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Abstract: Burn injury remains a significant public health issue worldwide. Metabolic derangements
are a major complication of burn injury and negatively affect the clinical outcomes of severely burned
patients. These metabolic aberrations include muscle wasting, hypermetabolism, hyperglycemia,
hyperlactatemia, insulin resistance, and mitochondrial dysfunction. However, little is known about
the impact of burn injury on the metabolome profile in skeletal muscle. We have previously shown
that farnesyltransferase inhibitor (FTI) reverses burn injury-induced insulin resistance, mitochondrial
dysfunction, and the Warburg effect in mouse skeletal muscle. To evaluate metabolome composition,
targeted quantitative analysis was performed using capillary electrophoresis mass spectrometry
in mouse skeletal muscle. Principal component analysis (PCA), partial least squares discriminant
analysis (PLS-DA), and hierarchical cluster analysis demonstrated that burn injury induced a global
change in metabolome composition. FTI treatment almost completely prevented burn injury-induced
alterations in metabolite levels. Pathway analysis revealed that the pathways most affected by burn
injury were purine, glutathione, β-alanine, glycine, serine, and threonine metabolism. Burn injury
induced a suppressed oxidized to reduced nicotinamide adenine dinucleotide (NAD+/NADH) ratio
as well as oxidative stress and adenosine triphosphate (ATP) depletion, all of which were reversed by
FTI. Moreover, our data raise the possibility that burn injury may lead to increased glutaminolysis
and reductive carboxylation in mouse skeletal muscle.
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1. Introduction

Severe burn injury remains a significant public health issue associated with high
morbidity and mortality rates and therefore represents a major challenge in critical care [1].
In 2004, nearly 11 million people worldwide were severely burned resulting in an estimated
180,000 deaths annually (WHO, Burns fact sheet. 2018).

Metabolic derangements are a major complication of burn injury and negatively affect
clinical outcomes of severely burned patients [2,3]. These metabolic alterations include
muscle wasting, hypermetabolism, insulin resistance, hyperglycemia, hyperlactatemia,
and mitochondrial dysfunction [3–9]. Muscle wasting worsens clinical outcomes in burn
patients. It makes weaning off from mechanical ventilation difficult, which increases the
risk of secondary pulmonary infection and lung injury, leading to prolonged hospital stays
and increased mortality in severely burned patients [10]. Moreover, muscle wasting causes
muscle weakness-related decreased activities of daily living (ADL), resulting in prolonged
rehabilitation and decreased quality of life (QOL) for those surviving the acute phase of
burn injury [11]. Muscle cachexic changes have been implicated in the pathogenesis of
burn injury [8,12], although direct evidence is lacking.
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Hyperlactatemia and lactic acidosis are predictors for worse prognosis and mortality
in burn patients [5,6,13–16]. Previous studies have shown that over and above the effects of
hypoperfusion and tissue hypoxia, metabolic alterations (i.e., the Warburg effect) contribute
to hyperlactatemia in burn patients [13] and patients with shock [17]. The Warburg effect
(aka aerobic glycolysis) is a metabolic shift in which glycolysis-mediated ATP synthesis
predominates over that of oxidative phosphorylation in the mitochondria even in the
presence of sufficient oxygen availability, which leads to increased production and secretion
of lactic acid. Hypoxia-inducible factor (HIF)-1α is a transcription factor that orchestrates
the Warburg effect. Skeletal muscle is a major source of lactate in circulation.

Burn injury induces insulin resistance in skeletal muscle [18–20], which, in turn,
contributes to hyperglycemia and muscle wasting in severely burned patients, since skeletal
muscle is the largest organ that takes up glucose from the circulation, and insulin action
plays a key role in the maintenance of muscle mass [21,22]. Inflammatory/stress response
and inducible nitric synthase (iNOS) play an important role in burn injury-induced insulin
resistance [9,18,19,23].

Mitochondrial dysfunction/disintegrity is another feature of burn injury-induced
metabolic aberrations [23–25]. Burn injury-induced mitochondrial dysfunction/disintegrity
includes decreased oxygen consumption rate by the electron transport chain (e.g., complex I),
morphological alterations, and loss of mitochondrial DNA in skeletal muscle [23,26,27].
However, little is known about changes in metabolites that are associated with insulin
resistance and mitochondrial dysfunction in burns.

We have previously shown in mice [20,23] that: (1) burn injury induces insulin resis-
tance, the Warburg effect, and mitochondrial dysfunction/disintegrity in mouse skeletal
muscle at 3 days after burn injury compared with a sham burn; and (2) farnesyltransferase
inhibitor, FTI-277, reverses the burn injury-induced metabolic alterations. The burn injury-
induced Warburg effect in skeletal muscle was indicated by markedly increased expression
of HIF-1α and its downstream glycolytic genes, Glut1, lactate dehydrogenase A (LDHA),
pyruvate dehydrogenase (PDH) kinase 1 (PDK1) and pyruvate kinase M2, and increased
ex vivo lactate secretion by skeletal muscle in mice [23]. However, limited knowledge is
available about the effects of burn injury on the metabolome profile in skeletal muscle.
Therefore, we studied the effects of burn injury and FTI-277 on levels of metabolites by
metabolomics in mouse skeletal muscle.

2. Results and Discussion
2.1. Multivariate Analysis

Principal component analysis (PCA) demonstrated a clear clustering of the Burn-
Vehicle group that was separate from the other three groups, namely Sham-Vehicle, Sham-
FTI, and Burn-FTI (Figure 1A). The first principal component (PC1) accounted for 82.8% of
the variability and separated Burn+Vehicle from the other three groups. PC2 accounted for
8.3% of the variability. Sham-Vehicle, Sham-FTI, and Burn+FTI were relatively similar to
each other. For the first principal component (PC1), we searched for the top ten metabolites
based on the absolute values of the positive and negative factor loadings. The top ten
metabolites with the highest PC1 factor loadings are listed in Table 1. All the 10 metabolites
with the highest absolute factor loadings were negative factors and significantly lower in
Burn-Vehicle compared with the other three groups (Figure S1). On the other hand, the
loading values of the top five metabolites with the highest positive factor loadings were less
than 0.02 (Table S1), while those of the top five negative factor loadings were greater than
0.06 (Table 1). Although there were some metabolites that were increased in Burn-Vehicle
compared with the other three groups as shown below, one of the characteristics of the
metabolome profile of Burn-Vehicle could be deficiency of some metabolites as those listed
in Table 1 (Figure S1). Analysis of the overall metabolome profiles suggested that burn
injury-induced substantial changes in levels of many metabolites in Burn-Vehicle, leading
to a clearly distinct profile as compared to the other three groups as shown in the heatmap.
(Figure 1B).
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Figure 1. PCA score scatter plot (A) and the heat map (B). (A) Principal component scores are plotted.
Purple: Sham-Vehicle, Blue: Sham-FTI, Red: Burn-Vehicle, Green: Burn-FTI. (B) SV: Sham-Vehicle, SF:
Sham-FTI, BV: Burn-Vehicle, BF: Burn-FTI.

Table 1. The top ten metabolites with the highest absolute factor loadings on the first principal
component (PC1).

Metabolite PC1 Loading

Creatine −0.768436391

Lactic acid −0.589380214

ATP −0.182583912

Glycine −0.120121284

Glutamine −0.06894234

Inosine 5′-monophosphate −0.048388868

Alanine −0.0446261

Carnosine −0.03553214

Lysine −0.033458763

Glycerol-3-phosphate −0.026523959

To further investigate the separation between the four groups based on combined
levels of all metabolites, we used partial least square discrimination analysis (PLS-DA) [28].
The resulting PLS-DA score scatter plot of the four groups (Figure 2) suggests that Sham-
Vehicle, Burn-Vehicle and, Burn-FTI are well separated from each other, whereas the
Sham-FTI samples are grouped together with the Sham-Vehicle samples.

Next, we identified differential metabolites between Sham-Vehicle and Burn-Vehicle,
between Sham-FTI and Burn-FTI, and between Burn-Vehicle and Burn-FTI. Differential
metabolites were defined as those with an absolute fold change > 2 and p-value < 0.05. The
numbers of differential metabolites unique to and shared across the three comparisons
are shown in Figures 3 and S2. For differential metabolite analysis, we used both the
Wilcoxon rank sum test (Figure 3) and the Student t-test (Figure S2). The results produced
by these two tests were largely consistent. There are significant numbers of differential
metabolites between Sham-Vehicle and Burn-Vehicle (n = 45) and between Burn-Vehicle
and Burn-FTI (n = 34) (Figure 3). On the other hand, there were a relatively small number
of differential metabolites (n = 10) between Sham-FTI and Burn-FTI (Figure 3). Among
the differential metabolites between Sham-Vehicle and Burn-Vehicle, 34 metabolites were
significantly lower in Burn-Vehicle compared with Sham-Vehicle, while 11 metabolites were
significantly higher in Burn-Vehicle. Consistent with the result showing that all the top
ten metabolites with the highest absolute PC1 factor loadings were negative factors, these
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data support the notion that a characteristic of burn injury-induced metabolic dysfunction
may be suppressed abundance of certain metabolites. On the other hand, no differential
metabolites were found between Sham-Vehicle and Sham-FTI.
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Figure 3. The intersection of differential metabolites. Venn diagram illustrates the distribution of
differential metabolites showing significantly (p < 0.05 by Wilcoxon test) modulated levels. Red, blue
and green circles indicate differential metabolites between Sham-Vehicle vs. Burn-Vehicle, those
between Sham-FTI vs. Burn-FTI, and those between Burn-Vehicle vs. Burn-FTI, respectively.

