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The Effect of Glucagon on Protein Catabolism During
Insulin Deficiency: Exchange of Amino Acids Across
Skeletal Muscle and the Splanchnic Bed
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Transient insulin deprivation with concurrent hypergluca-
gonemia is a catabolic state that can occur in type 1 dia-
betes. To evaluate glucagon’s catabolic effect in the
setting of its glucogenic effect, we measured the regional
exchanges of amino acid metabolites (amino-metabolites)
across muscle and splanchnic beds in 16 healthy humans
during either somatostatin followed by glucagon or saline
infusion alone. Despite a twofold or greater increase in
the regional exchange of amino-metabolites by glucagon,
whole-body kinetics and concentrations of amino acids
(AA) remained stable. Glucagon increased the splanchnic
uptake of not only gluconeogenic but also essential (EAA)
AA while increasing their release from the muscle bed.
Regional tracer-based kinetics and 3-methylhistidine re-
lease indicate that EAA release from muscle is likely
caused by reduced protein synthesis rather than in-
creased protein degradation. Furthermore, many metab-
olites known to affect insulin action and metabolism
were altered by hyperglucagonemia including increase
in branched-chain AA and keto acids of leucine and iso-
leucine in arterial plasma. Further, an increase in arterial
concentrations of a-aminoadipic acid arising from in-
creased conversion from lysine in the splanchnic bed was
noted. These results demonstrate that hyperglucagone-
mia during hypoinsulinemia increases net muscle protein
catabolism and substantially increases the exchange of
amino metabolites across splanchnic and muscle beds.

Insulin deprivation in people with type 1 diabetes mellitus
(T1DM) results in hyperglycemia and hyperglucagonemia.

The relative importance of insulin deficiency versus hy-
perglucagonemia in hepatic release of glucose causing hy-
perglycemia is not fully understood. Less is known about
glucagon’s role in the development of a catabolic state fol-
lowing insulin deficiency. Catabolic state associated with
weight loss and necrolytic migratory erythema is known to
occur in glucagonoma, which is a rare islet cell tumor secret-
ing excessive glucagon (1,2). Persistent insulin deficiency in
the preinsulin era was shown to be associated with substan-
tial skeletal muscle (muscle) wasting (3,4). Transient insulin
deficiency, whether resulting from deliberate omission of in-
sulin to lose weight (5,6) or from frequent dosing errors
(7-9), is also a catabolic state. However, the role of glucagon
versus insulin deficiency per se in regional protein catabo-
lism remains to be determined.

While it is well established that insulin deficiency alters
concentrations and kinetics of amino acids (AA) and pro-
tein turnover in T1IDM (10-13), the role of hyperglucago-
nemia in this setting is not fully understood. Findings of
regional studies applying tracer-based kinetics and a so-
matostatin clamp-based approach (14,15) have shown
that the main effect of insulin is the inhibition of muscle
protein degradation and that AA replacement is critical
for enhancing protein synthesis (16,17). AA released from
muscle protein degradation during insulin deficiency are
taken up by the splanchnic bed where they are used for
gluconeogenesis, facilitated by glucagon and protein syn-
thesis (13-15,18,19). However, glucagon has also been
shown to modulate insulin’s effect on AA metabolism
in the setting of insulin deficiency (20) and inhibit
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AA-induced protein synthesis at the whole-body level
(21). Whether the changes during insulin deficiency that
are reported to occur are due to insulin deficiency per se
or to glucagon excess remains undetermined. Also un-
certain is whether these glucagon-induced changes oc-
cur in the splanchnic tissues or in other tissues such as
skeletal muscle.

In the current study, we sought to clearly define the
impact of hyperglucagonemia in the setting of insulin de-
ficiency on plasma concentrations of amino acid metabo-
lites (amino-metabolites) and determine whether arterial
amino-metabolites and the protein kinetics reflect the
magnitude of muscle and splanchnic bed exchanges of
amino metabolites. We also examined how insulin depri-
vation and concurrent hyperglucagonemia affect pro-
tein dynamics using stable isotope tracer techniques
across the muscle (leg) and splanchnic beds. Studies
were performed in healthy men and women with use of
somatostatin to inhibit insulin and glucagon and selec-
tive replacement of glucagon to study insulin deficiency
and concurrent hyperglucagonemia. We also measured
the regional exchange of specific AA across the muscle
and splanchnic tissue beds such as lysine, glutamine,
and aspartate and their metabolites o-aminoadipic acid
(aAA), glutamate, and asparagine, respectively.

