73] and probably results from the
direct action of glucagon on the TAL, the nephron segment that plays a crucial role in

11
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the counter-current multiplication process [74]. In experiments presented in Figure 4
and Figure 2E, the effects of glucagon or other compounds were studied in the
presence of a constant infusion of the selective vasopressin V2 receptor agonist
dDAVP to exclude a possible confounding influence of changes in vasopressin
secretion [6, 37, 38].

5. Synthesis and conclusion

It may seem strange that glucagon secretion is enhanced both when there is a
lack of food and when there is an intake of protein-rich food. This enhanced secretion
in two apparently opposed situations is best explained by the fact that glucagon
should not be considered solely as a gluco-regulatory hormone but also as an
important player in the disposal of nitrogen wastes, whether they come from
endogenous or exogenous sources. The independent regulation of both glycemia
and excretion of nitrogen end products is achieved by the combined effects of
glucagon and insulin, resulting in a coordinated regulation of metabolic functions by
the liver and excretory functions by the kidney. Figure 5 schematically depicts these
two associated roles of glucagon. In the case of hypoglycemia induced by starvation,
or after the ingestion of a protein meal (even if glycemia is normal), glucagon is
secreted and promotes the use of AAs for simultaneous gluconeogenesis and
ureagenesis, two associated metabolic pathways that take place in the liver. In the
case of starvation, AAs come from endogenous sources, mostly muscle and liver,
whereas in the case of a protein meal, AAs come from the ingested proteins. During
starvation, insulin secretion is low and thus, glucagon effects are not attenuated by
the counter-regulatory action of insulin. In contrast, in the case of a protein meal,
insulin secretion goes up in response to some of the dietary amino acids [27] and to
the glucagon-induced rise in glycemia. Insulin favors the use of this extra glucose for
post-prandial thermogenesis and/or storage in glycogen and fatty acids.
Simultaneously, glucagon and liver-generated extracellular cAMP favor a more
efficient disposal of nitrogen end-products by increasing GFR and reducing tubular
reabsorption of urea (and some other solutes) [41, 37].

12
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During the day, a relatively stable level of glucagon in the blood stimulates
gluconeogenesis (and ureagenesis) to sustain the metabolic demand of the body,
and insulin concentration is relatively low (Eigure 1). At any time, the intensity of the
response to glucagon will depend on the resulting glycemia and the ensuing
secretion of insulin that contributes to reduce glucagon-induced cAMP accumulation

in hepatocytes and cAMP release into the bloodstream.

The observations reported above show that extracellular cAMP is a hepato-
renal link that regulates solute reabsorption in the pars recta of the proximal tubule.
cAMP egress from hepatocytes is well characterized and probably occurs via an
organic acid transporter [75]. cAMP has been shown to bind renal brush border
membrane vesicles [76], and luminal cAMP inhibits proximal tubule reabsorption, as
does PTH [77]. Liver-generated extracellular cAMP also participates, in conjunction
with glucagon, to the regulation GFR. Insulin, by its inhibitory influence on glucagon-
induced cAMP release by the liver, weakens the indirect (CAMP-mediated) influence

of glucagon on renal function.

Of note, hyperglucagonemia, either induced by exogenous glucagon infusion or
due to a glucagon-secreting tumor, leads to a significant decline in plasma AAs [78].
Conversely, interruption of glucagon receptor signalling results in a hyper-amino
acidemia [79]. In diabetes mellitus, it is well understood that the exaggerated
catabolism and elevated glycemia are not due to (or not only to) the lack of insulin or
to insulin receptor unresponsiveness, but also to an enhanced glucagon secretion
[80-84]. Glucagon receptor antagonists have been proposed to reduce the unwanted
effects of glucagon on hyperglycemia in type 2 diabetes [85, 84, 86]. But adverse
side effects will probably preclude the use of this therapeutic strategy [87, 71].

The facts reported in this review highlight the importance of the balance
between insulin and glucagon in the control of carbohydrate and nitrogen
metabolism. An imbalance between the two hormones and the resulting level of liver-
generated cAMP release into the blood may explain several poorly understood
clinical conditions such as some dysregulations of natriuresis and blood pressure
control, glomerular hyperfiltration of diabetes mellitus, hepato-renal syndrome,
edema observed in kwashiorkor, etc.... as detailed elsewhere [40]. Thus, for a better

13
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understanding of metabolic disorders and kidney function associated with pancreatic
islets dysfunction, it is important to take into account, not only insulin, but also

glucagon and plasma cAMP concentrations.
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Legends

Figure 1. Concentrations of glucose, insulin and glucagon in plasma of 12 healthy,
lean, Caucasian men, over a period of 16 h (means + SE). The subjects
ingested three meals of equal composition at the times shown by vertical
arrows. Adapted from Velho et al [9].