2.2. Effects of Burn Injury—Volcano Plot and Pathway Analysis

The multivariate analyses showed that the metabolome profile of Burn-Vehicle is
clearly segregated from those of the other three groups. Therefore, we analyzed the effects
of burn injury mainly comparing Sham-Vehicle with Burn-Vehicle. Since comparison
between Sham-FTI and Burn-Vehicle has little biological relevance, we did not compare
between Sham-FTI and Burn-Vehicle. Consistent with the results of PCA and PLS-DA
and the number of differential metabolites, the volcano plot between Sham-Vehicle and
Burn-Vehicle shows that a number of metabolites were significantly altered by burn injury
and that more metabolites were negatively modulated (fold change < 0) by burn injury
compared with positively modulated metabolites (Figure 4).
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Figure 4. Volcano plot of altered metabolites between Sham-Vehicle and Burn-Vehicle. Metabolites
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Pathway analysis identified metabolic pathways that were significantly changed
between Burn + Vehicle and Sham + Vehicle (p < 0.05) (Table 2). The most affected pathways
(FDR < 0.05, impact > 0.1) are purine, glutathione, β-alanine, glycine, serine, and threonine
metabolism.

Table 2. Metabolic pathways with significant changes.

Pathway Raw p FDR Impact

Purine metabolism 0.0000000 0.0000000 0.32877

Glutathione metabolism 0.0000176 0.0007371 0.15168

β-Alanine metabolism 0.0000326 0.0009118 0.56716

Glycine, serine and threonine metabolism 0.0005840 0.0122640 0.47182

Aminoacyl-tRNA biosynthesis 0.0037617 0.0631960 0.00000

Pentose phosphate pathway 0.0047003 0.0658050 0.30436

Phenylalanine, tyrosine and tryptophan
biosynthesis 0.0059698 0.0694750 1.00000

Arginine and proline metabolism 0.0066167 0.0694750 0.04613

Arginine biosynthesis 0.0091558 0.0854540 0.34518

Alanine, aspartate and glutamate
metabolism 0.0113930 0.0957030 0.04566

Pantothenate and CoA biosynthesis 0.0217380 0.1660000 0.19643

TCA cycle 0.0249980 0.1749900 0.11283

Pyruvate metabolism 0.0322670 0.2084900 0.36081

Glycolysis / Gluconeogenesis 0.0497550 0.2985300 0.18635

Related to purine metabolism (Figure S3), ATP was markedly lower in Burn-Vehicle
compared with Sham-Vehicle and Burn-FTI (Figure 5) consistent with our previous study [26].
There were no significant differences in ADP and AMP between Sham-Vehicle and Burn-
Vehicle, although ADP appeared to be lower in Burn-Vehicle compared with Sham-Vehicle
(p > 0.10). As a result, total adenylate (ATP + ADP + AMP) was markedly lower in
Burn-Vehicle compared with Sham-Vehicle and Burn-FTI. GTP tended to be lower in Burn-
Vehicle compared with Sham-Vehicle, although there was no significant difference (p < 0.10)
(Figure S4). There was no significant difference in GDP between Burn-Vehicle and Sham-
Vehicle. On the other hand, GMP was significantly higher in Burn-Vehicle compared with
Sham-Vehicle and Burn-FTI (Figure S4).
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Figure 5. Effects of burn injury and FTI-277 on metabolites related to purine metabolism. SV: Sham-
Vehicle; SF: Sham-FTI; BV: Burn-Vehicle; BF: Burn-FTI, Succinyl AMP: adenylosuccinic acid, * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, § p < 0.05 vs. Sham-Vehicle, p < 0.001 vs. Burn-FTI, §§ p < 0.01
vs. Sham-Vehicle, p < 0.001 vs. Burn-FTI, ¶ p < 0.05 vs. Sham-FTI.

Phosphoribosylpyrophosphate (PRPP) and glutamine are converted to inosine 5′-
monophosphate (IMP) by the de novo purine synthesis pathway and then converted
to adenylosuccinic acid (succinyl AMP) or xanthine monophosphate (XMP) (Figure S3).
The salvage pathways of purine synthesis also use PRPP as a substrate. PRPP, IMP and
adenylosuccinic acid (succinyl AMP) were significantly lower in Burn-Vehicle compared
with Sham-Vehicle and Burn-FTI (Figure 5). Adenine was undetectable in three of five mice
in Burn-Vehicle, although adenine was detectable in all the mice of the other three groups.
Glutamine was significantly lower in Burn-Vehicle compared with Sham-Vehicle and Burn-
FTI (Figure S1). On the other hand, there was no significant difference in XMP between the
four groups, although XMP appeared to be higher in Burn-Vehicle (p > 0.10) (Figure S4).
These data suggest that purine synthesis may not be sufficient to maintain normal adenylate
levels in Burn-Vehicle presumably due to decreased availability of substrates, including
PRPP and glutamine.

Uric acid is the end product of purine degradation (Figure S3). Uric acid was sig-
nificantly higher in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI (Figure 5).
Among other purine degradative products, guanosine was significantly higher in Burn-
Vehicle than Sham-Vehicle and Burn-FTI, while there were no significant differences in
adenosine, inosine, and xanthine between Sham+Vehicle and Burn-Vehicle (Figure S4).
Hypoxanthine tended to be lower in Burn-Vehicle compared with Sham-Vehicle, although
there was no significant difference (p < 0.10) (Figure S4). Together, it is possible that the
degradation of purines may be increased in addition to the decreased purine synthesis
in Burn-Vehicle.

Related to glutathione metabolism, reduced glutathione (GSH) was markedly lower
in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI, while oxidized glutathione
(GSSG) was significantly higher in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI
(Figure 6A). As a result, the GSSG/GSH ratio was markedly increased in Burn-Vehicle
compared with Sham-Vehicle and Burn-FTI. The increases in GSSG and the GSSG/GSH
ratio presumably reflect oxidative stress in Burn-Vehicle [7,29]. The sum of GSH and GSSG
(GSH + GSSG) did not significantly differ between the four groups, although GSH + GSSG
appeared to be lower in Burn-Vehicle (p > 0.10). Related to β-alanine metabolism, β-alanine
and carnosine were markedly lower in Burn-Vehicle compared with Sham-Vehicle and Burn-
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FTI (Figures 6B and S1). Related to glycine, serine, and threonine metabolism, glycine was
significantly lower in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI (Figure 6C).
Serine tended to be lower in Burn-Vehicle compared with Sham-Vehicle, although there
was no significant difference (p < 0.10). Threonine did not significantly differ between the
four groups.
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In all of these pathways, one or more metabolite (s) was significantly lower in Burn-
Vehicle compared with Sham-Vehicle.

2.3. Other Metabolites and Pathways of Interest

In addition to the above-mentioned pathways, biologically interesting changes in
additional metabolite levels were found, which include those reflecting redox status. NAD+

was markedly lower in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI, while
NADH did not significantly differ between the four groups (Figure 7). As a result, the
NAD+/NADH ratio was markedly lower in Burn-Vehicle compared with Sham-Vehicle
and Burn-FTI. The sum of NAD+ and NADH (NAD+ + NADH) was also markedly lower
in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI. Decreases in NAD+ and the
NAD+/NADH ratio inhibit the activities of NAD+-dependent enzymes. We have pre-
viously shown [30] that burn injury increases acetylation of p53 and p65 nuclear factor
(NF)-κB in mouse skeletal muscle, which, in turn, promotes apoptosis and inflammatory
response, respectively. Both p53 and p65 NF-κB are deacetylated by Sirt1, an NAD+-
dependent deacetylase [31]. Therefore, decreases in NAD+ and the NAD+/NADH ratio
might contribute to increased acetylation of p53 and p65 NF-κB, and thereby apoptosis and
inflammation in skeletal muscle in burned mice. Similarly, NADP+ was significantly lower
in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI. NADPH was undetectable
in four of five mice in Burn-Vehicle and in one of five mice in Burn-FTI, while it was
detectable in all of the mice in Sham-Vehicle and Sham-FTI. In our previous studies [23,26],
burn injury induces mitochondrial dysfunction in skeletal muscle, which includes sup-
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pressed activity of complex I in the mitochondrial electron transport chain. A decrease in
the NAD+/NADH ratio in Burn-Vehicle is consistent with decreased complex I activity,
since complex I converts NADH to NAD+. In addition, mitochondrial dysfunction may
contribute to a marked decrease in ATP levels in Burn-Vehicle (Figure 5). Our previous
study [23] has shown that FTI-277 reverses burn injury-induced mitochondrial dysfunction,
including complex I activity. Consistently, FTI-277 reversed the decreases in NAD+, the
NAD+/NADH ratio, NAD+ + NADH, NADP+, and ATP to the levels in sham animals
(Figures 5 and 7).
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Figure 7. Effects of burn injury and FTI-277 on redox-related metabolites. SV: Sham-Vehicle; SF:
Sham-FTI; BV: Burn-Vehicle; BF: Burn-FTI, *** p < 0.001, **** p < 0.0001.

