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Gemcitabine and cisplatin serve as appropriate treatments for patients with
cholangiocarcinoma (CCA). Our previous study using histoculture drug response assay
(HDRA), demonstrated individual response patterns to gemcitabine and cisplatin. The
current study aimed to identify predictive biomarkers for gemcitabine and cisplatin
sensitivity in tissues and sera from patients with CCA using metabolomics. Metabolic
signatures of patients with CCA were correlated with their HDRA response patterns. The
tissue metabolic signatures of patients with CCA revealed the inversion of the TCA cycle
that is evident with increased levels of citrate and amino acid backbones as TCA cycle
intermediates, and glucose which corresponds to cancer stem cell (CSC) properties. The
protein expression levels of CSC markers were examined on tissues and showed the
significantly inverse association with the responses of patients to cisplatin. Moreover, the
elevation of ethanol level was observed in gemcitabine- and cisplatin-sensitive group. In
serum, a lower level of glucose but a higher level of methylguanidine was observed in the
gemcitabine-responders as non-invasive predictive biomarker for gemcitabine sensitivity.
Collectively, our findings indicate that these metabolites may serve as the predictive
biomarkers in clinical practice which not only predict the chemotherapy response in
patients with CCA but also minimize the adverse effect from chemotherapy.

Keywords: cholangiocarcinoma (CCA), gemcitabine, cisplatin, nuclear magnetic resonance (NMR) spectroscopy,
predictive biomarker
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INTRODUCTION

The worldwide highest incidence of cholangiocarcinoma (CCA),
the bile duct cancer which originates from bile duct epithelial
cells, is found in Thailand, especially the northeastern region,
where it is recognized as one of the major public health problems
(1). The development of CCA is associated with the liver
fluke, Opisthorchis viverrini (Ov), infection, which is defined as
the major risk factor of CCA development (2). Moreover, the
majority of CCA cases are diagnosed at an advanced or metastasis
stage due to the clinical silence in the early stages of the disease
(3). Therefore, curative surgery and adjuvant chemotherapy are
required to improve the survival of patients with CCA (4, 5).
According to the advanced biliary cancer (ABC) guidelines,
gemcitabine and a combination of gemcitabine and cisplatin
serve as the appropriate treatment for patients with CCA (6).
The response pattern of patients to chemotherapy is the one of
key factors in chemotherapy success (7). However, our previous
study demonstrated that patients with CCA have their own
individual response pattern to gemcitabine and cisplatin based
on the histoculture drug response assay (HDRA) method, and
the majority of patients with CCA seems to be non-responsive
to both gemcitabine and cisplatin (8). Therefore, biomarkers for
predicting the gemcitabine and cisplatin chemosensitivity are
urgently required.

The development of biomedical research field has moved from
the study of the genome, transcriptome, and proteome to the
metabolome (9). The study of metabolome or metabolomics
measures a set of low-molecular-weight metabolites, which
provide a snapshot of the final products of cellular processes, at
a time point under a specific environmental stimulus (10-12).
To date, especially in the field of cancer research, metabolomics
is also applied to the discovery of potential biomarkers, for
example, for early detection of ovarian (13) and colon cancer
(14). In addition, colorectal cancer metabolomics offered an
analytical platform to predict the toxicity of capecitabine (15).
In chemosensitivity, it can be used to predict the neoadjuvant
chemotherapy response in breast cancer (16) as well as the
platinum-based combination chemotherapy response in lung
cancer (17). The metabolic signatures provide information on
the pathological condition, the molecular mechanisms, and
predictive/diagnostic biomarkers, which can be of considerable
clinical benefit.

In the current study, a 'H nuclear magnetic resonance (NMR)
spectroscopy-based metabolomics was used to identify predictive
biomarkers for gemcitabine and cisplatin sensitivity in both
tumor tissues and serum samples of patients with CCA.

PATIENTS AND METHODS

Patients and Sample Collection

The serum samples, prior to surgery, and surgically resected CCA
tumor tissues were obtained from patients who were diagnosed
with CCA and had undergone surgery at Srinagarind Hospital,
Khon Kaen University, Thailand. The written inform consent was
obtained from all patients. The protocol for specimen collection
was approved by the Ethics Committee for Human Research,

Khon Kaen University (HE571283, HE591330, HE601149, and
HE611576) and all the studies were performed in accordance
with relevant guidelines and regulations. The tissue samples
from patients with CCA were divided into three parts, which
were described in our previous study (8). The first part was
submitted into HDRA and for the second part, the tissues
were fixed with 10% formalin and embedded in paraffin for
immunohistochemical staining. For the last part, the tissues
were stored at —80°C for NMR-based metabolomics experiment.
The serum samples of patients with CCA were stored at
—80° C until the NMR-based metabolomics experiment started.
The clinicopathological data of each patient were provided
by the Cholangiocarcinoma Research Institute (CARI), Khon
Kaen University and the Cholangiocarcinoma Screening and
Care Program (CASCAP), Khon Kaen University. Each patient
was defined into responder and non-responder subgroups
according to their response pattern to treatments from the
HDRA method.

