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ffects of Hyperglycemia, Glucagon, and Epinephrine on Renal Glucose Release
in the Conscious Dog

Stephanie M. Gustavson, Chang An Chu, Makoto Nishizawa, Doss Neal, Ben Farmer, Ying Yang,
E. Patrick Donahue, Paul Flakoll, and Alan D. Cherrington

he role of renal glucose production after an overnight fast and in response to different hormonal conditions has been

ebated. The aim of this study was to determine whether hyperglycemia, glucagon, or epinephrine can affect renal glucose

roduction. In 18-hour fasted conscious dogs a pancreatic clamp initially fixed insulin and glucagon at basal levels, following

hich 1 of 4 protocols was instituted. In G�E glucagon (1.5 ng � kg�1 � min�1; portally) and epinephrine (50 ng � kg�1 � min�1;

eripherally) were increased, in G glucagon was increased alone, in E epinephrine was increased alone, and in C neither were

ncreased. In G, E, and C, glucose was infused to match the hyperglycemia in G�E (�250 mg/dL). The average net renal

lucose output during the last 2 hours was not different from the basal values in any group. Furthermore, the changes in

nidirectional renal glucose production were not significantly different among groups. Therefore, after an overnight fast in the

onscious dog, the kidneys do not significantly contribute to overall glucose production or respond to glucagon or epinephrine.
2004 Elsevier Inc. All rights reserved.

c
l
d
f
l
i
(
l
b
s
i
p
e
c
g
t
r
c
a
a
t
t
r

A

d

D
v

0

U
M

HE KIDNEYS produce glucose solely via gluconeogene-
sis since they do not store glycogen.1 After an overnight

ast, renal glucose production accounts for approximately 5%
o 30% of the total tracer-determined glucose production.2-9

owever, after an overnight fast the kidneys have been shown
o consume approximately the same amount of glucose they
roduce; hence, little or no net glucose output is seen.3,5-7,9,10

he ability of the kidneys to increase glucose production in
esponse to counterregulatory hormones is currently under de-
ate. McGuinness et al showed that a chronic (70-hour) infu-
ion of glucagon, epinephrine, norepinephrine, and cortisol in
onscious dogs caused a 3-fold increase in renal glucose re-
ease,9 even though net renal glucose output did not increase.

hen all the hormones were chronically elevated again, except
or glucagon, renal glucose release did not increase, thereby
mplying that glucagon was necessary for the increase in renal
lucose release.11 When the hormones were chronically ele-
ated in yet another study, the presence or absence of epineph-
ine had no effect on renal glucose release, implying that
pinephrine was not necessary for an increase in renal glucose
roduction.12 Cersosimo et al demonstrated that during insulin-
nduced hypoglycemia in conscious dogs, which stimulated a
ise in the counterregulatory hormones, renal glucose release
nd net renal glucose output both increased significantly13and
luconeogenic precursor extraction by the kidney was stimu-
ated.14 Interestingly, when beta-adrenergic blockade was em-
loyed during hypoglycemia, the increase in renal glucose
elease was prevented, implying that acutely epinephrine may
n fact be the cause of the increase in renal glucose output
uring hypoglycemia.15 Studies on healthy humans also
howed that insulin-induced hypoglycemia resulted in a signif-
cant increase in renal glucose release and net renal glucose
utput,16,17 and that during hypoglycemia net renal fractional
xtraction of gluconeogenic substrates increased.18 Finally,
uring hypoglycemia in type I diabetic patients, who had
lunted glucagon and epinephrine responses, the rise in endog-
nous glucose production and net renal glucose output that
ccurred in normal subjects was absent.19

