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Abstract

Background: The primary microenvironment of the testis comprises testicular
interstitial fluid (TIF) surrounding the seminiferous tubules and testicular intersti-
tial tissue. The pathological alterations of germ and Sertoli cells could affect the TIF
composition and might contain putative biomarkers for monitoring active
spermatogenesis.
Objective: We identified differentially expressed proteins in the TIF of patients with
obstructive (OA) or nonobstructive (NOA) azoospermia to elucidate the underlying
etiology of defective spermatogenesis.
Design, setting, and participants: We prospectively enrolled nine patients, including
three men with OA and six with NOA with (n = 3) and without (n = 3) successful
sperm retrieval. Their TIF was collected during the testicular sperm extraction
procedure.
Outcome measurements and statistical analysis: TIF was analyzed using liquid
chromatography-tandem mass spectrometry to identify differentially expressed
proteins specific to OA and NOA with or without successful sperm retrieval. The
dysregulated protein was further validated using Western blotting.
Results and limitations: Among the 555 TIF proteins identified in NOA patients, 14
were downregulated relative to OA patients. These proteins participate in biologi-
cal processes such as proteolysis, complement activation, and immune responses;
complement and coagulation cascade pathways were also enriched. Furthermore,
68 proteins with significantly higher levels were identified in the TIF of NOA
patients with successful sperm retrieval than in those with failed sperm retrieval;
these are mainly implicated in oxidation-reduction processes. The expression of
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calreticulin, which can distinguish successful and failed testicular sperm retrieval
in the NOA group, was validated by Western blotting.
Conclusions: We provide the first scientific evaluation of TIF protein composition in
men with azoospermia. These findings will help identify the physiological and
pathological roles of each protein in regulating sperm production. Thus, our study
underscores the potential of TIF in sperm retrieval biomarker discovery and would
serve as a foundation for further studies to improve treatment strategies against
azoospermia.
Patient summary: Using a proteomic approach, we identified and analyzed the
total protein content of testicular interstitial fluid in humans with defective
spermatogenesis for the first time and discovered altered protein expression pat-
terns in patients with nonobstructive azoospermia (NOA). Proteins related to
oxidation-reduction processes were upregulated in NOA patients with successful
sperm retrieval compared with those with failed sperm retrieval. This can aid
the development of novel diagnostic tools for successful testicular sperm
retrieval.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Testicular interstitial fluid (TIF) surrounding the seminifer-
ous tubules and testicular interstitial tissue constitutes the
primary microenvironment of the testis, in which its hor-
mone milieu and immune homeostasis play a critical role
in promoting germ cell differentiation [1,2]. The TIF dynam-
ics are largely regulated by testicular vasomotion (rhythmic
contraction and relaxation of testicular blood vessels), an
androgen-mediated mechanism governing microvascular
permeability, which controls the passage of fluid and
macromolecules between the vascular system and the
interstitial space [3–5]. Functional Sertoli cells provide a
niche suitable for appropriate development and function
of the intricate testicular vascular network essential for
TIF homeostasis [6]. Such an organization is vital as it sup-
plies the nutritional base for testicular somatic and germ
cells, as well as transports gonadotropins, which are instru-
mental to the integrity of spermatogenesis. It also provides
a specialized niche microenvironment essential for germ-
line stem cells [7].

Western blotting was applied to identify two germ cell–
derived proteins, phosphatidylethanolamine-binding and
androgen-regulated proteins, in TIF, by one early pilot study
[8]. Liquid chromatography tandemmass spectrometry (LC-
MS/MS)-based methods helped determine qualitatively and
quantitatively the total protein content of TIF in rats; approx-
imately 276 proteins, including those secreted by Sertoli,
Leydig, peritubular myoid, and germ cells, were identified
[9]. Therefore, the TIF proteome can theoretically reflect
spermatogenic activity within the testis and may be used
as a surrogate for predicting the presence of spermatozoa.