Another example of altered metabolite levels is reflected in the urea/ornithine cycle,
specifically arginine, citrulline, and ornithine. Arginine was markedly lower in Burn-
Vehicle compared with Sham-Vehicle and Burn-FTI (Figure 8A). Nitric oxide synthase
(NOS) converts arginine to nitric oxide and citrulline (Figure S5). Burn injury causes robust
induction of iNOS in mouse skeletal muscle [19,30]. Hence, increased consumption of
arginine by iNOS may be a contributing factor to decreased arginine in Burn-Vehicle. When
arginine is metabolized by iNOS, it would increase citrulline. However, citrulline was
significantly lower in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI. In the
urea/ornithine cycle (Figure S5), citrulline is converted to arginosuccinic acid. Arginosuc-
cinic acid was also significantly lower in Burn-Vehicle compared with Sham-Vehicle and
Burn-FTI. On the other hand, ornithine was markedly higher in Burn-Vehicle compared
with Sham-Vehicle and Burn-FTI, while urea did not differ between the four groups. As a
result, the citrulline/ornithine ratio was markedly lower in Burn-Vehicle compared with
Sham-Vehicle and Burn-FTI. As ornithine transcarbamylase (OTC) converts ornithine to
citrulline in the urea/ornithine cycle (Figure S5), it is possible that the conversion of or-
nithine to citrulline by OCT may be inhibited in Burn-Vehicle. Ornithine is also converted
to putrescine by ornithine decarboxylase. Putrescine was markedly higher in Burn-Vehicle
compared with Sham-Vehicle and Burn-FTI (Figure 8A).
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Creatine was markedly lower in Burn-Vehicle compared with Sham-Vehicle and
Burn-FTI (Figure 8B). Phosphocreatine and creatinine appeared to be lower in Burn-
Vehicle compared with Sham-Vehicle, but there were no significant differences (p > 0.10)
(Figures 8B and S6). Creatine was considered to be mainly produced and released into the
circulation by the liver and then taken up by skeletal muscle and other tissues [32]. How-
ever, the de novo synthesis of creatine occurs in skeletal muscle, as well, which is thought
to contribute to the maintenance of the physiological level of creatine in this organ [33].
The first step of the de novo creatine synthesis is a conversion from glycine and arginine to
ornithine and guanidinoacetic acid (GAA). GAA is then converted to creatine by methy-
lation. Arginine and glycine were markedly lower in Burn-Vehicle (Figures 6C and 8A),
while ornithine was markedly higher in Burn-Vehicle (Figure 8A). It is conceivable that
these changes in arginine, glycine, and ornithine levels may inhibit the first step of the de
novo creatine synthesis.

Protein breakdown exceeds protein synthesis after burn injury, releasing amino acids
from proteins [34]. Amino acids secreted into the circulation by the skeletal muscle are
used as a substrate for gluconeogenesis in the liver. Our previous study [20] has shown
that burn injury increases ex vivo amino acids released from skeletal muscle, which is
reversed by FTI-277. Total amino acids were significantly lower in Burn-Vehicle compared
with Sham-Vehicle and Burn-FTI (Figure 8C). Glycine (Figure 6C), arginine (Figure 8A),
glutamine (Figure S1), alanine, histidine, and lysine were significantly lower in Burn-Vehicle
compared with Sham-Vehicle, while methionine, phenylalanine, tryptophan, and tyrosine
were significantly higher in Burn-Vehicle compared with Sham-Vehicle (Figure S7). It is
conceivable that increased amino acid secretion from skeletal muscle may contribute to
lower total amino acids in Burn-Vehicle.

2.4. The Warburg Effect and Glycolysis

Our previous studies have shown [20,23] that burn injury induces the Warburg effect
in mouse skeletal muscle, as indicated by robust increases in expression of HIF-1α and its
downstream genes. The burn injury-induced Warburg effect is reversed by FTI-277 [20,23].
The Warburg effect increases lactate synthesis and secretion. Consistently, burn injury
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markedly increases ex vivo secretion of lactate by skeletal muscle and circulating lactate lev-
els in mice, which are associated with increased mRNA levels of LDHA [23]. Unexpectedly,
however, lactic acid was significantly lower in Burn-Vehicle compared with Sham-Vehicle
and Burn-FTI (Figure 9). Monocarboxylate transporter 4 (MCT4), a downstream gene of
HIF-1α [35], plays an important role in lactic acid secretion [36]. It is possible that the lower
lactic acid in Burn-Vehicle could be attributable at least in part to increased MCT-mediated
lactic acid secretion that exceeds lactate synthesis. Pyruvic acid was significantly lower
in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI. Pyruvic acid is converted
to acetyl-CoA and to lactic acid by PDH and LDH, respectively. The Warburg effect is
associated with decreased PDH activity and increased LDH activity [37]. Therefore, it is
possible that decreased lactic acid levels may contribute to lower pyruvic acid levels in
Burn-Vehicle.
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Among glycolysis intermediates, glucose-6-phosphate (G6P) and fructose-6-phosphate
(F6P) did not significantly differ between Sham-Vehicle and Burn-Vehicle, while G6P and
F6P were significantly higher in Burn-FTI compared with the other three groups (Figure S8).
On the other hand, fructose-1,6-bisphosohate (F1,6P) and 3-phosphoglyceric acid (3-PG)
did not significantly differ between the four groups, although they appeared to be higher in
Sham-Vehicle and Burn-FTI compared with Sham-FTI and Burn-Vehicle (p > 0.10). Glycerol
3-phosphate (G3P) was significantly lower in Burn-Vehicle compared with Sham-Vehicle
and Burn-FTI (Figure S8).

2.5. Glutaminolysis and Reductive Carboxylation

The Warburg effect is often accompanied by increased glutaminolysis [38–40] and
reductive carboxylation of glutamine to form citric acid [41] (Figure S9). Previous stud-
ies [42–44] have shown that circulating glutamine concentrations are lower in burn patients
and burned animals compared with respective healthy controls. Skeletal muscle is the
main glutamine-producing tissue, accounting for 90% of all glutamine synthesis [45]. Glu-
tamine levels in skeletal muscle are decreased in critically ill patients, although glutamine
synthesis in skeletal muscle is increased and glutamine secretion into the circulation is
similar to that of healthy controls [46]. These results suggest that glutamine consumption
may be increased in skeletal muscle in critically ill patients. Similarly, glutamine levels
in skeletal muscle are decreased after burn injury in rats [47]. Clinical trials of glutamine
supplementation showed benefits in burn patients, including significant reductions of
gram-negative bacteremia [48] and amelioration of the hypermetabolic response and or-
gan damage [49]. These results indicate that the altered glutamine metabolism has a real
impact on burn patients. Consistently, glutamine was significantly lower in Burn-Vehicle
compared with Sham-Vehicle and Burn-FTI (Figure 10). It remains to be clarified how to
burn injury increases glutamine consumption in skeletal muscle. Glutaminolysis is the
process by which cells convert glutamine into tricarboxylic acid (TCA) cycle intermediates
via α-ketoglutarate through the activities of multiple enzymes (Figure S9). The first step of
glutaminolysis is the conversion of glutamine to glutamate by glutaminase. In this study,
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glutamate did not significantly differ between the four groups (p > 0.10), although the aver-
age of glutamate levels appeared to be higher in Burn-Vehicle compared with Burn-FTI. As
a result, the glutamate/glutamine ratio was significantly higher in Burn-Vehicle compared
with Sham-Vehicle and Burn-FTI. The increased glutamate/glutamine ratio is consistent
with increased glutaminolysis [50]. A previous study has shown in rats [43] that burn injury
decreases plasma glutamine levels and that glutamine supplementation increases plasma
levels of glutamate and α-ketoglutarate as well as glutamine in burned rats. These data
indicate that glutamine can be efficiently converted to glutamate and α-ketoglutarate in
burned rodents. Together, our data suggest that increased glutaminolysis may contribute
to low levels of glutamine in skeletal muscle and in the circulation in burn patients and
burned rodents. However, our data cannot exclude the possibility that increased secretion
of glutamine into the circulation may play a role in low glutamine levels in skeletal muscle
in Burn-Vehicle.
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Glutaminolysis activates mTORC1 [51,52], while mTORC1 activation promotes glu-
taminolysis [53]. In our previous study [23], mTORC1 is markedly activated in mouse
skeletal muscle after burn injury, which is reversed by FTI-277. mTORC1 activation induces
insulin resistance [54] and HIF-1α expression [55], the latter of which leads to the Warburg
effect. Thus, it is conceivable that increases in glutaminolysis and mTORC1 activity form a
vicious cycle, which is considered to contribute to insulin resistance and the Warburg effect
in mouse skeletal muscle after burn injury.

