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Abstract

Diflunisal, 5-(2',4'-difluorophenyl)salicylic acid, excreted in
urine as its glucuronide, was given to normal humans (n = 6)
along with a glucose load specifically labeled with 14C. Gluc-
uronide excreted by each subject was reduced to its glucoside
and glucose from it degraded to yield the distribution of 14C in
its six carbons. Randomization of the 14C from the specifically
labeled glucose was taken as a measure of the extent to which
glucose was deposited indirectly (i.e., glucose -) lactate -
glucose-6-P glycogen), rather than directly (i.e., glucose
glucose-6-P glycogen). The maximum contribution to gly-
cogen formation by the direct pathway was estimated to be
65±1%, on the assumption that glucuronide and glycogen are
derived from the same hepatic pool of glucose-6-P in liver.

Evidence that supports that assumption was obtained by
comparing the randomization of 14C in the urinary glucuronide
with that in glucose in blood from the hepatic vein of four of the
subjects before and after they were given glucagon. Other evi-
dence supporting the assumption was obtained by comparing in
two subjects 3H/14C ratios in glucose from hepatic vein blood
before and after glucagon administration with that in urinary
glucuronide, having labeled the uridine diphosphate (UDP)-
glucose in their livers with 14C by giving them 1-["'C1galactose
and their circulating glucose with 3H by giving a 5-[3Hj-
glucose-labeled load. It is concluded that glucuronide forma-
tion in humans can be used to trace glucose metabolism in the
liver, and that in humans the indirect pathway of glucose me-
tabolism is active.

Introduction

Contributions of different biochemical pathways to glucose
metabolism in livers of animals in various physiological and
pathological states have been estimated. This has been done by
administering glucoses, specifically labeled with `4C, to the
animals and determining the distribution of the label in either
the carbons of glucose-6-P or of the glucose units of glycogen
formed in their livers (1). Such tracings are not feasible in
humans because, even with the maximum permissible quan-
tity of label, a large amount of liver is required to yield suffi-
cient label in glucose-6-P or glycogen for the tracings.
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Uridine diphosphate (UDP)-glucose, formed from glu-
cose-6-P, is the immediate precursor of the glucose unit in
glycogen formation and of UDP-glucuronic acid, the immedi-
ate precursor in glucuronide formation. No rearrangement of
carbon occurs in the reactions between glucose-6-P, glycogen,
and glucuronide formation. Compounds that are excreted
conjugated with glucuronic acid have been given to animals
along with '4C-labeled substrates (2, 3) and the distributions of
"4C in glucuronic acid from the excreted glucuronides have
then been used to trace the pathways followed by the carbons
of the substrates. A number of drugs, when given to humans,
are excreted in urine as glucuronides (4). This is a report on the
use of one such drug, diflunisal, to sample in humans the
UDP-glucose pool from which the glucuronide is formed (Fig.
1). Diflunisal, an aspirin-like compound, can safely be given in
a gram quantity to a human. It is excreted in part as its ether
glucuronide and the glucuronide is readily isolated from urine
(5, 6).

To test the method we have given diflunisal to humans
along with '4C-labeled glucose loads to estimate the pathways
followed by the glucose carbons in their conversion to glyco-
gen, assuming that glucuronide and glycogen are formed in
liver from a commonpool of UDP-glucose or from two pools
of UDP-glucose, but from a common pool of glucose-6-P.
There is considerable evidence that in animals (7-14), a large
portion of the glucose carbons of a load is deposited in glyco-
gen only indirectly, i.e., after cleavage of the glucose to a
three-carbon compound, lactate, or its metabolic equivalent.

