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Summary. In seven insulin-deficient ( <  3 mU/1) pancreatec- 
tomised dogs, the direct and glucagon-related indirect effects 
of intraportal insulin infusion (350 ~U/kg-min; 12 + 1 mU/1) 
on glucose production were determined. Insulin was infused 
for 300 min during which time the plasma glucagon concen- 
tration was allowed to fall (314+94 to 180+63 ng/l) for 
150 min before being replaced by an infusion intraportally at 
2.6ng/kg-rnin (323+61ng/1) for the remaining 150min. 
Glucose production and gluconeogenesis were determined 
using arterio-venous difference and tracer techniques. Insulin 
infusion shut off net hepatic glucose output and caused the 
plasma glucose, blood glycerol and plasma non-esterified 
fatty acid levels to fall. It caused the hepatic fractional ex- 
traction of alanine (0.41 +0.10 to 0.21 +0.06) and lactate 
(0.32__+0.09 to 0.04___0.03) to fall which increased their con- 
centrations. When glucagon was replaced, all of these 

changes were fully or partly reversed with the exception of 
the changes in glycerol and nonesterified fatty acids. Indeed, 
70% of the fall in hepatic glucose production and virtually 
100% of the changes in lactate and alanine metabolism pro- 
duced by basal insulin infusion were mediated by a fall in 
glucagon. However, the fall in hepatic uptake of glycerol was 
unaffected by changes in glucagon and thus gluconeogenesis 
from this substrate was inhibited by insulin per se probably 
as a result of reduced lipolysis. The latter effect of insulin 
may explain the incomplete restoration of hepatic glucose 
production when hyperglucagonaemia was re-established 
during insulin infusion. 

Key words: Diabetes, insulin, glucagon, glycogenolysis, glu- 
coneogenesis, dog. 

Fasting hyperglycaemia  is associated with insulin-defi- 
cient diabetes and  is accompan ied  by  inappropr ia te ly  
raised p lasma glucagon concentrat ions [1-4]. However,  
insulin t reatment  can reduce or even nonnal ise  gluca- 
gon levels in the diabetic dog [4, 5] and m a n  [6, 7]. 
Since both  elevations in p lasma insulin [8] and  reduc- 
tions in p lasma  glucagon [9] can reduce hepat ic  glu- 
cose product ion  and  gluconeogenesis,  the a im of  the 
present  study was to determine the relative roles of  the 
changes in insulin and  glucagon which result f rom in- 
sulin infusion in reducing the hyperglycaemia  and ele- 
vated gluconeogenesis  apparen t  in overnight-fasted 
diabetic (pancreatectomised)  dogs. This was accom- 
plished by  administering insulin alone via the portal  
circulation at a low infusion rate then re-establishing 
the starting glucagon levels in the second half  o f  the 
s tudy by  intraportal  infusion of  glucagon coincident 
with the insulin infusion. Since the dogs were p repared  
with indwelling catheters in the left c o m m o n  hepatic  
vein, the portal  vein and in the femoral  artery, net he- 
patic balances of  glucose and gluconeogenic  substrates 
could be  calculated using the ar ter iovenous difference 
technique. 

Materials and methods 

Animals and surgical procedures 

Eleven mongrel dogs (15-23 kg) of either sex were fed a normal diet 
(Kal Kan meat and Wayne Dog Chow, Wayne Meat Ration, Allied 
Mills, Inc., Chicago, Ill, USA; 31% protein, 52% carbohydrate, 11% 
fat and 6% fiber based on dry weight) for 2-3 weeks prior to their 
use. Sixteen to seventeen days before each experiment a laparotomy 
was performed under general anesthesia (sodium pentobarbital- 
25 mg/kg) and a pancreatectomy was performed as described else- 
where [10] with the exception that no pancreatic autograft was creat- 
ed. At the same time, silastic catheters were inserted into a splenic 
vein, the portal vein, the left common hepatic vein and a femoral ar- 
tery. The tip of the portal vein catheter was placed 2 cm from the 
point at which the vessel enters the liver, and the tip of the hepatic 
vein catheter was placed 1 cm inside the left common hepatic vein. 
After the catheters were inserted they were filled with saline contain- 
ing heparin (200 U/ml, Abbott Laboratories, Noah Chicago, Ill, 
USA), and their free ends were knotted and placed in subcutaneous 
pockets so that complete closure of the incisions was possible. Post- 
operatively the animals were fed a normal diet (as above) to which 
exocrine pancreatic enzymes (5 tablets Pancrease) and cimetidine 
(300 mg) were added to compensate for altered exocrine pancreatic 
function. Insulin was administered approximately 30 rain before 
feeding (once each day) and the dose (approximately 8 U regular, 
24U NPH insulin) was adjusted to prevent glucosuria and to keep 
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the blood sugar below 10 mmol/l. Two weeks after surgery blood 
was withdrawn to determine the leukocyte count and hematocrit of 
the animal. Only animals which had: (1) a leukocyte count below 
16,000 mm 3, (2) a hematocrit above 38%, (3) a good appetite (con- 
suming all of the daily ration), and (4) normal stools, were used. 