When the hormones were studied individually, it was shown
hat glucagon does not stimulate renal gluconeogenesis in the
solated perfused rat kidney.20 Moreover, in normal postabsorp-

ive humans (12- to 14-hour fasted), raising plasma glucagon

etabolism, Vol 53, No 7 (July), 2004: pp 933-941
oncentrations 3-fold acutely did not effect renal glucose re-
ease or uptake.21. Although it was also shown that epinephrine
oes not stimulate renal gluconeogenesis in the isolated per-
used rat kidney.20 catecholamines have been shown to stimu-
ate gluconeogenesis in isolated renal cortical tissue.22 Interest-
ngly, administration of cyclic adensoine monophosphate
cAMP), but not epinephrine, stimulated gluconeogenesis from
actate and glutamine by isolated human renal proximal tu-
ules.23 A recent study on streptozotocin-induced diabetic rats
howed that the increase in blood glucose after epinephrine
nfusion was significantly blunted in nephrectomized rats com-
ared to control rats with functional kidneys.24 In humans, an
pinephrine infusion caused a sustained increase in renal glu-
ose release, such that after 3 hours 40% of overall systemic
lucose appearance, and essentially all of the increase in sys-
emic glucose release, could be accounted for by renal glucose
elease.5 Additionally, epinephrine infusion in humans in-
reased renal gluconeogenesis by enhancing substrate avail-
bility (lactate and alanine), fractional extraction (glutamine),
nd gluconeogenic efficiency.25,26 Due to the discrepancies in
he literature, the aim of the current study was to determine in
he dog whether the kidneys are acutely responsive to epineph-
ine and/or glucagon.

MATERIALS AND METHODS

nimals and Surgical Procedures

Studies were performed on 18 overnight-fasted conscious mongrel
ogs of either sex (19 to 26.3 kg; mean, 22.9 kg). Animals were fed
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934 GUSTAVSON ET AL
nce daily a diet of meat (Kal Kan, Vernon, CA) and chow (Purina Lab
anine Diet No. 5006; Purina Mills, St Louis, MO) comprised of 46%
arbohydrate, 34% protein, 14% fat, and 6% fiber based on dry weight.
he animals were housed in a facility that met American Association

or the Accreditation of Laboratory Animal Care guidelines, and the
rotocols were approved by the Vanderbilt University Medical Center
nimal Care Committee.
Approximately 16 days prior to the study, a laparotomy was per-

ormed under general anesthesia (15 mg/kg body weight sodium thio-
ental presurgery; 1.0% isoflurane as an inhalation anesthetic during
urgery). In all dogs, an ultrasonic flow probe (Transonic Systems,
thaca, NY) was positioned around a renal artery. Silastic catheters
Dow Corning, Midline, MI) were inserted into a femoral artery and a
enal vein for blood sampling and into the splenic and jejunal veins for
ntraportal hormone delivery. The catheters were filled with heparin-
zed saline (200 U/mL; Abbott Laboratories, North Chicago, IL) and
heir free ends were knotted. The free ends of the catheters and the flow
robe lead were placed in subcutaneous pockets until the study day.
nimals were studied only if the following criteria were met prior to

he study: (1) leukocyte count less than 18,000/mm3, (2) hematocrit
reater than 35%, (3) good appetite, and (4) normal stools. Note that in
ll dogs ultrasonic flow probes were positioned around the hepatic
rtery and the portal vein, and Silastic catheters were inserted into a
epatic vein and the portal vein. The hepatic glucose balance data form
he basis of a separate report.27

On the morning of a study, the Transonic leads and the catheters
ere exteriorized under local anesthesia (2% lidocaine; Abbott Labo-

atories). The dog was placed in a Pavlov harness, and the contents of
he catheters were aspirated, after which the catheters were flushed with
aline and subsequently used for blood sampling or infusion. Angio-
aths (20 gauge; Becton Dickinson, Sandy, UT) were inserted into the
ight and left cephalic veins for infusion of [3-3H]glucose (New En-
land Nuclear, Boston, MA) and glucose (20% Dextrose; Baxter
ealthcare, Deerfield, IL; or 50% Dextrose; Abbott Laboratories),

espectively. An angiocath was also placed in the left saphenous vein
or somatostatin (Bachem, Torrance, CA) infusion. If required accord-
ng to the protocol, an angiocath was placed in the right saphenous vein
or peripheral epinephrine (Sigma Chemical, St Louis, MO) infusion.

