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SUMMARY 

Xylitol metabolism and its interaction with lactate metabo- 
lism has been investigated in perfused livers from fasted 
rats. Xylitol (5 mM) served as a strong reductant for cyto- 
solic NAD systems as shown by increased ratios of lactate 
to pyruvate, a-glycerophosphate to dihydroxyacetone-P, and 
triose phosphates to 3-P-glycerate. The mitochondrial NAD 
system, as monitored by changes of the fl-hydroxybutyrate 
to acetoacetate ratio, was less affected, particularly when 
xylitol was added in the presence of lactate, suggesting a 
limitation in the rate of transport of NADH from cytosol to 
mitochondria. Xylitol also caused an increased reduction of 
bound NAD as determined analytically and by increased 
pyridine nucleotide fluorescence measured by surface fluo- 
rometry. The latter technique showed that half-maximum 
reduction was obtained with 0.4 UIM xylitol, suggesting that 
xylitol was metabolized principally to D-XylUlOse via the low 
K, cytosolic NAD-linked xylitol dehydrogenase. 

In the perfused liver xylitol was converted mainly to glu- 
cose, after phosphorylation of D-xylulose to D-xylulose-5-P 
and metabolism via the pentose phosphate pathway. Lactate 
uptake and conversion to glucose were strongly inhibited by 
xylitol. This effect was interpreted as resulting from the 
increased cytosolic NADH: NAD ratio which caused pyruvate 
levels to fall. An observed decrease of acetyl coenzyme A 
levels may also contribute to diminished flux through pyru- 
vate carboxylase. Xylitol uptake was less affected by the 
presence of lactate, presumably because of the lower mid- 
potential of NAD-xylitol dehydrogenase ( -236 mvolts) com- 
pared with that of lactate dehydrogenase (-216 mvolts). 
Ketone body production from endogenous fatty acids was 
inhibited equally by lactate and xylitol. The production of 
ketone bodies from added oleic acid was marginally inhibited 
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by xylitol, suggesting the absence of a specific antiketogenic 
effect in the isolated liver. Xylitol metabolism was not 
associated with any increased rate of respiration, showing 
that reoxidation of NADH produced by xylitol dehydrogenase 
caused an inhibition of the citric acid cycle. Total adenine 
nucleotide levels diminished slightly during xylitol metabo- 
lism, but the ATP:ADP ratio was not appreciably changed. 

In previous work from this laboratory, the effect of oleate on 
the control of glucose formation from lactate, pyruvate, and 
alanine was studied in isolated perfused rat livers (l-4). From 
these and other studies (5-8), it has become apparent that 
primary control of gluconeogenic flux is exerted at the steps 
involved in the conversion of pyruvate to I’-enolpyruvate, caused 
either by changes in the concentrations of the various modifiers 
of pyruvate carboxylase (9, lo), or by alterations of pyruvate 
kinase activity as influenced by the concentration of fructose- 
1,6-d&P (11-14). Further studies with perfused rat livers 
utilizing butylmalonate to inhibit the phosphate-malate ex- 
change across t.he mitochondrial membrane, or aminooxyacetate 
to inhibit transaminase steps, revealed the importance of 
mitochondrial anion transport reactions as potential regulatory 
sites for gluconeogencsis (15, 16). Transports of malate, (Y- 
ketoglutarat’e, glutamate, and aspartnte across the mitochondrial 
membrane are involved not only in gluconeogenesis but also in 
the transfer of reducing equivalents between the cytosol and 
mitochondria (16, 17). Although this latter process does not 
appear to be a rate-limiting step for gluconeogenesis under 
physiological conditions, it may assume a greater significance in 
pathological or artificial states. For instance, flux of reducing 
equivalents in the direction from cytosol to mitochondria in liver 
is greatly increased during ethanol oxidation, and gluconeogenesis 
is inhibited when high rates of fatty acid oxidation are permitted 
(18). It may he noted that if reducing equivalents under these 
conditions are transported via the malate-aspartate shuttle 
proposed by Borst (19), the directions of transport of Lu-keto- 
glutarate, aspartate, and glutamate are similar to those required 
for gluconeogenesis with lactate as substrate, the difference 
being the absence of net malate influx under the latter condi- 
tions (20). 

Xylitol, like ethanol, is a strong reductant of the cytosolic 
NAD system (8) ; it is an intermediate of the glucuronic acid 
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pathway (21) and ha,s been shown to be a glucose precursor in Radioactivity in 14C02 was trapped in 300 ml of 0.25 N NaOII by 
the perfused rat liver (22). The first step of xylitol metabolism continuous aspiration of the gas Ieaving the oxygenator. Radio- 
is dehydrogenation, and both an NAD-linked xylitol dehy- activity as H14COa in 2-ml aliquots of the perfusion medium was 
drogenase (xylitol-NAD oxidoreduct,ase) and an NADP-linked volatilized into 0.6 ml of 0.25 N NaOH by addition of 0.5 ml of 
enzyme (xylitol-NADP oxidoreductase) have been described in 1 N HsS04 in tightly sealed flasks containing a center well. 
mitochondrin and supernatant of guinea pig liver (21, 23, 24). Solutions were counted in a Packard Tri-Carb liquid scintilla- 
n-Xylulose is the oxidation product of the NAD-dependent tion spectrometer by addition of 0.5 ml of the aqueous solutions 
xylitol dehydrogcnase, and after phosphorylation by ATP to to 10 ml of toluene-Triton X-100 (3: 1 by volume) counting 
n-xylulose-5-P it is first converted to triose phosphates and solution (31). No corrections for quenching were necessary. 
fructose-6-P by the transaldolase and transketolase reactions of Surface Fluoronletry, Absorption, and Oxygen Tension Measure- 
the pentose phosphate pathway, and finally to glucose, pyruvate, ments-Oxidation-reduction changes of flavin and pyridine 
and lactat’e. Formation of glucose and lactate from xylitol, nucleotides from the surface of the perfused rat liver were 
therefore, is associated with t’he net production of NADH in measured as previously described, except the wave length of the 
the cytosol. Data presented in this paper describe quantita- primary filter for flavins was changed to 463 nm (32). Flavin 
tively the metabolism of sylitol by perfused rat liver, and its absorption measurements, wit,h the wave length pair 463 nm 
interactions wit,h lactate and fatty acid metabolism. The with 540 nm as reference, were made simultaneously with the 
accompanying paper is concerned with its use as a tool to in- fluorescence measurements in a modified rotating disc apparatus 
vestigate cont,rol of the pathways involved in the transfer of (33). A liver lobe was placed over a lucite wedge in which a 
reducing equivalents from cytosol to mitochondria. Part of light pipe was embedded for measurement of the transmitted 
this work has been published in preliminary form (8, 25, 26). light. A second incident light pipe was placed adjacent to the 

