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The role of renal glucose production after an overnight fast and in response to different hormonal conditions has been
debated. The aim of this study was to determine whether hyperglycemia, glucagon, or epinephrine can affect renal glucose
production. In 18-hour fasted conscious dogs a pancreatic clamp initially fixed insulin and glucagon at basal levels, following
which 1 of 4 protocols was instituted. In G+E glucagon (1.5 ng - kg~" - min~"; portally) and epinephrine (50 ng - kg~ ' - min™";
peripherally) were increased, in G glucagon was increased alone, in E epinephrine was increased alone, and in C neither were
increased. In G, E, and C, glucose was infused to match the hyperglycemia in G+E (~250 mg/dL). The average net renal
glucose output during the last 2 hours was not different from the basal values in any group. Furthermore, the changes in
unidirectional renal glucose production were not significantly different among groups. Therefore, after an overnight fast in the
conscious dog, the kidneys do not significantly contribute to overall glucose production or respond to glucagon or epinephrine.
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HE KIDNEY S produce glucose solely via gluconeogene-
sis since they do not store glycogen.t After an overnight
fast, renal glucose production accounts for approximately 5%
to 30% of the total tracer-determined glucose production.z-®
However, after an overnight fast the kidneys have been shown
to consume approximately the same amount of glucose they
produce; hence, little or no net glucose output is seen.357:9.10
The ability of the kidneys to increase glucose production in
response to counterregulatory hormones is currently under de-
bate. McGuinness et a showed that a chronic (70-hour) infu-
sion of glucagon, epinephrine, norepinephrine, and cortisol in
conscious dogs caused a 3-fold increase in renal glucose re-
lease,® even though net renal glucose output did not increase.
When all the hormones were chronically elevated again, except
for glucagon, renal glucose release did not increase, thereby
implying that glucagon was necessary for the increase in renal
glucose release.’r When the hormones were chronicaly ele-
vated in yet another study, the presence or absence of epineph-
rine had no effect on rena glucose release, implying that
epinephrine was not necessary for an increase in renal glucose
production.12 Cersosimo et al demonstrated that during insulin-
induced hypoglycemia in conscious dogs, which stimulated a
rise in the counterregulatory hormones, rena glucose release
and net renal glucose output both increased significantly3and
gluconeogenic precursor extraction by the kidney was stimu-
lated.# Interestingly, when beta-adrenergic blockade was em-
ployed during hypoglycemia, the increase in renal glucose
release was prevented, implying that acutely epinephrine may
in fact be the cause of the increase in rena glucose output
during hypoglycemia.’> Studies on healthy humans aso
showed that insulin-induced hypoglycemia resulted in a signif-
icant increase in rena glucose release and net rena glucose
output,6.17 and that during hypoglycemia net rena fractiona
extraction of gluconeogenic substrates increased.’® Finaly,
during hypoglycemia in type | diabetic patients, who had
blunted glucagon and epinephrine responses, the rise in endog-
enous glucose production and net rena glucose output that
occurred in normal subjects was absent.1®
When the hormones were studied individually, it was shown
that glucagon does not stimulate renal gluconeogenesis in the
isolated perfused rat kidney.2° Moreover, in normal postabsorp-
tive humans (12- to 14-hour fasted), raising plasma glucagon
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concentrations 3-fold acutely did not effect renal glucose re-
lease or uptake.2. Although it was also shown that epinephrine
does not stimulate renal gluconeogenesis in the isolated per-
fused rat kidney.20 catecholamines have been shown to stimu-
late gluconeogenesisin isolated renal cortical tissue.22 |nterest-
ingly, administration of cyclic adensoine monophosphate
(cAMP), but not epinephrine, stimulated gluconeogenesis from
lactate and glutamine by isolated human renal proximal tu-
bules.23 A recent study on streptozotocin-induced diabetic rats
showed that the increase in blood glucose after epinephrine
infusion was significantly blunted in nephrectomized rats com-
pared to control rats with functional kidneys.24 In humans, an
epinephrine infusion caused a sustained increase in rena glu-
cose release, such that after 3 hours 40% of overall systemic
glucose appearance, and essentially all of the increase in sys-
temic glucose release, could be accounted for by rena glucose
release.s Additionally, epinephrine infusion in humans in-
creased renal gluconeogenesis by enhancing substrate avail-
ability (lactate and alanine), fractional extraction (glutamine),
and gluconeogenic efficiency.2>26 Due to the discrepancies in
the literature, the aim of the current study was to determine in
the dog whether the kidneys are acutely responsive to epineph-
rine and/or glucagon.

