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Abstract

A clearer picture of the hepatic metabolic pathways affected by fulminant hepatic failure (FHF) would help develop nutritional
support and nonsurgical therapies for FHF. We characterized the evolution of hepatic metabolism in a rat model of FHF using an
isolated perfused liver system together with a mass-balance model of intermediary metabolism. Principal component analysis (PCA)
was used to identify potential new sensitive markers for FHF. To induce FHF, rats were given two D-galactosamine injections under
fasting conditions. Controls were fasted only. Livers were harvested 1, 4, 8, and 12 h later and perfused with Eagle minimal essential
medium supplemented with amino acids and bovine serum albumin, and equilibrated with 95% O,/5% CO,. At the 1 h time point,
lactate release increased concomitant with a decrease in gluconeogenesis, TCA cycle and mitochondrial electron transport fluxes. At
4 h, amino acid metabolism and urea cycle fluxes were significantly depressed. By 8 h, gluconeogenesis had switched to glycolysis. By
12 h, amino acid metabolism was broadly inhibited, and there was a net release of many amino acids. Mass-balance analysis shows
that the main source of ATP production in the FHF liver gradually changed from mitochondrial oxidative phosphorylation to
glycolysis. PCA suggests that a linear combination of glucose, lactate, and glutamine concentrations in arterial plasma is a sensitive
marker for FHF. We conclude that p-galactosamine causes early mitochondrial dysfunction while glycolytic ATP synthesis remains
functional. Markers that are indirectly linked to these pathways may be used to evaluate the progression of FHF.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction evidence suggests that it is linked to a failure of hepatic

clearance of gut-derived substances (e.g., ammonia,

Orthotopic liver transplantation is the most widely
accepted treatment for fulminant hepatic failure (FHF)
(Ascher et al., 1993; Bismuth et al., 1987; Devictor et al.,
1992; Lee, 1993), however, the continuous shortage of
donors and side effects of long-term immunosuppres-
sion motivate the search for cheaper and less invasive
alternatives. Although the precise pathogenesis of
hepatic encephalopathy, the main cause of death in
FHF, is not precisely known, a considerable body of
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y-aminobutyric acid) as well as altered amino acid
metabolism that results in changes in neurotransmitters.
In the latter category, phenylalanine and tyrosine-
derived monoamines (e.g., phenylethylamine, tyramine,
phenylethanolamine, octopamine) (Ozawa et al., 1992,
1983; Saibara et al., 1991), as well as tryptophan-derived
monoamines (e.g., serotonin [5-hydroxytryptamine] and
tryptamine) (Clemmesen et al., 2000; Roth et al., 1994),
have been studied extensively. To counteract the
observed shifts in metabolite levels in the systemic
circulation, solutions rich in branched chain amino acids
[(BCAA) leucine, isoleucine, and valine] have been used
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as nutritional supplements (Fischer et al., 1976; Mizock,
1999). These formulas were often found to be beneficial,
although some studies failed to demonstrate positive
effects (Mizock, 1999).

Systemic changes in metabolite levels do not solely
reflect alterations in liver function, but also changes in
the metabolism of a number of other tissues that are also
affected during FHF. A clearer picture of which
pathways are affected specifically in the liver could
provide a more rational basis for the development of
nutritional support and other non-surgical medical
therapies. In order to characterize the metabolic state
of the liver in the absence of systemic effects, isolated
perfused liver systems can be used to study a wide range
of metabolic conditions (Arai et al., 2001; Yamaguchi
et al.,, 1997). Furthermore, steady-state mass balance
models can be used to derive intrahepatic metabolic
fluxes by Metabolic Flux Analysis (MFA), thus provid-
ing a comprehensive map of the metabolic state of the
organ (Arai et al., 2001; Lee et al., 2000).

In a prior study, we characterized the metabolic state
of liver 12h after p-galactosamine-induced FHF in
fasted rats. We found significantly decreased hepatic
gluconeogenesis, which correlated with a reduction in
amino acid entry into various points of the tricarboxylic
acid (TCA) cycle (Arai et al., 2001). Furthermore, FHF
inhibited intrahepatic aspartate synthesis, which re-
sulted in a 50% reduction in urea cycle flux, and
ammonia removal was quantitatively maintained by
glutamine synthesis from glutamate and a decrease in
the conversion of glutamate to a-ketoglutarate (Arai
et al., 2001). Here, we characterized the evolution of
alterations in intrahepatic metabolic fluxes over time in
this rat model of FHF. We found that following
D-galactosamine-induced FHF, the earliest metabolic
perturbations detected include an inhibition of TCA
cycle fluxes and some parts of the gluconeogenic
pathway, with a significant increase in lactate release.
Furthermore, the main source of ATP production in the
FHF liver gradually changed from mitochondrial
oxidative phosphorylation to glycolysis.

2. Materials and methods
2.1. Animals

Animal studies were carried out in accordance with
National Research Council guidelines and approved by
the Subcommittee on Research Animal Care and
Laboratory Animal Resources of the Massachusetts
General Hospital. Male Sprague-Dawley rats (Charles
River Laboratories, Boston, MA) weighing 150-200 g
were housed at 25°C in a 12h light-dark cycle and
provided water and standard rat chow ad libitum. They

were randomly divided into p-galactosamine-induced
FHF and normal control groups.

2.2. Induction of fulminant hepatic failure in rat

p-galactosamine (Sigma Chemical Co., St. Louis, MO)
was dissolved in saline and the pH adjusted to 7.0 with
1 N NaOH immediately prior to use. Rats were fasted for
12h and administered 1.4 g/kg p-galactosamine intraper-
itoneally under light halothane anesthesia. While fasting
continued, a second identical D-galactosamine injection
was administered 12h later. Animals were fasted for
another 1, 4, 8, or 12h, at which time perfusion was
initiated. Control rats were fasted for 25, 28, 32, or 36h
and did not receive any other treatments before perfusion.

2.3. Isolated perfused rat liver studies

Isolated rat liver perfusions were performed according
to a modification of Mortimore’s methods (Mortimore
and Surmacz, 1984) as described elsewhere (Arai et al.,
2001). The liver was perfused via the portal vein at a
constant flow rate of 15.0+2.2ml/g dry liver/min in a
recirculating mode with Eagle’s Minimum Essential
Medium (Sigma) supplemented with 3% w/v bovine
serum albumin (Fraction V; Sigma) and several amino
acids so that the concentrations of individual amino
acids in the perfusate were approximately twice those in
postabsorptive rat plasma (Arai et al., 2001). Although
no ammonia was added to the perfusate, it contained a
basal initial level (69+31 uM in control and 45+41 uM
in FHF groups; not statistically different) that most
likely originated from partial glutamine degradation.
The perfusate was gassed with humidified 95%O0,/
5%CO, and maintained at 37°C. Perfusate samples
(1.5ml each) were collected every 10 min for 60 min and
stored at —80°C. After 10 and 50min, inflow and
outflow perfusate samples were analyzed for O, and
CO, with a 238 Blood Gas Analyzer (Chiron Diagnos-
tics Co., Pittsburgh, PA). At the end of the perfusion,
the whole liver was weighed, freeze-dried, and weighed
again to determine the dry/wet weight ratio.

2.4. Assessment of liver injury

Blood was sampled from the abdominal aorta prior
to initiating liver perfusion. Plasma levels of aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) were determined using commercially available
kits (Sigma kits nos. 58 and 59) as parameters of liver
injury.

