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Background. Metabolomics studies can quantitatively detect the dynamic metabolic response of living systems. Objective. To detect
urinary metabolomics after hepatic ischemia/reperfusion (I/R) injury induced by the Pringle maneuver using gas chromatography-
mass spectrometry (GC-MS). Methods. Male Sprague-Dawley rats (N = 80) were randomly divided into 4 groups (n = 20/group):
sham operation, day 1, day 3, and day 5. Rats in the day 1, day 3, and day 5 groups underwent the Pringle maneuver. Serum alanine
transaminase (ALT) and total bilirubin (TBIL) were measured, and hematoxylin and eosin (HE) staining of the liver tissue was
performed. GC-MS was used to detect urinary metabolomics. Results. Compared with the sham group, the serum ALT and TBIL
levels at day 1 were significantly elevated (P < 0.01) and then decreased and reached close to normal levels at day 5. GC-MS detected
7 metabolites which had similar changes as those of liver tissue revealed by histological examination. Significant differences in
lactic acid, pyruvic acid, alanine, serine, and glycerol-3-phosphate were found among the groups (P < 0.001). Principle component
analysis showed that 7 metabolites distinguished the day 1 and day 3 groups from the sham group. Conclusions. Noninvasive urinary

metabolomic analysis is a potential means for the early detection and diagnosis of hepatic I/R injury.

1. Introduction

The Pringle maneuver is a procedure that is frequently
adopted in liver transplantation and liver resection [1, 2]. It
causes hepatic ischemia/reperfusion (I/R) injury [3], which
contributes to liver damage and multiple organ failure [2,
4-6]. Conventional monitoring approaches can only reflect
hepatic changes within several days or even several weeks
of injury, and they fail to reflect the instantaneous changes
of the liver after hepatic I/R. For example, the specificity
and sensitivity of current enzymatic assays of serum alanine
transaminase (ALT) or lactate dehydrogenase (LDH) are
not high enough to detect early stages of liver parenchymal
injury, assess the magnitude of parenchymal cell necrosis,
or to predict hepatic recovery. There is a need to explore
novel sensitive biomarkers that can detect early stages of liver

parenchymal cell injury so that hepatic I/R injury can be
identified and managed at an early stage.

Previous study has tried to identify novel biomark-
ers of acute hepatic I/R injury using dual-platform prote-
omic/degradomic approaches, and it was found that hepatic
proteins, including argininosuccinate synthase (ASS) and
estrogen sulfotransferase (EST-1), were degraded in the liver
and rapidly released into circulation during I/R injury [7].
As novel sensitive and specific biomarkers of acute liver
ischemic injury with potential clinical application, ASS and
EST-1have attracted extensive attention, and an ELISA kit for
the detection of ASS has been developed.

Proteomics studies the overall expression of proteins,
and metabolomics characterizes and quantifies their end
products, that is, the entire metabolite pool that exists within
a cell, tissue, or biofluid under certain conditions [8]. The
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study of metabolomics is able to quantitatively detect the
dynamic metabolic response of living systems under patho-
physiological conditions [9]. Metabolomics studies mainly
adopt two types of techniques, traditional nuclear magnetic
resonance spectroscopy, and newly developed mass spec-
trometry and chromatography. The metabolomics approach
has been applied to study renal I/R injury. In 2005, Serkova
et al. [10] used nuclear magnetic resonance spectroscopy
to study metabolomics after renal transplant-induced renal
I/R injury and found a significantly decreased level of
polyunsaturated fatty acids (PUFAs) and elevated levels of
allantoin in the renal tissue and increased trimethylamine N-
oxide (TMAO) and allantoin levels in blood after ischemic
injury. A high-performance liquid chromatography coupled
with mass spectrometry-based metabolomics approach was
recently used to explore serum changes after I/R-induced
kidney injury and the protective effect of L-carnitine on acute
kidney injury [11].