MATERIALS AND METHODS
Animals and Surgical Procedures

Studies were performed on 18 overnight-fasted conscious mongrel
dogs of either sex (19 to 26.3 kg; mean, 22.9 kg). Animals were fed
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oncedaily adiet of meat (Kal Kan, Vernon, CA) and chow (PurinaLab
Canine Diet No. 5006; Purina Mills, St Louis, MO) comprised of 46%
carbohydrate, 34% protein, 14% fat, and 6% fiber based on dry weight.
The animals were housed in a facility that met American Association
for the Accreditation of Laboratory Animal Care guidelines, and the
protocols were approved by the VVanderbilt University Medical Center
Animal Care Committee.

Approximately 16 days prior to the study, a laparotomy was per-
formed under general anesthesia (15 mg/kg body weight sodium thio-
pental presurgery; 1.0% isoflurane as an inhalation anesthetic during
surgery). In al dogs, an ultrasonic flow probe (Transonic Systems,
Ithaca, NY) was positioned around a renal artery. Silastic catheters
(Dow Corning, Midline, MI) were inserted into a femora artery and a
renal vein for blood sampling and into the splenic and jejunal veins for
intraportal hormone delivery. The catheters were filled with heparin-
ized saline (200 U/mL; Abbott Laboratories, North Chicago, IL) and
their free ends were knotted. The free ends of the catheters and the flow
probe lead were placed in subcutaneous pockets until the study day.
Animals were studied only if the following criteria were met prior to
the study: (1) leukocyte count less than 18,000/mm?3, (2) hematocrit
greater than 35%, (3) good appetite, and (4) normal stools. Note that in
al dogs ultrasonic flow probes were positioned around the hepatic
artery and the portal vein, and Silastic catheters were inserted into a
hepatic vein and the portal vein. The hepatic glucose balance data form
the basis of a separate report.2”

On the morning of a study, the Transonic leads and the catheters
were exteriorized under local anesthesia (2% lidocaine; Abbott Labo-
ratories). The dog was placed in a Pavlov harness, and the contents of
the catheters were aspirated, after which the catheters were flushed with
saline and subsequently used for blood sampling or infusion. Angio-
caths (20 gauge; Becton Dickinson, Sandy, UT) were inserted into the
right and left cephalic veins for infusion of [3-*H]glucose (New En-
gland Nuclear, Boston, MA) and glucose (20% Dextrose; Baxter
Healthcare, Deerfield, IL; or 50% Dextrose; Abbott Laboratories),
respectively. An angiocath was also placed in the left saphenous vein
for somatostatin (Bachem, Torrance, CA) infusion. If required accord-
ing to the protocol, an angiocath was placed in the right saphenous vein
for periphera epinephrine (Sigma Chemical, St Louis, MO) infusion.