Sample Preparation

For metabolomics analysis, tumor tissues were weighed to
approximately 100mg for each case and washed with 1x
phosphate-buffered saline (PBS) pH 7.4 prior to the extraction
with 400 @l methanol and chloroform (v:v, 1:1) mixture. After
centrifugation at 10,000 g for 15 min, the mixture was separated
into a polar phase and a lipophilic phase. The solvents were
removed using a speed vacuum concentrator (Labconco, Kansas
City, MO, USA). The tissue extracts were resuspended in
high-performance liquid chromatography (HPLC)-grade water
(100 mg of tissue: 600 pl of HPLC water) and vortexed until
the extracts completely dissolved. Then, the samples were
centrifuged at 18,000 g for 10 min at 4°C. A total of 540 pl
of supernatant was transferred to new tube and mixed with
60 pl of the buffer containing 100% D,0, 1.5M KH,POy,
2mM NaN3, and 1% of 3-trimethysilypropionic acid (TSP)
(Cambridge Isotype Laboratories, Tewksbury, MA, USA). TSP
peak was used to calibrate the spectra with a chemical shift
reference (3'H = 0 ppm). Then, the sample was briefly spun
down and a total of 580 pl of supernatant was transferred to
a 5mm NMR tube. Serum samples were defrosted at room
temperature and spun at 18,000g, at 4°C for 10 min. Then, a
total of 300 pl of supernatant from each sample was transferred
to an Eppendorf tube and mixed with 300 pl of plasma buffer
containing 0.075M Na,HPOy4, 2mM NaNj3, and 0.08% TSP
solution (pH 7.4). The mixture was briefly spun down and a total
of 580 pl of supernatant was transferred to a 5mm NMR tube.
The entire serum preparation process was performed on ice and
was randomized.

TH Nuclear Magnetic Spectra Processing

and Metabolite Identification

The 'H NMR spectra were acquired using a 600 MHz NMR
spectrometer (Bruker, Germany) at 300K for tissue extracts
and 310K for serum samples using a published protocol
(18). A standard 1-dimension pulse sequence (cycle decay-
90°-t;-90°-ty,-90°-acquisition) and 64 scans were used. The
NMR spectra were phased, calibrated, and baseline corrected
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automatically in Topspin software (version 2.1). The water
peak (4.5-5.0 ppm) and TSP (—1 to 0.551 ppm) region
were removed. Then, the metabolic data of tissues were
processed through the alignment (19) and normalization (20).
Whereas, the serum’s data were processed with alignment.
Principal component analysis (PCA) and orthogonal partial-
least square discriminant analysis (O-PLS-DA) were performed
using SIMCA-P+ version 15 (Umetrics Inc.,, Sweden). The
significance of model was calculated by permutation in MATLAB
(R2015a). The data were mean-centered and Pareto scaled. The
metabolite identification was confirmed using statistical total
correlation spectroscopy (STOCSY) in MATLAB against the
database which include in-house database, ChenomxNMR Suite
analysis, and Human Metabolome Database (HMBD). The list of
metabolites that found in tumor tissues and serum are presented
in Supplementary Tables S1, S2, respectively. Additionally, the
crucial metabolites discriminating the responder from the

non-responder group were quantified based on the area under
the peak.

Antibodies

Antibodies to EpCAM (1:100 dilution), CD133 (1:100 dilution),
CD44V6 (1: 50 dilution), and ALDH1A1 (1:50 dilution) were
purchased from Abcam (Abcam, Cambridge, United Kingdom).
Antibody to CD44v8-10 (1:50 dilution) was purchased from
Cosmo Bio (Cosmo Bio, Tokyo, Japan).

Immunohistochemistry

For the immunohistochemistry (IHC) staining, we followed the
previous standard protocol for immunoperoxidase staining (21).
The sections of human CCA tissues were deparaffinized and
rehydrated through xylene and an increasing series of ethanol
solutions. Then, antigen retrieval was performed in sodium
citrate plus Tween 20 buffer for 10min using a microwave.

TABLE 1 | The characteristics of all patients with cholangiocarcinoma (CCA)
whose tumor tissues were studied by metabolomics profiling.

TABLE 2 | The characteristics of all patients with CCA whose serum was studied
by metabolomics profiling.

Variables Number (n) Variables Number (n)
Sex (n = 36) Sex

Male 23 Male 21
Female 13 Female 13
Age (year) Age (year)

Less than 61 15 Less than 61 14
61 or greater 21 61 or greater 20
Tumor site Tumor site

Intrahepatic 20 Intrahepatic 19
Extrahepatic 16 Extrahepatic 15
Histology Histology

Papillary 9 Papillary 8
Non-papillary 27 Non-papillary 26
Marginal status Marginal status

Free margin 17 Free margin 16
Not free margin 11 Not free margin 11
Not applicable 8 Not applicable 7
Primary tumor (T) Primary tumor (T)

Is, 1, 1l 11 Is, I, 1l 10
I, IV 19 I, v 19
Not applicable 6 Not applicable 5
Reginal lymph node (N) metastasis Reginal lymph node (N) metastasis

No 14 No 13
Yes 8 Yes 8
Not applicable 14 Not applicable 13
Distance metastasis Distance metastasis (M)

No 14 No 13
Yes 6 Yes 5
Not applicable 16 Not applicable 16
TNM stage TNM stage

I, 1l 9 I 1l 8
I, IV 22 I, IV 22
Stage unknown 5 Stage unknown 4
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response and non-response to gemcitabine and cisplatin in tumor tissues of patients with cholangiocarcinoma (CCA). (A,B) The PCA score plot between response
and non-response group to gemcitabine and cisplatin, respectively, before match the meta-data of patients with CCA. (C,D) The PCA score plot, after match the
meta-data of patients with CCA, between response and non-response group to gemcitabine and cisplatin, respectively. (E,F) The O-PLS-DA cross validated score
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Next, endogenous peroxidase activity was blocked with 0.3%
hydrogen peroxide in PBS for 30 min. Furthermore, 10% skim
milk in PBS was used to block the non-specific binding for
1h. The tissue sections were then incubated with the primary
antibody against the designated target proteins overnight at 4°C.
Then, the tissue sections were washed in 0.1% (v/v) Tween-20
in PBS for 5 min (three times) followed by PBS for 5 min (once)