The last injections of NPH and regular insulin were administered 
48 and 18 h, respectively, before each study. On the day of the exper- 
iment, the free ends of the catheters were removed from the subcu- 
taneous pockets through small skin incisions made under local 
anesthesia (2% Lidocaine, Astro Pharmaceutical Prod., Inc., Wor- 
chester, Md, USA). The contents of each catheter were aspirated and 
the catheters were flushed with fresh saline before use. The splenic 
catheter was used for insulin and glucagon infusion and the remain- 
ing catheters were used for blood sampling. Angiocaths (20-gauge, 
Deseret Medical, Inc., Parke Davis and Co., Sandy, Utah, USA) 
were inserted percutaneously and into a cephalic vein for infusion of 
3-3H-glucose, UJ4C-alanine and indocyanine green. After comple- 
tion of these procedures, each dog was allowed to stand calmly in a 
Pavlov harness for 20-30 rain prior to the start of the experiment. 
Following all experiments, an autopsy was performed and the posi- 
tion of the catheters was confirmed. 

Experimental design 

Each experiment consisted of an 80 min ( -1 2 0  to - 4 0  min) tracer 
equilibration period, a control period ( - 4 0  to 0 min), and a test peri- 
od (0-300 min). The primed (42 pCi) constant infusion of 3-3H-glu - 
cose (0.36 ~tCi/min) and the constant infusion of u-a4C-alanine 
(0.05 txCi-kg-a.min -a) were started at - 1 2 0 m  in and continued 
throughout the study. In the test period insulin was infused 
(350 lxU. kg -1. min -l)  into the portal circulation and plasma gluca- 
gon was allowed to fall for 150 rain before being replaced by intra- 
portal infusion at 2.6 ng-kg-a.min -1 for the remaining 150min 
(150-300 min). Both hormones were infused in a vehicle consisting 
of 0.9% saline and 3% (v/v) of the dog's own plasma. In four of the 
dogs, the study was terminated at 150 min and samples of liver were 
taken and snap-frozen in liquid nitrogen for subsequent analysis of 
cold and radioactive (3H and a4C) glycogen by the method of Chan 
and Exton [25]. 

Processing of blood samples 

Blood samples were drawn every 10 min during the control period 
and every 15 min thereafter. For the measurement of intermediary 
metabolites, 1 ml of whole blood was added to 3 ml chilled 4% (w/v) 
perchloric acid. These samples were then centrifuged for 10 min at 
10.000 g and the supernatant was stored at - 7 0 ~  for subsequent 
assays. Lactate and glycerol were measured as described elsewhere 
[38]. Plasma non-esterified fatty acids were assayed by the method of 
Ho [39]. 

It should be noted that the arterial and portal blood samples 
were collected simultaneously, approximately 30 s prior to collection 
of the hepatic venous samples. This was done in an attempt to comp- 
ensate for the time required for glucose to pass through the liver [12] 
and thus allow accurate estimates of hepatic balance to be made 
even under non steady-state conditions. The ~4C- and 3H-glucose in 
plasma samples were determined by previously described techniques 
[13] and established liquid scintillation counting procedures. Plasma 
glucose concentrations were determined by the glucose oxidase 
method in a Beckman glucose analyser (Beckman Instruments, Inc., 
Fullerton, Calif, USA). Plasma 14C-alanine and 14C-lactate specific 
activities were determined using a short-column, ion-exchange chro- 
matographic system, which has been previously described [14]. 

Immunoreactive glucagon was assayed (in plasma samples to 
which 500 ICI.U. of Trasylol had been added) with 30K antiserum 
[15]. The inter-assay coefficient of variation was 8%. Immunoreactive 
insulin was measured by the Sephadex (Pharmacia Fine Chemicals, 
Piscataway, NJ, USA) bound-antibody procedure [16]. The inter-as- 
say coefficient of variation was 11%. 

Materials 

3-3H-glucose (11.5mCi/mmol) (New England Nuclear, Boston, 
Mass, USA) was used as the glucose tracer and U-~4C-alanine 
(176 mCi/mmol) (New England Nuclear) was used as the labelled 
gluconeogenic precursor. Glucagon and porcine insulin for infusion 
were purchased from Eli Lilly and Co. (Indianapolis, Ind, USA); 
Phadebas Insulin Radioimmunoassay kit was obtained from Phar- 
macia Fine Chemicals; and Trasylol was purchased from FBA Phar- 
maceuticals, Inc. (New York, NY, USA). Glucagon 30K antiserum 
was obtained from the University of Texas Southwestern Medical 
School (Dallas, Texas, USA); and the standard glucagon and 12sI- 
glucagon were bought from Novo Research Institute (Copenhagen, 
Denmark). All hormone solutions were prepared with normal saline 
containing 3% (v/v) of the dog's own plasma to prevent adsorption 
to tubing and glassware. The 3-3H-glucose solution contained glu- 
cose at a final concentration of 1 mg/ml. 