outer surface of the Iiver lobe. The oxygen tension of the 
l!XPERIMEhTAL PROCEDURE effluent fluid flowing through the liver was measured polaro- 

Animals-Male albino rats of Holtzman strain, 180 to 200 g graphically with a polarizing potential of -0.8 volt. The 
in weight, were used. Food was withheld from the animals 24 fluorescence, absorbance, and oxygen tension measurements were 
to 30 hours prior to the perfusion experiments. recorded utilizing two dual channel Recti-Graph l-ma recorders. 

Liver PeyJusion-The method of liver perfusion was similar to J4aterials---Purified xylitol was a generous gift from the Eisai 
that previously used (3), and employed the rotating disc oxy- Co., Tokyo. n-[U-14C]Lactate was obtained from Amersham- 
genator described by Scholz (27). ,4n initial volume of 100 ml Searle. Enzymes and coenzymes were purchased from Sigma 
of Krebs-Henseleit bicarbonate buffer containing 4 g of bovine Chemical Co. or from Boehringer Mannheim Co. 
serum albumin (Fraction V, Sigma Chemical Co.) dialyzed 
against three changes of the Krebs-Henseleit bicarbonate buffer RESULTS 

was used as perfusion fluid. Eflect of Xylitol on Metabolic Changes in Perfusion F’luid- 
Analyticul Tecllniques-,2liquots (2 ml) of perfusion fluid were Three different perfusion conditions were employed: (a) addition 

removed at 15min intervals for metabolic analyses. Glucose of 5 or 10 mnr xylitol to livers perfused in the absence of alterna- 
was assayed spectrophotometrically by the glucose-6-P dehy- tive substrates, (b) addition of 10 mM xylitol to livers perfused 
drogenase-hexokinase method in a 20- to 50-~1 aliquot of the with 8 to 10 rniv [V4C]lactate, and (c) addition of 5 mM xylitol 
nondeproteinizcd fluid. The remainder of the sample was to livers perfused with 8 to 10 mM unlabeled lactate plus 1.5 rnl\l 
deproteinized with perchloric acid (12y0 w/v), centrifuged, and oleate. The data summarized in Table I show that addition of 
neutralized with 3 M K&03 containing 0.2 M tricthanolamine. xylitol increased the total rate of glucose formation under all 
The supernatant after removal of KC104 was used for assays of three experiment.al conditions. Other experiments showed that 
lactate, pyruvate, acetoacetate, and fl-hydroxybutyrate by no differences in the rates of glucose production were observed 
enzyme methods. Xylitol was assayed by a rate method between 5 and 10 mM xylitol over a 60.min perfusion interval. 
employing Tc’AD-xylitol dehydrogenase (28). At the end of The effect of xylitol on glucose production was not additive with 
the desired perfusion interval, livers were rapidly frozen with gluconeogenesis from lactate, suggesting a competition between 
tongs cooled in liquid Nz. The frozen tissue was lyophilized the two substrates. Both xylitol and lactate when added alone 
overnight in the cold, extracted with perchloric acid, and decreased the endogenous rate of ketone body production. 
metabolic intermediates were assayed as previously described Xylitol addition in the presence of lactate produced no further 

(2%. changes. When ketone body production was enhanced by 
Separution und Counting of Radioactive Glucose, Lactate, and addition of oleate, the antiketogenic effect of xylitol was not 

COz-Lactat.e and glucose in 3 ml of deproteinized and neutralized statistically significant. Oxygen consumption was decreased 
perfusion fluid were separated by ion exchange chromatography by 12 ‘% after addition of xylitol to livers perfused in the absence 
with Dowex I-acetate (Bio-Rad AG l-X4) on a column, 0.9 x of other substrate, but not when added in the presence of lactate. 
15 cm (30). Preliminary experiments showed that all of the Urea production was low (5 to 10 ~moles/lOO g rat weight per 
radioact’ivity from [U-14C]glucose was eluted in a lo-ml water hour) and was not altered by the addition of xylitol. 
wash. [14C]Lactatc was eluted with 10 ml of 0.3 N acetic acid The competition for metabolism between lactate and xylitol 
after first passing 10 ml of 0.1 N acetic acid and 10 ml of 0.3 N was examined in greater detail with the aid of [l*C]lactate. 
acetic acid through t’he column. For the determination of the Fig. 1 shows a comparison between total glucose production and 
specific activity of glucose, the [14C]glucose removed from the [l*C]glucose production in livers perfused with [14C]lactate alone 
column was lyophilized, taken up in 1.5 ml of distilled water, or [14C]lactate in the presence of 10 mM xylitol. Whereas over 
acidified with 1 drop of concentrated HCl and passed through 80% of the total glucose production could be accounted for as 
an AG 5OW-4 (Bio-Rad) column (0.6 X 7 cm) in the H+ form. [14C]glucose with lactate alone as substrate, [YJglucose ac- 
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TABLE I Perfusron With IOmM Xylltol 

Metabolic changes produced by addition of xylitol to livers perfused 

with or without substrate 

Livers from fasted rats were perfused with albumin medium in 
a recirculating system for between 4.5 and 90 min in the different 
experiments. Xylitol was either present at the beginning of the 
experiment or added later to give a final concentration of 5 or 10 
InM. L(+)-Lactate and oleate were added to give a final concen- 
tration of 10 and 1.5 mM, respectively, and their concentrations 
were maintained approximately constant by infusion. Metabolic 
rates were calcula$ed over a 30-min period for steady state condi- 
tions. Values shown are means + S.E.M. of five to seven livers. 