xperimental Design

Each experiment consisted of a 100-minute tracer equilibration and
ormone adjustment period (�140 to �40 minutes) followed by a
0-minute control period (�40 to 0 minutes). During these periods,
3-3H]glucose (�50 �Ci� �0.50 �Ci/min) was infused. In addition, a
ancreatic clamp was performed. This involved infusion of somatosta-
in (0.8 �g � kg�1 � min�1) through a peripheral vein to inhibit
ndogenous insulin and glucagon secretion, and replacement of insulin
�250 �U � kg�1 � min�1; Eli Lilly, Indianapolis, IN) and glucagon
0.5 ng � kg�1 � min�1; Bedford Laboratories, Bedford, OH) intrapor-
ally. The insulin infusion rate was varied if necessary during the
quilibration period to maintain euglycemia. The control period was
ollowed by a 4-hour experimental period (0 to 240 minutes) during
hich basal insulin was maintained. Each dog underwent one of 4

xperimental protocols. In G�E (n � 4) glucagon (1.5 ng � kg�1 �

in�1; portally) and epinephrine (50 ng � kg�1 � min�1; peripherally)
ere elevated, in G (n � 5) glucagon (1.5 ng � kg�1 � min�1; portally)

lone was increased, in E (n � 4) epinephrine (50 ng � kg�1 � min�1;
eripherally) alone was raised, and in C (n � 5) basal glucagon and
pinephrine (no epinephrine infusion) were maintained. In the G, E,
nd C protocols, glucose was infused peripherally to match the plasma
lucose seen in G�E (�250 mg/dL). The [3-3H]glucose infusion rate
as also varied throughout the experimental period in order to clamp
he glucose specific activity, and thereby minimize errors in glucose P
urnover calculation. Basically, for every increase of 2 mg � kg�1 �

in�1 in total glucose Ra, the [3-3H]glucose infusion rate was in-
reased by an amount equal to the basal infusion rate. This rate of
ncrease was similar to that used in previous studies, and was refined
ased on the results of the first few dogs of the present study. In
ddition, in order to prevent a slow decline in glucagon levels, the
lucagon infusion rate was increased slightly each hour. In dogs re-
eiving basal glucagon, glucagon infusion was increased from 0.50 to
.54, 0.58, and 0.62 ng � kg�1 � min�1 at times 60, 120, and 180
inutes, respectively. In dogs receiving 3-fold basal glucagon, gluca-

on infusion was increased from 1.5 to 1.62, 1.74, and 1.86 at times 60,
20, and 180 minutes, respectively. In all dogs, mean arterial blood
ressure and heart rate were determined throughout the experiment
sing either a chart recorder with blood pressure transducer (Gould
S3200; Gould, Valley View, OH) or a Digi-Med Blood Pressure
nalyzer (Micro-Med, Louisville, KY) and have been previously re-
orted.27

nalytical Procedures

The immediate processing of the samples and the measurement of
hole blood glucose, glutamine, glutamate, gluconeogenic amino acids

serine, threonine, glycine), and metabolites (lactate, alanine, glycerol)
ere described previously.28,29 In addition, plasma levels of glucose,

3-3H]glucose, catecholamines, insulin, glucagon, and cortisol were
easured as previously described.28,29 C-peptide (in plasma to which

00 KIU/mL Trasylol had been added; FBA Pharmaceuticals, New
ork NY) was determined via disequilibrium double antibody radio-

mmunoassay (Linco Research, St Charles, MO) with an interassay
oefficient of variation of 5%.