2.5. Metabolite assays

Glucose and lactate concentrations in the perfusate/
plasma samples were determined using commercial
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assay kits (Sigma kits nos. 315 and 735). Urea content
was measured by reacting with diacetyl monoxime using
a commercial assay kit (Sigma kit no. 535-A). Acet-
oacetate (ACAC) and f-hydroxybutyrate (BHBA)
concentrations were assayed enzymatically via nicotina-
mide adenine dinucleotide (NADH)-coupled reactions
catalyzed by BHBA dehydrogenase (Zupke et al., 1998).

2.6. Amino acid analysis

Amino acids and ammonia in the perfusate/plasma
were quantified by high-performance liquid chromato-
graphy on a Waters 2690 Separations Module and 474
Scanning Fluorescence Detector (Waters Co., Milford,
MA) set at excitation/emission wavelengths of 250/
395 nm. Separation was carried out using a modification
of Cohen’s procedures (Cohen and De Antonis, 1994)
adapted for a four eluent system of buffers (Arai et al.,
2001). Samples were deproteinated by mixing 1:1 with
acetonitrile, and derivatized with the Waters AccQ-
Fluor Reagent Kit.

2.7. Calculation of rates of consumption or production of
metabolites

Oxygen consumption and CO, generation rates were
calculated by multiplying the perfusate flow rate by the
outflow—inflow difference in the concentration of each
species. In the above calculations, the increase in
dissolved CO, concentration (pCO,) was assumed to
reflect total CO, production by the liver because the pH
variation across the liver was too small to accurately
assess the contribution of the HCO3 ion. The net
consumption or release of the other extracellular
metabolites was evaluated by linear regression of
concentration vs. time data, correcting for perfusate
volume changes due to sampling. All values were
calculated and normalized to the dry weight of each
perfused liver. The normalized values were then
averaged for each experimental group, and expressed
as means+ SE.

2.8. Metabolic flux determination by steady-state
metabolic flux analysis

Two MFA models of liver were formulated, one
corresponding to a gluconeogenic state (I) and the
other to a glycolytic state (II). The pathways included
in both models are: (a) TCA cycle, (b) urea cycle, (c) f-
oxidation, (d) amino acid oxidation, (e) ketone body
synthesis, and (f) the pentose phosphate pathway (PPP).
In addition, gluconcogenesis reactions were added
to model I, whereas glycolysis reactions were included
in model II. The following pathways are typically
inhibited by fasting and therefore not included in either
model: (a) glycogen synthesis, (b) fatty acid synthesis,

and (c) irreversible, energy requiring steps for de novo
amino acid biosynthesis. The Appendix lists all reactions
and relevant enzymes in both models. In model I, fluxes
through pyruvate kinase (flux no. 8) and pyruvate
dehydrogenase (flux no. 10) were set to zero. In model
II, the flux through pyruvate carboxylase (flux no. 9)
was set to zero. These constraints were necessary to
avoid a futile cycle leading to a mathematical singularity
in the network. Furthermore, in both models, the
glucose 6-phosphate dehydrogenase flux (flux no. 59),
an irreversible step, was required to be positive or zero.
Measured rates of consumption/production were fitted
to the two MFA models assuming pseudo steady-state
as described elsewhere (Arai et al., 2001; Zupke and
Stephanopoulos, 1995) and a “consistency index” for
each fit was calculated to provide a quantitative measure
of agreement between data and model. The MFA as well
as PCA (described below) were performed using the
MATLABRN software (Mathworks, Inc., Natick, MA).
Fluxes for each liver were calculated and averages
determined in each experimental group.

2.9. Principal component analysis

Principal component analysis (PCA) was used to
identify parameters that differentiate between the
control and FHF groups. Three analyses were carried
out: (1) using measured arterial metabolite levels only,
(2) using measured rates of uptake and release of
metabolites during liver perfusions, and (3) using
calculated intrahepatic fluxes. The measured and calcu-
lated data were scaled using mean centering. In each
case, the analysis provides the relative weights for each
data input as well as the proportion of the total variance
in the data explained by each principal component
(Skoal and Rohlf, 1969). For simplicity, only the fluxes
with the five highest weights were kept.

2.10. Statistical analysis

Comparisons of measured metabolic rates and calcu-
lated fluxes between sham controls and time-matched
FHF animals were made using unpaired Student’s 7-test.
P <0.05 was considered statistically significant.

3. Results

3.1. Changes in systemic levels of metabolites induced by
p-galactosamine

Liver failure was induced by two D-galactosamine
injections 12 h apart in fasted rats. This model boasts an
83% mortality rate at 7 days and was preferred over a
nonlethal single p-galactosamine injection model (Shito
et al., 2001). During the course of the study, which was
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limited to 12h following the second Dp-galactosamine
injection, none of the rats died. Metabolic parameters
indicative of FHF include decreased blood glucose levels
(Lee, 1993) as well as increased levels of lactate (Bihari
et al., 1985; Record et al., 1975; Saibara et al., 1994) and
aromatic and many other amino acids (Record et al.,
1976; Rosen et al., 1977, Zimmermann et al., 1989).
Therefore, we first assessed the severity of hepatitis by
measuring arterial plasma levels of these metabolites
(Table 1). AST and ALT were 5-7 times controls 1 and
4 h after FHF induction, and then suddenly increased to
25-40 times controls at 8 and 12 h. Glucose levels were
decreased and lactate levels increased in FHF through-
out the experiment. Ammonia levels were significantly
increased beginning 4h after FHF induction, reaching

Table 1
Effect of FHF on metabolite profile in arterial plasma®

levels 50-100% above controls. The amino acid profile
was significantly altered at 4 and 12h, with a transient
recovery at 8h. At 12h, when the most dramatic
changes were observed, almost all amino acids were
elevated in FHF, except for arginine, which was
decreased. The molar ratio of branched chain amino
acids (BCAA) to aromatic amino acids (AAA), also
known as the “Fischer ratio”, was unchanged in FHF,
except at the 12h time point, when it was significantly
decreased. The arterial ketone body ratio (AKBR) has
been reported to reflect the mitochondrial redox
potential, a measure of mitochondrial energy charge in
liver (Ozawa et al., 1992, 1983; Skoal and Rohlf, 1969).
The AKBR in FHF rats was 50% of control at the 1h
time point, returned to control levels at 4 and 8 h, and

