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Evidence that the Severity of Depletion of Inorganic
Phosphate Determines the Severity of the Disturbance
of Adenine Nucleotide Metabolism in the Liver and Renal
Cortex of the Fructose-Loaded Rat

R. CURTIS MORRIS, JR., KATHLEENNIGON, and ELIZABETH B. REED, The
Departments of Medicine and Pediatrics, University of California, San Francisco,
California 94143

A B S T RA C T To test the hypothesis that in both the
liver and renal cortex of the fructose-loaded rat, severity
of depletion of inorganic phosphate (Pi), and not the
magnitude of accumulation of fructose-l-phosphate
(F-1-P), determines the severity of the dose-dependent
reduction of ATP, we intraperitoneally injected fed rats
with fructose, 20 and 40 umol/g, alone, and at the
higher load, in combination with (a) sodium phosphate,
20 umol/g, administered shortly beforehand or sub-
sequently or, (b) adenosine, 2 ,umol/g, administered
beforehand. The following observations were made: (a)
With fructose loading alone, at the higher load, both Pi
and total adenine nucleotides (TAN) were reduced by
one third in the renal cortex and (as previously ob-
served) by two thirds in the liver; and at either load,
the reduction of ATP (and TAN) and the accumulation
of F-I-P were less severe in the renal cortex than in
the liver. (b) Prior phosphate loading largely prevented
the reductions of ATPand TAN in the renal cortex and
significantly attenuated them in the liver, yet doubled
the renal cortical accumulation of F-1-P. (c) Adenosine
loading substantially attenuated the reductions of ATP,
TAN, and Pi only in the renal cortex. (d) ATP varied
directly with Pi (P < 0.001, r = 0.98) in the domain of
control and reduced values of Pi taken from both
liver and renal cortex. (e) As judged from tissue and
plasma concentrations of fructose and glucose, and tis-
sue concentrations of fructose-6-phosphate and glu-
cose-6-phosphate, the rate at which the renal cortex
and liver converted fructose to glucose was much lower
at the higher fructose load. (f) Prior phosphate loading
prevented this decrease in rate in the renal cortex and
attenuated it in the liver; adenosine loading attenuated
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it only in the renal cortex. Weconclude that in both
the renal cortex of the fructose-loaded rat: (a) Deple-
tion of Pi is critical to the causation of the reductions
in both ATP and TAN and, at the higher fructose
load, of a decrease in the rate at which ATP is re-
generated. (b) The severity of depletion of Pi deter-
mines the severity of these disturbances. (c) By
differentially mitigating the depletion of Pi, prior
phosphate loading largely prevents these disturbances
in the renal cortex, and attenuates them in the liver;
and adenosine loading attenuates them only in the
renal cortex.

The findings provide some basis for the observation
that in patients with hereditary fructose intolerance
experimentally exposed to fructose, prior loading with
sodium phosphate substantially attenuates the renal
but not hepatic dysfunction.

INTRODUCTION

In patients with hereditary fructose intolerance (HFI),'
the administration of even small amounts of fructose
induces within minutes dose-dependent metabolic and
physiologic abnormalities that depend upon cellular
accumulation of fructose-l-phosphate (F-1-P) in tissues
genetically deficient in aldolase activity toward F-1-P:
liver (1, 2), renal cortex (3), and small bowel (4).
For each mole of fructose converted to F-1-P, 1 mol
of ATP is hydrolyzed. In effect, the accumulation of
F-i-P depletes cellular inorganic phosphate (Pi) (1). In
consequence of the magnitude and rapidity of this
depletion, hypophosphatemia occurs almost immedi-

I Abbreviations used in this paper: F-1-P, fructose-l-phos-
phate; F-6-P, fructose-6-phosphate; G-6-P, glucose-6-phos-
phate; HFI, hereditary fructose intolerance; Pi, inorganic
phosphate; TAN, total adenine nucleotides.
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ately after fructose is initiated (1). In rapid succession
thereafter there occur hyperuricemia (5, 6) and a com-
plex dysfunction of the renal tubule like that of
Fanconi's syndrome (6, 7). Although F-i-P can inhibit
the activity of enzymes important to normal metabolism
in the liver and renal cortex (8-13), a number of ob-
servations suggest that depletion of Pi in these tissues
could be critical to the pathogenesis of both the hy-
peruricemia and the renal tubular dysfunction (14, 15).

In the liver of the fructose-loaded rat, cellular
accumulation of F-1-P accounts for the large reduc-
tion in hepatic Pi that occurs within a minute of
administering fructose (16). The reduction in P1 just
precedes and attends the occurrence of hyperuricemia
(and hyperallantoinemia) and a large reduction in the
hepatic concentrations of ATP and total adenine
nucleotides (TAN) (16-20). In both normal man and
the rat, fructose-induced hyperuricemia appears to
result from increased degradation of preformed hepatic
adenine nucleotides (16, 20-24). Normal tissue con-
centrations of Pi inhibit AMP deaminase (25, 26).
Thus, a fructose-induced depletion in hepatic Pi
could increase the degradation of AMPto inosine 5'-
monophosphate (16, 17), a precursor of uric acid (and
allantoin) via inosine (16-18), and could restrict the
regeneration of hepatic ATP, both by the depletion of
Pi per se (27), and by the reduction of TAN that de-
pletion entrains (16-19). Similarly, in the renal cortex
of the fructose-loaded rat, the accumulation of F-1-P
and reduction of ATP (19) might be causally linked
through the agency of a depletion of renal cortical
Pi (15).

Published data, however, provide little or no evi-
dence that phosphate loading ameliorates the dis-
turbances of hepatic metabolism observed either in
patients with HFI exposed to fructose or in the fruc-
tose-loaded rat (20, 28-30). Yet, in patients with HFI,
the experimental renal tubular dysfunction induced by
fructose is greatly attenuated by prior phosphate load-
ing (15). In contrast to the liver (31), the proximal renal
tubule, which forms the bulk of the renal cortex (32),
has a high affinity, high capacity, transepithelial trans-
port system for phosphate (33, 34). Accordingly, in both
the patients with HFI exposed to fructose, and in the
fructose-loaded rat, the depletion of Pi induced in the
renal cortex, and hence the disturbance of adenine
nucleotide metabolism in this tissue, might be both
less severe than that induced in the liver and more
susceptible to attenuation by phosphate loading, and by
adenosine loading (vide infra). The presently reported
findings in the fructose-loaded rat are those predicted
by this hypothesis.