With the rapid advancements in accurate MS and data
analysis algorithms, a range of proteomic-based approaches
that examine the entire proteome expressed by the genome
have been adopted to examine the biochemical pathways
responsible for altered spermatogenesis in men with
infertility. The altered proteomic profiles of seminal plasma
in infertile men to identify biomarkers that correlate with
conventional sperm parameters and male fertility potential
have been investigated [10]. These studies will aid in
acknowledging the mechanisms by which various proteins
in the reproductive tract regulate sperm motility, capacita-
tion, acrosome reaction, and sperm-oocyte interaction [10].
Although these data provide epigenetic insights explaining
male infertility in those with normal and abnormal standard
semen parameters, it provides limited details about testicu-
lar microenvironment deregulation, as the testes contribute
only <10% to the overall proteome of seminal plasma [11].
Therefore, TIF would provide a representative snapshot of
the spermatogenesis microenvironment as it baths the sem-
iniferous tubules and testicular interstitium required to fur-
ther understand the etiology and prognosis of
nonobstructive azoospermia (NOA). As approximately 70%
of men diagnosed with NOA are classified as idiopathic
[12], a proteomic analysis may help provide insights into
the epigenetic alteration involved in the etiology and patho-
physiology of defective spermatogenesis. Additionally, this
may help develop novel tools for effective treatment
strategies.

We hypothesized that the proteomic profile of TIF in
men with NOA differs from that in men with obstructive
azoospermia (OA), and that men with NOA and viable
sperm within seminiferous tubules display distinct protein
TIF profiles that reflect specific aspects or cellular functions
involved in spermatogenesis. Therefore, we adopted a pro-
teomic approach to identify potential predictive biomarkers
likely to be associated with successful testicular sperm
retrieval.
2. Patients and methods

2.1. Study population

Following institutional review board approval (IRB: 2022-01-036AC),

we prospectively collected TIF from azoospermic men undergoing tes-

ticular sperm extraction. Azoospermia was diagnosed according to the
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Fig. 1 – Obtaining testicular interstitial fluid (TIF) while performing
microdissection testicular sperm extraction. (A) Maintain firm compression
on testis using the thumb and index finger from the start of the procedure,
prior to incising the tunica albuginea, throughout the entire TIF collection
process. (B) Magnified image obtained during the TIF collection procedure,
using a 203 magnification to provide a more detailed view of the steps
involved.
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World Health Organization criteria, and the etiology of OA or NOA

was determined by the stage of spermatogenic differentiation. In the

present study, patients diagnosed with OA had undergone vasectomy,

were proved fertile, and underwent testicular sperm extraction for

in vitro fertilization. Patients with NOA were dichotomized as having

successful or failed sperm retrieval. All the enrolled patients had a

normal karyotype (46, XY), and the Y chromosome microdeletion ana-

lyzed by multiplex polymerase chain reaction was negative for known

mutations.

2.2. Microdissection testicular sperm extraction and TIF
collection

A short scrotal incision (3–4 cm) was made longitudinally on the median

raphe. After opening the layers of the scrotum and performing an inci-

sion of the tunica vaginalis, the testis was exposed. To minimize the

potential contamination of TIF with blood during the fluid aspiration

procedure, we took several precautions. First, we firmly compressed

the testis prior to incising the tunica albuginea to minimize bleeding.

Second, we made a small incision (1 cm) and immediately aspirate TIF

with a 20-gauge Jelco peripheral IV catheter–attached syringe. If neces-

sary, we also cauterized testicular blood vessels using microbipolar cau-

tery with fine-tipped forceps. Third, we carefully monitored the aspirate

during the procedure and avoided aspirating fluid containing blood

(Fig. 1). After collecting the TIF, we immediately placed the samples on

ice, centrifuged them at 300g for 10 min, and stored the supernatant

at –80�C for further examination.

Regarding the microdissection testicular sperm extraction proce-

dure, the incision made on the tunica albuginea was extended to

allow exposure and direct examination of the testicular parenchyma

using an operating microscope at 20–25� magnification. Seminiferous

tubules with larger diameters and enhanced opacity were excised

using a microsurgical technique and evaluated intraoperatively [13].

The procedure was considered successful if at least one spermatozoon

was collected. All surgical procedures were carried out by the same

surgeon (W.J.H.).