alculations

A transonic flow probe was used to estimate renal blood flow in these
tudies. Measured renal artery flow was multiplied by 2 in order to
btain total kidney flow. The net renal balances of blood glucose,
actate, alanine, glycerol, glutamine, glutamate, serine, threonine, and
lycine were calculated as follows: Net Renal Substrate Balance �
R � A) � RF, where R and A are renal vein and arterial blood
ubstrate concentrations respectively and RF is total renal blood flow.
ositive numbers indicate net renal output while negative numbers

ndicate net renal uptake.
Renal glucose release (RGR) was determined by measuring glucose

nd [3-3H]glucose in the renal vein and artery. The equation is as
ollows: RGR � NRGB � RGU; RGU � [(A [3-3H]glucose � RV
3-3H]glucose)/SA] � RPF, where NRGB is net renal glucose balance,
GU is renal glucose uptake, A [3-3H]glucose and RV [3-3H]glucose
re the plasma [3-3H]glucose levels in the artery and renal vein,
espectively, RPF is total renal plasma flow, SA is specific activity,
hich is calculated by dividing the arterial plasma [3-3H]glucose level
y the arterial plasma glucose level, and RPF is renal plasma flow.

tatistical Analysis

Data are expressed as means � SE. Basal renal balance data were
imilar among groups and were therefore pooled into a single value for
able 2. Statistical comparisons were made by 1-way analysis of
ariance (ANOVA; all figures) and 2-way ANOVA with repeated
easures design (all tables except Table 2, which involved no statis-

ical comparisons) run on SigmaStat (SPSS Science, Chicago, IL). Post
oc analysis for 1- and 2-way repeated-measures ANOVA was per-
ormed with the Tukey test. Statistical significance was accepted at
� .05.
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RESULTS

lucose and Hormone Levels

In all 4 groups, plasma glucose levels rose from approxi-
ately 110 mg/dL to about 250 mg/dL (Table 1). The plasma

nsulin levels changed minimally from basal and were not
ignificantly different among groups (Table 1). Arterial plasma
-peptide levels, measured as an index of endogenous insulin

ecretion, were low and did not change in any group (data not
hown), thereby confirming continued inhibition of insulin
elease even in the presence of hyperglycemia. Arterial plasma
lucagon levels rose similarly in the protocols in which the

Table 1. Arterial Plasma Levels of Glucose, Insulin, Glucagon, and

period in Studies Conducted on 18-Hour Fasted Conscious Dog

Glucagon (n � 5), Epinephrine (n � 4), or Both

Parameter and Group

Arterial plasma glucose (mg/dL)
C
G
E
G � E

Arterial plasma insulin (�U/mL)
C
G
E
G � E

Arterial plasma glucagon (pg/mL)
C
G
E
G � E

Arterial plasma epinephrine (pg/mL)
C
G
E
G � E

NOTE. Data are expressed as means � SE. Statistical comparisons w
ost-hoc analysis.
*P � .05 for basal v last 2 hours within a group.
aP � .05 v C; bP � .05 v G; cP � .05 v E; dP � .05 v G � E.

Table 2. Average, Pooled, Value During the Basal Period of All

on a Pancreat

Parameter

Net renal glucose balance (mg � kg�1 � min�1)
Net renal lactate balance (�mol � kg�1 � min�1)
Net renal glycerol balance (�mol � kg�1 � min�1)
Net renal glutamine balance (�mol � kg�1 � min�1)
Net renal glycine balance (�mol � kg�1 � min�1)
Net renal threonine balance (�mol � kg�1 � min�1)
Net renal glutamate balance (�mol � kg�1 � min�1)
Net renal alanine balance (�mol � kg�1 � min�1)
Net renal serine balance (�mol � kg�1 � min�1)
NOTE. Data are expressed as means � SE. Negative balance refers to n
lucagon infusion was increased (G and G�E), but remained
asal in the other protocols (Table 1). Arterial plasma epineph-
ine levels rose similarly in the protocols in which epinephrine
as infused (E and G�E), but remained basal when the cate-

holamine was not infused (Table 1). Arterial cortisol levels as
ell as arterial norepinephrine levels remained basal in all
roups throughout the studies (data not shown).