METHODS
Animals. Male rats of the Sprague-Dawley strain were

purchased from Simonsen Laboratories (Gilroy, Calif.), and

housed in cages containing wood shavings for bedding, two
rats per cage. Room lighting was controlled to produce 12 h
of darkness (6 p.m.-6 a.m.) and 12 h of light. The rats were
fed ad libitum laboratory chow (Berkeley Diet, Feedstuffs
Processing Co., San Francisco, Calif.). At the time of the
experiments they weighed 190-200 g.

Experimental procedures. Rats were anesthetized with
pentobarbital sodium (Diabutal, Diamond Labs, Des Moines,
Iowa), 55 ug/g body weight, administered intraperitoneally
at 9:30 a.m. At approximately 10:00 a.m. solutions for ad-
ministration were brought to 37°C and injected intra-
peritoneally over 1 min. Fructose (2.78 M) was adminis-
tered in a dose of 20 or 40 umol/g body weight, alone
and, at the higher dose, in combination with (a) sodium
phosphate (2.5 M, Na2HPO4/NaH2PO4, pH 7.4) in a dose
of 20 ,umol/g body weight and (or) (b) adenosine (dis-
solved by heating to 90°C and cooled to 37°C just before
administration) at a dose of 2 ,umol/g body weight. Sodium
phosphate was administered with fructose in three temporal
combinations: coincident with the initiation of fructose, 1.5 to
5 min afterward, and 1.5 to 5 min beforehand. The results
of experiments in which the administration of fructose coin-
cided with, or preceded that of, sodium phosphate did not
differ from each other and these combinations of sequences
have been grouped together as a single experimental group
designated-fructose/phosphate. The results of experiments in
which the administration of sodium phosphate preceded that
of fructose differed substantially from those of the fructose/
phosphate group and this sequence of combination is
designated phosphate/fructose. The combination is desig-
nated fructose-phosphate when the sequence of administra-
tion was irrelevant to the results of concern. Adenosine was
administered 15 min before administration of fructose. When
adenosine and sodium phosphate were both administered
in combination with fructose, the phosphate solution was
administered 5 min before that of fructose. In a number of
experiments sodium phosphate or adenosine were adminis-
tered alone. In several studies, glucose or galactose alone
were administered at a dose of 40 ,umol/g body weight.
Control rats were anesthetized only.

30 min after administration of fructose (or other test sub-
stance, when given without fructose) the abdomen was
opened, the liver and kidneys rapidly exposed, and the
surfaces rinsed free of residual peritoneal fluid with 0.9%
NaCl. Several small samples (30-80 mg each) of liver were

'freeze-clamped in situ, with tongs pre-cooled in liquid nitro-
gen, and each sample was immediately placed in liquid
nitrogen. Multiple samples of renal cortex were obtained in a
similar manner. To prevent or minimize inclusion of renal
medullary tissue, care was taken to clamp tissue to a depth of
only 2-3 mmfrom the intact kidney surface. The frozen
tissue (250-400 mg) was rapidly weighed, then ground to a
fine powder for which a porcelain mortar and pestle previ-
ously chilled in C02-acetone were employed. To the mortar
containing the frozen tissue powder, 10 vol (wt/vol) of cold
6% (wt/vol) perchloric acid was added in a dropwise fashion
that allowed the acid to freeze before it contacted the tissue.
The frozen tissue powder and frozen acid were then rapidly
ground together; the frozen mixture was transferred to a
glass homogenizer chilled to 4°C, thawed, then briefly
homogenized at 4°C, and centrifuged. The supematant fluid
was removed by pipette, neutralized to pH 6-7 by addition
of 5 M K2CO3 at room temperature, and placed in an ice
bath for 30 min. The KC1O4 precipitate was removed by
centrifugation and the supematant fluid kept at 4°C until
used, or frozen and assayed later, the stability of the metabolite
to be measured having been determined previously.

As soon as tissue samples had been obtained, blood was
withdrawn from the heart into a heparinized syringe; plasma
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was separated by centrifugation at 4'C; plasma protein was
removed by precipitation with 9 vol (vol/vol) cold 6% (wt/
vol) perchloric acid. After centrifugation at 4°C, the protein-
free extract was neutralized to pH 6-7 by addition of 5 M
K2C03, the KC104 precipitate was removed by centrifugation,
and the supematant fluid was used to measure glucose,
fructose, and Pi.

Assays of metabolites. ATPwas measured by the luciferase
method (35), using firefly extract (Worthington Biochemical
Corp., Freehold, N. J.) and a Chem-Glo photometer (Ameri-
can Instrument Co., Travenol Laboratories Inc., Silver
Springs, Md.). Pyruvate, ADP and AMPwere determined
by the combined assay of Adam (36). Pi was measured by
two methods (37, 38), with good agreement. The fluorometric
methods of Burch et al. (19) and of Lowry et al. (39) were
used to determine fructose-l-phosphate and a-glycerolphos-
phate, respectively. Glucose and fructose were measured as
described by Klotzsch and Bergmeyer (40); glucose-6-phos-
phate and fructose-6-phosphate by the method of Hohorst
(41), or fluorometrically (39). The majority of chemicals and
enzymes used for the assays were purchased from Sigma

Chemical Corp., St. Louis, Mo., and Boehringer Mannheim
Corp., NewYork. Metabolite concentrations are expressed as
micromoles per gram of wet tissue.