Tracer methods and calculations 

The rates of endogenous glucose production (rate of appearance-Ra) 
and utilisation (rate of disappearance) were determined by a modifi- 
cation of the method of Wall et al. [17] as simplified by DeBodo et 
al. [18] and as previously outlined [191. Gluconeogenesis was as- 
sessed with a double isotope technique described elsewhere [20]. 
This technique involves the simultaneous infusion of two tracers, U- 
a4c-alanine to provide labelled substrate for the gluconeogenic path- 
way and 3-3H-glucose to measure glucose production. It is possible 
to use 3-3H-glucose to trace 14C-glucose production, just as it can be 
used to trace unlabelled glucose production. The only change re- 
quired in the equation of DeBodo et al. [18] is replacement of the 
glucose concentration (p, mol/ml) with the ~4C-glucose "concentra- 
tion" (dpm/ml). The production rate thus calculated has the units of 
dpm/min and represents the whole body production rate of 14C-glu- 
cose. The hepatic 14C-glucose production rate can be simultaneously 
obtained with an arteriovenous difference technique [20]. 

Once the ~4C-glucose production rate is determined, the rate of 
14C-alanine conversion to 14C-glucose can be calculated by dividing 
the production rate of 14C-glucose (dpm/min) by the gluconeogenic 
precursor specific activity (dpm/~tmol). The gluconeogenic specific 

activity is calculated from 0.28 A ' +  0.72 P' where A and P are the al- 
0.28 A + 0.72 P 

anine concentrations (~tmol/ml) in the artery and portal vein respec- 
tively and A' and P' are the 14C-alanine concentrations (dpm/ml) in 
these vessels. The proportion of the hepatic blood supply provided 
by the hepatic artery was assumed to be 28% based on a compilation 
by Greenway and Stark [24] of data from many sources. Although U- 
14C-alanine was infused in the present study, labelled lactate accu- 
mulated, presumably as a result of interconversion of the two mole- 
cules and of Coil cycle activity. However, the percentage change in 
the conversion of 14C-alanine to 14C-glucose or aac-alanine plus 14C- 
lactate to a4c-glucose over the course of the experiment were virtual- 
ly identical (data not shown) thus only 14C-alanine was used in the 
calculations. The results are expressed as the percentage change 
from control conversion rates because, as discussed elsewhere [21], 
the absolute rate of gluconeogenic conversion cannot be determined 
since dilution of the gluconeogenic precursor specific activity occurs 
within the hepatocyte to an extent which cannot be estimated accu- 
rately without performance of a separate experiment as described by 
Hetenyi [22]. The present method thus provides only an index of glu- 
coneogenesis, the usefulness of which lies not in its absolute value, 
but in its alteration with time. The reliability of the index depends on 
the validity of the assumption that dilution of the labelled glucon- 
eogenic precursors within the liver cell changes little during the 
course of the experiments. Since the dilution factor varied little in 
normal dogs, insulin-deprived diabetic dogs, long-term fasted dogs 
and methylprednisolone-treated dogs [22], it seems reasonable to as- 
sume that the dilution factor will change little in the present study. 

Net hepatic balance for unlabelled glucose, unlabelled alanine, 
non-esterified fatty aids (NEFA) glycerol and lactate, as well as plas- 
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ma 3H-3-glucose, 14C-glucose, and 14C-alanine, were determined by 
the formula ((0.28A+0.72P)-H)x HF where A is the arterial con- 
centration, P is the portal vein concentration, H is the hepatic vein 
concentration and HF is hepatic flow (blood or plasma) as deter- 
mined by indocyanine green according to the method of Leevy et al. 
[23]. It should be noted that the use of plasma values of alanine and 
glucose for net balance calculation leads to underestimates of ap- 
proximately 10 and 15% respectively. The advantages to using plas- 
ma values, however, are that the life of the ion exchange resin used 
for the isolation of alanine is prolonged, thus reducing cost, and 
multiple (five) determinations of the A-V difference for glucose can 
be made (only 102 pf plasma are required for each measurement) 
thereby increasing accuracy. To circumvent the underestimate in the 
case of hepatic glucose balance (but not 3H-3-glucose balance) the 
plasma glucose values were converted to whole blood glucose using 
a 0.73 con'ection factor determined earlier by comparing plasma val- 
ues determined on the Beckman glucose analyser to blood values 
measured with a technicon autoanalyser. 

The fractional extraction of substrates by the liver was deter- 
mined using the formula ((0.28 A + 0.72 P) - H)/(0.28 A + 0.72 P). 