lh 4h 8h 12h

Ctrl FHF Ctrl FHF Ctrl FHF Ctrl FHF

(n=06) (n=25) n=9) n=9) n=11) n=17) (n=06) (n=>3)
AST (U/L) 9245 6364 157** 96+3 5104+ 100%*  101+4 11514378** 108 +4 2750+ 573**
ALT (U/L) 4044 3194 66** 3842 2854 55%* 3443 6854232%* 3443 1331 £111%*
Glucose (g/L) 1.4540.1 0.9040.06*  1.64+0.15 1.134+0.06%* 1.6040.12  1.08+0.08* 2.044+0.06 1.2440.04*
Lactate (mmol/L) 1.8340.1 2.9640.38*%* 1.81+0.08 2.36+0.23* 1.334+0.11 2.1040.16%* 1.62+0.19  3.584+0.08**
Ammonia (pmol/L) 3544 4948 4442 63+ 6** 2043 47 £ 5%* 3642 734 7**
ACAC (mmol/L) 0.1940.03  0.0840.01*  0.20+0.02  0.104+0.01** 0.1540.02 0.13+0.01 0.1540.02  0.03+0.01**
BHBA (mmol/L) 1.0940.23  0.81+0.05 0.8240.10  0.72+0.09 0.8740.12  0.69+0.11 0.7840.14  0.874+0.07
AKBR 0.204+0.03  0.104+0.01*  0.25+0.02 0.164+0.02 0.1940.02  0.2240.04 0.214+0.04  0.03+0.01**
Aspartate (Asp) 3+1 3+1 3+1 2+1 140 44 1%* 1+0 84 1**
Glutamate (Glu) 3747 20+4 3343 3643 2343 2743 2043 44 4 7%
Serine (Ser) 114418 98+ 18 120+6 12747 104 +4 11647 118+5 166 +22
Asparagine (Asn) 3647 65+ 14 3543 4443 2643 2943 2742 534 8%*
Glycine (Gly) 188435 116419 171412 180411 13549 146+ 14 157410 246+31*
Glutamine (Gln) 506+ 86 557+12 627455 10154 51%* 644+74 9394129 631460 1411 +£152%*
Histidine (His) 3647 38+10 38+3 834 5% 30+2 67 +6%* 34+2 814 13**
Threonine (Thr) 154422 96421 173+13 166+13 123+14 131410 144+ 14 137430
Arginine (Arg) 69411 174 6%* 77+6 454+ 9%* 5945 294 6** 58+4 244 12%*
Alanine (Ala) 180439 163+46 191+14 180+ 16 154+10 151+14 149+6 2944 39%%*
Proline (Pro) 95+23 95+ 19 118438 11647 8945 100+6 8042 138+ 14%*
Tyrosine (Tyr) 50+6 57418 5545 774+ 7* 3845 4746 4343 101 +16%**
Cysteine (Cys) T+1 10+4 8+1 11+1 8+1 1745 7+1 1442%
Valine (Val) 79+11 67+13 96+6 1194-8* 70+9 92+9 73+7 136+ 16**
Methionine (Met) 2344 2947 2143 5346%* 1741 354-4%* 2142 594 8%*
Isoleucine (Ile) 4145 36+6 5243 59+4 38+4 40+3 5244 5246
Ornithine (Orn) 1542 1946 1941 44 4 5%* 1543 334 3%* 1242 624 13%*
Leucine (Leu) 5146 60+ 12 69+5 924 6%* 5445 6945 6545 1244 13%*
Lysine (Lys) 160429 564 13* 14049 1034 14* 133412 98419 11449 131423
Phenylalanine (Phe) 69+11 3348%* 67+5 98 4 8%* 35+6 47+7 3444 614 5%*
Total amino acids 19054289  1634+292 21154111 26444+66%* 17964155 22154166 1838 +78 33454-271%*
Gluconeogenic amino acids® 18404281 15554256 20274107  2508+59** 17274149  2113+165 1762+ 74 31604256**
BCAA (Val+ Leu+Ile) 172422 162431 216+ 14 2704 14* 162418 202+13 18949 311 4£29%*
AAA (Tyr+ Phe) 111+16 90425 122438 175+ 10%** 7349 94+9 77+6 166+ 18**
BCAA/AAA 1.740.3 2.540.8 1.840.1 1.6+0.1 2.340.2 2.240.2 2.540.2 1.940.1%*

Liver dry/wet ratio 0.2440.006 0.23+0.002

0.23+0.007 0.24+0.005

0.24+0.005 0.2540.007  0.244+0.005 0.23+0.005

*P<0.05 compared with control. **P<0.01 compared with control.
“Data are presented as mean+SE.

bAspartate, asparagine, serine, glycine, glutamate, glutamine, histidine, threonine, alanine, proline, methionine, lysine, cysteine, tyrosine,

phenylalanine, arginine, valine, and isoleucine.
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decreased again to reach 10-25% control levels at 12 h.
Overall, these changes are consistent with previously
reported data at 12 h in this model of FHF (Arai et al.,
2001; Shito et al., 2001), and show a biphasic trend with
many of the measured parameters, suggesting a partial
and temporary recovery around the 4-8h time points.
The partial recovery or lack of disease progression
between the 1 and 4 h time points is consistent with the
previous observations that a single injection of 1.4 g/kg
D-galactosamine is non-lethal and that a second dose is
required for lethality (Shito et al., 2001). Finally, there
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was no significant difference in the wet-to-dry weight
ratio among the livers.

3.2. Metabolite production rates in perfused livers

To characterize the metabolic changes specific to liver
during the progression of FHF, livers were isolated at
different times after FHF, and perfused with a well-
defined medium. The measured uptake/release rates
of key metabolites as a function of time are shown in
Fig. 1. During perfusion, control livers released glucose,
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Fig. 1. Metabolite rate profiles by perfused livers after FHF induction. Production rates of glucose (A), lactate (B), urea (C), ammonia (D), and
ketone bodies (E), and O, consumption rate (F) measured during perfusion of livers isolated from control ((0) and FHF rats (l). The numbers of
samples averaged per time point are indicated in Table 2. Data are represented as mean + SE. Significant differences from the control group at each

time point are indicated by *(P<0.05) and **(P<0.01).
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consistent with fasting-induced gluconeogenesis. In
FHF rat livers, glucose release switched to glucose
uptake at the 8 and 12h time points. Lactate was
released from all livers; however, those from FHF rats
produced significantly more lactate than controls at all
time points examined. Unlike glucose production,
lactate release did not vary over the experimental
timeframe. Urea production by FHF rat livers signifi-
cantly decreased at the 8 and 12h time points. Never-
theless, a net release of ammonia was observed with all
livers and there was no significant difference between
control and FHF groups, except for a momentary
decrease in FHF at 8h. Ketone bodies (the sum of
ACAC and BHBA) accumulated in the perfusates of all
livers, which likely reflects fasting-induced ketogenesis.
In the FHF group, ketone body production was
significantly inhibited at 12 h, but not earlier. O, uptake
rates did not significantly vary over time and were
significantly lower in the FHF group at all times
examined.

3.3. Amino acid metabolism in perfused livers

Fig. 2 shows the alterations in perfused liver uptake
rates of the major amino acid groups induced by FHF
over time and Table 2 shows the data for individual
amino acids. In the FHF group, the uptake of
gluconeogenic amino acids (aspartate, asparagine, ser-
ine, glycine, glutamate, glutamine, histidine, threonine,
alanine, proline, methionine, lysine, cysteine, tyrosine,
phenylalanine, arginine, valine, and isoleucine) de-
creased gradually to eventually lead to a net release at
the 12 h time point. Control livers exhibited stable rates
over this time period. In the FHF group, most
gluconeogenic amino acids (serine, glycine, glutamate,
glutamine, histidine, threonine, alanine, proline, methio-
nine, lysine, tyrosine, phenylalanine, arginine, valine,
and isoleucine) exhibited gradually decreasing rates that
were significantly lower than controls. For some amino
acids, this eventually led to a net release at the 12 h time
point. Uptake of the urea cycle intermediates arginine
and ornithine was not influenced by FHF. Considering
the sum of BCAA, control livers released BCAA at
stable rates for the first 8 h and then switched to a net
uptake at 12h. In the FHF group, BCAA were neither
consumed nor released at 1 h, but a pronounced increase
in release rate occurred in the time course leading to
12h. The uptake of total AAA decreased gradually in
both groups and a significant inhibition in the FHF
group was observed at 12 h.