RESULTS

Control studies
The control and experimental values with fructose

alone, 40 ,umol/g body weight, for hepatic and renal
cortical concentrations of ATP and F-1-P (Tables I
and II) are virtually identical to those reported by
Burch et al. (17); the values for hepatic concentra-
tions of TAN and Pi are also in good agreement.
Although the concentrations of both ATP and TAN
are significantly lower in the renal cortex than in the
liver, the concentrations of Pi and the values of
adenylate energy charge (26) are virtually the same

TABLE I
Effect of Fructose, Phosphate, and Adenosine, and Combinations Thereof, on the Concentrations of Certain Metabolites

in the Rat Renal Cortex and Plasma, and on the Derived Values of Adenylate "Energy
Charge" and the Adenylate Kinase Mass Action Ratio

Adenosine/
Phosphate/ Fructose/ Adenosine/ phosphate/

Test solution ........... Control Fructose Fructose fructose phosphate Phosphate Adenosine fructose fructose
Dose, jtmollg

body wt 20 40 20/40 40/20 20 2 2/40 2/20/40
( n) ...................(.11 (6) ( 11) ( 10) ( 10) (2) (3) (5) (4)

Lnwollg wet wt
Renal cortex

Metabolites
ATP 2.46±0.25 1.99±0.281 1.26±0.12* 2.03±0.33* 1.61±0.36§ 2.35±0.13 3.35±0.30* 1.67±0.06* 2.07±0.475
ADP 0.57±0.10 0.67±0.13 0.75±0.131 0.63±0.15 0.66±0.15 0.66±0.021 0.90±0.10* 0.81±0.27 0.71±0.08
AMP 0.15±0.09 0.14±0.03 0.15±0.04 0.23±0.08§ 0.22±0.09' 0.32±0.02t 0.16±0.05 0.23±0.081 0.36±0.09*

Y. 3.18±0.28 2.79±0.381 2.16±0.16* 2.89±0.39* 2.47±0.261 3.33±0.21 4.42±0.24* 2.72±0.24* 3.15±0.36*

P, 2.79±0.56 2.03±0.39 1.67±0.41* 23.60±4.18* 18.10±1.66* 42.7±2.0* 2.83±0.12 2.14±0.19§ 14.08±6.5t

Fru - 22.0±7.0* 54.3±13.7* 18.6±7.2* 28.2±7.2* - - 23.3±4.1* 13.3±6.3*
F-1-P - 5.4±1.3* 6.5±1.0* 11.9±5.1t 13.1±3.1* - - 6.5±0.5 8.1±4.8
GP 0.1±0.1 5.3±1.5* 5.7±0.8* 8.2±1.7* 9.3±1.5* 0.4±0.1"' 0.6±0.3' 6.9±0.6t 8.5±1.6t

F-6P 0.02±0.00 0.06±0.03) 0.05±0.03' 0.13±0.05* 0.10±0.06 0.03±0.04 0.04±0.01* 0.06±0.02 0.09±0.04"
G-6P 0.11±0.03 0.27±0.06* 0.18±0.04* 0.37±0.08* 0.28±0.09t 0.07±0.03 0.18±0.01* 0.26±0.03* 0.28±0.081

Glu 5.9±0.7 10.5±1.8* 8.9±1.8t 13.2±3.2t 12.1±2.85 9.7±1.3§ 10.4±0.8* 11.4±1.6"' 16.2±2.7*
Pyr 0.20±0.21 0.22±0.08 0.27±0.10 0.36±0.18 0.44±0.11t 0.29±0.04 0.16±0.12 0.24±0.16 0.24±0.16

Derived values
EC 0.86±0.03 0.83±0.01* 0.75±0.04* 0.81±0.03* 0.78±0.07 0.82±0.01* 0.86±0.01 0.77±0.02 0.77±0.06
AK 1.25±0.90 0.67±0.141 0.33±0.12t 1.32±0.65* 0.94±0.71' 1.74±0.33 0.71±0.35 0.78±0.63 1.44±0.26*

jumol/ml
Plasma

P, 3.23±0.25 2.87±0.48 2.54±0.29* 28.2±3.2* 26.90±3.9* 35.4±2.3* 2.26±0.39t 2.32±0.13 24.8±5.0*
Fru - 9.6±4.2* 43.2±8.3* 20.2±10.8* 25.9±8.8* - - 43.7±6.4 22.1±4.3*
Glu 9.4±0.9 14.9±2.8* 11.6±3.01 15.4±5.3 14.0±4.2 18.4±5.7 15.9±3.15 13.0±2.1 19.4±3.8§

Abbreviations: £ = total adenine nucleotides; Fru = fructose; GP= a-glycerolphosphate; Glu = glucose; Pyr = pyruvate; EC= energy charge, ATP + 0.5 ADP/AMP
+ ADP+ ATP; AK = adenylate kinase mass action ratio. All values are means± 1 SD. Significance of difference between means was determined by Student's t test.
For fructose, adenosine, or phosphate, alone, the difference between the experimental group and the control group was tested. For all other experiments, in which
fructose was given in combination with adenosine or with phosphate, the difference between the experimental group and fructose, alone, 40 jemol/g, was tested.
Code for statistical probabilities used in this Table and in Table II is:
*= <0.001.

= <0.005.
= <0.01.

<0.025.
¶ = <0.05.
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TABLE II
Effect of Fructose, Phosphate, and Adenosine, and Combinations Thereof, on the Concentrations of Certain Metabolites

in the Rat Liver, and on the Derived Values of Adenylate "Energy Charge"
and the Adenylate Kinase Mass Action Ratio

Adenosine/
Phosphate/ Fructose/ Adenosine! phosphate/

Test solution ............. Control Fructose Fructose fructose phosphate Phosphate Adenosine fructose fructose
Dose, Amollg

body wt.20 40 20/40 40/20 20 2 2/40 2i20/40
(n) .................... (6) (6) (11) (10) (10) (2) (4) (5) (4)

,Amol/g wet wt
Metabolites

ATP 3.45±0.21 1.43±0.20* 0.75+0.11* 1.20±0.36* 1.10±0.25* 2.51±(0.20t 4.68±0.705 0.95±0.2ST 1.26±0.26t
ADP 0.78±0.09 0.50±0.06* 0.57±0.09* 0.69-0.17 0.60±0.10 1.48±0.181 1.14±0.32 0.62±0.12 0.86±0.131
AMP 0.18±0.07 0.16±0.07 0.28±0.06§ 0.32±0.09 0.29±0.06 0.63±0.145 0.32±0.06§ 0.28±0.09 0.46±0.09§

