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Abstract

Severe injury activates many stress-related and inflammatory pathways that can lead to a systemic
hyper-metabolic state. Prior studies using perfused hypermetabolic rat livers have identified
intrinsic metabolic flux changes that were not dependent upon the continual presence of elevated
stress hormones and substrate loads. We investigated the hypothesis that such changes may be due
to persistent alterations in gene expression. A systemic hypermetabolic response was induced in
rats by applying a moderate burn injury followed 2 days later by cecum ligation and puncture
(CLP) to produce sepsis. Control animals received a sham-burn followed by CLP, or a sham-burn
followed by sham-CLP. Two days after CLP, livers were analyzed for gene expression changes
using DNA microarrays and for meta-bolism alterations by ex vivo perfusion coupled with Meta-
bolic Flux Analysis. Burn injury prior to CLP increased fluxes while decreases in gene expression
levels were observed. Conversely, CLP alone significantly increased metabolic gene expression,
but decreased many of the corresponding meta-bolic fluxes. Burn injury combined with CLP led
to the most dramatic changes, where concurrent changes in fluxes and gene expression levels
occurred in about 1/3 of the reactions. The data are consistent with the notion that in this model,
burn injury prior to CLP increased fluxes through post-translational mechanisms with little
contribution of gene expression, while CLP treatment up-regulated the metabolic machinery by
transcriptional mechanisms. Overall, these data show that mRNA changes measured at a single
time point by DNA microarray analysis do not reliably predict metabolic flux changes in perfused
livers.
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Introduction

A common cause of hypermetabolism is severe trauma and burns, especially when patients

are afflicted by complications, such as nosocomial infections. Although the primary insult is
sufficient to trigger a systemic inflammatory response accompanied by hypermetabolism, it
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is believed that a second insult in the post-trauma period, due to infection or other insult,
plays a major role in causing a more persistent inflammatory response with an ongoing
hyper-metabolic and catabolic state leading to severe loss of lean body mass and increased
risk of Multiple Organ Dysfunction Syndrome (Fitzwater et al., 2003; Sheridan et al., 1998).
An important player in systemic hypermetabolism is the liver, which in large part controls
circulating levels of metabolites, and it is the major site for gluconeogenesis as well as the
disposal of amino acid nitrogen into urea. Thus, a better understanding of the regulation of
the hypermetabolic response in the liver would provide clues for limiting its harmful
consequences.

Prior studies using isolated perfused organs have identified differences in metabolic fluxes
within liver (Banta et al., 2005; Lee et al., 2000; Yamaguchi et al., 1997) and muscle (Banta
et al., 2004) after burn injury that were not dependent upon the continual presence of
elevated stress hormones and substrate loads, which suggests that intrinsicchanges in the
metabolism of these tissues had occurred. Such differences might be explained by changes
in gene expression and enzyme protein levels; for example, sepsis-induced inhibition of
gluconeogenesis has been attributed to decreased transcription of phosphoenolpyruvate
carboxy-kinase and glucose 6-phosphatase (Deutschman et al., 1995; Maitra et al., 2000).
However, no studies in the literature have reported the relationship between gene expression
levels and metabolic flux alterations that occur during the response to systemic
inflammation.

A holistic, systems-based approach has proven useful for the study of metabolic changes in
complex biological systems (Cobb and O’Keefe, 2004; Lee et al., 1999; Nguyen and Yaffe,
2003; Yarmush and Banta, 2003; Yarmush and Berthiaume, 1997). This is especially true
when characterizing hypermetabolic and catabolic states that involve many interorgan and
intraorgan metabolic fluxes (Herndon and Tompkins, 2004; Tredget and Yu, 1992).
Metabolomics-based studies, more specifically metabolic flux analysis (MFA) with or
without isotopic tracers, have been used to characterize carbon and nitrogen metabolism in
vivo (Hellerstein and Murphy, 2004; Yang and Brunengraber, 2000), in individual organs
and tissues in isolated perfusion systems (Banta et al., 2004, 2005; Chatziioannou et al.,
2003; Des Rosiers et al., 2004; Jin et al., 2004; Lee et al., 2000; Lee et al., 2003; Yokoyama
et al., 2005), and isolated and cultured mammalian cells (Chan et al., 2003a,b; Marin et al.,
2004; Zupke et al., 1995). Techniques to characterize system-wide changes in protein levels
and gene expression include proteomic (Aulak et al., 2001; Duan et al., 2004) and DNA
microarray analysis (Chinnaiyan et al., 2001; Dasu et al., 2004; Vemula et al., 2004). These
techniques have been applied in combination to identify the contributions of translational
and post-translational mechanisms to metabolic flux distributions primarily in prokaryotes
(Hua et al., 2004; Kromer et al., 2004; Oh et al., 2002; Segre et al., 2003; Tummala et al.,
2003), and more recently in liver cells (Wong et al., 2004).