and incubated with peroxidase-conjugated Envision secondary
antibody (DAKO, Denmark, K4003) for 1 h at room temperature.
The slides were then washed with 0.1% (v/v) Tween-20 in PBS for
5min (three times) followed by PBS for 5min (once). Further,
a 3,3’-diaminobenzidine (DAB) solution was used to develop
color in the sections for 5-10min. The sections were then
counterstained with Mayer’s hematoxylin. Finally, the sections
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FIGURE 2 | Significantly changed metabolites in gemcitabine response patterns from tumor tissues of patients with CCA. The blue color shows response group and
red color shows non-response group. * and ** indicate statistically significant p-value <0.05 and p-value <0.01, respectively.
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were dehydrated in a series of ethanol solutions of increasing
concentration followed by xylene and then mounted. The results
of immunohistochemical staining of human CCA tissues were
quantified based on the scoring system which depended on the
intensity and frequency of staining in tumor area. The intensity
of staining was defined into three groups: 1+, weak staining; 2+,
moderate staining; and 34, strong staining. The frequency of
staining was defined in four groups: 0% = negative; 1+, 1-25%;
2+, 26-50%; and 3+, >50%. The multiplying of intensity and
frequency is staining score in each case, and the median score
for all cases was calculated. The results were classified into two
groups: in the low expression group, the score was less than the
median and in the high expression group, the score was equal to
or greater than the median.

Statistical Analysis

Statistical analysis was performed using SPSS software version 17
(IBM Corporation, NY, USA). The difference among the response
and non-response pattern to chemotherapy was analyzed using
t-tests. The data was illustrated as a graph of mean =+ SD,
using Graph Pad prism 5 (GraphPad Software, Inc., CA, USA).
Moreover, the associations between the expression of proteins in
human CCA tissue and the in vitro method were determined by
Fisher’s exact test. All the analyses were two-tailed and a p < 0.05
was considered statistically significant.

RESULTS

Patient Characteristics

The characteristics of from patients with CCA whom the
metabolic signatures of the tumor tissues were studied are
summarized in Table 1. The characteristics of patients with CCA
whom the serum sample analyzed using the NMR spectroscopy
are shown in Table 2. The majority of patients with CCA were
men with a median age of 63 years old. Intrahepatic with non-
papillary histology and margin free status were present in the
majority of cases. At the time of diagnosis, most of patients with
CCA were at the stages III and IV.

Pattern Recognition of 'TH NMR Metabolic
Profiles and Chemotherapy Response
Patterns in Tissues of Patients With CCA

The 'H NMR metabolic signatures from the tumor tissues of
patients with CCA are represented in Supplementary Figure S1.
To detect outliers and visualize the clustering of the metabolic
profiles of patients between response and non-response
patterns, unsupervised PCA was conducted. PCA score plots
(Figures 1A,B) were color coded based on the responses to
either gemcitabine or cisplatin, and there was no clear clustering
observed in the model with the entire sample set. As human
cohort studies often contain confounding factors (22), we then
sub-sampled employing sex- and age-matched patients with CCA
from the responder and non-responder groups and carried out
the PCA analysis (Figures 1C,D for gemcitabine and cisplatin,
respectively). The results clearly revealed that responder and
non-responder groups of patients with CCA can be distinguished
by the first two principal components for gemcitabine, whereas

no clear clustering was observed in cisplatin. Supervised O-
PLS-DA models were calculated to discriminate metabolic
profiles of responders and non-responders (Figures 1E,F for
gemcitabine and cisplatin, respectively). The significantly higher
levels of asparagine, aspartate, citrate, glycine, histidine, ethanol,
methionine, and valine, and the lower levels of alpha-D-glucose
in the tumor tissues were observed in the gemcitabine drug-
responders in contrast to the non-responders (Figure 2). With
regard to the responses to cisplatin, the levels of asparagine,
citrate, glutamate, glycine, and lactate significantly decreased in
the non-responders compared with the responders (Figure 3).
Interestingly, the level of alpha-D-glucose greatly increased in
non-responders to cisplatin. Higher levels of asparagine, citrate,
and glycine and lower levels of alpha-D-glucose were observed
in responders to both gemcitabine and cisplatin compared
with the non-responders. Higher levels of ethanol were also
observed in responders to cisplatin, but did not reach the
statistical significance.

Expression Level of CSC Markers in Tumor
Tissues of Patients With CCA

Based on our metabolomics study, there was an elevation of
the alpha-D-glucose level but a substantial decrease in the level
of metabolites involved in tricarboxylic acid (TCA) cycle of
gemcitabine and cisplatin non-responders. This is consistent with
the signature of CSCs (23). We, therefore, further hypothesized
that the tumor tissues of patients with CCA who showed no
response to both gemcitabine and cisplatin may contain a
higher population of CSCs than those who responded to both
chemotherapeutic drugs. The expression levels of CSC markers,
such as ALDH1A1, EpCAM, CD133, CD44V6, and CD44V8§-
10, were determined in the tumor tissues through IHC staining
(Figure 4).

The correlation of the expression level of CSC markers and
response patterns to gemcitabine and cisplatin was analyzed.
The results showed that the high expressions of ALDHIAL,
EpCAM, and CD44V6 were significantly associated with the
non-response pattern to cisplatin (p = 0.041, p = 0.017, and p
= 0.014, respectively). Additionally, high expressions of CD133
and CD44V8-10 tended to be associated with the non-response
pattern to cisplatin, while the high expressions of ALDH1A1,
EpCAM, CD133, CD44V6, and CD44V8-10 showed a trend
to be positively correlated with the non-response pattern to
gemcitabine significance which was not reached (Table 3).

