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Abstract

Fluxes through intrahepatic glucose—producing metabolic
pathways were measured in normal humans during over-
night or prolonged (60 h) fasting. The glucuronate probe
was used to measure the turnover and sources of hepatic
UDP-glucose; mass isotopomer distribution analysis from
[2-13C,]glycerol for gluconeogenesis and UDP-gluconeogen-
esis; [U-1*Cg]glucose for glucose production (GP) and the
direct UDP-glucose pathway; and [1-?H,]galactose for
UDP-glucose flux and retention in hepatic glycogen. After
overnight fasting, GP (fluxes in milligram per kilogram per
minute) was 2.19+0.09, of which 0.79 (36%) was from glu-
coneogenesis, 1.40 was from glycogenolysis, 0.30 was re-
tained in glycogen via UDP-gluconeogenesis, and 0.17 en-
tered hepatic UDP-glucose by the direct pathway. Thus,
total flux through the gluconeogenic pathway (1.09) repre-
sented 54% of extrahepatic glucose disposal (2.02) and the
net hepatic glycogen depletion rate was 0.93 (46%). Pro-
longing [2-13C,]glycerol infusion slowly increased measured
fractional gluconeogenesis. In response to prolonged fast-
ing, GP was lower (1.43%0.06) and fractional and absolute
gluconeogenesis were higher (78+2% and 1.11+0.07, respec-
tively). The small but nonzero glycogen input to plasma glu-
cose (0.32£0.03) was completely balanced by retained UDP-
gluconeogenesis (0.31+0.02). Total gluconeogenic pathway
flux therefore accounted for 99+2% of GP, but with a glyco-
gen cycle interposed. Prolonging isotope infusion to 10 h in-
creased measured fractional gluconeogenesis and UDP-glu-
coneogenesis to 84-96%, implying replacement of glycogen
by gluconeogenic-labeled glucose. Moreover, after glucagon
administration, GP (1.65), recovery of [1-H,]galactose label
in plasma glucose (25%) and fractional gluconeogenesis
(91%) increased, such that 78% (0.45/0.59) of glycogen re-
leased was labeled (i.e., of recent gluconeogenic origin). In
conclusion, hepatic gluconeogenic flux into glycogen and
glycogen turnover persist during fasting in humans, recon-
ciling inconsistencies in the literature and interposing an-
other locus of control in the normal pathway of GP. (J.
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Introduction

Where does blood glucose come from in the postabsorptive
state in normal humans? This important and seemingly
straightforward metabolic question remains controversial (1-
8). It is well known that the liver can produce glucose from the
pathways of gluconeogenesis (GNG)' or glycogenolysis, and
that the kidney might produce some glucose via GNG (9), but
the relative contributions and the precise metabolic pathways
traversed remain uncertain after many years of investigation.

Attempts to measure GNG directly with isotopes generally
have concluded that GNG provides about 1/3 of the roughly 2
mg/kg per minute glucose produced in postabsorptive humans.
Consoli et al. (2) reported ~ 30% contribution from GNG, by
using a “C-acetate incorporation technique (10) that is now
recognized to be flawed (11). Two recent 2H,O incorporation
techniques for measuring either phospho-enolpyruvate—derived
or total GNG (3, 4) gave estimates of 32% and 47 %, respec-
tively. Abstract reports (5, 6) using mass isotopomer distribu-
tion analysis (MIDA) reported 35-40% GNG contribution.
These isotopic techniques all suggest a somewhat greater con-
tribution from glycogenolysis than from GNG under postab-
sorptive conditions.

In contrast to isotopic results, studies by Shulman and co-
workers (7) using in vivo nuclear magnetic resonance (NMR)
spectroscopy of liver glycogen content combined with imaging
of liver volume came to the opposite quantitative conclusion:
net glycogen loss could account for only 36% of systemic glu-
cose production (GP), the latter measured by isotope dilution.
Thus, nonglycogen flux (assumed to represent GNG) was esti-
mated by difference to contribute 64% of GP. Although previ-
ous direct measurements of liver glycogen content from serial
liver biopsies performed by Nilsson et al. (1) 30 y ago con-
cluded that glycogen provides 2/3 of GP, not 1/3, Shulman and
co-workers (7) proposed that incorrect estimation of liver vol-
ume and analytic problems might explain the difference from
their NMR results.

Measurement of hepatic arteriovenous differences for
GNG precursors has not resolved the issue. Barrett and Liu
(8) concluded in a recent review that the sum of measured

1. Abbreviations used in this paper: fy., fractional contribution from
GNG to plasma glucose; fy4, fractional contribution from GNG to
hepatic UDP-glc; glc, glucose; GIcUA, glucuronate; GNG, gluconeogen-
esis; GP, glucose production; M.E., molar excess; MIDA, mass isoto-
pomer distribution analysis; M.P.E., molar percent excess; NMR, nuclear
magnetic resonance; Ra, rate of appearance; Ra Glc, rate of appearance
of plasma glucose; Ra UDP-glc, rate of appearance of hepatic UDP-glc.
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GNG precursors (lactate, alanine, and glycerol) taken up by
the liver plus an estimate of intrahepatic amino acid catabo-
lism could only account for, at most, 40% of GP in postabsorp-
tive humans—incompatible with the 64% GNG estimated by
NMR (7). Plasma glutamine was not included in their calcula-
tions and amino acid catabolism was estimated conservatively
(8, 12). Nor do hepatic A-V differences exclude the possibility
of renal GNG (9), which could reduce the contribution re-
quired from liver glycogen and account for the missing GNG
precursors. Renal GNG should be apparent from isotopic
measurements (depending upon the tracer used), however,
and isotopic estimates have been in the 30-40% range (3-6),
so postulating renal GNG does not reconcile the various re-
sults.

We hypothesized that some of these apparent contradic-
tions might be due to an oversimplified model of fasting he-
patic metabolism that does not take intracellular metabolic cy-
cles into account. Fluxes through the hepatic GNG pathway
may proceed into glycogen, rather than plasma glucose (13—
16), and glycogen deposition can occur at the same time as gly-
cogen breakdown (8, 17, 18). Studies in experimental animals
have clearly shown that GNG flux can be directed into hepatic
glycogen under the influence of exogenous glucose and insulin
(13, 15, 16). Moreover, the human liver also appears to be ca-
pable of autoregulation, in the face of large GNG precursor
loads, whereby GNG flux is redirected into glycogen and/or
glycogenolysis is suppressed to maintain stable GP rates (19,
20). Clore and Blackard (21) presented indirect evidence for
glycogen synthesis from the GNG pathway in humans during
prolonged fasting. If glyconeogenesis and glycogen turnover
occur to a significant extent during fasting, the immediate con-
tribution from glycogenolysis to GP would be greater than net
glycogen loss. NMR spectroscopy of net glycogen balance
would then give lower estimates of apparent glycogen input
than isotopic techniques, and the immediate input from GNG
into plasma glucose estimated by isotopic techniques would
underestimate total flux through the GNG pathway, since a
portion of GNG flux is deposited in liver glycogen. However,
testing this model requires measurement of fluxes through the
intrahepatic GNG pathway into glycogen as well as plasma
glucose.

Our objectives in this study were to measure fluxes through
glucose producing metabolic pathways in detail, including the
role of gluconeogenic flux into glycogen and glycogen turn-
over, in the fasted state in humans using new noninvasive tech-
niques. The techniques that we apply here are the glucuronate
(GIcUA) probe for sampling the intrahepatic UDP-glc pool
(16, 22-25); MIDA, for measuring fractional contributions
from GNG to plasma glucose and hepatic UDP-glc (16, 26—
28); the intrahepatic dilution technique (23, 25, 29) for measur-
ing the rate of appearance (Ra) or turnover of hepatic UDP-glc;
and techniques for estimating hepatic cycles, including gly-
cogen synthesis-breakdown and glucose phosphorylation—
dephosphorylation (16, 23).

Portions of the material presented here have been previ-
ously reported in abstract form (6).

