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Abstract

Background: Testicular cancer (TC) is a relatively rare type of cancer in men. Early
diagnosis of TC remains challenging. Metabolomics holds promise in offering valu-
able insights in this regard. In this study, a metabolic fingerprinting approach was
employed to identify potential biomarkers in both serum and seminal plasma of TC
patients.

Methods: A total of 9 patients with testicular cancer and 10 controls were included
in the study. The metabolic fingerprinting approach was utilized as a rapid diagnostic
tool to analyze the metabolome in serum and seminal plasma of TC patients in com-
parison to fertile men. Raman spectroscopy was applied for the analysis of metabo-
lites in these biological samples.

Results: Principal component analysis (PCA) and functional group analysis showed
that the differentiation between serum samples from healthy men and TC patients
was not possible. However, when analyzing seminal plasma, a significant difference
was found between the two groups (p<0.05). Functional group analysis of serum on-
ly showed an increase in tryptophan concentration ratio in TC patients as compared
to healthy men (p=0.03). In contrast, in seminal plasma of TC patients, this increase
was observed in all analyzed compounds, including phenylalanine, tyrosine, lipids,
proteins, phenols (p<0.001).

Conclusion: Our study highlights the potential of metabolic fingerprinting as a fast
diagnostic tool for screening TC patients, with seminal plasma serving as a valuable
biological sample. Furthermore, several potential biomarkers, particularly phenylal-
anine, were identified in seminal plasma. This research contributes to our under-
standing of TC pathogenesis and has the potential to pave the way for early detection
and personalized treatment approaches.

Keywords: Metabolic fingerprinting, Raman spectroscopy, Seminal plasma, Serum,
Testicular cancer.
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Introduction

esticular cancer (TC) is a relatively rare can-
I cer (1%) diagnosed in young and adult men

aged 14 to 44 (1,

its prevalence is increasing worldwide in the past
two decades specifically in Western countries (3,

2). It has been reported that 4). TC is classified into seminoma and non-semi-
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nomatous germ cell tumors (5). Seminomas ac-
count for half of TC, while non-seminomatous
germ cell tumors comprise approximately 40% of
TC. Nearly 10% of TC consists of a combination
of both seminoma and non-seminoma components
(6). The differentiation between seminoma and
non-seminoma is pivotal in determining the
course of treatment and predicting the prognosis
(6).

Germ cell tumors constitute the predominant
type of testicular cancer, making up 95% of cases,
while other forms of testicular neoplasms are ex-
tremely rare (7). Germ cell tumors may also ap-
pear in extragonadal regions including the retro-
peritoneum and the mediastinum (8). Nearly 70%
of patients are routinely diagnosed with stage |
testicular cancer, while 30% of them are identified
with metastatic cancer (9). Due to the high recur-
rence rate of 50%, TC patients are treated with
chemotherapy. The 5-year survival rate of testicu-
lar carcinomas is 95%. Furthermore, for patients
diagnosed with stage | of the disease, the cancer-
specific survival rate surpasses 99% even after 15
years (10-12).

To date, numerous biomarkers have been intro-
duced for the diagnosis of TC. They could be con-
sidered as potential targets for treatment of cancer
(5); however, their efficiency and validity need to
be confirmed. Currently, three biomarkers includ-
ing B-subunit of human chorionic gonadotropin
(B-hCG), lactate dehydrogenase (LDH), and a-
fetoprotein (AFP) are used for the diagnosis and
subsequent monitoring of TC. However, while
AFP and B-hCG have a high specificity (90%), the
sensitivity is often very low (~50%). It is im-
portant to note that in approximately 40% of men
with recurrent testicular cancer, the levels of these
biomarkers are typically within the normal range,
indicating their limited effectiveness in detecting
many recurrences (13). Moreover, considering the
limited diagnostic accuracy of LDH (3), there is
an undeniable need for the identification of specif-
ic biomarkers that can effectively diagnose this
type of cancer (14, 15).