RESEARCH DESIGN AND METHODS

Experimental Design

All participants were admitted to the Clinical Research
and Trials Unit the evening before the study day. They
each received a standard meal (~10 kcal/kg consisting of
15% protein, 30% fat, and 55% carbohydrate), prepared
by our metabolic kitchen, at 1800 h and then remained
fasting except for water until completion of the study.

At 0600 h on the study day, a primed continuous infu-
sion (1 mg/kg/h) of L-(ring—ZHS)-phenylalanine (99 atom %
excess) in normal saline was initiated via peripheral intra-
venous catheter. Between 0800 and 0900 h, the femoral
artery, femoral vein, and hepatic vein were cannulated un-
der fluoroscopic guidance by a vascular interventional ra-
diologist as previously described (14,15). Vascular access
and plasma flow measurements as described previously
(14,15,22,23) is given in Supplementary Methods A.

Each participant was randomly assigned to the con-
trol (N = 7; 3 male and 4 female) or intervention (N =
9; 4 male and 5 female) group. Participants in the inter-
vention group received an intravenous infusion of so-
matostatin (0.093 ng/kg fat-free mass/min) through a
peripheral vein starting 60 min after the initial blood
sample collection from the intravascular catheters fol-
lowed by a continuous infusion of glucagon (0.003
wg/kg fat-free mass/min) starting 180 min after the
initial blood sample collection. The control group re-
ceived a slow infusion of only normal saline through a
peripheral vein. Blood samples were taken from the
femoral artery, femoral vein, and hepatic vein three
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times each after 120 and 240 min to determine the
effects of somatostatin alone and somatostatin plus
glucagon, respectively. Infusions were then stopped, in-
travenous catheters were removed, and direct pressure
was applied to the puncture sites for 30 min. A pres-
sure bandage was then applied to the puncture sites,
and each participant remained in bed with the affected
extremity straight for 5 h. For additional information
on experimental design see Fig. 1.

Participants

A total of 16 healthy participants (7 in control and 9
in hormone intervention group) enrolled in our study
(Supplementary Table 1). We lost hepatic vein access
in three participants (one control, two intervention),
yielding a smaller sample size for splanchnic analysis
(six control, seven intervention). The age, BMI, and
body fat percentage were similar in each group, both of
which had nearly equal numbers of men and women.
Each participant had a normal physical examination and
baseline laboratory tests prior to participation, including
fasting glucose, electrolytes, complete blood count, and
tests of liver, kidney, and thyroid function. None of the
participants smoked, ingested alcohol in excess, or used
medications known to affect metabolism. The study pro-
tocol was reviewed and approved by the institutional re-
view board at Mayo Clinic, and informed consent was
obtained for all the study participants.

Sample Analysis: Calculations

Information on analysis of samples can be found in
Supplementary Methods B. Whole-body phenylalanine flux
and regional dynamics of phenylalanine across muscle
and splanchnic beds were calculated with equations previ-
ously described (13,22). Muscle and splanchnic exchanges
of glucose, AA, and their metabolites were calculated by
subtraction of artery concentrations from venous concen-
trations and multiplication of the difference by the re-
spective muscle and splanchnic plasma flow. Therefore, a
positive exchange rate represents net release of substrate
from the specified tissue, while a negative exchange rate
represents net uptake.

Statistics

Data are presented as means + SEM. AExchange rates of
glucose, AA, and their metabolites as well as the arterial
concentrations of AA and their metabolites from baseline
to 120 min (reflecting somatostatin’s effects) and from
120 to 240 min (reflecting glucagon’s effects) were com-
pared in each group across one time point with another
with the paired t test. Phenylalanine dynamics were com-
pared across time points with ANOVA. Given the small
sample size in each group, the effect of sex was not fac-
tored into these statistical analyses.
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Figure 1—Study schema. FA, femoral artery; FV, femoral vein; HV, hepatic vein.
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Data and Resource Availability
Data sets and resources are available on request.