In this study, we have used a dual insult model in the male rat, which consists of a ~20%
total body surface area (TBSA) third degree scald burn, followed 2 days later by severe
polymicrobial sepsis produced through the cecum ligation and puncture (CLP) technique
(von Allmen et al., 1990), to induce a hypermetabolic and catabolic state. DNA micro-array
analysis and in situ liver perfusions coupled with MFA were concomitantly carried out to
determine whether the persistent changes in hepatic metabolism were due to changes in gene
expression. The data show that burn injury prior to CLP increased metabolic fluxes while
reductions in gene expression levels were observed. Conversely, CLP alone significantly
increased the expression of key metabolic genes, but decreases were observed in the
metabolic fluxes through these pathways. Combining a priming burn injury with subsequent
CLP led to concurrent changes in fluxes and gene expression in about 1/3 of the fluxes. The
data are consistent with the notion that in this animal model, burn injury prior to CLP

Biotechnol Bioeng. Author manuscript; available in PMC 2011 October 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Banta et al.

Page 3

increased fluxes through post-translational mechanisms with little contribution of gene
expression, while CLP treatment up-regulated the metabolic machinery by transcriptional
mechanisms. The greatest metabolic response in the liver was observed when both
complementary changes occurred.

Materials and Methods

Animal Model

Male Sprague Dawley rats (Charles River Labs, Wilmington, MA) weighing between 150
and 200 g were housed, watered and fed in accordance with the National Research Council
guidelines. The experimental protocol was approved by the Subcommittee on Research
Animal Care, Committee on Research, Massachusetts General Hospital. The animals were
randomly divided into three groups. Initially, one third of the rats received a ~20% TBSA
dorsal scald burn through a 10 s immersion in boiling water under ketamine and xylazine
anesthesia, as previously described (Yamaguchi et al., 1997). The remaining rats were
treated identically, except that they were given a sham burn using 37°C water. All rats were
resuscitated with saline (50 mL/kg) and placed in separate cages with food and water ad
libitum. Two days later, the burned animals and half of the sham-treated animals were
subjected to a cecal ligation and puncture (CLP) procedure under ketamine and xylazine
anesthesia. Briefly, laparotomy was performed, and the cecum was ligated just distal to the
iliocecal valve, and then punctured through and through 4 times with an 18-gauge needle.
The cecum was gently squeezed to expel a small amount of fecal material through the holes,
and then returned to the abdomen. The abdominal cavity was closed in layers. The
remaining sham-treated animals were given a laparotomy only. All animals were
resuscitated with saline (50 mL/kg) and allowed to recover. This created three groups of
rats: Sham-Sham, Sham-CLP, and Burn-CLP.

Eighteen rats (six from each group) were used for weight gain studies only, and weighed
daily (~12:00 p.m.) for 10 days after injury. Another 18 rats (six from each group) were used
for liver perfusion experiments (described below). The remainder nine rats (three from each
group) were used for liver DNA microarray analysis (described below).

Liver Perfusions and Metabolic Flux Analysis

Three days after induction of burn injury, the animals were fasted overnight to deplete
hepatic glycogen stores (approximately 18 h), and on post-burn day 4, they were
anesthetized and prepared for in situ liver perfusion as previously described (Banta et al.,
2005; Yamaguchi et al., 1997; Yokoyama et al., 2005). Briefly, a laparotomy was performed
and the liver was cannulated through the portal and hepatic veins, while the hepatic artery
was ligated, thusisolating the liver from the rest of the animal. The liver was perfused for 1 h
at 37°C in a recycling mode with Minimal Essential Medium supplemented with amino
acids and 3% bovine serum albumin (BSA) as previously described (Yamaguchi et al.,
1997).