Currently, cancer diagnosis is based on immuno-
histochemical methods that use an antigen for de-
tection. Therefore, the selection of the appropriate
antigen is of utmost importance. In this regard,
systems biology approaches with a focus on ge-
nomics, transcriptomics, proteomics, and metabo-
lomics have been introduced and employed in
cancer research. Today, metabolome analysis is
frequently used to gain insights into disease pro-

gression and identify new biomarkers. The term
metabolomics refers to studying metabolites (<2
kDa) in biological samples (16-18). During the
last two decades, metabolomics has become more
popular, primarily driven by advancements in in-
struments and bioinformatics (16, 17, 19, 20).

Raman spectroscopy, with its extensive history
in metabolomics, is a powerful analytical tech-
nique. It not only reveals the molecular fingerprint
of the biological sample through the Raman spec-
trum (21, 22), but also provides quantitative data
regarding its chemical composition. Moreover,
Raman spectra can detect biochemical changes as-
sociated with diseases (23, 24). Prior research has
demonstrated the potential of fingerprinting as a
highly effective diagnostic tool in men experienc-
ing infertility (2, 14, 25).

The purpose of the current study was to explore
the feasibility and reliability of Raman spectros-
copy for conducting metabolic fingerprinting of
serum and seminal plasma in TC patients. Addi-
tionally, the potential use of Raman spectroscopy
to predict TC development in very early stages of
the cancer onset was explored. By harnessing the
capabilities of this high-throughput tool, an at-
tempt was made to identify a novel and reliable
marker for the early diagnosis of testicular cancer.
To the best of our knowledge, it is the first time
that metabolomics analysis has been performed on
TC patients.

Methods

Sample selection: This research received approval
from the Ethics Committee of Iran University of
Medical Sciences under reference number IR.
IUMS.REC1396.32223. This case—control research
included 9 patients with testicular cancer who
were referred to Avicenna Infertility Clinic for
sperm cryopreservation before undergoing or-
chiectomy. The control group consisted of 10 con-
firmed fertile normozoospermic men. The control
group were men who had at least one child and
had visited Avicenna Infertility Clinic for sex se-
lection. The serum and seminal plasma of TC pa-
tients were collected during 2016-2022 prior to
undergoing orchiectomy. Informed consent was
obtained from all participants involved in the
study. Fresh semen samples were collected
through masturbation after a period of sexual ab-
stinence lasting 3 to 4 days. A portion of each
sample was allocated for standard semen analysis,
encompassing the evaluation of normal sperm
morphology, sperm concentration, volume, pH,
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and motility, in accordance with the established
procedures detailed in the WHO laboratory manu-
al for human semen examination and processing
(WHO 2010: 5th Edition; WHO 2021: 6th Edi-
tion). Briefly, the sperm of semen sample were
enumerated by the Neubauer hemocytometer
chamber. Sperm morphology analysis was con-
ducted using Papanicolaou staining with a mini-
mum evaluation of 400 spermatozoa with 1000x
magnification in two replicates. Normozoosper-
mic samples from fertile men met the following
criteria: sperm concentration >15x108/ml, normal
morphology >4%, progressive motility >32%, and
progressive and non-progressive motility >40%.
The demographic information and semen parame-
ters of the patients are shown in table 1.

Metabolome extraction: One hundred microliter of
serum and seminal plasma were purified from cell
debris and proteome by adding 200 pl methanol
(Merck, Germany) to H.O (v/v) in a ratio of 2:1.
The mixture was then centrifuged at 9300 g for 10
min at 4°C (26, 27). The resulting supernatant,
which contained the metabolome, was transferred
to a new Eppendorf vial and stored at —20°C until
analysis by Raman spectroscopy (Thermo Fisher
Scientific, USA).