RESULTS

Somatostatin Reduces Plasma Concentrations of
Insulin, Glucagon, and Growth Hormone Without
Altering Arterial Glucose Concentrations or Net
Regional Glucose Balances

Participants received an intravenous continuous infusion
of either somatostatin or saline for 240 min following
baseline measurements (Fig. 1). Glucagon was infused dur-
ing the last 120 min of the somatostatin infusion to create
a low insulin/high glucagon state. Mean plasma flow, mea-
sured with indicator dye dilution (Supplementary Fig. 1),
showed no change at all three time points in the group
that received saline alone. In contrast, in the group that re-
ceived the somatostatin infusion followed by the addition
of glucagon, there was a decrease in splanchnic plasma
flow on infusion of somatostatin that was reversed by glu-
cagon infusion. The somatostatin infusion alone (120 min)
led to a significant decrease in arterial plasma C-peptide,
insulin, glucagon, and growth hormone (GH) without in-
creasing glucose concentrations or glucose exchange (mi-
cromoles per minute) across the splanchnic and muscle
beds (Fig. 24).

Glucagon Increased Arterial Glucose Concentrations
Through Greater Release of Glucose From Splanchnic
Bed

The addition of glucagon (240 min) and subsequent in-
crease in plasma concentrations of glucagon resulted in in-
creased glucose concentrations without any breakthrough
increase in insulin secretion, as indicated by suppressed C-
peptide concentrations. Insulin and GH were suppressed

during the entire period of somatostatin infusion, showing
that during the last 120 min only glucagon concentrations
increased in comparison with somatostatin infusion alone.
Adding glucagon increased the appearance of glucose from
the splanchnic bed (~165 mg/min) with a reciprocal in-
crease in uptake of glucose by the muscle bed (~28
mg/min, one leg) (Fig. 2B). It is possible that there was
increased glucose output from the kidney (28) that was
not measured. During the same period, participants receiv-
ing the saline infusion did not experience changes in arte-
rial concentrations of any of the hormones or glucose or
glucose exchanges across the muscle and splanchnic beds.
No changes were observed in glucose exchange across the
skeletal muscle and splanchnic beds during somatostatin
treatment without glucagon. In the intervention group,
there was a slight increase in insulin levels between 120
min and 240 min, but C-peptide level continued to de-
crease, indicating that the slight increase in insulin is likely
related to reduced clearance of insulin.

More Pronounced Regional Arteriovenous Exchanges
of AA Occurred Than Changes in Arterial
Concentrations of AA

Addition of glucagon caused a substantial increase in the
exchange of total AA, essential AA (EAA), and glucogenic
AA (GAA) across muscle and splanchnic beds, but the
changes in concentrations of these AA in the arterial
blood were smaller. Among the EEA, branched-chain AA
(BCAA) were pronouncedly increased on addition of gluca-
gon (Table 1). However, there was heterogeneity in the
response of their respective keto acids; there was no
change in the concentrations of the a-ketovalerate metab-
olite of valine in response to somatostatin alone or in the
presence of glucagon. In contrast, a-keto-f3-methylvalerate

20z ludy Gz uo 3senb Aq ypd'6.0022aP/852589/9€91/8/1 L/spd-aloie/sajaqelp/Bio s|euinolsajaqelp;/:diy woly papeojumoq


https://doi.org/10.2337/figshare.19799398

diabetesjournals.org/diabetes

A Glucagon

Insulin

mm Control

E= Intervention

B Glucose

20

® Baseline
®_ 120 mins

mg/min

Glucose Exchange (Skeletal Muscle)

James and Associates 1639

Growth Hormone

C-peptide

g
S 04
£ *
= .
0.2 °
0.0 T T T T
9\\0 é\\o* é\eq @\o” &
)
N P ¢ W

240 mins
Baseline
120 mins
240 mins

Figure 2—A: Mean arterial hormone concentrations in control and intervention participants. B: Mean arterial glucose concentration and
exchange across leg and splanchnic bed at baseline, 120 min (60 min after initiation of somatostatin infusion in intervention group), and
240 min (60 min after initiation of glucagon infusion in intervention group). In the exchange graphs, positive values demonstrate release
into circulation and negative values demonstrate uptake into the circulation. Error bars reflect SEM. *P < 0.05, **P < 0.01, ***P < 0.001,

*rkkp < 0.0001.

and a-ketoisocaproate, metabolites of isoleucine and leu-
cine, respectively, changed significantly on addition of glu-
cagon (Fig. 3).