3.4. Intrahepatic fluxes by mass balance analysis
From the measured rates of uptake and release of

extrahepatic metabolites during the liver perfusions,
intrahepatic fluxes were estimated with the gluconeogenic
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Fig. 2. Amino acid uptake rates by perfused livers. Uptake rates of
gluconeogenic amino acids (A), BCAA (B), and AAA (C) measured
during perfusion of livers from control () and FHF rats (H). A
negative value indicates release from the liver. The numbers of samples
per time point are indicated in Table 2. Data are represented as mean
+ SE. Significant differences from the control group at each time point
are indicated by **(P<0.01).

and glycolytic MFA models. The consistency index was
used to determine which model resulted in the best fit of
the data. For the control group, the gluconeogenic
model always minimized the consistency index. For
the FHF group, the 1 and 4h data were best fit by the
gluconeogenic model, and the 8 and 12h data by the
glycolytic model. The calculated intrahepatic fluxes are
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Table 2
Uptake rate of individual amino acids by perfused livers®

lh 4h 8h 12h

Control FHF Control FHF Control FHF Control FHF

(n=06) n=Y5) n=9) n=9) (n=11) n=17) (n=06) (n=235)
Aspartate (Asp) 0.5+0.4 0.2+0.2 0.3+0.1 0.4+0.2 0.3+0.2 0.1+0.2 0.4+0.2 —0.04+0.1
Glutamate (Glu) —44+4+13 —2.84+0.1 —-39+04 —3.340.6 —48+0.5 —-55406 —3.54+0.9 —6.9+1.1*
Serine (Ser) 6.0+2.9 6.8+1.1 5.7+40.8 55+1.0 6.6+2.0 42+0.6 7.5+1.6 0.0+1.7*
Asparagine (Asn) 10.0+2.9 11.8+1.9 8.2+1.1 8.5+14 8.4+22 53409 84+1.3 4.2+0.9*
Glycine (Gly) 46+14 38+1.3 32404 2.1+0.7 14+1.1 0.5+1.0 2.7+1.0 —0.6+0.9*
Glutamine (Gln) 70.8+20.9 68.0+18.3 65.1+10.3 33.1+6.1% 5524152 140459  61.7+5.0 —3.84+11.6%*
Histidine (His) 55+1.2 51413 4.82+0.7 1.82+1.1* 21407 —-0.240.6* 19+1.0 —4.0+1.8*
Threonine (Thr) 0.5+1.6 1.6+1.7 0.4+0.7 —-09+1.0 0.1+1.0 —-2.340.5 24+1.3 —4241.1*%
Arginine (Arg) 16.5+5.1 26.5+1.3 162422 25.0+3.6  17.543.2 I.1+13 117419 14.4+3.0
Alanine (Ala) 9.8+2.4 9.6+1.1 8.5+0.7 8.44+0.6 7.1+1.8 69+1.2 7.0+0.7 2.940.4%*
Proline (Pro) 4.8+0.9 42404 3.6+0.5 2.6+0.6 20+1.0 2.0+0.8 3.0+0.9 —2.240.8%*
Tyrosine (Tyr) 1.8+0.3 0.5+0.7 1.4+0.5 —0.740.8 0.1+£0.7 —0.740.6 1.1+0.9 —2.040.2%
Cysteine (Cys) —1.14+0.3 —-0.740.2 —-0.9+0.1 -1.0+0.1 -0.7+02 —-0.5+0.1 —-0.2+0.3 —-1.04+0.3
Valine (Val) —-2.6+1.0 —1.340.3 -3.1+0.6 —-1.3409 —18+1.0 —3.540.5 0.5+1.2 —4.04+0.5*
Methionine (Met) 1.0+0.5 0.8+0.3 1.0+0.1 04+02*% 0.840.3 0.2+0.2 0.8+0.4 —0.54+0.4*
Isoleucine (Ile) 0.5+14 3.6+1.1 2.6+0.5 1.7+1.1 1.6+1.1 —0.1+1.0 1.8+1.6 —3.6+1.0%
Ornithine (Orn) —14.8+18 —129+1.7 —144+0.7 —14.8422 —122+28 —88+19 —-6.7+14 —-83+0.9
Leucine (Leu) —-3.7+1.1 —2.3403 -38+04 —-3.1409 —4.0+0.6 —45407 —-024+1.7 —5.840.9*
Lysine (Lys) 3.0+1.5 34+1.5 32+04 23+1.0 —-04+1.1 0.0+1.2 34+1.5 —4.0+1.3*
Phenylalanine (Phe) 10.0+1.4 7.2+0.3 8.1+0.9 8.1+0.7 43+1.1 3.6+0.8 22+04 2.74+0.3

*P< 0.05 compared with control. **P< 0.01 compared with control.

?A negative value indicates net release. Data are presented as mean + SE in pmol/g dry liver/h.

summarized in Fig. 3 (for complete data set, see
Appendix). At the 1h time point, TCA cycle fluxes
(nos. 13—17) and portions of the gluconeogenic pathway
(fluxes nos. 6, 7) were inhibited compared to controls, as
indicated by the blue arrows, while lactate release
increased (flux no. 11), as indicated by the red arrow.
At the 4h time point, urea cycle fluxes (nos. 19-20),
several amino acid oxidation pathways (nos. 41, 43, 45,
46), aspartate synthesis from oxaloacetate (flux no. 48),
and f-oxidation (flux no. 51) were downregulated, while
the PPP (fluxes nos. 59-63) was activated. Urea cycle
fluxes and aspartate synthesis remained depressed until
the end of the experiment. At the 8 h time point, the PPP
fluxes had returned to baseline; however, an early sign of
gluconeogenesis switching to glycolysis was indicated by
the reversal of flux no. 1, as shown by the orange arrow.
At the 12h time point, glycolysis was fully induced,
amino acid entry into the TCA cycle was broadly
inhibited, resulting in many amino acids being released,
and ketogenesis was inhibited.

3.5. Principal component analysis

PCA was used to condense the large set of data into a
small number of parameters (called principal compo-
nents) that would provide a sensitive and intuitive way
to track the evolution of FHF (see Fig. 4). Two principal
components were calculated for the control and the
FHF groups. Although a greater number of components

could be used, two were found to be sufficient to
account for over 90% of the variation in the data.
Table 3 shows the parameters that have the highest
weights (and thus the greatest impact) on each one of the
principal components and in each experimental group.
Using arterial plasma metabolite levels only, the PC1
coordinate was mainly comprised of the concentrations
of glucose and lactate, while the PC2 coordinate
involved the concentrations of lactate, glutamine,
glucose, alanine, and ACAC. The corresponding scatter
plot shows that PCI1 clearly divides the control and FHF
groups as early as the 1h time point (Fig. SA). There
was no clear trend observed in PC2 until the 12h time
point, where a decrease was observed. This change in
PC2 can be related to the increased lactate and
glutamine plasma levels. The control group exhibited a
downward shift along the PC1 axis in addition to PC2.
Next, we determined the principal components using the
measured extrahepatic liver perfusion data. The PCl1
coordinate was mainly comprised of the O, consump-
tion and CO, production rates, while the PC2 coordi-
nate contained the BHBA, ACAC, glutamine, and urea
rates. The corresponding scatter plot shows that PCI
clearly divided control and FHF groups even at the 1 h
time point (Fig. 5B), and both groups exhibited an
upward shift along the PC2 axis as a function of time.
Overall, the ability to separate between control sham
and FHF groups was not slightly better than with
plasma data only; however, the evolution with time was
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Fig. 3. Hepatic metabolic fluxes in perfused livers. Metabolic flux analysis was used to calculate intracellular pathway fluxes that account for the
observed metabolite rate profiles and the stoichiometry of a simplified hepatic metabolic reaction network. For clarity, amino acid degradation
pathways are grouped according to the points of entry into the TCA cycle, gluconeogenesis, and ketogenesis pathways. In addition, only selected
fluxes are shown (the complete list is in Appendix). Black arrows indicate the direction of reaction assumed in the model. Red arrows indicate fluxes
that are significantly higher than controls, Blue arrows show significantly inhibited fluxes, and Orange arrows show fluxes that reverse direction
(P<0.05). G-6-P, glucose 6-phosphate; F-6-P, fructose 6-phosphate; G-3-P, glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvate; TG,
triacylglycerol; a-KGA, a-ketoglutarate; ACAC, acetoacetate; BHBA, f-hydroxybutyrate. Amino acids are abbreviated using the standard three-
letter convention. Extrahepatic metabolites which are transported across the cell membrane and that feed into branch points of the network are
denoted by the subscript ex to distinguish between intra- and extra-hepatic pools.
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Fig. 4. Evolution of hepatic ATP production during FHF. ATP
production rates of mitochondria, cytosol, and total (mitochondria + -
cytosol) were calculated from fluxes determined by MFA for control
(O) and FHF rats (M), and are represented as mean+SE. The
numbers of samples per time point are indicated in Table 3. Significant
differences from the control group at each time point are indicated by
**(P<0.01).