Experimental Design

Each experiment consisted of a 100-minute tracer equilibration and
hormone adjustment period (—140 to —40 minutes) followed by a
40-minute control period (—40 to 0 minutes). During these periods,
[3-*H]glucose (~50 uCi’ ~0.50 uCi/min) was infused. In addition, a
pancreatic clamp was performed. This involved infusion of somatosta-
tin (0.8 ug - kg™t + min~%) through a peripheral vein to inhibit
endogenous insulin and glucagon secretion, and replacement of insulin
(~250 pU - kg~* - min~%; Eli Lilly, Indianapolis, IN) and glucagon
(0.5 ng - kg~ - min~%; Bedford Laboratories, Bedford, OH) intrapor-
taly. The insulin infusion rate was varied if necessary during the
equilibration period to maintain euglycemia. The control period was
followed by a 4-hour experimental period (0 to 240 minutes) during
which basal insulin was maintained. Each dog underwent one of 4
experimental protocols. In G+E (n = 4) glucagon (1.5 ng - kg~ * -
min~?; portally) and epinephrine (50 ng - kg™t + min~%; peripherally)
were elevated, in G (n = 5) glucagon (1.5 ng - kg~ * - min~%; portally)
alone was increased, in E (n = 4) epinephrine (50 ng - kg~ - min~ %,
peripherally) alone was raised, and in C (n = 5) basal glucagon and
epinephrine (no epinephrine infusion) were maintained. In the G, E,
and C protocoals, glucose was infused peripherally to match the plasma
glucose seen in G+E (~250 mg/dL). The [3-*H]glucose infusion rate
was also varied throughout the experimental period in order to clamp
the glucose specific activity, and thereby minimize errors in glucose
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turnover calculation. Basically, for every increase of 2 mg « kg™t -
min~* in total glucose Ra, the [3-°H]glucose infusion rate was in-
creased by an amount egua to the basa infusion rate. This rate of
increase was similar to that used in previous studies, and was refined
based on the results of the first few dogs of the present study. In
addition, in order to prevent a slow decline in glucagon levels, the
glucagon infusion rate was increased slightly each hour. In dogs re-
ceiving basal glucagon, glucagon infusion was increased from 0.50 to
0.54, 0.58, and 0.62 ng - kg~ - min~* at times 60, 120, and 180
minutes, respectively. In dogs receiving 3-fold basal glucagon, gluca-
gon infusion was increased from 1.5 to 1.62, 1.74, and 1.86 at times 60,
120, and 180 minutes, respectively. In al dogs, mean arterial blood
pressure and heart rate were determined throughout the experiment
using either a chart recorder with blood pressure transducer (Gould
RS3200; Gould, Valley View, OH) or a Digi-Med Blood Pressure
Analyzer (Micro-Med, Louisville, KY) and have been previously re-
ported.??

Analytical Procedures

The immediate processing of the samples and the measurement of
whole blood glucose, glutamine, glutamate, gluconeogenic amino acids
(serine, threonine, glycine), and metabolites (lactate, alanine, glycerol)
were described previously.2829 |n addition, plasma levels of glucose,
[3-*H]glucose, catecholamines, insulin, glucagon, and cortisol were
measured as previously described.2822 C-peptide (in plasma to which
500 KIU/mL Trasylol had been added; FBA Pharmaceuticals, New
York NY) was determined via disequilibrium double antibody radio-
immunoassay (Linco Research, St Charles, MO) with an interassay
coefficient of variation of 5%.

Calculations

A transonic flow probe was used to estimate renal blood flow in these
studies. Measured renal artery flow was multiplied by 2 in order to
obtain total kidney flow. The net renal balances of blood glucose,
lactate, alanine, glycerol, glutamine, glutamate, serine, threonine, and
glycine were calculated as follows: Net Renal Substrate Balance =
(R — A) X RF, where R and A are renal vein and arterial blood
substrate concentrations respectively and RF is total renal blood flow.
Positive numbers indicate net renal output while negative numbers
indicate net rena uptake.

Renal glucose release (RGR) was determined by measuring glucose
and [3-*H]glucose in the renal vein and artery. The equation is as
follows: RGR = NRGB + RGU; RGU = [(A [3-*H]glucose — RV
[3-*H]glucose)/SA] - RPF, where NRGB is net renal glucose balance,
RGU is renal glucose uptake, A [3-*H]glucose and RV [3-*H]glucose
are the plasma [3-*H]glucose levels in the artery and renal vein,
respectively, RPF is total rena plasma flow, SA is specific activity,
which is calculated by dividing the arterial plasma [3-*H]glucose level
by the arterial plasma glucose level, and RPF is rena plasma flow.

Satistical Analysis

Data are expressed as means = SE. Basal renal balance data were
similar among groups and were therefore pooled into a single value for
Table 2. Statistica comparisons were made by 1-way analysis of
variance (ANOVA; al figures) and 2-way ANOVA with repeated
measures design (all tables except Table 2, which involved no statis-
tical comparisons) run on SigmaStat (SPSS Science, Chicago, IL). Post
hoc analysis for 1- and 2-way repeated-measures ANOVA was per-
formed with the Tukey test. Statistical significance was accepted at
P < .05.
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Table 1. Arterial Plasma Levels of Glucose, Insulin, Glucagon, and Epinephrine During the Basal Period and Last 2 Hours of the treatment
period in Studies Conducted on 18-Hour Fasted Conscious Dogs Maintained on a Pancreatic Clamp and Exposed to a Rise in Either
Glucagon (n = 5), Epinephrine (n = 4), or Both (G + E; n = 4), or Matched Hyperglycemia (n = 5)