lucose Metabolism

Table 2 portrays the pooled net renal balance data from the
groups in the basal period during a pancreatic clamp after an

phrine During the Basal Period and Last 2 Hours of the treatment

ntained on a Pancreatic Clamp and Exposed to a Rise in Either

E; n � 4), or Matched Hyperglycemia (n � 5)

l Period
to 0 min)

Last 2 Hours of Treatment
(120 to 240 min)

6 � 6 249 � 2*
0 � 3 246 � 12*
3 � 6 252 � 9*
9 � 5 259 � 21*

4 � 1 5 � 1
5 � 1 6 � 2*
5 � 1 7 � 1*
4 � 1 6 � 1*

4 � 6 39 � 5bd

0 � 9 74 � 13*ac

1 � 5 35 � 1bd

1 � 4 72 � 10*ac

5 � 52 212 � 64cd

2 � 33 184 � 40cd

2 � 55 936 � 139*ab

6 � 62 1,059 � 86*ab

made by 2-way ANOVA with repeated-measures design with a Tukey

ies Conducted on 18-Hour Fasted Conscious Dogs Maintained

mp (N � 18)

Average, Pooled, Basal Period (�40 to 0 min)

Uptake Output

�0.19 � 0.04
�1.72 � 0.13
�0.17 � 0.04
�0.85 � 0.10
�0.40 � 0.05
�0.03 � 0.04

0.10 � 0.03
0.32 � 0.05
0.63 � 0.06
Epine

s Mai

(G �

Basa
(�40

11
11
11
10

4
5
4
4

19
17
16
18

ere
Stud

ic Cla
et uptake, while positive balance refers to net output.
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936 GUSTAVSON ET AL
vernight fast. Net renal glucose uptake tended to increase over
ime in all groups, with no significant difference among groups,
robably due to the increase in the plasma glucose level (Fig 1).
learly, the elevation in hormone levels did not stimulate net

enal glucose output. The pooled basal period value for tracer-
etermined, unidirectional renal glucose production was mini-
al (0.00 � 0.06 mg � kg�1 � min�1). Changes in unidirectional

enal glucose production also were not significant, although
here was a tendency for epinephrine to increase it (Fig 1).

rterial Lactate Levels and Net Renal Lactate Balance

In the control and glucagon groups, arterial blood lactate
evels rose modestly (Table 3). Because net hepatic lactate
utput increased in both of these groups,27 the liver is respon-
ible for the increase in arterial lactate levels. In the epinephrine
roup, arterial lactate levels rose to a markedly greater extent
han in C or G. This appears to be the result of increased output
rom nonhepatic tissues (most likely muscle), as the liver

27

Fig 1. (A) Average net renal glucose balance and (B) average

nidirectional renal glucose production in the basal period (�40 to 0

in) subtracted from the average of the last 2 hours of the treatment

eriod (120 to 240 min) in C, G, E, and G�E 18-hour fasted conscious

ogs. Data are expressed as mean � SE. n � 5 for C and G, n � 4 for

and G�E. There was no significant difference among groups.
eased to produce lactate in a net sense in this group. Finally, n
hen both hormones increased concurrently, arterial blood
actate levels rose midway between those obtained with gluca-
on and epinephrine alone. Net renal lactate uptake increased in
ll groups, with no difference among the groups (Fig 2).

rterial Glycerol Levels and Net Renal Glycerol Balance

In both the hyperglycemic control protocol and the glucagon
rotocol, arterial glycerol levels drifted down (significantly in
, nonsignificantly in C; Table 3). No drift down was seen
hen epinephrine was given alone or in combination with
lucagon. Net renal glycerol uptake did not change signifi-
antly in any treatment group (Fig 2).

rterial Levels of Gluconeogenic Amino Acids and Net Renal
alance of Gluconeogenic Amino Acids