2.3. LC-MS/MS proteomic analysis of TIF

The procedure begins with sample preparation steps by reduction and

alkylation for improved protein extraction and peptide coverage. Sub-

sequently, an LC-MS/MS analysis was performed on an Orbitrap

Fusion Lumos Tribrid quadrupole-ion trap-Orbitrap mass spectrometer

(Thermo Fisher Scientific, San Jose, CA, USA) equipped with a nanos-

pray ion source. The peptides were separated on an Ultimate 3000

nanoLC system (Thermo Fisher Scientific, Bremen, Germany). Next,

peptide mixtures were loaded onto a 75-lm ID, 25-cm long C18

Acclaim PepMap NanoLC column (Thermo Fisher Scientific) packed

with 2-lm particles with a pore size of 100 Å. After the completion

of the operation, MS/MS data were subjected to a label-free quantifi-

cation analysis using the MaxQuant platform (v1.6.7.10) [14]. This

analysis enabled the identification and quantification of 831 proteins

in nine samples on an Orbitrap Fusion Lumos starting from only a

few to 50 lg of sample. Details regarding sample preparation, instru-

ment settings, instrument operation, data analysis, and Western blot-

ting are provided in the Supplementary material. Absolute protein

amounts were determined using the intensity-based absolute quantifi-

cation (iBAQ) method. This method calculates the sum of intensities of

all peptide peaks and divides it by the number of theoretically observ-

able peptides to obtain an iBAQ value that reflects absolute protein

quantification [15]. Detailed protocols are provided in the Supplemen-

tary Material.
2.4. Statistical analysis

All data are expressed as the mean ± standard error of each group. The

data were compared using the one-way analysis of variance and Student

t test to determine statistical significance. Statistical significance was set

at p < 0.05.
3. Results

3.1. General characteristics of the study participants

The general characteristics of the nine patients in each
group (group 1, OA; group 2, NOA with unsuccessful sperm
retrieval; and group 3, NOA with successful sperm retrieval)
are summarized in Table 1. Each group consisted of three
patients. Testicular histology revealed normal spermatoge-
nesis, Sertoli cell only (implying the depletion of all germ
cells), and hypospermatogenesis (implying a reduction of
the degree of normal spermatogenic cells) in groups 1, 2,
and 3, respectively (Table 1). Notably, we did not include
any patients in this study whose testicular histology pattern
showed maturation arrest (germ cells with arrest at the pri-
mary spermatocyte or up to the level of spermatid). Fur-
thermore, we successfully retrieved spermatozoa from all
OA patients. The mean collected TIF volume was 97.7 ll
(range 23–210 ll) from a total of nine patients, which was
adequate for an analysis.



Table 1 – Demographic data of men with OA and NOA

Group 1 Group 2 Group 3

Case no. 3 3 3
Age (yr) 39.0 ± 5.0 35.7 ± 6.0 33.7 ± 3.1
Testis size (ml) 17.7 ± 3.8 6.7 ± 2.1 12.3 ± 4.6
Endocrine levels
FSH (mIU/ml) 5.4 ± 2.6 23.1 ± 5.5 18.3 ± 4.5
LH (mIU/ml) 2.7 ± 1.0 10.1 ± 2.5 6.4 ± 2.2
Testosterone (ng/ml) 5.2 ± 2.7 2.4 ± 0.7 2.3 ± 0.7
Prolactin (ng/ml) 8.7 ± 1.4 11.8 ± 1.8 9.8 ± 7.7
Estradiol (pg/ml) 21.7 ± 9.8 10.1 ± 3.6 13.7 ± 5.0

FSH = follicle stimulating hormone; LH = luteinizing hormone;
NOA = nonobstructive azoospermia; OA = obstructive azoospermia.
Values are presented as mean ± standard deviation.
Group 1: patients diagnosed with obstructive azoospermia.
Group 2: patients diagnosed with nonobstructive azoospermia but
unsuccessful sperm retrieval.
Group 3: patients diagnosed with nonobstructive azoospermia and suc-
cessful sperm retrieval.
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3.2. Analyses of TIF from patients with OA and NOA with
unsuccessful surgical sperm retrieval