Other AA

In comparison with saline, there were significant and spe-
cific changes in the concentration of many individual AA
(Figs. 3-5) following somatostatin and on addition of glu-
cagon indicating specificity of hormonal effects on individ-
ual AA (Table 1). Among aromatic AA (AAA), only tyrosine
arterial concentration showed a continuous increase during
somatostatin infusion compared with baseline, but surpris-
ingly no changes in the net release or uptake of tyrosine
from the skeletal muscle bed or the splanchnic bed, respec-
tively, were observed. A likely explanation is that in the
postabsorptive state a key organ involved in tyrosine re-
lease is the kidney (24), measurements for which were not
included in the current study. In contrast, among sulfur-
containing AA, methionine concentration increased with
somatostatin and increased further with glucagon—unlike
cystine and taurine. However, histidine was not affected by
either hormone.

Lysine arterial concentrations decreased in response to
glucagon (Fig. 4). Of note, there was increased release of
lysine from the skeletal muscle bed and increased uptake
by the splanchnic bed during the glucagon infusion with a
net higher uptake by the splanchnic bed (23 pmol/min)
than muscle (estimated 17 pmol/min release by total

body muscle mass if leg muscle represents one-third of to-
tal muscle mass). The arterial concentration of lysine’s
metabolic product, ®AA, increased in response to glucagon
due to greater release from the splanchnic bed without any
change in muscle uptake (Fig. 4). Finally, proline concen-
trations also increased with somatostatin but tended to de-
crease with glucagon infusion.

Other key GAA, such as glutamine, alanine, glycine, as-
paragine, and serine, increased with somatostatin but de-
creased with the addition of glucagon. More importantly,
these AA exhibited greater release from the skeletal muscle
bed with increased uptake in the splanchnic bed (Fig. 5).
Of interest, aspartate, which is the precursor of asparagine,
showed a reciprocal relationship in their exchanges across
the muscle and splanchnic beds (Fig. 5). This ammonia-de-
pendent reaction along with the conversion of glutamine
to glutamate and vice versa is of great clinical interest, as
the ammonia accumulation observed during liver failure
concurrent to hyperglucagonemia (25) is possibly derived
from the impaired conversions of these metabolites leading
to excess ammonia formation (26).

Muscle Protein Synthesis and Degradation

We used [ring-lSCG]phenylalanine as a tracer to measure
phenylalanine kinetics. An EAA with no fate other than
incorporation into protein in muscle, the disappearance
rate of phenylalanine represents protein synthesis in mus-
cle and its appearance rate represents protein degradation
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Figure 3—Mean total AA (TAA), EAA, and GAA exchange across leg and splanchnic bed as well as arterial concentrations at baseline,
120, and 240 min. In the exchange graphs, positive values demonstrate release into circulation and negative values demonstrate uptake
into circulation. Error bars reflect SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

(13,27,28). Phenylalanine kinetics across the splanchnic
bed is more complex, as its disappearance rate includes
not only protein synthesis but also conversion to tyrosine
and degradation. Here we have mainly used the phenylal-
anine tracer approach to determine the dynamics across
muscle bed and to measure its appearance rate from the
splanchnic bed. The results from these dynamic studies
demonstrated that phenylalanine flux at the whole-body
level remained stable during hormone infusions and ap-
pearance from muscle protein was unchanged by either
infusion of somatostatin alone or on addition of glucagon
(Fig. 5). The above result is supported by measurement of
the 3-methylhistidine concentrations in femoral venous
samples and its release from muscle protein showing no
increase with either somatostatin or glucagon. 3- methyl-
histidine is an accepted measure of myofibrillar protein
degradation (29), although there are concerns about small
contributions from the gut when urinary 3-methylhisti-
dine excretion is used as a measure of whole-body muscle
protein degradation. Here, we used the femoral vein con-
centration of 3-methylhistidine, which represents its ap-
pearance or release from the muscle bed. Thus, both
isotope-based measurement and 3-methylhistidine-based
measurement support that glucagon has no effect on
muscle protein degradation. In contrast, addition of gluca-
gon decreased phenylalanine incorporation into muscle