In the hyperglycemic control and epinephrine alone groups,
rterial alanine levels rose (Table 3). In both groups involving
lucagon infusion, the arterial alanine levels did not change. In
ontrast to alanine, the arterial levels of the other gluconeo-
enic amino acids generally fell in each protocol, with no
ignificant differences among groups (Table 3). Nevertheless,
he declines were greatest in the presence of glucagon. The
hanges in net renal balances of the gluconeogenic amino acids
ere similar among the groups (Figs 3 through 5). Note that

fter an overnight fast in a net sense 2 of the gluconeogenic
mino acids, glutamine and glycine, were taken up by the
idneys, 2 of the amino acids, threonine and glutamate, were
either taken up nor released in significant amounts, and 2 of
he amino acids, alanine and serine, were released (Table 2).

DISCUSSION

Our data indicate that after an overnight fast in conscious
ogs, renal glucose production is minimal. In fact, in a net
ense the kidneys consumed a small amount of glucose in all
roups. Such data have been reported previously for the
og3,5,10 and humans.5-7 Net renal glucose balance (mg � kg�1 �
in�1) did not change appreciably in response to hyperglyce-
ia (	 �0.19 � 0.15), glucagon (	 �0.73 � 0.20), epineph-

ine (	 �0.13 � 0.23), or the combination of the 2 hormones
	 �0.34 � 0.24), thus implying that after a brief fast in the
og the kidneys are relatively insensitive to these hormonal or
etabolic changes with respect to glucose metabolism.
A recent study suggested that the A-V difference technique
ay not be sensitive enough to detect changes in renal glucose

roduction should they occur.30 It has been shown using net
enal balance data that there is a negligible contribution of the
idneys to gluconeogenesis in the postabsorptive state.6 Yet,
sotopic studies looking at unidirectional glucose production
ave found renal glucose production can actually account for
pproximately 5% to 30% of systemic glucose release during
he postabsorptive state.2,3,5,6,13,31 In our studies we also mea-
ured unidirectional renal glucose release, but we did not ob-
erve a significant amount of glucose production by the kidneys
fter an overnight fast during a pancreatic clamp. Hyperglyce-
ia had no effect on unidirectional renal glucose release, which

s consistent with a previous finding that the kidneys play a

egligible role in plasma glucose disposal during hyperglyce-
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937RENAL GLUCOSE RELEASE IN CONSCIOUS DOG
ia in conscious dogs.32 Glucagon had no effect on renal
lucose release in the present study, which is also consistent
ith previous experiments.20,21 It appears that epinephrine

lone may have increased unidirectional renal glucose release
odestly (although this was not statistically significant), which

ther investigators have also observed.5,22 It is possible that the
revious investigators observed a larger effect of the catechol-
mine on renal glucose production than we did because arterial
pinephrine levels were elevated to 15-fold basal in their

5

Table 3. Arterial Blood Levels of Lactate, Glycerol, and the Glucon

Treatment Period in Studies Conducted on 18-Hour Fasted Consc

Either Glucagon (n � 5), Epinephrine (n � 4), or B

Parameter and Group

Arterial blood lactate (�mol/L)
C
G
E
G � E

Arterial blood glycerol (�mol/L)
C
G
E
G � E

Arterial blood alanine (�mol/l)
C
G
E
G � E

Arterial blood serine (�mol/L)
C
G
E
G � E

Arterial blood threonine (�mol/L)
C
G
E
G � E

Arterial blood glutamate (�mol/L)
C
G
E
G � E

Arterial blood glutamine (�mol/L)
C
G
E
G � E

Arterial blood glycine (�mol/L)
C
G
E
G � E

NOTE. Data are expressed as mean � SE. Statistical comparisons w
ost-hoc analysis.
*P � .05 for basal v last 2 hours within a group.
aP � .05 v C; bP � .05 v G; cP � .05 v E; dP � .05 v G � E.
tudy, whereas in the present study they were only elevated s
-fold. However, epinephrine treatment combined with gluca-
on infusion did not result in an increase in renal glucose
elease, suggesting either that epinephrine’s effect in this study
as minimal, or that glucagon might somehow reduce the