The 14C-labeled ether glucuronide of diflunisal excreted by
each subject was reduced to its corresponding glucoside. The
glucoside was hydrolyzed and the glucose that formed was
degraded to yield the distribution of "`C in the carbons of the
glucose. Since glucuronides can be formed in tissues other than
liver (4) and there may be more than one pool of glucose-6-P
in liver, the assumption that the glucuronide of diflunisal is
formed in human liver and from the same glucose-6-P pool as
the glucose units of glycogen was tested. This was done in two
ways. In one way, after the administration of the '4C-labeled
glucose, glucose in blood drawn from the subject's hepatic vein
during glucagon administration was degraded and the distri-
bution of 14C in it compared with that in the glucose from the
glucuronide. In the other way, '4C-labeled galactose was ad-
ministered along with a 3H-labeled glucose load to preferen-
tially label the hepatic UDP-glucose pool with "'C relative to
3H. Then the 3H/4'C ratio in the glucuronide was compared
with that in the blood glucose.

Methods

Subjects. Eight healthy volunteers were studied, three men and five
women, aged 21 to 30 yr, weighing 52 to 84 kg, and each within 15%of
ideal body weight. They consumed a weight-maintaining diet, con-
taining at least 200 g of carbohydrate, for at least 3 d before ingesting
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Figure 1. Pathway of formation of diflunisal glucuronide in liver and
its urinary excretion. Also illustrated are the two pathways of glyco-
gen formation, the direct in which glucose carbons go to glycogen via
glucose-6-P without cleavage and the indirect in which cleavage is to
three carbon intermediates. It is assumed glucuronide and glycogen
formation is from a commonpool of UDP-glucose.

the glucose load. None were taking any medication. The experimental
protocol was approved by the Human Investigation Committees at
Huddinge University Hospital and at University Hospitals of Cleve-
land. Informed consent was obtained from each subject.

Procedure. After an overnight fast, each of the subjects ingested 1 g
glucose/kg body wt as a 30-46% aqueous solution over a 5-min period.
30 min before ingesting the glucose, each subject swallowed 1 g of
diflunisal. For five subjects the glucose load contained 20 'iCi of 6-
['4C]glucose. For the sixth the load was labeled with 20 GCi of 5-['4C]-
glucose. For the seventh the load contained 100 uCi of 5-[3H]glucose
with 20 ,uCi of 1-["C]galactose in 5 g of galactose. For the eighth
subject, the load was labeled only with 5-[3H]glucose and I-[14C]-
galactose was infused intravenously during the 3.5 h that followed the
beginning of the ingestion of glucose.

A No. 7 or 8 Cournand catheter was inserted percutaneously into a
femoral vein of each of three subjects given 6-[ 4C]glucose, the one
given 5-['4C]glucose and the two given l-['4C]galactose and 5- H]-
glucose. The catheter was manipulated under fluoroscopy into a right-
sided hepatic vein and kept patent with isotonic saline. 3 h after the
ingestion of glucose, (4.5 h for the subject given 5-['4C]glucose), gluca-
gon was infused through a peripheral vein at the rate of 36 ng/kg body
wt per min (15). 50 ml of blood was drawn from the hepatic vein each
hour and 2 ml on the half-hour until just before the administration of
glucagon; 50 ml was drawn 15 and 30 min after the beginning of the
infusion of glucagon. In the two subjects who were not catheterized
and given glucagon, 50-ml blood samples were also drawn hourly from
an antecubital vein. In the subjects given l-['4C]galactose and 5-[3H]-
glucose, 25-ml blood samples were drawn half-hourly until the begin-
ning of glucagon administration and then 15 and 30 min after that.

Urine was collected from the time of glucose ingestion until gluca-
gon was administered or until 30 min after beginning glucagon. In the
two subjects not given glucagon it was collected for 3 h after glucose
ingestion.

Materials. 6-[14C]Glucose and 1-['4C]galactose were purchased
from Research Products International Corp., Mount Prospect, IL and
5-[3H]glucose from NewEngland Nuclear, Boston, MA. Weprepared
5-["4C]glucose (1). Purities of the glucoses were indicated, beyond the
evidence provided by the commercial manufacturers, by demonstrat-
ing that each one gave a single peak of radioactivity with the mobility
of glucose on high pressure liquid chromatography (HPLC) using an
Aminex HPX-87P carbohydrate analysis column (Bio-Rad Laborato-
ries, Richmond, CA) with water at 80°C as solvent (16). Dolobid

(diflunisal), in 500 mgtablets, was a gift from Merck Sharp & Dohme,
West Point, PA.