We performed a label-free MS-based proteomic analysis to
compare the relative abundance of proteins in TIF between
OA and NOA patients (Fig. 2) to obtain insights into the bio-
logical processes involved in azoospermia. Among the 862
proteins identified in groups 1 and 2, only 373 were shared
between the groups. Approximately 156 proteins were sig-
nificantly dysregulated in group 2 than in group 1, among
which 14 were downregulated and 142 were upregulated.
The 14 downregulated proteins in group 2 were associated
with biological processes of proteolysis (42.9%), comple-
ment activation (21.4%), classical pathway (21.4%), and
immune response (21.4%). In contrast, the group 2–specific
upregulated proteins were associated with cell-cell adhe-
sion, glycolytic process, canonical glycolysis, and gluconeo-
genesis (Fig. 3).
Fig. 2 – Schematic workflow for evaluating the TIF composition in men with
azoospermia. LC-MS/MS = liquid chromatography tandem mass spectrome-
try; TIF = testicular interstitial fluid.
3.3. Analyses of TIF in NOA patients with or without
successful surgical sperm retrieval

We identified 555 proteins in six patients with NOA, among
which 364 were differentially expressed between groups 2
and 3, as illustrated by Venn diagrams (Fig. 4). Among these,
68 were significantly upregulated and 16 were significantly
downregulated in TIF in group 3 compared with those in
group 2. A gene ontology (GO) enrichment analysis per-
formed on the 68 upregulated proteins revealed that pro-
teins related to oxidation-reduction processes (23.8%)
were most enriched in the biological process category, and
oxidoreductase (13.5%) was most enriched in the molecular
function category. The top ten differentially expressed pro-
teins are listed in Table 2. Furthermore, the proteins with
increased levels involved in the oxidation-reduction process
in the TIF of NOA patients with successful (group 3) versus
unsuccessful (group 2) surgical sperm retrieval are pre-
sented in Table 3.
3.4. Kyoto Encyclopedia of Genes and Genomes pathway
enriched in TIF

Among the 14 proteins downregulated exclusively in group
2, a Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis demonstrated an over-representation for
the ‘‘complement and coagulation cascades,’’ corresponding
to the complement C1q subcomponent subunit B,
immunoglobulin kappa variable 1–5, and immunoglobulin
lambda variable 6–57 protein. The 68 proteins upregulated
in group 3 compared with those in group 2 were primarily
involved in the biosynthesis of antibiotics, glycolysis/gluco-
neogenesis, and the carbon metabolism pathway.
3.5. Complement levels in TIF

The association of TIF levels of C3 and C4 with spermatoge-
nesis was examined in patients with normal spermatogen-



Fig. 3 – TIF proteome result of the label-free experiment. (A) Venn diagram comparing TIF proteins found to be enriched ± two-fold in group 2 versus group 1.
(B) Enriched GO biological process, cellular component, and molecular function in 14 downregulated and 142 upregulated proteins. GO = gene ontology;
NOA = nonobstructive azoospermia; OA = obstructive azoospermia; TIF = testicular interstitial fluid.

Fig. 4 – Comparison of TIF proteins identified in groups 2 and 3. (A) Venn diagram comparing TIF proteins found to be enriched ± two-fold in group 3 versus
group 2. (B) Enriched GO biological process, cellular component, and molecular function in 16 downregulated and 68 upregulated proteins. GO = gene
ontology; NOA = nonobstructive azoospermia; TIF = testicular interstitial fluid.
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esis (group 1), defective spermatogenesis, and unsuccessful
surgical sperm retrieval (group 2). C4 levels were elevated
in TIF in group 2 patients relative to those in group 1
(15.2 ± 2.3 vs 10.4 ± 0.2, p = 0.023), whereas those of C3
did not differ significantly (68.2 ± 4.9 vs. 76.8 ± 10.3,
p = 0.258; Fig. 5).



Table 2 – Top ten differentially expressed TIF proteins between NOA men with successful surgical sperm retrieval (group 3) and those with
unsuccessful surgical sperm retrieval (group 2)

Accession
no.