Methods

Chemicals and isotopes

[U-13C4]Glucose and [2-13C,]glycerol were purchased from Isotec Inc.
(Miamisburg, OH). [1-*H,]galactose was purchased from Cambridge
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Isotopes (Cambridge, MA). Isotopes were > 98% pure and > 99%
enriched. For [U-"*Cy]glucose, the abundance of Mg-glucose (i.e., all
six carbons labeled with '*C) was ~ 92-93% (see below). All chemi-
cals were reagent grade.

Human subjects and experimental protocols

Normal human subjects were recruited by advertisement. Subjects
with medical disorders, medications known to affect carbohydrate
metabolism (glucocorticoids, thiazide diuretics, B-blockers or B-ago-
nists, phenytoin, insulin, or oral hypoglycemic agents), obesity (body
mass index > 28), or a family history of non—insulin-dependent diabe-
tes mellitus (NIDDM) in either parent were excluded. All protocols
received previous approval from the UC San Francisco and UC Berke-
ley Committees on Human Research, and written informed consent
was obtained before any procedures. Three different infusion proto-
cols were performed in the General Clinical Research Center
(GCRC) of San Francisco General Hospital (see Fig. 1). One proto-
col involved a standard overnight fast. Food and calorie-containing
beverages were removed at 2000 of day 1. Noncaloric, caffeine-free
beverages were permitted during the night and next morning’s infu-
sion. Another protocol involved a 60-72 h fast. The fast occurred un-
der supervision in the GCRC. Noncaloric, caffeine-free beverages
were permitted. The short-infusion protocol (see Fig. 1 A) was identi-
cal for the two fasting conditions. Infusion of [U-"*Cg]glucose (0.02 mg/kg
per minute), [2-13C;]glycerol (15 mg/kg lean body mass per hour),
[1-°H,]galactose (0.08 mg/kg per minute), and acetaminophen (250 mg/h)
was begun at 0500, with a 1-h priming bolus followed by a 4-h con-
stant infusion. Hourly blood draws were taken from 0500 until 0800 h,
then at 0830, 0840, 0850, and 0900 h. Urine was collected at each void
and aliquots were frozen. Of the 10 subjects who were studied after a
60-72-h fast, 5 had the complete isotopic paradigm performed (all
three isotopes plus acetaminophen), while 5 did not receive [1-2H,]-
galactose and/or acetaminophen (they received only labeled glycerol
and glucose). For the overnight-fasted protocol, 13 subjects received
labeled glycerol and glucose; 10 of these subjects also received labeled
galactose plus acetaminophen. In order to test predictions concerning
the turnover of glycogen and its replacement by gluconeogenically-
labeled glucose units, prolonged infusions of [2-3C;]glycerol were
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Figure 1. Infusion protocols used. O.N., overnight.
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Figure 2. Derivatives of glucose and GIcUA used. Fragments analyzed on the GC/MS are shown.

performed (9 h) at the end of an overnight fast (see Fig. 1 B,n = 3
subjects) or (10 h) at the end of a 60-72-h fast (see Fig. 1 C, n = 3 sub-
jects). In the subjects after prolonged fasting who received 10 h iso-
tope infusions, we followed by administering glucagon and perform-
ing blood draws every 10 min for the subsequent 2 h.

On the evening before infusions, intravenous lines were placed
and a baseline blood draw was obtained. Intravenous solutions were
infused by pump, with blood draws and urine collections as shown
(see Fig. 1).

Isolation of metabolites and preparation for mass spectrometry

Glucose was isolated from deproteinized plasma by ion exchange
chromatography as described elsewhere (26, 30). Glucose was ana-
lyzed as one of two derivatives (see Fig. 2), depending upon the mea-

Table I. Primary Measurements

surement involved (see Table I). The glucose pentaacetate derivative
was synthesized using acetic anhydride in pyridine (30). The saccharic
acid derivatives of glucose and GIcUA were formed by oxidation
with nitric acid, as described elsewhere (26). The methyl-tetraacetate
derivative of GIcUA (see Fig. 2 and Table I) was formed by acetyla-
tion after methylation (26).

Mass spectrometric analyses

The gas chromatograph (GC) was a Hewlett-Packard 5890 type II
(Hewlett-Packard, Palo Alto, CA), with a 60 m DB-17 Column (J&W
Scientific, Folsom, CA). The mass spectrometer (MS) was an HP
5971A (Hewlett-Packard). Glucose pentaacetate was analyzed by
chemical ionization (C.I.) with methane under selected ion monitor-
ing (S..M.) of m/z 331-333. Oven temperature program was 150°C

Parameter Measurement

Analytic technique

(1) RaGlc
(2) RaUDP-glc

M,-Glc from [U-3C¢]Gle
[1°H,]GIcUA from [1-?H,]Galactose

(3) fgic EM, and EM;-Glc from [2-*C]glycerol

4) feieua EM, and EM;-GlcUA from [2-*C,]glycerol
(5)D M,-GIcUA from [U-3C4]Glc

(6) R [1-°H,]Glc from [1-°H,]Galactose

Saccharic or pentaacetate derivative of plasma glucose

Methyl-tetraacetate derivative of GIcUA, corrected for underlying
I3C pattern in saccharic derivative of GIcUA

Saccharic derivative of plasma glucose

Saccharic derivative of GIcUA

Methyl-tetraacetate or saccharic derivative of GIcUA and Mg of
glucose (see #1 above)

Pentaacetate derivative of plasma glucose, corrected for underlying
13C pattern in saccharic derivative of plasma glucose

D, fractional contribution from the direct glucose pathway to UDP-glucose; R, fractional recovery in blood glucose of infused labeled galactose.
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Figure 3. Hepatic pathways of CHO metabolism and isotopic para-
digm for characterizing fluxes. Labeling is from three routes of input
(bold asterisks) and two end-products are measured for isotope incor-
poration (Glc and GIcUA, nonbold asterisks). Bold lines indicate
pathways measured from each isotope. (4) Labeled glucose (U-3Cy),
to measure Ra glucose and the direct pathway of UDP-glucose syn-
thesis. (B) Labeled glycerol (2-1*C,), to measure plasma GNG and
hepatic UDP-GNG. (C) Labeled galactose (1-?H,), to measure
RaUDP-glucose and escape of labeled UDP-glucose into plasma
glucose. Aceta, acetaminophen.

with a rate of temperature rise at 40°C/min until 270°C. For the sac-
charic acid derivatives of glucose or GlcUA, m/z 347-349 were moni-
tored and the temperature program was 40°C/min until 240°C then
3°C/min until 265°C. For the methyl-tetraacetate derivative of
GIcUA, m/z 317-319 were monitored and the [1->H,] enrichment was
calculated by correction for underlying *C distribution (28). For the
glucose pentaacetate derivative, the [1-°H,] enrichment (m/z 332) was
also calculated by correction for underlying *C distribution (28).

Metabolic model

The liver is an open system with complex internal regulation. The sys-
tem is characterized by exchanges of metabolites with the surround-
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ings (e.g., uptake of GNG precursors, release, or uptake of glucose)
as well as by internal dynamics that are not communicated with the
surroundings (e.g., channeling of GNG flux into glycogen; cycles of
glycogen synthesis and breakdown). Fluxes of both types may turn
out to be important in the control architecture of hepatic (and renal)
carbohydrate metabolism. An isotopic paradigm for measuring a
number of relevant parameters in vivo has been described and used
previously in experimental animals (16), involving administration of
three isotopic tracers with acetaminophen (see Fig. 3). Six primary
measurements are made (see Table I) and several secondary parame-
ters are then derived from these (see Table II).

Primary measurements

The general strategy (16) is to introduce distinguishable labels from
all three potential routes of input (see Fig. 3, A-C) into intracellular
hexose-phosphate pools: [U-3C4]glucose (see Fig. 3 A), [2-1*C]glyc-
erol (see Fig. 3 B) and [1-?H,]galactose (see Fig. 3 C). Six primary
measurements are made (see Table I), reflecting incorporation of
these three labels into the two measurable end products of the system
(plasma glucose and secreted GlcUA, the latter representing hepatic
UDP-glc, see Fig. 3).