Pattern Recognition of 'H Serum NMR
Metabolic Profiles in Response to

Chemotherapies

Apart from the tumor tissues of patients with CCA, we
aimed to identify the predictive biomarkers of gemcitabine and
cisplatin sensitivity in serum samples of patients with CCA. The
representative 'H NMR spectra of serum samples are shown
in Supplementary Figure S3. No clear patterns were observed
between responders and non-responders in PCA scores plots,
both before and after sex- and age-matched (Figures 5A-D), and
no significant O-PLS-DA cross validated models were derived
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FIGURE 3 | Significantly changed metabolites in cisplatin response patterns from tumor tissues of patients with CCA. The blue color shows response group and red
color shows non-response group. * indicates statistically significant.

from the two groups either (Figures 5E,F). The response patterns
of gemcitabine showed a significant increase in the level of
methylguanidine in patients who responded to gemcitabine.
Interestingly, the level of alpha-D-glucose increased in the group
of patients who showed no response to gemcitabine, in good
agreement with the result from tissue samples (Figure 6).

DISCUSSION

Here, we first identify the predictive biomarkers for gemcitabine
and cisplatin chemosensitivity at the metabolite level in the
tissues and serum of patients with CCA using an NMR-
based metabolic profiling. The patients were divided into
responder and non-responder subgroups according to their

HDRA response patterns to gemcitabine and cisplatin. The
correlation of individual metabolic signatures and their response
patterns to chemotherapies was analyzed. In metabolome data
analysis, we sub-sampled employing sex- and age-matched from
responder and non-responder groups to avoid the influence of
sex-age dependency which was defined as confounding factor
and deeply affect both qualitative and quantitative analysis of
metabolites. From the previous study on adult human plasma
metabolome that showed age-associated changes of the relative
concentration of more than 100 metabolites. In addition, effect
of sex-associated as well as the influence of sex on age-associated
changes in metabolites was previously reported (24). Moreover,
the influence of sex in urinary children metabolome was reported
of which the changes of metabolites in sex difference groups
were still present even with the age stratification (25). After
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FIGURE 4 | The expression of cancer stem cell (CSC) markers in human CCA tissues. The left panel represents the negative control. The middle panel represents low
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sex- and age-matched, patients who had no response to both
gemcitabine and cisplatin demonstrated similar fingerprints. The
significantly higher level of glucose and lower levels of amino
acids, which serve as carbon sources of TCA cycle intermediates
(26), found in the non-response group for both chemotherapies,
suggesting that gemcitabine and cisplatin non-responded may
possess the low activity in the TCA cycle. Interestingly, the
increased glucose level in non-responders was reported in lung
cancer (17). The upregulation of glucose level was found in
the serum of patients with lung cancer who were insensitive
to platinum-based combination chemotherapy. Additionally,

the high level of glucose in CCA was associated with CCA
progression as shown in the previous in-vitro study (27). The
evidence of sarcosine in the chemotherapeutic response has not
been widely studied. However, in prostate cancer, sarcosine is
defined as an oncometabolite involved in cancer development
and progression (28, 29). In addition, the response to cisplatin
was lactate dependent. Lactate is a major energy source in tumor
growth, resulting in the increased cancer cell proliferation (30).
Thus, it serves as a target in cisplatin activity. Therefore, the high
level of lactate is associated with a response pattern to cisplatin.
Moreover, we demonstrated that tumor tissues of patients with
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TABLE 3 | Correlation of the expression levels of cancer stem cell (CSC) markers with the gemcitabine and cisplatin response pattern from histoculture drug response

assay (HDRA) results.

Expression levels Gemcitabine response patterns

Cisplatin response patterns

Response (n = 7) Non-response (n = 29) p-value Response (n = 12) Non-response (n = 24) p-value
ALDH1A1 High 1 16 0.092 3 14 0.041*
Low 6 13 10 9
EpCAM High 2 19 0.103 6 17 0.017*
Low 5 10 9 4
CD133 High 4 17 1.000 9 14 0.736
Low 3 12 6 7
CD44Ve High 2 17 0.219 3 16 0.014*
Low 5 12 10 7
CD44V8-10 High 3 18 0.418 8 15 0.310
Low 4 ihl 7 6

*p < 0.005, statistically significant.

CCA contain endogenous ethanol which may play a crucial role
in chemosensitivity. The endogenous ethanol was believed to
originate from the microbial fermentation in the gastro-intestinal
tract (31-33). Correspondingly, nowadays, the accumulation of
data suggested that not only the gastro-intestinal bacteria but
also the intratumoral bacteria can show the ability to modulate
chemotherapeutic drug gemcitabine and cisplatin response (34—
37). Therefore, the endogenous ethanol found in tumor tissues of
patients with CCA may originate from intratumoral bacteria and
the insolvent of the intratumoral bacteria in chemotherapeutic
drug response in CCA may shed new light and need to be
further investigated.

From the metabolic phenotypes of non-responders to either
chemotherapy exhibiting the lowered TCA cycle activity with
high level of glucose were consistent with the signature of CSCs
which was reported in several previous studies (23, 38-41). In
brain tumor, the CSCs reveal their signature through the low
activity of oxidative phosphorylation (41). In term of glucose,
it can induce the expression of specific gene in CSC associated
with glucose metabolism, such as c-Myc, PDK-1 which results
in the increased CSC population (39). Moreover, the increase
of glucose uptake was found in CSC compared with non-CSC
(38, 40). We further hypothesized that the patients who are non-
responders to gemcitabine and cisplatin may contain, in their
tumor tissues, a greater population of CSCs than those who
respond to gemcitabine and cisplatin. The expression levels of
CSC markers, such as ALDH1A1, EpCAM, CD133, CD44Ve,
and CD44V8-10, were confirmed in the tumor tissues of patients
with CCA using THC staining. This phenomenon was correlated
with the HDRA-based response patterns of patients with CCA.
The high expressions of ALDH1A1l, EpCAM, and CD44V6
were significantly associated with the non-response pattern of
cisplatin, whereas high expressions of CD133 and CD44V8-
10 were likely correlated with non-response to cisplatin. Apart
from this, the high expressions of all CSC markers tended
to be associated with non-response patterns to gemcitabine
but did not reach significance, which may due to the low
number of patients who responded to gemcitabine. These results

correspond to the previous study from our group, which found
the overexpression of CSC markers in CCA tissues. Moreover,
the overexpression of the CSC markers can serve as an indicator
for CCA recurrence (42).