protein, based on its disappearance rate. A net release of
phenylalanine from the musce bed without increased
muscle protein degradation supports the mechanistic ex-
planation that addition of glucagon to somatostatin re-
sulted in decreased muscle protein synthesis. There was a
nonsignificant trend for splanchnic phenylalanine release
from protein degradation following addition of glucagon,
but net phenylalanine uptake was increased, suggesting
that phenylalanine may be converted to tyrosine, degraded,
or incorporated into protein (13). Whole-body phenylala-
nine flux representing protein degradation also remained
stable throughout the study with no significant differences
in the flux changes across time points between the inter-
vention and control groups (Fig. 6).

DISCUSSION

Findings of the current study provide new insight into the
regional metabolic effects of hyperglucagonemia during hy-
poinsulinemia across the muscle and splanchnic tissue
beds, which are the predominant organs involved in fuel
metabolism. We observed that the predominant effect of
glucagon during insulin deficiency was substantially in-
crease in the exchange (by a mean of twofold to fourfold)
of AA across the muscle and splanchnic tissue beds, which
is not reflected in the arterial concentrations of the respective
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Figure 4—Lysine and aAA (AAA) exchange across leg and splanchnic bed at baseline, 120 min (60 min after initiation of somatostatin infu-
sion in intervention group), and 240 min (60 min after initiation of glucagon infusion in intervention group). In the exchange graphs, positive
values demonstrate release into circulation and negative values demonstrate uptake into the circulation. Error bars reflect SEM. *P <

0.05, **P < 0.01.

AA because the increased release in one organ bed occurred
concurrent to increased uptake in the other tissue bed. At
the whole-body level, tracer-based flux measurements also
failed to reflect the accelerated exchange of amino-metabo-
lites between muscle and splanchnic beds. However, regional
kinetic studies demonstrated that hyperglucagonemia in the
setting of low insulin concentrations inhibits muscle protein
synthesis with no effect on muscle protein degradation. We
also observed substantial differences among individual AA
and their metabolites in their response to hyperglucagone-
mia during insulin deficiency. Some of these AA and their
metabolites, such as ®AA and o- and B-aminoisobutyric-
acid, showed responses to glucagon that have a potential im-
pact on the pathophysiology of diabetes and cardiovascular
risk (30-32).

The reciprocal roles of insulin and glucagon are critical
to the maintenance of glucose homeostasis in humans
(33). These roles are disrupted in insulin-resistant and in-
sulin-deficient states (34), and glucagon was thought to
contribute to hyperglycemia in diabetes (35). However, it
has been argued that insulin deficiency alone is the pri-
mary cause of hyperglycemia in diabetes (36). The find-
ings of the current study clearly demonstrate the critical
role of glucagon in increasing arterial glucose concentra-
tions, since during the period of somatostatin infusion
causing insulin deficiency, glucose arterial concentrations
and output from the splanchnic bed did not change,
whereas addition of glucagon dramatically increased arte-
rial glucose concentration and splanchnic glucose output.

Furthermore, the results of the current study support the
notion that glucagon during hypoinsulinemia enhanced
the release of the GAA from muscle that are taken up by
the splanchnic bed, presumably to be used for gluconeo-
genesis by the liver (37). It has been proposed that AA
and glucagon are linked in a feedback cycle involving liver
and pancreatic a-cells (2).