Figure 2. Importance of insulin and cAMP in the study of glucagon effects.
2A. Dose-dependent effect of acute i.v. injection of glucagon on plasma cAMP
concentration during the subsequent 15 min in healthy humans. Adapted from
Hendy et al [18].
2B. The concentration of cAMP in liver tissue - and likely the release of liver-
borne cAMP into the circulation - depends upon the Insulin/Glucagon molar
ratio. Reproduced from Seitz et al [1].
2C. The change in GFR observed in response to the infusion of a mixture of
amino acids was significantly correlated with the plasma glucagon/insulin
concentration ratio (r = 0.40, P < 0.05), but not with plasma glucagon
concentration alone (not shown). Redrawn after Claris-Appiani et al [30].
2D. Relationship between GFR and plasma glucagon concentration in a group
of healthy humans during basal state and after infusion of graded doses of
amino acid designed to span the physiological range of post-prandial
hyperamino-acidemia. Increases in GFR were closely correlated with plasma
glucagon concentration (r = 0.99, P < 0.001), but not with that of insulin, GH, or
IGF-I (not shown). Reproduced from Giordano et al [28].
2E. The changes in GFR observed in response to the infusion of glucagon at a
small dose (G1, 1.2 ng/minx100 g body weight),) or at a ten-fold higher dose
(G10), or urea, cAMP, or glucagon (low dose) with cAMP. Adapted from
Ahloulay et al [38].

Figure 3. Localization of glucagon receptors in the kidney.
3A. Diagram of a rat nephron and collecting duct. The dot density in the
different segments is proportional to the intensity of glucagon-induced
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adenylate cyclase activity. CTAL and MTAL = cortical and medullary TAL,
respectively; CD = collecting duct. Adapted from Morel [55].

3B to D. Autoradiograms showing glucagon binding to rat kidney sections.
Kidneys from adult male Sprague-Dawley rats were removed and frozen at
minus 80°C. Twenty ym thick sections were cut with a cryostat microtome and
mounted on glass slides. Nle?’ glucagon (Abclonal Technology, Woburn, MA)
was radioiodinated with '] at ~ 10:1 ratio of peptide to iodine and was purified
by reverse phase HPLC. After preincubation for 30 min, the kidney sections
were incubated for 1 h with 200 pM 25I-Nle?’ glucagon with or without 3 uM
unlabeled glucagon, to distinguish glucagon receptor binding from non-specific
binding (NS, not shown). Sections were rinsed, dried under a stream of air, and
apposed to X-Ray film (Biomax MR-1) for 1 to 8 days to produce a latent image
of the bound '?°I-Nle?” glucagon. The film images were captured by scanning
into an image analysis system (MCID) at 2400 dpi.

3B. Whole kidney longitudinal section.

3C. Detail of the cortex and outer stripe of outer medulla.

3D. Detail of the inner stripe of outer medulla.

CO, cortex; OS and IS, outer stripe and inner stripe of the outer medulla,
respectively; IM, inner medulla; P, papilla. Lab = labyrinthic zone of the cortex,
containing all the convoluted proximal and distal tubules; MR = medullary rays
of the cortex in which all straight nephron segments are running in parallel (pars
recta, thick ascending limb, collecting duct). VB and IB, vascular bundle and
interbundle region, respectively. Note the punctuate labeling in the cortex
probably corresponding to distal tubules and collecting ducts. Note also the
heavy labelling of the interbundle regions in the IS, contrasting with the poor
labeling in the OS and IM.

Figure 4. Influence of intravenous infusion of glucagon or urea in rats.
4A to C. Urea was infused so as to increase urea excretion rate as much as did
the infusion of glucagon. Glucagon increased urea excretion rate without
inducing a fall in plasma urea concentration. Glucagon, but not urea, induced a
prompt and significant increase in the fractional excretion of urea. Adapted from
Ahloulay et al [6].
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4D. Relationship between the glucagon-induced increase in GFR (A GFR) and
the simultaneous change in the urine/plasma urea concentration ratio (A U/P
urea), a ratio that is most likely proportional to the tubular fluid/plasma urea
concentration ratio at the macula densa. Regression lines are shown. Closed
symbols = glucagon infusion (p < 0.01); open symbols = saline infusion (control)
(NS). Adapted from Ahloulay et al [37].

Figure 5. Schematic representation comparing hepato-renal relationships in two
conditions in which glucagon secretion is stimulated : starvation or protein
intake. In both cases, amino acids need to be deaminated and the resulting
nitrogen excreted. In the first case, glucose production is required to maintain
glycemia, and amino acids come from endogenous tissues, whereas in the

second case, amino acids come from the ingested proteins.
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