PerfusIon With 
300 

I 

IOmM Xylltol 
+ 8mM Lactate 

200 xylltol 

0 15 30 45 

GlUCOSe Ketone body 
production production 

,moEes/lOO g rat wt/hr 

Additions 

None. . . . . . . . . . . . . 
Xylitol . . . . . . . . . . . 

Difference. . . . 
Lactate.............. 
Lactate + xylitol.. . . 

Difference.. . . . . . 
Lactate + oleate.. . . 
Lactate + oleate + 

xylitol . . . . 
Difference.. . . . . . . . . 

215 f 15 

+41 

1501 . T 
Lactate 

3 
+Xylitol /; 

S 
/ 

Oxygen uptake 

,&ms/lOO g rat wt/hv 

933 f 46 
821 -f 19 

-112 
1021 f 42 
1020 f 49 

None 
1240 f  90 

1290 
None 

Minutes Of Perfusion 

FIG. 2. Effect of lactate on xylitol metabolism by the perfused 
rat liver. In A, conversion of xylitol to glucose was calculated by 
multiplying measured glucose production by 1.2. Likewise, 
xylitol conversion to lactat,e was obtained by multiplying the 
measured lactate production by 0.6. The amount of xylitol oxi- 
dized over each time interval was calculated by subtracting xylitol 
conversion to glucose and lactate from the measured xylitol up- 
take. In B, xylitol conversion to glucose was calculated from the 
difference between the total glucose production and [‘Glglucose 
formed from [%]lactate. The amount of xylitol oxidized was 
obtained from the difference between xylitol uptake and xylitol 
conversion to glucose. 

55 zk 4 

15 f 3 
-40 

20 f 4 

16 zk 3 
-4 

108 f  5 

90 f  14 
-18 

TABLE II 
Summary of metabolic competitions between lactate and xylitol in 

perfused rat liver 

The perfused conditions were the same as those described in 
Table I. The rate of conversion of xylitol to glucose was obtained 
by multiplying the rate of glucose formation (after correction for 
[l%]glucose when [14C]lactate was also present) by 1.2. The rate 
of conversion of xylitol to lactate was calculated by multiplying 
the rate of lactate formation by 0.6. Values shown are means f  
S.E.M. of five to seven livers. 

Perfusion with 

Difference 
Percent- 

age 
change 

% 

42 

-142 65 
-19 41 

-29 81 

Difference 
%!rcent- 

age 
change 

-64 
-34 
-10 

20 

% 

22 
15 

100 
36 

Metabolic change 
1. 

Lactate Lactate + 
xylitol Minutes Of Perfusion 

FIG. 1. Effect of xylitol on glucose production from [l%]lactate 
in perfused rat liver. Livers were perfused for 45 min with 100 ml 
of albumin bicarbonate buffer containing initially 12 mM L(+)- 
lactate with no further infusion. L-[U-‘%]Lactate was added to 
give a specific activity of about 6000 cpm per pmole. When pres- 
ent, xylitol was added from the start of perfusion at a concentra- 
tion of 10 mM. The left-hand side of the figure shows total glucose 
production, and the right-hand side shows [14C]glucose production. 

counted for only 20% of glucose production in the presence of 
xylitol. This corresponds to a suppression of gluconeogenesis 
from lactate of about 60%. 

The effect of lactate on xylitol metabolism was examined by 
measuring xylitol uptake by the perfused livers in the presence 
and absence of lactate. From the carbon stoichiometries of 
xylitol and glucose, it may be calculated that 1 mole of glucose is 
formed from 1.2 moles of xylitol, and that 1 mole of pyruvate or 
lactate is derived from 0.6 mole of xylitol. It is possible, there- 
fore, to apportion the measured xylitol uptake between xylitol 
conversion to glucose and, by difference, xylitol oxidation in the 
citric acid cycle. Fig. 2A shows such data for perfusions with 
xylitol alone for 60 min, while Fig. 2B shows similar data for 
xylitol addition in the presence of lactate for a 45-min perfusion 
interval. Xylitol uptake was inhibited about 20% by the 

pmoles/lOO g rat wt/hr 

275 f 38 160 -I: 27 

217 f 21 75 f  11 
4G zt 6 27 f 3 

36 f 4 7fl 

Lactate uptake.. . . 
[14C]Lactate to [14C]glu 

case................. 
[14C]Lactate to 14COz.. 
Pyruvate formation.. . 

Metabolic change Xylitol 

,moles/lO0 g rat wt/hr 

296 rt 18 232 f  19 
230 f 8 196 f  11 

10 f  1 0 
56 36 

Xylitol uptake ......... 
Xylitol to glucose. .... 
Xylitol to lactate ...... 
Xylitol oxidizeda. ..... 

L 

s Calculated by difference 

presence of lactate, but xylitol conversion to glucose was little 
affected, so that the calculated oxidation of xylitol to CO, was 

decreased by 36 %. Mean rates, showing the compet,ition effects 
between xylitol and lactate metabolism, together with additional 
data, are summarized in Table II. It is seen that xylitol was 
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Liver From Fasted Rat Substrate-Free 

Pyrhne Nucleotide 

FIG. 3. Effects of xglitol and amytal (amobnrbital) on flavin 
and pyridine nucleotide fluorescence and flavin absorption in the 
perfused rat liver. An upward deflection of each trace denotes a 
reduction of the measured component. The calibration changes 
refer to standard conditions at the beginning of perfusion, arbi- 
trarily expressed as loos>. 

more effective in inhibiting glucose formation from lactate than 
lactate was in inhibiting glucose formatZion from xylitol. The 
measured rate of lactate uptake was approximately equal to the 
sum of lactate converted to glucose, C& and pyruvate. 