Glutamate is converted to α-ketoglutarate, which replenishes TCA cycle intermediates
(anaplerosis) and provides carbon for reductive carboxylation (Figure S9). When the
Warburg effect is operative, conversion of pyruvate to acetyl CoA by PDH is inhibited by
PDK-mediated phosphorylation of PDH. As mentioned above, burn injury increases PDK1
expression in mouse skeletal muscle [23]. In line with PDH inhibition, acetyl-CoA was
significantly lower in Burn-Vehicle compared with Sham-Vehicle and Burn-FTI (Figure 10).
Among TCA cycle intermediates, citric acid, cis-aconitic acid, succinic acid, fumaric acid,
and malic acid were detected. α-ketoglutarate was not detectable in all the groups. In
contrast to the lower acetyl-CoA levels in Burn-Vehicle, there were no differences in citric
acid and cis-aconitic acid between the four groups. On the other hand, fumaric acid and
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malic acid were significantly lower in Burn-Vehicle compared with Sham-Vehicle. Succinic
acid tended to be lower in Burn-Vehicle compared with Sham-Vehicle, although there
was no significant difference (p < 0.10). This pattern of the concentrations of TCA cycle
intermediates is consistent with increased reductive carboxylation of α-ketoglutarate to
generate citric acid [56,57]. The suppressed NAD+/NADH ratio (Figure 7) is considered
to promote reductive carboxylation of α-ketoglutarate since NADH is converted to NAD+

during reductive carboxylation [58,59].
Glutaminolysis and reductive carboxylation have been shown to support cancer cell

growth [38,60,61] and insulin secretion from pancreatic β cells [62]. In macrophages,
lipopolysaccharide (LPS) increases glutaminolysis [63]. While glutaminolysis restricts M1
polarization, α-ketoglutarate produced from glutaminolysis during LPS stimulation has
a crucial role in promoting LPS-induced endotoxin tolerance in macrophages [56,63,64].
However, the role of glutaminolysis and reductive carboxylation in skeletal muscle re-
mains largely unknown. Previous studies have shown that accelerated glutaminolysis and
reductive carboxylation are adaptive in a mouse model of mitochondrial myopathy [65]
and in cells with mitochondrial DNA mutation [66] and mitochondrial damage under
hemorrhagic shock [67]. Together, it is tempting to speculate that increased glutaminolysis
and reductive carboxylation may be an adaptive response to mitochondrial damage after
burn injury, partly because NADH is converted to NAD+ during reductive carboxylation
ameliorating redox imbalance. Of note, a previous study [68] has shown that administra-
tion of dichloroacetate, an inhibitor of PDK, increases glutamine levels in skeletal muscle
while decreasing circulating lactate levels in burn patients. Together, these results support
the notion that the Warburg effect and resultant decreased PDH activity may contribute
to low glutamine levels in skeletal muscle after burn injury presumably by increasing
glutaminolysis.

In the present study, the metabolomics data analysis indicates that burn injury induced
a global change in metabolome composition and metabolic pathways and that one of the
characteristics of burn injury-induced metabolic alterations is substantial decreases in
abundance of some key metabolites in multiple metabolic pathways, although some other
metabolites were significantly increased in Burn-Vehicle compared with Sham-Vehicle.

2.6. Effects of FTI-277

Overall, our data showed that FTI-277 almost completely reversed burn injury-induced
changes in metabolite levels. These results indicate that the beneficial effects of FTI-277
in burned mice are not limited to the reversal of insulin resistance, the Warburg effect,
and mitochondrial dysfunction as shown in our previous studies [20,23]. Rather, FTI-277
reversed the burn injury-induced global changes in metabolism in mouse skeletal muscle.

In contrast to the overt effects of FTI-277 in burned mice, those of FTI-277 are limited
in sham-burned mice. As stated above, between Sham-Vehicle and Sham-FTI there were no
differential metabolites, which were defined as those with an absolute fold change > 2 and
p-value < 0.05. However, FTI-277 significantly increased levels of IMP and succinyl AMP in
sham animals (Figure 5) though the fold changes were less than two.

2.7. Limitations of This Study

This study has some limitations. First, we performed metabolomics analysis at one-
time point after burn injury. We examined the metabolome at 3 days after burn injury
because the maximum effects of burn injury on insulin resistance and HIF-1α expression in
skeletal muscle and on hyperlactatemia were observed at 3 days after burn injury [19,20,23].
However, this study cannot tell time-dependent changes in metabolite levels after burn
injury. Second, the numbers of animals used in this study are small, although they were
sufficient to find statistical differences in many metabolites between the groups. Third,
we did not evaluate the flux of metabolites using stable isotope-labeled substrates. The
metabolomics analysis is illustrative of a snapshot of levels of metabolites at one point
in time. However, many reactions between metabolites are bidirectional, which include
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conversions between TCA cycle intermediates and between glutamine and glutamate.
Therefore, flux studies using stable isotope-labeled glutamine are required to confirm
that burn injury induces increased glutaminolysis and reductive carboxylation in skeletal
muscle. All results and discussions should be interpreted in light of these limitations.

3. Materials and Methods
3.1. Animals

All experiments were carried out in accordance with the institutional guidelines and
the study protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) at the Massachusetts General Hospital (the protocol title: Stress-Associated
Insulin Resistance; the protocol#: 2007N000020). The animal care facility is accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care.

We used male C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA) at 8 weeks
of age. The mice were housed in a pathogen-free animal facility with 12 h light/dark
cycles at 22 ◦C. A full-thickness burn injury comprising 30% of total body surface area
was produced under anesthesia with pentobarbital sodium (50 mg/kg BW, IP) in mice
by immersing the abdomen for 6 s and both sides of the flank for 4 s in 80 ◦C water as
previously described [19,20,23]. We confirmed that this procedure produced full-thickness
third-degree burn injury in mice by hematoxylin and eosin staining. Sham-burned mice
were immersed in lukewarm water. Buprenorphine (0.1 mg/kg BW, SC) was administered
every 8–12 h up to 72 h after burn or sham-burn. For resuscitation, prewarmed normal
saline (0.04 mL/g BW, IP) was injected just after burn injury or sham-burn regardless of
the treatments. Starting at 2 h after burn injury or sham-burn, the mice were treated with
FTI-277 (N-[4-[2(R)-amino-3-mercaptopropyl]amino-2-phenylbenzoyl] methionine methyl
ester trifluoroacetate salt) (5 mg/kg BW/day, IP, Sigma, St. Louis, MO, USA) or vehicle
(phosphate-buffered saline [PBS]) for 3 days. The numbers of animals in the four groups
were: (1) sham-burned mice treated with vehicle: n = 3; (2) sham-burned mice treated with
FTI-277: n = 3; (3) burned mice treated with vehicle: n = 5; and (4) burned mice treated with
FTI-277: n = 5. None of the mice died or became moribund after burn injury. At 3 days
after burn injury or sham-burn, rectus abdominis muscle was excised under anesthesia,
snap-frozen and kept at −80 ◦C freezer until analyzed. Approximately 50 mg of muscle
samples were used for metabolomics analysis.

3.2. Metabolomics Procedure

A total of 116 metabolites (54 and 62 metabolites in the cation and anion modes,
respectively) involved in glycolysis, pentose phosphate pathway, TCA cycle, urea cycle, and
polyamine, creatine, purine, glutathione, nicotinamide, choline, and amino acid metabolism
were analyzed. Among the 116 metabolites, 102 metabolites were detected in mouse skeletal
muscle samples (Table S2).

The metabolomics procedure was performed at Human Metabolome Technologies
(HMT) (Tsuruoka, Yamagata, Japan) as previously described [69–71] with minor modifica-
tions. Briefly, the muscle samples were mixed with 1500 µL of 50% acetonitrile in water
(v/v) containing internal standards (20 µM for cation and 5 µM for anion measurement),
homogenized by a homogenizer (MS-100R, TOMY Digital Biology, Tokyo, Japan) with
beads, and centrifuged (4000 rpm, 60 s × 6 times). The supernatant (400 µL × 2) was
then filtrated through 5-kDa cut-off filter (ULTRAFREE-MC-PLHCC, Human Metabolome
Technologies) to remove macromolecules. The filtrate was centrifugally concentrated and
resuspended in 50 µL of ultrapure water immediately before the measurement.