Y. 4.42±0.25 2.08±0.14* 1.57±0.16* 2.21±0.46* 1.99±0.15* 4.62±0.52 6.15±0.97t 1.85±0.191 2.58±0.36*

Pi 2.98±0.25 1.98±0.70"1 0.92+±).15* 6.75±1.22* 6.38±1.41* 11.85±2.761 2.68±0.72 1.26±0.37 6.80±2.7*

Fru - 4.6+2.4* 30.7±7.6* 12.6±10.1* 16.3±7.6* - - 30.9±6.4 11.4±4.2*
F-I-P - 12.8+3.2* 15.9±1.5* 15.3±4.9 14.9±2.3 -- - 16.9±1.9 14.8±4.7
GP 0.5±0.3 1.2±0.4"1 1.8±0.6 3.1±1.25 3.9±1.7t 1.7±0.61i 0.5±0.2 1.6±0.8 4.0±0.9*

F-6-P 0.06±0.03 0.17±0.06g 0.08±0.05 0.17±0.15 0.13±0.045 0. 37±0.16¶ 0.15±0.045 0.08±0.0)3 0.12±0.06
G-6-P 0.23±t).06 0.43±0.125 0.16±0.055 0.52±0.415 0.38±0.17* 0.95±0.06* 0.59±0.155 0.25±0.10 (0.39±0.17

Glu 7.2±1.1 14.0±1.6* 11.0±2.7* 15.3+5.11 14.2±3.51 20.9±0.00* 13.4±2.9t 12.4±2.4 17.5±2.8*
Pyr 0.19±0.18 t).50±0.15"1 0.44±0.12"1 0.55±0.16I 0.72±10.15* 0.28±0.04 0.15±0.02 0.28± 0.13¶ ().41±0.07

Derived values
EC 0.88±0.22 t).80±0.055 0.66±0.07* 0.69±0.07 0.70±0.06 0.70)±0.01* 0.85±0.01* (0.68±0.06 0.65±0.04
AK 1.05±0.46 0.93±0.27 0.67±0.19 0.83±0.21 0.92±0.43 0.72±0.04 1.27±0.60 1).73±0.26 0.79±0.10)

Abbreviations, statistical groupings, and code for statistical probabilities are the same as those used in Table 1.

(Tables I and II). (Burch et al. reported no values for
renal cortical concentrations of TAN and P1.) The con-
trol values of hepatic ATP and ADP in the present
study are also in good agreement with those reported
by Miienpaia, Raivio, and Kekomaki (18, 42) and
with the "physiologic" values of Faupel et al. (43).
The renal cortical concentrations of ATP, ADP, AMP,
and Pi measured in the presenit study are somewhat
different from those reported by Hems and Brosnan
(44) whose technique of tissue sampling may have per-
mitted a greater breakdown of ATP (43).

Effect of fructose on adenine ntucleotides, Pi,
and F-1-P

Fructose alone. In both the liver and renal cortex,
administration of fructose alone at doses of 20 and 40
Amol/g body weight induced dose-dependent reduc-
tions of TAN, ATP, and, in the liver, of P1 as well.
At either fructose load, the reductions of ATP and Pi
(and the accumulation of F-1-P) were significantly
greater in the liver than in the renal cortex. Taken
together from both control and experimental condi-
tions of fructose loading alone at both doses (and in
combination with adenosine loading [vide infra]), the
renal cortical and hepatic concentrations of ATP varied
directly with these tissues' coneentrations of Pi (Tables

I and II). When the values from both tissues were
treated as a single set (Fig. 1), the correlation was
highly significant (P < 0.001), irrespective of whether
the set of values was analyzed as an exponential
function (r = 0.979), oras a linear regression (r = 0.941)
(not shown).

In the liver, ADP was also substantially reduced at
both loads of fructose. In the renal cortex ADP was
increased significantly at the higher load of fructose. In
the liver, AMPwas increased at the higher load of
fructose. In the renal cortex, fructose induced a sub-
stantial accumulation of a-glycerolphosphate which
approximated that of F-i-P and greatly exceeded the
minimally increased concentration of a-glycerolphos-
phate induced in the liver.

Loading with glucose or galactose alone did not
induce changes in renal cortical or hepatic ATP,
ADP, or AMP(data not shown).

Fructose with sodium phosphate. With fructose-
phosphate, the hepatic and renal cortical concentra-
tions of ATP and TAN were significantly greater than
those obtaining with the administration of fructose
alone, and the renal cortical concentration of F-1-P
was doubled (Tables I and II). When the initiation
of phosphate preceded that of fructose, by even 90 s,
a statistically significant reduction in TAN did not
occur in the renal cortex and the reduction of ATP
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FIGURE 1 The relationship between the concentrations of Pi and ATP in the liver (0) and
renal cortex (Ol) of the intact rat. The result of loading with fructose, alone, at 20 and 40 ,mol/g,
is denoted by shaded and blackened symbols, respectively; that of the higher dose of fructose
combined with adenosine, 2 ,umol/g, is denoted by blackened symbols affixed with the letter
"a." Control conditions are denoted by open symbols: The symbols and their brackets represent
means± 1 SD. The relationship between Pi and ATP is direct and significant (P <0.001),
whether analysed as the depicted exponential function (r = 0.979) or as a linear regression
(r = 0.941) (not shown).

was modest, the concentrations of both TAN and ATP
in the renal cortex being 0.4 umol/g greater than those
obtained with the reverse sequence (P < 0.01).

The attenuating effect of phosphate loading on the
fructose-induced disturbances in adenine nucleotide
metabolism cannot be ascribed to either an increased
urinary excretion of fructose or to diminished tissue
extraction of fructose: With combined fructose-phos-
phate loading, irrespective of their sequence of initia-
tion, both the urinary excretion and plasma concen-
tration of fructose were less than with fructose (Table
I, Fig. 2). The attenuating effect of phosphate loading
cannot be attributed to the increased concentrations
of circulating parathyroid hormone that are un-
doubtedly induced by a reduction in the plasma con-
centration of ionized calcium consequent to phosphate
loading: Administration of parathyroid hormone in
supraphysiologic amounts did not attenuate (nor
amplify) the fructose-induced abnormalities of adenine
nucleotide metabolism in the renal cortex, and the
fructose-induced phenomena were unaffected by
parathyroidectomy (data not shown).