Basal Period

Last 2 Hours of Treatment

Parameter and Group (—40 to 0 min) (120 to 240 min)

Arterial plasma glucose (mg/dL)

C 116 = 6 249 + 2%

G 110+ 3 246 + 12*

E 1136 252 + 9*

G+E 109 =5 259 + 21*
Arterial plasma insulin (uU/mL)

C 4 +1 5*1

G 5+1 6 = 2%

E 5+1 7 =%

G+E 4 +1 6 £ 1%
Arterial plasma glucagon (pg/mL)

C 44+ 6 39 + gbd

G 50 =9 74 + 13%a°

E 41+5 35 + 10

G+E 41 4 72 + 10%ac
Arterial plasma epinephrine (pg/mL)

C 195 + 52 212 + 64

G 172 = 33 184 + 40°d

E 162 + 55 936 = 139*2P

G+E 186 *+ 62 1,059 + 86*2P

NOTE. Data are expressed as means = SE. Statistical comparisons were made by 2-way ANOVA with repeated-measures design with a Tukey

post-hoc analysis.
*P < .05 for basal v last 2 hours within a group.
aP<.05vC;PP<.06 vG;°P<.05 vE;9P< .05 vG +E.

RESULTS
Glucose and Hormone Levels

In al 4 groups, plasma glucose levels rose from approxi-
mately 110 mg/dL to about 250 mg/dL (Table 1). The plasma
insulin levels changed minimally from basal and were not
significantly different among groups (Table 1). Arterial plasma
C-peptide levels, measured as an index of endogenous insulin
secretion, were low and did not change in any group (data not
shown), thereby confirming continued inhibition of insulin
release even in the presence of hyperglycemia. Arterial plasma
glucagon levels rose similarly in the protocols in which the

glucagon infusion was increased (G and G+E), but remained
basal in the other protocols (Table 1). Arterial plasma epineph-
rine levels rose similarly in the protocols in which epinephrine
was infused (E and G+E), but remained basal when the cate-
cholamine was not infused (Table 1). Arterial cortisol levels as
well as arterial norepinephrine levels remained basal in all
groups throughout the studies (data not shown).

Glucose Metabolism

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

Table 2. Average, Pooled, Value During the Basal Period of All Studies Conducted on 18-Hour Fasted Conscious Dogs Maintained
on a Pancreatic Clamp (N = 18)

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

Parameter Uptake Output
Net renal glucose balance (mg - kg™' - min™") —0.19 + 0.04
Net renal lactate balance (umol - kg~ - min~") -1.72 £ 0.13
Net renal glycerol balance (umol - kg~' - min~") —0.17 = 0.04
Net renal glutamine balance (umol - kg=" - min™") —0.85 + 0.10
Net renal glycine balance (umol - kg~ ' - min™") —0.40 + 0.05
Net renal threonine balance (umol - kg~' - min~") —0.03 + 0.04
Net renal glutamate balance (umol - kg=" - min™") 0.10 = 0.03
Net renal alanine balance (umol - kg~ - min~") 0.32 = 0.05
Net renal serine balance (umol - kg=' - min~") 0.63 + 0.06

NOTE. Data are expressed as means = SE. Negative balance refers to net uptake, while positive balance refers to net output.
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Changes in Glucose Parameters
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Fig 1. (A) Average net renal glucose balance and (B) average
unidirectional renal glucose production in the basal period (—40 to 0
min) subtracted from the average of the last 2 hours of the treatment
period (120 to 240 min) in C, G, E, and G+E 18-hour fasted conscious
dogs. Data are expressed as mean = SE. n = 5 for C and G, n = 4 for
E and G+E. There was no significant difference among groups.

overnight fast. Net renal glucose uptake tended to increase over
timein al groups, with no significant difference among groups,
probably dueto the increase in the plasma glucose level (Fig 1).
Clearly, the elevation in hormone levels did not stimulate net
renal glucose output. The pooled basal period value for tracer-
determined, unidirectional rena glucose production was mini-
mal (0.00 + 0.06 mg- kg~ *+ min~?%). Changesin unidirectional
renal glucose production also were not significant, although
there was a tendency for epinephrine to increase it (Fig 1).