For each perfused liver, perfusate samples were taken at regular intervals and the
concentrations of 26 metabolites were measured off-line, as previously described (Banta et
al., 2005; Yamaguchi et al., 1997). Metabolite concentrations were multiplied by the total
perfusate volume at the time of sampling to obtain the total amount of each metabolite
remaining at the time of sampling. This quantity was plotted as a function of time, and the
slope was determined to obtain the rate of production or consumption of each metabolite.
Partial pressure measurements for O, and CO, were made across the liver at 10, 30, and 50
min into the 1-h perfusion and averaged. The inlet-outlet differential in O, and CO, levels
was converted to molar concentrations using Henry’s Law, and multiplied by the flow rate
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to obtain the total rates of O, and CO, consumption and uptake, respectively (Banta et al.,
2005). All above rates were normalized to wet liver weight to obtain the final normalized
value of the reported fluxes.

Since livers were metabolically stable during the perfusions, a pseudo steady-state could be
assumed, and measured fluxes were then analyzed by MFA to estimate the unmeasured
metabolic fluxes that involve strictly intracellular metabolites, as previously described (Arai
etal., 2001; Banta et al., 2005; Lee et al., 2000). Briefly, a simplified metabolic network
model of the liver that comprises 72 reactions involving 45 metabolites was constructed. A
mass balance equation was written around each one of the 45 metabolites, and assuming
steady-state, this yielded a system of 45 independent linear equations. Of the 72 fluxes in the
model, 28 were measured (Table I), leaving 44 unknown reaction fluxes. Since the system
was overdetermined by one degree of freedom (45 equations vs. 44 unknowns), a least-
square method (Lee et al., 2000) was used to solve the linear system of equations, thus
yielding the unknown fluxes.

The metabolic network model was created that best reflected the major metabolic pathways
that are known to be active in the liver as well as the measured metabolic fluxes (Table I11).
The observation of the net release of the branched chain amino acids (leucine, isoleucine,
and valine) suggested that the perfused livers were actively degrading protein, and it was
assumed that the protein was the BSA found in the perfusate. Therefore, a BSA degradation
term was included in the model to account for this (Reaction 48) (Banta et al., 2005). A total
carbon and nitrogen balance on the fluxes measured across the livers showed the net release
of both carbon and nitrogen (Table I1). The degradation of the BSA did not provide enough
carbon to account for the large net release, and therefore a term for the oxidation of glycerol
(Reaction 10), and a term for the B-oxidation of fatty acids, either from endogenous sources
or from the lipids associated with the BSA, (Reaction 42) were added to the model.

DNA Microarray Analysis

For each condition, whole livers were harvested from anesthetized rats. The livers were
quickly rinsed in PBS buffer, wrapped in aluminum foil, and flash frozen in liquid nitrogen.
The whole livers were pulverized, and total RNA was isolated from ~50 mg of liver tissue
using the Nucleospin 1l RNA isolation kit from BD Biosciences (Palo Alto, CA). Briefly,
the tissue was homogenized in buffer RA1 (supplied by the manufacturer) and -
mercaptoethanol. To clear the homogenate, 70% ethanol was added, and loaded onto a
column to retain the RNA on the membrane. After DNase | treatment, the RNA was eluted
with 30 pL RNase-free water and the integrity verified on a gel. Twenty micrograms of
RNA were labeled and hybridized onto Affymetrix RAE230A chips using standard
Affymetrix hybridization protocols as previously described (Vemula et al., 2004). The chips
were scaled to a target intensity of 500 to account for the experimental variations between
replicates using Affymetrix GENECHIP MAS V.0 software. The entire dataset is available
at gene expression omnibus (http://www.ncbi.nlm.nih.gov/geo/) with the accession number
GSE1781.

The genes involved in the metabolic pathways used for the MFA analysis were searched in
the Affymetrix website (www.affymetrix.com) and the corresponding 221 probe set IDs
were identified. A search for amino acid transporters retrieved several probes out of which
only those expressed in the liver were retained. ESTs were eliminated from the data set
unless they represented genes in the metabolic pathways. This resulted in 156 probes that
were used, and they are listed in Table IV.
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RT-PCR Analysis of Selected Genes

Statistics

Results

The mRNA sequences for eight genes involved in metabolism (Ata3, Taldol, Got2, Lipc,
Sds, Argl, Idh1, Pc) and 18S rRNA (housekeeping gene) were retrieved from the GenBank
database and gene specific primers were designed for each transcript. RNA was extracted
from ~50 mg of whole liver tissue, prepared as described above. RT-PCR was performed
with ~100 ng of total RNA using the Superscript Il one-step RT-PCR kit (Invitrogen,
Carlsbad, CA) on a icycler real-time PCR machine (Bio-Rad, Hercules, CA). The cycle
number at which the fluorescence in each amplification reaction increased beyond a
threshold (in the exponential phase of amplification) was determined using the MyiQ
software (Bio-Rad). Threshold cycle numbers for each gene was normalized to that of 18S
rRNA as described earlier (Jayaraman et al., 2000). The fidelity of the amplified product
was also verified on a 2% agarose gel.