With phosphate/fructose, relative to fructose loading
alone, ADPwas decreased and increased in the renal
cortex and liver, respectively, and by 0.12 gmol/g.
Although neither of these changes is statistically signifi-

cant, each was correcting in that neither value of ADP
with phosphate/fructose was statistically different from
that of control, whereas with fructose loading alone

200 r

FRUCTOSE
CREATININE
(MOLAR

tRATIO J

1001-

w
40F 20P

40F

FIGURE 2 The effect of fructose (F), alone, and in combina-
tion with sodium phosphate (P), on the urinary excretion
of fructose. The dose of each substance administered is
indicated by the number next to its notation.

Fructose-Disturbed Adenine Nucleotide Metabolism

ATP
(Cimol/g)

...........

213



ADPwas significantly increased and decreased in the
renal cortex and liver, respectively. Since the squared
concentration of ADP constitutes the denominator of
the adenylate kinase mass action ratio, the observed
changes in ADP in the renal cortex contribute im-
portantly to the severe reduction of this ratio with
fructose alone, and to its restoration to normal with
prior phosphate loading.

Fructose with adenosine. Adenosine was em-
ployed in the present study as a systemic quasi-iono-
phore for Pi. As might have been predicted (45-
48), adenosine administered alone induced hypo-
phosphatemia and a 40% increase in both the
hepatic and renal cortical concentrations of adenine
nucleotides, the increase being predominantly as ATP
(and unassociated with a reduction of Pi in these
tissues). It was reckoned that the nucleotides compris-
ing this increment would release otherwise unavail-
able Pi within the cells of the liver and renal cortex
when these tissues either hydrolysed ATP or degraded
AMPand its deamination product, inosine 5'-mono-
phosphate, to inosine, reactions presumed to proceed
at increased rates with fructose loading (16-23).

With adenosine/fructose loading, the renal cortical,
but not hepatic, concentration of Pi was significantly
higher than that with fructose loading alone, although
the severity of hypophosphatemia was not different
from that induced by either substance alone. With the
combination, the increments in tissue concentrations of
ATP and TAN over those obtained with fructose
loading alone were significantly greater in the renal
cortex than in the liver. Accordingly, with adenosine/
fructose, the concentrations of ATP and TAN in the
renal cortex were substantially higher than those in the
liver. With the combination adenosine/phosphate/fruc-
tose, hepatic and renal cortical ATP and ADPwere not
higher than those obtained with phosphate/fructose;
the concentrations of AMPwere slightly higher.

Conversion rate of fructose to glucose

Changes in the rate at which the liver and renal
cortex convert fructose to glucose, and the rate at
which ATP is thereby consumed, can be inferred from
changes in these tissues' concentrations of fructose
and glucose and the obligate metabolic intermediates,
fructose-6-phosphate (F-6-P), and glucose-6-phosphate
(G-6-P). Administered alone, fructose at the higher dose
(40 ,mol/g) induced increases in hepatic and renal
cortical concentrations of glucose and G-6-P that were
significantly less than those induced by the lower dose
of fructose (20 ,mol/g). With the higher dose of fructose,
the hepatic and plasma concentrations of fructose
reached values more than four times those obtaining
at the lower dose of fructose; the renal cortical con-

centration of fructose more than doubled. But when the
higher dose of fructose was administered in combina-
tion with phosphate, the renal cortical and hepatic
concentrations of glucose, G-6-P, F-6-P (and F-1-P)
were at least as high as those obtaining with the lower
dose of fructose; the renal cortical, hepatic, and plasma
concentrations of fructose were strikingly less than
those obtaining with the higher dose of fructose ad-
ministered alone. With the combination phosphate/
fructose, the renal cortical, but not hepatic, concentra-
tion of fructose was as low as that obtaining with the
lower dose of fructose, and significantly less than that
obtaining with fructose/phosphate. With the combina-
tion phosphate/fructose but not fructose/phosphate, the
renal cortical (but not hepatic) concentrations of G-6-P,
F-6-P and glucose were significantly higher than those
obtaining with the lower dose of fructose administered
alone. These findings provide evidence that, when
fructose was administered alone, the rate at which both
the liver and renal cortex converted it to glucose was
substantially lower at the higher dose of fructose, and
that phosphate loading prevented the decrease in rate
in the renal cortex and attenuated it in the liver.

Interpretation of the observed changes in the liver is
complicated by the finding that administration of phos-
phate alone was attended by a large increase in the
plasma concentration of glucose and in the hepatic
concentration of glucose, F-6-P and G-6-P and a signifi-
cant reduction in hepatic ATP (Table II). These find-
ings suggest that phosphate induced an appreciable
increase in the rate of glycogenolysis. In the renal
cortex, in which the glycogen concentration is minimal
(less than 2 ,mol/g) (19), phosphate loading alone did
not induce an increase in the concentration of F-6-P or
G-6-P or a reduction in the concentration of ATP. The
renal cortical concentration of glucose was increased
with phosphate loading alone, but to a value only
one-half that of plasma glucose and significantly less
than those values obtaining with the fructose-phos-
phate combination.

With adenosine/fructose the renal cortical but not
hepatic concentration of fructose was strikingly lower
than that with fructose loading alone; the renal cortical
but not hepatic concentrations of glucose and G-6-P
were significantly higher. With adenosine/phosphate/
fructose, and not with phosphate/fructose, the renal
cortical concentration of fructose was significantly
lower than that obtaining with the lower dose of
fructose alone. With the triple combination, the renal
cortical concentration of glucose reached its highest
value and was substantially higher (>50%) than that
obtaining with the lower dose of fructose, whereas
with phosphate/fructose, the renal cortical concentra-
tion of glucose was just significantly greater than that
obtaining with the lower dose of fructose.