more clearly observed with perfusion data. Using the
calculated intrahepatic fluxes, the first principal compo-
nent PC1 was most heavily weighed by fluxes no. 56
(mitochondrial electron transport), no. 58 (O, uptake
rate), and no. 57 (mitochondrial electron transport),
while PC2 primarily consisted of fluxes no. 52 (ACAC-
CoA production rate), no. 53 (ACAC production rate),
and no. 57. The corresponding PC2 vs. PCI scatter plot

was very similar to that obtained with the measured
extrahepatic fluxes (Fig. 5C).

4. Discussion

In this study, we characterized the evolution of the
hepatic metabolic state in a D-galactosamine-induced
FHF rat model by perfusing livers isolated up to 12h
after induction of FHF. The earliest metabolic change in
liver was a decrease in gluconeogenesis eventually
switching to glycolysis concomitant with inhibition of
TCA cycle and electron transport fluxes, causing an
increase in lactate release. Amino acid rates showed
time-dependent alterations that were most apparent
at 12h, i.e. later than lactate, glucose or TCA cycle
changes. These findings are consistent with prior reports
suggesting that the injured liver acts as a major source of
systemic lactate in the splanchnic circulation (Clemmesen
et al.,, 2000) and that implicate the activation of
glycolysis as a likely mechanism of increased hepatic
lactate release (Clemmesen et al., 2000; Gore et al., 1996;
James et al., 1999). Inhibition of pyruvate dehydrogen-
ase has also been implicated (Vary et al., 1986), although
in this study we observed an increase—rather than
decrease—in the pyruvate dehydrogenase flux (no. 10).
It is indeed likely that upregulating pyruvate dehydro-
genase would likely draw more material from the
pyruvate pool, and in turn consume more lactate, which
is at equilibrium with pyruvate. Metabolic perturbations
observed at the final 12h time point were largely
consistent with that previously reported in an earlier
publication, including: (1) significantly decreased hepa-
tic gluconeogenesis, (2) reduced amino acid entry into
various points of the TCA cycle, (3) inhibition of
intrahepatic aspartate synthesis leading to a reduction in
urea cycle flux, and (4) compensatory increase in
ammonia removal via glutamine synthesis from
glutamate and a decrease in the conversion of glutamate
to a-ketoglutarate (Arai et al., 2001).

Intracellular pathway fluxes were determined via
metabolic flux analysis (MFA), which balances the
major input and output metabolites according to well-
known stoichiometric constraints defined by a metabolic
model (Arai et al., 2001; Lee et al., 2000; Zupke and
Stephanopoulos, 1995). To reduce complexity, only the
pathways that handle the most substrate and signifi-
cantly contribute to the overall carbon and nitrogen
balances were included in the MFA model. Notably, we
chose to ignore the contribution of protein degradation
that occurred, as evidenced by the net release of specific
branch-chain amino acids (Table 2) in all of the
experimental groups, because the nature of the proteins
that are degraded is unknown and the generated amino
acids make up a relatively small proportion of the total
amino acid flux into the liver. Furthermore, it was
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Table 3
Classification of metabolites and intrahepatic fluxes according to their
weights in principal components®

PC1 PC2

Arterial plasma  Arterial plasma  Arterial plasma  Arterial plasma

Glucose —0.967 Lactate —0.891
Lactate 0.250 Glutamine —0.354
Glutamine 0.057 Glucose —0.254
ACAC —0.017 Alanine —0.068
BHBA —0.012 ACAC 0.064
Measured uptake rates

Oxygen —0.843 BHBA 0.596
Carbon dioxide —0.437 ACAC 0.450
BHBA —0.173 Glutamine —0.441
Glutamine —0.155 Urea —0.422
Urea —0.151 Carbon dioxide 0.166
Intrahepatic fluxes®

No. 56 —0.459 No. 52 0.385
No. 58 —0.423 No. 53 0.383
No. 57 —0.402 No. 57 0.341
No. 16 —0.260 No. 16 —0.266
No. 17 —0.258 No. 17 —0.256

“Negative values indicate that the parameter, when increasing,
decreases the value of the principal component.

Flux nos. refer to chemical reactions shown in Fig. 3 and the table
in the Appendix.

necessary to create two slightly different models for
gluconeogenic vs. glycolytic states in order to avoid
futile cycling between pyruvate, oxaloacetate, and
phosphoenolpyruvate. In the former case, we assumed
that fluxes through pyruvate kinase and pyruvate
dehydrogenase were negligible, while in the latter case,
we assumed that pyruvate carboxylase was inhibited
(Lee et al., 2000). We found better consistency between
model and experimental data when the gluconeogenic
model was fitted to data from the control group, which
is expected in these fasted animals that are otherwise
healthy. While FHF data from the 1 and 4 h time points
were also better fitted by the gluconeogenic model, this
was no longer the case afterwards, as the glycolytic
model best fitted the 8 and 12h data.

D-galactosamine treatment leads to the accumulation
of UDP-galactosamine at the expense of UDP-galactose
(Bauer et al., 1974). One published report indicates that
D-galactosamine treatment induces glucose 6-phosphate
dehydrogenase, the rate-limiting enzyme of the PPP
(Watanabe et al., 1978). Since the PPP is a major source
for de novo synthesis of nucleotides, as well as cytosolic
NADPH, a co-factor in many biosynthetic reactions
(Sabate et al., 1995), we added it to our MFA models,
which were otherwise similar to that previously used to
analyze metabolic data in D-galactosamine-induced
FHF in rats (Arai et al., 2001). It is noteworthy that
MFA calculations reveal that the measured rate of CO,
strongly affects the PPP flux while it has very little
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Fig. 5. Scatter plots of principal components based on arterial plasma
metabolites, measured uptake/release rates of metabolites by perfused
livers, and calculated intrahepatic fluxes. Principal component analysis
was used to identify the five most sensitive parameters that can
distinguish between control (O) and FHF (M) rat livers. Two principal
components (PC1 and PC2) were determined using the following data
sets: arterial plasma metabolite levels (A), measured metabolite uptake
rates by perfused livers (B), and calculated intrahepatic fluxes (C). The
definition of PCI1 and PC2 for each data set is in Table 3, and the
values are represented as mean &+ SE. The numbers of samples per time
point are indicated in Table 2.

impact on the rest of the MFA results. As pointed out in
the Materials and Methods section, CO, measurements
do not account for the possible increase in CO, levels in
the form of HCO3 across the liver. Although this may
underestimate the production of CO, and the calculated
PPP, the changes observed are most likely to hold in a
relative sense. Flux analysis indicated that the PPP
was upregulated in the FHF group 4h after the second
D-galactosamine injection, and was subsequently inhib-
ited. It is plausible that stimulation of the PPP is part of
a tissue repair process with increased NADPH and
nucleotide (for DNA synthesis) demand. PPP inhibition
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at later times may be caused by damage from the second
D-galactosamine dose. Further studies on this question
could lead to a better understanding of the metabolic
factors that eventually lead to recovery or death from
FHF.