Analyses. Glucose concentrations in the blood samples were deter-
mined enzymatically (17). To the remainder of each of the 50 ml and
25 ml blood samples was added three times its volume of 1.5 M
perchloric acid. The precipitate was removed by centrifugation. The
supernatant was neutralized with KOHand cooled, and the resulting
precipitate of potassium perchlorate was also removed by centrifuga-
tion. The supernatant was deionized by passage through a mixed bed
ion exchange resin (Amberlite MB-3; Mallinkrodt, Paris, KY). The
effluent was evaporated to a small volume. The solution usually be-
came cloudy and because of this, Ba(OH)2 and ZnSO4 were added
(18). The suspension was centrifuged and the resulting supernatant was
also passed through the mixed bed resin and evaporated to dryness.
When 5-[3H]glucose and 1-['4C]galactose were given the 3H/'4C ratio
in the residue was determined by oxidizing it to "4C02 and 3H20 using
a TriCarb sample oxidizer (306; Packard Instrument Co., Inc.,
Downers Grove, IL), and assaying for radioactivity in a liquid scintil-
lation spectrometer. The residue could have contained both glucose
and galactose. However, in keeping with the rapid uptake of galactose
by liver, when portions of the residues were incubated with galactose
oxidase and then passed through the mixed bed ion exchanger, the
ratios in the effluents were unchanged. When '4C-labeled galactose is
treated in this way, 95-99% of its '4C is retained on the column. Thus,
the ratios determined are essentially those in glucose.

When the load was labeled with ['4C]glucose, the residue was ap-
plied to Whatman 3MMpaper (Whatman Inc., Clifton, NJ) and chro-
matographed using a butanol/acetic acid/water (4:1:5 vol/vol) system
(19). Glucose, the position of which was established by guide spots, was
eluted from the paper and further purified by HPLCusing the Aminex
HPX-87P column. Most of the glucose (the quantity isolated ranged
from 12 to 29 mgand had 3,600 to 9,000 dpm) was degraded to yield
each of its carbons as CO2and the C02's were analyzed for 14C (1, 1o).
A small portion was combusted to CO2and that CO2also was assayed
for "4C. In the table to be presented, the sum of the "4C specific activi-
ties of the six carbons of each glucose, determined by degradation,
multiplied by 100 and divided by the specific activity of the glucose
determined by the combustion, is recorded as percent 14C recovery.
This serves as a measure of the purity of each glucose and the adequacy
of its degradation.

Each urine was adjusted to pH 4.5 to prevent breakdown of the
glucuronide (6). It was frozen pending continuous extraction. It was
acidified to pH 2 with H2SO4and extracted with diethyl ether for 48 h
(5, 6). The ether extract, which now contained the diflunisal ether
glucuronide, was washed with a small volume of water, dried over
magnesium sulphate, and evaporated. The residue was dissolved in
dimethoxyethane and, while stirring, diborane-tetrahydrofuran com-
plex was added in excess (20). The vessel was capped with a drying tube
of CaSO4and the mixture was stirred at room temperature overnight.
Water was then added to decompose the excess diborane. The mixture
was acidified, methanol was added, and the resulting solution was
evaporated to dryness. Solution in methanol and evaporation to dry-
ness was done twice more to remove boric acid as methyl borate. The
residue, dissolved in acetate buffer, pH 5.0, with beta-glucosidase
added (6), was incubated at 37°C overnight with shaking. When the
hydrolysis was complete, as evidenced by cessation of the increase in
glucose content, Ba(OH)2 and ZnSO4 were added. The supernatant
was deionized by passage through a column of the mixed bed ion
exchange resin. The effluent was concentrated and the glucose in it
isolated, using HPLCand degraded as for glucose from blood. From 15
to 25 mg of glucose (1,400 to 1,700 dpm) was isolated from a urine
collection of 3-5 h. The yields of glucose from the urinary glucuronide
were 60-80% of the theoretical yield.