214 R. C. Morris, Jr., K. Nigon, and E. R. Reed



Phosphorus balance

Fructose administered alone induced a significant
reduction in the plasma concentration of Pi (Table I)
and a striking net gain in phosphorus in both the liver
and renal cortex (Table III, Fig. 3). In both tissues, the
decrease in the concentrations of Pi and ATP was more
than offset by the increase in the combined con-
centrations of F-i-P and a-glycerolphosphate. With the
40 ,umol/g dose of fructose, the accumulation of F-1-P
alone in the liver was equivalent to the sum of organic
plus inorganic phosphorus measured in the control liver
(in which F-1-P was not detectable) (Fig. 3); in the
renal cortex, the combined concentration of F-1-P and
a-glycerolphosphate exceeded the total phosphorus
measured in the control. With the 40-,umol/g dose of

fructose, the calculated net gain in measured acid-
soluble phosphrous of liver was 6.7 ,umol/g wet wt; in
renal cortex, 7.8 umol/g wet wt (Table III, Fig. 3).
The net gain in liver reported by Burch et al. (17) under
similar, but not identical, conditions was 8.2 ,umol
phosphorus/g wet wt.

With combined fructose-phosphate loading, the
hepatic concentration of F-1-P was not statistically
different from that obtaining with fructose alone; the
concentration of a-glycerolphosphate increased but
remained relatively small. By contrast, the renal cortical
concentrations of F-1-P and a-glycerolphosphate were
substantially greater with combined fructose-phosphate
loading than with fructose alone, their combined con-
centration of 20 imol/g being almost twofold greater.
Principally as a consequence of this doubling, the net

TABLE III
Balances of Phosphorus in the Renal Cortex and the Liver: The Effect of Fructose (F),

Alone, and in Combination with Sodium Phosphate (P) and Adenosine (A)

Renal cortex Liver

Test substance* Pt Pi P. P. P, Pt

Amollg wet weight

Gain or loss of phosphorus
Control
40F
20P/40F
40F/20P
2A/40F

0.00
7.80

39.91
35.51
11.04

0.00
-1.12
20.62
15.31

-0.65

0.00
8.92

19.92
20.20
11.68

0.00
8.77

11.55
11.26
10.54

0.00
-2.06

3.77
3.42

-1.72

0.00
6.71

15.32
14.68

8.82

Difference attributable to administration of phosphate or adenosine with fructose
20P/40F minus 40F 32.11 21.74 10.37 2.78 5.83 8.61
40F/20P minus 40F 27.71 16.43 11.28 2.49 5.48 7.97
2A/40F minus 40F 3.24 0.47 2.76 1.67 0.34 2.11

Relative increment of phosphorus in renal cortex vs. liver when phosphate, or adeno-
sine, was administered with fructose

20P/40F minus 40F

40F/20P minus 40F

2A/40F minus 40F

PO Pi

Renal cortex 10.37 21.74
3.72 ~ ~= 3.73

Liver 2.78 5.83

Renal cortex 11.28 _ 16.43
5.43 ~ ~= 3.00

Liver 2.49 5.48

Renal cortex 2.76 0.47
= 1.65 = 1.38

Liver 1.67 0.34

Pt

32.11~~= 3.72
8.61

27.71~~= 3.48
7.97

3.24 = 1.53
2.11

P., organic phosphorus in X ATP + ADP+ AMP+ a-glycerolphosphate + fructose-l-
phosphate + fructose-6-phosphate + glucose-6-phosphate phosphorus; Pi, inorganic
phosphorus; Pt, P0 + Pi. Control values for liver were P0 = 12.84, Pi = 2.98, Pt = 15.82;
for renal cortex, P0 = 8.90, Pi = 2.79, Pt = 11.69, ,umol/g wet wt. All calculations are
derived from data of Tables I and II.
* The amount of test substance administered in micromoles per gram is indicated by
the number next to its notation. The substance notated as a numerator was admin-
istered in combination with, and initiated before that of, the substance notated as the
denominator.
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FIGURE 3 The effect of administering fructose (F) alone, and in combination with sodium
phosphate (P), and adenosine (A) on the quantitative distribution of phosphorus among
certain metabolites in liver and renal cortex. The doses of each substance administered in
micromoles per gram body weight are indicated by the number next to its notation. The total
amount of phosphorus (,umol/g wet weight) in the metabolites measured is indicated by the
height of the columns. In descending sequence the component metabolites are (a) Pi (open);
(b) AMP+ ADP; (c) ATP; (d) the sum of a-glycerolphosphate + glucose-6-phosphate + fructose-
6-phosphate; and, when fructose was administered, (e) F-1-P. The amount of phosphorus
in each component is calculated directly from the data of Tables I and II.

gain in molar concentration of organic phosphorus in
the renal cortex with combined fructose-phosphate
loading was 19-20 ,mol/g compared to a gain of 9
with fructose loading alone (Table III, Fig. 3). Thus, in
the renal cortex, the net gain in molar concentration
of organic phosphorus that could be attributed to phos-
phate loading (in combination with fructose loading)
was 10 umol/g, a gain more than three times the rela-
tively small gain in the liver that could be attributed
to phosphate loading (in combination with fructose
loading), and a gain slightly greater than that induced
by fructose alone in either the renal cortex or the liver.