Rate of appearance of plasma glucose (Ra Glc). Calculation of Ra
Glc is from the dilution (12) of infused [U-*C4]glucose in plasma M-
glucose (see Fig. 3 A and equation 1 in Table II). Because glucose
might be produced by the kidneys as well as the liver (9), we refer to
this flux as Ra Glc or GP, rather than hepatic GP. Calculation of Ra
Glc after glucagon administration was by the standard nonsteady
equations of Steele (31).

Rate of appearance of hepatic UDP-glc (Ra UDP-glc). Calculation
of Ra UDP-glc is from the dilution of infused [1-*H;]galactose in M;-
GIcUA isolated from urinary acetaminophen-GlcUA (see Fig. 3 and
equation 2 in Table II), as described previously by us (22, 26, 29), and
analogous to the radioisotopic method of Rother and Schwenk (32, 33).

Fractional contribution from GNG to plasma glucose (fy.)

Calculation of f, is by MIDA (26, 28, 34) on plasma glucose, from
[2-13C,]glycerol (see Fig. 3 B and equation 3 in Table II). This repre-
sents the fraction of plasma glucose that came from triose-p during
the period of label administration.

Fractional contribution from GNG to hepatic UDP-glc (fgicua)-
Calculation of fg.ua is by MIDA (26, 34) from [2-'3C]glycerol, mea-
sured in GIcUA isolated from urinary acetaminophen-GIcUA (see
Fig. 3 B and equation 4 in Table II). This represents the fraction of
UDP-glc that came from triose-p during the period of label adminis-
tration.

Fractional direct pathway contribution (D) from plasma glucose to
hepatic UDP-glc. Calculation of the direct pathway contribution to
UDP-glc is by the precursor—product relationship from Mg-glucose
to Mg-GlcUA during infusions of [U-1*Cg]glucose (22, 25) (see Fig. 3
A and equation 5 in Table II). This represents the fraction of UDP-
glc that was derived from the direct pathway during the isotope infu-
sion period.

Fractional recovery of labeled hepatic UDP-glc in plasma glucose
(R). Calculation of labeled hepatic UDP-glc recovery in plasma glc is
from the proportion of infused [1-?H;]galactose that appears in
plasma glucose (see Fig. 3 C and equation 6 A in Table II), on the as-
sumption that infused galactose must pass through hepatic UDP-glc
(the Leloir pathway, see Fig. 1) (23, 25). Alternatively, a related ex-
pression of this parameter is the proportion of plasma glucose that
was derived from hepatic UDP-glc during the period of [1-2H,]galac-
tose administration (see equation 6 B in Table II). The latter calcula-
tion makes no assumptions about the specificity of labeled galactose
uptake by the liver. Calculation of this parameter after glucagon ad-
ministration does not require assumption of a steady state but repre-
sents at any moment the contribution of precursor (UDP-glc) to
product (plasma glucose), as for any precursor-product method (34).

It should be noted that these measurements can be made concur-
rently without isotopic cross contamination. [U-1*Cg]glucose infused



Table II. Equations and Parameters Calculated

Equation

1. Ra Glc (mg/kg/min) = [Ig. / [Mg-Glc (M.E.)] ]| — LG

2. Ra UDP-Gle (mg/kg/min) = [I,/ [1-2H,]GlcUA (M.E.)] — Iga
3. fge = EM,-Gle (M.E.) / A,*-Glc (M.E.)

4. fgea = EM-GICUA (M.E.) / A *-GIcUA (M.E.)

5. Fractional direct pathway = D = M-GlcUA (M.E.) / Ms-Glec (M.E.)

6. (A) Fractional recovery of labeled UDP-Glc in blood glucose = R = ([1->°H;]Glc(%) X RaGlc) / Iy
(B) Fraction of plasma Glc from UDP-Glc = [1-°H;]Glc (M.E.) / [1-°H,]GIcUA (M.E.)

7. (A) Abs GNG (mg/kg/min) = Ra Glc X fg
(B) Abs UDP-GNG (mg/kg/min) = Ra UDP-Glc X fg.ya

(C) Total GNG pathway flux (mg/kg/min) = (Abs GNG) + (Abs UDP-GNG X [1 — R]) — (fg. X corrected Rd[H])
(D) GNG partitioning coefficient into plasma Glc = Abs GNG / (Abs GNG + Abs UDP-GNG)
(E) Retained hepatic UDP-GNG (mg/kg/min) = (Abs UDP-GNG) X (1 — R)

8. (A) Abs Glycogen to Glc (mg/kg/min) = (1 — fg,.) X Ra Glc

(B) Abs Glycogen to UDP-Glc (mg/kg/min) = (1 — fg.ua — D) X RaUDP-Glc
9. (A) Hepatic direct glucose disposal (mg/kg/min) = Rd(H) = D X RaUDP-Glc

(B) Corrected Rd(H) (mg/kg/min) = Rd(H) X (1 — R)

(C) Extrahepatic glucose disposal (mg/kg/min) = Rd(p) = RaGlc — corrected Rd(H)
10. (A) Abs plasma Glc from UDP-glc (mg/kg/min) = Ra Glc X fraction of plasma Glc from UDP-Glc
(B) Abs plasma Glc from UDP-GNG (mg/kg/min) = fg.ya X (equ. 10 A)

(C) Direct plasma GNG (mg/kg/min) = Abs GNG — (equ. 10 B)

(D) Fraction of mobilized glycogen labeled by GNG = (equ. 10 B) / (equ. 10 B+ Abs Glycogen to Glc)
11. Net hepatic glycogen balance (mg/kg/min) = [Abs (UDP-GNG X (1 — R)] + (corrected Rd[H]) — (Abs Glycogen to Glc)
(A) Glucose / G6P cycling (mg/kg/min) = GC = RaGlc X (D/[1 — D])

(B) Total glucose output (mg/kg/min) = TGO = RaGlc + GC

at the rates used here (to achieve 0.50-1.00 molar percent excess
[M.P.E.] for M4-glucose in plasma) in humans results in no measur-
able contamination that could affect MIDA calculations of GNG
(29). M,-glucose is not elevated above baseline values and any M;-
glucose will be appropriately accounted for in GNG calculations.
Also, the [1-2H,Jgalactose label is removed in the saccharic derivative
(see Fig. 2), thus does not affect GNG measurements. Finally, the un-
derlying 13C-labeling pattern is corrected for by subtracting the en-
richments in the saccharic derivative from enrichments in glucose
pentaacetate or methyl GIcUA tetraacetate (see Fig. 2), through use
of standard curves, when calculating labeling from [1-2H,]galactose
(our unpublished observations).

Derived parameters

Several useful parameters can then be derived (16, 23) by combining
these primary measurements (see Table II).

Absolute fluxes through the GNG pathway. Absolute fluxes through
GNG into plasma glucose or into hepatic UDP-glc are calculated as
the fractional GNG contribution (f) times the Ra for each end-prod-
uct (see equations 7 A and B in Table II). Total flux through the GNG
pathway (see equation 7 C in Table II) is calculated from the sum of
absolute GNG plus absolute UDP-GNG, corrected for duplicated
fluxes at the hexose-phosphate level (i.e., UDP-GNG that cycled to
plasma glucose and plasma GNG-glucose that entered UDP-glc by
the direct pathway), to avoid double accounting. To calculate parti-
tioning of GNG flux between plasma glucose and hepatic UDP-glc,
absolute GNG is compared to the sum of absolute UDP-GNG plus
absolute GNG (see equation 7 D in Table II).

Absolute fluxes from glycogenolysis. Calculation of glycogen to
plasma glucose flux is by difference from GNG, i.e., (1 — f,.) X Ra
Glc (see equation 8 A in Table II). It should be noted that this repre-
sents the immediate contribution from glycogen to blood glucose
(i.e., that which can be measured during the isotope infusion period),
not the ultimate metabolic source of blood glucose or the net glyco-

gen balance in the liver, if glycogen cycles are operating (see Fig. 3
and below). Flux from glycogenolysis can also contribute to UDP-glc,
representing a glycogenolysis—glycogen resynthesis cycle. Because
there are three possible sources of UDP-glc (the GNG pathway, the
direct glucose pathway, and glycogenolysis; see Fig. 3), the glyco-
genolytic contribution to UDP-glc is calculated as the non-GNG,
nondirect input, i.e., ([1 — fg.wa — D] X Ra UDP-glc) (see equation
8 B in Table II).