Raman spectroscopy: Raman spectroscopy serves
as a robust analytical technique for identifying
and characterization of molecules and materials
(28). It is based on the interaction between laser
light and the sample where the scattered light
(Raman scattering) carries information about the
molecular vibrational modes within the sample.
When laser light interacts with the specimen, a
small fraction of photons undergoes energy loss,
resulting in generation of lower-energy scattered

Table 1. Demographic information and standard semen parameters of

analyzed fertile and testicular cancer patients

Testicular
; Control
Variables (n=10) cancer
B (n=9)
Age (years) 37.245.4 35.145.6
Semen parameters
Volume (ml) 4.2+1.8 7.60£9.21
Sperm concentration (108 per ml)  43.58+12.76  21.56+13.51
Total count (10° per ejaculate) 175.92+84.71 67+45.07
Normal morphology (%) 5.751£2.14 1+0.92
Total motile PR+NP (%) 37.16+2.6 51.67+26.22

Values are reported as meansstandard deviations

Lakpour N, et al. JRI

light called Raman scattered light. This light is
then detected and analyzed to reveal the vibra-
tional frequencies of the chemical bonds in the
molecules present in the sample. The Raman
spectrum is generated by plotting the intensity of
the scattered light as a function of its energy shift
(frequency difference) from the incident laser
light.

The Raman spectrum serves as a unique finger-
print of the molecular composition of a sample,
allowing for the identification of different chemi-
cal compounds and functional groups. Raman
spectroscopy is non-destructive and requires min-
imal sample preparation, making it suitable for
analyzing a broad spectrum of samples, spanning
from solids and liquids to gases. One of the key
advantages of Raman spectroscopy is its high se-
lectivity and specificity, enabling the detection of
trace amounts of compounds in complex mixtures.
Additionally, Raman spectroscopy finds valuable
applications for in situ and in real-time monitor-
ing, making it valuable in various fields such as
materials science, pharmaceutical sciences, foren-
sic analysis, and environmental monitoring.

In this research, Raman spectra were acquired
using an Almega dispersive spectrometer (Thermo
Nicolet, France) under the following settings to
ensure sample safety: spectral range: 100-4, 200
cm™: laser source: second harmonic at 532 nm
from a Nd: YLF laser; resolution: 4 cm™; and la-
ser power: 30 mW. A total of forty-four scans
were conducted, and the intensity of Raman spec-
tra was utilized for classification purposes.

Statistical analysis: The Raman spectra were pro-
cessed using Spectroscopy Ninja version 1.2.15,
(Obsertdorf, Germany). Subsequently, the data
matrix was analyzed through multivariate pattern
recognition procedures, such as principal compo-
nent analysis (PCA) and discriminant analysis.
Additionally, Prism version 6.01 (GraphPad soft-
ware Inc., USA) was employed for further analy-
sis. These methodologies played a crucial role in
elucidating the data structure and contributed to
the development of a well-grounded hypothesis.
Statistical significance was established using a
threshold of p<0.05.

Results
The results obtained from Raman spectra, which
captured differences in patterns and concentra-
tions of various metabolites based on their func-
tional groups, were compared between the two
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groups: men with testicular cancer and fertile men
serving as the control group. This comparison was
conducted for both serum and seminal plasma
samples.

Serum: The first step of analysis of the Raman
spectra was comparison of TC serum with normal
serum. Figure 1 shows the results of this analysis,
employing principal component analysis (PCA)
and functional group analysis for serum samples
from TC patients (6 samples) compared to a con-
trol group of fertile men (6 samples). As depicted
in figure 1A, the serum of healthy men could not
be reliably distinguished from that of testicular
cancer patients (p>0.05). Furthermore, figure 1B
presents a more comprehensive examination of
functional group analysis, with a specific focus on
the spectra of -SH groups (2400-2600 cm™?) and —
CH groups (2,800-3,000 cm™). These spectral re-
gions provide insights into oxidative changes, of-
fering valuable information for analysis. Notably,
no significant alterations were observed in func-
tional group analysis (p=0.1).

Raman spectroscopy enables identification of
functional groups based on the vibration of chem-
ical bonds. Table 2 provides an overview of the
assigned chemical groups corresponding to differ-
ent vibrational modes. As shown in the table, the
majority of chemical groups did not exhibit signif-
icant changes. However, there was a significant
increase of tryptophan (p=0.03) in serum. Addi-
tionally, table 2 shows an increase of tyrosine,
lipids, and fatty acids in serum of testicular cancer
patients, although these changes were not statisti-
cally significant (p>0.05).