The results indicate that the TCA cycle and electron
transport chain fluxes were inhibited by FHF, as
reflected by the reduced O, consumption rate in
perfused FHF rat livers. Recent reports indicate that
D-galactosamine treatment damages mitochondria by
promoting mitochondrial cytochrome c release from
liver and cultured hepatocytes, as part of the induction
of the apoptosis pathway (Kim et al., 2000; Quintero
et al., 2002). On the other hand, this finding is in
contrast with other studies that have reported that the
hepatic O, uptake is elevated in liver failure patients and
in an acute rat liver failure model induced by a single
dose of p-galactosamine (1.1 g/kg) (Clemmesen et al.,
1999; Makin et al., 1997). This discrepancy may be the
result of a more severe disease as a result of a higher
dose of p-galactosamine (two 1.4 g/kg injections) used to
induce FHF in our study.

In the FHF group, a greater proportion of ATP was
progressively derived from glycolysis (fluxes nos. 8-6) at
the expense of mitochondrial oxidative phosphorylation
(fluxes nos. 56 + 57) during the evolution of FHF, which
occurred in parallel with a switch from gluconeogenesis
to glycolysis. This is in striking contrast with the
gluconeogenic and ketogenic states observed in the
sham controls, which are the expected metabolic states
in livers of fasted animals. In a prior study using a single
D-galactosamine injection, TNF-a and IL-1§ levels were
significantly elevated (Shito et al., 2001) and both of
these cytokines have been shown to inhibit gluconeo-
genesis in cultured rat hepatocytes (Ceppi and Tither-
adge, 1998; Christ and Nath, 1996). Thus, it is likely that
cytokine-induced suppression is involved in our FHF
group as well. The mechanism of induction of glycolysis
in the FHF group is unclear, especially in a fasted state.
The induction of glycolysis in FHF is nevertheless
consistent with results of studies with humans under-
going acute liver failure suggesting that the injured liver
acts as a major source of systemic lactate in the
splanchnic circulation (Clemmesen et al., 2000), and
that implicate the activation of glycolysis as a likely
mechanism of increased hepatic lactate release (Clem-
mesen et al., 2000; Gore et al., 1996; James et al., 1999).
Further studies, in particular focusing on the interaction
of the glucagon, insulin, and cytokine signal transduc-
tion pathways, may shed light on the governing
mechanisms.

The results of PCA of arterial plasma levels suggest
that lactate is the most sensitive parameter that
distinguishes between control and FHF rats (Table 3).
Interestingly, blood lactate concentrations have been
correlated with the probability of survival of acute liver

failure patients (Bernal et al., 2002). Furthermore, PCA
suggests that instead of lactate alone, a linear combina-
tion of glucose, lactate, and glutamine concentrations in
arterial plasma could be used to more accurately
separate the control and FHF groups. This lumped
parameter is also more sensitive than the ketone body
ratio and the Fischer ratio, which were significantly
different from the controls at the 1 and 12h time
points only. The results of PCA of perfused liver
data suggest that the metabolic state of liver in FHF is
mainly characterized by the inhibition of mitochondrial
electron transport, followed by the inhibition of
ketogenesis. One prior study has indicated that plasma
glucose and lactate levels reflect the inhibition of
gluconeogenesis and activated glycolysis (James et al.,
1999) Furthermore, other reports have suggested that
glutamine uptake can drive mitochondrial ATP forma-
tion (Kovacevic and Morris, 1972; Piva and McEvoy-
Bowe, 1998) and increased f-oxidation (Kim et al., 2002)
such that the plasma concentration of glutamine may
reflect changes in the oxidative phosphorylation path-
way. Thus, the PCA analysis results with plasma are
consistent in many ways with changes in perfused liver.
Further study to establish the usefulness of PCA-derived
parameters as a prognostic tool for FHF is warranted.

We conclude that in a lethal model of p-galactosa-
mine-induced FHF, the earliest metabolic perturbations
detected include an inhibition of TCA cycle fluxes and
some parts of the gluconeogenic pathway, with a
significant increase in lactate release. Furthermore, the
data suggest that the main source of ATP production in
the FHF liver gradually changes from mitochondrial
oxidative phosphorylation to glycolysis. Taken together,
these findings are consistent with the notion that
D-galactosamine may cause early mitochondrial damage
while cytosolic pathways for ATP synthesis remain
functional. PCA analysis of the data suggest that a
combination of glucose, lactate, and glutamine concen-
trations in arterial plasma may be a new avenue for
the prognosis of FHF. Given that these results apply to
D-galactosamine-induced in rats, further studies will be
needed to generalize these findings to other causes of
hepatic failure.
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Appendix

See Table 4 for the reaction stoichiometry and fluxes
calculated by metabolic flux analysis.