EJects oj Xylitol on Pyridine Nucleotide Oxidation-Reduction 
Bate-The effect of xylitol on the intracellular oxidation-reduc- 
tion state was investigated first with the aid of the two-channel 
surface fluorometer combined with a third channel for absorbance 
rneasuremcnts. Fig. 3 shows the results of a typical experiment 
in a liver perfused with alburnin buffer but with no substrate 
initially present,. Trace A shows the changes in flavin fluores- 
cencc, Trace B changes of flavin absorption, stud Trace C changes 
of pyridine nucleotide fluorescence. A cycle of anoxia is shown 
first for calibration purposes, and a reduction of each component 
is denoted by an upward deflection of the trace. The bulk of the 
fiavoprotein reducible by endogenous substrat.es in the absence 
of oxygen is characterized as being highly absorbing, with a low 
fluorescence yield. Thus, the ratio of the changes, when 
corrected t,o similar sensit’ivities, of fluorescent flavin to absorbing 
flavin during the anoxic interval (~“:a) (34, 35) was about 0.08. 
After this anoxic cycle, the sensitiviby of the flavin absorption 
measurement was made equal to that of the fluorescence measure- 
ments. Xylitol addition produced a large increase of pyridine 
nucleotide reduction, which was about 90% as great as the 
initial anoxic response, a very small reduction of absorbing fiavin 
and a moderate but slow reduction of fluorescent flavin (f:a = 
2.3). Subsequent addition of amytal, to block electron transport 
between NADH and cytochrome 6, produced a small extra 
reduction of pyridine nucleotides, a 15% oxidat’ion of absorbing 
flavin and a 6y0 reduction of fluorescent flavin. Amytal, there- 
fore, produces a crossover point between fluorescent flavin 
(reduction) and absorbing flavin (oxidation) as electron transport 
is inhibited. A final cycle of anoxia produced a further 13% 
reduction of the pyridine nucleotides and a 4y0 reduction of 
fiuorescent flavin (f: a = 0.3). A comparison of the total cont.ent 
of flavoproteins as measured by absorption techniques in isolated 

% 
Effect Of Xylitol On Pyridine Nucleotide Fluorescence 

n 
6 15 
2 
0 

FIG. 4. Titration of pyridine nucleotide fluorescence increase 
with xylitol concentration in the perfused rat liver. The inset 
expresses the reciprocal of the fluorescence change against the 
reciprocal of the xylitol concent.ration in the perfusion fluid. 

mitochondria and in homogenate supernatants identifies most of 
it as being extramitochondrial. Therefore, the large oxidation- 
reduction changes of flavin absorption with anoxia probably do 
not originate from the mitochondria to an appreciable extent, 
whereas the changes observed with amytal can be attributed to 
mitochondrial flavins. Rddit,iou of amytal in this experiment 
identifies the fluorescent flavoprotein as a component in equilib- 
rium with respiratory carriers on the substrate side of the 
amytal (or rotenone) site, and from a comparison with similar 
studies on isolated rat liver mitochondria (36~38), it can be 
identified largely with the highly fhrorescent lipoic dehydrogenase 
of mitochondria. The increased level of reduction of both the 
ilavin and pyridine nucleotide fiuorescence aft’er the second 
anoxic cycle, compared with the first, suggests that in substrate- 
free livers, the rate of delivery of reducing equivalents is in- 
sufhcient to cause a rapid and complete reduction of either the 
mitochondrial or the cytosolic pyridine nucleotides. Likewise, 
even with xylitol present, complete reduction of the mitochondrial 
pyridine nucleotide pool (as judged from t)he flavin fluorescence 
trace) is not achieved by amyt,al addition. It may be concluded 
that the increase of fluorescence attributable to pyridine nucleo- 
tide reduction upon xylitol additiou originates primarily from 
the cytosolic NAD system, but with some contribution also from 
the mitochondrial NAD system. This conclusion was confirmed 
in separate experiments which showed that xylitol added after 
a prior addition of lactate or pyruvate produced a very small 
reducbion of fluorescent flavoproteiu, but a large reduction of 
pyridine nucleotides. 

The extent of the pyridine nucl&ide reduction could be 
titrated as a function of the xylitol concentration supplied to the 
liver, as shown in Fig. 4. These studies showed that a half- 
maximum increase of pyridine nurleotide fluorescence was 
produced by 0.4 mM xylitol. Since the K, of xylitol for the 
cytosolic NAD-linked xylitol (n-xylulose) dehydrogenase is 0.18 
mM for the sheep liver enzyme (23) and 0.6 mM for the guinea 
pig liver enzyme (39), while the K, of xylitol for the NADP- 
linked (L-xylulose) dehydrogenase is 25 mM (39) to 33 rnM 
(24), the fluorescence titration strongly suggests that in rat liver 
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TABLE III 

E$ects oj sylitol on FAD-linked substrate oxidation-reduction pairs in perfused rat live? 

The effect,s of xylitol in the absence of other substrates was was added after 15 min and perfusions continued for a total time 

tested by adding 5 rnhf xylit,ol after 15 min and perfusing for a of 60 min. Lactate and oleate concentrations were maintained 
further 45 min. Controls were perfused in the absence of sub- approximately constant by continuous infusion. Perfusion was 
strate for 60 min. In the second series of experiments, 10 mM terminat,ed by rapidly freezing livers with tongs cooled in liquid 

xylitol, or 10 rnM I,(+)-lactate, or both, were present initially, and Nz. The livers were extracted with perchloric acid and t,he ex- 
perfusion was continued for 45 min. In the third series, 10 rnM tracts assayed for the various metabolites. Values shown are 

L(+)-lactat,e and 1.5 rnnf oleate were present initially, ,5 mnl xylitol means + S.E.M. of five to seven livers in each group. 