Gene
name

Protein description Fold
change
Group
3/group 2

iBAQ in
group 2
Patient
no. 4

iBAQ in
group 2
Patient
no. 5

iBAQ in
group 2
Patient
no. 6

iBAQ in
group 3
Patient
no. 7

iBAQ in
group 3
Patient
no.8

iBAQ in
group 3
Patient
no. 9

Q15392 DHCR24 Delta (24)-sterol reductase 7.03 1 061 500 0 0 138 360
000

0 0

Q8IVL1 NAV2 Neuron navigator 2 6.88 0 0 232 690 0 0 27 467
000

P27797 CALR Calreticulin 5.63 336 440 0 0 16 697
000

0 0

P63104 YWHAZ 14-3-3 Protein zeta/delta 5.61 0 746 610 424 740 55 530
000

0 1 756 500

P68104 EEF1A1 Elongation factor 1-alpha 1 4.80 6 118 800 0 0 129 140
000

0 40 982
000

O95340 PAPSS2 Bifunctional 30-phosphoadenosine 50-
phosphosulfate synthase 2

4.52 906 680 0 0 18 395
000

0 2 338 700

P21399 ACO1 Cytoplasmic aconitate hydratase 4.39 289 940 0 0 6 085 300 0 0
P04040 CAT Catalase –5.50 10 942

000
0 21 740

000
721 680 0 0

P02746 C1QB Complement C1q subcomponent
subunit B

–5.45 328 470 34 668
000

38 674
000

682 920 0 1 004 200

P69891 HBG1 Hemoglobin subunit gamma-1 –5.23 362 350
000

8 253 600 85 485
000

9 616 800 2 522 000 0

P04632 CAPNS1 Calpain small subunit 1 –4.94 0 754 110 54 746
000

916 680 0 890 870

iBAQ = intensity-based absolute quantification; NOA = nonobstructive azoospermia; TIF = testicular interstitial fluid.

Table 3 – List of proteins with increased levels involved in oxidation-reduction processes in the testicular interstitial fluid of NOA men with
successful surgical sperm retrieval (group 3) versus those with unsuccessful surgical sperm retrieval (group 2)

Accession
no.

Gene
name

Protein description Fold
change
Group
3/group 2

iBAQ in
group 2
Patient
no. 4

iBAQ in
group 2
Patient
no. 5

iBAQ in
group 2
Patient
no. 6

iBAQ in
group 3
Patient
no. 7

iBAQ in
group 3
Patient
no. 8

iBAQ in
group 3
Patient
no. 9

Q15392 DHCR24 Delta(24)-sterol reductase 7.03 1 061 500 0 0 138 360
000

0 0

P00387 CYB5R3 NADH-cytochrome b5 reductase
3

4.14 2 654 600 0 2 074 000 73 919 000 0 9 731 600

Q06278 AOX1 Aldehyde oxidase 4.13 128 410 0 0 2 027 200 0 223 280
P08294 SOD3 Extracellular superoxide

dismutase [Cu-Zn]
3.68 538 150 0 0 0 5 679 300 1 243 600

O14756 HSD17B6 17-Beta-hydroxysteroid
dehydrogenase type 6

3.32 5 208 300 0 0 52 233 000 0 0

P07195 LDHB L-lactate dehydrogenase B chain 3.28 7 171 400 14 382 000 2 470 600 117 350
000

10 841 000 106 040
000

P00167 CYB5A Cytochrome b5 3.03 19 434 000 0 0 159 560
000

0 0

P30044 PRDX5 Peroxiredoxin-5, mitochondrial 2.97 5 595 900 0 3 105 000 68 210 000 0 0
P49327 FASN Fatty acid synthase 2.58 455 860 0 0 2 727 500 0 0
Q99536 VAT1 Synaptic vesicle membrane

protein VAT-1 homolog
2.56 4 157 700 2 839 900 0 14 612 000 883 570 26 015 000

P49189 ALDH9A1 4-Trimethylaminobutyraldehyde
dehydrogenase

2.55 4 880 000 1 688 600 0 30 475 000 861 180 7 377 600

P15121 AKR1B1 Aldo-keto reductase family 1
member B1

2.48 4 130 500 2 044 600 1 311 100 19 094 000 0 22 729 000

P05093 CYP17A1 Steroid 17-alpha-hydroxylase/
17,20 lyase

2.45 26 270 000 3 519 500 2 722 600 178 570
000

0 0

Q9UBM7 DHCR7 7-dehydrocholesterol reductase 2.36 5 766 000 0 0 29 672 000 0 0
P00352 ALDH1A1 Aldehyde dehydrogenase 1A1 2.14 9 868 200 7 231 300 1 152 900 51 610 000 940 730 27 961 000
P00390 GSR Glutathione reductase,

mitochondrial
2.05 264 990 0 616 500 1 247 800 0 2 403 400

iBAQ= intensity-based absolute quantification; NOA = nonobstructive azoospermia.
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3.6. Western blot analysis of calreticulin in TIF