Unidirectional uptake of glucose by the liver was calculated 
from: 
net hepatic uptake of 3H-3-glucose (dpm/kg-min) 

S.A. of 3H-3-glucose (dpm/l.tmol) 
where S.A. is the specific activity of 3H-3-glucose in blood entering 
the liver. This calculation assumes that the 3H-glucose cannot come 
out of the liver once it has undergone a committed reaction. Since in 
the glucagon replacement period the liver produced 3H-glucose, the 
approach could not be used at that time. 

Non-hepatic (peripheral) glucose uptake (PGU) was calculated 
independently from the tracer data using the equation, 

PGU = NHGO - pV AA {, where NHGO is net hepatic glucose out- 

put as assessed by the arteriovenous difference technique, p is the 
distribution constant (0.65), V is the volume of distribution 
(0.22 x body weight), c is the cold glucose concentration (~tmol/ml), 
and t is time (rain). 

Statistical analysis 

StatiStics were performed using the paired Student's t-test to com- 
pare data from the insulin infusion period to pre-infusion values. 

R e s u l t s  

Plasma insulin and glucagon levels 

Intraportal infusion of insulin at 350~tU/kg-min 
caused the arterial plasma insulin concentration to rise 
(p < 0.05) from 3 __+ 1 (lowest limit of sensitivity of insu- 
lin radioimmunoassay) to 12_+1 mU/1 (Fig.l). The 
plasma glucagon level fell (p < 0.05) in response to the 
insulin infusion from 314+94 to 180+63 ng/1 by 
150 min and was then raised to 323+61 ng/1 for the 
remaining 150 rain as a result of the intraportal gluca- 
gon infusion (2.6 ng/kg-min). 

Plasma glucose and glucose turnover 

After 150 rain of insulin infusion the plasma glucose 
had fallen (p<0.05) from 24.7+2.3 to 14.1_+ 
1.2 mmol/1 but it increased to 16.2_ 1.0 mmol/1 when 
glucagon was replaced (Fig.2). Net hepatic glucose 
output (estimated by the A-V difference technique us- 
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Fig.1. Arterial plasma insulin and glucagon concentrations in 7 
pancreatectomised dogs during intraportal insulin infusion 
(350 pM.kg-l-min-1;  0-300 rain), before (0-150rain) and during 
(150-300 rain) intraportal replacement of glucagon at 2.6 ng. kg - l -  
min-L Dogs had their last injections of regular and NPH insulin 18 
and 48 h respectively before the start of each study. Results are ex- 
pressed as mean_+ SEM 
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ing unlabelled glucose) fell (p < 0.05) from 30.3 _ 3.0 to 
0.0+2.5 ~tmol.kg-l.min -1 by 150 min and had risen 
to 25.8__+6.8 gmol.kg -~.min -1 30 min after glucagon 
replacement (Fig.2, Table 1). When hepatic glucose 
production was estimated using 3H-3-glucose, glucose 
production by the liver was found to decrease (p < 
0.05) from 44.9 + 9.6 to 21.8 + 3.0 Ixmol. kg -a. rain -1 by 
150 min (Table 1). Use of the tracer method to estimate 
glucose production during glucagon replacement 
(150-300 min) was not valid since there was net output 
of 3H-glucose by the liver in this period (Table 1). 

Peripheral glucose uptake as assessed using the 
non-radioactive A-V difference approach fell from 
30.6+2.8 to 6.2+3.2~tmol.kg-l .min -~ by 150min 
(p < 0.05) of insulin infusion but had risen to 19.3 ___ 
4.9 ~tmol-kg -~. min -1 30 min after glucagon replace- 
ment had begun (Fig. 2). However, hepatic glucose up- 
take as assessed from the net uptake of 3H-3-glucose, 
increased significantly (p<0.05) from 4.3+4.1 to 
9.4-+ 4.1 ~tmol-kg -~. min -1 during the insulin infusion 
(Table 1). Since there was net output of 3H-glucose 
from the liver during the glucagon replacement period 
(150- 300 min), assessment of hepatic glucose uptake 
during that period was precluded. When peripheral 
and hepatic glucose uptake during the first period are 
added together to yield total glucose uptake it becomes 
evident that overall glucose uptake fell significantly 
(p<0.05) from 34.6+3.5 to 15.6_3.7~tmol.kg -1- 
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Fig.2. Arterial plasma glucose levels, net hepatic glucose output, 
non-hepatic and hepatic (hatched area) uptake of glucose (see Mate- 
rials and methods section for calculations), and glucose clearance 
in 7 pancreatectomised dogs during intraportal insulin infusion 
(350 ~tU-kg-l. .min-l; 0-300min), before (0-150min) and during 
(150-300 min) intraportal replacement of glucagon at 2.6 ng-kg -a. 
min-~ 

min -1 by 150 min of insulin infusion. Since the glu- 
cose level fell to a proportionately greater degree it is 
apparent that glucose clearance increased slightly in 
response to the infused insulin (Fig. 2). 