Arterial Lactate Levels and Net Renal Lactate Balance

In the control and glucagon groups, arterial blood lactate
levels rose modestly (Table 3). Because net hepatic lactate
output increased in both of these groups,?” the liver is respon-
siblefor theincreasein arterial lactate levels. In the epinephrine
group, arterial lactate levels rose to a markedly greater extent
than in C or G. This appears to be the result of increased output
from nonhepatic tissues (most likely muscle), as the liver
ceased to produce lactate in a net sense?? in this group. Finaly,
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when both hormones increased concurrently, arterial blood
lactate levels rose midway between those obtained with gluca-
gon and epinephrine alone. Net renal lactate uptakeincreased in
al groups, with no difference among the groups (Fig 2).

Arterial Glycerol Levels and Net Renal Glycerol Balance

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

Arterial Levels of Gluconeogenic Amino Acids and Net Renal
Balance of Gluconeogenic Amino Acids

In the hyperglycemic control and epinephrine alone groups,
arterial alanine levels rose (Table 3). In both groups involving
glucagon infusion, the arterial alanine levels did not change. In
contrast to aanine, the arterial levels of the other gluconeo-
genic amino acids generally fell in each protocol, with no
significant differences among groups (Table 3). Nevertheless,
the declines were greatest in the presence of glucagon. The
changesin net renal balances of the gluconeogenic amino acids
were similar among the groups (Figs 3 through 5). Note that
after an overnight fast in a net sense 2 of the gluconeogenic
amino acids, glutamine and glycine, were taken up by the
kidneys, 2 of the amino acids, threonine and glutamate, were
neither taken up nor released in significant amounts, and 2 of
the amino acids, alanine and serine, were released (Table 2).

DISCUSSION

Our data indicate that after an overnight fast in conscious
dogs, rena glucose production is minimal. In fact, in a net
sense the kidneys consumed a small amount of glucose in all
groups. Such data have been reported previously for the
dog?51° and humans.57 Net renal glucose balance (mg- kg *-
min~%) did not change appreciably in response to hyperglyce-
mia (A —0.19 = 0.15), glucagon (A —0.73 = 0.20), epineph-
rine (A —0.13 = 0.23), or the combination of the 2 hormones
(A —0.34 = 0.24), thus implying that after a brief fast in the
dog the kidneys are relatively insensitive to these hormonal or
metabolic changes with respect to glucose metabolism.

A recent study suggested that the A-V difference technique
may not be sensitive enough to detect changesin rena glucose
production should they occur.®° It has been shown using net
rena balance data that there is a negligible contribution of the
kidneys to gluconeogenesis in the postabsorptive state.® Yet,
isotopic studies looking at unidirectional glucose production
have found renal glucose production can actually account for
approximately 5% to 30% of systemic glucose release during
the postabsorptive state.2356.1331 |n our studies we also mea
sured unidirectiona renal glucose release, but we did not ob-
serve asignificant amount of glucose production by the kidneys
after an overnight fast during a pancreatic clamp. Hyperglyce-
mia had no effect on unidirectional renal glucose release, which
is consistent with a previous finding that the kidneys play a
negligible role in plasma glucose disposal during hyperglyce-
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Table 3. Arterial Blood Levels of Lactate, Glycerol, and the Gluconeogenic Amino Acids During the Basal Period and Last 2 Hours of the
Treatment Period in Studies Conducted on 18-Hour Fasted Conscious Dogs Maintained on a Pancreatic Clamp and Exposed to a Rise in
Either Glucagon (n = 5), Epinephrine (n = 4), or Both G + E; n = 4), or Matched Hyperglycemia (n = 5)

Basal Period Last 2 Hours of Treatment

Parameter and Group (—40 to 0 min) (120 to 240 min)

Arterial blood lactate (umol/L)

C 772 =113 1445 + 206*°d

G 790 = 74 1394 + 95*cd

E 998 + 36 3778 + 174%abd

G+E 699 + 231 2570 + 355*abe
Arterial blood glycerol (wmol/L)

C 53 = 2b 34 + 6

G 93 * 14a 65 + 14*

E 70 =10 72+ 6

G+E 70 =10 77 = 19?2
Arterial blood alanine (umol/l)