Flux from UDP-glc to plasma glucose (glycogen cycle). A useful
derived parameter is the flux into plasma glucose from hepatic UDP-
glc. We assume in this calculation that UDP-glc passes through he-
patic glycogen to enter plasma glucose, since the conversion of glu-
cose-1-phosphate to UDP-glc is essentially irreversible, because of
the very low cellular concentrations of pyrophosphate resulting from
activity of inorganic pyrophosphatase (35). Accordingly, recovery
of [1-?H;]galactose-labeled UDP-glc in blood glucose represents
release of newly synthesized glycogen into blood glucose (see Fig. 3
C). This parameter (see equation 10 A in Table II) is calculated by
the precursor—product relationship between UDP-glc and plasma
glucose when labeled [1-2H,]galactose is administered. In this case,
[1-*H,]JUDP-glc is considered the precursor and plasma [1-°H;]glu-
cose the product. The fraction of plasma glucose derived from UDP-
glc (see equation 6 B in Table II) is then multiplied times Ra Glc to
calculate absolute UDP-glc to plasma glucose flux. The flux into
plasma glucose that came specifically from the UDP-GNG pathway
can then be calculated from the GNG contribution to UDP-glc (i.e.,
fareua X equation 10 A [Table I1]). By difference from absolute GNG,
one can then calculate the absolute GNG flux into plasma glucose
that did not pass through glycogen, but entered plasma glucose di-
rectly (direct GNG) (equation 7 A minus equation 10 B [Table IIJ).
In this manner, one can also calculate the composition of glycogen
that is being mobilized at any given time, by comparing the propor-
tion that is unlabeled ([1—fg.] X Ra Glc, see equation 8 A in Table
II) versus labeled via the GNG pathway (see equation 10 D in Table
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IT). Predictions concerning glycogen turnover and replacement dur-
ing an infusion of a labeled GNG precursor can thereby be tested.

Disposal of plasma glucose into hepatic UDP-glc (Rd[H]). The di-
rect entry of plasma glucose into hepatic UDP-glc is calculated from
the fractional direct pathway contribution to UDP-glc times UDP-glc
turnover, i.e., D X Ra UDP-glc (see equation 9 A in Table II). To use
this as a measure of true disposal of the plasma glucose flux measured
by dilution, one has to correct this value for the proportion of directly
synthesized UDP-glc that returns to the plasma glucose pool. This re-
covery correction factor (R, Table I) is necessary because cycling of
directly synthesized hepatic UDP-glc back to plasma glucose does not
result in further dilution of plasma glucose, and thus does not add to
measured Ra Glc (see equation 1 in Table II) and should not be sub-
tracted from Ra Glc when calculating its disposal. This correction fac-
tor is measured from the recovery of [1-2H,Jgalactose in plasma glu-
cose (see equation 6 A in Table II). Corrected disposal of plasma
glucose into hepatic UDP-glc is then calculated from the fraction that
is retained, i.e., Rd(H) X (1 — R) (see equation 9 B in Table II). Ex-
trahepatic or peripheral glucose disposal (Rd[p]) is then calculated as
Ra Glc minus the corrected disposal rate of plasma glucose into hepatic
UDP-glc (see equation 9 C in Table II).

Net glycogen balances. The absolute glycogen to glucose flux (see
equation 8 A in Table II) overestimates the net glycogen contribution
to plasma glucose flux (7) for two reasons. First, any GNG flux into

glycogen that is retained by the liver (retained hepatic UDP-GNG,
see equation 7 E in Table II) will reduce net negative glycogen bal-
ance; and, second, disposal of plasma glucose back into liver glycogen
via the direct pathway (corrected Rd[H], see equation 9 B in Table
IT) will also reduce net liver glycogen depletion. Accordingly, net
negative or positive hepatic glycogen balance can be calculated from
the sum of these two glycogen synthetic pathways minus absolute gly-
cogen to glucose flux (see equation 11 in Table IT).

Glucose-6—phosphate/plasma glucose cycling. Flux across glucose-
6-phosphatase exceeds GP by the rate of glucose cycling, or the phos-
phorylation/dephosphorylation cycle between plasma glucose and
glucose-6—phosphate. Glucose cycling is estimated as described else-
where (15, 23), as Ra Glc corrected for the direct pathway contribu-
tion to glucose-6-phosphate (see equation 12 A in Table II). Total
glucose output (TGO) is then calculated as the sum of Ra Glc plus
glucose cycling (see equation 12 B in Table II).

Results

Subjects fasted for 60-72 h (n = 10) will be presented first, as a
validation of the approach, because the net gluconeogenic con-
tribution to GP can be anticipated to be close to 100% under
these conditions (i.e., net glycogen balance is expected to be

Table I11. Prolonged Fasted Normal Subjects (4-h Isotope Infusions)

fGie Abs glyc Percentage Glc Abs glc from Abs glc from Direct plasma
Subject Péic (percentage) Ra glc* Abs GNG* to glc* from UDP-Glc UDP-Glc* UDP-GNG* GNG*
e8] 0.136 77 1.21 0.93 0.28 19.2 0.23 0.18 0.75
(1B) 0.138 65 1.44 0.94 0.50 13.2 — — —
2) 0.124 89 1.77 1.57 0.24 7.9 0.14 0.12 1.45
(2B) 0.129 85 1.47 1.26 0.21 18.0 — — —
3) 0.119 75 1.50 1.13 0.37 19.3 0.29 0.16 0.97
4) 0.146 69 1.39 0.97 0.42 16.4 0.23 0.15 0.82
5) 0.114 78 1.65 1.29 0.35 15.8 0.26 0.17 1.12
(6) 0.153 70 1.12 0.79 0.33 — — — —
™ 0.095 81 1.32 1.07 0.25 — — — —
8) 0.112 83 1.39 1.15 0.24 — — — —
Mean=+SEM* 0.121+£.006 78%2 1.43%+.06 1.11+.07 0.32+.03 162 0.23*+.03 0.16x.01 1.02x.12
(n) (10) (10) (10) (10) (10) ™ 5) 5) 5)
Mean+=SEM'  0.121=.006 78+3 1.50+.10 1.18x.12 0.32%+.04 162 0.23%.03 0.16=.01 1.02x.12
GNG Partition
forcua Ra Abs (I1-R)X100 Retained Percentage  Total prop. RaGlc Net GNG flux
Subject PGieua (percentage) UDP-Glc* UDP-GNG* (percentage) UDP-GNG* direct path GNG flux* (percentage)  glyc bal*  (percentage Glc)
1) 0.098 87.8 0.79 0.61 60.2 0.37 — 1.30 107 +.09 60.3
(1B) - - 0.73 - 752 — — - — - —
2) 0.093 99.4 0.50 0.44 70.2 0.31 — 1.88 106 +0.11 78.1
(2 B) — — — — 715 — — — — — —
3) 0.122 77.0 0.61 0.41 57.5 0.23 33 1.36 91 —.14 73.4
4 0.128 73.9 0.76 0.50 65.1 0.33 10.6 1.30 93.5 -.09 66.0
5) 0.182 742 0.79 0.51 60.6 0.31 5.0 1.60 97.0 —.04 71.7
(©6) - — — - 70.9 — — - - - -
) - 77.0 — - — — — - - — —
(8) — 85.0 — — — — — — — — —
Mean+SEM* 0.121+.010 82.0x3.5 0.69+.05 0.49+.03 66.4+23 0.31+.02 6.3+22 1.49+.11 99+2 —0.01%=.06 69.9+3.1
(n) 5) ™ ©) 5) ®) ) 3 5) 5) 5)

Mean+SEM® 0.121=.010 82.5+4.9 0.69+£.06 0.49*.03 62.7x2.2

031+.02 63x22 149x.11 99x2 —0.01£.06 69.9%3.1

Abs, absolute; glyc, glycogen; glc, glucose; prop., proportion. Parameters calculated as described in the text. *milligrams per kilograms per minute.
All subjects; ‘subjects with complete paradigm (n = 5). Subjects 1B and 2B, repeat studies of Subjects 1 and 2.
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zero after this duration of previous fasting). Results from over-
night-fasted subjects will then be presented.