ffects of epinephrine.
Further evidence that glucagon, epinephrine, and hypergly-

emia did not significantly affect renal glucose metabolism in
hese studies can be found in the net renal balance of the
luconeogenic precursors. If, for example, epinephrine had

nic Amino Acids During the Basal Period and Last 2 Hours of the

ogs Maintained on a Pancreatic Clamp and Exposed to a Rise in

� E; n � 4), or Matched Hyperglycemia (n � 5)

Period
0 min)

Last 2 Hours of Treatment
(120 to 240 min)

113 1445 � 206*cd

74 1394 � 95*cd

36 3778 � 174*abd

231 2570 � 355*abc

2b 34 � 6d

14a 65 � 14*
10 72 � 6
10 77 � 19a

31 574 � 59*bd

72 383 � 59ac

66 588 � 66*bd

32 334 � 36ac

4 110 � 6*
19d 108 � 6*
27 109 � 18*
7b 82 � 1*

18 216 � 25*
25 193 � 31*
46 199 � 46*
30 150 � 15*

8 46 � 12
11 62 � 13
16 37 � 14*
4 34 � 5*

38 838 � 48
67 745 � 52*
159 668 � 138
64 642 � 40*

24 196 � 17*
17 157 � 8*
41 165 � 20*
28 146 � 14*

ade by 2-way ANOVA with repeated-measures design with a Tukey
eoge

ious D

oth G

Basal
(�40 to

772 �

790 �

998 �

699 �

53 �

93 �

70 �

70 �

380 �

377 �

419 �

347 �

141 �

173 �

147 �

121 �

255 �

271 �

246 �

226 �

57 �

61 �

53 �

52 �

892 �

952 �

746 �

864 �

240 �

261 �

248 �

256 �

ere m
ignificantly stimulated renal glucose production, but the effect
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938 GUSTAVSON ET AL
ould not be determined conclusively due to insensitivity of the
ethods, one would have expected an increase in net renal

ptake of the gluconeogenic precursors in the epinephrine
roup. Such was not observed. Renal uptake of lactate, glyc-
rol, glutamine, and glycine, the primary gluconeogenic pre-
ursors used by the kidneys,33-35 did not increase more in
esponse to epinephrine administration than to any of the other
onditions studied.

Interestingly, not all of the gluconeogenic amino acids were
aken up in a net sense by the kidneys after an overnight fast.
otably, both alanine and serine were released from the kid-
eys in a net sense, threonine and glutamate were neither
eleased nor taken up, and glutamine and glycine were taken up
n a net sense. These observations agree with previous findings
n 12- to 14-hour fasted humans.36,37

Even though in the present studies the kidneys did not
roduce an appreciable amount of glucose and did not respond

Fig 2. (A) Average net renal lactate balance and (B) average net

enal glycerol balance in the basal period (�40 to 0 min) subtracted

rom the average of the last 2 hours of the treatment period (120 to

40 min) in C, G, E, and G�E 18-hour fasted conscious dogs. Data are

xpressed as mean � SE. n � 5 for C and G, n � 4 for E and G�E.

here was no significant difference among groups.
o different hormones, other studies have found that the kidneys T
an respond to different metabolic situations. For example,
fter removal of the liver during hepatic transplantation, en-
ogenous glucose release does not drop to zero, and 1 hour
fter the removal endogenous glucose release was only reduced
y approximately 50%.31 In addition, patients with renal failure
ave a propensity to develop hypoglycemia.38 Furthermore, as
escribed in detail in the introduction, hypoglycemia has been
hown to influence renal glucose release. Other situations in
hich the kidneys appear important to glucose homeostasis are
uring diabetes and fasting, 2 insulin-deficient states. Increased
enal gluconeogenic enzyme activity and increased renal glu-
ose release have been consistently demonstrated in diabetic
nimals (for review see Gerich et al7). Additionally, Meyer et
l showed that in type II diabetic patients the increments in
ostabsorptive hepatic and renal glucose release were similar
�0.45 mg � kg�1 � min�1), although renal uptake also in-
reased, resulting in continued net renal glucose uptake.39 As a
ide note, glucose output in response to epinephrine infusion