C 380 + 31 574 + 59xbd

G 377 £ 72 383 + 592°¢

E 419 * 66 588 + 66*Pd

G+E 347 + 32 334 * 36°°
Arterial blood serine (umol/L)

C 141 x4 110 = 6%

G 173 = 19d 108 = 6*

E 147 = 27 109 = 18*

G+E 121 =7b 82 + 1*
Arterial blood threonine (umol/L)

C 255 + 18 216 + 25%

G 271 = 25 193 * 31*

E 246 *+ 46 199 =+ 46*

G+E 226 + 30 150 * 15%
Arterial blood glutamate (umol/L)

C 57 =8 46 = 12

G 61 = 11 62 =13

E 53 £ 16 37 + 14*

G+E 52 =4 34 + 5*
Arterial blood glutamine (umol/L)

C 892 *+ 38 838 * 48

G 952 + 67 745 * 52*

E 746 + 159 668 + 138

G+E 864 + 64 642 = 40*
Arterial blood glycine (umol/L)

C 240 = 24 196 = 17*

G 261 =17 157 + 8*

E 248 = 41 165 * 20*

G+E 256 + 28 146 = 14*

NOTE. Data are expressed as mean *+ SE. Statistical comparisons were made by 2-way ANOVA with repeated-measures design with a Tukey
post-hoc analysis.

*P < .05 for basal v last 2 hours within a group.

aP< .05 vC;PP<.05vG;°P<.05 vE; “P<.05v G + E.

mia in conscious dogs.32 Glucagon had no effect on renal
glucose release in the present study, which is also consistent
with previous experiments.2021 |t appears that epinephrine
aone may have increased unidirectional renal glucose release
modestly (although this was not statistically significant), which
other investigators have also observed.522 |t is possible that the
previous investigators observed a larger effect of the catechol-
amine on renal glucose production than we did because arteria
epinephrine levels were elevated to 15-fold basal in their
study,5> whereas in the present study they were only elevated

6-fold. However, epinephrine treatment combined with gluce-
gon infusion did not result in an increase in rena glucose
release, suggesting either that epinephrine’s effect in this study
was minimal, or that glucagon might somehow reduce the
effects of epinephrine.

Further evidence that glucagon, epinephrine, and hypergly-
cemia did not significantly affect renal glucose metabolism in
these studies can be found in the net renal balance of the
gluconeogenic precursors. If, for example, epinephrine had
significantly stimulated renal glucose production, but the effect
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Changes in Lactate and Glycerol
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Fig 2. (A) Average net renal lactate balance and (B) average net
renal glycerol balance in the basal period (—40 to 0 min) subtracted
from the average of the last 2 hours of the treatment period (120 to
240 min) in C, G, E, and G+E 18-hour fasted conscious dogs. Data are
expressed as mean = SE. n = 5 for C and G, n = 4 for E and G+E.
There was no significant difference among groups.

could not be determined conclusively due to insensitivity of the
methods, one would have expected an increase in net renal
uptake of the gluconeogenic precursors in the epinephrine
group. Such was not observed. Renal uptake of lactate, glyc-
erol, glutamine, and glycine, the primary gluconeogenic pre-
cursors used by the kidneys3335 did not increase more in
response to epinephrine administration than to any of the other
conditions studied.

Interestingly, not al of the gluconeogenic amino acids were
taken up in a net sense by the kidneys after an overnight fast.
Notably, both alanine and serine were released from the kid-
neys in a net sense, threonine and glutamate were neither
released nor taken up, and glutamine and glycine were taken up
in a net sense. These observations agree with previous findings
in 12- to 14-hour fasted humans.36.37

Even though in the present studies the kidneys did not
produce an appreciable amount of glucose and did not respond
to different hormones, other studies have found that the kidneys
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can respond to different metabolic situations. For example,
after removal of the liver during hepatic transplantation, en-
dogenous glucose release does not drop to zero, and 1 hour
after the removal endogenous glucose release was only reduced
by approximately 50%.31 In addition, patients with renal failure
have a propensity to develop hypoglycemia.38 Furthermore, as
described in detail in the introduction, hypoglycemia has been
shown to influence renal glucose release. Other situations in
which the kidneys appear important to glucose homeostasis are
during diabetes and fasting, 2 insulin-deficient states. Increased
renal gluconeogenic enzyme activity and increased renal glu-
cose release have been consistently demonstrated in diabetic
animals (for review see Gerich et a?). Additionally, Meyer et
a showed that in type Il diabetic patients the increments in
postabsorptive hepatic and renal glucose release were similar
(~0.45 mg - kg~ - min~?%), dthough renal uptake aso in-
creased, resulting in continued net renal glucose uptake.®® Asa
side note, glucose output in response to epinephrine infusion