None .......................... 
Xylitol ......................... 

Lactate ......................... 
Lactate + xylitol. ............ 
Lactate + oleate. ............. 
Lactate + oleate + xylitol. ..... 
-..- 

NADH Ratio of Ratio of Ratio of 
content Lact: PyrG pOHB:AcAc Mal: OAA 

nnwles/g dry wt 

179 f 41 
,514 f 88 

530 f  42 
598 f  70 

- 

13 f 1 0.18 f  0.05 
67 i 17 0.68 f  0.09 
17 zk 2 1.30 f  0.10 
98 f  14 1.77 + 0.28 
61 f  5 2.65 f  0.39 

238 f  44 3.03 f  0.38 

a The abbreviations used are: Lact, lact,ate; Pyr, pyruvate; 
BOHB, p-hydroxybutgrate; AcAc, acetoacetate; Mal, malate; 
OAA, oxalacetate. 

b The equilibrium constant for lactate dehydrogenase was taken 
to be 1.11 X low4 (40). 

xylitol metabolism proceeds mainly through the NAI)-linked 
dehydrogenase to n-xylulose. 

Estimates of the oxidation-reduction state of the pyridine 
nucleotides separately in the mitochondria1 and cytosolic spaces 
can also be made from a knowledge of the ratios of lactate to 
pyruvate and /I-hydroxybutyrate to acetoacetate (40). These 
ratios together with measured total NADH contents and the 
calculated NAD oxidation-reduction potentials in assumed 
equilibrium with lactate dehydrogenase (cytosol) and /3-hy- 
droxybutyrate dehydrogenase (mitochondria), are given in 
Table III. Substrate-free livers were characterized by a similar 
degree of reduction of the cytosolic pyridine nucleotides as 
lactate perfused livers, but by a much more oxidized state of the 
mitochondrial pyridine nucleotides. Thus, the difference in 
oxidation-reduction potentials of the NAD systems in the two 
spaces was 24 mvolts (mitochondria more negative) in the 
absence of substrate but 47 mrolts in the presence of lactate, or 
40 mvolts in the presence of lactate plus oleate. This conclusion 
is in agreement with spectrophotometric measurements of 
cytochrome b in perfused rat livers which indicated that mito- 
chondrial pyridine nucleotides were at a more positive oxidation- 
reduction potential in livers from fasted t.han fed rats perfused 
in the absence of exogenous substrate (41). Likewise, addition 
of lactate to substrate-free livers from fasted rats produced a 
reduction of cytochrome b (42). Xylitol addition to substrate- 
free livers increased the tissue NADH content almost a-fold. The 
oxidation-reduction potential of the cytosolic NAD system 
decreased by 22 mvolts (i.e. increase of the NADH:NAD ratio), 
while that of the mitochondrial NBD system decreased by 18 
mvolts. In the presence of lactate (with or without oleate) 
xylitol caused about the same change in the NAD oxidation- 
reduction state of the cytoplasm ( - 19 and -24 mvolts, re- 
spectively), but had very little effect on the mitochondrial NAD 
oxidation-reduction state. The tissue NBDPH content (about 

19 xk 2 
43 * 6 

179 f  33 
347 ?t 43 

NAD oxidation-reduction 
potential calculated from 

Ract:Pyr 
rati+ 

,9OHB : 
AcAc rati@ 

molts 

-250 - 274 
-272 -292 
-253 -300 
-277 -304 
-270 -310 
-289 -312 

c The equilibrium constant for fl-hydroxybutyrate dehydrogen- 
ase was taken to be 4.93 X lo+ (40). A midpoint potcnt,ial of 
-337 mvolts was used for the J\;AI>:NADEI oxidation-reduction 

system. 

1500 nmoles per g, dry weight) was not significantly changed 
upon xylitol addition. These studies indicate that xylitol 
dehydrogenation occurs principally, if not exclusively, in the 
extramitochondrial space. This conclusion is supported by the 
fact that xylitol has not been found capable of stimulating 
respiration or reduction of NAD(P) in isolated mitochondria of 
rats or guinea pigs (43).l 

Efects of Xylitol on Intemediates oj Gluconeogenesis and Citric 

Acid Cycle-Changes in the tissue contents of the major int.er- 
mediates of the gluconeogenic pathway after the addition of 
xylitol to livers perfused (a) without substrate, (b) with lactate, 
and (c) with lactate plus oleate, are shown in Table IV. The 
changes are best interpreted in relat’ion to the scheme of xylitol 
metabolism depicted in Fig. 5, where it is seen that carbon 
intermediates from xylitol enter the gluconeogenic pathway at 
the triose-P level and at fructose-6-P. One equivalent of 
NADH is produced and one equivalent of ATP utilized per mole 
of xylitol metabolized. Conversion of the triose phosphates to 
glucose produces no changes of the NAD oxidation-reduction or 
energy balance of the cell, while t,heir conversion to pyruvate 
yields both NADH and ATP. 

When xylitol was added as sole substrate to the liver, the most 
dramatic effect was on the level of au-glycerophosphate, which 
increased about loo-fold and caused the estimated a-glycerol-P 
to dihydroxyacetone-P ratio to appear out of equilibrium with 
the lactate to pyruvate ratio. The tissue levels of the hexose 
mono- and diphosphates also increased, while intermediates in 
the sequence from the triose phosphates to pyruvate decreased. 
These changes are in accordance both with the metabolic 
balances, which showed that most of the xylitol was being con- 
verted to glucose rather than CO2 at the time the livers were 
frozen for analyses, and with the high cytoplasmic NADH:NAD 

1 J. Bryla and J. It. Williamson, unpublished observations. 
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TABLE IV 
Efects of xylitol on intermediates of gbcconeogenesis 

Livers from fasted rats were perfused as described in Table III. Perfusion was terminated by rapidly freezing livers in liquid Nz. 
Values shown are means f  S.E.M. of five to seven livers. 