For one subject given 5-[3H]glucose and 1-[14C]galactose, we de-
termined the ratio of 3H/'4C in the glucose from the glucuronide. The
residue from the diethyl ether extraction of the urine of the other
subject was chromatographed by HPLCusing a reverse phase octade-
cylsilane column (C 18 column; Alltech Associates, Inc., Deerfield, IL)
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and linear gradient elution with solvents of methanol and dilute acetic
acid (6). The ether glucuronide peak was collected and evaporated to
dryness and an aliquot of the residue was assayed for '4C and 3H. The
remainder of the residue was incubated in the acetate buffer with
beta-glucuronidase. The supernatant, obtained after the addition of
Ba(OH)2 and ZnSO4, was lyophilized to dryness and the resulting
residue, dissolved in sodium hydroxide, was applied to a Bio-Rad
AG1-X8 column in the acetate form and eluted with acetic acid (21).
The fraction containing glucuronic acid was identified using carbazole
(22) and evaporated to dryness. The glucuronic acid was further puri-
fied by applying it to a Aminex HPX87H organic acid analysis column
and eluting it under high pressure with water acidified to pH 2.5 with
H2SO4. The fraction containing the glucuronic acid was evaporated
and oxidized to CG2, which was assayed for "`C activity, and to H20,
which was assayed for 3H activity.

Results

The means with standard errors of the percentage distributions
of 14C in the carbons of the glucoses from the glucuronides
from the five subjects given 6-["4C]glucose are illustrated in
Fig. 2. Of the 14C in the glucoses, 72+1% was in carbon 6;
there was 5 to 6% in carbons 2 and 5, more in carbon 1 than 2
and less in carbons 3 and 4 than in the other carbons.

Fig. 3 shows the mean percentages with standard errors of
14C in the carbons of the blood glucoses before and during
glucagon administration and in the glucoses from the glucuro-
nides of the three subjects whose hepatic veins were catheter-
ized and who were given 6-["'C]glucose. Randomization of
'4C, as evidenced by the proportion of '4C in carbon 6, was

greater in the glucose from the blood obtained during than
before glucagon administration, and it was also greater in the
glucose from the glucuronide than in the glucose from the
blood obtained during glucagon administration. This was also
the case when 5-['4C]glucose was fed (Table I). Within 15 min
after the beginning of glucagon administration, blood glucose
concentrations increased an average of 50% (range 14 to
108%).

The distributions of 14C in the glucose from each subject
given '4C-labeled glucose are presented in Table I. Glucose
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Figure 2. Distribution of "'C in the six carbons of the glucose from
the glucuronides excreted by the five subjects given 6-['4C]glucose.
The heights of the columns depict the percentages in each carbon
with the lengths of the bars depicting ± the standard errors.
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Figure 3. Distribution of "'C in the six carbons of glucose in the
blood before and during glucagon administration and in the glucoses
from the urinary glucuronide from the three subjects given 6-["'C]-
glucose in whomthese determinations were made. Bars depict mean
± the standard errors.

from blood drawn from subjects 1, 2, and 6 just before gluca-
gon administration were degraded and glucose from blood
collected 1, 2, and 3 h after glucose ingestion by subject 3 were
combined and degraded. Glucose from blood drawn during
glucagon administration from each of these subjects was also
degraded.

The ratios of 3H/"'C in the blood of the two subjects and in
the glucuronides they excreted after the administration of 5-
[3H]glucose and 1-["'C]galactose are illustrated in Fig. 4. Until
glucagon was given, the ratios in the blood were higher than
the 3H/"'C ratio of five in the administered sugars. The ratios
in the bloods then fell to low values, but the 3H/'4C ratio in the
urinary glucuronide from each subject was still lower.'