Weight loss data were compared pair-wise each day using 1-way ANOVA, and statistical
significance was determined using post-hoc Tukey’s test with a 95% confidence level. The
72 fluxes quantified by the MFA and the 156 relevant probes from the microarray analysis
were compared between control and experimental groups and the differences tested for
statistical significance using significance analysis of microarrays (SAM) (Tusher et al.,
2001), which uses a modified t-test and corrects for multiple testing using FDR (False
discovery rate) approaches. By setting the FDR empirically at 10%, we identified 35
metabolic fluxes and 62 probe sets on the microarray chip to be significantly altered. To
analyze the correlation between changes in gene expression and fluxes, each flux and gene
expression change was labeled *“ —1, 0, or 1” to indicate direction of change, that is,
significant decrease, no significant change, or significant increase. Flux and gene expression
changes were compared using the Mann-Whitney test, and P < 0.05 was considered a
significant difference.

Evaluation of the Burn and CLP Models

To assess the catabolic impact of the dual insult model, total body weight was monitored
after administration of injury for 10 consecutive days (Fig. 1). Although blood samples were
not taken for the measurement of bacteria types and levels, it has previously been shown that
single needle punctures during CLP, using a range of different sized needles, always
produced systemic bacteremia (Otero-Anton et al., 2001).

The CLP procedure following sham (Sham-CLP) or burn (Burn-CLP) treatment resulted in a
statistically significant weight loss compared to the sham-treated animals (Sham-Sham)
from post-burn day 3 (i.e., 1 day after CLP treatment) onwards. The Burn-CLP group lost
slightly more weight than the Sham-CLP group, although this difference was not statistically
significant. The peak of the response occurred around post-burn day 4; consequently, livers
were isolated at that time point for all subsequent metabolomic and genomic studies.

MFA and Microarray Analysis

The fluxes of 28 metabolites were measured across the perfused livers (Table I). As
observed in prior studies, metabolites were found to change linearly with time, indicating
that the perfused liver was metabolically stable for the duration of the 1 h perfusion period
(Banta et al., 2005; Dahn et al., 1992; Lee et al., 2000, 2003; Mortimore and Surmacz, 1984;
Yamaguchi et al., 1997). Examples of the oxygen uptake rates, urea production, glutamate
production, and arginine consumption can be found in Figure 2. As described in the
Materials and Methods section, an overall carbon and nitrogen balance using the measured
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metabolites across the perfused livers (Table I1) suggests that protein degradation is
occurring in the liver (Reaction #48) as well as the oxidation of stored fatty acids (Reaction
#42) and glycerol (Reaction #10). The final results of the MFA can be found in Table I11.

The application of the MFA resulted in a protein degradation term that caused a release of
the branched chain amino acids that was larger than the measured fluxesacross the livers.
This could be a result of the fact that proteins other than BSA are being degraded, and thus
the assumed ratio of the branched chain amino acids in the model protein is incorrect. Or, it
could be that the liver is metabolizing the branched chain amino acids as they are released. It
is well known that almost all branched chain amino acid oxidation occurs extrahepatically,
but it has also been observed that isolated rat hepatocytes (Hutson et al., 1992) and whole rat
liver tissue preparations (Shinnick and Harper, 1976) are able to oxidize the branched chain
amino acids to some degree. Therefore the reactions for the metabolism of the branched
chain amino acids were included in the metabolic network model (reactions 29-31). As
expected, the fluxes through these reactions were found to be very small (Table I11).

The microarray analysis was performed on liver tissue (Table 1V) from animals that were
treated identically to the animals used in perfusion studies, except the livers were never
perfused. Microarray analysis using the Affymetrix RAE230A chips provides expression
data on a large number of genes beyond what is used in the MFA analysis. In order to make
a meaningful comparison, the available genes on thechip were searched for their relevance
to metabolism, and only corresponding genes to the pathways in the MFA model were used.
In the situation where multiple genes were identified for a given pathway, all of the genes
were included in Table IV. RT-PCR was used to validate the microarray analysis results for
several selected genes (Table V). The RT-PCR results were found to be very similar to the
microarray results (Fig. 3)