Currently, gas chromatography-mass spectrometry (GC-
MS) is used to detect a variety of inherited metabolic dis-
orders. Urine samples are convenient to collect, and urease
pretreatment-gas chromatography-mass spectrometry (UP-
GC-MS) can detect as many as 175 metabolites including
amino acids, organic acids, monosaccharides, disaccharides,
sugar alcohols, porphyrins, pyrimidine, and nucleic acids
via a single injection of sample. In addition, plasma levels
of volatile organic acids are not stable, and the MS-MS
approach may provide false-negative results. GC-MS can
detect the urinary metabolites of volatile acids, thereby
indirectly reflecting blood levels. In addition, GC-MS has
been used to study urinary metabolomics for the prediction
of gastric cancer metastasis [12] and for the discovery of
potential cancer biomarkers and early-stage biomarkers for
diabetic kidney disease [13, 14]. However, a metabolomic
approach has not been used to study hepatic I/R injury. This
study aimed to detect urinary metabolomics that can reflect
early-stage hepatic I/R injury using an UP-GC-MS approach.

2. Methods

2.1. Animals and Grouping. Male SPF-grade Sprague-Dawley
rats weighing 220-250g (N = 80) were used in this
study. This study was approved by the Institutional Review
Boards (IRBs) of Nanfang Medical University, and all animals
were treated in accordance with the Declaration of Helsinki.
Rats were randomly divided into 4 groups (n = 20 per
group): a sham operation group and days 1, 3, and 5 after
Pringle maneuver groups. Rats in the days 1, 3, and 5 groups
underwent a Pringle maneuver, and specimens were collected
on days 1, 3, and 5 afterwards. The Pringle maneuver was
performed as follows. After anesthesia and skin disinfection,
laparotomy was performed. The lower edge of the liver was
dissociated, and the hepatic artery, portal vein, and common
bile duct were located and clipped by vascular clips for 30
minutes. The vascular clips were then removed, and the
abdomen was closed. In the sham group, rats underwent
laparotomy, and the surgical field was covered by warm
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saline-soaked gauze for 30 minutes following the closure of
the abdomen.

2.2. Sample Collection. Samples were collected from the rats
in the sham group and days 1, 3, and 5 groups on day 0, 1,
3, and 5, respectively. Rats were placed in metabolic cages to
collect urine samples, and approximately 4 mL of urine per
rat was obtained. The collected urine samples were stored
in a refrigerator at —20°C, and urine sample detection was
completed within one week after sample collection. Twelve
hours after urine sample collection, the rats underwent
laparotomy, and approximately 3 mL of venous blood was
collected from the inferior vena cava. The blood sample was
centrifuged at 3500 rpm for 15 minutes, and the serum was
collected. The samples were stored in a refrigerator at —=70°C
and analyzed within 2 days of collection. The rats were killed
after venous blood samples were collected, and the left lobe
of the liver was excised and rinsed with 0.9% NaCl solution.
The specimen was fixed in 10% neutral formalin for 48 hours,
and then sectioning and hematoxylin and eosin (HE) staining
were performed.

2.3. HE Staining. Fixed liver tissue was dehydrated with
ethanol, and then the tissue was embedded in paraffin. Tissue
blocks were cut into 5 ym slices, dewaxed with xylene, sub-
jected to gradient alcohol hydration, and then HE-stained.
The samples were cleared in xylene and mounted in neutral
gum for observation under a light microscope (type DX51,
Olympus, Japan).

2.4. Detection of Serum Biomarkers. Serum ALT and total
bilirubin (TBIL) levels were measured at the Department of
Laboratory, Nanfang Hospital, using an automatic biochem-
ical analyzer (AU5400, Japan).