Discussion

There is no randomization of carbon between glucose-6-P and
glycogen. Diflunisal glucuronide samples a hepatic UDP-glu-
cose pool and hence, in essence, the carbons of its precursor
glucose-6-P and, if glycogen is formed from that pool, also the
carbons of the glucose unit of the glycogen. Besides being
readily isolated from urine, the use of the glucuronide has the
advantage that the tracing of glucose's metabolism is indepen-
dent of glycogen formation. A disadvantage is that, while a
gram of diflunisal can be taken by an adult, only a small

1. From the urine of the second subject who received the 1_[4C]-
galactose intravenously, glucuronic acid was cleaved from the difluni-
sal glucuronide and purified. The 3H/"'C ratios in the glucuronide and
glucuronic acid were determined (see Methods). They were the same.
Wewent through an extensive purification of the glucuronic acid be-
cause of the possibility of an undetected contaminant in the glucuro-
nide that affected the ratio. Wechose to determine the 3H/'4C ratio in
the glucuronide rather than in glucose, as done in the first subject, to
eliminate the possibility of a loss of 3H during conversion of the gluc-
uronide to glucose. Subject 2's fasting plasma glucose concentration
was 5.4 mM. It rose to 8.5 mM, then declined at 150 min to 4.5 mM,
but then returned toward normal by 3 h. The fall in 3H/'4C ratio in the
glucose during this period may be attributed to the release of endoge-
nous glucagon, a fall, accelerated on glucagon administration.
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Table I. Distribution of'4C in Glucuronidefrom Urine and Glucosefrom Blood after Ingesting a '4C-Labeled Glucose Load and Diflunisal

% '4C in carbon
Labeled

Subject glucose Source 1 2 3 4 5 6 '4C recovery

h %

1 6-14C Urine 0-3 15.2 4.9 2.0 3.7 4.7 70.2 103.7
Blood 3 1.6 2.2 0.3 2.1 1.0 92.9 89.9
Blood 3.25* 3.2 3.0 0.6 1.6 2.2 89.6 92.6

2 6-'4C Urine 0-3 8.3 5.8 1.5 6.3 5.1 73.0 93.8
Blood 3 2.4 2.3 0.5 1.8 1.8 91.2 90.6
Blood 3.25* 3.4 0.6 0.8 2.4 3.2 89.6 94.5

3 6-'4C Urine 0-3.5 8.6 5.5 4.9 5.7 6.0 69.4 96.8
Blood 1-3 0.5 2.2 0.1 1.1 0.2 96.0 92.7
Blood 3.5* 4.6 3.6 0.8 3.4 3.1 84.4 96.5

4 6-'4C Urine 0-3 8.8 6.2 2.0 3.7 7.1 72.1 92.3

5 6-'4C Urine 0-3 7.3 4.7 1.9 4.8 6.2 75.0 90.0

6 5-'4C Urine 0-5 3.2 6.6 4.6 6.8 68.9 10.0 99.6
Blood 4.5 1.5 2.4 2.5 3.0 86.7 3.9 91.2
Blood 4.75* 1.3 3.2 2.4 4.4 84.6 4.2 101.7

* After glucagon.

portion (- 5-10%) is excreted during the 3 h following its
ingestion (5, 6). Furthermore, only a portion is excreted as its
ether glucuronide, on the average only about one-half. The
other major metabolite is the diflunisal ester glucuronide; this
can be hydrolyzed during reduction with borane giving glu-
curonic acid, which on reduction would yield sorbitol rather
than glucose (20). It is assumed that diflunisal does not alter
the pathways being traced.