Effect of the Dual Injury Model on Hepatic Metabolism

The overall impact of the dual insult was determined by comparing the results obtained from
the Burn-CLP group to the Sham-Sham group. Figure 4A and B show this comparison for
gene expression data and metabolic fluxes, respectively. Burn-CLP up-regulated mRNA
levels for genes involved in the urea cycle, the respiratory chain, gluconeo-genesis, and the
metabolism of several amino acids, such as alanine, serine, cysteine, methionine, glutamine,
phenyla-lanine, tyrosine, and lysine. Furthermore, the specific transporters for glutamine and
arginine, and the neutral and cationic amino acid Ata3 transporter (contributes to transport
of all of the amino acids except glutamate, aspartate, phenylalanine, tyrosine, and
tryptophan) had increased mRNA levels. A down-regulation was observed for the genes
involved in ketone body production, the metabolism of lactate, glycine, isoleucine, and
leucine, and some of the enzymes in the pentose phosphate pathway. Mixed results were
observed for the genes involved in glycerol metabolism, the citric acid cycle, and -
oxidation.

MFA results (Fig. 4B) show several changes that are in qualitative agreement with gene
expression data, such as increased urea cycle fluxes, increased metabolism of serine and
methionine, decreased metabolism of lactate and isoleucine, and decreased production of
ketone bodies. However, many changes in fluxes were not reflected in the DNA microarray
data, such as increased metabolic fluxes through the citric acid cycle, and increased
metabolism of glycine, histidine, asparagine, threonine, and the release of glutamate. In
addition, decreases in B-oxidation fluxes, and the initial steps of gluconeogenesis were not
seen at the gene expression level. The gene expression changes seen in the respiratory chain
and the pentose phosphate pathway were not observed in the MFA results. A semi-
quantitative Venn diagram shows that overall, about 1/3 of gene expression changes and
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flux changes were in agreement (Fig. 5A). Gene expression and flux changes were not
significantly different (P = 0.2 per the Mann-Whitney test).

Effect of CLP Treatment Alone

The Sham-CLP group was compared to the Sham-Sham treated group to determine the
consequences of CLP alone. The DNA microarray results (Fig. 4C) show up-regulated
mRNA levels for many genes, and no down-regulated genes. Some of the up-regulated
genes were the same that were found up-regulated in the Burn-CLP group versus Sham-
Sham comparison (Fig. 4A), including the urea cycle, the respiratory chain, the metabolism
of several amino acids, including serine, cysteine, methionine, tyrosine, and lysine, the
specific transporters for glutamine and arginine, and the neutral and cationic amino acid
Ata3 transporter. In addition, other up-regulated genes included glycerol metabolism, the
citric acid cycle, and the metabolism of a few more amino acids (aspartate, asparagine,
valine, isoleucine, proline, glutamate, and threonine). As in the Burn-CLP group versus
Sham-Sham comparison, the p-oxidation pathway showed mixed results.

MFA data (Fig. 4D) showed a dramatically different picture, with mostly decreased fluxes,
including the respiratory chain, gluconeogenesis, lactate metabolism, B-oxidation, ketone
body production, and proteolysis. The metabolism of most amino acids was affected, with a
decrease in the metabolism of alanine, lysine, leucine, glutamate, proline, valine, tyrosine,
and phenylalanine. In addition, there was an increase in the uptake of asparagine, glutamine,
histidine and glycine, as well as a decrease in the release of cysteine and tyrosine. A few of
these changes, namely lactate metabolism, the early steps in gluconeogenesis, B-oxidation
and B-hydroxybutyrate production were previously observed in the Burn-CLP group versus
Sham-Sham comparison (Fig. 4B).

Looking at the overall picture, very few gene expression and metabolic flux changes were in
agreement (Fig. 5B), andthis difference was highly significant (P < 0.001 per Mann-Whitney
test). Furthermore it is noteworthy that almost all up-regulated pathways changed at the gene
expression level without a corresponding change in flux, while down-regulated pathways
changed with respect to flux, but not gene expression.

Effect of a Priming Burn Injury Before CLP Treatment

The Burn-CLP group was compared to the Sham-CLP group to assess the effect of the burn
injury before the CLP insult. The DNA microarray analysis (Fig. 4E) shows that the priming
burn causes an increase in the expression of genesinvolved in the metabolism of serine as
well as the Ata3 cationic amino acid transporter. A decrease was observed in the genes
involved in the metabolism of glycine, lactate, isoleucine, proline, threonine, tyrosine,
leucine, valine, glycerol, p-oxidation, and parts of the urea cycle, the citric acid cycle, and
the pentose phosphate pathway. Mixed results were observed with the genes involved in
gluconeo-genesis, the metabolism of aspartate, cysteine, valine, and the respiratory chain.
Few of these changes were reflected in the Burn-CLP group versus Sham-Sham comparison
(Fig. 4A), since the only common flux changes were leucing, isoleucine, glycine, serine, and
lactate metabolism, as well as a few fluxes in the pentose phosphate pathway.