The results of the current study demonstrate that glu-
cagon during insulin deficiency not only increases the re-
lease of GAA from the muscle bed but also, similarly,
increases the release of EAA. Although the nonessential
AA such as GAA can be synthesized in muscle, EAA can
be released in the fasted state from the muscle bed only if
muscle protein degradation exceeds its synthesis. Based
on the stable isotope tracer of phenylalanine comple-
mented by measurement of the arteriovenous concentra-
tions of 3-methylhistidine, we demonstrate in the current
study that glucagon during insulin deficiency does not in-
crease muscle or splanchnic protein degradation but,
rather, decreases skeletal muscle protein synthesis. This
leads to a net increase in muscle protein degradation and
the release of EAA from the muscle bed. These findings
are somewhat comparable with those of a recent study in
T1DM and ketosis-prone individuals during ketoacidosis
with high glucagon suggesting a lack of increase in muscle
protein degradation (based on 3-methylhistidine) and de-
crease in muscle protein synthesis potentially explaining
catabolic state in diabetic ketoacidosis (38). However, 3-
methyhistidine released by the skeletal muscle from
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Figure 5—Glutamine, glutamate, aspartate, asparagine, alanine, glycine, and serine exchange across leg and splanchnic bed at baseline,
120 min (60 min after initiation of somatostatin infusion in intervention group), and 240 min (60 min after initiation of glucagon infusion in in-
tervention group). Error bars reflect SEM. *P < 0.05, **P < 0.01. Mins, minutes.

degradation of myofibrillar proteins (29) by itself does
not rule out degradation of nonmyofibrillar proteins in-
cluding those involved in fuel metabolism and plasma
proteins. In fact, insulin deprivation for longer periods
(6-8 h) with concurrent hyperglucagonemia has been

shown to accelerate muscle protein degradation especially
of proteins involved in functions of mitochondria, proteo-
stasis, nDNA support, glucose metabolism, and contrac-
tile/cytoskeletal and cell adhesion (13,39) via oxidative
damage (39-41). Increased oxidative stress is related to
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hyperglucagonemia that increases oxidative metabolism,
hyperglycemia, and AA oxidation (42-44). Oxidative
stress increases intracellular protein oxidative modifica-
tions and activates both ubiquitin protease and autophagy
pathways that accelerate protein degradation (39). Insulin
deprivation and resulting oxidative stress increase degra-
dation of muscle proteins in diabetic mice (41). Moreover,
human studies have demonstrated that the main in vivo
effect of insulin is inhibition of whole-body (45,46) and
muscle (14,15) protein degradation without increasing
muscle protein synthesis and this lack of muscle protein
synthesis is explained based on lowering plasma EAA con-
centrations (15-17) and thus preventing the activation of
mTOR anabolic signaling. However, mTOR activation re-
quires the replacement of AA to enhance musde protein
synthesis (15,39,47,48). Although it has been shown that
high glucagon concentrations inhibit liver protein synthesis
in a dog model (49), it is not entirely clear how the relative
hyperglucagonemia in the setting of hypoinsulinemia inhib-
its muscle protein synthesis, especially since there are no
glucagon receptors in muscle. A potential explanation is that
this inhibition of musde protein synthesis arises from the
absence of a full complement of AA required for peptide
synthesis, secondary to increased uptake and consumption
of AA by the splanchnic bed.

Hyperglucagonemia has been strongly associated
with various protein catabolic conditions that lead to
muscle wasting such as trauma, burns, sepsis, cirrhosis,
glucagonoma, the postoperative state, and poorly con-
trolled T1DM (34,50,51). Of interest, the catabolic state
in glucagonoma, especially the necrolytic lesions in the
skin, suggests the catabolic effect of glucagon on skin also
potentially results from excessive AA consumption by the
liver during hyperglucagonemia (2) and glucagon has been
shown to inhibit AA-induced enhancement of whole-body
protein synthesis by reducing the AA availability (21).
Whether any other factors facilitating release of AA from
muscle for synthesizing essential liver-derived plasma pro-
teins and gluconeogenesis are active in this situation re-
mains to be determined. Translational regulation depends
on multiple factors including acylation of AA to tRNA, ribo-
somal proteins, and availability of transcriptomes. Thus,
further tissue-based studies are needed to carefully look at
these multiple components of protein synthetic machinery
including mTOR signaling in the context of hyperglucago-
nemia and hypoinsulinemia.