Apart from the tumor tissues, we examined the serum of
patients with CCA for predictive biomarkers of gemcitabine
and cisplatin responses. In the gemcitabine responder group,
alpha-D-glucose was increased in patients who did not
response to gemcitabine. In addition, a significant decrease in
methylguanidine was found in this group. Methylguanidine is
the metabolic production of creatinine as well as some amino
acids (43, 44). In pancreatic cancer, methylguanidine serves as
a predictive biomarker for early detection (45). Unfortunately,
the direct role of methylguanidine in chemotherapy response
has yet to be reported. The study of chronic renal failure,
however, shows that methylguanidine can induce apoptosis
of renal proximal tubular cells through the inhibition of
antioxidant effect (46). Likewise, in our study, methylguanidine
may potentially promote gemcitabine sensitivity by inhibiting the
antioxidants. In the cisplatin responders, the levels of alpha-D-
glucose and methylguanidine were found to follow the similar
trend; however, the supervised model of cisplatin response was
not significant.

In the light of this study, individual response patterns of
patients with CCA to gemcitabine and cisplatin are dependent
on the population of CSCs in their tumor tissues which
is represented by the inversion of TCA cycle and glucose
level. The remarkable increase in the citrate level together
with amino acids backbones to produce intermediates for
TCA cycle were found in gemcitabine and cisplatin-sensitive
group compared with the insensitive counterpart while the low
level of glucose was accompanied. Apart from that, the other
intermediates of TCA cycle, such as fumarate, malate, and
succinate seem to increase in gemcitabine and cisplatin-sensitive
group despite the invalid statistical models which may arise
from the inter-variation among patients with CCA and small
sample size. Moreover, ethanol influences the response pattern
of patients with CCA to gemcitabine and cisplatin. Therefore,
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FIGURE 5 | The PCA and O-PLS-DA cross validated score plot between response and non-response patterns of gemcitabine and cisplatin in serum sample of
patients with CCA. (A,B) The PCA score plot between the response and non-response group to gemcitabine and cisplatin, respectively, before matching the
meta-data of patients with CCA. (C,D) The PCA score plot between the response and non-response group to gemcitabine and cisplatin, respectively, after matching
the meta-data. (E,F) O-PLS-DA cross validated score plot between the response and non-response group to gemcitabine and cisplatin, respectively. The data were
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the level of alpha-D-glucose, TCA cycle metabolites along with ~ biochemical pathways in both tumor tissue and serum samples
ethanol may serve as predictive biomarkers for gemcitabine  of patients with CCA using NMR-based metabolomics study
and cisplatin chemosensitivity for patients with CCA. Moreover,  are illustrated in Figure 7. The Figure7 was generated using
methylguanidine may serve as the serum predictive biomarker ~ Microsoft PowerPoint version 2019 (https://www.microsoft.
for gemcitabine sensitivity. Altogether, the possible mechanistic ~ com/th-th/microsoft-365/get-started-with- office-2019).
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Our study may lead to clinical advantages not only for the
choice of chemotherapy but also for the maximized effect of
chemotherapy in individual patients with CCA. Nevertheless,
the association of these predictive biomarkers with the clinical
chemotherapeutic response needs to be further validated.
Especially, the biomarker at the metabolite level need to go
through five phases of validation (47). The translation of
biomarker from the discovery to clinical practice is still in the
process with numerous limitations and pitfalls. Moreover, the
biomarker validation should be confirmed and validated with
huge number of specimens (48).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The protocol for specimen collection was approved by the
Ethics Committee for Human Research, Khon Kaen University
(HE571283, HE591330, HE601149 and HE611576) and all the
studies were performed in accordance with relevant guidelines
and regulations. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

WL and MS contributed to the conceptualization. MS performed
the methodology. JP and JVL contributed to the software. MS,
WL, JP, and JVL contributed to the validation of manuscript.
MS performed the formal analysis. MS, PS-n, and AT performed
the investigation. WL contributed to the resources. WL and

REFERENCES

1. Alsaleh M, Leftley Z, Barbera TA, Sithithaworn P, Khuntikeo N, Loilome W,
et al. Cholangiocarcinoma: a guide for the nonspecialist. Int ] Gen Med. (2019)
12:13-23. doi: 10.2147/]JGM.S186854

. Sripa B, Bethony JM, Sithithaworn P, Kaewkes S, Mairiang E,
Loukas A, et Opisthorchiasis  and  Opisthorchis-associated
cholangiocarcinoma in Thailand and Laos. Acta Trop. (2011)
120:S158-68. doi: 10.1016/j.actatropica.2010.07.006

3. Khuntikeo N, Titapun A, Loilome W, Yongvanit P, Thinkhamrop B,

Chamadol N, et al. Current perspectives on opisthorchiasis control and
cholangiocarcinoma detection in southeast asia. Front Med (Lausanne).
(2018) 5:117. doi: 10.3389/fmed.2018.00117

K, Ngamprasertchai T, Khuntikeo N, Pakkhem A,

Ungarereevittaya P, Chindaprasirt ], et al. Adjuvant chemotherapy in
resectable cholangiocarcinoma patients. J Gastroenterol Hepatol. (2013)
28:1885-91. doi: 10.1111/jgh.12321

5. Titapun A, Pugkhem A, Luvira V, Srisuk T, Somintara O, Saeseow OT,
et al. Outcome of curative resection for perihilar cholangiocarcinoma
in  Northeast Thailand. World ] Gastrointest Oncol. (2015)
7:503-12. doi: 10.4251/wjgo.v7.i12.503

. Valle J, Wasan H, Palmer DH, Cunningham D, Anthoney A, Maraveyas
A, et al. Cisplatin plus gemcitabine versus gemcitabine for biliary
tract cancer. N Engl ] Med. (2010) 362:1273-81. doi: 10.1056/NEJMoa
0908721

al.