Flux data (Fig. 4F) showed very different results from the corresponding DNA microarray
data. There was increased glucose production, pentose phosphate pathway fluxes, glycerol
metabolism, urea cycle, and the respiratory chain, and decreased lactate metabolism. Amino
acid metabolism was also affected, with an increased uptake of glycine, serine, methionine,
asparagine, arginine, proline, and phenylalanine, increased release of valine, tyrosine,
ornithine, and leucine, and increased metabolism of lysine, alanine, glycine, serine, cysteine,
methionine, threonine, asparagine, histidine, proline, and phenylalanine. Interestingly, flux
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increases in the urea cycle, aspartate, and asparagine metabolism, as well as glycine, serine,
methionine, and threonine metabolism, which were not seen in the Sham-CLP versus Sham-
Sham comparison (Fig. 4D) were reflected in the Burn-CLP versus Sham-Sham comparison
(Fig. 4B).

Figure 5C shows the overall correspondence between gene expression and metabolic flux
change. More than half of the up-regulated genes were associated with an increased flux,
although the majority of up-regulated fluxes did not exhibit up-regulated gene expression.
The majority of the down-regulated pathways had reduced mMRNA levels without decreases
in their corresponding fluxes. Overall, flux and gene expression changes were significantly
different (P < 0.001 per Mann-Whitney test).

Discussion

The purpose of this study was to characterize the effect of a dual insult consisting of a burn
injury with subsequent bacterial infection through CLP on liver metabolism and to
investigate the potential contribution of gene expression to the observed intrinsic metabolic
flux changes. Liver metabolism was characterized using MFA, which uses a large set of
metabolite measurements with a metabolic network model to provide an integrated view of
the metabolic flux map within the tissue. Gene expression was analyzed using DNA
microarrays, which provide a snap-shot of the gene expression pattern for the enzymes in the
hepatic metabolic network. We found that burn plus CLP significantly altered fluxes through
most pathways involved in central carbon and amino acid nitrogen metabolism in the liver.
Only about 1/3 of these changes — 3/4 of which were increases—were qualitatively reflected
at the gene expression level. CLP alone had a much different effect on hepatic metabolism
and gene expression than burn plus CLP, causing increases in gene expression of metabolic
enzymes while decreasing metabolic fluxes. The priming burn injury prior to CLP decreased
the expression of many genes, but increased a large number of fluxes.

The use of metabolomics and genomics techniques provided a global picture of the
consequences of the dual insult model on the major metabolic pathways in the rat liver. The
two methods are complementary because gene expression data can be used to determine
which enzymatic pathways are present in the tissue, and this information can be used to
build a relevant hepatic metabolic network. For example, a previous study using isolated
liver cells found that several genes were correlated or anti-correlated with fluxes in response
to a glutamine withdrawal challenge (Wong et al., 2004). However, the data presented here
indicate that single time point DNA microarray analysis cannot be used to predict metabolic
fluxes through the metabolic network of whole perfused livers.

There are several possible explanations for the observed lack of correlation. MRNA
transcripts are often subject to post-transcriptional regulation, and this can decrease the
correlation between the mRNA abundance, protein expression (Anderson and Seilhamer,
1997) and in turn, enzymatic activity. In particular, the dynamics of gene expression may
differ from enzyme protein levels due to the time required for gene transcription, and this
should be addressed by timecourse studies in the future. Fluxes may also be altered in
response to enzyme activity changes that are controlled through post-translational
mechanisms, such as allosteric modulation. Furthermore, mass action effects are another
potential factor that could affect fluxes through the metabolic reactions. For example, our
Sham-CLP versus Sham-Sham comparison shows that fluxes are going down while gene
expression is going up (Fig. 4C and D). A possible explanation would be lack of substrate
availability, which would cause fluxes to go down, even when the metabolic machinery is
upregulated. Interestingly, the priming burn (Burn-CLP versus Sham-CLP comparison) had
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a somewhatopposite effect, where fluxes were largely increased while gene expression data
is evenly distributed between up-regulated and down-regulated genes (Fig. 4E and F).