The '4C-labeled ether glucuronide we isolated is that
formed from the time of 14C and glucose ingestion. Therefore,
the distributions in the glucoses from the glucuronides are not
those at steady state. However, steady state was essentially
achieved within 1 h after giving specifically labeled glucose

25
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urines
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Figure 4. Ratios of 3H to '4C with time in blood from the two sub-
jects given I-['4C]galactose and 5-[3H]glucose in a glucose load be-
fore and during glucagon infusion, and the 3H to "4C ratios in the
glucuronides they excreted during the 210 min.

loads to rats, as measured by incorporations into glycogen (8).
The quantity of `4C we gave did not allow for serial collections
of urine with sufficient `4C in the glucuronide in each collec-
tion for adequate degradation.

The distributions in Table I are similar to those we ob-
served on administering 6-["4C]glucose in glucose loads to rats
(10). The extent of randomization is also similar to that ob-
served by Shulman et al. (13), but less than that found by
Newgard et al. (9) giving rats carbon one labeled glucose loads.
There is evidence that in the rat the contributions of the path-
ways are functions of portal glucose concentrations (9).

The contributions of the pathways can be calculated from
percentages in Fig. 2 (9, 10), assuming glycogen is derived
from the same hepatic pool of glucose-6-P as the glucuronide.
In the incorporation of `4C into the glucose units of glycogen
from 3-[14C]lactate formed from 6-['4C]glucose, carbon 2
should have I 80% as much `4C as carbon 1 and carbon 5

80%as much as in carbon 6 (10, 23, 24). If there is complete
equilibration of the triose phosphates, incorporation from the
lactate should be into carbons 1, 2, 5, and 6 with C-2 = C-5
and C-1 = C-6. The finding of similar incorporations into
carbons 2 and 5 indicates this was the case. The maximum
direct pathway contribution is then 65±1% (incorporation
into carbon 6 less that incorporated via the indirect pathway
[C-5/0.8]). The estimate of an indirect pathway contribution
of 35% is a minimum estimate to the extent that dilution
occurred by 12C of 14C, whether by exchange reactions or en-
trance of glycogenic compounds into the pathway and to the
extent steady state was not achieved.

The best estimate of the dilution of the labeled carbons of
lactate in the Kreb's cycle during their conversion to glycogen
appears to be about twofold. The extent of the direct and
indirect pathway contributions would then be similar. How-
ever, the estimate of a twofold dilution is from studies in the
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rat (13, 25). Radziuk (15, 26), from measurements of incorpo-
rations of '4C from 1-["4C]glucose and "'CO2 and glucose turn-
over using 3-[3H]glucose, with mobilization of liver glycogen
using glucagon, has concluded that in man given a glucose
load, the amount of glycogen produced through new synthesis
from precursors at the pyruvate level, is at least the same as
that made by direct uptake of glucose.2 Ferrannini et al. (27)
and Firth et al. (28) have reported that a portion of ingested
glucose reaches the systemic circulation via the indirect path-
way, but the method they used does not allow measurement of
the extent of conversion of glucose to glycogen via this
pathway.

Dilution of label between glucose and lactate and between
oxaloacetate and the triose phosphates would lead to a further
underestimation of the indirect pathway contribution. Dilu-
tion of label by exchange reactions and/or by precursors of
glycogen entering via the direct pathway would result in that
pathway's contribution being underestimated. There is evi-
dence, again in the rat, for some dilution of label between
glucose and lactate ( 11) and for glycogen synthesis from glyc-
erol during the uptake of a glucose load (13, 29). Liver de-
grades and synthesizes glycoproteins and glycolipids, and the
carbohydrate moieties of these compounds, among others,
could participate in dilution of label within the direct pathway.

Incorporation into carbon 1 (Fig. 2) is somewhat greater
than would occur via 3-["'C]lactate (23). This means that a
small amount of randomization occurred through futile cy-
cling at the fructose phosphate level, again agreeing with stud-
ies in rats (10). The percentage of "C in carbon 4 is greater
than expected from incorporation via lactate (23) and this we
believe is an artifact arising during degradation.