Seminal plasma: The Raman spectra obtained

A Tes ticular cancer from scrum-PCA

100 -

Groups
[®]Normal serum

50-

PC2

50|

-100- . | . .
-100 0 100 200

Nermed Semum

Tesliuiar Cencer Serun -
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Figure 1. A) Results of principal component analysis (PCA)
of the data matrix from the serum of testicular cancer (CS)
patients (-- 4 --) versus healthy men (NS) (--M--) as control
group. B) Average Raman spectra for serum of testicular
cancer (—) patients and healthy groups (--). 2,800-3,000 cm*
corresponds to the -CH group while 2,400-2,600 cm™ relates
to the -SH group (p-value >0.05)

from the seminal plasma of both TC (9 samples)
and normal (10 samples) groups were subjected to
multivariate analysis. Figure 2A shows the meta-
bolic fingerprinting of seminal plasma using the
principal component analysis, where the samples
from healthy individuals and TC patients can be
distinguished.

Table 2. Chemical assignments of vibrational modes for the Raman spectra acquired from serum

Fold change

Wavelength (cmt) Tentative band assignments (TCSINS) * p-value
3300-3500 N-H vibration of proteins 1.17 0.1
3200-3300 CH, lipids, fatty acids 1.35 0.05
2900-3000 CHs- proteins 0.8 0.83
2800-2900 CHa- lipids 0.83 0.16
2100-2200 CN 0.6 0.14
1700-1800 C=0 0.45 0.1
1400-1500 CHa-lipids 0.7 0.1
1350-1360 Trp 0.55 0.12
1100-1150 CN 0.57 0.12
1002-1020 Phe 1.24 0.14
850-900 Tyr 1.6 0.1
750-800 Trp 1.8 0.03

* TCS: Testicular cancer serum, NS: Normal serum, Phe, Tyr, and Trp refer to the phenylalanine, tyrosine, and trypto-

phan residues, respectively
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Figure 2. A) The principal component analysis (PCA) results
of the data matrix of seminal plasma of testicular cancer (TC
seminal plasma) patients (-- A--) versus healthy men (nor-
mozoospermic men) (--M--). B) The Raman spectra mean for
seminal plasma of testicular cancer (—) and healthy groups
(--). The region of 2,800-3,000 cm* corresponds to the -CH

group

A Raman spectrum provides valuable infor-
mation about various functional groups from bio-
logical samples, including seminal plasma. Table
3 displays the fold changes of metabolites be-
tween TC and normal groups. The table reveals
the substantial up-regulation of phenylalanine and
represents the most significantly altered metabo-
lite in the seminal plasma compared to the normal
group (p<0.001). Additionally, statistical analysis
reveals a significant increase of lipids and proteins
(p<0.05).

Lakpour N, et al. JRI

Discussion

Testicular cancer (TC) is a relatively rare type of
cancer that primarily affects young and adult men
(1). The etiology of TC is currently unknown, but
there has been a global increase in reported cases
(4). Given its significance as a health concern,
early detection plays a pivotal role in achieving
favorable treatment outcomes (29). Current serum
tumor markers, such as AFP, BhCG, and LDH,
have limitations in effectively detecting TC due to
their restricted accuracy and sensitivity when em-
ployed as diagnostic, prognostic, and predictive
indicators (30). Spalt-like transcription factor 4
(SALL4 ) is a new potential biomarker for detec-
tion of testicular germ cell cancers (31). Our re-
cent study demonstrated that the newly-developed
SALL4-A monoclonal antibody effectively de-
tected SALL4-A using either immunohistochem-
istry or ELISA (32). Although there were promis-
ing initial findings, the application of most pre-
clinical biomarkers in clinical practice currently
lacks validation (14). Thus, researchers aimed to
identify potential biomarkers in liquid biopsies to
improve early diagnosis (33). A liquid biopsy of-
fers the benefits of being non-invasive, rapid, ac-
curate, and notably capable of providing real-time
information (34). Additionally, it has the potential
to address the heterogeneity of tumors and could
potentially replace conventional tissue biopsies in
the future. Presently, liquid biopsy primarily en-
compasses the analysis of circulating tumor cells,
exosomes, circulating tumor DNA, and metabo-
lites, which can be obtained from bodily fluids
including blood, saliva, urine, and seminal plasma
(35). In this regard, the study of the metabolome,
which refers to the comprehensive collection of
small molecules found in biological samples such
as body fluids, offers a potential diagnostic ap-