Calreticulin in TIF was downregulated in NOA compared
with that in OA (p < 0.05). Additionally, Western blot results
confirmed a five-fold downregulation in the calreticulin
protein levels (p < 0.05) in the TIF in NOA with unsuccessful
sperm retrieval (group 2) than in samples from NOA with
successful sperm retrieval (Fig. 6).
4. Discussion

The analysis of TIF in men with azoospermia helped identify
altered expression (upregulated and downregulated) of sev-
eral proteins involved in primary gonadal failure–related
biological processes. A comparative proteomic analysis
revealed that a network of proteins associated with comple-



Fig. 5 – C3 and C4 levels in TIF in OA and NOA patients. Group 1: obstructive azoospermia. Group 2: nonobstructive azoospermia with unsuccessful sperm
retrieval. NOA = nonobstructive azoospermia; OA = obstructive azoospermia; TIF = testicular interstitial fluid.

Fig. 6 – Western blot analysis of calreticulin in the TIF of OA and NOA
patients. Group 1: obstructive azoospermia; group 2: nonobstructive
azoospermia with successful sperm retrieval; and group 3: nonobstructive
azoospermia without successful sperm retrieval. NOA = nonobstructive
azoospermia; OA = obstructive azoospermia; TIF = testicular interstitial
fluid.
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ment activation was downregulated in the TIF of patients
with NOA. This may at least partly explain its association
with defective spermatogenesis. Furthermore, the chance
of successful sperm retrieval in patients with NOA may be
influenced by TIF proteins primarily involved in the
oxidation-reduction process. Collectively, our findings may
have potential clinical applications in detecting active sper-
matogenesis in men with NOA.

In addition to the central nervous system and anterior
eye chamber, the testis is recognized as one of the few
immune-privileged sites in the body. It has adopted a
unique immunological environment that protects develop-
ing allogenic germ cells from immune attack under physio-
logical conditions [16]. Such immune regulation is achieved
through anatomical sequestration of the highly antigenic
germ cells in the adluminal compartment by the blood-
testis barrier, a physical barrier created by the basal tight
junction between adjacent Sertoli cells and several mole-
cules involved in immunosuppression and immunomodula-
tion [16]. Experimental data from cellular and animal
models suggest that testosterone and M2 macrophages are
crucial in maintaining various homeostatic, immunological,
and inflammatory processes in the testis, primarily by
inducing the expansion of immunosuppressive regulatory
T cells and increased production of the anti-inflammatory
cytokine Interleukin-10 [17,18].

Additionally, the role of complements and their regula-
tors in the immunoregulatory function of the testicular
microenvironment has been discussed less often. However,
their importance in regulating humoral immunity has been
acknowledged. Sperm are endowed with several comple-
ment regulatory proteins, including the CD46 (membrane
cofactor protein), CD55 (decay accelerating factor), and
CD59 (protectin), on the inner acrosomal membrane, selec-
tively expressed during maturation and development [19].
These membrane-bound complement regulatory CD mole-
cules play a complex role in reproduction. Additionally,
these may protect against excessive complement activation
to facilitate sperm survival within the female reproductive
tract [19]. Similarly, Sertoli cells inhibit the activation of
the complement cascade via classical, lectin, and alternative
pathways by expressing the complement regulatory pro-
teins mentioned earlier and secreting several immunosup-
pressive factors [20]. Therefore, we speculated that the
overexpression of complement regulatory CD molecules
on Sertoli cells in patients with NOA hinders the comple-
ment activation process in TIF; however, the exact mecha-
nism of this observation warrants further investigation.

Our GO and KEGG enrichment analyses revealed the
enrichment of GO terms related to proteolysis, complement
activation, immune response, and over-representation of
the KEGG pathway for complement and coagulation cas-
cade. The relatively high C4 level in TIF in NOA patients,
which is involved in the classical and lectin pathways, pro-
vided further evidence to support the attenuated comple-
ment activation process compared with OA patients.