Targeted quantitative analysis was performed using capillary electrophoresis mass
spectrometry (CE-MS) in mouse skeletal muscle samples. Cationic metabolites were mea-
sured in the cation mode of metabolome analysis using the Agilent CE-TOFMS system
(Agilent Technologies, Santa Clara, CA, USA), while anionic metabolites were measured
in the anion mode of metabolome analysis using Agilent 6460 TripleQuad LC/MS (Ag-
ilent Technologies). A total of 116 metabolites (Table S2) were analyzed using a fused
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silica capillary (50 µm i.d. × 80 cm total length) with commercial electrophoresis buffer
(Solution ID: H3301-1001 for the cation analysis and H3302-1021 for the anion analysis,
Human Metabolome Technologies) as the electrolyte. The samples were diluted 2-fold
and 10-fold to improve analysis qualities in the cation and the anion modes of the CE-MS
analysis, respectively. Then, the sample was injected at a pressure of 50 mbar for 10 s for the
cation analysis and 25 s for the anion analysis. Peaks detected in CE-TOFMS analysis were
extracted using an automatic integration software (MasterHands ver.2.16.0.15 developed at
Keio University, Tokyo, Japan) [72] and those in CE-MS/MS analysis were extracted using
an automatic integration software (MassHunter Quantitative Analysis B.06.00, Agilent
Technologies) in order to obtain peak information including m/z, migration time (MT) and
peak area. Putative metabolites were then assigned from the HMT metabolite database on
the basis of m/z and MT. The tolerance was ±0.5 min in MT and ±10 ppm in m/z. All the
metabolite concentrations were calculated by normalizing the peak area of each metabolite
with respect to the area of the internal standard and by using standard curves, which were
obtained by three-point calibrations. Concentrations of metabolites were normalized to the
mass of the muscle samples and are expressed as nmol/g tissue.

3.3. Metabolomics Data Analysis

Principal component analysis (PCA) was performed using prcomp from the stats R
package. Partial least squares discriminant analysis (PLS-DA) was conducted using the
PLSDA.CV function in R package MetaboAnalystR. hclut function of stats R package was
adopted for hierarchical clustering in the heatmap. For differential metabolite analysis, the
Wilcoxon rank sum test and Student t-test were performed using the wilcox R function
and t-test R function, respectively, to infer differential metabolites between two compared
groups. R package MetaboAnalystR was used for pathway enrichment analysis based
on the murine KEGG pathway reference database. A hypergeometry test was chosen
as the enrichment method. Pathway impact was calculated as the sum of the important
measures of the matched metabolites normalized by the sum of the important measures of
all metabolites in each pathway.

3.4. Statistical Analysis

Differential metabolites between two groups were determined by the Wilcoxon rank
sum test and Student’s t-test using wilcox R function and t-test R function of stats R package,
respectively. Differential metabolites were defined as those with an absolute fold change >
2 and p-value < 0.05. Fold change is the ratio of the mean of metabolites of the first group to
that of the second group. The four groups were compared by one-way ANOVA followed
by Tukey’s multiple comparison test using Prism 9 (GraphPad Software, San Diego, CA,
USA). Data are expressed as mean ± SEM. p < 0.05 was considered statistically significant.

4. Conclusions

Metabolomics analysis showed that skeletal muscle underwent substantial metabolic
alterations after burn injury, as compared with sham animals. FTI-277 treatment almost
completely reversed the burn-induced changes in metabolite levels, while it did not alter
metabolome profile in sham animals. Overall, this study suggests that burn injury-induced
alterations of metabolic pathways may be characterized by a deficiency of some metabolites
that are important for respective metabolic pathways, although some other metabolites
were increased after burn injury. Moreover, our data raise the possibility that burn injury
may lead to increased glutaminolysis and reductive carboxylation, which is often associated
with the Warburg effect. However, further studies are required to clarify this point.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo12090800/s1, Table S1: The top five metabolites with
the highest positive factor loadings on the first principal component. Table S2: The list of 116
metabolites that were evaluated in this study. Figure S1: Effects of burn injury and FTI-277 on
the top 10 metabolites with the highest absolute PC1 factor loadings. Figure S2: Intersection of
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differential metabolites. Figure S3: Purine metabolism. Figure S4: Effects of burn injury and FTI-277
on metabolites related to purine metabolism. Figure S5: Urea/Ornithine cycle. Figure S6: Effects of
burn injury and FTI-277 on phosphocreatine levels. Figure S7: Effects of burn injury and FTI-277
on amino acids levels. Figure S8: Effects of burn injury and FTI-277 on glycolysis intermediates.
Figure S9: TCA cycle.

Author Contributions: Conceptualization and study design, M.K.; formal analysis, L.P.W., L.S.
and M.K.; investigation, M.K., H.N., L.P.W. and L.S.; data curation, H.N.; writing—original draft
preparation, M.K.; writing—review and editing, H.N., L.P.W., L.S. and R.S.; visualization, M.K., H.N.
and L.P.W.; supervision, M.K. and R.S.; project administration, M.K.; funding acquisition, M.K., R.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by research grants to M.K. from National Institutes of Health
(NIH) (NIGMS) (R01GM115552, R01GM117298) and Shriners Hospitals for Children (71000, 85800),
and to R.S. from NIH (NIDDK) (P30 DK040561).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) at the Massachusetts General Hospital (the protocol title:
Stress-Associated Insulin Resistance; the protocol number: 2007N000020; and date of approval: 15
February 2013).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and Supple-
mentary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jeschke, M.G.; van Baar, M.E.; Choudhry, M.A.; Chung, K.K.; Gibran, N.S.; Logsetty, S. Burn injury. Nat. Rev. Dis. Primers 2020,

6, 11. [CrossRef] [PubMed]
2. Porter, C.; Tompkins, R.G.; Finnerty, C.C.; Sidossis, L.S.; Suman, O.E.; Herndon, D.N. The metabolic stress response to burn

trauma: Current understanding and therapies. Lancet 2016, 388, 1417–1426. [CrossRef]
3. Clark, A.; Imran, J.; Madni, T.; Wolf, S.E. Nutrition and metabolism in burn patients. Burn. Trauma 2017, 5, 11. [CrossRef]
4. Klein, G.L. The role of the musculoskeletal system in post-burn hypermetabolism. Metabolism 2019, 97, 81–86. [CrossRef]

[PubMed]
5. Kamolz, L.P.; Andel, H.; Schramm, W.; Meissl, G.; Herndon, D.N.; Frey, M. Lactate: Early predictor of morbidity and mortality in

patients with severe burns. Burns 2005, 31, 986–990. [CrossRef] [PubMed]
6. Cochran, A.; Edelman, L.S.; Saffle, J.R.; Morris, S.E. The relationship of serum lactate and base deficit in burn patients to mortality.

J. Burn Care Res. 2007, 28, 231–240. [CrossRef] [PubMed]
7. Ogunbileje, J.O.; Herndon, D.N.; Murton, A.J.; Porter, C. The Role of Mitochondrial Stress in Muscle Wasting Following Severe

Burn Trauma. J. Burn Care Res. 2018, 39, 100–108. [CrossRef]
8. Ogunbileje, J.O.; Porter, C.; Herndon, D.N.; Chao, T.; Abdelrahman, D.R.; Papadimitriou, A.; Chondronikola, M.; Zimmers, T.A.;

Reidy, P.T.; Rasmussen, B.B.; et al. Hypermetabolism and hypercatabolism of skeletal muscle accompany mitochondrial stress
following severe burn trauma. Am. J. Physiol. Endocrinol. Metab. 2016, 311, E436–E448. [CrossRef]

9. Jeschke, M.G.; Boehning, D. Endoplasmic reticulum stress and insulin resistance post-trauma: Similarities to type 2 diabetes.
J. Cell. Mol. Med. 2012, 16, 437–444. [CrossRef]

10. Vanhorebeek, I.; Latronico, N.; Van den Berghe, G. ICU-acquired weakness. Intensive Care Med. 2020, 46, 637–653. [CrossRef]
11. Klein, G.L. Burn injury and restoration of muscle function. Bone 2020, 132, 115194. [CrossRef] [PubMed]
12. Pedroso, F.E.; Spalding, P.B.; Cheung, M.C.; Yang, R.; Gutierrez, J.C.; Bonetto, A.; Zhan, R.; Chan, H.L.; Namias, N.; Koniaris, L.G.;

et al. Inflammation, organomegaly, and muscle wasting despite hyperphagia in a mouse model of burn cachexia. J. Cachexia
Sarcopenia Muscle 2012, 3, 199–211. [CrossRef] [PubMed]