Additions 

None................. 

Xylitol. 
Percentage of control 

Lactate. . . 
Lactate + xylitol. 
Percentage of control. 

Lactate + oleate. 
Lactate + oleate + 

xylitol 
Percentage of control. 

_- 

- 

Lactate Pyruvate P-Enol- 
pyruvate 3.P-g1ycerate Triose-P m-Glycerol-P Fructose-di-P G12G=- 

nmoles/g dry ml 

1,190 f  282 
3,480 f  380 

292 

23,380 f  1550 
28,130 zk 1930 

120 

37,110 f  2370 

43,100 f  3820 
116 

- 

106 f  8 
63 f  15 

59 

1278 i 165 
345 rt 62 

27 

611 f  64 

156 f  24 
30 

i 

410 rt 40 
46 f  3 

11 

496 rt 46 
60 z!z 16 

12 

590 I 61 

112 * 15 
19 

673 i 93 
71 f  11 

11 

558 i 64 
169 -f 20 

30 

693 f  117 

137 + 16 
20 

52 zt 7 
164 f  17 

315 

48 f  5 
140 f  12 

292 

88 f  4 

230 f  41 
261 

- - 

223 f  22 
24,620 f  880 

11,040 

1,012 f  166 
8,030 f  769 

793 

3,500 I 450 

19,200 rt 877 
549 

25.2 f  4.8 
36.2 f  3.4 

144 

23.2 zk 2.4 
42.1 & 14.1 

181 

34.6 zt 4.5 

55.2 f  10.6 
169 

100 f  27 
314 f  40 

314 

295 f  48 
558 dz 72 

189 

420 f  27 

498 3.z 72 
119 

ADP ATP 
t / 

--X5+ - D -Xylulose m Xylitol 

NADH NAD 

NAD 

Glucose - - G6P- F6P 

~ATP ADPI 

,DPqGtP - I,3PGA n3PGA c--) 

ADP ATP 
iTJ DAP 

Pi 
FIG. 5. Scheme of xylitol metabolism in liver. R5P, ribose-5-P; X5P, o-xylulose-5-P; SYP, Sedoheptulose-7-P; GAP, glycer- 

aldehyde-3-P; EdP, erythrose-4-P; G6P, glucose-6-P; F6P, fructose-6-P; FDP, fructose-di-P; i,SPGA, 1,3-di-P-glycerate; SPGA, 
3-P-glycerate; PEP, P-enolpyruvate; Pyr, pyruvate; DA P, dihydroxyacetone-P; OAA, oxalacetate. 

ratio. Since glyceraldehyde-3-P dehydrogenase is a near- 
equilibrium enzyme step, the increased cytoplasmic NADH: 
NAD ratio caused an increase in the ratio of triose-P to 3-P- 
glycerate from 0.08 to 2.3. The pattern of changes was similar 
when xylitol was added to livers perfused with lactate or lactate 
plus oleate, and strongly reflected the high cytoplasmic NADH : 
NAD ratio imposed by the generation of reducing equivalents 
at xylitol dehydrogenase. 

Since gluconeogenesis from lactate was decreased by xylitol, 
it is clear that the net rate of formation of P-enolpyruvate was 
inhibited. This could be caused either by decreased pyruvate 
carboxylase activity or by increased pyruvate kinase activity 
(9-14). In order to evaluate the first possibility, the tissue 
contents of CoA, acetyl-CoA, and long chain fatty acyl-CoA 
derivatives were measured (Table V). The content of acetyl- 
CoA in livers perfused without substrate was exceptionally high, 
as found previously (3), and was diminished by addition of 
xylitol or lactate. Xylitol addition in the presence of lactate 
caused a further decrease of acetyl-Coh content, which could, 
therefore, serve as a causative factor for diminished pyruvate 
carboxylase activity, particularly as pyruvate levels decreased 

by 70%. The decrease of acetyl-CoA caused by xylitol in 
livers perfused with lactate and oleate was not statistically 
significant, but decreased pyruvate carboxylase activity could 
result from the lowered tissue pyruvate concentration. In- 
creased pyruvate kinase activity would seem to be an unlikely 
explanation for diminished net P-enolpyruvate synthesis from 
pyruvate, since although fructose&P levels increased slightly, 
this activational effect on the type L pyruvate kinase would 
probably be counterbalanced by the large fall of the P-enol- 
pyruvate level. The tissue content of ketone bodies fell by 
about 40y0 when xylitol was added to livers in the presence of 
lactate and oleate, which together with the modest fall of fatty 
acyl-CoA and rise of rr-glycerol-P suggests a diversion of fatty 
acids from 0 oxidation toward triglyceride synthesis. However, 
this relatively large fall of tissue ketone bodies was not ac- 
companied by a similar inhibition of their rate of accumulation 
(Table I). 

The supply of xylitol as sole substrate to the liver caused an 
increase in the pool sizes of malate, citrate, or-ketoglutarate, and 
glutamate (Table VI). However, since xylitol addition had 
very little effect on the over-all oxygen consumption of the liver 
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TABLE V 

7629 

Efects of xylitol on CoA derivatives and ketone bodies 
Livers from fasted rats were perfused as described in Table III. Perfusion was terminated by rapidly freezing livers in liquid Nz. 

Values shown are means Z+ S.E.M. of five to seven livers 

Time of 
perfusion 

Tissue 
ketone bodies 

Additions 
Ratio of 

CoA Acetyl-CoA Fatty acyl-CoA acetyl-CoA 
to CoA -- 

:I - 

476 f  22 426 f  37 175 III 18 0.89 
721 f  16 210 i 25 96 f  11 0.29 

151 49 55 33 

/moles/g dry wt 

7.10 f  1.22 
3.76 f: 0.61 

53 

555 f  36 170 f  7 0.32 1.13 r!z 0.18 
607 f  50 134 f  17 0.23 0.75 f  0.15 

109 79 72 66 

249 f  24 289 f  11 201 i 21 1.29 7.91 zt 1.54 
348 f  19 270 i 31 182 zk 25 0.83 4.97 rrt 0.56 

140 93 90 64 63 

m&z 

60 
60 

45 
45 

60 
60 

Y i one...................... 
Xylitol. 
Percentage of control. 