. Wirasorn

NN contributed to data curation. MS and WL contributed
to writing—original draft preparation. WL, JP, PK, AW, PM,
and JVL contributed to writing—review and editing. PK, ATi,
NK, ATe, AJ, VV, and PS-n contributed to the visualization.
WL performed the supervision. WL contributed to project
administration. WL and JVL contributed to funding acquisition.
All authors have read and agreed to the published version of
the manuscript.

FUNDING

This work was supported by an Invitation Research Grant
(Grant No. IN62118), a scholarship of the Cholangiocarcinoma
Research Institution (Grant No. LFCRC002/2559), a scholarship
of Graduate School Khon Kaen University to MS, the National
Research Council of Thailand through Fluke Free Thailand
Project, the NSRF under the Basic Research Fund of Khon Kaen
University through Cholangiocarcinoma Research Institute and
a grant from Khon Kaen University in Thailand to WL. JVL was
funded by MRC New Investigator Grant (MR/P002536/1) and
the ERC Starting Grant (715662).

ACKNOWLEDGMENTS

We express gratitude to Professor Trevor N. Petney for editing
the MS via the Publication Clinic KKU, Thailand. JL also thanks
NIHR Imperial Biomedical Research Centre (BRC).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2022.766023/full#supplementary-material

7. Phillips KA, Veenstra DL, Oren E, Lee JK, Sadee W. Potential role of
pharmacogenomics in reducing adverse drug reactions: a systematic review.
JAMA. (2001) 286:2270-9. doi: 10.1001/jama.286.18.2270
8. Suksawat M, Klanrit P, Phetcharaburanin J, Namwat N, Khuntikeo
N, Titapun A, chemosensitivity
in  human  cholangiocarcinoma tissues. ONE.  (2019)
14:0222140. doi: 10.1371/journal.pone.0222140

. Kaddurah-Daouk R, Kristal BS, Weinshilboum RM. Metabolomics: a global
biochemical approach to drug response and disease. Annu Rev Pharmacol
Toxicol. (2008) 48:653-83. doi: 10.1146/annurev.pharmtox.48.113006.094715

. Claudino WM, Goncalves PH, di Leo A, Philip PA, Sarkar FH. Metabolomics
in cancer: a bench-to-bedside intersection. Crit Rev Oncol Hematol. (2012)
84:1-7. doi: 10.1016/j.critrevonc.2012.02.009

K, Hammock BD. Metabolomics-a
within  the “omics” sciences. Environ
112:A396-7. doi: 10.1289/ehp.112-1241997
. Griffin JL. Metabolic profiles to define the genome: can we hear the
phenotypes? Philos Trans R Soc Lond B Biol Sci. (2004) 359:857-
71. doi: 10.1098/rstb.2003.1411

. Gaul DA, Mezencev R, Long TQ, Jones CM, Benigno BB, Gray A, et al. Highly-
accurate metabolomic detection of early-stage ovarian cancer. Sci Rep. (2015)
5:16351. doi: 10.1038/srep16351

. Zhang A, Sun H, Yan G, Wang P, Han Y, Wang X. Metabolomics in diagnosis
and biomarker discovery of colorectal cancer. Cancer Lett. (2014) 345:17-
20. doi: 10.1016/j.canlet.2013.11.011

and molecular
PLoS

et al. In vitro

. Dettmer new exciting field

Health  Perspect.  (2004)

Frontiers in Public Health | www.frontiersin.org

12

February 2022 | Volume 10 | Article 766023


https://www.frontiersin.org/articles/10.3389/fpubh.2022.766023/full#supplementary-material
https://doi.org/10.2147/IJGM.S186854
https://doi.org/10.1016/j.actatropica.2010.07.006
https://doi.org/10.3389/fmed.2018.00117
https://doi.org/10.1111/jgh.12321
https://doi.org/10.4251/wjgo.v7.i12.503
https://doi.org/10.1056/NEJMoa0908721
https://doi.org/10.1001/jama.286.18.2270
https://doi.org/10.1371/journal.pone.0222140
https://doi.org/10.1146/annurev.pharmtox.48.113006.094715
https://doi.org/10.1016/j.critrevonc.2012.02.009
https://doi.org/10.1289/ehp.112-1241997
https://doi.org/10.1098/rstb.2003.1411
https://doi.org/10.1038/srep16351
https://doi.org/10.1016/j.canlet.2013.11.011
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Suksawat et al.