Prolonged fasts

4-h isotope infusion protocol. With the 4-h isotope infusion
protocol (Table IIT), Ra Glc was 1.43+0.06 mg/kg per minute
and f, was 78+2%. Isotopic enrichments in M;-, M,-, and M-
glucose reached stable plateau values at relatively high enrich-
ments (Fig. 4 A), allowing highly reproducible calculations.
The Mg enrichments were 1.35£0.16 M.P.E. (mean*SD),
while EM; was 0.1266+0.0163 molar excess (M.E.) and EM,
was 0.0297%0.0050 M.E. Absolute GNG was 1.11£0.07 mg/kg
per minute and absolute glycogen to glc flux was not zero but
was 0.32+0.03 mg/kg per minute. Ra UDP-glc was 0.69+0.06
mg/kg per minute (n = 5), which is lower than the value of
~ 1.20 mg/kg per minute observed previously (23) in overnight

fasted humans (see below). The value of fg.ya Was 82+£4%
(n = 7) and recovery of labeled UDP-glc in plasma glc was
33.6+23% (i.e., 66.4% of infused [1-*H;]galactose was re-
tained in the liver, /-R in Table III), so that retained intracellu-
lar gluconeogenic flux into glycogen was 0.31+0.02 mg/kg per
minute (0.69 mg/kg per minute X 82% X 66%). The fraction
of plasma glucose derived from UDP-glc was 17+2%; plasma
GNG flux that had passed through UDP-GNG was therefore
0.16x0.01 mg/kg per minute (1.43 mg/kg per minute X 17% X
82%). In contrast, plasma GNG flux that did not pass through
UDP-glc (direct GNG) was 1.02+0.12 mg/kg per minute (Ta-
ble III). Total flux through the GNG pathway (plasma GNG
plus retained UDP-GNG) was 1.49+0.11 mg/kg per minute
(n = 5). This represented 99+2% of the Ra Glc measured in
the same subjects.

In these subjects, the direct pathway contribution to UDP-
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Glc GlcUA

4h 10h 4h

Figure 5. Effect of duration of isotope infusions (**C-glycerol) and of
glucagon administration on fg. and fg,cua. (A) £ and fgua com-
pared in subjects receiving 4 h versus 10 h isotope infusions. (B) fg. in
subjects (n = 3) studied sequentially at 4, 10 h, and postglucagon.

*P < 0.05 versus 4 h value.

glc was extremely low (6+4%, or 0.03 mg/kg per minute) so
that extrahepatic disposal of plasma glucose flux was essen-
tially identical to Ra Glc. Net glycogen balance (calculated by
subtracting the absolute glycogen to glucose flux from the gly-
cogen synthesis by GNG and the direct pathway) was essen-
tially zero (—0.01+0.06 mg/kg per minute, Table III). Thus, to-
tal flux through the GNG pathway accounted for all GP and
glucose used by tissues, although some of this GNG flux ex-
changed with unlabeled glucose units in glycogen, as part of a
glycogen synthesis/mobilization cycle.

These results demonstrate that UDP-GNG nearly exactly
balances mobilization of unlabeled glycogen after prolonged
fasting, and that the finding of fg,. = 78% and fg.ya = 82%
(rather than 100%) represents a physiologic glycogen synthe-
sis/mobilization cycle rather than a methodologic artifact.

Prolonged isotope infusions. Next, we asked whether there
is enough glycogen in the liver at the end of a 60-h fast to
maintain unlabeled glucose output after 4 h of gluconeogeni-
cally labeled subunits entering glycogen. Glycogen turnover
calculations? suggest that hepatic glycogen should be between
50-75% replaced by gluconeogenically-labeled units after a
10-h infusion of [2-BC]glycerol. We tested this prediction of
the glyconeogenesis/glycogen turnover model experimentally
by performing prolonged (10 h) [2-*C]glycerol infusions in
subjects after a 60-h fast (Fig. 5 and Table IV). Between the
4th and 10th hours of label infusion, measured f;, increased
from 75 to 85% and unlabeled glycogen contribution to
plasma glucose fell to 0.20+£0.03 mg/kg per minute. The in-
crease in fg. could not be explained by slow entry of label into
inaccessible triose-p precursor pools, because the value of p
for GNG did not change during the prolonged infusion (not

shown). Sequential values were not taken for fg.ya, but the
value after the 10-h isotope infusion (93.2+3.8%, Table IV)
was significantly higher than after the 4-h infusion (82.7=
3.4%, P < 0.05). Thus, for both GIcUA and glucose, results
were consistent with the predicted ~ 50% replacement of un-
labeled glucose units in glycogen by GNG-labeled glucose
units as the duration of isotope administration was prolonged.

Subsequent administration of glucagon. Next, we determined
the isotope content of the glycogen units mobilized before and
after glucagon administration in these subjects. Glucagon (1 mg,
iv) was administered to mobilize glycogen and directly mea-
sure its isotopic composition. During the first hour after gluca-
gon administration, Ra Glc rose ~ 43% from 1.23+0.10 to
1.65+0.12 mg/kg per minute, then fell back to basal values
within 90-120 min (Fig. 6). Values of f,. peaked at 91+5%
(Table 1V). The absolute GNG rate, therefore, increased sig-
nificantly, from 1.02+0.11 to 1.51%0.19 mg/kg per minute, rep-
resenting an increase of 0.49+0.12 mg/kg per minute. Recov-
ery of [1-2H,]galactose in plasma glucose increased by 14=2 to
31+4% (P < 0.05, Table IV, Fig. 6), confirming the mobiliza-
tion of prelabeled glycogen. Thus, the portion of mobilized
glycogen that came from recently synthesized UDP-GNG was
calculated to increase from 15+2 to 28+4%, or an increase of
0.28+0.02 mg/kg per minute (Table IV). Directly released
GNG could then be calculated. This rose by 0.21+0.13 mg/kg
per minute to 1.06=0.20 mg/kg per minute.

The unlabeled glycogen that was mobilized could be com-
pared quantitatively to the GNG-labeled glucose units in gly-
cogen that were mobilized. Before glucagon administration, la-
beled glucose from UDP-GNG was 0.18+0.01 mg/kg per
minute while unlabeled glycogen was 0.20=0.05 mg/kg per
minute, so that 48=8% of glycogen was labeled (Table IV).
After glucagon, unlabeled glycogen input was nonsignificantly
reduced (0.1420.03) whereas GNG-labeled glycogen increased
to 0.45%0.02 mg/kg per minute, so that 78+7% of glycogen was
GNG-labeled. Therefore, glycogen mobilized was between

2. If retained UDP-GNG in the liver is 0.31 mg/kg per minute in pro-
longed-fasted subjects (Table III), this equals about 1.25 g/h or about
0.85 mg per gram wet weight (gww) liver per hour (assuming liver
weight to be 2% of body weight, or 1.5 kg). After a prolonged fast,
liver glycogen content stabilizes at 5-10 mg/gww (7, 34) so that be-
tween 8-17% of stored hepatic glycogen should be replaced per hour
by input from UDP-GNG. Thus, k, = 0.085-0.17 h ' and t;,, = 4-9 h
for replacement of glycogen by gluconeogenically-derived glucose
units, if glycogen turnover is random (nonordered) under fasting con-
ditions. After a 10 h infusion of [2-1*C,]glycerol, liver glycogen should
be 50-75% replaced by GNG-derived glucose units.