13. Gore, D.C.; Ferrando, A.; Barnett, J.; Wolf, S.E.; Desai, M.; Herndon, D.N.; Goodwin, C.; Wolfe, R.R. Influence of glucose kinetics
on plasma lactate concentration and energy expenditure in severely burned patients. J. Trauma 2000, 49, 673–677; discussion
677–678. [CrossRef]

14. Andel, D.; Kamolz, L.P.; Roka, J.; Schramm, W.; Zimpfer, M.; Frey, M.; Andel, H. Base deficit and lactate: Early predictors of
morbidity and mortality in patients with burns. Burns 2007, 33, 973–978. [CrossRef]

15. Jeng, J.C.; Jablonski, K.; Bridgeman, A.; Jordan, M.H. Serum lactate, not base deficit, rapidly predicts survival after major burns.
Burns 2002, 28, 161–166. [CrossRef]

16. Mokline, A.; Abdenneji, A.; Rahmani, I.; Gharsallah, L.; Tlaili, S.; Harzallah, I.; Gasri, B.; Hamouda, R.; Messadi, A.A. Lactate:
Prognostic biomarker in severely burned patients. Ann. Burn. Fire Disasters 2017, 30, 35–38.

http://doi.org/10.1038/s41572-020-0145-5
http://www.ncbi.nlm.nih.gov/pubmed/32054846
http://doi.org/10.1016/S0140-6736(16)31469-6
http://doi.org/10.1186/s41038-017-0076-x
http://doi.org/10.1016/j.metabol.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31181216
http://doi.org/10.1016/j.burns.2005.06.019
http://www.ncbi.nlm.nih.gov/pubmed/16274931
http://doi.org/10.1097/BCR.0B013E318031A1D1
http://www.ncbi.nlm.nih.gov/pubmed/17351438
http://doi.org/10.1097/BCR.0000000000000553
http://doi.org/10.1152/ajpendo.00535.2015
http://doi.org/10.1111/j.1582-4934.2011.01405.x
http://doi.org/10.1007/s00134-020-05944-4
http://doi.org/10.1016/j.bone.2019.115194
http://www.ncbi.nlm.nih.gov/pubmed/31863962
http://doi.org/10.1007/s13539-012-0062-x
http://www.ncbi.nlm.nih.gov/pubmed/22476919
http://doi.org/10.1097/00005373-200010000-00015
http://doi.org/10.1016/j.burns.2007.06.016
http://doi.org/10.1016/S0305-4179(01)00098-5


Metabolites 2022, 12, 800 16 of 18

17. Luchette, F.A.; Jenkins, W.A.; Friend, L.A.; Su, C.; Fischer, J.E.; James, J.H. Hypoxia is not the sole cause of lactate production
during shock. J. Trauma 2002, 52, 415–419. [CrossRef]

18. Gauglitz, G.G.; Herndon, D.N.; Jeschke, M.G. Insulin resistance postburn: Underlying mechanisms and current therapeutic
strategies. J. Burn Care Res. 2008, 29, 683–694. [CrossRef]

19. Sugita, M.; Sugita, H.; Kim, M.; Mao, J.; Yasuda, Y.; Habiro, M.; Shinozaki, S.; Yasuhara, S.; Shimizu, N.; Martyn, J.A.; et al.
Inducible nitric oxide synthase deficiency ameliorates skeletal muscle insulin resistance but does not alter unexpected lower
blood glucose levels after burn injury in C57BL/6 mice. Metabolism 2012, 61, 127–136. [CrossRef]

20. Nakazawa, H.; Yamada, M.; Tanaka, T.; Kramer, J.; Yu, Y.M.; Fischman, A.J.; Martyn, J.A.; Tompkins, R.G.; Kaneki, M. Role of
protein farnesylation in burn-induced metabolic derangements and insulin resistance in mouse skeletal muscle. PLoS ONE 2015,
10, e0116633. [CrossRef]

21. O’Neill, B.T.; Lee, K.Y.; Klaus, K.; Softic, S.; Krumpoch, M.T.; Fentz, J.; Stanford, K.I.; Robinson, M.M.; Cai, W.; Kleinridders, A.;
et al. Insulin and IGF-1 receptors regulate FoxO-mediated signaling in muscle proteostasis. J. Clin. Investig. 2016, 126, 3433–3446.
[CrossRef] [PubMed]

22. O’Neill, B.T.; Lauritzen, H.P.; Hirshman, M.F.; Smyth, G.; Goodyear, L.J.; Kahn, C.R. Differential Role of Insulin/IGF-1 Receptor
Signaling in Muscle Growth and Glucose Homeostasis. Cell Rep. 2015, 11, 1220–1235. [CrossRef] [PubMed]

23. Nakazawa, H.; Ikeda, K.; Shinozaki, S.; Kobayashi, M.; Ikegami, Y.; Fu, M.; Nakamura, T.; Yasuhara, S.; Yu, Y.M.; Martyn, J.A.J.;
et al. Burn-induced muscle metabolic derangements and mitochondrial dysfunction are associated with activation of HIF-1α and
mTORC1: Role of protein farnesylation. Sci. Rep. 2017, 7, 6618. [CrossRef] [PubMed]

24. Porter, C.; Herndon, D.N.; Sidossis, L.S.; Børsheim, E. The impact of severe burns on skeletal muscle mitochondrial function.
Burns 2013, 39, 1039–1047. [CrossRef] [PubMed]

25. Berlanga-Acosta, J.; Iglesias-Marichal, I.; Rodríguez-Rodríguez, N.; Mendoza-Marí, Y.; García-Ojalvo, A.; Fernández-Mayola, M.;
Playford, R.J. Review: Insulin resistance and mitochondrial dysfunction following severe burn injury. Peptides 2020, 126, 170269.
[CrossRef] [PubMed]

26. Nakazawa, H.; Ikeda, K.; Shinozaki, S.; Yasuhara, S.; Yu, Y.M.; Martyn, J.A.J.; Tompkins, R.G.; Yorozu, T.; Inoue, S.; Kaneki,
M. Coenzyme Q10 protects against burn-induced mitochondrial dysfunction and impaired insulin signaling in mouse skeletal
muscle. FEBS Open Bio 2019, 9, 348–363. [CrossRef]

27. Porter, C.; Herndon, D.N.; Børsheim, E.; Bhattarai, N.; Chao, T.; Reidy, P.T.; Rasmussen, B.B.; Andersen, C.R.; Suman, O.E.;
Sidossis, L.S. Long-Term Skeletal Muscle Mitochondrial Dysfunction is Associated with Hypermetabolism in Severely Burned
Children. J. Burn Care Res. 2016, 37, 53–63. [CrossRef]

28. Pang, Z.; Chong, J.; Li, S.; Xia, J. MetaboAnalystR 3.0: Toward an Optimized Workflow for Global Metabolomics. Metabolites 2020,
10, 186. [CrossRef]

29. Da Silva, N.T.; Quintana, H.T.; Bortolin, J.A.; Ribeiro, D.A.; de Oliveira, F. Burn injury induces skeletal muscle degeneration,
inflammatory host response, and oxidative stress in wistar rats. J. Burn Care Res. 2015, 36, 428–433. [CrossRef]

30. Nakazawa, H.; Chang, K.; Shinozaki, S.; Yasukawa, T.; Ishimaru, K.; Yasuhara, S.; Yu, Y.M.; Martyn, J.A.; Tompkins, R.G.;
Shimokado, K.; et al. iNOS as a Driver of Inflammation and Apoptosis in Mouse Skeletal Muscle after Burn Injury: Possible
Involvement of Sirt1 S-Nitrosylation-Mediated Acetylation of p65 NF-κB and p53. PLoS ONE 2017, 12, e0170391. [CrossRef]

31. Shinozaki, S.; Chang, K.; Sakai, M.; Shimizu, N.; Yamada, M.; Tanaka, T.; Nakazawa, H.; Ichinose, F.; Yamada, Y.; Ishigami, A.;
et al. Inflammatory stimuli induce inhibitory S-nitrosylation of the deacetylase SIRT1 to increase acetylation and activation of p53
and p65. Sci. Signal. 2014, 7, ra106. [CrossRef] [PubMed]

32. Wyss, M.; Kaddurah-Daouk, R. Creatine and creatinine metabolism. Physiol. Rev. 2000, 80, 1107–1213. [CrossRef] [PubMed]
33. Ostojic, S.M. Creatine synthesis in the skeletal muscle: The times they are a-changin. Am. J. Physiol. Endocrinol. Metab. 2021, 320,

E390–E391. [CrossRef] [PubMed]
34. Hart, D.W.; Wolf, S.E.; Chinkes, D.L.; Gore, D.C.; Mlcak, R.P.; Beauford, R.B.; Obeng, M.K.; Lal, S.; Gold, W.F.; Wolfe, R.R.; et al.