Lactate. . 
Lactate + xylitol. 
Percentage of control. 

Lactate + oleate. 
Lactate -t- oleate + xylitol 
Percentage of control. 

TABLE VI 
Effects of xylitol on intermediates of citric acid cycle 

Livers from fasted rats were perfused as described in Table III. Perfusion was terminated by rapidly freezing livers in liquid 
Nz. Values shown are means f  S.E.M. of five to seven livers. 

Ratio of 
ATP:ADP 

Aspartate Glutamate Additions 
Time o 

perfu- 
sion 

f 
Malate Oxalacetate Citrate a-K&o 

glutarate 
I 

.- / -- 
I nmoles/g dry wt !moles/g dry wt min 

None.................... 60 189 zt 8 9.9 zt 0.8 320 f  19 795 f  108 2.04 f  0.04 5.71 z?z 0.43 3.52 f  0.10 
Xylitol. 60 429 f  77 10.2 f  1.4 956 i 180 1436 f  138 1.47 f  0.03 7.53 f  0.25 2.04 f  0.22 
Percentage of control. 227 103 300 181 72 132 58 

Lactate. 45 1490 f  126 4580 zk 515 2056 zt 223 1.84 f  0.14 
Lactate + xylitol. 45 2000 f  147 2700 f  318 2230 f  226 1.54 i 0.12 
Percentage of control. 134 59 108 84 

4.00 f  0.48 
4.26 f  0.50 

107 

Lactate + oleate. 60 4260 f  407 23.3 f  3.3 8080 f  986 1780 f  242 
Lactate -I- oleate.. _. 60 4880 zk 471 13.2 f  0.9 7070 f  740 2215 f  229 
Percentage of control. 115 57 88 124 

i 

1.66 f  0.14 
1.51 zk 0.08 

91 -! 

9.13 zk 0.74 3.44 f  0.52 
9.65 i 0.54 2.23 f  0.27 

106 65 
- - - 

(22). Competition between lactate and xylitol as gluconeogenic 
precursors is revealed by the less than additive effects obtained 
with the two substrates, particularly in the presence of oleate. 
Inhibition of lactate conversion to glucose and lactate oxidation 
was confirmed by the data obtained with [14C!]lnctate as substrate 
which also showed that glucose format.ion from xylitol was 
inhibited less than glucose formation from lactate, when both 
substrates were present together. Xylitol addition to substrate- 
free perfused livers produced a greater increase of the cytosolic 
NADH:NAD ratio, as monitored by the la&ate to pyruvate 
ratio than lactate addition. Furthermore, xylitol produced 
large increases of the lactate to pyruvate ratio when added to 
livers perfused with lactate or lactate plus oleate. The greater 
effectiveness of xylitol as a reductant for the cytosolic NAD 
system is probably related to the lower midpotential of NAD- 
xylitol dehydrogenase (-236 mvolts) compared with that of 
lactate dehydrogenase (-216 mvolts). Xylitol addition in the 
presence of lactate had relatively litt’le effect on the /I-hydroxy- 
butyrate to acetoacetate ratios or on the percentage reduction of 
fluorescent flavoproteins. These effects are best interpreted on 
the basis of an indirect connection between the oxidntion-re- 

(Table I), it is unlikely that the total tissue changes of the citric 
acid cycle intermediates accurately reflect changes of citric acid 
cycle activity. The ratio of malate to pyruvate increased 4- to 
6-fold after addition of xylitol, indicating an increased state of 
reduction of the cytosolic NADPH system on the assumption of 
a constant COz concentration and equilibrium of malic enzyme. 
The mass action ratio of glutamate oxalacetate transaminase, 
expressed in the direction of aspartate and a-ketoglutarate 
formation, varied from 14 to 29, which is above the equilibrium 
constant of 6.6 (44), and probably reflects unequal concentra- 
tions of the intermediates between the cytosolic and mitochon- 
dria1 spaces (16). The ratio of ATP: ADP decreased slightly 
after xylitol addition except in the presence of lactate, and this 
was accompanied by a decrease of total adenine nucleotides, 
which averaged about 20% in all the experiments. The AMP 
content was not significantly affected by xylitol. 

DISCUSSION 

Competition between Lactate and Xylitol as Gluconeogenic Pre- 
cursors-The present studies confirm previous reports that 
xylitol is readily metabolized to glucose in the perfused rat liver 
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duction state of the cytosolic and mitochondrial NAD-systems, 
namely through the malate-aspartate and cr-glycerophosphate 
shuttles, as discussed in the accompanying paper (45). 

The increases in the tissue levels of the triose phosphates, 
c+glycero-P, fructose-di-I’, and glucose-6-P observed after addi- 
tion of xylitol to substrate-free perfused livers are consistent with 
the known pathway for xylitol metabolism via transaldolase and 
transketolase reactions (21). Likewise, the S-fold increase of 
the tissue lactat,e content provides further indication of a small 
flux from the triose phosphate pool to lactate. Presumably the 
low activity of phosphofructokinase relative to fructose diphos- 
phate phosphatase limits the net glycolytic flux. The high 
cytosolic NADH:NAD ratio imposed on the tissue by reaction 
of SAD-xylitol dehydrogenase with its substrate also affects the 
dist’ribution of metabolites at the glyceraldehyde-3-P dehydro- 
genase step, resulting in a lo-fold fall of the 3-P-glycerate content. 
Near-equilibrium at the enzyme steps between P-enolpyruvat,e 
and 3-P-glycerate results in diminished tissue levels of P-enol- 
pgruvate, while pyruvate levels are decreased due to near-equi- 
librium at the lactate dehydrogenase step. A similar pattern 
of changes of the gluconeogenic intermediates was obtained after 
xylitol addition in the presence of lactate or lactate plus oleate. 
It is apparent from the rather small increases of fruct,ose-di-P 
and glucose-6-P after xylitol addition in the presence of lactate 
that neither fructose diphosphatase nor glucose 6-phosphatase 
provide rate-limiting steps for the conversion of xylitol to glucose. 
This conclusion is in accordance with the small inhibition of 
xylitol conversion to glucose induced by the presence of lactate. 
On the other hand, lactate conversion to glucose was inhibited 
about 60% by xylitol, and it may be presumed that this effect 
was secondary to the high cytosolic NADH : NAD ratio. 