Estimation of the pathway contributions from the distri-
bution obtained on administering 5-["'C]glucose (Table I) is
similar to that on giving 6-["'C]glucose. The indirect pathway
contribution to the incorporation into carbon 5 is estimated
from the incorporation into carbon 6 (C-6/0.8). The larger
percentage in carbon 6 than 1 suggests that in the subject there
was incomplete isotopic equilibration at the triose phosphate
level (23).

The present study does not allow conclusions with regard
to the quantitative aspects of glucose disposal after the oral
load. The results indicate the proportion of the glycogen
formed after a glucose load synthesized via the direct and indi-
rect pathways. However, the total amount of liver glycogen
deposited cannot be estimated and therefore the present find-
ings are not comparable to those obtained previously in
humans using catheter technique. The latter reports indicate

2. Estimates of the direct pathway contribution have also been made
from the incorporation of 3H from 3H20 into the glucose units of
glycogen in rats ( 12) and from the specific activity of the glucose units
of glycogen compared to the specific activity of the glucose adminis-
tered or in the portal circulation when carbon labeled glucoses were
administered (8, 10, 13, 14). The specific activity of the glucose units of
glycogen have been one-quarter to one-half those of the glucose, giving
a value for the direct pathway contribution of 25-50%. In this study,
the specific activities of the glucoses isolated from the glucuronides
were about one-fifth of those of the glucoses isolated from the blood.
While further quantitation is not possible because diflunisal was given
before ["'4Cglucose, apparently the specific activity of the UDP-glucose
from which the glucuronide was derived was much less than that of the
circulating glucose.

that between 20 and 40% of an oral load is taken up by the
liver (27, 30) and presumably used for glycogen synthesis. If
25% or more of 20 g were to be synthesized from lactate and
other three-carbon compounds this would require a flux of
glucose precursors that has not been observed in humans (30,
31). Thus, the nature of these precursors and their site of for-
mation remains to be determined. Irrespective of these consid-
erations, the current findings demonstrate that the indirect
pathway for glycogen formation is operative in humans.

It is difficult to conceive of any organ other than liver,
except possibly kidney, where glucuronidation could have oc-
curred to yield a distribution reflecting the gluconeogenic pro-
cess. Pang and Gillette (32) found no evidence for extrahepatic
metabolism of acetaminophen in rats whose livers were ex-
cluded from the circulation. Acetaminophen is converted by
rat kidney to the glucuronide (33), but studies indicate this
conversion is quantitatively small and that this is also so in
man (34, 35). Two findings of ours support the view that the
glucuronidation of the diflunisal took place primarily, if not
completely, in liver and that the glucuronic acid moiety and
glucose units of glycogen derived from the same pool of glu-
cose-6-P.

Degradation of glucose in blood after beginning the ad-
ministration of glucagon gives the distribution in a mixture of
the glucose in the blood before glucagon administration and
that released from the liver during its administration. There-
fore, the actual distribution of "'C in the glucose unit of glyco-
gen cannot be obtained from the data in Fig. 3. However, the
randomization in the glucose units of glycogen must have been
more than that in the blood glucose during glucagon adminis-
tration, since the percentages in carbon 1 through 5 increased
with its administration. That the randomization in the urinary
glucuronide is more than in the blood glucose after the begin-
ning of glucagon administration and that the pattern of incor-
poration into the individual carbons is similar is then in accord
with the assumption that the glucuronide was formed from the
glucose-6-P pool from which glycogen was formed. The in-
creased randomization following glucagon administration is in
itself an indication that some liver glycogen was formed from
glucose indirectly.