It has been well established that insulin deficiency in-
creases plasma concentrations of many EAA, espedcially of
BCAA (13). Of note, in the current study, the addition of
glucagon during the insulin-deficient state caused a clear in-
crease in many EAA, especially of all three of the BCAA. In-
crease in peripheral blood concentrations of BCAA has been
reported on the basis of a substantially increased transami-
nation rate that occurs during insulin deficiency (13) and in
insulin-resistant type 2 diabetes (52), both of which are
associated with variable degrees of hyperglucagonemia,
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although the specific role of glucagon has not been studied.
It has also been shown that BCAA such as leucine, isoleu-
cine, and valine, as well as the AAA such as phenylalanine
and tyrosine, are present at higher concentrations in insu-
lin-resistant states years before disease onset of diabetes
(53,54). One reason for this observation may be that skele-
tal muscle uptake of BCAA is less persistent in humans with
diabetes after protein ingestion compared with humans
without diabetes (55). However, in our study where partici-
pants were fasting throughout the study, there was still a
continuous increase in the arterial concentrations of all
BCAA in the intervention group, as they experienced a low
insulin/high glucagon state similar to that in TIDM com-
pared with the control group without diabetes. Potentially,
increased transamination of BCAA contributes to increased
synthesis of both GAA such as alanine and glutamine
(56,57) with contribution of the amino group from BCAA
transamination. The transamination rate measurements re-
quire double-labeled (**N and 1-'3C) leucine infusion (13),
which was not done in the current study, but elevated keto
acids of leucine and isoleucine is consistent with increased
transamination. The kidney also may play a role AA metabo-
lism (24,58), but our study did not measure the contribution
of the kidneys in the exchange of AA or glucose.

Of interest, during somatostatin and glucagon infusion,
the plasma concentrations of the keto acids derived from
leucine and isoleucine increased, except for ketoisovalerate
derived from valine. Keto acids of BCAA are mostly pro-
duced in the skeletal muscle and are oxidized in liver, and
their concentrations represent the net changes in produc-
tion and catabolism (oxidation). One potential explanation
for the lack of increase of ketoisovalerate with glucagon is
valine contribution to gluconeogenesis that is enhanced by
glucagon. Valine does this by forming both a-ketovalerate
and 3-hydroxybutyrate in the musde, and 3-hydroxybuty-
rate subsequently serves as a precursor for gluconeogenesis.
In contrast, Jahoor et al. (38) showed increased branched-
chain a-keto acids, espedally ketoisocaproic acid and o-keto-
B-methylvalerate, during diabetic ketoacidosis, suggestive of
an impairment in the BCAA-to-branched-chain a-keto add
pathway, which cannot be verified in the current study.

Of interest, hyperglucagonemia in the setting of insulin
deficiency increased arterial aAA, which is a metabolic
product of lysine. Epidemiological data suggest that aAA
is associated with type 2 diabetes, and elevated blood con-
centrations may be found up to 12 years before diabetes
diagnosis (31) and in insulin-resistant states such as in
polycystic ovarian syndrome (59). Furthermore, the insu-
lin-sensitizing medications pioglitazone and metformin
decrease plasma concentrations of aAA and lysine (32).
Though biologic effects of aAA are not fully known, pre-
clinical studies in mice and human islet cell lines demon-
strate that aAA induced insulin release (31). The current
study demonstrates that hyperglucagonemia in the set-
ting of insulin deficiency increases arterial concentrations
of aAA by increasing splanchnic uptake of lysine and
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splanchnic release of its metabolite, ® AA. Thus, it appears
that glucagon-induced elevation in aAA concentration rep-
resents a compensatory mechanism, which could poten-
tially increase insulin secretion in the setting of insulin
resistance to maintain glucose homeostasis.