Table IV. Effect of Glucagon Administration After a 60-h Fast and 10-h Isotope Infusion (n=3)

Percentage Percentage  Abs Glc Direct Sum unlabeled Percentage
Tgre Total Glc from foicua Glc from from plasma Unlabeled plus labeled glycogen
Gp* (percentage) ~ GNG* UDP-Glc (percentage) UDP-GNG UDP-GNG*  GNG* glycogen* glycogen* labeled
Before glucagon 1.23%+.10 84+4  1.02x11 17£3 93+4 15+2 0.18=.01 0.85*.10 0.20x£.05 0.38%.04 48+8
After glucagon 1.65%.12% 915 1.51+.19%  31x4¢ N.D. 28=x4%  0.45%.02¢ 1.06=.20 0.14*=.03 0.59=+.08* 78=ET*
Change 0.43x.04 76  049x.12 14*2 — 13+2% 0.28+.02 0.21*=.13 —0.06x.09 0.21x.10 28+10

Mean=SEM are shown. *P < 0.05 compared to pre-glucagon value. N.D., not done. *milligrams per kilograms per minute.
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half to three-quarters replaced with GNG-labeled glucose
units after 10 h of isotope administration, consistent with pre-
dicted replacement kinetics and the observed rise in fg, and
faieua (Fig. 5). The results also suggest that glucagon preferen-
tially mobilized recently synthesized glycogen.

Overnight fasting

Subjects (n = 13) in the postabsorptive state were also studied
by this approach. Isotopic enrichments reached stable plateaus
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Figure 6. Effect of glucagon on (A)
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at relatively high values, with Mg enrichments of 0.94+
0.10 M.P.E. (mean+SD), EM, 0.0539+0.0100 M.E. and EM,
0.0127+0.034 M.E. (Fig. 4 B). In comparison to prolonged
fasts while using the same 4-h infusion protocol (Figs. 7-9), Ra
Glc was higher in overnight fasts (2.1920.09 versus 1.46+0.08
mg/kg per minute, P < 0.01); fg,. (363 versus 78+2%, P <
0.01) and fgua (325 versus 82+4%, P < 0.01) were lower;
absolute plasma GNG was somewhat lower (0.7920.20 versus
1.11+0.07 mg/kg per minute, P < 0.05); Ra UDP-glc was
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Figure 7. Comparison of GNG fluxes in 11-h fasted and 60-h fasted subjects. *P < 0.05 versus 11-h fasted subjects. (A) Ra glucose (left) and Ra
UDP-glc (right); (B) fg. (left) and fg.ya (right); and (C) plasma GNG flux (/eft) and retained UDP-GNG flux (right).
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higher (1.24+0.29 versus 0.74+0.05 mg/kg per minute, P <
0.05); absolute UDP-GNG was not significantly different
(0.40+0.05 versus 0.49+0.03 mg/kg per minute); the direct
pathway contribution to UDP-glc was higher (18+4 versus
6+4%, P < 0.05) and retained direct pathway input was higher
(0.17£0.02 versus 0.03+0.01 mg/kg per minute, P <0.01). The
recovery of labeled UDP-glc in plasma glucose was lower in
postabsorptive subjects (245 versus 34+2%), and absolute
flux from UDP-GNG into glucose was not significantly differ-
ent (0.27+0.08 versus 0.18+0.02 mg/kg per minute).

Of interest here were the calculated net glycogen balances
and total GNG pathway fluxes, for comparison to NMR spec-
troscopic results (7). Total GNG flux was 1.09+0.08 mg/kg per
minute (Fig. 8) while net glycogen balance was —0.93+0.07
mg/kg per minute (Fig. 9) in postabsorptive subjects. Total
GNG pathway flux was therefore less than the 1.49+0.11 mg/kg
per minute value in prolonged fasting (Fig. 8), but still ac-
counted for 54+8% of extrahepatic glucose disposal (2.02 mg/
kg per minute). Put differently, the apparent fg,. value of ~ 36%
(0.79 mg/kg per minute) after a 4-h isotope infusion (Fig. 7)
does not mean that net glycogen depletion occurs at a rate
64% (1.40 mg/kg per minute) of systemic glucose flux (2.19
mg/kg per minute). Instead, the glycogen replaced via UDP-
GNG (0.30x0.05 mg/kg per minute, Fig. 7) represents net
GNG pathway flux, while plasma glucose that returned by the
direct pathway to liver glycogen (0.17 mg/kg per minute) fur-
ther reduced net glycogen depletion. Net glycogen depletion
was therefore 0.93/2.02 = 46% of tissue glucose use or 0.93/
2.19 = 42% of GP (Fig. 9).

Glycogen turnover and effect of prolonged [2/3C,]glycerol
infusions on GNG in ON fasted subjects. Expected glycogen
replacement by UDP-GNG-derived glucose units can also be
calculated in ON fasted subjects, to estimate the effects of in-
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Figure 8. Total flux through GNG pathway
and related parameters in 11-h versus 60-h
fasted subjects. *P < 0.05 versus 11-h fasted
subjects. (A) Total GNG pathway flux (sum of
plasma GNG and retained UDP-GNG); (B)
partitioning coefficient for GNG pathway
fluxes (percentage into plasma glucose); (C)
Total GNG pathway flux as percent of glucose
Rd (p).

creasing the duration of isotope infusion. Measured f. should
increase slowly but progressively during a prolonged infusion
of labeled glycerol as GNG-labeled glucose units start to be
mobilized from glycogen.? To test this prediction, a subset of
subjects (n = 3) received [2-13C;]glycerol for an extra 5 h in the
postabsorptive state (total infusion time of 9 h). The value for
faic increased progressively (Fig. 10) in all subjects studied. No
change in p (Fig. 10) was observed, arguing against the possi-
bility that the increasing f was due to slow entry of labeled
glycerol into relatively inaccessible hepatic precursor pools.

Other parameters

The partitioning coefficient for GNG flux can be estimated
from GNG flux into plasma Glc relative to UDP-glc (Fig. 11).
Partitioning of GNG flux may reflect activities of glucose-
6-phosphatase and/or glycogen synthase (13-16). Under both
fasting conditions studied here, about 2/3 of GNG flux entered
plasma glucose (69.9+3.1% in prolonged fasted, 66.4+1.5 in
overnight fasted). These values are similar to results in 24-
h-fasted rats (15, 27).

Various intrahepatic cycles were also estimated (Fig. 12).
The glucose/G6P’ase cycle was 0.44+0.06 in overnight-fasted
and 0.10+0.03 mg/kg per minute in prolonged-fasted subjects.
UDP-glc to plasma Glc flux (one component of the glycogen

3. If retained UDP-GNG in the liver was 0.30 mg/kg per minute in
overnight fasted subjects (Fig. 7), this represents 1.25 g/h = 0.85 mg/
gww liver per hour. If glycogen content in postabsorptive liver is
30-40 mg per gram wet weight, then the glycogen replacement rate
by UDP-GNG is about 2.5%/h (0.025 h™!). The ¢, of glycogen re-
placement should be about 25-30 h and, after a 9-h infusion of [2-
13C,]glycerol, liver glycogen should be 15-20% replaced by GNG-
derived glucose units.

C

Figure 9. Fluxes from liver glycogen to plasma
glucose, in 11-h versus 60-h fasted subjects
*P < 0.05 versus 11-h fasted subjects. (A)

* Contribution of glycogen to glucose; (B) net
glycogen depletion; (C) Net glycogen deple-
tion as percent of glucose Rd.
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Figure 10. Effect of prolonged infusions of [2-*C,]glycerol on fg,. and
p in 11-h fasted subjects. *P < 0.05 versus 4-5 h values.

synthesis/breakdown cycle) was 0.27+0.08 and 0.24=0.02 mg/kg
per minute, in overnight- and prolonged-fasted subjects, re-
spectively. The cycle from glycogen back to UDP-glc (another
aspect of the glycogen synthesis/breakdown cycle) was also
more active at 0.64 versus 0.10 mg/kg per minute in overnight-
fasted versus prolonged-fasted subjects. A schematic model of
the rates of these intracellular (presumably intrahepatic) cy-
cles is shown in postabsorptive and prolonged-fasted states
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Figure 11. Schematic model of hepatic pathway fluxes. Numbers rep-
resent absolute fluxes through unidirectional pathway indicated. Per-
centages represent partitioning coefficient for GNG fluxes. Brack-
eted positive or negative value near glycogen represents net glycogen
balance calculated (glycogen deposition minus glycogen to glucose
flux). (A) 11-h—fasted subjects; (B) 60-h—fasted subjects.
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Figure 12. Hepatic cycles in 11-h— versus 60-h—fasted subjects. Num-
bers next to each pathway represent absolute fluxes through cycle.
(A) 11-h—fasted subjects; (B) 60-h—fasted subjects.