2.5. GC/MS. A gas chromatograph/mass spectrometer (type
Q1000, Japan Electronics Co., Japan) was used for urine
sample detection. Urine samples were thawed at room
temperature and homogenized using a vortex. Urease was
added to remove urea, and then an internal quality standard
heptadecanoic acid was added. After adding anhydrous
ethanol, the samples were mixed well and centrifuged to
remove protein. The supernatant was vacuum-dried, and
the residues were derivatized with N,O-bis-trimethylsilyl-
trifluoroacetamide (BSTFA)-trimethylchlorosilane (TMCS)
in a constant temperature drying oven at 90°C for 1 hour.
Nonsplit stream sampling was used, and sample injection
volume was 1uL. The sample was injected into a small
volume sample injection vessel for GC-MS analysis, and
the conditions were as follows. The temperature of sample
injection was 260°C. The solvent was delayed for 2.5 minutes.
The temperature was initialized at 60°C for 2 minutes and
then gradually raised to 220°C at a rate of 17°C/min and
further raised to 325°C at a rate of 15°C/min. The temperature
was kept at 325°C for 10 minutes. The interface temperature
was 220°C, and the ion source temperature was 200°C.
Ionization mode was EI, ionizing voltage was 70 ¢V, and the
quadrupole temperature was 150°C. Helium was used as the
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carrier gas with a flow rate of 1 mL/min. Scanning mode
was full-scan mode, and the mass spectrometry scan range
frequency was 50-650 m/z.

2.6. Statistical Analysis. Data were presented as median
(interquartile range) and tested using the Kruskal-Wallis (K-
W) test. Once a significant result was revealed by the K-W
test, the Mann-Whitney U test was used for post hoc pair
wise comparisons. Principle component analysis (PCA) was
implemented to verify the distribution of variables for study
groups, as well as confirm the time trend of variable changes.
The significance level o was set at 0.05. When multiple
comparisons were needed, the significance level was adjusted
to 0.01. All analyses were performed using SAS statistical
software (version 9.1.3, SAS Inc., Cathy, NY, USA).

3. Results

3.1. HE Staining. Typical images of HE-stained liver tissues
are shown in Figure 1. The liver tissues in different groups
were scored according to the liver damage evaluation criteria
reported in the literature [15]. In the sham group, the liver
sinusoids were normal, and no congestion was found (0
points). The liver cells had a cord-like arrangement and clear
boundaries. No obvious liver cell necrosis was noticed (0
points). A very small amount of vacuolization was observed
(1 point). The total score of the sham group was 1 point. In
the day 1 group, a small amount of congestion was present
in the hepatic sinusoids (1 point), and a moderate amount of
vacuolization was observed (3 points). The nuclei of the liver
cells were darkly stained and pyknotic, the cytoplasm was
lightly stained, and the liver cells were swollen, compressing
the expanded hepatic sinusoids. Approximately 30% of the
cells had signs of necrosis (2 points). The total score of the
day 1 group was 6 points. In the day 3 group, the liver
sinusoids were obviously dilated, which were surrounded by
more normal liver cells. However, necrosis of sporadic liver
cells was seen (1 point). Some vacuoles were observed (2
points); congestion was present (1 point), and it could be seen
that damaged cells were in recovery. The total score of the day
3 group was 4 points. In the day 5 group, the liver sinusoidal
expansion was normal, and the liver cell arrangement was
cord-like, but a small amount of congestion was still present (1
point). Generally, the liver cells were normal appearing, and
necrosis of sporadic liver cells was seen (1 point). A very small
number of vacuoles were seen (1 point). The total score of the
day 5 group was 3 points.

3.2. Serum Levels of ALT and TBIL. Table 1 shows the serum
levels of ALT and TBIL in the groups. Compared with the
sham group, the serum ALT and TBIL levels in the day 1
group were significantly elevated (P < 0.01). The serum
ALT and TBIL levels in the day 3 group were significantly
decreased compared with the day 1 group (P < 0.01), but
their levels were still higher than that in the sham group
(P < 0.01). Serum ALT and TBIL levels in the day 5 group
were significantly decreased as compared to the day 1 and day
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3 groups (P < 0.01), and levels in the day 5 group were not
significantly different from that in the sham group.