DISCUSSION

The results of the current studies confirm that in the
rat fructose loading induces an accumulation of F-1-P
and a dose-dependent reduction of ATP in both the
liver (17-20) and renal cortex (17), and in the liver,
a dose-dependent reduction of Pi and TAN (17-20).
The current studies demonstrate further that fructose
loading also induces a reduction of Pi and dose-
dependent reduction of TAN in the renal cortex. The

reductions of Pi and TAN in the renal cortex, like
the reduction of ATP and the accumulation of F-1-P
in that tissue, are less severe than those in the liver.
In the domain of reduced and control values of Pi
taken from both liver and renal cortex, ATP varied
directly with Pi. Phosphate loading strikingly at-
tenuates the reductions of ATP and TAN in the
renal cortex, significantly attenuates them in the liver,
and doubles renal cortical F-1-P. With respect to the
renal cortical (but not hepatic) reductions of ATP and
TAN, the attenuating effect of phosphate loading is
substantially greater when its initiation precedes that
of fructose loading by even 90 s. Indeed, with this se-

quence and interval, fructose loading fails to induce a

significant reduction in renal cortical TAN, and the re-

duction in renal cortical ATP is modest. When either
the sequence is reversed, or the initiation of fructose
and phosphate coincide, fructose loading induces a

significant reduction in renal cortical TAN, and the
reduction in renal cortical ATP is substantial. With
phosphate loading alone, the renal cortical and hepatic
concentrations of TAN and ATP are not increased. As
judged from the phosphate balance data, with either
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phosphate/fructose or fructose/phosphate, the phos-
phate administered accounts for large and similar
net gains of phosphate in the renal cortex and small
net gains in the liver. These findings provide strong
evidence that in the fructose-loaded rat: (a) In both
the renal cortex and the liver, depletion of Pi is
critical to the causation of the reductions of ATP
and TAN. (b) In both tissues the severity of the
depletion of Pi determines the severity of the reduc-
tion in ATP and TAN. (c) In the renal cortex, as in
the liver (16), the depletion of Pi, and the reduction
in ATP and TAN, occur almost immediately. (d) In
the renal cortex, but not in the liver, prior administra-
tion of phosphate can largely prevent the depletion of
Pi, at least at those sites in the cell where reduction
of Pi actuates whatever mechanisms cause the reduc-
tions of ATP and TAN. (e) In both tissues the re-
ductions of ATP and TAN are to a large extent not
reversed by replenishment of cellular Pi.

The attenuating effect of phosphate loading, and its
striking, time-dependent magnitude in the renal cor-
tex, provide strong support for the hypothesis of
Maenpaa and his co-workers (16): In the liver (and
renal cortex) of the fructose-loaded rat, depletion of
Pi causes reductions of TAN and ATP by causing
activation of the cytoplasmic enzyme, AMPdeaminase.
(AMP, ADP, and ATP are maintained in equilibrium
in the cytoplasm by the action of adenylate kinase.)
The activity of AMPdeaminase in the renal cortex
is at least as great as that in the liver (49) and would
appear to reflect the same isoenzyme (50). In the
renal cortex, as in the liver, the deamination of AMP
to inosine 5'-monophosphate can be brisk (51). In the
isolated liver perfused with fructose, 10 mM, increas-
ing the concentration of Pi in the perfusion medium
from 1 to 10 mMprevented an otherwise sevenfold
increase in concentration of inosine 5'-monophosphate
(19). The deamination reaction is essentially irrevers-
ible. Accordingly, if in both the liver and renal cortex
of the fructose-loaded rat, depletion of Pi is near
immediate and AMPdeaminase is activated imme-
diately thereby, an enhanced degradation of adenine
nucleotides mediated by this activation would pre-
dictably be prevented by phosphate loading only in the
renal cortex, and only if initiated before fructose
loading, and if only briefly, given the special access of
extracellular Pi into parenchymal cells of the renal
cortex, and into these cells only.

Bode et al. (20) concluded that in the liver of the
fructose-loaded rat, the reduction in cellular Pi per-
turbed the metabolism of adenine nucleotides only by
increasing their degradative rate via augmented
deamination (and dephosphorylation of AMP). The in-
vestigators emphasized that the simultaneous adminis-
tration of equimolar amounts of fructose and P1 was
attended by a significantly higher hepatic concentra-

tion of AMPthan that obtaining with administration
of fructose alone; the hepatic concentration of ATP
and TAN, however, were not significantly higher. They
argued that fructose loading induced a reduction of
hepatic ATP because of the rapid consumption of ATP
in phosphorylating fructose to F-i-P. But in the present
study the attenuation of the fructose-induced reduction
in ATP observed with phosphate loading cannot be the
consequence of a decrease in the consumption of ATP
in phosphorylating fructose or its metabolites, or the
consequence only of a decrease in the rate at which,
or extent to which, adenine nucleotides are degraded.

With combined phosphate/fructose loading, not only
was the fructose-induced reduction of renal cortical
concentration of ATP almost prevented, but also the
greater concentration of ATP occurred despite evi-
dence of increased consumption of renal cortical ATP.
Because the renal cortex and the liver both contain
the enzyme cluster, fructokinase, aldolase "B" and
triokinase (52), both these tissues extract fructose
briskly and convert it to glucose, predominantly, if not
exclusively, by way of F-1-P and the triose products of
its aldolase cleavage, D-glyceraldehyde and dihydroxy-
acetonephosphate (16, 17, 19, 27, 53-56). For each
mole of fructose so converted (or converted to a-
glycerolphosphate) 2 mol of ATP are consumed, one
in converting fructose to F-1-P; one in converting D-
glyceraldehyde to D-glyceraldehyde phosphate (or in
converting glycerol, the reduction product of D-
glyceraldehyde, to a-glycerol-phosphate). As judged
from plasma and tissue concentrations of fructose
and glucose and tissue concentrations of fructose-
6-phosphate and glucose-6-phosphate, the rate at
which the renal cortex and the liver converts fruc-
tose to glucose is substantially lower at the higher
fructose load. Prior phosphate loading, however, more
than prevents this decrease in rate in the renal cortex
and attenuates it in the liver. As judged from the phos-
phorus balance data, with combined fructose-phos-
phate loading, large amounts of administered phos-
phate not only enter the cells of the renal cortex but
are used there to generate ATP. These findings pro-
vide evidence that in both the liver and renal cortex
of the fructose-loaded rat, the greater depletion of Pi
at the higher load of fructose restricts regeneration of
ATP to a rate substantially less than that obtaining
at the lower load of fructose; and prior phosphate
loading, by differentially mitigating these tissues'
depletion of Pi, removes this rate restriction in the renal
cortex and greatly attenuates it in the liver.