Determinants of skeletal muscle catabolism after severe burn. Ann. Surg. 2000, 232, 455–465. [CrossRef]
35. Ullah, M.S.; Davies, A.J.; Halestrap, A.P. The plasma membrane lactate transporter MCT4, but not MCT1, is up-regulated by

hypoxia through a HIF-1alpha-dependent mechanism. J. Biol. Chem. 2006, 281, 9030–9037. [CrossRef]
36. Halestrap, A.P. Monocarboxylic acid transport. Compr. Physiol. 2013, 3, 1611–1643. [CrossRef] [PubMed]
37. Luengo, A.; Li, Z.; Gui, D.Y.; Sullivan, L.B.; Zagorulya, M.; Do, B.T.; Ferreira, R.; Naamati, A.; Ali, A.; Lewis, C.A.; et al. Increased

demand for NAD(+) relative to ATP drives aerobic glycolysis. Mol. Cell 2021, 81, 691–707.e696. [CrossRef]
38. DeBerardinis, R.J.; Mancuso, A.; Daikhin, E.; Nissim, I.; Yudkoff, M.; Wehrli, S.; Thompson, C.B. Beyond aerobic glycolysis:

Transformed cells can engage in glutamine metabolism that exceeds the requirement for protein and nucleotide synthesis. Proc.
Natl. Acad. Sci. USA 2007, 104, 19345–19350. [CrossRef]

39. DeBerardinis, R.J.; Lum, J.J.; Hatzivassiliou, G.; Thompson, C.B. The biology of cancer: Metabolic reprogramming fuels cell
growth and proliferation. Cell Metab. 2008, 7, 11–20. [CrossRef]

40. Ahn, C.S.; Metallo, C.M. Mitochondria as biosynthetic factories for cancer proliferation. Cancer Metab. 2015, 3, 1–10. [CrossRef]
41. Mullen, A.R.; Wheaton, W.W.; Jin, E.S.; Chen, P.H.; Sullivan, L.B.; Cheng, T.; Yang, Y.; Linehan, W.M.; Chandel, N.S.; DeBerardinis,

R.J. Reductive carboxylation supports growth in tumour cells with defective mitochondria. Nature 2011, 481, 385–388. [CrossRef]
[PubMed]

http://doi.org/10.1097/00005373-200203000-00001
http://doi.org/10.1097/BCR.0b013e31818481ce
http://doi.org/10.1016/j.metabol.2011.06.001
http://doi.org/10.1371/journal.pone.0116633
http://doi.org/10.1172/JCI86522
http://www.ncbi.nlm.nih.gov/pubmed/27525440
http://doi.org/10.1016/j.celrep.2015.04.037
http://www.ncbi.nlm.nih.gov/pubmed/25981038
http://doi.org/10.1038/s41598-017-07011-3
http://www.ncbi.nlm.nih.gov/pubmed/28747716
http://doi.org/10.1016/j.burns.2013.03.018
http://www.ncbi.nlm.nih.gov/pubmed/23664225
http://doi.org/10.1016/j.peptides.2020.170269
http://www.ncbi.nlm.nih.gov/pubmed/32045621
http://doi.org/10.1002/2211-5463.12580
http://doi.org/10.1097/BCR.0000000000000308
http://doi.org/10.3390/metabo10050186
http://doi.org/10.1097/BCR.0000000000000122
http://doi.org/10.1371/journal.pone.0170391
http://doi.org/10.1126/scisignal.2005375
http://www.ncbi.nlm.nih.gov/pubmed/25389371
http://doi.org/10.1152/physrev.2000.80.3.1107
http://www.ncbi.nlm.nih.gov/pubmed/10893433
http://doi.org/10.1152/ajpendo.00645.2020
http://www.ncbi.nlm.nih.gov/pubmed/34644160
http://doi.org/10.1097/00000658-200010000-00001
http://doi.org/10.1074/jbc.M511397200
http://doi.org/10.1002/cphy.c130008
http://www.ncbi.nlm.nih.gov/pubmed/24265240
http://doi.org/10.1016/j.molcel.2020.12.012
http://doi.org/10.1073/pnas.0709747104
http://doi.org/10.1016/j.cmet.2007.10.002
http://doi.org/10.1186/s40170-015-0128-2
http://doi.org/10.1038/nature10642
http://www.ncbi.nlm.nih.gov/pubmed/22101431


Metabolites 2022, 12, 800 17 of 18

42. Gore, D.C.; Jahoor, F. Glutamine kinetics in burn patients. Comparison with hormonally induced stress in volunteers. Arch. Surg.
1994, 129, 1318–1323. [CrossRef] [PubMed]

43. Yang, G.; Zhang, Y.; Wu, D.; Wang, C.; Yang, Y.J.; Fan, S.J.; Xia, L.; Wei, Y.; Peng, X. (1)H-NMR metabolomics identifies significant
changes in hypermetabolism after glutamine administration in burned rats. Am. J. Transl. Res. 2019, 11, 7286–7299. [PubMed]

44. Hendrickson, C.; Linden, K.; Kreyer, S.; Beilman, G.; Scaravilli, V.; Wendorff, D.; Necsoiu, C.; Batchinsky, A.I.; Cancio, L.C.; Chung,
K.K.; et al. (1)H-NMR Metabolomics Identifies Significant Changes in Metabolism over Time in a Porcine Model of Severe Burn
and Smoke Inhalation. Metabolites 2019, 9, 142. [CrossRef]

45. Newsholme, P.; Lima, M.M.; Procopio, J.; Pithon-Curi, T.C.; Doi, S.Q.; Bazotte, R.B.; Curi, R. Glutamine and glutamate as vital
metabolites. Braz. J. Med. Biol. Res. 2003, 36, 153–163. [CrossRef] [PubMed]

46. Mittendorfer, B.; Gore, D.C.; Herndon, D.N.; Wolfe, R.R. Accelerated glutamine synthesis in critically ill patients cannot maintain
normal intramuscular free glutamine concentration. JPEN J. Parenter. Enter. Nutr. 1999, 23, 243–250; discussion 250–242. [CrossRef]

47. Ardawi, M.S. Skeletal muscle glutamine production in thermally injured rats. Clin. Sci. 1988, 74, 165–172. [CrossRef]
48. Wischmeyer, P.E. Glutamine in Burn Injury. Nutr. Clin. Pr. 2019, 34, 681–687. [CrossRef]
49. Wang, Z.E.; Zheng, J.J.; Bin Feng, J.; Wu, D.; Su, S.; Yang, Y.J.; Wei, Y.; Chen, Z.H.; Peng, X. Glutamine relieves the hypermetabolic

response and reduces organ damage in severe burn patients: A multicenter, randomized controlled clinical trial. Burns 2021.
[CrossRef]

50. Du, K.; Chitneni, S.K.; Suzuki, A.; Wang, Y.; Henao, R.; Hyun, J.; Premont, R.T.; Naggie, S.; Moylan, C.A.; Bashir, M.R.; et al.
Increased Glutaminolysis Marks Active Scarring in Nonalcoholic Steatohepatitis Progression. Cell Mol. Gastroenterol. Hepatol.
2020, 10, 1–21. [CrossRef]

51. Durán, R.V.; Oppliger, W.; Robitaille, A.M.; Heiserich, L.; Skendaj, R.; Gottlieb, E.; Hall, M.N. Glutaminolysis activates Rag-
mTORC1 signaling. Mol. Cell 2012, 47, 349–358. [CrossRef] [PubMed]

52. Ge, J.; Cui, H.; Xie, N.; Banerjee, S.; Guo, S.; Dubey, S.; Barnes, S.; Liu, G. Glutaminolysis Promotes Collagen Translation and
Stability via α-Ketoglutarate-mediated mTOR Activation and Proline Hydroxylation. Am. J. Respir. Cell Mol. Biol. 2018, 58,
378–390. [CrossRef] [PubMed]

53. Csibi, A.; Fendt, S.M.; Li, C.; Poulogiannis, G.; Choo, A.Y.; Chapski, D.J.; Jeong, S.M.; Dempsey, J.M.; Parkhitko, A.; Morrison, T.;
et al. The mTORC1 pathway stimulates glutamine metabolism and cell proliferation by repressing SIRT4. Cell 2013, 153, 840–854.
[CrossRef] [PubMed]

54. Shah, O.J.; Wang, Z.; Hunter, T. Inappropriate activation of the TSC/Rheb/mTOR/S6K cassette induces IRS1/2 depletion, insulin
resistance, and cell survival deficiencies. Curr. Biol. 2004, 14, 1650–1656. [CrossRef]

55. Düvel, K.; Yecies, J.L.; Menon, S.; Raman, P.; Lipovsky, A.I.; Souza, A.L.; Triantafellow, E.; Ma, Q.; Gorski, R.; Cleaver, S.; et al.
Activation of a metabolic gene regulatory network downstream of mTOR complex 1. Mol. Cell 2010, 39, 171–183. [CrossRef]