Changes in Glutamine
and Glycine

A 0.8 -
® o
c o
&> E E 0.4 -
+ ©
207 Output
cgP 001
oES Uptake
28 E
s 2= -04 1
o o
-0.8
B 0.8 1
©
S g 0.4 -
o £ £
g g ‘_.E 0.0 Output
£ g ) Uptake
0= 3
)
E2E .4-
S0 3
o
-0.8
C G E G+E
Glucose + + + +
Glucagon - + - +
Epinephrine - - + +

Fig 3. (A) Average net renal glutamine balance and (B) average
net renal glycine balance in the basal period (-40 to 0 min) subtracted
from the average of the last 2 hours of the treatment period (120 to
240 min) in C, G, E, and G+E 18-hour fasted conscious dogs. Data are
expressed as mean = SE. n = 5 for C and G, n = 4 for E and G+E.
There was no significant difference among groups.
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was significantly higher in perfused kidney of diabetic rats
compared with normal rats, suggesting that the adrenergic
stimulation of rena glucose output may be enhanced in diabe-
tes24 As fasting progresses, the kidneys increase their net
contribution to overall glucose release.24041 More specifically,
it was shown that renal glucose release increased 2.5-fold after
a 60-hour fast compared with overnight fasted humans, while
renal glucose uptake decreased.? Ironically, the kidney has also
been shown to increase renal glucose release postprandialy,
while hepatic glucose release is suppressed.42 A proposed ex-
planation for the increase in renal glucose production postpran-
dialy isthat this alows efficient liver glycogen replenishing by
permitting substantial suppression of hepatic glucose release.42
Finally, 2 independent groups have demonstrated that the kid-
neys respond to insulin, in that insulin suppresses renal glucose
release and increases renal glucose uptake in humans*43 and
dogs.? In fact, one study indicated that renal gluconeogenesisis
more sensitive to insulin than is hepatic gluconeogenesis, as
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Fig4. (A)Average net renal threonine balance and (B) average net
renal glutamate balance in the basal period (—40 to 0 min) subtracted
from the average of the last 2 hours of the treatment period (120 to
240 min) in C, G, E, and G+E 18-hour fasted conscious dogs. Data are
expressed as mean = SE. n = 5 for C and G, n = 4 for E and G+E.
There was no significant difference among groups.
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Changes in Alanine and Serine
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Fig 5. (A) Average net renal alanine balance and (B) Average net
renal serine balance in the basal period (—40 to 0 min) subtracted
from the average of the last 2 hours of the treatment period (120 to
240 min) in C, G, E, and G+E 18-hour fasted conscious dogs. Data are
expressed as mean = SE. n = 5 for C and G, n = 4 for E and G+E.
There was no significant difference among groups for (A). *Signifi-
cant difference (P < .05) between G and E in (B).

gluconeogenesis and net lactate uptake in the kidneys were
decreased much faster than in the liver.#4 However, a recent
study revealed that acute exogenous insulin replacement in type
Il diabetic patients was only able to suppress hepatic, not renal,
glucose release.4s

In conclusion, net renal glucose production was minimal in
conscious dogs maintained on a pancreatic clamp after an
overnight fast. Physiological elevations in glucagon, epineph-
rine, or acontrol hyperglycemiadid not significantly alter renal
glucose metabolism, athough elevations in these parameters
significantly affected hepatic glucose metabolism as we
showed in our previous study.?? It is clear that in the conscious
dog while the kidneys may respond to several metabolic situ-
ations, they are not nearly as sensitive as the liver to elevations
in glucagon, epinephrine, or glucose after an overnight fast. A
final point is that under stress conditions such changes in
glucagon and epinephrine would undoubtedly be accompanied
by changes in insulin, resulting in a smaller increment in
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plasma glucose, and it remains to be seen whether in the
presence of hyperinsulinemia and lower glucose levels the
interaction of glucagon and epinephrine on rena glucose pro-
duction would be altered.
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