Whole body glucose uptake was also assessed us- 
ing tracer methods but only over the first 150 min for 
the reasons discussed above. Glucose utilisation (Ra) 
fell from 45.5• to 32.4_+5.8 lxmol-kg-l.min -1 by 
150 min (Table 1). In line with this, glucose clearance 
rose from 1.76+0.19 to 2 .10+0.26ml .kg- l -min  -~ 
(Table 1). In the 4 dogs in which the experiment was 
terminated after 150 min of insulin infusion, hepatic 
glycogen contained 22.0 + 2.0% (31,248,000 dpm/liver) 
of the total amount of 3H-3-glucose that had been ex- 
tracted by the liver during the 150 min of insulin infu- 
sion. This explains why there was net output of 3H-glu- 
cose by the liver during the glucagon replacement 
period as noted above. 
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Table 1. Glucose production assessed by tracer and arteriovenous 
(A-V) difference techniques, and tracer-determined glucose utilisa- 
fion and glucose clearance in 7 pancreatectomised dogs during intra- 
portal infusion at 350 ~U.kg -a .rain -1 for 300 rain. Net hepatic bal- 
ance of 3H-glucose is also shown, and since there was mobilisation 
of labelled glycogen in the glucagon replacement period 
(150-300 min), tracer-determined parameters are invalid in this peri- 
od and are therefore not shown. The results are expressed as the 
mean values with one SEM depicted in parenthesis 

Method Control c Time (rain) 
period 

135- 180 270- 
150 c 300 ~ 

Glucose pro- Tracer 44.9 21.8 31.1 a 24.1 a 
duction (9.6) (3.0) (2.3) (1.2) 
(~tmol. A-V 30.3 0.0 25.8 21.0 
kg -1. min -a) (3.0) (2.5) (6.8) (5.3) 

Absolute He- A-V 4.3 9.4 _b b 
patic glucose (4.1) (4.1) 
uptake 
(lxmol. kg-l-  
min -1) 

Hepatic 3H, A-V 7,783 27,141 -6,904 -14,807 
glucose up- (7,505) (15,629) (7,645) (9,761) 
take [dpm- 
kg -1 . min -1] 

Glucose utili- Tracer 45.5 32.4 _b _b 
sation (txmol �9 (9.4) (5.8) 
kg-a-min-1) 

Glucose clear- Tracer 1.8 2.1 b b 
ance (ml. (0.2) (0.3) 
kg -I  .min -1) 

a These numbers, although shown, are not valid due to the net effiux 
of 3H-glucose from the liver during this period, b Cannot be calculat- 
ed since the specific activity of liver glycogen at the designated time 
was not known, c Average of all values obtained during this interval 

Gluconeogenic parameters 

The plasma alanine level rose progressively during the 
insulin infusion period, but decreased to below control 
levels when glucagon was replaced (Fig. 3). Hepatic al- 
anine uptake (4.04• on the 
other hand, did not change as the alanine rose and 
consequently the fractional extraction of alanine by the 
liver fell from 0.41 +0.10 to 0.24+0.06. When gluca- 
gon was replaced the fractional extraction of alanine 
by the liver returned to 0.45 • 0.04 and net hepatic up- 
take of alanine rose to 4.56+0.57 ~tmol.kg-l-min -1 
(Fig.3). The conversion of laC-alanine to laC-glucose 
fell by 83 + 14% (p < 0.05) over the course of the first 
150 min of insulin infusion (Fig.4). Mobilisation of 
previously stored 14C-glucose would cause an overesti- 
mate of gluconeogenic conversion in the glucagon re- 
placement period; thus these data were not calculated. 

The arterial blood lactate level rose during the first 
150 min of insulin infusion (from 0.80 ___ 0.15 to 1.09 ___ 
0.18 mmol/1) but fell (to 0.68 + 0.12 mmol) when gluca- 
gon was replaced (Fig. 5). Uptake of lactate by the liver 
fell (p < 0.05) from 9.60 + 3.68 to 1.09 + 1.25 pomol. 
g - l .m in -a  by 150 rain then rose to 9.76+4.65 Ixmol. 
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Fig. 3. Arterial, portal vein and hepatic vein plasma concentrations 
of alanine, net hepatic uptake of alanine, and hepatic fractional ex- 
traction of alanine in 7 parlcreatectomised dogs during intraportal 
infusion of insulin (350pM-kg-l.min-a; 0-300min), before 
(0-150 rain) and during (150-300 rain) intraportal replacement of 
glucagon at 2.6 ng. kg -1. rain -~ 
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Fig.& Blood lactate concentrations, net hepatic uptake of lactate 
and hepatic fractional extraction of lactate in 7 pancreatectomised 
dogs during intraportal infusion of insulin (350 IxU-kg-a-min-a; 
0-300 min), before (0-150 min) and during (150-300 rain) intrapor- 
tal replacement of glucagon at 2.6 ng-kg-1, min-a 
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Fig.4. Conversion of 14C-alanine to 14C-glucose (expressed as a P er- 
centage of control values) during intraportal insulin infusion 
(350 FU-kg -~- rain-l; 0-150 min), before intraportal replacement of 
glucagon at 2.6 ng. kg -1. rain -1 
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kg-~.min -1 by the end of the glucagon replacement 
period. Fractional extrac, tion of lactate by the liver fell 
(p<0.05) from 0.32• to 0.04• by 150min 
and rebounded to 0.33 + 0.13 by 300 min (Fig. 5). 