Our study provided insights into the relationship
between oxidative stress and the chance of successful
sperm retrieval. Oxidative stress is characterized by an
imbalanced generation of reactive oxygen species (ROS)
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that causes oxidative damage to vital cellular macro-
molecules, including lipids, proteins, and DNA, resulting in
compromised cell function [21]. The testis relies on the
major ROS-scavenging enzymes and small-molecular-
weight antioxidants to resist oxidative insults, thus avoid-
ing germ cell attrition and preserving spermatogenesis
[22]. Although normal physiological ROS levels are essential
for fertilization, extensive evidence from observational
studies based on various direct or indirect oxidative stress
markers suggests that excessive ROS generation correlated
significantly with altered semen parameters [13,23]. Con-
cordantly, peripheral blood leukocyte ROS were used as a
surrogate model for systemic oxidative stress measurement
in patients with NOA. Although the leukocyte ROS levels
were comparable between NOA patients with or without
successful sperm retrieval, this study reported pathologi-
cally elevated ROS levels in peripheral leukocytes in men
with NOA compared with that in fertile controls [24]. In
our study, we identified that TIF proteins mainly related
to oxidation-reduction processes were upregulated in men
with successful sperm retrieval (group 3) compared with
those in group 2. These upregulated proteins include glu-
tathione reductase, 4-trimethylaminobutyraldehyde dehy-
drogenase, aldehyde oxidase, peroxiredoxin-5, and
synaptic vesicle membrane protein VAT-1 homolog. Collec-
tively, our data highlight oxidative stress within the testes
as a pivotal factor in sperm retrieval success. Therefore,
counteracting oxidative stress within the testes before sur-
gical sperm retrieval could theoretically facilitate optimal
sperm recovery.

We evaluated calreticulin as a diagnostic indicator of
spermatogenesis owing to its correlation with male infertil-
ity [25]. Calreticulin reportedly regulates various essential
biological processes involved in protein folding and anti-
genic peptide cross-presentation, in addition to its well-
recognized role in maintaining adequate calcium levels in
organisms [26]. In our study, calreticulin was underex-
pressed in TIF in men with NOA, especially those with
unsuccessful sperm retrieval. This may be attributed to
the transport of this resident protein from the endoplasmic
reticulum into the acrosome of spermatids during sper-
matogenesis [27]; it may also be released into the extracel-
lular environment (testicular interstitial space).
Nevertheless, the exact mechanism underlying this signa-
ture remains unexplored.

The small number of patients in our study is a potential
limitation that could impact the generalizability of our find-
ings. To address this limitation, a larger sample size is
needed to confirm our results and enhance their applicabil-
ity to the wider population. Additionally, not all the differ-
entially expressed TIF proteins were universally expressed
between NOA men with or without successful sperm retrie-
val, which further limits the generalizability of our findings.
Moreover, the majority of uniquely expressed proteins in
patients with NOA with or without successful sperm retrie-
val were not analyzed, and therefore, further investigations
are necessary to determine whether these TIF proteins con-
tribute to successful or failed sperm retrieval. Such evalua-
tions may provide new insights into the complexities
associated with the etiology and treatment of azoospermia.
Despite these limitations, our study sheds light on the
diverse protein expressions in the testicular microenviron-
ment of NOA men with or without successful sperm retrie-
val, which warrants further investigation.
5. Conclusions

We identified and analyzed the total protein content of TIF
in humans with defective spermatogenesis using a pro-
teomic approach for the first time and discovered altered
protein expression patterns in NOA patients. Knowledge of
the TIF protein composition in patients with impaired sper-
matogenesis will help understand the physiological and
pathological roles of each protein in regulating sperm pro-
duction and develop targeted therapy for patients with
azoospermia. We have highlighted the potential of TIF for
application in sperm retrieval biomarker discovery and pro-
vided pilot data for further studies. Further studies are
required to comprehensively evaluate the testicular
microenvironment. Therefore, we plan to use a microwest-
ern array targeting a particular molecular pathway to iden-
tify proteins associated with successful sperm retrieval. This
will enhance our understanding of the molecular mecha-
nisms underlying defective spermatogenesis.
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