Metabolic Phenotyping of CCA Chemosensitivity

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Backshall A, Sharma R, Clarke SJ, Keun HC. Pharmacometabonomic
profiling as a predictor of toxicity in patients with inoperable colorectal
cancer treated with capecitabine. Clin Cancer Res. (2011) 17:3019-
28. doi: 10.1158/1078-0432.CCR-10-2474

Wei S, Liu L, Zhang J, Bowers ], Gowda GA, Seeger H, et al. Metabolomics
approach for predicting response to neoadjuvant chemotherapy for breast
cancer. Mol Oncol. (2013) 7:297-307. doi: 10.1016/j.molonc.2012.10.003

Xu S, Zhou Y, Geng H, Song D, Tang J, Zhu X, et al. Serum metabolic profile
alteration reveals response to platinum-based combination chemotherapy for
lung cancer: sensitive patients distinguished from insensitive ones. Sci Rep.
(2017) 7:17524. doi: 10.1038/s41598-017-16085-y

Dona AC, Jimenez B, Schafer H, Humpfer E, Spraul M, Lewis MR, et al.
Precision high-throughput proton NMR spectroscopy of human urine,
serum, and plasma for large-scale metabolic phenotyping. Anal Chem. (2014)
86:9887-94. doi: 10.1021/ac5025039

Veselkov KA, Lindon JC, Ebbels TM, Crockford D, Volynkin VV, Holmes
E, et al. Recursive segment-wise peak alignment of biological (1)h NMR
spectra for improved metabolic biomarker recovery. Anal Chem. (2009)
81:56-66. doi: 10.1021/ac8011544

Craig A, Cloarec O, Holmes E, Nicholson JK, Lindon JC. Scaling and
normalization effects in NMR spectroscopic metabonomic data sets. Anal
Chem. (2006) 78:2262-7. doi: 10.1021/ac0519312

Suksawat M, Techasen A, Namwat N, Yongvanit P, Khuntikeo N,
Titapun A, et al. Upregulation of endothelial nitric oxide synthase
(eNOS) and its upstream regulators in Opisthorchis viverrini associated
cholangiocarcinoma and its clinical significance. Parasitol Int. (2017) 66:486-
93. doi: 10.1016/j.parint.2016.04.008

Wanichthanarak K, Jeamsripong S, Pornputtapong N, Khoomrung S.
Accounting for biological variation with linear mixed-effects modelling
improves the quality of clinical metabolomics data. Comput Struct Biotechnol
J. (2019) 17:611-8. doi: 10.1016/j.csbj.2019.04.009

Deshmukh A, Deshpande K, Arfuso F, Newsholme P, Dharmarajan A. Cancer
stem cell metabolism: a potential target for cancer therapy. Mol Cancer. (2016)
15:69. doi: 10.1186/512943-016-0555-x

Lawton KA, Berger A, Mitchell M, Milgram KE, Evans AM, Guo L, et al.
Analysis of the adult human plasma metabolome. Pharmacogenomics. (2008)
9:383-97. doi: 10.2217/14622416.9.4.383

Caterino M, Ruoppolo M, Villani GRD, Marchese E, Costanzo M, Sotgiu G,
et al. Influence of sex on urinary organic acids: a cross-sectional study in
children. Int ] Mol Sci. (2020) 21. doi: 10.3390/ijms21020582

Ciccarone F, Vegliante R, Di Leo L, Ciriolo MR. The TCA cycle as a bridge
between oncometabolism and DNA transactions in cancer. Semin Cancer Biol.
(2017) 47:50-6. doi: 10.1016/j.semcancer.2017.06.008

Saengboonmee C, Seubwai W, Pairojkul C, Wongkham S. High glucose
enhances progression of cholangiocarcinoma cells via STAT3 activation. Sci
Rep. (2016) 6:18995. doi: 10.1038/srep18995

Heger Z, Merlos Rodrigo MA, Michalek P, Polanska H, Masarik M, Vit V,
et al. Sarcosine Up-Regulates Expression of Genes Involved in Cell Cycle
Progression of Metastatic Models of Prostate Cancer. PLoS One. (2016)
11:¢0165830. doi: 10.1371/journal.pone.0165830

Khan AP, Rajendiran TM, Ateeq B, Asangani IA, Athanikar JN, Yocum
AK, et al. The role of sarcosine metabolism in prostate cancer progression.
Neoplasia. (2013) 15:491-501. doi: 10.1593/neo0.13314

Hirschhaeuser ~F  Sattler UG, Mueller-Klieser ~W. Lactate: a
metabolic key player in cancer. Cancer Res. (2011) 71:6921-
5. doi: 10.1158/0008-5472.CAN-11-1457

Krebs HA, Perkins JR. The physiological role of liver alcohol dehydrogenase.
Biochem J. (1970) 118:635-44. doi: 10.1042/bj1180635

Blomstrand R. Observations of the formation of ethanol in the intestinal tract
in man. Life Sci II. (1971) 10:575-82. doi: 10.1016/0024-3205(71)90194-9
Antoshechkin AG. On
its possible role in energy metabolism. Alcohol
36:608. doi: 10.1093/alcalc/36.6.608

Panebianco C, Andriulli A, Pazienza V. Pharmacomicrobiomics: exploiting
the drug-microbiota interactions in anticancer therapies. Microbiome. (2018)
6:92. doi: 10.1186/s40168-018-0483-7

Geller LT, Barzily-Rokni M, Danino T, Jonas OH, Shental N, Nejman D,
et al. Potential role of intratumor bacteria in mediating tumor resistance

and
(2001)

formation of ethanol
Alcohol.

intracellular

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

to the chemotherapeutic drug gemcitabine. Science. (2017) 357:1156-
60. doi: 10.1126/science.aah5043

Lehouritis P, Cummins J, Stanton M, Murphy CT, McCarthy FO, Reid G, et al.
Local bacteria affect the efficacy of chemotherapeutic drugs. Sci Rep. (2015)
5:14554. doi: 10.1038/srep14554

Iida N, Dzutsev A, Stewart CA, Smith L, Bouladoux N, Weingarten
RA, et al. Commensal bacteria control cancer response to therapy
by modulating the tumor microenvironment. Science. (2013) 342:967-
70. doi: 10.1126/science.1240527