The arterial blood glycerol concentration fell from 
432+ 108 to 278• ~tmol/1 over the course of the 
first 150 rain of insulin Jinfusion and remained at this 
level when glucagon was replaced (Fig. 6). The net up- 
take of glycerol by the liver fell from 13,4• to 
6.9+3.0 ~tmol.kg-l .min - t  by 150 min and remained 
at that rate when glucagon was replaced. Fractional ex- 
traction of glycerol by the liver (0.73 + 0.05) remained 
unchanged throughout the entire study (Fig. 6). 

Plasma non-esterified fatty acids (NEFA) 

The arterial plasma NEFA concentration fell (p < 0.05) 
from 3.34___0.31 to 1.66• mmol/1 by 150 min and 
remained at this level when glucagon was replaced 
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F i g .  6 .  Blood glycerol concentrations, net hepatic uptake of glycerol 
and hepatic fractional extraction of glycerol in 7 pancreatectomised 
dogs during intraportal infusion of insulin (350 txU.kg -l .min-1; 
0-300 rain), before (0-150 min) and during (150-300 rain) intrapor- 
tal replacement of glucagon at 2.6 ng. kg -1- rain -1 

(Fig. 7). Hepatic uptake of NEFA and hepatic fraction- 
al extraction of NEFA fell from 13.6+2.7 to 3.2+ 
1.9 g m o l . k g - l - m i n  -1 (p<0.05) and from 0.20_+0.08 
to 0.11_+0.09 (NS), respectively, by 150 rain and re- 
bounded to 10.0_+3.8p~mol.kg-l.min -1 and 0.21_+ 
0.06 respectively by the end of the glucagon replace- 
ment period. 

Discuss ion  

The intraportal infusion of insulin reduced both the 
hyperglucagonaemia and hyperglycaemia evident in 
the untreated conscious pancreatectomised dog. This 
confirms earlier observations in both the diabetic dog 
[4, 5] and man [6, 7]. In the present study, the abnor- 
mally high net hepatic glucose output was reduced to 
zero by insulin infusion at 350 p~U. kg -1. min -1, a rate 
:slightly below that (420 lxU. kg-1. rain-1) necessary to 
maintain euglycaemia in pancreatectomised dogs (Ste- 
venson and Cherrington, unpublished observations). 
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Fig.7. Plasma non-esterified fatty acid (NEFA) concentrations, net 
hepatic uptake of NEFA and hepatic fractional extraction of NEFA 
in 7 pancreatectomised dogs during intraportal infusion of insulin 
(350 txU.kg-a-min-l; 0-300rain), before (0-150min) and during 
(150-300 rain) intraportal replacement of glucagon at 2.6 ng-kg -1. 
rain -1 

Surprisingly it was the fall in glucose output, rather 
than an increase in glucose utilisation, which caused 
the glucose level to fall. 