Other explanations for the observed discrepancies may have a physiological basis.
Conceivably, burn injury prior to CLP treatment could increase substrate availability to the
liver, and this may explain the much higher fluxes observed in the Burn-CLP model
compared to the Sham-CLP model. Consistent with this hypothesis, prior studies do indicate
that burn injury significantly up-regulates amino acid transport mechanisms in the liver
(Lohmann et al., 1998; Pawlick et al., 2000). However, CLP alone has also been shown to
increase amino acid transport to the liver, at least at shorter time points (<24 h) post-CLP
(Hasselgren et al., 1986). CLP has also been shown to reduce the hepatic energy charge due
to decreased function of mitochondria (Chen et al., 2004; Hampton et al., 1987; Hsieh et al.,
2004). Since many transport mechanisms indirectly derive their energyfrom ATP hydrolysis,
it is plausible that the effectiveness of substrate transport processes is reduced after CLP.
Further studies to clarify these potential mechanisms are warranted.

Prior studies have also suggested that in a hypermetabolic state, a large flux of amino acids
is generated from the catabolism of the skeletal muscle (Banta et al., 2004; Demling and
Seigne, 2000). Both Sham-CLP and Burn-CLP treatment induced delayed gain and even
loss of weight (Fig. 1). The liver is the main site for urea synthesis, and increases in amino
acid metabolism and urea cycle activity in the liver could negatively impact on the overall
nitrogen balance. Interestingly, the Burn-CLP model showed elevated urea cycle activity
and amino acid degradation both at the level of gene expression and metabolic fluxes (Fig.
4A and B), which suggests that in this model there is accelerated conversion of amino acid
nitrogen into urea. It is plausible that these metabolic changes in liver contribute to the loss
of body mass in this model. Sham-CLP treatment also induced significant weight loss,
although slightly less than Burn-CLP. Compared to the Sham-Sham group, gene
expressionchanges also indicate up-regulated urea cycle activity and amino acid metabolism
(Fig. 4C); however, this was clearly not reflected at the level of fluxes (Fig. 4D).

Another major metabolic feature of systemic inflammation and hypermetabolism is elevated
serum lactate levels, which increase in proportion with the severity of injury and are
correlated with poor prognosis (Jeng et al., 2002). Hyperlactatemia is thought to be due to
increased glycolysis at the wound site and in skeletal muscle. This is typically accompanied
by increased lactate conversion into glucose by the liver to complete the Cori cycle (Dahn et
al., 1995; Demling and Seigne, 2000). Our data show that the Sham-Sham control group was
gluconeogenic (reactions 1, 7-12 in the network) with a net uptake of lactate and conversion
to pyruvate (reaction 14). This was expected, because the livers were perfused after an
overnight fast, and the fluxes therefore reflect fasting-induced gluconeogenesis. No change
in glucose production, although a decrease in fluxes through the early steps of
gluconeogenesis (lactate conversion into phosphoenolpyruvate via oxaloacetate), occurredas
a result of Burn-CLP treatment. Sham-CLP treatment caused a more clear-cut decrease in
fluxes through the gluconeogenic pathway. Prior studies have documented that CLP
treatment can lead to a decrease in the activity of certain gluconeogenic enzymes, such as
phosphoenolpyruvate carboxykinase (Deutschman et al., 1995). The priming burn may
partially protect from the effect of CLP by inducing “endotoxin resistance” (Clancy et al.,
1997). Thus, the lack of an increase in gluconeogenic fluxes in perfused livers from Burn-
CLP and Sham-CLP animals is more likely due to the fact that lactate levels in the perfusate
medium were not increased relative to the Sham-Sham perfusions. In addition, we cannot
exclude the possibility that the fasting pre-conditioning could mask any stress-mediated
induction of gluconeogenesis. Further liver perfusion studies that include non-fasted
animals, and an injury-like substrate load and hormonal milieu in the perfusate, will be
needed to help delineate the role of factors external to the liver.
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In summary, we show that a moderate burn injury followed by CLP 2 days later induces
transient weight loss inrats with eventual recovery on post-burn day 5. Evaluation of liver
metabolism in this animal model of burn sepsis on post-burn day 4 (2 days after CLP) shows
increased TCA and urea cycle activities, as well as up-regulated amino acid metabolism.
Genomic analysis shows that only about 1/3 of these changes were consistent with gene
expression changes. CLP alone had a much different effect on hepatic metabolism and gene
expression than burn plus CLP, causing increases in gene expression of metabolic enzymes
while decreasing metabolic fluxes. The priming burn injury prior to CLP decreased the
expression of many genes, but increased a large number of fluxes.