3.3. Urinary Metabolites in the Groups. GC-MS detected 170
metabolites in the urine samples, and values of 163 were
0. The remaining 7 metabolites were detected in all the
rats included in this study. Table 2 shows the levels of the
7 urinary metabolites with meaningful results (nonzero)
including lactic acid, pyruvic acid, alanine, serine, threonine,
glycerol-3-phosphate, and oleic acid. Significant differences
in lactic acid, pyruvic acid, alanine, serine, and glycerol-3-
phosphate were found among the groups (P < 0.001). Lactic
acid levels were increased significantly in the day 1 group
compared with the sham group (P < 0.001), declined in the
day 3 group (P < 0.001), and returned to a level that was not
significantly different from the sham group at day 5. Pyruvic
acid levels were increased significantly in the day 1 group
compared with the sham group (P < 0.001), reached a peak
at day 3, and returned to zero at day 5. Alanine levels were
decreased significantly in the day 1 group compared with the
sham group (P < 0.001), increased in the day 3 group, and
in the day 5 group were not significantly different from the
sham group. Serine levels were decreased significantly in the
day 1 group compared with the sham group (P < 0.001) and
returned to a level that was not significantly different from
that in the sham group at day 3. Glycerol-3-phosphate levels
were increased significantly in the day 1 group compared with
the sham group (P < 0.001), decreased in the day 3 group
(P < 0.001), and returned to a level that was not significantly
different from the sham group at day 5.

Post hoc pair wise comparisons revealed that the levels
of five urinary metabolites among the seven detected uri-
nary metabolites including lactic acid, pyruvic acid, alanine,
serine, and glycerol-3-phosphate were significantly different
between the sham group and the day 1 group (P < 0.01),
indicating that the changes in the levels of those five urinary
metabolites are related to hepatic I/R injury. Rats with
hepatic I/R injury at day 1 had increased levels of lactic
acid, pyruvic acid, and glycerol-3-phosphate and decreased
levels of alanine and serine compared with rats in the sham
group (P < 0.01). Furthermore, the post hoc pair wise
comparisons showed that the levels of those five urinary
metabolites were significantly different between day 1 group
and day 5 group (P < 0.01), the groups with the most
severe liver injury (with a liver damage score of 6 points) and
the least severe liver injury (with a liver damage score of 3
points), respectively. When the liver injury was less severe
at day 5, levels of lactic acid, pyruvic acid, and glycerol-3-
phosphate were significantly reduced, and levels of alanine
and serine were significantly increased compared with those
at day 1 when the liver injury was most severe (P < 0.01),
which indicates a relationship between the levels of those five
urinary metabolites and the severity of liver injury.

3.4. PCA Analysis. 'The PCA analysis revealed 4 components
that provided a good summary of the data, and these
components accounted for 35.4%, 17.7%, 13.8%, and 11.5% of
the total variance (Table 3). The first component consisted of
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FIGURE 1: Hematoxylin and eosin staining results by group. SI and S2, sham group; Al and A2, day 1 group; Bl and B2, day 3 group; Cl
and C2, day 5 group. In the sham group, the liver sinusoids were normal, and no congestion was found (0 point). SI and S2 indicate cord-
like arrangement of liver cells, no obvious liver cell necrosis, and a very small amount of vacuolization. Al and A2 show a small amount of
congestion in the hepatic sinusoids, moderate amount of vacuolization, darkly stained and pyknotic nuclei of the liver cells, lightly stained
cytoplasm, and swollen liver cells compressing the expanded hepatic sinusoids. Bl and B2 show that the injury was alleviated; the liver
sinusoids were dilated, and some vacuoles were observed, which were surrounded by more normal liver cells. C1 and C2 show normal liver
sinusoidal expansion, cord-like liver cell arrangement, basically normal liver cells, and no obvious congestion.

TaBLE 1: Comparisons of serum ALT and TBIL levels by group.

Sham (n = 20) Day 1 (n = 20) Day 3 (n = 20) Day 5 (n = 20) P value!
ALT (IU/L) 46.01 (45.40, 47.60) 138.41 (123.47,147.87)" 59.75 (48.29, 64.44)"* 43.59 (39.82, 46.74)™* 0.003*
TBIL (IU/L) 0.83 (0.75, 0.87) 3.16 (2.96,3.35)" 1.66 (1.48,1.80)"* 0.84 (0.77,0.93)"* <0.001*

ALT: alanine transaminase; TBIL: total bilirubin.
!'Data were presented as median (interquartile range) and tested by Kruskal-Wallis test; Mann-Whitney U test was used for post hoc tests.
*indicates significant difference among groups, P < 0.05.