The glucose production rate was considerably low- 
er when assessed using the A-V difference technique 
with unlabelled substrate than when measured using 
the tracer technique with 3H-3-glucose although the 
latter also indicated a substantial insulin induced drop 
in glucose supply (Table 1). In the control period, the 
difference between the two methods was 14.6 ~mol- 
kg -1- rain -1. Part of this difference can be explained 
by the movement of glucose into the liver as indicated 
by the net uptake of 3H-3-glucose (4.3 ~tmol.kg - l -  
min -1) (Table 1). The remaining discrepancy may be 
explained by the fact that the tracer method measures 
any non-hepatic glucose production (i.e. renal glu- 
coneogenesis), the possibility that 3H-3-glucose may 
undergo futile cycling within the liver thereby losing its 
label and giving rise to an overestimate of Ra [36], and 
the possibility that net glucose balance measured by 
our methods may underestimate the true net glucose 
production rate. The difference in the two methods 
was magnified in the insulin infusion period 
(21.8 Ilmol. kg -1. min -1) as a result of a higher rate of 
glucose uptake by the liver (9.4 lxmol-kg -1 .rain -1) 
(Table 1). The latter would affect measurement of net 
hepatic glucose production as calculated by the 
arteriovenous technique but not Ra as determined by 
the tracer method. 
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The insulin-induced fall in hepatic glucose produc- 
tion was evident using either method of measuring glu- 
cose production and could be the result of a reduction 
in hepatic glycogenolysis and/or  gluconeogenesis. An 
estimate of the possible contribution of gluconeogene- 
sis to overall glucose production can be obtained by 
calculating the hepatic uptake of gluconeogenic pre- 
cursors before and during infusion of insulin. If one 
assumes that uptake of pyruvate by the liver is one- 
tenth that of lactate and that the uptake of alanine 
equals the uptake of the other gluconeogenic amino 
acids combined [37], then total gluconeogenic precur- 
sor uptake in the control period would have approxi- 
mated 32 ~tmol. kg -~ .min -1. Since gluconeogenic effi- 
ciency (the fraction of extracted a4C-alanine converted 
to circulating ~4C-glucose) was 0.53 in that period, glu- 
coneogenesis must have accounted for a minimum of 
8.5 ~tmol. kg-1. min-1 (i. e. 28% of net hepatic glucose 
output) and a maximum (i. e. assuming an efficiency of 
1.0) of 17 ~tmol. kg -1. rain -1 of glucose (i. e. 56% Of the 
net hepatic glucose output). It appears, therefore, that 
about one-quarter to one-half of glucose production 
was derived from gluconeogenesis and one-half to 
three-quarters was attributable to glycogenolysis. By 
150 min of insulin infusion, net glucose output by the 
liver was almost completely shut off while net hepatic 
uptake of gluconeogenic substrates was 7.8 ~tmol- 
kg -1. min -1. Since gluconeogenic efficiency was zero, 
the precursors still being extracted were presumably ei- 
ther being oxidised or converted to glucose-6-phos- 
phate and stored in glycogen. The accumulation of 14C 
glucose in liver glycogen confirms the latter alternative. 
On longer exposure to insulin, gluconeogenesis was 
therefore markedly, although not completely, inhibited 
with its product being stored in glycogen rather than 
released from the liver. In addition glycogenolysis was 
substantially reduced perhaps by as much as 100%. 

When the fall in plasma glucagon caused by insulin 
infusion was reversed by the intraportal replacement of 
glucagon, net hepatic glucose output (assessed using 
unlabelled glucose) was restored to about 70% of the 
starting value (Fig.2). As a result, the fall in plasma 
glucose was arrested and indeed glucose rose slightly. 
During the glucagon replacement period, net hepatic 
uptake of 3H-3-glucose ceased and net output of 3H- 
glucose began (Table 1), presumably as a result of glu- 
cagon stimulated breakdown of the labelled glycogen 
that had accumulated during the first 150 min of insu- 
lin infusion. For this reason tracer determined glucose 
production was inaccurate and markedly underesti- 
mated the rebound in glucose production. 

From the A-V difference data with unlabelled sub- 
strates, it can be concluded that the indirect effect of 
insulin, e.g. the fall in glucagon, contributed more to 
the fall in glucose production, both glycogenolysis and 
gluconeogenesis, than did the direct effect of basal in- 
sulin concentrations per se. This confirms previous ob- 
servations that glucagon can affect both glycogenolysis 
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and gluconeogenesis in vivo [9, 11, 13, 21, 29] and in- 
deed supports the proposal by Unger and Orci [42] that 
glucagon is the principal mediator of the endogenous 
hyperglycaemia of diabetes. When glucagon was re- 
placed, net hepatic glucose output increased from 0 to 
25.8 ~tmol.kg-~.min -1 by 30min and the uptake of 
the gluconeogenic substrates was almost restored 
(23 lxmol-kg -I .rain -1) to the rate evident in the con- 
trol period. Gluconeogenic efficiency could not be esti- 
mated during the glucagon replacement period, how- 
ever, due to release of 14C-glucose from labelled 
glycogen (data not shown). If the gluconeogenic effi- 
ciency measured in the control period was re-establish- 
ed by restoring the basal glucagon level, then the mini- 
mum contribution of gluconeogenesis to glucose pro- 
duction would have been approximately 23%. These 
data indicate that the abnormal rates of the two pro- 
cesses were indeed related to the presence of excess 
glucagon in the uncontrolled diabetic state. 

When one considers the gluconeogenic substrates, 
it is apparent that during insulin infusion lactate up- 
take by the liver was virtually shut off, the fractional 
extraction failing from 0.32 + 0.09 to 0.04+ 0.03. As a 
result there was a marked increase in the blood lactate 
concentration. Lactate metabolism returned to its start- 
ing state when the glucagon was replaced, suggesting 
that the initial changes were due mainly to the fall in 
glucagon, i.e. an indirect effect of insulin. Therefore, 
although basal insulin concentrations have been shown 
to directly inhibit gluconeogenesis in vivo and specif- 
ically to inhibit lactate release from peripheral tissues 
[34], the changes in lactate metabolism observed during 
insulin infusion in the diabetic dog could be attributed 
mainly to the reduction in hyperglucagonaemia. Since 
glucagon is known to stimulate gluconeogenesis by an 
intrahepatic action [11, 21, 29] and since lactate uptake 
into the liver cell is not thought to be under hormonal 

�9 control, the changes in hepatic uptake of lactate may 
be related to changes in passive diffusion of lactate 
across the liver cell membrane due to an increase and 
decrease in intracellular pyruvate concentrations, re- 
spectively, during the fall and rise in glucagon levels. 