Overall, these data show that MRNA changes measured at a single time point by DNA
microarray analysis do not reliably predict metabolic flux changes through the metabolic
network of whole perfused livers. This result may have large implications, as many authors
use DNA microarray results to infer metabolic status under differentphysiological states in a
variety of systems. Our work shows that drastic changes in metabolism can be measured
with or without corresponding changes in the gene expression.
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Figure 1.

Average percent weight changes following Sham-Sham (e), Sham-CLP (m), and Burn-CLP
(A) treatment. On post-burn day 7, two Sham-CLP rats died (#). n = 6 for all groups.
Weights for the Sham-CLP and Burn-CLP groups were significantly different from the
Sham-Sham controls starting on post-burn day 3 until the end of the experiment. The liver
perfusions and microarray analyses were performed on post-burn day 4, as shown by the
arrow.
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Figure 2.

Examples of averaged measured metabolic flux data across the perfused livers. Error bars
represent + SE, and n 6 for all measurements. A: Oxygen uptake rates measured at 10, 30,
and 50 min into the liver perfusions for the Sham-Sham (white), Sham-CLP (gray), and
Burn-CLP (black) groups.=There was not statistically significant difference between time
points for any of the groups. At 10 min, the Sham-CLP oxygen uptake rate was statistically
significantly lower than the Sham-Sham oxygen uptake rate (marked by *P < 0.05). B: Urea
production by the perfused livers from the Sham-Sham (e), Sham-CLP (m), and Burn-
CLP(A) groups. C: Glutamate production by the perfused livers from the Sham-Sham (e),
Sham-CLP (m), and Burn-CLP( A) groups. D: Arginine uptake by the perfused livers from
the Sham-Sham (e), Sham-CLP (m), and Burn-CLP( A) groups. The concentrations were
normalized to the weights of the perfused livers. The best-fit lines to the averaged data are
shown, and the slope is used to obtain the metabolic flux.
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Figure 3.

Comparison of Microarray and RT-PCR data. The fold-differences between RT-PCR data
from Table V are compared to the fold-difference values calculated from the DNA
microarray data in Table IV. Sham-CLP versus Sham-Sham (e), Burn-CLP versus Sham-
Sham (m), and Burn-CLP versus Sham-CLP ( A) comparisons are indicated. VValues of fold-
difference greater than 1.0 show up-regulation while values less than 1.0 indicate down-
regulation. The best-fit line for all of the data combined has a slope of 0.95.
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Figure 4.

Effects of burn injury and CLP on the gene expression pattern and metabolic fluxes in the
rat liver. A and B: Comparison between the Burn-CLP versus Sham-Sham groups using the
DNA microarray and metabolic flux data, respectively. C and D: Comparison between the
Sham-CLP versus Sham-Sham groups using the DNA microarray and metabolic flux data,
respectively. E and F: Comparison between the Burn-CLP versus Sham-CLP groups using
the DNA microarray and metabolic flux data, respectively. In panels A, C, and E, arrows in
red indicate increased gene expression, blue indicates decreased gene expression, and yellow
indicates mixed results. (“Mixed results” means that several genes on the array correspond
to that particular pathway and changed in opposite directions.) In panels B, D, and F, arrows
in red indicate increased metabolic flux, and blue indicates decreased metabolic flux.
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Semi-quantitative Venn diagrams showing the overlap between the MFA and DNA
microarray results described in Figure 4. The left hand column shows the number of
pathways that were up-regulated based on gene expression (black) or metabolic fluxes
(white). The right hand column shows the number of pathways that were down-regulated
based on gene expression (black) or metabolic fluxes (white). The overlap areas show the
number of pathways that had consistent changes in gene expression and metabolic flux (i.e.
both up-regulated or both down-regulated). A: Burn-CLP versus Sham-Sham. B: Sham-CLP
versus Sham-Sham. C: Burn-CLP versus Sham-CLP. In cases of mixed microarray results,
(for example, respiratory chain enzymes in Fig. 4E), the pathway under consideration was
assigned to the “up-regulated” or “down-regulated” category based on whether the largest
number of genes on the microarray chip relevant to that pathway were up- or down-
regulated.
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Table |

Metabolite fluxes measured across the perfused livers.

Pathway number

Measured metabolite

1
14
23
45
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Glucose
Lactate

Urea
B-hydroxybutyrate
Oxygen
Carbon dioxide
Acetoacetate
Ornithine
Ammonia
Alanine
Cystine
Aspartate
Glutamate
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine

Tyrosine
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