Fig 3. (A) Average net renal glutamine balance and (B) average

et renal glycine balance in the basal period (-40 to 0 min) subtracted

rom the average of the last 2 hours of the treatment period (120 to

40 min) in C, G, E, and G�E 18-hour fasted conscious dogs. Data are

xpressed as mean � SE. n � 5 for C and G, n � 4 for E and G�E.
here was no significant difference among groups.
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as significantly higher in perfused kidney of diabetic rats
ompared with normal rats, suggesting that the adrenergic
timulation of renal glucose output may be enhanced in diabe-
es.24 As fasting progresses, the kidneys increase their net
ontribution to overall glucose release.2,40,41 More specifically,
t was shown that renal glucose release increased 2.5-fold after

60-hour fast compared with overnight fasted humans, while
enal glucose uptake decreased.2 Ironically, the kidney has also
een shown to increase renal glucose release postprandially,
hile hepatic glucose release is suppressed.42 A proposed ex-
lanation for the increase in renal glucose production postpran-
ially is that this allows efficient liver glycogen replenishing by
ermitting substantial suppression of hepatic glucose release.42

inally, 2 independent groups have demonstrated that the kid-
eys respond to insulin, in that insulin suppresses renal glucose
elease and increases renal glucose uptake in humans4,43 and
ogs.3 In fact, one study indicated that renal gluconeogenesis is
ore sensitive to insulin than is hepatic gluconeogenesis, as

Fig 4. (A) Average net renal threonine balance and (B) average net

enal glutamate balance in the basal period (�40 to 0 min) subtracted

rom the average of the last 2 hours of the treatment period (120 to

40 min) in C, G, E, and G�E 18-hour fasted conscious dogs. Data are

xpressed as mean � SE. n � 5 for C and G, n � 4 for E and G�E.
bhere was no significant difference among groups.
luconeogenesis and net lactate uptake in the kidneys were
ecreased much faster than in the liver.44 However, a recent
tudy revealed that acute exogenous insulin replacement in type
I diabetic patients was only able to suppress hepatic, not renal,
lucose release.45

In conclusion, net renal glucose production was minimal in
onscious dogs maintained on a pancreatic clamp after an
vernight fast. Physiological elevations in glucagon, epineph-
ine, or a control hyperglycemia did not significantly alter renal
lucose metabolism, although elevations in these parameters
ignificantly affected hepatic glucose metabolism as we
howed in our previous study.27 It is clear that in the conscious
og while the kidneys may respond to several metabolic situ-
tions, they are not nearly as sensitive as the liver to elevations
n glucagon, epinephrine, or glucose after an overnight fast. A
nal point is that under stress conditions such changes in
lucagon and epinephrine would undoubtedly be accompanied

Fig 5. (A) Average net renal alanine balance and (B) Average net

enal serine balance in the basal period (�40 to 0 min) subtracted

rom the average of the last 2 hours of the treatment period (120 to

40 min) in C, G, E, and G�E 18-hour fasted conscious dogs. Data are

xpressed as mean � SE. n � 5 for C and G, n � 4 for E and G�E.

here was no significant difference among groups for (A). *Signifi-

ant difference (P < .05) between G and E in (B).
y changes in insulin, resulting in a smaller increment in
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lasma glucose, and it remains to be seen whether in the
resence of hyperinsulinemia and lower glucose levels the
nteraction of glucagon and epinephrine on renal glucose pro-
uction would be altered.
umans. Metabolism 47:1227-1232, 1998
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