Table 3. Chemical assignments of vibrational modes for the Raman spectra acquired from human
seminal plasma

Wavelength (cm™) Group and class Foégﬂré?z?ge p-value
800-900 Tyr 25 <0.001
1000-1020 Phe 3.2 <0.001
1400-1500 Aromatic-CH2- 2.8 <0.001
1700-1800 Ketone C=0 2.8 <0.001
2000-2200 Thiocyanate ion (SCN-) 2.5 <0.001
2800-2900 Lipids 2.4 <0.001
2900-3000 Proteins 2.6 <0.001
3300-3400 Phenols 3 <0.001
3400-3500 H-band 2.5 <0.001

* TC: Testicular cancer seminal plasma, NS: Normal seminal plasma. Phe and Tyr refer to the phenylalanine and

tyrosine residues, respectively
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proach. Exploring metabolism at the ‘omics' level
is a quickly expanding field with significant po-
tential to make a profound impact on the field of
medicine (36). At the core of metabolomics is the
concept of personalized medicine which takes into
account an individual’s metabolic status along
with the potential influence of gene expression,
environmental factors, diet, and gut microbiome.
Thus far, clinicians have been able to gather only
a restricted amount of information from the
metabolome, often relying on the measurement of
a limited number of chemistry analytes present in
the blood, to evaluate an individual's health and
determine disease status (8, 19, 37).

There are different approaches to study the meta-
bolome (38). The fastest methods for clinical di-
agnosis involve pattern recognition techniques,
which encompass optical spectrometry and nucle-
ar magnetic resonance spectroscopy (NMR). In
this study, a combination of optical spectroscopy
and multivariable analysis was utilized on both
serum and seminal plasma samples to differentiate
between healthy individuals and patients with tes-
ticular carcinoma (TC).

In the first step of analysis of serum from TC pa-
tients, metabolic fingerprinting combined with
unsupervised machine learning was utilized to
classify the groups. Our results show that serum is
not able to differentiate healthy fertile men from
TC patients. Furthermore, based on serum data
(Figure 1B), it was demonstrated that free radicals
do not play a significant role. Additionally, poten-
tial biomarkers were investigated through chemi-
cal assignments of vibrational modes in the Ra-
man spectra. A comparison of the spectrum of
serum between TC patients and healthy men re-
vealed alterations in the levels of lipids and fatty
acids (3200-3300 cm?) in TC patients (Table 2).
Lipids are crucial components in the progression
and metastasis of malignant tumors, as they are
absolutely necessary for tumor growth and spread
(38). Moreover, it was demonstrated that trypto-
phan (750-800 c¢cm?) is increase in TC patients.
Tryptophan, being an essential amino acid, plays a
significant role in a major metabolic pathway.
This pathway not only enhances the intrinsic ma-
lignant properties of tumor cells but also hinders
antitumor immunity. Therefore, it has become a
scientifically robust focal point for drug develop-
ment in the realm of cancer immunotherapy (39).