Tindicates significant difference from sham group, P < 0.01.
*indicates significant difference from day 1 group, P < 0.01.
Yindicates significant difference from day 3 group, P < 0.01.

TaBLE 2: Comparisons of meaningful urinary metabolites detected by GC-MS by group.

Sham (n = 20) Day 1 (n = 20) Day 3 (n = 20) Day 5 (n = 20) P value?
Lactic acid (mg/dL) 0.80 (0.76, 0.86) 2.91(2.55,3.14)" 1.60 (0.97,1.94)™* 0.71(0.22, 0.92)™* <0.001*
Pyruvic acid (mg/dL)! 0.13 (0, 0.26) 0.14 (0.14, 0.14)" 1.67 (1.67 1.71)"* 0 (0, 0)™* <0.001*
Alanine (mg/dL) 0.48 (0.45,0.49)  0.04 (0.02, 0.07)" 0.15 (0.09, 0.25)"* 0.43 (0.37, 0.52)"* <0.001*
Serine (mg/dL) 0.20 (0.19, 0.24) 0.09 (0.05, 0.11)* 0.15 (0.09, 0.21)* 0.22 (0.15, 0.28)* <0.001*
Threonine (mg/dL) 0.11 (0.04, 0.15) 0.06 (0.01, 0.11) 0.11 (0.04, 0.13) 0.1 (0.04, 0.14) 0.311
Glyceraldehyde 3-phosphate (mg/dL) 0.02 (0, 0.06) 0.12 (0.08, 0.16)" 0.06 (0.05, 0.08)™* 0.03 (0.01, 0.06)™* <0.001"
Oleic acid' (mg/dL) 3.00 (0.30, 7.25) 2.32 (0.70, 4.70) 4.63 (1.05, 6.65) 4.2 (1.1,758) 0.507

!Original value was too small to be meaningful in hundredth. Values reported in table were magnified through multiplying by 10° for pyruvic acid and by 10°
by oleic acid.

2Data were presented as median (interquartile range) and tested by Kruskal-Wallis test; Mann-Whitney U test was used for post hoc tests.

*indicates significant difference among groups, P < 0.05.

Tindicates significant difference from sham group, P < 0.01.

*indicates significant difference from day 1 group, P < 0.01.

Yindicates significant difference from day 3 group, P < 0.01.
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TABLE 3: Results of principle component analysis.

. . Cumulative
Eigenvalue Proportion .
proportion
Component 1 2.47729627 0.3539 0.3539
Component2  1.23676622 0.1767 0.5306
Component3  0.96223779 0.1375 0.6680
Component4  0.80457156 0.1149 0.7830
Component5  0.61566509 0.0880 0.8709
Component 6 0.56651689 0.0809 0.9519
Component7  0.33694618 0.0481 1.0000
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FIGURE 2: Scatter plot of principle component analysis (PCA) scores
classified by the 7 metabolites in the rat urine samples.

alanine and serine with positive loading, as well as glycerol-
3-phosphate and lactic acid with negative loadings. The
second eigenvector had high positive loadings from the level
of threonine and high negative loadings from the level of
pyruvic acid. A high positive loading from the level of
oleic acid was found in the third component. The fourth
component shared some variables with the previous three
components (data not shown).

PCA results showed that 7 metabolites distinguished the
day 1 group and the day 3 group from the sham group
(Figure 2). The PCA score plot showed a similar changing
trend of urinary metabolites as that presented in Table 2, and
measurements in the day 1 group were distinct from that in
the sham group. On the contrary, measurements in the day
3 and day 5 groups were closer to that in the sham group.
Notably, compared to the measurements in the day 3 group,
more measurements in the day 5 group overlapped with those
in the sham group.