This theory would also explain why the fractional 
extraction of alanine by the liver decreased when the 
glucagon concentration decreased and returned to 
starting levels when glucagon was replaced. However, 
glucagon has also been shown to affect amino acid 
transport across the liver cell membrane both in vivo 
[11, 21, 29, 30] and in vitro [31-34], thus at least part of 
the change in the hepatic fractional extraction of ala- 
nine may have been related to changes in alanine 
transport. Since the plasma alanine concentration rose 
by about 50%, despite little change in alanine uptake 
by the liver, alanine release from peripheral tissues 
must have increased. Glucagon is thought to have little 
effect on peripheral gluconeogenic substrate supply 
[34], so it seems likely that the increased alanine release 
was due to insulin's action. Indeed, hyperglycaemia in 
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the presence of basal insulin and glucagon concentra- 
tions has been shown to increase alanine production 
by peripheral tissues [35]. 

Re-establishing hyperglucagonaemia during insulin 
infusion had no effect on glycerol metabolism unlike 
the effects observed on the other two gluconeogenic 
substrates described above. In this case, insulin infu- 
sion decreased blood glycerol levels presumably due to 
inhibition of lipolysis and this effect was maintained 
when glucagon was replaced. Since the fractional ex- 
traction of glycerol by the liver remained unchanged 
throughout the study, hepatic uptake of glycerol fell by 
about 50% and remained suppressed. This observation 
may explain in part why glucagon replacement re- 
stored hepatic glucose production to only 70% of its 
initial value (i.e. gluconeogenesis from glycerol re- 
mained depressed). 

Inhibition of lipolysis by insulin not only caused a 
decrease in the blood glycerol level but also in plasma 
NEFA concentrations. This resulted in a decrease in 
hepatic uptake of NEFA. However, the decrease in up- 
take was exaggerated by a decrease in fractional ex- 
traction of NEFA by the liver. This latter effect seems 
to be related to the fall in glucagon levels, since gluca- 
gon replacement resulted in partial restoration of he- 
patic NEFA uptake and re-establishment of the initial 
fractional extraction of NEFA by the liver. Since it is 
generally believed that movement of NEFA into the 
liver cell is not under hormonal control, the changes in 
NEFA fractional extraction must be related to gluca- 
gon's intrahepatic action. Stimulation of gluconeogen- 
esis by glucagon would presumably increase the flux 
from pyruvate to glucose, thus perhaps in turn increas- 
ing the flux from other substrates such as lactate and 
oxaloacetate to pyruvate. The resulting decrease in 
concentration of (TCA) cycle intermediates would pre- 
sumably result in increased flux of NEFA to the TCA 
cycle and thus increase uptake of NEFA by the liver 
more than would be predicted from the load of NEFA 
delivered to the liver. Thus a decrease in gluconeogenic 
stimulation due to a fall in glucagon concentration 
might result in decreased fractional extraction of 
NEFA by the liver, an effect that would be reversed 
as the initial hyperglucagonaemia was re-established. 

Another action normally attributed to insulin is an 
increase in glucose clearance. When glucose clearance 
was calculated using the A-V difference or tracer meth- 
od, it was apparent that during the control period glu- 
cose clearance was depressed below normal, confirm- 
ing earlier results in diabetic dogs [26, 27], and that it 
increased slightly during insulin infusion. Under nor- 
mal conditions the brain accounts for about 80% of to- 
tal glucose uptake [28]. When basal insulin levels were 
re-established in diabetic dogs withdrawn from insulin 
therefore, only a small increase in glucose clearance 
would be predicted and this was the case. However, 
glucose clearance tends to increase as plasma glucose 
concentrations decrease though the effect is more pro- 

nounced in man (40) than in the dog (41). It is conceiv- 
able, therefore, that the small increase in glucose clear- 
ance in the present study was purely a function of the 
fall in plasma glucose. 

It thus appears that the fall in glucagon concentra- 
tion can explain the majority of responses, especially 
with respect to hepatic handling of gluconeogenic sub- 
strates, resulting from insulin infusion to conscious 
pancreatectomised dogs that had had insulin with- 
drawn at least 18 h previously. It should also be noted 
that interpretation of the above results would have 
been markedly different if A-V difference techniques 
using unlabelled substrates had not been used thus il- 
lustrating a consequence of violating a basic assump- 
tion of the tracer technique. 
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