Seminal plasma is a complex fluid that consists
of contributions from the seminiferous tubules in
the testicles as well as secretions from all organs

or tubules of the seminal tract. These include the
prostate, bulbourethral glands, vas deferens, sem-
inal vesicles, and epididymis. Seminal plasma ser-
ves as an outstanding resource for enhancing our
understanding of male reproductive system disor-
ders and exploring potential biomarkers associat-
ed with these conditions (39, 40). Secretions of
the seminal vesicles contain ascorbic acid, fruc-
tose, and prostaglandins. Furthermore, neutral o-
glucosidase and L-carnitine are abundant in epi-
didymal secretions. To the best of our knowledge,
no studies have been performed on seminal plas-
ma from TC patients. In this study, metabolic fin-
gerprinting and unsupervised machine learning
were employed to examine the role of seminal
plasma in TC patients.

Our results clearly show that seminal plasma can
be used to differentiate healthy men from TC pa-
tients and can be used as a biological resource for
diagnosis of TC. Furthermore, our findings indi-
cate a substantial increase of free radicals, as evi-
denced by the increased levels of lipids and pro-
teins. These free radicals serve as notable biomar-
kers in the context of our study. The involvement
of free radicals in testicular cancer has garnered
considerable attention as a crucial aspect of dis-
ease progression that warrants further investiga-
tion. Free radicals, including various reactive ox-
ygen species (ROS), are generated as part of nor-
mal cellular oxidative processes (41). The in-
creased concentration of free radicals can induce
cellular damage and influence neurocellular and
genetic processes. These alterations may disrupt
the regulation of genes involved in cell growth
and division, ultimately contributing to the en-
hanced growth and dissemination of TC (42-44).
As shown in table 3, the Raman spectra demon-
strate a notable up-regulation of the chemical as-
signments for vibrational modes.

This is an interesting and new finding, indicating
that seminal plasma holds the potential as an al-
ternative and specific source of biomarkers for
TC. The aromatic amino acid pathway had been
implicated in many disorders including cancer
(45) (Figure 3). Our results show that phenylala-
nine and tyrosine are increase in seminal plasma
of TC patients. An increase of these two amino
acids in seminal plasma has not been previously
reported in any type of cancer, including testicular
cancer. However, the increase in aromatic amino
acid concentrations in blood has been observed as
a significant phenomenon in certain cancers such
as gynecological and breast cancer (46).
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Phenylalanine Metabolism

@ Phenylalanine -‘H;f Phenol @
Homogentisate TCA
Cycle

P ATP Oxidative Phosphorylation

Figure 3. Phenylalanine and tyrosine biosynthesis pathway;
the increase of phenylalanine and tyrosine and also the phe-
nol pathway.® Indicates the up-regulation of metabolites

The reason behind the increased levels of aro-
matic amino acids in these cancers could be at-
tributed to the increase activity of proteins associ-
ated with aromatic compounds or alterations in
the metabolic pathways of these amino acids in
cancer cells, leading to their accumulation in the
blood. For example, chronic immune activation
and inflammation can lead to oxidative stress,
which may negatively affect the activity of pheny-
lalanine (4)-hydroxylase (PAH), resulting in ele-
vated phenylalanine concentrations (47). There-
fore, this rationale may hold true in our study as
well, suggesting that the observed increase in
phenylalanine concentrations in seminal plasma
could be attributed to the presence of oxidative
stress. Moreover, our data suggest an increase of
the phenol pathway, indicating that phenolic com-
pounds may possess anti-cancer and anti-meta-
static properties (48). Phenolic compounds de-
monstrate the potential to impede the beginning
and progression of multiple signaling pathways in
different cancer types.

Conclusion

This study, demonstrated that metabolic finger-
printing approach has the potential to be used as a
rapid diagnostic tool for the screening of TC pa-
tients, with seminal plasma serving as the biologi-
cal sample. In addition, phenylalanine in seminal
plasma exhibited the highest concentration com-
pared to other elevated markers in men diagnosed
with testicular cancer. Therefore, it is essential to
investigate this amino acid in seminal plasma of
TC patients compared to healthy fertile men in a
larger cohort of patients. If consistent results are

Lakpour N, et al. JRI

obtained, phenylalanine would be a potentially
suitable diagnostic marker for testicular cancer,
particularly in clinical settings.
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