4. Discussion

This study used GC-MS to assess urinary metabolomics
in rat model of hepatic I/R injury induced by the Pringle
maneuver. In addition, conventional histological observation
was used to confirm hepatic I/R injury. GC-MS detected 7
urinary metabolites in rats after hepatic I/R injury, and 5
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of them including lactic acid, pyruvic acid, alanine, serine,
and glycerol-3-phosphate demonstrated significantly differ-
ent levels between sham group (without hepatic I/R injury)
and day 1 group (with hepatic I/R injury) and between
groups with different liver injury severity (day 1 group and
day 5 group), indicating that the changes in those five
urinary metabolites are associated with liver injury. PCA
analysis further confirmed that the 7 variables were enough
to describe subsets with similar characteristics, and separated
the day 1 and day 3 groups from the sham group. The afore-
mentioned five urinary metabolites account for the leading
percentage of total variance in PCA analysis, which further
support an association between the changes in those five
urinary metabolites and liver injury. These results indicate a
significant potential of early diagnosis of hepatic I/R injury
using noninvasive urinary metabolomic analysis.

The five detected urinary metabolites with significantly
different levels between rats with and without hepatic I/R
injury and between rats with different severity of liver
injury play important roles in energy metabolism. The liver
primarily uses lactate and alanine for gluconeogenesis [16].
In biological organisms, lactic acid is formed by reduction
of pyruvic acid. Pyruvic acid is the first substrate of the
gluconeogenic pathway and can then be used to generate
glucose [17]. Transamination or deamination of alanine
and serine enables the entrance of their carbon skeleton
into gluconeogenesis directly as pyruvate. Glyceraldehyde 3-
phosphate is an intermediate in both glycolysis and gluco-
neogenesis. We speculate that anaerobic conditions increase
glycolysis, which induces the buildup of lactic acid in the
muscles. The lactic acid diffuses into the blood stream, and
the liver increases its synthesis of glucose by gluconeogenesis
[18], resulting in consumption of alanine and serine. At the
same time, increased glycolysis and gluconeogenesis result in
an increase of the intermediate, glyceraldehyde 3-phosphate.

In this study, we constructed a rat model of hepatic I/R
injury induced by the Pringle maneuver. Currently, there
are various surgical approaches for liver transplantation and
liver resection, and although the operative time has been
shortened and the surgical approach improved [19-21], the
Pringle maneuver is still a basic means to reduce intraop-
erative hemorrhage, and it may induce hepatic I/R injury.
This is the reason we constructed a rat model of hepatic
I/R injury induced by the Pringle maneuver. Our results
showed that conventional examinations clearly outlined the
trend of recovery after hepatic I/R injury. ALT and TBIL were
increased most significantly in the day 1 group, indicating
the highest severity of injury. Their levels were reduced in
the day 3 group, and returned to normal in the day 5 group,
showing a trend of recovery. The HE staining results of the
liver tissue also confirmed hepatic I/R injury and the recovery
trend, indicating that our animal model construction was
successful.

Our urinary metabolomic analysis using GC/MS detected
a changing trend of urinary metabolomics after hepatic I/R
injury, which truly reflects the dynamic hepatic I/R injury
process in rats. The hepatic I/R injury process reflected
by the urinary metabolomics is consistent with the hepatic
injury and recovery process indicated by serum enzymes
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and pathological findings. Urinary metabolomic analysis
itself has many advantages. Urinary metabolomic analy-
sis is noninvasive, sensitive, convenient, and rapid. Using
GC/MS to detect urinary metabolomics, a lab technician
can analyze approximately 150 samples per work day. Urine
sample collection is noninvasive and is not limited by sam-
ple collection time or frequency. In addition, the urinary
metabolomic analysis is very effective for monitoring the
dynamic changing process of the liver. However, based on
the results of this preliminary study, no conclusion can be
drawn that the urinary metabolomic analysis is superior to
conventional examination methods for hepatic I/R injury
such as serological examinations. Further studies on using
GC/MS to detect urinary metabolomics in hepatic I/R injury
detection and monitoring may deepen our understanding of
the value of urinary metabolomic analysis in early detection
and diagnosis of hepatic I/R injury.

GC/MS data exhibit great variation within group, and
study with a large sample size is warranted. During GC-
MS, samples undergo derivatization to increase stability and
volatility. Therefore, thermally instable substances may be
destroyed and thus cannot be detected. The limitation of GC-
MS analysis is that it is more useful for detection of volatile
substances [22]. In future studies, other metabolomics tech-
niques can be used to examine more metabolites related to
hepatic I/R injury, and preoperative and postoperative human
urine samples can be studied.
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