A similar inhibition of gluconeogenesis from lactate to that 
obtained with xylitol is observed after ethanol addition to per- 
fused rat livers (46). The mechanism for the inhibition of lactate 
gluconeogenesis probably involves decreased flux through pyru- 
vate carboxylase caused by diminished substrate concentration 
and decreased acety-CoL4 activation. As previously discussed 
(8), xylitol metabolism by the liver is associated with an increased 
efficiency of ATP utilization for glucose synthesis, since respira- 
tion remains unchanged or even decreases. We interpret this 
effect primarily in terms of diminished ATP expenditure in the 
recycling of carbon between pyruvate and P-enolpyruvate as a 
result of the drastic fall of the tissue P-enolpyruvate concentra- 
tion, itself caused by equilibrium of the greatly elevated NADH: 
NAD ratio with glyceraldehyde-3-P and 1,3-di-P-glycerate via 
glyceralde 3-dehydrogenase. The above explanation implies 
that in substrate-free livers, part of the oxygen consumption of 
the liver is used to phosphorylate ADP produced by the carbon- 
recycling reactions of gluconeogenesis although net glucose 
formation is negligible. The occurrence of ATP-consuming 
reactions in the cytosol of perfused rat and guinea pig livers has 
recently been verified by measurements of percentage inhibition 
of respiration induced by addition of ouabain, atractyloside, 
oligomycin, antimycin A, and cyanide.? 

Effects of Xylitol Metabolism 01~ Citric Acid Cycle Activity--Con- 
version of xylitol to glucose is associated with the production of 
1 mole of NADH per mole of xylitol used. The lack of an 
equivalent increase of oxygen consumption implies that reoxida- 
tion of the reducing equivalents produced during xylitol metabo- 

2 J. R. Williamson and C. Refirio, unpublished observations. 

lism must be associated with decreased activity of the citric acid 
cycle. Studies reported in the accompanying paper (45) show 
that most of the reducing equivalents are transported into the 
mitochondria for reoxidation by the electron transport chain 
and that very little are reoxidizcd directly in the cytosol by 
cyanide-insensitive electron transport systems. Calculations 
based on the metabolic balances reported in Tables I and II 
indicate that flux in the citric acid cycle is decreased from about 
116 to 80 mnoles of CB unit,s per 100 g rat weight per hour after 
addition of xylitol to livers perfused with lactate. Inspection 
of Table VI shows that little insight, into the control of the citric 
acid cycle activity can be gained solely from a consideration of 
the total tissue changes of the cycle intermediates. Since the 
extramitochondrial space is some 10 times greater than the 
mitochondrial matrix space, it is clear that by far the biggest 
proportion of the tot,al content of the intermediates will be extra- 
mitochondrial. Furthermore, a number of studies involving 
rapid separation of isolated mitochondria from the incubation 
medium (47-49) as well as indirect’ methods involving calcula- 
tions based on total tissue met’abolite levels and assumptions of 
equilibria of dehydrogennse and trnnsaminase reactions (16, 
50, 51), all suggest the probability of varying concentration 
gradients of metnbolites across the mitochondrial membrane in 
the intact liver. Thus, it may be anticipated that increased 
flux of metabolites through the malate-aspartate shuttle induced 
by the increased rate of generation of reducing equivalents in 
the cytosol will be associated not only with altered total tissue 
levels of metabolites, but also with altered concentration gradi- 
ents of the intermediates across the mitochondrial membrane. 
Experiments with rapid separation procedures with respiring rat 
heart mitochondria have shown that the matrix concentrations 
of citric acid cycle intermediates were relatively independent of 
cycle flux (52), suggesting that the flow through individual steps 
is regulated by factors other than substrate concentration. It 
is suggested, therefore, that whereas the total tissue contents of 
citric acid cycle intermediates may provide a reasonable estimate 
of their concentrat,ions in the cytosol, no definite conclusions 
may be drawn concerning mitochondrial concentrations. On the 
basis of experiments with isolated rat liver mitochondria (5%55), 
it may be predicted that diminished flux t’hrough the citric acid 
cycle caused by an increased rate of NADH production in the 
cytosol is primarily due to diminished availability of oxalacetate 
to citrate synthase. More recent studies (49, 56), which showed 
inhibition of rat liver citrate synthase by succinyl-CoA, competi- 
tive with acetyl-Cob, suggest the possibility that this effect may 
also be of importance in the physiological regulation of citrate 
synthase. 

Efects of Xylitol in KetogerLesis-Xylitol has been reported to 
have an antiketogenic effect in alloxan diabetic rats (57), to 
decrease ketone body production by liver slices from normal and 
diabetic rats (58, 59), and also to decrease blood ketone body 
levels in human diabetic subject’s (58). The present studies 
show that xylitol has a similar effect as other substrates in 
inhibiting ketone body product,ion from endogenous fatty acids 
in perfused rat liver, but has a very small effect on ketogenesis 
from exogenous olcate. Probably, the antiketogenic effect ob- 
served in viva is mediated by a11 indirect mechanism, and is due 
to a stimulation of insulin release from the pancreas by xylitol 
(60, 61). Finally, xylitol metabolism unlike fructose metabolism 
(62-64) was not associated with marked decreases of the ATP or 
total adenine nucleotide cout’ent of the liver. 
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