The results obtained by administering 1-["'C]galactose and
5-[3H]glucose (Fig. 4) provide the other evidence for glucuro-
nidation occurring in liver. Since galactose is primarily and
readily utilized by liver and enters the metabolic scheme at the
level of UDP-glucose, in the presence of a glucose load its
carbons should be extensively incorporated into liver glycogen.
Labeling of glycogen with 3H from 5-[3H]glucose would be
expected to be less; indeed, via the indirect pathway, the 3H
would be lost to water in the formation of the glycogen. In
accordance with this, the blood glucose before glucagon ad-
ministration had a much higher 3H/"'C ratio than during glu-
cagon administration. This must mean that, as expected, the
glucose units of glycogen had a lower 3H/"`C ratio than found
in blood during glucagon administration. That the urinary
glucuronide had a very low ratio is then further evidence that
the glucuronide reflects the ratio in glycogen.

Recently, Hellerstein et al. (36) reported a study in which
they infused acetaminophen and 1-[3H, U-"'C]glucose into
rats, gave glucose loads, and then isolated liver glycogen and
urinary acetaminophen glucuronide. Because of differences in
the patterns of labeling in glycogen and the glucuronide, they
concluded that glycogen must be formed from a different pool
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of UDP-glucose than the glucuronide. This would then also
necessitate two pools of glucose-6-P. What they found was that
the 3H/'4C ratio in the glucuronide was less than that of the
glycogen when the glucose load was begun. Over the next sev-
eral hours, as glycogen deposition continued, the ratios ap-
proached each other. "'C specific activity of the glucuronide
was initially higher than that of the glycogen, but with time
they became the same, and with time the 3H specific activities
also approached each other, but more slowly.

Webelieve that the observations of Hellerstein et al. (36)
actually indicate the presence of a single pool of glucose-6-P
and not two pools. With two pools the differences would not
be expected to decrease or disappear with increasing glycogen
deposition. Webelieve that the differing patterns they ob-
served are due to (a) the labeling of the glucuronide in the rat
before giving the glucose loads, (b) giving loads that were un-
labeled so that the circulating glucose specific activities de-
clined, (c) expressing for comparisons the radioactivity yields
in glycogen and the glucuronide relative to the circulating glu-
cose specific activities at the time of killing the rat and of urine
collection, and (d) measuring radioactivity in glucuronides
collected from 30 min to 2 h and in liver glycogen from the
beginning of deposition to the killing of the rat. Other contri-
butions to the differences they observed, although likely to be
minor, are the lag time in the enterohepatic circulation of the
glucuronide (37) and possible slowly equilibrating pools of
glucuronide in tissues in the rat (38).3

While we have used our approach to trace the fate of a
glucose load, it would seem applicable to more general tracings
of the pathways of carbohydrate metabolism in humans.
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3. The 3H/'4C ratio in the glucuronide was initially 0.36 and during
glycogen deposition gradually approached that of glycogen, 0.85, the
ratio in glycogen throughout its formation. Since glucuronide was
deposited in the rat with an 0.36 ratio before giving the glucose load,
with glucuronide formation of ratio 0.85, the glucuronide mix would
have to approach that of glycogen only with time, as the glucuronide
pool turned over. The absolute specific activities of the glycogen depos-
ited as well as the glucuronide formed, decreased with time since the
specific activities of the glucose from which they were made decreased.
Since Hellerstein et al. (36) express the specific activities of the glyco-
gen from the beginning of deposition to killing of the rat, relative to the
specific activities in the blood glucose at the time of killing, the relative
specific activities plotted at a given content of glycogen at killing are
higher than the actual relative specific activities of the glycogen being
deposited at the time of killing. On the other hand, glucuronide specific
activities represent those in glucuronide formed in 30 min to 2 h before
killing. This is the major reason why the comparisons of Hellerstein et
al. show relatively higher 3H specific activities of glycogen than the
glucuronide after several hours of glycogen deposition and why the 14C
specific activities of glycogen appear to approach that of the glucuro-
nide more rapidly than for the 3H specific activities. The higher abso-
lute specific activities of the glucuronide made in preload period pro-
vide the major reason for the 3H/"'C ratios rising relatively slowly
toward 0.85.
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