Hammoudi N, Ahmed KB, Garcia-Prieto C, Huang P. Metabolic alterations
in cancer cells and therapeutic implications. Chin J Cancer. (2011) 30:508-
25. doi: 10.5732/cjc.011.10267

Liu PP, Liao ], Tang ZJ, Wu W], Yang ], Zeng ZL, et al. Metabolic
regulation of cancer cell side population by glucose through activation of
the Akt pathway. Cell Death Differ. (2014) 21:124-35. doi: 10.1038/cdd.
2013.131

Palorini R, Votta G, Balestrieri C, Monestiroli A, Olivieri S, Vento R,
et al. Energy metabolism characterization of a novel cancer stem cell-
like line 3AB-OS. ] Cell Biochem. (2014) 115:368-79. doi: 10.1002/jcb.
24671

Wu M, Neilson A, Swift AL, Moran R, Tamagnine J, Parslow D, et al.
Multiparameter metabolic analysis reveals a close link between attenuated
mitochondrial bioenergetic function and enhanced glycolysis dependency
in human tumor cells. Am ] Physiol Cell Physiol. (2007) 292:C125-
36. doi: 10.1152/ajpcell.00247.2006

Padthaisong S, Thanee M, Namwat N, Phetcharaburanin J, Klanrit
P, Khuntikeo N, et al. Overexpression of a panel of cancer stem
cell markers enhances the predictive capability of the progression and
recurrence in the early stage cholangiocarcinoma. J Transl Med. (2020)
18:64. doi: 10.1186/s12967-020-02243-w

Nagase S, Aoyagi K, Narita M, Tojo S. Biosynthesis of methylguanidine
in isolated rat hepatocytes and in vivo. Nephron. (1985)
40:470-5. doi: 10.1159/000183523

Perez G, Faluotico R. Creatinine: a precursor of methylguanidine. Experientia.
(1973) 29:1473-4. doi: 10.1007/BF01943863

Xie G, Lu L, Qiu Y, Ni Q, Zhang W, Gao YT, et al. Plasma metabolite
biomarkers for the detection of pancreatic cancer. J Proteome Res. (2015)
14:1195-202. doi: 10.1021/pr501135f

Wang E Yang B, Ling GH, Yao C, Jiang YS. Methylguanidine cytotoxicity
on HK-2 cells and protective effect of antioxidants against MG-induced
apoptosis in renal proximal tubular cells in vitro. Ren Fail. (2010) 32:978-
85. doi: 10.3109/0886022X.2010.501935

Issaq HJ, Waybright TJ, Veenstra TD. Cancer biomarker discovery:
Opportunities and pitfalls in analytical methods. Electrophoresis. (2011)
32:967-75. doi: 10.1002/elps.201000588

Drucker E, Krapfenbauer K. Pitfalls and limitations in translation from
biomarker discovery to clinical utility in predictive and personalised medicine.
EPMA J. (2013) 4:7. doi: 10.1186/1878-5085-4-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Suksawat, Phetcharaburanin, Klanrit, Namwat, Khuntikeo,

Titapun, Jarearnrat,

Vilayhong, ~Sa-ngiamwibool, Techasen, Wangwiwatsin,

Mahalapbutr, Li and Loilome. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Public Health | www.frontiersin.org

February 2022 | Volume 10 | Article 766023


https://doi.org/10.1158/1078-0432.CCR-10-2474
https://doi.org/10.1016/j.molonc.2012.10.003
https://doi.org/10.1038/s41598-017-16085-y
https://doi.org/10.1021/ac5025039
https://doi.org/10.1021/ac8011544
https://doi.org/10.1021/ac0519312
https://doi.org/10.1016/j.parint.2016.04.008
https://doi.org/10.1016/j.csbj.2019.04.009
https://doi.org/10.1186/s12943-016-0555-x
https://doi.org/10.2217/14622416.9.4.383
https://doi.org/10.3390/ijms21020582
https://doi.org/10.1016/j.semcancer.2017.06.008
https://doi.org/10.1038/srep18995
https://doi.org/10.1371/journal.pone.0165830
https://doi.org/10.1593/neo.13314
https://doi.org/10.1158/0008-5472.CAN-11-1457
https://doi.org/10.1042/bj1180635
https://doi.org/10.1016/0024-3205(71)90194-9
https://doi.org/10.1093/alcalc/36.6.608
https://doi.org/10.1186/s40168-018-0483-7
https://doi.org/10.1126/science.aah5043
https://doi.org/10.1038/srep14554
https://doi.org/10.1126/science.1240527
https://doi.org/10.5732/cjc.011.10267
https://doi.org/10.1038/cdd.2013.131
https://doi.org/10.1002/jcb.24671
https://doi.org/10.1152/ajpcell.00247.2006
https://doi.org/10.1186/s12967-020-02243-w
https://doi.org/10.1159/000183523
https://doi.org/10.1007/BF01943863
https://doi.org/10.1021/pr501135f
https://doi.org/10.3109/0886022X.2010.501935
https://doi.org/10.1002/elps.201000588
https://doi.org/10.1186/1878-5085-4-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Metabolic Phenotyping Predicts Gemcitabine and Cisplatin Chemosensitivity in Patients With Cholangiocarcinoma
	Introduction
	Patients And Methods
	Patients and Sample Collection
	Sample Preparation
	1H Nuclear Magnetic Spectra Processing and Metabolite Identification
	Antibodies
	Immunohistochemistry
	Statistical Analysis

	Results
	Patient Characteristics
	Pattern Recognition of 1H NMR Metabolic Profiles and Chemotherapy Response Patterns in Tissues of Patients With CCA
	Expression Level of CSC Markers in Tumor Tissues of Patients With CCA
	Pattern Recognition of 1H Serum NMR Metabolic Profiles in Response to Chemotherapies

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