56. Liu, P.S.; Wang, H.; Li, X.; Chao, T.; Teav, T.; Christen, S.; Di Conza, G.; Cheng, W.C.; Chou, C.H.; Vavakova, M.; et al. α-
ketoglutarate orchestrates macrophage activation through metabolic and epigenetic reprogramming. Nat. Immunol. 2017, 18,
985–994. [CrossRef]

57. Carey, B.W.; Finley, L.W.; Cross, J.R.; Allis, C.D.; Thompson, C.B. Intracellular α-ketoglutarate maintains the pluripotency of
embryonic stem cells. Nature 2015, 518, 413–416. [CrossRef]

58. Fendt, S.M.; Bell, E.L.; Keibler, M.A.; Olenchock, B.A.; Mayers, J.R.; Wasylenko, T.M.; Vokes, N.I.; Guarente, L.; Vander Heiden,
M.G.; Stephanopoulos, G. Reductive glutamine metabolism is a function of the α-ketoglutarate to citrate ratio in cells. Nat.
Commun. 2013, 4, 2236. [CrossRef]

59. Alberghina, L.; Gaglio, D. Redox control of glutamine utilization in cancer. Cell Death Dis. 2014, 5, e1561. [CrossRef]
60. Wise, D.R.; Ward, P.S.; Shay, J.E.; Cross, J.R.; Gruber, J.J.; Sachdeva, U.M.; Platt, J.M.; DeMatteo, R.G.; Simon, M.C.; Thompson,

C.B. Hypoxia promotes isocitrate dehydrogenase-dependent carboxylation of α-ketoglutarate to citrate to support cell growth
and viability. Proc. Natl. Acad. Sci. USA 2011, 108, 19611–19616. [CrossRef]

61. Jiang, L.; Shestov, A.A.; Swain, P.; Yang, C.; Parker, S.J.; Wang, Q.A.; Terada, L.S.; Adams, N.D.; McCabe, M.T.; Pietrak, B.;
et al. Reductive carboxylation supports redox homeostasis during anchorage-independent growth. Nature 2016, 532, 255–258.
[CrossRef] [PubMed]

62. Zhang, G.F.; Jensen, M.V.; Gray, S.M.; El, K.; Wang, Y.; Lu, D.; Becker, T.C.; Campbell, J.E.; Newgard, C.B. Reductive TCA cycle
metabolism fuels glutamine- and glucose-stimulated insulin secretion. Cell Metab. 2021, 33, 804–817.e805. [CrossRef] [PubMed]

63. Pan, L.; Yang, L.; Yi, Z.; Zhang, W.; Gong, J. TBK1 participates in glutaminolysis by mediating the phosphorylation of RIPK3 to
promote endotoxin tolerance. Mol. Immunol. 2022, 147, 101–114. [CrossRef] [PubMed]

64. Nelson, V.L.; Nguyen, H.C.B.; Garcìa-Cañaveras, J.C.; Briggs, E.R.; Ho, W.Y.; DiSpirito, J.R.; Marinis, J.M.; Hill, D.A.; Lazar, M.A.
PPARγ is a nexus controlling alternative activation of macrophages via glutamine metabolism. Genes Dev. 2018, 32, 1035–1044.
[CrossRef]

65. Chen, Q.; Kirk, K.; Shurubor, Y.I.; Zhao, D.; Arreguin, A.J.; Shahi, I.; Valsecchi, F.; Primiano, G.; Calder, E.L.; Carelli, V.; et al.
Rewiring of Glutamine Metabolism Is a Bioenergetic Adaptation of Human Cells with Mitochondrial DNA Mutations. Cell Metab.
2018, 27, 1007–1025.e1005. [CrossRef]

66. Gaude, E.; Schmidt, C.; Gammage, P.A.; Dugourd, A.; Blacker, T.; Chew, S.P.; Saez-Rodriguez, J.; O’Neill, J.S.; Szabadkai, G.;
Minczuk, M.; et al. NADH Shuttling Couples Cytosolic Reductive Carboxylation of Glutamine with Glycolysis in Cells with
Mitochondrial Dysfunction. Mol. Cell 2018, 69, 581–593.e587. [CrossRef]

http://doi.org/10.1001/archsurg.1994.01420360108015
http://www.ncbi.nlm.nih.gov/pubmed/7986163
http://www.ncbi.nlm.nih.gov/pubmed/31934278
http://doi.org/10.3390/metabo9070142
http://doi.org/10.1590/S0100-879X2003000200002
http://www.ncbi.nlm.nih.gov/pubmed/12563517
http://doi.org/10.1177/0148607199023005243
http://doi.org/10.1042/cs0740165
http://doi.org/10.1002/ncp.10362
http://doi.org/10.1016/j.burns.2021.12.005
http://doi.org/10.1016/j.jcmgh.2019.12.006
http://doi.org/10.1016/j.molcel.2012.05.043
http://www.ncbi.nlm.nih.gov/pubmed/22749528
http://doi.org/10.1165/rcmb.2017-0238OC
http://www.ncbi.nlm.nih.gov/pubmed/29019707
http://doi.org/10.1016/j.cell.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23663782
http://doi.org/10.1016/j.cub.2004.08.026
http://doi.org/10.1016/j.molcel.2010.06.022
http://doi.org/10.1038/ni.3796
http://doi.org/10.1038/nature13981
http://doi.org/10.1038/ncomms3236
http://doi.org/10.1038/cddis.2014.513
http://doi.org/10.1073/pnas.1117773108
http://doi.org/10.1038/nature17393
http://www.ncbi.nlm.nih.gov/pubmed/27049945
http://doi.org/10.1016/j.cmet.2020.11.020
http://www.ncbi.nlm.nih.gov/pubmed/33321098
http://doi.org/10.1016/j.molimm.2022.04.009
http://www.ncbi.nlm.nih.gov/pubmed/35533409
http://doi.org/10.1101/gad.312355.118
http://doi.org/10.1016/j.cmet.2018.03.002
http://doi.org/10.1016/j.molcel.2018.01.034


Metabolites 2022, 12, 800 18 of 18

67. Zhou, S.; Xie, J.; Yu, C.; Feng, Z.; Cheng, K.; Ma, J.; Wang, Y.; Duan, C.; Zhang, Y.; Jin, B.; et al. CD226 deficiency promotes
glutaminolysis and alleviates mitochondria damage in vascular endothelial cells under hemorrhagic shock. FASEB J. 2021, 35,
e21998. [CrossRef]

68. Ferrando, A.A.; Chinkes, D.L.; Wolf, S.E.; Matin, S.; Herndon, D.N.; Wolfe, R.R. Acute dichloroacetate administration increases
skeletal muscle free glutamine concentrations after burn injury. Ann. Surg. 1998, 228, 249–256. [CrossRef]

69. Soga, T.; Heiger, D.N. Amino acid analysis by capillary electrophoresis electrospray ionization mass spectrometry. Anal. Chem.
2000, 72, 1236–1241. [CrossRef]

70. Soga, T.; Ueno, Y.; Naraoka, H.; Ohashi, Y.; Tomita, M.; Nishioka, T. Simultaneous determination of anionic intermediates for
Bacillus subtilis metabolic pathways by capillary electrophoresis electrospray ionization mass spectrometry. Anal. Chem. 2002, 74,
2233–2239. [CrossRef]

71. Soga, T.; Ohashi, Y.; Ueno, Y.; Naraoka, H.; Tomita, M.; Nishioka, T. Quantitative metabolome analysis using capillary elec-
trophoresis mass spectrometry. J. Proteome Res. 2003, 2, 488–494. [CrossRef] [PubMed]

72. Sugimoto, M.; Wong, D.T.; Hirayama, A.; Soga, T.; Tomita, M. Capillary electrophoresis mass spectrometry-based saliva
metabolomics identified oral, breast and pancreatic cancer-specific profiles. Metabolomics 2010, 6, 78–95. [CrossRef] [PubMed]

http://doi.org/10.1096/fj.202101134R
http://doi.org/10.1097/00000658-199808000-00015
http://doi.org/10.1021/ac990976y
http://doi.org/10.1021/ac020064n
http://doi.org/10.1021/pr034020m
http://www.ncbi.nlm.nih.gov/pubmed/14582645
http://doi.org/10.1007/s11306-009-0178-y
http://www.ncbi.nlm.nih.gov/pubmed/20300169

	Introduction 
	Results and Discussion 
	Multivariate Analysis 
	Effects of Burn Injury—Volcano Plot and Pathway Analysis 
	Other Metabolites and Pathways of Interest 
	The Warburg Effect and Glycolysis 
	Glutaminolysis and Reductive Carboxylation 
	Effects of FTI-277 
	Limitations of This Study 

	Materials and Methods 
	Animals 
	Metabolomics Procedure 
	Metabolomics Data Analysis 
	Statistical Analysis 

	Conclusions 
	References