(Fig. 12). In general, all of these cycles tended to be lower after
a prolonged fast than an overnight fast.

Discussion

Our objective was to measure intracellular carbohydrate meta-
bolic fluxes in humans by the concurrent use of several new
techniques (22-33), and to answer the seemingly straightfor-
ward question, “Where does blood glucose come from during
a fast?” The results demonstrate that carbohydrate metabo-
lism is, in fact, not so straightforward. Cycles of glycogen syn-
thesis and breakdown occur during a fast, so that identifying
the ultimate metabolic source of blood glucose is not synony-
mous with understanding the detailed pathway traversed. This
complexity may explain previous contradictions in the litera-
ture between net balances (7, 8) and isotopic fluxes (2-6).
Several independent aspects of our data support the con-
clusion that carbon flow through the GNG pathway into glyco-
gen and glycogen turnover are important features of fasting
metabolism in humans. First, the GIcUA technique clearly
demonstrates that hepatic UDP-GNG occurs to a substantial
degree during both overnight and prolonged fasting. The val-
ues of fg.ua and fg. were not significantly different in over-
night or prolonged fasts. We (16, 23, 25, 29) and Rother and
Schwenk (32, 33) had previously measured hepatic UDP-glu-
cose turnover by the galactose dilution/GIcUA probe tech-
nique in animal models (rats, dogs) and overnight-fasted or
glucose-fed humans. Here, we observed that RaUDP-glc was
about half of Ra glc in prolonged as well as in overnight-fasted
subjects. The Ra UDP-glc approach had not been combined
previously with measurement of fractional UDP-GNG to cal-
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culate absolute UDP-GNG flux. Absolute UDP-GNG flux
was 0.30-0.40 mg/kg per body weight per minute under differ-
ent fasting conditions (Fig. 11).

Second, the measurement of labeled galactose recovery in
blood glucose confirmed that the great majority of labeled car-
bon flux into UDP-glc did not return to the bloodstream. This
is the first report of label retention from UDP-glucose in the
liver (the tissue presumed to represent most or all of the glucu-
ronidation in humans) (36, 37) and is an important addition to
the quantitative model (Fig. 3). Retention of labeled galactose
was 65-75% during a 4-6-h [?H]galactose infusion and the la-
bel was mobilizable by administration of glucagon (Fig. 6).
UDP-glc derived from GNG presumably has a similar fate as
UDP-glc derived from galactose, so net deposition of glycogen
from the GNG pathway must have occurred. Thus, flux
through GNG into UDP-glucose represents a quantitative ad-
dition flux through the GNG pathway that must be added to
flux through GNG into plasma glucose.

Third, the close quantitative congruence of independent
measures supports the model proposed here. Retained glyco-
neogenesis calculated by the GIcUA technique (~ 0.31 mg/kg
per minute) in prolonged fasts nearly exactly balanced the per-
sistent flux from unlabeled glycogen to glucose (~ 0.32 mg/kg
per minute). These measurements are completely indepen-
dent: the former from MIDA on GlcUA, dilution of [1°H,|ga-
lactose in GIcUA, and recovery of [1-2H;]galactose in plasma
glucose; the latter from MIDA on plasma glucose and dilution
of [U-13C¢]glucose in plasma glucose. One expects that after
60 h of fasting, hepatic glycogen balance should be about zero,
which these independent measurements confirm. However,
this does not mean that liver glycogen content must be zero or
that unidirectional contribution from glycogen to glucose must
be zero (Table III).

Fourth, the evidence from prolonged tracer infusion stud-
ies also supports the glyconeogenesis/glycogen turnover model.
If our estimate that retained glyconeogenesis is ~ 0.30 mg/kg
per body weight per minute (= 0.85 mg/gww per hour) is cor-
rect, the ¢, of glycogen replacement by GNG-derived glucose
after a prolonged fast should be about 4-9 h. Prolongation of
[2-13C,]glycerol infusions from 4 to 10 h should therefore result
in at least 50% of the input that was measured as glycogen-
derived at 4 h being replaced by GNG-derived glucose by 10 h;
fgi should increase proportionately. This is precisely what was
observed in subjects infused with [2-1*C;]glycerol for 10 h after
a prolonged fast (Table IV, Fig. 5). Similar results were ob-
served in overnight fasted subjects as well (Fig. 10), in whom
fgi rose steadily, but at a slower rate, congruent with the larger
glycogen stores present (f,, = 30 h).

Finally, these estimates of glyconeogenesis and glycogen
turnover were directly supported by the composition of glyco-
gen mobilized after administration of glucagon after a pro-
longed tracer infusion. Glucagon is generally believed to in-
crease GP primarily by stimulating glycogenolysis and recent
NMR spectroscopic measurements in overnight-fasted hu-
mans confirmed that net hepatic glycogenolysis accounted for
> 90% of GP after administration of glucagon (38). The previ-
ous administration of [1-H,]galactose allowed us to quantify
the precise extent to which glucagon increased glycogen mobi-
lization. GNG-glucose deposited in, and mobilized from, gly-
cogen could then be compared to direct GNG, or GNG flux
that did not pass through glycogen. Glucagon administration
clearly caused mobilization of glycogen (Fig. 6), based on the
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large increase in [1-°H,]Jgalactose recovery in plasma glucose,
and the composition of the glycogen released either before or
after glucagon was very close to the values predicted (~ 50—
75% GNG-labeled, ~ 25-50% unlabeled or pre-existing).

We assumed no particular order of glycogen turnover. The
model was of random breakdown from a well-mixed glycogen
pool, rather than a last in/first out or first in/first out model.
Evidence for ordered turnover in liver glycogen (18, 39, 40)
has been generated under conditions of carbohydrate feeding
or feeding followed by fasting (i.e., during or after a period of
net glycogen accumulation). The physical organization of gly-
cogen synthesis and breakdown during fasting, when synthesis
is not in a stimulated state and there is net glycogen depletion,
remains unknown. It is possible that different populations of
glycogen particles are mobilized and replenished, under condi-
tions of negative or zero hepatic glycogen balance, for exam-
ple. Our results were consistent with the assumption of no par-
ticular order for glycogen turnover, in that roughly half of
glycogen appeared to come from GNG-labeled units, under
basal conditions and postglucagon (Table IV). It should be
pointed out that these calculations about glycogen composi-
tion only apply to the labeled glycogen that was retained in the
liver during the isotope infusion. Flux from UDP-glc to plasma
glucose during the infusion period was measured and ac-
counted for separately (Table III, Fig. 12). The latter form of
glycogen cycling represented 20-40% of UDP-glucose flux;
this component of glycogen turnover is indeed ordered (last in/
first out) under nonaccumulating conditions.

An important implication of these results is that the correct
value for isotopically measured f;. need not be 100%, and in-
deed is not 100%, after a prolonged fast, contrary to the com-
mon assumption (2, 41). In fact, certain techniques used previ-
ously for measuring fg,. that were reported as being close to
100% in fasted humans (e.g., the [2-'*C]acetate method of
Consoli et al. [2]) have since proven to be flawed (11).