Table 4

Reaction stoichiometry and fluxes calculated by metabolic flux analysis®

1h 4h 8h 12h
Flux No. Stoichiometry Enzyme(s) Control FHF Control FHF Control FHF (n=17) Control FHF
(n=06) (n=15) n=9) n=9) (n=11) (n=06) (n=75)
1 Glucose 6-phosphate — glucose + Pi Glucose 6-phosphatase 142422 8.3+4.5 17.8+2.5 6.0+5.0 16.3+2.2 —3.34+5.6%* 27.7+5.0 —3.345.1%*
2 Fructose 6-phosphate <> glucose 6- Phosphohexose isomerase 23.3+264 10.4+4.1 219425 66.3+23.1 72.3+37.3 46.6+51.7 153.24+329 —3.244.9%*
phosphate
3 Fructose 1,6-bisphosphate — fructose 6- Fructose-1,6-bisphosphatase 35.0+8.9 16.7+5.4 33.84+4.9 358+7.8 43.0+10.9 13.34+19.0 73.54+10.6 —2.94+53%*
phosphate + Pi
4 2 glyceraldehyde 3-phosphate < fructose Triose phosphate isomerase, fructose 40.04+9.1 18.8+6.4 37.846.0 38.5+7.8 4524+10.6 13.3+19.0 74.6+10.5 —2.745.7%*
1,6-bisphosphate bisphosphatase, aldolase
5 glycerol + ATP+NAD * - glyceraldehyde Glycerol kinase, glycerol 3-phosphate 2.7+1.0 39414 5541.6 52413 9.940.9 9.0+2.1 16.5+2.1 9.14+1.2%
3—phosphate + ADP + NADH dehydrogenase, triose phosphate isomerase
6 Glyceraldehyde 3-phosphate + Pi+ ADP 4 steps 8494139 37.6+16.0* 77.5+15.4 57.5+11.2 66.7+11.3 1.1+21.0% 93.3+13.3 —14.3+12.6%*
+NAD "
phosphoenolpyruvate +
NADH +ATP
7 Oxaloacetate + GTP < Phosphoenolpyruvate carboxykinase 87.7+14.4 39.5+16.4* 80.5+15.7 59.1+11.4 67.9+11.5 34.5+7.6 93.9+13.7 31.1410.3%*
phosphoenolpyruvate + GDP + CO,
8 Phosphoenolpyruvate + ADP « Pyruvate kinase 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 33.4+24.0 0.0+0.0 45.4418.3*
pyruvate + ATP
9 Pyruvate+ CO, + ATP - Pyruvate carboxylase 9.2+16.6 —19.04+15.9 16.1+11.0 5949.0 1.7+13.1 0.0+0.0 9.9+0.3 0.0+0.0
oxaloacetate + ADP + Pi
10 Pyruvate+ NAD " — Pyruvate dehydrogenase 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 36.4+29.7 0.0+0.0 69.2417.6%*
NADH + CO, +acetyl—-CoA
11 Pyruva\teJrNADH<—>]acmte+T\IAD4r Lactate dehydrogenase 16.3+0.5 27.9+4.1* 19.2+1.6 26.7+1.5%* 21.7+1.4 28.8+3.1% 20.6+2.6 36.9+7.9%
12 Oxaloacetate + acetyl—CoA — citrate Citrate synthase 69.8+14.0 32.74+8.3 60.3+8.6 19.74+12.7* 46.2+11.2 16.3+14.5 23.1+16.7 35.0+11.9
13 Citrate + NAD " <0~ Aconitase, isocitrate dehydrogenase 65.7+13.7 27.3+8.1* 53.1+7.5 17.54+12.5* 44.4411.0 16.3+14.5 22.24+16.4 34.8+11.1
ketoglutarate + CO, + NADH
14 a-ketoglutarate+ CoOA—SH+NAD " — a-ketoglutarate dehydrogenase 141.2+13.6 93.74+8.8* 121.747.3 55.2412.1%* 100.6+10.9 32.9414.4%* 88.4+15.9 35.14+10.4*
succinyl-CoA + CO, + NADH
15 Succinyl-CoA + Pi+ GDP+ Succinyl-CoA synthetase, succinate 131.94+13.5 91.4+9.2% 113.6+7.3 51.5+11.7%* 97.5+10.9 29.54+ 14.4%* 89.6+15.3 26.84+9.8%*
FAD « fumarate + CoA—SH + dehydrogenase
GTP+ FADH,
16 Fumarate < malate Fumarase 256.3+18.3 177.4+16.9*% 2353+14.8 137.6+15.0%* 185.5+14.4 82.4+18.8%* 197.9+18.9 92.3+14.8%*
17 Malate + NAD " oxaloacetate + NADH Malate dehydrogenase 253.0+17.9 174.1£17.0% 230.6+14.7 135.84+14.6%* 184.0+14.2 82.4418.8%* 197.1+18.4 92.2414.3%*
18 Arginine — urea + ornithine Arginase 1352+14.7 107.1+14.1 137.5+13.1 103.8+11.6 102.3+11.1 60.3+11.8% 116.5+14.1 77.4+13.8%
19 Ornithine+ CO,+ NH, +2ATP — Cabamoyl phosphate synthetase, ornithine 11484123 92.0+11.6 11534104 78.7+9.3* 83.7+9.3 44.349.6* 103.6 +11.1 49.64+11.2%*
citrulline + 2ADP + 2Pi transcabamylase
20 Citrulline + aspartate + ATP — Argininosuccinate synthetase, 113.9+124 86.7+11.7 113.8+£10.5 7524+9.4* 81.8+9.3 43.5+9.5% 101.9+11.1 47.5+11.2%*

arginine + fumarate + AMP + ppi

argininosuccinase
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Table 4 (continued)

1h 4h 8h 12h
Flux No. Stoichiometry Enzyme(s) Control FHF Control FHF Control FHF (n=17) Control FHF
(n==06) n=>5) n=9) n=9) n=11) n==6) n=>5)
21 Arginine uptake 16.5+4.7 26.5+1.6 16.242.2 25.0+3.6 17.54+3.2 11.1+1.3 11.7+1.9 14.443.0
22 NH, output 21432 5.240.5 4.3+0.8 3.1+1.0 47409 1.5+0.3* 2.740.8 2.8+0.6
23 Ornithine output 14.8+1.6 129+1.7 14.4+0.7 14.8+2.2 122428 88+1.9 6.7+1.4 8.3+0.9
24 Alanine + NAD " — Alanine aminotransferase, glutamate 129452 7.7+4.6 154433 142427 10.8+4.1 13.3+29 11.1£3.1 20.5+3.7
pyruvate + NH + NADH dehydrogenase
25 Alanine uptake 9.8+2.2 9.6+1.1 8.5+0.7 8.440.6 7.1+1.8 69+1.2 7.0+0.7 2.940.4%*
26 Serine - NH, + pyruvate Serine dehydratase 124+7.6 49+6.9 15.84+5.0 14.6+4.1 10.2+5.9 12.4+4.1 15.4+4.7 243457
27 Serine uptake 6.0+2.6 6.8+1.1 57408 5.5+1.0 47+19 39+0.6 75+1.6 0.0+ 1.7%*
28 Cysteine+NAD+SO§’—> Cysteine transaminase, 3- 3.0+49 —1.84+4.5 7.04+3.3 53427 3.7+3.8 6.1+2.7 4.64+3.0 16.0+3.8*
pyruvate + thiosulfate + NH; + NADH mercaptopyruvate sulfurtransferase
29 Cysteine uptake —1.240.3 —0.7+0.2 —0.9+0.1 —1.0+0.1 —0.7+0.2 —0.5+0.1 —0.2+0.3 —-1.0+0.3
30 Threonine + CoA—SH+NAD * — Serine hydroxymethyl transferase 0.5+1.5 1.6+1.7 0.4+0.7 —0.9+1.0 0.1+1.0 —2.340.5 24+13 —4241.1%*
glycine +acetyl-CoA + NADH
31 2glycine+ NAD " — Glycine synthase 45+2.6 1.5+2.5 5.1+1.8 3.8+1.5 2.7+2.0 23+14 47+1.7 6.3+2.0
serine + NADH + CO,+ NH,
32 Glycine uptake 4.6+1.3 38+1.3 32404 2.14+0.7 14+1.1 0.5+0.9 2.7+1.0 —0.6+0.9*
33 Valine + o-ketoglutarate + 2NAD * 8 steps —-2.6+0.9 —-1.34+0.3 —-3.1+0.6 —1.34+09 —-1.84+1.0 —-3.5+0.5 0.5+1.2 —4.040.5%*
+FAD+ ATP+ CoA—SH -
glutamate + (S)methylmalonyl—CoA +
2NADH + FADH, + CO, + 2Pi
34 IsoleucineJroz-keloglumrate+2NADJr 7 steps 0.5+1.2 3.6+1.1 2.6+0.5 1.7+1.1 1.6+1.1 —1.1+0.9 1.8+1.6 —3.6+1.0%
+FAD+ ATP +2CoA—SH —
glutamate + (S)methylmalonyl—CoA +
acetyl—CoA +2NADH +
FADH, + ADP + Pi
35 Leucine + a-ketoglutarate+ NAD ™ 6 steps —3.7+1.0 —-2.340.3 —3.8404 —3.14+0.9 —4.04+0.6 —4.540.7 —0.2+1.7 —5.840.9*
+FAD+ADP+Pi—
glutamate + NADH + FADH,
+ ATP + acetoacetate + acetyl-CoA
36 (S)methylmalonyl-CoA — succinyl—CoA Methylmalonyl-CoA epimerase and —6.2+1.9 0.2+1.6% —444+1.3 —2.0+1.7 —1.7+1.8 —3.44+1.0 1.842.3 —8.241.6%*
methylmalonyl-CoA mutase
37 Lysine + 2a-ketoglutarate + 3NAD ™ 7 steps 3.0+1.4 34+1.5 32+04 23+1.0 —04+1.1 0.0+1.2 34+1.5
+CoA—SH +FAD —
2glutamate + 3NADH +2CO,
+ FADH, +acetoacetyl—CoA
38 Phenylalanine + Hybiopterin + O, — Phenylalanine hydroxylase 10.0+1.3 7.240.3 8.1+0.9 8.1+0.7 43+1.1 3.6+0.8 22404 2.740.3
H,biopterin + tyrosine
39 Tyrosine + o-ketoglutarate + 20, — 5 steps 13.8+4.8 2.6+4.8 12.6+3.7 127427 7.6+3.8 93+28 7.243.0 18.1+3.4%
glutamate + CO, + fumarate + acetoacetate
40 Tyrosine uptake 1.840.3 0.5+0.7 1.440.5 —0.7+£0.8 0.1+0.7 —0.74+0.6 1.1+£0.9 —2.0+0.2*%
41 Glutamate + NAD o~ Glutamate dehydrogenase 93.1+13.3 79.7+12.8 88.8+8.5 54.246.3%* 60.4+10.5 17.84+6.4* 82.9+7.0 —2.849.2%*
ketoglutarate + NADH + NH;
42 Glutamate output 44+12 2.8+0.1 39404 3.3+0.6 48+0.5 5.540.6 3.54+0.9 6.9+1.1%
43 Glulamineaglutamale+NHJ Glutaminase 70.8+19.1 68.0+18.3 65.1+10.3 33.1+6.1%* 5524152 14.0+5.9 61.74+5.0 —3.84+11.6%*
44 Proline +0.50,+ NAP " — Proline oxidase, 1-pyrroline 5-carboxylate 4.840.8 42404 3.6+0.5 2.6+0.6 2.0+1.0 2.0+0.8 3.0+0.9 —2.240.8%*
glutamate + NADH dehydrogenase
45 Histidine + Hufolate > 4 steps 55+1.1 51+1.3 4.8+0.7 1.8+1.2% 2.1+0.7 —0.240.6% 1.9+1.0 —4.0+1.8*
NH, + N>~ formiminoH,folate +
glutamate
46 Methionine + 2ATP +serine+ NAD * + 6 steps 1.0+0.5 0.840.3 1.0+0.1 0.4+0.2* 0.84+0.3 0.2+0.2 0.840.3 —0.5+0.4*
CoA—SH —PPi+Pi+ADP+
AMP + adenosine + cysteine + NADH +
CO, + propionyl—CoA
47 Propionyl—CoA + ATP+CO,— Propionyl-CoA carboxylase —1.240.6 0.5+1.0 —0.1+1.0 —0.840.5 —0.240.5 0.240.2 0.3+0.6 —0.54+0.5