It could be argued that the mechanism through
which phosphate loading ameliorates the fructose-
induced disturbance in adenine nucleotide metabolism
depends on some effect of hyperphosphatemia per se,
as well as, or instead of, that of mitigating cellular
depletion of Pi in the liver and renal cortex. With
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combined adenosine/fructose loading, however, the
renal cortical concentration of ATP is as high as that
obtaining with fructose/phosphate loading despite
hypophosphatemia as severe as that induced by
fructose alone. Furthermore, adenosine loading en-
hances the otherwise dampened renal cortical conver-
sion of fructose to glucose. These results would
appear not to be the consequence only of the supra-
physiological renal cortical concentration of ATP
that presumably obtained when fructose loading was
initiated. With combined adenosine/fructose loading,
the concentration of ATP attained in the liver can be
presumed to have been not only transiently supra-
physiological but initially greater than that attained in
the renal cortex. Yet, hepatic conversion of fructose
to glucose appears not to have been affected by
adenosine loading. Clearly, the presumably greater
decrease in hepatic concentration of ATP that occurs
with combined adenosine/fructose loading, compared
to that decrease which occurs with fructose loading
alone, cannot be attributed to a greater consumption
of ATP in converting fructose to glucose.

In the renal cortex, but not in the liver, the con-
centration of Pi is significantly greater with combined
adenosine/fructose loading than with fructose loading
alone. Hence, with combined adenosine/fructose
loading, as with fructose loading alone, the concentra-
tion of Pi in the renal cortex is substantially greater
than that in the liver. The activity of AMPdeaminase
varies not only inversely with the concentration of
Pi but directly with the concentration of total adenine
nucleotides (26). It is perhaps not surprising then that
the hepatic and renal cortical concentrations of TAN
were 6.15 and 4.42 ,umol/g, respectively, with adeno-
sine loading alone, and 1.85 and 2.72 ,mol/g, respec-
tively, with combined adenosine/fructose loading.
With combined adenosine/fructose loading, both the
hepatic and renal cortical concentrations of TAN are
greater than those obtaining with fructose loading
alone, but the increment in the renal cortex is twice
that in the liver. The renal cortical, but not hepatic,
concentration of AMP is significantly greater with
combined adenosine/fructose loading than with fruc-
tose loading alone. These findings provide evidence
that initiating adenosine loading before fructose load-
ing selectively attenuates the fructose-induced deple-
tion of Pi in the renal cortex, and as a consequence,
selectively dampens the degradative rate of renal corti-
cal adenine nucleotides in the renal cortex. In provid-
ing evidence that the selective attenuation of the reduc-
tion in renal cortical Pi selectively attenuates the fruc-
tose-induced reduction in the rate at which the renal
cortex converts fructose to glucose, the findings with
combined adenosine/fructose loading provide further
evidence that the rate at which the renal cortex can
consume ATP in converting fructose to glucose

depends critically upon, and varies directly with, cel-
lular Pi in this tissue.

In the liver and renal cortex of the fructose-loaded
rat, depletion of cellular Pi could restrict the rate
at which ATP is regenerated by the mitochondria.
In the isolated, perfused rat liver, Hassinen and
Ylikhari demonstrated a Crabtree-like effect of fructose
on oxygen uptake (57). In the isolated rat liver per-
fused with unrecirculating solution containing fruc-
tose, 10 mM, and Pi, either 1.2 or 5.0 mM, Sestoft
found that the oxygen uptake was limited by Pi at
the lower concentration (27, 58). After 40 min of per-
fusion at the higher concentration of Pi, 5.0 mM, the
uptake of 02 was 16% greater than at the lower con-
centrations and the tissue concentration of ATP was
significantly greater, 1.45 vs. 1.15 ,umol/g wet wt. Since
the Kmfor fructokinase with respect to ATP is between
0.2 (59) and 1.5 mM(60, 61), the higher concen-
tration of ATP could explain the observation that the
elimination of fructose was greater at the higher
perfusion concentration of Pi (27, 58). The enhanced
elimination of fructose attending the higher concentra-
tion of Pi occurred within 10 min of initiating the
perfusion and appeared to be a steady-state phenome-
non over the subsequent 30 min. Sestoft proposed that
in the rat liver perfused with fructose, cellular Pi
controls mitochondrial respiration and thereby the con-
centration of ATPand the rate of fructose phosphoryla-
tion (27, 58). In this connection, in the current
study, the apparent rate at which the renal cortex
metabolized the higher load of fructose varied directly
with the renal cortical concentration of ATP, as in-
creased by the different schedules and combination
of phosphate (and adenosine) loading.

Sestoft seemed to discount the possibility that, in
the isolated liver perfused with fructose, increasing
the perfusion concentration of phosphate substan-
tially decreased the degradative rate of AMP (and
hence TAN) (58, 62). He emphasized that at the higher
perfusion Pi, the higher tissue concentration of ATP
was attended by a "counter-poise" in tissue concen-
tration of AMP(62). Furthermore, the tissue concentra-
tion of TAN at the higher perfusion Pi was not signif-
icantly greater than the reduced values obtaining at
the lower perfusion Pi. Undoubtedly, in the isolated
liver perfused with fructose and phosphate, Sestoft's
observations support his placement of the site of con-
nection between fructose and phosphate metabolism in
the mitochondria. Indeed, his observations strongly
suggest that in the fructose-perfused liver the rate of
mitochondrial synthesis of ATP can be made to vary di-
rectly with cellular Pi and independently of an even
greatly reduced pool size of adenine nucleotides. But
in the present study of intact rats, the renal and hepatic
concentrations of total adenine nucleotides, as well as
of ATP, were significantly greater when fructose was
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administered in combination with sodium phosphate
than when fructose was administered alone. Further-
more, the renal cortical concentration of ATP attained
with phosphate loading would not have been possible
without the greater concentration of total adenine
nucleotides. Specifically, with combined phosphate/
fructose loading, the renal cortical concentration of
ATPwas 2.03+0.33 ,umol/g; with fructose loading alone
the renal cortical concentration of total adenine nucleo-
tides was only 2.16+0.16. It seems likely then that in
both the renal cortex and liver of the fructose-loaded
rat, severe cellular depletion of Pi both mediates the
reduction in pool size of adenine nucleotides and
restricts the rate of mitochondrial respiration, and, by
determining the extent of both phenomena, deter-
mines both the concentration and rate of regenera-
tion of ATP.
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