Nevertheless, values of G, and fgys reached 84-96% af-
ter prolonged infusions of [2-1*Cy]glycerol (Fig. 5) confirming
MIDA results with [2-3C,]glycerol in vivo in rats (16, 26, 42)
and mice (our unpublished observations), and in perfused liv-
ers from fasted rats (42). The values of fg.ya Were not signifi-
cantly higher than for fg,, and values of p in glucose and
GIcUA were not different in paired subjects (0.121+0.06 ver-
sus 0.121=0.010, Table III). Ekberg et al. (43) reported less ef-
ficient labeling from [“C]glycerol in GIcUA than plasma glu-
cose, relative to labeling from ['“C]lactate, but we did not
measure labeled lactate incorporation for comparison. The in-
ability of Previs et al. (41) to achieve high values of fg. in
fasted animals in all likelihood relates to analytic problems
perhaps stemming from their use of different tracers (triple-
labeled glycerol or lactate) that necessitates use of a different
metabolic model and invokes very different analytic problems
for the isotopomers monitored. Clearly, there is no problem in
achieving values of fg. or fgya = 90% with [2-3C,]glycerol,
as we show here (Table IV, Fig. 5) and elsewhere (26), and as
Peroni et al. also reported (42), when experimental design and
analytic techniques are appropriate.

Several methodologic issues deserve consideration. First is
the potential impact of contributions by the kidney (9). The
fact that the kidney can convert glycerol to glucose works in fa-
vor of the technique that we use here: plasma GNG from la-
beled glycerol is observed, regardless of the tissue source. A
problem could arise, in theory, if the isotopic enrichment of



the triose-phosphate precursor pools in the two tissues were
markedly different. In practice, however (26, 31), even a sub-
stantial difference (e.g., a two- to threefold difference) be-
tween the values of p in the two precursor pools would have a
small effect on calculated gluconeogenesis (< 5%). Another
question is, the extent to which urinary glucuronate represents
hepatic UDP-glc. The contribution to secreted acetamino-
phen-GIcUA by the kidneys is believed to be quantitatively
minor - i.e., ~ 5% (36, 37). Thus, urinary GIcUA represents
hepatic UDP-glc with a relatively high degree of specificity.

The GIcUA correction factor for calculating total glucose
output and glucose cycling (16, 23) could also be affected by
renal GP. If the direct pathway contribution to UDP-glc is sim-
ilar in liver and kidney, the correction factor will be correct re-
gardless of contributions to GP by the two tissues. If the direct
pathway contribution is different in the two tissues, the impact
depends upon the difference between the renal contributions
to glucose and GIcUA. The kidney may contribute 10-20% of
GP and 5% of GIcUA (9, 36, 37). If so, the total glucose output
calculation (equation 12 B, Table II) will be off by 5-15% of
the difference between direct pathways in the two tissues: e.g.,
if direct contribution is 20% in liver and 40% in kidney, the
correction will be underestimated by 1-3% (5-15% X 20%
difference).

The assumption of UDP-glc/glucose-1-phosphate irrevers-
ibility (35) is made in our calculation of glycogen cycling. This
assumption is well-founded biochemically. However, our esti-
mates of retained UDP-glc by the liver (i.e., irreversible
disposal into UDP-glc) would not be affected even if it were
not true, because we measure the fractional recovery of la-
beled UDP-glc (i.e., of administered [?H]galactose) in blood
glucose. If more labeled UDP-glc escaped by hydrolysis of
UDP-glc, we would measure it. Although the interpretation
(glycogen cycling) would be affected, the measured cycling
through UDP-glc would remain accurate. Since, in fact, 65—
75% of labeled UDP-glc is retained in liver in fasted subjects,
the magnitude of UDP-glc hydrolysis cannot be, in any case,
substantial.

A number of inconsistencies in the published literature
may be explained by the glyconeogenesis/glycogen turnover
model. As noted above, the NMR spectroscopic estimate of
the rate of hepatic glycogen loss (7) was about 0.80 mg/kg per
minute (36% of total GP) after an overnight fast. After cor-
recting for glycogen synthesized and retained in the liver from
GNG (0.30 mg/kg per minute) and the direct glucose pathway
(0.17 mg/kg per minute), our estimate of net glycogen deple-
tion rate was similar: 0.93 mg/kg per minute or 42% of total
GP, instead of 1.40 mg/kg per minute (64% of GP) if we had
not included these routes of glycogen synthesis in the calcula-
tions. The sources of glucose during fasts of 11- and 60-h dura-
tion are shown schematically (Fig. 13). Different measurement
approaches measure different components of these fluxes, i.e.,
traditional isotopic methods measure f and 1-f (left side of fig-
ures) while NMR spectroscopy measures net glycogen loss,
and neither method alone measures total GNG or total glyco-
gen to glucose fluxes (right side of figures).

The question of where sufficient GNG precursors could
come from to account for estimated rates of GNG (8) also
does not seem a serious problem with the numbers generated
here. The sum of GNG flux plus retained UDP-GNG flux in
overnight-fasted subjects was 1.09 mg/kg per minute (Figs. 8
and 11). A small input from glutamine (44), or slightly more
amino acid input (e.g., from labile nitrogen stores, portal
amino acids, hepatic or intestinal proteolysis), or some renal
GNG (9), if added to the estimated precursor load of 0.60-0.80
mg/kg per minute from the literature on hepatic arterio-
venous balances (8), could easily increase the value to about
1.1 mg/kg per minute. It should be noted that the f;,. values
observed after prolonged infusions of [2-Cj]glycerol were
similar to recent values reported with a 2H,O incorporation
technique (4), in which values were measured 9 h after 2H,O
administration: ~ 40-45% by MIDA versus 47% by *H,O in
overnight fasted subjects; and 85% by MIDA versus 93% by
the 2H,O incorporation method in prolonged fasting. Al-
though it is possible that the 2H,O method slightly overesti-
mates fractional GNG or the MIDA method slightly underes-

25 . Net glycogen loss
’ Direct pathway glycogen deposition
D UDP-GNG retained in glycogen
A GNG via glycogen cycling
E 2.0 Total GNG direct to plasma
g Glycogen
&D 1-f to
Gl
FD 1.5 T ueose ) peeeseseere ‘k TOtal
g 1-f Glycogen
\; to
é Glucose
= 1.0
£
S
=
© 0.5 1 Total Figure 13. Sources of glucose during fasting of
GNG different durations shown schematically. Note
overlap between total glycogen to glucose flux
ZA and total GNG flux. Results shown for prolonged
0.0 1 ] ] fast are from subjects (n = 5) undergoing com-

11 hr fast 60 hr fast

plete isotopic paradigm (see text).
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timates fractional GNG, the quantitative differences are not
substantial and either method appears to provide similarly ac-
curate estimates of GNG.

The documentation of significant UDP-GNG and glycogen
turnover during overnight and prolonged fasting has some in-
teresting physiologic implications. First, the interposition of
glycogen as a way station in the pathway of GNG may serve
physiologic functions. Maintenance of glycogen stores and
through-put permits the rapid mobilization of glycogen, if the
need arises during a prolonged fast. Indeed, we found that glu-
cagon administration resulted in mobilization of roughly equal
amounts of GNG-derived glucose units that had been recently
deposited in glycogen as stimulation of the direct GNG path-
way in these ostensibly glycogen-depleted livers. Second, the
interposition of the glycogen synthesis/glycogenolysis pathway
for a substantial proportion of GNG flux allows for additional
loci of metabolic control and, pari passu, for potential sites of
metabolic dysregulation. Disorders of excessive or deficient
GP could be due to disturbances of this portion of the GNG
pathway. For this reason alone, it is important to identify not
only the net sources of glucose but also the specific pathways
and reactions traversed to produce glucose. Previous indirect
evidence (13-16) has suggested that partitioning of GNG flux
between glycogen and blood glucose is actively regulated. The
capacity to measure the partitioning of GNG flux into both
end-products in vivo in humans (Fig. 11) should allow investi-
gation of the physiologic and the pathophysiologic significance
of this regulatory branch-point in glucose-producing pathways.
Identification of drugs or gene products that act at this node
may also have therapeutic implications (12).

In conclusion, several lines of evidence indicate that gluco-
neogenic flux into glycogen and glycogen turnover persist dur-
ing overnight as well as prolonged fasting in normal humans.
The occurrence of this intrahepatic pathway provides a possi-
ble explanation for inconsistencies in the published literature
concerning the contributions from GNG versus glycogenolysis
to GP. The regulation of hepatic glyconeogenesis and glycogen
turnover in conditions such as NIDDM or hypoglycemic disor-
ders can also be studied by use of the techniques described
here.
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