(S)methylmalonyl—CoA + ADP + Pi

001
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48
49

50
51

52

53

54
55

56
57
58
59

60
61
62
63

64

Oxaloacetate + NH; + NADH «
aspartate + NAD ©

Aspartate output

Asparagine —aspartate + NH,
Triacylglycerol +3ATP +24CoA-SH +
21FAD+2INAD ™" - glycerol +
24acetyl-CoA +21FADH, +
21NADH +3AMP + 6Pi

2acetyl-

CoA > acetoacetyl—CoA + CoA—SH
Acetoacetyl—CoA —

acetoacetate + CoA—SH

Acetoacetate output

Acetoacetate + NADH < f3-
hydroxybutyrate + NAD *

NADH +0.50,-NAD

FADH, +0.50,->FAD

O, uptake

Glucose 6-P+2NADP " —ribulose 5-
P+2NADPH

Ribulose 5-P < ribose 5-P

Ribulose 5-P < xylulose 5-P

Ribose 5-P+xylulose 5-P < erythrose 5-
P+ fructose 6-P

Erythrose 4-P + xylulose 5-P < fructose 6-

P+ glyceraldehyde 3-P
CO, production

Aspartate aminotransferase, glumamate
dehydrogenase

Asparaginase
p-oxidation

Thiolase

Acetoacetyl-CoA hydrolase

p-hydroxybutyrate dehydrogenase

Mitochondrial electron transport chain
Mitochondrial electron transport chain

Glucose 6-P DH, 6-Pgluconolactonase,
and P-gluconate DH

Ribose 5-P pentose isomerase
Ribulose-P 3-epimerase

Transketolase and transaldolase

Transketolase

101.1+12.0
0.5+0.4

10.1+£2.7
49408

2234104

2444104

20.6+8.9
13.1+£2.8

471.5+40.4
232.3421.9
392.54+28.2

4.14£26.6

2.5+8.8
—2.6+18.0
—-1.749.0
—5.049.3

197.8+18.5

789+11.2
0.240.2

11.8+£1.9
42+0.6

349+7.6

35.6+7.2

13.8+1.3
193454

330.4+13.6*

183.8+12.8

273.2+6.8%*
0.0+0.0

0.5+£0.3
-23+15
—1.34+0.8
—28+1.8

95.0415.4%*

100.3+8.8
0.3+0.1

89+1.1
6.6+0.8

47.8+9.4

479+9.3

17.04+4.2
36.4+8.4

443.0+27.9

251.8+17.9

384.2419.1
0.0+0.0

0.940.3
—43+1.3
—2.5+£0.8
—52+1.6

143.4+15.8

60.9+7.6%*
0.440.2

8.5+1.4
6.4+1.1

65.4+16.9

67.3+17.0

36.5+8.3
39.8+14.6

247.2+38.6%*
185.3+22.8*
251.54+25.7**

57.54+23.6%
19.8+7.8*
35.5+15.9*%
17.5+8.0%

15.7+8.1*

1252+7.8

69.8+9.2
0.3£+0.2

84422
10.8+0.7

105.7+10.0

104.84+10.0

40.6+7.0
67.5+£6.2

415.5+31.2
320.6+17.7
388.9+21.3

53.7+£37.9

18.4+12.5
33.4+259
16.5+£13.0
150+13.4

189.5+38.3

31.6+7.5%
0.1£+0.2

53409
9.0+2.1

114.4+19.9

114.4+19.9

57.6+14.5
61.6+13.3

270.2+56.7%

210.0+37.9*

263.4+28.5%*
49.9+49.8

16.6+16.6
33.2+33.2
16.6+16.6
16.6+16.6

133.8+9.4

89.1+8.8
0.440.2

84+1.3
17.0+1.9

194.6+£29.4

197.7+29.4

853+11.5
119.1+£27.1

483.4+41.8
452.4+30.8
486.2+23.2
124.4+33.4

41.7+11.1
81.7+22.6
40.8+11.3
40.0+11.6

234.9+16.6

25.949.7%*
0.0+0.1

4.2+0.9*
9.1+1.1%*

119.5+16.1

115.4+16.4*

52.4+5.9%
75.3+15.5

307.9+21.5%*

200.6+25.1**

292.0+17.8**
0.0+0.0%*

0.04+0.2%*
—0.14+1.0%*
—0.140.6**
—0.24£1.2%*

133.1£14.0%*

*P<0.05, *P<0.01 compared to control at same time point; Abbreviations: ADP, adenosine diphosphate; AMP, adenosine monophosphate; GDP, guanosine diphosphate; GTP, guanosine
triphosphate

#Data shown are mean (ccmol/g dry liver/h)+SE. A negative value indicates that the net flux is in the opposite direction of that shown in the ““Stoichiometry” column.
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