Glucagon has effects on the metabolism of glutamine,
glutamate, aspartate, and asparagine, which constitute an
intertwined amide AA metabolic network. Glutamine and
asparagine form glutamate and aspartate intracellularly via
the enzyme glutaminase and asparagine synthase. Aspara-
gine concurrently uses ammonia generated from the con-
version of glutamine to glutamate for its synthesis. At
baseline, there was a net release of glutamine and aspara-
gine from the skeletal muscle bed with a concurrent net
uptake by the splanchnic tissue bed. This contrasts with a
net release of glutamate and aspartate from the splanchnic
bed tissue and concomitant uptake by the skeletal muscle
bed, suggesting that the splanchnic tissue bed and skeletal
muscle are intimately involved in the regional metabolism
of these four AA in human physiology. Furthermore, hy-
perglucagonemia in the setting of low insulin greatly in-
creases uptake of glutamine and asparagine by splanchnic
tissue while decreasing release of aspartate by splanchnic
tissue. As a result, in this study we observed increased glu-
tamine concentrations and decreased glutamate concentra-
tions during somatostatin and glucagon infusion, as also
previously noted by others (42). Finally, we also observed
that tryptophan levels decreased during somatostatin infu-
sion but tended to increase on addition of glucagon, and
this was similarly observed in other reports (38).

There are a several limitations inherent to in vivo hu-
man studies that limit the interpretation of the results of
our study. First, the duration of the low insulin + high
glucagon state in the intervention group was limited to
<2 hours each. Thus, it is possible that we were unable to
observe the time-related physiological effects of these
hormonal states in the participants in the intervention
group. In a prior study (20) with similar low insulin and
glucagon states, we did not observe any changes in EAA
concentrations or flux in the first 2-4 h. Furthermore,
Matsuda et al. (60) demonstrated that most changes in glu-
cose metabolism in humans is observed in the first 2 h of
glucagon infusions. In addition, we were constrained by the
unavoidable complexity and length of the study period in-
volving use of multiple vascular catheters and potential risk
of platelets adhesion to the catheters and potential clots if
the study duration was prolonged. Nevertheless, in our
previous studies we already demonstrated that in T1DM
patients (13,39,40) and mice with diabetes on insulin treat-
ment, longer duration of insulin deprivation with concurrent
hyperglucagonemia increased oxidative stress and oxidative
damage to proteins and thus increased their degradation.
Thus, for the current study, we focused specifically on the
effect of transient and shorter duration of hypoinsulinemia
and hyperglucagonemia. Secondly, use of somatostatin to in-
hibit endogenous hormone secretion also lowers GH
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concentrations. However, the acute GH effect is mainly on
serum fatty acid levels and GH deficiency has not been
shown to produce changes in AA concentrations in adults
(61,62). Even though, following a prolonged fast of 40 h, in-
creased GH levels may affect protein retention and degrada-
tion that seem dependent on free fatty acid release (63), no
acute effect of GH has been observed on AA flux or concen-
trations. Nevertheless, in this study, it is important to note
that GH levels remained low during both phases of the
study protocol and the main hormone change from 120 to
240 min was in glucagon levels. GH is known to enhance
AA uptake in tissues and reduce their release (64) but not
have any acute impact on AA, as demonstrated in this study
where GH deficiency was evident both during the somato-
statin infusion alone and during addition of glucagon. Fi-
nally, the small sample size and high interindividual
variability in metabolite measurements created some bor-
derline nonsignificant differences in the measurements of
metabolites and hormones between the two groups at the
baseline level and furthermore potentially limited our abil-
ity to detect relatively small and subtle differences. Despite
these shortcomings, we report several significant and im-
portant differences related to the glucagon effect on AA ex-
changes and flux between two important regions of AA
metabolism that are interesting and require further mecha-
nistic tissue-based studies for understanding of their clini-
cal significance.

In summary, we demonstrate that hyperglucagonemia
to a degree commonly seen during transient insulin defi-
ciency results in substantial upregulation of AA exchanges
between muscle and splanchnic beds. Hyperglucagonemia
during insulin deficiency also results in increased net re-
lease of EAA from the muscle bed, likely due to reduced
protein synthesis contributing to muscle protein catabo-
lism. The current study also provides experimental data
offering insights on glucagon effect in the regulation of tis-
sue specific release and uptake of certain AA and release of
their metabolites into the circulation that may contribute
to the pathogenesis of diabetes and its complications.
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